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THE ROLE OF FC GAMMA RECEPTORS IN THE ACTIVITY OF THERAPEUTIC MONOCLONAL ANTIBODIES 

Robert James Oldham 

Fc gamma receptors (FcγRs) are the major family of receptors responsible for interacting with 

immunoglobulin G (IgG). They are known to be required for the anti-tumour activity of direct 

targeting mAbs through expression on NK cells and macrophages. Furthermore, recent work has 

suggested that cross-linking via FcγRs is required for the activity of agonistic, immune modulatory 

mAb. This thesis sought to investigate the requirement for these receptors for different aspects 

of mAb activity; from T cell activation to tumour depletion, using a combination of in vitro and in 

vivo systems. 

A panel of CHO-K1 cells were generated and transfected to express the polymorphic variants of 

human FcγRs. These were characterised for their ability to bind IgG before being used as feeder 

cells in T cell proliferation assays. The assays found that cross-linking of the anti-CD28 mAb, 

TGN1412 by FcγRIIb (CD32b) or FcγRIIa (CD32a) but not FcγRIIIa (CD16a) transfected cells induced 

T cell proliferation. Furthermore, this was accompanied by the release of pro-inflammatory 

cytokines including TNF-α, IFN-γ and IL-2. With the importance of cross-linking via CD32b 

demonstrated, experiments probed the mechanism of expression using Ramos and Raji cells. 

These experiments investigated the gene and promoter sequences as well as the effect of 

epigenetic inhibitors, however further investigation is required. 

Next a novel mouse model was developed to investigate the efficacy of anti-human (h)CD20 mAbs. 

The type II mAb obinutuzumab was found to give prolonged tumour clearance compared to the 

type I rituximab in a fully syngeneic model with the target antigen expressed on malignant and 

normal B cells. The use of immune compromised mice confirmed that activatory FcγRs were 

required for efficient anti-CD20 mediated tumour clearance. Further experiments demonstrated 

that anti-CD20 mAbs could be combined with the PI3Kδ inhibitor, GS9820, to prolong tumour 

clearance. These experiments unexpectedly revealed that  hIgG1 had an abnormally short half-life 

in NOD SCID mice, causing the basis for this to be examined as NOD SCID mice are widely used for 

immunotherapy experiments, particularly patient derived xenografts. Further investigations 

found that half-life could be restored through genetic deletion of mouse CD32 or by reconstitution 

with IgG. The polymorphic variant of CD32 found in NOD SCID mice had a higher affinity for hIgG1 

which could explain the short half-life.  

Overall the results presented here demonstrate the multiple roles played by FcγRs in the many 

aspects of mAb immunotherapy, from effector cell activation to cross-linking and altering mAb 

half-life. This knowledge will help guide the next generation of therapeutic mAbs 
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Chapter 1 Literature Review 

 

1.1 Cancer as a disease 

 

Cancer is one of the most prevalent conditions in the western world, with more than 1 in 3 people 

in the UK predicted to develop the disease during their lifetime.1 In the early 1970’s, the one year 

survival rate for newly diagnosed cancer patients was 50%; in 2011, the same percentage survived 

for more than 10 years following diagnosis.2 This improvement in survival has been largely due to 

improved early diagnosis, as well as the development of more effective treatments. However, this 

broad increase in survival hides the heterogeneity of the disease and its survival rates which can 

vary from weeks to decades according to tumour type.  

Cancer is an umbrella term used to encompass a broad range of malignancies which can occur 

throughout the body, resulting from an accumulation of mutations which leads to dysregulated 

cell behaviour. Each of these diseases arises from a specific tissue or cell type and has its own 

clinical course and pathology with the classification of a tumour identified by its tissue of origin. 

Moreover, the tumour cells often retain the identity of the tissue from which they derive, even if 

they have metastasised elsewhere. Even within a particular cancer type, there can be considerable 

variation between patients, both in the way the disease progresses and how they respond to 

treatment. This is often dependent on the stage of diagnosis and the specific mutations 

accumulated by the tumour, as well as the microenvironment in which the tumour resides. 

Approaches have been developed to categorise the severity of tumours. In the case of solid 

malignancies the TMN system is used which independently assesses the size of primary tumour 

(T), spread into local lymph nodes (N) and presence of metastases (M).3 Taking into account all 

these factors, as well as the age and general health of the patient, an informed decision as to the 

best treatment option can be made. 

Despite an increase in the cancer survival rate, the incidence of cancer is increasing. This is largely 

due to the increase in life expectancy across the world, including in developing countries. 

Approximately 89% of new cancer diagnoses occur in adults over the age of 50, with 36% of cases 

in those over the age of 75.4 Moreover, as life expectancy increases, the incidence of cancer is 

expected to increase further. As a risk factor, age cannot be prevented, similar to inherited genetic 

risk factors. Inherited mutations, in particular genes, can increase the likelihood of cancer 
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developing. For instance, the BRCA1 protein normally functions as a DNA repair protein; when 

mutated, such as in certain types of breast cancer, DNA cannot be repaired efficiently, allowing 

the accumulation of further mutations.5 

Mutated genes such as BRCA1 can be inherited, but mutations commonly occur from exposure to 

carcinogens over time. Whilst background levels of exposure to carcinogens (such as natural, 

background radiation) can be difficult to avoid, certain factors such as smoking (lung cancer), 

exposure to asbestos (mesothelioma) and exposure to UV light (skin cancer) all increase cancer 

risk. These carcinogens are capable of causing DNA lesions; when these lesions occur in genes that 

control cell growth and division, tumours can develop.6 Finally, some cancers are associated with 

viral infection; for example 70% of cervical cancer cases are thought to be caused by just two types 

(16 and 18) of human papillomavirus (HPV).7 HPV proteins can accelerate the cell cycle leading to 

rapid division, with the HPV E6 protein able to inactivate p53, a key regulator of the cell cycle 

which will be discussed further in section 1.1.1 .8 This is just one of a number of mechanisms by 

which HPV infection can lead to aberrant cell division, ultimately resulting in the formation of 

tumours.9   

 

1.1.1 The Hallmarks of Cancer 

 

Despite a huge degree of heterogeneity in the mechanisms of cancer development, mutational 

burden and the tissue from which a cancer develops, there are certain features that are common 

to all cancers. In 2000, Hanahan and Weinberg published their seminal paper describing ‘The 

Hallmarks of Cancer’ where they sought to identify and describe the six basic capabilities common 

to all cancers.10 The hallmarks are summarised in Table 1.1 and focus on the ability for a tumour 

to divide rapidly, to modify the microenvironment and to form metastases. The first hallmark is 

the ability for a tumour to become self-sufficient in growth signals, allowing for rapid growth 

without relying on signals from other cells. One common example of this is Philidelphia 

chromosome positive chronic myeloid leukaemia, where patients have a chromosomal 

translocation resulting in a  BCR-Abl fusion protein.11 This gives an increase in Abl kinase activity, 

which allows cells to enter the cell cycle even in the absence of the growth factors, granulocyte-

colony stimulating factor (G-CSF) and stem cell factor (SCF).12 This self-sufficiency is accompanied 

by cells having limitless replication potential, another of the six hallmarks. Combined, these factors 

allow for sustained rapid cell division. 
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On the opposite side of cell division is cell death; these two processes normally occur in balance 

to achieve homeostasis. Typically, this cell death takes the form of apoptosis which functions to 

remove cells which are damaged or no longer required in a controlled way without damaging the 

surrounding tissue.13  However, tumour cells are able to evade normal cell death pathways 

through the overexpression of anti-apoptotic proteins, such as Bcl-2 and its related proteins, or 

through the down regulation of pro-apoptotic proteins such as Bim and Puma.10 It is common in 

follicular lymphoma (FL) for Bcl-2 to translocate to the IgHV locus, resulting in an overexpression 

of Bcl-2, promoting cell survival.14 Consequentially, when this evasion of cell death is combined 

with accelerated growth, tumour cells will rapidly accumulate.  

The fast rate of cell division requires a large amount of energy, therefore tumours require an 

extensive blood supply. Accordingly, serum levels of the pro-angiogenic vascular endothelial 

growth factor (VEGF) were found to be higher in melanoma patients compared to healthy controls, 

highlighting the importance of a robust blood supply in tumourigenesis.15 Despite this increase in 

blood supply, the availability of oxygen can limit tumour growth. Under these circumstances 

tumour cells adapt by changing their metabolism through a process known as the Warburg 

effect.16 Tumour cells undergo a high rate of glycolysis which generates pyruvate. Rather than 

Original Hallmarks of cancer Emerging Hallmarks 

Self-sufficiency in growth signals Avoiding immune destruction 

Evading growth suppressors Deregulating cellular energetics 

Resisting cell death Genomic instability and mutation 

Tissue invasion and metastasis Tumour-promoting inflammation 

Limitless replicative potential  

Sustained angiogenesis  

Table 1.1 The hallmarks of cancer.  

The original 6 hallmarks of cancer were proposed by Hanahan and Weinberg in 2000. These hallmarks focus on the 
ability for the tumour to overcome normal, regulated cell cycle progression, alter the microenvironment and promote 
tumour metastases. 11 years later the follow-up paper proposed 4 additional ‘emerging hallmarks’ which included the 
ability for a tumour to evade detection and destruction by the immune system.(Hanahan, 2011) 



 

Page | 8  

 

entering the TCA cycle, pyruvate is metabolised to lactate which can be detected within the 

tumour.16 Metabolism via this route is thought to occur as a result of low oxygen availability or as 

a consequence of mitochondrial damage, whilst it has been proposed more recently that 

production of lactate generates the building blocks required for cell growth and division.17 

Furthermore, this high rate of glycolysis allows for the imaging of tumours through positron 

emission topography (PET) scanning. 

A key step in overcoming the normal control of the cell cycle is the accumulation of mutations in 

key regulatory proteins. One of the most widely studied proteins is p53; this has been described 

as the ‘guardian of the genome’ due to its ability to transduce anti-proliferative signals in response 

to DNA damage and hypoxia.18 This is an important regulatory function as it prevents DNA 

replication and cell division when DNA is damaged and so potentially limits the accumulation of 

mutations. Mutations in p53 can result in a loss of this suppressive function and therefore rapid 

proliferation of malignant cells develops, potentially with further DNA damage, through the cell 

cycle.19 This was first demonstrated in experiments where tumour cell lines with dysfunctional p53 

proceeded through the cell cycle following radiation damage.20 p53 has been found to be mutated 

in 31% of all tumours, with mutation rates as high as 50% in colorectal cancer samples.21, 22 p53 

and functionally related proteins, such as the Retinoblastoma protein (Rb) and phosphatase and 

tensin homolog (PTEN), are known as tumour suppressors; they normally function to prevent cell 

cycle progression, particularly in response to cellular stress. In contrast, K-RAS is a proto-oncogene 

which, when bound to GTP, is active and propagates a diverse range of signalling that can promote 

cell cycle progression. It is believed that 17-25% of human tumours have mutated K-RAS, where 

gain of function mutations prevent the self-inactivation of the protein (via GTP hydrolysis), leading 

to increased cell cycle progression.23 These mutations are representative of those that commonly 

accumulate in oncogenes and tumour suppressors that allow a cell to proceed uncontrolled 

through the cell cycle. 

When published in 2000, these six hallmarks summarised the knowledge to date regarding the 

features common to all tumours. However, 11 years after the original paper, a follow-up proposed 

four additional emerging hallmarks, reflecting the progress made in understanding 

tumourigenesis over the intervening decade.24 One of these emerging hallmarks was the ability 

for a tumour to promote inflammation. It is now known that the inflammatory environment can 

contribute to tumour progression by providing growth and survival factors to the tumour.25 One 

of the best illustrations of the role of inflammation comes from the association between infection 

and tumour formation. Bacteroides fragelis colonises a proportion of the human population, with 
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toxin gene present in the colon mucosa of colorectal cancer patients compared to controls.26 

Moreover, Bacteroides fragelis infection in mice results in rapid inflammation of the colon and the 

formation of colon tumours. Interestingly, this could be inhibited by blocking the pro-

inflammatory cytokine interleukin-17 (IL-17) or by deleting CD4+ T cells.27 Moreover, pro-

inflammatory cytokines including tumour necrosis factor-alpha (TNF-α) can upregulate the 

expression of matrix metalloproteases (MMPs).28 This is significant as MMPs promote matrix 

remodelling which can support tumour cell growth and promote the formation of metastases. For 

example, MCF7 tumour cells grew slower in vivo when injected with MMP11 deficient fibroblasts 

compared to MMP11 competent fibroblasts.29 

A further hallmark added to the revised paper was the ability to accumulate mutation; a pre-

requisite to many of the other hallmarks discussed. Finally, the revised paper highlighted the 

capability of tumours to evade the immune system as an emerging hallmark. Immune deficient 

mice were found to be more susceptible to carcinogen induced tumours than wild type, immune 

competent mice.30 When investigating colon cancer in humans, patients with a high number of 

tumour infiltrating cytotoxic T cells have an improved prognosis compared to patients who lack 

infiltration of these cells.31 In addition, there is evidence that tumour cells become adapted to 

avoid detection by the immune system. One study of colorectal cancer patients found that those 

whose tumours had low expression of major histocompatibility complex (MHC) class I had a poorer 

outcome, presumably due to reduced tumour recognition by the immune system.32 In contrast, 

patients whose tumours were completely negative for MHC class I had a better outcome as a 

result of NK cell mediated lysis (missing self hypothesis; see section 1.4). It is clear that the immune 

system plays a role in limiting the expansion of tumour cells. However as mutations accumulate, 

those cells best able to escape immune surveillance are positively selected for and therefore 

persist. This process of immunoediting results in an increasingly less immunogenic tumour as 

mutations accumulate over time.33 Taken together, these early experiments paved the way for 

future research into the mechanisms behind this process and into therapies to re-engage the 

immune system against cancer. 

 

1.1.2 B cell malignancies 

 

As already described, malignancies can occur in almost any tissue in the body, including blood cells. 

Blood born malignancies can be divided into two broad categories; leukaemias and lymphomas. 
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Leukaemias tend to present in the blood and bone marrow, whilst lymphomas form as a solid 

tumour in the secondary lymphoid organs. In  2013, leukaemias accounted for 3% of all UK cancers, 

with 9,301 new cases each year compared to 13,413 new diagnoses of Non-Hodgkin lymphoma 

(NHL) per annum.1 Leukaemias and lymphomas can derive from a number of blood borne cell 

types, however malignancies derived from some cell types are more common than others. T cell 

leukaemia is rare, however malignancies arising from myeloid cells are more common with acute 

myeloid leukaemia (AML) accounting for 34% of all leukaemias in 2011.1 

B cell malignancies derive from an expansion of B cells which can occur at various stages during 

their development and can be divided into several distinct categories, depending on the pathology 

of the cells involved. For example, FL is characterised by an expansion in germinal centre B cells 

which reside in the primary and secondary lymphoid follicles.34 This leads to the formation of 

tumours within the lymph nodes and spleen. With regard to chronic lymphocytic leukaemia (CLL), 

it is the most common adult B cell malignancy in the western world and is characterised by 

circulating CD5+CD19+ B cells. The cells themselves are often small in size and readily infiltrate the 

bone marrow.35 CLL is most prevalent in later life, however it can be exceptionally heterogeneous 

in its clinical course; some patients experience indolent disease that does not require treatment 

whereas others develop a more aggressive disease.36 CLL has become an exceptionally well-

studied disease, fuelled by its commonality, easily accessible malignant cells and its potentially 

long disease course. In contrast to CLL, diffuse large B cell lymphoma (DLBCL) normally presents 

as a rapidly enlarging lymph node with little evidence of normal lymph node architecture.37 Whilst 

the cell morphology can be highly variable between individual cases, DLBCL cells are normally large 

in size with large nuclei. Also in contrast to CLL, DLBCL cells are rarely found in the circulation.38 

Whilst there are many other types of B cell malignancies, these two examples effectively highlight 

the heterogeneity observed both within and between the different classes. This heterogeneity is 

reflected in the diverse range of treatments available, from surgery and chemotherapy to more 

targeted radiotherapy and monoclonal antibodies (mAbs). 

 

1.2 Approaches to cancer therapy 

 

Four main approaches have been developed for the treatment of malignant tumours: surgery, 

radiotherapy, chemotherapy and immunotherapy. Typically, treatment will involve a number of 

therapeutic approaches in combination, with the regime selected on the basis of the nature and 
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location of the tumour involved. Surgery is often an effective strategy for the removal of solid, 

bulk tumours, such as in breast cancer. However, surgery often leaves residual disease 

surrounding the bulk tumour and is not effective against metastases at distant sites. For this 

reason, surgery is most effective when the disease is at an early stage when the likelihood of 

metastasis having formed is reduced. Additionally, surgery often involves removal of a large 

amount of healthy tissue surrounding the tumour which can have a negative effect on patients. In 

some cases, surgery is impractical due to excessive trauma to the surrounding tissue, such as with 

some brain tumours. 

A treatment that can be used when surgery is not an option is radiotherapy. This makes use of 

high energy x-rays to permanently damage DNA, which can result in death of the tumour cell. 

Additionally, radiation can be used as an adjuvant after surgery with the aim of targeting tumour 

cells in the tissue surrounding the original tumour. Interestingly, the damage caused by radiation 

can be affected by oxygen levels, with the hypoxic environment in a solid tumour reducing 

radiation induced killing.39 Hypoxia initiates  a DNA damage response within cells; this makes them 

more resistant to radiotherapy induced DNA damage. Therefore, the tumour is less likely to be 

killed by the therapy.40, 41 Whilst radiotherapy can be administered in a highly focused way, it does 

not specifically target tumour cells, consequentially this can result in significant damage to the 

surrounding tissue. Furthermore, the ionising radiation used in radiotherapy is itself a carcinogen, 

which can lead to mutations and subsequently, the formation of new primary tumours. Recent 

advances have sought to minimise side effects through the development of image guided 

radiotherapy, allowing the more precise localisation of radiation.42 

An important component of treatment for many patients is the use of chemotherapeutic agents 

to specifically kill rapidly dividing cells. These agents can work in a number of ways to exert a 

similar response. Alkylating agents such as chlorambucil non-specifically cause DNA damage; this 

activates the DNA damage response, resulting in arrest of the cell cycle and eventually apoptosis.43 

Another class of chemotherapy agents are the purine analogues such as fludarabine. These are 

structurally similar to the purine bases found normally in DNA and become incorporated in their 

place during DNA replication. However, once incorporated into the DNA, these agents prevent 

normal DNA replication and accordingly, cell division.44 Additionally, purine analogues can directly 

inhibit the enzyme ribonuclease reductase, which is normally responsible for maintaining the 

pools of dNTPs required for DNA synthesis.45 Pyrimidine analogues such as 5-fluorouracin have 

also been developed, which function via a similar mechanism. Often, several chemotherapy agents 

of different classes are used in combination to increase their efficacy though targeting multiple 
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cell processes whilst minimising side effects caused by high doses of a single agent. The use of 

multiple agents is also able to minimise the risk of resistance to treatment. The primary 

disadvantage of chemotherapy is that dividing, non-malignant cells are also targeted. This leads 

to wide ranging side effects as a result of targeting other cell types. For example, hair loss as a 

result of cell death in hair follicles is a common side effect as well as anaemia, nausea and fatigue.46 

Despite this, the systemic administration of these drugs has the advantage that they can also be 

active against metastases, the primary source of relapse in cancer patients. 

In order to limit the side effects of chemotheraprutic drugs, more targeted therapies are being 

increasingly developed and used. These often involve the use of small molecules to specifically 

inhibit biological pathways important in tumour cells. The phosphoinositide 3-kinase (PI3K) family 

is a group of enzymes which mediate intracellular signalling leading to, amongst other things, cell 

growth, proliferation and survival. Members of the PI3K family are expressed in most cells of the 

body, however the δ isoform is mostly restricted to leukocytes.47 This has led to the development 

of the PI3Kδ inhibitor idelalisib. As a single agent, idelalisib achieved an overall response rate of 

56% and median progression free survival of 17 months in relapsed CLL patients.48 However, 

where the drug is thought to have real benefit is in conjunction with the mAb rituximab, where a 

24 week progression free survival of 93% was obtained in relapsed CLL cases.49 Similarly, the small 

molecule inhibitor ibrutinib, which is an inhibitor of brutons tyrosine kinase (BTK), has also been 

widely studied. This enzyme normally plays a crucial role in B cell development and signals 

downstream of the B cell receptor (BCR).50 Disruption of this signalling therefore prevents B cell 

proliferation. The use of idelalisib, ibrutinib and related molecules allows for malignant cells to be 

targeted with much greater specificity than traditional chemotherapy, reducing side effects. The 

final and most recent strategy used to treat cancer is immunotherapy, which is discussed in detail 

below. 

 

1.3 Immunotherapy 

 

As detailed above, immune evasion is a hallmark of cancer, as described by Hanahan and 

Weinberg.24 This has resulted in several strategies aimed at redirecting the immune system against 

cancer. These can be broken down into two broad categories: passive and active immunotherapy. 

Passive immunotherapy involves the administration of components generated externally such as 

antibodies to deplete tumour cells directly or factors aimed at transiently boosting an on-going 
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immune response. In comparison, active immunotherapy uses the endogenous immune system 

to generate an anti-tumour response in situ. 

 

1.3.1 Active immunotherapy 

 

One class of active immunotherapy is the use of vaccines against a tumour antigen, this relies on 

finding tumour-specific targets to mount an immune response to. B cells express a BCR with a 

unique antigen binding site, known as an idiotype. This can therefore serve as a tumour specific 

antigen for a B cell malignancy, provided that the cells are unique, clonally evolved B cells. 

Vaccinating against this idiotype can stimulate the generation of immune cells recognising the 

unique antigen receptor on a malignant clone. This approach has been investigated in the clinic. 

In one study, FL patients had their tumour idiotype sequenced and a vaccine against it developed. 

This resulted in durable tumour regression with a progression-free survival of 44.2 months, 

compared to 30.6 months for the control arm.51 In this study, the vaccine was conjugated to 

keyhole limpit hemocyanin and administered with GM-CSF to boost the immune response. Whilst 

this treatment strategy has been shown to have an effect, the benefits are relatively minor and 

come at a large cost. Each patient needs to have a personalised vaccine developed based on the 

individual idiotype of their tumour. Moreover, further mutation of the BCR renders the vaccine 

redundant. An alternative vaccination approach is the use of DNA vaccines. The protein to be 

vaccinated against is encoded in a DNA plasmid along with CpG motifs. It is thought that these 

motifs are recognised by toll-like receptor 9 (TLR-9), therefore acting to have an adjuvant effect.52 

However, the method of delivery has proven to be a challenge for DNA vaccines and, as a result, 

they have not been widely used clinically.53 

An alternative approach to inducing an anti-tumour response has been to pulse patient derived 

dendritic cells (DCs) with lysates from autologous tumour samples. The dendritic cells can take up 

and present the non-defined, tumour antigens in the context of MHC. Subsequently, the pulsed 

cells are returned to the patient where they can present the antigens to T cells, eliciting a 

significant CD4+ and CD8+ response.54 As with idiotype vaccinations, this does not provide an ‘off 

the shelf’ treatment and has to be developed individually for each patient. However, this approach 

has been used clinically in a limited number of glioma patients where the treatment was found to 

be feasible with a good response to the therapy.54 
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As has previously been described, the development of some cancers is attributable to a known 

pathogen. Vaccinating against this pathogen can therefore provide protection against the cancer 

it is associated with. Perhaps the best known example is the HPV vaccine Cervarix/Gardasil.55 The 

vaccine contains the major capsid proteins from HPV types 6, 11, 16 and 18.55 This induces 

immunity against these strains of HPV. By preventing infection, the opportunity for the virus to 

induce cervical carcinoma is reduced. Whilst it is too early to determine the effects of the vaccine 

on cervical cancer rates, there has been a marked decrease in the prevalence of HPV 7, 11, 16 and 

18 infection. In the 6 years following the introduction of a vaccination program in the USA infection 

rates decreased 64% in females aged 14-19.56  

 

1.3.2 Passive immunotherapy – immune modulation 

 

One strategy of passive immunotherapy has been to administer factors known to manipulate and 

stimulate the immune system. For example, a number of early studies investigated the 

administration of exogenous IL-2, a cytokine which normally stimulates proliferation of T cells as 

well as  well as acting as a growth factor for NK cells.57 In one study of metastatic melanoma 

patients, 12-15 doses of IL-2 were administered every 8 hours with two courses 14 days apart; this 

gave an overall response of 13%.58 Whilst this is a low response, those who were disease free for 

18 months after treatment tended to remain so for over 10 years.58 When combined with a GP100 

peptide vaccine, the response was improved to 16%, demonstrating how treatment strategies can 

be combined to improve patient outcome, albeit modestly in this case.58 

Whilst vaccines aim to generate an immune response from the endogenous immune system, other 

strategies have also been employed to genetically engineer T cells ex vivo to recognise tumour 

antigens before returning them to the patient. This approach uses chimeric antigen receptors 

(CARs) which are comprised of single chain variable fragments derived from antibodies specifically 

recognising the tumour antigen conjugated to potent activatory T cell signalling domains. The DNA 

encoding for a CAR is virally transduced into a patient’s T cells before the cells are expanded and 

then returned to the patient (reviewed in59). Whilst this strategy can result in potent anti-tumour 

responses, it is a time consuming and therefore expensive process which has to be tailored to each 

individual patient. In a trial of 25 patients with acute lymphoblastic leukaemia receiving CARs 

targeting the B cell marker CD19, 90% achieved complete remission with a 78% survival rate 6 

months after treatment.60 Similar results have been obtained for other forms of leukaemia 
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including CLL.61 Nevertheless, one significant drawback of CAR therapy has been the toxic levels 

of pro-inflammatory cytokines in patients undergoing therapy which has, in some cases, resulted 

in death.62, 63  The majority of CARs developed to date have targeted CD19, however it has been 

reported  that CD19 can be lost from the surface of ALL cells and can be alternatively spliced, 

preventing killing by CARs.64 Overcoming this resistance and reducing toxic cytokine release 

remain key challenges in the field.  

One of the most recent breakthroughs in cancer immunotherapy has been the development of 

oncolytic viruses which can replicate in and kill cancer cells without causing any damage to normal 

cells. T-VEC, the first oncolytic virus to be approved by the FDA, achieved a 26% overall response 

rate in a trial of late stage melanoma patients, with a one year survival rate of 58%, compared to 

a typical 25% for this stage of patients under previous treatments.65, 66 This therapy makes use of 

a modified herpes simplex virus. In order for a virus to replicate, the hosts natural anti-viral 

response must be blocked using genes encoded by the virus. Modified tumour cells lack an anti-

viral response, therefore viruses that are modified to be unable to block the response can replicate 

inside tumour cells but not healthy cells which maintain an anti-viral response.67 Additionally, the 

virus contains the gene encoding for GM-CSF. This promotes dendritic cell differentiation and 

therefore antigen presentation to the cells of the adaptive immune system following tumour 

lysis.67 

Whilst oncolytic viruses are still emerging as a cancer therapy, the most extensively used form of 

immunotherapy to treat cancer comes in the form of mAbs. This involves the administration of 

laboratory produced antibodies to elicit tumour cell clearance. This will be discussed at length in 

section 1.7; briefly, there are three major strategies employed by therapeutic antibodies: targeting 

cells for depletion, blocking signalling and immune modulation. Direct targeting mAbs recognise 

tumour specific antigens and signal for deletion of the target cells via activation of immune 

effector cells. Signal blocking mAbs either block the receptor for a signalling molecule or sequester 

the signalling molecule itself, preventing it exerting an effect. Finally immune modulating mAbs  

block inhibitory receptors or agonise activatory receptors on the surface of immune cells. Whilst 

these therapies have been shown to be successful against certain tumours, their effects are often 

transient with the molecules being cleared from the body. This means that multiple, regular doses 

are required which increases the cost of treatment. Before discussing how mAbs are generated 

and elicit their function, it is important to understand antibody development and its place within 

the immune system. 
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1.4 B cells within the human immune system 

 

The human immune system provides defence against pathogens that enter the body. This has 

arisen as a result of the immune system evolving alongside the pathogens themselves. The human 

immune system can be divided into two broad arms; the innate and the adaptive immune 

responses. The innate immune system is restricted  to recognition of a limited repertoire of simple 

molecules and regular structural patterns on pathogens, using receptors known as pattern 

recognition receptors.68 These receptors are present on macrophages, neutrophils and dendritic 

cells where they broadly distinguish between self and non-self molecules and provide the first line 

of defence against pathogens. The cells of the innate immune system secrete inflammatory 

cytokines following activation. These act to establish a barrier around the site of infection as well 

as to recruit other immune cells, particularly neutrophils, which have the ability to capture and 

phagocytose pathogens. Another important cell type in the innate immune response are NK cells. 

These cytotoxic cells express a variety of activatory and inhibitory receptors. Self peptide, 

presented in the context of MHC I binds to inhibitory receptors on the NK cell. However, viral 

infection can result in a downregulation of MHC I expression on an infected cell. This  reduces NK 

cell inhibition and results in killing of the target cell through a process known as the missing self 

hypothesis, which is summarised in Figure 1.1.69, 70 

B and T cells form the basis of the adaptive immune system. When generated, each T or B cell 

carries a single unique receptor on its surface, allowing a specific response against a pathogen 

through the induction of memory, B and T cells that are able to provide more rapid responses and 

long-lived specific immunity against a particular antigen. Other cell types can be required for an 

effective adaptive response; dendritic cells in the circulation are able to engulf pathogens and 

present peptide fragments on their surface to lymphocytes. This activates T cells which are capable 

of specifically recognising the peptide being presented, using their unique T cell receptor (TCR) 

and allowing them to proliferate and enter the circulation.71 Once in the circulation, T cells can 

recognise the target antigen on the surface of the pathogen and facilitate its destruction. However, 

stimulation through the TCR alone is not sufficient on its own to cause full T cell activation. Co-

stimulation is required from the antigen presenting cell through one of a number of molecules 

including CD28 and CD137.72 Additionally, T cells express a number of co-inhibitory molecules 

which, upon interaction with their ligands on antigen presenting cells, inhibit T cell activation. 

These inhibitory surface molecules include CTLA-4, OX40, PD-1 and are thought to be important 

in promoting tolerance to self-antigens, therefore reducing autoimmunity.73 Furthermore, these 
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inhibitory molecules have been found to be upregulated on tumour infiltrating T cells compared 

to normal circulating T cells, with PD-1 found to be upregulated in a number of cancers including 

melanoma.74 This has given rise to the so called check-point blocking antibodies to reactivate these 

T cells, as will be discussed in detail in section 1.7. 

B cells form the other major arm of the adaptive immune system; they develop and mature in the 

bone marrow where they undergo clonal selection to give cells capable of producing a diverse 

range of reactivity to different antigens and pathogens. As with T cells, each B cell has a receptor 

that recognises a single, unique chemical structure; these are known as the BCR. The BCR consists 

of a membrane bound immunoglobulin of the IgM isotype which acts as an antigen binding 

subunit.75 This is linked non-covalently to the intracellular signalling subunits CD79a and CD79b 

which allow the B cells to become activated in response to antigen engagement. 76 Activation 

through the BCR can lead to differentiation of the cell as well as the secretion of immunoglobulin, 

a process which can be regulated through a tightly controlled negative feedback loop to prevent 

autoimmunity. The function of B cells is largely to differentiate into plasma cells and secrete 

antibodies; these are proteins that are highly specific to a single antigen and function to link the 

specificity of the adaptive immune system to the potent killing of the effector cells of the innate 

Figure 1.1 The missing self hypothesis.  
A) Normal cells express self peptide in the context of MHC I, this is recognised by inhibitory 
receptors on the surface of the NK cell and prevents activation despite signals through 
activatory receptors. B) when MHC is lost, for example following viral infection, inhibitory 
signalling is lost but activating signals remain, allowing the NK cell to lyse the target. 
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immune system. Crucially, each plasma cell comes from a unique B cell and produces a single, 

secreted immmunoglobulin of the same specificity as the original B cell. 

The BCR  have to develop a huge amount of diversity during their generation in order to respond 

to the repertoire of potential antigens they need to encounter. The specific recognition of an 

antigen is achieved through the complementarity determining regions (CDR) loops.77 The 

combination of light and heavy chains leads to a high degree of diversity, however the diversity 

can also come from within the chains themselves. Each light chain is formed from a rearrangement 

between two  gene segments (V and J) and each heavy chain from three gene segments (V, D and 

J).78 The process of V(D)J recombination is tightly controlled and can only occur between 

conserved recombination signal (RS) sequences, consisting of a 12 or 23 nucleotide spacer.79 The 

RS sequences are recognised by the RAG1 and RAG2 proteins which bring these sequences close 

together via the formation of hairpin loops and breaks between gene segments.80 The ends are 

then precisely joined by nonhomologous end-joining (NHEJ) proteins to link the V D and J 

segment.79  These combinations lead to at least 6000 possible rearranged heavy chains and 320 

light chains. Therefore, there are a theoretical 1.9x106 possible unique antibody binding sites.75  

However the number of antigen binding sites generated is greater than this due to steps that 

introduce further diversity. The first step is in the V(D)J recombination process. Whist 

recombination occurs within the RS sequence, the precise cutting site is not specific, resulting in 

variation in variable region length.81 Further variation in segment length can occur through the 

removal of additional bases by exonucleases as well as the insertion of bases during the ligation 

step.82 The result is greater diversity in both the sequence and the length of the variable regions.   

The final step in developing BCR diversity is somatic hypermutation, which occurs as activated B 

cells rapidly divide in the germinal centres.78 When activated by BCR, there is upregulation of the 

enzyme activation induced deaminase (AID). Due to its function as a DNA mutator, expression is 

tightly controlled both transcriptionally and post-translationally in the form of phosphorylation.83 

The enzyme functions to convert cytosine to uracil in the transcribed V region; the resulting 

mismatch is repaired by the cellular machinery, ultimately resulting in a C:G pair becoming 

converted to T:A. This further increases the diversity of the antibodies that can be produced by a 

cell.84, 85 Overall, this diversity means that in response to a given antigen, B cells can secrete a 

highly specific, high affinity antibody. Such is the diversity generated, several B cell clones can 

become activated against a single antigen, allowing the targeting of multiple epitopes on any given 

antigen. 
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1.5 B cell origins and development in humans 

 

The idea of B cell development by clonal selection was first proposed in 1957 by F. Macfarlane 

Burnet, with the basic principle being that a vast number of lymphocytes are randomly generated, 

each with BCRs of differing specificity, before selecting those that can react with the antigens that 

are encountered.75, 86 The development of B cells in humans is summarised in Figure 1.2, 

highlighting the key surface markers expressed at each stage of development. B cells initially 

develop in the bone marrow where the B cell receptor begins to form; pro-B cells only express μ-

chains which become associated with surrogate light chains as the cell matures to a pre-B cell. 

Those heavy chains which successfully pair with surrogate light chain are selected for by out-

proliferating those cells where successful pairing has not been achieved.87 This process of 

signalling through the surrogate BCR confirms that the receptor can recognise antigen. If 

successful, the cell will begin to produce full mature chains which will associate with the heavy 

chains to form surface IgM in the plasma membrane.88  

Subsequently, a B cell is able to leave the bone marrow where it starts producing surface IgD.75 B 

cells move to the germinal centres of secondary lymphoid organs where they undergo somatic 

hypermutation as previously described.  At this stage it is able to respond to foreign antigens but 

is yet to encounter self-antigens, so is known as a mature naïve B cell.75 It is vital that B cells 

reactive to self antigens are eliminated to prevent immune responses against self. The first 

described method to achieve this was clonal deletion. It was demonstrated using transgenic mice 

that autoreactive B cells encountering antigen undergo apoptosis within 2-3 days, following 

developmental arrest.89 This clonal deletion was originally thought to be the major mechanism of 

tolerance however it has subsequently been found to be a default mechanism employed when 

receptor editing fails.90 Receptor editing occurs when autoreactive BCR bind to their antigen, this 

was initially found to result in the reactivation of the immunoglobulin gene rearrangement 

mechanism at the light chain locus.91 Subsequently, editing has been shown to occur at the heavy 

chain locus, albeit to a lesser extent.92 This process prevents the development of autoreactive B 

cells without deleting the cell itself.90 However, receptor editing is not always successful. Those 

cells that continue to be autoreactive are removed by clonal deletion, as already described, or 

selected via anergy. Sustained BCR stimulation as a result of self-antigen results in a cell no longer 

being able to react to an antigen, often with an accompanying downregulation of IgM.68 These 

three processes together ensure that self-reactive B cells do not propagate and reduce the chance 

of B cell mediated autoimmunity. 
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Once activated, a B cell can undergo class switching (discussed below) to produce IgG. Following 

class switching, the cell can differentiate in the germinal centres of peripheral lymphoid organs 

into memory or plasma cells. Memory B cells are long lived and allow a rapid immune response to 

subsequent exposure to antigen whilst plasma cells are the major IgG secreting cell in the body.93 

This survival and differentiation of affinity matured B cell clones requires signalling through the 

canonical nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) pathway; 

evidenced by germinal centre specific deletion of the RELA component of the pathway which 

prevents the generation of germinal centre plasma cells.94 Yet RELA deficiency did not impair the 

formation of germinal centres or affinity maturation suggesting that NFκB signalling is not required 

at this earlier stage of development. 

  

Figure 1.2 Human B cell development. 

B and T cells develop from a common lymphoid progenitor cell in the bone marrow. Pro-B cells express IgG heavy chain 
before expressing surrogate light chains as part of the transition to pre-B cell. Activation causes true light chains to 
replace the surrogates and the cell enters the peripheral lymphoid tissue. At this point B cells begin to express IgD at the 
cell surface and undergo somatic hypermutation to increase the affinity of the expressed IgM, facilitated by expression 
of the enzyme AID. Cells can then enter class switching before differentiating into plasma cells or memory B cells. Notable 
markers expressed at different stage of development are highlighted. Information is adapted from reviews by Allman 
(2008) and Pieper (2013) 
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1.5.1 Antibody structure and diversity 

 

The primary role of B cells is to generate plasma cells to produce and secrete antibodies which are 

capable of recognising and binding to target antigens with a high affinity in order to activate the 

effector cells of the immune system. Each antibody is a homodimer of two identical heavy and 

light chains. The antigen specificity of an antibody comes from its complementarity determining 

regions (CDRs) which are located within the variable domain found on each immunoglobulin chain 

(VL for light chain and Vh for heavy chain) followed by the constant domain(s) (CL for light chain 

and CH for heavy chains).75 The variable domains and first constant domains are known collectively 

as a F(ab), whilst the remaining constant domains of the heavy chain are known as the Fc region. 

The antibodies secreted by B cells can be one of several classes depending on the specific cell 

being engaged. The first antibodies often released after encountering an antigen are IgM. These 

are formed from two light and two heavy chains to make a monomeric IgM which, in turn, join to 

form homopentamers with a mushroom-like structure joined together by a single J-chain, as 

shown in Figure 1.3. Alternative antibody isotypes are produced through class switching which 

occurs in the light zone of the germinal centres. Each constant region gene segment is flanked by 

a switch sequence which allows intervening segments to be spliced out. This process is initiated 

by AID, repair of uracil residues leads to single strand breaks which are subsequently converted to 

the double strand breaks required for class switching.95, 96 Importantly, once a segment is removed 

it can not be re-expressed by a cell, therefore a cell can not revert to an earlier class of 

immunoglobulin.96 The focus of this study is on IgG antibodies which are produced by mature B 

cells following class switching.  

The various forms of human IgG are illustrated in Figure 1.3, indicating that there are four isotypes 

of IgG in humans; all homodimers formed of two heavy and light chains varying in their 

arrangement of disulphide bonds around the hinge region. This alters the flexibility of the antibody 

and the angles between F(ab) arms.68 The mean angle between F(ab) arms was found to be highest 

for IgG3 (136°) and lowest for IgG1 (117°).97 Moreover, the same study ranked the flexibility of IgG 

isotypes from most to least flexible as follows: IgG3>IgG1>IgG4>IgG2.97 It is important that 

antibodies have flexibility about the hinge as this is required for bivalent binding to epitopes.77 

Recently, it has been shown that the formation of the disulphide bonds in the hinge of human 

IgG2 can influence the agonistic propertied of an antibody.98 In summary the antibody hinge angle 

may be important in antigen binding as well as modifying its function. 
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Humans also produce IgA, IgE and IgD. As previously mentioned, membrane bound IgD is produced 

during B cell development along with IgM. The function of secreted IgD has remained relatively 

unclear however the isotype has been shown to bind to respiratory bacteria and viruses, including 

the measles virus.  IgD thought to be able to activate innate immune cells, particularly basophils 

and mast cells.99, 100 IgA can be secreted as a dimer held together with a J chain; it is mostly 

secreted in the mucosal membranes where it plays a role in protection against microorganisms.101 

Finally, the main function of IgE is in protection against parasites such as helminths, however the 

isotype is also responsible for the symptoms of allergic reactions.102 In addition to structural 

variation, immunoglobulins also vary in their glycosylation, as can be seen in Figure 1.3. The sugars 

present at these glycosylated residues are known to influence antigen binding and effector 

function; mutation of residue N297 in IgG prevents glycosylation of this site and prevents 

interaction with the main elements of the immune effector systems.103, 104  The exact nature of the 

carbohydrate moiety attached to each glycosylated residue is extremely heterogeneous and is 

dependent on the glycan processing in the antibodies cell of origin.105 
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Figure 1.3 Structures of human immunoglobulins.  

The monomers of human immunoglobulin contain two light chains and two heavy chains. For IgG, IgA and IgD the 
Ch2 and Ch3 domains form the Fc region which is able to interact with Fc receptors. The antigen binding regions are 
on the VL and Vh domains. IgG has four subclasses which primarily vary in their hinge region, with alternative 
arrangements of disulphide bonds. IgG contains a single N-linked glycosylation site on heavy chain residue N297 
where as IgD has considerable N-linked and O-linked glycosylation and forms a more open structure. IgM and IgE 
monomers have an additional Ch4 domain and a shorter hinge region than the other classes. IgM monomers form a 
pentamer joined by a J-chain. IgA also contains a J-chain which is required for the formation of dimers. Information is 
adapted from a review by Vidarsson (2014) 
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1.6 Production of monoclonal antibodies 

 

The specificity of antibodies for their target and the size of the potential repertoire available makes 

them attractive for use as therapeutics capable of targeting a vast array of molecules or cells. This 

property led to the search for a method of generating them in the lab and industrialise their 

production. In 1975 Georges Köhler and César Milstein created the first hybridomas, a fusion of a 

B cell (from an immunised sheep in the first instance) and a myeloma cell to make an immortal 

cell that could produce a single antibody.106 These were the first so called monoclonal antibodies 

and were key to the commercialisation of antibodies produced on a large scale.  The first mAb 

approved for use by the FDA was muromonab (OKT3) in 1986 designed to prevent organ rejection 

in transplant patients who had become resistant to steroids.107, 108 The mechanism of action for 

therapeutic antibodies will be discussed in detail later.  

