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Monoclonal antibodies (mAb) are an important therapeutic tool in the treatment of cancers
and autoimmunity. Direct targeting mAbs tend to elicit their efficacy through engagement
of activatory Fc gamma receptors (FcγR), resulting in target cell depletion by immune
effector cells. These activatory FcγRs are negatively influenced by the single inhibitory
FcγR, FcγRIIB. FcγRIIB has been shown to reduce the efficacy of mAbs through impair-
ment of activatory FcγR function and upregulation of FcγRIIB has been identified as a
resistance mechanism of mAb therapeutics in cancer.

FcγRIIB contains an intracellular immunoreceptor-tyrosine-based inhibition motif (ITIM),
which delivers inhibitory signalling. Whether the ITIM is required for all FcγRIIB-mediated
inhibitory activities of therapeutic mAbs is not yet clear. To address this issue, we de-
veloped and characterised a novel transgenic mouse model (NoTIM), in which the en-
dogenous inhibitory mouse (m)FcγRII is replaced with a non-signalling ITIM mutant of
human (h)FcγRIIB. Cells from mice expressing the NoTIM receptor were no longer able
to elicit phosphorylation of the FcγRIIB ITIM, mediate efficient internalisation of immune
complexes or prevent B cell receptor mediated calcium flux, confirming the expected phe-
notype.

To understand how FcγRIIB inhibitory signalling impacts mAb-mediated depletion of tar-
get cells, different mouse models were treated with anti-mouse CD20 mAbs. The ex-
tent of depletion was compared to mice either expressing mFcγRII (wild-type), lacking
mFcγRII or where mFcγRII was replaced with a signalling competent or non-competent
hFcγRIIB (hFcγRIIB Tg and NoTIM mice respectively). B cell depletion was reduced in
wild-type, hFcγRIIB Tg and NoTIM mice compared to those lacking mFcγRII. Subsequent
experiments revealed that differences in depletion this was not due to accelerated mAb
internalisation nor enhanced clearance from the serum. Using a series of adoptive trans-
fer experiments we determined that the NoTIM hFcγRIIB was mediating inhibition of direct
targeting CD20mAbs, by competing with activatory FcγRs on the surface of myeloid cells.

These findings were then assessed with respect to the depletion of both T regulatory cell
and malignant murine B cell in murine tumour models. It was found that in both cases,
depletion was negatively impacted by the expression of FcγRIIB at the myeloid surface
rather than by its ability to signal. These data indicate that signalling through the ITIM is
not critical for the ability of hFcγRIIB to prevent mAb-mediated depletion of target cells,
questioning current paradigms for its mechanism of action.
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Chapter 1

Literature review

The study of immunology has led to an understanding of how the immune system func-

tions and what leads to dysfunction and disease. Immunological responses are complex

and coordinated across multiple cell types mediated through interactions of numerous

molecules with their cognate receptors in order to protect the host from pathogens and

malignant cells. The work in this thesis aims to dissect how one such receptor, the human

inhibitory Fc gamma Receptor (FcγR) IIB, modulates Immunoglobulin G (IgG) antibody

effector functions. Specifically, it concerns whether inhibitory signalling is important for the

function of FcγRIIB and how this knowledge can be harnessed to improve monoclonal an-

tibody (mAb), immunotherapy of cancer. This literature review will concern the generation

of the immune response, the critical role antibodies play in immunity, the importance of

FcγRs and how FcγRIIB modulates antibody immunotherapy in the context of cancer.

1.1 Cancer and the immune system

The lifetime risk of getting cancer in the UK has increased dramatically within the past

50 years; those born in in the 1930s were predicted to have a 1 in 3 chance of being

diagnosed with some form of cancer in their lifetime. It is now predicted that those born

since 1960 will have a 1 in 2 chance [1]. A unifying characteristic between all cancers is the

presentation of an uncontrolled, malignant proliferation of cells. Nevertheless, cancer is

a collection of over 200 different diseases that has historically been classified by cell type

and tissue of origin. Advances in genomic sequencing, transcriptomics and epigenetics
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has led to the recognition of still greater tumour heterogeneity, diversity and complexity

which makes treating cancer a formidable challenge [2].

Despite this heterogeneity, at the turn of the century, Hanahan and Weinberg described

six fundamental properties of all cancerous cells that must typically be acquired in order to

become malignant [3]. These hallmarks include: Self-sufficiency in growth signals, insen-

sitivity to anti-growth signals, evading apoptosis, limitless replicative potential, sustained

angiogenesis, tissue invasion and metastasis. Ten years later, a further two hallmarks

were identified: reprogramming of energy metabolism and evasion of immune destruc-

tion [4]. These eight hallmarks unify all cancers and underline the complexities of tumour

development.

Genomic instability is the foundation of tumourigenesis and is considered to underpin the

hallmarks of cancer. A diverse number of factors drive genomic instability which include

lifestyle choices (such as diet, smoking and alcohol [5]), to inherited genetic mutations

(such as those found in the breast cancer associated BRCA1 and BRCA2 tumour sup-

pressor genes [6]) and exposure to viral infections (most commonly associated with cervi-

cal cancer and infections with human papilloma virus [HPV] 16 & 18) [7]. These cells then

harness alterations and mutations that give them a selective advantage over their healthy

counterparts and allow them to selectively detect and expand. However, these mutations

also provide an opportunity to selectively detect and target cancerous cells.

As described above, immune evasion was recently highlighted as one of the eight steps

required for cancer development and understanding the biological processes that drive

evasion have in some instances led to successful therapeutic intervention. The field of

cancer immunology has become of paramount interest to academia and industry in the

development of next generation immune-oncology therapeutics. This is because a sub-

stantial body of evidence points to an interplay between both the innate and adaptive

immune system and cancer that results in the detection and destruction of tumours. Nev-

ertheless, strong experimental evidence also now indicates that tumours can evade the

immune system and even co-opt it into promoting a tumourigenic environment (Figure 1.1)

[8]. Such mechanisms include the recruitment of innate immune cells (e.g. tumour as-

sociated macrophages [TAMs]) to create a proliferative tumour microenvironment that is

suppressive to adaptive immune cells (e.g. T cells) to enhance tumour survival [9]. If the

immune system could be re-activated to target cancerous cells this may lead to effective

and highly specific treatments which are likely to be less toxic than current chemother-
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apeutic approaches. Such approaches have been used clinically for the past decade,

but the field is still very much in it’s infancy. Whilst some patients who have responded to

immunotherapy show robust tumour regression and even remission, there are still a signif-

icant number who do not respond to treatment, and those who do respond can also have

(sometimes fatal) immune toxicities [10] [11]. Therefore, a greater understanding of the

immune system in general and the perturbations made by cancer and immunotherapy is

required to allow the development of further safe and effective immune-based treatments.

Evidence for the interplay between the immune system and cancer was generated from a

number of key experiments over the past 40 years. One pivotal study involved knocking

out recombination activating gene-1 (RAG1) and recombination activating gene-2 (RAG2)

in mice. RAG1 and RAG2 are critical for allowing the adaptive immune system to able to

respond to a wide repertoire of antigens [12], with the loss of RAG1 and RAG2 evoking a

loss of mature T and B cells within these mice [13]. Results showed that these mice were

significantly more likely to develop chemically induced and spontaneous tumours than

their wild type (WT) counterparts [13]. These studies were further extrapolated to humans

when epidemiological studies found those who were immunologically compromised due

to human immunodeficiency virus (HIV) or acquired immunodeficiency syndrome (AIDS)

had higher incidences of cancer than the general population [14] [15]. Further research

indicated that this immune surveillance is a key process in preventing carcinogenesis

and that it in immune-competent individuals cancers develop through evading this pro-

cess. The co-evolution of the immune system and the tumour also provides the possi-

bility for “immune-editing” whereby the immune system deletes the most immunogenic

cells, leaving behind those with lower immunogenicity, which paradoxically therefore are

more likely to escape ongoing immune surveillance [8]. This lowered immunogenicity can

be achieved through a number of tumour-mediated processes such as increased shed-

ding of major histocompatibility complex (MHC) receptors or the decreased expression of

β2-microglobulin to downregulate presentation of tumour antigens (Ag). Critically, com-

plete loss of MHC expression would drive Natural Killer (NK) cell mediated depletion, so

there would be a selection pressure to maintain a certain level of MHC expression [16].

Other mechanisms of lowering immunogenicity include up regulation of inhibitory recep-

tors such as programmed cell death protein 1 [PD-1]) and the down-regulation of inflam-

matory molecules that alert and stimulate the immune cells (e.g. interferon-γ [IFN-γ])

[8]. This overall evolution between cancer and the immune system has been described

as cancer immuno-editing and progresses through three stages – elimination, equilibrium

and escape (Figure 1.1).
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To fully appreciate how cancer co-opts and evades immune destruction, it is critical to

understand the immune system and how it safely disposes of threats to the host.

Figure 1.1: The process of cancer immuno-editing
The heterogeneous cancer population present immunogenic markers which indicate to the immune cells (Ef-
fector CD4+/CD8+, NK [natural killer] cells, macrophages etc.) that these cells are mutated self, resulting
in destruction of these cells – Elimination. When this immunogenic population is removed it puts a selec-
tion pressure on the less-immunogenic population that allows these cells to grow alongside the immune
system by suppression, in a state of equilibrium. These less immunogenic cells may then create a further
immunosuppressive environment that inhibits the actions of the immune system and allows them to finally
grow unchecked – this is known as escape. Adapted from Dunn et al [17].
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1.2 The immune system

The fundamental purpose of the immune system is to defend the host or ‘self’, against a

pathogen or ‘non-self’ which includes damaged and malignant cells [18]. This function is

achieved through a myriad of differentiated cell types, chemical mediators and immune

molecules that enable the host to maintain homeostasis. The immune system is a complex

and dynamic cellular network that achieves its function through the innate and adaptive

immune system which in turn can provide both short and long term protection. A fine bal-

ance is achieved through the elimination of pathogens and dysregulated host cells, whilst

limiting excessive or unwanted damage and maintaining tolerance to self. Perturbations

to this balance can result in an array of disorders such as allergies, autoimmune diseases,

immunodeficiency and cancer [18]. The host is constantly challenged by environmental

insults that work through a broad range of pathogenic mechanisms and the immune sys-

tem utilises a range of protective mechanisms to control or remove the insult. The first

line of defence relies on the innate immune system.

1.2.1 Innate immunity

On the front line of defence are the physical barriers provided by skin and the mucosal

layers which help keep a broad range of pathogens from entering the body. Within these

mucosal surfaces and within the circulation are secreted bioactive molecules such as

defensins and complement proteins which have a broad spectrum of activity against

pathogens and can provide a response [19]. Thesemolecules can interact with the cellular

aspect of the innate immune system to launch a coordinated attack with the aim of neu-

tralising or controlling an infection until an adaptive immune response can be mounted.

The innate immune system is genetically hard-wired to recognise conserved molecular

patterns that are shared by many pathogens but are not present within the host. These

molecular patterns are recognized by a series of secreted molecules and receptors ex-

pressed on various immune cells. For example, pattern recognition receptors (PRR) are

found mainly on innate immune cells and can detect common pathogenic molecules such

as lipopolysaccharide (LPS) through toll-like receptor 4 (TLR-4) and single-stranded RNA

by TLR-7 [20]. PRR-ligand binding results in the activation of cells such as neutrophils

and macrophages, triggering a potent cellular response that can result in the immediate

release of molecules toxic to the pathogen and recruitment of further immune cells to
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the site of infection. For example, the release of interleukin 8 (IL-8) can recruit neutrophils

whilst IFN-γ can inhibit viral replication [21] [22]. Innate immunity provides an antimicrobial

and tissue-protective function, however it lacks the ability to recognise diverse antigens

outside those hard-wired in the genome and it does not elicit immunological memory [23].

Innate immune cells can trace their lineage from haematopoietic stem cells (HSCs) which

differentiate into cells such asmonocytes, macrophages, dendritic cells (DCs), neutrophils

and NK cells [19]. Further detail on key innate immune cells and their development can

be found in Table 1.1 and Figure 1.2.

1.2.1.1 Monocytes

Monocytes are a heterogeneous population of cells which can initiate inflammation,

phagocytose particles, act as antigen-presenting cells (APCs) and infiltrate tissues to

terminally differentiate into DCs and macrophages [24] [25]. Human monocytes can be

characterised into threemain populations: classical (cluster of differentiation 14 (CD14)++,

CD16-), non-classical (CD14+, CD16++) and intermediate (CD14++, CD16+), each subset

has differing gene expression and functions [26]. Murine monocytes are defined by their

expression of the cell surface marker Ly6C; human classical monocytes are analogous to

Ly6C high populations and human non-classical monocytes are analogous to Ly6C low

populations [26]. Classical monocytes are considered to be migratory; they rapidly enter

tissues under inflammatory conditions and differentiate into macrophages or DCs. Non-

classical monocytes are thought to be accessory cells of the vascular endothelium and

arise from classical monocytes. They are considered to have a more suppressive role,

such as participating in the clearance of dying/infected cells during wound healing [27].

Monocytes are recognised as a functionally diverse population, able to differentiate into

populations of tissue macrophages, DCs and osteoclasts based on the needs of the local

immune environment [28].

1.2.1.2 Macrophages

Macrophages are the main phagocytic cell of the immune system. They can also re-

lease cytokines, take part in tissue immunosurveillance and maintain tissue homeosta-

sis through the clearance of damaged cells and tissue remodelling [23]. Macrophages

express a wide variety of cellular receptors that allow them to sense and respond to
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their environment, resulting in diverse and seemingly opposing functions. For example,

macrophages can create an inflammatory environment in response to a pathogen. Once

the pathogen is cleared, these same macrophages can dampen the immune response

to limit tissue damage and promote a wound healing environment [23]. The differential

activation of macrophages is driven by their transcriptional and epigenetic plasticity. This

plasticity gives rise to many macrophage subtypes such as microglia, Kupffer cells and

alveolar macrophages, each occupying a different physiological niche [29]. Due to their

diverse nature and involvement in homeostasis, macrophages have also been implicated

in several diseases including neurodegeneration, liver fibrosis and cancer [30].

An extensive body of research has conducted in murine models to understand the origins

of tissue resident macrophages. Broadly, development begins within the extra-embryonic

yolk sac, where both progenitor cells and resident macrophages develop and migrate to

colonise their respective tissues which happens prior to the development of monocytes

[31]. Macrophages that occupy niches such as the kidneys and liver have a high prolif-

erative capacity, enabling self-renewal. Microglia are the only tissue resident population

that are maintained from primitive haematopoiesis throughout adulthood [31].

As previously mentioned, tissue-resident macrophages support a diverse number of func-

tions and therefore each population have a unique set of receptors tailored to the tissue of

origin. For example one family of receptors, FcγRs, show differential receptor expression

dependent on the tissue-resident macrophage. Human Kupffer cells were found to ex-

press moderate levels of FcγRIIA and FcγRIIB, high levels of FcγIII and little to no FcγRI

whilst alveolar macrophages express moderate levels of FcγRIIA, high levels of FcγRI

and FcγRIII with no expression of FcγRIIB [32]. In contrast mouse tissue was found to

have a different expression compared to humans, with murine Kupffer cells expressing

relative low levels of FcγRI, FcγII, FcγRIII with moderate expression of FcγRIV whilst

murine alveolar macrophages were found to express moderate levels of FcγRI, FcγRII,

FcγRIII and FcγIV [33].

in vitro, macrophages can be differentiated and generally characterised as either M0, M1

or M2. Macrophages in the quiescent state (i.e. not further activated) are described as

M0. Exposure to IFN-γ and LPS polarises macrophages into an M1 phenotype, whilst

exposure to IL-4 and IL-13 polarises them into an M2 phenotype - two extreme poles of

a broad spectrum of phenotypes and activity [34]. M1 macrophages are typically pro-

inflammatory whilst M2 macrophages are linked to tissue repair and immunosuppression.
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The activation state of a macrophage is ultimately driven by the stimuli they are exposed

to which can be complex and diverse. In addition, macrophages do not terminally differ-

entiate, they can switch between states based on their microenvironment [34].
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Component Characteristics Location
Mast cell Dilates blood vessels, induces inflammation

via histamine + heparin. Involved in wound
healing, pathogen defence and allergic re-
actions

Connective tissues, mu-
cosal membranes and
peripheral blood

Macrophages Phagocytic cell, consuming pathogens,
apoptotic cells and cancerous cells. In-
volved in antigen presentation cytokines re-
lease as well as tissue remodelling and
homeostasis

Tissues contain resident
macrophages. Mono-
cytes can be recruited
and differentiate at the
tissue

NK cell Surveys all cells, eliminates those identified
as non-self - typically through the loss of
major histocompatibility (MHC)-I-inhibitory
killer Ig-like (KIR) receptor interaction. Ef-
ficient at targeting virally infected and can-
cerous cells, these are destroyed through
the release of cytolytic enzymes

Circulating in blood and
lymphatic system. Also
present in bone marrow,
liver, uterus, spleen and
lungs

Dendritic cell Professional antigen-presenting cells. DCs
are efficient at sensing their environment
and capturing antigens. These antigens are
then processed and presented to cells of
the adaptive immune system to drive a po-
tent immune response

Heterogeneous popula-
tion found mainly in ep-
ithelial tissues. they mi-
grate to lymph nodes
upon activation

Monocyte Differentiate into macrophages and DCs
in response to inflammation. Involved in
phagocytosis, antigen presentation and cy-
tokine production

Migrates through blood
vessels to infected tis-
sues

Neutrophil Phagocytic cells. First responders to infec-
tion/trauma. Releases toxins to kill/inhibit
bacteria and fungi and recruits other im-
mune cells to the site of infection

Circulates in blood ves-
sels, migrates to tissues
when infected

Basophil Share many similarities with mast cells and
are key to providing defenses against par-
asites. Releases histamine, leukotriene
(LTC)4 and IL-4

Circulates in blood ves-
sels, migrates to tissues
during infection

Eosinophil Releases toxins that kill bacteria, nema-
todes and parasites. Unique in their abil-
ity to produce cytotoxic proteins such as
eosinophil cationic protein (ECP). Impli-
cated in allergic reactions such as allergic
asthma

Circulates in blood ves-
sels, migrates to tissues
when infected

γδ T cells Activated in an MHC-independent manner.
Recognise microbial, cellular stress mark-
ers and lipid antigens. Recognition results
in lysis of target cells, release of cytokines
and chemokines

Produced in the thymus,
found enriched in ep-
ithelial and mucosal tis-
sues

Complement A protein system that enhances the ability
of antibodies and phagocytic cells to clear
microbes and damaged cells and promotes
inflammation. The complement cascade re-
sults in the production of the membrane at-
tack complex (MAC)

Produced in the liver, cir-
culates in the blood as
inactive precursors

Table 1.1: Key immune components of the innate immune system.
Adapted from Murphy et al [19].
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Figure 1.2: The Development of the innate and adaptive immune system
All immune cells are generated from haematopoietic stem cells ( also known as progenitor stem cells) which can differentiate into a lymphoid stem cell or a myeloid stem cell. The lymphoid
population terminally differentiates into B cells, T cells natural killer cells and DCs. The myeloid population differentiates into neutrophils, eosinophils, basophils, mast cells, monocytes,
DCs and macrophages. Adapted from Murphy et al [19].
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1.2.2 Adaptive immunity

The innate immune system operates as the first line of defence against pathogens to

either prevent their entry or to destroy them. If this fails, it works to contain and/or control

the spread of the pathogen. This enables the adaptive immune system to spend time

generating a highly specific response towards pathogen-specific antigens and produce

long term immunological memory. This immunological memory ensures that subsequent

encounters with the same antigen activate a rapid and robust protective response [35]. T

and B cells form the adaptive immune system, they comprise a highly specific and potent

set of cells that can detect a wide repertoire of different antigens. In mammals, T and

B cells are generated from HSCs and mature within either the thymus (T cells) or bone

marrow (B cells) (Figure 1.2). Each cell expresses a specific antigen recognition receptor

that is capable of recognising virtually any potential target [35].

1.2.2.1 T cells

A naïve T cell migrates from the bone marrow and matures in the thymus, where it gener-

ates a T cell receptor (TCR) specific for a MHC-peptide complex. The TCR is generated

through variable-diversity-joining (VDJ) gene rearrangement creating a repertoire of re-

ceptors that can recognise a diverse range of MHC-peptide complexes [35]. The TCR

consists of an α and β chain. The TCRα chain genetic locus contains multiple V and J

gene segments, whilst the TCRβ chain genetic locus contains multiple V, D and J seg-

ments. These segments undergo gene rearrangement within the thymus to generate a

unique TCR expressing particular VD and VDJ combinations. The TCR associates with

CD3 and a homodimeric ζ chain to mediate intracellular signalling. Once generated, the

TCR can either interact with loaded MHC-I, which binds cytosolic peptides or MHC-II,

which loads peptides presented from the endosome or lysosome [36]. When the TCR

engages its cognate MHC/peptide complex it initiates a signalling cascade that results in

the activation of transcription factors (such as NfκB [37]) and changes in gene expression.

For full T cell activation, co-stimulatory signalling is also required. The classical T cell two

signal hypothesis involves TCR-MHC interactions (signal one) as well as the engagement

of molecules such as CD28 on T cells with its ligand B7-1 (signal two) on APCs [38]. T

cell activation can create a highly inflammatory environment, hence regulation is required

to ensure a controlled and directed T cell response. CTLA-4, a co-inhibitory receptor
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expressed on T cells, also interacts with B7-1 [39]. CTLA-4 has a higher affinity for B7

and thus if expressed it can outcompete CD28 and will inhibit signal two. Discovery of the

CD28:CTLA-4/B7 axis shed light on the highly complex regulation of T cell activation [40].

A diverse family of activatory (ICOS, OX40, CD27, 4-1BB and CD40) and inhibitory (PD-1,

TIM-3, TIGIT and LAG3) receptors have since been identified. The balance of expression

and engagement of co-stimulatory and co-inhibitory molecules on the surface of a T cell

fine-tunes their response and in doing so sculpts the immune response to eliminate the

pathogen whilst protecting the host. Many of these inhibitory and co-stimulatory molecules

are currently under investigation as potential targets for immunotherapy to either enhance

or suppress immune activation [40] [41].

Through signalling from these and other receptors, T cells can differentiate into a number

of diverse subsets, such as effector CD4+, effector CD8+ and regulatory T cells (Treg cell).

Terminal differentiation into CD4 or CD8+ cells is determined during T cell development

and is based on the ability of the TCR to bind efficiently to either peptide loaded MHC-

I (CD8) or MHC-II (CD4). Treg cells can be induced by exposure to cytokines such as

transforming growth factor-beta (TGF-β) or develop in the thymus in response to self-

peptide and activation of co-stimulatory molecules [42].

Effector CD4+ T cells (T helper cells [Th cells]) engage with and are activated by MHC-II

complexes in the presence of 11-30 amino acid peptides presented by APCs [43]. Th cell

activation can in turn can activate effector CD8+ cells and provide signal two to B cells,

driving the adaptive immune response [44]. Th cells can differentiate into several lineages

dependent on the cytokine profile they are exposed to - some are inflammatory such as

Th1 which release cytokines such as IFN-γ, IL-2 and tumour necrosis factor-alpha (TNF-

α). Others can be considered immuno-suppressive such as Th2 cells which release IL-10

and TGF-β [45].

CD8+ T cells, also known as cytotoxic T lymphocytes (CTL), can elicit target cell death

after recognising MHC-I loaded with peptides of 8-15 amino acids presented by nucleated

cells [46]. Cell death is achieved through the release of granzymes and perforins into the

target cell. Additionally, CTLs can trigger receptor-mediated apoptosis (e.g. via the Fas

receptor) and release several cytokines (e.g. TNF-α, IFN-γ) to recruit innate and adaptive

immune cells to create an inflammatory environment [47].

Both Th cells and CTLs can form memory T cells that are long-lived and have immunolog-

ical memory for the specific antigen that they developed as a naïve T cell. If this antigen is
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re-introduced to the T cell, it can proliferate rapidly and mount a strong immune response

[48]. Due to the magnitude of cell death and inflammation that can be induced by T cells,

they can have detrimental effects on surrounding healthy tissues and therefore both effec-

tor cell types require tight regulation. When this system becomes dysregulated and over

activated it can initiate autoimmunity (destruction of self-tissue) or even cytokine release

syndrome which is characterised by systemic inflammation, and multi-organ failure [49].

Treg cells are a subset of T cells that can help prevent this dysregulation.

Treg cells are crucial to the regulation of the immune system, they are typically identified as

CD4+CD25+FOXP3+ in mice and humans, although multiple types and subsets exist [50].

Physiologically Treg cells serve to downregulate immune responses to non-pathogenic

entities like gut flora and are found in chronically inflamed environments [51]. Treg cells can

release many immunosuppressive cytokines such as TGF-β and express ligands such as

CTLA-4 to maintain an immunosuppressive environment [51]. Manipulation of Treg cells

for the treatment of autoimmunity and cancer is an ongoing area of intensive research

[52].

1.2.2.2 B cells

B cells are a critical component of humoral immunity. They generate antibodies, secreted

Y shaped proteins that are specific to the tertiary and/or quaternary structure of an antigen.

Antibodies typically bind with high affinity and specificity, effectively labelling their targets

for destruction by the innate immune system. Most B cells initially develop within the bone

marrow, specifically from haematopoietic precursor cells [53]. However, B cells come in

two broad forms - B1 and B2 lymphocytes. B1 lymphocytes arise from B1 progenitors

in the foetal liver whilst B2 lymphocytes develop from B2 progenitors in the bone marrow

(Figure 1.3). Like T cells, B cells have an antigen receptor – the B cell receptor (BCR). The

BCR, like the TCR, undergoes genetic rearrangement during development to produce a

unique receptor on each B cell, able to bind to a diverse range of antigens (approximately

5x1013 combinations [54]).
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Figure 1.3: The development of B1 and B2 B cells
A) The development of B1 B cells which undergo less developmental stages and have a BCR that can recognise pathogen molecular patterns. B1 B cells provide a quick response but it
are less potent, specific and do not evoke memory. B) The development of B2 B cells, which undergo a number of development stages including clonal selection and affinity maturation
to produce highly specific non-self BCRs that can produce a potent, memory response. Figure adapted from Nagasawa et al [55], FcγRIIB expression data adapted from Tutt et al [56].
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The BCR initially consists of an immunoglobulin (Ig) molecule (initially IgM and/or IgD)

composed of two identical heavy and two identical light chains, joined by disulphide bonds.

The IgM or IgD is complexed non-covalently with a CD79A (Igα) and CD79B (Igβ) het-

erodimer which facilitates surface expression and propagates intracellular signalling in the

B cells [19]. However, prior to this, multiple stages of gene rearrangement are required.

During B cell development the Ig heavy chain undergoes gene rearrangement starting

with D-J gene rearrangement, in which random D and J sections are joined together within

pre-pro-B cells. This is then followed by V recombination, joined with D-J (V-DJ) which

produces a functional Ig heavy chain in pro-B cells [19]. Further sequence variability can

be introduced at the joining sites between each segment by the introduction or removal

of nucleotide bases by error prone DNA repair mechanisms [57]. A surrogate light chain

associates with the heavy chain to produce the pre-BCR, this is then expressed in large

pre-B cells. If correctly folded, the pre-BCR traffics to the cell surface and starts signalling,

which drives proliferation and differentiation into small-pre-B cells. The light chain gene

locus then undergoes V-J recombination, producing a light chain to replace the surrogate

light chain. A functioning BCR is then produced, forming an immature B cell (Figure 1.3).

Until this stage, development is entirely agnostic of the specificity of the BCR. From this

point however, the interaction with antigen is central. For example, if the BCR through its

random generation binds to a self-antigen present in the bone marrow, it will signal for the

deletion of the B cell (negative selection) [19]. If immature B cells cognate BCR does not

bind to self-antigen, it will migrate to the spleen where they differentiate into T1 and T2 B

cells. These B cells will then fully mature into follicular or marginal B cells (Figure 1.3).

Antigen-BCR binding is required for B cell survival (positive selection), with strong BCR

signals supporting maturation to follicular lineages whilst weaker BCR signalling favours

differentiation into marginal zone B cells [58]. Follicular B cells will then circulate between

secondary lymphoid organs. If they encounter the antigen specific for their BCR, they will

become activated and differentiate into plasma cells and/or memory B cells [54].

BCR signalling is propagated through the CD79A and CD79B heterodimer via their intra-

cellular immunoreceptor tyrosine-based activation motifs (ITAMs). Upon ligation of anti-

gen, the ITAM tyrosine residues becomes phosphorylated and recruit Syk kinase which

initiates downstream signalling pathways (For further detail on ITAM signalling please see

Section 1.4.3) [59]. The antigen is also internalised and degraded in lysosomes to be pre-

sented as peptides on MHC-II to CD4+ T cells. For full B cell activation, a co-stimulatory

signal (signal two) is required. This is provided through either Th cells (via CD40-CD40L

interactions) or in the absence of T cells, can be provided by PRRs such as TLR-9 in re-
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sponse to unmethylated CpG oligonucleotides [60]. Antigens that elicit a B cell response

can be categorised as T dependent (TD) or T independent (TI). TD antigens requires pre-

sentation of the antigen along with activation signals from cognate Th cells which in turn

regulate B cell proliferation, antibody production, antibody class switching and genera-

tion of B cell memory. In contrast, TI antigens tend to be repetitive glycoproteins, which

do not need T lymphocyte interactions and instead only require very strong BCR cross-

linking to produce an antibody response [61]. B1 B cells are associated with TI antigen

responses whilst B2 B cells are associated with TD antigen responses [58]. TD antigens

can initiate the production of antibodies from any class, with high affinity and a memory

response. TI antigens generate responses that are typically of one antibody class (IgM),

demonstrate modest affinity and have no memory [58]. TI antigens allow B cells to mount

a quick response whilst specific TD antigens generate a higher affinity, typically more po-

tent (through higher antibody titres and eliciting stronger effector mechanisms) and longer

lasting response [62].

When the BCR of a follicular B cell is activated by a respective antigen within the sec-

ondary lymphoid organ, downstream BCR signalling results in an upregulation of activa-

tory receptors and the internalisation of the BCR-antigen complex. The antigen is then

internalised, degraded and presented on MHC-II molecules to T follicular helper cells. If

the TCR strongly engages the MHC-II-peptide complex, additional activation via CD40-

CD40L and CD80-CD28 interactions form an immunological synapse driving strong acti-

vatory signals in both T and B cells [63]. This interaction induces the formation of the ger-

minal centre, where B cells undergo proliferation, class switch recombination and somatic

hypermutation to produce B cells with the highest affinity BCR (and therefore antibodies)

for the respective antigen [63].

The germinal centre is split into the dark zone and the light zone [64]. B cells initially enter

the dark zone, where they rapidly proliferate and undergo somatic hypermutation. Here,

the enzyme cytidine deaminase (AID) is activated, introducing C:T to A:T or T:A DNA base

pair mutations in order to increase the diversity of the variable domain of the BCR, which

can increase or decrease the affinity for the cognate antigen [63]. These B cells then enter

the light zone of the germinal centre where they are positively selected for high affinity

clones. At least in mice, it has been shown that follicular DCs within the light zone trap

and retain the unprocessed cognate antigen through receptors such as FcγRIIB, acting

as long-term antigen deposits. These are presented to the B cell clones; if there is high

affinity binding these clones receive pro-survival signals and continue proliferating. If there
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is poor affinity for the antigen, they die due to neglect, typically undergoing apoptosis [65].

Within the light zone, B cells may also undergo class switch recombination, determining

the isotype of antibody produced. Class switching also depends on the activation of AID

which can be induced by IL-4 and CD40 signalling on the B cell. The final isotype class

of the B cell is determined by cytokines produced by T helper cells and DCs [66]. The

constant (C) region of the immunoglobulin heavy chain locus is recombined so that the Cµ

encoding IgM, is replaced with Cγ, Cα or Cε giving rise to IgG, IgA and IgE, respectively

[67] (Figure 1.5). Clones may then leave the germinal centre as either a plasma cell or a

memory B cell or re-enter the dark zone to undergo further somatic hypermutation (Figure

1.4). It is the plasma cells that then go on to secrete antibodies.

Plasma cells function to provide a high titre of antibody. These terminally differenti-

ated plasma cells produce a highly specific antibody that correlates to the antigen that

stimulated the BCR, with production occurring at a rate of approximately 2000 antibody

molecules per second [45]. These plasma cells can either be short-lived with a life span

of 3-5 days or long-lived, secreting antibody from bone marrow niches with a life span of

several months to a lifetime [68] [69]. To ensure a rapid response following re-exposure

to a given pathogen or antigen, memory B cells are also produced during the humoral im-

mune response. Memory B cells have several unique properties that include stemness,

longevity, robust responsiveness and re-diversification through the germinal centre [70].

The generation of robust memory B cells is critical to the success of vaccination and the

production of highly effective antibodies.
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Figure 1.4: The generation of B cell memory
Naive B cells enter secondary lymphoid organs and encounter antigens (Ag) presented by follicular dendritic
cells (FDCs) on receptors such as FcγRIIB. The antigen activates the B cell receptor (BCR), is internalised and
processed to be presented to T cells via MHC-II at the T cell-B cell border. MHC-II-TCR binding forms signal
one, co-stimulation via interactions such as CD40-CD40L and CD80-CD28 forms signal two. This activation
causes B cells to proliferate and differentiate forming independent memory B cells, Germinal Centre (GC)
B cells or short-lived plasma cells. GC B cells then go on to form the GC and undergo proliferation and
somatic hypermutation within the dark zone. GC B cells then enter the light zone where they encounter the
antigen presented on FDCs - strong interactions drive pro-survival signalling, whilst weak interactions will
cause apoptosis of the B cell. GC B cells also interact with T cells where they receive stimulatory signals
and can undergo antibody class switching. GC B cells then exit the GC and either re-enter the Dark zone, or
terminally differentiate into memory B cells or long-lived plasma cells. Adapted from Akkaya et al [71].
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Figure 1.5: The process of VDJ recombination to form an antibody
A) The light chain and heavy chain gene locus for human antibodies. B) The process of VDJ recombination to form a functional antibody. L = leader sequence, V = variable region, D =
diversity region, J = joining region, C = constant region. Adapted from Murphy et al [19].
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1.3 Antibodies

Antibodies are glycoproteins secreted by plasma cells in response to an antigen. They

have several effector mechanisms that enable them to destroy pathogens via interactions

with innate immune effector systems [72]. Due to their specificity and efficacy, antibodies

underpin multiple clinical and diagnostic applications. Some examples include the induc-

tion of active vaccination by the production of an immunological B cell memory response

or passive vaccination using serum from convalescent patients. Recombinant mAbs can

also be generated for diagnostic purposes such as for pregnancy tests or as targeted

therapeutics in diseases ranging from cancer to autoimmunity [72].

1.3.1 Antibody structure

Antibodies are part of the Ig superfamily with a molecular weight of around 150-180 KDa

[73]. They are made of two domains, the fragment antigen-binding (F(ab)) responsible for

epitope recognition, and the fragment crystallisable (Fc) responsible for the engagement

of the immune system [74]. Antibodies are formed of two heavy chains that are linked

to the light chains with disulphide bonds and other non-covalent interactions. The light

chain is approximately 25 KDa. The N terminus forms the variable region, responsible for

epitope binding and the C terminus forms the constant region that can be classed as κ

or λ. Not much is known about the influence of κ or λ upon antibody biology, however

changes in the ratio of κ:λ have been used to detect human B cell malignancies [19]. The

heavy chain is approximately 50 KDa and can consist of either µ, δ, γ, α, or ε constant

domains held together by an intrachain disulphide bond. Dependent on the isotype, the

heavy chain can consist of three or four constant domains, with a hinge to provide flexibility

and a variable domain to provide specificity (Figure 1.6).

The V region is the area of the antibody that is responsible for providing its antigen speci-

ficity. The light chain and heavy chain V region (VL and VH) come together to form six

hypervariable loops, known as the complementarity determining regions (CDRs). The VL

and VH fold to bring three CDR regions together each to create an antigen-binding site –

also known as the paratope [75]. The diversity of the paratope is created through the total

of the random combination of Ig gene rearrangements (e.g. through VDJ selection and

rearrangement) and somatic hypermutation as described earlier (Section 1.2.2.2). These

processes result in antibodies with a high affinity and specificity for the resultant epitope.
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The bivalent nature of an antibody is another means by which antibodies have increased

binding strength for their target through higher avidity. Antibodies can bind to multiples

epitopes on one target to enhance binding strength. For example, IgM relies on avidity for

it typically binding because it has low-affinity for the epitope on each F(ab) arm, however

the multiple binding sites on the pentameric form of IgM gives it high avidity [74] (Figure

1.6).

1.3.2 Antibody isotype

In humans, antibody isotype is dictated by the expression of either µ (IgM), δ (IgD), γ (IgG),

α (IgA), or ε (IgE) constant chains [74]. Each isotype has a unique structure and function

and binds to its cognate ligands such as Fc receptor(s) to elicit function. Each isotype

also differs in hinge flexibility, the number of heavy chain constant domains, glycosylation

pattern and oligomeric state (Figure 1.6).

IgA is themost abundantly produced antibody isotype within the body and is predominantly

found in mucosal secretions such as within the respiratory tract and breast milk [74]. IgA

can be found as a dimer associated with a J chain and secretory component in themucosal

regions or as a monomer in serum where it makes up 15% of total Ig [77]. IgA has two

subclasses, IgA1 which has a longer and therefore more flexible hinge region, and IgA2.

IgA is critical for neutralising or preventing binding of toxins, viruses, and bacteria at the

mucosal regions. Serum IgA interacts with its cognate receptor, FcαR, found on myeloid

cells such as neutrophils and macrophages [78].

IgM accounts for 5% of total Ig in the serum [77] and is usually found in a pentameric form,

linked by a disulphide bond formed between the CH4 domain of each monomeric unit [74].

The polypeptide J chain (also found in IgA) also binds to two monomers and facilitates

secretion at mucosal surfaces by binding to poly Ig receptors [79]. IgM antibodies typically

have low affinity as described above, but the pentameric structure gives the molecule high

avidity as well as effective opsonisation of targets and complement activation. IgM binds

to the FcµR found on B cells to potentiate B cell activation [80].

IgD forms 0.2% of circulating Ig [77] and has a short serum half-life due to its long flexible

hinge region leaving it susceptible to proteolysis [74]. The physiological role of IgD has

not been determined but has been found to bind to specific bacterial proteins and elicit B
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Figure 1.6: Structure of Human Ig Isotypes
A) The structure of different human Ig isotypes. The Light chain is coloured in green, the different coloured
heavy chains show the different Ig architecture of IgG, IgE, IgD, IgA and IgM. The J chain is in purple, disul-
phide bonds in black. B) The schematic of an IgG molecule. i) The heavy chain is shown in blue and light
chain in green. ii) The typical glycosylation pattern of a ‘pro-inflammatory’ antibody. iii) The typical glycosyla-
tion pattern of an ‘anti-inflammatory’ antibody. Endogenous antibodies have shown up to 30 different glycan
profiles Adapted from Shade et al [76].
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cell stimulation via FcδR [81]. IgD is also found in the membrane of B cells where it forms

part of the BCR on mature B cells, it is often co-expressed with IgM.

IgE has the lowest serum concentration at 0.05% and has the shortest serum half-life,

however its effector functions are very potent. IgE is thought to be produced in response

to allergens and parasitic worm infections. It binds to FcεRI with such high affinity it ef-

fectively remains bound to the receptor without the need to first bind antigen. When it

encounters an antigen, it results in the degranulation of basophils, eosinophils, mast cells

and Langerhans cells to elicit hypersensitivity reactions through the release of molecules

such as histamine, serotonin and prostaglandins. Some reactions can be severe enough

to cause anaphylactic shock [82].

1.3.2.1 IgG

IgG is the most abundant antibody in human serum, accounting for 80% of total Ig [83]

and can be categorised into four subclasses based on differences in the heavy chain:

(in decreasing abundance) IgG1, IgG2, IgG3 and IgG4. They each have a unique pro-

file of effector functions that are determined through differences in their constant region,

namely the hinge and CH2 domain which alter binding to FcγRs and the first component

of the complement cascade, C1q (Table 1.2) (Figure 1.7). Their production is skewed

by the type of antigen presented (e.g. protein or polysaccharide), the route of presenta-

tion (T-dependent or T-independent) and absence/presence of an inflammatory environ-

ment which helps to fulfil their different effector functions. IgG1 and IgG3 are produced

in response to soluble and surface-bound antigens and produce a pro-inflammatory re-

sponse [83]. IgG2 is predominantly produced in response to carbohydrate antigens and

demonstrates a weaker affinity for FcγRs than IgG1 and IgG3 [84]. Despite the weaker

interactions of IgG2 with FcγRs, deficiencies in IgG2 are associated with susceptibility to

bacterial infections [85]. IgG3 has a shortened half-life (approximately 1 week) due to its

extended hinge region making it susceptible to proteolytic degradation and the presence

of the common R435H polymorphism reduces pH-dependent binding to the neonatal Fc

receptor (FcRn) (which mediates IgG half-life) [86]. IgG4 binds weakly to all FcγRs ex-

cept for FcγRI, however it still demonstrates weaker affinity than IgG1 and IgG3. Long

term exposure to antigens (and allergens) tends to result in the production of IgG4 and is

associated with the induction of immune tolerance [83]. IgG4 also has the unique ability

to undergo F(ab) arm exchange in vivo, swapping F(ab) arm specificities with other IgG4
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molecules, thereby producing monovalent, bispecific antibodies, decreasing their avidity

and ability to cross-link target antigens [87].

Mice also express four subclasses of IgG - IgG1, IgG2a or IgG2c (strain-dependent),

IgG2b and IgG3 (Table 1.3, Figure 1.7). IgG1 is produced in response to the T-dependent

activation of B cells and can effectively neutralise toxins and viruses. However, it demon-

strates poor antibody-mediated effector functions. It cannot fix complement efficiently

and has moderate affinity for the inhibitory FcγRII and the activatory FcγRIII, and poor

affinity for the activatory FcγRI and FcγRIV [88]. IgG3 is highly flexible and produced in

response to T-independent and carbohydrate-based antigens. It can fix complement but

cannot stably bind to any FcγR. IgG2b antibodies are also produced in response to both

T-dependent and T-independent antigens and induce antibody effector functions through

moderate interactions with all FcγRs. IgG2a is produced in response to viral infections

and is very similar to IgG2b in terms of effector functions, but has a higher affinity for

all activatory FcγRs and a lower affinity for the inhibitory FcγRII. This means IgG2a can

elicit the strongest antibody effector functions [89]. It is worth noting that IgG2a (found

in BALB/C mice, IgH-1a haplotype) and IgG2c (found in C57BL/6 and NOD mice, IgH-1b

haplotype) are assumed to be paralogues with comparable function in the different strains

[88] [90].

Human antibody class switching normally results in a mixture of B cells producing different

Ig isotypes against a particular antigen. In contrast, it has been shown in mice that in re-

sponse to infection, B cells will typically switch to only one isotype (e.g. IgG) and produce

each subclass of that isotype in a coordinated fashion. This was highlighted in regard to

the murine IgG isotype and is known as the quartet model of IgG function and is thought

to work as follows. IgG3 is generated first and self-aggregates on the target driving a

strong complement response, enabling the recruitment of immune cells. IgG2b works in

conjunction with IgG3 to engage activatory FcγR effector functions, IgG2a then further en-

hances antigen clearance through even stronger engagement of activatory FcγRs. IgG1

then functions to temper and control the inflammatory response through engagement of

the inhibitory FcγRII [88].

IgG-FcγR interactions are well characterised. However, IgG from both humans and mice

can bind to several other receptors. These include FcRn which is responsible for regulat-

ing antibody half-life and Tripartite motif-containing protein 21 (TRIM21), an intracellular

receptor that can elicit antibody-mediated degradation of bound non-enveloped viruses
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[91]. IgG has also been reported to bind to dendritic Cell-Specific Intercellular adhesion

molecule-3-Grabbing Non-integrin (DC-SIGN), an inhibitory receptor found on DCs and

macrophages that is believed to elicit anti-inflammatory effects [92], although, this obser-

vation is disputed in the literature with later research suggesting IgG is not able to bind

DC-SIGN [93].

IgG-receptor interactions are mediated by the structure of the Fc domain, this can dictate

the affinity to different FcγRs. Critically, these interactions are stabilised by the glycans

present at position N297 in the Fc which can alter the binding profile, and therapeutic

efficacy of the IgG.

IgG1 IgG2 IgG3 IgG4
Molecular mass (KDa) 146 146 170 146
Amino acids in hinge 15 12 62 12
Half life in humans (days) 21 21 7 21
Half life in mice (days) 6.5 11 2.5 3
Mean serum levels (g/L)) 6.98 3.8 0.51 0.56
Antibody response to:
Proteins ++ +/- ++ ++
Polysaccharides + +++ +/- +/-
Allergens + - - ++
Complement activation
Complement binding (C1q) ++ + +++ -

Table 1.2: Properties of human IgG subclasses
Properties of human IgG subclasses, how they respond to different antigens and activate complement.
Adapted from [83] [94].

IgG1 IgG2a IgG2b IgG3
Molecular mass (KDa) 160 160 160 160
Half life in mice (days) 6-8 6-8 4-6 6-8
Mean serum levels (g/L) 0.28 0.7 1.22 0.18
Complement activation
Complement binding (C1q) - ++ ++ ++++

Table 1.3: Properties of mouse IgG subclasses
Mouse IgG half-life and strength of complement activation. IgG2c is considered equivalent to IgG2a. Adapted
from [95] [96] [97].

1.3.2.2 IgG N-linked glycosylation

Proteins can be glycosylated via a chemical bond between N-acetylglucosamine and the

amino acids asparagine (N-linked) or serine/threonine (O-linked). IgG glycosylation of

asparagine 297 (N297) within the CH2 domain of human IgG1 has been extensively stud-

ied due to how it changes the biology of IgG. This glycosylation pattern can determine
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Figure 1.7: Relative binding affinities of human/mouse IgG subclasses to FcγRs.
The binding of IgGs to FcγRs as determined by surface plasmon resonance. Binding affinities = KA x 105
M-1. ND = not determined. Adapted from [98] [99].

interactions with FcγRs and complement proteins, ultimately defining the inflammatory

(or immunosuppressive) effects of the antibody. During protein folding, a high mannose

glycan is added to the heavy chain as it folds within the endoplasmic reticulum which is

then trimmed and altered as it passes through the Golgi. The core glycosylation pattern

consists of two sequential N-acetylglucosamine (GlcNAc) attached to a mannose and a

further two mannose antennae each capped with a GlcNAc [100] [101]. These can be

further modified with fucose, galactose, sialic acid and mannose residues. So far, 30

post-translational glycan profiles of antibodies have been identified by nuclear magnetic

resonance (NMR) [102] (Figure 1.6). Glycosylation is highly ordered and conserved but

can be modulated in an inflammatory setting, such as during an infection. Studies from
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patients with HIV and autoimmune conditions have shown an enrichment of agalactosy-

lated antibodies displaying a more inflammatory profile which seem to be regulated in an

antigen specific manner [103]. Glycosylation profiles are also influenced by factors such

as monosaccharide availability and Golgi pH as well as environmental factors such as

age, sex and pregnancy. Whilst the glycosylation pathway is well characterised, the im-

munological mechanisms that control and change glycosylation are poorly understood.

It has long been established that IgG glycosylation heavily influences binding to FcγRs

[104].

IgG antibodies now commonly undergo glycoengineering to alter binding profiles and an-

tibody biology. One such common technique involves aglycosylation of N297 to reduce

FcγR and C1q binding where effector functions are considered detrimental to the mech-

anism of action of the antibody [103]. One of the simplest ways to aglycosylate IgG is to

mutate N297 to another amino acid (e.g. glutamine), this destabilises binding to the low

affinity FcγRs leading to a near complete loss of binding [105]. This technique is now

commonly employed for checkpoint inhibitor mAbs, such as those directed against PD-1

or PD-L1 [106]. This is because mAbs directed against these targets aim to abrogate

signalling and do not need to engage immune effector functions. Indeed, depletion of PD-

1/PD-L1 positive cells may lead to the loss of CTLs, resulting in reduced clinical efficacy.

Atezolizumab is directed against PD-L1 and contains the N297A mutation to reduce FcγR

mediated effector functions [106]. However, atezolozumab easily forms aggregates, lead-

ing to the development of anti-drug antibodies (ADA) in 41% of patients so engineering

strategies have been developed to stabilise the mAb using short linker sequences within

the hinge region [107].

Alternatively, the glycan profile can be altered to enhance inflammatory or immunosup-

pressive effects. It is widely recognised that afucosylation of the N297 glycosylation site

enhances antibody-dependent cellular cytotoxicity (ADCC) by increasing binding to hu-

man FcγRIIIA by up to 50-fold [108]. X-ray crystallography studies suggest that fucosy-

lated IgG sterically hinders the antibody from forming additional hydrogen bonds and van

der Waals contacts with FcγRIIIA. Removal of the fucose glycans allows optimal inter-

actions to occur between the antibody and receptor [109] [110]. Although interestingly

this effect was found to be limited to IgG1 and IgG3 subclasses when bound to FcγRIIIA

on NK cells. Macrophages, which express multiple FcγRs, did not have increased ef-

fector functions in the presence of hypo-fucosylated IgG [109]. mAb afucosylation was
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employed for the clinically approved anti-CCR4 mAb mogamulizumab and the anti-CD20

mAb obinutuzumab to enhance ADCC [111] [112].

IgG can also be manipulated so their glycosylation pattern is terminally sialylated resulting

in an anti-inflammatory profile [113]. It was found that sialylated IgG decreases interac-

tions with activatory FcγRs and decreases binding to cell surface antigens [111]. The

mechanism of action is not fully understood but is thought to be due to steric hindrance be-

tween FcγRs and sialylated IgG structures binding to immunomodulatory receptors such

as CD22 [114]. As a proof-of-concept, the anti-HER2 mAb pertuzumab was enzymati-

cally desialylated and was found to increase ADCC, complement dependent cytotoxicity

(CDC) and enhanced FcγRIIIA binding (see Section 1.3.5 for further information on ef-

fector functions). Conversely, the half-life of the mAb was reduced, highlighting how Fc

modifications can often have multiple effects [115].

Recent real world studies have shown how glycosylation patterns of circulating IgG are

dynamically modulated in infectious diseases. A recent study of patients infected with

COVID-19 showed a correlation between severe disease and an increase in afucosylated

IgG1 that demonstrated enhanced ADCC and production of inflammatory cytokines from

monocytes [116]. Other studies have also found that anti-spike IgG produced in severe

COVID-19 patients had low fucosylation of their Fc, which could be responsible for in-

creased inflammation of pulmonary tissue and thrombosis seen in these patients [117]

[118]. Larsen et al eluded as to why this may be the case - the production of afucosylated

antibodies was found to be driven by antigens on the surface of enveloped viruses, as is

the case of COVID-19 [119]. Glycosylation can also be used as a read out for the effec-

tiveness of vaccines. 26 volunteers were immunised with the trivalent subunit influenza

vaccine and it was found that responders and non-responders could be identified purely

on their glycosylation pattern. Responders were identified based on increased levels of

galactosylation and high mannose containing glycoforms of IgG specific to the vaccine

[120].

As previously discussed, manipulating the glycosylation pattern of IgG is now commonly

used when engineering antibodies for clinical use and has become a critical part of fine-

tuning antibody biological for maximal clinical efficacy. Routinely these antibodies are

monoclonal.
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1.3.3 Generation of monoclonal antibodies

Monoclonal antibodies (mAb) are lab generated antibodies that are routinely utilised in

the clinic for a broad range of indications. In 1975, the first hybridomas (a fusion of a B

cell and immortal myeloma cell) were reported to produce a bivalent mAb with a single

specificity [121]. This technology was used to develop the first licensed mAb, muromonab

(OKT3) [122]. mAb development has since grown from a very laborious process to an

economically viable large scale model for biological therapeutics. As of 2018, mAbs had

a market value of approximately $115.2 billion dollars a year, with this value projected

to grow to $300 billion by 2025 [123]. Today there are 100 mAbs approved for clinical

use by the Federal Drug Agency (FDA) with approximately 40% of those approved for the

treatment of cancer [124] (Table 1.4).

The hybridoma technique developed by Milstein and Köhler relies on animal immunisa-

tion with a specific antigen. After a robust immune response has developed, the splenic

or lymphatic B cells are isolated from the animals to form a pool of polyclonal B cells

[112]. The B cells are then fused with an immortal myeloma cell to generate an immortal

hybridoma cell capable of producing a single antibody specificity. Unfused B cells will not

replicate in culture, whilst an unfused myeloma cell requires a functional Hypoxanthine-

guanine phosphoribosyltransferase (HGPRT) enzyme (inherited from the unfused cell)

to survive in the hypoxanthine-aminopterin-thymidine (HAT) medium they are cultured in

[112]. After single-cell cloning, each hybridoma is screened for the specificity required.

mAbs produced in this manner are effective but have some drawbacks. These include the

potential genetic instability of a hybridoma which can lead to lower mAb quality, yields and

altering of the mAb structure. However, one of the major drawbacks of hybridoma technol-

ogy is the potential immunogenicity of the animal IgG as well as sub-optimal engagement

with the human immune system. This was evident with the first approved clinical mAb,

muromonab which was used to suppress rejection of kidney transplants in recipients. It

was found that 38% of patients developed blocking antibodies to the murine components

that reduced the effectiveness of treatment [125]. These factors can limit commercial and

therapeutic use of mAbs generated from hybridomas [126]. Strategies have since been

developed to overcome these issues. For example, through the advent of molecular bi-

ology and recombinant DNA technology, animal IgG can be chimerised with human IgG.

This is achieved through fusing the F(ab) domains of the mAb generated from a hybridoma

with human IgG Fc domains to make a mAb that is≥70% of human origin. These chimeric

mAbs are considerably less immunogenic and more efficient at eliciting antibody effector
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functions in the recipient species [127]. Antibodies can be taken one step further and hu-

manised. This involves taking a human antibody isotype and removing the endogenous

CDR regions. These are then replaced with the CDRs from the mAb produced by the

hybridoma. This results in a mAb that is 85-90% human and even less immunogenic than

a chimera [127].

More recently, techniques have been developed to completely negate the use of animals in

the generation of mAbs. One of the most common techniques is known as phage display.

In this approach, human B cells are isolated from peripheral blood and their mRNA is

extracted and converted into cDNA. PCR is then used to amplify all the VL and VH regions.

These DNA segments are cloned into bacteriophages as a small chain variable fragment

(ScFv). A bacteriophage can subsequently infect E.coli bacteria to generate a library of

E.coli expressing a unique VL and VH ScFv. To generate the mAb of interest, ScFv are

screened against an antigen. Positive E.coli clones are isolated and sequenced to be

grafted onto the relevant IgG constant domains. mAbs produced by phage display can

be obtained at a quicker pace than hybridomas with no immunisation protocol required

[128]. However, phage display lacks the physiological process of affinity maturation so

genetic engineering of the CDRs ("affinity maturation") is sometimes required to produce

a mAb of high affinity. One of the main benefits of phage display is that mAbs produced in

this fashion can be fully human and are unlikely to be immunogenic. Phage display also

generates a large number of potentially unique ScFvs against a variety of epitopes, that

have not been limited by either negative selection or immunodominance [128]. However,

phage display has some limitations that include the high cost associated with generating

highly diverse ScFv libraries. These libraries then require screening to ascertain biological

activity and suitability which can be very expensive and laborious [129].