There are three main approaches employed to generate mAbs against a specific antigen. The first 

is to generate antibodies in vivo; animals are injected with an antigen, antigen peptide fragment 

or cells expressing the antigen. This is typically a non-self molecule such as a human protein in a 

mouse and as such is recognised by the host as being foreign, invoking an immune response. Often, 

the antigen is coupled with an adjuvant; this non-specifically boosts the immune system of the 

recipient animal resulting in a  stronger immune response against the target antigen.109 

Additionally, these adjuvants can protect the antigen from degradation and improve antigen 

presentation, as well as improving immune activation.110 One of the most widely used adjuvants 

in mice is Freund’s adjuvant, which can either be incomplete (comprised of non-metabolisable oils) 

or complete (with the addition of heat inactivated mycobacteria).111 Immunisation causes the 

animal to produce antibodies against the target antigen, albeit in small quantities. Multiple 

antibodies will be produced, each from a unique B cell clone, therefore these antibodies against 

the same antigen but from different B cell clones are termed polyclonal. Multiple rounds of 

immunisation can be performed in the same animal to boost the immune response and increase 

the yield of specific antibody forming cells. Spleen cells are subsequently harvested from 

immunised animals and fused to myeloma cells to create the hybridoma secreting a single mAb.112 

Following rounds of subcloning to isolate single cells, this can lead to the generation of a 

hybridoma line, capable of continuously producing a single, antigen specific mAb. This strategy of 

immunisation was employed in mice in order to generate muromonab. 
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One of the major problems with muromonab was that it is a murine IgG2a isotype. Following 

administration to humans, the antibody itself is recognised as being foreign, effectively vaccinating 

the patient against the mAb. It has been demonstrated that, following initial administration, 40-

80% of patients develop anti-muromonab antibodies.113 This results in the clearance of the mAb 

from the circulation, particularly following repeated dosing, limiting its efficacy. In order to 

overcome this immunogenicity, mAbs have been genetically engineered to attach the murine VL 

and VH domains onto a human IgG scaffold containing the human constant domains, as depicted 

in Figure 1.4. These reagents are known as chimeric mAbs and the first one approved for use by 

the FDA was rituximab in 1997, for use in NHL. At the same time, rituximab became the first mAb 

specifically approved for use in cancer.114 These chimeric mAbs still contain a significant amount 

of mouse framework and there have been numerous reports of patients, particularly those with 

autoimmune conditions, developing anti-rituximab antibodies.115, 116 In order to reduce 

immunogenicity further, mAbs have subsequently been humanised; complementarity 

determining regions (CDRs) from antibodies raised in an animal are engrafted onto a human 

antibody scaffold, minimising the amount of host sequence. 

An alternative method for generating mAbs is phage display, a technique which selects antibodies 

of the desired specificity from libraries of bacteriophage. These libraries are created by amplifying 

the mRNA of heavy and light chain genes from spleen cells, before combining them randomly to 

generates single chains.117 These can be expressed by bacteriophage, each expressing a unique 

antibody single chain. Multiple rounds of screening are performed against the target antigen. At 

each stage, the bacteriophages capable of binding the antigens are selected with increased 

stringency at each stage; this results in the selection single clones with high affinity.118 Additionally, 

negative selection can be performed to exclude clones which bind to structurally related, non-

target molecules. The plasmid encoding the single chain in selected bacteriophages can be isolated 

and the variable region fused onto an antibody backbone of the desired isotype, and tested to 

Figure 1.4 Development of therapeutic monoclonal antibodies.  

Human and mouse IgG share the same basic structure. Chimeric mAbs graft the VL and VH domains from a mouse 
antibody onto the human backbone. For humanised mAbs, only the complementarity determining regions (CDRs) are 
transferred on the human IgG scaffold. Reducing the amount of murine sequences reduces the potential immunogenicity 
of the mAb. 
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ensure biological activity.119, 120 This generates a fully human mAb with human variable and 

constant regions. Once the mAb encoding plasmid has been generated, site directed mutagenesis 

can be performed, targeting the CDRs with the aim of increasing the affinity of the mAb for its 

target in a process known as affinity maturation.121 Crucially, this process does not exclude the 

production of self-reactive antibodies, a process which occurs during in vivo immunisation. This 

potentially offers an increase in the available antibody repertoire, depending on the size of the 

library used. 

A final method for mAb production is through the use of humanised mice. This makes use of 

genetically altered mice which express human immunoglobulin heavy and light chain genes with 

the loss of the corresponding mouse genes.122 This results in mice which, following immunisation, 

produce human antibodies against the antigen. However, these initial mice were restricted by the 

length of human DNA that could be inserted into the mouse genome, resulting in a restricted 

repertoire of human antibodies. More recently, mouse models have been produced where the full 

complement of human Ig genes has been inserted which respond to antigens by producing high 

affinity antibodies with human variable regions.123 Finally, rather than genetically modify mice, 

immune deficient strains can be reconstituted with bone marrow from humans. This allows mice 

to produce human IgM, and more recently IgG in response to antigens in a system that also 

reconstitutes mice with human effector cells.124 All these methods have been used to successfully 

generate therapeutic mAbs against a range of targets.  

 

1.7 Current therapeutic monoclonal antibodies 

 

Since the development of muromonab, there has be a steady increase in the number of mAbs 

approved by clinical use, targeting a variety of molecules. A selection of these mAbs is shown in 

Table 1.2, identifying their targets and the diseases for which they are indicated.125, 126 It is clear 

from this that clinical mAbs can be split into three primary groups, depending on their mechanism 

of action: immune modulators, signal blockers and deleting antibodies. In some cases, mAbs can 

fulfil more than one of these functions (see below). 
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Table 1.2 Selected antibodies approved by the FDA for use in cancer.  

Signal blocking mAbs can engage a cell surface receptor or its ligand to prevent interactions that 

would otherwise lead to proliferative signals in the tumour cell. One such example is the anti-

epidermal growth factor receptor (EGFR) antibody cetuximab (Erbitux), approved by the FDA for 

use in a number of cancers, including colorectal.131 Cetuximab binds to the extracellular domain 

Antibody (trade 

name) 

Target Source and 

isotype 

Selected indications Mechanism 

Rituximab 

(Rituxan/ 

Mabthera)127 

CD20 Chimeric 

IgG1 

Low grade/follicular NHL 

CLL  

Rheumatoid Arthritis 

B cell deletion by 

ADCC, ADCP and 

CDC128 

Trastuzumab 

(Herceptin)129 

Her-2 Humanised 

IgG1 

Her-2+ breast cancer 

Her-2+ gastric or 

oesophageal cancer 

Her-2 signalling 

inhibition 

ADCC130 

Cetuximab 

(Erbitux)131 

EGFR Chimeric 

IgG1 

Colorectal cancer 

Non-small cell lung 

carcinoma 

Head and neck cancer 

Blocking EGFR 

signalling 

ADCC132 

Bevacizumab 

(Avastin)133 

VEGF-A Humanised 

IgG1 

Colorectal cancer 

Glioblastoma 

Non-small cell lung 

carcinoma 

Blocking VEGF 

signalling to reduce 

angiogenesis134 

Alemtuzumab 

(Campath)135 

CD52 Humanised 

IgG1 

Withdrawn, previously- 

CLL 

T cell lymphoma 

Cell deletion  by direct 

killing and ADCC136 

Obinutuzumab 

(Gazyva)137 

CD20 Humanised 

IgG1 

CLL B cell deletion by 

ADCC, ADCP and 

direct cell death138 

Ipilimumab 

(Yervoy)139 

CTLA-4 Human 

IgG1 

Melanoma 

Bladder cancer 

Prostate cancer 

Non-small cell lung 

carcinoma 

Blocking inhibitory T 

cell signalling through 

CTLA-4140 

Nivolumab 

(Opdivo)141 

PD-1 Human 

IgG4 

Metastatic melanoma 

Non-small cell lung 

carcinoma 

Renal cell carcinoma 

Blocking inhibitory t 

cell signalling through 

PD-1142 

The targets of the antibodies are listed as well as selected key indications for which they are approved. Alemtuzumab 
has since been withdrawn from use pending revised approval for use in multiple sclerosis. The proposed mechanisms of 
action are stated and will be discussed in more detail later (ADCC/P = antibody dependent cellular 
cytotoxicity/phagocytosis; CDC = complement dependent cytotoxicity). Additional information adapted from Reichart, 
2015 and Scott, 2012 
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of EGFR to prevent the binding of its ligand.143, 144 The binding of EGF to its receptor initiates an 

intracellular signalling cascade through the MAPK pathway.145 The ERK protein in the MAPK 

pathway is capable of translocating to the cell nucleus, where it is able to phosphorylate 

transcription factors such as c-myc which plays an important role in cell cycle progression146, 147 

This pathway is inhibited with cetuximab, blocking the proliferative signalling and therefore EGF 

dependent tumour growth.148 Initial experiments in human xenograft models found that, when 

combined with chemotherapy, cetuximab was able to elicit potent anti-tumour activity.149 

Subsequent studies in metastatic colorectal cancer patients concluded that the addition of 

cetuximab to irinotecan treatment improved progression free survival compared to irinotecan 

monotherapy (4 months vs 2.6 months).150 

Whilst cetuximab is able to bind to a receptor to stop growth signals, mAbs have also been 

developed which can sequester the signalling molecules themselves. The most commonly used 

example of this is bevacizumab (Avastin), an anti-vascular endothelial growth factor A (VEGF-A) 

antibody which is approved for use in several metastatic cancers including colorectal, lung and 

breast.133 VEGF-A induces angiogenesis through endothelial cell proliferation and migration. 

Inhibiting the interaction between VEGF-A and its receptor reduces angiogenesis, a key hallmark 

of cancer.134 By reducing angiogenesis, the blood supply to the tumour is restricted, limiting its 

growth. This is reflected in clinical trials where the addition of Avastin to capecitabine treatment 

resulted in improved progression-free survival in elderly metastatic colorectal cancer patients (9.1 

months vs 5.1 months for capecitabine alone).151 

As has been previously discussed, checkpoint  blocking antibodies prevent the propagation of 

inhibitory signals received by T cells, strategies have also been developed that agonise 

costimulatory molecules. One such example is CD28, which is able to engage CD80 and CD86.152 

Once engaged, CD28 can activate Rho family GTPases, leading to actin cytoskeleton 

rearrangements and the production of IL-2, promoting T cell differentiation and signalling.153 This 

requirement for costimulation ensures that only professional antigen presenting cells can initiate 

a T cell response. Agonistic anti-CD28 mAbs were developed which were found to drive the 

expansion of functional T cells in vitro and in vivo.154 One of the most studied anti-CD28 mAbs is 

TGN1412, a human IgG4 (hIgG4) mAb designed to stimulate T cell anti-tumour activity, primarily 

developed for use in CLL. 155 This antibody proved to be promising in pre-clinical studies, causing 

a rapid proliferation of T cells without the need for engagement of the TCR. Moreover, subsequent 

safety and toxicity studies in cynomolgus macaques did not identify any toxicity, even at doses as 

high as 50mg/kg.156 Based on these results, a phase I clinical trial was conducted in healthy 
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volunteers; within 60 minutes of infusion, all volunteers began experiencing side effects which 

rapidly progressed in to hypertension, tachycardia and life threatening systemic cytokine 

release.157 Later investigations found that this toxicity was not predicted in  primate studies as 

cynomolgus macaques do not express CD28 on the relevant memory T cell populations, which 

were found to be responsible for the effects observed in the trial volunteers.158  

The catastrophic results of the TGN1412 trial has led to an impetus to develop more accurate in 

vitro assays for predicting toxicity. Current efforts have deduced that cross-linking of TGN1412 at 

the cell surface is required to give T cell proliferation. This was originally demonstrated through 

immobilising TGN1412 onto plastic or by using an anti-IgG cross linking antibody.158, 159 Neither of 

these techniques gives a biologically relevant explanation for the activity and subsequent toxicity 

of TGN1412 in humans. However, more recent work has demonstrated that the high density 

preculture of human peripheral blood mononuclear cells (PBMCs) prior to antibody treatment was 

able to facilitate TGN1412 induced T cell proliferation and cytokine release.160 It has since been 

shown that high density culture results in the upregulation of CD32b on monocytes; blocking this 

receptor prevents TGN1412 mediated proliferation.161 This provides a biologically relevant 

explanation for the activity of TGN1412 and the subsequent induction of cytokine release which 

is summarised in Figure 1.5 
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The final group of antibodies is those that actively deplete tumour cells through the engagement 

of cytotoxic effector cell mechanisms. In order to limit off-target effects, these mAbs typically 

target antigens which are present on tumour cells but have limited expression on normal. For 

example, the mAb Herceptin is widely used to treat Her2+ breast cancer where, as well as 

modulating Her2 mediated signalling, it targets tumour cells for destruction by effector cell 

populations.162, 163 One of the most widely studied and targeted antigens for depleting mAbs is 

CD20; mAbs raised against this antigen are used in the treatment of a wide range of B cell 

malignancies and autoimmune conditions. This is as a result of CD20 being expressed exclusively 

in B cells from an early stage. Anti-CD20 mAbs will be the focus of a large part of this study, 

however before discussing the mechanisms by which these mAbs function, it is important to 

understand CD20 as a target. 

  

Figure 1.5 The proposed mechanism for cytokine release by TGN1412.  

It is thought that the mAb TGN1412 engages CD28 on T cells through tis F(ab) regions whilst the Fc region engages 
FcγRs on other cell populations. This results in cross-linking of CD28 which can cause T cells proliferation as well as 
cytokine release 
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1.8 CD20 structure and function 

 

CD20 was discovered as a marker of B cells more than three decades ago (then termed B1).164 As 

well as being the first B cell specific antigen to be identified, it was also the first antigen known to 

regulate B cell function, with different anti-CD20 mAbs found to have opposing effects on cell cycle 

progression (reviewed by Beers165, Tedder166 and Cragg167). Since its identification, CD20 has had 

a major impact on our understanding of B cell biology. However, the focus of CD20 has now shifted 

to its properties as an antibody target after it was identified as being expressed on the majority of 

B cell malignancies. Furthermore, identification of its B cell specific nature has also proven to be 

important in the treatment of autoimmune conditions such as rheumatoid arthritis, where 

deletion of B cells has been shown to improve symptoms. 

Despite its success as a mAb target, the function of CD20 has remained unclear, especially as the 

natural ligand for CD20 is either unknown or not present, meaning that all functional data to date 

comes from engagement with antibodies. Co-precipitation studies suggested that human CD20 

exists in the plasma membrane of B cells as a homo-tetramer, a feature consistent with the  

structure of ion channels, sparking studies to explore the possible function of CD20 in regulating 

calcium flux.168, 169 CD20 is now known to belong to the MS4A family of proteins, containing four 

membrane spanning domains as well as cytoplasmic amino and carboxy termini.170  The evidence 

for CD20 as an ion channel appeared to be supported by experiments demonstrating that cell lines 

transfected with CD20 had an increased ionic conductance, an effect that was eliminated in the 

presence of a calcium chelator.171 However, more recent evidence suggests that CD20 does not 

function directly in mediating calcium flux, but instead modulates BCR signalling. This evidence  

comes from Ramos B cells lacking the BCR. Engagement of CD20 in these cells was not able to 

induce calcium flux.169 This is consistent with work showing that CD20 is physically associated with 

a subpopulation of BCR in the membrane, a phenomena that is reversed rapidly after BCR cross-

linking, with CD20 instead becoming associated with calmodulin binding proteins.169, 172 

In vivo studies have only provided limited evidence as to the physiological function of CD20. The 

first description of a CD20 deficient mouse in 1998 described the mice as having no major defects 

in B cell maturation, proliferation or IgG production.173 This result was subsequently corroborated 

by an independent mouse knockout line, although it was noted that mice lacking CD20 expression 

(CD20 -/-) had reduced calcium influx following BCR cross-linking.174 In addition, a case report has 

described a patient deficient in CD20. Despite B cell lines generated from this patient having no 
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impairment in BCR signalling, there was a reduced antibody production in response to vaccination 

with T-independent antigens.175 These results were subsequently confirmed in CD20 deficient 

mice, which also had impaired T-independent responses to polysaccharide antigens.175 

Furthermore, recent work by Morsy and colleagues found that CD20 deficient mice had reduced 

levels of neutralising antibodies to adeno-associated virus; which are likely T-dependent. Taken 

together, the evidence suggests that CD20 may play a subtle, indirect role in mediating BCR 

signalling to achieve optimal humoral responses that are dose, time and antigen dependent. 

 

1.8.1 Classification of anti-CD20 mAbs 

 

Since the generation of 1F5, the first anti-CD20 mAb, many more have been raised and 

characterised in vitro and in the clinic. It was clear from the outset that not all anti-CD20 mAbs are 

the same; as detailed earlier, different mAbs were found to have opposing effects on cell cycle 

progression. For instance, 1F5 was found to induce the entry of resting B cells into the G1 phase of 

the cell cycle, as evidenced by a rapid increase in RNA synthesis, whilst the antibody B1 did not.176 

However, both mAbs inhibited the differentiation of B cells to secrete immunoglobulin. The 

identification of these differences led to efforts to classify anti-CD20 mAbs in order to understand 

their functional differences. Initially, Deans et al proposed five groups, based on the ability of 

mAbs to recognise a chimeric mouse:human CD20 molecule incorporating the extracellular loop 

of murine CD20 but with the AxP-binding motif from human CD20.177 More recently, mAbs have 

been classified into just two groups, based on their ability to redistribute CD20 into detergent-

insoluble lipid rafts in the plasma membrane.178 The majority of anti-CD20 mAbs generated to date, 

including rituximab, are classed as type I and can induce efficient redistribution of CD20 into lipid 

rafts.179 Conversely, the rarer type II antibodies such as obinutuzumab do not induce CD20 

redistribution. 

Further comparisons between the two classes of mAb have revealed clear differences in their 

binding to CD20. Studies investigating the binding of radiolabelled F(ab’)2 to CD20+ cell lines 

revealed that type I mAbs bind, on average, to twice as many CD20 molecules  compared to type 

II.180, 181 Niederfellner and colleagues subsequently compared the crystal structures of the 

obinutuzumab and rituximab F(ab) molecules complexed with a cyclical CD20 peptide, revealing 

the type II mAb to be more tilted in relation to the mimitope binding.182, 183 Combining these 

observations, one possible explanation is that type II mAbs are able to bind to the CD20 tetramer, 
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but due to the altered angle of binding, engagement prevents another mAb from binding the same 

tetramer, thereby reducing the number of available binding sites by 50%.184 However, a definitive 

explanation for this 2:1 binding ratio is still to be deduced, with other possible explanations 

including differential recognition of the CD20 tetramer conformations or differences in binding, 

either within or between tetramers.165, 182 

The mechanisms by which anti-CD20 mAbs exert their effect will be discussed in detail in the next 

section, however type I and type II mAbs have been found to differ in the mechanisms of target 

cell killing they can perform. Type I mAbs are able to induce potent complement dependent 

cytotoxicity (CDC) whereas type II mAbs do not.180 Conversely, only type II mAbs have been shown 

to induce potent homotypic adhesion of B cells, which can result in target cell death.185 Further 

work demonstrated that the direct killing induced by type II mAbs was dependent on actin 

polymerisation and was the result of lysosomal membrane permeabilisation.138 It has been 

proposed that redistribution into lipid rafts could directly influence the effector mechanisms 

engaged, however all the evidence presented thus far has been based on in vitro data rather than 

investigating the in vivo mechanisms of action.186 

 

1.9 Effector mechanisms of monoclonal antibodies 

 

Investigations into the mechanism of action have found that anti-CD20 mAbs can engage multiple 

mechanisms of action, with the reliance on each of these mechanisms variable between mAbs. 

These mechanisms have been studied in great detail with opinion as to the most important 

mechanism changing as our understanding has increased. The primary mechanisms, as 

summarised in Figure 1.6 are: CDC, direct cell death, antibody dependent cellular cytotoxicity 

(ADCC) and antibody dependent cellular phagocytosis (ADCP). Whilst these mechanisms have 

been proposed for deleting antibodies against a number of targets, here they will be explored in 

the context of anti-CD20 mAbs. 
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1.9.1 Complement dependent cytotoxicity 
 

The complement pathway contains a cascade of molecules that can become activated by an 

antibody bound to its target, leading to the death of the target cell and recruitment of 

inflammatory cells.68 Rituximab can result in the death of a CD20+ cell via the classical complement 

pathway, an overview of which is presented in Figure 1.7. The C1 component of the complement 

cascade can bind to several antibodies in close proximity opsonising a cell; this in turn activates 

Figure 1.6 Proposed mechanisms for the anti-tumour activity of anti-CD20 mAbs.  

Antibody binding to CD20 can result in direct signalling for target cell death through the propagation of intracellular 
signals. Antibody can bind to CD20 through it F(ab) arms, allowing the Fc portion to interact with components of the 
immune system. For example it can engage the complement cascade to ultimately result in the death of the target cell 
through the formation of the membrane attack complex (MAC). Alternatively the antibody can cross-link Fcγ receptors 
(FcγR) on effector cells, resulting in phagocytosis or cytotoxic granule release by NK cells. 
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the C4 and C2 components, which together form C3 convertase. As the cascade progresses, 

molecules such as C3b and C4b are deposited on the cell surface; these help target the cell for 

ingestion by phagocytes.68 Ultimately, the complement cascade can result in the formation of the 

membrane attack complex, a channel comprising multiple copies of C9 as well as C6, C7 and C8, 

which forms through the plasma membrane of the target cell and results in its lysis through the 

accumulation of extracellular fluid.77 Interestingly, the components of the complement cascade 

can also induce a number of non-lytic effects; C5a has been demonstrated to be a chemotaxic 

agent of monocytes and has also been shown to enhance macrophage mediated phagocytosis, 

therefore enhancing other effector mechanisms.187, 188 Moreover, the binding of C5a to its 

receptor has been shown to result in the upregulation of activatory FcγRs on Kupffer cells with an 

accompanied downregulation in inhibitory CD32b expression.189 

In order to activate the complement cascade, C1q must be fixated by at least two antibody Fc 

portions close to the plasma membrane.190 The Fc portion of antigen complexed rituximab has 

been shown to activate the C1q component of the complement cascade, leading to target cell lysis 

as described above.191 This has been demonstrated in vitro using human cell lines, however this 

work also highlighted that some cell lines are more resistant to rituximab induced CDC.192, 193 It has 

subsequently been suggested that, in the case of rituximab, the high expression level of CD20 and 

the proximity of the antibody binding loop to the plasma membrane facilitates this efficient 

CDC.194 Furthermore, the ability of type I mAbs to redistribute and cluster CD20 in lipid rafts is 

Figure 1.7 Overview of complement mediated cytotoxicity.  

Following engagement with CD20, the mAb Fc can bind to C1q beginning the classical complement pathway. Each 
complex catalyses the cleavage of the next components resulting in deposition on the plasma membrane. Lysis of C5 
leads to C5b deposition which recruits components of the membrane attack complex (MAC) to result in cell death. C3a 
and C5a are released during complement activation and can act as mediators of inflammation 
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thought to facilitate their potent CDC activity, something that type II mAbs are not capable of.180 

It is thought that this redistribution brings the Fc regions of CD20 bound antibodies close together, 

better recruiting and clustering C1q and subsequently activating the complement pathway.180  

Initial in vitro investigations into complement defense molecules supported the importance of 

CDC for the activity of rituximab, with high levels of CD59 expression at the surface of cell lines 

found to be associated with resistance to rituximab therapy.195 This effect could be overcome in 

vitro by using an anti-CD59 blocking mAb.195 Similarly, the expression level of CD55 was found to 

be associated with  resistance to rituximab therapy, but could be overcome using small-interfering 

RNA (siRNA) targeting CD55.196 Further work has tried to assess how important CDC is to the 

activity of rituximab in vivo. Work using primary FL cells found that complement defense levels 

had no correlation to the clinical response to rituximab, in direct contrast to the in vitro data.197  

In order to better understand the in vivo role of complement, experiments have been performed 

in mouse models. Cobra-venom factor (CVF) is able to deplete complement components in vivo; 

its use illustrated that complement was required for rituximab mediated depletion of 

subcutaneous BJAB tumours and human lymphoma cell line xenografts.186, 198 Interestingly, the 

activity of the type II mAb tositumomab was unaffected by the administration of CVF, further 

suggesting that CDC is of limited importance to the activity of type II mAb. However, these early 

models, which typically lacked complement defense from mouse complement, investigated the 

depletion of small numbers of cells from highly passaged cell lines and were therefore not the 

most relevant for studying anti-CD20 immunotherapy. As a result, later studies using more 

biologically relevant models have challenged the role of complement; these have made use of 

anti-mouse CD20 mAbs or human CD20 (hCD20) transgenic (Tg) mice. These approaches more 

accurately model the depletion of B cells from within their correct biological niche. These models 

investigating depletion of normal hCD20 Tg B cells found that the requirement for complement 

was limited; in both C1q-/- and C3-/- mice, rituximab was still able to give efficient cell clearence.199, 

200 Additionally, it has been suggested that complement components can actually inhibit other 

effector mechanisms, with C3b deposits shown to block interactions between rituximab and 

FcγRIIIa (CD16a) on natural killer cells, adversely affecting ADCC.201 

The importance of CDC to the activity of therapeutic mAbs in humans is controversial. Certainly, 

patients receiving rituximab infusion indicate that complement is consumed following 

treatment.202 It is also widely discusssed that activation of the complement system is responsible 

for the acute side effects resulting from mAb therapy.203 Furthermore, it has been demonstrated 
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that complement is consumed following rituximab administration in CLL patients.202 Additionally, 

the serum from these patients requires addition of complement components before it can 

efficiently kill cells in response to rituximab in vitro.202 On the other hand, some studies suggested 

that complement components may have an adverse effect on rituximab therapy. For example, a 

polymorphism in C1qa that corresponds to reduced C1q levels was found to be associated with an 

improved response to rituximab therapy.204 

On balance it appears that, whilst rituximab is capable of inducing CDC in vitro and in vivo, it is not 

required for rituximab activity in the most relevant mouse models. The evidence surrounding the 

contribution of CDC to mAb activity in humans is limited with seemingly polar results. Despite this, 

current opinion based on mouse models concludes that CDC is of limited importance for rituximab 

activity, resulting in a change of focus towards alternative effector mechanisms. 

 

1.9.2 Direct cell death 

 

The second proposed mechanism for anti-CD20 cell killing is direct cell death, where the 

engagement of the antibody with its target results in killing of the target cell. Since the early work 

on anti-CD20 mAb, there has been demonstrations of anti-proliferative and apoptotic effects 

through the transmission of intracellular signals.205 A number of cell lines (although importantly 

not all) have demonstrated growth arrest in response to CD20 cross-linking.206 Moreover, these 

effects on cell growth and survival appear to vary with the antibody used. Rituximab was found to 

induce only weak cell death signals, however once cross-linked, these signals become more 

potent.206 In contrast, the type II mAbs tositumomab and obinutuzumab can induce potent target 

cell death, even without additional cross-linking, in an Fc and FcγR independent manner.185, 191 

The mechanism by which cell death occurs has been demonstrated to vary between mAbs. 

Rituximab has been proposed to induce apoptotic cell death with evidence that it can augment or 

reverse death from various types of chemotherapy.205, 207, 208 Rituximab resistant cell lines (induced 

by repeated rituximab exposure) were found to have reduced expression of the proapoptotic 

proteins bax and bak, suggesting rituximab interference in the cell death pathway.207 Additionally, 

signalling pathways induced by engagement of CD20 with rituximab have been proposed to relate 

to that of the BCR, with an influx of calcium.209, 210 In a study of 10 CLL patients treated with 

rituximab,  caspase 3 and caspase 9  were found to be activated in tumour cells, with an additional 
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study finding a similar result for caspase 9 in FL patients.211, 212 However, this is in contrast to a 

number of studies suggesting that rituximab induces caspase independent killing.191, 213 This is of 

particular relevance as caspase modulation is a major mechanism of chemotherapy resistance; if 

rituximab can act independently, it may be able to overcome this resistance. 

In contrast, the type II mAbs obinutuzumab and tositumomab have been shown to induce 

homotypic adhesion and actin-dependent lysosomal cell death in lymphoma cell lines and primary 

CLL samples.138 Death induced by both these mAbs cannot be prevented by the use of caspase 

inhibitors, suggesting that type II mAbs can induce cell death which is neither apoptotic or 

autophagic. It is important to reiterate that this cell death induced by type II mAbs does not 

require additional cross-linking, in contrast to that of type I mAbs.191 

Despite multiple demonstrations of direct cell death mediated by anti-CD20 mAbs in vitro, 

evidence in vivo is limited and has been difficult to obtain. Studies have been performed in mice 

which express FcγRs deficient in signalling capacity. These so-called NOTAM mice were shown to 

be able to cross-link rituximab without activating effector cell signalling; this allows for only the 

signalling effects on tumour cells to be investigated.214 When rituximab was used in these mice it 

was incapable of inducing potent anti-tumour activity. This implies that direct cell death induced 

by transient rituximab cross-linking does not play a significant role in its activity, whilst further 

adding to the belief that FcγR mediated mechanisms are vital for rituximab mediated anti-tumour 

activity.214  

There have been demonstrations of direct killing using antibodies against targets other than CD20. 

The anti-CD38 mAb daratumumab has been approved by the FDA for use in multiple myeloma. 

Unusually for a direct targeting mAb, its therapeutic activity was not significantly diminished in 

mice lacking activatory FcγR, however when mCD32 was blocked in FcR γ-chain deficient mice 

activity was lost.215 In contrast to rituximab, daratumumab was able to maintain anti-tumour 

activity in NOTAM mice even when mCD32 was blocked. These results imply that cross-linking by 

activatory or inhibitory FcγRs was sufficient for anti-tumour activity.215 This demonstrates that 

direct cell death can be observed in vivo following direct targeting mAb despite appearing to be 

of little importance to the therapeutic activity of rituximab. 
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1.9.3 FcγR mediated mechanisms 

 

The final proposed mechanism of action for the activity of anti-CD20 mAbs is through FcγR 

expressing effector cells. The repertoire, structure and function of these receptors will be 

discussed in detail in section 1.11, however their engagement can result in the degranulation of 

NK cells and the phagocytosis of target cells by macrophages.216 These receptors are able to link 

the antigen specificity of an antibody to the potent effector cell functions of NK cells and 

phagocytes. Fc receptors bind to the Fc region of antibodies and are split into sub-groups 

depending on their specificity; for example, FcεR are specific for IgE and FcγR interact with IgG. 217 

Humans express six FcγRs (five activatory and one inhibitory) whilst mice express four (three 

activatory and one inhibitory).218 With the exception of CD16b in humans, all activatory FcγRs 

signal through immunoreceptor tyrosine-based activatory motifs (ITAMs). This signalling is 

counteracted by the inhibitory FcγR (CD32b in humans, CD32 in mice) which signal through an 

immunoreceptor tyrosine-based inhibitory motif (ITIM).219 All activatory receptors in mice, as well 

as CD16a and CD64 in humans, require the expression of the FcR γ-chain for transport of the 

receptor to the cell surface, as well as for cell signalling.220 

It is now widely accepted that FcγRs are an absolute requirement for effective anti-CD20 

immunotherapy. Initial evidence came from mice lacking the FcR γ-chain; these mice do not 

express any activatory FcγRs. Raji cell xenografts were not cleared in FcR γ-chain deficient mice, 

in comparison to robust clearance from wild type mice.221 These results have been supported by 

more recent data using anti-mouse CD20 mAbs or depletion of hCD20 Tg B cells in fully syngeneic 

immune competent models. In both of these cases, the FcR γ-chain was found to be an absolute 

requirement for the anti-tumour activity of rituximab.199, 200, 222  There is also some evidence from 

human studies that FcγRs are important for anti-CD20 activity. This data comes from 

polymorphisms in FcγRs; these will be discussed in detail later. Two independent studies have 

shown that follicular lymphoma patients with a lower affinity F158 allele for the FcγR CD16a have 

a reduced progression free survival following rituximab therapy, compared to those homozygous 

for the higher affinity V158 allele.223, 224 Rituximab is widely given in combination with 

cyclophosphamide, doxorubicin, vincristine and prednisone as part of the R-CHOP regime. In 

DLBCL patients treated with R-CHOP, the V158 allele was significantly associated with a higher 

complete response rate. 225-227 However, it should be noted that several studies (most notably that 

of Keane in DLBCL and Farag in CLL) found no correlation between CD16a polymorphisms and 
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patient outcome following rituximab treatment. Despite this, the majority of evidence has led to 

the conclusion that FcγRs are an absolute requirement for anti-CD20 mAb therapy. 

With the importance of FcγRs recognised in mAb mediated immunotherapy, there have been 

subsequent studies to investigate the relative contributions of FcγR bearing effector cell types on 

therapeutic outcome. Work using anti-EpCAM antibodies on ex vivo colorectal cancer samples has 

shown that the depletion of monocytes and/or NK cells from PBMC effector samples reduced the 

specific lysis of tumour cells.228 This implies that both populations can act as antibody effectors. 

Additionally, in vitro  work has demonstrated that rituximab is capable of inducing the killing of B 

cell lymphoma samples through the activation of both macrophages and NK cells.229 Following 

activation, NK cells release granules containing perforin and granzymes which form lethal pores in 

the membrane of the target cell.230 Furthermore, the release of granzyme B by NK cells results in 

the cleavage of caspases 3 and 7, as well as the permeabilisation of the mitochondria in the target 

cell; both processes lead to cell death.231 Breast cancer patients treated with the anti-HER2 

antibody trastuzumab were found, compared to untreated controls, to have an increased NK cell 

tumour infiltrate accompanied by elevated lymphocyte granzyme B expression.163 This suggests 

that NK cells are recruited to the tumour following trastuzumab therapy and become activated. 

Despite this, mouse models have demonstrated that depletion of NK did not affect the deleting 

ability of anti-CD20 mAb.232 This has led to recent research focusing on phagocytosis by 

macrophages as being the primary effector mechanism for anti-CD20 mAb mediated tumour 

clearance.  

Macrophages are present in almost all tissues and are capable of phagocytosing pathogens and 

necrotic cells after being activated by signals through FcγRs and TLRs.68 macrophages can either 

derive from monocytes or be tissue resident. The tissue resident macrophages are thought to 

derive from the yolk sack where they colonise the primordial liver233 Furthermore, macrophages 

are heavily influenced by their environment, causing them to divide into two broad, functionally 

polarised states depending on the stimuli they receive, known as M1 and M2 macrophages.234 The 

differentiation and function of these polarised macrophages is summarised in Figure 1.8. M1 

macrophage differentiation is simulated by IFNγ and LPS treatment; these cells function to remove 

intracellular pathogens whilst secreting cytokines that create a general pro-inflammatory 

environment.235 Alternatively, macrophages can become polarised to an M2 phenotype by anti-

inflammatory cytokines such as IL-4 and IL-13, resulting in macrophages that can recruit 

leukocytes and create an anti-inflammatory response.235 M2 macrophages can be further 

subdivided depending on the stimulation they receive, with each class producing specific 
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molecules in response to activation, as shown in Figure 1.8. It is thought that tissue resident 

macrophages tend to be more M2-like due to their role in tissue homeostasis and resolution of 

inflammation.236-238 In addition to these subsets of macrophages, there are other classes which 

can not be easily defined, including tumour associated macrophages (TAMs) 

In response to the binding of immune complexes (ICs) to FcγRs, macrophages become activated 

(through mechanisms which will be discussed later) to result in phagocytosis of opsonised target 

cells. There has been some work into the macrophage subsets that most effectively phagocytose 

target cells in cancer immunotherapy. Leidi et al found that macrophages polarised to an M2 like 

phenotype more efficiently phagocytose CLL cells opsonised with rituximab in vitro.239 Moreover, 

Herter and colleagues compared three anti-CD20 antibodies and found that M2c macrophages (a 

subset activated by IL-10 and glucocorticoids) exhibited superior phagocytosis of Raji targets 

compared to M1 polarised cells with all mAbs investigated.240  

As has already been eluded to, it is now thought that macrophages are the primary cell type 

responsible for anti-CD20 effector function, at least in mice. The evidence for this comes from the 

fact that several groups have used clodronate vesicles to deplete macrophages in mice, resulting 

Figure 1.8 The polarisation of human macrophages.  

The four major groups of polarised human macrophages are shown including the stimuli that lead to their polarisation 
as well as components they produce in response to polarisation. M1 macrophages are thought to generally be of a pro-
inflammatory phenotype whilst M2 macrophages are broadly anti-inflammatory. Adapted from Mantovani, 2004 with 
updated information from Mantovani, 2013 and Roszer, 2015. 
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in a significant reduction in anti-CD20 mAb activity.200, 222, 241 The importance of macrophages in 

rituximab therapy has also been highlighted by investigations into the physical location of tumour 

cell clearance. Mice that had received a splenectomy had no reduction in tumour cell clearance, 

whereas in those with restricted blood flow to the liver, tumour depletion was significantly 

reduced.242 This, together with the clodronate investigations, implies that Kupffer cells (the liver 

resident macrophages) are important for rituximab therapy. Similar observations were made in 

an anti-Her2 model, where the number of liver metastases significantly increased following 

Kupffer cell deletion.243 These results have been confirmed by intravital imaging studies, designed 

to observe cell depletion in the liver following anti-CD20 or anti-Her2 therapy. 244, 245 Importantly, 

it was shown that B cells could attach to Kupffer cells following rituximab treatment and that this 

attachment was reduced in FcR γ-/- mice, highlighting the importance of FcγRs and Kupffer cells 

in anti-CD20 therapy in mice.244 In humans, evidence for the importance of macrophages comes 

from combination therapies with granulocyte macrophage colony-stimulating factor (GM-CSF); 

this is a cytokine which normally induces monocyte differentiation into M1 macrophages.246 GM-

CSF administration to follicular lymphoma patients resulted in an improved response to rituximab 

therapy.247, 248 It is interesting that M1 differentiation was able to improve rituximab therapy when 

M2 macrophages have been described as better phagocytosing rituximab opsonised targets in 

vitro. Nonetheless, this highlights the importance macrophages in the activity of direct targeting 

antibodies. 

 

1.10 Anti-CD20 resistance and new developments in mAb therapy 

 

With mAbs now well established as a therapy in cancer, and with a good understanding as to their 

mechanism of action, work has gone into improving antibody therapy. This is of particular 

importance as resistance to mAb therapy has been widely reported. In the case of rituximab, 

reports of resistance emerged from an early stage, with descriptions of the loss of CD20  from the 

target cell, leading to resistance.249 Subsequent work went on to show that rituximab is 

internalised from normal and malignant primary B cells and is targeted to the lysosome.250, 251 An 

alternative mechanism proposed for rituximab resistance is shaving, where rituximab and bound 

CD20 are removed from the target cell surface by FcγR expressing effector cells.252 A mechanism 

for rituximab induced CD20 internalisation has recently emerged, whereby the Fc of rituximab is 

able to act in a cis fashion with CD32b on the target cell. Furthermore this induced internalisation 
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in a manner that is independent of signalling through the ITIM of CD32b.253 Importantly, type II 

reagents such as obinutuzumab appear to be much less sensitive to this internalisation.253, 254 

Moreover, It has since been shown in two independent clinical trials that CD32b expression on 

target cells limits rituximab efficacy.254, 255 

 

1.10.1 Overcoming rituximab resistance 
 

Several strategies have been employed for overcoming resistance to rituximab. One option is to 

block CD32b, the receptor thought to be key for rituximab internalisation. The use of a CD32b 

blocking antibody has been found to improve rituximab mediated depletion of CLL cells in a 

xenograft model.256 Work is currently under way to explore if this strategy delivers benefit in 

patients. One interesting approach has been to use histone deacetylase inhibitors in combination 

with rituximab. These have been found to increase CD20 expression levels in cell lines and enhance 

the effects of rituximab in mice receiving BJAB xenografts.257 Alternatively, the proteasome 

inhibitor bortezomib, in combination with rituximab, was found to increase overall survival of FL 

patients compared to rituximab alone.258 Yet the mechanism for this activity remains unclear, as 

one study showed bortezomib to reduce CD20 expression on the cell surface.259 

Another obvious way to avoid rituximab resistance is to make use of other anti-CD20 reagents. 

However, ofatumumab  as a single agent only gave a clinical response in 9%  of FL patients resistant 

to rituximab in combination with chemotherapy.260 In contrast, ocrelizumab, which recognises an 

overlapping CD20 epitope as rituximab, gave a 38% response rate in rituximab exposed patients.261 

It is worth noting however that these patients were rituximab exposed and not necessarily 

resistant. With studies demonstrating that type II mAbs are not internalised to the same extent as 

rituximab, these reagents were predicted to offer hope to rituximab resistant patients. Despite 

this Phase I data in NHL and CLL found the response to obinutuzumab to be a relatively modest 

13% in rituximab refractory patients.262 However, when compared directly in a randomised trial 

of CLL patients, rituximab plus cholambucil resulted in a progression free survival of 15.2 months, 

this was increased to 26.7 months for obinutuzumab plus chlorambucil.263  

Clearly, anti-CD20 mAb therapy can still be improved further; the current challenge with mAb 

therapy, particularly those targeting CD20, is to further improve their efficacy. This has focused 

on the engineering of the antibody to improve effector functions, as well as novel combination 

therapies. 
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1.10.2 Antibody engineering 

 

With the importance of FcγR effector mechanisms clearly established, work has since investigated 

how Fc:FcγR interactions can be enhanced to promote improved target cell clearance. One 

mechanism has been through the glycoengineering of mAbs; this came to fruition with the FDA 

approval of the glycomodified anti-CD20 mAb obinutuzumab, an afucosylated mAb approved for 

use in CLL. The deficiency in fucosylation comes from the production of the mAb in a cell line 

overexpressing β-1,4-N-acetyl-glucosaminyltransferase III and Golgi α-mannosidase II, enriching 

for mAb with bisected, non-fucosylated oligosaccharides.185 This modification was developed 

based on work demonstrating that the removal of fucose from IgG1 increased the affinity for the 

activatory FcγR CD16a approximately 50 fold.264 Importantly, this was only accompanied by a small 

increase in the affinity for the inhibitory FcγR CD32b, leading to an overall increase in the 

activatory to inhibitory (A:I) ratio. This modified mAb resulted in increased in ADCC in vitro, 

compared to the parental nonglycomodified antibody and rituximab.265 This appears to have 

translated to an improved clinical response, with a trial in CLL patients finding that those treated 

with obinutuzumab plus chlorambucil had an increased progression free survival compared to 

those treated with rituximab  plus chlorambucil.263 However, whether these results come from 

the glycomodification or the type II effect overcoming internalisation is not clear. 

 

1.10.3 Combination therapies to improve anti-CD20 therapy 

 

Combination strategies using anti-CD20 mAb have been described with the aim of overcoming 

rituximab resistance. However, further combinations are in development to improve the efficacy 

of anti-CD20 mAb by synergising with other therapeutic mechanisms. Rituximab has already been 

used in combination with chemotherapy, yet the recent combinations focus on more targeted 

drugs. Lenalidomide is an immune modulatory compound which has been shown to act through a 

number of mechanisms, including restoring the formation of immunological synapses via the 

upregulation of T cell costimulatory molecules.266 Lenalidomide is already approved for use in 

multiple myeloma, however it has shown efficacy as a single agent in untreated and relapsed 

refractory CLL.267-270 Whilst it is thought that lenalidomide improves autologous tumour cell 

recognition by T cells, it has also been demonstrated to improve NK cell function in vitro, leading 

to enhanced ADCC.271-273 Subsequently, this observation led to the proposal that lenalidomide may 
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be able to enhance rituximab mediated therapy. Indeed, this has been found in a number of 

haematological malignancies, including one recent study in CLL where the combination gave an 

83% overall response rate, compared to 56% seen previously for lenalidomide alone.268, 274 

A number of drug molecules are under investigation which act to inhibit signalling pathways. It is 

hoped these may work synergistically with anti-CD20 mAbs to improve therapy. For instance, 

Ibrutinib is an inhibitor of BTK, indicated for use in CLL and mantle cell lymphoma (MCL).275 This 

molecule has been shown to prevent CLL migration and proliferation by inhibiting a number of 

constitutively active pathways in CLL.276, 277 This has been translated into clinical trials, where 

ibrutinib alone gave an overall response rate (ORR) of 84% in previously untreated CLL and SLL 

patients.278 In a further study of high-risk CLL patients the combination of ibrutinib with rituximab 

gave an (ORR) of 95%.279 Another signalling inhibitor under investigation in combination with 

rituximab is the PI3Kδ inhibitor, idelalisib. In vitro, this has been shown to influence cell survival, 

metabolism and proliferation.280, 281 Moreover, rituximab alone resulted in a 14 week progression 

free survival in 46% of relapsed CLL patients, this was improved to 93% with the addition of 

idelalisib.49 Idelalisib is of particular interest as the outcomes of treatment therapy were similarly 

favourable, even when patients were stratified according to key risk markers (p53 mutation, IGHV 

mutation status and 17p deletion) which signify poor prognosis with other treatments.49 

One further approach under investigation for improving anti-CD20 therapy has been combination 

with checkpoint blockers. In a murine lymphoma model, anti-CTLA-4 combined with anti-CD20 

mAb improved therapy compared to either mAb alone, as well as giving rise to stronger protection 

from tumour rechallenge.282 In humans, CLL patients have been found to have  a higher expression 

of PD-1 on their circulating T cells than healthy donors.283 This is coupled with an increase in PD-

L1 expression on malignant B cells with the interaction thought to be responsible for decreased 

IFN-γ production by T cells in CLL patients.283 In a phase II trial of relapsed FL, patients the 

combination of rituximab and the anti-PD-1 mAb pidilizumab resulted in an objective response 

rate of 66%.284 These results suggest that the direct targeting of anti-CD20 mAbs in combination 

with the potent T cell activation of checkpoint blockers may offer a new therapeutic option for 

patients with B cell malignancies.  

 

1.11 Fcγ receptors 

As has already been eluded to, FcγRs are the class of receptors responsible for linking the 

specificity of antibodies to the potent target cell killing by effectors. In humans there are five 



 

Page | 46  

 

activatory and one inhibitory FcγR, whilst in mice there are three activatory receptors and one 

inhibitory.218 The basic structure and signalling functions of FcγRs have already been introduced, 

however here they will be discussed in more detail. 

 

1.11.1 FcγR structure 

 

All FcγRs in humans and mice consist of extracellular immunoglobulin domains which are capable 

of interacting with the Fc domain of an antibody.218  The structure of human FcγRs is presented in 

Figure 1.9 with the equivalent mouse structures in Figure 1.10.218, 285-289 Human FcγRI (hCD64), 

mouse FcγRI (mCD64) and mFcγRIV contain three extracellular immunoglobulin domains whilst all 

other receptors contain two. Both human and mouse CD64 are considered to be high affinity 

receptors for IgG, for reasons which will be discussed subsequently, mFcγRIV has an intermediate 

affinity for mIgG, depending on the specific isotype.289 In contrast, the receptors with only two 

immunoglobulin domains have a lower affinity for IC than those with three.290 Whilst all receptors 

show similarity in their extracellular regions, there is considerable variation in their intracellular 

signalling domains.  

In both mice and humans the inhibitory FcγR (mCD32, hCD32b) contains an ITIM domain within 

its intracellular tail which is able to transduce inhibitory signals through the cell (see section 

1.11.4).219 Similarly, human CD32a and CD32c also contain a signalling domain on their 

intracellular domain, however, this takes the form of an ITAM. In response to receptor 

engagement these ITAMs become phosphorylated and recruit downstream signalling molecules 

through a process discussed below (section 1.11.4). All activatory receptors in mice, as well as 

hCD64 and hFcγRIIa (CD16a) do not contain signalling motifs within their extracellular regions, 

instead they non-covalently associate with the common FcR γ-chain in the plasma membrane; the 

FcR γ-chain contains two ITAM domains for signalling.291 As well as being required for signalling, 

the FcR γ-chain is necessary for the associated receptors to reach the plasma membrane; 

therefore in mice where the FcR γ-chain has been genetically deleted, no activatory FcγRs are 

expressed at the cell surface. The only FcγR which does not signal through ITAMs or ITIMs is human 

FcγRIIb (hCD16b), a receptor with no mouse homologue. This receptor is tethered to the 

membrane via a GPI linker and it is currently unclear as to how this receptor signals, although it 

has been reported to localise into lipid rafts following engagement.290, 292  
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Figure 1.9 Structure and expression pattern of human FcγRs.  

Figure 1.10 Structure of mouse FcγRs.  

CD64 contains three immunoglobulin domains (represented by loops) in its extracellular domain whilst all other receptors 
contain two. All the activatory receptors (with the exception of CD16b) signal through ITAM sequences whilst the sole 
inhibitory receptor (CD32b) signals through an ITIM motif. In the case of CD64 and CD16a signalling occurs via 
association with the ITAM containing FcR γ-chain which is also required for transport of the receptor to the plasma 
membrane. CD16b is unique as it is tethered to the membrane through a GPI linker and has unknown signalling function. 
Information is adapted from work by Meknache (2009) Gillis (2014), Pincetic (2014) and Woolf (2014). 

Mice express three activatory and one inhibitory FcγR. All FcγRs contain extracellular immunoglobulin domains on their 
α-chains, represented by loops. CD64 has three immunoglobulin domains whilst the other receptors have two. The 
inhibitory receptor, CD32, has an ITIM domain in its extracellular tail for signalling. The activatory receptors have to be 
associated with the mouse FcR γ-chain for transport to the plasma membrane. This also contains the ITAM motifs 
required for activatory FcγR signalling. Information adapted from reviews by Nimmerjahn (2008) and Guilliams (2104). 
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1.11.2 Human FcγR specificity and function 
 

hCD64 

hCD64 is the only high affinity FcγR in humans and the only one to have three extracellular 

immunoglobulin domains. The receptor is capable of binding to monomeric hIgG1, hIgG3, and 

hIgG4 with a KA in the range of 3.3-6.5 x107M-1. On the other hand, the receptor is not capable of 

binding to hIgG2.290 There has been a significant amount of work into investigating how hCD64 

achieves its high affinity, with a focus on the interaction with hIgG1. This has recently been aided 

by two independent crystal structures of hCD64 in complex with hIgG1 being solved. The structure 

obtained by Kiyoshi et al is shown in Figure 1.11 with the Fc of hIgG1 interacting with the second 

immunoglobulin domain of CD64 as well as the interface between the second and third 

domains.293 This study  identified a hydrophobic pocket within hCD64, not found on the other 

FcγRs; this pocket was described as being suited to the binding of L235 of antibody Fc, contributing 

to the high affinity binding.293 An additional report highlighted a KHR motif in the second 

immunoglobulin domain of hCD64. This was optimally placed to interact with the glycans on N297 

of hIgG1, increasing the strength of binding.294 This was explored further by mutational studies 

demonstrating that changing any of these residues resulted in a reduced affinity for hIgG1.294 

Taken together these results suggests that there are multiple mechanisms by which hCD64 

achieves its high affinity. 

CD64 is expressed on activated granulocytes as well as most myeloid and dendritic cells.295 Due to 

its high affinity for IgG, hCD64 has been thought to act as a ‘scavenger’ for free IgG in the serum 

and to be always fully occupied by circulating IgG. However recent evidence has shown that ICs 

can displace free IgG from hCD64 and that the receptor is capable of mediating anti-tumour 

immunotherapy in a B16 mouse melanoma model.296 Furthermore bispecific mAbs have been 

develop that target Her2 and hCD64. It is thought that these mAbs ‘arm’ neutrophils and 

monocytes and have given promising results in prostate cancer patients.295, 297 It has been 

proposed that the preference of hCD64 for IC may arise from local cytokine stimulation, with IL-3 

found to enhance IC binding to hCD64 whilst only having a minimal effect on the binding of 

monomeric IgG.298 This has been postulated to occur through alterations in receptor mobility 

and/or clustering rather than changing expression level of the receptor itself.298 Despite these 

reports, the biological importance of hCD64 in the immune system remains largely unclear.  
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hCD32a 

hCD32a is a single chain receptor which contains its own ITAM motifs without association with the 

FcR γ-chain. The receptor can bind to all four human IgG isotypes, however it has the highest 

affinity for hIgG1 at 3.5-5.2 x106M-1 depending on the polymorphic variant of the receptor (see 

section 1.11.5).290 This polymorphic variation also affects the affinity for hIgG2 with the high 

affinity H131 allele having a 4.5 fold higher affinity for hIgG2 than the low affinity R131 variant.290 

hCD32a is expressed on monocytes, macrophages and neutrophils. Through its intracellular 

signalling it has been demonstrated to contribute to the phagocytic activity of neutrophils.299 

Additionally, experiments using a glycomodified rituximab found that blocking hCD32a reduced 

the in vitro phagocytosis of target cells by neutrophils.300 Furthermore, mutating the antibody Fc 

to increase its affinity for hCD32a resulted in more efficient antibody mediated phagocytosis of 

beads by macrophages.301 Taken together, these results suggest that hCD32a is important in 

facilitating mAb mediated phagocytosis. As mentioned previously, hCD32a is thought to form a 

Figure 1.11 Structure of extracellular hCD64 in complex with the Fc of hIgG1. 
Image produced in PyMol from PDBe submission 4w4o produced by Kiyoshi et al. 2015. Green ribbons 
represent the Fc from a hIgG1 whilst the blue chain presents the structure of hCD64 with the three 
immunoglobulin domains visible. The image is orientated so the plasma membrane would be at the 
bottom of the figure. The Fc interacts with CD64 in domain two and in the loop between domains two 
and three of hCD64. 
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dimer and this dimerization is required for efficient signalling. Mutating the residues at the dimer 

interface in hCD32a did not interfere with ligand binding but did reduce ITAM phosphorylation.302 

This suggests that dimerization is important for hCD32a to mediate effector cell functions 

Interestingly a role for hCD32a has been implied in autoimmunity. In one study hCD32a Tg mice 

were found to be more susceptible to collagen induced arthritis than non-Tg controls with a high 

incidence of spontaneous autoimmunity as mice aged.303 Whether changes in hCD32a expression 

in humans relates to human disease remains to be seen. 

 

hCD32b 

The inhibitory FcγR, hCD32b has the lowest affinity out of all human FcγRs for hIgG1, hIgG2 and 

hIgG3 (1.2, 0.2, 1.7 x105M-1 respectively), whilst its affinity for hIgG4 is similar to that for the other 

low affinity receptors.290 This receptor plays an important role in regulating immune responses; it 

is the only FcγR on B cells and is thought to negatively feedback on antibody production. This 

feedback loop may provide an important checkpoint to restrict antibody production and reduce 

the risk of autoimmunity.218 Additionally, hCD32b is expressed on macrophages and neutrophils, 

where several activatory receptors are also expressed. It is thought that the expression of hCD32b 

tightly controls the pro-inflammatory response of macrophages, this is evidenced by experiments 

in CD32 deficient mice which display increased macrophage activity and an increased susceptibility 

to collagen-induced arthritis.304 Finally, in follicular dendritic cells, hCD32b it is thought to trap 

immune complexes containing antigen in the germinal centre, a process important for driving a B 

cell response in the germinal centres.305 This indicates the broad range of functions that can be 

performed by hCD32b. 306 

Two major isoforms of hCD32b exist, known as CD32b1 and CD32b2. The b1 isoform contains a 19 

amino acid insertion in its intracellular domain and is expressed primarily in B cells whereas the 

b2 isoform is expressed in myeloid cells.307 Whilst both isoforms of the receptor retain signalling 

capacity, the b1 isoform does not have the ability to localise into clathrin coated pits and, unlike 

CD32b2, can not mediate endocytosis.308 

As has been demonstrated previously, as well as modulating the response of effector cells, hCD32b 

binding facilitates the internalisation of rituximab via a cis interaction on the target cell.253 This 

was found to significantly impact ADCC and phagocytosis by removing the CD20 antigen and 

depleting rituximab from the circulation.309 Furthermore, in mice lacking CD32 the activity of direct 
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targeting antibodies was improved, highlighting the role of the receptor in limiting mAb efficacy.221 

In addition, hCD32b has also been associated with autoimmunity. A polymorphism which encodes 

for an isoleucine (I) to threonine (T) substitution at position 232 results in reduced inhibitory 

activity, was found to be strongly associated with systemic lupus erythematosus (SLE).310 

Furthermore, expression of hCD32b was found to be reduced on memory B cells from patients 

with active SLE.311  Overall, it is clear that hCD32b plays an important role in regulating the immune 

response and therefore defects in its function are associated with autoimmune conditions. 

 

hCD32c 

The hCD32c gene is the result of an unequal cross-over event between hCD32a and hCD32b during 

evolution of the low affinity FcγR gene locus, resulting in a receptor with the extracellular ligand 

binding domain of hCD32b and the intracellular signalling domain of hCD32a.312 The majority of 

individuals contain a haplotype that contains an upstream stop codon, inherited with a 

polymorphism that inserts a proline residue within the gene, together resulting in a lack of hCD32c 

expression.313 Just 20% out of 146 individuals tested were found to contain the open reading frame 

for hCD32c.313 It was initially thought that, in these individuals, hCD32c expression was restricted 

to NK cells, however more recently expression has been seen on B cells. In the case of response 

to anthrax vaccination, individuals with expression of hCD32c gave an improved response to 

vaccination.314 Despite the hCD32c open reading frame resulting in receptor expression on NK cells, 

there was found to be no significant difference in rituximab induced ADCC when using NK cells 

from donors with or without the open reading frame for hCD32c.312 This is in contrast to earlier 

studies which suggested that donor NK cells expressing certain isoforms of hCD32c were able to 

facilitate redirected ADCC.315 On the other hand, when using NK cells from donors lacking the open 

reading frame, no killing was observed in the same assay. Taken together these results suggest 

that hCD32c is capable of inducing ADCC in vitro, however how much this contributes to effector 

function in complete biological systems is unclear. 

 

hCD16a 

The affinity of hCD16a for hIgG subtypes varies with polymorphisms in the receptor, however 

CD16a has a highest affinity for monomeric hIgG1 and hIgG3, compared to the other IgG 

subclasses (KA: 12-20 and 77-98 x105M-1, respectively). The receptor can still bind to hIgG2 and 
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hIgG4 but with a lower affinity (KA:0.3-0.7 and 2.0-2.5 x105M-1, respectively).290 hCD16a is the only 

FcγR expressed on the NK cells from the majority of individuals, whilst it is also expressed on 

monocytes and macrophages.218 Given that NK cells have been found to induce potent tumour-

lysis in vitro following rituximab therapy, it seems that interaction with hCD16a may be important 

in anti-CD20 immunotherapy.181 For example, it has been found that CD56bright NK cells, lacking 

hCD16a expression were less cytotoxic than CD56dim NK cells with a high level of hCD16a 

expression.316 Moreover there is evidence that hCD16a is important for mediating ADCP. In a 

fibroblast cell line, lacking endogenous FcγR expression, transfection with hCD16a rendered the 

cells able to phagocytose opsonised erythrocytes, suggesting that this receptor in isolation is 

sufficient to facilitate phagocytosis.317 In a  more biologically relevant system, the blocking of 

hCD16a on human monocyte-derived macrophages was found to significantly reduce the 

phagocytosis of rituximab opsonised targets.318 Further evidence for the importance of hCD16a in 

mAb therapy comes from investigations into polymorphic variation within the receptor; this will 

be discussed in detail in section 1.11.5. Taken together these results demonstrate that hCD16a is 

an important mediator of effector mechanisms that are known to be required for immunotherapy. 

hCD16b 

hCD16b is a GPI linked receptor that is structurally similar to hCD16a. Little is known about the 

function and signalling of the receptor however, the obinutuzumab mediated phagocytosis of CLL 

cells by polymorphic mononuclear cells (PMNs) was found to require the expression of hCD16b 

and hCD32a, suggesting that the receptor does have functional consequences.300 It was originally 

thought that hCD16b expression was limited to neutrophils however its expression has since been 

found on basophils.288 A meta-analysis of 16 studies found a significant association between loss 

of hCD16b copy number and autoimmune conditions, particularly SLE and rheumatoid arthritis.319 

One possibility is that reduced expression of hCD16b may slow the internalisation of immune 

complexes. This could result in the deposition of immune complexes in the tissues, a characteristic 

of SLE.319, 320 Despite this the function of hCD16b remains largely unclear particularly with regard 

to the signalling pathways it engages to exert effector function. 
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1.11.3 Mouse FcγRs 

 

As has already been mentioned, mice express three activatory and one inhibitory FcγR which 

broadly cover the same functions as the equivalent family of human receptors. All activatory FcγRs 

in mice require association with the FcR γ-chain for cell surface expression and signalling. As with 

humans, each FcγR has a unique binding profile for mIgG subclasses which is summarised in Table 

1.3. 

 mIgG1 mIgG2a mIgG2b mIgG3 

mCD64 (FcγRI)321 - High Low Very low 

mCD32 (FcγRII)322 Low Low Low - 

mCD16 (FcγRIII)322 Low Low Low - 

FcγRIV321 - High High - 

 When comparing the mouse and human systems, the inhibitory receptor (mCD32) performs a 

similar function to its human homologue, as does the high affinity receptor mCD64. In contrast, 

mice lack an equivalent of hCD16b and hCD32c, suggesting that the gene duplication events 

resulting in the formation of these receptors occurred after evolutionary divergence of mice and 

humans.218 In terms of extracellular sequence similarity hCD16a is considered to be the orthologue 

of mFcγRIV, and hCD32a the orthologue of mCD16, however fundamental differences remain 

between these pairs of receptors.323 For example hCD32a contains an ITAM sequence within its 

extracellular tail whereas mCD16 does not and instead associates with the FcR γ-chain.218 Further 

complications in comparison between the mouse and human systems arise when investigating the 

expression patterns of each receptor. For example hCD64 is widely expressed on myeloid cells 

whereas expression of the murine receptor is restricted to monocyte derived DCs.324 Furthermore, 

hCD16a is expressed on NK cells whereas its mouse homologue (based on sequence), FcγRIV is 

not. Instead mCD16 is expressed on NK cells and displays a much broader expression profile than 

hCD16a.324 

Data was determined for the binding of monomeric IgG to each receptor, blacks indicate that binding was not observed. 
Additional information adapted from Bruhns, 2012 

Table 1.3 Relative binding affinities of mFcγRs for mIgG isotypes. 
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Overall the family of receptors performs a comparable role between mice and humans, this is 

evidenced by the use mice lacking activatory FcγRs in which rituximab mIgG2a did not have any 

significant anti-tumour activity.241 However the differences in specificities and expression profile 

should be carefully considered when making assumptions about human FcγRs from experiments 

performed in mice. 

 

1.11.4 FcγR Signalling 

 

In order to generate effector cell function following mAb engagement, FcγRs have to be able to 

induce signalling within the cell expressing the receptor. This signalling occurs through the 

phosphorylation of the ITAM or ITIM motifs on the intracellular tails of FcγRs. ITAMs are highly 

conserved sequences found within numerous receptors including the BCR and the T cell co-

receptor CD3.325 The ITAM consists of the sequence YXXL/I which is found in duplicate with 6-8 

amino acids between the repeats.326, 327 Mutagenesis of the tyrosine residues within the ITAM 

abrogates signalling completely whereas mutation of the surrounding residues reduces the 

magnitude of signalling, strongly suggesting that the phosphorylation of the tyrosine residues is 

essential for signalling.328 The signalling pathways downstream of activatory FcγR engagement are 

summarised in Figure 1.12.218, 322 

When multiple antibodies engage antigens they can form ICs. The antibodies present in a single IC 

can engage multiple FcγRs present on the same cell, causing the receptors to cluster and become 

cross-linked. This cross-linking causes the tyrosine residues within the ITAMs to be phosphorylated 

by Src family kinases.329 However the genetic deletion of individual Src kinases (Hck, Fgr and Lyn) 

delayed induction of phagocytosis but did not stop it, suggesting that Src kinases are important 

for signalling but that different family members have overlapping function.330 The ITAM 

phosphorylation provides a docking site for the Src homology-2 (SH2) domains of spleen tyrosine 

kinase (Syk); this induces a conformational change in Syk which stabilises the complex.331, 332 

Stabilisation of Syk leads to autophosphorylation, activating Syk for phosphorylation of 

downstream targets.333 Importantly CD32a cross-linking has been shown to result in 

phosphorylation of the receptor and Syk, suggesting that this is the pathway activated following 

FcγR engagement.299 Downstream of Syk there are two distinct pathways, through Ras or PI3K. 

Signalling through Ras activates the ERK/MAPK pathway. This has been shown to result in the 

degranulation of NK cells, as well as proliferation of macrophages following FcγR cross-linking.334, 



 

Page | 55  

 

335 On the other hand, activation of PI3K facilitates the phosphorylation of phosphadidylinositol 

(4.5) phosphate (PIP2) to form PIP3 in the plasma membrane. The activation of PI3K has been 

demonstrated to be required for phagocytosis of IgG opsonised particles larger than 2μM in 

diameter.336 The production of PIP3 provides a docking site for, and activating phospholipase C-

gamma (PLCγ).337, 338 PLCγ functions to catalyse the formation of inositol 1,4,5-trisphosphate (IP3) 

and diacylglycerol from PIP2. Diacylglycerol is able to activate protein kinase C (PKC), a process 

which is important for phagosome formation.339 On the other hand, IP3 is able to increase the 

release of calcium from intracellular stores, although this process is not required for phagocytosis 

by macrophages.340 Instead, phagocytosis is signalled through the activation of small GTPases 

which are activated by the activity of PI3K. The function of Rho GTPases is to reorganise F-actin, 

this allows the formation of the phagocytic cups required for phagocytosis.341 The expression of 

CD32a in fibroblasts allowed the cells to act as phagocytes, however blocking expression of the 

Rho GTPases Cdc42 and Rac1 inhibited phagocytosis, highlighting the importance of this family of 

proteins.342 

Figure 1.12 Pathways involved in activatory FcγR signalling. 

Crosslinking of FcγRIIIa (CD16a) by ICs results in phosphorylation of the ITAM regions on the receptor associated FcR γ-
chain. This phosphorylation provides a binding site for Syk which facilitates the activation of the Ras and JNK pathways. 
These result in the proliferation of the cell. Syk is also able to activate PI3K which catalyses the generation of PIP3, a 
molecule which can result in phagocytosis through Rho GTPase signalling. Additionally PIP3 recruits PLCγ which can 
catalyse the formation of DAG and IP3 from PIP2 leading to the release of calcium from intracellular stores, this can lead 
to the degranulation of NK cells. Information adapted from Nimmerjahn (2008) and Daeron (1997) 
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Recent work has confirmed that phosphorylated ITAMs are required for the formation of 

phagocytic cups in macrophages; Nck binds to the phosphorylated ITAM, allowing the recruitment 

of N-WASP in the presence of Cdc42.343 Importantly, N-WASP is required for phagocytic cup 

formation. This provides evidence that ITAM phosphorylation is key to driving this process. In NK 

cells the intracellular signalling following FcγR cross-linking is primarily mediated through calcium 

release from intracellular stores, resulting in the exocytosis of lysosomes containing cytotoxic 

proteins such as perforin.230 

The inhibitory FcγR in both humans and mice (CD32b and CD32, respectively), signals through an 

intracellular ITIM domain with the sequence V/IcYxxL/V where x represents any amino acid.344 As 

with the ITAM, it is the phosphorylation of the tyrosine residue within this sequence that is 

necessary for signalling. Tyrosine phosphorylation occurs after receptor cross linking and is 

mediated by Lyn or other Src family kinases; Lyn itself is activated by ITAM-containing receptors 

which co-locate with CD32b.345, 346 This phosphorylation of provides a docking site for the SH2 

domain of Src homology 2 containing inositol phosphatase (SHIP).347 This stabilises and activates 

SHIP, allowing it to hydrolyse PIP3, otherwise generated by ITAM signalling.348 The mechanism of 

CD32b signalling is shown in Figure 1.13, demonstrating that activated SHIP can also recruit Shc 

and Dok which are able to downregulate MAPK signalling through inhibiting Ras.349, 350 This further 

prevents effector cell activation and proliferation.351, 352 In B cells, CD32b can further act to 

activatory signalling by reducing the phosphorylation of CD19, this molecule normally functions as 

a B cell receptor and can activate PI3K, an effect reduced by CD32b signalling.353 

Figure 1.13 Signalling pathways mediated by FcγRIIb (CD32b).  

Following cross-linking, the receptor is phosphorylated, providing a docking site for SHIP. This catalyses the 
production of PIP2 to inhibit PLCγ signalling. Additionally SHIP recruits Dok and Shc which can inhibit Ras 
mediated intracellular signalling. Information adapted from Pritchard, 2003 and Getahun, 2015 
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1.11.5 Human FcγR polymorphisms  

 

The interaction between the IgG Fc region and FcγR is crucial in mediating effector cell function; 

however genetic analysis has revealed a number of polymorphisms within FcγR genes that affect 

their affinity for antibody Fc. These polymorphisms have been associated with various (particularly 

autoimmune) diseases as well as with altered response to mAb therapy. These are summarised in 

Table 1.4 .  

One such polymorphism has been found in CD32a, where a single nucleotide change encodes for 

either a histidine (H) or arginine (R) at amino acid position 131.354 The H allele has an 

approximately 1.5 fold higher binding affinity for hIgG1 (52x106M-1 Vs 35x106M-1 for R allele) and 

importantly is the only receptor capable of interacting efficiently with IgG2.290 Several studies have 

investigated the association between this polymorphism and disease susceptibility and 

progression. One such study found that, compared to healthy controls, the high affinity H allele of 

CD32a was found at a significantly higher frequency in patients with Guillain-Barré syndrome 

(GBS), an autoimmune condition characterised by autoantibodies against nerve constituents.355 

Furthermore, the H allele was associated with more severe symptoms in the same cohort of GBS 

patients. Similarly, the H allele was also found to be associated with development of Kawasaki 

disease (KD) suggesting that the high affinity allele is associated with susceptibility to autoimmune 

conditions.356 Studies into FcγR polymorphisms have been extensively investigated in association 

with the connective tissue autoimmune condition SLE. Whilst some studies were unable to find a 

significant association, a recent meta-analysis of 35 articles with over 12,000 combined individuals 

found a significant association between the low affinity R131 allele and SLE.357 Finally, conflicting 

results have been produced by studies investigating the association between CD32a 

polymorphisms and immune thrombocytopenic purpura (ITP) a condition where autoantibodies 

are produced against platelets, resulting in their depletion. A meta-analysis concluded that the 

H131R polymorphism in CD32a was associated with susceptibility to childhood onset ITP in 

Caucasian populations but was not associated with disease development in the wider 

population.358 Taken together, an association has been found between CD32a polymorphisms and 

a number of autoimmune conditions. However the high affinity allele was found to be associated 

with ITP and KD whilst the low affinity allele correlated with SLE. It is possible that this relates to 

the pathology of the disease; in ITP the high affinity results in increased platelet deletion whereas 
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in SLE the removal of ICs may improve disease pathology meaning the low affinity R131 allele 

results in accumulation of IC, increasing disease pathology. 

 

  

FcγR Polymorphism Frequency Functional significance 

CD32a H131R HH 33.2% H allele has a higher affinity for IgG1, 2 

and 3. The H allele may also be 

associated with some autoimmune 

conditions.290, 355 
HR 47.4% 

RR 19.3% 

CD32b I232T II 66.0% T allele has reduced signalling as a 

result of diminished lipid raft 

localisation359 
IT 30.4% 

TT 3.6% 

CD16a F158V FF 58.6% V allele has a higher affinity for IgG1 

and may give an improved response to 

anti-CD20 mAbs. 223, 224, 290 
FV 33.8% 

VV 7.6% 

CD16b NA1/NA2 NA1/NA1 7.3% Haplotype with one synonymous and 

four non-synonymous mutations. NA1 

has a higher affinity for IgG1 and 

IgG3290, 360 
NA1/NA2 43.1% 

NA2/NA2 49.5% 

Polymorphisms in CD32a, CD32b and CD16a result from a single nucleic acid change whereas the variation in CD16b is 
encoded as a haplotype with five mutations. Variation in CD16a, CD32a and CD16b alters receptor affinity for human 
IgG whereas the polymorphism in CD32b affects receptor redistribution into lip rafts. Frequency data is taken from the 
1000 genomes project (http://browser.1000genomes.org/index.html) with the exception of CD16b where data comes 
from 218 control patients in a single study, Bournazos, 2010 

Table 1.4 Common human FcγR polymorphisms. 

http://browser.1000genomes.org/index.html
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With CD32a known to be expressed on phagocytes, several studies have investigated the 

correlation between the H131R polymorphism and response to direct targeting mAb therapy. In 

one such study, whilst there was no difference in prognostic characteristics between genotypes  

in NHL patients, those with the HH genotype were more likely to have a complete response to 

rituximab treatment when given in conjunction with chemotherapy.361 It should however be noted 

that this study was carried out on a small cohort with just 9 patients homozygous for H131. Further 

investigations have found that CD32a genotype does not predict response to rituximab in CLL 

patients or impact response to rituximab plus CHOP in DLBCL.227, 362 These reports support a meta-

analysis of 2831 colorectal cancer patients receiving cetuximab where there was no association 

between either allele and clinical response. Taken together, the evidence from the largest studies 

points to CD32a polymorphism status not impacting on response to direct targeting mAb 

treatment. 

The inhibitory FcγR, CD32b can contain a rare I232T polymorphism. This amino acid is in the 

transmembrane region of the receptor.363 One study in a south east Asian cohort found an 

association between the I232 allele and development of SLE, however a similar study in a 

Caucasian cohort found no association, suggesting that environmental factors may also be 

important in SLE development.364, 365 Furthermore, this  association based on ethnicity was 

supported by a recent meta-analysis.357 One complication from these studies is that the T232 allele 

is found at lower frequencies in Caucasian populations, making it more difficult for studies to have 

sufficient statistical power. Additionally a study of rheumatoid arthritis patients found T232 to be 

associated with more severe disease, characterised by radiologic joint damage.366 A further study 

identified an association between T232 and kidney deficiency in RA patients.367 Taken together 

these results suggest that in a number of cases the T232 allele of CD32b is associated with 

susceptibility and increased severity of autoimmune conditions. This susceptibility suggested that 

the T232 allele may have reduced inhibitory function; this has been investigated with 

demonstrations that I232T does not affect ligand binding but reduces the ability of the receptor 

to associate with lipid rafts.359 These lipid rafts are areas of the membrane where signalling 

molecules are thought to be brought together to increase the signalling efficiency. This has been 

highlighted by experiments where the T232 allele led to the reduced inhibition of BCR signalling, 

which may result in increased B cell activity, an important component of autoimmune 

conditions.359 

In vitro experiments to investigate the activity of the CD32b polymorphic variants in response to 

mAb therapy found that a human macrophage cell line expressing T232 had a higher phagocytosis 
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of opsonised pneumococci than cells expressing I232; suggesting that the T allele confers reduced 

inhibitory signalling.368 In the same study, T232 macrophages were found to have an increased 

induction of the proinflammatory factors IL-6 and TNF-α during the experiments. This implies that 

T232 is less active and therefore confers less inhibition on macrophage activity. Despite these 

results, Weng et al have demonstrated that the CD32b genotype had no effect on the clinical 

outcome of follicular lymphoma patients treated with rituximab, although this study lacked power 

due to the rarity of the T232 allele.369 Overall, it appears that whilst the CD32 I232T polymorphism 

is associated with autoimmune conditions, it either does not have a significant effect on response 

to mAb therapy or studies with sufficient statistical power are yet to be performed. 

The NA1 and NA2 haplotypes of CD16b have not been investigated to the same extend as other 

FcγR polymorphisms, perhaps reflecting our reduced understanding of CD16b biology. Neutrophils 

from donors homozygous for NA1 have been described to have increased phagocytosis of particles 

opsonised with IgG1 or IgG3.360 Later studies suggested that this was due to the higher capacity of 

the NA1 isoform to prime CD32a, rather than being due to differences in affinity.370 Idiopathic 

pulmonary fibrosis (IPF) results from lung injury, although the mechanism of this is unclear, it is 

postulated that there is a role for immune complex in this injury. The high affinity NA1 allele of 

CD16b was found at a higher frequency in IPF patients than in controls although there was no 

association with disease progression.360 An additional analysis identified a modest association 

between CD16b haplotypoe and SLE susceptibility.357 There has been a single study investigating 

the CD16b haplotypes in mAb therapy. This found no association between either variant and 

response to rituximab therapy.371 

A polymorphism in CD16a was identified in 1997, where a single nucleotide change encodes for a 

substitution from a phenylalanine (F) to valine (V) at position 158 (sometimes referred to as 

position 176).372 The same study went on to demonstrate that the V158 allele had a higher affinity 

for pooled human IgG1 and IgG3 than the F allele. Work has gone on to investigate the association 

of this polymorphism with autoimmune conditions; including analysis showing that the low affinity 

F158 is associated with SLE.357 Furthermore, SLE patients homozygous for F158 were more likely 

to develop renal disease than V allele carriers, suggesting V allele carriers may be able to more 

effectively clear ICs which would otherwise cause kidney damage.373 Interestingly, for CD16a the 

low affinity allele is associated with SLE, similar to the observations for CD32a, further suggesting 

that reduced IC clearance increases risk and severity of SLE and that activatory FcγR are central to 

this process. 
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Given the important role played by CD16a in NK cell and macrophage activation, substantial 

attention has been devoted to the significance of the F158V polymorphism in response to mAb 

therapy. In studies of FL patients, Cartron and Weng independently demonstrated that patients 

homozygous for V158 had an improved progression free survival compared to F allele carriers 

when treated with rituximab.223, 224 In the latter study V158 homozygous patients had a 

progression free survival of 533 days compared to 148 days for heterozygous patients. This is 

thought to occur as the dissociation constant of rituximab for V1758 is 660nM compared to 

2000nM for F158.185 The increased affinity is thought to result in more efficient effector cell 

signalling and therefore target cell clearance. These investigations focussed on the use of 

rituximab as a single agent, however it is commonly given in combination with chemotherapy. 

Even when given as R-CHOP, Persky et al found the V158 allele to be associated with improved 

outcome. In FL, 100% of VV patients were still alive five years after treatment compared to 75% 

of the F158 homozygous patients.374 Despite this, similar studies have been less conclusive, for 

example,  in a study of DLBCL patients treated with R-CHOP, there was a trend towards increased 

progression free survival in V158 homozygotes; however this did not reach significance.225 

Furthermore a study of 460 FL patients treated with rituximab plus chemotherapy, followed by 

two years of rituximab maintenance therapy, concluded that the CD16a genotype had no effect 

on progression free survival.375 These seemingly conflicting results may arise from differences in 

treatment schedule, especially the prolonged maintenance treatment in the latter study, as well 

as patient disease stage and differences in methodologies used for genotyping patients.226 

Whilst rituximab has been the focus of most studies into CD16a polymorphisms, there have also 

been studies to investigate if CD16a genotype is a useful predictor of outcome to cetuximab 

therapy. In three separate studies investigating patients with metastatic colorectal cancer, 

patients with one or more V158 allele were found to have an increased response to cetuximab 

therapy, although in one of these studies the trend did not reach significance.376-378 In contrast, a 

number of studies came to the opposing conclusion that patients homozygous for the V158 allele 

had a poorer response to cetuximab treatment379, 380 These seemingly polar results are 

representative of the field and highlight the variation observed. However, in a retrospective 

analysis of these studies Mellor et al noted that in two of these studies, 376, 381 there was significant 

deviation from Hardy-Weinberg equilibrium.226 This would suggest that there was selection 

pressure, copy number variation or an insufficient sample size to accurately determine gene 

frequencies. One technical possibility for this deviation could be down to difficulties in 

distinguishing between the sequences of CD16a and CD16b which are almost identical in their 
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extracellular region.226 Interestingly, a meta-analysis concluded that FF patients responded better 

to cetuximab therapy.382 One explanation is that F158 results in less tumour deletion and 

therefore reduced mAb consumption, making more mAb available to block EGFR signalling.  

 

1.11.6 Copy number variation in human FcγRs 

 

As well as polymorphic variation in FcγR genes, there has also been described differences in copy 

number as a result of gene duplication or deletion events. This is widespread with over 12% of the 

human genome covered by copy number variation (CNV). the FcγR locus appears to be particularly 

susceptible to CNV.383  An analysis of CD16b copy number found that neutrophils from donors with 

more than two copies of CD16b had a greater uptake of ICs than neutrophils from those with less 

than two copies.384 The same study went on to find that low CD16b copy number was associated 

with SLE in a UK cohort. Furthermore, in rheumatoid arthritis, CD16b deletion was associated with 

antibody positive disease whilst duplications were associated with antibody negative disease.385 

Similar results were found for CNV in CD16a where copy number correlated with protein 

expression; individuals with two or three copies of the gene had NK cells with greater activity in 

redirected ADCC assays than NK cells from those with only one copy.386 This result would suggest 

that response to direct targeting mAb may be affected by CD16a copy number although this is yet 

to be determined in a clinical trial. Overall these results demonstrate that genetic variation 

affecting FcγRs goes beyond polymorphisms and can have an effect on effector cell activity in 

response to mAb. 

 

1.12 Antibody half-life 

 

The turnover of antibody within an organism is an important process for maintaining a constant 

serum concentration. Normally this process is a constant cycle of antibody production and 

degradation. However, when mAb are injected they are gradually removed from the serum, either 

as a result of binding to their target or through protein breakdown. This is an important 

consideration in developing therapeutic mAb as a longer half life can results in a more prolonged 

therapeutic benefit. The serum concentration of IgG is maintained by the neonatal Fc receptor 

(FcRn) which scavenges IgG from the lysosome for return to the serum.387 
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1.12.1 FcRn 

 

Whilst FcRn is a Fc receptor by name, it differs substantially from the FcγRs in its structure and 

function. The crystal structure revealed the receptor to be similar to MHC with an MHC I-like heavy 

chain and a β2-microglobulin  light chain.388 hFcRn has two functions: to transport IgG from mother 

to foetus across the placenta as well as scavenging IgG from the lysosome back into the serum. 

Both these functions rely on the receptors unique ability to bind IgG in a pH dependent manner.387 

The receptor is capable of binding to the Fc of IgG at an acidic pH of less than 6.5 but not at a 

physiological pH of 7.4.389 The process by which hFcRn mediates IgG recycling is presented in 

Figure 1.14.387, 390 Typically, serum proteins and IgG are endocytosed by monocytes and 

endothelial cells lining the blood vessels. The endosomes become acidified which allows binding 

of IgG FcRn, facilitating its transport back to the cell surface where IgG dissociates in the neutral 

pH.387 Whilst this maintains serum IgG concentration, hFcRn is also able to transport IgG across 

the placenta from mother to foetus. This happens via a similar, pH dependent process where 

syncytiotrophoblasts endocytose fluid containing hIgG.391, 392 The endosomes containing IgG are 

gradually acidified which allows tight binding of hIgG to hFcRn, when the vesicles fuse to the foetal 

side of the cell, the neutral pH causes bound IgG to be released.387 Importantly, this transport 

happens down a concentration gradient, preventing release of IgG on the maternal side. Overall, 

this is an important process in providing immune protection to the developing foetus and is 

facilitated by the pH dependent binding of IgG to hFcRn.  

Mice also express FcRn which is closely related to its human homologue functionally and 

structurally. However, in contrast to human, mFcRn primarily facilitates the transfer of IgG from 

mother to offspring at the neonatal phase; the receptor is expressed in the epithelia of the small 

intestine where it is able to transport IgG in ingested milk.393 This can occur due to the acidic nature 

of the stomach contents as it enters the duodenum, this facilitates IgG binding to mFcRn. 