Once the unique ScFvs/CDRs have been identified (from phage display or immunisation),

the mAb can be expressed recombinantly within an established expression system. mAbs

require the folding machinery and post-translational modifications afforded by mammalian

cells to generate biologically active molecules. These requirements are typically fulfilled

by Chinese hamster ovary (CHO) cells [130]. This is because they are approved by regu-

lators and are used on an industrial scale with approximately 70% of therapeutic proteins

produced in CHO cell variants [131]. The specific cell lines used and culture conditions

can be further manipulated to change mAb production rate and specific glycosylation pat-

tern. For example, CHO cells can be genetically engineered themselves to alter mAbs,

for example knocking out the FUT8 gene produces a completely afucosylated mAb [132].
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A complementary approach to phage display for generating fully human mAbs involves

using transgenic humanised mice that have the mouse V gene repertoire replaced with

the human IgG gene repertoire. These mice can then be directly immunised to produce

antibodies with human V regions and the hybridoma technique can be used to produce

a mAb of interest. Alternatively individual antigen-specific B cells can be sequenced and

their antibodies produced recombinantly. This process naturally allows the antibodies to

undergo affinity maturation to form a ’mature’ mAb [122]. As of 2020, 9 clinically approved

fully human mAbs have been produced by phage-display whilst 19 were produced using

transgenic humanised mice [133]. mAbs produced using these techniques have been

critical to improving the outcomes of patients in a broad spectrum of disease.
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mAb name Brand name Format Target Indication FDA approval
Isatuximab Sarclisa Chimeric IgG1 CD38 Multiple myeloma 2020
Tafasitamab Monjuvin Humanised IgG1 CD19 Diffuse large B cell lymphoma 2020
Naxitamab Danyelza Humanised IgG1 GD2 Neuroblastoma 2020
Belantamab mafodotin BLENREP humanised IgG1 ADC BCMA Multiple myeloma 2020
Polatuzumab vedotin Polivy Humanized IgG1, ADC CD79B Diffuce large B cell lymphoma 2019
Moxetumomab pasudotox Lumoxiti Murine IgG1 dsFv immunotoxin CD22 Hairy cell leukemia 2018
Cemiplimab Libtayo Human mAb PD-1 Cutaneous squamous cell carcinoma 2018
Durvalumab IMFINZI Human IgG1 PD-L1 Bladder cancer 2017
Gemtuzumab ozogamicin Mylotarg Humanized IgG4, ADC CD33 Acute myeloid leukemia 2017
Avelumab Bavencio Human IgG1 PD-L1 Merkel cell carcinoma 2017
Atezolizumab Tencentriq Humanised IgG1 PD-L1 Bladder Cancer 2016
Olaratumab Lartruvo Human IgG1 PDGFRα Soft tissue sarcoma 2016
Nectimumab Portazza Human IgG1 EGFR Non-small cell lung carcinoma 2015
Daratumumab Darzalex Human IgG1 CD38 Multiple myeloma 2015
Dinutuximab Unituxin Chimeric IgG1 GD2 Neuroblastoma 2015
Nivolumab Opdivo Human IgG4 PD1 Melanoma, non-small cell lung cancer 2014
Blinatumomab Blincyto Murine bispecific tandem scFv CD19, CD3 Acute lymphoblastic leukaemia 2014
Pembrolizumab Keytruda Humanised IgG4 PD1 Melanoma 2014
Ramucirumab Cyramza Human IgG1 VEGFR2 Gastric cancer 2014
Obinutuzumab Gazyva Humanised IgG1 CD20 Chronic lymphocytic leukaemia 2013
Ado-trastuzumab emtansine Kadcyla Humanised IgG1, ADC Her2 Breast cacner 2013
Pertuzumab Perjeta Humanised IgG1 Her2 Breast cancer 2012
Brentuximab vedotin Adcetris Chimeric IgG1, ADC CD30 Hodgkin lymphoma 2011
Ipilimumab Yervoy Human IgG1 CTLA-4 Metastatic melanoma 2011
Ofatumumab Arzerra Human IgG1 CD20 Chronic lymphocytic leukaemia 2009
Panitumumab Vectibix Human IgG2 EGFR Colorectal cancer 2006
Bevacizumab Avastin Humanised IgG1 VEGF Colorectal cancer 2004
Cetuximab Erbitux Chimeric IgG1 EGFR Colorectal cancer 2004
Tositumomab-I131* Bexxar Murine IgG2a CD20 Non-Hodgkin lymphoma 2003
Ibritumomab tiuxetan Zevalin Murine IgG1 CD20 Non-Hodgkin lymphoma 2002
Trastuzumab Herceptin Humanised IgG1 Her2 Breast cancer 1998
Rituximab MabThera, Rituxan Chimeric IgG1 CD20 Non-Hodgkin lymphoma 1997

Table 1.4: Approved clinical antibodies in a cancer setting
Approved antibodies currently in the clinic for use in a cancer setting. Adapted from JM Reichert; The Antibody Society [134] (Updated January 2021).
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1.3.4 Monoclonal antibodies in the clinic

The advances in molecular biology and mAb production techniques described above have

made it increasingly viable to develop mAbs for clinical intervention. As described above,

over 100 mAbs have been approved for clinical use, these mAbs can be broadly charac-

terised into two groups: direct targeting and immunomodulatory. Direct targeting mAbs,

as their name suggests, bind directly to cellular targets such as on a tumour cell and of-

ten elicit their therapeutic response through antibody effector functions such as antibody

dependent cellular phagocytosis (ADCP) and ADCC [135]. Immunomodulatory mAbs by

contrast bind to cells other than the target, such as immune cells, in an attempt to enhance

the immune response. These mAbs typically either block inhibitory molecules/receptors

to release immune suppression, termed "checkpoint inhibitors" or agonise immune cells

to enhance the immune response, and are described as "immunostimulatory mAbs" [136].

Direct targeting mAbs were the first to be deployed for immunotherapy - being developed

to target a specific cell or molecule to obviate it’s function or to destroy the target cell. For

example, trastuzumab targets HER2, a receptor found overexpressed on some types of

breast cancer. It was designed to stop the dimerisation of the HER2 receptor, a process

required to initiate pro-survival and proliferative signalling [137]. Further research has

shown that trastuzumab also initiates NK cell-mediated ADCC to destroy HER2 express-

ing cells [138], highlighting the importance of FcγR mediated effector functions. Anti-

CD20 mAbs mediate their anti-tumour effect through Fc dependent mechanisms that in-

clude a combination of CDC, ADCC, ADCP and also potentially F(ab)-mediated direct cell

death (DCD) (See Section 1.3.5.1 for further detail). Indeed, certain mAbs have also been

designed with this latter activity as their main mechanism of action, to induce signalling-

mediated death of the target cell. Targets investigated have included Fas and TNF-related

apoptosis-inducing ligand (TRAIL) receptors, where mAb engagement drives the induc-

tion of the extrinsic apoptosis pathway. However, they have made limited headway in the

clinic due to associated hepatoxicities [139]. Further information on direct targeting mAbs

can be found in Section 1.3.5.

Checkpoint inhibitors do not usually require FcγR engagement for their mechanism of ac-

tion as they are designed to block ligand interactions. mAbs directed against have been

one of the most successful checkpoint inhibitors in the context of cancer immunotherapy

[140]. PD-1 is usually upregulated on activated T cells as an immune homeostasis mech-

anism to limit T cell activation and expansion and to avoid excessive tissue damage [140].
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Tumour cells, for example melanoma, are known to upregulate the expression of its ligand,

PD-L1, to circumvent the T cell immune response. When PD-1 engages PD-L1, inhibitory

signalling within T cells can drive T cell dysfunction, exhaustion and production of immuno-

suppressive cytokines such as IL-10 [141]. PD-1 mAbs such as pembrolizumab skew T

cells from an anergic to an activatory state by binding to PD-1 in an antagonistic fashion

and blocking PD-1 mediated inhibitory signalling. These first generation anti-PD-1 mAbs

are of the IgG4 subclass in order to minimise FcγR engagement and depletion of T cells

[142]. These treatments have been highly successful in cancers with a high mutational

burden and good T cell infiltrates such as non-small cell lung carcinoma (NSCLC) [140].

The next generation of PD-1 mAbs, such as atezolizumab are utilising aglycosylated IgG1

to reduce FcγR binding even further [106].

Immunostimulatory mAbs by contrast typically drive activation of a specific receptor on an

immune cell, such as T cells or DCs and usually require some degree of crosslinking to

cluster the receptor efficiently and elicit activation. In the case of CD40 mAbs, crosslinking

can be achieved through engagement of the inhibitory FcγRIIB or through the unique

properties of the hIgG2 isotype [143]. In fact many of the members of the tumour necrosis

factor receptor (TNFR) super-family can be clustered in this way to deliver powerful T cell

activation and anti-tumour effects such as those directed against OX40, 4-1BB and CD40

[144] [145] [146].

However, some mAbs can operate multiple mechanisms of action to achieve therapy.

CTLA-4 is expressed as an inhibitory receptor on T cells that out competes the stimula-

tory CD28 for its ligand CD80 or CD86. CTLA-4 is upregulated upon TCR activation on

both CD4+ and CD8+ T cells and is constitutively expressed on Treg cells. Like anti-PD-1

mAbs, Anti-CTLA-4 mAbs were developed to block CTLA-4 interactions with CD28, in an

attempt to enhance effector T cell responses in cancer. Anti-CTLA-4 mAbs, such as ipil-

imumab, have been successful in the treatment of cancers with high mutational burdens

(e.g. melanoma) however therapy has been proposed to be elicited through the depletion

of Treg cells as well as the blockade of CTLA-4. It has been suggested the high, con-

stitutive expression of CTLA-4 on Treg cells results in their depletion whilst the low and

transient expression of CTLA-4 on effector T cells results in receptor blockade rather than

depletion [147] [148] [149].

mAbs directed against both 4-1BB and OX40 have also been suggested to have dual

mechanisms of action, acting as both a direct targeting and immunostimulatory mAb. Both
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Treg cells and CTLs express 4-1BB, a co-stimulatory receptor found on T cells. Treg cells

express a high amount of 4-1BB in comparison to CTLs and this difference can be ma-

nipulated for therapeutic purposes. mAb depletion of Treg cells using Fc:FcγR dependent

mechanisms could relieve the immunosuppressive environment of a tumour. In addition,

mAb mediated agonism of 4-1BB on CTLs could drive a strong immune response against

the tumour. These findings were then applied to an in vivo tumour model to initially drive

depletion of Treg cells cells using the mIgG2a subclass and agonism of CTLs using the

mIgG1 subclass [145]. A study of OX40 mAbs highlighted a similar story. Both Treg cells

and CTLs express OX40, Treg cells at a constitutively high level and CTLs at a lower level

when activated. It was found the mIgG2a subclass of OX40 mAbs successfully depleted

Treg cells, whilst the mIgG1 subclass optimally activated CTLs. In a tumour setting, both

subclasses gave good tumour control, demonstrating a role for both Treg cell depletion

and CTL activation for robust tumour control in pre-clinical models at least [150].

Currently, there has been little translation of immunostimulatory mAbs from research into

the clinic. The reason for this is unclear as some have failed due to toxicities from an ex-

cessively stimulated immune system whereas others have appeared inactive in humans

which may reflect a poor understanding of the agonistic target [151]. Clearly, further re-

search is required to understand the target expression profile, epitope binding and dosing

regimen to enhance the therapeutic potential of immunostimulatory mAbs.

1.3.5 Direct targeting monoclonal antibody effector mechanisms

Direct targeting mAbs can elicit effector functions through several different mechanisms

that utilise components of the innate immune system such as complement and innate

effector cells. These mechanisms can be mediated through F(ab’)2 binding alone or re-

quire Fc engagement and can result in target neutralisation, ADCC, ADCP, CDC and DCD

(Figure 1.8).

Neutralisation is a F(ab) mediated effect which is highly important in the prevention of

pathogen spread. Here, the antibody binds to a molecule on the target (e.g. a pathogen

or toxin) and prevents it from interacting with the host cells. The clearance of the target

can be further enhanced through Fc mediated interactions which was demonstrated using

anti-anthrax toxin mAbs in preclinical models. It was found that engagement of activatory

FcγRs was critical for the neutralising activity of the mAbs and this effect was lost in activa-

tory FcγR knockout mice [152]. The same group had also found that preferential engage-
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ment of activatory FcγRs by broadly neutralising anti-HIV antibodies was responsible for

reducing viral load [153]. However, FcγR engagement has also been implicated in the en-

hancement of other viral infections. Antibody-dependent enhancement (ADE) is when the

binding of the antibody to a virus can enhance its entry into the host cell, increasing its vir-

ulence. This phenomenon is believed to be due to ineffective target neutralisation, leading

to subsequent Fc receptor-mediated or complement facilitated internalisation into the cell.

Ineffective target neutralisation is usually due to low antibody affinity or avidity resulting in

poor target opsonisation and FcγR mediated internalisation [154]. Complement itself has

been shown to enhance HIV entry to CD4+ cells by binding to the viral particles, bring-

ing them to complement receptors such as CR3 and CR4 which inadvertently enhance

viral gp120 interactions with CD4 [155]. Neutralising antibodies can be used clinically to

passively immunise patients using either laboratory-produced mAbs or the serum from

convalescent patients. Neutralising mAbs have also been utilised in non-communicable

diseases such as autoimmune disorders and cancer to block receptor-based signalling

and ligand binding. For example, cetuximab is used clinically to block the dimerisation of

EGFR and therefore cell signalling whilst bevacizumab blocks VEGF binding to its recep-

tor inhibiting angiogenesis [156].

Antibodies can also mediate DCD independently of Fc effector functions. It has been

shown in vitro that tositumomab and obinutuzumab can bind CD20 on the surface of ma-

lignant B cells and initiate programmed cell death independently of the normal apoptotic

pathways. This is achieved through actin reorganisation, the generation of reactive oxy-

gen species (ROS) and the release of lysosomal proteases resulting in the loss of plasma

membrane integrity [157]. Also, as described earlier, receptors such as Fas and DR5 can

be targeted with mAbs to trigger apoptosis in the target cell.

In addition to these F(ab) mediated effector functions, mAb can also elicit a host of Fc-

mediated effector functions through engagement of FcγRs or the complement system. For

example, ADCC relies on immune complexes crosslinking FcγRIIIA on the immune effec-

tor cell. This function is associated with NK cells, but evidence has shown that neutrophils,

monocytes and macrophages can also elicit ADCC via alternative activatory FcγRs [158]

[159]. FcγRIIIA crosslinking on NK cells results in the intracellular signalling cascade

that triggers the degranulation of lytic vesicles and the release of perforin and granzyme

resulting in target cell destruction [160].

In contrast, ADCP results in the engulfment of the target cell by mononuclear phagocytes
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mediated through the activatory FcγRs. Crosslinking results in the initiation of a down-

stream signalling cascade which leads to the remodelling of the actin cytoskeleton in the

phagocyte to extend around the target and form the phagosome [161]. The ingested

phagosome fuses with lysosomes containing digestive enzymes, hydrolases and antimi-

crobial peptides to create a highly oxidative environment that destroys the target cell [162].

Furthermore, ADCP can also result in the release of pro-inflammatory cytokines and can

enhance antigen presentation via peptide-MHC-II complexes [163].

Trogocytosis has recently been identified as another method of target cell destruction

mediated by neutrophils and macrophages [164]. During this process immune complexes

are thought to engage small clusters of activatory FcγRs and result in the ‘pinching’ out

of small fragments of the target cell membrane into the effector cells. In some models,

trogocytosis is beneficial in target cell depletion by disrupting the integrity of the target

cell membrane and triggering cell death [165]. However, in other cases, trogocytosis can

result in antigenic escape, with the removal of the membrane-bound antibody and target

leading to a decrease in Fc mediated effector functions such as ADCC, CDC and ADCP

[166].

Antibodies can also initiate CDC through the binding of the first component of the com-

plement cascade, C1q, to initiate the classical complement pathway. The subsequent

complement cascade can result in the formation of the MAC which when inserted into a

cellular membrane can cause direct cell lysis through calcium influx, mitochondrial poison-

ing and osmotic swelling [167]. Complement by-products can act as opsonins (C3b, iC3b,

C4b) to dispose of immune complexes and cellular debris or as anaphylatoxins (C3a, C4a,

C5a) to induce a local inflammatory response akin to an allergic reaction, resulting in mast

cell and basophil degranulation, increased blood capillary permeability and recruitment of

other immune cells [167].

The first therapeutic direct targeting mAb approved for the treatment of cancer was the

anti-CD20 mAb rituximab. It’s various mechanisms of action will be discussed in detail in

the next section.
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Figure 1.8: Antibody effector mechanisms
Antibodies can elicit various methods to destroy their target. Engagement of FcγRs on NK cells and
macrophages activates ADCC or ADCP. C1q can bind to the Fc of an antibody and initiate the complement
cascade (resulting in the formation of the membrane attack complex). Apoptotic programs can be activated
in an FcγR independent manner by antibodies targeting receptors that activate the apoptosis pathways.
Adapted from Overdijk et al [168].

38



Chapter 1

1.3.5.1 CD20 as a therapeutic target

CD20 is a surface expressed phosphoprotein found almost exclusively on healthy and

malignant B cells. The physiological role of CD20 is not fully understood, but experimen-

tal evidence suggests that CD20 associates with the BCR to drive optimal calcium flux

and is required for the generation of a maximal humoral response but the loss of CD20

expression does not seem to have a highly detrimental phenotype [169] [170]. Because

CD20 has also been shown to be highly expressed on most malignant B cells, it has also

been a successful target for direct targeting mAb therapy [171].

Although expressed on healthy B cells, critically CD20 is not found on pre-B cells,

haematopoietic stem cells or terminally differentiated plasma cells [171]. This means that

following CD20 depletion, patients still have a level of humoral immunity that does not

leave them immuno-compromised, alongside precursors to provide re-population, mak-

ing it a viable candidate target for the clinic [172]. The structure of CD20 itself also makes

it a good target with two exposed extracellular loops that can provide a unique binding

site for mAbs [173]. In addition, CD20 itself has been shown to be relatively stable with

little shedding from the cell surface and seems to have a relative lack of ligand induced

internalisation [174]. The proximity of the extracellular loops to the B cell surface also

allows for efficient mAb mediated effector functions such as ADCC and CDC [175]. All

these factors make CD20 a highly attractive target for mAb therapy.

As described above, the first CD20 mAb approved for clinical use was rituximab in 1997.

Rituximab had a significant effect upon patient survival and catalysed the field of thera-

peutic mAbs for the treatment of cancer [172]. Decades of research using CD20 mAbs as

a paradigm of direct targeting mAbs have furthered our understanding of in vivo mAb ef-

fector mechanisms but also highlighted mechanisms of resistance. mAbs targeting CD20

can be broadly classed as type I (e.g. rituximab) and type II (e.g. obinutuzumab) based

on their ability to redistribute CD20 into lipid rafts within the plasma membrane [176]. Type

I mAbs bind to twice as many target molecules compared to type II mAbs. This is due to

binding geometry, with two type I mAbs binding to one CD20 molecule compared to one

type II mAb per CD20 molecule [177] [178]. In turn, type I mAbs are more vulnerable to

internalisation and proteolytic degradation, resulting in decreased CD20 cell surface ex-

pression in a process known as antigenic modulation [179]. These geometric differences

also drive differences in type I and type II mAb mediated effector functions.
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CD20 mAbs are considered capable of inducing ADCC, ADCP, CDC and DCD [172].

Type I mAb-mediated reorganisation of CD20 into lipid rafts has been shown to exhibit

a higher level of complement activation due to increased recruitment of C1q [180]. This

is thought to be due to more favourable C1q:Fc interactions. Once the mAb Fc’s cluster

C1q recruitment occurs, with IgG assembling into a hexamer and engaging the 6 globu-

lar heads of C1q [181]. Type I mAbs have also been shown to induce an apoptotic cell

death through hypercrosslinking of CD20 [182]. However, the high degree of clustering

and crosslinking can also result in internalisation of the CD20-mAb complex, reducing the

efficacy of other Fc-mediated effector functions. This process of internalisation can be

further enhanced by FcγRIIB binding, via a cis interaction on the target cell [179]. Type II

mAbs do not efficiently induce CD20 clustering, resulting in decreased C1q binding and

CDC but also reduced internalisation of the mAb-CD20 complex [183] allowing sustained

Fc-medicated effector functions. Type II mAbs have also been shown to demonstrate a

potent DCD response, driving non-apoptotic cell death through actin cytoskeleton remod-

elling and lysosomal membrane permeabilisation as described earlier [184].

Both type I and type II CD20 mAbs have been shown to elicit FcγR dependent functions

such as ADCP and ADCC. In models of absent and dysfunctional FcγR signalling there

is a significant decrease in CD20 mAb mediated target cell depletion [185] [186]. The

importance of FcγRs to tumour therapy was highlighted in a syngeneic tumour model ex-

pressing hCD20, showing the clearance of tumour using anti-CD20 mAbs was dependent

on activatory mFcγRs [187]. FcγRs and their importance to antibody mediated effector

functions will be discussed in more detail below.

1.4 Fc gamma receptors (FcγRs)

FcγRs are members of the Ig superfamily and are made up of two extracellular domains

(except for FcγRI which contains three) that can bind to the Fc region of IgG antibodies

[188]. Upon activation, these receptors can elicit either activatory or inhibitory intracellular

signalling. Many cells express multiple activatory and inhibitory FcγRs, with the level of

expression of each acting as a threshold for cellular activation. These receptors can be

further regulated through cellular interactions and the inflammatory state of the microen-

vironment, skewing the cells to become more activatory or inhibitory [189].
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1.4.1 Human FcγRs

Humans have 6 genes that encode FcγRs: FcγRI (CD64), FcγRIIA (CD32A), FcγRIIB

(CD32B), FcγRIIC (CD32C), FcγRIIIA (CD16A) and FcγRIIIB (CD16B) [190]. They are

able to bind IgG as a monomer or within a multimeric immune complex, with differing

affinities. Activatory receptors signal via associated ITAMs, found on the receptors intra-

cellular tail or present on an associated γ chain (Figure 1.9). ITAMs are found on several

immunoreceptors (such as FcγRs and the BCR) and facilitate activatory signalling path-

ways through the phosphorylation of two critical tyrosine residues (See section 1.4.3 for

further detail). In contrast, the inhibitory FcγRIIB signals via an intracellular immunorecep-

tor tyrosine-based inhibitory motif (ITIM). Phosphorylation of the critical tyrosine residue

in the ITIM triggers downstream inhibition of the activatory pathways (See section 1.4.4

for further detail) [191]. The relative binding of human IgGs for their human FcγR coun-

terparts can be found in Figure 1.7.

FcγRI is termed the high affinity receptor for IgG and is the only receptor to contain three

extracellular Ig domains (Figure 1.9). The high affinity binding is thought to be driven by

the receptor providing a unique hydrophobic pocket to interact with Leu235 on the Fc of

monomeric hIgG1 [194]. The receptor can also bind to monomers of IgG3 and IgG4 but

not IgG2 [195]. To mediate activatory signalling, the receptor associates with the FcR γ

chain, which is also essential for stable cell surface expression of the receptor. Under

physiological conditions in the presence of serum, the receptor is assumed to be always

bound by monomeric IgG which can potentially be displaced by immune complex binding

[196]. FcγRI is expressed on granulocytes, most myeloid cells and DCs and demonstrates

potent effector functions [197].

FcγRIIA binds to all human subclasses, with the highest affinity to hIgG1 and mediates

activatory signalling via the ITAM found in its cytoplasmic tail with signalling reliant on non-

covalent dimerisation of FcγRIIA. Mutagenesis studies have shown mutating the dimer-

sation interface of FcγRIIA reduces ITAM phosphorylation and signalling [198]. The re-

ceptor has been associated as an important determinant of phagocytosis on neutrophils,

monocytes and macrophages and is therefore considered essential for ADCP [199]. For

example, the addition of an anti-FcγRIIA blocking mAb was found to reduce the phago-

cytic potential of neutrophils [198]. FcγRIIA polymorphisms have also been identified in

humans, the two most well characterised are at amino acid position 131, encoding either

a histidine (H) or arginine (R). The H131 variant shows enhanced binding to hIgG1, hIgG3

41



Chapter 1

Figure 1.9: Cellular expression of human FcγRs and FcRn
Human FcγRs and FcRn and their expression on human immune cells. - = no expression, -/+ = inducible or
expressed on a subset of cells and/or humans, + = low expression, ++ = moderate expression, +++ = high
expression, ++++ = very high expression, N/A = not available, MO = monocyte, Mθ = macrophage. FcRn
data indicates if the receptor is expressed or not. Adapted from [190] [192] [32] [193].

and is the only receptor able to efficiently bind hIgG2 [200]. This results in a more acti-

vatory phenotype and patients carrying this variant have been associated with increased

risk of developing autoimmune conditions such as ulcerative colitis and Kawasaki disease

[201] [202].

FcγRIIB is the only inhibitory receptor and is critical to modulating the activatory sig-

nalling from other FcγRs. It has low affinity for all IgG subclasses and is found most

highly expressed on B cells, macrophages and eosinophils [199]. Some essential roles

of the receptor include tempering B cell activation, modulating inflammatory responses of

macrophages and the removal of small immune complexes from the liver sinusoidal en-

dothelium (LSE) [203]. The function of FcγRIIB will be explored in further detail in Section

1.4.4.
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FcγRIIC is the result of an ancestral gene duplication event, generating a gene that en-

codes for a receptor with the extracellular domain of FcγRIIB and the intracellular domain

of FcγRIIA [204]. However, the open reading frame of this receptor is only found in ap-

proximately 20% of the European population due to the presence of a stop codon in the

third exon, producing a null allele. This receptor is believed to be found on NK cells and B

cells, but its physiological function remains unclear. Epidemiological evidence indicates a

higher propensity to certain diseases and some in vitro evidence suggests an increase in

redirected cellular cytotoxicity [205]. However, there is no clear evidence for FcγRIIC en-

hancing antibody-mediated effector functions in a simple ADCC experiment or in a whole

organism [206] [207].

FcγRIIIA demonstrates high affinity for hIgG1 and hIgG3 with lower affinities for hIgG2

and hIgG4. It signals via an associated γ chain and is found on macrophages, mono-

cytes and most importantly NK cells [199]. The receptor is associated with eliciting NK

cell mediated ADCC but also has an important role in enhancing ADCP by phagocytes

[207] [208]. For example, it was found that blocking FcγRIIIA significantly reduced ADCP

of rituximab opsonised target cells by humanmonocyte-derived-macrophages [209]. Poly-

morphic variants of FcγRIIIA alter the binding of IgG to the receptor; amino acid position

158 can either be a valine (V) or phenylalanine (F) [210]. The V158 substitution results in

an enhanced affinity for all hIgG subclasses (particularly hIgG1) and therefore improved

antibody effector functions [211]. In initial studies the high affinity FcγRIIIA allele was

associated with better responses to antibody immunotherapy [212]. For example, follic-

ular lymphoma patients found to carry two copies of the V158 mutation had enhanced

responses to rituximab therapy, with 90% of patients having an objective response to

therapy in comparison to 56% carrying the F158 mutation [213]. However, more recent,

larger studies from clinical trials have not supported these initial observations [214] [215].

FcγRIIIB is the only FcγR with no immediate signalling capacity. It has an identical extra-

cellular structure to FcγRIIIA but is bound to the membrane by a GPI anchor. The receptor

is highly expressed on neutrophils but is also found on basophils. It has a similar bind-

ing pattern to hIgG as FcγRIIIA, with moderate affinities for both hIgG1 and hIgG3 with

undetectable binding to hIgG2 and hIgG4, however FcγRIIIA typically binds with higher

affinity than FcγRIIIB [98]. Functionally, this receptor is neutral with no direct activatory

or inhibitory function. However, despite no specific intracellular domains, studies have

suggested that crosslinking of the receptor can cause signalling through associations

with FcγRIIA, complement receptor 3 or via lipid rafts [204] [216]. Some studies sug-

43



Chapter 1

gest FcγRIIIB may aid in the clearance of immune complexes and cooperates with other

FcγRs during phagocytosis [217], whilst others suggest that the receptor is inert or acts

as a decoy receptor to reduce activatory signalling [218].

As described briefly above, IgG can also bind to a second type of Fc receptor, FcRn,

a receptor responsible for maintaining the half-life of serum IgG and providing passive

immunity to neonates. FcRn is more similar in structure to MHC-I rather than FcγRs,

being composed of three α-domains and an associated β2-microglobulin [219]. How-

ever, it lacks the diversity of MHC (it is invariant) and does not present antigens. IgG in

circulation can be internalised non-specifically and trafficked to the acidic endosome for

degradation. If FcRn is present, it will bind to IgG in the acidic environment (pH <6.5)

as key residues in the CH2-CH3 domain of IgG become protonated, allowing binding to

FcRn. This results in the protection and recycling of IgG to the cell surface, preventing

lysosomal degradation. Here, where the pH again rises to pH 7.2 - 7.4, FcRn releases the

IgG back into the extracellular fluid [219]. This process also protects IgG from degradation

by serum proteases. Experimental models of mice lacking FcRn showed that IgG half-life

is significantly reduced by 80%, highlighting the importance of FcRn to maintaining the

long half-life of IgG. FcRn shows high conservation across all mammals, and like FcγRs,

human FcRn shows similarities to FcRn in mice [220].

1.4.2 Mouse FcγRs

Mouse FcγRs can be considered functionally homologous as a family to human FcγRs,

but it is difficult to draw direct comparisons between individual receptors due to differences

in expression pattern and differing number of receptors. Mice have 4 genes that encode

FcγRs: FcγRI (CD64), FcγRII (CD32), FcγRIII (CD16) and FcγRIV (CD16-2). In the

mouse, the activatory FcγRs all associate with an ITAM bearing γ chain that is essential for

cell surface expression and signalling. Like humans, there is a single inhibitory receptor,

FcγRII which signals via an intracellular associated ITIM (Figure 1.10) [89]. The relative

binding of mouse IgGs for their mouse FcγR counterparts can be found in Figure 1.7.

FcγRI bears some similarities to its human homologue; it contains 3 Ig domains that

can also bind monomeric IgG (mouse IgG2a and IgG2b) but demonstrates no binding to

mouse IgG1. It is widely expressed on DCs and has restricted expression on monocytes

and macrophages dependent on its immunological niche [221] [193]. Mouse knockout

studies have shown FcγRI to be critical for the internalisation of immune complexes by
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Figure 1.10: Cellular expression of mouse FcγRs and FcRn
Mouse FcγRs and FcRn and their expression on murine immune cells. - = no expression, -/+ = inducible or
expressed on a subset of cells and/or humans, + = low expression, ++ = moderate expression, +++ = high
expression, ++++ = very high expression, N/A = not available, MO = monocyte, Mθ = macrophage. FcRn
data indicates if the receptor is expressed or not. Adapted from [190] [192] [33].

bone marrow derived macrophages for antigen presentation and mediating ADCP in vitro.

in vivo studies using FcγRI knockout mice have shown reduced inflammatory responses

in the Arthus model and increased IgG responses to antigen challenge.

FcγRII is the only inhibitory receptor and has a wide range of expression, on B cells,

DCs, basophils, eosinophils monocytes and macrophages. It shows moderate affinity for

mouse IgG1 and IgG2b and binds weakly to mouse IgG2a. As in humans it has been
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linked to dampening activatory FcγR signalling as well as regulating B cell activation and

mediating the removal of small immune complexes [199].

Mouse FcγRIII most closely resembles human FcγRIIA in terms of homology and tissue

distribution. It is the most widely expressed activatory receptor and is found on DCs, NK

cells, monocytes, macrophages and neutrophils. It has a similar affinity for all mouse IgG

subclasses. Blockade of the receptor has revealed its importance in mediating antibody

effector functions such as ADCP in vivo and can contribute to hypersensitivity reactions

such as the Arthus reaction. As expected, based upon its FcγR binding profile (Figure

1.7), mouse IgG1 effector functions are absent in FcγRIII knockout mice [98].

FcγRIV was the most recently discovered activatory FcγR and has a similar tissue distri-

bution to human FcγRIIIA [222]. Its expression pattern is restricted to myeloid cells where

it demonstrates strong binding to mouse IgG2a and IgG2b, and residual binding to mouse

IgG1. Along with FcγRI and FcγRIII, this receptor is an important mediator of effector

functions elicited by mouse IgG2a and IgG2b antibodies such as ADCP and ADCC [199].

Like FcγRIII, knockout studies of FcγRIV have highlighted how the receptor can contribute

to autoimmune conditions that include autoimmune arthritis and IgG induced anaphylaxis

[223] [224].

FcRn is also found in mice, and is similar in structure and function to human FcRn. One

of the main differences is that human FcRn is relatively stringent in binding to human IgG,

whilst mouse FcRn shows promiscuity and can bind a wider range of species-specific IgG

[225]. Mouse FcRn can maintain mouse and human IgG at a half-life on average of 5

days, whilst human FcRn maintains human IgG half life of approximately 21 days (Table

1.2, 1.3).

1.4.3 Physiological function of activatory FcγRs

In both mice and humans, activatory FcγRs rely on an associated ITAM for intracellular

signalling. Receptor cross-linking induced by immune complex binding recruits the Src

family kinases (such as Lyn and Fyn) which phosphorylate the two conserved tyrosine

residues within the ITAMmotif (consensus sequence Yxx[L/I]x(6 to 12)Yxx[L/I]) [226]. The

tyrosine kinase Syk is then recruited to the phosphorylated ITAM and activates signalling

proteins that include Phospholipase C gamma (PLCγ), Bruton’s tyrosine kinase (Btk) and

phosphoinositide 3-kinase (PI3K) (Figure 1.12). These signalling pathways result in an in-
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creased calcium mobilisation, actin cytoskeleton remodelling, superoxide production and

cytokine production (Figure 1.12) [227].

This same common ITAM signalling pathway results in a diverse repertoire of pro-

inflammatory functions that are dependent on the cell type engaged (Figure 1.13). Fol-

lowing stimulation of activatory FcγRs, granulocytes exhibit rapid cellular activation with

biological effects seen in minutes. These include the generation of ROS, as well as de-

granulation and the release of antimicrobial peptides [228]. On macrophages, it has been

shown that crosslinking of activatory FcγRs predominately drives ADCP (Section 1.3.5).

The phosphorylation of FcγR associated ITAMs on macrophages drives signalling path-

ways that result in the transient increase of Phosphatidylinositol 4,5-bisphosphate (PIP2)

and a sharp decrease in the pseudopods of the phagocytic cup that drives actin disassem-

bly to form a membrane bound vacuole around the opsonised target [229] [230]. The in

vivo efficacy of some mAbs is thought to be dependent on phagocytosis [228]. Crosslink-

ing of FcγRIIIA on NK cells predominately drives ADCC as discussed in Section 1.3.5.

IgG immune complex engagement of the activatory FcγRIIA on DCs can lead to en-

hanced maturation, differentiation and antigen presentation [187]. One experimental

study demonstrated that the blockade of the inhibitory FcγRIIB on monocyte derived

macrophages resulted in spontaneous maturation initiated by IgG binding to the activatory

FcγRIIA when incubated with human serum. When challenged with opsonised tumour

cells, these DCs were found to drive tumour cell antigen presentation and elicit tumour re-

active CD4+ and CD8+ T cells, all mediated by FcγRIIA engagement [231]. This research

was then applied to a humanised FcγR mouse model using human CD20 expressing ma-

lignant EL4 thymoma cells. When these mice were treated with an anti-CD20 mAb with

enhanced binding for FcγRIIA and FcγRIIIA (GASDALIE mutation [232]), 77% survived

tumour re-challenge compared to 20% treated with an anti-CD20 mAb with enhanced

binding to FcγRIIIA only (ALIE mutation [187]). These data suggest that as FcγRIIA is

the key activatory FcγR expressed on human DCs, required to initiate passive adaptive

immunity to tumour antigens.

Activatory FcγR signalling has also been shown to alter the phenotypic state of

macrophages. As previously mentioned, macrophages demonstrate plasticity and can

change states based on their microenvironment. Engagement of activatory FcγRs has

been shown to induce the regulatory M2b like state, where macrophages demonstrate
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an increased migratory and phagocytic capacity as well as releasing IL-10 and IL-6 [233]

[231].

Generally, activatory FcγRs activate the immune response, whilst the inhibitory FcγRIIB

down-regulates activatory signalling. However, it has also been shown that FcγRs can

elicit non-classical mechanisms to regulate mAb effector functions (Figure 1.11). For ex-

ample, as already mentioned FcγRIIIB has no direct signalling capacity but experimental

evidence suggests it may indirectly elicit signalling (Section 1.4.1). This receptor has also

been implicated in downregulating the canonical function of activatory FcγRs. Human

neutrophils express high levels of FcγRIIIB as well as FcγRIIA. In a tumour cell killing

assay it was found that FcγRIIIB directly competed with FcγRIIA for the engagement of

the Fc of the direct targeting mAb, downregulating neutrophil specific ADCC [234]. To

rescue ADCC, FcγRIIIB required blocking with a specific F(ab’)2, providing evidence of

inhibition by FcγRIIIB through competition [234]. Activatory FcγRs can also elicit inhibitory

signalling. Low avidity immune complex binding to activatory FcγRIIA and FcγRIIIA has

been shown to induce ITAM mediated inhibitory signalling (ITAMi). ITAMi signalling is in-

duced by phosphorylation of the ITAM in a single position, Y536, which then recruits the

Src homology region 2 domain-containing tyrosine phosphatase SHP-1. SHP-1 can ab-

rogate activatory signalling pathways, regulating the activation threshold and tempering

the development of autoimmunity [227].

Another way in which activatory FcγRs can elicit inhibition of effector functions is through

the Kurlander effect. Typically, mAbs are thought to bind in a trans fashion, they interact

with their target epitope on one cell and the FcγR on another cell. However, it has also

been shown that mAbs can interact in a cis fashion - binding to their target and an FcγR ex-

pressed on the same cell [235]. In this experimental system it was found that an antibody

could form a heterotrimeric complex with the antigen and the FcγR, with one antibody

able to block one FcγR as measured in a binding and blocking assay [236] [235]. The bi-

ological effect of the Kurlander effect is to potentially inhibit mAb effector functions through

removing the ability of the antibody to bind in trans to the effector cell. It has also been

proposed that it could induce cis binding ITAMi signalling to induce an immunosuppresive

effect. This potential was demonstrated with a mAb developed against TLR-4, which sup-

pressed LPS activation of myeloid cells. It was found that this effect was dependent on

binding to FcγRIIA and not the inhibitory receptor, suggesting a role for ITAMi signalling,

however this was not formally demonstrated [237]. Despite these alternate mechanisms

of inhibition, FcγRIIB is considered the major regulator of activatory FcγRs.
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Figure 1.11: Alternative mechanisms of inhibition by FcγRs
FcγRs have been shown to elicit inhibition to antibody effector functions that do not require engaging the
inhibitory FcγRIIB. Low avidity binding to activatory FcγRs has been shown to phosphorylate the intracellular
ITAM on tyrosine residue 536 only. This allows interactions with the phosphatase SHP-1 which reverses
intracellular activatory signalling. Alternatively, the Kurlander effect describes what happens when the antigen
and FcγRs are expressed on the same cell, the antibody may bind its target and the FcγR in a cis fashion.
This is unlikely to elicit activatory FcγR functions that would be expected from trans binding and may also
induce ITAMi signalling. It has been shown that high expression of the GPI-linked FcγRIIIB negatively impacts
antibody effector functions by sequestering the Fc of the antibody and has been described to act as a decoy
receptor.

1.4.4 Physiological function of FcγRIIB

The sole inhibitory FcγR, FcγRIIB, is the direct regulator of activatory FcγR signalling, but

it has important physiological roles that extend beyond its canonical function. FcγRIIB is

the most broadly expressed FcγR and can be found in three isoforms, FcγRIIB1 (B1),

FcγRIIB2 (B2) and FcγRIIB3 (B3). B1 is the predominant isoform expressed on B cells.

The human B1 isoform contains a 19 amino acid insertion (47 amino acids in mice) in the

intracellular domain as compared to the B2 isoform [238]. This insertion inhibits the recep-

tors endocytic capacity by disrupting the ability of the receptor to enter into clathrin-coated

pits when bound to IgG-immune complexes. The B2 variant is predominantly expressed

on myeloid cells as well as liver sinusoidal endothelial cells (LSEC) and it can efficiently

endocytose immune complexes due to the presence of a key dileucine motif in the cyto-

plasmic domain [239] [240]. The B1 variant has been proposed as an important regulator

of BCR signalling. Immune complex binding to both the BCR and FcγRIIB negatively

regulates BCR signalling, as well as preventing immune complex internalisation and anti-
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gen presentation [241]. In contrast, the enhanced endocytic capacity of B2 is utilised by

myeloid cells to enhance antigen presentation and by LSECs to remove small immune

complexes (SIC) that pass through the liver [242]. The B3 isoform is found cleaved at the

extracellular domain to form a soluble decoy receptor. FcγRIIB3 has been shown to bind

to IgG complexed antigens in circulation, abrogating activatory FcγR binding on immune

cells [243].

The classical inhibitory function of FcγRIIB is propagated through an intracellular sig-

nalling ITIMmotif (consensus sequence S/I/V/LxYxxI/V/L [244]). When IgG-immune com-

plex engages FcγRIIB and activatory FcγRs, FcγRIIB acts to temper ITAM signalling.

Typically, stimulation of activatory FcγR results in activation of Src-kinases and the phos-

phorylation of the ITAM which recruits the kinase Syk and activates PI3K, converting

PIP2 into Phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Activated Src-kinases such

as Lyn trigger the phosphorylation of the critical tyrosine residue within the ITIM [227].

This phosphorylation event recruits the SH2 domain-containing inositol 5’-phosphatase

(SHIP) which catalyses the conversion of PIP3 into PIP2 (abrogating activatory signalling

pathways). ITIM phosphorylation also recruits Src homology region 2 domain-containing

phosphatase-1 (SHP-1), resulting in the de-phosphorylation of co-localised ITAMs and

Syk [245] (Figure 1.12).

The importance of the inhibitory FcγR in regulating activatory FcγRs has been demon-

strated through genetic deletion of FcγRII in mice. For example, FcγRII deficient

macrophages showed enhanced immune complex mediated activation and a more serve

phenotype of induced alveolitis [233]. in vivo, FcγRII knockout mouse infected with the

bacteria Streptococcus pneumoniae showed reduced mortality, which could be due likely

due to the release of inhibitory signalling on phagocytosis resulting in their enhanced

ability to engulf and remove the pathogen. In a different experimental system, FcγRII

knockout mice were vaccinated against Streptococcus pneumoniae. When challenged

with live Streptococcus pneumoniae, these mice demonstrated a significant increase in

pro-inflammatory cytokines and increased production of IgG, showing stronger immune

responses at lower doses of pathogen compared to WT mice. At very high doses of

pathogen, FcγRII knockout mice had increased risk of mortality, however the data ulti-

mately shows the loss of FcγRII mediated inhibition resulted in enhanced immune re-

sponses [247].

In regard to murine tumour models, FcγRII seems to confer worsened survival outcomes.
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Figure 1.12: ITIM and ITAM intracellular signalling pathways.
Binding of an antigen (Ag)-antibody (mAb) complex to the activatory receptor, FcγRIIIA, results in the cluster-
ing of the receptor and phosphorylation of the ITAM’s tyrosines by Lyn kinase. This provides a docking site
for Syk kinases which is then in turn is phosphorylated and initiates downstream signalling pathways such as
phospholipase Cγ and PI3K. PI3K converts PIP2 into PIP3 and results in the initiation of activatory pathways
and enhanced calcium flux. This can trigger activation, proliferation and phagocytosis. Binding of an immune
complex to the inhibitory receptor, FcγRIIB, results in the clustering of the receptor and phosphorylation of
the ITIM’s tyrosine by Lyn kinase. This provides a docking site for the phosphatases SHIP and SHP-1 which
de-phosphorylate the ITAM and Syk kinase. SHIP is also recruited which counteracts PI3K and converts
PIP3 to PIP2 inhibiting the signalling pathway. SHIP also recruits Shc and Dok to inhibit the activtiy of Ras.
Adapted from Nimmerjahn et al, Ivashkiv et al [199] [246].

In one study a breast cancer xenograft model was implanted onto FcγRII deficient mice.

When treated with breast cancer specific mAbs, the FcγRII deficient mice had enhanced

tumour control as compared to WT mice [185]. Furthermore, another study demonstrated

that FcγRII deficient mice had slowed tumour growth, enhanced infiltration of tumour

myeloid cells and produced more tumour specific antibodies in the E.G7 tumour model

as compared to WT C57BL/6J mice [248]. In contrast, FcγRII provides protection in au-

toimmune conditions. In a murine arthritis model, it was demonstrated that knocking out

FcγRII resulted in severe cartilage destruction and joint inflammation. This was due to

increased immune complex deposition, enhanced macrophage activation and the cre-

ation of an inflammatory environment created to excessive activation of FcγRII deficient
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macrophages within the microenvironment [249]. These data suggest that the inhibitory

receptor is an important mediator of inflammation in a wide range of disease states.

As well as modulating activatory FcγRs, FcγRIIB has been shown to regulate B cell ac-

tivation to control the immune response and maintain immune tolerance [250]. When an

immune complex binds to the BCR it initiates intracellular signalling via its associated ITAM

motifs. If the BCR co-ligates with FcγRIIB, ITIM mediated inhibitory signalling will reverse

ITAM signalling, increasing the threshold required for B cell activation [250]. This effect is

mainly elicited through the phosphatase SHIP and to a lesser extent SHP-1. For efficient

SHIP binding and phosphorylation, the ITIM motif and the C terminal 16 amino acids are

required to fully stabilise the FcγRIIB-SHIP complex [251]. It was also found that mutating

the key tyrosine residue into a phenylalanine results in near-complete abrogation of SHIP-

FcγRIIB co-localisation [252]. FcγRIIB can suppress co-stimulatory signals provided by

APCs as well as reducing antigen internalisation and presentation [203].

Recent evidence has shown FcγRIIB can inhibit BCR activation before ITAM phospho-

rylation. When presented antigen by APCs, the B cell forms an immunological synapse

with the APC. This synapse contains BCR microclusters that are stabilised by membrane

lipid rafts to drive strong BCR activation. When the BCR is co-ligated to FcγRIIB, the for-

mation of the immune synapse and BCR microclusters are inhibited by FcγRIIB mediated

perturbation of the local lipid membrane. Interestingly this function is independent of the

receptor’s ability to signal or associate with lipid rafts [253] [254]. It has also been shown

that co-ligation of FcγRIIB alone, in the absence of the BCR, can induce apoptosis of

the B or plasma cells. This pathway is independent of SHIP and the ITIM; instead cABL

kinase interacts with an alternative phosphorylation site (Y264 on FcγRIIB1) resulting in

cell cycle arrest and apoptosis. This mechanism is thought to be important in deleting

auto-reactive B cells and plasma B cells when immune complexes reach toxic levels [255]

[256]. These mechanisms are key to ensuring a controlled and appropriate B cell me-

diated IgG response. In support of these data, a genome wide association study found

people who carried a rare in-frame deletion of FcγRIIB (Asn106del) resulted in a receptor

that was unable to bind IgG1. This deletion was associated with increased circulating IgG

and an increased risk of developing autoimmunity [257].

Whilst the extracellular domain can inhibit some physiological processes, the intracellular

domain of FcγRIIB is considered to be most critical for eliciting receptor function. In re-

gards to signalling, it was found that upon coaggregation of the murine FcγRIIB1 isoform
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and the BCR, multiple sites were phosphorylated on the intracellular tail. These include

the ITIM Y309 as well as Y290 and Y326, and to a lesser extent Y235 and Y264 [258].

It was found for stable SHIP interaction with the receptor, the ITIM core YSLL residues

and the C terminal part of the receptor was required, whilst the LL residues of the ITIM

motif were required for interactions with SHP-1 and SHP-2. Mutational studies of residues

outside the ITIM significantly affected FcγRII inhibitory function [258]. Internalisation of

immune complexes has been found to be modulated by the amino acid sequence of the

cytoplasmic tail. As previously discussed, hFcγRIIB1 contains a 19 amino acid inser-

tion that significantly reduces its ability to internalise. Research has indicated that this

insertion in hFcγRIIB1 reduces endocytosis irrespective of its location on the cytoplas-

mic tail. The insertion is thought to functionally exclude hFcγRIIB1 from clathrin coated

pits as the receptor displays even less internalisation than FcγRIIB with no cytoplasmic

tail [259]. In contrast, the hFcγRIIB2 variant internalises immune complexes with high

efficiency, and was found to require the cytoplasmic amino acid residues 18 - 31, which

encompass the receptor ITIM. The critical tyrosine within the ITIM residue was found to

be partially required for internalisation, slowing the kinetics of internalisation and reducing

co-localisation to clarthin pits to 86% of WT hFcγRIIB2 [259]. In contrast, a later study

suggests that removal of the ITIM phosphorylation site was completely dispensable, only

reducing internalisation by 5% and suggested a C-terminal di-leucine motif is critical for

eliciting internalisation [239].

As already described, FcγRIIB has a diverse expression pattern and has several important

physiological roles that extend beyond its role as the regulator of FcγR and B cell activa-

tion (Figure 1.13). As previously discussed, activatory FcγRs are an important mediator

of DC maturation and producing a vaccinal response; FcγRIIB is an important regulator

of this process. If an immune complex binds to FcγRIIB instead of activatory FcγRs, this

can result in reduced antigen presentation and DC maturation [260]. However, further

evidence has shown that FcγRIIB expression on DCs can enhance the T-independent

antigen response. Activatory FcγRs can internalise immune complexes and degrade

the T-dependent antigen for presentation on MHC-II to activate T cells. In contrast, it

was found that FcγRIIB is required for internalisation of immune complexes containing T-

independent antigens. FcγRIIB internalises these immune complexes and recycles them

to the cell surface to present native antigen to B cells, resulting in B cell priming and acti-

vation [261]. FcγRIIB has also been found to be critical to the activation of FDCs that are

found within the germinal centre in mice. FDCs ensure the development and selection

of high-affinity B cells and antibody responses. Upon germinal centre formation, FDCs
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Figure 1.13: FcγR physiological functions.
Engagement of FcγRs elicit several important immune cell functions. Binding of activatory FcγRs on neu-
trophils can result in their degranulation and activation, whilst binding to FcγRIIB on mast cells can inhibit
IgE induced degranulation. Immune complex binding to FcγRs on macrophages has a multitude of effects
which includes changing the phenotype (e.g. more or less inflammatory). Immune complex binding to DCs
can both enhance the presentation of T independent and T dependent antigens, depending on the engage-
ment of activatory or inhibitory FcγRs. Within the liver, FcγRs are responsible for removing large immune
complexes via Kupffer cells and small immune complexes via LSECs. Fgl2 binding to FcγRIIB on Tem cells
can inhibit their activity whilst FcγRIIB engagement on B cells can result in their inhibition (Mature B cells)
and apoptosis (Plasma cells).

upregulate their expression of FcγRIIB. FcγRIIB can present immune complexes to B

cells within the germinal centre which was found to enhance clonal selection and somatic

hypermutation (Figure 1.4) [262] [263].

As well as priming the adaptive immune system, FcγRIIB can modulate hypersensitiv-

ity reactions. Mast cells express both FcγRIIB and FcεRs. When FcγRIIB associates

with FcεRs it has been shown to inhibit degranulation and the release of histamine [264].

This knowledge was recently utilised in an in vivo peanut allergy vaccine model. Peanut-

sensitised mice were protected from IgE mediated anaphylaxis by vaccinating the mice
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against a single peanut allergen (SPA). The allergen generated an IgG response so when

the mice were challenged with peanut allergens, IgG-SPA complexes bound to FcγRIIB

on mast cells and basophils, inhibiting IgE mediated signals [265].

Expression of FcγRIIB on immune cells is well characterised, but importantly the receptor

is also found highly expressed on endothelial cells. These include the villus interstitium

of the placenta, skeletal muscle microvascular endothelium and the LSE [266]. The LSE

contains LSECs, highly specialised endothelial cells that form the walls of the liver sinu-

soids. They regulate blood flow, act as a selective barrier to hepatic stellate cells and

hepatocytes as well as serving as a waste clearance system in conjunction with Kupffer

cells [267]. LSECs have several immune functions that include acting as an adhesion

platform for Kupffer cells, lymphoid cells and DCs, presenting antigen and priming naïve

CD8 T cells [268]. Kupffer cells are liver resident macrophages associated with the LSE

and represent 80-90% of tissue-resident macrophages within the body [269]. They have

an important role in providing front line defence against microbial particles derived from

the gastrointestinal tract via the portal vein [270]. Kupffer cells were initially thought to be

the only liver-specific cell type that expresses FcγRIIB. However, further observations indi-

cated that LSECs express FcγRIIB and it is integral to their role as professional pinocytes,

removing small immune complexes from circulation [271]. LSECs have since been found

to be one of the highest capacity endocytic tissues in the body, which is partially mediated

by FcγRIIB [267]. Moreover, studies within mice have found that 72% of the total pool of

FcγRIIB is expressed within the liver, with 90% being present on the LSECs [242]. A re-

cent study even highlighted the significance of FcγRIIB in the removal and degradation of

freely circulating HIV-IgG immune complexes within mice. Neutralising mAbs against cell

free HIV pseudovirus in human FcγRIIB knock-in mice were found to effectively eliminate

the viral particles by binding to FcγRIIB on LSECs, endocytosing the immune complex

and trafficking to the lysosome for degradation. [272].

Recently, novel evidence has also been provided to suggest that FcγRIIB can regulate

CTL activation in transplant rejection and tumour control independently of binding to IgG

immune complexes [273]. The expression of FcγRs on T cells has been controversial but

an increasing body of evidence suggests a portion of T cell subsets can express these

receptors such as some CD3+ cells expressing FcγRIIIA, CD4+ cells expressing FcγRIIA

and CD8+ cells expressing FcγRIIB [274] [275] [276]. In one study, the authors found

FcγRIIB was expressed on T effector memory cells (Tem) in both mice and humans. In an

allogeneic murine skin graft model, FcγRII deficient Tem mounted a stronger alloimmune
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response than FcγRII+ Tem. Here, FcγRII+ Tem expressed higher levels of pro-apoptotic

proteins such as caspases 3/7. Interestingly, the ligand for FcγRII+ on Tem cells was found

to be fibrinogen-like 2 (Fgl2) and not IgG. Fgl2 is an anti-inflammatory cytokine produced

by immune cells that can inhibit DC maturation and induce B cell apoptosis independently

of ITIM phosphorylation [277]. These findings from transplant models were also applied

to a tumour model, where FcγRII deficient Tem demonstrated better tumour control than

FcγRII+ Tem [273]. Further evidence has since suggested that FcγRIIB expression on

tumour infiltrating CD8+ in a murine melanoma model contributed to the suppression of

the CD8 T cell response and FcγRIIB expression itself was identified on approximately

28% of CD8+ T cells by flow cytometry from patients with melanoma [278].

FcγRIIB has both signalling dependent and independent functions that are typically driven

by interactions with IgG immune complexes but also with novel ligands. Overall, FcγRIIB

demonstrates a complex biological picture of its mechanisms of action. For example, as

previously discussed, FcγRIIB regulation of BCR signalling relies on ITIM phosphoryla-

tion. However, inhibition of immune synapse formation is signalling independent - the

removal of the cytoplasmic domain did not impair the ability of FcγRIIB to block forma-

tion of the BCR immune synapse [254]. These signalling dependent and independent

mechanisms will be discussed further in Section 1.4.5.

1.4.4.1 FcγRIIB and Autoimmunity

Autoimmunity is defined as the failure of central and peripheral tolerance mechanisms,

leading to the activation of the immune system against self [203]. As a key regulator of

immune activation and B cell clonal selection, it is of no surprise that dysregulation in

FcγRIIB results in an increased risk of developing autoimmune diseases. Studies within

FcγRII deficient mice have shown increased serum IgG, autoantibodies against single-

stranded DNA and increased deposition of immune complexes within the glomeruli of

the kidneys compared to their WT counterparts [279]. Other studies have shown than

FcγRII deficiency increases susceptibility to collagen-induced arthritis and if the sle16

locus (a susceptibility locus for systemic autoimmunity in C57BL/6 mice [280]) is present

in conjunction with mFcγRII, these mice can develop lethal lupus [281].

Genetic polymorphisms shed light on the importance of human FcγRIIB in maintaining

immune tolerance. The isoleucine (I) 232 threonine (T) polymorphism in the transmem-

brane domain of hFcγRIIB has been well characterised due to its association with autoim-
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mune conditions such as systemic lupus erythematosus (SLE) [282]. FcγRIIB dysfunction

has been identified in SLE patients carrying two alleles of the 232T polymorphism and is

thought to be a contributing factor to severity of the disease. NB: these patients also

have decreased expression of FcγRIIB (although this is not thought to be related to the

232T polymorphism) [203]. An association between hFcγRIIB 232T or a downregulation

of FcγRIIB expression on key immune cells (in comparison to healthy patients) has been

established in patients with rheumatoid arthritis [283], anti-glomerular basement mem-

brane disease [284], multiple sclerosis [285] and idiopathic thrombocytopenic purpura

[286].