Following transcytosis the mIgG is released in the neutral pH of the extracellular space 

 



 

Page | 64  

 

The ability of FcRn to bind IgG in a pH dependent manner has been extensively investigated. It was 

found that upon differing pH there is no major conformational change in hFcRn which can account 

for the dramatic change in IgG binding.394 Unlike the classical FcγRs, hFcRn binds to IgG in the CH2-

CH3 hinge region, which contains several histidine residues. At an acidic pH the histidine residues 

are protonated, allowing interaction with acidic residues at the surface of hFcRn.395 These results 

have been confirmed by mutational studies where changing the histidine residues at positions 310 

and 435 in IgG to alanine severely reduced binding to hFcRn, even at an acidic pH.396 

The importance of FcRn for extending serum IgG half-life has best been demonstrated by the use 

of mFcRn deficient mice. In these animals the serum half-life of mIgG was significantly reduced (9 

days vs 1.4 days), with a similar reduction in half-life for hIgG. However, when mFcRn deficient 

mice expressed the human FcRn transgene the half-life of hIgG was restored.397 FcRn is therefore 

of major significance to therapeutic mAbs where a longer half-life can lead to increased efficacy 

with reduced dosing. This has been demonstrated by mAb engineering with the aim of improving 

binding to FcRn and therefore increasing serum half-life with a large number of studies having 

Figure 1.14 hFcRn mediated antibdy recycling. 
IgG and serum proteins are endocytosed by monocytes and endothelial cells. Under acidic conditions in the endosome 
hFcRn bings to IgG. FcRn then recycles IgG back into the circulation whilst serum proteins are broken down. hFcRn 
releases IgG under the neutral conditions in the blood. A similar process facilitates hFcRn mediated IgG transport from 
mother to foetus in the placenta. Image adapted from reviews by Roopenian (2007) and Mitragotri (2014) 
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identified mutations in the mAb capable of increasing half-life. in one such example an N434A 

mutation in hIgG1 increased its half-life in hFcRn Tg mice from 5.79 days to 9.6 days, an effect 

achieved by a 1.6 fold increase in relative binding to hFcRn at pH 6.0.398 In the same study a triple 

mutant was generated with a 3.3 fold higher affinity for hFcRn however this did not provide any 

extension in half-life over the single mutant.398 Taken together these results suggest that there 

may be an upper limit for improving FcRn binding, reaching a point where affinity is also increased 

at a neutral pH, offering no further extension of half-life. In contrast, there are some cases where 

a reduced affinity for FcRn and therefore a shorter half-life may be beneficial. For example, when 

administering toxin-conjugated mAbs or when imaging antibody distribution.387, 399  

Overall mAb half-life plays an important role in mediating function as a longer half-life for 

therapeutic mAbs results in an increased bioavailability which can lead to an improved therapeutic 

outcome. It is therefore important to understand how half-life varies between model systems in 

order to understand if differences in efficacy between mAbs are due to improved targeting and 

effector functions or a result of a more prolonged half-life due to the system selected. This is 

particularly important when considering the strains of mice used for experiments. These can vary 

significantly in their genetic make up, especially when using immune compromised mice which 

lack the ability to produce immunoglobulin. It has been found that administration of intravenous 

immunoglobulin (IVIG) saturates FcRn which can lead to shortened serum half-life.400 It therefore 

stands that a lack of endogenous immunoglobulin will also alter the kinetics of mAb clearance. 

Understanding this as well as the impact of genetic differences is therefore an important area in 

the development of mAbs which has not been fully investigated. 

 

1.13 Animal models of human disease 

 

In order to understand disease mechanisms and to aid in the development of new therapies it is 

essential to be able to have in vivo models available. Increasing our knowledge of disease 

mechanism can highlight novel approaches for therapy. Furthermore, large trials in humans are 

expensive and time consuming. Selecting appropriate in vivo models can reduce the demands of 

a trial in humans. Despite this, even the best characterised drugs can have unpredicted side effects 

when used in vivo. Whilst animal models are often useful for identifying these off-target effects 

they do not negate the need for careful studies in humans. For example, as discussed earlier with 

TGN1412 even primate models could not predict the devastating cytokine release caused by the 
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drug.157 The most common mammal for pre-clinical studies is the mouse due to its small size, 

relatively short generation time and the ease with which it can be genetically manipulated. It 

should always be remembered however that an animal model is not a direct surrogate for the 

human disease but rather a representation, meaning that results obtained should be interpreted 

with care before being applied to the human disease.401 

There are three main approaches which will be discussed here for using mouse models to 

investigate anti-CD20 mAbs. The first approach is to use hCD20 Tg mice to investigate the 

depletion of B cells using anti-hCD20 reagents. The second approach is the use of disease models 

to investigate the depletion of malignant cells. These often arise from overexpression of an 

oncogene and provide a model of murine leukaemia that is similar to that found in humans. The 

final approach is to engraft leukemic cells from humans into mice. This involves using immune 

compromised mice, allowing for human tumour cells to be manipulated and treated in a mouse. 

Each of these approaches offers its own advantages and drawbacks for investigating anti-hCD20 

mAbs. 

 

1.13.1 B cell depletion in hCD20 Tg mice 

 

One model that has been widely used to study anti-CD20 mAbs in vivo is the hCD20 Tg mouse.402 

In this model hCD20 is expressed on B cells as well as mouse CD20. This model means that anti-

hCD20 mAbs can be studied by measuring the depletion of normal B cells from within their correct 

biological niche in a fully syngeneic system. Initial experiments using hCD20 Tg mice used anti-

hCD20 mAbs on a mIgG2a framework in order to efficiently engage mouse effector functions to 

result in the depletion of circulating B cells.242 This work highlighted the niches most resistant to 

B cell depletion; in the spleen of hCD20 Tg mice, marginal zone B cells were found to be more 

resistant to anti-hCD20 mAb therapy than follicular B cells.242 Studies have gone on to investigate 

clinically relevant hIgG1 anti-hCD20 mAbs; these reagents were still able to efficiently deplete 

hCD20 Tg B cells as well as identifying differences in efficacy between these anti-hCD20 mAbs.199 

In addition, hCD20 Tg mice have been useful in elucidating the mechanism of action for anti-CD20 

mAbs, in particular rituximab. The transfer of hCD20 Tg mouse B cells into different recipient 

strains was used to demonstrate that the lack of the C1q and C3 components of the complement 

cascade did not affect rituximab therapy, whilst depletion was abrogated in the presence of the 

FcR γ-chain.199 
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The hCD20 Tg mouse has therefore provided a useful system for modelling the depletion of B cells 

using novel anti-hCD20 mAbs and understanding their mechanism of action. However, the primary 

drawback of this model is that it only allows for the depletion of normal B cells rather than the 

malignant cells which these mAbs were designed to deplete. Models have therefore been 

developed to replicate human disease in mice to understand mAb therapy in the tumour setting. 

 

1.13.2 Tcl-1 model of CLL like disease 

 

Several models have been developed to try to replicate human CLL in mice. These have focussed 

around reproducing the genetic abnormalities found in human CLL. For example, the most 

common genetic lesion in CLL is deletion of 13q14, occurring in about 50% of cases.403 Whilst 

deletion of this in mice did result in B cell proliferation and the development of CLL like disease, 

mice also developed CD5- NHL as well as range of other CD5+ lymphoproliferations with a slow 

tumour presentation and low penetrance.404 Other models have therefore aimed to give targeted 

overexpression of genes more exclusively related to CLL. The T cell leukaemia 1 (Tcl-1) oncogene 

was originally found to be over expressed in T prolymphocytic leukaemia.405 Since this discovery, 

analysis of human tumour-derived B cell lines and primary B cell neoplasia’s has revealed a high 

level of Tcl-1, with Narducci et al finding that Tcl-1 was expressed in B cell malignancies and, in 

particular,  in all 7 cases of CLL investigated.406 

These observations from human tumour samples led to the development of the Eμ-Tcl-1 mouse 

model; the entire human Tcl-1 gene was cloned under the control of a murine VH promoter and 

the Eμ enhancer to give rise to B cell specific expression of the Tcl-1 gene, as shown in Figure 

1.15.407 The resulting mice spontaneously developed an expansion in B220lowIgM+CD5+ B cells in 

the peripheral blood, where such cells are rarely found.407, 408 As well as lymphocytosis, these Tcl-

1 Tg mice developed splenomegaly as well as some enlargement of the lymph nodes. Importantly 

the penetrance of disease in Tcl-1 mice has been found to be 100% and is coupled by features 

found in the more aggressive, IgVH un-mutated form of CLL, resulting in a median survival of 11.93 

months.409 The same study went on to demonstrate that Tcl-1 leukaemias respond to the front 

line CLL therapy fludarabine and express targets for clinical drugs such as Bcl-2. The clinical and 

molecular relevance of the Eμ-Tcl-1 model has made it suitable as an investigational model for 

novel CLL therapies and dissection of their mechanisms. 
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Whilst the Tcl-1 model, coupled with patient data, indicates that overexpression of the Tcl-1 gene 

has a major effect on the development of malignant disease, the mechanism by which this occurs 

is less clear. Initial studies used Tcl-1 transfected cells to demonstrate that the Tcl-1 protein co-

precipitated Akt and was able to enhance its kinase activity and nuclear translocation.410 The 

activation of Akt is important in cell cycle progression and inhibiting apoptosis. One target of Akt 

is the proapoptotic protein BAD, upon phosphorylation by Atk its function is supressed.411 

Furthermore, Akt is able to inhibit transcription factors such as FOXO3 which would otherwise 

promote the transcription of pro-apoptotic genes.412 With Tcl-1 able to act as a co-activator of Akt, 

this offers a potential mechanism by which cell survival and proliferation is promoted in the Tcl-1 

model. 

Further work shows that in the Tcl-1 model there is an upregulation of components of the NF-κB 

pathway, although whether this effect is direct or via other targets of Tcl-1 is unclear.413 Compared 

to normal B cells, CLL cells have been found to have a higher constitutive expression of NF-κB with 

higher Rel-A DNA binding correlated with increased resistance to apoptosis in vitro.414 This 

provides an additional mechanism by which disease could arise in the Tcl-1 model and suggests 

that this mechanism may overlap with that found in CLL.414 Overall the Tcl-1 model shares a 

number of characteristics with CLL and provides a model for B cell malignancy where the tumour 

cells occupy their correct biological niche and exist together with normal B cells. 

 

1.13.3 Immune deficient mice for patient derived xenografts 

 

Whilst the Tcl-1 model provides a murine model that shares features of a human disease, the most 

appropriate way to investigate therapies for a human disease is to treat the disease itself. This has 

led to xenograft models where human tumour cells are engrafted into a mouse. However these 

recipient mice have to be immune compromised to prevent the rejection of the human grafts. The 

Figure 1.15 Cassette used for the production of Eμ-Tcl-1 transgenic mice.  

The human Tcl-1 gene was cloned under the control of a mouse VH promoter and Eμ enhancer to give B cell specific 
expression of the human Tcl-1 gene. The construct also contains the untranslated poly(A) region of the human β-
globin gene. Figure adapted from the original description of the model by Bichi (2002).  



 

Page | 69  

 

most commonly used immune compromised background is the severe combined immune 

deficient (SCID) mouse, which lacks functional T and B cells as a result of a single base pair change 

in the Prkdc gene.415 This removes the effector cells of the adaptive immune system and allows 

for establishment of xenografts. However, SCID mice have high NK cell levels which can result in 

the lysis of single cell suspensions injected into the periphery.416 In order to combat this problem, 

SCID mice have been crossed onto the non-obese diabetic (NOD) background. This results in mice 

with severely reduced NK cell numbers and function417 Furthermore, serum from NOD SCID mice 

does not appear to have any significant haemolytic complement activity.418 This same study went 

on to demonstrate that NOD SCID mice have a faster engraftment of human cell lines than SCID 

mice. Despite this NOD SCID mice still have residual NK cell activity and have a restricted lifespan 

due to the development of thymic lymphoma. This has led to the development of NSG mice which, 

on top of the NOD SCID genotype, lack expression of the common cytokine receptor γ-chain. For 

this reason, NSG have no detectable NK cells or NK cell activity.419 The improved human cell 

engraftment in NSG mice is highlighted by experiments where CD34+ cells were isolated from cord 

blood and allowed to establish for four weeks. After this time approximately 1% of NOD SCID 

PBMCs were human CD45+ compared to 8% in NSG mice.419 Since this time and, depending on the 

cell types used, engraftment rates have improved significantly. One recent study using direct 

injection of CD34+ cells into the bone marrow reported engraftment as high as 45% in the blood 

and 75% in the spleen.420 

The theory behind patient derived xenografts (PDX) is that multiple mice can be engrafted with a 

tumour sample from a single patient, these can then be subjected to compare the efficacy of 

multiple treatments against the same tumour.421 This approach has been used to personalise 

cancer treatment. For example, transplant of tumours into ‘avatar’ immune deficient mice allowed 

for the testing of potential targeted drugs, selected based on whole exome sequencing of the 

tumour.422 In one study of patients with various advanced cancers, the treatment response seen 

in the mouse avatars was replicated in 11 out if the 13 patients investigated.422 This highlights how 

immune compromised strains of mice are an important new tool in investigating novel therapies 

and personalising the treatments received by patients. 

The use of PDX models offers several major advantages beyond the fact that the treatment of 

human disease can be investigated. Firstly for solid tumours, elements of the stroma can be 

introduced with the malignant cells. Furthermore, injection of peripheral blood or bone marrow 

allows for the patients immune response to the tumour to be almost completely reconstituted, 

an important factor when investigating immunotherapy.423 Whilst it is clear that PDX models are 
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an incredibly powerful tool for investigating novel cancer therapies against human disease, there 

has been little consideration of host strains beyond the engraftment of the tumour. The mutations 

introduced to give rise to immune deficiency are likely to have wider reaching consequences, 

particularly the NOD genotype which affects a number of genes. These hosts lack cell populations 

known to be important for mAb effector function, additionally the effect of mutations and lack of 

endogenous IgG on mAb half-life have not been fully explored. These factors are a vital part of 

mAb immunotherapy and require consideration in order to fully understand the results obtained 

from PDX models. 
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1.14 Hypothesis and aims of thesis 

 

It is well understood that FcγRs are key receptors for a number of mAb functions and are 

responsible for their efficacy. Previous work has demonstrated that they are vital to the anti-

tumour activity of direct targeting mAbs as well as providing important cross-linking required to 

mediate signally. This thesis aims to investigate this further by using novel in vitro and in vivo 

assays. For example, this thesis aims to investigate anti-CD20 therapy in a fully syngeneic mouse 

model for the first time with dissection as to the mechanism of action for different clinically 

relevant mAb. Finally, this thesis will investigate differences in the half-life of mAbs in immune 

compromised mice and determine the mechanisms behind these differences. 

As a result this project had the following aims: 

1) To Investigate the FcγR cross-linking requirement for the activity of immune stimulatory 

mAbs. 

a. To generate cell lines expressing each hFcγRs with several different known 

polymorphisms. 

b. Assess these cells as cross-linking agents in T cell proliferation and cytokine 

release assays. 

 

2) To investigate the regulation of hCD32b expression in human B cell lines. 

 

3) Develop a murine tumour model for the investigation of clinically relevant anti-hCD20 

mAbs. 

a. Use this model to investigate differences in efficacy and mechanism of action 

between mAbs in isolation and in combination therapies. 

 

4) Investigate the half-life of human IgG1 in immune compromised mice. 

a. Understand the mechanism behind differences in half-life between strains. 

b. Develop strategies for overcoming strain dependent abnormal half-life. 
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Chapter 2 Materials and Methods 

2.1 Mammalian cell culture techniques 

 

The cell lines predominantly used in this project and conditions used to culture them are 

summarised in Table 2.1. All cells were grown at 37°C in the supplemented media described, cell 

lines were subcultured every 2-4 days. All cells were grown in a static incubator except HEK 293F 

and MEXI 293E. Penicillin (P) was used at 100 U/ml and streptomycin (S) at 100μg/ml and 

combined as penstrep. 2mM L-glutamine (G) and 1mM sodium pyruvate (P) were also added to 

some cells. All media and supplements were obtained from Life Technologies except FCS (Sigma 

Aldrich or Lonza) 2-ME (Sigma-Aldrich), CTL-test media (Cellular Technology Limited) 

Cell line Culture media Supplements % CO2 Additional 

information 

CHO-K1 

Ramos 

Raji 

Roswell Park 

Memorial Institute 

(RPMI) 1640 

10% FCS 

GP 

PS 

5% N/A 

Bone marrow 

derived 

macrophages 

(BMDMs) 

RPMI 1640 10% FCS 

GP 

PS 

20% L929 media 

5% 6-well plates 

HEK 293F Freestyle 293 

expression media 

None 8% Orbital shaking 

incubator 

(200rpm) 

Human peripheral 

blood mononuclear 

cells (PBMCs) 

Cellular Technology 

Limited (CTL) - Test 

media 

GP 

PS 

5% N/A 

Tcl1 hCD20 

splenocytes 

(Eμ-Tcl1 media) 

RMPI 1640 10% FCS 

GP 

PS 

55 μM 2-

MercaptoEthanol (2-ME) 

0.2mM asparagine 

5% NA 

MEXI 293E MEXI-CM GP 

PS 

8% MEXI-TM media 

for transfection 

 

Base media used and any supplements added are listed. BMDMs were cultured in the presence of media conditioned 
by the culturing of L929 cells which secrete M-CSF into the media. All cells used were grown in suspension except CHO-
K1 and BMDMs which were adhearent All cell culture flasks and plates were obtained from Corning 

Table 2.1 Culture conditions for mammalian cells used in this project. 
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Cells were incubated in a New Brunswick Galaxy 170 R incubator or an Infors HT shaking orbital 

shaking incubator. 293F, Ramos and Raji cells were subcultured every 3-4 days to maintain a 

density of 0.5-2.5 x106cells/ml. CHO-K1 cells were subcultured every 2-4 days by removing 

adherent cells with a cell scraper (Corning) and maintaining a confluency of 20-90%. All cells were 

grown in suspension with the exception of CHO-K1 and BMDMs which were adherent. 

 

2.1.1 Determining cell viability 

 

To determine viability, cells were stained with either propidium iodide (PI; Sigma-Aldrich) or PI 

plus annexin V-FITC (in-house). For PI staining alone, 2 drops of 10μg/ml PI in PBS was added to 

200μl cell suspension and analysed by flow cytometry. Viable cells were those negative for PI 

staining. For annexin V PI staining, 100μl cell suspension was stained for 15 minutes with 2x 

annexin V-FITC PI (160ng/μl annexin V-FITC, 2.6μg/ml PI in 10mM HEPES pH7.4, 140mM NaCl, 

2.5mMCaCl2; all Fisher Scientific) before being analysed by flow cytometry. Viable cells were those 

negative for both PI and annexin V.  

 

2.1.2 Determining cell concentration 

 

Concentration of mammalian cells in solution was determined using a Coulter Counter z1 particle 

counter (Beckman Coulter). 20μl cell suspension was diluted in 10ml isoton II diluent (Beckman 

Coulter). For blood samples 2-3 drops Zap-OGLOBIN II lytic reagent (Beckman Coulter) was added 

to lyse red blood cells. The concentration of cells in the sample was then determined using the 

particle counter. 

 

2.1.3 Transient transfection of HEK293F cells for surface expression 

 

The day before transfection the cell concentration was determined and the cells diluted to 0.7x106 

cells/ml and returned to the incubator. The following day, transfections were performed with 

either 10ml cell suspension in 125ml Erlenmeyer flasks or 3ml in 6-well plates. For flasks, 20μl 

293fectin reagent was added to 330μl OtiMEM media (Both life technologies). 10μg plasmid DNA 

was added to a separate 330μl aliquot of OptiMEM and incubated at room temperature for 5 
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minutes. For plate transfections 6.6μl 293fectin, 3μg plasmid and 100μl optiMEM were used. The 

diluted DNA was added to the diluted 293fectin and incubated at room temperature for 20-30 

minutes before being added dropwise to the HEK 293F cells and returned to the incubator. Cells 

were screened for protein expression 48 hours after transfection by flow cytometry. 

 

2.1.4 Transfection of Mexi-293E cells for secreted protein 

 

Mexi-293E cells were harvested by centrifugation at 200g for 10 minutes and were resuspended 

in MEXI-TM media at 1.6 x106 cells/ml with 100ml used per transfection. Cell suspension was 

added to a 500ml Erlenmeyer flask and 100μg plasmid DNA added. Cells were incubated at 37°C 

+8% CO2 in a shaking incubator for 10 minutes. 450μl 1mg/ml linear polyethylenimine (PEI) was 

added dropwise and the cells returned to the incubator for 4 hours. 100ml MEXI-CM media was 

added to give a concentration of 0.75 x106 cells/ml. 24 hours after transfection 1.5ml 0.5M 

valporic acid (Sigma-Aldrich) was added and the transfections incubated for 6 days or until the 

viability dropped below 75%, as determined by PI staining. Supernatant was harvested by 

centrifuging at 1800g for 10 minutes before filtering supernatant through a 0.2μm vacuum filter 

unit. 

 

2.1.5 Stable transfection of CHO-K1 cells 

 

The day before transfection CHO-K1 cells were harvested by removing the media and adding 10ml 

Trypsin Ethylenediaminetetraacetic acid (TE; Lonza) and incubated at 37°C for 10 minutes. 

Detached cells were aspirated and washed once in complete RPMI before being plated in a 6-well 

plate at 3x105 cells/ml in 2ml complete RPMI per well and incubated overnight at 37°C with 5% 

CO2.  On the day of transfection cells were at a confluency of 50-60%. 4μg plasmid DNA was added 

to 500μl unsupplemented RPMI media . 30μl GenePORTER reagent (Gelantis) was added to a 

separate 500μl aliquot of RPMI. The diluted DNA was added to the diluted GenePORTER reagent 

and incubated at room temperature for 20 minutes. The media was removed from the plated 

CHO-K1 cells and 1ml transfection mixture was added to each well before returning to the 

incubator for 3-5 hours. 1ml complete RPMI plus 100μl FCS was then added to each well of the 6-

well plate and the cells incubated for 48-72 hours before selection. 
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2.1.6 Selection of stably transfected CHO-K1 cells 

 

Transfected CHO-K1 cells were removed by scraping. Each well of transfection was resuspended 

in 20ml complete RPMI with appropriate selection antibiotic as shown in Table 2.2. Geneticin (Life 

Technologies) was used at a final concentration of 1mg/ml and puromycin (Fisher Scientific) was 

used at a final concentration of 10μg/ml. 200μl cell suspension was added per well to a 96-well 

flat bottom plate and incubated for 10-14 days until growing colonies were visible. Once colonies 

were visible, surface expression of the transfected protein was assessed by flow cytometry and 

the positive wells expanded into larger plates and eventually T75 flasks.  

 

 Plasmid Mammalian selection 

antibiotic 

Receptors cloned 

pcDNA3 (Life Technologies) Geneticin CD16a V and F alleles 

CD32b1 I and T alleles 

CD32b2 I and T alleles 

pIRES (Clontech) Geneticin γ-chain 

pCI-puro (Promega/In-house) Puromycin CD32a R and H allele 

γ-chain 

CD64 

  

2.1.7 Fluorescence activated cell sorting (FACS) of stable transfections 

 

Cells to be sorted were harvested using PBS + 2mM EDTA disodium salt (Fisher Scientific) and 

washed once in complete RMPI. Cells were resuspended at 1x107 cells/ml and transferred to a 

12x75mm polystyrene FACS tube (Becton Dickinson). Cells were stained with appropriate FcγR 

specific Fluorescein isothiocyanate (FITC) labelled F(ab’)2 at a final concentration of 10μg/ml and 

incubated at 4°C for 30 minutes. Stained cells were then washed twice in 3ml complete RPMI 

before being resuspended at 5x106 cells/ml. Populations with required receptor expression level 

were sorted using a FACS Aria using 2-way sorting, sorted cells were collected into a FACS tube 

The antibiotic resistance of each plasmid used for stable selection is listed along with the receptors cloned into each 
vector. pCI-puro is a modified pCI-neo vector which the neomycin resistance cassette replaced with a puromycin 
resistance cassette(generated in-house). 

Table 2.2 Plasmids used for stable transfections into 293F cells. 
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containing 1ml complete RPMI. After sorting, cells were washed in complete RPMI before being 

cultured in 200μl in a 96 well plate at 37°C with 5% CO2. 

 

2.1.8 Cryopreservation of transfected CHO-K1 cells 

 

Transfected CHO-K1 cells were harvested using PBS + 2mM EDTA and were washed once in 15ml 

complete RPMI. The cell pellet was resuspended in 90% complete RPMI + 10% DMSO (Sigma-

Aldrich) at approximately 2x106 cells/ml and transferred to 1.8ml cryovials (Thermo Scientific) with 

1ml per vial. Samples were stored at -80°C for 2-5 days before being transferred to vapour phase 

nitrogen storage. 

 

2.1.9 Generation of mouse bone marrow derived macrophages (BMDMs) 

 

All bones of the hind legs of a mouse were dissected and flushed through with sterile, complete 

RPMI to remove the bone marrow. Bone marrow was pipetted up and down to break up clumps 

and centrifuged at 450g for 5 minutes. Cells were counted and adjusted to a concentration of 

1x106 cells/ml in complete RPMI. 4 ml per well was added to a 6 well plate with the addition of 

1ml filtered L929 conditioned media, containing M-CSF, to stimulate macrophage differentiation. 

The media was replaced every 3 days with the differentiated BMDMs used of days 7-10. 

 

2.2 Protein techniques 

 

2.2.1 Determining protein concentration 

 

Protein concentration was determined using a NanoDrop spectrophotometer (Thermo Scientific) 

measuring absorbance at 280nm. The NanoDrop was blanked with appropriate buffer before 2μl 

sample was added to the nanodrop stage and the absorbance recorded. The concentration of the 

sample was calculated as follows: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑥 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ
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The path length was 1cm and the extinction coefficient used was 1.45 for human IgG or 1.35 for 

mouse IgG, for all other proteins the extinction coefficient was calculated from the protein 

sequence using the ExPASy ProtParam tool (http://web.expasy.org/protparam/).  

 

2.2.2 Concentration of protein 

 

Protein samples were concentrated using Amicon Ultra 15ml or 4ml centrifugal filters (EMD 

Millipore). For mAbs concentrators with a 10kDa molecular weight cut off (EMD Millipore) were 

used. Samples were added and centrifuged at 3200g until the volume was sufficiently reduced to 

give the appropriate concentration of protein. 

 

2.2.3 Heat aggregation of IgG 

 

IgG to be aggregated was dialysed into PBS using a slide-a-lyser with a 10kDa molecular weight cut 

off (Thermo Scientific). IgG was heated to 64°C for 30 minutes. A 20μl sample was analysed by 

high performance liquid chromatography (HPLC) using a Zorbax GF-250 column (Agilent). To purify 

the aggregated and monomeric fractions the sample was run through a superdex S200 column 

with a flow rate of 9ml and hour and fractions taken at 15 minute intervals. Fractions 

corresponding to monomeric or aggregated IgG were identified from the UV trace with aggregated 

fractions having a shorter column retention time. Appropriate fractions were pooled and 

concentrated before being analysed by HPLC and dialysed into PBS for storage at 4°C. 

 

2.2.4 Purification of histidine-tagged proteins 

 

Supernatant containing histidine-tagged proteins was adjusted to have a final concentration of 

10mM Imidazole by the addition of 500mM imidazole buffer (20mM sodium phosphate, 0.5M 

NaCl, 500mM Imidazole pH 7.4; all Fisher Scientific). The sample was loaded onto a 1ml HisTrap 

column (GE Life Sciences) at a rate of 2ml/minute using an Akta Prime system (GE Life Sciences). 

The column was washed with 20 column volumes of 20mM Imidazole buffer. The bound protein 

was eluted with 250mM Imidazole and collected into 0.5ml fractions. 
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2.2.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

 

Protein samples were added to 4x Laemmli sample buffer (200mM Tris HCl (pH6.8), 400mM 2-ME, 

8% SDS, 0.4% brilliant blue, 40% Glycerol; all Sigma-Aldrich) and heated to 95°C for 5 minutes. 

Samples were loaded into a 10 well 10% Novex NuPage gel (Life Technologies) in MOPS buffer 

(5mM MOPS, 70mM SDS, 5mM Tris-HCl, 1mM EDTA). The gel was run at 100v for 30 minutes 

before being run at 120v for approximately 1 hour. The gel was stained with staining buffer (10% 

glacial acetic acid, 20% propan-2-ol (both VWR) 0.05% (w/v) Brilliant Blue) for approximately 30 

minutes on a shaking platform. The gel was transferred to destain (5% methanol, 7% glacial acetic 

acid, 4.4L water) and returned to the shaking platform. Once the residual staining was cleared the 

gel was imaged. 

 

2.2.6 Deglycosylation of proteins 

 

To remove N-linked glycans 12μl protein  in PBS (10-20μg) was added to 1μl 5% SDS and 1μl 1M 

dithiothreitol (DTT) and heated to 95°C for 5 minutes before being cooled at room temperature. 

2μl PBS, 2μl 10% NP-40 (Calbiochem) and 2μl (1000 units) PNGase F (Promega) were added and 

incubated at 37° for 2 hours before being analysed by SDS-PAGE to confirm the removal of sugars. 

 

2.3 Extracellular flow cytometry 

 

For direct labelling of surface proteins 1x105 cells in 100μl culture media were added to a FACS 

tube. In-house labelled antibodies and F(ab’)2 fragments were used at a final concentration of 

10μg/ml. Commercial antibodies were used at the recommended concentration. Cells were 

incubated with fluorescently labelled antibodies at 4°C for 30 minutes or room temperature for 

15 minutes in the dark before being washed twice with 1-3ml FACS wash (PBS + 1%BSA (Europa 

Bioproducts) + 0.01%+ sodium azide (Sigma-Aldrich)). Samples were analysed using a FACScan, 

FACS Calibur or FACS Canto II (Becton Dickinson). Flow cytometry data analysis was performed 

using FCS express software (DE Novo software). Fluorescently labelled antibodies used for flow 

cytometry are listed in Table 2.3.  
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Antigen Clone Isotype Fluorophore Supplier 

Human CD4 RPA-T4 Mouse IgG1 Pacific Blue Biolegend 

Human CD8 RPA-T8 Mouse IgG1 APC Biolegend 

Human CD16 3G8 F(ab’)2 mIgG1 FITC In-house 

Human CD32a/b AT10 F(ab’)2 mIgG1 FITC In-house 

Human CD32b 6G08 Human IgG1 APC or FITC Bioinvent 

Human CD64 10.1 F(ab’)2 mIgG1 FITC In-House 

Human CD20 Rituximab Human Chimeric IgG1 FITC In-House 

Human/mouse B220 RA3-6B2 Rat IgG2a PerCP or APC Biolegend or 

eBioscience 

Human IgG SB2H2 Mouse IgG1 FITC In-House 

Human IgG Polyclonal Goat PE Jackson  

Mouse CD16 AT154-2 F(ab’)2 rIgG2b FITC In-house 

Mouse CD5 53-7.3 Rat IgG2a FITC or APC Biolegend 

Mouse CD19 1D3 Rat IgG2a PE In-house 

Mouse CD32 AT130-2 F(ab’)2 mIgG2a FITC In-house 

Mouse CD64 AT152-9 F(ab’)2 rIgG2a FITC In-house 

Mouse FcRIV AT137 F(ab’)2 rIgG2a FITC In-house 

Mouse/human 

CD11b 

M1/70 Rat IgG2b Pacific Blue Biolegend 

Mouse CD49b DX5 Rat IgM APC BIolegend 

Mouse Ly-6C HK1.4 Rat IgG2c PerCP/Cy5.5 Biolegend 

Mouse Ly-6G 1A8 Rat IgG2a APC/Cy7 Biolegend 

Mouse CD11c N418 Armenian Hamster 

IgG 

PE/Cy7 Biolegend 

Mouse NK1.1 PK136 Mouse IgG2a Alexa Fluor 

647 

Biolegend 

  

2.4 Molecular biology techniques 

 

2.4.1 Production of cDNA 

 

mRNA was extracted from appropriate cells using the Illustra quick prep mRNA extraction kit (GE 

Healthcare) according to the manufacturers instructions. Briefly, cells (approximately 5x106) were 

lysed and the mRNA bound to the supplied oligo(dT)-cellulose followed by high and low salt 

washes to remove impurities. mRNA was then eluted. mRNA was precipitated by the addition of 

mAbs are listed with their clone name and conjugated fluorophore. For F(ab’)2 the isotype of the parental antibody is listed 
(m=mouse; r=rat). In-house antibodies and F(ab’)2 were produced and labelled in-house with the exception of Rituximab 
which was obtained from Roche and labelled in-house.  

Table 2.3 Antibodies used during extracellular flow cytometry. 



 

Page | 81  

 

40μl 2.5M potassium acetate, 10μl glycogen and 1ml 100% ethanol and incubated at -20°C for 30 

minutes before being centrifuged at 18,000g for 5 minutes. The supernatant was discarded and 

the pellet dissolved in 8μl RNAse free water. 

cDNA production was performed using the superscript III RT PCR kit (Invitrogen). The precipitated 

mRNA was added to 1μl random hexamers and 1μl dNTPs and incubated at 65°C for 5 minutes. 

The following were then added: 2μl 10x RT buffer, 4μl 25mM MgCl2, 2μl 0.1M DTT, 1μl RNase OUT, 

1μl (200 units) Superscript III RT. Synthesis used the following program: 25°C 10 minutes, 50°C 50 

minutes, 85°C 5 minutes before 1μl RNase H was added and incubated at 37°C for 20 minutes. The 

cDNA was stored at -20°C for future use. 

 

2.4.2 Genomic DNA extraction and purification 

 

Appropriate cells (approximately 5x106) were harvested and washed twice in 10ml PBS then 

resuspended in 200μl PBS.  The genomic DNA was extracted using the DNeasy DNA isolation kit 

(Qiagen) according to the manufacturer’s instructions. Briefly, the cells were lysed and the DNA 

bound to an ion exchange column before being washed to remove impurities. The purified DNA 

was eluted in a final volume of 400μl, quantified using a nanodrop spectrophotometer and stored 

at -20°C. 

 

2.4.3 Bacterial transformation 

 

Plasmid DNA was added to chemically competent Escherichia coli (E. coli) (strain and DNA:cell ratio 

dependent on strain and application) and incubated on ice for 30 minutes in a 1.5ml centrifuge 

tube (StarLab). Cells were then heat shocked at 42°C for 30-45 seconds then returned to ice for 2 

minutes. 0.5ml Super Optimal broth with Catabolite repression (SOC; Life Technologies) was 

added and incubated at 37°C for 1 hour with shaking. Transformations were spread on a Lysogeny 

Broth (LB) agar plate supplemented with the appropriate antibiotic (See Table 2.4) and incubated 

overnight at 37°C. 

  



 

Page | 82  

 

Plasmid Bacterial antibiotic resistance 

pcDNA3/3.1 Ampicillin (100μg/ml) 

pCI-Puro Ampicillin (100μg/ml) 

pCR Blunt II-TOPO Kanamycin (50μg/ml) 

pIRES Ampicillin (100μg/ml) 

pDSG-IBA Ampicillin (100μg/ml) 

  

 

2.4.4 DNA gel electrophoresis and gel extraction 

 

Unless stated otherwise 0.7% agarose Tris-acetate-EDTA (TAE) gels were prepared with 0.7g 

UltraPure agarose (Life Technologies) dissolved in 100ml 1x TAE buffer (40mM Tris (Sigma-Aldrich), 

20mM glacial acetic acid, 1mM EDTA (VWR)). 5μl GelRed Nucleic acid stain (Biotium) was used per 

100 ml to visualise DNA. 6x Blue/Orange loading dye (Promega) was added to samples where 

appropriate. 5μl O’generuler 1kb and/or 100bp ladder was loaded in the gel along with the sample 

and run at 120-150V for 40-60 minutes in a kuroGEL tank (Jencons) containing 1x TAE running 

buffer. Gels were imaged under UV light using a Molecular Imager Gel Doc XR imaging system 

(Biorad).  

For downstream applications DNA bands were cut from the gel and the DNA extracted using a 

QiaQuick gel extraction kit (Qiagen) according to the manufacturer’s instructions with the purified 

DNA stored at -20°C. 

 

2.4.5 Polymerase chain reaction (PCR) 

 

The general PCR protocol for amplification from genomic DNA, cDNA or plasmid DNA is described 

below. Where alternative protocols were used these have been described (see DNA sequencing 

below and results figure legends). Reactions contained the following: 1μl cDNA or plasmid DNA 

(~100ng) or 5μl genomic DNA (~500ng), 2.5μl 10x pfu buffer, 0.5μl dNTPs, 1μl (2 units) pfu 

polymerase (all promega), 1μl gene specific forward primer, 1μl reverse primer (Life Technologies) 

with reactions made up to 25μl with distilled water. The PCR program used is detailed in Table 2.5 

.  

The antibiotic for bacterial selection, and concentration required are included. 
Table 2.4 Plasmids used during cloning. 
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Reactions were performed in a PTC-200 thermal cycler (MJ research). For Overlap PCR individual 

fragments were produced as detailed above and agarose gel purified. 3-5μl of each fraction was 

used per overlap reaction with dNTPs, pfu buffer and pfu polymerase added as before. 15 cycles 

of the PCR program were performed before adding: additional forward and reverse primer, 

additional pfu buffer, dNTPs, pfu enzyme and water to bring the total volume to 50μl before a 

further 20 cycles of PCR were performed and the reactions run on an agarose gel. All primers used 

for PCR reactions are listed in Appendix A. 

 

2.4.6 “Blunt end” ligation 

 

PCR products were ligated into pCR BluntII TOPO plasmid (Life Technologies) according to the 

manufacturer’s instructions. Briefly, 2μl PCR product (20-50ng), 0.5μl pCR BluntII TOPO vector and 

1μl salt solution were incubated for 15 minutes at room temperature then transformed into 30μl 

chemically competent TOP10 E. coli. 

 

2.4.7 DNA restriction digests 

 

Reactions were performed using the appropriate 10x restriction buffer (Promega) for the 

enzyme(s) to be used. 1μl (10-20 units) restriction enzyme(s) (Promega) and 2-3μl plasmid DNA 

were added to the buffer and water added to bring the final volume to 10μl for digests with a 

single enzyme and 20μl for double digests. Reactions were incubated at 37°C for 1-6 hours, 

depending on enzymatic activity and buffer compatibility, in a thermal cycler or water bath. 

Step Temperature  Time 

1 95°C  5 minutes 

2 95°C 30 seconds 

3 55-65°C 1 minute 

4 72° 1 minute /kb 

Return to step 2 25-35x 

5 72°C 10 minutes 

Reactions were set up and PCR run using thr program above. The annealing 
temperature and the number of cycles performed were dependedent on the 
specific PCR reaction 

Table 2.5 Conditions used for PCR reactions using pfu polymerase. 
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2.4.8 “Sticky end” ligation 

 

3μl 10x T4 ligase buffer and 3μl (3-9 units) T4 ligase (Both Promega) were added to 12μl purified 

DNA insert, 3μl digested plasmid, 9μl water and incubated overnight at 4°C. The next day the 

reaction was transformed into 100μl JM109 cells diluted in 200μl 0.1M CaCl2. 

 

2.4.9 Plasmid DNA purification. 

 

Single colonies of plasmid transformed bacteria were picked and placed into 10ml LB media with 

appropriate selection antibiotic and incubated for 7-16 hours at 37°C with shaking. For minipreps, 

bacteria were pelleted by centrifugation at 3200g for 10 minutes and the plasmid DNA extracted 

using a Miniprep plasmid purification kit (Qiagen) according to the manufacturer’s instructions. 

Briefly, bacteria were lysed and the protein precipitated. DNA was bound to an ion exchange 

column, then washed to remove contaminants and the DNA eluted from the column. For 

Maxipreps, the 10ml culture was added to 100ml LB with selection antibiotic and incubated for 20 

hours at 37°C. Cells were pelleted by centrifugation at 3200g for 20 minutes. The DNA was 

extracted using a HiSpeed Plasmid Maxi kit (Qiagen) using similar principles to the miniprep kit. 

DNA yield was quantified using a nanodrop spectrophotometer and the A260/A280 ratio determined. 

 

2.4.10 Site directed mutagenesis 

 

The QuickChange Lightning site-directed mutagenesis kit (Agilent) was used according to the 

manufacturer’s instructions. Briefly reactions contained: 5μl 10x reaction buffer, 10-100ng 

plasmid template, 2.5μl primer, 1μl dNTP mix, 1.5μl Quick solution, 1μl Quickchange lightning 

enzyme and water up to a total volume of 50μl. The PCR program used was as detailed in Table 

2.6  
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Step Temperature  Time 

1 95°C  2 minutes 

2 95°C 20 seconds 

3 60°C 10 seconds 

4 68° 30 sec /kb 

Return to step 2 18x 

5 68°C 5 minutes 

Following the reaction, template DNA was digested by the addition of 2μl DpnI and incubated at 

37°C for 30 minutes. 2μl of the reaction was transformed into 30μl XL10 Gold chemically 

competent E. coli with the addition of 2-ME (both Agilent). 

 

2.4.11 DNA sequencing (in-house) 

 

Reactions for Sanger sequencing contained: 2μl plasmid DNA (150-300ng), 2μl 10x sequencing 

buffer, 2μl Big-dye terminator v3.1 mix (both Applied Biosystems), 1μl 1μM sequencing primer 

and 3μl water. The conditions for the reaction are detailed in Table 2.7. 

 

Step Temperature  Time 

1 96°C  10 seconds 

2 50°C 5 seconds 

3 60°C 4 minutes 

Return to step 1 24x 

  

Reactions were precipitated by the addition of 25μl 100% ethanol (Hayman) and 1μl 3M NaAc 

(Sigma-Aldrich) and incubated on ice for 10 minutes. Reactions were centrifuged at 14500g in a 

microcentrifuge at 4°C for 30 minutes. The supernatant was removed and 125μl 70% ethanol was 

added to the pellet before centrifuging at 14500g for 5 minutes, supernatant was discarded and 

the  pellet air dried for 10 minutes, then resuspended in 10μl formamide. Sequencing reactions 

All reactions were performed in a thermal cycler with the extension time in step 4 
dependent on the size of the plasmid template rounded up to the nearest Kb 

Reactions were performed in a thermocycler before products were precipitated 
and analysed by capillary electrophoresis 

Table 2.6 Reaction conditions for site directed mutagenesis. 

Table 2.7 Reaction conditions for in-house performed Sanger sequencing. 
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were evaluated by capillary electrophoresis with the data analysed using Lasergene SeqMan 

software (DNASTAR). 

 

2.4.12 DNA sequencing (out-sourced) 

 

For DNA to be sequenced externally the plasmid DNA was diluted to 100ng/ml in water with 5μl 

sent per reaction to Source Bioscience. Gene specific primers diluted to 3.2pM in water were also 

sent with common plasmid primers supplied by Source Bioscience. Sequencing data was analysed 

as before. 

 

2.4.13 qPCR 

 

qPCR reactions for CD32b contained: contained 10μl 2x buffer, 1.1μl 5μM 6-fluorescein amidite 

(FAM) probe, 2μl 10μM forward primer, 2μl 10μM reverse primer, 2μl cDNA, 2.9μl water. Control 

reactions contained 10μl 2x buffer, 1μl 20x assay (HMBS Hs00609296_g1 or HPRT1 

Hs02800695_m1), 2μl cDNA and 7μl water. Probes, buffers and control gene reactions were 

obtained from Life Technologies and gene specific primers from Eurogenetec. All reactions were 

carried out in 384 well plates using a LightCycler 480 (Roche). Reaction conditions were 95°C for 

10 minutes followed by 40 cycles of 95°C 15 seconds, 60°C 1 minute then a final extension of 72°C 

for 5 minutes. 