The I232T polymorphism is thought to affect hFcγRIIBmediated inhibition in several ways.

Firstly, the 232T isoform reduces the propensity of hFcγRIIB to accumulate in lipid rafts.

This means the receptor is less able to cluster and induce the intracellular signalling need

to inhibit activatory receptors resulting in a more ‘active’ cellular phenotype. B cells car-

rying the 232T polymorphism have been shown to have increased proliferative poten-

tial and calcium mobilisation, processes usually modulated by hFcγRIIB signalling [287]

[288]. Further research showed hFcγRIIB mediated blockade of BCR-mediated immune

synapse formation was reduced in the presence of the 232T isoform, and this was shown

to be independent of ITIM signalling [254]. Furthermore, molecular dynamic simulations

and single-cell FRET assays have indicated that the 232T isoform tilts the receptor’s ex-

tracellular domain towards the plasma membrane, allosterically inhibiting the binding of

ligand [289].

The balance of activatory and inhibitory FcγRs is an important contributor to the pathogen-

esis of autoimmunity, thus making FcγRs a focus of therapeutic intervention. Intravenous

immunoglobulin (IVIG) is a therapeutic product consisting of pooled normal human poly-

clonal IgG obtained from healthy donors, and is commonly used to treat autoimmune

conditions [290]. It is thought to broadly work by interacting with and blocking FcγRs.

However, it is expensive and has limited availability, driven by the high doses needed per

patient (500 mg/kg). This, alongside its unknown precise mechanism of action have lim-

ited its further use, with the latter hampering development of next-generation therapeutics

that do not require a diverse pool of healthy donors [290]. hFcγRIIB has been implicated

as responsible for some of IVIG’s therapeutic effects. When treated with IVIG, human

monocytes and B cells showed an upregulation of FcγRIIB expression [291], which was

also observed on splenic macrophages of mice treated with IVIG [292]. IVIG may directly

stimulate FcγRIIB to induce inhibitory signalling on B cells and immune effector cells [293].
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Antibody glycoengineering has been used to try and enhance the efficacy of IVIG. It was

found that IVIG enriched for sialylated forms of IgG displayed a 10-fold increase in anti-

inflammatory effects compared to standard IVIG therapy [294]. This observation in mice

was linked to sialylated IVIG binding to SIGNR1 (the murine ortholog of DC-SIGN) result-

ing in an indirect upregulation of mFcγRII [295]. However, other groups have contested

these results after being unable to reproduce them. These studies have failed to show an

upregulation in FcγRIIB expression in response to IVIG and that IVIG’s therapeutic effect

is independent of sialylation [296]. One study even found that sialylated IgG cannot bind

to DC-SIGN [297]. This area of research highlights how findings in murine immunology

are not always applicable to human immunology.

Despite the unknown mechanism of action, IVIG has been established as a useful im-

munosuppressive therapy and FcγRIIB’s potential involvement has been investigated as

a means to try and develop the next generation of IVIG-like therapeutics. For example, a

recombinant soluble form of FcγRIIB, known as valziflocept, was recently developed for

SLE and immune thrombocytopenic purpura (ITP) patients. With the understanding that

IVIG may work by reducing binding of pathogenic IgG to activatory FcγRs, valziflocept

was designed as a decoy receptor, neutralising pathogenic IgG in circulation so it cannot

bind. Bi-specific antibodies have also been developed to target FcγRIIB and CD19 as

well as FcγRIIB and CD79B. These bi-specifics bind to the components of the BCR and

FcγRIIB to sterically inhibit activation of those cells to alleviate symptoms of diseases.

Both therapies showed some successes but have not continued beyond Phase II clinical

trials [298].

1.4.5 FcγRIIB and immunotherapy

As a greater appreciation of FcγRIIB biology has emerged, it’s implications for mAb me-

diated immunotherapy has become more complex. In some cases, the classical ITIM me-

diated inhibitory signalling negatively regulates immunotherapy. In others, the signalling

independent mechanisms of FcγRIIB have been shown to both positively and negatively

regulate antibody-mediated immunotherapy. These varied aspects are detailed below.
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1.4.5.1 FcγRIIB and CD20 antibodies

Rituximab, the type-I anti- CD20 mAb, evokes multiple effector functions that include

CDC, ADCP and ADCC (as detailed in Section 1.3.5.1). However, these are limited by

its propensity to rapidly internalise from the cell surface, which results its reduced effector

functions and mAb degradation, a process that is enhanced by the presence of FcγRIIB

[299] [300]. Type-II mAbs are more resistant to CD20-FcγRIIB mediated internalisation

which is most likely due to their inability to cluster into lipid rafts [179]. Studies have sug-

gested that when type I mAbs bind CD20, the Fc portion of the mAb interacts with FcγRIIB

on the same cell in a cis fashion via antibody bipolar bridging (Figure 1.14). The rate of

type-I anti-CD20 mAb internalisation can be correlated with the cell surface expression of

FcγRIIB [299] and this finding was also found to be applicable to samples from various

B lymphoma patients. Specifically, mantle cell lymphoma (MCL) and follicular lymphoma

(FL) patients who had high levels of FcγRIIB on their lymphoma cells were associated with

high rates of internalization and reduced response to rituximab therapy [299] [301]. Fur-

ther evidence has shown that this process is signalling independent and does not require

the phosphorylation of the FcγRIIB ITIM [300]. A recent clinical study also highlighted

how FcγRIIB expression correlated with worsened prognosis when diffuse large B cell

lymphoma (DLBCL) patients were treated with rituximab and chemotherapy. When the

same analyses was conducted with obinutuzumab, a type-II mAb, FcγRIIB expression

did not show a significant correlation with treatment outcome [302].

FcγRIIB may also exert inhibitory effects on immune effector cells. Kupffer cells have

been identified as key effector cells for mediating CD20 mAb depletion in vivo via FcγRs

[303] [304]. FcγRIIB has been shown previously to reduce macrophage effector functions

in vitro and FcγRII deficient mice display reduced tumour growth and better responses to

mAb therapy (Figure 1.14) [233] [248] [185]. It was further shown that in CD20 expressing

xenograft and syngeneic tumour models, anti-CD20 mAbs showed enhanced therapeutic

efficacy in FcγRII knock out mouse models through optimal engagement with activatory

FcγRs on effector populations such as macrophages [305]. This evidence suggests that

the expression of FcγRIIB on immune effector cells is also responsible for reducing the

efficacy of anti-CD20mAbs. However, the contribution of FcγRIIBmediated internalisation

and FcγRIIB inhibition of immune effector cells remain to be elucidated. In addition, the

contribution of ITIM mediated signalling to inhibition of immune effector functions has not

been fully explored.
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Figure 1.14: FcγRIIB Regulation of CD20 mAb immunotherapy
Rituximab (Type I anti-CD20) can bind to its target on B cells and subsequently be rapidly internalised and
marked for degradation by cis binding of FcγRIIB, also known as antibody bipolar bridging. Rituximab may
also bind to FcγRIIB on effector cells in a trans fashion and initiate inhibitory signalling resulting in less
effective effector mechanisms such as ADCP and ADCC.

1.4.5.2 FcγRIIB and immunostimulatory antibodies

Interactions with FcγRIIB has been shown to be critical for the efficacy of some immunos-

timulatory mAbs, such as those targeting CD40, a member of the TNFR superfamily.

CD40 is type I transmembrane protein expressed on APCs, that interacts with its trimeric

ligand, CD40L primarily on activated CD4 T cells. CD40-CD40L binding results in a se-

ries of enhanced immune responses that include DC licensing, augmented antigen-cross

presentation, enhanced B cell germinal centre formation, differentiation and proliferation

[306] [307]. Agonistic CD40 mAbs bind to their target on APCs, acting as a pseudo-ligand

in place of CD40L, which results in potent activation of myeloid cells, B cells and DCs

[306]. For activation, CD40 requires cross-linking by the CD40 mAbs to mimic the trimeric

binding of CD40L. Studies have shown that monovalent F(ab) binding to CD40 does not

cause activation, instead, bivalent IgG is routinely required for cross-linking of CD40 and
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APC activation, with further cross-linking through some means required. This crosslinking

effect was found to be mediated by mFcγRII in vivo [308] [309].

In this context, FcγRII is thought to act as a scaffold that binds the Fc domain of the

CD40 mAb in a trans fashion on accessory immune cells, providing hyper cross-linking

of the receptor to initiate activatory signalling (Figure 1.15). This has been demonstrated

in vivo by the requirement of mouse IgG1 (which preferentially binds mFcγRII) for maxi-

mal therapeutic benefit. In contrast, mouse IgG2a (which binds preferentially to activatory

FcγRs) showed a lack of efficacy and when therapy experiments were repeated in situa-

tions where FcγRII was blocked and/or absent, the activity of the mIgG1 CD40 mAb was

lost [308]. CD40 mAbs have also been utilised as a therapeutic tool in murine carcinoma

models, where it was also found that in vivo efficacy was dependent on FcγRII expression,

specifically within the tumour microenvironment [143]. Immunostimulatory mAbs target-

ing other TNFRs such as 4-1BB and OX40 have also been identified as requiring FcγRIIB

for crosslinking and activation [145] [144].

To dissect the requirements for CD40 agonism, a series of selective knockdown and

FcγRIIB signalling studies were conducted. Firstly, to assess the impact of FcγRIIB me-

diated signalling on CD40 agonism, SHIP deficient mice were treated with CD40 mAbs

in an OT-I expansion model. The researchers found little change in OT-I specific expan-

sion compared to a WT mouse, whilst FcγRII deficient mice showed minimal expansion

of OT-I cells [310]. These data indicate SHIP mediated signalling is not required for CD40

agonism. Next, to interrogate what cells were responsible for providing FcγRIIB mediated

crosslinking of CD40 mAbs, a series of cell-selective FcγRII knockout models, FcγRII

heterozygous (reduced receptor expression) and FcγRII homozygous (full receptor ex-

pression) mice were developed. It was found that CD40 driven agonism of APCs was lost

if FcγRII was selectively knocked out on murine B cells. It was also found that CD40 ago-

nism was significantly reduced in FcγRII heterozygous mice, suggesting that a threshold

level of expression is required to induce agonism (Figure 1.15). This finding was also

relevant for DR5 mAbs, whereby FcγRII expression on DCs and macrophages within the

liver were responsible for eliciting agonism, most likely due to the high expression of DR5

on cholangiocytes [310].

To augment CD40 agonism further, antibodies have been engineered to selectively en-

hance FcγRIIB binding. Anti-CD40 mAbs displaying the V11 set of mutations (G237D,

P238D, H268D, P271G, A330R) [312] showed an enhanced anti-OVA response in vivo as
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Figure 1.15: FcγRIIB Regulation of CD40 mAb immunotherapy
A) CD40 activation typically requires activation by trimerisation induced by CD40L. anti-CD40 mAbs can bind
to their target on effector immune cells (such as dendritic cells) and require hyper cross-linking by FcγRIIB to
imitate CD40L binding. Alternatively, the use of hIgG2B antibodies can be used to overcome the requirements
for FcγRIIB mediated cross-linking. B) For CD40 mAb activity, there is a requirement for a threshold of
FcγRIIB expression on accessory cells within the microenvironment. In a heterozygous FcγRII (-/+) mouse
model, CD40 mAbs did not have sufficient cross-linking to initiate signalling and therefore activation. In a
homozygous FcγRII (+/+) mouse model CD40 mAbs can sufficiently activate CD40 and initiate activatory
signalling [308] [309] [310] [311].

measured by the expansion of OVA specific CD8+ T cells, driven by FcγRIIB cross-linking

[313]. However, enhanced efficacy can also increase the toxicities associated with CD40

agonism. Systemic dosing with this anti-CD40 mAb was found to induce hepatotoxicity

and thrombocytopenia. In order to maintain therapeutic doses and minimise systemic

toxicities, the authors injected lower doses of the mAb directly into tumours, this resulted

in significantly improved survival outcomes compared to systemic administration in the

MC38 colon tumour model [314].
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An alternative route of research has taken the opposite approach and attempted to elicit

FcγRIIB-independent agonism. Here the approach is to promote receptor clustering with-

out the need for FcγR involvement. For anti-CD40 mAb this was achieved by isotype

switching to the human IgG2 isotype. hIgG2 has a unique hinge structure and so this

is proposed to result in a more rigid antibody that is better able to cross-link CD40 inde-

pendently of FcγRs [311]. Specifically an isoform of hIgG2, termed IgG2B, was shown

to deliver FcγR-independent agonism for CD40, even converting CD40 antagonists into

strong agonists ([146]). hIgG2 is also able to deliver enhanced cross-linking and agonism

for other TNFRs including OX40 and 4-1BB ([315]) as well as some non-TNFR super

family members such as CD28 ([311]).

1.4.5.3 Therapeutic Targeting of FcγRIIB

As detailed above, both CD20 and CD40mAbs highlight how FcγRIIB can bemanipulated

to modulate antibody-mediated immunotherapy. With direct targeting mAbs, the blockade

of FcγRIIB could help improve the depletion of target cells. In contrast, improving the

affinity of some immunostimulatory mAbs for FcγRIIB could increase their therapeutic

potential as discussed above.

An active area of research to improve mAb therapy has been to introduce mutations into

the IgG Fc domain to change FcγR binding profiles. With regards FcγRIIB, a number

of mutations have been examined that reduce FcγRIIB binding, improve activatory FcγR

binding, or a mixture of both. The G236A mutation of the hIgG1 Fc was found to pro-

vide a 6-7 fold enhancement in binding to FcγRIIA, whilst not affecting FcγRIIB binding

[316]. Further research has since found that the G236A/A330L/I332E mutation of hIgG1

enhances binding to FcγRIIA and FcγRIIIA whilst reducing binding to FcγRIIB [317]. in

vitro studies showed that this mutated Fc had superior ADCC capability compared to WT

hIgG1 and that in vivo depletion of hCD20 transgenic B cells was enhanced. However, the

mutations resulted in decreased stability and in vivo half-life, making it unsuitable for clin-

ical translation [232] [318]. In contrast, the S239D/I332E hIgG1 mutation that increases

binding to both FcγRIIA and FcγRIIB is thought to drive enhanced ADCC and has been

adopted into the recently approved anti-CD19 mAb tafasitamab for the treatment of DL-

BCL and chronic lymphocytic leukaemia (CLL) [319]. How much more active it is than

rituximab remains to be seen and how much any improved efficacy relates to the Fc mu-

tations will be difficult to assess. Although mAb engineering has the potential to improve

63



Chapter 1

therapy, the highly homologous FcγR family makes it difficult to selectively improve bind-

ing to a single FcγR. Therefore some initiatives aimed at changing the FcγRIIB binding

profile have looked at targeting the inhibitory receptor directly using other mAb reagents.

Targeting FcγRIIB directly using mAbs is a relatively new area of research due to the dif-

ficulties in finding a specific mAb that distinguishes hFcγRIIB from hFcγRIIA owing to the

96% sequence homology in the extracellular region [320] (Section 1.4.1). Initial murine

studies using the more easily targeted mFcγRII showed that blockade of the inhibitory re-

ceptor could be a viable strategy to improve direct targeting mAbs. in vitro studies showed

that directly targeting the mouse FcγRII, using the antibody AT130-2, can result in pro-

grammed cell death (PCD) and phagocytosis of lymphoma cells. However, when the mAb

was assessed in vivo it was quickly cleared from circulation due to FcγRII mediated inter-

nalisation and degradation, limiting its efficacy [321].

Anti-human FcγRIIB antibodies have since been produced that are successfully able to

distinguish FcγRIIB from FcγRIIA [322] [323] [133]. One of these mAbs (BI-1206/6G11)

produced by BioInvent is currently in clinical trials [324] as a human IgG1 variant and a

glycoengineered variant that lacks FcγR binding is in pre-clinical testing (BI-1607/6G11-

N297Q) [325]. 6G11 has been shown to antagonise FcγRIIB and can augment rituximab

therapy through increased ADCP, ADCC and direct cell death of lymphoma cells in pre-

clinical xenograft tumour models (Figure 1.16) [323]. Phase I/IIa data currently shows

that 6G11 is tolerated in patients and may improve rituximab therapy [326] [327]. The

deglycosylated variant, 6G11-N297Q can also antagonise FcγRIIB to improve mAb im-

munotherapy [323]. Current evidence suggests that 6G11 and 6G11-N297Q have a more

stable pharmacokinetic profile in pre-clinical models and humans than seen with AT130-2

targeting mFcγRII, making targeting human FcγRIIB a viable clinical approach. Other

companies are now taking an interest in targeting FcγRIIB as a therapeutic strategy. No-

vartis have developed a FcγRIIB specific mAb with an afucosylated Fc region to enhance

Fc mediated effector functions. This represents a different approach to BioInvent, as No-

vartis aim to potentially use their afuscolyated mAb as a direct targeting agent against

FcγRIIB+ tumours, whilst BioInvent aim to enhance rituximab therapy by blocking the

negative contributions of FcγRIIB. The Novartis reagent has shown synergy with anti-

CD20 mAbs in depleting FcγRIIB+ tumours in xenograft murine models but has not been

tested in systems where FcγRIIB is also expressed on cells of the host [133].

In summary, all these data indicate that FcγRIIB modulation of antibody immunotherapy is
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complex. To design better direct targeting and immunostimulatory antibodies, the biology

of the FcγRIIB requires greater understanding. Such research is required to fully discern

the mechanisms through which FcγRIIB inhibits mAb-based therapy and when and how

therapeutic blockade of FcγRIIB may enhance antibody-mediated immunotherapy.

Figure 1.16: FcγRIIB directed immunotherapy
mAb therapy targeting FcγRIIB (6G11) can reduce internalisation of rituximab from the cell surface and en-
hance opsonisation of the target cell increasing rituximab efficacy
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1.5 Hypothesis and Aims

FcγRIIB has been shown to broadly modulate mAb immunotherapy and has increasingly

become a focus of antibody research. Antibodies have been engineered to increase or

reduce binding to FcγRIIB to enhance their therapeutic benefit and FcγRIIB has even be-

come the target of mAb therapy itself. The research described in this thesis aims to expand

our understanding of how FcγRIIB negatively regulates mAb immunotherapy and how

therapeutic blockade of the receptor may augment it. Specifically, it addresses whether

the signaling from the ITIM is important for the inhibitory effects of the receptor and if it is

important to overcome. The initial hypothesis therefore was that the loss of the FcγRIIB

ITIM mediated signalling will reduce its inhibitory function and augment mAb immunother-

apy. The hypothesis was tested primarily using two transgenic mouse models, a signalling

competent human FcγRIIB transgenic mouse (hFcγRIIB Tg) and a novel non-signalling

ITIM mutant human FcγRIIB transgenic mouse (NoTIM). The biology of human FcγRIIB

was then explored using in vitro immunoassays and in vivo therapeutic models.

The specific aims of the project were as follows:

1. Characterise the novel NoTIM mouse, assessing the expression of the transgene

and its impact upon in vitro effector functions

(a) Confirm the integration and expression of the NoTIM transgene, and compare

expression to the hFcγRIIB transgenic mouse model

(b) Compare the expression pattern of the endogenous murine FcγRs in

C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice

(c) Functionally examine the ability of the NoTIM receptor to elicit inhibitory sig-

nalling and how the loss of function effects cell functions in vitro

2. Assess the impact of the NoTIM transgene on the efficacy of mAb target cell deple-

tion and mAb target cell agonism in vivo

(a) Use a dose escalation model to assess the differences in depletion of B cells

using both anti-CD20mIgG1 andmIgG2a in C57BL/6J, mFcγRII KO, hFcγRIIB

Tg and NoTIM mice

(b) Dissect the contribution of FcγRIIB mediated internalisation, mAb half life and

cell specific expression to the inhibition of direct targeting anti-CD20 mAb de-

pletion
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(c) Examine if blockade of hFcγRIIB using mAb directed strategies can improve

target cell depletion of CD20+ target cells

(d) Deplete circulating lymphocytes in mFcγRII KO, hFcγRIIB Tg and NoTIM mice

using specific mAbs to understand if previous observations are unique to the

depletion of CD20+ B cells

(e) Utilise the ovalbumin (OVA) antigen and OT-I adoptive transfer model to confirm

that FcγRIIB drivesmAbmediated agonism of CD40 independently of inhibitory

signalling

3. Apply the understanding of FcγRIIB mediated inhibition of direct targeting mAb ther-

apy to murine tumour models

(a) Examine the impact of hFcγRIIB on direct targeting mAb therapy in the Eµ-T

cell leukemia-1 oncogene (TCL1) malignant B cell model

(b) Examine the impact of hFcγRIIB on the depletion of T regulatory cells E.G7

tumour bearing mice
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Methods and materials

2.1 Molecular biology

2.1.1 Generation of the NoTIM mouse

The NoTIM transgenic mouse model was generated by Dr. Yury Bogdanov at the Uni-

versity of Southampton in collaboration with Cyagen US Inc. Details of production are

below.

The human FCGR2B2 gene was isolated and generated as previously described ([323]).

In brief, the full length FCGR2B2 coding region was amplified from the human Burkitt’s

lymphoma cell line Raji cell cDNA and ligated with the native FCGR2B promoter through

overlapping PCR. The DNA construct was cloned into a pBluescript plasmid using the

restriction enzyme location sites Notll/Small/Pvul. The ITIM mutation (Y273F, TAT to

TTT) and an additional mutation (Y254F, TAC to TTT) was introduced using back-to-back

primers containing the DNA mutation that were subsequently ligated into the DNA con-

struct and sequenced to select the correct clone.

Cyagen US Inc then microinjected the purified expression cassette into the pronuclei of

C57BL/6J zygotes. C57BL/6J NoTIM founder mice were then rederived into the animal

unit and backcrossed with mFcγRII-/- to remove the endogenous mouse inhibitory recep-

tor. The resulting progeny were screened by PCR (amplifying genomic DNA) and flow

cytometry of peripheral blood to check for expression of the transgene.
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2.1.2 Isolating DNA from murine ear tips

Murine ear punches were collected and placed in 1.5mL tubes containing 97.5 µL ear lysis

buffer (50 mM Tris pH 8.9, 12.5 mMMgCl2, 6H2O, 0.5% Tween-20) and 2.5 µL proteinase

K (ThermoFisher Scientific). Tips were placed in a PTC-200 thermocycler (MJ Research)

overnight at 55◦C for digestion. The resultant lysates were then maintained at -20◦C until

ready for analysis by PCR.

2.1.3 Polymerase chain reaction (PCR)

Specific primers were used to amplify regions of interest. A full list of primers can be found

in Table 2.1. Ear tip lysate were then added to the following reaction mix containing the

primers of interest in order to amplify NoTIM DNA:

• 10 µM forward and reverse primers

• 100 mM Deoxynucleotide triphosphates (Promega)

• 10x Pfu buffer (200 mM Tris-HCl, 100 mM KCl, 100 mM (NH4)2SO4, 20 mMMgSO4,

1% Triton X-100, 1 mg/mL nuclease-free BSA) (Promega)

• 2-3 u/µL Pfu Enzyme (Promega)

• 500 ng ear tip lysate

• Milli-Q H2O to a total volume of 25 µL

The reactions were mixed well and then placed into Bio-rad C1000 thermocycler using the

following program:

1. 95◦C for 5 minutes

2. 95◦C for 30 seconds

3. 60◦C for 1 minute

4. 72◦C for 2 minutes

5. Repeat steps 2-4, 32 times

6. 72◦C for 10 minutes

7. 4◦C until further notice

PCR samples were then run through a 1% agarose gel using electrophoresis to visualise

any PCR products (Section 2.1.4).
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Primer Sequence 5’-3’
NoTIM Screen F AGAAGCTTGCTGGTGCACGCTGTCCTGCATCAC
NoTIM Screen R TGTCCCAGCAACAGGAGCCAGGAATAGCACAGCTGT

Tyr Mutation F AGGCTGACAAAGTTGGGGCTGAGAACACAATCACCTTTTCA
CTTCTCATGCACCCGGATGC

Tyr Mutation R GTTGCTGCTGTAGTGGCCTTGATCTTTTGCAGGAAAAAGCGG
ATTTCAGCCAATCCCACTAATCCTGATG

NoTIM Mut CTCATCCAAGCCTGTGACCATCAC

Table 2.1: Table of primer sequences
NoTIM Screen = primers used to screen NoTIM progeny, Tyr mutation = primers used to introduce NoTIM
mutations. NoTIM Mut = primers used to identify NoTIM mutations. F = Forward. R = Reverse.

2.1.4 DNA gel electrophoresis

3 µL of 6x orange DNA loading dye (Thermo Scientific) was added to each DNA

sample and then run on a 1% agarose gel containing 0.05% GelRed™ (Biotum) in

tris(hydroxymethyl) aminomethane (TAE) buffer (40 mM TRIS (base), 20 mM acetic acid

and 1mM Ethylenediaminetetraacetic acid [EDTA]). O’Gene Lader 100bp and 1kb molec-

ular markers (Thermo Scientific) were used as molecular weight markers to evaluate size

of DNA fragments. The samples were run at 140V for 50 minutes and imaged using a

BioRad UV imager.

2.1.5 DNA gel extraction

DNA was excised from agarose gels using a scalpel and the QIAquick Gel Extraction Kit

(Qiagen) was used to purify the DNA by following the manufacturer’s instructions. The kit

uses bind-wash-elute procedure that removes impurities fromDNA samples using a series

of high and low salt buffers. The purified DNA was quantified by absorbance readings at

260nm on a NanoDrop 1000c (ThermoFisher).

2.1.6 DNA sequencing

DNA samples were diluted to 10 ng/µL using TAE buffer and sent to Source Biosciences

(Nottingham) for Sanger Sequencing along with the relevant primers (Table 2.1). Se-

quencing data was analysed using SeqManPro Software (DNASTAR Laser-gene).

70



Chapter 2

2.2 Cell culture

2.2.1 Cell thawing

Cells stored in liquid nitrogen were removed from storage and immediately placed on ice.

To thaw cells, 5 mL of pre-warmed sterile media was gently added to cells using a Pasteur

pipette and then placed into a universal tube. The cells were then centrifuged at 250 x g

for 10 minutes and the supernatant was poured off. The pelleted cells were resuspended

in 1 mL of media and a cell count was carried out (Section 2.2.3). Cells were then typically

resuspended to a concentration of 0.5x106 cells/mL and incubated at 37◦C and 5% CO2

in a New Brunswick Galaxy 170R incubator.

2.2.2 Cell line maintenance

Cells were maintained in media as detailed in 2.2. The murine E.G7-OVA cell line (deriva-

tive of EL4 parental cell line) was maintained in supplemented Roswell Park Memorial

Institute 1640 Media (RPMI) (ThermoFisher), also known as R10 media, with the addi-

tion of 500 µg/mL Geneticin (Gibco) to maintain selection for cells expressing OVA. The

cells were maintained at a density of 0.25-0.5x106 cells/mL. Cells were removed from

Geneticin selection 24 hours prior to injection in vivo. Murine π-BCL1 cells were cultured

in R20 media and maintained at 0.25-0.5x106 cells/mL.

For sub-culturing, E.G7 suspension cells were aspirated from the flask into a universal

and then centrifuged at 250 x g for 5 minutes before being resuspended in an appropriate

volume of media. Murine π-BCL1, a semi-adherent cell line, required the aspiration of

media and then the addition of enough PBS to cover the cell surface. Cells were then

lifted using a cell scraper (Fisher Scientific) and the PBS-cell mixture was then added to

the aspirated media and centrifuged as above. Cells were sub-cultured every 2-3 days

to maintain the optimal density. All cells were incubated at 37◦C and 5% CO2 in a New

Brunswick Galaxy 170R Incubator.
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Media Components Cells

R10

RPMI media (ThermoFisher), 10% Foetal Calves Serum
(FCS) (Sigma-Aldrich), L-glutamine (200 µM), sodium
pyruvate (100 µM), penicillin (100 U/mL), streptomycin
(100 µg/mL), β-mercaptoethanol (2-ME) (55µM) (Sigma-
Aldrich)

Primary
mouse
cells, E.G7
cell line

R20

RPMI media (ThermoFisher), 20% Foetal Calves Serum
(FCS) (Sigma-Aldrich), L-glutamine (200 µM), sodium
pyruvate (100 µM), penicillin (100 U/mL), streptomycin
(100 µg/mL), 2-ME (55µM), amphotericin B (2µg/mL)

π-BCL1 cell
line

L929 Con-
ditioned
Media

Dulbecco’s Modified Eagle Medium (DMEM) media, 10%
FCS (Sigma-Aldrich), 1% HEPES, penicillin (100 U/mL),
streptomycin (100 µ/mL), macrophage-colony stimulating
factor (m-CSF)

BMDMs

Table 2.2: Mammalian cell culture media

2.2.3 Determining cell concentration and viability

The concentration of cells was determined using either a Coulter Counter Z1 particle

counter (Beckman Coulter) or a Cell Drop FL cell counter (DeNovix). For the Coulter

counter, 20 µL of cell suspension was placed diluted with 10 mL isoton II diluent (Beck-

man Coulter), with two drops of Zap-OGLOBIN (Beckman Coulter) to lyse any red blood

cells (RBC). The Coulter Particle Counter (Beckman Coulter) was then used to determine

the cell concentration.

For the Cell Drop FL, 5 µL of cells were mixed with 5 µL of acridine orange and propid-

ium iodide (AO/PI) viability solution (DeNovix) and then the 10 µL solution was pipetted

into the cell counting chamber. AO is permeable to both live and dead cells, staining all

nucleated cells to generate green fluorescence and exclude RBCs from cell counts. PI is

only permeable to cells with compromised cellular membranes and stains dying cells with

red fluorescence. The Cell Drop allowed the quantification of cells and the percentage

viability of the sample by calculating the number of AO stained cells and AO/PI stained

cells.
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2.3 Antibodies for in vitro and in vivo experimentation

2.3.1 Antibody quality control

Antibodies produced in-house by the Antibody & Vaccine Group production team were

produced using either from hybridomas, transient expression in ExpiCHO-S cells or stable

expression in CHO-K1S cells. Antibodies were then checked for aggregation, protein

impurities, and endotoxin contamination before use in experimentation.

Antibodies were checked for aggregation by using a size exclusion high performance liquid

chromatography (SE-HPLC) system. Protein samples were loaded onto a gel filtration

column and attached to an HPLC infinity system (Agilent). Only samples with less than

1% aggregation were collected.

Capillary electrophoresis sodium dodecyl sulphate-polyacrylamide gel electrophoresis

(CE SDS-PAGE) was used to ascertain protein purity and also to evaluate any unexpected

protein behaviours. A size exclusion column was then used to remove any impurities.

Finally, antibodies were subject to an endotoxin assay (Charles River) to measure the con-

tamination of antibody samples. Samples were prepared according to the manufacturers

instructions and analysed using Endosafe-PTS cartridge and Endotoxin cartridge reader

(Charles River). The assay utilises limulus amebocyte lysate to recognise endotoxin and

samples are quantified using a chromogenic readout. Samples of <1 EU/mg were used

in experiments.

2.3.2 Determining antibody concentration

The concentration of a protein sample was determined with a NanoDrop spectropho-

tometer 1000c (ThermoFisher) by measuring absorbance at 280 nm. The nanodrop was

blanked with the appropriate buffer before the loading of a 2 µL protein sample. The ab-

sorbance was recorded and the final concentration was determined by adjusting for the

extinction coefficient of the relevant protein using the following equation:

Concentration = Absorbance (A280)
Extinction Coefficient x Path Length
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Clone Target Isotype Method Experiment
18B12 [328] mCD20 mIgG1 Stable in vivo, internalisation
18B12 [328] mCD20 mIgG2a Transient in vivo
1D3 [329] mCD19 mIgG1 Transient in vivo
1D3 [329] mCD19 mIgG2a Stable in vivo
YTS169.4
[330] mCD8 mIgG1 Transient in vivo

YTS169.4
[330] mCD8 mIgG2a Transient in vivo

PK136 [331] mNK1.1 mIgG2a Hybridoma in vivo
PC61 [332] mCD25 rIgG1 Hybridoma in vivo
3/23 [332] mCD40 mIgG1 Stable in vivo
AT107-2 CD79B rIgG1 Hybridoma in vivo
OX86 [333] mCD134 mIgG2a Transient in vivo
AT130-2 [321] mCD32 mIgG1 N297A Stable ADCP
AT130-5 [321] mCD32 rIgG1 Transient IF
4D5 [334] hHER2 mIgG1 N297A Transient ADCP
Rituximab hCD20 mIgG1 Stable in vivo
Rituximab hCD20 mIgG2a Stable in vivo
KB4 [146] OVA mIgG1 Hybridoma ELISA

Table 2.3: Antibodies produced in-house for in vitro and in vivo experiments
Transient cells expressing antibodies were made by transfecting ExpiCHO-S cells. Stable cells expressing
antibodies were produced by transfecting CHO-K1S Cells. Hybridomas were made by fusing B cells from
spleen of immunised mouse with the NS-1 cell line. m = mouse, r = rat, h = human, OVA = ovalbumin,
ADCP = antibody-dependent cellular phagocytosis, WB = western blot, Ca2+ flux = calcium flux assay, IF =
immunofluorescence

Clone Target Isotype Source Experiment
Rituximab hCD20 hIgG1 UHS in vivo, ADCP
Cetuximab hEGFR hIgG1 UHS in vivo
6G08-NQ hCD32B hIgG1 N297Q BioInvent WB, Ca2+ flux
6G/BI-1206 hCD32B hIgG1 BioInvent in vivo
6Q/BI-1607 hCD32B hIgG1 N297Q BioInvent in vivo, ADCP, Ca2+ flux
FITC8 FITC hIgG1 N297Q BioInvent ADCP, WB, Ca2+ flux
EP888Y hCD32B rbIgG Abcam WB, IF
EP926Y hCD32(-P) rbIgG Abcam WB
3941S mSHIP1(-P) rbIgG CST WB
2728S mSHIP1 rbIgG CST WB
AB221544 AF488 rbIgG Invitrogen Internalisation
A9044 mIgG rbIgG-HRP Sigma ELISA
AB2337831 hIgG gIgG Jackson Internalisation
AB2339874 mIgM gF(ab’)2 Jackson Ca2+ flux

Table 2.4: Commercial antibodies used in vitro and in vivo experiments
m =mouse, r = rat, h = human, rb = rabbit, g = goat, (-P) = phosphorylated, CST = Cell signalling technologies,
ADCP = antibody-dependent cellular phagocytosis, WB = western blot, Ca2+ flux = calcium flux assay, IF =
immunofluorescence, UHS = University Hospital Southampton pharmacy
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2.4 Flow cytometry

2.4.1 Direct staining

To assess the cell surface expression of proteins, 20 µL of human or mouse blood (and

80 µL of PBS) or 100 µL single-cell suspension were transferred to FACS tubes (BD

Biosciences) and incubated with fluorescently labelled antibodies at 4◦C for 30 min-

utes in the dark (Table 2.5). 1 mL of 1x erythrolyse RBC lysing buffer (BioRad) or

Ammonium-Chloride-Potassium (ACK) lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1

mM Na2EDTA) were added to the cells and allowed to lyse for 2 minutes at RT. The cell

suspensions were centrifuged at 450 x g for 5 minutes and the supernatant aspirated. 3

mL of fluorescence-activated cell sorting (FACS) wash (PBS, 1% BSA, 10 mM sodium

azide) was added per tube and samples were centrifuged as before. Tubes were stored

at 4◦C in the dark until ready for analysis using FACSCalibur or FACSCanto II (BD Bio-

sciences). Data analysis was performed using FCS Express Version 3 (De Novo Soft-

ware) or Flo Jo Version 10 (Tree Star Inc) and plotted using Graph Pad Prism Version 9

(Graph Pad Software).

Antibodies made in-house were used at a final concentration of 10 µg/mL, commercial

antibodies were used at the concentration recommended by the manufacturer.

2.4.2 Secondary staining

Cell suspensions were incubated with 10 µg/mL (unless otherwise stated) of unlabelled

antibody for 30 minutes at 4◦C. These cells were then washed in 3 mL FACS wash and

spun at 450 x g for 5 minutes. This process was repeated once more and then the cells

were stained using a fluorescently labelled anti-IgG. Antibodies against cell surface mark-

ers were also added, before cells were washed and analysed as in Section 2.4.1.

2.4.3 Intracellular staining

Cell suspensions were incubated with fluorescently labelled antibodies specific for mem-

brane bound markers at 4◦C for 30 minutes in the dark (Table 2.5). 1 mL of 1x RBC lysing

buffer (BioRad) was added to the cells and allowed to lyse for 2 minutes at RT. The cell
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suspensions were centrifuged at 450 x g for 5 minutes and the supernatant aspirated. 300

µL of diluted FIX & PERM Cell Fixation solution (Invitrogen) was added to the cells and

left at 4◦C for 1 hour in the dark. 1 mL of diluted Permeabilization Buffer (Invitrogen) was

added to samples and then washed at 450 x g for 5 minutes. Samples were resuspended

in 1 mL of diluted Permeabilization Buffer (Invitrogen) and then washed again at 450 x g

for 5 minutes. Intracellular fluorescent mAbs was then added to the cells at 4◦C for 1 hour

in the dark. 3 mL of FACS wash was added to the samples and they were washed at 450

x g for 5 minutes. Samples were analysed as in Section 2.4.1.
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Antigen Isotype Clone Fluorophore Source
mCD19 rIgG2a 1D3 APC, PE Biolegend
mCD20 rIgG2b SA275A11 PE Biolegend
mCD20 mIgG1 18B12 AF488 in-house
mCD11B rIgG2b M1/70 PE Biolegend
mBCL1 rIgG1 F(ab’)2 MC106A5 FITC in-house
mCD3 rIgG2a KT3.1.1 PE Biolegend
mCD4 rIgG2b GK1.5 PE, APC/Cy7, APC Biolegend
mB220 rIgG2a RA3-6B2 PerCP, APC Biolegend
mCD5 rIgG2a 53-7.3 PerCP Cy5.5 Biolegend
mCD45.2 mIgG2a 104 PE-Cy7 Biolegend
mCD45 rIgG2b 30-F11 BV510 Biolegend
mCD8α rIgG2a 53-6.7 PB, APC Biolegend
mNK1.1 mIgG2a PK136 APC Biolegend
mNKp46 rIgG2a 29A1.4 PE/Cy7 Biolegend
mCD23 rIgG2a B3B4 PE/Cy7 Biolegend
mCD44 rIgG2b IM7 APC/Cy7 Biolegend
mCD62L rIgG2a MEL-14 PerCP Cy5.5 Biolegend
mCD146 rIgG2a ME-9F1 PE Biolegend
mMHC-II rIgG2b M5/114.15.2 AF488 Biolegend
mF4/80 rIgG2b Cl:A3-1 APC BioRad
mF4/80 rIgG2b degly Cl:A3-1 AF647 in-house
mLy6C rIgG2c HK1.4 PerCP-Cy5.5 Biolegend
mLy6G rIgG2a 1A8 APC-Cy7 Biolegend
mFOXP3 rIgG2a FJK-16s APC Invitrogen
mKi67 mIgG1 B56 AF647 BD Biosciences
mIgG F(ab’)2 AB2338861 AF647 Jackson
mFcγRI rIgG2a F(ab’)2 AT 152-9 FITC in-house
mFcγRII mIgG2a F(ab’)2 AT 130-2 FITC in-house
mFcγRIII rIgG2b F(ab’)2 AT 154-2 FITC in-house
mFcγRIV hamIgG 9E9 FITC in-house
hFcγRII mIgG1 F(ab’)2 AT 10 FITC in-house
hCD16 mIgG1 3G8 PE in-house
hCD14 mIgG2a M5E2 PB Biolegend
hCD19 mIgG1 HIB19 APC Biolegend
hCD56 mIgG1 5.1h11 APC-Cy7 Biolegend
hFcγRIIB hIgG1 6G11 AF488 Bioinvent
hHer2 mIgG1 4D5 AF488 in-house
hIgG gIgG AB2337831 AF488 Jackson
H2-Kb SI-
INFEKL MHC-I Tetramer N/A PE in-house

Table 2.5: Fluorescently labelled antibodies used for flow cytometry
h = human, m = mouse, ham = hamster, r = rat Cy = cyanine, AF = Alexa Fluor, PB = Pacific Blue
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2.5 In Vitro experimental methods

2.5.1 Collection of human blood

Informed consent was given following ethics committee approvals under the Declaration of

Helsinki. Ethical approval for the use of clinical samples was obtained by the Southamp-

ton University Hospitals’ NHS trust from the Southampton and South West Hampshire

Research Ethics Committee. Whole blood was obtained from healthy anonymous donors

with consent, placed in vacutainers containing EDTA (BD Biosciences) and stored on ice

until ready for processing. Research was conducted under the University’s Ethics and

Research Governance Online (ERGO) Code: 19660.

2.5.2 Culturing and differentiation of bone marrow progenitor cells

Bone marrow was harvested from schedule I culled mice. Both hind limbs (femurs and

tibias) of the mouse were collected and bone marrow progenitor cells were flushed out

with R10 media. Cells were then spun at 450 x g and plated out at a density of 0.8x106

cells/mL in R10 media with 20% L929 conditioned media containing m-CSF (Table 2.2).

The cells were cultured for 7 days at 37◦C (5% CO2) in a New Brunswick Galaxy 170R

incubator. The media was changed every 2-3 days.

2.5.3 Preparing BMDMs for flow cytometry

On day 8, the media was aspirated and the cells were washed in sterile PBS. 2 mM PBS-

EDTA was added to each well and the plate was placed on ice for 10 minutes. A cell

scraper (Fisher Scientific) was used to detach the cells from the plate surface and the

cell suspension was collected and centrifuged at 250 x g for 5 minutes. The cells were

re-suspended in 1 mL PBS and then adjusted to a concentration of 1x106 cells/mL.

2.5.3.1 Antibody-dependent cellular phagocytosis (ADCP) assay

On day 8, BMDMs were harvested (Section 2.5.3) and seeded at a concentration of 5x104

cells per 100 µL R10 media with 20% L929 conditioned media into a flat bottomed 96 well
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plate (ThermoScientific). The following day target B cells were isolated from the spleens of

mFcγRII -/- x human CD20 transgenic C57BL/6J mice (hCD20Tg+/-) mice were harvested

and processed into a single cell suspension by passing through a 100 µm cell strainer. B

cells were isolated using a negative selection B cell isolation kit (Miltenyl Biotec) according

to the manufacturers instructions. The B cells were centrifuged at 250 x g for 5 minutes

and then re-suspended in FCS-free RPMI media.

B cells were labelled with 5 µM of Carboxyfluorescein succinimidyl ester (CFSE) (Life

Technologies) and incubated for 10 minutes in the dark at room temperature (RT). An

equal volume of FCS was then added to quench the CFSE and the cells were centrifuged

and resuspended in R10 media. In some experiments, the plated BMDMs were incubated

with a mFcγRII or hFcγRIIB blocking mAb at 37◦C for 30 minutes (Table 2.3, Table 2.4).

The B cells (at a concentration of 5x106 cells/mL) were incubated with rituximab (or an

isotype control) at 4◦C for 30 minutes to opsonise them. 50 µL of B cells was then added

to the plated BMDMs to achieve a 5:1 target effector ratio of B cells to macrophages and

incubated at 37◦C for 60 minutes.

Anti-F4/80 APC at 1µg/mL was added per well to identify macrophages and then incu-

bated at RT in the dark for 30 minutes. The media was removed from the plate and wells

were washed twice in 200 µL PBS. 200 µL of FACS wash was then added per well and

cells were transferred into FACS tubes. Samples were analysed on FACSCalibur (BD Bio-

science) to assess the percentage of F4/80+ cells and F4/80+CFSE+ cells. Each condi-

tion was repeated using triplicate wells. The percentage of ADCPwas calculated using the

formula below. The phagocytic index was calculated from the percentage of ADCP. This

was worked out by dividing the percentage of phagocytic macrophages (CFSE+F480+)

under the test condition by the percentage of phagocytic macrophages co-cultured with

unopsonised B cells.

% ADCP =
(

% Gated F4/80+CFSE+ cells
% Gated F4/80+CFSE- cells + % Gated F4/80+CFSE+ cells

)
x100

2.5.4 Western blot

Cells for western blotting were isolated as detailed. B cells were isolated from the spleens

of mice as previously described (Section 2.5.3.1). BMDMs from hFcγRIIB Tg and NoTIM
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mice were harvested and cultured as previously described (Section 2.5.2). Cells were

then centrifuged at 250 x g for 5 minutes and re-suspended in 3 mL of RPMI media ready

for experiment specific cellular stimulation.

Cells were centrifuged at 250 x g for 5 minutes and re-suspended in 1mL cold PBS and

then centrifuged again and re-suspended in 50 µL ONYX lysis buffer (50 mM NaF, 2

mM Na3VO4, 6 µL protease inhibitor cocktail (Sigma-Aldrich), in 10 mM Tris-HCl pH 7.4,

67.5 mM NaCl, 0.5 mM MgCl2, 0.5 mM ethylene glycol tetraacetic acid (EGTA), 0.5%

Triton X-100 and 5% glycerol) and placed on ice for 30 minutes. Suspensions were then

centrifuged at 15000 x g for 15 minutes to pellet nuclear content. Lysates were transferred

to a clean tube and stored at -20◦C until ready for use.

Lysate protein concentration was determined colourimetrically using the Bradford Assay.

200 µL of 1:4 diluted Bradford reagent was added to 5 µL of lysate, the intensity of the

sample was measured at 570 nm on an Epoch plate reader (Biotek) and protein concen-

tration was determined using a BSA standard curve. 25 - 50 µg of protein was added

to 5 µL of reducing-Laemlli buffer (60 mM Tris-HCl, 2% sodium dodecyl sulphate [SDS],

10% glycerol, 5% 2-ME, 0.01% bromophenol blue) and ddH2O was added to make each

sample up to 20 µL. Each sample was then incubated at 95◦C for 5 minutes to induce

denaturation of proteins. The samples was then loaded onto pre-made 10%, 1.5 mm x

10 well, bis-tris gels (ThermoFisher) and passed through the gel at 120V for 75 - 90 min-

utes in MOPS buffer (5 mM MOPS, 70 mM SDS, 5mM Tris, 1 mM EDTA). Proteins were

transferred onto a nitrocellulose blotting membrane using the iBlot 2 Dry blotting system

(Invitrogen), following the manufacturer’s instructions.

The blots were subsequently washed in Tris-buffered Saline (TBS) (10 mM Tris, 150 mM

NaCl pH 7.6) with 0.05% Tween-20 (TBS-T). The membrane was blocked in 5% BSA TBS-

T, 0.01% azide solution for 60 minutes. Primary antibodies (Table 2.4) were added at a

dilution recommended by the manufacturer in 5% BSA TBS-T and left overnight at 4◦C

on rollers. The following day, the blots were washed in 5% BSA TBS-T, 0.01% azide so-

lution 3 times for 5 minutes and then incubated with horseradish peroxidase (HRP)-linked

secondary antibodies (Table 2.4) for 1 hour in 5% BSA TBS-T solution. ECL Western Blot

Substrate (Pierce) was used to detect HRP activity and imaged using the Imager Chemi

Doc-it Imaging system (UVP) and the VisionWorks LS software (UVP).
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2.5.5 Sectioning snap frozen tissue

Mice were humanely culled by a Schedule I method, with tissues (e.g. spleens and livers)

immediately harvested. Tissues were put into OCT solution (Cell Path) and frozen in a

bath of isopentane (Sigma-Aldrich) on dry ice. Samples were stored at -80◦C until further

use. Samples were then mounted onto a cryostat and 7 µm thick sections were cut at

-17◦C. Sections were placed onto Superfrost Plus slides (ThermoFisher) and left to dry

overnight.

2.5.6 Staining tissue sections for immunofluorescence microscopy

Sections were fixed in 100% dry acetone for 10 minutes and left to air dry for 5 minutes.

Sections were marked with ImmEdge Pen (Vector Labs) and next rehydrated with 1x PBS.

Sections were then washed with PBS-0.05% Tween 20 and incubated with 100 µL 2.5%

Normal Goat’s Serum in PBS-0.05% Tween 20 for 30 minutes to reduce non-specific bind-

ing. The sections were covered with 100 µL of 1 µg/mL of primary antibody in PBS-0.05%

Tween 20 overnight at 4◦C in a dark humid chamber (Table 2.6).

The next day sections were washed 3 times with PBS-0.05% Tween 20. Sections were

then covered in secondary AlexaFluor 488 labelled antibodies specific for the primary

antibody isotype in PBS-0.05% Tween 20 for 1 hour at RT in a dark humid chamber. Sec-

tions were then washed 3 times with PBS-0.05% Tween 20 and covered with 1 µg/mL

anti-mouse cell marker in PBS-0.05% Tween 20 for 2 hours at RT in a dark humid cham-

ber. Sections were washed 3 times with PBS-0.05% Tween 20 and covered in secondary

AlexaFluor 647 labelled antibodies specific for the mouse cell marker antibody isotype in

PBS-0.05% Tween 20 for 1 hour at RT in a dark humid chamber. Sections were washed 3

times with PBS-0.05% Tween 20 and then covered in 100 µL of 1:5000 DAPI in 1x PBS-

0.05% Tween 20 for 10 minutes at RT in a dark humid chamber. Sections were washed

in PBS and then dried.

Coverslips were mounted with 1 drop of Vectorshield Hard Set (Vector Labs) on top of

each section avoiding the introduction of air bubbles. Slides with coverslips were left to

dry in the dark for 1 hour at RT and stored in the dark at 4◦C until ready for use. Sections

were imaged using an Olympus CKX41 microscope at 10x and 40x objectives. Antibodies

used can be found in Table 2.6.
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Antigen Isotype Clone Fluorophore Source
Hu FcγRIIB Rab IgG EP888Y N/A Abcam
Mo FcγRII Rat IgG1 AT 130-5 N/A In-house
Mo B220 Rat IgG2a RA3-6B2 N/A BD Biosciences
Mo CLEC4F Hu IgG1 4M23 N/A In-house
Rab IgG Go IgG AB143165 AlexaFluor488 Invitrogen
Rat IgG Go IgG AB2534074 AlexaFluor488 Invitrogen
Rat IgG Go IgG AB141778 AlexaFluor647 Invitrogen
Hu IgG Go IgG AB2337813 DyLight 549 Jackson

Table 2.6: Antibodies used for Immunofluorescence
Hu = Human, Rab = Rabbit, Mo = Mouse, Go = Goat

2.5.7 Enzyme-linked immunosorbent assay

To determine the concentration of analyte, the enzyme-linked immunosorbent assay

(ELISA) was used. 96-well Nunc MaxiSorp plates (ThermoFisher) were coated with the

appropriate protein at the required concentration in coating buffer (0.015MNa2CO3, 0.035

M NaHCO3) and 100 µL was added to each well. Plates were incubated for 2 hours at

37◦C. Coating buffer was then discarded and 150 µL of 1% BSA-PBS was added per well

and incubated at 4◦C overnight.

Plates were washed 3 times with PBS 0.05% Tween20 (Sigma-Aldrich) using a Skan-

washer 300 (Skatron). Serum was added to the plate at a dilution of 1 in 200 in 1%

BSA-PBS and diluted 2 fold across the plate. A matched standard was used and also

diluted 2 fold across the plate. Plates were incubated at 37◦C for 90 minutes and washed

3 times. The HRP conjugated detection antibody was diluted in 1% BSA-PBS and 100 µL

was added to each well. Plates then were incubated for 1 hour at 37◦C.

Plates were washed 5 times and 100µL of substrate (o-Phenylediamine dihydrochloride

tablet (Sigma-Aldrich)) dissolved in 24.7 mL ELISA citrate (stock: 0.02M BDH succinate

salt; (FisherScientific)), 25.3 mL Na2PO4 (0.2M Na2PO4 stock (FisherScientific)), 50 mL

dH2O and 40 µL 30% hydrogen peroxide (Merck Millipore) was added to each well. The

ELISA was allowed to develop and after sufficient colour change, 2M H2SO4 (VWR) was

added to each well to stop the reaction. Absorbance wasmeasured at 492nm on an Epoch

plate reader (Biotek). Analysis was performed using Excel 2016 (Microsoft Office), linear

regression was used to calculate the unknown values from the linear range of the plotted

standard curve determined from the known concentration of the standard.
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To detect OVA within the serum of mice, 100 µg/mL of OVA (Sigma) was used to coat

plates. The mAb KB4 (ant-OVA IgG) was then used as a matched standard (starting

concentration of 1 µg/mL). The HRP conjugated rabbit anti-mouse IgG (Sigma) detection

antibody was added at a dilution of 1:2000 (Table 2.3, Table 2.4).

2.5.8 B cell monoclonal antibody internalisation assay

B cells were isolated from the spleens of mice as previously described (Section 2.5.3.1).

2x105 cells/mL were incubated with 5 µg/mL AlexaFluor488 labelled mAb in a 96 well

round-bottomed plate. Samples were incubated at 37◦C and 5% CO2 and either taken

immediately or after 2 hours, 6 hours or 24 hours of incubation with mAb. The excess

antibody was removed by washing at 300 x g for 5 minutes and samples were split into

’quenched’ and ’unquenched’ tubes. Anti-Alexa Fluor 488 antibody (Invitrogen) (Table

2.4) was then added to the ’quenched’ tube to quench the fluorescence of surface-bound

antibody. Samples were washed as before and then analysed using FACSCalibur (BD

Biosciences. The surface accessible mCD20 was calculated as below, percentages were

then inverted to show the proportion of internalised antibody.

% accessible mCD20 =
(
Pre-quench Geo Mean - Post-quench Geo Mean

Pre-quench Geo Mean

)
x100

2.5.9 B cell heat aggregated human IgG internalisation assay

Human IgG was treated at 62◦C for 30 minutes to induce aggregation. Heat aggregated

human IgG (ahIgG) was then separated from the monomeric fraction by size exclusion

HPLC. The ahIgG was then incubated with cells as follows.

B cells were isolated from the spleens of mice as previously described (Section 2.5.3.1).

1x106 cells/mL were treated with 20 µg/mL ahIgG for 30 minutes at 4◦C. The cells were

then washed in R10 media and centrifuged at 250 x g for 5 minutes and divided into three.

One third was maintained at 4◦C (time 0 fraction), one third was maintained at 37◦C for 30

minutes and 4 ◦C for 30 minutes (time 30 fraction) and one third was maintained at 37◦C

for 60 minutes (time 60 fraction). Cells were washed 250 x g for 5 minutes and stained

with AlexaFluor488 labelled polyclonal goat anti-human IgG (Jackson ImmunoResearch
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Laboratories) at 4 ◦C for 30 minutes. Cells were then washed again. Samples were run

on the FACS Calibur and internalisation was quantified using the following formula:

(
% cell surface ahIgG internalisation = MFI of time 30/60 fraction

MFI of time 0 fraction

)
x100

2.5.10 π–BCL1 cell binding assay

To ascertain the concentration of murine anti-mCD20 IgG in serum, a π-BCL1 cell binding

assay was used. 100 µL of R20 media was pipetted into a 96 well round-bottomed plate.

Mouse serum was then added to the plate at an initial dilution of 1:40, with matched

standards added at an initial concentration of 10 µg/mL. Samples were serially diluted

2 fold down the plate. 100 µL of 0.5-1x106 cells/mL was then added to the plate and cells

were incubated with the diluted serum for 15 minutes at RT. Samples were then washed

at 250 x g for 5 minutes and resuspended in 100 µL of FACS wash. Next, cells were

stained with an anti-mouse Fc-FITC conjugated F(ab’)2 antibody (Jackson Laboratories)

for 30 minutes at 4◦C. Cells were then washed as before and resuspended in 150 µL of

FACSwash. Samples were examined on the FACSCanto II plate reader (BD Biosciences).

Analysis was performed using Excel 2016 (Microsoft Office), linear regression was used

to calculate the unknown values from the linear range of the plotted standard curve.

2.5.11 B cell calcium flux assay

B cells were isolated from mice as previously described (Section 2.5.3.1). 1x107 cells/mL

were washed in serum free RPMI at 250 x g for 5 minutes. 10 µM Fluo-3-AM dye in

0.002% Pluronic F-127 DMSO solution (Thermo Fisher) was added to the resuspended

cells and incubated in the dark at 37◦C. Cells were washed as before and resuspended in

1 mL serum free RPMI. If appropriate, cells were pre-incubated with specific mAbs which

were rested for 15 minutes in the dark prior to analysis (Table 2.3, Table 2.4). Live cell

events were collected as identified by FSC and SSC parameters on the FACSCalibur (BD

Biosciences). 250 µL aliquots were assessed for 15 seconds on the flow cytometer before

the addition of PBS or 20 µg/mL anti-IgM polyclonal F(ab’)2 (Jackson Laboratories) and

assessed for a further 2 minutes and 45 seconds. 0.65 µM ionomycin was added after 3

minutes and data recorded for another 1 minute to observe maximal calcium flux.
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2.6 In Vivo experimental methods

2.6.1 Animals

C57BL/6JWTmice were bred in-house, C57BL/6J mFcγRII KOmice were a kind gift from

Dr. Sjef Verbeek [281], C57BL/6J human (h)FcγRIIB (hFcγRIIB Tg) mice were generated

in-house [323], C57BL/6J hFcγRIIB NoTIM (NoTIM) mice were previously described (Sec-

tion 2.1.1), hCD20 mice were backcrossed onto C57BL/6J background in-house [335],

C57BL/6J γ-chain KO mice were a kind gift from Dr. Sjef Verbeek and C57BL/6J OT-

I TCR transgenic mice [336] were a kind gift of Dr. Matthias Merkenschlager. hFcγRIIB

NoTIM/hCD20 andC57BL/6JmFcγRII KO/hCD20were crossed andmaintained in-house.

Animals used throughout these experiments were maintained in conventional barrier facil-

ities or individually ventilated cages (IVC), with constant access to food, water, appropriate

husbandry with a 12 hour light/dark cycle. All procedures carried out were approved by

the local Animal and Welfare Ethics Review Body and performed under the Animals (Sci-

entific Procedures) Act 1986 (ASPA) and Home Office licenses PPL P4D9C89EA and

PIL I8D0C1A01. Procedures were performed to best practice guidelines by competent

trained PIL holders. Experiments were performed following the NC3Rs and Animal Re-

search: Reporting of in vivo Experiments (ARRIVE) guidelines.

2.6.2 Mouse blood and serum collection

Blood was collected in 0.5 mL microfuge tubes containing 20% heparin sodium 5,000

I.U/mL (Wockhardt) by tail-tipping or lancing with the application of lidocaine according to

best practice guidelines. Blood was then processed for flow cytometry (Section 2.4.1).

For the collection of serum, blood was collected in 0.5mLmicrofuge tubes without heparin.

Blood was allowed to clot at RT for 30 - 60 minutes. Clotted blood was then centrifuged

at 15000 x g for 5 minutes with serum collected and stored at -20◦C until required.
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2.6.3 Harvesting murine tissue

Spleen and inguinal lymph nodes (iLN) were harvested from schedule I culled mice.

Spleen and iLN were mechanically homogenised with PBS and passed through a 100

µm cell strainer (BD Biosciences) to produce a single-cell suspension.

Livers were harvested from schedule I culled mice and dissected into small pieces and

placed into gentleMACS C tubes (Miltenyi Biotec) with 5 mL of R10 media. A liver dis-

sociation kit (Miltenyi Biotec) was then used according to the manufacturer’s instructions

and samples were digested using the gentleMACSOcto Dissociator with Heaters (Miltenyi

Biotec). The cell suspension was then filtered a 100 µm cell strainer (BD Biosciences) and

washed with PBS at 250 x g for 10 minutes. The suspension was then carefully layered

on a 25/50% Percoll gradient (GE Healthcare) and centrifuged at 800 x g for 30 minutes

with the brake turned off. The non-parenchymal layer between the 25/50% gradient was

removed and washed in PBS at 250 x g for 5 minutes. Samples were then processed for

flow cytometry.

Murine tumours were harvested from schedule I culled mice. Tumours were mechani-

cally disrupted using razor blades to increase overall surface area before the addition of 1

WÃ1
4nsch (units/mL) of Liberase TL (Roche) per tumour. Samples were then placed in a

shaking incubator at 37 ◦C to aid tumour digestion. 1 mL of FCS was added per sample

to neutralise Liberase activity. Tumours were mechanically homogenised with PBS and

passed through a 100 µm cell strainer (BD Biosciences) to produce a single-cell suspen-

sion. Samples were then processed for flow cytometry (Section 2.4.1).

Bone marrow was harvested as previously described (Section 2.5.2). Cells were subse-

quently differentiated into bone marrow-derived macrophages (BMDMs) (Section 2.5.2)

or processed for flow cytometry (Section 2.4.1).

2.6.4 Depletion of circulating lymphocytes

Mice were tail bled at least 24 hours before dosing with lymphocyte depleting mAb

reagents to obtain the baseline peripheral cell percentages using flow cytometry. Once

the baseline had been determined, sterile filtered antibody was administered I.V. or I.P.

in PBS and further tail bleeds were conducted as appropriate to assess depletion. On
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the final day, mice were bled and culled using a suitable Schedule I method. Mice were

dissected for spleens and/or iLNs and analysed by flow cytometry. Depletion were calcu-

lated as a percentage of the target cells within the lymphocyte gate (based on FSC/SSC)

as compared to baseline.

For depletion of CD20+ B cells, mice were treated with increasing doses of 18B12 mIgG1

or mIgG2a I.V and cells were identified based on CD19+/B220+ expression. For depletion

of CD19+ B cells, mice were treated with increasing doses of 1D3 mIgG1 or mIgG2a I.V.

and cells were identified based on CD20+/B220+ expression. For depletion of NK1.1+

NK cells, mice were treated with increasing doses of PK136 mIgG2a I.V. and cells were

identified based on CD3-/NKp46+ expression. For depletion of CD8+ T cells, mice were

treated with increasing doses of YTS169.4 mIgG1 or mIgG2a I.V. and cells were identified

based on CD3+/CD4- expression. For depletion of CD25+ Treg cells, mice were treated

with 250 µg PC61 or AT 107-2 rIgG1 I.P. and cells were identified based on CD4+/FOXP3+

expression

2.6.5 18B12 mIgG1 pharmacokinetics study

Mice were tail bled at least 24 hours before dosing to obtain the baseline peripheral B cell

percentage. Once the baseline had been determined, 50 µg of sterile-filtered anti-mCD20

(clone 18B12) mIgG1 was administered by I.V. injection. Tail bleeds were conducted at 1

hour, 6 hours, 24 hours, 48 hours and 96 hours following injection to collect un-coagulated

blood for flow cytometry analysis of cell components and serum for 18B12 pharmacoki-

netic analysis (Section 2.5.10). At the end of the experiment, mice were terminally bled

and culled using a suitable Schedule I method and blood was either processed for serum

or analysed using flow cytometry.

Pharmacokinetic parameters were generated using the PKSolver tool developed by Zhang

et al. [337]. In brief, parameters were calculated for each mouse based on the serum

concentration of mAb as calculated using the π-BCL1 cell binding assay for the 1 hour, 6

hours, 24 hours, 48 hours and 96 hours time points. A non-compartmental analysis using

an I.V. bolus model was then utilised to provide the parameters.
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2.6.6 Adoptive B cell transfer depletion experiments

To assess depletion of a specific cell population in vivo, the adoptive B cell transfer system

was utilised. Labelled cells expressing a specific antigen (targets, high CFSE) are trans-

ferred with the same labelled cells not expressing the antigen (non-targets, low CFSE) into

recipient mice. The recipients are then treated with an agent that will specifically deplete

the target, and the level of depletion can be ascertained by comparing the ratio of labelled

target to labelled non-target cells in the recipient.

Mice were harvested for non-target and target splenocytes and then processed into a

single-cell suspension using a 100 µm cell strainer. Cell suspensions were washed in

PBS, spun at 450 x g for 5 minutes and resuspended at 2x107 cells/mL. The target spleno-

cytes were stained with 5 µM CFSE (Life Technologies) and the non-target splenocytes

stained with 0.5 µM to achieve high and low CFSE stained splenocytes respectively. After

the addition of CFSE, splenocytes were incubated for 10 minutes at RT in the dark on a

roller. CFSE was then quenched using an equal volume of FCS for 1 minute. Spleno-

cytes were washed in PBS as before and resuspended in 1 mL of PBS, a cell count was

performed and the largest cell count was diluted down to achieve equal concentrations.

The CFSE low and high cells were mixed at a 1:1 ratio and staining was checked by flow

cytometry to ensure that the cells were at the correct ratio. The cell mixture was adminis-

tered into mice I.V. at a concentration of 5-10x106 splenocytes/mL.

Mice were subsequently treated with isotype control or experiment specific target deplet-

ing antibody. 18-24 hours after the last treatment, mice were terminally bled under non-

recoverable isoflurane anaesthesia. Mice were harvested for spleens and bone marrow

progenitor cells were extracted and analysed using flow cytometry to assess the remain-

ing CFSE labelled cells. CFSE labelled B cells were identified as CD19+B220+ and then

further identified based on CFSE fluorescence, producing a low (non-target) and high (tar-

get) fluorescing population. CFSE low and high cells were gated the target:non-target cell

ratio was calculated. The ratio for each experimental condition was then normalised to

the control group, with control assigned a ratio of 1. The expression of FcγRs was then

analysed on key immune effector cell populations within the spleen and bone marrow of

recipient mice.
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Adoptive transfer experiment using mFcγRII KO (non-target) and mFcγRII KO x

hCD20 Tg (target) splenocytes transferred into mFcγRII KO and NoTIM recipient

mice

C57BL/6J mFcγRII KO and C57BL/6J NoTIM mice were adoptively transferred with

mFcγRII KO (non-target) and mFcγRII KO x hCD20 Tg (target) splenocytes on Day 0.

On Day 1, 20 mg/kg of sterile-filtered hIgG1 6G11, hIgG1 6G11-NQ or isotype control

(cetuximab), was administered via I.P injection. On Day 2 am, 20 mg/kg of sterile-filtered

hIgG1 6G11, hIgG1 6G11-NQ or cetuximab was administered via I.P. injection. On Day

2 pm, 2 mg/kg of sterile-filtered hIgG1 rituximab or cetuximab was administered via I.V.

injection. Mice were culled and harvested on Day 3.

Adoptive transfer experiment using mFcγRII KO (non-target) and mFcγRII KO x

hFcγRIIB NoTIM x hCD20 Tg (target) splenocytes transferred into mFcγRII KO re-

cipient mice

C57BL/6J mFcγRII KO mice were adoptively transferred mFcγRII KO (non-target) and

mFcγRII KO x hFcγRIIB NoTIM x hCD20 Tg (target) splenocytes on Day 0. On Day 1 pm,

2 mg/kg of sterile-filtered hIgG1 6G11, hIgG1 6G11-NQ or isotype control (cetuximab),

was administered via I.P injection. On Day 2 am, 2mg/kg of sterile-filtered hIgG1 rituximab

or cetuximab was administered I.V. injection. Mice were culled and harvested on Day 3.

2.6.7 OT-I adoptive transfer model with OVA immunisation and mCD40 ag-
onism in vivo

A spleen from a C57BL/6J OT-I TCR transgenic mouse [336] was harvested and then

processed into a single-cell suspension using a 100 µm cell strainer (BD Biosciences).

Cell suspensions were washed in PBS, spun at 450 x g for 5 minutes and resuspended at

5x105 OT-I cells/mL. The activation status of OT-I cells was assessed using flow cytometry

to ensure no prior activation, using a cut off <10%CD44 positive and >90%CD62L positive

OT-I cells. If the OT-I cells met these requirements, 100 µL were injected I.V. into mice.

24 hours later mice were given 500 µg OVA (Sigma-Aldrich) and 100 µg antibody (anti-

mCD40 3/23 mIgG1 or anti-hCD20 rituximab mIgG1) in 200 µL PBS via I.P. injection.
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Mice were tail bled on Day 4, 7, 14 and 28 according to the experimental schedule to

assess OT-I expansion and the anti-OVA IgG response. Blood samples were processed

for flow cytometry and stained with for CD8 positivity and SIINFEKL tetramer (Table 2.5)

to identify OT-I cells as a percentage of total CD8 T cells. Flow cytometry was also used

to assess CD62L and CD44 expression on endogenous CD8+ cells as well as CD23

expression on B cells. On Day 35, mice were re-challenged with 50 µg of OVA if OT-I

lymphocytes were deemed to be <1% of total lymphocytes and <10% of CD8 cells. Mice

were then tail bled 4, 7, 14 and 28 days later according to the experimental schedule to

assess OT-I expansion. The anti-OVA IgG response was monitored by isolating serum

from mouse blood and analysed using an ELISA (Section 2.6.2, Section 2.5.7).

2.6.8 Depletion of malignant B cells in the Eµ-TCL1 tumour model in vivo

Eµ-TCL1 splenocytes [338] were screened for the presence of murine pathogens before

use in mice by Envigo. Screened Eµ-TCL1 splenocytes were thawed, washed in PBS,

spun at 450 x g for 5 minutes and resuspended at 2x107 cells/mL in sterile PBS. Mice were

then given 500 µL of cells via I.P. injection. Tumour load was monitored every 7 days by

assessing the percentage of Eµ-TCL1 cells in peripheral blood. In brief, mice were tail bled

andwere assessed for the percentage of CD19+CD5+B220lo cells as a percentage of total

lymphocytes by flow cytometry. When tumour load reached 10-20% of lymphocytes, mice

were treated with 100 µg antibody (anti-mCD20 18B12 mIgG2a or anti-hCD20 rituximab

mIgG2a as an isotype control) via I.P. injection. Mice were then bled on Day 2 and Day

7 to monitor tumour load. Mice were bled once a week from treatment until experimental

endpoint was reached which was defined as 2 of the three following criteria being met:

Eµ-TCL1 cells as a percentage of lymphocytes exceeding 80%, a white blood cell count

of >5x107 cells/mL and a splenomegaly score of 3 or above (approximately 3 cm long).

Eµ-TCL1 cells were monitored using flow cytometry, the white blood cell count was also

monitored by flow cytometry using Precision Count Beads (Biolegend) according to the

manufacturers instructions. Splenomegaly was monitored by trained animal technicians

three times a week once Eµ-TCL1 cells as a percentage of lymphocytes exceeded 50%.

The depletion of endogenous B cells was also monitored throughout the experiment. Two

days following treatment with 18B12, serum was isolated from mice and the concentration

of mAb was analysed using the π-BCL1 cell binding assay (Section 2.5.10).
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2.6.9 Depletion of T regulatory cells in the syngeneic E.G7 tumour model
in vivo

The E.G7 cell line [339] were screened for the presence of murine pathogens before use

in mice by Envigo. 5x105 screened E.G7 tumours cells in 100 µL PBS were injected

subcutaneously (S.C) into the right hand flank of mice. Tumours were measured using

electronic calipers (Draper), once palpable (5x5 - 7x7 mm2), mice were treated with 2x

200 µg shots of antibody (anti-mOX40 OX86 mIgG2a or anti-hCD20 rituximab mIgG2a as

an isotype control) on Day 0 and Day 2 via I.P. injection. Mice were then bled on Day 2

and Day 4 to ascertain Treg depletion within the periphery. Briefly, blood was analysed by

flow cytometry and stained for CD4+, CD8+, FOXP3+ and Ki67+. T cell populations were

enumerated using Precision Counting Beads (Biolegend) according to the manufacturer’s

instructions. Mice kept for long term survival were also bled on Day 9. Tumour size was

monitored 3 times a week until experimental endpoint was reached as determined by

a tumour size of 15x15 mm2. Surviving mice were culled around day 50 because the

majority of mice remained tumour free approximately 3 weeks after complete regression.

For analysis of Treg cell depletion in different tissue compartments, mice were bled on

Day 2 and culled for harvest on Day 4. Treg cell depletion and myeloid infiltrate were

characterised by flow cytometry in the blood, spleen and tumours of each mouse. The

T cell compartments were analysed based on CD4+, CD8+, FOXP3+ and Ki67+ expres-

sion. Myeloid cells were identified based on a CD11B+, F4/80+, Ly6C+ and Ly6G+ and

enumerated using Precision Counting Beads (Biolegend).

2.7 Statistics

Statistical Analysis was performed using GraphPad Prism Version 9. Statistical signif-

icance between two factors was analysed using a two-tailed unpaired t-test. Statisti-

cal significance between groups was assessed by using a one way ANOVA and two

way ANOVA test unless otherwise stated. To test for the normality of distribution, the

D’Agostino-Pearson normality test was utilised and then subsequently determined the use

of parametric or non-parametric analyses. Multiple comparison tests were used as appro-

priate and are detailed in figure legends. The statistical significance in long term survival

91



Chapter 2

experiments was analysed using Kaplan-Meier survival test with the Mantel-Cox test used

to assess significance between groups (*≤ 0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001).
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Characterisation of the hFcγRIIB

ITIM signalling mutant (NoTIM)

mouse model

3.1 Chapter Introduction

As detailed in the introduction to this thesis, FcγRIIB biology is complex, with inhibition

of biological processes shown to be achieved through functions that are dependent or

independent of ITIM signalling [266]. Prior research has heavily relied on using cell lines

artificially expressing hFcγRIIB and/or murine models to investigate how mFcγRII medi-

ated inhibition, with parallels then drawn to human FcγRIIB. Advances in the production

of transgenic mouse models has allowed the direct investigation of hFcγRIIB in vivo and

more recently the advent of murine models expressing all human FcγRs have shown

promise in furthering our understanding. However, further work is needed to ascertain

exactly how hFcγRIIB mediates inhibition of antibody therapeutics.

In a seminal paper by Clynes et al. it was shown that the genetic knockout of mFcγRII in

BALB/c nudemice resulted in the improved efficacy of direct targeting cancer mAb therapy

[185]. It is assumed that this improvement was due to the loss of mFcγRII mediated sig-

nalling, but has not been formally investigated. In later years, a growing body of evidence

has shown that FcγRIIB can provide inhibition independently of the ITIM signalling motif

such as inhibition of BCR signalling through disruption of BCR microclusters on the cell
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surface [254]. FcγRIIB has also been shown to accelerate target dependent internalisa-

tion of CD20 mAbs independently of signalling, with high FcγRIIB expression correlating

with worsened survival in some lymphoma cohorts [300] [309] [301]. In contrast, sev-

eral TNFR targeted agonistic mAbs have been shown to be reliant on FcγRIIB binding to

elicit efficacy. This has been shown for mAbs targeting CD40, OX40 and 4-1BB and is

independent of ITIM signalling [309] [308] [144] [145].

As previously mentioned, the majority of these studies have relied on the manipulation

and overexpression of hFcγRIIB in cell lines and primary cells as well as probing mFcγRII

in vivo. However, there are some limitations to these models. Cell lines in vitro cannot

replicate the complexities and cross talk of the immune system. FcγRIIB is known to be

expressed on a multitude of different cells in vivo, and so studying one cell type in isola-

tion may not recapitulate cross-talk between different cells. Studies utilising mFcγRII have

proved insightful, showing how the inhibitory receptor regulates activatory FcγRs and is

an important suppressor of some forms of autoimmunity [281]. However, sequence align-

ment using Uniprot blast search shows that mFcγRII B2 and hFcγRIIB B2 share 59%

in sequence homology with differences in both the intracellular and extracellular regions,

meaning the murine receptor is unlikely to fully recapitulate the biology of the human re-

ceptor [340]. Studies utilising transgenic hFcγRIIB mouse models have opened new av-

enues, such as allowing valuable preclinical validation of targeting hFcγRIIB as a cancer

therapy [323] which has lead to clinical trials in humans [327]. Human FcγR research has

since evolved to examine murine models that only express human FcγRs. These models

have been utilised to study antibody therapy in the context of cancer and anaphylaxis and

go some way to recapitulating the expression pattern of human FcγRs on murine immune

cells [341] [342].

However, questions remain about individual FcγRs and their contribution to mAb therapy

and disease states. One of these questions centres around the contribution of hFcγRIIB

mediated ITIM signalling in the inhibition of direct targeting mAb therapy. To formally in-

vestigate this question, an hFcγRIIB non-signalling ITIM mutant transgenic mouse model

(named NoTIM) was developed. This mouse model has had two tyrosine residues within

the intracellular tail mutated into a phenylalanine, Y254F and Y273F, to prevent intracel-

lular ITIM signalling. This chapter aimed to characterise the NoTIM mouse to understand

the transgenic expression pattern, how it compares to human whole blood and how the

overall FcγR expression pattern compares with other related mouse models (C57BL/6J,
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mFcγRII KO, hFcγRIIB Tg). The lack of ITIM mediated signalling was then investigated

in NoTIM mice to understand it’s impact upon immune effector cell functions in vitro.

3.2 Generation of the NoTIM Mouse

The NoTIM mouse was produced on a C57BL/6J background, with the mutated human

FcγRIIB (B2 isoform) transgene inserted into it’s genome. The NoTIM construct was

designed and produced by Dr. Yury Bogdanov, inserted into a pcDNA 3.0 expression

plasmid and injected into WT C57BL/6J zygotes (Cyagen Biosciences). The gene was

inserted via random integration under the control of the human FcγRIIB promoter (approx-

imately 400bp upstream of the hFcγRIIB gene [343]). Once founder mice were produced

they were crossed with C57BL/6J mice that lack mouse FcγRII (mFcγRII KO) due to ge-

netic deletion [281]. The resulting offspring had the NoTIM construct integrated into their

genome and lack the homologous mouse receptor. The presence of the NoTIM mutations

in these mice was confirmed using Sanger sequencing of DNA generated from murine

ear tissue. Results showed the presence of the expected cytoplasmic Y254F and Y273F

mutations (Source Bioscience) (Figure 3.1). These mice were subsequently bred with

mFcγRII KO mice and maintained as heterozygous for the hFcγRIIB NoTIM transgene.

Figure 3.1: The NoTIM transgene, intended mutations and cartoon representation of the receptor
A) The NoTIM transgene was randomly integrated into the zygote of a C57BL/6J mouse under the control
of the human FCGR2B promoter. Untranslated regions (UTR) = orange, exons (E) = blue, introns = grey,
polyA tail = pink. B) Murine DNA was isolated from ear biopsies of positive NoTIM progeny. The presence
of the NoTIM mutations was confirmed by using specific primers to amplify the region of DNA containing the
mutations. Sanger sequencing was then used to confirm the presence of the Y254F and Y273F mutations.
C) A cartoon representation of the NoTIM hFcγRIIB with the subsequent mutations (in green).
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3.2.1 Genotyping NoTIM Mice

NoTIM mice required screening for the presence of the NoTIM transgene due to the main-

tenance of the colony as heterozygous for the transgene. PCR was performed with NoTIM

specific primers to determine if the hFcγRIIB signalling mutant was present in murine DNA

generated from ear biopsies of progeny. The products were assessed on an agarose gel

and examined for a positive band of 536 base pairs. As an example, figure 3.2 shows that

progeny D2, E2, E3 and E4 as well as the positive control (RG1) produced a band at the

expected size for the NoTIM transgene. D1 and E1 produced no detectable band as seen

with the negative control, taken from the WT C57BL/6J mouse. Overall this demonstrates

that this PCR assay could accurately identify the mice containing the NoTIM transgene.

Figure 3.2: Genotyping NoTIM transgenic mice
PCR was performed on DNA extracted from NoTIM progeny ear biopsies using specific primers that pro-
duce an expected band of 536bp on an agarose gel (identified against the molecular weight ladder (MW)).
C57BL/6J WT lysate was used as the negative control (Bl/6 WT) and DNA from a NoTIM transgenic mouse
was used as a positive control (RG1). +ve = positive band for the NoTIM transgene, -ve = negative for the
NoTIM transgene.

3.2.2 Immunophenotyping NoTIM mice

Once it was established the transgene was present and was inherited by progeny, periph-

eral blood was screened for hFcγRIIB protein expression. Peripheral blood was extracted

and stained with fluorescently labelled mAbs against specific markers for different cell lin-

eages along with an antibody specific for hFcγRII (AT 10) [344]. This mAb can detect both
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hFcγRIIA and hFcγRIIB, and as the progeny do not express hFcγRIIA, this was sufficient

for the purpose of screening. Flow cytometry was then used to determine if the transgene

was being expressed and to evaluate the cellular expression pattern.

Anti-mouse CD19 and anti-mouse CD11B were used to identify B cells and myeloid cells

respectively (Figure 3.3 A). B cells from positive progeny showed clear expression of

hFcγRIIB compared to isotype control whilst myeloid cells showed a positive population

and a negative population compared to isotype control (Figure 3.3 B). The two peaks

shown for NoTIM +ve monocytes indicate there are two populations: one expressing

hFcγRIIB and the other not. This is potentially expected, as CD11B+ is not specific

to monocytes, NK cells also express CD11B+ and would not be expected to express

hFcγRIIB [190]. The expression of mFcγRII was assessed using AT 130-2 and showed

no expression on CD19+ B cells in either the positive or negative progeny for the NoTIM

transgene (Figure 3.3 C). The expression of the NoTIM hFcγRIIB on CD11B+ lineages

was investigated in further detail later on. Interpreting this and subsequent breeding data,

it was ascertained that the NoTIM gene was inherited equally across males and females in

the progeny indicating that typical Mendelian inheritance was observed (data not shown).

Figure 3.3: Gating Strategy to Identify NoTIM positive progeny
A) Lymphocytes were identified from murine peripheral blood using flow cytometry, B cells were CD19+ and
myeloid cells CD11B+. B) NoTIM -ve lymphocytes were negative for hFcγRIIB expression, whilst NoTIM
+ve lymphocytes were positive for hFcγRIIB. This was apparent from the shift in fluorescence compared to
isotype control (in grey). C) CD19+ lymphocytes were also screened for mFcγRII expression, both NoTIM
-ve and NoTIM +ve were negative, confirming the absence of the mFcγRII.
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3.3 FcγRIIB expression in human whole blood

In order to subsequently assess if the NoTIM expression pattern mimicked that in hu-

mans, whole blood was first collected from three separate healthy human donors and

analysed by flow cytometry to ascertain FcγRIIB expression across B cells (CD19+), clas-

sical monocytes (CD14+,CD16+), non-classical monocytes (CD14+, CD16-) and NK cells

(CD56+). The resultant histograms showed that B cells had the highest expression of

FcγRIIB (mean MFI: 5000) followed by non-classical monocytes (mean MFI: 700) and

classical monocytes (mean MFI: 400). NK cells showed little expression compared to iso-

type control (Figure 3.4). The pattern of expression was consistent with previous findings,

validating our staining protocols and reagents [192].

Figure 3.4: FcγRIIB expression on immune cells within human whole blood
A) Human whole blood was extracted from anonymous donors and stained using fluorescent antibodies to
detect cell surface expression of hFcγRIIB using flow cytometry. The gating strategy used to pick out each
cell type was based on CD19 (B cells), CD56 (NK cells), CD14+/CD16+ (non-classical monocytes [MO]) and
CD14+/ CD16- (classical MO). B) Representative histograms of hFcγRIIB expression on key cell types from
one donor compared to isotype control (Grey). C) The average MFI for each cell type (N = 3 +SD).
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3.4 Comparison of FcγRexpression in C57BL/6J,mFcγRII KO,

hFcγRIIB Tg and NoTIM mice

After identifying the successful integration and expression of the NoTIM transgene, a com-

prehensive analysis of mFcγRs and hFcγRIIB was carried out in the NoTIM mouse in

comparison to other related mouse models (C57BL/6J, mFcγRII KO and hFcγRIIB Tg).

The expression of activatory and inhibitory FcγRs is often finely balanced on effector cells

to give an appropriate threshold of activation. Therefore it was important to establish if

the deletion of the endogenous mFcγRII, and/or the introduction of hFcγRIIB (without a

functional ITIM) resulted in any compensatory changes in activatory mFcγR expression.

Flow cytometry was used to examine FcγR expression on key lymphocytic and myeloid

cells in the periphery, spleen and iLN. The gating strategy for individual cell populations is

shown in Table 3.1 and Figure 3.5. Example data from the NoTIM mouse is then shown,

followed by composite data from the 4 different mouse strains.

Cell Type Markers
B Cells CD45.2+B220+
NK Cells CD45.2+ NK1.1+
CD4+ T Cells CD45.2 CD4+
CD8+ T Cells CD45.2+CD8+
Ly6C High Monocytes CD45.2+ CD11B+ Ly6C high
Ly6C Low Monocytes CD45.2+ CD11B+ Ly6C Low
Macrophages CD45.2+ CD11B low F4/80+
Neutrophils CD45.2+ CD11B+ Ly6C+ Ly6G+

Table 3.1: Flow cytometry panel of cellular markers used to identify murine immune cells

3.4.1 FcγR expression on immune cell populations within the spleens of
C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice

The spleen was most rich in lymphocytes and myeloid cells allowing for a detailed analysis

of FcγR expression patterns. The expression pattern was consistent across three inde-

pendent experiments as shown in Figure 3.6 (lymphocytes), Figure 3.7 (myeloid cells) and

Figure 3.8 (composite data within the spleen from N = 3 experiments). mFcγRII showed

a low level of consistent binding on most cell populations, such as CD4+ and CD8+ cells

which are known not to express the receptor [98]. As the expression was consistent across

mousemodels and cell types, the staining observed is most likely due to non-specific bind-

ing of the mAb and it can be concluded that mFcγRII was not expressed in the mFcγRII
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KO, hFcγRIIB Tg and NoTIM models. It has been previously noted that batches of the

mAb (AT 130-2) can sometimes lead to non-specific binding (Kerry Cox, personal com-

munication) on negative populations but the ’real’ expression can be discerned above

this. Increased fluorescence of mFcγRII stained cells was seen on appropriate popula-

tions (e.g. B cells) in C57BL/6J mice indicating expression.

mFcγRIII was expressed on NK cells, both monocyte populations, macrophages and neu-

trophils at similar levels across all mouse models. mFcγRIV was expressed on subsets of

Ly6C low and high monocytes, macrophages and neutrophils equally across all models.

TheNoTIMmice showed high levels of hFcγRIIB on B cells, monocytes andmacrophages.

The hFcγRIIB Tg mice showed a similar expression pattern on the same cell types as No-

TIM mice, however they had a lower geometric mean (as assessed on hFcγRIIB+ popula-

tions) and some populations (B cells, monocytes) displayed a mosaic expression pattern

[323].
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Figure 3.5: Example gating for lymphocyte and myeloid cells from mouse spleen
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies against specific cell markers. Cellular populations were then analysed by flow
cytometry. Gating was initially based on forward and side scatter to distinguish singlets and cells. Lymphocytes were identified by CD45.2+ cells which were then further distinguished using
B220+ (B cells), NK 1.1+ (NK cells) or CD4+/CD8+ (T cells). Myeloid cells were identified as CD45.2+ and the further distinguished by CD11Blo/F480+ (macrophages), CD11B+/Ly6Clo
(Ly6C low monocytes), CD11B+/Ly6C+ (Ly6C high monocytes) and CD11B+/Ly6C+/Ly6G+ (neutrophils).101
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Figure 3.6: Splenic Lymphocyte FcγR Expression in NoTIM mice
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies against specific cell markers. Cellular populations were then analysed by flow
cytometry as previously described. Lymphocytic populations were further stained with antibodies specific to the mouse FcγRs and human FcγRIIB. Grey = isotype, Purple = mouse
FcγRI, Red = mouse FcγRII, Blue = mouse FcγRIII, Green = mouse FcγRIV, Pink = human FcγRIIB. Representative staining of FcγRs from NoTIM mice from one experiment.
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Figure 3.7: Splenic Myeloid FcγR Expression in NoTIM mice
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies against specific cell markers. Cellular populations were then analysed by flow
cytometry as previously described. Myeloid populations were further stained with antibodies specific to the mouse FcγRs and human FcγRIIB. Grey = isotype, Red = mouse FcγRII, Blue
= mouse FcγRIII, Green = mouse FcγRIV, Pink = human FcγRIIB, MO = monocyte. Representative staining of FcγRs from NoTIM mice from one experiment.
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Figure 3.8: Expression of mouse FcγRI, FcγRII, FcγRIII, FcγRIV and hFcγRIIB on cells within the spleen
of C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies
against specific cell markers. Cellular populations were then analysed by flow cytometry as previously de-
scribed. The FcγRs on B cells, NK cells, CD4+/CD8+ T cells, Ly6C high monocytes, Ly6C low monocytes,
macrophages and neutrophils were analysed. The result of three independent experiments (n = 1 per ex-
periment). Line = mean ± SD. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple
comparison test. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001. NB: batches of the mAb
(AT 130-2) can sometimes lead to non-specific binding (personal communications) on negative populations
but the ’real’ expression can be discerned above this.
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3.4.2 FcγR expression on immune cell populations within the inguinal
lymph nodes of C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice

Having established the expression in the spleen, the iLN was then assessed as it is an

important migratory centre for immune cells that are known to express FcγRs. As seen in

the spleen, mFcγRII had high expression on the expected cell types in WT mice (CD19+

B cells, Ly6C+ monocytes, F4/80+ macrophages). There was apparent non-specific bind-

ing on cell populations across each mouse model when examining mFcγRII expression

as described for the spleen. mFcγRI, mFcγRIII and mFcγRIV geometric mean fluores-

cence intensity was consistent across different strains of mice suggesting no compen-

satory changes in the expression of these receptors. hFcγRIIB had a greater MFI in

NoTIM populations in comparison to hFcγRIIB Tg (Figure 3.6, Figure 3.7 and Figure 3.9).

3.4.3 FcγR expression on immune cell populations within the blood of
C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice

The blood contains a number of migratory immune cells and can be compared to human

whole blood and so was examined in a similar manner to spleen and iLN. mFcγRII had

high expression on the expected cell types in WT mice with none present on mFcγRII

KO, hFcγRIIB Tg and NoTIM mice. The expression of mFcγRII was lowest within the

blood (for example, comparing CD19+ cells within the blood and spleen or LN) and also

displayed the lowest level of non-specific binding. mFcγRI and mFcγRIII geometric mean

fluorescence intensity was broadly consistent across groups. hFcγRIIB was expressed

more strongly on the NoTIM B cells compared to the hFcγRIIB Tg mouse B cells. The

myeloid cells had more comparable expression than seen in the spleen or iLN of hFcγRIIB

between NoTIMs and hFcγRIIB Tg mice (Figure 3.6, Figure 3.7 and Figure 3.10).

The FcγR expression data generated from splenic populations was most robust, there-

fore a heat map was produced to compare expression of each FcγR across mouse mod-

els. The data shows that activatory FcγRs are expressed similarly across mouse models

suggesting no compensatory changes in expression (Figure 3.8). Once the expression

pattern had been established in vivo, the expression of FcγRs was examined ex vivo on

BMDMs.
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Figure 3.9: Expression of mouse FcγRI, FcγRII, FcγRIII, FcγRIV and hFcγRIIB on cells within the inguinal
lymph nodes of C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies
against specific cell markers. Cellular populations were then analysed by flow cytometry as previously de-
scribed. The FcγRs on B cells, NK cells, CD4+/CD8+ T cells, Ly6C high monocytes, Ly6C low monocytes,
macrophages and neutrophils were analysed. The result of two - three independent experiments (n = 1 per
experiment). Line = mean ± SD. Statistical analyses conducted using a one-way ANOVA with Tukey’s multi-
ple comparison test. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001. NB: batches of the mAb
(AT 130-2) can sometimes lead to non-specific binding (personal communications) on negative populations
but the ’real’ expression can be discerned above this.
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Figure 3.10: Expression of mouse FcγRI, FcγRII, FcγRIII, FcγRIV and hFcγRIIB on cells within the blood
of C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies
against specific cell markers. Cellular populations were then analysed by flow cytometry as previously de-
scribed. The FcγRs on B cells, NK cells, CD4+/CD8+ T cells, Ly6C high monocytes, Ly6C low monocytes,
macrophages and neutrophils were analysed. The result of two - three independent experiments (n = 1 per
experiment). Bar = mean± SD. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple
comparison test. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001. NB: batches of the mAb
(AT 130-2) can sometimes lead to non-specific binding (personal communications) on negative populations
but the ’real’ expression can be discerned above this.

107



C
hapter3

Figure 3.11: Relative expression of each FcγR on key immune cells across C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice
The relative expression of each mouse FcγR and the transgenic hFcγRIIB receptor in each mouse model was determined on key cell types based using flow cytometry data generated
from mouse spleen. Within each mouse, FcγR expression level was normalised across every mouse model so that the highest MFI was plotted in red as ’high expression’. The result of
three independent experiments.
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3.4.4 FcγR expression on bone marrow derived macrophages

Macrophages are integral to the study of mAb effector functions as they express all FcγRs

and have a central role in antibody-mediated target cell depletion [345]. To study the

function of macrophages, BMDMs are routinely utilised due to their ease of generation,

relative abundance and similarities to in vivo macrophages. Therefore to study ex vivo

macrophage effector functions from each mouse model, it was important to establish that

these cells sufficiently express each respective FcγR.

To examine FcγR expression on BMDMs, bone marrow progenitor cells were collected

from the femurs and tibias of mice and differentiated ex vivo into macrophages in the

presence of L929 conditioned media (containing m-CSF). BMDMs were then analysed

using flow cytometry to examine the expression pattern of FcγRs. Mouse FcγRI had sim-

ilar expression between all mouse models, mFcγRIII and mFcγRIV was similar between

mFcγRII KO, hFcγRIIB Tg and NoTIM but was expressed at higher levels in the C57BL/6J

BMDMs, albeit not statistically significant. mFcγRII was expressed on C57BL/6J BMDMs

but was absent in mFcγRII KO, hFcγRIIB Tg and NoTIM BMDMs as expected. Human

FcγRIIB expression was mosaic in hFcγRIIB Tg BMDMs whilst NoTIMs had slightly higher

expression as measured by MFI but this was not statistically significant (Figure 3.12).
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Figure 3.12: The mean fluorescent intensities of FcγR expression on C57BL/6J, mFcγRII KO, hFcγRIIB Tg
and NoTIM BMDMs
Bone marrow progenitor cells were taken from each mice and differentiated ex vivo into BMDMs in the pres-
ence of L929 media for 7 days. BMDMs were then stained with antibody-fluorescent conjugates specific for
FcγRs and analysed using flow cytometry. Mean fluorescence intensity was then calculated by geometric
mean minus isotype control. The result of three independent experiments (n = 1 per experiment). Bar = mean
± SD. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test. *** =
P ≤ 0.001, **** = P ≤ 0.0001.
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3.4.5 Analysis of mosaic expression in hFcγRIIB Tg mice

As previously described, hFcγRIIB Tgmice show amosaic expression pattern of hFcγRIIB

on some key cell types. To assess differences between expression in hFcγRIIB Tg and

NoTIM mice, the expression of hFcγRIIB was directly compared from splenic cell popu-

lations. B cells, and Ly6C high monocytes displayed a similar level of mosaicism, with

approximately 70% of cells expressing the transgene in the mice analysed. In NoTIM

mice, all cells expressed the receptor. Ly6C low monocytes had a heterogeneous expres-

sion on both hFcγRIIB Tg and NoTIM mice. However, NoTIM mice had a higher percent-

age of expressing cells (42.3%) compared to hFcγRIIB mice (24.9%). Interestingly, all

macrophages in both mouse models expressed the receptor however the shift in the his-

tograms compared to isotype control suggest NoTIM macrophages express higher levels

of the receptor than hFcγRIIB Tg mice.

This data shows that hFcγRIIB in hFcγRIIB Tg and NoTIM mice is expressed on the same

cells, but to differing extents with hFcγRIIB Tg mice displaying less expression of the

receptor than the NoTIM mice. The reason for this is unclear, but most likely a result of

the integration sites of the transgene in each mouse model. Nevertheless, expression is

sufficient to draw comparisons between the transgenic mouse models with the caveat of

differing expression levels taken into account.

Once hFcγRIIB had been analysed by flow cytometry, a comparison of mFcγRII and

hFcγRIIB within the architecture of the spleen and liver were assessed by immunoflu-

orescence.
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Figure 3.13: Expression of hFcγRIIB on key splenic cell types in hFcγRIIB Tg and NoTIM mice
Spleens were processed into single cell suspensions and stained with fluorescently conjugated antibodies
against specific cell markers. Cellular populations were then analysed by flow cytometry as previously de-
scribed. A representative example of expression taken from one hFcγRIIB Tg and NoTIM mouse.
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3.4.6 Immunofluorescence analysis of hFcγRIIB expression in spleen and
liver

To visualise the distribution of mFcγRII and hFcγRIIB in the transgenic mice and assess

whether it differed to other strains, immunofluorescence was used to examine key cell

types within the spleen and liver.

Spleen sections were stained for B cells (B220+) and mFcγRII or hFcγRIIB. C57BL/6J

spleens were stained for mFcγRII using AT 130-5 and showed co-localisation with B220+

cells as expected (Figure 3.14). At 10x magnification it was possible to resolve the archi-

tecture of the spleen using B220 positivity and identify areas that were likely to be B cell

follicles. The staining also highlighted expression of mFcγRII on non-B cells (most likely

macrophages, monocytes or FDCs). As expected, the mFcγRII KO spleen showed no

staining with AT 130-5 (Figure 3.14).

hFcγRIIB Tg spleens stained using the anti-hFcγRIIB mAb EP888Y showed more punc-

tate staining than mFcγRII staining in C57BL/6J mice. At 10x magnification there

was some identification of the follicular architecture and at 40x magnification, hFcγRIIB

showed clear co-localisation with B220+ cells. However, hFcγRIIB was not co-localised

with every B220+ cell which likely reflects the mosaic expression pattern within the

hFcγRIIB Tg mice. The NoTIM spleen stained strongly for hFcγRIIB and showed clear

co-localisation with B220+ cells. At 40x magnification hFcγRIIB expression matched the

pattern of the B220+ staining. Other hFcγRIIB+ cells that did not co-localise with B220

were likely other populations such as macrophages and monocytes (Figure 3.15).

Overall the immunofluorescence images showed a similar staining pattern between

mFcγRII and hFcγRIIB on splenic B cells with equivalent splenic architecture. This sug-

gested that the introduction of the (signalling or non-signalling) hFcγRIIB transgene did

not alter expression of activatory FcγRs.
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Figure 3.14: Immunofluorescence staining mFcγRII and B220 within spleens taken from C57BL/6J and mFcγRII KO mice
Spleens from C57BL/6J and mFcγRII KO mice were snap frozen in OCT and sectioned on a cryostat. Sections were then stained using primary antibodies to detect the antigen and
fluorescently labelled secondary antibodies to amplify the signal. DAPI shows cell nuceli (blue), B220+ to identify B cells (red) and AT 130-5 to identify mFcγRII (green). 10x scale bar =
50 µm, 40x scale bar = 20 µm.

114



C
hapter3

Figure 3.15: Immunofluorescence staining hFcγRIIB and B220 within spleens taken from hFcγRIIB Tg and NoTIM mice
Spleens from hFcγRIIB Tg and NoTIM mice were snap frozen in OCT and sectioned on a cryostat. Sections were then stained using primary antibodies to detect the antigen and
fluorescently labelled secondary antibodies to amplify the signal. DAPI shows cell nuclei (blue), B220+ to identify B cells (red) and EP888Y to identify hFcγRIIB (green). 10x scale bar =
50 µm, 40x scale bar = 20 µm.
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mFcγRII and hFcγRIIB are known to be expressed on key cell populations within the liver

such as LSECs and Kupffer cells [242]. Therefore, mFcγRII and hFcγRIIB were assessed

for expression on CLEC4F+ cells (Kupffer cell marker) due to their importance in mediat-

ing depletion of opsonised cells in vivo [346] [304]. Livers from C57BL/6J mice showed

strong expression of mFcγRII throughout, however there was limited co-localisation with

CLEC4F+ cells. These data suggest there is some expression on the Kupffer cell popula-

tion whilst the majority of mFcγRII was expressed on another cell type, most likely LSECs.

As expected, the mFcγRII KO liver showed no staining for mFcγRII (Figure 3.16).

hFcγRIIB expression in hFcγRIIB transgenic livers showed a distinct pattern of expres-

sion compared to mFcγRII. hFcγRIIB Tg liver sections showed a greater degree of co-

localisation as indicated by yellow staining created from the coincidence of CLEC4F+ (red)

and hFcγRIIB expression (green). Not every CLEC4F+ cell showed co-localisation with

hFcγRIIB which is likely due to the mosaic expression pattern. NoTIM liver sections had

even stronger co-localisation, which is likely due to the complete penetrance of the NoTIM

transgene (Figure 3.17). The percentage of co-localisation was calculated by examining

the overlap of CLEC4F+ and mFcγRII or hFcγRIIB from each respective mouse model in

a blinded manner (Figure 3.18 A). It was found that C57BL/6J liver sections had signifi-

cantly less co-localisation of CLEC4F/mFcγRII than CLEC4F/hFcγRIIB in the hFcγRIIB

transgenic mouse models, suggesting that the inhibitory FcγR is differentially regulated

dependent on if the receptor is of mouse or human origin.

One reason for the lack of co-localisation in C57BL/6J mice between CLEC4F+ cells and

mFcγRII expression may be due to weak staining by the mAb. Therefore, flow cytometry

was also used to interrogate expression of mFcγRII and hFcγRIIB on non-parenchymal

liver cells (Figure 3.18 B). Livers were harvested from mice and subjected to enzymatic

digestion, before separating non-parenchymal cells using a percoll gradient. C57BL/6J

livers had expression of mFcγRII on both the LSEC (CD45-/CD146+) and Kupffer cell

(CD45+/CD11B+/F4/80++) populations [347]. mFcγRII KO non-parenchymal cells did not

express mFcγRII as expected. The C57BL/6J Kupffer cell population had both a low and

high expressing mFcγRII population, indicating that potentially only the high population

was registered by immunofluorescence. Both hFcγRIIB Tg and NoTIM livers had some

expression of hFcγRIIB on LSECs with a much greater expression of hFcγRIIB on Kupffer

cells; hFcγRIIB Tg Kupffer cells also displayed a mosaic expression of the receptor. Once

the expression pattern had been analysed in vivo, the functional consequences of the

NoTIM mutations were assessed ex vivo.
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Figure 3.16: Immunofluorescence staining mFcγRII and CLEC4F+ within livers taken from C57BL/6J and mFcγRII KO mice
Livers from C57BL/6J and mFcγRII KO mice were snap frozen in OCT and sectioned using a cryostat. Sections were then stained using primary antibodies to detect the antigen and
fluorescently labelled secondary antibodies to amplify the signal. DAPI shows cell nuclei (blue), CLEC4F+ to identify Kupffer cells (red) and AT 130-5 to identify mFcγRII (green). 10x
scale bar = 50 µm, 40x scale bar = 20 µm.
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Figure 3.17: Immunofluorescence staining hFcγRIIB and CLEC4F+ within livers taken from hFcγRIIB Tg and NoTIM mice
Livers from hFcγRIIB Tg and NoTIM mice were snap frozen in OCT and sectioned using a cryostat. Sections were then stained using primary antibodies to detect the antigen and
fluorescently labelled secondary antibodies to amplify the signal. DAPI shows cell nuclei (blue), CLEC4F+ to identify Kupffer cells (red) and EP888Y to identify hFcγRIIB (green). 10x
scale bar = 50 µm, 40x scale bar = 20 µm.
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Figure 3.18: Expression of mFcγRII and hFcγRIIB on liver associated non-parenchymal cells C57BL/6J,
mFcγRII KO, hFcγRIIB Tg and NoTIM mice
A) Four different sections from livers were taken and stained for CLEC4F+ and mFcγRII or hFcγRIIB using
immunofluorescence. Images were taken at 40xmagnification and overlapping CLEC4F+/mFcγRII/hFcγRIIB
were calculated manually as a percentage of total CLEC4F+ cells in a blinded manner. The result of 4 in-
dependent experiments. Line = mean ± SD. Statistical analyses conducted using a one-way ANOVA with
Tukey’s multiple comparison test. ** = P ≤ 0.01, **** = P ≤ 0.0001. B) Non-parenchymal cells were iso-
lated from each respective mouse model using a 25/50% percoll gradient and then assessed using flow
cytometry. The gating strategy used to identify LSECs (CD146+/CD45-) and liver resident Kupffer cells
(CD45+/CD11B+/F4/80++) based on [347]. C) Flow cytometry plots of mFcγRII and hFcγRIIB on LSECs
and Kupffer cells from each mouse model. The result of 1 independent experiment.
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3.5 Functional analysis of the non-signalling hFcγRIIB

After investigating expression pattern, it was important to establish if the NoTIM mutation

resulted in a non-functional ITIM. To do this a series of assays were carried out to analyse

the ITIM signalling pathway. Specifically, hFcγRIIB induced internalisation of immune

complex, the inhibition of BCR induced calcium flux and the regulation of ADCP were

assessed.

3.5.1 Phosphorylation of the NoTIM receptor

ITIM phosphorylation is critical to initiating FcγRIIB mediated ITIM signalling [244]. Upon

immune complex binding, FcγRIIB clusters with other FcγRs to form an intracellular sig-

nalling platform for tyrosine phosphorylation by Lyn kinase [227]. The NoTIMmutation was

designed to abrogate this event bymutating out the tyrosine residue that would normally be

phosphorylated. To test if NoTIM immune cells were unable to elicit inhibitory signalling,

splenic B cells and BMDMs were isolated from hFcγRIIB Tg and NoTIM mice. These

cells were then stimulated with either of three different mAbs, FITC8 (isotype control),

6G08 (hFcγRIIB agonist) or 6G11 (FcγRIIB antagonist). FcγR binding disabled variants

(containing the Fc N297Q mutation) were used to minimise interactions with other FcγRs

which could induce cross-linking, so hFcγRIIB could be assessed in isolation. Cells were

then subsequently lysed and protein lysates assessed in a western blot to probe for total

and phosphorylated hFcγRIIB as well as total and phosphorylated SHIP-1, downstream

of the hFcγRIIB ITIM.

In both hFcγRIIB Tg BMDMs and splenic B cells, mAb induced agonism of hFcγRIIB with

6G08 resulted in phosphorylation of the intracellular ITIM (Figure 3.19 A, B). Antagonising

the receptor or using an isotype control did not produce a band indicative of phosphoryla-

tion. NoTIM BMDMs and splenic B cells showed no band when hFcγRIIB was agonised

using a specific mAb. This indicates that the ITIM domain within the NoTIM receptor is

not phosphorylated when agonised. In both mouse models, total hFcγRIIB was blotted

for, with NoTIM cells producing a stronger band than hFcγRIIB Tg cells likely reflecting the

higher expression seen in NoTIM mice when conducting flow cytometry.

SHIP-1 is downstream of the ITIM signalling pathway and interacts with phosphorylated

hFcγRIIB to propagate inhibitory signalling. Splenic B cells were probed for phospho-
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rylated SHIP-1. hFcγRIIB Tg B cells showed a band for phosphorylated SHIP-1 after

stimulation with the agonist 6G08 (Figure 3.19 B). In contrast, agonised NoTIM splenic

B cells had no phosphorylated SHIP-1 providing further evidence that the ITIM signalling

pathway was non-functional. Antagonised B cells in both groups showed no band for

phosphorylated SHIP-1. Interestingly, isotype treated hFcγRIIB Tg B cells showed the

presence of a phosphorylated SHIP-1 band whilst NoTIM B cells did not. This could be

due to an experimental artifact or the presence of non-specific IgG aggregates agonising

hFcγRIIB. After confirming the NoTIM receptor cannot be phosphorylated, the mutation

was functionally probed to ascertain the impact upon cellular functions.

Figure 3.19: Probing for phosphorylated hFcγRIIB and SHIP1 following stimulation with hFcγRIIB agonist
or antagonist in hFcγRIIB Tg and NoTIM B cells and macrophages
A) BMDMs were isolated from hFcγRIIB Tg and NoTIM mice and were treated with 10 µg/mL irrelevant,
hFcγRIIB agonist mAb or hFcγRIIB antagonist mAb (N297Q Fc null mutation) for 15 minutes. Cells were
then lysed and a western blot performed to probe for phosphorylated hFcγRIIB (P-hFcγRIIB), total hFcγRIIB
and α-tubulin. B) Splenic B cells were isolated from hFcγRIIB Tg and NoTIM mice and were treated with an
irrelevant, hFcγRIIB agonist mAb or hFcγRIIB antagonist mAb (N297Q Fc null mutation) for 30 minutes. Cells
were then lysed and a western blot was performed for P-hFcγRIIB, total hFcγRIIB and α-tubulin. They were
also probed for phosphorylated SHIP1 (P-SHIP1), total SHIP-1 and α-tubulin. A molecular weight ladder
was used to ascertain the apparent size of the protein resolved on the blot. The result of 2 independent
experiments.
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3.5.2 hFcγRIIB inhibition of BCR induced calcium flux

hFcγRIIB mediated inhibition of BCR activation has previously been well characterised

[250]. To assess if the NoTIM receptor was able to inhibit BCR signalling, B cells were

isolated from each respective mouse model and labelled with a fluorescent calcium re-

porter dye. These cells were then incubated with an isotype control, hFcγRIIB agonist or

hFcγRIIB antagonist (6G08 and 6G11 [323]) and then stimulated with a polyclonal F(ab’)2
anti-IgM to agonise the BCR. BCR signalling results in the intracellular release of calcium,

which binds to the probe and increases fluorescence which can be detected using flow cy-

tometry. Responses were quantified and graphed by determining the peak fluorescence

response of B cells with fluorescence intensity above the unstimulated threshold (defined

as the 85th percentile of the fluorescence intensity of unstimulated cells as performed

previously [348]).

Crosslinking the BCR of mFcγRII KO B cells with anti-IgM resulted in robust calcium flux,

which was unaffected by the addition of the hFcγRIIB agonist. hFcγRIIB Tg B cells had ro-

bust calcium flux after BCR crosslinking but showed a delayed calcium fluxwhen hFcγRIIB

was also agonised. In contrast, BCR cross linking of NoTIM B cells in both the absence

and presence of the hFcγRIIB agonist gave a strong calcium flux (Figure 3.20 A, B).

The experiment was repeated again with the addition of the hFcγRIIB antagonist prior to

BCR stimulation. mFcγRII KO B cells had a similar calcium response in the absence and

presence of the hFcγRIIB agonist and antagonist. hFcγRIIB Tg B cells had enhanced cal-

cium flux in the presence of the antagonist and diminished calcium flux in the presence of

the agonist when compared to BCR cross-linking alone. NoTIM B cells had similar calcium

flux irrespective of the agonist or antagonist (Figure 3.20 C). These data demonstrate that

hFcγRIIB agonism inhibits calcium flux and hFcγRIIB antagonism increases calcium flux

in hFcγRIIB Tg B cells whilst binding of the NoTIM receptor with the same reagents does

not affect calcium flux.
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Figure 3.20: FcγRIIB mediated inhibition of BCR induced calcium flux on splenic B cells isolated from mFcγRII KO, hFcγRIIB Tg and NoTIM mice
A) B cells were isolated from each respective mouse model and then labelled with a fluorescent calcium probe Fluo-3-AM for 30 minutes. Cells were then incubated with either 10 µg/mL
hIgG1 (N297Q mutation) isotype control, a hFcγRIIB specific agonist or antagonist for 15 minutes, before stimulating the BCR with 20 µg/mL polyclonal anti-IgM F(ab’)2 (black arrow).
Change in calcium flux were measured using flow cytometry. Ionmycin (0.65 µM) was added as a positive control (white arrow). B) Responses were quantified by determining the peak
fluorescence response of B cells with fluorescence intensity above the unstimulated threshold (defined as the 85th percentile of unstimulated cells) for the FACS plots shown in A). C)
A second experiment was conducted comparing BCR stimulated calcium flux in the presence of the hFcγRIIB agonist or antagonist, quantified by determining the peak fluorescence
response of B cells with fluorescence intensity above the unstimulated threshold.
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3.5.3 hFcγRIIB mediated internalisation of ahIgG by murine B cells

Previous studies have suggested the hFcγIIB ITIM may have an impact on the internal-

isation of immune complexes [259] [239]. To investigate if the NoTIM receptor impacted

immune complex internalisation, murine B cells were isolated frommFcγRII KO, hFcγRIIB

Tg and NoTIM mice and then incubated with heat aggregated IgG (ahIgG) for 30 - 60 min-

utes.

mFcγRII KO mice showed no internalisation of ahIgG over the experiment. This was

expected as the cells expressed no inhibitory receptor. B cells only express the inhibitory

FcγRII, with no activatory receptors on their surface, and so these cells cannot internalise

ahIgG. hFcγRIIB Tg B cells did show internalisation of ahIgG, with an average of 29%

reduction in cell surface ahIgG at 30 minutes and 44% reduction after 60 minutes. NoTIM

B cells showed an average of 2% reduction at 30 minutes and a 21% reduction after 60

minutes. hFcγRIIB Tg B cells had internalised significantly more ahIgG than mFcγRII KO

at both time points and significantly more than NoTIM B cells at 30 minutes (Figure 3.21).