 

2.5 In vivo experiments 

 

Animals used throughout these experiments were maintained in conventional barrier facilities 

except immune compromised mice which were kept in individually ventilated cages (IVC). All mice 

expressing human transgenes were on a C57BL/6 background unless stated otherwise. All 

experiments were conducted under Home Office project licence PPL30/2964, animals had 

constant access to food and water with a 12 hour light/dark cycle. A personal license (I5DO82827) 

was obtained and used in carrying out licenced procedures following appropriate training. 
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2.5.1 Eμ-Tcl-1 tumour splenocyte harvesting and preservation 

 

Spleens from mice bearing Eμ-Tcl1 tumours were harvested and a single cell suspension obtained 

by passing them through a 100μm cell strainer (Becton Dickinson). Cell number was determined 

using a coulter counter and cells resuspended at a minimum of 1x108 cells/ml in FCS +10% DMSO. 

Cell suspension was divided into 1ml aliquots in cryovials and stored at -80°C for 1-5 days before 

being transferred to vapour phase nitrogen storage. 

 

2.5.2 Passage of Eμ-Tcl-1 tumours 

 

Frozen splenocytes were placed in a water bath at 37°C until thawed before being transferred to 

a universal tube containing 20ml complete RPMI media.  Cells were centrifuged at 450g for 5 

minutes before being resuspended at 5x106 cells/ml in Eμ-Tcl1 media and rested at 37°C + 5% CO2 

for 1 hour. 2 ml cells suspension per mouse was centrifuged at 450g for 5 minutes and 

resuspended in 0.5ml sterile PBS. Mice were injected with the cell suspension intraperitoneally 

(i.p.) and monitored for tumour cells in the peripheral blood every 7-14 days. 

 

2.5.3 Eμ-Tcl-1 tumour screening 

 

Mice receiving Eμ-Tcl-1 tumours were bled every 7-14 days with approximately 30μl tail blood 

taken onto 10μl heparin sodium solution (Wockardt). Blood was then assessed for the white blood 

cell (WBC) count and immunophenotype by flow cytometry. WBC was measured by diluting 10μl 

heparinised blood in 40μl PBS (Severn Biotech). 20μl diluted blood was added to 10ml Coulter 

Isoton III diluent (Beckman Coulter) before adding 2-3 drops of ZAP-OGLOBIN II red blood cell lytic 

reagent (Beckman Coulter). WBC count was determined using a Coulter Z1 particle counter. 

Flow cytometry was performed with 10μl heparinised peripheral blood added to a FACS tube and 

stained with 0.5μg FITC anti-mouse CD5 and 0.1μg PerCP/APC anti-mouse B220 or PE anti-mouse 

CD19. The total volume was made up to 100μl with FACS wash buffer and incubated at 4°C for 30 

minutes. 1ml red blood cell lysis buffer (diluted 1 in 10; AbD Serotec) was added to each sample. 

Samples were centrifuged at 450g for 5 minutes and the supernatant discarded before being 

washed in 3ml FACS wash buffer. Finally cells were analysed using a FACS Calibur flow cytometer. 
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Tumours in conventional mice were deemed terminal when 2 of the following criteria were met: 

greater than 80% peripheral tumour lymphocytes, WBC count above 25 x106 cells/ml or spleen 

size independently determined as 4 out of 5 on an arbitrary scale. Immune compromised mice 

were terminal when the white blood cell count exceeded 20x106 cells/ml and spleen reached size 

3, which is illustrated in Figure 2.1. 

 

2.5.4 Administration of therapeutic agents 

 

Antibodies for in vivo administration were dialysed into PBS and sterile filtered before being 

diluted to an appropriate concentration in sterile PBS. 200μl diluted antibody was either 

administered i.p. or i.v into a tail vein. Agents requiring oral dosing were resuspended at 1mg/ml 

in appropriate vehicle and administered by oral gavage using a dose dependent on the weight of 

the animal. 

 

2.5.5 Collection of serum and plasma 

 

Serum was collected by tail tipping with approximately 40μl blood taken into a 0.5ml microfuge 

tube (Starlab) and allowed to clot overnight at 4°C. Clotted blood was then centrifuged at 5000g 

for 5 minutes in a bench top centrifuge, the serum was removed and stored at -20°C. For plasma 

collection 40μl blood was taken onto 10μl sodium heparin and centrifuged at 2200g for 5 minutes 

in a bench top centrifuge. Plasma was removed and stored at -20°C. 

Figure 2.1 Representative spleen sizes for mice in Eμ-Tcl-1 experiments.  

 
Wild type spleens are shown (size 0) following dissection from healthy, age matched 
controls. Spleens from mice bearing terminal Tcl-1 tumours are  shown, determined to be 
size 3 by palpation. 
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2.5.6 Bone marrow chimera generation 

 

1 week prior to irradiation mice were placed on acid water (tap water, pH2.5, autoclaved). On day 

-1 mice were sedated with 100μl hypnorm (VetPharma) diluted 1 in 10 in sterile PBS and injected 

i.p. Mice were irradiated with a dose of 1.5Gy using a Gulmay X-ray generator, before being 

wrapped in cotton wool after irradiation to keep warm. On day 0 mice were irradiated again as 

before. Bone marrow was prepared from donor mice by dissecting the bones of the hind legs and 

syringing out the bone marrow. The bone marrow was passed through a 70μM cell strainer and 

resuspended at 1-2.5x107 cells/ml in sterile PBS. 200μl bone marrow suspension was injected i.v. 

into recipient mice and allowed to reconstitute for 56-84 days. 14 days after irradiation mice were 

taken off acid water. Reconstitution was assessed by flow cytometry of peripheral blood. 

 

2.6 Enzyme linked immunosorbent assay (ELISA) 

 

96 well Nunc MaxiSorp ELISA plates (Thermo Scientific) were coated with specific antibody (Sigma-

Aldrich; see section 2.6.1 for details) diluted in coating buffer (Na2CO3 1.59g/L, NaHCO3 2.93g/L; 

Fisher Scientific). Plates were incubated at 37°C for 1 hour then incubated overnight at 4°C. 

Coating solution was discarded and 150μl PBS +1% BSA added per well then incubated at 37°C for 

1 hour. Plates were washed 3 times with PBS+ 0.05% Tween20 (Sigma-Aldrich) using a Skanwasher 

300 (Skatron). Serum or plasma samples were added to the plate in 100μl/well with an initial 

dilution of 1 in 100 followed by 1 in 2 serial dilutions. Additionally relevant standards were also 

added to the plate. Samples were incubated for 90 minutes at 37°C. Plates were washed 5 times 

before 100μl Horseradish peroxidase (HRP) conjugated F(ab’)2 specific antibodies (Jackson 

Immunoresearch; see section 2.6.1 for details) diluted in PBS+ 1% BSA. After incubating for 90 

minutes at 37°C for 90 minutes plates were washed twice and 100μl substrate added (o-

Phenylenediamine dihydrochloride tablet (Sigma-Aldrich) dissolved in 24.7 ml citrate 

(stock:19.2g/L; BDH), 25.3ml Na2HPO4 (stock; 28.4g/L; Fisher Scientific), 50 ml dH2O). Once 

sufficient colour change was achieved 5 0μl 2.5M H2SO4 (VWR) was added per well. Absorbance 

was measured at 450nm on an Epoch microplate reader (Biotek). Analysis was performed in Excel 

with the linear range of the standard curve plotted and linear regression used to calculate the 

unknown values. 
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2.6.1 ELISA for human and mouse IgG 

 

ELISA for human IgG were performed as described above using the following reagents and 

dilutions. The coating antibody was a goat anti-human IgG, Fc specific antibody (Sigma-Aldrich) 

used at a final concentration of 5μg/ml. The detection antibody was a Horseradish peroxidase 

conjugated F(ab’)2 goat anti-human (Fc specific) (Jackson immunoresearch) diluted 1 in 10000. 

ELISA for mouse IgG were performed as above with the following changes. The coating antibody 

used was a Rabbit anti-mouse IgG diluted 1 in 2000 in coating buffer.  Due to the increased 

concentration, plasma samples were diluted 1 in 200 whilst the concentrations of the standards 

(mIgG1 and mIgG2a) remained the same. An HRP conjugated Rabbit anti-mouse IgG was used as 

the detection antibody at a final concentration of 10μg/ml. All results were analysed as before.  

 

2.7 Peripheral blood mononuclear cell (PBMC) assays 

2.7.1 Isolation of human PBMCs 

 

Human PBMCs were isolated from either leukocyte cones or whole blood. Leukocyte cones were 

obtained from the National Blood Service and whole blood from healthy volunteers. Blood 

samples were diluted 1 in 2 with PBS +2mM EDTA and 25ml diluted blood was layered onto 15ml 

room temperature lymphoprep (Axis Shield) in a 50ml falcon tube. Tubes were centrifuged at 800g 

for 20 minutes, after which the PBMC layer at the interface was removed with a Pasteur pipette 

and washed twice in a total volume of 40ml PBS +2mM EDTA by centrifugation at 400g for 10 

minutes. For cryopreservation PBMCs were resuspended at 1x108 cells/ml in PBMC freeze media 

(40% complete CTL, 50% FCS or human AB serum, 10% DMSO). 

 

2.7.2 Carboxyfluorescein succinimidyl ester (CFSE) labelling of cells 

 

Cells for CFSE labelling were resuspended at 1x107 cells/ml in serum free RPMI in a 50ml falcon 

tube. CFSE (Sigma-Aldrich) was pipetted onto the inside wall of the tube to give a final 

concentration of 2pM CFSE. The tube was rapidly mixed and incubated at room temperature in 
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the dark for 10 minutes. Complete RPMI was added to a to a total volume of 40ml and centrifuged 

at 450g for 10 minutes before being washed again and suspended in appropriate growth media. 

 

2.7.3 PBMC proliferation assay 

 

CFSE labelled PBMCs were cultured at 1x107 cells/ml in 1.5ml complete CTL media per well in a 24 

well plate for 3 days. Cells were harvested by pipetting and washed once in 40ml complete CTL 

media and resuspended at 1x106 cells/ml. 100μl cells suspension was added per well to a U bottom 

96 well plate with 50μl monoclonal antibody (at 3x final concentration in complete CTL media) 

and incubated for 4 days at 37°C +5% CO2. After 48 hours 50μl culture supernatant was removed 

and stored at -80°C for cytokine analysis. 

The stimulation antibodies used in proliferation assays and their final concentration are listed in 

Table 2.8. 

  

Antibody Target isotype Source Final 

concentration 

(μg/ml) 

Avastin 

(bevacizumab) 

VEGF-A Human IgG1 Roche 15 

OKT3 CD3 Mouse IgG2a In-house 0.1 

UCHT1 CD3 Mouse IgG1 eBioscience 15 

TGN1412 CD28 Human IgG4 In-house 1 

Ancell 28.1 CD28 Mouse IgG1 Ancell 15 

Campath-1H 

(alemtuzumab) 

CD52 Human IgG1  15 

GA101 

(obinutuzumab) 

CD20 Human IgG1 Roche 15 

MabThera 

(rituximab) 

CD20 Human IgG1 Roche 15 

Erbitux 

(cetuximab) 

EGFR Human IgG1 Merck 15 

Table 2.8 Antibodies used for stimulation in T cell proliferation and cytokine release assays.  

 
mAbs are listed with their isotype and human target. The final concentration used in the assays is listed, antibodies were 
made to 3x this concentration in complete CTL media to give the final concentration when added to the labelled PBMCs 
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2.7.4 CHO based T cell proliferation assays 

 

CFSE labelled human PBMCs were centrifuged at 300g for 10 minutes and resuspended in 40μl 

PBS +0.5% BSA +2mM EDTA per 107 cells. T cell isolation was performed by negative selection 

using a pan T cell isolation kit, human (Miltenyi Biotech) according to the manufacturers protocol. 

Purified cells were resuspended at 1x106 cells/ml in complete CTL media. FcγR transfected CHO-

K1 cells were harvested using PBS +2mM EDTA then washed once in complete CTL media and 

resuspended at 2 x106 cells/ml. 50μl cell suspension, 50μl purified T cells and 50μl diluted antibody 

was added to each well of a 96 well plate and incubated at 37°C +5% CO2 for 4 days. After 48 hours, 

50μl of culture supernatant was removed and stored at -80°C for cytokine analysis.  

 

2.8 Cytokine measurement 

Cytokine concentrations in assay supernatants were determined by Luminex and Meso Scale 

Discovery (MSD) assays. Culture supernatants were diluted in complete CTL media using the 

dilutions in Table 2.9  to ensure concentrations were within the detectable ranges of the assays. 

 

Sample Dilution 

OKT3 stimulated 1 in 10 

TGN1412 stimulated 1 in 10 

CHO samples MSD 1 in 100 

CHO samples Luminex 1 in 50 

All other samples 1 in 3 

Table 2.9 Dilution factors used for cytokine release  

The MSD assays used were 10-plex and the Luminex was an 18-plex, the analytes measured in 

each assay are indicated in Table 2.10. 

  

Assay supernatant samples were collected from T cell and CHO based T cell proliferation 
assays. Samples were diluted in complete CTL media to ensure concentrations were within 
the standard curves of Luminex and MSD assays. 



 

Page | 93  

 

Analyte MSD Luminex 

GM-CSF  X 

IFN-γ X X 

IL-10 X X 

IL-13 X X 

IL-17a  X 

IL-1b X X 

IL-2 X X 

IL-4 X X 

IL-5  X 

IL-6 X X 

IL-7  X 

IL-8 X X 

IP-10  X 

MCP-1  X 

MIP1-a  X 

MIP1-b  X 

TNF-α X X 

IL-12p70 X X 

Table 2.10 Analytes investigated in MSD and Luminex assays.  

2.8.1 MSD 

 

MSD analysis used a Proinflammatory Panel 1 (human) V-PLEX kit (Meso Scale Discovery). The 

supplied calibrator was resuspended in 250μl diluent 2 and 1 in 4 serial dilutions performed. 50μl 

diluted sample (see Table 2.9) or calibrator was added per well of the MSD plate and incubated at 

room temperature with shaking for 2 hours. The MSD plate was washed 3 times with 150μl/well 

PBS +0.05% Tween-20. 25μl detection antibody mix (60μl each antibody made up to 3ml with 

diluent 3) was added per well and the plate incubated with shaking for 2 hours at room 

temperature. The plate was washed 3 times and 150μl 2x read buffer added per well before being 

read on an MSD SECTOR S 600 instrument. Data was analysed in MSD discovery workbench 

software using lot specific calibrator concentrations. 

  

Cytokine concentrations in proliferation assays were measured by MSD and Luminex. 
Those cytokines  analysed in each format are indicated by a cross. 17 analytes were 
measured by Luminex and 10 by MSD 
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2.8.2 Luminex 

 

Luminex was performed using a custom Milliplex HCYTOMAG-60K human cytokine magnetic panel 

(Millipore) Vials of detection beads were sonicated for 30 seconds then vortexed for 1 minute. 

60μl of each detection bead was mixed and the total volume made up to 3ml with bead diluent. 

The cytokine standard was prepared according to the supplied protocol to make 6 standards. 

200μl wash buffer was added to each well of the assay plate and incubated at room temperature 

with shaking for 10 minutes. Buffer was removed and 25μl diluted sample, standard or control 

was added with 25μl mixed beads and 25µl matrix solution (CTL media for standards and controls, 

assay buffer for samples). The plate was incubated overnight in the dark with shaking at 4°C before 

being washed twice using the protocol in Table 2.11 and 25μl detection antibody cocktail added 

per well. After 1 hour at room temperature with shaking, 25μl Streptavadin-PE was added per well 

and the plate incubated for 20 minutes. Finally, the plate was washed twice and the beads 

resuspended in 150μl sheath fluid before being run on a Luminex100 instrument using xPONENT 

software (Luminex Corporation). 

Step Time Comments 

Rest plate on magnet 60 seconds Allows magnetic beads to 

settle 

Remove well contents N/A Invert plate whilst attached 

to magnet 

Add 200μl wash buffer N/A N/A 

Resuspend beads 30 seconds On plate shaker 

Table 2.11 Plate washing steps used during Luminex assays.  

2.9 Internalisation/quenching assays 

 

AlexaFluor 488 labelled antibodies were added to the cells (200μl) at a final concentration of 

5μg/ml and the plate returned to the incubator. The antibodies used for this assay were: BHH2 

mIgG2a, Herceptin hIgG1 (Genentech), SB2H2 mIgG1 and BHH2 hIgG2, unless stated otherwise all 

were produced in-house, with all AlexaFluor 488  labelling performed in-house. At the end of the 

assay, media was removed and 200μl ice cold PBS added per well. Adherent cells were harvested 

by scraping and 100μl cell suspension added to each of 2 FACS tubes. To one tube 2.5μl anti-

Alexafluor488 antibody (Life Technologies) was added and the tubes incubated in the fridge for 

30 minutes. All samples were washed in FACS wash before analysis on a FACS Calibur. 

The described wash protocol was carried out twice for most steps during the Luminex assay. It is important to ensure the 
beads remain in the plate when discarding the wash buffer by keeping the magnet on the plate. 



 

Page | 95  

 

Fluorescence from unquenched sample represents the total antibody bound to the cell surface 

and internalised whereas the fluorescence from quenched samples only represents that from 

internalised antibody. The ratio of the quenched to unquenched MFI represents the proportion of 

total bound antibody which has been internalised. 

 

2.10 Bead phagocytosis assay  

 

To fluorescently label beads for use in phagocytosis assays, 400μl of 1mg/ml BSA or BSA-Alexa 

Fluor 488 in 50mM sodium citrate (pH 4.2) was added to 200μl 3μm latex beads (Polysciences inc.). 

This was incubated for 1 hour at 4°C with end over end agitation. Beads were washed 3 times in 

sterile PBS with centrifugation at 14500g between washes. Beads were resuspended in a final 

volume of 400μl PBS. 

BMDMs were harvested from a 6 well plate using PBS +2mM EDTA and gentle scraping before 

diluting to 2.5 x106 cells/ml. 200μl cell suspension was added per well to a 96 well plate in 

complete RPMI +20% L929 and incubated overnight. 3μm BSA coated or Alexafluor488-BSA coated 

latex beads (Life Technologies) were diluted to an appropriate final concentration (1μl stock 

contains 13 beads per macrophage when plated at 5x104/well. Beads were added to the BMDMs 

and incubated at 37°C for 1 hour. Media was discarded and wells washed with 200μl PBS. 200μl 

PBS was added per well and phagocytosis assessed by microscopy or by scraping cells and 

analysing them by flow cytometry. 
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Chapter 3 Generation and characterisation of FcγR transfected CHO-

K1 cells to investigate the role of individual FcγRs in inducing cytokine 

release following TGN1412 stimulation.  

 

3.1 Chapter introduction 

 

As described in the introduction, the anti-CD28 antibody TGN1412 resulted in severe cytokine 

release syndrome following infusion in a first in man trial.157 This toxicity had not been predicted 

by in vitro or in vivo studies leading up to the trial.156 Following on from this trial, there has been 

an effort to develop assays which can predict the toxicity of immunomodulatory antibodies such 

as TGN1412. These assays found that, in order to stimulate cytokine release, TGN1412 required 

cross-linking; either through immobilisation of the assay on plastic or through the addition of a 

secondary cross-linking antibody.158, 159 The methods of cross-linking employed in these previous 

assays are not biologically relevant factors that could have occurred in the TGN1412 trial. Previous 

work had identified high density PBMC preculture as being able to induce cytokine release 

following TGN1412 without the need for additional cross-linking agents.160 This preculture was 

subsequently suggested to result in the upregulation of CD32b, providing a mechanism for 

TGN1412 induced toxicity which could occur in vivo.161  

The aim of this chapter was to further investigate and dissect the FcγR cross-linking requirement 

for the anti-CD28 mAb TGN1412 and to develop an assay that can predict toxicity using biologically 

relevant cross-linking.   As has been described in the introduction, there are 6 FcγRs in humans, all 

capable of binding to IgG. As discussed, these receptors are known to be important for many 

biological functions, including those of immunomodulatory antibodies. However, investigating 

these functions is made challenging by the presence of multiple receptors on effector cells, making 

it difficult to elucidate the importance of each receptor. Furthermore, the complexity is increased 

by the presence of polymorphisms in the receptors which makes comparisons between human 

samples difficult. For example, CD32a is a low affinity receptor which can either have a histidine 

or arginine residue at position 131.354 The H131 allele of CD32a is the only human FcγR capable of 

binding efficiently to IgG2, as well having a 1.5 fold higher affinity for IgG1 than R131.290 CD16a is 

another low affinity FcγR with a polymorphism at amino acid position 158, leading to altered 

affinity for IgG; V158 having a higher affinity for human IgG1 and IgG3 than F158.372 CD32b is the 

only inhibitory FcγR in humans and has a defined polymorphism at position 232. This substitution 
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is in the membrane spanning region of the receptor and does not affect the binding to IgG, 

however T232 has a decreased ability to associate with lipid rafts.359 Lipid rafts are areas of 

membrane insoluble in Triton X-100, which allow signalling molecules to become clustered to 

increase the efficiency of signalling. This is evidenced by studies demonstrating that the T232 allele 

of CD32b led to reduced inhibition of BCR signalling compared to the I allele.359 Reduced clustering 

of CD32b as a result of the T232 allele could impair clustering of mAb via the receptor.  

Therefore, to reduce the complexity of the variation inherent on immune cells, stably transfected 

cell lines were generated, which allowed for a single FcγR to be studied in isolation with a uniform 

expression level that was reproducible between assays.  

 

3.2 Generation of human FcγR plasmids 

 

In order to generate transfected cells expressing FcγRs, plasmids were generated containing the 

FcγR gene under the control of a constitutive promoter. Additionally the FcR γ-chain was cloned 

as co-expression is required with CD16a and CD64 in order to give expression at the cell surface. 

All polymorphic variants of human FcγRs were generated. The production of each plasmid is 

detailed below, following generation all plasmids were transformed into JM109 E. coli, cultured 

and maxi preps performed. The maps for all plasmids used are presented in Appendix B.  

 

3.2.1 CD32a 

 

The human CD32a gene was previously cloned into the pCI-puro vector by Dr Claude Chan. As the 

gene has two major polymorphic variants, it was important to determine which allele had been 

previously cloned. Therefore, the plasmid was sequenced in-house using the T7 and T3 primers. 

The sequencing trace is shown in Figure 3.1a; this demonstrates that the original construct would 

encode for a histidine at position 131. Site directed mutagenesis was carried out to introduce a 

single base pair change to give an arginine at position 131. The general principles for site directed 

mutagenesis reactions is shown in Figure 3.2, with the primer designed to contain the point 

mutation flanked by sequence complementary to CD32a DNA. Following mutagenesis, the 

parental DNA was digested with DpnI, an enzyme which specifically digests methylated DNA. The 

product of the mutagenesis reactions was transformed into XL10 gold E. coli and mutagenesis 
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confirmed by DNA sequencing. Figure 3.1b shows the sequencing trace of CD32a following 

mutagenesis, indicating that the mutagenesis was successful with an arginine now coded at 

position 131. 

 

 

Figure 3.1 Identifying polymorphic variants of hCD32a and CD16a. 
The hCD32a gene in the pCI-puro vector was sequenced using Sanger sequencing with the 
results analysed using Lasergene SeqMan Pro software and the chromatograms shown. A) 
The previously made CD32a construct was shown to be the H131 allele as identified by the 
highlighted ‘G’ base. B) Following site directed mutagenesis, the R131 allele was generated 
with the changed base highlighted. C) Sequencing also confirmed that the original CD16a 
construct was the V158 allele. D) Following site directed mutagenesis, sequencing confirmed 
that the CD16a F158 allele had been generated. 
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3.2.2 CD16a 

 

A plasmid construct containing the human CD16a gene in the pcDNA3 vector was previously 

cloned by Dr Claude Chan. Prior sequencing, as presented in Figure 3.1c demonstrated that this 

construct contained the high affinity V158 allele. In order to generate the low affinity F158 allele, 

site directed mutagenesis was again performed using a gene specific primer, after which the 

presence of F158 was confirmed by DNA sequencing as shown in Figure 3.1d.  

  

Figure 3.2 Schematic of site directed mutagenesis reactions 

A PCR primer was designed with mismatched base(s) and gene specific flanking sequence. PCR 
was performed to generate the mutant strand using the Quickchange lightning site-directed 
mutagenesis kit. DpnI digestion was performed to digest the parental, methylated DNA. The 
remaining mutant strands were transformed into chemically competant XL10 gold E. coli in 
which the double stranded plasmid was produced and amplified. 
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3.2.3 CD32b1, CD32b2 and CD64 
 

Plasmid constructs for all allelic variants of CD32b (CD32b1 and CD32b2, I232 and T323) as well as 

CD64 had been previously cloned by Dr Claude Chan. These plasmids were sequenced using 

plasmid primers to confirm that the sequences were as expected (data not shown) 

 

3.2.4 Human γ-chain 
 

The human γ-chain is required for functional activity of CD64 and CD16a as it contains the ITAM 

motifs required for signalling. Additionally, the γ-chain required for transport of these receptors 

to the cell surface. Therefore, to generate transfected cell lines, CD16a and CD64 were co-

transfected with the γ-chain in order to obtain surface expression of the functional receptor. The 

human γ-chain was previously cloned by Claude Chan into the pCI-puro vector. However, here the 

gene was subcloned into pCI-puro in order to give an alternative mammalian antibiotic selection 

for co-transfection alongside the FcγR constructs. 

Accordingly, the human γ-chain in pCI-neo, and the pCI-puro vector were sequentially digested 

with NheI and NotI before being separated on a 0.7% agarose gel. The γ-chain and cut vector were 

extracted from the gel and sticky-end ligated using T4 ligase. The ligation products were 

transformed into JM109 chemically competent E. coli; several colonies were picked and minipreps 

performed to isolate plasmid DNA. Subsequently, digests were performed on purified plasmids 

using NotI and NheI to confirm the correct ligation. These digests were run on an agarose gel 

shown in Figure 3.3, with a band at 5.5kb corresponding to the cut plasmid. The bands at 350bp 

corresponded to the human γ-chain, showing that in colonies 2 and 3, the γ-chain had been 

successfully ligated into pCI-puro whereas colony 1 only contained the empty vector. 

Once all plasmids were produced, maxi preps were performed to amplify the plasmids and, 

additionally, all plasmids were re-sequenced to confirm their integrity. 
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3.3 Transient expression of FcγRs in 293F cells 

 

The HEK 293F transient expression system was first used to confirm that FcγR containing plasmids 

were able to result in cell surface receptor expression. Transfections were performed using 293 

fectin and the expression analysed 24 hours after transfection by staining using a receptor-specific 

FITC labelled F(ab’)2. An irrelevant FITC labelled F(ab’)2 was used as a control with analysis 

performed by flow cytometry. For CD16a and CD64, the human γ-chain was co-transfected with 

the receptor-specific plasmids in order to give expression at the cell surface; the receptor to γ-

chain DNA ratio was maintained at 2:1. Viable cells were gated based on forward (FSC) and side 

(SSC) scatter profiles as can be seen in Figure 3.4a. Surface receptor expression was assessed by 

fluorescence. The expression of each receptor is presented in Figure 3.4b, demonstrating that all 

alleles of the FcγRs investigated could be expressed in 293F cells. The expression pattern was 

similar for all of the receptor variants investigated. These transient expression experiments 

demonstrated that the plasmids produced were capable of giving surface receptor expression and 

that all polymorphic variants could be detected using specific F(ab’)2.  

Figure 3.3 Cloning of human γ-chain into pCI-puro.  

 
Following ligation of the DNA for the human γ-chain into pCI-puro  digests were 
performed with NheI and NotI to confirm presence of the inserted gene. Reactions were 
run on a 0.7% agarose gel at a constant 120v and visualised under UV light. The band 
at 5.5kb corresponds to pCI-puro. Colonies 2 and 3 have a band at 350bp, indicated by 
the red arrow, corresponding to human γ-chain showing that it was successfully ligated 
into pCI-puro. 
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Figure 3.4 Transient expression profiles for the expression of human FcγRs in 293F cells. 

293F cells were co-transfected with CD16a (V or F allele), CD32a (H or R allele), CD32b1 (I or T allele) or CD64. CD16a 
and CD64 were co-transfected with the human γ-chain (2:1 ratio, 10µg total DNA). 48 hours after transfection expression 
was assessed by staining cells with receptor specific F(ab’)2 FITC  (CD16a: 3G8, CD32a or b: AT10, CD64: 10.1) or irrelevant 
control. A) Forward and side scatter was used to gate on viable cells.  B) Flow cytometry on gated cells to assess receptor 
expression. Staining with receptor specific F(ab’)2 is shown in red with the irrelevant control in grey. 
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3.3.1 Use of mAbs to discriminate between the polymorphic variants of 

CD16a 
 

The V158F polymorphism in CD16a is most widely distinguished through DNA sequencing due to 

the single neucleotide change responsible. However, this can be a challenging process due to copy 

number variation, which commonly occurs in the FcγR locus (Dr Chantal Hargreaves; personal 

communication). Genotyping is further complicated by the genetic similarity that exists between 

CD16a and CD16b, making it difficult to distinguish between the 2 receptors by conventional 

PCR.424 However, there have been reports that the antibody MEM-154 is able to distinguish 

between the polymorphic variants by preferentially binding to the V158 allele.425 This previous 

assay made use of differences in fluorescence between 3G8 and MEM-154 staining to phenotype 

patient samples. To investigate if the mAb could be utilised to both phenotype and infer the copy 

number of CD16a, 293F cells were transiently transfected with the human γ-chain as well as the V 

or F alleles of CD16a. The V and F alleles of CD16a were transfected in differing proportions in an 

attempt to replicate copy number variation. Transfected cells were stained with FITC labelled 

MEM-154, either alone or with competition from unlabelled 3G8; an anti-CD16 antibody with 

minimal binding preference to either polymorphic variant.372 

Figure 3.5a demonstrates the typical transfection efficiency obtained for the transfection of 293F 

cells with CD16a V158, F158 or both alleles; in all cases CD16a was co-transfected with the human 

γ-chain. The efficiencies were similar for all transfections as determined by staining with 3G8 

F(ab’)2. Transfected 293F cells were stained with FITC labelled MEM-154, either alone or with 

competition from unlabelled 3G8. Figure 3.5b shows the percentage of MEM-154 positive cells, 

normalised to MEM-154 alone on CD16a VV transfected cells. These results indicate that with 

MEM-154 alone, there was a significantly lower percentage of positive cells in the FF transfection, 

suggesting that this phenotype could be easily distinguished from cells expressing the V158 allele. 

When competition was added from 3G8, the VV transfected cells had a significantly higher 

percentage positive compared to the other phenotypes investigated, allowing cells with this 

phenotype to be readily identified. When analysing the mean fluorescence intensity (MFI) in 

Figure 3.5c, the staining with MEM-154 appears to be approximately dose dependent with regards 

to the V allele of CD16a, with the exception of the VF transfection. When competition was added 

from 3G8, the MFI was higher for the VV transfection that for any of the other phenotypes.  
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In this assay, it was possible to distinguish between the 3 main polymorphic variants of CD16a (VV, 

VF, FF) with Figure 3.5b summarising the percentage MEM-154 positive data between the main 

variants. Despite this, the copy number variants could not be clearly distinguished in this assay 

regardless of a trend towards the MFI being dose dependent on the presence of the V158 allele. 

Figure 3.5 Flow cytometry to distinguish polymorphic variants of CD16a.  

1x107 293F cells were transfected with the V and/or F alleles of CD16a as well as the human γ-chain. The total DNA 
transfected was 10μg with γ-chain kept at a constant 3.3μg. A) representative transfection levels determined by flow 
cytometry 24 hours after transfection using 3G8 F(ab’)2 FITC in red and irrelevant control in grey. B) Transfected cells 
were incubated with MEM-154 FITC and the % positive shown with MEM-154 alone or with competition from 10μg/ml 
3G8 as determined by flow cytometry. Results are normalised to MEM-154 staining on VV transfection.  FF cells gave 
reduced staining with MEM-154 alone compared to other phenotypes. With competition VV could be distinguished from 
all other genotypes. C) The MFI of the same experiment normalised to MEM-154 staining on V allele transfected cells. 
VV and FF can be distinguished from each other as well as VF from VF. Results from 3 independent experiments. Bars 
show mean +SD, one-way ANOVA with multiple comparisons. (**p<0.01; ***p<0.001). 
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3.4 Generation of CHO-K1 cell lines stably expressing FcγRs 

 

Transient transfections were useful for confirming the functionality of plasmid constructs, 

however a range of expression was observed which dropped after 48 hours. For reproducible cell 

based assays, uniform and consistent FcγR expression was required. To achieve this, CHO-K1 cells 

were stably transfected with the various polymorphic variants of human FcγRs. CD64 and CD16a 

were cotransfected with the human FcR γ-chain to ensure surface expression. Transfections were 

performed using the geneporter reagent, after which cells were incubated with appropriate 

antibiotic selection for the plasmid used (1mg/ml Geneticin or 10µg/ml Puromycin). Transfected 

cells were cultured in 96 well plates and, after 10-14 days of selection, were screened for FcγR 

expression by flow cytometry. Wells containing FcγR positive cells were expanded and where 

necessary sorted on a FACS Aria to obtain a uniform level of expression. Figure 3.6 shows an 

example of FACS sorting for CD32b1 transfected CHO-K1 cells. Prior to sorting, CD32 positive and 

negative populations were present. After sorting on a FACS Aria, the collected cells were cultured 

and re-screened (Figure 3.6 post-sort) indicating that a single population was obtained with a 

uniform expression of CD32b1. This strategy of FACS sorting was used for all transfections where 

a range of expression levels was observed; in some cases multiple rounds of FACS sorting was 

required to obtain uniform receptor expression. 

 

After sorting to obtain populations with uniform FcγR expression, all CHO-K1 cells were screened 

to confirm the expression of FcγR on the cell surface. Figure 3.7 demonstrates that a single peak 

Figure 3.6 Expression profiles of FACS sorted CD32b1 transfected CHO-K1 cells.  

CHO-K1 cells transfected with human CD32b1 T232 allele were stained with AT10 F(ab’)2 FITC (red 
histogram) or irrelevant control (grey). The left panels shows the fluorescence before sorting with 
a CD32 positive and negative population identified. Stained cells were sorted on a FACS Aria, gated 
on the live cells that were positive for CD32, a single, CD32 positive population obtained after 
sorting is shown in the right panel. 
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was seen for the expression of FcγRs on all stably transfected cell lines, suggesting uniform 

expression. Cells transfected with CD32b2 T232 demonstrated some non-specific staining with the 

irrelevant control, which is could be a result of non-specific binding due to the particularly high 

expression of this receptor. 

 

Figure 3.7 Expression profiles for CHO-K1 cells stably transfected with FcγRs.  

CHO-K1 cells stably transfected with FcγRs were harvested with PBS +2mM EDTA. 1x105 cells were 
stained with a receptor specific F(ab’)2 FITC at 10μg/ml (CD32a/b = AT10; CD16a = 3G8; CD64 = 
10.1) represented by the red histogram with irrelevant control in grey. Stained cells were analysed 
by flow cytometry with results showing a single peak for all cell lines, suggesting a uniform FcγR 
expression level for all cell lines. 
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3.4.1 Determining the number of molecules of FcγRs at the cell surface of 

CHO-K1 transfectants an d PBMCs 

 

In order to calculate relative FcγR expression between cell lines and to allow comparison to 

physiological receptor expression, Quantibrite beads were used; these contain defined number of 

PE molecules on the beads, as can be seen in Figure 3.8b. By plotting the number of PE molecules 

against MFI, it was possible to calculate the number of PE labelled FcγR antibodies bound to the 

surface of CHO-K1 cells or PBMCs and consequently deduce the number of molecules of a receptor 

on the cell surface.  

Figure 3.8a shows the gating strategy used to identify the cell populations within PBMC samples. 

The number of molecules of FcγR on the surface of each PBMC population was calculated as shown 

in Figure 3.8c; as expected CD19+ B cells highly expressed CD32b (9576 molecules/cell); all other 

receptors were expressed at less than 30 molecules/cell on B cells. CD56+ NK cells expressed high 

levels of CD16a with 2 distinct populations; the average for the main population was 19500 CD16a 

molecule/cell whilst a separate CD16aHi population expressed the receptor at an average of 57000 

molecules/cell, although this was highly variable (range 22000-110000). These CD16aHi cells were 

found to be the CD56dim population, which are thought to have a higher cytotoxic activity than 

CD56bright CD16alo cells.426 Unexpectedly, some donors were found to have a higher than expected 

expression of CD32b on NK cells; in one case expression of 2313 molecules/cell was observed. For 

two other donors, there was low expression (155 and 223 molecules/cell) whilst for the remaining 

donor expression was under 20 molecules/cell. In humans there are two major subsets of CD14+ 

monocytes known as classical and non-classical monocytes. Classical monocytes are known to be 

CD16 negative whilst non-classical monocytes express high levels of CD16a.427 These populations 

with distinct levels of CD16a expression were found in this study. There was no difference in the 

expression of the other FcγRs between the monocytes subsets, all CD14+ cells expressed high 

levels of CD32a and CD64 (7100 and 11,200 molecules/cell) whilst expressing low levels of CD32b. 

There were two distinct populations of CD16a expression in CD14+ cells; one with a low level of 

CD16a expression (43 molecules/cell) as well as a population with a high level of CD16a expression 

(14,000 molecules/cell).  

Figure 3.8d presents the number of molecules of FcγRs on the surface of transfected CHO-K1 cells, 

showing that all receptors are highly expressed with expression varying between 48,000 (CD32a 

H) and 312,000 (CD32b1 I) molecules/cell. When these results were compared to the highest 
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expressing PBMC populations in Figure 3.8e, it is clear that the CHO-K1 cells have an FcγR 

expression level that is elevated compared to physiological levels. The only exception is CD16a 

expression on CHO-K1 cells transfected with V158, where the number of molecules on the cell 

surface was comparable to CD16a expression on CD16a Hi NK cells. This CD16a Hi population 

accounts for the majority of CD56+ cells (60-70%). The higher than physiological FcγR expression 

on CHO-K1 cell lines is an important consideration for later assays where these cell lines were used 

as feeder cells. 
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Figure 3.8 Quantification of the number of FcγR molecules on trasnfected CHO-K1 cells and PBMCs.  
PBMCs from healthy donors were stained with fluorescently labelled mAb against CD56, CD14 and CD19 as well as F(ab’)2 
FITC against FcγR or an isotype control. Cells were stained at room temperature and washed twice before analysis by 
flow cytometry. A) Gating strategy used to identify populations within PBMC samples. B) Quantibrite Beads with defined 
numbers of PE molecules on their surface were analysed by FACS with the number of PE molecules indicated above the 
corresponding peak and used to create a standard curve. C) The number of molecules of FcγRs on the surface of PBMC 
subsets from healthy donors was calculated by staining samples with receptor specific PE labelled mAb  points represent 
individual donors. D) The number of molecules of FcγRs on the surface of stable transfected CHO-K1 cells was calculated 
by staining with PE labelled mAbs. E) Comparison of number of FcγR molecules on transfected CHO-k1 cells and highest 
expressing PBMC population. Transfected CHO-K1 cells had a higher number of FcγR on their surface compared to PBMC 
subsets with the exception of CD16a where expression was similar on CD56+CD16 hi PBMCs and on CD16a V CHO-K1 
cells. Bars show mean +SD for PBMC samples. 



 

Page | 111  

 

3.4.2 Binding of aggregated IgG to FcγR transfected CHO-K1 cells 

 

Whilst transfected CHO-K1 cell lines have been demonstrated to express FcγRs through use of 

receptor specific antibodies, their biological function is to recognise the Fc region of antibodies. 

Therefore, the ability of the receptors to bind monomeric and aggregated pooled human IgG was 

investigated. CHO-K1 cells stably expressing FcγRs were stained with receptor specific FITC 

labelled F(ab’)2 to confirm receptor expression. A separate sample of transfected cells was 

incubated with A488 labelled pooled monomeric human IgG, or heat aggregated human IgG. 

Following washing, the cells were analysed by flow cytometry to investigate IgG binding. 

The results in Figure 3.9 suggest that all cell lines investigated were able to bind to monomeric 

and aggregated human IgG. For CD16a F158, the binding was low for both monomeric (red 

histogram) and aggregated IgG (blue histogram). CD32a and CD32b transfected cells appeared to 

have low binding to monomeric IgG but with aggregated IgG there was a high level of fluorescence, 

suggesting a higher capacity to bind aggregated rather than monomeric IgG. The CD64 transfected 

CHO-K1 cell line was the only one that gave a high level of fluorescence with monomeric IgG, 

implying that this was the only receptor able to efficiently engage IgG in its monomeric form as 

expected.290 CD64 transfected CHO-K1 cells were also able to efficiently bind to aggregated human 

IgG1 although apparently to a lower level than monomeric IgG. Experiments investigating the 

binding of monomeric and aggregated IgG were performed using the other FcγR polymorphic 

variants (CD32b1 T232, CD16a V158, CD32a H131) however no major differences were seen in 

binding by flow cytometry. 

Having established cell lines expressing high levels of individual FcγRs, these were subsequenctly 

investigated in terms of their capacity to mimic different FcγR expressing immune cells in assays 

with immunostimulatory mAb such as TGN1412. 
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3.5 Requirement of FcγRs for T cell stimulatory antibodies 

 

Prior to the establishment of the FcγR-expressing CHO-K1 transfectants, Dr Ruth French and Dr 

Kam Hussain had previously developed an assay for the in vitro analysis of T cell proliferation and 

cytokine release following T cell targeting antibodies. Previously, PBMCs cultured at a low density 

of 1x106 cells/ml, or purified T cells, were found not to result in any T cell proliferation when 

stimulated with TGN1412. In both cases, analysis of culture supernatants revealed that there was 

Figure 3.9 Binding of monomeric and aggregated human IgG to FcγR transfected CHO-K1 cells.  

In the left panel FcγR transfected CHO-K1 cells were stained with a receptor specific FITC labelled F(ab’)2 (black 
histogram) or irrelevant control (grey) to confirm expression. In the right panel cells were incubated with an 
irrelevant FITC labelled F(ab’)2 (grey); A488 labelled monomeric, pooled human IgG (Red) or heat aggregated, A488 
labelled, pooled human IgG (Blue). Binding was analysed by flow cytometry. CD16a bound monomeric and 
aggregated IgG at a low level whilst CD32a and CD32b bound monomeric IgG to a low level but higher fluorescence 
was seen with aggregated IgG. Only CD64 transfected CHO-K1 cells showed high binding to monomeric IgG. 
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no significant increase in inflammatory cytokine levels following TGN1412 stimulation). However, 

when the PBMCs were precultured at high density (1x107 cells/ml) for 48 hours prior to stimulation, 

TGN1412 was able to result in T cell proliferation at a similar level to that induced by anti-CD3 

antibodies.161 This assay was previously developed in Southampton, with the aim to replicate the 

experiments at Huntingdon Life Sciences (HLS, now called Envigo) before extending the 

experiments to investigate individual FcγR requirement using transfected CHO-K1 cell lines. In all 

experiments the Ancell anti-CD28 mAb (28.1) was used as a positive control as, unlike TGN1412, 

it is known not to require cross-linking to induce T cell proliferation as well as binding to a different 

CD28 epitope.428 

 

3.5.1 PBMC proliferation assays 

 

To measure the proliferation of T cells following stimulation, PBMCs from healthy donors were 

labelled with CFSE and incubated at high density (1x107 cells/ml) for 48 hours. They were then 

incubated for 4 days in the presence of stimulatory mAbs before the proliferation was measured 

by flow cytometry. Figure 3.10a presents the gating strategy used during analysis; live 

lymphocytes were gated based on forward and side scatter before CD4+ and CD8+ populations 

were identified using antigen specific mAbs. The proliferation of each cell population was 

determined by CFSE dilution with example plots shown in Figure 3.10b. Here it can be seen that 

when cells were unstimulated, a single peak was observed for CFSE fluorescence. However, when 

cells were stimulated with the Ancell anti-CD28 super-agonist antibody (clone 28.1), the CFSE 

fluorescence was diluted. For each division a cell undergoes, the CFSE fluorescence is 

approximately halved, allowing the proportion of cells that have undergone division to be 

determined. 

Following PBMC proliferation assays, individual wells were observed under a microscope to look 

for clustering of cells. As can be seen in Figure 3.11a, the control mAb Avastin did not result in the 

formation of any significant cell clusters. However, when PBMCs were stimulated with OKT3, 

distinct clusters of cells were formed in the bottom of the well. The degree of this clustering was 

approximately proportional to the amount of proliferation that had occurred. For each PBMC 

donor the proliferation assay was performed in triplicate, with the averages of these triplicates 

for a single donor shown by the points in Figure 3.11b. The PBMC donors came from 2 sources; 

CRA donor PBMCs were isolated from leukocytoke cones obtained from the National Blood Service 
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in Southampton; and HLS donor PBMCs were isolated from fresh whole blood from healthy donors 

at Huntingdon Life Sciences. In both cases, PBMCs were frozen before use in assays.   

It is clear from the results in Figure 3.11b that there was a high level of variability between 

individual PBMC donors. These assays were previously developed in Southampton, with the aim 

of transferring the assays to HLS using HLS PBMC donors; however, there appeared to be variation 

between the 2 sources of PBMCs, particularly when focussing on TGN1412 stimulation. The 

average CD4+ proliferation with TGN1412 by CRA donors was 41.2% (1.59% for Avastin) compared 

to 14.4% (5.16% for Avastin) with HLS donors. With CRA donors all T cell targeting antibodies 

(except UCHT1 on CD4+) resulted in a significant increase in proliferation compared to Avastin. 

When investigating the assays with HLS donors, only UCHT1 (CD4+ and CD8+), Ancell (CD4+ and 

CD8+) and OKT3 (CD8+ only) induced a significant increase in proliferation (p<0.01). With TGN1412 

stimulation there was a significant increase in proliferation compared to Avastin in CD4+ cells from 

CRA donors. There was a trend towards TGN1412 induced proliferation in CD8+
 cells from CRA 

samples and CD4+ cells from HLS samples however, in both cases this did not reach significance. 

CFSE labelled PBMCs from healthy donors were incubated at high density (1x107cells/ml) for 48 hours before being 
incubated with T cell targeting mAbs for 4 days and proliferation analysed by flow cytometry. A) Live lymphocytes were 
gated based on forward and side scatter before CD8+ and CD4+ populations were identified using antigen specific 
fluorescently labelled antibodies. Examples show unstimulated cells and those stimulated with Ancell anti-CD28 (28.1) 
B) Within each population, T cell proliferation was measured by the dilution of CFSE, plots here show CD8+ cells. 
Unstimulated cells gave a single peak with uniform CFSE fluorescence indicating no proliferation. When stimulated 
division was induced with each division halving the CFSE fluorescence allowing the percentage of a population that had 
divided to be determined.  

Figure 3.10 Gating for T cell proliferation following mAb stimulation 
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Despite this variation, the trends were similar between donors regardless of PBMC source. One 

such trend was the differential proliferation of CD4+ and CD8+ populations; there was a trend 

towards the anti-CD28 antibodies (Ancell and TGN1412) inducing increased proliferation in CD4+ 

cells compared to CD8+. The opposite trend was observed when PBMCs were stimulated with anti-

CD3 antibodies (UCHT1 an OKT3). This experiment also included a number of non-T cell targeting 

antibodies (Avastin, Campath, GA101 and cetuximab) none of which resulted in any significant T 

cell proliferation. Overall, these experiments demonstrate that, despite a high level of inter-donor 

variation, this assay format could be used to robustly measure T cell proliferation in response to 

antibody stimulation, most significantly with TGN1412. Importantly, the trends previously 

observed between mAbs in Southampton could be reproduced when the assays were performed 

at HLS. 

In these assays the PBMCs were precultured as this was previously found to be necessary in order 

to induce TGN1412 mediated proliferation.160 Additionally, CD32b was identified as being 

upregulated following high density preculture of PBMCs.161 Therefore the number of molecules of 

CD32b at the cell surface of monocytes following high density preculture was determined using 

quantibrite beads. Figure 3.12 indicates that there were very few CD32b molecules at the surface 

of CD14+ fresh monocytes. However, following 48 hours at high density, there was a 148-fold 

increase in the number of molecules of CD32b at the cell surface.  This result suggests that there 

may be a role for CD32b in facilitating TGN1412 induced T cell proliferation. The expression of 

CD32b on monocytes was compared to that on CD32b transfected CHO-K1 cells. High density 

monocytes were found to have a comparable number of CD32b molecules on their surface to 

CD32b2 (I232) transfected CHO-K1 cells whilst CD32b1 (I232) transfected cells had approximately 

4 times more CD32b at the cell surface. 
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Figure 3.11 PBMC based T cell proliferation assay.  

 
CFSE labelled Human PBMCs were precultured at 1x107cells/ml for 48 hours before being cultured for 4 days with 
mAb stimulation. A) Distinct clusters of cells formed when cells were stimulated with T cell targeting antibodies 
such as OKT3 compared to unstimulated cells. B) Following culture cells were stained with anti-CD4 and anti-CD8 
mAbs and proliferation assessed by CFSE dilution in each population. Points represent averages of triplicates for 
individual donors sourced in Southampton (CRA donors) or Huntingdon life sciences (HLS donor). T cell targeting 
antibodies were able to induce T cell proliferation although this was variable between donors and between the 
source of the PBMCs. In particular TGN1412 induced greater proliferation with CRA donors than with PBMCs from 
HLS donors. 2-way ANOVA with multiple comparisons (*P<0.05; **P<0.01; ***P<0.001). 

 

 

 



 

Page | 117  

 

 

3.5.2 CHO-K1 based T cell proliferation assays 

 

Previous experiments had shown that purified T cells do not proliferate when stimulated with 

TGN1412, despite PBMCs from the same donor resulting in proliferation following high density 

preculture.161 Initial experiments identified TGN1412 cross-linking as being necessary for 

replicating in vitro toxicity. However, this was achieved through immobilising TGN1412 by air 

drying onto plastic wells, or with an immobilised anti-human Fc mAb.159 This does not provide a 

biologically relevant mechanism for TGN1412 cross-linking. PBMC proliferation assays suggest 

that the non-T cell populations present in PBMCs can induce T cell proliferation, most likely 

through antibody cross-linking via FcγRs. In order to investigate the requirement for FcγR cross-

linking for mAb activity and to investigate the specific receptors required, CHO-K1 based 

proliferation assays were performed. T cells were isolated, using magnetic negative selection, 

from CFSE labelled PBMCs taken from healthy donors. 5x104 purified T cells were incubated with 

T cell targeting mAbs at appropriate concentrations and 1x104 CHO-K1 cells or CHO-K1 cells that 

had been stably transfected to express different human FcγRs. The FcγR alleles used in this assay 

were CD32b1 I232, CD16a F158 and CD32a R131. These alleles were chosen as they had the most 

Figure 3.12 Quantibrite analysis of CD32b expression in monocytes and CHO-K1 transfectants.  
 Monocytes were isolated from healthy donor PBMCs. The number of molecules of CD32b on the 
cell surface was calculated using a PE labelled anti-CD32b mAb and quantibrite beads. Results were 
calculated for fresh monocytes (CD14+) or following 48 hours of high density (1x107/ml) preculture 
(HD CD14+) n=2; mean=SD. Additionally analysis was performed for CD32b1 and CD32b2 
transfected CHO-K1 cells. 
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uniform FcγR expression at the time the assays were performed. For both CD16a and CD32a the 

lower affinity alleles were used, moreover the F158 allele of CD16a is found at a higher frequency 

in the general population than V158.372 Additionally CD32b1 was chosen as phenotyping 

suggested that the highest level of CD32b expression on PBMCs was on B cells which preferentially 

express the b1 isoform with the I232 allele found at a higher frequency.365 The cells were co-

cultured for 4 days before proliferation was measured by analysing CFSE dilution in the CD4+ and 

CD8+ populations.  

Figure 3.13 presents the results of the CHO-K1 based assays, performed in duplicate with points 

representing averages for individual PBMC donors. These results demonstrate that the Ancell 28.1 

antibody was the only mAb able to induce significant proliferation regardless of the CHO-K1 cells 

present in the assay, including untransfected CHO-K1 cells. This suggests that the antibody does 

not require cross-linking via FcγRs to induce T cell proliferation. OKT3 was only able to induce 

significant proliferation, compared to Avastin, when CD64 transfected cells were present and even 

then only CD8+ cells were seen to proliferate. Additionally, these results imply that OKT3 requires 

cross-linking via the high affinity receptor CD64 in order to induce T cell proliferation. 

TGN1412 did not induce any significant proliferation when co-cultured with untransfected CHO-

K1 cells, further suggesting that this mAb requires cross-linking to induce proliferation. TGN1412 

was able to induce significantly higher T cell proliferation than Avastin when CHO-K1 expressing 

CD32b or CD32a were present. Additionally, there was a trend towards increased proliferation 

with CD64 transfected CHO-K1 cells, however, this did not reach significance. With CD32a and 

CD32b transfected cells there was significant TGN1412 induced proliferation in both CD4+ and 

CD8+, strongly suggesting that TGN1412 can achieve effective cross-linking from these receptors 

to elicit proliferation and that this cross-linking may be responsible for in vivo toxicity. 
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Figure 3.13 CHO-K1 based T cell proliferation assays.  

Frozen PBMCs were thawed and labelled with CFSE before T cells were isolated using a MACs pan-T cell isolation kit. 
5x104 T cells and 1x104 CHO-K1 (untransfected or FcγR transfected) were co-cultured with mAbs in a total volume of 
150μl. The proliferation of the CD4+ and CD8+ populations was determined by CFSE dilution measured using flow 
cytometry. Ancell 28.1 gave significant proliferation regardless of the CHO cells present. TGN1412 only gave significant 
proliferation with CD32b and CD32a transfected CHO-K1, there was a trend towards increased proliferation with CD64 
cells however this did not reach significance. Points sow the average of duplicates for individual donors (n = 3-6). 2-way 
ANOVA with multiple comparisons (***p<0.001; *p<0.05), statistics refers to CD4+ and CD8+ unless stated otherwise. 
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3.6 Analysis of cytokines produced by T cell proliferation assays 

 

One of the main clinical complications arising from TGN1412 when it was used in humans  was the 

induction of a rapid and unregulated cytokine storm.157 To ascertain if this occurred in the in vitro 

assays performed here, supernatant samples were taken from the PBMC and CHO-K1 based 

proliferation assays. Concentrations of inflammatory cytokines in the supernatants were 

measured by MSD or Luminex technology. Samples were run in both assay formats in order to 

investigate the variability between the platforms which has been previously observed.429 Cytokine 

analysis was performed on supernatant samples from PBMC assays using 4 donors; the 

proliferation obtained for each donor in these assays is presented in Table 3.1. 

PBMC 

Donor 

 OKT3 induced 

Proliferation (%) 

TGN1412 induced 

Proliferation (%) 

CRA53 CD4+ 7.3 67.9 

CD8+ 24.3 41.1 

CRA57 CD4+ 7.7 45.7 

CD8+ 24.5 27.2 

CRA108 CD4+ 20.1 38.3 

CD8+ 47.3 18.1 

CRA157 CD4+ 5.9 33.0 

CD8+ 15.2 12.5 

Table 3.1 Results of PBMC proliferation assays performed on samples used for cytokine analysis. 

  

Proliferation in the CD4+ and CD8+ populations was measured by CFSE dilution following stimulation with OKT3 or 
TGN1412 in PBMC proliferation assays. The most relevant cell populations are highlighted (CD4+ for OKT3 and CD8+ for 
TGN1412) with results the averages of 3-4 independent experiments, each performed in triplicate by Dr Kam Hussain. 
Supernatants from these samples were used in cytokine analysis by MSD and Luminex. 
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3.6.1 Comparison of cytokine levels between MSD and Luminex assays 

 

Cytokine levels obtained from PBMC assays were analysed using both the MSD and Luminex 

platforms to determine the cytokine concentration. There was a high degree of variability 

between the assay formats which is highlighted in Figure 3.14. Shown are representative plots for 

a cytokine found at a high concentration (TNF-α) and one found at a low concentration (IL-2). 

When looking at the concentrations of IL-2 in Figure 3.14a, MSD gave a consistently higher 

concentration of analyte than Luminex. For TGN1412 stimulated CRA53 PBMCs, the concentration 

of IL-2 was eight times higher with MSD compared to Luminex. For a number of samples, the 

concentration was below the detectable limit for Luminex and has therefore been given the value 

0. However, both Luminex and MSD suggest that, with TGN1412 stimulation, IL-2 levels were 

highest with PBMCs from CRA157 and lowest from CRA57, suggesting that whilst absolute values 

vary between the different platforms, they both identify the same trends between donors.  

When the concentrations of TNF-α were measured (Figure 3.14) in the same assay, the Luminex 

platform suggested higher absolute concentrations of analyte compared to MSD. Despite this 

discrepancy, the hierarchy of concentrations between donors was maintained between MSD and 

Luminex. The results seen here with IL-2 and TNF-α are representative of the other analytes 

assessed on both platforms; MSD tended to give record higher concentrations for analytes present 

at low concentrations, whilst Luminex tended to give higher readings for cytokines present at a 

high concentration (full data not shown). Given that the trends were maintained between donors, 

from this point onwards results will only be presented for Luminex, given the larger number of 

analytes examined using this platform. 
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3.6.2 Cytokine release from T cell proliferation assays 

 

A Luminex assay was performed to analyse the cytokines secreted during PBMC and CHO-K1 based 

T cell proliferation assays. Full results for the cytokines where levels were quantifiable are 

presented in Figure 3.15. As is to be expected, the control, non-T cell targeting antibodies Avastin 

and rituximab did not induce any significant levels of any of the cytokines investigated. Following 

stimulation with TGN1412 a wide range of cytokines were detectable in the culture supernatant. 

Figure 3.14 Comparison of TNF-α and IL-2 concentrations determined by MSD and Luminex.  

A PBMC proliferation assay was carried out on cells isolated form 3 donors. Following high density (1x107cells/ml) 
preculture, PBMCs were stimulated with antibodies for 48 before the concentrations of IL-2 (a) and TNF-α (b) were 
analysed by MSD and Luminex. A) IL-2 levels following TGN1412 stimulation were consistently higher when analysed by 
MSD compared to Luminex. B) The opposite trend was seen for TNF-α where Luminex gave higher readings. In both 
cases, whilst absolute values varied, the 2 platforms gave the same trends between donors. 
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IFN-γ levels were in excess of 500pg/ml for all PBMC donors with donor CRA53 producing levels 

over 25ng/ml. Additionally, TGN1412 was able to consistently induce secretion of TNF-α, IL-6, IL-

8, MCP-1 and MIP-1a/b, suggesting that the induction of proliferation also results in the secretion 

of cytokines. There were no obvious trends between the different PBMC donors investigated; for 

example, CRA57 produced the lowest concentrations of a number of analytes (including TNF-α 

and IFN-γ) following TGN1412 stimulation, yet produced the highest levels of MCP-1. Furthermore, 

this did not appear to correlate to the proliferation data where CRA57 had the second highest 

level of T cell proliferation following TGN1412 stimulation. 

OKT3 stimulation also resulted in detectable levels of the majority of cytokines investigated, 

however in general these levels were lower than those resulting from TGN1412 stimulation. 

Following stimulation with OKT3, CRA108 tended to result in the highest levels of most cytokines, 

most notably MIP1-a/b, TNF-α and GM-CSF; this correlates with this donor giving the highest 

proliferation following OKT3 stimulation. Interestingly, the anti-CD52 antibody Campath-1H did 

not induce any significant T cell proliferation. However, following stimulation, the supernatant 

contained detectable levels of IL-1b, IL-6, IP-10, MCP-1 and MIP1a/b. Not all of these cytokines 

were detected with all PBMC donors, suggesting that there may be donor-specific factors involved 

in the response to Campath-1H stimulation. 

In addition to samples from the PBMC assays, supernatants from a single donor used in the CHO-

K1 based assay were also run on the Luminex platform. Samples from assays with untransfected 

CHO-K1 cells and with CD32b transfected cells were analysed following stimulation with TGN1412 

or a human IgG4 isotype control. These results, represented by the open bars in Figure 3.15 

suggest that TGN1412 cross-linking by CD32b was required in order to induce cytokine release 

following stimulation. The concentrations of GM-CSF (1060 pg/ml), IL-4 (86 pg/ml) and IL-5 (452 

pg/ml) in the supernatant of CD32b CHO following TGN1412 stimulation were higher than for any 

of the donors used in the PBMC proliferation assays. TNF-α (1700 pg/ml), IFN-γ (1720 pg/ml) and 

IL-10 (200 pg/ml) were all secreted following TGN1412 stimulation with CD32b cross-linking.  

There were a number of cytokines that were consistently identified in PBMC assay samples but 

were not detected in samples form the CHO-K1 assay, these include: IL-6, IL-8, IP-10, MCP-1 and 

MIP1α/β. When taken together, these results demonstrate that following stimulation with a 

number of antibodies, including TGN1412, high cytokine concentrations could be measured in 

culture supernatants. Additionally, purified T cells could be induced to secrete various cytokines 

provided TGN1412 was cross-linked by CD32b expressing CHO-K1 cells. 
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Figure 3.15 Cytokine concentrations in supernatants from proliferation assays.  

Proliferation assays were carried out using PBMCs from donors CRA53, 57, 157 and 108. 48 hours after antibody 
stimulation, 50μl supernatant was removed and stored at -80°C before the concentrations of cytokines measured by 
Luminex. Results indicate that, for most analytes, TGN1412 was able to induce the secretion of the highest 
concentrations of cytokines whilst OKT3 was also able to induce high levels of a number of cytokines. Additionally 
supernatant samples were analysed from a CHO-K1 based proliferation assay (open green bars) using CHO-K1 cell that 
were either untransfected or transfected with hCD32b. Only when hCD32 CHO-K1 cells were present, and cells were 
stimulated with TGN1412 were any measurable cytokines detected.  
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3.7 Chapter discussion 

 

In this chapter, plasmids were produced for the major polymorphic variants of human FcγRs. Initial 

experiments using transient transfections indicated that receptors could be expressed and 

recognised by receptor specific antibodies. Transiently transfected cell lines were used in a flow 

cytometry assay to distinguish between the polymorphic variants of CD16a. This assay was based 

on previous observations that the antibody MEM-154 has a higher affinity for the V allele of CD16a 

than the F allele.425 In the adapted assay used here, results were consistent with those previously 

seen, with MEM-154 preferentially binding to the V allele. In the previous study, NK cells from 

F158 homozygous donors were only 4.5% positive when stained with MEM-154; here this was 

30.8% when using 293F transfectants. The main reason for this discrepancy is likely to be the high 

expression level of CD16a obtained in the transient transfections; those cells with the highest 

receptor expression are likely to be those that MEM-154 stains. Nonetheless, CD16a F158 

transfected cells have a significant reduction in MEM-154 positive cells compared to other 

phenotypes, allowing them to be easily distinguished. The previous study used fluorescently 

labelled 3G8 whereas here, unlabelled 3G8 was used to provide competition for MEM-154 binding; 

this competition augmented the ability of MEM-154 to distinguish V158 cells from VF 

heterozygous cells. Finally, the results here suggest that, with further refinement, this assay may 

be able to distinguish between copy number variations in CD16a. However, these results are based 

on an in vitro overexpression system and transferring this to human samples could be challenging 

as the assay requires comparative analysis between the 3 major phenotypes. 

Using the plasmid constructs, CHO-K1 cells were generated which stably expressed polymorphic 

variants of hFcγRs. One of the challenges encountered during this was the tendency for receptor 

expression levels to drift over time. This was most apparent for CD16a and CD64 transfected CHO-

K1 cells, suggesting that this phenomenon may arise as a result of co-transfection of 2 plasmids.  

The expression of FcγRs on stably transfected CHO-K1 cells was compared to that observed on 

PBMCs obtained from healthy donors; these data revealed that receptor expression on CHO-K1 

cells was higher than that physiologically observed. Additionally, these data highlighted the 

variability in FcγR expression level between PBMC donors. Two distinct expression levels of CD16a 

were observed on CD56+ cells. These correspond to the CD56dim (expressing high CD16a) and 

CD56bright populations (expressing low CD16a).430 CD56bright NK cells have been shown to secrete 

large amounts of cytokine following monocyte activation, whilst CD56dim cells are thought to have 
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a higher cytotoxic activity, indicating that these two subsets are functionally distinct.426  

Furthermore, the data in this chapter indicates that even within the CD16aHi population, 

expression is variable between donors, with the number of molecules ranging between 12200 and 

30200 for different donors. This could  be natural variation that occurs, however it has also been 

described that activation of NK cells results in a downregulation of CD16a.431 This suggests that 

the variability in expression could be related to the NK cell activation of the donors. For some 

donors there appeared to be a low level of CD32b expression on NK cells, with a highest level of 

2313 molecules per cell for 1 donor. Whilst this may be an artefact, it is also possible that this 

represents expression of CD32c. This receptor is identical to CD32b extracellularly, however the 

majority of individuals carry a CD32c haplotype containing an upstream stop codon, preventing 

receptor expression.313 In one study of 146 individuals, only 20% contained one or more open 

reading frame for CD32c, although expression was not confirmed at the protein level.312 It is 

therefore possible that the anti-CD32b mAb used here is detecting expression of CD32c on the NK 

cells of some individuals here. 

It was suggested by data in this chapter that CD64 was the only receptor able to efficiently bind 

to monomeric pooled IgG. This is consistent with previous work; SPR found CD64 to have a KA of 

650 x105M-1 for human IgG1, 12.5 fold higher than the affinity of the next highest affinity receptor, 

CD32a.290 As expected, CD32a and CD32b were able to bind to aggregated pooled IgG more 

efficiently than monomeric. It is likely that this differential binding of monomeric and aggregated 

IgG reflects the biological functions of the receptors. The low affinity receptors CD32a and CD32b 

function to induce or regulate an immune response, therefore it is important that they respond 

to immune complex rather than monomeric circulating IgG, which would result in signalling in the 

absence of antigen.  

Whilst the biological function of CD64 (particularly with regards to the biological significance of 

monomeric IgG binding) remains unclear, the structural basis for its high affinity has been 

investigated. Most notably, this revealed a hydrophobic pocket on the surface of CD64 where 

Leu235 of IgG1 Fc was able to bind efficiently.293 Further structural evidence suggested that CD64 

may be more efficiently able to bind glycans on IgG1 compared to the low affinity receptors.294  

Interestingly, CD16a appeared to have very low binding to both monomeric and aggregated IgG 

with a slight preference for monomeric IgG. This is surprising given that, akin to CD32a and CD32b, 

CD16a is known to have a low affinity for monomeric IgG; it has been previously shown to be only 

able to bind IgG3 as a monomer yet has a high affinity for complexed IgG1.290 One possible 

explanation is that one subtype of IgG is preferentially aggregating. In the same study, aggregated 
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IgG of specific isotypes was generated with receptors showing preferential binding to certain 

isotypes, this could explain the binding patterns for aggregated IgG observed in the work 

performed here. This, coupled with the relatively high concentrations of aggregated IgG used here 

may explain why no major differences were observed between polymorphic variants of FcγRs. 

Previous experiments using low concentrations of aggregated IgG of defined isotype was able to 

identify differences in binding between the variants.290  

PBMC proliferation assays were performed in this chapter to analyse the effect of a range of 

immunostimulatory antibodies. One observation from these assays was that activated, 

proliferating T cells form distinct multi-cell clusters in the plates. Clustering of T cells has been 

previously shown to induce an intracellular signalling cascade that results in reduced Cbl-b 

mediated inhibition of PI3K, resulting in activation of Rho and NFκB.432 This process may enhance 

the proliferation of T cells following cross-linking in addition to the intrinsic signalling resulting 

from CD28 or CD3 stimulation.  

It has been previously shown that the anti-CD3 antibodies OKT3 and UCHT1 require cross-linking 

by other non-CD3 positive cell populations as they do not induce proliferation when isolated T 

cells are stimulated.161 The same work identified that, as well as additional cell populations, PBMCs 

require high density preculture before TGN1412 stimulation in order to induce significant 

proliferation. It is apparent from the work in this chapter that there is significant variation in 

proliferation between PBMC donors; this is an area that requires further investigation. One 

possible explanation for the variability is that antibody target expression may vary between 

donors, affecting proliferation. However, when looking at individual donors, those that showed 

low response to TGN1412 also responded poorly to anti-CD3 antibodies. It therefore seems likely 

that response is dependent on some inherent property (e.g. cell health or immune activation 

status) of the donor samples. 

The results presented in this chapter indicate that when assays were performed using CRA PBMC 

donors at HLS, results obtained were similar to those obtained from the same donors when assays 

were performed in Southampton. This is summarised in Table 3.2  where the CD8+ proliferation 

for 2 donors is shown, suggesting that with the same PBMC donors, results are repeatable 

between location. However, when the same set of assays were performed using PBMC donors 

from HLS, proliferation achieved with TGN1412 and OKT3 stimulation was lower than was seen 

with CRA donors. One possible explanation for this is the method of PBMC preservation; CRA 

samples were frozen in the presence of human AB serum, whereas HLS samples were frozen in 
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FCS. The use of human AB serum has been found to lead to improved cell viability and proliferation 

after thawing (Dr K. Hussain, personal communication). Moreover, HLS PBMCs were isolated from 

whole blood, whereas CRA PBMCs were purified from National Blood Service leukocyte cones. 

These sources have different relative proportions of cell subsets; PBMCs from whole blood 

contains 50-80% neutrophils whereas they constitute less than 5% of leukocyte cone PBMCs (Dr 

K. Hussain, personal communication). Whilst neutrophils should be removed by the lymphoprep 

step there may be some carry-over, as well as other differences in the cell populations present. 

Overall, this assay format is repeatable across different labs and is capable of inducing T cell 

proliferation following TGN1412 stimulation.  

Antibody CRA160 CD8+ proliferation (%) CRA161 CD8+ proliferation 

 Southampton HLS Southampton HLS 

OKT3 50.7 47.6 96.4 96.2 

UCHT1 9.2 6.7 90.1 88.0 

TGN1412 10.0 13.6 66.4 64.5 

Ancell 28.1 85.1 81.1 92.3 91.4 

A number of assays have been previously developed for replicating the in vitro toxicity seen 

following TGN1412 stimulation; these highlighted the need for cross-linking of TGN1412. However, 

they achieve it either through immobilisation of antibody on a plastic surface or through the use 

of a secondary anti-IgG cross-linking antibody.158, 159 Whilst these assays highlight the importance 

of cross-linking, it is not provided in a biologically relevant manner. The assays used in this chapter 

build on the work of Romer where high density preculture was found to facilitate cytokine release 

by soluble TGN1412.160 This previous study suggested that preculture increased the tonic 

activation of T cells. However, work in this chapter suggests that upregulation of CD32b following 

high density culture is responsible for TGN1412 induced proliferation. This is corroborated by the 

CHO-K1 assay where high density preculture was not performed yet proliferation was still 

achievable when isolated T cells were incubated with CD32b-expressing CHO-K1 cells. It has been 

found that CD32b is upregulated on human monocytes in response to high density preculture.161, 

Proliferation assays were performed at HLS and in Southampton using PBMCs from the same donor and stimulated 
with the various antibodies. Results indicate that proliferation of the CD8+ (as determined by CFSE dilution) was 
similar for the same conditions regardless of whether the assay was performed at HLS or in Southampton. 

Table 3.2 Comparison of proliferation assays performed in Southampton and at HLS. 
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433 In this chapter, this upregulation resulted in a mean of 128,000 molecules of CD32b on the cell 

surface, this was still 2.4 fold lower than the expression of CD32b1 on CHO-K1 cells used for 

proliferation assays. This suggests that the cross-linking provided by transfected CHO-K1 cells is 

likely to be greater than that achieved in vivo or through using ex vivo samples in other assay 

formats.  

One of the main aims of this study was to investigate the FcγR cross-linking requirement for T cell 

stimulating antibodies; this was investigated using CHO-K1 cells that had been stably transfected 

with a single FcγR. An additional advantage of this system is that the polymorphic variant of CD16a 

and CD32a can be controlled, which is not possible in the PBMC assay without donor genotyping.  

TGN1412 was able to induce proliferation when cross-linked by CD32a, CD32b or CD64. The 

requirement for CD32b cross-linking has been previously investigated, where it was found that 

using a CD32b blocking antibody in a PBMC assay significantly reduced T cell proliferation 

following TGN1412 stimulation.161 This adds to further work demonstrating that interactions 

between Fc and CD32b are important for the activity of agonistic mAbs targeting costimulatory 

molecules such as CD40.434 Furthermore, the results presented here demonstrate that cross-

linking by CD32a is also able to induce proliferation following TGN1412 stimulation. This result is 

unsurprising, given that CD32a and CD32b have 94.5% protein sequence identity for their 

extracellular domains (alignment of Uniprot accessions P12318 and P31994 using ClustalW2435).307 

CD32a contains a motif that allows the receptor to form a dimer at the cell surface; it is possible 

that this may enhance the ability of the receptor to cross-link TGN1412.302 Given the sequence 

similarity, it is likely for the same phenomenon to occur with CD32b, although this has not been 

formally demonstrated.302 CD16a expressing CHO-K1 cells were unable to facilitate TGN1412 

induced proliferation, despite the receptor having a similar affinity for IgG4 as CD32a and CD32b, 

as measured by biacore.290 Additionally, the expression of CD16a on the CHO-K1 cells was similar 

to that of CD32a; this suggests that CD32a and CD32b have an enhanced innate ability to cross-

link TGN1412, possibly as a result of their dimerization motifs. TGN1412 stimulation in the 

presence of CD64 transfected cells also resulted in proliferation, which is likely to occur as a result 

of the high affinity of CD64 for IgG4.290  

The anti-CD3 mAb OKT3 was only able to induce significant proliferation in the CHO-K1 based 

experiments in the presence of CD64 transfected CHO-K1 cells. In order to induce proliferation, 

anti-CD3 mAbs typically require co-stimulation, for example through CD28.436 This would normally 

be provided from other cell populations not present in the CHO-K1 based assays. However, the 

anti-CD3 OKT3 has been previously shown to induce T cell proliferation following cross-linking, 
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either through immobilisation on plastic, or via FcγRs on monocytes in order to induce 

proliferation.437, 438 This is consistent with the observations in this study and others, suggesting 

that mouse IgG2a (such as OKT3) can bind to CD64. Cross-linking via this receptor was 

demonstrated to be required for OKT3 activity.439  Furthermore, UCHT1 is a mouse IgG1, an isotype 

known only to bind to the R allele of CD32a. In the PBMC proliferation assay, 2 donors did not give 

proliferation in response to UCHT1; it is therefore likely that these donors were homozygous for 

H131. 

The Ancell 28.1 antibody was able to induce proliferation without any FcγR cross-linking as well as 

in purified T cells or PBMC assays without high density preculture. This is consistent with previous 

experiments identifying 28.1 as a superagonist, capable of inducing T cell proliferation without 

any T cell receptor (TCR) stimulation.428 The same study also demonstrated that TGN1412 could 

induce the proliferation of purified T cells only when cross-linked, although this was achieved using 

an anti-human IgG4 cross-linking antibody. Whilst this identifies the need for cross-linking, it does 

not provide a biologically relevant method of cross-linking that can explain the in vivo toxicity. In 

this chapter, cross-linking was provided by FcγRs. Whilst these are overexpressed on CHO-K1 cells, 

these results indicate a more biologically relevant mechanism by which TGN1412 could be cross-

linked to result in in vivo toxicity. 

Very little cytokine release was observed with the non-T cell targeting antibodies rituximab and 

Avastin, suggesting that cytokine release is correlated with T cell activation. In contrast, Campath 

induced detectable levels of several cytokines; whilst this mAb was developed for use in B cell 

malignancies, its target, CD52, is also expressed on T cells and NK cells. Cytokine release has been 

reported in vivo following Campath infusion, however the cytokines reported previously were 

TNF-α, IFN-γ, and IL-6.440 In the present study, Campath induced secretion of TNF-α and IL-6, 

however levels were lower than given by TGN1412 and not detected with all donors. The primary 

cytokines detected following Campath stimulation were IL1-b, IL-6, IL-8 and MIP1α/β. Early studies 

identified that cytokine release following Campath stimulation was dependent on CD16a 

engagement with cytokines secreted from NK cells. 440 Whilst a later study confirmed the 

importance of NK cells, the depletion of neutrophils significantly reduced cytokine secretion 

following Campath stimulation.441 This could explain the low levels of cytokines observed in this 

chapter following Campath stimulation, as all assays performed with Campath used PBMCs 

isolated using lymphoprep, which should exclude the majority of neutrophils. Although the 

cytokines detected in this study differ from those seen previously, they emphasise the 

proinflammatory response obtained with Campath stimulation.  
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The cytokines released in response to TGN1412 in this chapter include those reported as being 

found at high concentrations in the blood of volunteers during the TGN1412 trial. This includes 

TNF-α, IFN-γ, IL-4, IL-6, IL-8 and IL-1b.157 This suggests that the assay format used here is 

appropriate for re-capitulating the adverse events seen in vivo following TGN1412 stimulation. 

There does not appear to be a clear correlation between the concentrations of cytokines and the 

observed T cell proliferation. For example, the highest concentration of the proinflammatory 

cytokine TNF-α following TGN1412 stimulation was achieved with PBMCs from CRA157, the donor 

that resulted in the lowest proliferation. For IFN-γ the donor that gave the highest TGN1412 

induced proliferation (CRA53) did give the highest concentrations of cytokine, however the next 

highest levels were given by the donor with the lowest proliferation, CRA157. One caveat to this 

is the small number of samples investigated here, especially when considering the large variation 

between donors, making it difficult to identify or exclude correlations between proliferation and 

cytokine release. When using a larger number of donor samples, a correlation was observed 

between percentage proliferation and the release of cytokines including IL-2, TNF-α and IFN-γ (Dr 

Kam Hussain, personal communication). One complicating factor is that the supernatant samples 

were collected at a different time to the assessment of proliferation; carrying out both analyses 

at the same time point may result in a clearer correlation. Overall, the data presented here implies 

that the release of cytokine may be an all-or-nothing response, with cytokine released when 

proliferation occurs, regardless of the magnitude of proliferation. The concentrations of cytokines 

produced may not be determined by the magnitude of proliferation but by donor specific factors 

unrelated to their proliferative capacity. 

The CHO-K1 proliferation assays also show that there was cytokine release following TGN1412 

stimulation with CD32b transfected cells. There were a number of cytokines found in PBMC assay 

supernatants that were not seen in the CHO-K1 assay, such as IL-6. It is likely that these cytokines 

are secreted by cell populations present in the PBMC cultures but not in the CHO-K1 assays 

suggesting they are secreted by non-T cells. IL-6 can be produced by T cells, however its absence 

from the CHO-K1 cultures suggests that in the PBMC assay, it may be secreted by other cell 

populations such as monocytes, where it has been shown to be secreted in response to TNF-α 

stimulation.442 It is important to consider that for the CHO-K1 assay, cytokine analysis was 

performed using PBMCs from a single donor; given the variability seen between donors it will be 

important to repeat this analysis with additional donors. 

Overall, in this chapter CHO-K1 cells were generated that expressed polymorphic variants of 

human FcγRs; these were subsequently characterised and demonstrated binding to monomeric 
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and aggregated IgG. This assay allowed for T cell proliferation and cytokine release to be analysed 

in a way that provided more biologically relevant cross-linking than antibody immobilisation. It 

remains to be seen how these assays could predict the toxicity of a novel reagent, prior to in vivo 

investigation. Transfected cells could be used to provide antibody cross-linking which could 

recapitulate the toxicity of TGN1412 observed in vivo. This highlights the importance of FcγRs in 

the activity of immunostimulatory mAbs and emphasises the need to understand the effect of 

FcγR mediated cross-linking on new mAbs. These mAbs do not normally rely on effector cell 

activity for their function, a role requiring FcγR engagement. The results shown here add weight 

to FcγRs having a more complex function than acting as mediators of immune effector cell function.  
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Chapter 4 Investigating the lack of CD32b expression in Ramos cells 

 

4.1 Chapter introduction 

 

CD32b, as has been described in the introduction, is the only inhibitory FcγR present in humans. 

Additionally, it is the only FcγR expressed by B cells where its function is thought to be to modulate 

the signalling mediated by the BCR; this feedback loop provides an important checkpoint to 

restrict excessive antibody production and reduce the risk of autoimmunity.322 CD32b is also 

expressed on macrophages and monocytes, alongside activatory receptors, where it is thought to 

provide a threshold for cell activation. There are two isoforms of CD32b in humans; CD32b1 is the 

major isoform expressed on B cells and contains a 19 amino acid insertion in its cytoplasmic 

domain, not found in CD32b2.443 Whilst the two isoforms do not differ in their ability to bind to 

IgG, the insertion in CD32b1 prevents localisation into clathrin coated pits and thus efficient IC 

endocytosis.308 

Ramos and Raji cells are widely used B cell lines, derived from  Burkitt’s lymphoma patients.444, 445 

These cells have been used extensively to study immunotherapy in vitro, particularly as target cells 

for ADCC, CDC and ADCP assays.185, 265, 446 They represent a convenient alternative to using primary 

ex vivo samples, reducing the inter donor variation that comes with them. One major difference 

between Ramos and Raji cell lines is their expression of CD32b. Unlike most B cells, Ramos cells 

do not express of CD32b, whereas Raji cells maintain expression.210 In this chapter, the lack of 

CD32b expression at the cell surface was before investigating the potential basis for this. 

Expression of CD32b is thought to be an important factor in the response to immunotherapy. 

Patients who had a higher level of CD32b expression were found to respond less well to therapy 

with the anti-CD20 mAb rituximab.255 It is believed that this reduced response is a result of mAb 

internalisation though binding to CD32b.253, 254 Investigating why the Ramos cell line lacks 

expression CD32b may give a mechanistic insight into how some patients respond better to anti-

CD20 immunotherapy through reduced expression of CD32b.  Furthermore, as described in the 

previous chapter, CD32b cross-linking can be required for the activity of immunomodulatory mAbs. 

With B cells thought to provide the highest in vivo expression level of CD32b, understanding the 

causes of reduced expression could be important with regard to immune modulatory mAb 

activity.161 Therefore, the aim of this chapter was to understand the mechanism by which Ramos 
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cells fail to express CD32b. Whether this lack of CD32b expression was due to defects at the 

transcriptional or translational level was investigated before determining if CD32b expression 

could be restored using small molecule inhibitors. 

 

4.2 Confirmation of CD32 expression on Ramos and Raji cells by flow 

cytometry 

 

Initially, Ramos cells were screened in order to confirm their lack of CD32b expression at the cell 

surface. Ramos and Raji cell suspensions were stained with AT10 (anti-CD32) F(ab’)2 FITC or an 

irrelevant control for 15 minutes at room temperature before being washed twice with FACS wash. 

Samples were then analysed by flow cytometry, as can be seen in Figure 4.1. Viable cells were 

identified by forward and side scatter and the expression of CD32 was determined. This 

demonstrated that CD32 could be detected on the surface of Raji cells but that there was no 

detectable expression on Ramos cells. Whilst this shows that no CD32 was expressed at the surface 

of Ramos cells, it does not identify whether this was due to a lack of transcription, translation or 

transport of the receptor to the membrane. 

Figure 4.1 Expression of CD32 by Raji and Ramos cells.  

100μl Ramos and Raji cell suspension at 1x106 cells/ml were stained with AT10 F(ab’)2 FITC 
(red histogram) or irrelevant control (grey) at a final concentration of 10μg/ml. Viable cells 
were gated based on forward and side scatter (top panels) before the expression of CD32 was 
determined (bottom panels). Surface expression of CD32 was detectable on Raji but not Ramos 
cells. 
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4.3 The effect of proteasome inhibition on CD32b expression 

 

Having established that there was no detectable expression of CD32 at the cell surface of Ramos 

cells, experiments were performed to determine the mechanism behind this. One possibility was 

that CD32b was being translated but was not reaching the cell surface due to being degraded 

within the cell. In order to investigate this mechanism, Ramos and Raji cells were incubated for 48 

hours with the proteasome inhibitor bortezomib. This acts by inhibiting the 26S proteasome, 

preventing ubiquitin-mediated protein degradation.447 

Bortezomib is used as a chemotherapy drug and as such has substantial cytotoxicity against a 

range of cell lines in vitro.448 Therefore, the viability of Ramos and Raji cells following incubation 

with bortezomib for 48 hours was determined. This was performed by staining with annexin V-

FITC and propidium iodide (PI). To determine cell death, debris was first excluded by forward and 

side scatter before viable cells were identified as being double negative for annexin V and PI 

(Figure 4.2). As can be seen in Figure 4.2b, cell death increased at bortezomib concentrations 

above 5nM. When used at 10nM, the majority of cells in the culture were no longer viable. The 

expression of CD32 was investigated following bortezomib treatment by flow cytometry. Cells 

were stained with AT10 F(ab’)2 FITC or an irrelevant control. Due to the high cell death, samples 

treated with 10nM bortezomib were not investigated for CD32 expression. Figure 4.2c indicates 

that bortezomib did not alter the expression of CD32 at any concentration used. Ramos cell 

continued to be negative for surface CD32 expression whilst for Raji cells there was no 

accumulation of surface CD32 following bortezomib treatment. This suggests that inhibition of the 

proteasome is not able to restore surface CD32b expression and thus CD32b degradation is not 

responsible for the lack of expression in Ramos cells. 
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4.4 Semi quantitative PCR for CD32b  

 

With CD32 protein not detectable at the surface of Ramos cells, it was investigated whether mRNA 

for CD32b was present. mRNA was extracted from Ramos and Raji cells with an mRNA extraction 

kit using oligo (dT) beads. cDNA was generated by reverse transcription from mRNA using the 

 200μl Ramos and Raji cells at 0.5x106cells/ml were incubated with bortezomib at the indicated final concentrations. A) 
Cultures were stained for 15 minutes with 2x annexin V-FITC PI (160ng/μl annexin V-FITC, 2.6μg/ml PI in 10mM HEPES 
pH7.4, 140mM NaCl, 2.5mMCaCl2) before being analysed by flow cytometry. Debris was excluded based on forward 
(FSC) and side scatter (SSC) before viable cells were identified as being double negative for PI and annexin V. B) The 
percentage cell death in each culture was determined with bars showing mean +range for duplicates from a single 
experiment. C) Cultures were stained for CD32 expression using AT10 F(ab’)2 FITC (coloured histograms) or irrelevant 
control (grey) and expression investigated by flow cytometry. The isotype control plotted is from a culture treated with 
0nM bortezomib, however the fluorescence did not alter with increased drug concentration. Results show that addition 
of bortezomib did not alter the expression level of CD32 on either cell line. 