These data demonstrate that within the first 30 minutes, an intact hFcγRIIB ITIM results in

a significantly enhanced internalisation of ahIgG compared to the ITIM mutant hFcγRIIB.

By 60 minutes, hFcγRIIB Tg B cells showed further internalisation of ahIgG, however the

difference is no longer significant when compared to NoTIM B cells.
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Figure 3.21: FcγRIIB mediated internalisation of heat-aggregated IgG (ahIgG) by murine B cells from
mFcγRII KO, hFcγRIIB Tg and NoTIM mice
A) B cells were isolated from each respective mouse model and then incubated with 20µg/mL ahIgG for 30
- 60 minutes. The surface level of ahIgG was detected using a labelled secondary antibody against ahIgG
by flow cytometry. Results were normalised to a sample from 0 minutes from the same mouse model and
plotted as percentage of cell surface ahIgG. The result of four independent experiments repeated in triplicate.
Bar = mean ± SD. Statistical analyses conducted using a two-way ANOVA with Tukey’s multiple comparison
test. * = P ≤ 0.05, ** = ≤ 0.01.

3.5.4 Regulation of ADCP by mFcγRII and hFcγRIIB

ADCP is an important mAb mediated effector mechanism that relies on interactions with

activatory FcγRs on phagocytes to deplete the target cell. mFcγRII had been reported to

downregulate the level of ADCP by macrophages [233], and so the contributions of both

mFcγRII and hFcγRIIB to inhibition of ADCP were examined. BMDMs were differenti-

ated from each mouse model and pre-incubated with a mFcγRII/hFcγRIIB blocking mAb

(again Fc-null, N297Q or N297NA, to reduce impacts on Fc-binding to other FcγRs). They

were then co-cultured with rituximab opsonised hCD20 Tg B cells as target cells. Flow

cytometry was used to identify F4/80+ cells (macrophages) that had phagocytosed ritux-

imab opsonised CFSE+ labelled hCD20 Tg B cells; the percentage of double positives

was used to plot the percentage of ADCP (Figure 3.22).

Comparing C57BL/6J and mFcγRII KO BMDMs, little change in ADCP was observed

regardless of the concentration of opsonising mAb used. When BMDMs were pre-treated
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with the mFcγRII Fc null blocking mAb, there was a modest decrease in ADCP in the

C57BL/6J BMDMs compared to rituximab. The mFcγRII KO BMDMs level of ADCP was

unaffected by the addition of the blocking mAb (Figure 3.23).

In contrast, rituximab (0.1 µg/mL) induced a greater level of ADCP with the NoTIM mouse

(non-signalling receptor) BMDMs than the wild type (signalling competent) hFcγRIIB Tg

BMDMs. This effect was also seen at 1.0 µg/mL and 10 µg/mL of rituximab. When

BMDMs were pre-treated with the Fc null hFcγRIIB blocking mAb, the level of ADCP in

the hFcγRIIB Tg macrophages was partially restored to levels seen in the NoTIM BMDMs.

At 1.0 µg/mL rituximab, hFcγRIIB Tg BMDMs treated with blocking mAb had the great-

est increase in ADCP compared to hFcγRIIB Tg BMDMs treated with 0.1 µg/mL and 10

µg/mL rituximab, respectively. At 10 µg/mL rituximab, blocking hFcγRIIB partially im-

proved ADCP compared to rituximab alone, whilst 0.1 µg/mL rituximab with blocking mAb

made no difference (Figure 3.24). Blocking hFcγRIIB on NoTIM BMDMs did not alter

levels of ADCP.

The most pronounced differences were seen with the sub-optimal dose of 1 µg/mL of

rituximab. These data were converted into a phagocytic index to normalise for the vari-

ability seen across several experiments and to make direct comparisons, with 1 being set

as the background phagocytosis with unopsonised B cells (Figure 3.25). When looking

at mFcγRII inhibition, mAb specific blockade did not improve ADCP in C57BL/6J BMDMs

(Figure 3.25 A). In contrast, mAb specific blockade of hFcγRIIB partially restored the level

of hFcγRIIB Tg BMDM phagocytosis to that seen in NoTIM BMDMs. In the presence of

rituximab alone, NoTIM BMDMs had a significantly higher level of ADCP (compared to

hFcγRIIB Tg BMDMs) that was not improved with mAb specific blockade suggesting that

the loss of inhibitory signalling resulted in more efficient ADCP (Figure 3.25 B).

Together, these results suggested that inhibitory signalling by hFcγRIIB negatively impacts

ADCP to a modest extent in BMDMs.
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Figure 3.22: Gating strategy used to identify phagocytosed B cells in ADCP assay.
A) The gating strategy for the ADCP assay. NoTIM macrophages were gated on their forward and side scatter, they were then further identified as F4/80+. Dot plots were set out for each
condition plotting APC (F4/80) vs CFSE (B cells). Macrophages that had phagocytosed B cells would be positive for F4/80 and CFSE (appearing on the top right of the plot). B) shows
the plots of controls used for the ADCP assay from hFcγRIIB Tg mice - Cetuximab, 6G11, unopsonised B cells and rituximab + FITC8. C) shows the gating used to determine the level of
phagocytosis for each condition in the NoTIM and hFcγRIIB Tg mice.
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Figure 3.23: ADCP in C57BL/6J and mFcγRII KO BMDMs
BMDMs were differentiated from each mouse model and pre-incubated with (or without) 10µg/mL mFcγRII
blocking mAb for 15 minutes. They were then co-cultured with rituximab opsonised hCD20 Tg B cells at a
ratio of 5:1 for 30 minutes. Flow cytometry was then used to identify F4/80+ cells that had phagocytosed
rituximab opsonised CFSE+ labelled hCD20 Tg B cells, the percentage of double positives was used to plot
the percentage of ADCP. ADCP in WT and mFcγRII KO macrophages across 3 different experiments in the
absence and presence of AT 130-2 NA (mFcγRII Fc null blocking mAb). Ctx = cetuximab (hIgG1 isotype
control), 4D5 = AT 130-2-NA isotype control, Rtx = rituximab. Error bars = +SEM of 3 replicates
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Figure 3.24: ADCP in hFcγRIIB Tg and NoTIM BMDMs
BMDMs were differentiated from each mouse model and pre-incubated (or not) with 10 µg/mL hFcγRIIB
blocking mAb for 15 minutes. They were then co-cultured with rituximab opsonised hCD20 Tg B cells at a
ratio of 5:1 for 30 minutes. Flow cytometry was then used to identify F4/80+ cells that had phagocytosed
rituximab opsonised CFSE+ labelled hCD20 Tg B cells, the percentage of double positives was used to plot
the percentage of ADCP. ADCP in hFcγRIIB Tg and NoTIM macrophages across three different experiments
in the absence or presence of 6G11-NQ (hFcγRIIB Fc null blocking mAb). Ctx = cetuximab (hIgG1 isotype
control), Rtx = rituximab, FITC = 6G11-NQ isotype control. Error bars = +SEM of 3 replicates
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Figure 3.25: Phagocytic index comparing ADCP cumulatively across experiments from each mouse model
BMDMs were differentiated from each mouse model and pre-incubated with (or not) 10 µg/mL
mFcγRII/hFcγRIIB blocking mAb for 15 minutes. They were then co-cultured with 1 µg/mL rituximab op-
sonised hCD20 Tg B cells at a ratio of 5:1 for 30 minutes. Flow cytometry was then used to identify F4/80+
cells that had phagocytosed rituximab opsonised CFSE+ labelled hCD20 Tg B cells, the percentage of double
positives was used to plot the percentage of ADCP. A cumulative analysis of all experiments shown in Figure
3.23 and 3.24. A) ADCP of hCD20 Tg B cells in C57BL/6J and mFcγRII KO BMDMs in the absence and
presence of AT 130-2 NA (mFcγRII blocking antibody). B) ADCP of hCD20 Tg B cells in hFcγRIIB Tg and
NoTIM BMDMs in the absence or presence of 10µg/mL 6G11 NQ opsonised BMDMs (hFcγRIIB blocking
mAb). Irr = cetuximab (hIgG1 isotype control), Block = blocking mAb (AT 130-2 NA or 6G11 NQ), RTX =
rituximab. The result of three independent experiments (n = 1 per experiment, repeated in triplicate). Bar =
mean ± SD. Statistical analyses conducted using a two-way ANOVA with Tukey’s multiple comparison test.
* = P ≤ 0.05, ** = ≤ 0.01, *** = ≤ 0.001, **** = ≤ 0.0001
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3.6 Chapter Discussion

hFcγRIIB biology has proved to be complex with a role that extends beyond inhibitory sig-

nalling [266]. Herein, a non-signalling hFcγRIIB transgenic model (NoTIM) was generated

and characterised to assist in separating signalling dependent and signalling independent

mechanisms of action of hFcγRIIB. Specifically, signalling through the ITIMwas assessed.

First, the expression of hFcγRIIB was characterised in human whole blood and compared

to the expression on key immune cell types within the NoTIM transgenic mouse model.

Genomic integration of the NoTIM transgene was confirmed and protein expression anal-

ysed as well as visualised within tissues. The key mutation within the ITIM of the NoTIM

mouse was verified by Sanger sequencing and western blotting to show that the critical

residue within the ITIM is no longer able to be phosphorylated. Finally, the functional con-

sequence of the NoTIM mutation was studied by looking at the internalisation of ahIgG,

inhibition of BCR induced calcium flux and inhibition of ADCP, confirming that the NoTIM

mutation confers the loss of ITIM mediated inhibitory signalling.

Initial analysis of human whole blood highlighted that hFcγRIIB is strongly expressed on

B cells, moderately expressed on classical monocytes, with weaker expression on non-

classical monocytes whilst NK cells had no expression (Figure 3.4). This is broadly con-

sistent with the literature [322] [192] and was used as a reference point to compare ex-

pression within the NoTIMmouse. Analysis of the expression profile of mFcγRII using flow

cytometry on a WT C57BL/6J mouse showed a different profile from the expression of the

human homologue. Murine B cells and Ly6C high monocytes expressed a relatively high

level of mFcγRII and Ly6C lowmonocytes expressed a low level of mFcγRII (Figure 3.11).

The expression profile of mFcγRII also agrees with the literature [349] [192]. Comparing

the expression profile of hFcγRIIB between NoTIM mice and human whole blood showed

similarities. Both NoTIM mice and humans have the highest expression on B cells with

some expression on monocytes. NoTIM Ly6C high monocytes showed moderate expres-

sion of hFcγRIIB (akin to human classical monocytes) with little expression on Ly6C low

monocytes (akin to human non-classical monocytes) however it is hard to compare murine

and human monocytes like-for-like due to differing physiological functions. Murine Ly6C

high monocytes are typically pro-inflammatory migratory monocytes requiring inhibitory

regulation whilst Ly6C low monocytes are typically patrolling, immuno-suppressive cells

and do not require the same regulation [350]. Human monocytes are a more heteroge-
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neous population. Despite classifications into CD14+CD16- and CD14+CD16+ there are

intermediate populations that likely blur the boundaries of discrete functional differences

[350].

The insertion of a human transgene into the mouse genome offers the opportunity to study

in vivo biology in a way that would not be possible in humans. However, the insertion

of a transgene could also alter the expression or regulation of the introduced receptor

in such a way that the system is no longer applicable to human biology. The NoTIM

transgene essentially acts as a pseudo-receptor, acting in place of the inhibitory mFcγRII

but without a ITIM signalling function. It is also know that the expression of activatory

and inhibitory FcγRs is tightly regulated on the cell surface of immune cells to elicit a

threshold of cellular activation, regulating the effector functions of IgG [351]. Therefore

it was important to determine if the NoTIM transgene appropriately expressed hFcγRIIB

and if the insertion of the non-signalling human hFcγRIIB altered the expression levels of

the activatory mFcγRs.

When examining the expression profile of hFcγRIIB in NoTIM mice, it was clear that they

have a higher and more uniform expression pattern than hFcγRIIB Tg mice. hFcγRIIB Tg

mice showed weaker expression and a heterogenous population of cells that expressed

hFcγRIIB (Figure 3.13). The reason for these key differences remains to be understood.

Screening of the hFcγRIIB Tg progeny across the period of study showed a highly variable

penetrance of the transgene, from 10% to 90% transgenic positive lymphocytes (albeit

with the majority expressing >45-70%), whilst NoTIM mice were 100% penetrant. Trans-

gene integration analysis of hFcγRIIB Tg mice by our collaborators at GSK had mapped

the integration site to chromosome 14 (chr14:116,698,211-116,777,674), in an unanno-

tated part of the genome. The transgene was estimated to have a copy number of >5

however this does not explain the heterogenous mosaic expression observed. The inser-

tion point of the NoTIM transgene is unknown.

Interestingly, despite the majority of expressing cells showing mosaicism (e.g. B cells,

monocytes, Kupffer cells) some cells appeared to have higher penetrance, namely LSECs

and splenic macrophages (Figure 3.13, Figure 3.18). These observations suggest that

within some cell types, certain factors may drive the inactivation of the gene - this could

be due to transcriptional silencing by incorporation into heterochromatin regions leading

to epigenetic regulation, or the presence of truncated locus control regions which can

result in unstable expression [352]. It is also possible that the transgene integration may
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have occurred beyond the one cell embryo stage resulting in non-uniform uptake of the

transgene. Alternatively, a low concentration of transgene used during injection could

have resulted in poor uptake by the embryonic cells [353]. Despite these differences

between hFcγRIIB Tg and NoTIM mice, broadly the expression pattern of hFcγRIIB was

deemed to be equivalent.

From the data generated, there was no strong evidence for substantial changes in ac-

tivatory FcγR expression in the presence or absence of a functional inhibitory receptor.

The spleen acts as a reservoir of immune cells, allowing for the collection of a substantial

number of flow cytometry events for analysis (5,000+myeloid cells, 10,000+ lymphocytes).

The lymph nodes and blood do not contain all the cell populations in a sufficient amount to

be as confident with the analysis as with the spleen but provides a good indication of ex-

pression across key tissues. The activatory mouse FcγRs were expressed broadly to the

same extent across all key cells in each mouse strain. Published research had suggested

that mFcγRII KOmice had a compensatory increase in expression of mFcγRIV [98] [190],

however this was not observed in our mice. This expression pattern was consistent with

the literature and overall showed no evidence of compensatory activatory mFcγR expres-

sion in the presence or absence of a functional inhibitory FcγR [222] [190] [192].

mFcγRIV was broadly similar across strains, except for on splenic macrophages which

showed large variation between experiments. This may be explained by the open-top

conventional mouse caging used at the time to house the mice used in this experiment.

These open top cages could result in exposure to a variety of pathogens that would be

mitigated by the use of IVC caging. At the time, the animal unit had also suffered from a

pinworm infection outbreak, resulting in the universal dosing of all mice with ivermectin.

If mice used in these phenotyping experiments were infected with pinworm, it would be

expected that exposure to this pathogen may result in the increased production inflamma-

tory molecules such as IFN-γ, upregulating activatory FcγRs expression [222] [354] [281].

Ivermectin has also been shown to modulate the immune system, which could result in

differential expression of activatory FcγRs between experiments [355].

mFcγRII was expressed within the C57BL/6J mice as expected, with expression on B

cells, Ly6C high monocytes, Ly6C low monocytes, macrophages and neutrophils. Figure

3.11 showed lower but consistent staining of mFcγRII across all cells types in mice that

do not express mFcγRII (mFcγRII KO, hFcγRIIB Tg and NoTIM mice). As explained

earlier, the mAb AT 130-2 is anecdotally known from batch to batch to have increased
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background binding. Fortunately, specific binding to mFcγRII allows for detection of the

receptor beyond the relatively high background.

FcγR expression on BMDMs mirrored the expression pattern seen on splenic

macrophages (Figure 3.12). hFcγRIIB was expressed highly in both hFcγRIIB Tg (albeit

with mosaic expression) and NoTIM BMDM samples. mFcγRI was equally expressed

across BMDMs from all mice, however mFcγRIII and mFcγRIV showed non-significantly

lowered expression in mFcγRII KO, hFcγRIIB Tg and NoTIM mice compared to C57BL/6J

BMDMs. These findings may be related to the proximity of the mFcγRII gene to both the

mFcγRIII and mFcγRIV genes [190]. Genetic deletion of mFcγRII could have disrupted

the regulation of mFcγRIII and mFcγRIV resulting in downregulated expression. How-

ever, this observation seems to be BMDM specific and was not observed when on other

cell types in vivo so is unlikely to be the cause. The differences in expression are small,

and unlikely to affect BMDM effector functions.

Comparison of immunofluorescence images generated from tissues taken from the No-

TIM mice reflect a different expression profile of hFcγRIIB compared to mFcγRII within

the liver. Sections taken from C57BL/6J mice showed mFcγRII expression was diffuse

and not highly localised with the Kupffer cell marker, CLEC4F (Figure 3.16). Ganesan

et al. had reported that as little as 10% of mFcγRII in the liver is expressed on Kupffer

cells with the remainder found on liver sinusoidal endothelial cells [242]. In contrast, both

hFcγRIIB transgenic models showed increased co-localisation between hFcγRIIB and

CLEC4F (Figure 3.17, Figure 3.18). These observations were further assessed by flow

cytometry analysis. Analysis of non-parenchymal liver cells from C57BL/6J mice showed

expression of mFcγRII on LSECs, with two sub populations of expressing Kupffer cells.

The majority of Kupffer cells expressed a low level of mFcγRII, with a small population

expressing a high level of receptor. This may explain why immunofluorescence indicated

a low level of co-localisation between Kupffer cells and mFcγRII - because only the high

expressing Kupffer cells are detected by this less sensitive technique. In contrast, the

expression of hFcγRIIB in NoTIM and hFcγRIIB Tg mice showed some expression on

LSECs, with stronger expression on the Kupffer cells (Figure 3.18). LSECs had notably

lower hFcγRIIB expression in hFcγRIIB Tg mice compared to NoTIM mice, whilst the

hFcγRIIB+ population of hFcγRIIB Tg Kupffer cells had a similar shift in fluorescence to

NoTIM Kupffer cells. The differences in expression of mFcγRII and hFcγRIIB could be due

to the transgene being under control of the human promoter, driving a different expression

pattern in the context of LSECs and Kupffer cells. However to confirm these findings, a
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detailed analysis of human liver would be required. So far, this area of research has been

limited. Some studies have suggested subsets of both LSECs and Kupffer cells can be

identified based on hFcγRII expression, but the studies did not separate hFcγRIIA from

hFcγRIIB [356] [357]. A single cell RNA sequencing analysis of human liver did specif-

ically show heterogeneous expression of hFcγRIIB whilst hFcγRIIB expression was not

identified on Kupffer cells [358]. Further work is needed to increase the experimental num-

bers analysing inhibitory FcγR expression in these mouse models. A comparison of the

similarities and differences in hFcγRIIB expression between the transgenic mousemodels

and humans would also help understand if the human promoter recapitulates hFcγRIIB

in the transgenic mice.

Taken together, the NoTIM mouse had strong expression of hFcγRIIB with close resem-

blance to the expression of hFcγRIIB in humanwhole blood. Both hFcγRIIB Tg and NoTIM

mice had a similar pattern of expression and distribution on the expected immune cells as

has been previously been observed [190] [192]. The hFcγRIIB Tg mice had more varied

expression of the transgene and exhibited mosaicism on some cell types which was impor-

tant to consider during further in vivo experiments. The expression of activatory mFcγRs

was broadly consistent across C57BL/6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice.

The distribution and expression of mFcγRs was as expected [192] and despite the loss of

ITIM signalling in NoTIM mice, it had a minimal impact on expression of other receptors.

These data reflect similar observations made in the non-signalling γ-chain NOTAMmouse

produced by DeHaij et al. where the expression pattern of endogenous mFcγRs was also

unaffected [186].

To further power these findings and understanding if the human promoter recapitulates

human FcγRIIB expression rather than mouse, it would be helpful to compare expression

within murine and human tissues. Human blood gives an indication of expression, how-

ever it is well established that immunological niches drive differential FcγR expression in

both mouse and human [56] [32] [33]. To therefore extrapolate the expression pattern

of FcγRIIB within human blood to transgenic murine tissues may not be representative

of human expression, however there are difficulties in obtaining human tissue. Gener-

ally, tissue is removed from diseased patients which could skew FcγR expression profiles

(as seen in mice [359] [323]). These tissues can undergo extensive cellular stress to re-

trieve samples and often little is provided for analysis within the lab. Currently, detailed

human FcγR analyses have relied on histological staining to observe expression patterns

in tissue. These techniques can be limited by poor sample processing and only allows
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for a qualitative analysis of expression. Currently, we have an understanding of differ-

ential expression of FcγRs on human macrophage populations based on histology [32]

and mRNA analyses of different FcγR expression across different human tissues [360],

however further work is required to produce a data set more applicable to murine models.

Next it was important to determine if the NoTIM hFcγRIIB transgene was non-functional.

The ITIM mutation (Y273F) was integral for abolishing ITIM mediated signalling; with the

second upstream mutation (Y254F) introduced as a fail-safe to ensure intracellular sig-

nalling was abrogated. Previous evidence has shown that the intracellular tail of mFcγRII

can be phosphorylated in several places which may serve in aiding inhibitory signalling

[251]. The homologous residue of hFcγRIIB B2 Y254 in mFcγRII B1 is Y290 and had

been shown to be phosphorylated upon receptor activation however it was not deemed

to have any signalling effect. Despite these findings, as a precaution it was decided the

second mutation would be introduced to ensure ITIM signalling was abrogated. Sanger

sequencing confirmed the presence of both mutations, with single base pair changes

identified using primers that flanked the ITIM region (Figure 3.1).

To show the mutation successfully translated into the abrogation of ITIM signalling,

hFcγRIIB was agonised on B cells and BMDMs using specific monoclonal antibodies

[323]. Western blotting showed that the hFcγRIIB Tg receptor could be phosphorylated,

whilst the NoTIM receptor could not (Figure 3.19). The impact was investigated further

downstream, and within B cells it was demonstrated that an important mediator of ITIM

signalling, SHIP-1, was not phosphorylated in NoTIM mice. SHIP-1 is the main mediator

of ITIM signalling and results in the conversion of PIP3 into PIP2, arresting the propaga-

tion of intracellular activatory signalling and the activation of the RAS pathway [361]. The

lack of SHIP-1 activation further confirms the success of the NoTIM mutations, indicating

it cannot propagate ITIM signalling. In agreement with these results, the impact of the

Y273F hFcγRIIB mutation was also tested in a cell reporter assay by Stopforth et al. The

authors found the mutation successfully abrogated the recruitment of SHIP-1 to the recep-

tor, mitigating inhibitory signalling [252]. In future experiments it would be useful to probe

other proteins in the signalling pathway (such as phosphorylated SHP-1) and to look at

total cellular phosphorylated tyrosine to further analyse how the NoTIM mutations affect

cellular signalling pathways.

Several assays were then conducted to understand how the loss of ITIM mediated in-

hibitory signalling modulated the cellular response. The regulation of BCR signalling by
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FcγRIIB has been extensively characterised. The binding of antigen to the BCR results

in ITAM activatory signalling, if FcγRIIB also binds in proximity to the BCR, as a result

of immune complex formation, it has been shown to inhibit this signalling pathway [250].

Calcium flux is an important downstream signalling event of BCR signalling, it is also a

temporal event that can be examined using flow cytometry [348]. To examine the impact

of the NoTIM receptor on BCR signalling, splenic B cells were activated with anti-IgM anti-

bodies in the presence of a specific hFcγRIIB agonist or antagonist. mFcγRII KO B cells

showed no change in calcium flux in the presence of a hFcγRIIB agonist or antagonist, as

expected. Agonising hFcγRIIB and the BCR on hFcγRIIB Tg B cells resulted in a delayed

and suppressed calcium flux that was not observed in NoTIM B cells. When hFcγRIIB

Tg B cells were treated with a hFcγRIIB antagonist along with anti-IgM, calcium flux was

enhanced whilst again the NoTIM B cells showed no change. These experiments provide

robust evidence that the NoTIM receptor is not able to elicit ITIM signalling.

hFcγRIIB has also been show to play an important role in antigen internalisation and pro-

cessing [261]. To investigate this, murine B cells from each mouse model were incubated

with a surrogate for immune complex, ahIgG, and the kinetics of internalisation were as-

sessed (Figure 3.21). Within the first 30 minutes, the presence of a functional ITIM on

hFcγRIIB Tg B cells allowed higher levels of internalisation of ahIgG compared to NoTIM

B cells which showed negligible internalisation. By 60 minutes, the extent of internalisa-

tion in the NoTIM B cells was higher but still lower than with hFcγRIIB Tg B cells after 30

minutes. The precise molecular mechanism behind the reduced internalisation kinetics

by the NoTIM receptor is unknown.

Interestingly, mutational studies conducted in the 1990s indicated the phosphorylation site

within the ITIM had minimal to no impact on the internalisation of immune complex. In-

stead, the authors of these studies found that other components of hFcγRIIB intracellular

tail (e.g. the di-leucine motif of the ITIM) were significantly linked to internalisation [259]

[239]. However, these studies have some short comings and may have overlooked the

contribution of the ITIM phosphorylation site to clathrin dependent internalisation. The

key papers published by Miettinen et al. and Budde et al., devised systems using immor-

talised cell lines (the murine A20.IIA cell line and CHO cell line) transfected with hFcγRIIB

B2. These cells may may display non-physiological functions due to their transformed

nature [259] [239]. Another group, Mousavi et al., used rat LSECs to probe how they in-

ternalised immune complex and found ITIM phosphorylation (achieved through artificially

cross-linking of rat FcγRII rather than by immune complex binding) was not required for
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internalisation [362]. Taken together these data suggest ITIM dependence of internalisa-

tion may depend on cell-type and the nature of the reagent used to elicit internalisation.

The ahIgG system used in this thesis utilises murine B cells with an immune complex like

reagent (ahIgG) which may be more physiologically relevant, however the contribution of

both the Y254F and Y273F mutations are unknown and require further investigation.

Next, it was examined how the NoTIM receptor influenced mAb mediated ADCP. As previ-

ously discussed phagocytosis is a key antibody effector mechanism, it has been demon-

strated to be critical to rituximab mediated B cell depletion and is dependent on tissue

resident macrophages [363] [304] [346]. Macrophages are known to express all FcγRs

which means the execution of ADCP requires a balance between activatory and inhibitory

FcγR signals [233]. In theory, by blocking the inhibitory FcγRIIB, there should be a relative

increase in activatory signals increasing the overall A:I ratio and the level of ADCP. The

hFcγRIIB Tg and NoTIM models were used to address the contribution of ITIM mediated

signalling to inhibition of ADCP.

mFcγRII KO BMDMs showed an modest increase in ADCP when compared to WT

BMDMs (Figure 3.23, Figure 3.25). This effect seemed to be most pronounced at 1

µg/mL rituximab with little improvement at 10 µg/mL probably due to receptor saturation.

In C57BL/6J BMDMs where ADCP would have been expected to have been improved

with the mFcγRII blocking mAb AT 130-2 NA, there was little difference in ADCP which

was surprising. Previous experiments published in the literature show that pre-incubation

of BMDMs with AT 130-5 mIgG1, a weaker affinity mFcγRII specific mAb, did enhance

ADCP by 10% [321]. However, both AT 130-2 and 130-5 were classed as agonistic mAbs

and questions the ability of both mAbs to simply block mFcγRII [321]. In those studies,

the agonistic potential of the mAbs was tested using whole IgG, where it was found a

functional Fc domain was required for agonism. In the ADCP assay presented in this the-

sis, AT 130-2 was used as an Fc null N297A variant and therefore should not be able to

agonise mFcγRII [318]. Further investigations within the lab have proceeded to show that

AT 130-2 N297A (the same clone as used in the ADCP assay) does not phosphorylate

mFcγRII (Robert Oldham, unpublished data). The reasons as to why blocking mFcγRII

did not augment ADCP as observed in the literature [321] are unknown.

When examining hFcγRIIB expressing BMDMs, it was clear NoTIM BMDMs had en-

hanced ADCP at every concentration of rituximab compared to the hFcγRIIB Tg BMDMs

(Figure 3.24, Figure 3.25). The 6G11 NQ (N297Q mutation) Fc null mAb, a hFcγRIIB an-
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tagonist, was used to block hFcγRIIB [323]. When hFcγRIIB Tg BMDMs were treated with

rituximab and 6G11 NQ, there was an increase in ADCP across all three concentrations.

6G11 NQ did not enhance the ADCP of NoTIM BMDMs and matched the percentage

seen with rituximab alone. This suggests that the hFcγRIIB ITIM signalling negatively

regulates ADCP, and that abrogating ITIM phosphorylation improves ADCP. The variation

seen across experiments in ADCP when analysing hFcγRIIB Tg BMDMs could be due to

the mosaic expression pattern of the transgene and should be taken into consideration

for future experiments. Dependent on the transgene penetrance, there will be a subset of

BMDMs that do not express any inhibitory receptor. In these cells the A:I ratio would in-

trinsically be skewed towards an activatory phenotype with no enhancement seen with the

addition of 6G11 NQ. Future experimentation could sort hFcγRIIB+ transgenic BMDMs

from those negative for the transgene to mitigate for this effect.

To summarise, a hFcγRIIB non-signalling ITIM mutant transgenic mouse model was suc-

cessfully produced. The expression pattern of both the transgene and the endogenous

murine FcγRs met expectations and were sufficient to proceed towards further in vivo

experimentation.

139



Chapter 4

Role of FcγRIIB signalling in the

modulation of antibody effector

mechanisms

4.1 Chapter Introduction

In the previous chapter, the NoTIM hFcγRIIB transgenic mouse model was shown to be

a viable in vivo model, suited to studying the ITIM signalling independent mechanisms

of hFcγRIIB. in vitro analysis of immune cell effector functions influenced by hFcγRIIB

signalling have shown that the ITIM mutant cells exhibit reduced immune complex inter-

nalisation and can no longer inhibit BCR induced calcium flux or ADCP. To examine the

impact of ITIMmediated signalling by hFcγRIIB in vivo, the NoTIMmouse was investigated

in the context of antibody mediated target cell depletion and immune stimulation.

Direct targeting antibody immunotherapy relies on eliciting effector functions through

FcγR-dependent and FcγR-independent mechanisms that include ADCP, ADCC, CDC

and PCD [168]. Activatory FcγRs are critical for most FcγR-dependent functions which

FcγRIIB negatively regulates to temper the immune response. In regards to mAb therapy

for cancer, FcγRIIB regulation of activatory FcγRs can be detrimental to therapeutic out-

come by limiting effector cell functions [185]. CD20 mAbs are often used as a paradigm

for analysing FcγRIIB inhibition to direct targeting mAb therapy, and in the context of the

140



Chapter 4

anti-CD20 mAb rituximab, FcγRIIB is thought to elicit at least two different mechanisms

of inhibition.

Firstly, FcγRIIB has been shown to accelerate the internalisation of type-I CD20mAbs, like

rituximab, through antibody bipolar bridging on malignant and autoimmune B cells [179]

[299] [300], limiting all Fc-mediated effector functions. Secondly, it has been assumed

that FcγRIIB engagement on immune effector cells elicits inhibitory signalling, reducing

target cell depletion. Studies using mice deficient in murine FcγRII showed that mAb

mediated depletion of malignant cells was enhanced in these mice and this effect was

presumed to be due to the loss of ITIM signalling [233] [185] [305] [248]. However, there

is currently no published research that has dissected the contribution of ITIM signalling to

this mechanism of action.

The NoTIM transgenic mouse model was developed to investigate this. To explore the

mechanism of FcγRIIB mediated inhibition in vivo, a series of mice exhibiting different

FcγRIIB status were treated with mAbs targeting murine CD20, CD19, NK1.1, CD8 and

CD25 and then relative depletion of lymphocytic populations assessed. The mechanism

of inhibition was then evaluated using a series of adoptive transfer models and pharma-

cokinetic studies.

In addition to impairing target cell depletion, FcγRIIB has been implicated in modulating

the adaptive immune response and boosting immunostimulatory mAb. Some early evi-

dence suggested if an immune complex binds to hFcγRIIB instead of activatory FcγRs,

it can result in reduced antigen presentation and DC maturation [260]. However later

evidence suggested that FcγRIIB was critical to producing a strong T cell independent

immune response; with the notion that hFcγRIIB can internalise unprocessed antigens

for presentation on the surface of B cells [261]. Moreover, in the context of immunostim-

ulatory mAbs, FcγRIIB expression has been reported to be critical for the agonistic effect

of certain mAbs, such as mAbs directed against CD40. Here, they have been found to

require hFcγRIIB for crosslinking and target receptor activation [308] [309].

Therefore, to assess the impact of the hFcγRIIB ITIM on the agonistic activity of immunos-

timulatory mAbs NoTIM mice were used, and compared to mFcγRII and hFcγRIIB Tg

mice with immune stimulation assessed using anti-CD40 mAb in an OT-I adoptive trans-

fer model. First the impact of the different inhibitory FcγRmodels on mAb-mediated target

cell depletion of target cells was assessed.
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4.2 Depletion of endogenous CD20+ B cells

To evaluate the impact of the different hFcγRIIB receptors on direct targeting mAbs in vivo,

murine B cells were depleted using the anti-mCD20 mAb 18B12. In these experiments

it was expected that B cell depletion would be more effective in NoTIM mice due to the

absence of inhibitory signalling. To test this hypothesis mice from the strains characterised

in the previous chapter were treated using a 5-fold dose escalation regimen of 18B12,

beginning with 2 µg and ending with 50 µg (Figure 4.1 A). First, mice were pre-bled to

establish the percentage of B cells in the periphery using flow cytometry (CD19+/B220+).

At subsequent time points mice were bled to analyse the percentage of B cells following

the administration of mAb, this was then normalised to the pre-treatment B cell percentage

baseline to ascertain depletion (Figure 4.1 B). Both the mIgG1 and mIg2a subclass were

utilised in separate experiments as they exhibit altered levels of FcγR interactions (Figure

4.1 C) and so allow the assessment of the hFcγRIIB in different contexts.

Figure 4.1: Experimental Plan for 18B12 B Cell Depletion Experiment
A) The dose escalation regimen for the depletion of CD20+. C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM
mice were pre-bled to establish the percentage of B cells at baseline (100%). Mice were then administered
18B12 I.V. and bleed regularly to monitor B cell depletion/recovery. B) The gating strategy used to identify B
cells (CD19+/B220+) as a percentage of total lymphocytes. C) The dissociation constants for mouse IgG1,
mouse IgG2a and human IgG1 for all mouse FcγRs and the human FcγRIIB. Data generated in-house by
Dr. Ian Mockridge by surface plasmon resonance (unpublished).
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4.2.1 18B12 mIgG1 Depletion

For the first set of experiments, 18B12 mIgG1 was utilised due to it’s sub-optimal engage-

ment of activatory FcγRs and therefore allowed the identification of any subtle differences

in depletion between strains (Figure 4.2). 2 µg of 18B12 is a relatively small dose of mAb,

however mFcγRII KO mice were responsive showing a mean decrease of 20% compared

to baseline on Day 2. No clear depletion was observed in any of the other mouse strains,

suggesting that the presence of an inhibitory receptor stopped depletion at this dose. After

treatment with 10 µg 18B12mIgG1, mFcγRII KOmice showed a mean 75% decrease in B

cells, whilst C57BL/6J and hFcγRIIB Tg mice dropped by 40%. Unexpectedly, the NoTIM

mice remained resistant with a smaller 20% drop in the percentage of B cells. By Day

21 (7 days after 10 µg of mAb), C57BL/6J and hFcγRIIB Tg showed a strong increase in

mean percentage B cells (77% and 67% B cells of baseline, respectively) whilst mFcγRII

KO remained depressed (43% of baseline) and NoTIM mice remained unchanged. After

50 µg, B cells were efficiently depleted in C57BL/6J, mFcγRII KO and hFcγRIIB Tg mice

whilst NoIM mice continued to show resistance to depletion.

On Day 31 (10 days after 50 µg mAb), the mice were culled and harvested to assess

depletion in the secondary lymphoid organs (spleen and iLN), key reservoirs of B cells

within mice (Figure 4.3). As seen within the periphery, B cell depletion was blunted in

both the spleen and iLN in NoTIM mice when compared to the other groups. hFcγRIIB Tg

and mFcγRII KO mice had similar percentage of B cells within the spleen, with C57BL/6J

lowest whilst hFcγRIIB Tg mice appeared to be slightly more resistant to depletion than

the C57BL/6J and mFcγRII KO mice in the iLN. Notably, the NoTIM mice were shown

to be most resistant to B cell depletion, despite the receptor being unable to elicit ITIM

mediated signalling.
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Figure 4.2: Depletion of peripheral CD20+ B cells using 18B12 mIgG1
A) C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice were pre-bled to establish the B cells as a per-
centage of lymphocytes (100%) and then subsequently treated with increasing doses of 18B12 mIgG1 via
intravenous injection as indicated (2 µg, 10 µg and 50 µg). Mice were bled in-between doses to ascertain the
percentage of B cell depletion. Line = mean. B) Depletion of peripheral B cells at each time point. The result
of 3 independent experiments (7 - 12 mice per group). Bar = mean. Statistical analyses conducted using the
Kruskal-Wallis test with Dunn’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P
≤ 0.0001.
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Figure 4.3: Depletion of splenic and lymph node CD20+ B cells using 18B12 mIgG1
A) C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice were treated with increasing doses of 18B12 mIgG1
via intravenous injection using a dose escalation regimen (2 µg, 10 µg and 50 µg). Mice were then culled on
Day 31 (10 days after 50 µg dose) and depletion of CD20+ B cells was analysed in the spleen and inguinal
lymph nodes (iLN) using flow cytometry. B) B cells within the spleen and iLN expressed as a percentage
of lymphocytes on Day 31. The result of 3 independent experiments (7 - 12 mice per group). Bar = mean.
Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test. *** = P ≤
0.001, **** = P ≤ 0.0001.

4.2.2 18B12 mIgG2a Depletion

To assess if the former observation was subclass dependent, the dose escalation exper-

iments were repeated using 18B12 mIgG2a. The mIgG2a subclass engages the activa-

tory mFcγRI and mFcγRIV with much higher affinity than mIgG1, therefore it would be

expected that inhibition elicited by hFcγRIIB would not be as strong (Figure 4.1).

On Day 2, after 2 µg of 18B12 mIgG2a, all groups had a mean 10-15% drop in B cells

except for NoTIM mice where the decrease was only 5% (Figure 4.4). B cell levels had

recovered by Day 7 in all mice, but two days after 10 µg of 18B12 (Day 9), NoTIM mice

were significantly more resistant to depletion than C57BL/6J and mFcγRII KO mice. This

trend continued at Day 14 with NoTIM mice B cell percentage (mean 84%) recovering sig-

nificantly faster than C57BL/6J (43%), mFcγRII KO (39%) and hFcγRIIB Tg mice (49%).

Two days after 50 µg 18B12 (Day 23), there was substantial depletion of peripheral B

cells in all mice, however NoTIM mice remained most resistant to depletion and recovered

fastest through to Day 31.

A harvest conducted on Day 31 showed that NoTIM mice were most resistant to B cell

depletion, with a significantly higher proportion of B cells in the spleens of NoTIM mice

than both mFcγRII KO and hFcγRIIB Tg mice (Figure 4.5). Within the iLNs, C57BL/6J,
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hFcγRIIB Tg and NoTIM mice had similar percentage of B cells. mFcγRII KO had a lower

mean B cell percentage than the other groups but this was not significantly different. This

suggests that the differences observed in depletion in the blood are also reflected in the

lymphoid tissues with respect to NoTIM mice.

Together, these experiments demonstrate that depletion of CD20+ B cells using both

18B12 mIgG1 and mIgG2a mAb was least effective in the non-signalling hFcγRIIB NoTIM

mouse. These data infer that inhibition of direct targeting mAb therapy by hFcγRIIB is

independent of ITIM signalling.

146



Chapter 4

Figure 4.4: Depletion of peripheral CD20+ B cells using 18B12 mIgG2a
C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIMmice were pre-bled to establish the B cells as a percentage of
lymphocytes (100%) and then subsequently treated with increasing doses of 18B12 mIgG2a via intravenous
injection (2 µg, 10 µg and 50 µg). Mice were bled in-between doses to ascertain the percentage of B cell
depletion. Line = mean. B) Depletion of peripheral B cells at each time point. The result of 2 independent
experiments (8 - 12 mice per group). Bar = mean. Statistical analyses conducted using the Kruskal-Wallis
test with Dunn’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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Figure 4.5: Depletion of splenic and lymph node CD20+ B cells using 18B12 mIgG2a
C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice were treated with increasing doses of 18B12 mIgG2a
via intravenous injection using a dose escalation regimen (2 µg, 10 µg and 50 µg). Mice were then culled on
Day 31 (10 days after 50 µg dose) and depletion of CD20+ B cells was analysed in the spleen and inguinal
lymph nodes (iLN) using flow cytometry. The result of 2 independent experiments (8 - 12 mice per group).
Bar = mean. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test.
** = ≤ 0.01, *** = P ≤ 0.001.

4.2.3 Internalisation of 18B12 mIgG1

Within the literature hFcγRIIB mediated internalisation of type I hIgG1 mCD20 mAbs has

been well characterised and linked to a reduction in mAb efficacy and worsened survival

outcomes in lymphoma patients [299] [302] [301]. However, there is a lack of information

regarding the internalisation of mAbs directed towards mCD20, including 18B12. As such,

differences in the rate of 18B12 mAb internalisation may have been responsible for the dif-

ferences in mAb mediated B cell depletion seen above. To investigate this, splenic B cells

were isolated from each mouse strain and incubated with fluorescently labelled 18B12

mIgG1. At key time points, a quenching mAb was used to abrogate the fluorescence of

any cell surface bound mAb. Anything internalised would not be quenched. By comparing

quenched and unquenched samples to samples taken at 0 hours, the percentage of mAb

internalisation can be estimated.

After two hours, there was little internalisation of 18B12 across cells from each mouse

model (Figure 4.6). After incubation for 6 hours, C57BL/6J, hFcγRIIB Tg and NoTIM B

cells showed a higher rate of internalisation thanmFcγRII KOB cells. This trend continued

at the 24 hour time point, with no significant difference in the internalisation rate between

strains.
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These data suggest that the presence of the mFcγRII or hFcγRIIB enhances the internal-

isation of 18B12 mIgG1 compared to when there is no inhibitory receptor. However, the

differences between the groups were non-significant and the maximal internalisation over

a 24 hour time period was only 40% suggesting that internalisation is unlikely to affect

mAb efficacy in a substantial manner.

Figure 4.6: Internalisation of 18B12 mIgG1 by isolated splenic B cells from different mouse strains
A) Splenic B cells were isolated from C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice and were in-
cubated with 5 µg/mL of AF488 labelled 18B12 mIgG1 for 2, 6 or 24 hours. At each time point samples
were taken and split into quenched (where cells were labelled with a quenching mAb against AF488) or un-
quenched. Samples were then assessed by flow cytometry to determine the percentage of internalisation
(quenched-unquenched) compared to a sample taken at 0 hour. B) Representative flow cytometry profiles
to show quenched (grey) vs unquenched (purple) at 0 hour and 24 hour from NoTIM B cells. C) The inter-
nalisation of 18B12 mIgG1 over a 24 hour time period. The result of 3 independent experiments (repeated in
triplicate). Bar = mean ± SD. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple
comparison test. Groups were not statistically significant.
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4.2.4 Pharmacokinetics of 18B12 mIgG1

hFcγRIIB has also been implicated in the regulation of mAb half life. This is broadly

related to expression on LSECs, which play a critical role in the removal of small immune

complexes [242]. It has also been shown that NOD-SCID mice (which exhibit decreased

FcRn expression and the absence of circulating IgG) have decreased mAb half life for

certain IgG isotypes/subclasses, due to an effect of mFcγRII [364]. Therefore, it was

considered that differential expression levels of mFcγRII and hFcγRIIB within the mouse

models could have resulted in differential regulation of mAb half life and there in target cell

depletion.

To investigate this, mice were given a bolus of 50 µg 18B12 mIgG1 via intravenous injec-

tion and serially bled over a five day period to ascertain the concentration of free 18B12

mIgG1 in the sera. B cell depletion was assessed using flow cytometry and 18B12 mIgG1

concentration was analysed using a bioassay (π-BCL1 cell line binding assay).

Depletion of B cells within the periphery followed a similar pattern to that observed in the

dose escalation experiments (Figure 4.7 A and C). At the 1 hour time point, all groups

experienced substantial B cell depletion. By 6 hours, the NoTIM and hFcγRIIB Tg B cells

had recovered towards baseline whilst C57BL/6J and mFcγRII KO B cells recovered but

to a lesser extent. At 24 hours post treatment, C57BL/6J peripheral B cells had made

a significant recovery, with similar percentage to NoTIM and hFcγRIIB Tg mice, whilst

mFcγRII KO remained depleted. At 48 and 96 hours, peripheral B cells in the NoTIM mice

continued to remain resistant to depletion whilst peripheral B cells in the C57BL/6J and

hFcγRIIB Tg mice continued to be depleted.

Analysis of mAb concentration within the serum showed that the presence of either the

mFcγRII or hFcγRIIB reduced the levels of circulating 18B12 mIgG1 compared to levels

in mFcγRII KO mice (Figure 4.7 B and D). At 1 hour, there was similarly high levels of

18B12 mIgG1 across all mice. From 6 hours onward, C57BL/6J, hFcγRIIB Tg and NoTIM

mice had similar concentrations of 18B12 within the periphery, whilst mFcγRII KO mice

had notably more. At 6 hours, NoTIM mice had significantly less 18B12 mIgG1 in the

periphery than mFcγRII KO mice. Statistical significance was then lost between groups

until the 96 hour time point where both C57BL/6J and NoTIM mice had significantly less

18B12 mIgG1 in the serum than in mFcγRII KO mice.
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To investigate links between depletion and mAb concentration, pharmacokinetic param-

eters were calculated for each mouse (Figure 4.8 A). The half life (t1/2) of 18B12 mIgG1

was consistent across groups, with C57BL/6J mice having a slightly lower average t1/2
than other mice. The area under the curve (AUC0-t) gives an indication of the exposure

to mAb throughout the experiment. Again, C57BL/6J mice had a slightly lower AUC sug-

gesting a lower overall exposure compared to other groups, however the range of values

overlapped. mFcγRII KO mice had the highest AUC0-t but this was not significantly differ-

ent compared with other groups. The volume of distribution (Vz) indicates the distribution

of mAb across tissues and was found to be equal across mice. The mAb clearance (CL)

was greater in C57BL/6J and NoTIM mice compared to mFcγRII KO and hFcγRIIB Tg

mice. Overall, these data suggest that both mFcγRII and hFcγRIIB may be driving greater

clearance of 18B12 mIgG1 compared to mice which lack any inhibitory receptor but the

differences are not sufficient to explain the effects on depletion.

Correlating peripheral B cell depletion and concentration of 18B12 mIgG1 at key time

points showed no relationship (Figure 4.8 B). This was clear at both 6 hours and 48 hours,

with the relationship between parameters weak with low R2 values. To assess whether

the concentrations of mAb in the serum were sufficient to saturate binding of mCD20, a

dose-response of the binding of 18B12 mIgG1 to murine splenic B cells was analysed

by flow cytometry (Figure 4.8 C). It is clear that in mFcγRII KO, hFcγRIIB Tg and NoTIM

mice that 18B12 binds equally between groups and saturates at 2.5 µg/mL. This suggests

that despite mFcγRII KO having a slightly higher peripheral blood (serum) concentration

of 18B12 mIgG1, binding sites were likely to be equally saturated across all mice across

the 96 hour period. Finally, to explore the relationship between receptor expression and

half-life, the geometric mean of hFcγRIIB+ B cells was correlated to mAb t1/2 in hFcγRIIB

Tg and NoTIM mice (Figure 4.8 D). It was found that there was no relationship between

these two factors suggesting that mAb half life was not related to hFcγRIIB expression

level.
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Figure 4.7: The kinetics of 18B12 mIgG1 mediated depletion and availability within peripheral blood
A) C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice were treated with an intravenous bolus of 50 µg
18B12 mIgG1 and then bled at 1, 6, 24, 48 and 96 hours to assess depletion by flow cytometry. Line = mean.
B) 18B12 mIgG1 concentration was also assessed using the π-BCL1 cell binding assay to calculate serum
concentration of 18B12. Line = mean± SD. C) The depletion at each individual time point across groups. Bar
= mean ± SD. D) The 18B12 concentration at each time point. The result of 2-3 independent experiments
(6 - 9 mice per group). Bar = mean ± SD. Statistical analyses conducted using the Kruskal-Wallis test with
Dunn’s multiple comparison test * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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Figure 4.8: Pharmacokinetic parameters of mice treated with 18B12 mIgG1
A) C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice were treated with an intravenous bolus of 50 µg
18B12 mIgG1 and then bled at 1, 6, 24, 48 and 96 hours to assess depletion and peripheral 18B12. Phar-
macokinetic parameters for each mice were calculated using PKSolver based on an I.V. model with non-
compartmental analysis [337]. t1/2 = half-life, AUC0-t = Area under curve, Vz = volume of distribution, CL =
clearance. B) Correlation data of 18B12 within the periphery against B cell depletion at 6 hour and 48 hour
time point. C) B cells were isolated from each respective mouse model and incubated with varying concen-
trations of 18B12 mIgG1. Bound 18B12 was then detected using a specific fluorescently labelled mAb by
flow cytometry. The binding curve of 18B12 mIgG1 on splenic B cells isolated from mFcγRII KO, hFcγRIIB
Tg and NoTIM mice. D) Correlation of 18B12 half-life and the geometric mean of hFcγRIIB on positive B cells
from hFcγRIIB Tg and NoTIM mice. The result of 2 - 3 independent experiments ( 6 - 9 mice per group).
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4.2.5 hFcγRIIB expression and inhibition of CD20+ B cell depletion

As a result of these last two experiments, the differences seen in the depletion of CD20+

B cells in each mouse model were considered unlikely to be linked to internalisation of

18B12 or modulation of half-life in vivo. A retrospective analysis of the dose escalation

experiments highlighted some interesting findings. In both the mIgG1 and mIgG2a data, it

was clear that two and nine days after the 10 µg dose of mAb (D9 and D14), that hFcγRIIB

Tg mice split into two groups (Figure 4.2, Figure 4.4). One group, termed ’responders’,

had a depletion profile similar to that seen in mFcγRII KO mice. The other group termed

’non-responders’, had a depletion profile similar to NoTIM mice. This effect was most

pronounced using mIgG1, most likely due to the sub-optimal depletion of CD20+ B cells.

As discussed in Chapter 3, hFcγRIIB Tg mice have a mosaic expression pattern on most

cell types and tend to have a lower expression of hFcγRIIB compared to NoTIM mice as

measured using the fluorescence geometric mean. Taking the D14 time point for hFcγRIIB

Tg mice treated with 18B12 mIgG1 and correlating depletion with both transgene expres-

sion and geometric mean, the data suggests that the higher the geometric mean of the

hFcγRIIB+ population, the more resistance there is to B cell depletion (Figure 4.9 B). The

R2 value of 0.6072 suggests that there is a moderate correlation. When correlating the

percentage transgene expression on B cells with B cell depletion, a relationship between

these two factors suggests the higher the proportion of transgene expressing cells, the

more resistance there is to depletion (R2 0.5019). This relationship was also observed at

D9 and D23 (data not shown).

The mIgG2a subclass is more efficient at eliciting target cell depletion due to its ability

to better engage activatory FcγRs. As a result the difference between ’responders’ and

’non-responders’ was not as stark and the correlations in these experiments were not as

robust (Figure 4.9 D).

Due to the intensive bleed schedule in the dose escalation experiments it was not possi-

ble to collect enough blood to also examine the myeloid population. Because the myeloid

population drive mAb effector functions, hFcγRIIB expression on these cells is likely to

influence mAb depletion more than expression on B cells. Therefore to see how relevant

the expression of hFcγRIIB on B cells are to the myeloid population, a retrospective anal-

ysis of immunophenotyping data was conducted on hFcγRIIB mice (Figure 4.9 E). It was

found that the percentage transgene expression on CD11B+ cells correlated strongly with
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the transgene expression as measured on CD19+ cells (R2 = 0.7558). This suggests that

transgene expression on B cells equates to that seen on CD11B+ myeloid cells. To under-

stand if this was the same with geometric mean, the hFcγRIIB+ population from hFcγRIIB

Tg mice on both splenic Ly6C high monocytes and B cells were correlated (Figure 4.9 F).

It was found that there was a positive relationship between both factors, indicating the

higher the MFI on B cells, the higher the MFI on Ly6C high monocytes.

Taken together, these data suggested that hFcγRIIB inhibits anti-mCD20 mAb therapy

independently of ITIM signalling. Differences in depletion seen between hFcγRIIB Tg and

NoTIM mice are unlikely to be due to differences in mAb internalisation or mAb pharma-

cokinetics. Rather, inhibition appeared to be driven by the level of expression - the higher

the geometric mean and/or the transgene expression, the more resistant hFcγRIIB Tg

mice were to B cell depletion.
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Figure 4.9: Correlation between transgene expression, geometric mean of hFcγRIIB and depletion in
hFcγRIIB Tg mice
A) C57BL6J, mFcγRII KO, hFcγRIIB Tg and NoTIM mice were pre-bled to establish the B cells as a per-
centage of lymphocytes (100%) and then subsequently treated with increasing doses of 18B12 mIgG1 via
intravenous injection (2 µg, 10 µg and 50 µg). Mice were bled in-between doses to ascertain the percentage
of B cell depletion. The depletion on Day 14, 7 days after treatment with 10 µg of mAb (result of 3 inde-
pendents experiments, 7- 12 mice per group). Purple circle indicates ’responders’, blue circle indicates ’non-
responders’. Line = Mean. B) The correlation between B cell depletion and geometric mean of hFcγRIIB+
positive cells and transgene expression on peripheral B cells from mice treated with 18B12 mIgG1. C) Mice
were treated as above but with 18B12 mIgG2a. Depletion on Day 14. 7 days after treatment with 10 µg of
mAb (result of 2 independents experiments, 8 - 12 mice per group). Purple circle indicates ’responders’, blue
circle indicates ’non-responders’. Line = Mean. D)The correlation between B cell depletion and geometric
mean of hFcγRIIB+ positive cells and transgene expression on peripheral B cells from mice treated with
18B12 mIgG2a. E) The correlation between transgene expression on CD19+ cells and CD11B+ cells from
immunophenotyped hFcγRIIB Tg mice. F) The correlation between hFcγRIIB+ MFI on splenic Ly6C high
monocytes and splenic B cells. Statistical analyses conducted using the Kruskal-Wallis with Dunn’s multiple
comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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4.3 Adoptive B cell transfer models to elucidate the mecha-

nism of hFcγRIIB mediated inhibition of direct targeting

mAb therapy

In the previous experiments detailed above, it was established that the non-signalling

hFcγRIIB was able to inhibit the direct targeting mAb 18B12 from depleting B cells inde-

pendently of ITIM signalling.

To expand these observations to other mAbs and deduce if inhibition was driven by expres-

sion of hFcγRIIB on effector cells or target cells, two adoptive B cell transfer models were

developed (Figure 4.10). In the first set of experiments, murine B cells expressing both

the NoTIM receptor and hCD20 were adoptively transferred into mFcγRII KO recipients.

This was to assess the contribution of hFcγRIIB on target cells to inhibition of depletion

with the clinically relevant anti-hCD20 mAb rituximab. In the second set of experiments,

murine B cells expressing hCD20 but deficient in mFcγRII were adoptively transferred

into mFcγRII KO and NoTIM hosts to understand the contribution of hFcγRIIB on effector

cells.

4.3.1 Importance of hFcγRIIB expression on target cells for inhibition of
direct targeting mAb therapy

In the first system, mFcγRII KO mice were adoptively transferred with target B cells ex-

pressing NoTIM hFcγRIIB/hCD20 and non-target B cells from mFcγRII KO mice on day

0 (Figure 4.11 A). This system was designed to show if the NoTIM receptor is only ex-

pressed on the target cells, does it elicit inhibition. On day 1, mice were then treated with

2 mg/kg of 6G11 hIgG1 (6G) (hFcγRIIB blocking mAb), 6G11 NQ (6Q) (hFcγRIIB block-

ing mAb, Fc null variant) or isotype control to target the NoTIM receptor to assess if these

mAbs could improve target cell depletion. On day 2, mice were then treated with 2 mg/kg

rituximab hIgG1 (RTX) (anti-hCD20) to deplete hCD20 expressing target cells.

On day 3 a harvest was conducted to assess depletion of the adoptively transferred cells

by examining the target:non-target (T:NT) ratio (Figure 4.11 C). It was found depletion was

similar across the blood, spleen and bone marrow (Figure 4.11 B). RTX alone resulted in

depletion of approximately half of all target cells, indicating that NoTIM expression on the
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Figure 4.10: Adoptive B cell transfer experimental setup
A) Mice were adoptively transferred non-target (NT) and target (T) (expressing hCD20) splenocytes labelled
with low (+) and high (++) levels of CFSE respectively at a 1:1 ratio. On Day 1/Day 2 , mice were treated with
a hFcγRIIB blocking antibody via I.P injection. The following day (or later that day) mice were treated with
2 mg/kg rituximab. Target cell depletion was then assessed on Day 3. B) On Day 0, NT and T cells were
labelled with low and high levels of CFSE and checked by flow cytometry to ensure at a 1:1 ratio and that they
expressed hCD20. C) At harvest, NT and T B cells were identified by expression of CD19+/B220+/CFSE+.
Isotype mice approximately maintained a 1:1 ratio, target depletion resulted in a decrease in the T population.

target cells does not inhibit target cell depletion. 6G alone resulted in the near complete

depletion of all target cells, indicating that hFcγRIIB may be a good target for mAb medi-

ated depletion. In contrast, 6Q monotherapy had little effect. The combination of 6G with

RTX did not improve depletion as 6G was so effective as a monotherapy. The addition of

6Q to RTX did not improve depletion after RTX alone. This data suggests that 6G works

effectively as direct targeting mAb in this system. This is likely due to the mAb being a WT

hIgG1 and having the ability to engage activatory mFcγRs. hFcγRIIB is also expressed

highly on target cells, providing plenty of F(ab) binding sites. In contrast, 6Q did not im-

158



Chapter 4

prove target cell depletion most likely because the Fc null mutation (N297Q) abrogates

interactions with activatory mFcγRs. Also, it is unlikely in this experimental system that

hFcγRIIB mediated internalisation of RTX had any potential negative impact, hence 6Q

did not impact depletion.

The expression of activatory mFcγRs was also analysed on key immune effector cells

within the spleen and bone marrow (Figure 4.11 C and D). Across each treatment group,

there was no difference in the detection of activatory mFcγRs, suggesting they are avail-

able equally to interact with direct targeting mAbs in each scenario. These data suggest

that hFcγRIIB expression on target cells is not responsible for inhibition of anti-hCD20

mAb mediated depletion in the NoTIM mouse.
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Figure 4.11: Adoptive transfer of mFcγRII KO B cells and NoTIM/hCD20 B cells into mFcγRII KO recipients followed by treatment with hFcγRIIB blocking mAbs and rituximab
A) mFcγRII KO B cells (non-targets) and NoTIM/hCD20 B cells (targets) labelled with low or high CFSE respectively were adoptively transferred into mFcγRII KO recipients on Day 0.
On Day 1, mice were treated with either 2 mg/kg of hFcγRIIB blocking mAb hIgG1 (6G), N297Q mutation (6Q), or isotype. On Day 2, mice were treated with 2 mg/kg rituximab hIgG1 or
isotype control (Irr) and then harvested on Day 3 to assess depletion of target cells. B) The Target:Not-Target (T:NT) ratio of depletion in the blood, spleen and bone marrow. The result
of two independent experiments (6 mice per group). Line = mean ±SD. Statistical analyses conducted using a one-way ANOVA with Sidak’s multiple comparison test. Significance was
compared between isotype/rituximab monotherapy and other treatment groups C) Representative expression profile of mFcγRIV on splenic macrophages from each treatment group.
D) The plotted MFI of each activatory mFcγR from key immune cells within the spleen. Bar = mean ±SD. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple
comparison test. * = P ≤ 0.05, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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4.3.2 Importance of hFcγRIIB expression on effector cells for inhibition of
direct targeting mAb therapy

In the second system, mFcγRII KO andNoTIMmice were adoptively transferred with target

mFcγRII KO B cells expressing hCD20 and non-target mFcγRII KO B cells (Figure 4.12

A). This was to assess if the NoTIM receptor on effector cells was responsible for inhibition

of target cell depletion. On day 1 and day 2, mice were then treated with 20 mg/kg of 6G,

6Q or isotype control to systemically block the NoTIM receptor throughout mice. 6 hours

later, mice were then treated with 2 mg/kg RTX to opsonise hCD20 expressing target cells

for depletion. On day 3, a harvest was conducted to assess the T:NT ratio.

In mFcγRII KO mice, RTX depleted approximately half of all target cells (Figure 4.12 B)

- akin to that seen in the previous experiment. When repeated in NoTIM mice, RTX ther-

apy reduced the ratio to approximately 0.75 - 0.80, showing clear resistance to depletion.

Both 6G and 6Qmonotherapy depletion resulted in no target cell deletion due to the lack of

hFcγRIIB on the target cells. When 6G was combined with RTX, there was no improve-

ment over RTX alone. However, when 6Q was combined with RTX, depletion of target

cells was restored to the same level as seen in mFcγRII KO mice, suggesting that 6Q

overcomes hFcγRIIB mediated inhibition of depletion in NoTIM mice.

As before, activatory mFcγRs were examined on immune effector cells. The addition of

6G (as a monotherapy or in combination) resulted in a significant drop in the detection of

both mFcγRIII and mFcγRIV on key immune cells (Figure 4.12 C and D). These included

splenic and bone marrow derived populations, with the effect most notable on splenic

macrophages and Ly6C low monocytes (Figure 4.12 D). In the bone marrow, a significant

decrease in the detection of activatory mFcγRs was noted on macrophages, Ly6C high

monocytes and Ly6C low monocytes (Figure 4.13). The same effects were not observed

with the 6Q mAb, nor in mFcγRII KO recipient mice.

Taking these data together, it was concluded that inhibition of target cell depletion was

elicited by hFcγRIIB expression on immune effector cells. The addition of 6G did not im-

prove RTX therapy, despite blocking hFcγRIIB. This is most likely because 6G is a hIgG1

with a functional Fc that is able to concurrently block hFcγRIIB and activatory mFcγRs,

reducing interactions with RTX. In contrast, 6Q overcomes hFcγRIIB mediated inhibition

because it blocks the inhibitory receptor and does not block any additional FcγRs, en-

abling RTX to bind efficiently with activatory mFcγRs and elicit target cell depletion.
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Figure 4.12: Adoptive transfer of mFcγRII KO B cells and mFcγRII KO/hCD20 B cells into mFcγRII KO and NoTIM recipients followed by treatment with hFcγRIIB blocking mAbs and
rituximab
A) mFcγRII KO B cells (non-targets) and mFcγRII KO/hCD20 B cells (targets) labelled with low and high CFSE respectively were adoptively transferred into mFcγRII KO and NoTIM
recipients on Day 0. On Day 1 and Day 2 am, mice were treated with 20 mg/kg of either hFcγRIIB blocking mAb hIgG1 (6G), N297Q mutation (6Q), or isotype. 6 hours later, mice were
treated with 2 mg/kg rituximab hIgG1 or isotype control (Irr) and then harvested on Day 3 to assess depletion of target cells. B) The Target:Not-Target (T:NT) ratio of depletion in the blood,
spleen and bone marrow. The result of 2 - 3 independent experiments (6 - 9 mice per group). Line = mean ±SD. Statistical analyses conducted using a one-way ANOVA with Sidak’s
multiple comparison test. Significance was compared between isotype/rituximab monotherapy and other treatment groups C) Representative expression profile of mFcγRIV on NoTIM
splenic macrophages from each treatment group. D) The plotted MFI of each activatory mFcγR from key immune cells within the spleen. Bar = mean ±SD. Statistical analyses conducted
using a one-way ANOVA with Tukey’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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Figure 4.13: Activatory mFcγR profile on key immune cells within the spleen (sp) and bone marrow (BM)
following adoptive transfer of mFcγRII KO B cells and mFcγRII KO/hCD20 B cells into mFcγRII KO and
NoTIM recipients
A) mFcγRII KO B cells (non-targets) and mFcγRII KO/hCD20 B cells (targets) labelled with low and high
CFSE respectively were adoptively transferred into mFcγRII KO and NoTIM recipients on Day 0. On Day
1 and Day 2 am, mice were treated with either 20 mg/kg of hFcγRIIB blocking mAb hIgG1 (6G), N297Q
mutation (6Q), or isotype. 6 hours later, mice were treated with 2 mg/kg rituximab hIgG1 or isotype control
(Irr) and then harvested on Day 3 to assess depletion of target cells. The detection of activatory mFcγR on
key immune cells was then analysed in the spleen and bone marrow in mice to assess changes. Sp = spleen,
BM = bone marrow. The result of 2 - 3 independent experiments (6 - 9 mice per group). Bar = mean ±SD.
Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test. * = P ≤ 0.05,
** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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4.4 Importance of hFcγRIIB on the depletion of other periph-

eral immune cells

To understand if these observations were unique to anti-CD20 mAb mediated depletion

of B cells, a series of dose escalation experiments were designed to deplete other target

cells with relevant mAbs. The depletion of CD19+, NK1.1+,CD8+ and CD25+ cells were

assessed in mFcγRII KO, hFcγRIIB Tg and NoTIM mice.

4.4.1 CD19+ cell depletion

The depletion of CD19+ B cells was achieved by using the mAb clone 1D3 [329]. CD19

is a transmembrane glycoprotein found on B cells that positively regulates BCR signalling

and is highly expressed on some lymphomas making it an attractive target for cancer

mAb therapy [365]. It was hypothesised that depletion of CD19+ B cells would follow a

similar pattern to CD20+ depletion. To identify B cells, mice were pre-bled and stained for

CD20+/B220+, this was then established as the baseline percentage of B cells (100%).

In the pilot experiment, mFcγRII KO and NoTIM mice were treated intravenously with

increasing doses of 1D3 mIgG1 (Figure 4.14 A). Two days after treatment with 50 µg 1D3

mIgG1 (D2), both NoTIM and mFcγRII KO mice showed little B cell depletion (2 - 8%). On

Day 5, mice were subsequently treated with 100 µg and maximal depletion of 30% was

seen in mFcγRII KO mice. A second dose of 100 µg mIgG1 given on Day 10 failed to

increase depletion further. In an attempt to elicit more impressive depletion, two further

doses of 50 µg and 200 µg of the mIgG2a subclass of 1D3 was given on Day 17 and Day

21. Having failed to see robust depletion, mice were treated with 250 µg of 18B12 mIgG2a

on Day 27 to see if there was general resistance to B cell depletion. In most mice, there

was near complete depletion of B cells. These data suggest that 1D3 is a poor depleting

mAb and requires far larger doses to give significant target cell depletion.

To confirm this, the experiment was repeated using a bolus of 250 µg 1D3 mIgG2a given

I.V. on Day 0 in mFcγRII KO, hFcγRIIB Tg and NoTIM mice (Figure 4.14 B). Over a period

of a week, depletion was again poor with little differences between groups. To understand

what was happening, seven days following treatment with mAb, blood was stained using a

labelled mAb specific for mIgG (Figure 4.14 C). A second sample of blood from the same
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mice was then stained with unlabelled 1D3 mIgG2a and subsequently with a labelled

mAb specific for mIgG. This was to ascertain how much 1D3 mIgG2a was already pre-

bound to cells in the blood and the total amount of CD19 on the cell surface that could be

detected with 1D3. Mice treated with 1D3 showed little CD19 present on the cell surface.

A treatment naïve mouse (UT) showed 3 fold higher level of cell surface expression of

CD19 compared to those treated with 1D3. These data suggest that 1D3 mAb therapy

results in the rapid internalisation of CD19, making 1D3 mAb therapy ineffective.

Figure 4.14: Depletion of CD19+ B cells in mFcγRII KO and NoTIM mice using 1D3 mIgG1 and mIgG2a
A) mFcγRII KO and NoTIM mice were pre-bled to establish the B cells (CD20+B220+) as a percentage of
lymphocytes (100%) and then subsequently treated with increasing doses of 1D3 mIgG1 and mIgG2a via
intravenous injection. Mice were bled in-between doses to ascertain the percentage of B cell depletion.
B) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were pre-bled to establish the B cells (CD20+B220+) as a
percentage of lymphocytes (100%) and then subsequently treated with a bolus of 250 µg 1D3 mIgG2a via
intravenous injection. Mice were bled to ascertain the percentage of B cell depletion. The result of one
independent experiment (2 - 3 mice per group). Line = mean. C) Blood from mice treated with a bolus of 250
µg 1D3 mIgG2a was taken on Day 7 and stained using a labelled secondary mAb specific for mIgG. Blood
was also incubated with excess 1D3 mIgG2a and then stained with the secondary mAb. Treated mice (KO,
TG, NT) were then compared to an untreated mouse (UT).
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4.4.2 NK1.1+ cell depletion

The mAb clone PK136 was next used to deplete NK1.1+ cells within the periphery, an

antigen expressed on NK cells of C57BL/6J mice [331]. NK1.1 is thought to be involved

in the regulation of NK cell function and is considered a good target for NK cell depletion

[366]. Mice were pre-bled to establish the baseline NK cell percentages by identifying

CD3-NKp46+ cells. Mice were then treated intravenously with 2 µg and then 10 µg of

PK136 mIgG2a, with regular bleeding to ascertain NK cell depletion (Figure 4.15 A).

Two days after 2 µg of PK136, all mouse groups had a substantial decrease in NK cells,

with mFcγRII KO mice displaying the biggest decrease (Figure 4.15 B). Over a two week

period, NK cells slowly recovered, with hFcγRIIB Tg and NoTIMmice recovering at a faster

rate than mFcγRII KO mice. After 10 µg of PK136 mIgG2a, all mice had a decrease

in NK cells, with mFcγRII KO mice having the biggest drop. hFcγRIIB Tg and NoTIM

mice had similar levels of NK cell depletion. At harvest on Day 21, NoTIM mice had the

highest proportion of NK cells as a percentage of CD3-NKp46+ cells within the blood and

iLN compared to other mouse models (Figure 4.15 C). However, NoTIM mice still showed

significant depletion within the blood compared to untreated mice. In the spleen hFcγRIIB

Tg mice had minimal depletion of NK cells compared to untreated mice, whilst NoTIMmice

showed some depletion. In mFcγRII KO mice, NK cells were consistently depleted across

all organs.

In summary, PK136 mIgG2a was shown to efficiently deplete NK cells at low doses, with

mFcγRII KO being most susceptible to depletion with hFcγRIIB Tg and NoTIM having sim-

ilar levels of inhibition, although the extent of this inhibition varied between tissues. These

data suggest that hFcγRIIB mediated inhibitory signalling is not required for resistance to

mAb mediated NK cell depletion.
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Figure 4.15: Depletion of NK1.1+ cells in mFcγRII KO, hFcγRIIB Tg and NoTIM mice using PK136 mIgG2a
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were pre-bled to establish baseline NK cells (CD3-NKp46+) as
a percentage of lymphocytes (100%) and then subsequently treated with increasing doses of PK136 mIgG2a
via intravenous injection. Mice were bled in-between doses to ascertain the percentage of NK cell depletion.
B) The kinetics of depletion following treatment with 2 µg and 10 µg PK136 mIgG2a. The result of one
independent experiment (4 mice per group). Line = mean. C) Mice were harvested on Day 21 and depletion
was ascertained in the blood. inguinal lymph nodes (iLN) and spleen by comparing to untreated mice. Bar =
mean ±SD.

4.4.3 CD8+ cell depletion

Next, depletion of CD8+ cells was evaluated. These cells were depleted using the mAb

clone YTS169.4 [330]. CD8 acts as a co-receptor for the TCR on CTLs but can also

be found on NK cells [367]. Mice were pre-bled to establish the baseline percentage of

CD8+ cells by identifying CD3+CD4- negative cells (Figure 4.16 A). Mice were then treated

intravenously with YTS169.4 mIgG1 or mIgG2a and were bled regularly to ascertain the

kinetics of depletion.

In a pilot experiment, mFcγRII KO and NoTIM mice were treated with a 50 µg bolus of

YTS169.4 mIgG1 (Figure 4.16 B). Surprisingly, strong depletion was observed in both
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mouse models and nearly 60 days after treatment with mAb, CD8+ cells within the pe-

riphery had only recovered to a mean 40% of baseline. At the time it was hypothesised

that the mIgG1 subclass may have driven an agonistic effect when bound to CD8, acti-

vating the cell and driving it out of the periphery and/or into activation-induced cell death.

It was decided to repeat the experiment using the mIgG2a subclass and at much lower

doses (Figure 4.16 C). mFcγRII KO, hFcγRIIB Tg and NoTIM mice were treated with 2 µg

of mAb and bled two days later. Depletion was robust in all mouse models, with slightly

more depletion on average in mFcγRII KO mice than the other groups. Mice were further

treated with 10 µg of mAb on Day 14 and all groups experienced further strong depletion

with little difference between strains. The experiment was repeated with FcR-γ-chain KO

mice. These mice are deficient for the common γ-chain, critically required for the expres-

sion of activatory FcγRs. mAb therapy in these mice was ineffective, showing an absolute

requirement for activatory FcγRs to elicit mAb mediated depletion of CD8 cells. These

observations reduce the likelihood that the observed loss of CD8 cells was a result of a

signalling phenomenon rather than effector cell depletion.

Mice were subsequently culled on Day 24 to examine depletion across blood, iLN and the

spleen (Figure 4.16 D). Depletion was equal across the blood and spleen of each strain.

NoTIMmice had slightly more CD8+ cells within the iLN thanmFcγRII KOmice but this was

non-significant (mean 12% vs 9%, respectively). γ-chain KO and untreated mice had high

levels of CD8+ cells, showing that the other mouse models had robust depletion of CD8+

cells. Overall, it was concluded that YTS169.4 was a very effective depletor of CD8+ cells

and made it difficult to see differences between mouse models whether they expressed

an ITIM signalling functional or non-functional hFcγRIIB. Nevertheless in both hFcγRIIB

Tg and NoTIM mice, peripheral deletion appeared equivalent and less effective than in

the mFcγRII KO mouse at the 2 µg dose, supporting the observation that an hFcγRIIB

without an ITIM is sufficient to impair target cell deletion.
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Figure 4.16: Depletion of CD8+ cells in mice using YTS169.4 mIgG1 and mIgG2a
A) γ-chain KO (γ-KO), mFcγRII KO (KO), hFcγRIIB Tg (Tg) and NoTIM (NT) mice were pre-bled to establish
baseline CD8+ cells (CD3+CD4-) as a percentage of lymphocytes (100%) and then subsequently treated with
YTS169.4 mIgG1 or mIgG2a via intravenous injection. Mice were bled doses to ascertain the percentage
of CD3+CD4- cell depletion. B) The kinetics of depletion following treatment with 50 µg YTS169.4 mIgG1.
The result of one independent experiment (2 - 3 mice per group). Lime = mean. C) The kinetics of depletion
following treatment with 2 µg and 10 µg YTS169.4 mIgG2a. The result of one independent experiment (2
- 4 mice per group). Line = mean. D) Mice treated with YTS169.4 mIgG2a were harvested on Day 24 and
depletion was ascertained in the blood, inguinal lymph nodes (iLN) and spleen by comparing to untreated
mice (UT). Bar = mean ±SD.
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4.4.4 CD25+ cell depletion

Next, depletion of Treg cells was considered. The mAb PC61 binds to CD25, also known

as the IL-2 receptor α-chain, a target that is found constitutively expressed on Treg cells

[332]. The depletion of Treg cells is an active area of research and FcγRs have been

shown to be critical for mAb-mediated depletion [368] [369]. Mice were treated with a

bolus of 250 µg of rat (r)IgG1 PC61 or isotype control via intraperitoneal injection. The

kinetics of Treg depletion were then monitored over a week with a harvest conducted on

Day 7 to look at depletion within the iLN and spleen (Figure 4.17 A). To identify Treg cells,

peripheral blood was stained for CD4+, CD8+ and the intracellular transcription factor

FOXP3 (Figure 4.17 B).

mFcγRII KO, hFcγRIIB Tg and NoTIM mice experienced significant depletion of Treg
cells on Day 2, compared to isotype control (Figure 4.17 C). However between treatment

groups, NoTIMs had significantly more peripheral Treg cells remaining than hFcγRIIB Tg

and mFcγRII KO mice. By Day 4, all treatment groups had a significant decrease in pe-

ripheral Treg cells compared to isotype control whilst NoTIM mice still had significantly

more Treg cells than treated mFcγRII KO and hFcγRIIB Tg mice.

On Day 7, a harvest was conducted (Figure 4.17 C). Within the blood and spleen, all

treatment groups were significantly depleted compared to isotype, whilst NoTIM mice had

significantly more Treg cells than mFcγRII KO mice. Within the iLN, all treatment groups

had significant depletion of Treg cells compared to isotype treated mice, with no significant

difference between treatment groups. These experiments indicate that the non-signalling

hFcγRIIB is able to inhibit direct targeting CD25 mAb depletion more effectively than the

signalling competent hFcγRIIB.
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Figure 4.17: Depletion of CD25+ T regulatory cells in mice using PC61 rIgG1
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were treated with an intraperitoneal bolus of 250 µg PC61
rIgG1 or isotype control (AT 107-2) and were bled over a week to monitor depletion of Treg cells. B) Treg
cells were identified using flow cytometry based on CD4+ and FOXP3+ expression. C) The depletion kinetics
of Treg cells within the peripheral on Day 2 and Day 4, and at harvest on Day 7 within the blood, iLN and
spleen. The result of three independent experiments (12 - 36 mice per group). Line = mean ±SD. Statistical
analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test. * beneath mFcγRII KO,
hFcγRIIB Tg and NoTIM mice denote significance between treatment groups and isotype treated mice. *
above treatment groups denote significance between treated mouse models. * = P ≤ 0.05, ** = ≤ 0.01, ****
= P ≤ 0.0001.
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4.5 hFcγRIIB mediated mAb agonism of CD40+ cells

In the previous experiments documented in this chapter, it was demonstrated how

hFcγRIIB elicits inhibition of direct targeting mAb therapy to various cell types and through

different cell surface receptors. hFcγRIIB has also been shown to be critical for the ag-

onistic activity of mAbs directed towards immunostimulatory targets such as those in the

TNFR super family [308] [309] [145] [144]. These targets normally require receptor cluster-

ing to elicit signalling, a role typically reserved for the receptor’s trimeric ligand. hFcγRIIB

has been demonstrated to aid receptor clustering of mAbs directed against TNFR family

members, by binding the Fc on the mAb to serve as a scaffold to mimic receptor clustering

mediated by the ligand.

To investigate how the non-signalling hFcγRIIB expressed in the NoTIMmouse would per-

form this function, the OT-I adoptive transfer and OVA immunisation model was utilised in

conjunction with the mAb clone 3/23, directed against mCD40 [370]. The OT-I transgenic

mouse contains a transgenic TCR (Tcra-V2 and Tcrb-V5) found on CD8+ cells designed

to recognise OVA residues 257-264 presented via MHC-I (H2Kb). Residues 257-264 form

the well characterised SIINFEKL peptide. Splenocytes can be adoptively transferred from

OT-I transgenic mice into C57BL/6J recipients in order to study the CD8+ T cell response

to the model antigen OVA [336]. The OT-I model has commonly been used to study TNFR

agonism as responses to OVA alone in the OT-I model are poor and require co-stimulation.

Previous studies have demonstrated that CD40 agonism in the OT-I model via the mAb

3/23 was most effective as the mIgG1 subclass due to optimal interactions with mFcγRII,

with little efficacy as a mIgG2a [308]. Therefore, 3/23 mIgG1 was utilised in this experi-

ment for optimal target agonism.

In this experiment mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred

with OT-I cells. The following day they were administered 500 µg OVA with 100 µg 3/23

mIgG1 (or isotype control) and bled over a period of month to look for activation markers

(CD62L low and CD44 high on endogenous CD8+ cells, CD23 expression on endoge-

nous B cells) and OT-I expansion (Figure 4.18). OT-I specific cells can be identified us-

ing the SIINFEKL tetramer stain. The tetramer is a fluorescently labelled multimerised

SIINFEKL-MHC complex designed to detect the TCR of OT-I cells [371]. Mice were then

re-challenged with 50 µg OVA a month after the initial challenge to assess the secondary

immune response.
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Figure 4.18: Experimental setup of the OT-I adoptive transfer with mCD40 agonism in mFcγRII KO, hFcγRIIB
Tg and NoTIM mice
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred 1x105 OT-I cells via intravenous
injection on Day -1. The following day (Day 0), mice were administered 100 µg 3/23 mIgG1 with 500 µg oval-
bumin (OVA) via intraperitoneal injection and then bled over the space of a month to monitor OT-I responses.
Approximately a month later (Day 35), mice were re-challenged with 50 µg OVA via intraperitoneal injection
and bled over the course of the next month. B) Gating strategy used to identify B cells (CD45+/CD19+), en-
dogenous CD8 cells (CD45+/CD8+/SIINFEKL-) and OT-I CD8 cells (CD45+/CD8+/SIINFEKL+). C) Example
activation markers analysed on endogenous CD8 cells (CD62L low, CD44 high) and on B cells (expression
of CD23) on Day 7. Grey = isotype treated NoTIM mouse, coloured line = NoTIM 3/23 treated mouse.

4.5.1 Kinetics of OT-I cell expansion

After the initial challenge with 500 µg OVA with 100 µg 3/23 mIgG1, hFcγRIIB Tg and

NoTIMmice showed expansion of OT-I cells whilst mFcγRII KO showed little change in the

OT-I population (Figure 4.19). During the primary response peak expansion was observed

at Day 4 in mice treated with 3/23, with an average of 43% of OT-I cells (SIINFEKL+) as

a percentage of CD8 cells in NoTIM mice. In hFcγRIIB Tg mice expansion was more

limited at an average of 21.5% whilst mFcγRII KO had similar percentage OT-I as isotype

control treatedmice (average 1.9%). By Day 7, OT-I expansion began to drop, 3/23 treated

NoTIM mice had an average 28% OT-I cells, whilst hFcγRIIB Tg had 8% with further
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reductions by Day 14. However 3/23 treated NoTIM mice continued to have significantly

higher percentage of OT-I cells compared to mFcγRII KO and hFcγRIIB Tg mice. These

changes were also reflected in the absolute number of SIINFEKL cells (Figure 4.19 B).

Following secondary re-challengewith 50 µgOVA, 3/23 treatedmice showed an expanded

population of OT-I cells that was not as acute as during the primary challenge (Figure

4.19). On Day 4, 3/23 treated NoTIM mice displayed an average of 10% OT-I cells as a

percentage of CD8s whilst hFcγRIIB Tg mice had 2.5%. 3/23 treated mFcγRII KO mice

continued to show no change compared to isotype control (average 0.4%). By Day 7,

both hFcγRIIB Tg and NoTIM mice treated with 3/23 peaked in their percentage of OT-I

cells with an average of 5.4% and 12.3%, respectively. By Day 28, 3/23 treated NoTIM

mice continued to maintain a significant percentage of OT-I cells compared to hFcγRIIB

Tg and mFcγRII KO treated mice with an average 5.8% compared to 1.4% and 0.5%,

respectively. These changes were also reflected in absolute cell number of SIINFEKL

cells (Figure 4.19 B).

These data demonstrate that 3/23 mIgG1 driven agonism leading to OT-I expansion was

strongest in NoTIM mice, intermediate in hFcγRIIB Tg mice and absent in mFcγRII KO

mice. Together, these data supports that the expression of hFcγRIIB alone is required for

a response, with ITIM signalling redundant.

174



C
hapter4

Figure 4.19: The kinetics of OT-I cell expansion in mFcγRII KO, hFcγRIIB Tg and NoTIM mice treated with 3/23 mIgG1 or isotype control
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred 1x105 OT-I cells via intravenous injection on Day -1. The following day (Day 0), mice were administered 100
µg 3/23 mIgG1 (or isotype control) with 500 µg ovalbumin (OVA) via intraperitoneal injection and then bled over the space of a month to monitor OT-I responses. On Day 35, mice were
re-challenged with 50 µg OVA via intraperitoneal injection and bled over the course of the next month. B) The kinetics of OT-I (CD8+SIINFEKL+) expansion as a percentage of CD8 cells
in the blood as determined by flow cytometry during the primary immune response (D4, D7, D14) and secondary immune response (2IR - D4, 2IR - D7, 2IR - D14). C) The kinetics of
OT-I expansion as absolute number of CD8+SIINFEKL+ cells during the primary immune response and secondary immune response (2IR). D) The kinetics of OT-I expansion as absolute
number of CD8+SIINFEKL+ cells during the primary immune response and secondary immune response. The result of two independent experiments ( 5 - 7 mice per group). Line =
mean. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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4.5.2 Activation markers on endogenous CD8+ cells and B cells

The adoptively transferred OT-I T cells might be considered an artificial way to measure

immune agonism. Therefore to additionally assess how CD40 agonism was influenced in

the different models, the percentage of CD44 high and CD62L low CD8+ cells and CD23+

B cells were analysed. Typically these markers are used to denote CD8+ cell activation

and the formation of the CD44 high CD62L low population indicates the development of a

central memory T cell compartment. CD23 is a marker upregulated on activated B cells

and gives an indication of the formation of a B cell memory response.

The data indicates that these activation markers were upregulated on endogenous cells at

Day 7, with no differences indicated on Day 4, Day 14 or any other day during the primary

or secondary immune response (Figure 4.20). NoTIM mice treated with 3/23 showed a

significantly higher percentage of CD62L low and CD44 high endogenous CD8+ cells

compared to hFcγRIIB Tg and mFcγRII KO treated mice. The geometric mean of CD23

was also significantly higher on B cells in NoTIM mice compared to other 3/23 treated

mice.

These data indicate that as seen with OT-I cell expansion, CD40 mediated cellular activa-

tion was most efficacious in NoTIM mice (activation markers were highest in these mice).

This supports the finding that high levels of hFcγRIIB expression are required for optimal

agonism of CD40 mAbs and ITIM signalling is not required.

4.5.3 IgG response to ovalbumin challenge with CD40 agonism

Following the assessment of increased activation of CD8+ and B cells, it was decided to

analyse the functional B cell response through assessment of anti-OVA IgG in the differ-

ent strains. The IgG response was relatively low during the primary immune response

however was stronger following secondary re-challenge (Figure 4.21). During the pri-

mary response, anti-OVA IgG was detected at a maximum of 8.5 µg/mL in 3/23 treated

hFcγRIIB Tg mice on Day 14. On average, hFcγRIIB Tg had significantly more anti-OVA

IgG than mFcγRII KO and NoTIM treated mice, however these levels remained low. Fol-

lowing re-challenge with OVA, the anti-OVA IgG response showed no change on Day 4

but peaked at Day 7 in mice treated with 3/23. NoTIM mice had the biggest average IgG

response with a mean of 50 µg/mL, this was significantly more than mFcγRII KOmice and
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Figure 4.20: The change in activation markers on endogenous CD8+ cells and B cells in mFcγRII KO,
hFcγRIIB Tg and NoTIM in mice treated with 3/23 mIgG1 during the primary immune response
mFcγRII KO, hFcγRIIB Tg and NoTIMmice were adoptively transferred 1x105 OT-I cells via intravenous injec-
tion on Day -1. The following day (Day 0), mice were administered 100 µg 3/23 mIgG1 with 500 µg ovalbumin
(OVA) via intraperitoneal injection and then bled over the space of a month to monitor OT-I responses. On
Day 35, mice were re-challenged with 50 µg OVA via intraperitoneal injection and bled over the course of
the next month. The percentage of CD62L low and CD44 high endogenous CD8+ T cells and the geometric
mean of CD23 on B cells were assessed during the primary immune response (D4, D7, D14). The result
of one - two independent experiments (3 - 7 mice per group). Line = mean. Statistical analyses conducted
using a one-way ANOVA with Tukey’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001,
**** = P ≤ 0.0001.

a modest increase over hFcγRIIB Tg mice. NoTIM mice continued to show an increased

concentration of anti-OVA IgG on Day 14, although statistical significance was lost. This

data suggests that more potent CD40 agonism seen in NoTIM mice correlates with an

enhanced anti-OVA IgG response following secondary re-challenge.
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Figure 4.21: The kinetics of anti-OVA IgG production in mFcγRII KO, hFcγRIIB Tg and NoTIM mice treated
with 3/23 mIgG1
mFcγRII KO, hFcγRIIB Tg and NoTIMmice were adoptively transferred 1x105 OT-I cells via intravenous injec-
tion on Day -1. The following day (Day 0), mice were administered 100 µg 3/23 mIgG1 with 500 µg ovalbumin
(OVA) via intraperitoneal injection and then bled over the space of a month to monitor OT-I responses. On Day
35, mice were re-challenged with 50 µg OVA via intraperitoneal injection and bled over the course of the next
month. A) The kinetics of the anti-OVA IgG response in mice treated with 3/23 mIgG1. B) The anti-OVA IgG
response in mice treated with isotype control or 3/23 mIgG1 in the primary immune response (D14, D28) and
the secondary immune response (2IR - D4, 2IR - D7, 2IR - D14, 2IR - D28). The result of two independent
experiments (5 - 7 mice per group). Line = mean. Statistical analyses conducted using a one-way ANOVA
with Tukey’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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4.6 Discussion

Characterisation of cells and tissues from the NoTIM mouse in the previous chapter

showed that the loss of hFcγRIIB mediated ITIM signalling resulted in enhanced acti-

vatory functions such as BCR signalling and ADCP. Therefore it was assumed that in

vivo, the NoTIM model would show increased mAb-mediated effector functions that are

typically impaired by ITIM signalling. Surprisingly, the data in this chapter has shown that

the NoTIM hFcγRIIB in fact elicits more inhibition of direct targeting mAb activity than the

signalling competent hFcγRIIB. This effect was most pronounced when looking at the

depletion of CD20+ B cells using both the mIgG1 and mIgG2a subclass. Further experi-

ments suggested that differences in depletion seen within the mice models was not due to

differences in internalisation of the mAb 18B12, nor due to differences in the pharmacoki-

netics in vivo. Instead, the data suggests that inhibition is driven by the level of hFcγRIIB

expression; the higher the expression level the more inhibition was seen when depleting

using 18B12. To ascertain if inhibition was driven by expression of hFcγRIIB on the target

cells or on the immune effector cells, a series of adoptive B cell transfer experiments were

performed that indicated that inhibition is driven through expression on the effector cell

population.

On these cells, an Fc-inert but not Fc-competent anti-hFcγRIIB mAb was able to reverse

the inhibition, indicating that Fc-engagement of target mAb by hFcγRIIB but not hFcγRIIB

ITIM signalling is important for suppression of target cell deletion. As such, inhibition is

believed to be driven through competition with activatory mFcγRs for the mAb Fc, rather

than ITIM mediated signalling. To determine if this observation was applicable to targets

beyond CD20 and B cells, the depletion of other cell targets was assessed. Depletion of

peripheral immune cells was in general very effective (NK cells and CD8 T cells) making

it difficult to observe differences between strains. However, even in these models both

the hFcγRIIB Tg and NoTIM models showed signs of inhibition of depletion compared

to mice lacking the mFcγRII, at low doses of depleting mAb, despite differences in ITIM

status, supporting the hypothesis. Moreover, depletion of CD25+ Treg cells was found to

be least effective in NoTIM mice showing that inhibition of direct targeting mAb therapy

is independent of ITIM signalling for multiple cell types and receptor targets. Finally, the

signalling independent effect of mAb-target agonism was assessed in NoTIM mice using

the anti-CD40 mAb, 3/23. These experiments showed that the high expression of the

179



Chapter 4

non-signalling hFcγRIIB in NoTIM mice elicited potent target cell agonism and robust OT-I

expansion (at higher levels than the signalling competent hFcγRIIB Tg mouse).

The 18B12 dose escalation experiments were designed to assess subtleties in the inhibi-

tion of direct targeting mAb therapy. B cells form the biggest lymphocyte population within

the periphery and so incremental doses could be administered that would not deplete

all cells [372]. From the administration of 10 µg 18B12 mIgG1, it was clear the deple-

tion of B cells in NoTIM mice were significantly inhibited compared to mFcγRII KO mice

(Figure 4.2). This observation held throughout the experiments with increasing antibody

doses. As expected, depletion in mFcγRII KO was the most effective - several papers

have indicated that direct targeting mAbs are more efficacious in this mouse model [233]

[185] [248]. C57BL/6J mice showed resistance to B cell depletion due to the presence

of mFcγRII, however 50 µg of 18B12 mIgG1 overcame this inhibition. hFcγRIIB Tg mice

on average had depletion similar to C57BL/6J mice. However, when evaluating individual

mice there was a consistent split in the data. Some mice had a depletion profile akin to

NoTIM mice and some had a depletion profile akin to mFcγRII KO mice. Further analysis

found a correlation between expression levels and 18B12 mediated depletion, the higher

the hFcγRIIB transgene expression and/or the intensity of expression the more resistant

B cells were to mAb mediated depletion (Figure 4.9).

These findings bear resemblance to how the signalling neutral hFcγRIIIB is thought to in-

hibit direct targetingmAb therapy. Treffers et al. showed that neutrophil mediated ADCC of

anti-HER2 or anti-EGFRmAbs was impaired by hFcγRIIIB expression. The authors found

that inhibition was elicited through competition with the activatory hFcγRIIA, and that in-

creasing the copy number of hFcγRIIIB increased the level of inhibition [234]. Competition

is a common theme observed in IgG:FcγR biology, for example immune complexes can

compete with monomeric IgG to decrease FcγR mediated effector functions [373]. IgG

subclasses and molecules also compete with each other for binding to FcRn, for example

the poor half life of hIgG3 has been attributed to being out-competed (due to the higher

affinity of hIgG1) [374]. Both of these observations act to regulate the immune response,

serving to increase the threshold required for activation. Therefore, competition is an im-

portant inhibitory mechanism of FcγR activation. Taken together, it can be inferred that

the major mechanism of hFcγRIIB mediated inhibition of direct targeting mAbs is driven

by the expression level and subsequent competition with activatory FcγRs.

The dose escalation experiments were repeated using 18B12 mIgG2a to assess if the
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increased affinity for activatory mFcγRs could overcome hFcγRIIB mediated inhibition

(Figure 4.4). Depletion following each mAb dose was rapid, with a notable reduction in

B cells across each mouse model. However, NoTIM mice showed less depletion and a

faster recovery consistently across the experiments. This is most likely due to the high ex-

pression of hFcγRIIB in NoTIM mice. As with mIgG1, the receptor is likely to out-compete

activatory mFcγRs for Fc binding, overcoming the increased affinity of the mIgG2a sub-

class for activatory mFcγRs and suppressing activatory effector functions. C57BL/6Jmice

were more susceptible to depletion using mIgG2a, from 10 µg mAb doses onward, the

depletion kinetics were very similar to those in mFcγRII KO. A pilot receptor quantifica-

tion experiment (data not shown) suggested mFcγRII in C57BL/6J mice is expressed to a

lower extent than hFcγRIIB in NoTIM mice on splenic B cells and macrophages. Kerntke

et al. has quantified FcγR expression on key cell types in mice and humans, finding that

expression of hFcγRIIB on human B cells is nearly 3 fold higher than mFcγRII on murine

B cells [192]. In-direct findings from the depletion experiments suggest that the increased

resistance tomAbmediated depletion is due to expression, and it can be inferred that lower

expression of mFcγRII (compared to hFcγRIIB in transgenic mice) and the high affinity of

the mIgG2a subclass for activatory mFcγRs results in less mFcγRII mediated inhibition.

hFcγRIIB Tg mice treated with 18B12 mIgG2a also had mice who responded well to mAb

depletion and those who did not respond. However the differences between ’responders’

and ’non-responders’ were much smaller than observed in the mIgG1 experiment (Figure

4.9). Similarly to C57BL/6J mice, it can be inferred that the lowered expression level of

hFcγRIIB in hFcγRIIB Tg mice is out-competed by mIgG2a binding to activatory mFcγRs,

resulting in less profound inhibition of depletion.

The depletion of B cells within the spleen and iLN was similar across the mIgG1 and

mIgG2a experiments. In both cases, NoTIM mice had most resistance to B cell depletion

whilst mFcγRII KOmice were most susceptible. Unexpectedly, C57BL/6J mice had strong

depletion in the spleen and iLN when treated with mIgG1 but not mIgG2a. The reason

for this is unaccounted for, but perhaps reflects biological variation in this experiment.

It is of note that C57BL/6J mice treated with 18B12 mIgG1 were treated at a separate

time to mFcγRII KO, hFcγRIIB Tg and NoTIM mice - a difference in immune activation

could result in this observation. It was also observed that there was little difference in B

cell depletion between experiments in both the spleens and iLN of mIgG1 and mIgG2a

treated mice. The reasons for this could be due to the presence of a CD20- population in

both iLN and the spleen that would not be depleted by 18B12 [375]. To investigate further,
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the un-depleted B cell population could be phenotyped to look for CD20 expression, and

a harvest could be taken at an earlier time point to account for recovery.

Whilst the data indicates inhibition is driven by competition, it was important to rule out

other potential factors. Type-I hCD20 mAbs have been shown to undergo hFcγRIIB en-

hanced internalisation (antibody bipolar bridging) and this has been shown to decrease

mAb efficacy [299] [301] [300]. Therefore, internalisation of 18B12 was an important route

of investigation. The data showed that 18B12 underwent internalisation over a 24 hour

time period, however the percentage of internalisation was relatively low and not signif-

icantly different between the mouse models. The data showed the presence of either

mFcγRII or hFcγRIIB does increased internalisation compared to mFcγRII KO B cells,

however this appeared independent of expression level as indicated by the lack of varia-

tion within groups from different mice. Studies using rituximab (type-I) mAb over a 6 hour

time period on CLL cells showed an internalisation percentage of 60%, whilst tositumomab

(type-II) only internalised 20% [299]. Based on these observations, 18B12 seems to have

the internalisation kinetics more akin to a type-II CD20 mAb. Type-I mAbs have been

linked to worsened survival outcomes in lymphoma patients; those with high expression

of hFcγRIIB had lowered survival outcomes when treated with rituximab potentially driven

by hFcγRIIB mediated internalisation. In contrast, treatment with obinutuzumab (type-

II mAb) there was no correlation with survival [302]. Therefore, 18B12 being closer to a

type-II mAb and the lack of differences in internalisation between mouse models suggests

that it is most likely not responsible for the impaired depletion in NoTIM mice.

hFcγRIIB has also been shown to have the potential to have an impact on mAb phar-

macokinetics in vivo [364] [272]. Therefore the kinetics of B cell depletion and pharma-

cokinetic properties of 18B12 mIgG1 was investigated (Figure 4.7, Figure 4.8). As seen

in the dose escalation experiments, NoTIM mice were most resistant to B cell depletion

and mFcγRII KO most susceptible. Interestingly at the 1 hour time point, depletion was

dynamic in each mouse model with differences only becoming evident at 6 hours. This

suggests in the first hour that 18B12 binds to the available targets in the periphery and its

Fc interactions with activatory FcγRs are not limited, allowing efficient depletion across

all mice. By 6 hours, there was a decrease in 18B12 concentration, potentially result-

ing in more limited 18B12 Fc availability increasing competition between hFcγRIIB and

activatory mFcγRs, limiting depletion.

These observations fit with the expected pharmacokinetic profile of mAb elimination. The
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rapid distribution phase shows a substantial drop in mAb serum concentration that is at-

tributed to the rapid distribution of mAb to tissues and interstitial fluid. The second phase is

known as the slow elimination phase. Figure 4.7 demonstrates a linear elimination phase

suggesting that the targets are saturated with mAb throughout the experiment (a non-

linear phase is attributed to sub-optimal target saturation) [376]. Murine B cells ex vivo

were found to saturate binding sites for 18B12 at 2.5 µg/mL and serummAb concentration

did not drop below this level for the whole experiment, further supporting these findings

(Figure 4.7, Figure 4.8). Furthermore, the Vz was also equal between mouse models

suggesting that target cells across mice were likely to be equally opsonised (Figure 4.8).

This suggests that mAb-target availability is most likely not responsible for differences in

depletion between mouse models. Other assessed parameters showed little differences

betweenmousemodels. The t1/2 suggested that mFcγRII KOmice had amodest increase

in this parameter compared to other mouse models, however the differences were small

and unlikely to impact efficacy. The AUC0-t and CL parameters also suggested a slower

rate of clearance within mFcγRII KO but this was deemed to not be of significance, with a

> two fold difference suggested to impact mAb efficacy and this is not the case (personal

communications with pharmacokinetics analysts at GSK).

Across the experiment, C57BL/6J, hFcγRIIB Tg and NoTIM mice consistently had less

18B12 in the serum than mFcγRII KO mice. As seen in the B cell internalisation exper-

iments, it seems the presence of any inhibitory FcγR reduces peripheral 18B12 mIgG1.

This agrees with published data - An experiment looking at the contribution of murine

FcγRs to mAb half-life found that knocking out mFcγRII had a minor effect on mAb elimi-

nation but was not thought to be a major mechanism [377]. Despite the differences in the

sensitivity of depletion, C57BL/6J and NoTIM mice have a similar concentration of 18B12

throughout the experiment, supporting that mAb consumption was not the reason for de-

creased B cell depletion. When 18B12 concentration was correlated with depletion at

key time points, it was clear there was no obvious relationship (Figure 4.8). Because the

inhibitory FcγR results in decreased serum concentration of 18B12 mIgG1, it was hypoth-

esised that LSECs may be responsible. LSECs have been implicated in the regulation

of SICs such as small antigens (e.g. OVA) and opsonised viral particles (e.g. HIV) [242]

[272]. However, given the size of opsonised B cells, LSECs are unlikely to interact with

target cells. The major mechanism of mAb clearance is linked to non-specific processes

such as endocytosis and proteolysis. It is thought the specific FcγR-mediated elimination

pathway does not impact mAb pharmacokinetics in isolation [378].
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The half-life was also assessed for correlation with the geometric mean of hFcγRIIB (Fig-

ure 4.8). These data suggests the relationship is weak and unlikely to contribute to the

efficacy of 18B12 mediated B cell depletion. To further interrogate the differences in phar-

macokinetic parameters, a longer sampling schedule with more data points and mice

would provide further confidence in the measured parameters. Further n numbers would

allow for individual mouse variability and tightly controlling weight, sex and age of mice

would reduce noise within the data. Unfortunately due to Home Office license bleeding

restrictions, it would not be possible to increase the number of blood sampling time points

per mouse; rather larger cohorts of mice spread across the time-points would be required.

To understand if inhibition of B cell depletion was directed by hFcγRIIB expression on

target B cells or immune effector cells, an adoptive transfer system was utilised (Figure

4.10). The first set of experiments showed that hFcγRIIB on the target cells was not

responsible for inhibition (Figure 4.11). Targeting hCD20/NoTIMB cells was highly efficient

using rituximab as a monotherapy with even greater depletion seen using an Fc functional

direct targeting mAb against hFcγRIIB (6G). The increased efficacy with 6G was most

likely due to the higher level of target expression.

Antigen density has been shown previously to be an important factor in determining mAb

activity. Studies looking at neutralising mAbs against gp120 on HIV found that those with

lower affinity showed better binding kinetics when antigen density was increased [379].

Further to this, Bar et al. specifically looked at CD20 density and rituximab on a molecular

scale, and found a moderate density of 46 pmol.cm-2 displayed the strongest mAb avidity

and slowest dissociation rate. If CD20 concentration was lowered (2.8 pmol.cm-2), or in-

creased (85 pmol.cm-2), avidity was decreased due to the loss of efficient bivalent F(ab’)2
binding [380]. These data indicate increases in target antigen density can improve mAb

avidity but that there are limits. However, currently most biological evidence in vitro and ex

vivo suggests that increasing CD20 molecule density correlates with enhanced CDC ac-

tivity using hCD20 mAbs [381] [382]. An increase in antigen density has also been found

to correlate with other targets; Temming et al. found that increasing the antigen density of

opsonised RBCs resulted increased NK cell mediated ADCC [383].

Roghanian et al. utilised a similar adoptive B cell transfer model, and found that 6G alone

could deplete hFcγRIIB expressing B cells as a monotherapy in the hFcγRIIB Tg mouse

[323]. In those studies, depletion of hFcγRIIB Tg B cells was found to be as effective

as rituximab, whereas here depletion of NoTIM expressing B cells found 6G to be more
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effective than rituximab. It is likely that depletion of NoTIM/hCD20 B cells was more ef-

fective due to the higher expression of the NoTIM transgene compared to the hFcγRIIB

Tg transgene. Taken together, these data highlight how antigen density influences target

depletion. 6Q, the Fc null hFcγRIIB specific mAb did not elicit depletion of the NoTIM

expressing B cells or augment rituximab therapy in the adoptive B cell transfer model.

This suggests that in this short-term experiment, hFcγRIIB mediated internalisation of rit-

uximab was not sufficient to reduce the efficacy of the mAb (also supporting the type II

nature of 18B12).

In the reverse experiment, where the NoTIM was expressed only on the effectors and

not target cells, hFcγRIIB expression on immune effector cells demonstrated inhibition

of target cell depletion (Figure 4.12). In contrast to the previous model, the addition of

the hIgG1 direct targeting mAb against hFcγRIIB (6G) did not improve rituximab efficacy,

whereas the Fc null variant 6Q did. In a similar experimental setup Roghanian et al.,

showed that both 6G and 6Q were effective in depleting endogenous murine B cells that

express hCD20 and hFcγRIIB Tg. In that model both the target and effector cell popu-

lations express the signalling competent hFcγRIIB, so 6G and 6Q are able to elicit dual

mechanisms of action (depletion and target blockade) to achieve therapy [323]. In the

experiments in this thesis, the non-signalling NoTIM receptor equally elicits inhibition of

target cell depletion, and this is only over come through receptor blockade. Taken to-

gether, these data suggests that hFcγRIIB inhibition of mAb-mediated cell depletion is

independent of ITIM signalling.

Analysis of FcγRoccupancy helped provide an alternativemechanism. Although 6G could

effectively block hFcγRIIB, the detection of activatory mFcγRs on several key immune ef-

fector cells was also significantly reduced (Figure 4.13). This suggests that 6G binds to

both hFcγRIIB and activatory FcγRs through its Fc (Figure 4.22). This is reminiscent

of a biological phenomenon known as the Kurlander effect [236] [235]. Kurlander et al.

showed that an intact IgG can interact with both the target (through the F(ab’)2) and other

FcγRs (through the Fc) if co-expressed on the same cell. Furthermore, it is possible that

this monomeric interaction with activatory FcγRs may induce ITAMi signalling, further de-

creasing activatory mAb effector functions [227] [237]. Key immune effector cells such as

macrophages express both activatory mFcγRs and hFcγRIIB, making them a prime can-

didate for the Kurlander effect when 6G is administered. 6Q is able to rescue hFcγRIIB

mediated inhibition because it effectively blocks hFcγRIIB without interacting with addi-

tional FcγRs due to the Fc null mutation (N297Q). This allows rituximab to efficiently in-
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teract with activatory mFcγRs. Again, this has similarity with the mechanism proposed

by Treffers et al., where the addition of the FcγRIIIB blocking mAb (in a F(ab’)2 format)

effectively blocked FcγRIIIB, enhancing activatory hFcγRIIA interactions with cetuximab

[234].

The site of B cell depletion is largely thought to be in the liver, and specifically carried

out by Kupffer cells. Studies by both Gül et al. and Grandjean et al. demonstrated the

requirement of Kupffer cells to mediate the elimination of CD20 targets and it was found

that depletion was dependent on interactions with mFcγRI and mFcγRIV [346] [304]. The

data from the adoptive B cell transfer model also suggests that mFcγRIV is significantly

blocked by 6G on a number of different immune cells (Figure 4.13). Due to the requirement

of mFcγRIV for depletion, these studies may explain why 6G does not improve target

cell depletion. To further investigate, it would be important to repeat the experiment and

analyse FcγRIV occupation on Kupffer cells.
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Figure 4.22: The proposed mechanism of inhibition by hFcγRIIB in the adoptive transfer B cell experiments
A) When NoTIM mice were treated with rituximab alone, the high expression of FcγRIIB out-competes activatory mFcγRs and elicits inhibition in a decoy receptor like fashion. This is
independent of ITIM mediated inhibitory signalling. B) When 6G (hIgG1) is given with rituximab, it blocks hFcγRIIB but also binds to activatory mFcγRs on the same cell in a trans fashion.
This stops rituximab from interacting with mFcγRIIB, also inhibiting target cell depletion. This is known as the Kurlander effect. C) When 6Q is administered with rituximab, hFcγRIIB is
effectively blocked and 6Q does not interact with activatory mFcγRs as it is considered Fc null (hIgG1 with the N297Q mutation). Rituximab can now efficiently deplete hCD20+ target
cells.187
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To understand if this biological mechanism was specific to CD20+ mAbs or more widely

applicable, a series of other cellular targets were analysed. The targeting of CD19+ B

cells for depletion was shown to be ineffective, with increasing doses of 1D3 mIgG1 and

even 250 µg mIgG2a failing to effectively deplete B cells even in mFcγRII KOmice (Figure

4.14). This ineffective depletion appeared to be related to the internalisation of CD19, an

observation that had also been noted in the literature. CD19 was found to be internalised

within minutes following ligation with mAb in two different studies [384] [385]. An in vivo

study of CD20 and CD19 mAbs concluded that the cytotoxic activity of CD20 mAbs were

far superior to those directed to CD19 [386]. Therefore, CD19 mAbs were not suited for

further investigation of the hypothesis.

NK cell depletion was achieved using the anti-NK1.1 mAb PK136 mIgG2a (Figure 4.15).

Across the experimental groups, NoTIM and hFcγRIIB Tg mice were more resistant to NK

cell depletion thanmFcγRII KOmice, however themAbwas highly effective and unsuitable

at the doses used to ascertain any differences between the transgenic mice. The efficacy

of PK136 was recently reported in the literature. Gordan et al. found that 1 µg PK136

mIgG2a was as effective as 100 µg in depleting peripheral and splenic NK cells with

depletion reliant on interactions with all activatory mFcγRs [366]. Nevertheless, the data

showed that at the very least, the NoTIM receptor could elicit inhibition of depletion to a

similar extent to the signalling competent hFcγRIIB receptor.

The mAb YTS169.4 mIgG1 and mIgG2a was used to assess depletion of CD8+ T cells

(Figure 4.16). A pilot experiment using 50 µg of mIgG1 in mFcγRII KO and NoTIM mice

resulted in long and sustained depletion in bothmousemodels. The experiment was there-

fore repeated using smaller doses of mIgG2a, and again across mFcγRII KO, hFcγRIIB

Tg and NoTIM mice, depletion was robust. To understand if this was dependent on acti-

vatory mFcγRs, the experiment was repeated in FcR γ-chain KO mice. The mAb therapy

was ineffective suggesting that depletion within the periphery was indeed dependent on

the anticipated mAb mediated effector functions. This is in agreement with previous stud-

ies, showing the absolute requirement for functional activatory FcγR expression to elicit

mAb mediated depletion [387] [388] [185] [186]. To ascertain if CD8+ T cells had migrated

to other lymphoid organs, a harvest was carried out and revealed that depletion was sys-

temic. It has been reported that mAbs directed against CD8+ can trigger CD8+ T cell

activation in the absence of TCR stimulation [389]. There is a possibility that YTS169.4

elicited agonism of CD8 cells could under-pin the robust depletion and absence of recov-

ery seen in mice treated with mIgG1 and depletion of precursor thymocytes could also
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inhibit their recovery. However, the reason for their absence within the periphery is un-

known. To further investigate, the mIgG1 experiments could be repeated with a harvest at

earlier time points to see if CD8+ T cells had migrated to other lymphoid organs and thy-

mocytes could be assessed for signs of significant depletion. Nevertheless, at 2 µg both

hFcγRIIB Tg and NoTIM mice had more resistance to CD8+ cell depletion than mFcγRII

KO mice suggesting the signalling or non-signalling hFcγRIIB can inhibit depletion.