Figure 4.2 Effect of proteasome inhibition on CD32 expression in Ramos and Raji cells 
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Superscript II reverse transcription kit. Semi quantitative PCR was performed using 20, 25 or 30 

reaction cycles in order to semi-quantitatively compare the levels of mRNA between Ramos and 

Raji cells. In addition, PCR was performed for GAPDH to confirm comparable levels of cDNA were 

used in each reaction. Figure 4.3a shows amplified bands, corresponding to the PCR product using 

CD32b specific primers. A band was observed in the Ramos samples at the expected molecular 

weight, suggesting that CD32b mRNA was present in the sample. However, the bands seen in the 

Raji sample, particularly at 25 and 30 cycles were far more intense, suggesting that Raji cells have 

a greater amount of CD32b mRNA. Importantly, Figure 4.3b shows that comparable bands were 

seen in Ramos and Raji samples when using GAPDH specific primers. This indicates that equivalent 

amounts of cDNA were present in the Ramos and Raji reactions. This result suggests that the 

CD32b mRNA was present in Ramos cells. However this result was only semi quantitative and may 

have given a misleading indication as to the amount of transcripts present as a result of the power 

of PCR to amplify even very small numbers of template molecules within the large number of 

cycles performed and the quantity of cDNA used. 

 

 

Figure 4.3 Semi-quantitative PCR for CD32b in Ramos and Raji cells.  

 mRNA was extracted from Ramos and Raji cells  using oligo (dT) beads before being converted to cDNA by reverse 
transcription using superscript II reverse transcription kit. Reactions contained: 1μl 1in10 diluted cDNA, 2.5μl pfu buffer, 
1μl forward primer, 1μl reverse primer, 0.5μl dNTPs, 1μl pfu polymerase, 18μl water.  A) PCR was performed using 
CD32b specific primers and cDNA from Ramos and Raji cells. 20, 25 or 30 cycles of PCR was performed. B) PCR was also 
performed using GAPDH specific primers as a loading control with 30 reaction cycles performed. All reactions were run 
on 0.7% agarose gels with gel red DNA dye before being visualised under UV light. 
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4.5 qPCR for CD32b1 and CD32b2 in Ramos and Raji cells 

 

With results suggesting that CD32b mRNA was present at the mRNA level in Ramos cells, qPCR 

was performed in order to confirm this result. Furthermore, the qPCR was performed using 

primers specific for CD32b1 and CD32b2 in order to determine which isoform was present in each 

cell type. Reactions were performed in 384 well plates with reactions for the HPRT1 and HMBS 

genes also performed as reference samples. These reference genes has been previously found to 

amplify under the same reaction conditions as CD32b (Dr Chantal Hargreaves, personal 

communication). Sample cDNA was used in the reactions at 10ng/μl as determined by nanodrop. 

The HMBS control gene came up too late to plot a standard curve, however the results for the 

HPRT1 gene are shown in Figure 4.4. It can be seen in Figure 4.4a that the curves for triplicates 

were tight, suggesting that the results were consistent. This allowed a standard curve to be plotted 

for cycles against log concentration as can be seen in Figure 4.4b. The crossing point (Cp) was 

determined as the cycle where the fluorescence rose significantly above baseline; the Cp results 

are summarised in Table 4.1. These results allowed a standard curve to be plotted, the equation 

of which was used to normalise the Ramos results. The standard curve suggested that the 

concentration of Ramos DNA used in the reactions was 6.31ng/μl, this was therefore the assumed 

concentration of Ramos cDNA used in subsequent CD32b specific reactions. 

 HPRT1 Cp CD32b1 Cp CD32b2 Cp 

Concentration 
(ng/μl) 

Raji Ramos Raji Ramos Raji Ramos 

472 23.23  26.28  29.91  

236 24.66  27.83  31.24  

118 26.28  29.66  32.65  

29.5 28.43  31.91  35.00  

7.38 29.87  32.81  N/A  

6.31  30.29  N/A  N/A 

1.84 31.85  35.00  N/A  

0.46 34.25  N/A  N/a  

Table 4.1 Results of qPCR on Ramos and Raji cell cDNA.  

 
Results of qPCR on Ramos and Raji cell cDNA. Following qPCR the crossing point (Cp) values were determined for the 
reference gene (HPRT1) and the test genes CD32b1 and CD32b2. N/A indicates that the Cp was reached after 35 
cycles and therefore no value was determined 
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qPCR reactions were performed to probe for the presence of CD32b1 and CD32b2 in cDNA 

samples form Ramos and Raji cells. Figure 4.5 shows that, once again, the triplicates were similar 

for Raji standards, suggesting that the results were consistent and reproducible. It is clear from 

the curves that CD32b2 fluorescence comes up at later cycles than for CD32b1, suggesting that 

the CD32b2 cDNA is less prevalent than CD32b1. It can also be seen that the curves corresponding 

to Ramos cell cDNA samples come up far later than those for Raji. The Cp values obtained for these 

curves are presented in Table 4.1. These results indicate that CD32b1 was not detectable in the 

cDNA from Ramos cells as the curve did not go above baseline until after 35 cycles, the threshold 

for detection. In contrast CD32b1 was detectable in Raji cell cDNA down to a concentration of 

1.84ng/μl. CD32b2 cDNA was only detectable up to 29.5ng/μl in Raji cells but was not detectable 

in Ramos cDNA. This suggests that in Raji cells CD32b1 is the most prevalent isoform of CD32b, at 

least at the mRNA level; being approximately 15 times more prevalent than the b2 isoform. Overall 

there appeared to be negligible cDNA for either isoform of CD32b in samples from Ramos cell 

lysates, suggesting that the lack of expression may be due to a deficiency in transcription of the 

gene. 



 

Page | 142  

 

 

Figure 4.4 qPCR for the HPRT1 gene in Ramos and Raji cells.  
Reactions contained 10μl 2x buffer, 1μl 20x HPRT1 assay, 2μl cDNA, 7μl water and qPCR performed. Raji 
cDNA was used at 472, 236, 118, 29.5, 7.38, 1.85 and 0.46 ng/μl A) fluorescence curves for HPRT1 
reaction samples. B) Standard curve generated from Raji cells samples, this curve was used to normalise 
the results for later reactions and suggested that the concentration of Ramos DNA used was 6.31ng/μl. 
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 Figure 4.5 qPCR for CD32b1 and CD32b2 using cDNA from Ramos and Raji cells.  

Reactions contained 10μl 2x buffer, 1.1μl 5μM probe, 2μl 10μM forward primer, 2μl 10μM reverse 
primer, 2μl cDNA, 2.9μl water. Raji cDNA was used at 472, 236, 118, 29.5, 7.38, 1.85 and 0.46 ng/μl with 
Ramos cell cDNA normalised to a concentration of 6.31ng/μl from the HPRT1 standard curve. PCR 
reactions were performed in a light cycler using primers specific for either CD32b1 or CD32b2. Curves 
corresponding to Ramos samples are indicated, showing that these curves came up after 35 cycles of 
PCR, beyond the limit of detection. 
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4.6 Isolation and sequencing of CD32b in Ramos cells 

 

Having established that CD32b was not expressed at the cell surface and that there was only 

negligible CD32b mRNA in Ramos cells, the gene was isolated and sequenced to determine if there 

were any mutations in CD32b in Ramos cells.  PCR was performed on cDNA from Ramos and Raji 

cells using CD32b specific primers. Following amplification (35 cycles), PCR products were 

separated on a 0.7% agarose gel (Figure 4.6). This demonstrated that, as in the semi-quantitative 

PCR, bands were present corresponding to the CD32b gene when using cDNA from both cell types; 

albeit with more product in the Raji sample. The bands were excised from the gel and blunt end 

ligated into the pCR-BluntII TOPO vector before being sequenced externally using the M13 

forward and reverse primers. Sequencing showed that the CD32b gene isolated from Raji cells 

matched the canonical sequence for the gene (NCBI accession: NM_004001; data not shown). The 

sequence of CD32b isolated from Ramos cells only identified one heterozygous variant from the 

canonical gene sequence. As shown in Figure 4.6, this was a synonymous mutation, not altering 

the amino acid sequence. These results suggest that there were no differences within the 

transcribed CD32b gene in Ramos cells which were likely to prevent the production of protein. 

Figure 4.6 Isolation and sequencing of CD32b gene in Ramos and Raji cells.  

PCR was performed using CD32b specific primers, on cDNA generated from Ramos and Raji cells. Reactions 
contained: 1μl cDNA, 2.5μl pfu buffer, μl forward primer, 1μl reverse primer, 0.5μl dNTPs, 1μl pfu polymerase, 18μl 
water. A) After 35 cycles of PCR reactions were run on a 0.7% agarose gel with bands seen at the expected 
molecular weight for both cell lines. The bands were excised from the gel and the DNA extracted before being 
blunt-end ligated into the pCR-BluntII TOPO vector. Ligation products were transformed into JM109 E. coli, colonies 
picked and minipreps performed to isolate plasmid DNA. B) Plasmids were sequenced using M13 forward and 
reverse primers with Ramos cells found to be homozygous at 1 position (red) different to the canonical sequence, 
however this was a synonymous mutation. Numbers indicate the amino acid position based on numbering from 
the Uniprot consensus sequence (P31994). 
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4.7 Sequencing of the CD32b promoter in Ramos cells 

 

Results suggested that the CD32b gene could be amplified from Ramos cell cDNA, however the 

number of transcripts in the cells was negligible and far lower than that in Raji cells. Therefore, 

the upstream promoter region for CD32b was sequenced in Ramos and Raji cells. Specific primers 

were used to amplify 1.2kb upstream from the translation start site of the CD32b gene. Following 

PCR, the reactions were analysed on a 0.7% agarose gel, as can be seen in Figure 4.7a. A single 

band was seen at approximately 1.2kb which was excised from the gel and the DNA extracted. 

Following blunt-end ligation, transformation and amplification of plasmid DNA, the CD32b 

promoter was sequenced.  

The results of the sequencing demonstrated that the sequence of the CD32b promoter in Raji cells 

did not differ from the reference sequence. In contrast, the promoter from Ramos cell DNA varied 

at two sites; 1110 and 1180bp upstream from the transcription initiation site. As can be seen from 

the sequencing traces in Figure 4.7b, Ramos cells were heterozygous for the two polymorphisms. 

Figure 4.7 Sequencing of the CD32b promoter in Ramos and Raji cells.  

1.2kb upstream of the CD32b promoter was amplified from Ramos and Raji cell genomic DNA. A) PCR was performed 
using specific primers with the resulting reactions run on a 0.7% agarose gel, with bands seen at the expected weight of 
approximately 1.2kb.These bands were cut from the gel and the DNA extracted before being blunt-end ligated into the 
pCR-BluntII TOPO vector and transformed into JM109 cells. Colonies were picked and cultured before plasmid DNA was 
extracted and purified using a miniprep kit. B) Plasmids containing the Ramos and Raji CD32b promoter were sequenced 
externally using M13 forward and reverse primers. Sequencing showed that the Raji cell promoter did not alter from the 
reference sequence. The Ramos CD32b promoter varied at 2 sites as indicated, 1180 and 1110bp upstream of the 
transcription start site. Ramos cells were heterozygous at these positions as indicated by the sequencing traces.  
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In the case of the -1110 polymorphism, all reads were called as having a cysteine at this position 

however, looking at the trace clearly identifies the heterozygosity. The location of these sequence 

differences a large distance upstream of the transcription initiation, coupled with the fact that 

they are heterozygous is unlikely to account for the complete lack of CD32b expression in Ramos 

cells. 

 

4.8 Effect of methylation inhibition on CD32b expression 

 

With results suggesting that Ramos cells did not express CD32b due to a low level of transcription, 

despite no significant alterations in promoter sequence, the effect of epigenetic changes was 

investigated. DZNep (3-deazaneplanocin) is an inhibitor of the enhancer of zeste homology 2 

(EZH2) regulator which normally acts as a histone lysine methyltransferase to silence expression 

of target genes.379, 449 In contrast, azacitidine is able to inhibit the methylation of DNA; and 

therefore functions to reverse gene silencing induced by hypermethylation of DNA. 450, 451 

Ramos and Raji cells were incubated in the presence of azacitidine or DZNep for 48 hours. Both 

drugs are known to have potent cytotoxic activity, particularly at high concentrations. Therefore, 

the viability of samples following culture was determined using PI staining. Figure 4.8a 

demonstrates that, following incubation with DZNep, there was no major change in viability for 

either cell line. Following treatment with azacitidine, there was no reduction in the viability of  Raji 

cells, however Ramos cell viability was reduced, particularly with 20μM azacitidine. 

Following incubation with azacitidine or DZNep, the expression of CD32 on live cells was 

investigated by flow cytometry. Results in Figure 4.8b indicate that for Raji cells, expression of 

CD32 was maintained at similar levels following culture with either drug. Additionally, there was 

no expression of CD32 on Ramos cells after treatments with either DZNep or azacitidine. This 

suggests that DNA or histone methylation is not responsible for the lack of CD32 expression on 

Ramos cells whilst having no effect on CD32 expression on Raji cells. 
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4.9 Chapter discussion 

 

In this chapter, the lack of expression of CD32b in Ramos cells was investigated. This is unusual as 

CD32b is normally highly expressed on the surface of B cells. 218 To begin with, the lack of CD32b 

expression was first confirmed; Raji cells were used as positive control throughout this chapter as 

Figure 4.8 The Effect of epigenetic inhibitors on CD32 expression on Ramos and Raji cells.  

200μl Ramos or Raji cells at 0.5x106 cells/ml were cultured in the presence of DZNep or azacitidine at the indicated 
concentrations for 48 hours. A) Following incubation cell viability was determined by PI staining with analysis by flow 
cytometry. B) Cell suspension was stained for CD32 expression using AT10-F(ab’)2 FITC (coloured histograms) or an 
isotype control (grey) for 15 minutes at room temperature before being washed with FACS wash and analysed by flow 
cytometry. Viable cells were gated and CD32 expression analysed. The control shown was for 0μM drug however 
fluorescence did not change ant increasing drug concentration.  Neither drug altered the expression level of CD32 on Raji 
cells whilst no expression was seen on Ramos cells following treatment with either drug. 
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they are also a B cell line derived from a patient with Burkitt’s lymphoma. One possible explanation 

for the lack of expression on Ramos cells was that CD32b was being rapidly broken down and 

turned-over by the proteasome following translation, preventing the protein from being 

expressed at the cell surface. Through its binding to the 26S proteasome, bortezomib is able to 

prevent ubiquitin mediated protein degradation which, as shown in this chapter, can result in 

apoptosis.452 However, proteasome inhibition did not restore CD32b expression, suggesting that 

degradation was not the mechanism for lack of surface expression. Importantly, this does not 

exclude lysosome mediated protein degradation as a mechanism for lack of surface CD32b 

expression, and this could therefore be further investigated.453  

With no detectable expression of CD32b at the protein level, it was investigated if the CD32b gene 

in Ramos cells contained mutations which could prevent protein translation or result in protein 

misfolding and instability. This phenomena occurs in the closely related CD32c gene where 80% 

of individuals are homozygous for a variant of the gene containing a premature stop codon.313 

Moreover this stop codon is co-inherited with a polymorphism that insets a proline residue, with 

demonstrations that this residue is able to disrupt the protein sufficiently to prevent expression 

(unpublished observations; data not shown). Alternatively, one simple possibility was the 

presence of a stop mutation within the gene which would prevent translation. However, 

sequencing of CD32b from cDNA did not identify any significant variation from the reference 

sequence. Importantly, the signal peptide sequence was as expected, meaning that a lack of 

transport to the cell membrane was unlikely to be responsible for the lack of surface protein 

expression. Taken together, these results suggested that the lack of CD32b expression in Ramos 

cells was not due to defective translation. Therefore, the role of transcription was investigated.  

Initially, semi-quantitative PCR showed that the CD32b gene was being transcribed and could be 

specifically amplified from Ramos derived cDNA, albeit at a lower level than Raji cells. However, 

these reactions used a large quantity of cDNA and therefore transcripts at a low level may be 

“over-amplified” giving a false impression of prevalence. Moreover, it is difficult to compare 

quantities in this manner, thus qPCR was used to allow more comparative analysis between Ramos 

and Raji cells. The results of qPCR suggested that CD32b1 was more highly expressed in Raji cells 

than CD32b2 with the latter only detectable at higher cDNA concentrations. This is consistent with 

results showing that the b1 isoform is the abundant form in B cells, despite a low level of CD32b2 

being observed.443 There did not appear to be any detectable CD32b of either isoform in Ramos 

samples. This is consistent with the flow cytometry data and suggests that the lack of CD32b 

expression in Ramos cells results from a lack of transcription rather than translation. One 
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drawback of this experiment was that the amount of Ramos cDNA used in the reactions was low 

and perhaps using an increased concentration might allow detection of the CD32b transcript. 

Despite this, it is clear from the comparison with Raji cells that CD32b transcript was negligible in 

Ramos cells. 

It has been reported that polymorphisms exist within the promoter of CD32b that result in 

significantly reduced expression.454 A single base pair polymorphism, 343bp upstream of 

transcription start, has been found to reduce binding of the AP1 transcription complex.454 Given 

this, sequencing of 1.2kb upstream from the transcription start site was performed as this 

sequence was described to contain the promoter elements for CD32b.455  Sequencing identified 

two sites in Ramos cells at -1110 and -1180 where the Ramos CD32b sequence cells differed to 

the reference sequence and that for Raji cells. However, at this site Ramos cells were heterozygous 

for the polymorphism. It is not possible from the data presented here to determine if both 

polymorphisms occur on the same strand of DNA. The polymorphism found here at -1180 has not 

been previously annotated, however the variant at position -1110 has been assigned the identifier 

rs150554613 and has been identified as a binding site for the transcriptional regulator CTCF (1000 

genomes project, rs150554613). CTCF is thought to be important in regulating chromatin structure 

and may additionally act as an insulator element between enhancers and transcription factors.456 

With additional evidence suggesting that CTCF may facilitate the formation of chromatin loops, 

this could insulate genes within the loop from neighbouring housekeeping genes.457, 458 

Importantly, both of these proposed functions result in the repression of transcription; therefore 

disruption of the CTCF binding site would seem unlikely to be responsible for the lack of CD32b 

expression in Ramos cells. Additionally, previous work has identified the 5’ site of the minimal 

promoter required for CD32b expression lies between nucleotides -154 and +21.455 This makes it 

unlikely that the mutations identified at such distal sites (-1110 and -1180) have a major effect on 

CD32b expression, especially as Ramos cells are heterozygous for the mutation.  However to 

formally demonstrate this, the wild type and alternate CD32b promoter could be further 

investigated by generating plasmids with a reporter gene (for example, luciferase) to determine if 

this resulted in different expression of the reporter gene.  

Methylation of DNA is a major epigenetic factor that is able to regulate gene transcription. This is 

a dynamic process where the addition of methyl groups to the C5 position of CpG dinucleotides is 

able to repress transcription.75 Following uptake into cells, azacitidine can become incorporated 

in DNA and RNA where it forms covalent bonds with methyltransferases, the family of enzymes 

responsible for DNA methylation.459, 460 In doing so, azacitidine is able to inhibit DNA methylation 
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and reduce this transcriptional repression. One consequence of this inhibition is that it results in 

apoptosis of cells, something which was observed in this chapter.461 However, treatment with 

azacitidine did not result in CD32b expression in Ramos cells, suggesting that DNA methylation 

was not responsible for the lack of CD32b expression in Ramos cells. DZNep is able to indirectly 

inhibit histone methylation and, as such, activates a different set of genes to azacitidine.462 

However, DZNep treatment was not able to induce expression of CD32b in Ramos cells, suggesting 

that expression was not being prevented by histone methylation. 

Whilst this study has investigated whether DNA or histone methylation could be responsible for 

the lack of CD32b expression in Ramos cells, it has not investigated epigenetic changes through 

chromatin remodelling.463 This offers another potential mechanism by which transcription of 

CD32b could be downregulated. Histone acetylation is associated with activation of transcription; 

histone acetytransferases transfer acetyl groups to the internal lysine residues and this changes 

the charge hydrophobicity of the complex.464 In doing so, the structure opens up, allowing the 

binding of transcription factors.465 Determining chromatin structure at the CD32b locus could offer 

further insight into the lack of CD32b expression by Ramos cells. Alternatively, histone deacetlyase 

inhibitors could be used to investigate whether these are able to restore CD32b expression in 

Ramos cells. 

Another possible reason for loss of CD32b expression in Ramos cells is gene translocation. Such an 

occurrence has been reported in a patient with ALL, where the CD32 locus was translocated from 

chromosome 1 to chromosome 2, therefore coming under the control of alternative regulatory 

elements. 466 Additionally, translocations of CD32b have also been reported in follicular lymphoma 

cells. 467 In both cases, these translocations resulted in deregulation of the CD32b gene. This latter 

study reported that the translocation resulted in the over expression of the B2 isoform of CD32 in 

tumour cells; the isoform normally restricted to myeloid cells. Whilst previous studies describe an 

overexpression of CD32b as a result of translocation, alternative translocation could result in 

reduced transcription. Although this would need to be further investigated, it offers a possible 

explanation for the lack of CD32b expression in Ramos cells which remains to be explored. On the 

other hand, lack of expression may result from aberrant expression of a transcriptional regulator, 

for example over expression of a repressor or lack of a transcriptional driver. Both these factors 

would reduce the expression of CD32b without any observed changes in the gene or promoter 

sequence. Furthermore, CD32b expression may be regulated by micro RNA (miRNA) which are 

differentially expressed between Ramos and Raji cells. miRNA are approximately 22 bases in 

length and  bind to the 3’ untranslated region (UTR) of an mRNA transcript to reduced gene 
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expression.468 To investigate this further, the 3’ UTR of CD32b in both cell lines should be 

investigated, miRNA binding prediction software could subsequently be used along with miRNA 

expression profile data to determine if this mechanism of regulation is responsible for the lack of 

CD32b expression in Ramos cells. Finally, the structure of the CD32b mRNA itself may be important 

in regulating the expression of CD32b. mRNA is capable of forming secondary structures where 

base pairing occurs within an mRNA molecule.469 This can slow the progress of ribosomes during 

transcription, resulting in reduced protein expression.470 

Ramos cells are a Burkitt’s lymphoma cell line; it would therefore be interesting to investigate the 

expression of CD32b in primary samples to determine whether the lack of expression occurs 

regularly in patients. This could be used to identify patients who may respond better to rituximab 

therapy. Furthermore, gaining an understanding of the mechanism by which CD32b is 

downregulated in Ramos cells could provide an insight into novel ways of overcoming CD32b 

mediated resistance to rituximab therapy. It has been shown in the previous chapter that CD32b 

is able to cross-link the immune stimulatory mAb TGN1412, a pre-requisite for its function. 

Moreover, previous studies by White et al have revealed that CD32b cross-linking is required for 

the activity of an anti-CD40 mAb.434 Combined these results highlight the importance of CD32b 

expression for the activity of agonistic mAb. Therefore understanding reduced expression of 

CD32b in vivo could lead to ways to boost expression and enhance the cross-linking required for 

immune stimulatory mAb activity. 

Overall, this chapter has confirmed previous results that Ramos cells do not express CD32b at the 

protein level. Furthermore, these experiments demonstrate that this lack of expression is due to 

the negligible CD32b transcription in Ramos cells. So far, however, no mechanism has been 

identified for the transcriptional defect. Promoter sequencing did not identify any significant 

variation in Ramos cells; additionally, the use of methylation inhibitors failed to restore CD32b 

expression. Further investigation is required to deduce this mechanism and to infer any clinical 

relevance for this. 
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Chapter 5 Use of the Eμ-Tcl1 hCD20 mouse model to investigate 

anti-hCD20 antibody therapy and FcγR requirements in vivo 

 

5.1 Chapter introduction 

 

The first mAb approved by the FDA for use in cancer was the anti-hCD20 mAb rituximab in 1997.471 

Since then, several more mAbs targeting CD20 have been approved for use, with more still under 

clinical and pre-clinical investigation, these are summarised in Table 5.1. As has been described, 

these mAbs have been proposed to differ in their mechanisms of action and in their efficacy. The 

most notable of these more recent anti-hCD20 mAbs is obinutuzumab (GA101, OBZ); this has been 

modified from its parental mAb by being produced in a cell line which overexpresses β-1,4-N-

acetyl-glucosaminyltransferase III and Golgi α-mannosidase II. This is thought to be responsible 

for the mAb having a higher affinity for FcγRs due to being enriched for bisected non-fucosylated 

oligosaccharides.185 Additionally, obinutuzumab has been found to be a type II anti-CD20; the 

differences between type I mAbs such as rituximab and type II have been fully discussed earlier. 

Briefly, type I mAbs are able to cause CD20 redistribution into lipid rafts and result in efficient CDC 

whereas type II mAbs do not. In contrast, type II mAbs are able to induce more efficient direct cell 

killing, offering a potential additional mechanism for their action.178, 179 The relative in vivo 

contributions of the various effector mechanisms by which anti-hCD20 mAbs can act is still a 

matter of debate.128 

Anti-CD20 mAb have become a key component of the treatment for B cell malignancies, typically 

in combination with chemotherapy. More recently, work has suggested that, when combined with 

chlorambucil, obinutuzumab resulted in a longer progression free survival in CLL patients, 

compared to rituximab-chlorambucil.263 This has been proposed to be due to obinutuzumab 

inducing a lower level of CD20 internalisation; one of the main mechanisms by which rituximab 

resistance has been thought to arise.254 Increasingly, anti-CD20 mAbs are being used in 

combination with small molecules with the aim of improving efficacy further. One example is the 

PI3Kδ inhibitor idelalisib, or the closely related molecule GS9820, which has improved 

pharmacokinetics in mice (Stacey Tannheimer, Gillead Sciences inc; personal communication). 

Idelalisib has been approved by the FDA in for use in combination with rituximab in relapsed CLL 

and NHL patients.472 
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Given the increase in the number of anti-CD20 mAbs being developed, as well as an increase in 

combination therapies, it has become vital to develop biologically relevant models for 

understanding the efficacy of mAb therapy, as well as combinations with small molecules. This 

allows for direct comparison of reagents in a biological system that most accurately reflects the 

situation in patients. This often involves the use of in vivo mouse models in order to provide the 

components required for all possible mAb effector mechanisms.  As has previously been described, 

Tcl-1 transgenic mice develop spontaneous CLL like disease, characterised by an expansion in CD5+ 

B cells in the blood and spleen.477 This occurs due to B cell specific expression of the human Tcl-1 

gene under a mouse VH promoter and IgH-Eμ enhancer.407 A number of experiments have 

previously shown that Tcl-1 tumours are sensitive to anti-mouse CD20 mAbs (Dr M Carter, 

personal communication) making this model suitable for the investigation of immunotherapy. 

However, this Tcl-1 model is of limited use to the investigation of clinically relevant mAbs which 

target human CD20. 

Name Trade Name Source Comments 

Ibritumomab Zevalin Mouse Used as radioimmunotherapy. FDA 

Approved for NHL in 2002473 

Obinutuzumab Gazyva Humanised Type II, FDA approved for CLL and FL 

Ocaratuzumab N/A Humanised Under phase III development for FL474 

Ocrelizumab N/A Humanised Under development for use in multiple 

sclerosis, modified rituximab475 

Ofatumumab Arzerra Human FDA approved for CLL in 2009 

Rituximab Rituxan/MabThera Chimeric FDA approved in 1997 

Tositumomab Bexxar Mouse I131 conjugated for radioimmunotherapy, 

FDA approved for NHL 

Veltuzumab N/A Humanised Under development for use in NHL, CLL 

and ITP476 

Table 5.1 Anti-CD20 mAbs approved by the FDA and under clinical development.  

 

Summary of data, unless referenced otherwise data is adapted from the reference table produced by Janice Reichart 
(2015). mAbs without trade names are currently not FDA approved. FDA= Food and drug administration, NHL=Non-
Hodgkin lymphoma, CLL=Chronic lymphocytic leukaemia, FL=Follicular lymphoma, ITP Immune thrombocytopenic 
purpura. 



 

Page | 155  

 

In this chapter, a Tcl-1 hCD20 Tg mouse model was developed and assessed, which was obtained 

by crossing the Tcl-1 mice onto the hCD20 background (hCD20 Tg). The aim of this chapter was to 

determine if Tcl-1 hCD20 tumours could be a suitable model for investigating anti-hCD20 

immunotherapy. The engraftment of these tumours into hCD20 Tg mice was investigated, to 

produce a syngeneic mouse model where the target antigen was expressed on both the malignant 

and normal B cells. Additionally, the clearance of tumour cells by rituximab and obinutuzumab 

was compared in order to understand differences in efficacy between mAbs. Subsequently, the 

mechanism of action was investigated by making use of mice lacking in the γ-chain and therefore 

not expressing activatory FcγRs. The aim of this was to understand whether activatory FcγRs were 

essential to the anti-tumour activity of the type I mAb rituximab and the type II mAb 

obinutuzumab. 

 

5.2 Characterisation of spontaneous Tcl-1 hCD20 tumours 

 

Eμ-Tcl-1 hCD20 Tg mice were generated by crossing Tcl-1 mice onto the human CD20 +/- 

background. These mice developed spontaneous tumours which were positive for hCD20. Mice 

presented with an accumulation of CD5low B220low lymphocytes in the peripheral blood throughout 

their life, as detected by flow cytometry (Figure 5.1a). As well as the proportion, the number of 

tumour cells within the peripheral blood also increased over time. Figure 5.1b demonstrates that 

at each time point investigated (4 months, 6 months, 8 months, terminal disease), there was a 

significantly higher number of tumour cells in the periphery compared to the previous time point. 

This accumulation was consistent between Tcl-1 and Tcl-1 hCD20 mice (data not shown) 

suggesting that disease progression was not effected by the hCD20 transgene. Whilst there was 

variation between individuals, disease became terminal in Tcl-1 hCD20 animals when an average 

of 1.15 x107 tumour cells/ml blood was reached. Data on the number of tumour cells over time  in 

spontaneous Tcl-1 tumours was obtained from Dr Matt Carter. 

Typically, Tcl-1 mice reached terminal disease between 300 and 450 days of age, as can be seen 

in Figure 5.1c. This also demonstrated that the survival of these mice was effected by the presence 

of the Tcl-1 gene and not the hCD20 gene, as survival was comparable between Tcl1 and Tcl-1 

hCD20 mice. Additionally, both Tcl-1 and Tcl-1 hCD20 mice had significantly reduced survival 

compared to hCD20 mice (log-rank test p<0.0001). As well as peripheral accumulation of tumour 

cells, Tcl-1 mice presented with splenomegaly as was observed upon dissection of a terminal Tcl-
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1 mouse (Figure 5.1d, right panel) compared to an age matched control (Figure 5.1d, left panel). 

Furthermore, Tcl-1 mice presented with slight lymphadenopathy, which was most apparent in the 

brachial and inguinal lymph nodes. When spleen weights of Tcl-1 and Tcl-1 hCD20 mice with 

terminal disease were investigated (Figure 5.1e), they were found to have a significantly higher 

spleen weight compared to aged matched C57BL/6 or hCD20 controls (p<0.01). Moreover, there 

was no significant difference in spleen weight between Tcl-1 and Tcl-1 hCD20 mice.  

Overall, these data demonstrate that Tcl-1 hCD20 mice develop spontaneous disease, which is 

characterised by an accumulation of CD5lowB220low tumour cells in the periphery and spleen. The 

development of spontaneous tumours was comparable between Tcl-1 and Tcl-1 hCD20 mice, 

suggesting that the addition of the hCD20 transgene has no effect on tumour progression.  
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Figure 5.1 Characterisation of Tcl-1 hCD20 mice.  
A) Peripheral blood was collected from Tcl-1 hCD20 mice and analysed by flow cytometry. Tumour cells could be detected by 
flow cytometry as being CD5LowB220low with an accumulation over time. B) Tumour cell numbers in the peripheral blood of 
Tcl-1 hCD20 mice over were determined by flow cytometry and total WBC count. At 2 monthly intervals there was a significant 
increase in the number of circulating tumour cells with a further increase when disease was terminal (paired t-test 
***p<0.001, **p<0.01). C) Survival of hCD20, Tcl-1 and tcl-1 hCD20 mice. Tcl-1 and Tcl-1 hCD20 mice had a significantly 
shorter survival than matched hCD20 controls (long-rank test p<0.0001). The addition of the hCD20 transgene having no 
significant effect on survival (Tcl-1 median survival:309 days, Tcl1 hCD20: 339 days; log-rank test p=0.36). D) Dissection of 
terminal Tcl-1 mouse (right panel) and C57BL/6 aged matched control (left). Tcl-1 mice displayed splenomegaly as well as 
slight lymphadenopathy. E) The spleens of terminal Tcl-1 or Tcl-1 hCD20 had a significantly increased spleen weight compared 
to controls (one-way ANOVA **p<0.01). Tcl-1 mice did not have a significantly different terminal spleen weight to Tcl-1 hCD20 
mice. 
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5.3 Passage of spontaneous tumours 

 

As has been demonstrated, there was considerable variation in the presentation of spontaneous 

tumours, both in the time taken to present and in physiological factors, such as spleen size and 

the number of tumour cells in the peripheral blood when disease becomes terminal. These factors 

prevent spontaneous Tcl-1 hCD20 tumours from being an ideal in vivo tumour model to study 

various forms of immunotherapy unless large numbers of mice are used to reflect the 

heterogeneity. To overcome the long time factors associated with terminal disease and to ensure 

mice with uniform disease were treated, splenocytes from mice with spontaneous tumours were 

passaged into recipient mice where tumours were allowed to establish.   

 

5.3.1 Passage of Tcl-1 hCD20 tumours into C57BL/6 mice 

 

Splenocytes from Tcl-1 hCD20 mice with spontaneous tumours were first passaged into C57BL/6 

mice with 1x107 splenocytes injected intraperitoneally (i.p) into recipient mice. These mice were 

monitored with the number of tumour cells in the peripheral blood determined by flow cytometry 

and by white blood cell count. Splenocytes from 10 different spontaneous tumours were passaged 

into recipients sex matched to the original spontaneous tumour. Only three of the ten tumours 

presented with disease in recipient mice, as determined by an expansion of CD5lowB220low cells in 

the peripheral blood (Figure 5.2a). Tumour cells, as well as normal B cells, were clearly detectable 

in the blood of one of these recipient mice by flow cytometry (Figure 5.2b). Tumours EU1 and EU2 

gave terminal disease within 55 days of injecting splenocytes. In contrast, tumour DN5 was slower 

in its presentation, with disease not becoming terminal until day 221 after receipt of splenocytes, 

highlighting the variable growth kinetics between tumours.  

It was important to determine whether Tcl-1 hCD20 continued to express hCD20 following passage 

into C57BL/6 recipients. This was investigated by staining peripheral blood with fluorescently 

labelled rituximab. Figure 5.2c presents the staining for hCD20 on normal circulating B cells 

(B220+CD5-; grey histogram) and Tcl-1 hCD20 tumour cells (B220lowCD5low; red histogram) in the 

recipient mice where peripheral tumour cell were observed. This demonstrates that, as expected, 

the normal circulating B cells did not express hCD20. However, there did not appear to be any 

expression of hCD20 on the tumour cells, with the exception of tumour EU1 where there was a 
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small proportion of tumour cells with some expression of hCD20. Overall, the low rate of tumour 

passage, coupled with the lack of hCD20 expression, prevented Tcl-1 hCD20 passage into C57BL/6 

from being a suitable model for investigating anti-CD20 immunotherapy. 

 

5.3.2 Passage of Tcl-1 hCD20 tumours into hCD20 +/- mice 

 

With the aim of overcoming the poor tumour passage and the loss of hCD20 expression, Tcl-1 

hCD20 tumours were passaged into human CD20 +/- (hCD20) mice. As before, 1x107 splenocytes 

were injected i.p. into recipient mice and the circulating tumour cells were detected by flow 

cytometry, as well as performing total WBC counts. Figure 5.3a shows representative staining of 

Figure 5.2 Passage of Tcl-1 hCD20 splenocytes into C57BL/6 recipients.  

Frozen Splenocytes from mice with spontaneous Tcl-1 hCD20 tumours were thawed and 1x107 cells injected i.p. into C57BL/6 
mice. The number of tumour cells (CD5loB220lo) in the peripheral blood was determined by flow cytometry and WBC count. A) 
Out of the 10 tumours passaged, only 3 (DN5, EU1, EU2) developed established disease with an expansion in tumour cells in 
the circulation. B) Staining for B220 and CD5 allowed tumour cells and normal B cells to be identified in the blood by flow 
cytometry. C) Expression of hCD20 was determined by staining with fluorescently labelled rituximab. Normal C57BL/6, 
recipient B cells (grey histogram) were negative for rituximab staining as expected. Tumour cells (red histogram) were also 
negative for rituximab staining except for a small population in the mouse passaged with tumour EU1. 
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peripheral blood for B220 and CD5, identifying the CD5loB220lo tumour population. The expression 

of hCD20 on the tumour cells in the peripheral blood was detected by staining with fluorescently 

labelled rituximab. Figure 5.3b suggests that hCD20 is expressed on circulating Tcl-1 cells in 

recipient mice (red histogram) compared to an isotype control (grey). In total, 14 spontaneous 

tumours were passaged, 13 of which gave detectable tumour in the peripheral blood; in all these 

cases hCD20 was expressed on tumour cells (data shown for representative example).  

Mice receiving these 14 Tcl-1 hCD20 tumours were monitored over time by serial bleeding. Figure 

5.3c shows the percentage of tumour lymphocytes and the number of tumour cells in the 

peripheral blood for these recipient mice. These results demonstrate that five of the spontaneous 

tumours passaged presented quickly, with high tumour burden in the peripheral blood. Out of the 

remaining tumours some established detectable disease, whilst for others progression was slow 

with a low tumour burden maintained over several weeks. In some tumours, the burden 

fluctuated over the course of the experiment, with levels rising and falling. Overall, these results 

demonstrate that the choice of spontaneous tumour for passage is important, in order to select 

one giving rapidly establishing disease with a constant expansion of tumour cells expressing hCD20. 

Figure 5.3 Passage of Tcl-1 hCD20 tumours into hCD20 +/- mice. 

1x107 splenocytes from Tcl-1 hCD0 mice with spontaneous tumours were passaged into hCD20 mice, with cells injected 
i.p A) Peripheral blood was stained with fluorescently labelled mAbs against B220 and CD5 to identify the tumour cells 
by flow cytometry (blue gate). B) Tumour cells were stained with fluorescently labelled rituximab (red histogram) or 
isotype control (grey) demonstrating that circulating tumour cells expressed hCD20. C) 14 spontaneous tumours were 
passaged with the percentage tumour determined by flow cytometry (top panel). The number of tumour cells in the 
blood (bottom) was also measured. This indicates a number of tumours became established in recipient mice albeit at 
different rates. Some tumours did not become established whilst others were detectable in the blood before contracting. 
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It has been demonstrated here that Tcl-1 hCD20 splenocytes can be transferred to hCD20 

recipients where cells become established. Importantly, once established, these tumours maintain 

expression of hCD20; this will be important in order to use the model to investigate therapy using 

anti-hCD20 mAbs. 

 

5.4 Immunotherapy of Tcl1 hCD20 tumours in immune competent mice 

 

Having confirmed that Tcl-1 hCD20 tumours could become established in hCD20 Tg mice, 

experiments were performed in order to determine whether these tumours could be cleared using 

anti-hCD20 mAbs. 1x107 Splenocytes from a single mouse with a spontaneous Tcl1-1 hCD20 

tumour (tumour FU2) were transferred into hCD20 Tg recipients and monitored until tumour cells 

were detectable in the periphery. Mice were then randomised to be treated with 250μg of the 

type I anti-hCD20 mAb rituximab, the type II mAb BHH2 or the isotype control, Herceptin. As well 

as confirming whether this model is suitable for investigating anti-hCD20 immunotherapy, the two 

antibodies used were compared to determine whether they differed in their ability to clear 

tumour cells.  

Figure 5.4 Anti-hCD20 therapy of Tcl-1 hCD20 tumours in hCD20 Tg mice 

1x107 Splenocytes from a mouse with a Tcl-1 hCD20 tumour were injected i.p. into hCD20 Tg mice. Presence of tumour 
cells (B220loCD5lo) in the peripheral blood was monitored by flow cytometry and, once a tumour population detected, 
mice were treated with 250μg of rituximab, BHH2 or Herceptin i.v. A) mAb was given on day 0 and the number of tumour 
cells in the peripheral blood following treatment determined by flow cytometry and total WBC count. Rituximab and 
BHH2 depleted tumour cells within 48 hours, however tumour cells returned by day 21 after therapy. At day 21 peripheral 
blood of rituximab treated mice contained significantly more tumour cells than BHH2 treated (n=3 unpaired T-test 
p<0.05). B) Identification of cell populations by flow cytometry suggests that normal circulating B cells were cleared by 
rituximab and BHH2 as well as tumour cells. In Herceptin treated mice, the tumour population continued to expand 
following treatment. 
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Figure 5.4a demonstrates the effect of anti-hCD20 therapy on the clearance of Tcl-1 hCD20 

tumours. These results suggest that the anti-hCD20 mAbs rituximab and BHH2 were able to 

deplete Tcl-1 hCD20 cells from the peripheral blood within 48 hours of treatment, whilst in 

Herceptin treated mice the tumour population continued to expand. The clearance of tumour cells 

was maintained for 14 days following administration of a single dose of mAb. By day 21 post 

treatment, there was an increase in tumour burden in the anti-hCD20 treated groups. However, 

at day 21 there were significantly fewer tumour cells in the peripheral blood of BHH2 treated mice 

compared to those treated with rituximab. This suggests that BHH2 affords prolonged clearance 

of tumour cells compared to rituximab. Importantly, this data suggests that Tcl-1 hCD20 tumour 

cells were susceptible to treatment with anti-hCD20 mAbs, making this model suitable for 

investigating anti-hCD20 immunotherapy. 