The targeting of CD25+ Treg cells using rIgG1 mAb showed clearly that depletion was

inhibited to a greater extent in NoTIM mice as compared to hFcγRIIB Tg and mFcγRII

KO mice (Figure 4.17). The kinetics of depletion of Treg cells was comparatively slow

compared to other cells within the periphery as detailed above. On day 2, NoTIM mice

had significantly more Treg cells than hFcγRIIB Tg and mFcγRII KO mice. However, this

effect was lost by day 7. It is of note that the rIgG1 subclass has similar binding affinities to

mFcγRs as mIgG1 ([369], Dr. Ian Mockridge, in-house data, unpublished). Setiady et al.

showed that Treg depletion using the parental PC61 relied on interactions with mFcγRIII

found on murine macrophages, similar to mIgG1 dependence on mFcγRIII for activatory

functions. The authors also found that 30% of Treg cells could not be depleted due to

an absence of CD25 expression [368], these findings largely agree with the experiment

reported in this thesis. Interestingly, Setiady et al. did not show a depletion benefit of Treg
cells in mFcγRII KO mice compared to C57BL/6J mice [368]. However, within their exper-

imental system the authors dosed mice three times with mAb before looking at Treg cell

depletion 8 days later, allowing sufficient time to deplete Treg cells and overcome mFcγRII

inhibition. In a separate study, mFcγRII was highlighted as a potential factor for the lack

of PC61 efficacy in murine tumour models. Vargas et al. used rIgG1 PC61 in various

murine tumour models and found that Treg cell depletion was ineffective within the tumour

microenvironment most likely due to high mFcγRII expression on immune effector cells

[369]. To overcome this inhibition, the authors switched PC61 from a rIgG1 to a mIgG2a

and found there was superior depletion of Treg cells and improved survival of tumour bear-

ing mice [369]. These data agree that the inhibitory receptor negatively impacts Treg cell

depletion and experiments in NoTIM mice show that this effect is independent of ITIM

signalling.

Finally, the mFcγRII KO, hFcγRIIB and NoTIM models were utilised in an OT-I adoptive

transfer model exploring CD40 agonism to see if the loss of hFcγRIIB mediated ITIM

signalling in NoTIM mice impacted the activity of the 3/23 mIgG1 mAb. Throughout the

experiment, mFcγRII KO mice treated with 3/23 showed no agonistic activity. This is
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expected, with the lack of an inhibitory receptor unable to sufficiently cross-link or sta-

bilise mAb-CD40 interactions and elicit CD40 signalling. hFcγRIIB Tg mice showed some

CD40 agonism whilst NoTIM mice had statistically significant increases in OT-I popula-

tions and activation markers on endogenous cells. The observations made here agree

with those within the literature. White et al. and Li et al. found the activity of 3/23 in

vivo was reliant on cross linking by mFcγRII [308] [309]. Further research using SHIP

deficient mice found OT-I expansion was similar to their WT counterparts, supporting that

signalling downstream of mFcγRII was not important. [310]. Li et al. also examined CD40

agonism in the presence of hFcγRIIB expressing EL4 tumour cells; the authors found that

the absence or presence of the hFcγRIIB cytoplasmic tail, FcγRIIB resulted in increased

survival compared to isotype [310]. These data infer that the ITIM is not required for CD40

agonism facilitated by hFcγRIIB. However the authors do not address the contribution of

the ITIM alone, nor the systemic expression within a physiological system - instead they

used transfected cells. The study within this thesis confirms specifically the contribution

of ITIM signalling to CD40 agonism and shows high hFcγRIIB expression confers 3/23

agonistic activity.

Published studies by Li et al. also looked at the level of mFcγRII expression required

for agonism using homozgous, heterozygous and knockout mFcγRII mice. The authors

demonstrated that high expression of mFcγRII was required for mAb agonism, with het-

erozygousmice showing a loss of CD40 agonism [310]. The hFcγRIIB Tg and NoTIMmice

allowed for a closer examination of the level of hFcγRIIB expression required for agonism

(not withstanding other differences between mouse strains). It was found in hFcγRIIB Tg

mice that there was no relationship between transgene expression and OT-I cell expan-

sion whilst the relationship between geometric mean and OT-I cell expansion was weak

(data not shown). However, taken together the higher expression of hFcγRIIB in NoTIM

mice is most likely responsible for increased OT-I expansion over hFcγRIIB Tg mice. The

contradiction between the correlation data and OT-I expansion suggests that other factors

influence CD40 agonism that are beyond the limits of this experiment. However, it cannot

be ruled out that hFcγRIIB signalling may negatively impact agonistic responses when

comparing hFcγRIIB Tg and NoTIM mice. Furthermore, hFcγRIIB dependent agonism is

likely to be influenced by the expression, and the frequency of cell types expressing it. Ide-

ally, cell selective or tissue selective knockout of hFcγRIIB could be utilised to ascertain

the cell type and/or tissue responsible for eliciting agonism.

As CD40 mAb induced agonism does not act directly on OT-I cells [390], it was important
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to look at the agonistic effect on endogenous cells. Activation markers were upregulated

on endogenous CD8+ T cells and B cells 7 days after treatment with 3/23 and OVA. This

effect was most likely driven by CD40 agonism on DCs and B cells, resulting in licensing

that increases interactions with T cells and provided an immunostimulatory environment

[391]. The lack of anti-OVA IgG in the primary immune response was a surprise. CD23

expression had shown that B cells were activated on day 7, however over the initial 28 day

period the maximal anti-OVA concentration yielded was 10 µg/mL. Following re-challenge

with OVA and the secondary immune response, anti-OVA IgG concentrations improved,

with 3/23 treated mice showing higher titres. The reason for the lack of a primary response

is unknown. Within the literature, groups focus on OT-I expansion and T cell responses,

with few papers examining the coincident production of anti-OVA IgG. It can be hypothe-

sised that the immune response is artificially dominated by the high number of OT-I cells

during the primary response, negating the need for/impairing the production of IgG. Re-

challenge when OT-I numbers had sufficiently reduced may have allowed the B cells to

have beenmore appropriately stimulated to upregulate IgG production in tandemwith OT-I

activation. An interesting observation was also made in isotype treated mFcγRII KO and

NoTIM mice. Following re-challenge, these mice had increased IgG production over their

hFcγRIIB Tg counterparts. This could be a result of the lack of inhibitory signalling on B

cells in these models driving an increased IgG response, a similar observation was previ-

ously made in aged mFcγRII KO mice that had increased circulating autoantibodies and

IgG producing B cells [392].

To conclude, it has been shown that hFcγRIIB can elicit inhibition of antibody-mediated

target cell depletion independently of ITIM signalling. Inhibition apparently is driven by

hFcγRIIB expression and competition with activatory mFcγRs for the binding of the direct

targeting mAb Fc. In addition, hFcγRIIB mediated cross-linking of CD40-CD40 mAb was

also shown to be independent of ITIM signalling. Agonism was found to be higher in

NoTIM mice compared to hFcγRIIB mice which could be associated with the higher level

of transgene expression in these mice. These findings were then applied to the treatment

of murine tumour models using direct targeting mAbs to understand if hFcγRIIB mediated

inhibition was independent of ITIM signalling in the context of tumour.
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Role of the hFcγRIIB ITIM in the

inhibition of direct targeting

antibody therapy in cancer models

5.1 Chapter Introduction

In chapter 4 it was demonstrated using the NoTIM transgenic mouse model that inhibition

of direct targeting mAb mediated depletion of circulating lymphocytes by hFcγRIIB is in-

dependent of ITIM signalling. It has been deduced that inhibition is elicited by FcγRIIB

competing with (and sometimes out-competing) activatory FcγRs for mAb engagement

on the surface of immune effector cells. It was then desired to assess if this effect impairs

the anti-tumour activity of direct targeting mAb therapy used to deplete malignant cells.

Rituximab has significantly improved survival outcomes in patients diagnosed with CD20+

B cell malignancies [393]. Despite this success, several mechanisms of inhibition have

since been identified that can reduce the clinical efficacy of rituximab and some of these

are mediated through FcγRIIB. Patients with MCL, DLBCL and FL cells that express high

level of FcγRIIB were found to have reduced responses to rituximab therapy andworsened

survival outcomes [299] [302] [301].

Since the discovery of FcγRIIB mediated inhibition in murine cancer models and human

lymphoma patients, the receptor has been suggested to contribute to the progression of
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other cancers. A recent study of clear cell renal cell carcinoma patients found that FcγRIIB

mRNA levels were significantly upregulated within the tumour cells themselves compared

to healthy tissues, with expression levels negatively correlating with survival rates [394].

In two separate studies, increased mRNA expression of FcγRIIB within high risk glioblas-

toma samples has also been identified as part of an immune related signature that cor-

relates with worsened survival outcomes [395] [396]. Interestingly, a study of FcγR poly-

morphisms comparing HER2+ breast cancer patients treated with chemotherapy alone or

in combination with trastuzumab found that patients carrying the FcγRIIB loss-of-function

allele (232T homozygous) (Section 1.4.4.1) derived less benefit from trastuzumab ther-

apy than FcγRIIB 232I carriers [397]. The biological rationale is not fully understood but

nevertheless highlights another human cancer where FcγRIIB is associated with disease

outcomes.

FcγRIIB may be implicated in further cancer types due to its upregulation in the tumour

microenvironment. Dahal et al. found using the murine BCL1 tumour model, that the tu-

mour created a microenvironment that co-opted TAMs to upregulate mFcγRII, creating an

immunosuppressive microenvironment. The upregulation of mFcγRII was linked to wors-

ened survival outcomes of BCL1 tumour bearing mice when treated with direct targeting

mAb therapy [359]. Despite these findings, the link between tumour microenvironment,

FcγRIIB mediated inhibitory signalling and antibody therapy has yet to be investigated.

This chapter aims to understand the contribution of ITIM signalling to two different cancer

models: the in vivo depletion of mCD20+ malignant murine Eµ-TCL1 B cells [398] and

the depletion of OX40+ Treg cells within the tumour microenvironment of the E.G7 murine

thymoma [339]. It was proposed that FcγRIIB would elicit inhibition of mAb therapy in-

dependently of ITIM signalling and instead instead be driven by competition with other

FcγRs.
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5.2 Depleting mCD20+ murine Eµ-TCL1 B cells

The Eµ-TCL1 murine tumour model was developed as a tool to investigate the human

B cell malignancy CLL. CLL is an aggressive disease that is characterised by sustained

antigen-dependent stimulation of the BCR in secondary lymphoid organs, driving ampli-

fication of CLL cells [399]. TCL1 is found overexpressed in nearly all CLL patients, with

high protein levels correlating with a more aggressive phenotype [400]. Functionally, TCL1

expression results in the activation of the PI3K pathway and enhances the AKT signalling

pathway leading to increased cell proliferation and survival [399].

In Eµ-TCL1 trangenic mice, the human TCL1 gene is expressed under the control of the

VH-promoter-IgH-Eµ enhancer, and found to drive a CLL like disease in vivo [338]. The

Eµ-TCL1 tumour spontaneously develops over a period of a year within the Eµ-TCL1 trans-

genic mouse. Leukaemic cells begin accumulating within the peritoneal cavity from 2

months of age, are first detected within the blood at 4 months of age with terminal disease

observed between 300 - 450 days [338]. Eµ-TCL1 tumour cells can then be adoptively

transferred from transgenic mice into a syngeneic C57BL/6 or immunodeficient mouse to

study direct targeting mAb therapy.

Flow cytometry can be used to distinguish Eµ-TCL1 cells from endogenous murine B cells

and follow the progression of the disease through regular blood sampling (Figure 5.1).

Endogenous B cells are characterised as CD19+/CD5-/B220hi, whilst Eµ-TCL1 cells are

CD19+/CD5+/B220lo. Importantly, both cell populations express murine CD20 and can

therefore be depleted using the mAb clone 18B12. To ascertain how the NoTIM receptor

impacted 18B12 mAb therapy, an experimental setup was designed where mFcγRII KO,

hFcγRIIB Tg and NoTIM mice were adoptively transferred with 5-10 x106 Eµ-TCL1 cells

via intraperitoneal injection. Tumour load was monitored weekly until the tumour reached

10-20% of murine lymphocytes in the periphery. Mice were then treated with 100 µg of

18B12 mIgG2a via intraperitoneal injection and then tumour depletion and recovery were

assessed until terminal endpoints were met. These were defined as meeting 2 out of 3

criteria: Eµ-TCL1 cells as a percentage of lymphocytes exceeding 80%, a white blood

cell count of >5x107 cells/mL or a splenomegaly score of 3 or above (approximately 3 cm

long).
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Figure 5.1: Eµ-TCL1 experimental setup and gating strategy
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred with 5-10 x106 Eµ-TCL1 cells
via intraperitoneal injection. When tumour load made up reached 10-20% of murine lymphocytes in the
periphery, mice were treated with 100 µg of 18B12 mIgG2a via intraperitoneal injection. Schematic depicting
the key features of malignant murine Eµ-TCL1 B cells. The expression of mCD20 and mFcγRII is shown in
histograms (isotype control is depicted in grey). B) The experimental setup for the therapeutic depletion of
Eµ-TCL1 cells. C) The gating strategy used to assess Eµ-TCL1 cell (CD19+CD5+B220lo) and endogenous
B cell (CD19+CD5-B220hi) depletion. D) Flow cytometry plots depicting depletion of endogenous B cells and
Eµ-TCL1 tumour cells with 100 µg of isotype or 18B12 mIgG2a in each mouse model. E) Flow cytometry was
also used to calculate the proportion of CD19-CD5+ T cells remaining; the gating strategy used to determine
this was used to ascertain the T cell:TCL-1 ratio.
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5.2.1 Depleting Eµ-TCL1 B cells using 18B12 mIgG2a

Following treatment with 18B12 mIgG2a, there was rapid and robust clearance of both cell

types in all mouse models (Figure 5.1 D). Two days following treatment, there was near

complete loss of both tumour cells and B cells in the periphery of mFcγRII KO mice with

mean tumour cells/mL depleted to 1.6% of baseline and B cells/mL depleted to 1.5% of

baseline. However, there were traces of both tumour and B cell populations in hFcγRIIB

Tg and NoTIM mice, suggesting incomplete clearance in the periphery. hFcγRIIB Tg mice

had a mean 3.4% tumour cells/mL and 2.8% B cells/mL of baseline, whilst NoTIM mice

had even higher levels of retained cells; 23.4% tumour cells/mL and 8.9% B cells/mL of

baseline (Figure 5.2).

To understand if the depletion of tumour cells and endogenous B cells was equal between

groups, the fold decrease in tumour cells and B cells was quantified two days after treat-

ment. The data shows that both tumour cells and endogenous B cells were depleted to a

similar extent in each mouse model, with no significant differences between the groups.

mFcγRII KO tumour cells were depleted by an average of 436 fold whilst B cells were de-

pleted by 286 fold. hFcγRIIB Tg mice had an average 115 fold decrease in tumour cells

and a 158 fold decrease in endogenous B cells. Finally, tumour cells within NoTIM mice

were depleted by an average of 46 fold whilst endogenous B cells were depleted by 77

fold (Figure 5.3 B).

Mice were then assessed once a week following treatment until terminal endpoint was

reached. On Day 7, peripheral tumour cells and B cells remained suppressed in mFcγRII

KO mice (mean 6.4% and 0.9% of baseline, respectively), hFcγRIIB Tg mice showed a

modest recovery of tumour cells with little change in B cells (mean 13.6% and 2.8%) whilst

tumour cells within NoTIM mice expanded above baseline levels, with a modest increase

in B cells recovery from Day 2 (mean 241% and 13.9%). Two weeks following treatment,

tumour cells within mFcγRII KO mice began to recover whilst B cells continued to remain

suppressed (mean 55.5% and 3.4%, respectively). hFcγRIIB Tg tumour cells surpassed

baseline whilst B cells remained depressed (mean 162% and 5.9%) and tumour cells

within NoTIM mice were now equivalent to isotype control treated NoTIM mice (18B12

treated NoTIMmice 1478%, isotype treated NoTIMmice 1305%) peripheral B cells making

a steady recovery (mean 36% of baseline) (Figure 5.2).
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Figure 5.2: Recovery of Eµ-TCL1 cells and endogenous B cells following depletion using 18B12 mIgG2a
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred with 5-10 x106 Eµ-TCL1 cells via
intraperitoneal injection. When tumour loadmade up reached 10-20% of murine lymphocytes in the periphery,
mice were treated with 100 µg of 18B12 mIgG2a or isotype control via intraperitoneal injection. Kinetics of
Eµ-TCL1 tumour cells and endogenous B cell following treatment with 100 µg of isotype or 18B12 mIgG2a in
each mouse model on Day 2, 7 and 14. The result of three independent experiments (8 - 9 mice per group).
Bar = mean. Statistical analyses conducted using a one-way ANOVA with Tukey’s multiple comparison test.
* = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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To ascertain how depletion of tumour cells compared to a population of cells that was

not depleted, CD19-/CD5+ T cells were quantified by flow cytometry and compared to the

tumour population by calculating the TCL1:T cell ratio (Figure 5.1 E). Before treatment, all

three mouse models showed a ratio of approximately 0.8 - 1.7. Two days after treatment,

mFcγRII KO experienced the biggest decrease in the ratio to a mean of 0.037. This did not

recover to baseline until Day 14 (mean ratio of 1.4). hFcγRIIB Tg mice reached a mean

ratio of 0.17 on Day 2 and surpassed baseline by Day 14 (mean ratio of 3.18). NoTIM

mice had a mean ratio of 0.18 on Day 2 but recovered to baseline by Day 7 (mean ratio of

1.14). By Day 21, the TCL:T cell ratio was significantly higher in the NoTIM mice (mean

ratio of 14.8) compared to hFcγRIIB Tg (mean ratio of 8.9) and mFcγRII KO mice (mean

ratio of 4.4) (Figure 5.3 A).

Differences in circulating 18B12 mIgG2a may result in differences in target cell depletion.

Therefore, to assess circulating 18B12 mIgG2a serum samples were collected two days

following treatment. It was found that mFcγRII KO mice had an average of 23.2 µg/mL,

hFcγRIIB Tg had 17.9 µg/mL and NoTIM mice had 15.5 µg/mL 18B12 mIgG2a in serum,

with mFcγRII KO mice having significantly more than in NoTIM mice. This suggests that

NoTIM mice have significantly less circulating 18B12, however when correlated against

depletion of tumour cells on Day 2, there is no relationship between these two factors

(Figure 5.3 C). These observations reflect those made in the pharmacokinetics study in

Chapter 4.
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Figure 5.3: The TCL1:T cell ratio, fold decrease in tumour cells and B cells and serum available 18B12
following treatment with 18B12 mIgG2a
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred with 5-10 x106 Eµ-TCL1 cells
via intraperitoneal injection. When tumour load made up reached 10-20% of murine lymphocytes in the
periphery, mice were treated with 100 µg of 18B12 mIgG2a or isotype control via intraperitoneal injection.
The TCL1:T cell ratio following treatment with 100µg 18B12 mIgG2a. B) The fold decrease in tumour cells
and endogenous B cells on Day 2 after treatment with 100µg 18B12 mIgG2a C) Available 18B12 mIgG2a
in the serum 2 days after treatment as determined using the π-BCL1 cell binding assay. This was then
correlated against tumour cell depletion on Day 2. The result of three independent experiments (8 - 9 mice
per group). Bar = mean ± SD. Statistical analyses conducted using a one-way ANOVA (TCL1:T cell and
serum comparison) or one-way ANOVA (fold decrease) with Tukey’s multiple comparison test. * = P ≤ 0.05,
** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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To better understand how tumour cells were depleted and then recovered in mice treated

with 18B12 compared to those with isotype, the number of tumour cells/mL in treatment

mice were measured and normalised to numbers in isotype treated mice, with 100% in

the isotype group equating to the mean tumour cells/mL in each mouse model at termi-

nal endpoint (Figure 5.4 A). Whilst the majority of isotype treated mice reached terminal

endpoint around Day 21, 18B12 treatment had a benefit in increasing survival across all

mouse models. By Day 21, NoTIM mice had tumour cells that were approximately 50% of

the number in isotype treated mice, whilst hFcγRIIB Tg mice had 20% and mFcγRII KO

mice 10% tumour cells/mL compared with isotype. By Day 28, hFcγRIIB Tg and NoTIM

mice were rapidly approaching 100% whilst mFcγRII KO were only 17%. These data

indicate that tumour cell recovery is slower in mFcγRII KO mice than the other groups.

When assessing long term survival following 18B12 mIgG2a treatment, mFcγRII KO mice

had the longest median survival of 42 days. hFcγRIIB Tg had a median survival of 35

days whilst NoTIM mice had the shortest median survival of 28 days. mFcγRII KO and

hFcγRIIB Tg mice treated with 18B12 mIgG2a had significantly improved survival over

their isotype treated counterparts (Mantel-Cox test P value of <0.0001 and <0.0009) whilst

18B12 treatment in NoTIM mice did not give a significant survival benefit (P = 0.0506).

Treated mFcγRII KO mice also had a significant survival benefit over hFcγRIIB Tg mice

(P = 0.0272) and NoTIM mice (P = 0.0016) but there was no statistical significance in

survival between hFcγRIIB Tg and NoTIM mice (P = 0.1108) (Figure 5.3 B).

In summary, 18B12 mIgG2a treatment was significantly less effective in controlling Eµ-

TCL1 tumour growth in mice containing the hFcγRIIB receptor and this effect was irre-

spective of the receptor’s ability to initiate ITIM signalling. Whilst mFcγRII KO responded

to mAb therapy and displayed long term tumour control (approximately 3 - 4 weeks), both

hFcγRIIB Tg and NoTIM mice had ineffective tumour control and shortened survival out-

comes. Next, it was assessed if the depletion of Treg cells within the tumour microenvi-

ronment were negatively impacted by the NoTIM receptor.

200



C
hapter5

Figure 5.4: Eµ-TCL1 tumour cell growth and overall survival in mFcγRII KO, hFcγRIIB Tg and NoTIM mice
A) mFcγRII KO, hFcγRIIB Tg and NoTIM mice were adoptively transferred with 5-10 x106 Eµ-TCL1 cells via intraperitoneal injection. When tumour load made up reached 10-20% of
murine lymphocytes in the periphery, mice were treated with 100 µg of 18B12 mIgG2a or isotype control via intraperitoneal injection. Tumour cell recovery in 18B12 treated mice was
normalised to isotype treated mice within each group, with 100% set as the mean tumour cells/mL at terminal endpoint. B) A Kaplan Meier curve comparing survival between each different
mouse group and treatment. The result of three independent experiments (8 - 9 mice per group). Statistical analyses conducted using the Mantel-Cox test. Statistical analyses next to
isotype denotes significance between isotype treated and 18B12 treated mice (e.g. NoTIM isotype and NoTIM treated). Significance between 18B12 treated mice is denoted by the lines
between the groups. * = P ≤ 0.05, ** = ≤ 0.01, **** = ≤ 0.0001.
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5.3 Depleting OX40 murine T regulatory cells as therapy in the

E.G7 thymoma tumour model

In Chapter 4, it was shown that the depletion of Treg cells with an anti-CD25 mAb was

also inhibited by hFcγRIIB independently of ITIM signalling. To investigate these findings

in the context of a tumour model, the depletion of OX40+ Treg cells within the tumour

microenviroment of the syngeneic E.G7 thymoma model was assessed.

The depletion of Treg cells has been an intensive area of research due to their associa-

tions with a poor prognosis in cancers such as ovarian cancer, hepatocellular carcinoma

and breast cancer [401] [402] [403]. Treg cells drive immune suppression and support

tumour formation through mechanisms such as immunosuppressive cytokine production,

promoting Treg cell conversion and suppression of CTL cells [404]. Certain mAbs appear

to achieve their effects through the depletion of tumour associated Treg cells. For ex-

ample, anti-CTLA-4 mAbs were developed to block CTLA-4 interactions with CD28, but

subsequent research indicated that their success may also be driven by their ability to

deplete CTLA-4+ Treg cells [405] [148]. It has been suggested that the high expression

of mFcγRII observed in the tumour microenvironment in mouse models limits Treg cell

depletion and is an avenue of interest in improving Treg depletion [148].

E.G7 cells are derived from the parental cancerous EL4 T lymphoblast cell line. EL4 cells

were initially established in a C57Bl/6N mouse by inducing spontaneous tumour forma-

tion through exposure to 9,10-dimethyl-1,2-benzanthracene [406]. EL4 cells were then

transfected with a complete copy of the chicken OVA, resulting in EL4 cells that express

and secrete OVA (now known as E.G7) [339]. The OVA produced by E.G7 cells has been

found to be presented via the MHC-I antigen presentation pathway and has the ability

to prime CTLs to destroy the E.G7 tumours cell, making the E.G7 tumour susceptible to

regression and rejection [407]. Therefore, the E.G7 tumour is a model used to study the

immune response to tumour neoantigens. In order to grow, tumours are known to induce

an immunosuppresive environment. In the context of the CTL response, tumour associ-

ated Treg cells can suppress CTL function and therefore mitigate tumour regression and

enhance tumour escape and progression. In these set of experiments it was hypothe-

sised that the efficient depletion of tumour associated Treg cells would result in enhanced

tumour regression. OX40 was chosen as the target antigen, due to its constitutively high

expression on murine Treg cells and transient expression on effector T cell compartments
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[408]. mAb therapy has been directed against OX40 in pre-clinical models and has been

successfully used to deplete Treg cells as a cancer therapy [150].

To assess if the signalling independent NoTIM receptor was able to inhibit the depletion

of Treg cells in the tumour microenvironment, mFcγRII KO, hFcγRIIB Tg and NoTIM mice

were given 5x105 E.G7 cells via subcutaneous injection (s.c.). When the tumour had

become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either

OX86 (anti-mouse OX40) [333] mIgG2a or an isotype control, with an additional dose

given two days later (Day 0 and Day 2). Mice were bled two days after the first dose,

two days after the second dose and one week after the last dose to ascertain depletion

of Treg cells (bled on Day 2, Day 4 and Day 9). Treg cells were identified using flow

cytometry (CD4+FOXP3+ cells) and depletion was assessed by analysing the percentage

CD4+FOXP3+ cells remaining as the proportion of CD4+ cells and absolute cell number

(Figure 5.5).
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Figure 5.5: Schematic of the Treg cells within the E.G7 tumour model, experimental setup, OX40 expression within the T cell compartment and gating strategy to identify depletion and T
cell proliferation
A) Cartoon depicting the hypothesis of the E.G7 experiment and experimental setup. Histograms represent OX40 expression on CD4+FOXP3+, CD4+FOXP3- and CD8+ populations.
Grey = isotype, yellow = OX40. B) The gating strategy used to identify Treg, CD4 and CD8 cells and how depletion was ascertained. C) Examples of Ki67+ populations using an Ki67+
isotype mAb on Treg cells, and Ki67+ mAb on Treg, CD4 and CD8 cells
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5.3.1 Depletion of peripheral T regulatory cells

To ascertain the depletive capacity of OX86 mIgG2a, mice were bled on Day 2, 4 and

9 to analyse Treg cell depletion kinetics (Figure 5.6). Two days after the first dose of

200 µg dose of mAb, mFcγRII KO mice showed significant depletion in the periphery in

both percent of CD4+FOXP3+ cells (mean 4.7%) and actual cell number when compared

to isotype treated mice. This depletion was sustained on Day 4, but by Day 9 the per-

cent of CD4+FOXP3+ cells recovered to broadly the same level as isotype treated mice.

hFcγRIIB Tg mice showed a similar pattern of depletion but to a lesser extent. On Day 2,

the percentage CD4+FOXP3+ cells was below isotype (mean 6.2%) with Day 4 showing

a sustained decrease (mean 6.4%) and by Day 9 the percentage had recovered above

isotype. These changes were also reflected in cell number but the differences were not

as great.

NoTIM mice were most resistant to peripheral Treg cell depletion with a small mean de-

crease in CD4+FOXP3+ percentage (mean 7.1%), which had recovered to above isotype

by Day 4 and by Day 9 this had significantly increased to a mean of 16.4%. Again, these

changes were also reflected in the actual number of Treg cells/mL. Both mFcγRII KO and

hFcγRIIB Tg OX86 treated mice showed a significant sustained decrease in percentage

CD4+FOXP3+ cells on Day 2 and Day 4 when compared to isotype. In contrast, OX86

treated NoTIM mice showed initial depletion, followed by a sustained increase on Day 4

and Day 9 compared to isotype. mFcγRII KO and NoTIM mice treated with OX86 had a

significantly different percentage and number of Treg cells across the experiment (Figure

5.6).

The effect of OX86 induced depletion of Treg cells on peripheral CD8+ T cells seemed

to be minimal which was expected given their low expression of OX40. The number of

circulating CD8+ cells broadly stayed consistent across the experiment, with a small but

non-significant decrease in CD8+ cell number in OX86 treated mice compared to isotype

in all groups (Figure 5.7). For example, the mean number of CD8 T cells for mFcγRII

KO OX86 treated mice was 5.2x105 cells/mL on Day 2, 4.01x105 cells/mL on Day 4 and

3.7x105 cells/mL on Day 9. hFcγRIIB Tg and NoTIM mice treated with OX86 showed a

similar trend.

The CD8:Treg cell ratio can be used as a readout of the effectiveness of treatments target-

ing T cells, a higher ratio can correlate with more favourable clinical outcomes due to the
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Figure 5.6: Depletion of peripheral T regulatory cells in E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg and
NoTIM mice treated with OX86 mIgG2a or isotype control
MmFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and Day
2). The first column shows the percentage of CD4+FOXP3+ cells in isotype and OX86 treated mice across
each time point. The second column shows the enumerated number of peripheral CD4+FOXP3+ cells across
each time point. The result of two - three independent experiments (6 - 12 mice per group). Line = mean ±
SD. Statistical analyses conducted using a two-way ANOVA with Tukey’s multiple comparison test. * = P ≤
0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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proposed loss of suppression by Treg cells [409] [410]. On Day 2, OX86 treated mFcγRII

KO mice had a significant increase to a mean ratio of 18.62. In comparison hFcγRIIB Tg

mice had a moderate increase to a mean ratio of 15.2 whilst NoTIM mice had a smaller

increase to a mean ratio of 11.62 (Figure 5.7). By Day 4, OX86 treated mFcγRII KO mice

sustained an increased ratio whilst both hFcγRIIB Tg and NoTIMmice showed a decrease

in the CD8:Treg ratio, with NoTIM mice having the strongest decrease. By Day 9, mFcγRII

KO mice showed CD8:Treg ratios normalised towards the isotype control, whilst hFcγRIIB

Tg decreased further and NoTIM mice sustained a lower CD8:Treg ratio. At each time

point, OX86 treated mFcγRII KO mice had a significant difference in their CD8:Treg ra-

tio compared to OX86 NoTIM treated mice (Figure 5.7). These data indicate Treg cells

are efficiently depleted in mFcγRII KO mice, allowing the relative increase in proportion

of CD8 T cells, whilst hFcγRIIB Tg and NoTIM mice showed resistance to depletion and

even provided evidence for Treg cell expansion.

5.3.2 Proliferative capacity of peripheral T regulatory cells, CD4+ T cells
and CD8+ T cells

Due to the dual nature of OX40 being a target for cell depletion but also a co-stimulatory

receptor, the effects of OX86mAb treatment on the proliferative capacity of CD4+FOXP3+,

CD4+FOXP3- and CD8+ cells were analysed by measuring the expression of the nuclear

protein Ki67. Ki67 is expressed during cellular proliferation, upregulated during all active

phases of the cell cycle and absent from non-cycling quiescent cells [411].

Treg cells initially showed little proliferation in response to treatment. On Day 2, mFcγRII

KO Treg cells were similar to isotype, whilst hFcγRIIB Tg and NoTIM Treg cells had small

increases above isotype (Figure 5.8). By Day 4, mFcγRII KO had a small increase in

proliferating Treg cells (mean 33.1%) whilst both hFcγRIIB Tg and NoTIM Treg cells had

significant increases compared to isotype control (mean 47.4% and 69.9%, respectively).

The increase in Ki67+ Treg cells in NoTIM mice were significantly more than seen in both

mFcγRII KO and hFcγRIIB Tg mice. By Day 9, Ki67+ Treg cells in OX86 treated mice were

significantly increased compared to isotype but showed no differences between mouse

models (mFcγRII KO mean 73.1%, hFcγRIIB Tg mean 72.4% and NoTIM mean 73%).

Effector CD4 cells had a delayed proliferative response to OX86 treatment. On Day 2,

OX86 treated mice showed similar percentage of Ki67+ cells to isotype treated mice
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Figure 5.7: The change in CD8+ T cell number and CD8:Treg ratio in E.G7 tumour bearing mFcγRII KO,
hFcγRIIB Tg and NoTIM mice treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and
Day 2). The first column shows the enumerated number of CD8+ cells in the periphery across each time
point as determined by flow cytometry. The second column shows the calculated CD8:Treg ratio from the
enumerated number of circulating CD8+ and CD4+FOXP3+ cells across each time point. The result of two -
three independent experiments (6 - 12 mice per group). Line = mean ± SD. Statistical analyses conducted
using a two-way ANOVA with Tukey’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001,
**** = P ≤ 0.0001.
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(Figure 5.8). By Day 4, mFcγRII KO CD4 cells showed no increase over isotype whilst

hFcγRIIB Tg CD4 cells showed a modest increase above isotype. NoTIM CD4 cells had

a significant increase in Ki67+ CD4 T cells (mean 14.9%) compared to isotype treated

NoTIM mice as well as OX86 treated mFcγRII KO and hFcγRIIB Tg mice. By Day 9,

mFcγRII KO mice had a significant increase in proliferating CD4+ T cells (mean 24%),

whilst hFcγRIIB and NoTIM mice had a modest increase in Ki67+ CD4 cells compared to

Day 4 (mean 17.2% and 18.6%, respectively).

Effector CD8 cells also had a delayed proliferative response to OX86 treatment. On Day

2, all OX86 treated mice showed no changes in Ki67+CD8+ cells across each treatment

group (Figure 5.8). By Day 4, there was a small increase in proliferating CD8+ T cells

in mFcγRII KO and hFcγRIIB Tg mice (8.49% and 6.49%, respectively) with a significant

increase in NoTIM mice (mean 10.9%). By Day 9, mFcγRII KO mice demonstrated a

significant increase in Ki67+ CD8 T cells (mean 32.8%) whilst hFcγRIIB Tg and NoTIM

mice also showed an increase in Ki67+ however this was not significant compared to

isotype treated mice (mean 19.4% and 26.9%, respectively).

Taken together, analysis of Ki67+ cells showed that Treg cells, CD4+ and CD8+ cells

proliferated from Day 4 in hFcγRIIB Tg and NoTIM mice suggesting that hFcγRIIB may

be cross-linking OX86-OX40 to drive agonism. Proliferation of T cell compartments only

becomes apparent on Day 9 in mFcγRII KO mice suggesting proliferation in these mice

is driven by a homeostatic response to repopulate Treg cells after their depletion.
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Figure 5.8: Ki67+ peripheral T cells in E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg and NoTIM mice treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When the tumour had become palpable (approximately 30 - 75 mm2) mice were
treated with a dose of either OX86 (anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and Day 2). The first row shows percentage
CD4+FOXP3+Ki67+ cells, the second row shows percentage CD4+FOXP3-Ki67+ and the third row shows percentage CD8+Ki67+ cells. The result of two - three independent experiments
(6 - 12 mice per group). Line = mean ± SD.. Statistical analyses conducted using a two-way ANOVA with Tukey’s multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001,
**** = P ≤ 0.0001.
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5.3.3 Systemic depletion of T regulatory cells and proliferation of T regu-
latory cells, CD4+ T cells and CD8+ T cells

To better appreciate how OX86 mIgG2a modulated T cells within the tissues as opposed

to the periphery, mice harbouring tumours were culled on Day 4 (after receiving 400 µg

of mAb) and tissues were processed into single cell suspensions. These samples were

assessed by flow cytometry as above to ascertain depletion and T cell proliferation within

the spleen and the tumour. Splenic T reg cells and associated T cell populations were

identified as they were in the periphery (Figure 5.5). Because the E.G7 thymoma is CD4+

derived, the previous gating strategy was re-assessed using in vitro cultured E.G7 cells

and comparing them to the in vivo tumour to identify if the in vivo populations being ob-

servedwere of tumour origin or were infiltrating lymphocytes. The lack of CD8+ expression

on the cell line meant that infiltrating CD8+ cells could be readily identified. The E.G7 cell

line was negative for FOXP3+ staining meaning the Treg cell population could be iden-

tified with confidence. Because the endogenous CD4+FOXP3- population could not be

separated from the CD4+FOXP3- E.G7 cell line, they were not analysed (Figure 5.9).

Figure 5.9: Flow cytometry gating strategy used to identify T regulatory and CD8 cells within E.G7 tumour
bearing mFcγRII KO, hFcγRIIB Tg and NoTIM mice treated with OX86 mIgG2a or isotype control
The left hand figure indicates the gating strategy used on the E.G7 cell line. The same gating strategy was
then used on tumour samples to ascertain endogenous CD8+ and T reg cells from the E.G7 thymoma cells.
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5.3.3.1 Modulation of T cell compartments within the spleen

The first organ to be assessed was the spleen. To ascertain cell numbers, spleens were

harvested and weighed from each mouse. There was no significant difference in weight

from the spleen taken from OX86 or isotype treated mice (data not shown). The number

of Treg cells per gram of spleen were quantified and the percentage of CD4+FOXP3+ cells

were assessed. mFcγRII KO mice demonstrated a decreased number of Treg cells and a

significant decrease in the percentage of CD4+FOXP3+ cells after OX86 treatment (mean

5.97x107 cells per gram of spleen and 9.29%, respectively) (Figure 5.10 A). hFcγRIIB

Tg mice also showed a decrease in both cell number and percentage but this was not

statistically significant whilst NoTIM mice demonstrated an increase in the number of cells

and a significant increase in percentage (mean 1.25x108 cells per gram of tissue and

17.7%, respectively).

The number of CD8+ cells was also quantified per gram of spleen and a CD8:Treg ratio

was generated (Figure 5.10 B). The data showed no change in the total number of CD8

cells in mFcγRII KO mice and a small, albeit non-significant decrease in total CD8s in

hFcγRIIB Tg and NoTIM mice. The CD8:Treg ratio demonstrated a significant increase in

mFcγRII KO mice (mean 5.75), whilst hFcγRIIB Tg mice showed a small increase (mean

4.28) and NoTIM mice showed a significant decrease (mean 2.6). The difference in the

ratio between mFcγRII KO and NoTIM mice as well as hFcγRIIB Tg and mFcγRII KO and

NoTIM mice was significantly different.

Proliferation was assessed as above (Figure 5.5). The percentage of Ki67+ Treg cells and

CD8+ T cells in the spleen was quantified in each mouse model (Figure 5.10 C). mFcγRII

KO mice showed no change in the proliferation of Treg cells but significant proliferation of

splenic CD8+ cells compared to isotype control (mean 17.2% and 10.24%, respectively).

hFcγRIIB Tg mice showed a modest increase in both proliferating Treg cells and CD8+

cells (mean 27.37% and 8.15%, respectively) whilst NoTIMmice had a significant increase

in both proliferating Treg cells and CD8+ cells (mean 50% and 12.33%, respectively).

The expansion of Treg cells and the decrease in the CD8:Treg ratio suggests NoTIM mice

have a more immunosuppressive environment within the spleen than mFcγRII KO mice

and this expansion is likely driven by hFcγRIIB cross linking of OX86-OX40 interactions.
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Figure 5.10: Dynamics of T regulatory cell depletion, changes in CD8+ cell populations and the proliferation
of both T regulatory cells and CD8 cells within the spleen of E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg
and NoTIM mice treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and Day
2) and then harvested on Day 4. A) the number of T regulatory cells per gram of spleen and percentage of
CD4+FOXP3+ cells. B) The number of CD8+ cells per gram of spleen and CD8:Treg ratio. C) The percentage
of Ki67+CD4+FOXP3+ and Ki67+CD8+ cells in the spleen. The result of two independent experiments (6
mice per group). Line = mean ± SD. Statistical analyses conducted using a two-way ANOVA with Tukey’s
multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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5.3.3.2 Modulation of T cell compartments within the tumour

OX86 treated mFcγRII KO mice showed a decrease in total Treg cell number and a signifi-

cant decrease in percentage CD4+FOXP3+ (1.81x105 cells per gram of tumour and 1.7%,

respectively) after OX86 treatment (Figure 5.11 A). hFcγRIIB Tg showed a modest and

non-significant decrease in both cell number and percentage (2.22x105 cells per gram of

tumour and 2.6%, respectively) whilst NoTIM mice demonstrated no change in total cell

number and a very small decrease in percentage when compared to the isotype control

(3.61x105 cells per gram of tumour and 3%, respectively).

Quantification of CD8+ cells per gram of tumour showed little difference between isotype

and OX86 treated mice (Figure 5.11 B). mFcγRII KO mice had an enhanced but non-

significant increase in the CD8:Treg ratio after OX86 treatment compared to other OX86

treatedmice. T cell proliferation was assessed by determining Ki67+ expression as before.

OX86 treated mFcγRII KO mice showed a decrease in Ki67+ Treg cells in comparison to

isotype treated mice (20.16% and 38.25 %, respectively) accompanied by an increase in

CD8+Ki67+ cells (29.68% and 18.5%, respectively) (Figure 5.11 C). In contrast, hFcγRIIB

Tg mice showed a modest increase in Ki67+ Treg cells and no change in Ki67+ CD8+ cells

in comparison to isotype treated (36.57% and 15.99%, respectively) whilst NoTIM mice

demonstrated a substantial increase in both Ki67+ Treg cells and CD8+ cells (43.78% and

24.58%, respectively).

These data suggest OX86 efficiently depletes tumour associated Treg cells in mFcγRII

KO mice but to a much lesser extent in both hFcγRIIB Tg and NoTIM mice. NoTIM mice

are more prone to target cell agonism and proliferation whilst mFcγRII KO demonstrate

sustained systemic depletion of suppressive Treg cells.
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Figure 5.11: Dynamics of T regulatory cell depletion, changes in CD8+ cell populations and the proliferation
of both T regulatory cells and CD8 cells within the tumour of E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg
and NoTIM mice treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and Day
2) and then harvested on Day 4. A) the number of T regulatory cells per gram of tumour and percentage of
CD4+FOXP3+ cells. B) The number of CD8+ cells per gram of tumour and CD8:Treg ratio. C) The percentage
of Ki67+ CD4+FOXP3+ and Ki67+CD8+ cells in the tumour. The result of two independent experiments (6
mice per group). Line = mean ± SD. Statistical analyses conducted using a two-way ANOVA with Tukey’s
multiple comparison test. * = P ≤ 0.05, ** = ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001.
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5.3.4 Analysis of the myeloid compartment in the spleen and tumour fol-
lowing treatment with OX86 mIgG2a

Due to the nature of direct targeting antibodies requiring engagement of activatory FcγRs

on myeloid cells to elicit target cell depletion, the myeloid compartment was interrogated in

both the spleen and tumour. Due to tumours usually containing a high proportion of dying

cells a live/dead indicator was used to isolate viable cells. PI was used for this purpose,

it intercalates into the DNA of dying cells and critically is not permeable to live cells. This

then allowed the identification of viable CD45+/CD11B+/Ly6C/+Ly6G cells (neutrophils),

CD45+/CD11B+/Ly6C+ cells (Ly6C high monocytes) and CD45+/F4/80+/CD11Blo cells

(F4/80+ macrophages) (Figure 5.12).

Figure 5.12: Gating strategy used to identify myeloid cells within the tumour microenvironment of E.G7
tumours
Cells negative for propidium iodide were analysed based on CD45+CD11B+Ly6C+Ly6G (neutrophils),
CD45+CD11B+Ly6C+ (Ly6C high monocytes) and CD45+F4/80+CD11Blo (F4/80+ macrophages).
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5.3.4.1 The myeloid compartment within the spleen following OX86 mIgG2a treat-

ment in tumour bearing mice

The myeloid compartment within the spleen largely remained unchanged between mice

treated with isotype or with OX86 (Figure 5.13). When quantifying the number of CD11B

cells per gram of spleen and looking at the percentage of CD11B cells of CD45+ leuko-

cytes, there was no differences observed between treatment group or mouse model. Due

to the large variation in actual cell number it was difficult to draw any conclusions on the

general myeloid population between treatment groups (Figure 5.13 A). Specific cell types

showed some minor changes in proportions but these were not statistically significant

again due to the large amount variation in individual mice (Figure 5.13 B). The proportion

of macrophage cells in both hFcγRIIB Tg and mFcγRII KO mice showed a small decrease

in comparison with isotype, whilst NoTIMmice had a slight increase. Ly6C highmonocytes

showed a similar trend. Changes in the neutrophils populations were minor.

5.3.4.2 The myeloid compartment within the tumour following OX86 mIgG2a treat-

ment

Within the tumour, the myeloid populations showed some modest differences between

those mice treated with isotype and OX86 (Figure 5.14). mFcγRII KO mice showed a

small decrease in both cell number and percentage suggesting a reduction in myeloid

infiltrate. hFcγRIIB Tg mice also showed a small decrease in cell number and no change

in percentage compared to isotype treated mice whilst NoTIM mice showed an increase

in the number of CD11B cells but a decrease as a percentage of CD45+ cells (Figure

5.14 A). This could indicate that NoTIM mice have a small increase in myeloid infiltrate as

measured by cell number. The decrease in percentage could be due to the expanding T

cell compartments.

Looking at individual cell populations, there were small but non-statistically significant

changes when comparing isotype to OX86 treated mice (Figure 5.14 B). mFcγRII KO

mice showed no change from isotype, whilst hFcγRIIB Tg mice had a small decrease and

NoTIM mice had an increase in number of cells compared to isotype. Ly6C high monocyte

infiltration was low across all mice with OX86 treated mice showing a modest decrease

in the number of cells per tumour. Finally, neutrophil infiltration seemed to decrease in

mFcγRII KO and hFcγRIIB Tg mice but showed no change in NoTIM mice.
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Figure 5.13: Myeloid compartment within the within the spleen of E.G7 tumour bearing mFcγRII KO,
hFcγRIIB Tg and NoTIM mice treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and
Day 2) and then harvested on Day 4. A) Enumerated CD11B cells per gram of spleen and percentage
of CD11B+ cells of total CD45+ cells. B) The number of CD45+F4/80+CD11Blo (F4/80+ macrophages),
CD45+CD11B+Ly6C+ (Ly6C high monocytes and CD45+CD11B+Ly6C+Ly6G (neutrophils). The result of
two independent experiments (6 mice per group). Line = mean ± SD. Statistical analyses conducted using
a two-way ANOVA with Tukey’s multiple comparison test.
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Figure 5.14: Myeloid compartment within the tumour of E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg and
NoTIM mice treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and
Day 2) and then harvested on Day 4. A) Enumerated CD11B cells per gram of spleen and percentage
of CD11B+ cells of total CD45+ cells. B) The number of CD45+F4/80+CD11Blo (F4/80+ macrophages),
CD45+CD11B+Ly6C+ (Ly6C high monocytes and CD45+CD11B+Ly6C+Ly6G (neutrophils). The result of
two independent experiments (6 mice per group). Line = mean ± SD. Statistical analyses conducted using
a two-way ANOVA with Tukey’s multiple comparison test.
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5.3.4.3 Impact of myeloid infiltrate on tumour progression

To understand if there was a link between myeloid infiltrate and tumour growth and/or tu-

mour viability, a number of factors were analysed using linear regression. It was found

that the more viable the tumour, the less CD11B+ cells within the tumour microenvrion-

ment, however the relationship was weak (R2 = 0.2019, P value = 0.0808) indicating other

factors may be involved. The number of CD11B+ cells and the tumour size also showed a

positive relationship, the larger the tumour the more CD11B+ cells within the tumour. This

relationship was also weak with a R2 value of 0.2311 and a P-value of 0.0434. Finally,

the size of the tumour was correlated with tumour cell viability. This relationship had a

negative correlation (R2 value of 0.4521) and was deemed significant (P = 0.0022).

Figure 5.15: Simple linear regression of CD11B+ cell infiltrate, tumour size and cell viability within the tumour
of E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg and NoTIM mice treated with OX86 mIgG2a or isotype
control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and
Day 2) and then harvested on Day 4. A) Simple linear regression of CD11B+ cells per gram of tumour vs
percentage cell viability. B) Simple linear regression of CD11B+ cells per gram of tumour vs tumour size. C)
Simple linear regression of tumour size vs percentage cell viability. The result of two independent experiments
(6 mice per group). The result of two independent experiments (6 mice per group).
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5.3.4.4 hFcγRIIB expression within the spleen and tumour of E.G7 tumour bearing

mice

To understand further how hFcγRIIB was modulating OX86 treatment in the E.G7 tu-

mour model, the cellular expression of the receptor was analysed on key immune effector

cells within the spleen (B cells, macrophages) and the tumour (TAMs) (Figure 5.16). The

MFI of hFcγRIIB+ expression in NoTIM mice was found to be significantly higher than in

hFcγRIIB Tg mice on both splenic B cells and macrophages. B cells had a MFI of 3969 in

NoTIM mice, and a mean MFI of 2865 in hFcγRIIB Tg mice. Splenic macrophages were

also assessed and had the highest MFI out of all assessed spleen populations (NoTIM

mean MFI 4781, hFcγRIIB Tg mean MFI 1756). Within the tumour microenvironment, no

B cells were detected (data not shown) and the only cell type present in sufficient quan-

tities to assess receptor expression were TAMs. Interestingly, TAMs in the E.G7 model

expressed hFcγRIIB at considerably lower levels than splenic macrophage populations.

Nevertheless, NoTIM TAMs had a higher mean MFI (mean MFI 846) than that observed

on hFcγRIIB Tg TAMs (mean MFI 599), however this was not statistically significant.

5.3.5 Survival of E.G7 tumour bearing mice treated with OX86 mIgG2a

Parallel cohorts of mice not used for tissue assessment were monitored for tumour growth

and long term survival (Figure 5.18 and Figure 5.19). Those mice treated with the isotype

control had a median survival of 8-11 days across each mouse model. All hFcγRIIB Tg

mice treated with isotype mAb reached terminal endpoint (tumours of 225 mm2), whilst

2/9 mFcγRII KO and 1/10 NoTIM mice had tumours that spontaneously regressed de-

spite only receiving isotype control mAb. Tumour kinetics showed that the tumours grew

exponentially once over 100 mm2 in size with comparable growth rates in each mouse

group.

Tumour kinetics in OX86 treated mice showed different patterns of growth and regres-

sion dependent on the mouse model (Figure 5.19). Broadly, mFcγRII KO mice were the

most responsive to treatment, with most tumours reaching a size of 120 - 180 mm2, be-

fore quickly regressing. mFcγRII KO ’non-responders’ tended to grow to 50-75 mm2, re-

gressed in size after treatment and then began to grow in size after treatment was stopped

albeit at a slower rate than observed in the isotype controls.
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Figure 5.16: hFcγRIIB expression on splenic and tumour populations of E.G7 tumour bearing hFcγRIIB Tg
and NoTIM mice treated with OX86 mIgG2a or isotype control
hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When the tumour
had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86 (anti-mouse
OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and Day 2) and then
harvested on Day 4. A) Splenic B cell hFcγRIIB expression and MFI within hFcγRIIB Tg and NoTIM mice.
B) Splenic macrophage hFcγRIIB expression and MFI within hFcγRIIB Tg and NoTIM mice. C) Tumour
associated macrophage hFcγRIIB expression and MFI within hFcγRIIB Tg and NoTIM mice. Grey histogram
= isotype control, coloured histogram = hFcγRIIB.The result of two independent experiments (6 mice per
group). Line = mean± SD. Statistical analyses conducted using a two-tailed unpaired t-test. *** = P≤ 0.001,
**** = P ≤ 0.0001.

Responding OX86 treated hFcγRIIB Tg mice had a mixture of kinetics. The majority of

tumours grew to between 50 - 125mm2 before regressing whilst ’non-responders’ typically

grew unchecked. However, two ’non-responders’ showed an initial response to treatment

with some regression and then grew rapidly to experimental endpoint.

The majority of NoTIM mice which responded to OX86 treatment had tumours that grew

222



Chapter 5

to 75 - 100 mm2 before completely regressing. Like in hFcγRIIB Tg mice, some ’non-

responders’ either did not regress in response to treatment or grew to substantial size,

showed some regression, before progressing to terminal endpoint.

When comparing response to therapy between mouse strains, there were 8/10 ’respon-

ders’ in the mFcγRII KO group, 6/12 ’responders’ in the hFcγRIIB Tg group and 7/12

’responders’ in the NoTIM group (Figure 5.18). OX86 treatment provided a significant sur-

vival benefit compared to isotype treated mice for mFcγRII KO (P = 0.0030), hFcγRIIB

Tg (P = 0.0011) and NoTIM mice (P = 0.0024). The Mantel-Cox statistical test found no

significant difference between survival of OX86 treated mice (mFcγRII KO vs. hFcγRIIB

Tg P = 0.1070, mFcγRII KO vs. NoTIM P = 0.2288). The median survival of hFcγRIIB

Tg mice was 41 days, it is not possible to determine for mFcγRII KO and NoTIM mice

due to the high number of surviving mice. Overall, OX86 provided a clear survival benefit

in mice compared to those treated with isotype control, which was similar between each

different mouse model. Although not statistically significant, mFcγRII KO mice appear to

be more sensitive to OX86 treatment than mice carrying the hFcγRIIB transgene. in the

E.G7 tumour model.

Figure 5.17: Kaplan-Meier survival in E.G7 tumour bearing mFcγRII KO, hFcγRIIB Tg and NoTIM mice
treated with OX86 mIgG2a or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When
the tumour had become palpable (approximately 30 - 75 mm2) mice were treated with a dose of either OX86
(anti-mouse OX40) mIgG2a or an isotype control, with an additional dose given two days later (Day 0 and Day
2). Mice were then monitored until terminal endpoint (tumour measurement of 15x15 mm2). A Kaplan Meier
curve of E.G7 tumour bearing mice comparing survival between each different mouse group and treatment.
The result of three independent experiments (10 - 12 mice per group). Statistical analyses conducted using
the Mantel-Cox test. ** = ≤ 0.01.
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Figure 5.18: Kinetics of E.G7 tumour growth in mFcγRII KO, hFcγRIIB Tg and NoTIM mice treated with OX86 or isotype control
mFcγRII KO, hFcγRIIB Tg and NoTIM mice were given 5x105 E.G7 cells via subcutaneous injection. When the tumour had become palpable (approximately 30 - 75 mm2) mice were
treated with a dose of either OX86 (anti-mouse OX40) mIgG2a or an isotype control (indicated by the black arrow), with an additional dose given two days later (Day 0 and Day 2). Mice
were then monitored until terminal endpoint (tumour measurement of 15x15 mm2). The first row shows tumour kinetics in isotype treated mice whilst the second row shows tumour kinetics
in OX86 treated mice. The result of three independent experiments (10 - 12 mice per group).
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5.4 Discussion

In the previous chapter, evidence generated using the hFcγRIIB Tg and NoTIM mouse

models suggested that FcγRIIB elicits inhibition of direct targeting antibody mediated cell

depletion independently of the ITIM signalling motif. That chapter focused on the depletion

of non-malignant normal cells; the aim of this chapter was to understand if the same prin-

cipals applied to direct targeting antibody therapy in the context of murine tumour models.

To investigate this, the syngeneic murine Eµ-TCL1 and E.G7 tumour models were utilised.

The depletion of Eµ-TCL1 tumour cells was assessed using the anti-mCD20 mAb 18B12

mIgG2a, whilst E.G7 tumour therapy was examined through the depletion of Treg cells

using the anti-OX40 mAb OX86 mIgG2a. As expected, the depletion of both cell types

was effective in mFcγRII KO mice, whilst hFcγRIIB Tg and NoTIM mice showed resis-

tance. In the Eµ-TCL1 tumour model, mFcγRII KO mice had a significant improvement

in survival over hFcγRIIB Tg and NoTIM mice, whilst in the E.G7 model mFcγRII KO

mice had improved survival but this was not significant compared to other mice. The less

marked improvement in the E.G7 tumour model is most likely down to the complex nature

of OX40 biology and how high expression of FcγRIIB out-competes activatory mFcγRs to

elicit crosslinking of OX86-OX40 and agonism, instead of depletion.

The Eµ-TCL1 tumour model was a natural progression from the previous chapter due to

using the same anti-mCD20 mAb 18B12 as a depleting antibody. Like wild-type murine B

cells, the malignant B cells express both mCD20 and mFcγRII but contain the human

Eµ-TCL1 oncogene, driving uncontrolled proliferation (Figure 5.1). The expression of

mFcγRII on the malignant B cells was considered to have minimal impact on target cell

depletion. Previously it has been shown that 18B12 undergoes minimal internalisation

in the presence of mFcγRII and inhibition by hFcγRIIB is driven through expression on

immune effector cells (Chapter 4). Experiments were conducted using the mIgG2a sub-

class of 18B12 due to the aggressive nature of the Eµ-TCL1 tumour and it was found that

mFcγRII KO mice showed strong and sustained depletion of both malignant cells and en-

dogenous B cells for up to three weeks following treatment with 18B12 mIgG2a (Figure

5.2). In contrast, NoTIM mice had blunted depletion of malignant and endogenous B cells,

with tumour cells recovering above baseline by Day 7. In every mouse model, 18B12 mAb

therapy was shown to equally deplete malignant cells and endogenous B cells (Figure 5.3

B). Following mAb treatment, mFcγRII KO mice had the biggest fold decrease in target

cell populations, NoTIM mice had the smallest fold decrease. Importantly, the differences
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between malignant cells and endogenous B cells was not statistically different within each

mouse model. This shows that there was not an innate difference in the modulation of di-

rect targeting mAb therapy between each model; 18B12 was able to equally interact with

CD20 on malignant cells and healthy cells. This means that any differences in depletion

can be attributed to hFcγRIIB and not a tumour specific effect.

The TCL1:T cell ratio is another way to assess malignant cell recovery (Figure 5.1 E).

By Day 7, all NoTIM mice had recovered above baseline (ratio of approximately 1) whilst

mFcγRII KO and hFcγRIIB Tg took until Day 14 to surpass baseline. Individual hFcγRIIB

Tg mice showed a broad differences in depletion, mirroring both mFcγRII KO and No-

TIM depletion profiles. Together, these data show that the presence of the non-signalling

hFcγRIIB results in less target cell depletion than seen in mFcγRII KO mice. Target cell

recovery was substantially faster in mice containing a signalling or non-signalling variant

of hFcγRIIB, suggesting that the presence of the receptor confers worsening outcomes

for direct targeting mAb therapy. The tumour cells recovered at a particularly fast rate in

NoTIM and hFcγRIIB Tg mice probably due to the lack of depletion in physiological niches

were tumour cells reside. Human lymphomas have been shown to accumulate in regions

that include the spleen, liver, gastrointestinal tracts and the peritoneal cavity [412]. In

niches such as the spleen, the local environment can be considered to be immunosup-

pressive, with a dense network of immune cells modulating the adaptive and immune

response [413]. In the previous chapter (Chapter 4) and analysing hFcγRIIB expression

on splenic populations (Figure 5.16) it was shown with sub optimal doses of mAb, CD20+

cell clearance in the spleen was poor. This is most likely driven by the high expression of

hFcγRIIB, allowing tumour cells to reside and repopulate. These tumour cells also reside

in other immune suppressed environments such as the peritoneum [399]. mCD20 therapy

was found to poorly deplete CD20+ resident peritoneum cells due to a lack of activatory

myeloid cells [414]. Eµ-TCL1 cells are of B1 cell origin, and the peritoneum is a favoured

niche of B1 B cells [399]. The peritoneum is also where cells are first injected into recipient

mice. An increased reservoir of tumour cells in these locations due to poor depletion in

NoTIM and hFcγRIIB Tg mice is likely to explain why peripheral cells recover at a faster

rate than seen in mFcγRII KO mice. To investigate further, the hFcγRIIB expression pro-

file could be screened within the peritoneum and enumeration of Eµ-TCL1 cells residing

within the peritoneum could be compared between mouse models.

The depletion profile seen in hFcγRIIB Tg mice was varied. Some mice could be termed

’responders’ with a depletion profile akin to mFcγRII KO mice whilst others were ’non-

226



Chapter 5

responders’ with a depletion profile akin to NoTIM mice. This is most likely the result of

lower transgene expression (in comparison to NoTIM mice) and the mosaic expression

pattern observed on some immune effector cells. Therefore, immune effector cells ex-

pressing little to no hFcγRIIB are able to optimally deplete target cells, whilst those cells

with moderate expression are impaired in a similar manner to NoTIM effector cells. The

net result is a depletion and recovery profile that sits between both mFcγRII KO and No-

TIM mice. Following 18B12 mAb treatment, it is difficult to correlate transgene expression

and MFI with depletion as a high level of depletion is initially observed irrespective of

FcγRIIB expression level. Nevertheless, the pattern of depletion seen in hFcγRIIB Tg

mice is reflective of the dose escalation experiments (Chapter 4). These data suggests

the hFcγRIIB receptor elicits inhibition of mAb mediated target cell depletion of malignant

cells also through competition with activatory mFcγRs. Published research has previ-

ously shown that Kupffer cells are responsible for mediating depletion of CD20+ tumour

cells [346] and prior characterisation of the NoTIM model has shown high expression of

hFcγRIIB on Kupffer cells (Chapter 3). Taken together, it can be hypothesised that com-

petition between activatory mFcγRs and hFcγRIIB on liver resident Kupffer cells results

in poor depletion of tumour cells in the transgenic models.

Previous work had looked at the link between target cell depletion and mAb concentration

in the serum in normal mice (Chapter 4). To rule out a link between depletion and con-

centration in tumour bearing mice, 18B12 mIgG2a serum concentration was assessed.

Although not directly comparable, it was important to formally investigate if the high ex-

pression of hFcγRIIB in NoTIM mice differentially modulated mAb half life in the presence

of the Eµ-TCL1 tumour. Serum available 18B12 was analysed two days after mAb ad-

ministration and as seen in the pharmacokinetics study (Chapter 4), NoTIM and hFcγRIIB

Tg mice had less serum mAb than mFcγRII KO mice (Figure 5.3 C). This data suggests

that the expression of hFcγRIIB is responsible for enhanced clearance of the mAb, and

the higher expression observed in NoTIM mice may account for the significance between

mFcγRII KO and NoTIM mice. However, once tumour cell depletion and mAb concentra-

tion were correlated, there was no relationship. It has been previously shown that 18B12

saturates mCD20 binding sites on splenic B cells at 2.5 µg/mL, and based on previous

data we can assume that at least during the first 5 days all cells are equally saturated with

mAb. In terms of mAb pharmacokinetics, it is accepted that the FcγR mediated elimi-

nated pathway of mAbs cannot be saturated and therefore is not expected to substantially

effect mAb pharmacokinetics (and therefore depletion) [378]. From this data we can be

confident that differences in mAb concentration are not influencing target cell depletion.
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Overall, mFcγRII KO mice treated with 18B12 mIgG2a had a significant improvement in

survival compared to hFcγRIIB Tg and NoTIM mice (Figure 5.4 B). This is most likely

due to the enhanced target cell depletion observed in mFcγRII KO mice, whilst target cell

depletion was poor in both transgenic mouse models. The survival of NoTIM mice treated

with 18B12 was particularly poor and was not able to provide a significant survival benefit

over isotype, despite the fact the NoTIM receptor cannot initiate ITIM mediated signalling.

These findings mirror the depletion of normal B cells (Chapter 4), where higher transgene

expression in NoTIM mice compared to hFcγRIIB Tg mice was linked to poor depletion

and faster recovery of target cells. To summarise, 18B12 mIgG2a mediated depletion of

Eµ-TCL1 tumour cells was negatively impacted by the expression level of hFcγRIIB rather

than the ability of the receptor to elicit ITIM mediated signalling. The higher the expression

of hFcγRIIB, the less tumour cell depletion was observed and the quicker the tumour cells

recovered, resulting in worsened survival outcomes.

To assess these conclusions more widely, the depletion of OX40+ Treg cells using OX86

mIgG2a was examined in the subcutaneous E.G7 thymoma model. However, analysis of

depletion in the three mouse models did not reveal straightforward impacts on outcome

as seen in the Eµ-TCL1 tumour model. Nevertheless, the impact on Treg cell depletion

followed the expected pattern, with peripheral Treg cell depletion strongest in mFcγRII

KO mice with significantly less depletion observed in NoTIM mice on Day 2 (Figure 5.6).

This resulted in an increase in the CD8:Treg ratio of mFcγRII KO mice, with no change

in NoTIM mice (Figure 5.7). The proliferative capacity of Treg, CD4+FOXP3- and CD8

cells (as determined by Ki67+ staining) remained unchanged indicating that OX86 had

the expected effect as a mIgG2a depleting antibody, in agreement with with previous ob-

servations (Chapter 4).

mFcγRII KO mice continued to demonstrate strong and sustained Treg cell depletion and

increased CD8:Treg ratio, until a week after the last dose of mAb, when Treg cells showed

a recovery in terms of percentage and number (Figure 5.7). This observation was poten-

tially expected as the depleting mAb would be consumed and reduced in the circulation.

Anecdotally, within the laboratory and also briefly commented on in the literature [415],

it has been seen that upon cessation of mAb treatment, Treg cells can rapidly return to

the periphery, even overshooting normal levels. In a non mAb Treg cell depletion setting,

using diphtheria toxin receptor-FOXP3 (DEREG) transgenic mice, it has been shown that

following Treg cell depletion, Treg cells rebound and proliferate strongly to replace those

that have been lost as an immune-homeostasis mechanism [416]. This same effect ap-
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pears to be reflected in the Ki67+ data, where depleted Treg cells on Day 2 and 4 show

little change in proliferation whilst on Day 9 the Treg cells proliferate strongly as they most

likely attempt to repopulate Treg cell niches. Further data generated using DEREG mice

also suggested that extensively proliferating Treg cells can become non-functional, having

implications for the observations in all three mouse models [416]. However, it should be

noted that these former experiments were conducted using systemic conditional depletion

rather than mAb induced depletion which could result in different outcomes.

From Day 4, hFcγRIIB Tg and NoTIM mice deviated from the Treg cell depletion profile

(Figure 5.6) seen with anti-CD25 mAb depletion in Chapter 4. Instead, OX86 mIgG2a

seemed to agonise OX40. In NoTIM mice, the percentage of Treg cells had increased

above isotype controls by Day 4, and by Day 9 there was a sustained statistically significant

increase above isotype. hFcγRIIB Tg mice had an intermediate response, with somemice

reflecting depletion as seen in mFcγRII KO mice and others expansion of Treg cells as

seen in the NoTIM mice. Despite the increase in Treg cells, the CD8:Treg ratio remained

unchanged in NoTIM mice between Day 4 and Day 9 (Figure 5.7). This is most likely

explained by the increase in proliferation of CD8+ cells observed from Day 4 and present

at Day 9, itself likely as a result of the removal of Treg suppression.

The data from the periphery suggests that in mFcγRII KO mice, where only activatory

mFcγRs are present, there is a sustained depletion of OX40+ Treg cells compared to

isotype treated mice. On Day 9, Treg cells showed strong proliferation as they began

to repopulate alongside CD4+FOXP3- and CD8+ cells (Figure 5.8). In contrast, NoTIM

mice initially show a blunted response to depletion of OX40+ Treg cells. On Day 4, Treg
cells were highly proliferating with some indications of proliferation in the CD4+FOXP3-

and CD8+ compartment. By Day 9, there is a strong increase in Treg cells numbers but

also in the proliferative capacity of CD4+FOXP3- and CD8+ cells, that are conceivably

driven by direct OX40 agonism in these cell types. OX40 mAb agonism in vivo has been

demonstrated using both murine OX40 and human OX40, where mAb isotypes that favour

engagement with the inhibitory mFcγRII were shown to drive target agonism [417] [150].

Further studies have shown that mAb induced agonism of OX40 along with TCR stimula-

tion induced expansion, differentiation and survival of CD4 and CD8 cells. Furthermore,

If either the CD4 or CD8 compartment were depleted, OX40 agonism was no longer able

to induce tumour regression [418] [419] [420]. These data indicate that OX40 agonism

can drive better tumour control in murine models.
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The mIgG2a subclass is usually utilised in murine models to induce potent target cell

depletion. When targeting antigens with potentially dual functions on different cell types

(e.g. OX40 and 4-1BB), successful strategies have utilised both the mIgG2a subclass

to initially deplete Treg cells and the mIgG1 subclass (which optimally engages the in-

hibitory mFcγRII) to agonise the receptor on effector T cell subsets to elicit proliferation

and activation [145] [150]. In the context of the NoTIM mouse, it appears that the high ex-

pression of hFcγRIIB out-competes the high affinity interactions between mIgG2a and

mFcγRI/mFcγRIV to crosslink OX86-OX40 interactions rather than deplete the target.

This would explain why NoTIM mice show minimal depletion and strong proliferation of

all T cell compartments from an early stage.

The direct effect of OX40 agonism on Treg cells is disputed. Some published research

suggests that direct agonism of OX40 on Treg cells drives their suppressive function. One

published paper suggests that OX40 agonism, usingOX86 rIgG1, directly suppresses Treg
cells in vitro and in vivo and is not able to directly induce Treg cell proliferation [421]. The

authors go on to suggest that rested Treg cells in vitro are susceptible to OX40 mediated

suppression, however when activated with IL-2 and CD3 micro beads this suppression is

no longer functional. However, OX86 mAb mediated selective suppression of naïve Tregs
was only investigated in vitro and has not been shown in vivo [421]. In contrast, a later

paper suggested that OX40 agonism of Treg cells can drive expansion in the context of

the right cytokines. It was found that naïve mice treated with OX86 rIgG1 had a significant

increase in splenic Treg cells. These expanded Treg cells were also found to suppress

CD8 effector cells as efficiently as isotype treated Treg cells giving conflicting evidence

for the change in phenotype/function after OX40 stimulation [422]. The authors went on

to show in an autoimmune setting, that if OX86 rIgG1 was administered at the priming

stage of the disease (i.e. before symptoms arise), treatment results in Treg cell expansion

and lessened disease severity. If administered during disease onset (i.e. after symptoms

arise), it resulted in worsened disease severity, with enhanced production of IL-2, IL-6 and

IFN-γ, attributed to a loss of Treg cell suppression.

In the context of the syngeneic CT26 tumour, another group found that OX86 rIgG1 treat-

ment resulted in better tumour control than isotype treatedmice with no changes in number

of Treg cells within the tumour. They deduced that therapy was elicited through OX40 me-

diated inhibition of Treg cells, the suppression of effector T cell conversion to Treg cells

and was dependent on CD8 cells being present within the tumour [423]. In contrast, an-

other study highlighted that OX86 required activatory FcγRs to deplete Treg cells within
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the tumour microenvironment. Firstly, the authors found that OX86 rIgG1 depleted Treg
cells within the tumour of CT26 treated mice. This finding was found to be dependent

on activatory FcγRs and knocking out mFcγRII enhanced therapy (as seen with OX86

mIgG2a therapy in E.G7 bearing mFcγRII KO mice [Figure 5.11]). Treatment was fur-

ther enhanced when OX86 was switched to the mIgG2a subclass, adding weight to the

requirement of activatory FcγRs for efficacy [424].

Taken together, the conflicting evidence across multiple studies suggests that OX40 mAbs

are driving a combination of activatory FcγR mediated depletion, alongside mFcγRII me-

diated agonism leading to effector T cell activation and potentially Treg cell suppression.

Each individual mechanism may depend on differential FcγR expression levels, OX40 ex-

pression levels and relative cell proportions coupled to the complex cytokinemilieu present

in anatomical niches such as the tumour. As such, the prevailing mechanism of anti-OX40

mAb therapy is not understood and the use of different mouse models, antibody therapies,

tumour models and dosing makes it difficult to ascertain the exact mechanism of OX40

agonism on Treg cells in vivo. Here, when assessing the impact of Treg cell depletion

versus expansion on overall survival within each mouse model, it can be hypothesised

that depletion of OX40+ Treg cells provides therapy in the E.G7 tumour model, as shown

by Bulliard et al. [424]. However, the strong expansion of Treg cells in NoTIM mice also

results in 7/12 mice surviving the experiment, suggesting OX40 agonism also provides

a survival benefit. Taken together, these data suggests that perhaps the expanded Treg
cells seen in NoTIM mice could be non-functional or inhibited by OX40 agonism as shown

by Piconese et al. and in the context of a growing tumour by Ruby et al. [423] [422]. Alter-

natively, or even concurrently, the CD8 T cells may be further agonized to deliver tumour

control (albeit with a trend towards being less effective than mFcγRII KO mice). When

a tumour is first established it is generally accepted that it invokes a pro-inflammatory

microenvironment as the immune system responds to the malignant cells. As E.G7 cells

produce a neoantigen in the form of OVA, this is likely to be the case for this tumour model

too. Therefore, it can be inferred that when OX86 is given to mice after the tumour has

been established, the milieu of pro-inflammatory cytokines within the tumour microenvi-

ronment may drive dysfunction and/or inhibition of Treg cells alongside more potent CD8

stimulation when OX40 is agonised, allowing optimal CTL control of the tumour.

Analysis of Treg cells within the spleen on Day 4 accentuated the data generated in the

periphery (Figure 5.10). mFcγRII KO mice demonstrated a decrease in Treg cells, with

a substantial increase in CD8:Treg cell ratio. Interestingly, the percentage of Ki67+ cells

231



Chapter 5

in mFcγRII KO was significantly more after OX86 treatment than isotype control within

the spleen. This was not observed in the periphery and could be a result of changing

the balance of activatory:inhibitory cells within the spleen, having an impact upon CD8+

cells. The spleen is a dense network of immune cells with many cell:cell contacts. Treg
cells can exert inhibition of effector T cells through direct contact [425] and so by de-

pleting the Treg cells in mFcγRII KO mice and removing the cell:cell contact mediated

inhibition, this could result in enhanced activation of effector T cells. In contrast, NoTIM

mice showed an expansion of Treg cells, a decrease in the CD8:Treg cell ratio and strong

proliferation of splenic Treg cells and CD8+ cells. The strong expansion and prolifera-

tion of T cell populations within the spleen is probably driven by the high expression of

hFcγRIIB delivering OX40 agonism as discussed above. It has been shown that NoTIM

splenic B cell and macrophage populations express significantly higher hFcγRIIB than

observed in hFcγRIIB Tg mice (Figure 5.16), therefore we would expect to see a higher

degree of OX40-OX86 cross-linking in the NoTIM mice. This observation is supported

by the stronger OT-I expansion seen in mCD40 mAb treated NoTIM mice in Chapter 4.

Therefore it can be deduced that the Fc of OX86 is more likely to interact with hFcγRIIB

if the receptor is highly expressed, leading to cross-linking and agonism of OX40 rather

than target depletion.

Within the tumour, it was clear that mFcγRII KO mice experienced systemic Treg cell

depletion (Figure 5.11). This was statistically significant in terms of the percentage of

CD4+FOXP3+ cells, whilst hFcγRIIB Tg and NoTIM mice showed a modest decrease in

Treg cells. An increase in Ki67+ Treg cells suggested a mild agonistic effect in hFcγRIIB

Tg and NoTIM mice as compared to the periphery and spleen, with no change in Ki67+

Treg cells in mFcγRII KO mice. Proliferating CD8+ cells were present in larger numbers

in mFcγRII KO mice than NoTIM mice suggesting that Treg cell depletion had a stronger

effect on CD8+ activation than OX40 agonism in this model. A noteworthy observation

was the lack of Treg cell expansion within the tumour microenvironment in NoTIM mice de-

spite clear expansion in the spleen. Analysis of hFcγRIIB expression showed that the only

hFcγRIIB+ cells present in substantial quantities were tumour associated macrophages

(CD45+/F4/80+/CD11Blo), and the expression seen in hFcγRIIB Tg and NoTIM mice was

significantly lower than observed on B cells or macrophages from the spleen (Figure 5.16).

The lower expression of hFcγRIIB observed in the tumour could explain the lack of ago-

nism in this niche, with not enough receptor to cross link OX40-OX86-hFcγRIIB. There-

fore, the lower expression of hFcγRIIB results in inhibition of depletion rather than receptor

agonism.
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In a recently published paper, OX86 rIgG1 treatment in the MCA-205 tumour model

showed that mAb treatment resulted in an expansion of splenic Treg cells but a reduc-

tion in tumour associated Treg cells, showing similar findings to those reported here in

the E.G7 model [426]. The authors also found that OX86 treatment resulted in an in-

crease in proliferation of all T cell compartments when mFcγRII was present, suggesting

the mouse inhibitory receptor is driving agonism. This would be expected of the rIgG1

isotype as it behaves similarly to the mIgG1 isotype with respect to FcγR binding pro-

file ([369], in-house data Dr Ian Mockridge). Critically, analysis of OX86 treated Treg cells

within the tumour showed no change in inhibitory function. ex vivoOX86 treated Treg cells

could still suppress effector T cell populations suggesting OX40 agonism does not inhibit

Treg cells. Instead, the authors suggested that effector CD4 cells enhance IL-2 production

upon OX40 stimulation, supporting both Treg and CD4+ effector cell proliferation. OX40

agonism of Treg cells was also shown to result in the secretion of effector CD4 cytokines

such as IFN-γ and TNF-α. These data from Polesso et al., share common features with

the observations made in hFcγRIIB Tg and NoTIM mice suggesting that OX40 agonism

may drive Treg cells towards an effector cell phenotype when sufficient FcγR-mediated

cross linking can take place.

Within the literature, analysis of the myeloid compartment within CT26 tumours treated

with OX86 rIgG1 showed a decrease in the infiltration of myeloid derived suppressor cells

and macrophages. The authors inferred OX40 agonism increased CD8 cell infiltration,

decreasing the suppressive nature of the tumour microenvrionment and found an inverse

correlation of response to treatment and myeloid infiltrate [418]. The myeloid compart-

ments within the E.G7 model were also investigated and were found to be unaffected by

OX86 mIgG2a treatment (Figure 5.13, Figure 5.14). Within the spleen, there are no no-

table changes between mouse groups or models (Figure 5.13) and within the tumour mi-

croenvironment, there is no immediate differences within themyeloid compartment (Figure

5.14). OX86 treatment may again increase F/80+ infiltrate in NoTIM mice but the effect is

insignificant when compared to the infiltrate present in mFcγRII KO mice. The number of

Ly6C+Ly6G+ cells seems to be decreased in OX86 treated mFcγRII KO and hFcγRIIB Tg

whilst remaining unchanged in NoTIM mice. But again, the significance of these changes

is not clear and is most likely due to biological variation within the tumour. Comparisons

to the published data from Redmond et al. may differ because of different tumour mod-

els, genetic background of the mice, mAb isotype and the treatment regimen [418]. For

example, the CT26 tumour is known to contain a particularly high Treg cell infiltrate and
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therefore may be more sensitive to OX40 mAb therapy than the E.G7 model [427]. The

myeloid infiltrate is likely to differ between the two models as well.

When assessing overall survival of E.G7 bearing mice treated with OX86, the different

mechanisms of action between the mouse models paints a complex picture (Figure 5.17).

Isotype treated mice succumb to tumour endpoint broadly between Day 9 - 18. Tumour

growth of OX86 treated mice showed significant variation, but with generalisable patterns.

mFcγRII KO tumours grew to an advanced stage (125 - 175mm2) before fully regressing,

whilst ’non-responders’ had tumours that regressed at a smaller size (75 - 125mm2) before

relapsing to reach terminal endpoint. hFcγRIIB Tg and NoTIMmice treated with OX86 had

similar growth patterns. Responding mice had tumours that grew to a 50 - 125mm2 before

fully regressing, whilst ’non-responders’ generally had no difference in tumour kinetics

compared to isotype treated mice. Long term survival showed OX86 treatment provided a

survival benefit, with better overall (but statistically non-significant) survival in mFcγRII KO

than hFcγRIIB Tg or NoTIM mice (Figure 5.18). OX86 treatment was sufficient to arrest

tumour growth in all mouse models, presumably through different mechanisms of action

as discussed above. This data supports the dual mechanisms of action observed in the

literature for the targeting of agonistic receptors on Treg, CD4+FOXP3- and CD8+ T cells

[424] [422] [150] [426].

The proposed mechanism of action based on the data and observations from the literature

is as follows. The high expression of OX40 on Treg cells facilitates target cell depletion

in mFcγRII KO mice (Figure 5.19). The removal of Treg cell suppression removes the

homeostasis mechanisms that would otherwise keep CD4+FOXP3- and CD8+ activation

in check and allows optimal proliferation and activation of these effector T cells. The acti-

vated effector T cell compartment then destroys the OVA-expressing tumours as ’non-self’

(Figure 5.20). These data are supported by the observation that sufficient depletion of tu-

mour associated Treg cells (as seen in mFcγRII KO mice) provides anti-tumour immunity

[424] [426]. The E.G7 treated mice whom reach terminal endpoint despite OX86 treat-

ment could be a result of tumour escape through downregulation of OVA presentation,

upregulation of inhibitory receptor ligands (such as PD-L1) or such a sharp rebound in

Treg cell numbers after treatment has ceased, re-instating the CD8+ T cell suppression.

In contrast, it is proposed that OX86 treatment in NoTIM mice initially results in mod-

est depletion of Treg cells (impaired by the NoTIM hFcγRIIB). The high expression of

hFcγRIIB within these mice outcompete activatory FcγRs and further agonise OX40 sig-
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nalling through crosslinking OX40-OX86 interactions (Figure 5.19). Crosslinking of OX40

is known to result in upregulation of cell proliferation, survival and activation of T effector

cells, however the effects of OX40 agonism on Treg cells is contested as discussed earlier.

What is clear is that the high expression of hFcγRIIB drives OX40 agonism, resulting in

a highly proliferative Treg cell compartment and an expanded effector cell compartment.

This could be achieved through direct OX40 agonism on the Treg cell compartment during

the priming phase [422] or agonism of CD4 effector cells providing IL-2 to enhance Treg
cell proliferation [426]. Direct OX40 agonism may also impart suppression on Treg cells

as discussed [421]. The overriding mechanism cannot be deduced from current data.

To identify the prevailing mechanism, it would be useful to isolate NoTIM tumour associ-

ated and splenic Treg cells to conduct suppression assays and compare their activity. Sin-

gle cell sequencing could be utilised on these Treg cell subsets and compared to cells from

isotype treated mice to establish if OX40 agonism changes the phenotype/transcriptional

profile of the Treg cells. The therapy experiment could be also repeated with mice either

pre-treated with a CD25 blocking mAb or IL-2 neutralising mAb to ascertain if IL-2 release

from effector T cells drives Treg cell proliferation.

When looking at all T cell compartments, the expansion of Treg cells seems to be the

dominant effect in NoTIM mice and when translating into longer term survival this may

result in the lower, but non-significant, decrease in survival compared to mFcγRII KO

mice (Figure 5.20). The expansion of the effector T cell compartment results in tumour

control and regression in some mice. But approximately 50% of tumours do not respond

to treatment, suggesting that the expansion of the Treg compartment is able to outweigh

the effector cell expansion in these mice. Ultimately, the combination of both Treg cell

depletion and effector T cell expansion results in effective tumour control.

To conclude, in this chapter two different tumour models were used to ascertain if

hFcγRIIB could elicit inhibition of direct targeting mAb therapy independently of ITIM sig-

nalling. In both models, it was clear that the deficiency of an inhibitory receptor (mFcγRII

KO mice) resulted in robust target cell clearance and enhanced tumour control. Both the

signalling (hFcγRIIB Tg) and non-signalling hFcγRIIB (NoTIM) transgenic mice displayed

resistance to mAb mediated target cell depletion. These findings confirm that in the con-

text of murine tumour models, hFcγRIIB mediated inhibition of mAb mediated depletion

is independent of ITIM inhibitory signalling.
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Figure 5.19: Proposed Molecular mechanism of OX40-OX86 interactions
The left hand side depicts OX86-OX40 interactions within mFcγRII KO mice. Depletion driven by activatory FcγR interactions on immune effector cells is likely to drive target depletion.
The right hand side depicts interactions in hFcγRIIB TG/NoTIM mice. hFcγRIIB is likely to outcompete activatory FcγRs, cross-linking OX40 and driving activatory signalling on the target
cell.
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Figure 5.20: Proposed cellular mechanism of action of OX86 treatment
The top part shows the proposed mechanism of action in mFcγRII KO mice (blue box). Efficient interactions of OX86 with activatory mFcγRs drives depletion of Treg cells resulting in
activation and proliferation of effector T cells, resulting in tumour control. In hFcγRIIB Tg/NoTIM mice (purple box), hFcγRIIB may outcompete activatory mFcγRs to drive OX40 agonism
expanding Treg cells and effector T cells. This expansion can also result in tumour control. Th = effector CD4 T cell, Mφ = macrophage.
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General discussion

Since the discovery of the human FcγRIIB transcript [320], a large body of research has

been dedicated to understanding how the single inhibitory FcγR regulates the immune

system in health and disease. The ITIM signalling motif was discovered through crosslink-

ing FcγRIIB on the surface of B cells, where it was found to inhibit ITAM signalling elicited

by the BCR [428] [240]. FcγRIIB mediated inhibition of IgG effector functions was first

characterised through manipulation of the murine homologue mFcγRII, and identified that

mice deficient in the inhibitory receptor had enhanced inflammation in response to immune

complexes and increased IgG dependent macrophage effector functions [233]. Further to

this, Clynes et al. found murine tumour models were more responsive to direct targeting

mAb therapy if treatment was conducted in an FcγRII deficient mouse [185]. These sem-

inal findings led to the currently accepted dogma that the inhibitory FcγR elicits inhibition

of direct targeting mAb therapy through ITIM signalling.

However, more recently, it has been found that FcγRIIB can regulate the formation of the

BCR immunological synapse [253] [254], internalise type-I CD20 mAbs [300] and modu-

late the activity of immunomodulatory mAbs [308] [310] independently of FcγRIIB medi-

ated ITIM signalling. As these signalling independent mechanisms have been identified,

it has led to the re-evaluation of how critical ITIM mediated signalling is to the inhibition of

mAb target cell depletion in vivo.

This question – what is the contribution of ITIM signalling to hFcγRIIB mediated inhibi-

tion of direct targeting mAb target cell depletion - was evaluated in this thesis using two

parallel mouse models. One contained the wild-type hFcγRIIB that was able to elicit ITIM
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signalling (hFcγRIIB Tg mice), the other a signalling-defective hFcγRIIB incorporating two

mutations - Y254F and Y273F in the intracellular tail (NoTIM mice) (Figure 3.1).

Murine and human FcγRs share similarities in terms of structure and function, however

there are limitations to the extrapolation of findings in mice to humans. Critical differences

include cellular expression patterns (for example, human platelets express hFcγRIIA,

whilst murine platelets express no FcγRs [192]), human receptor polymorphisms, the A:I

ratio dictating the thresholds of activation (governed by differences in expression pattern,

IgG subclasses and affinity [341]), and the key mediators of direct targeting mAb therapy

(hFcγRIIIA on NK cells is highly expressed and thought to be important for mAb therapy

in humans, mFcγRIII on murine NK cells is weakly expressed has been shown to be dis-

pensable [429] [430] [431]). Therefore, efforts have been made to generate transgenic

mousemodels containing only human FcγRs and these have improved our understanding

of human mAb biology [432] [342] [341]. However, the genetic deletion of murine mFcγRs

and insertion of the human hFcγR, even at the same genetic locus have resulted in mod-

els that do not fully recapitulate human FcγR expression, meaning an element of caution

is required when interpreting results even using these mouse models. Whilst the function

of FcγRs are well conserved between mouse and human, the expression pattern of acti-

vatory FcγRs vary quite significantly between species [433]. The inhibitory FcγR shows

greater similarities between mouse and human, with fewer differences in expression ob-

served, Therefore, the hFcγRIIB transgenic mouse models provide a relatively simple in

vivo model to study how this human receptor regulates activatory FcγRs.

The expression of FcγRs in hFcγRIIB expressing transgenic mice was extensively char-

acterised against a further mouse model lacking mFcγRII, containing only activatory

mouse FcγRs (mFcγRII KO) and the wild-type C57BL/6J mouse containing all endoge-

nous murine FcγRs (Figure 3.11). The results showed that activatory mFcγR expression

was broadly similar across mice alongside appropriate expression (or lack) of mFcγRII

and hFcγRIIB. The expression pattern of hFcγRIIB in NoTIM mice had a closer expres-

sion profile to that seen in humans and reported in the literature compared to mFcγRII

expression [56] [192]. The splenic architecture was preserved with appropriate expres-

sion of hFcγRIIB on B cells, whilst in the liver, hFcγRIIB had a differing expression pattern

compared to mFcγRII (Figure 3.4, Figure 3.15, Figure 3.17, Figure 3.18). hFcγRIIB Tg

mice were noted to have a mosaic expression pattern of the hFcγRIIB on some cell types

and was an important observation that would inform findings from in vivo experiments
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(Figure 3.13). The NoTIM mice by contrast had consistent expression on all hFcγRIIB+

cell types.

Once the cellular and tissue expression pattern of the NoTIM mouse was assessed, the

consequences of the NoTIM mutations were probed, initially in vitro. Agonism of the No-

TIM receptor showed that it was unable to be phosphorylated on the ITIM domain, nor

result in phosphorylation of the inhibitory signalling mediator SHIP-1. This was in con-

trast to agonism of the WT hFcγRIIB, which showed both phosphorylation of the ITIM

and SHIP-1 (Figure 3.19). Inhibition of BCR induced calcium flux by hFcγRIIB agonism

was successfully demonstrated in hFcγRIIB Tg B cells, evident as a reduced and de-

layed increase in intracellular calcium. When repeated on NoTIM B cells, agonistic anti-

hFcγRIIB mAb did not influence calcium flux, suggesting the ITIM signalling domain was

non-functional (Figure 3.20). The internalisation of ahIgG (a surrogate for immune com-

plex) was also investigated and showed that signalling competent hFcγRIIB Tg B cells

resulted in faster internalisation compared to signalling mutant NoTIM B cells during the

first 30 minutes of the experiment (Figure 3.21). In contrast, the internalisation of the anti-

CD20 mAb 18B12 mIgG1 was similar between hFcγRIIB Tg and NoTIM B cells (Figure

4.6). These findings indicate the NoTIM mutations most likely affect the clathrin depen-

dent ahIgG internalisation mechanism [434] [239]. In contrast, lacking a functional ITIM

did not alter the impact of hFcγRIIB on internalisation of CD20 mAbs, which is known to

be independent of the FcγRIIB cytoplasmic domain [300]. Finally, the influence of the

NoTIM receptor on phagocytosis of opsonised cells by BMDMs was investigated. Here,

ITIM signalling was indicated to negatively regulate target cell ADCP with BMDMs from

NoTIM mice more active than those from hFcγRIIB Tg mice (Figure 3.24, Figure 3.25).

Clynes et al. previously demonstrated that murine peritoneal macrophages deficient in

mFcγRII had enhanced phagocytic potential [233]. The evidence generated using NoTIM

mice goes further and directly implicates the ITIM signalling motif, demonstrating the non-

signalling NoTIM receptor conveys better ADCP than the signalling competent hFcγRIIB

Tg receptor. Importantly, ADCP could be partially rescued in hFcγRIIB Tg BMDMs by

pre-blocking the receptor with a specific Fc null mAb, whilst blocking the NoTIM receptor

did not improve ADCP.

ADCP is an important immune effector function that is responsible for removing pathogens

but also malignant cells. As previously mentioned, the depletion of circulating tumour cells

in vivo using direct targeting mAbs in mice has been shown to be reliant on ADCP by

Kupffer cells [346]. Therefore, various strategies are being researched and deployed to
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improve ADCP in cancer patients treated with direct targeting mAbs [435]. The use of the

antagonistic hIgG1 hFcγRIIB blocking mAb is currently being investigated as a strategy

to improve rituximab mediated depletion of lymphoma cells [326]. The Fc null variant of

hIgG1 hFcγRIIB blocking mAb is also going through pre-clinical testing as a combination

therapy with the dual function (checkpoint blockade and Treg cell depletion) anti-CTLA-4

mAb [325]. The evidence generated suggested ITIM signalling negatively regulates IgG

effector functions and validated the concept of therapeutically blocking hFcγRIIBmediated

signalling in cancer models.

These data described in Chapter 3 led to the hypothesis that direct targeting mAb deple-

tion would be enhanced in NoTIMmice compared to hFcγRIIB Tg mice in vivo. To test this,

mice were treated with mAbs designed to deplete peripheral lymphocytes and the kinetics

of depletion were examined. Different mAb isotypes were utilised based on their avail-

ability and known FcγR affinities to identify any subtleties in depletion between different

mouse models. The anti-mCD20 mAb 18B12 was first used and showed superior B cell

depletion in mFcγRII KO mice with moderate levels of inhibition observed in hFcγRIIB Tg

and C57BL/6J mice (Figure 4.2, Figure 4.4). NoTIM mice consistently showed the most

inhibition of the depletion of CD20+ B cells, irrespective of mAb subclass. This obser-

vation was not mCD20 or B cell specific, since depletion of both NK cells and Treg cells

using anti-NK1.1 or anti-CD25/anti-OX40 targeting mAb respectively, was less effective in

NoTIM mice (Figure 4.15, Figure 4.17), Figure 5.6).

The strong inhibition observed in NoTIM mice was unexpected. To investigate how inhi-

bition was elicited, further studies were conducted. Neither internalisation of 18B12 by B

cells nor the modulation of mAb by hFcγRIIB were thought to be the main determinant of

differences in target cell depletion between each mouse model. Experimental evidence

did show that the presence of the mouse or human inhibitory receptor did increase B

cell mediated antibody internalisation in-vitro and result in a decrease in 18B12 mAb per-

sistence in vivo (Figure 4.6) (Figure 4.7) (Figure 5.3). However, these findings were not

significantly different and so did not explain the observed target cell depletion profile.

Once these factors had been excluded, the data from the 18B12 dose escalation experi-

ments were re-evaluated (Figure 4.2, Figure 4.4). hFcγRIIB Tg mice treated with mIgG1

split into two groupings, ’responders’ (with a mFcγRII KO like depletion profile) and ’non-

responders’ (with a NoTIM like depletion profile) (Figure 4.9). The mosaic expression of

the hFcγRIIB transgene was analysed in these mice (Figure 3.13), and it was found that
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mice who displayed a higher expression (percentage positive transgenic cells and geo-

metric mean of positive population) were more resistant to B cell depletion. Based on

these data the working hypothesis changed to state hFcγRIIB inhibition is elicited through

expression, not ITIM signalling.

To understand if inhibition was mediated through expression on target cells or effector

cells, a series of adoptive transfer experiments with target B cells were devised (Figure

4.10). These experiments found that target cell expression of the NoTIM receptor did

not inhibit target cell depletion, but that instead it could act as an effective second cell

surface target, meaning mAbs directed against the receptor (6G) could synergise with

rituximab to enhance target cell depletion (Figure 4.11). Other published studies have

also used hFcγRIIB as a target to elicit lymphoma cell depletion, validating these findings

[323] [133]. However, when the NoTIM receptor was only expressed on effector cells,

there was inhibition of target cell depletion in the NoTIM mice as compared to mFcγRII

KO mice (Figure 4.11). Inhibition could only be overcome by using an Fc-null mAb (6Q) to

block hFcγRIIB. The hIgG1 blocking mAb (6G) did not improve depletion despite binding

to the same epitope as 6Q. It was postulated that 6G was ineffective because it bound

to both hFcγRIIB (Fab interaction) and activatory mFcγRs (Fc interaction) on the surface

of immune effector cells, also known as the Kurlander effect [236] (Figure 4.12). This

would block the direct targeting mAb rituximab from interacting with activatory FcγRs,

therefore inhibiting depletion of target cells. Taken together, these data suggest that the

major mechanism of inhibition of hFcγRIIB, in these mouse models at least, is through

competition between activatory FcγRs and the inhibitory hFcγRIIB for the Fc of the direct

targeting mAb (Figure 4.22).

mFcγRII KO mice demonstrate that in the absence of an inhibitory receptor, mAb medi-

ated target cell depletion is robust. In comparison, NoTIM mice showed clear resistance

to mAb target cell depletion, similar to the wild-type hFcγRIIB Tg mice, despite the lack of

ITIM signalling. These findings were surprising. The in-vitro ADCP assay (Figure 3.25)

indicated that inhibitory signalling negatively regulated mAb effector functions, whilst in

vivo ITIM signalling appears to be redundant for hFcγRIIB to elicit inhibition. The reason

for this discrepancy could be due to the saturating concentrations of mAb used in-vitro

compared to in vivo. In most experiments in vivo, sub-optimal doses of mAb were used

which most likely resulted in target opsonisation but allowed competition between FcγRs.

In Vitro, the high concentrations of mAb used would negate competition as a mechanism

of inhibition, potentially emphasising the impact of ITIM mediated signalling on ADCP. It
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is also difficult to assess the relative contribution of ITIM signalling to inhibition of in vivo

target cell depletion in hFcγRIIB Tg mice due to differing levels of transgene expression

and mosaic expression pattern. To address this question more effectively, both hFcγRIIB

Tg and NoTIM mice would be required to demonstrate the same levels of receptor expres-

sion and equivalent gene penetrance. Current technologies could utilise CRISPR-Cas9

genetic manipulation to re-engineer in the functional tyrosine phosphorylation sites back

into NoTIM mice. However, costs remain a barrier and these data suggest that the ma-

jor mechanism of inhibition is elicited through competition, and that blocking the receptor

with an Fc null mAb is enough to restore target cell depletion to a level similarly seen in

mFcγRII KO mice.

It was subsequently assessed if these principles were also applicable in a tumour setting.

The depletion of mCD20+ Eµ-TCL1 cells was investigated using 18B12 as before, allowing

for a direct comparison with findings made with respect to normal B cell depletion in Chap-

ter 4. The experiment utilised the mIgG2a subclass, and as seen previously Eµ-TCL1 cell

depletion was significantly less effective in NoTIM mice compared to mFcγRII KO and

hFcγRIIB Tg mice (Figure 5.2). Both endogenous B cells and Eµ-TCL1 cells were equally

depleted across all models, however the Eµ-TCL1 cells recovered substantially faster than

the B cells, as expected for a malignant, rapidly proliferating, cell. The fast pace of tumour

cell recovery (especially in NoTIM mice) could be due to the physiological niche occupied

by the Eµ-TCL1 tumour cells. The peritoneal cavity (where cells are injected and the pro-

posed cellular origin of Eµ-TCL1 cells) is considered to be immunosuppressive [399] and

therefore it could potentially have higher expression of the inhibitory FcγR on the resident

macrophage population. Higher hFcγRIIB expression in NoTIM mice would inhibit target

cell depletion and allow faster re-population of tumour cells than seen in hFcγRIIB Tg and

mFcγRII KO mice.

Long term survival in tumour bearing mice showed a significant survival benefit in 18B12

treated mFcγRII KO mice compared to isotype treated as well as hFcγRIIB Tg and No-

TIM 18B12 treated mice (Figure 5.4). In comparison, NoTIM mice had no significant sur-

vival benefit with 18B12 treatment compared to isotype treated NoTIM mice which can be

explained by the systemically high hFcγRIIB expression inhibiting tumour cell depletion.

These findings agree with other published observations. For example, the high expres-

sion of the inhibitory mFcγRII in the tumour microenvironment was linked to the ineffective

depletion of Treg cells with anti-CD25 mAb in the MCA-205 tumour model [369]. It was

also found in the BCL1 tumour model that the tumour co-opts the microenvironment to up-
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regulating the expression of mFcγRII, reducing the ability of anti-CD20 mAb to deplete B

cells and the tumour cells themselves [359]. These examples show how up-regulated ex-

pression of the inhibitory receptor results in decreased target cell depletion and worsened

survival outcomes. To see if inhibition in the Eµ-TCL1 tumour model could be overcome,

mice could be co-administered 18B12 with 6Q (hFcγRIIB Fc null blocking mAb). Never-

theless, these data indicate that hFcγRIIB elicits signalling independent inhibition of direct

targeting mAb therapy in the context of the Eµ-TCL1 tumour.

To validate these findings in another murine tumour model, the depletion of OX40+ Treg
cells was assessed in the E.G7 thymoma model. mFcγRII KO mice treated with OX86

mIgG2a were most susceptible to Treg cell depletion within the periphery, spleen and

tumour (Figure 5.6, Figure 5.10, Figure 5.11), consistent with their susceptibility to de-

pletion of CD25+ Treg cells (Figure 4.17). hFcγRIIB Tg and NoTIM mice had also shown

some resistance to Treg cell depletion in the CD25+ depletion model, however the target-

ing of OX40 using OX86 mIgG2a was more complex to interpret due to the potential for

these mAb to elicit both agonism as well as depletion of multiple cell populations [423]

[422] [426] [150]. Across the experiment, depletion of Treg cells was less effective in both

hFcγRIIB Tg and NoTIM mice within the periphery and tumour microenvironment com-

pared to mFcγRII KO mice. However, the lack of depletion and potential contribution

of OX40 agonism resulted in greater proliferation of multiple T cell compartments, likely

impacting tumour growth rates and overall survival (Figure 5.6, Figure 5.8, Figure 5.10,

Figure 5.11).

The agonistic function of the OX40 mAb seen in hFcγRIIB Tg and NoTIM mice was most

likely elicited by hFcγRIIB ability to cross-link mAb-OX40 interactions, resulting in OX40

signalling on target cells. hFcγRIIB elicited agonism has been well characterised in the

literature for the TNFR superfamily, with a particular focus on mAbs targeted to CD40,

4-1BB and OX40 [308] [309] [143] [144] [145] [150].

The ability of both hFcγRIIB transgenic mouse models (WT and NoTIM) to elicit CD40

agonism was formally investigated using the OT-I adoptive transfer model after OVA im-

munisation. It was found that NoTIMmice treated with anti-CD40mIgG1 had a significantly

greater expansion of the OT-I cell population than hFcγRIIB Tgmice, whilst mAb treatment

in mFcγRII KO mice were completely inert (Figure 4.19). These data fully supports pre-

vious studies showing that the high expression of the inhibitory FcγR drives strong CD40
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agonism and this effect is independent of the cytoplasmic domain of the receptor [308]

[309] [310].

Together, these results demonstrate that hFcγRIIB can inhibit direct targeting mAb inde-

pendently of ITIM signalling. These results were surprising as, a substantial body of work

on mFcγRII and hFcγRIIB as well as a plethora of other ITIM containing receptors have

suggested ITIM signalling is the predominant inhibitory mechanism [436]. ITIM mediated

signalling is clearly important to some physiological processes, for example B cell clonal

selection and depletion - mice deficient in mFcγRII have been found to have more circulat-

ing B cells and a lower quality IgG response [392]. However in B cells, FcγRIIB mediated

ITIM signalling only negatively regulates BCR ITAM signalling. In contrast, immune ef-

fector cells, such as macrophages, express a number of different activatory FcγRs. The

single inhibitory FcγRIIB may have a diverse expression pattern however, studies have

shown that activatory FcγRs considerably outnumber the inhibitory receptor on effector

cells [56] [192]. Second to this, FcγRIIB contains only one ITIM domain compared to two

ITAM domains for several activatory FcγRs. It is therefore possible that FcγRIIB would

be unable to elicit efficient inhibition of activatory FcγRs if the only mechanism of action

depended on ITIM signalling. The initial intracellular signalling mechanisms also provide

evidence in favour of this hypothesis. For effective SHIP-1 recruitment to the ITIM motif

(themajor phosphatase of ITIM signalling), not only is phosphorylation of the ITIM required

but also a further downstream non-ITIM phosphorylated tyrosine to aid binding - increas-

ing the requirements to elicit ITIM mediated inhibitory signalling [437] [438]. Surprisingly,

binding was also found to be reliant on the presence of Syk, the key kinase that elicits

ITAM downstream signalling [438]. In comparison, Syk itself was found to be a highly ef-

ficient kinase and only required the present of the double phosphorylated ITAM to induce

strong binding/signalling [439]. The ’simpler’ mechanics of Syk mediated signalling seem

to be favoured over SHIP-1 signalling and suggests Syk could mediate signalling more

easily than SHIP-1.

A single inhibitory receptor with one ITIM domain regulating a family of activatory recep-

tors is unusual in immune regulation. Most inhibitory receptors contain two or more ITIMs

in their intracellular tails, such as the LILRB family (ranging from 2 - 4 ITIM domains)

[440], SIRPα (3 ITIM domains) [441], and LAIR1 (2 ITIM domains) [442]. Receptors

containing one ITIM tend to be coupled with an immunoreceptor tyrosine-based switch

motif (ITSM - a receptor that can convey either activatory or inhibitory signalling depend-

ing on the context), such as PD-1 where the ITSM and ITIM are both critical to eliciting
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inhibitory signalling [443]. Alternatively, there are multiple inhibitory receptors to regu-

late multiple activatory receptors such as within the KIR receptor system [440]. Finally,

ITIM containing inhibitory receptors bind to ligands without competition (e.g. SIRPα and

CD47) or groupings of activatory and inhibitory receptors have very different ligands (KIR

and LILR families) allowing the effective transduction of inhibitory restrictions to occur.

FcγRIIB does not have any of the additional advantages of other inhibitory receptors that

allow potent signalling to take place. Taken together, it seems unlikely that FcγRIIB ITIM

mediated signalling would be able to singularly regulate the diverse activities of multiple

ITAM-containing activatory FcγRs.

However, modulation of activatory IgG responses is still critical to maintaining immune

homeostasis. mFcγRII knockout mouse models have demonstrated that there is a risk

of increased mortality following repeated immunisations with pathogens compared to WT

mice (although it should be noted this was observed at very high doses) [247]. Data gener-

ated from autoimmune patients has also shown that those carrying the inhibition defective

232T hFcγRIIB polymorphism and/or display a downregulation of hFcγRIIB compared

to healthy patients are more susceptible to the development of SLE [282], rheumatoid

arthritis [283] and anti-glomerular basement membrane disease [284]. These examples

demonstrate the importance of the inhibitory FcγR to temper activatory receptors. There-

fore, the data generated in this thesis suggests that an important additional mechanism of

FcγRIIB mediated inhibition of activatory FcγRs is elicited through competition for the Fc

of the IgG molecule, independent of ITIM signalling. As the common ligand for all of these

receptors is immune complexed IgG, hFcγRIIB does not have to rely on ITIM signalling to

reduce activatory FcγR mediated ITAM signalling, it simply needs to out-compete these

other receptors for binding to the Fc. As described in Chapter 4, this mechanism of inhi-

bition resembles that employed by the signalling neutral hFcγRIIIB. Treffers et al. found

hFcγRIIIB restricts neutrophil effector functions by competing with hFcγRIIA for the Fc

of the direct targeting mAb, acting as a decoy receptor [234]. These lines of evidence

suggest that both FcγRIIB and FcγRIIIB operate similarly as negative regulators of direct

targeting mAbs, by acting as decoy receptors.

The inhibitory FcγRIIB has been well conserved across evolution in mammalian species,

suggesting the receptor is well equipped to modulate activatory FcγRs [433]. In contrast

since diverging from rodents, primates have evolved to contain more activatory FcγRs

[433]. These findings may be the result of the importance of FcγRs in eliciting adaptive

immune functions through innate immune cells. Potent activatory FcγR effector functions
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are necessary to specifically eradicate pathogens, whereas limiting these functions is only

important for the reduction of collateral tissue damage and/or subsequent autoimmunity

[247]. Therefore, inhibition largely elicited through competition may be advantageous to

minimally inhibit FcγR activatory signalling. Instead of utilising strong ITIM signalling to

counteract ITAM signalling, competition perhaps allows a robust IgG effector response to

be mounted under potentially rapidly changing IgG, immune complex and/or cellular stim-

ulation conditions. This may also explain why FcγRIIB has a broad expression pattern

whilst activatory FcγRs are restricted. To further explore this hypothesis, a genetically en-

gineered hFcγRIIB expressing two or more ITIM domains could be generated. This could

be then compared to the NoTIM receptor and the functional (single ITIM) hFcγRIIB recep-

tor, all with similar expression levels. This would provide some insight to the contribution

of ITIM signalling to the inhibition of direct targeting mAb therapy.

The observations in this thesis show that competition is a major mechanism of action.

However it is difficult to extrapolate these findings directly to humans because there is

limited information on FcγR expression in different human tissues and therefore it is dif-

ficult to definitively say if the high transgene expression recapitulates human expression.

Experiments using transgenic mice show if the low affinity hFcγRIIB is expressed highly

enough, then the receptor can outcompete the endogenous (often higher affinity) activa-

tory mFcγRs. However, in a human physiological setting it is difficult to state if competition

would be such a potent mechanism of inhibition. More investigation is required to establish

this in humans, however observations showing the potential upregulation of the inhibitory

FcγR in diseased states (e.g. the tumour microenvironment) in murine models suggests

that competition may be a major mechanism of action in disease [369]. Alternate mech-

anisms of inhibition outside the ITIM domain and structural inhibition elicited by FcγRIIB

also remain unanswered. Early studies by Fong et al. probed alternative signalling motifs

of FcγRIIB B1 upon receptor activation and found evidence of phosphorylation outside the

ITIM but no immediate downstream effect [258]. It cannot be ruled out that a alternative

and/or un-categorised inhibitory signalling motif may elicit intracellular inhibitory signalling

and is responsible for inhibition observed within NoTIM mice. These alternative hypothe-

ses would require thorough investigation before they competition can be identified as the

definitive mechanism of inhibition.

Direct targeting mAbs are critical therapeutic tools used in the treatment of diseases such

as autoimmunity and cancer, relying on FcγRs to elicit their efficacy. Despite their evident

success, treatment failures are common and further research is required to improve their
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depletive potential. With a specific focus on cancer, it is clear that upregulation of the

inhibitory FcγR within the tumour microenvironment and potentially on the tumour itself is

detrimental to IgG effector functions [185] [369] [359] [302]. Strategies have been utilised

to block hFcγRIIB with success in both pre-clinical testing and human clinical trials [323]

[325] [327] [326]. The research within this thesis suggests that ITIM signalling is redundant

for hFcγRIIB to elicit its inhibitory potential. Instead, competition for the antibody seems

to be the major mechanism if inhibition. These data further validates the approach of

targeting the receptor itself, instead of the inhibitory signalling pathway to improve direct

targeting mAb therapy in humans. In regards to cancer, hFcγRIIB specific mAbs could

have the potential to reverse the prognoses of relapsed refractory cancers using hFcγRIIB

expression as a resistance mechanism to mAb therapy.
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Figure 6.1: Summary of hFcγRIIB mediated inhibition of direct targeting mAb therapy
Graphical abstract of how hFcγRIIB mediates inhibition to direct targeting mAb therapy in vivo. Three mouse
models were used consistently throughout this experiment - mFcγRII KO mice (expressing only activatory
mFcγRs), hFcγRIIB Tg mice (expressing activatory mFcγRs and wild type (WT) hFcγRIIB) and NoTIM mice
(expressing activatory mFcγRs and ITIM signalling mutant hFcγRIIB). A series of in vivo experiments were
conducted using direct targeting mAbs to identify the contribution of ITIM mediated signalling by hFcγRIIB
to the inhibition of target cell depletion. Depletion in mFcγRII KO mice was most efficient, due to the lack
of an inhibitory receptor. Depletion in both WT hFcγRIIB and NoTIM mice was restricted in the presence
of the receptor, independently of the ability of the receptor to initiate inhibitory signalling. Instead, in these
mousemodels themain mechanism of hFcγRIIBmediated inhibition was driven by competition with activatory
mFcγRs for the Fc of the depleting mAb.
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