In this model, the antigen hCD20 was expressed on normal circulating B cells as well as the tumour. 

Therefore, depletion of normal B cells was also expected, akin to anti-hCD20 therapy in humans. 

Figure 5.4b shows that normal B cells were easily identified alongside the tumour population. 

Furthermore, administration of rituximab or BHH2 was able to deplete this population. Figure 5.5 

demonstrates that normal B cells were depleted within 24 hours of rituximab or BHH2 

administration. By day 21 following mAb treatment, normal B cells began to return with more 

normal B cells in rituximab treated mice compared to BHH2 treated; this did not reach statistical 

significance, however the trend adds further weight to the suggestion that BHH2 may result in 

prolonged target cell clearance than rituximab. 21 days after mAb administration, there appeared 

to be a reduction in the number of normal B cells in the Herceptin treated group, however this 

was likely to be an artefact resulting from the increasing tumour burden in these mice. 
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One important observation from these experiments was that BHH2 resulted in a prolonged 

clearance of Tcl-1 hCD20 cells from the peripheral blood compared to rituximab; this was apparent 

21 days after treatment. It is known that type I mAbs such as rituximab are internalised following 

engagement with CD20, something which does not occur to the same extent with type II mAbs.254 

This results in a greater mAb consumption by the tumour, therefore in order to further investigate 

the reason for this prolonged clearance the concentration of hIgG in the plasma was determined 

by ELISA. Figure 5.6 suggests that hIgG was detectable in the plasma of BHH2 treated  mice 14 and 

21 days after therapy. This is in contrast to rituximab treated mice, where hIgG was not detectable 

in the plasma by day 14 after mAb treatment. This increased persistence of BHH2 in the plasma 

could explain the improved clearance of tumour cells (Figure 5.4a) and normal B cells (Figure 5.5) 

previously observed with BHH2. The ELISA also suggests that rituximab and BHH2 were consumed 

at a faster rate than the control mAb Herceptin. 

 

 

  Figure 5.5 Clearance of normal B cells in Tcl-1 hCD20 bearing mice following anti-hCD20 treatment 
Mice bearing established Tcl-1 hCD20 tumours were treated with 250μg rituximab, BHH2 or Herceptin i.v. and the 
number of normal (B220+CD5-) B cells determined by WBC count and flow cytometry. Rituximab and BHH2 were able to 
deplete normal B cells within 24 hours of mAb treatment whereas Herceptin did not. At days 1-14 after mAb treatment 
there was significantly fewer normal B cells in anti-hCD20 compared to Herceptin treated (2-way ANOVA with multiple 
comparisons, P<0.001 for all comparisons). There were no significant differences between BHH2 and rituximab 
treatments at any time point.  B cells began to return at day 21 after anti-hCD20 treatment. At day 21 there was a 
reduction in B cells in Herceptin treated mice as these animals reached a high tumour burden. n=3 per group +SEM. 
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Overall, these experiments suggest that Tcl-1 hCD20 tumours can become established in hCD20 

mice. Subsequently, circulating tumour cells can be transiently cleared using clinically relevant 

anti-hCD20 mAb. Normal circulating B cells were also cleared, akin to therapy in humans. Finally, 

the model can be used to investigate differences in therapy between mAbs targeting hCD20. 

 

5.5 Immunotherapy of Eμ-Tcl1 hCD20 tumours in immune compromised mice 

 

Whist passage of tumours into hCD20 mice provided a good model for investigating anti-hCD20 

immunotherapy in a fully immune competent model, there remains a number of issues, not least 

that not all recipient mice develop disease with the rate typically between 60-70%. Additionally, 

the time to disease presentation was variable between mice. In order to increase the penetrance 

and rate of passage, Tcl-1 hCD20 experiments were performed in SCID mice. These mice carry a 

recessive mutation in the Prkdc gene, which results in the absence of functional B and T cells.  

  

Figure 5.6 Plasma concentration of hIgG in anti-hCD20 treated Tcl-1 hCD20 bearing mice. 

Mice with established Tcl-1 hCD20 were treated with 250μg Herceptin, rituximab or BHH2. The 
concentration of human IgG in the plasma was measured by ELISA 2, 7, 14 and 21 days after 
therapy. Bars represent mean + SD (n=3-4 per group). By day 14 rituximab was no longer detectable 
in the plasma (ND), whereas at day 14 BHH2 concentration was above 5μg/ml (dotted line). 
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5.5.1 Immunotherapy in SCID mice 

 

1x107 splenocytes from Tcl-1 hCD20 tumour EC2 were transferred into SCID mice; tumours 

typically became established in greater than 90% of recipients (data not shown). Once tumour 

(CD19+ CD5lo) was detectable in the peripheral blood, anti-hCD20 mAb was administered to mice 

(i.p) and the depletion of circulating tumour cells was monitored over time. The dose of mAb was 

reduced to 100μg per mouse to account for the lack of normal B cells and competing IgG in the 

recipient mice. In this experiment, the clinical candidate obinutuzumab was used which has been 

approved by the FDA. This mAb has a glycomodification, as detailed earlier, but has been 

demonstrated within the lab not to impact on murine effector cell functions (Dr T.Tipton, personal 

communication). Mice were assigned to groups that resulted in comparable average tumour 

burden prior to treatment. 

Figure 5.7 suggests that the anti-hCD20 mAbs rituximab and obinutuzumab were able to deplete 

tumour cells in the periphery of SCID mice. 48 hours after mAb treatment, there were significantly 

fewer circulating tumour cells than before treatment, with both anti-CD20 mAbs (paired T-test on 

maximum depletion, p<0.001). A single dose of rituximab was able to prevent tumour cell 

expansion for approximately two weeks longer than control whereas for obinutuzumab this was 

extended to 3 weeks, similar to the results seen in immune competent mice. At day 20 after 

treatment, there were significantly more tumour cells in the periphery of rituximab treated mice 

(mean of 26.66x106 CD19+CD5lo cells/ml) compared to those treated with obinutuzumab (3.17x106 

cells/ml). Furthermore, performing experiments in SCID mice was found to give more consistent 

tumour presentation. When coupled with comparable tumour clearance compared to hCD20 mice, 

data demonstrated that the passage of Tcl-1 hCD20 tumours into SCID mice was an appropriate 

model for investigating anti-hCD20 immunotherapy.  

The concentration of human IgG in the serum was measured by ELISA in SCID mice following 

treatment. Figure 5.8 suggests that obinutuzumab was present at a higher concentration in the 

serum compared to rituximab. 14 days after treatment, there was significantly more human IgG 

in the serum of obinutuzumab treated mice (mean: 13.53μg/ml) than those treated with rituximab 

(6.45μg/ml).  
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Figure 5.8 Human IgG concentration in the plasma of SCID mice following anti-CD20 immunotherapy. 

Figure 5.7 Anti-CD20 immunotherapy of Tcl-1 hCD20 tumours in SCID mice.  

1x107 Splenocytes from Tcl-1 hCD20 mice were passaged into SCID mice. Once tumours were detectable 
in the peripheral blood 100μg cetuximab, rituximab or obinutuzumab was administered i.p. and tumour 
cells monitored in the peripheral blood by flow cytometry (CD19+CD5lo) and WBC count to determine the 
number of tumour cells. Both anti-hCD20 mAbs were able to prevent the expansion of tumour cells. At 
day 20 obinutuzumab treated mice had significantly fewer circulating tumour cells than rituximab 
treated mice (paired T-test, p=0.003). n=8-10, mean ±SEM representative example from 2 independent 
experiments. 

Tcl-1 hCD20 bearing SCID mice were treated with 100μg i.p. rituximab or obinutuzumab and the 
concentration of human IgG in the serum was determined by ELISA. Plates were coated with a goat anti-
human IgG γ-chain and IgG was detected using an HRP conjugated F(ab’)2 goat anti-human IgG. 14 days 
after treatment there was significantly more human IgG in the serum of obinutuzumab treated mice 
compared to rituximab treated (multiple T tests on combined groups *=p<0.05). This suggests that 
obinutuzumab persists in the serum for longer than rituximab. N=8-10 mean ±SEM. 
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5.5.2 Immunotherapy in NOD SCID mice 

 

In addition to SCID mice, immunotherapy of Tcl-1 hCD20 tumours was investigated in NOD SCID 

mice. These mice carry polymorphisms in the ldd3 locus, one of the effects of which is severely 

impaired NK cell function and reduced NK cell numbers. Tcl-1 hCD20 splenocytes from tumour EC2 

were transferred into NOD SCID mice and treated with 100μg rituximab, BHH2 or Herceptin once 

tumour was detectable in the peripheral blood. Figure 5.9 suggests that BHH2 and rituximab were 

able to deplete tumour cells in NOD SCID mice, compared to the irrelevant control Herceptin, 

despite the lack of functional NK cells in these mice. Points representing individual mice highlight 

the variability in the return of tumour cells; this is particularly apparent for BHH2 treated mice at 

day 7, where the number of tumour cells varied by over two orders of magnitude (2.4x104 and 

3.3x106 cells/ml blood). Despite initial therapy, tumour cells began to return in anti-hCD20 treated 

mice by day 7 following mAb treatment. Overall this suggests that anti-hCD20 mAbs are able to 

deplete Tcl-1 hCD20 tumours in NOD SCID mice despite the NK cell deficiency. However this 

depletion was less prolonged than that observed in SCID mice. 

 

Figure 5.9 Anti-CD20 immunotherapy of Tcl-1 hCD20 tumours in NOD SCID mice. 
Splenocytes from Tcl-1 hCD20 mice with terminal disease were transferred i.p into sex matched NOD SCID mice 
and tumours allowed to develop. Once tumour cells (CD19+CD5lo) were detected in the peripheral blood, 100μg 
antibody was administered i.p. and the number of tumour cells in the peripheral blood monitored by flow 
cytometry and total WBC count. Rituximab and BHH2 depleted circulating tumour cells which began to return 
by day 7. The control antibody Herceptin did not result in any clearance of tumour cells as expected. n=4-5 per 
group bars show mean plus individual mice. 
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5.6 FcγR requirement for immunotherapy of Eμ-Tcl1 hCD20 tumours 

 

Having established that the Tcl-1 hCD20 model is suitable for investigating the anti-tumour activity 

of anti-hCD20 mAbs in immune competent and immune deficient mice, the mechanism by which 

these clinically relevant mAbs exert their effect was investigated.  Tcl-1 hCD20 splenocytes were 

transferred into SCID γ-/- mice; these mice are immune deficient, lacking B and T cells but retaining 

NK cells. However, they do not express the common FcR γ-chain, resulting in a lack of expression 

of activatory FcγRs. Tcl-1 hCD20 splenocytes were transferred into SCID and SCID γ-/- mice and 

tumours were allowed to establish. Once tumour cells were detectable in the peripheral blood, 

mice were treated with 100µg rituximab or obinutuzumab i.p. 

Figure 5.10 demonstrates that at day 7 following treatment, there was a significantly lower 

percentage of tumour lymphocytes in obinutuzumab treated mice compared to controls. This 

suggests that obinutuzumab may have some therapeutic activity in the absence of the γ-chain. 

This benefit is short lived, however, with a comparable percentage tumour at day 14 between all 

groups. Additionally, the therapy observed is minimal compared to that observed previously. In 

contrast, there were no significant differences between rituximab treated mice and controls. 

To put these results into context, therapy in SCID γ -/- was compared to that in SCID mice. When 

the number of tumour cells in the peripheral blood was investigated (Figure 5.11b), there was no 

significant differences between cetuximab treatment and anti-CD20 therapy in SCID γ-/- mice. This 

is in contrast to SCID mice, where at days 2 and 7 following treatment, there were significantly 

fewer circulating tumour cells compared to control or to the same treatment in SCID γ-/- mice. 

This result suggest that in order for rituximab and obinutuzumab to mediate effective anti-tumour 

activity, the γ-chain must be present. Additionally, when the survival of mice following anti-hCD20 

therapy was investigated (Figure 5.11b), there were no significant differences in survival between 

the treatment groups in SCID γ-/- mice. Conversely, in SCID mice, rituximab improved survival 

compared to cetuximab treatment, whereas obinutuzumab resulted in significantly longer survival 

compared to both rituximab and cetuximab treatment.  
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Figure 5.10 Anti-hCD20 therapy of Tcl-1 hCD20 tumours in SCID γ-/- mice.  

1x107 Tcl-1 hCD20 splenocytes were transferred i.p. into SCID γ-/- mice. Once tumour cells (CD19+CD5lo) were detectable 
in the blood by flow cytometry, mice were treated with 100µg cetuximab, rituximab or obinutuzumab (i.p) and the % 
tumour lymphocytes in the peripheral blood determined over time by flow cytometry. A) representative flow cytometry 
plots for 1 mouse per treatment group with the percentage of tumour lymphocytes indicated. B) Combined data for all 
mice in the experiment.  7 days after treatment there was a significantly lower percentage at tumour lymphocytes in 
obinutuzumab treated mice compared to cetuximab treated controls (2-way ANOVA; *P<0.05). Mean +SEM N=4 per 
group 



 

Page | 170  

 

  

5.7 Anti-hCD20 mAb therapy in combination with GS9820 

 

Small molecule inhibitors of PI3Kδ are currently under clinical investigation for use in combination 

with anti-hCD20 mAbs. Here, it was investigated whether the Tcl-1 hCD20 model could be used to 

investigate the combination of small molecules and mAbs. Tcl-1 hCD20 splenocytes were 

transferred into hCD20 mice and the tumours were allowed to establish. Once tumour cells were 

detectable in the blood, treatment began. 100μg Rituximab or obinutuzumab was administered 

i.p weekly for 5 weeks. Additionally, mice received the PI3Kδ inhibitor GS9820 at 10mg/kg or 

vehicle only by oral gavage. For 14 days, the drug was administered twice daily for five days then 

Figure 5.11 Anti-hCD20 therapy of Tcl-1 hCD20 tumours in SCID and SCID γ-/- mice.  

1x107 Tcl-1 hCD20 splenocytes were injected i.p into SCID and SCID γ-/- mice. Once tumour (CD19+CD5lo) was detectable 
in the blood by flow cytometry, mice were treated with 100µg cetuximab (Cetux), rituximab (RTX) or obinutuzumab (OBZ) 
i.p. A) The number of tumour cells in the peripheral blood was determined from the WBC count and flow cytometry. 
Treatment with rituximab or obinutuzumab in SCID mice resulted in significantly fewer tumour cells compared to 
cetuximab treatment at day 2 and 7. There were no significant differences in between treatments in SCID γ-/- mice. (2-
way ANOVA; ***P<0.001). Mean +SD N=4 per group. B) Survival plots following mAb therapy. In SCID mice survival was 
significantly longer following rituximab (P=0.0499) or obinutuzumab (P=o.0218) compared to cetuximab treatment. 
Survival was also longer for obinutuzumab treatment compared to rituximab (P=0.0259). There were no significant 
differences in survival between treatment groups in SCID γ-/- mice. 
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once a day for two days. In weeks 3-5, the drug was administered once a day for five days followed 

by two days off. 

Figure 5.12a presents the number of tumour lymphocytes in the circulation for the mice in this 

experiment.  There was a large amount of variation between mice within each group however, 

within each group, the trends for individual mice remained the same. For this reason, error bars 

have been excluded for clarity. The mAbs alone were able to deplete tumour cells in the short 

term, however tumour returned rapidly and the mice developed terminal disease within 35 days 

of treatment commencing. GS9820 alone was able to control the expansion of tumour cells. The 

addition of rituximab or obinutuzumab to GS9820 treatment resulted in a rapid initial depletion 

of tumour cells followed by prolonged suppression of tumour cell expansion.  

The concentration of human IgG in the serum of treated mice was measured by ELISA. Again, there 

was a large variation in concentrations. Figure 5.12b suggests that, when given as a monotherapy, 

rituximab and obinutuzumab were rapidly consumed. In contrast, when given in combination with 

GS9820, both mAbs were detected in the serum for longer than in the comparable monotherapy. 

This result is consistent with the reduced tumour burden (and therefore mAb consumption) in 

combination treated mice. This data also suggests that obinutuzumab may persist for longer in 

the serum than rituximab in the combination treated groups. However this experiment showed 

that combination therapy is effective with either rituximab or obinutuzumab. 
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Figure 5.12 Combination therapy of Tcl-1 hCD20 tumours with anti-CD20 mAbs and GS9820. 

1x107 hCD20 splenocytes were transferred to hCD20 mice and tumours allowed to establish. Once tumour was 
detectable in the blood mice were treated with 100μg rituximab or obinutuzumab (Obz) i.p. weekly for 5 weeks. 
Additionally mice received 10mg/kg GS9820 or vehicle control by oral gavage. For 2 weeks drug was given twice 
a day for 5 days and once a day for 2 days, weeks 3-5 the drug was given once a day for 5 days with 2 days off. 
A) The number of tumour cells in the peripheral blood were measured by flow cytometry and total WBC count. 
The antibody only groups depleted tumour cells before they returned and mice developed terminal disease. 
GS9820 alone was able to slow the expansion of tumour cells. The combination of mAb and GS9830 was the most 
effective at slowing tumour expansion. Crosses demonstrate where deaths occurred before the end of the 
treatment group which may result in fluctuation in the number of tumour cells, lines were stopped when less 
than 3 mice remained in a given group. B) The concentration of human IgG in the serum was measured by ELISA. 
hIgG was detected for longer following treatment in the combination groups. Mean of N= 3-7 per group, error 
bars omitted for clarity due to large variation. 
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5.8 Chapter discussion 

 

In this chapter, the Tcl-1 hCD20 model was developed, characterised and used to investigate anti-

hCD20 immunotherapy. In the Eµ-Tcl-1 model the Tcl-1 gene is overexpressed under a B cell 

specific promoter, giving rise to CLL like disease.407 In this study, Tcl-1 mice were crossed onto the 

hCD20 +/- background; the characterisation of spontaneous Tcl-1 hCD20 tumours was akin that 

originally described during the development of the Tcl-1 model.407 This suggests that crossing Tcl-

1 mice to express hCD20 does not fundamentally affect the biological features or survival of these 

mice. Mice were characterised by an expansion in CD5lo B cells in the peripheral blood, as well as 

splenomegaly and slight lymphadenopathy. An expansion in CD5+ B cells is an important clinical 

characteristic of CLL suggesting that the tumour model shares a key feature of the human 

disease.478 Interestingly expression of the Tcl-1 gene was found in 90% of CLL cases investigated, 

with increased expression associated with poor prognosis markers such as unmutated IgHV 

genes.479  

The slow and variable time to disease presentation in Tcl-1 hCD20 mice was prohibitive to their 

use in therapy experiments. In order to adapt the tumour model to facilitate more rapid and 

robust analysis, splenocytes from mice with spontaneous Tcl-1 hCD20 tumours were transferred 

to recipient mice. It was initially observed that that the rate of passage into C57BL/6 mice was 

very low; for those tumours which did become established, expression of hCD20 was lost. This is 

likely to occur due to T cells in recipient mice not having developed tolerance to human CD20, 

meaning that only Tcl-1 cells that do not express the hCD20 transgene are able to evade immune 

detection and become established. It is unclear in this study if there is a subset of Tcl-1 cells not 

expressing the hCD20 transgene or if hCD20 becomes downregulated in a subset of cells, allowing 

escape from immune surveillance. In contrast, hCD20 mice should have developed tolerance to 

hCD20, yet even in these recipients only 50% of Tcl-1 hCD20 tumours reached terminal disease; 

this rate was much lower than that observed for Tcl-1 tumours (Dr M Carter, personal 

communication). The reason for this remains to be established; it is possible that that expression 

of the hCD20 transgene limits B cell growth, however there is no difference in the development 

of spontaneous Tcl-1 tumours compared to Tcl-1 hCD20 tumours. Nonetheless, several 

spontaneous Tcl-1 hCD20 tumours were identified which were capable of repassage and were 

used for subsequent immunotherapy investigation.  



 

Page | 174  

 

Initial experiments focused on the clearance of Tcl-1 hCD20 tumours in SCID and hCD20 Tg mice 

using the type I mAb rituximab or the type II mAb BHH2 and the glycomodified clinically used type 

II, obinutuzumab.  Direct comparison has previously demonstrated that BHH2 and obinutuzumab 

elicit comparable levels of B cell depletion in vivo, suggesting that differences between mAbs are 

not due to their glycosylation state.309 These studies demonstrated that clinically relevant anti-

hCD20 mAbs were able to clear circulating Tcl-1 hCD20 cells in both recipient mouse strains 

investigated. The clearance of tumours was similar between hCD20 Tg and SCID mice; this suggests 

that T cells and normal B cells are not required to support the growth of tumour or in mediating 

anti-hCD20 mAb activity. Interestingly, BHH2/obinutuzumab treatment resulted in prolonged 

tumour clearance compared to rituximab in both recipient strains of mice, further suggesting that 

both recipient strains are suitable for exploring differences in efficacy between clinically relevant 

mAbs. This tumour clearance was consistent with ELISA data demonstrating that the type II mAbs 

were better able to persist in the circulation, offering a likely mechanism for prolonged 

therapeutic activity that applies to immune competent and immune deficient mice. This supports 

previous observations that rituximab is internalised to a greater extent by the tumour than type II 

mAbs, which can affect the effector mechanisms engaged by the mAb.241, 309 This internalisation 

has been proposed to occur through cis binding of rituximab to CD32b on the tumour cell. Indeed, 

the amount of mAb internalisation has been found to be directly correlated to the expression level 

of CD32b on the tumour.254 Further work found an anti-hCD32b blocking mAb was able to block 

rituximab internalisation and potentiate rituximab anti-tumour activity in vivo.256 However, it is 

important to note that these studies used human tumour cells rather than the fully murine model 

used in this chapter. It is possible that type II mAbs are less sensitive to internalisation due to their 

inability to redistribute CD20 into lipid rafts, however this requires further investigation. 

Importantly, the observations made in this study with regards to mAb efficacy are consistent with 

previous in vivo studies which found obinutuzumab to have greater anti-tumour activity compared 

to rituximab.265 However, this previous study investigated subcutaneous tumour xenografts rather 

than the more clinically relevant syngeneic leukaemia model used in this project.  Furthermore, 

mouse data is supported by clinical trials demonstrating that, when combined with chlorambucil, 

obinutuzumab prolonged progression free survival in CLL patients compared to rituximab. 

However, in this trial obinutuzumab was given at a higher dose than rituximab, whereas in the 

current study, obinutuzumab demonstrated superiority at the same dose as rituximab, albeit as a 

monotherapy. When taken together, the data presented here suggests that the Tcl-1 hCD20 
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model is able to faithfully replicate phenomena observed in patients, strengthening its use as a 

biologically relevant disease model.263 

Additionally, here it is shown that normal B cells are efficiently depleted by both anti-hCD20 mAb 

in hCD20 mice. For the first time, this model allows the simultaneous depletion of both tumour 

cells and normal B cells following treatment with anti-hCD20 mAbs, making this the most 

biologically relevant model available for studying human disease. It was suggested by these results 

that 21 days after treatment, the number of normal B cells was reduced in Herceptin treated mice. 

This result could be due to the large number of tumour cells outgrowing and diluting the normal 

B cells present in the mice. Following mAb treatment, the normal B cells appear to return more 

slowly than the tumour cells; this is likely because the tumour cells have a faster rate of division 

compared to normal B cells. This could be confirmed through investigating the expression of 

proliferation markers such as Ki-67 or by investigating the incorporation of BrdU, a synthetic 

nucleoside. Tcl-1 hCD20 cells would be expected to divide at a faster rate than normal B cells due 

to the overexpression of the Tcl-1 gene. The Tcl-1 gene has been shown to be a coactivator of Akt, 

capable of facilitating its phosphorylation and nuclear translocation.410, 480 Activation of Akt can 

impact on cell survival with activated Akt shown to phosphorylate BAD, suppressing its apoptotic 

effect.411 Additionally, Akt can inhibit transcription factors such as FKHRL1, which would otherwise 

promote cell death through transcription of pro-apoptotic genes.412 This activity through Akt 

offers a mechanism for the tumourogenesis induced in the Tcl-1 hCD20 model, as well as an 

explanation for the faster return of tumour cells following mAb therapy compared to normal B 

cells. 

When depletion experiments were performed in NOD SCID mice, the initial tumour deletion was 

comparable to that observed in SCID mice. NOD SCID mice have a reduction in the frequency of 

NK cells compared to SCID mice; those cells that are present have been found to have significantly 

reduced ADCC activity.418, 481 The comparable initial tumour depletion to that observed in SCID 

mice suggests NK cell mediated ADCC is not an essential mechanism for initial clearance of Tcl-1 

hCD20 tumour by anti-hCD20 mAbs. There is limited evidence on the role of NK cells in anti-hCD20 

therapy in humans, however the results here are consistent with previous experiments performed 

in mice. Depletion of NK cells using a specific antibody was found to have no effect on the capacity 

of rituximab to delete a hCD20+ murine lymphoma cell line in vivo.232 An additional observation 

from the experiments in NOD SCID mice was that tumour clearance was less prolonged compared 

to SCID mice. One possibility is that NK cells are required for longer term therapy, however as 
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discussed in the next chapter this is unlikely to be the case, with differences more likely to be due 

to differences in mAb consumption. 

This study aimed to investigate the mechanism of action for anti-CD20 mAbs in vivo. One proposed 

mechanism for anti-hCD20 activity is through complement activation. Type I mAbs have been 

found to be more potent at inducing CDC than type II mAbs such as obinutuzumab.180 The results 

in this study show that initial tumour depletion is comparable between rituximab and 

obinutuzumab, suggesting that enhanced CDC activity does not alter tumour clearance in mice 

and implying a limited role for CDC in general. This is supported by previous studies where mice 

deficient in components of the complement cascade did not have a reduction in rituximab 

activity.199, 200 

The major mechanism that has been proposed for the in vivo activity of anti-CD20 mAbs is through 

the activity of FcγRs. Experiments here demonstrate that in γ-chain deficient mice, lacking FcγRs 

there was no effective depletion of Tcl-1 hCD20 cells following anti-hCD20 therapy. This strongly 

suggests that effector cell mechanisms mediated through activatory FcγRs are the primary 

mechanisms by which rituximab and obinutuzumab act. This supported previous results, which 

demonstrated that the activity of rituximab was dependent on activatory FcγRs.200, 222 When 

experiments were performed in NOTAM mice, which express FcγRs that are signalling deficient, 

rituximab did not induce any significant anti-tumour activity.214 Further experiments have 

previously shown that the major FcγR expressing effector cell responsible for rituximab activity is 

macrophages, deduced through the use of clodronate vesicles to deplete phagocytes.241  These 

previous experiments focused on depletion of human xenografts or cell lines; in contrast, here the 

FcγR requirement has been in investigated using a syngeneic murine tumour model. It would be 

interesting to pursue this work further to identify the relative contributions of individual FcγRs 

through the use of knock-out mice. 

It has been widely reported previously  that anti-hCD20 mAbs are able to induce direct cell death 

through the transmission of intracellular signals.205 However, rituximab requires cross-linking in 

order to induce potent direct cell killing in vitro, whereas type II anti-hCD20 mAbs such as 

obinutuzumab do not require further cross-linking.185, 191, 482 This is consistent with the results in 

this chapter where there was no evidence for rituximab activity in the absence of the γ-chain, 

suggesting that the mAb could not significantly deplete tumour cells by inducing direct cell death 

or indeed CDC.  The type II mAb obinutuzumab has been demonstrated in vitro to result in the 

death of CLL cell lines through induction of homotypic adhesion and actin-dependent cell death.138 
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Experiments performed here in γ-chain deficient mice found that there was a small reduction in 

the percentage of tumour lymphocytes seven days after obinutuzumab treatment. Given that 

these mice do not express functional FcγRs, and that obinutuzumab is known not to potently 

activate CDC, this suggests some induction of direct cell death could be occurring. However, there 

was no significant difference in the total number of circulating tumour cells following 

obinutuzumab treatment and no improvement in survival compared to controls. This suggests that 

the role of direct cell death in obinutuzumab activity is likely to be very minimal, with FcγR 

mediated mechanisms dominating. 

Whilst anti-CD20 mAbs such as rituximab have no doubt proven successful in the treatment of B 

cell malignancies, there are a significant number of patients who do not reach a complete 

response.483 For example, in follicular lymphoma, rituximab plus chemotherapy achieved a 

complete response rate of 87%; nine years later just under 50% of patients remained progression 

free.484 This highlights how rituximab treatment provides significant patient benefit whilst 

underlining the need for further improvement in therapy. One strategy has been the introduction 

of newer anti-hCD20 mAbs such as obinutuzumab, as has already been discussed. Another 

approach has been to combine anti-hCD20 therapy with targeted small molecules; this includes 

the δ isoform selective PI3K inhibitor idelalisib. In this current study, GS9820 was used in 

combination with anti-hCD20 mAbs; this molecule has been shown to be a potent and highly 

selective inhibitor of PI3K δ.485  The results presented here suggest that as a monotherapy, GS9820 

is able to slow tumour growth in the Tcl-1 hCD20 model, an effect which is more pronounced when 

combined with anti-hCD20. This supports in vitro data demonstrating that GS9820 induced the 

death of Tcl-1 cells and patient CLL cells (Carter et al. manuscript in preparation). This is something 

which has been demonstrated previously in the structurally related molecule idelalisib.486 A trial 

in  previously untreated SLL and CLL patients found the response rate for rituximab plus idelalisib 

to be 97%, demonstrating an improvement over rituximab alone.487 Given that results in this 

chapter have proposed that obinutuzumab offers more prolonged tumour clearance compared to 

rituximab, it will be interesting to see if therapy in humans can be improved by the combination 

of obinutuzumab with a PI3Kδ inhibitor.  The results here suggest that anti-hCD20 mAb is 

detectable in the plasma for longer after treatment when used in combination with GS9820. This 

result is based on a single experiment using only one tumour and should therefore be treated with 

caution. However, were this result to be corroborated it could offer a useful, additional 

mechanism by which GS9820 improves anti-tumour therapy. The finer details on how this effect 



 

Page | 178  

 

occurs would also need dissecting to determine whether GS9820 impairs mAb turnover or if 

prolonged reduction in tumour burden is responsible for reduced mAb consumption. 

In this chapter, it has been demonstrated that Tcl-1 hCD20 tumours offer a model of CLL like 

disease which maintains expression of human CD20 even after transfer of tumours into hCD20 

transgenic or immune compromised recipients. Tcl-1 hCD20 tumours can be efficiently deleted 

using clinically relevant anti-hCD20 mAbs, with results suggesting that obinutuzumab induces 

more prolonged tumour clearance than rituximab due to its improved persistence in the plasma. 

The transfer to tumour cells into hCD20 transgenic mice has allowed anti-hCD20 mAbs to be 

investigated in a fully syngeneic system where the target antigen is present on malignant and non-

malignant B cells. Additionally, this model can be used to investigate novel combination therapies 

which are currently under clinical investigation. Finally, the Tcl-1 hCD20 model has been used to 

investigate the mechanism of action for anti-hCD20 mAbs. Importantly, this revealed that 

activatory FcγRs are essential for the efficient anti-tumour activity of these mAbs in vivo.  
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Chapter 6 Investigating abnormal antibody depletion in NOD SCID 

mice 

 

6.1 Chapter introduction 

 

As discussed in the previous chapter, in vivo modelling is vital in the development of new 

immunotherapy approaches, as well as understanding the mechanisms by which these therapies 

work. NOD SCID mice are an immune compromised strain of mouse widely used for investigating 

immunotherapy. The SCID mutation results from a single base pair change in the Prkdc gene, 

which impairs V(D)J recombination and leads to a absence of functional T and B cells.415, 417 The 

NOD phenotype has been used for studying type 1 diabetes, however when combined with the 

SCID mutation produces mice with reduced NK cell frequency and NK cell activity on top of the 

SCID phenotype, as well as having no hemeolytic complement activity.417, 418 The severe immune 

deficiency in NOD SCID mice makes them attractive recipients for human tumour xenografts, 

allowing the treatment of human cancers to be modelled in a living organism. The NOD SCID mice 

have subsequently been used as the background for additional mutations to give further immune 

deficiency. NSG mice lack expression of the IL2 γ-chain which completely prevents development 

of NK cells, overcoming one of the drawbacks of NOD SCID mice.488  Furthermore, in order to 

better support the grown of human xenografts, particularly AML cells, NSGS mice have been 

developed which express human IL3, GM-CSF and  stem cell factor (SCF).489 Despite these advances 

to improve engraftment, all these widely used models rely on the NOD background and carry its 

associated genetic defects. 

 The use of tumour xenografts often means investigating the anti-tumour activity of mAbs; the 

majority of the mAbs investigated for use in humans are of the IgG1 (hIgG1) isotype. However, 

there is little understanding or consideration as to how the pharmacokinetics of mAbs, particularly 

hIG1 vary between strains of mice. This is a particularly important consideration if results are to 

be compared between different models using alternative genetic backgrounds.  

The clearance and turnover of antibodies is primarily controlled by the neonatal fc receptor (FcRn) 

in both humans and mice. This receptor is more closely related to MHC I than to the FcγRs. It binds 

IgG avidly in an acidic environment, such as the lysosome and releases it in a neutral pH.395, 490 This 

allows for IgG to escape degradation by being scavenged from the lysosome, helping to maintain 
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serum IgG concentration. Importantly, FcRn in mice displays a degree of promiscuity,  mouse FcRn 

maintains binding to hIgG1 albeit with a reduced affinity compared to mouse IgG.491  

The experiments in this chapter were initiated based on the results observed in Figure 6.1a. Tcl-1 

tumours were passaged into SCID and NOD SCID mice before being treated with rituximab or 

obinutuzumab. The initial depletion of tumour cells was comparable between the strains, however 

14 days after treatment, SCID mice had significantly fewer tumour cells in their peripheral blood 

compared to NOD SCID mice. In order to determine why this occurs, the concentration of antibody 

in the plasma of treated mice was investigated. The most striking results were observed with the 

isotype control mAb as shown in Figure 6.1b. Seven days after mAb treatment, there was 

significantly less human IgG in the plasma of NOD SCID mice compared to SCID mice. Similar results 

were also observed for the hCD20 targeting antibodies, with NOD SCID mice having a lower plasma 

concentration that SCID mice (data not shown). These results suggest that mAb therapy was less 

effective in NOD SCID mice due to the faster clearance of hIgG1 from the plasma. Importantly, this 

faster clearance was observed with the isotype control, suggesting it was not a result of mAb 

binding to the tumour. However, this observation is based on experiments that were not 

performed side by side and with small group sizes for the ELISA data. Therefore in this chapter the 

phenomenon was investigated further. 

Previously, there has been very little work investigating the abnormal clearance of human IgG 

from the circulation of NOD SCID mice, with only one limited report which described shorter 

human IgG half-life in NOD SCID mice.492 This study sequenced the FcRn gene and found no 

differences between the sequence in NOD SCID mice and other common strains. Instead, the 

abnormal mAb half-life was attributed to FcγRs on macrophages in NOD SCID mice. In this chapter, 

the abnormal clearance of IgG from the circulation of NOD SCID mice was studied in depth with a 

focus on understanding the mechanisms behind this phenomenon. 
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6.2 NOD SCID mice have faster hIgG1 clearance from the plasma. 

 

Following the preliminary observations in the Tcl-1 hCD20 model, the clearance of irrelevant i.e. 

non-binding hIgG1 mAbs from the plasma of NOD SCID mice was investigated further. Initially, 

100μg of the anti-human EGFR specific mAb cetuximab was administered i.v. to male SCID, BALB/c 

and NOD mice before the concentration of human IgG in the plasma was determined by ELISA. 

Figure 6.2 demonstrates that seven days after administration of cetuximab there was no 

significant difference in the concentration of human IgG in the plasma of BALB/c, SCID or NOD 

Figure 6.1 Tumour clearance and human IgG concentration in SCID and NOD SCID mice.  

1x107 splenocytes from Tcl-1 hCD20 mice were injected i.p. into SCID or NOD SCID mice. Once tumour cells (CD19+CD5low) 
were detectable in the blood by flow cytometry mice were treated with 100μg rituximab, obinutuzumab or herceptin. A) 
14 days after mAb treatment SCID mice had significantly fewer tumour cells in their blood compared to NOD SCID mice 
(one-way ANOVA with multiple comparisons *p<0.05; **p<0.01) mean +SD N=4-10. B) The concentration of human IgG 
in the plasma was determined by ELISA for the herceptin treated mice. 7 days after treatment NOD SCID mice had a 
significantly lower human IgG plasma concentration compared to SCID (T-test *p<0.05) mean + range N=2-3). 
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mice. This suggests that the NOD or SCID mutations in isolation do not alter hIgG1 mAb persistence. 

Furthermore, results suggest SCID mice are a suitable control for future experiments. 

The clearance of human IgG from the plasma of SCID and NOD SCID mice was investigated using 

two different human IgG1 mAbs. Additionally both male and female mice were used to confirm 

that the observations were not restricted to a single mAb and were not sex dependent. 100μg of 

the anti-human Her2 specific mAb Herceptin was administered i.v. to female SCID or NOD SCID 

mice (Figure 6.3a) whilst 100μg cetuximab was given to male mice (Figure 6.3b) and the 

concentration of human IgG in the plasma determined by ELISA. These results indicate that in 

female mice from day seven onwards, and in male mice at all time points, there was a significantly 

lower concentration of hIgG in the plasma of NOD SCID mice compared to SCID mice. These results 

suggest that hIgG was cleared from the plasma of NOD SCID mice faster than in SCID mice in the 

absence binding to any target molecules (such as the hCD20 on the tumour cells and normal B 

cells described in the experiments performed previously). This observation appears to be true for 

both Herceptin and cetuximab and was not affected by the gender of the mice used. 

  

Figure 6.2 Human IgG (hIgG) concentration in SCID, NOD SCID and BALB/c mice 7 days after mAb.  

100μg cetuximab was administered i.v. to male SCID, NOD SCID and BALB/c mice. 7 days after mAb 
administration plasma was collected and the concentration of hIgG determined by ELISA. Results were 
not significantly different between strains (one–way ANOVA). Bars represent mean + SD, N=4-6 per 
group. 
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6.3 The Impact of isotype on mAb clearance in NOD SCID mice 

 

With hIgG1 found to be cleared more quickly from NOD SCID mice, it was next investigated if this 

observation also applied to other IgG isotypes. Accordingly SCID and NOD SCID mice were injected 

i.v. with 100μg rituximab hIgG2, mIgG1 or mIgG2a and the concentration of either hIgG or mIgG 

determined by ELISA. Importantly rituximab does not bind to mouse CD20 and is therefore an 

irrelevant, non-binding mAb in this context. 

Figure 6.4 suggests that there was no difference in the clearance of mIgG1 or hIgG2 between SCID 

and NOD SCID mice, with IgG of each of these isotypes still detectable in the plasma 28 days after 

administration. In contrast, there were significant differences in the concentration of mIgG2a in 

the plasma of SCID and NOD SCID mice. At all of the time points investigated, there was 

significantly less mouse IgG in the plasma of NOD SCID mice receiving mIgG2a compared to SCID 

mice. 14 days after mAb, there was no mIgG detectable in NOD SCID mice whereas in SCID mice 

the average concentration was 15μg/ml. These results suggest that NOD SCID mice had a faster 

clearance of mIgG2a from their plasma than SCID mice, but that there was no difference in the 

clearance of hIgG2 or mIgG1 between the two strains. 

 

Figure 6.3 Clearance of hIgG from the plasma of SCID and NOD SCID mice. 

mAb was administered i.v. either herceptin to female mice (A) or cetuximab to male mice (B). Mice were bled 2, 7, 14 
and 21 days after mAb and the concentration of hIgG in the plasma determined by ELISA. In female mice from day 7 
onwards, and in male mice at all time points, SCID mice had a significantly higher plasma IgG concentration than NOD 
SCID mice (2-way ANOVA with multiple comparisons; ***P<0.001). Bars represent mean with points for individual 
animals, N=4 per group. 
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6.4 Bead phagocytosis to assess absolute phagocytic capacity 

 

Having established that the clearance of hIgG1 and mIgG2a was faster in NOD SCID mice, the 

underlying mechanisms for this was investigated. A previous study suggested than NOD SCID 

macrophages were responsible for abnormal half-life, therefore the phagocytic potential of 

BMDMs was investigated.492 BMDMs from SCID and NOD SCID mice were differentiated over 

seven days in the presence of L929 conditioned media before the assay was performed. BMDMS 

were incubated with BSA-Alexafluor488 labelled 3μm beads for 1 hour at differing bead:BMDM 

ratios. Microscopy in Figure 6.5a demonstrates that beads were taken up by the BMDMs, as can 

Figure 6.4 Clearance of mIgG1, mIgG2a and hIgG2  from the serum of SCID and NOD SCID mice.  

100μg Rituximab mouse IgG1, mouse IgG2a or human IgG2 was injected i.v into sex matched SCID or NOD SCID mice. 
Animals were bled 2, 7, 14, 21 and 28 days after mAb treatment and serum collected. The concentration of IgG in the 
serum was measured using an anti-human IgG or anti-mouse IgG ELISA. There was no differences in antibody 
concentration between SCID and NOD SCID mice at any time point for mouse IgG1 and human IgG2. However, SCID mice 
had a significantly higher concentration of mouse IgG2a 2, 7 and 14 days after mAb, compared to NOD SCID mice. (2-
way ANOVA with multiple comparisons; *P<0.05, **P<0.01) N=3 per group. Bars show mean with points for individual 
mice. 
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be seen by light (left panels) and fluorescence microscopy (right panels); additionally, a greater 

number of beads appeared to be taken up at higher bead:BMDM ratios. Quantification of the 

percentage bead positive BMDMs was determined by flow cytometry; Figure 6.5b indicates that, 

at bead ratios above 20 beads per BMDM, more SCID BMDMs were bead positive.  

NOD SCID BMDMs appear to have a slightly reduced phagocytic potential compared to cells from 

SCID mice. This is the inverse of the expectation that phagocytic capability was responsible for the 

shortened persistence of antibody in NOD SCID mice. However, it should be noted that this 

Figure 6.5 Bead phagocytosis assay to determine phagocytic potential of SCID and NOD SCID BMDMs. 

BMDMs from SCID and NOD SCID mice were harvested and plated at 5x104 cells per well in a 96 well plate and incubated 
overnight. Alexafluor 488-BSA coated 3μm latex beads were diluted in PBS and added to the beads at the bead:BMDM 
ratios indicated. Cells with beads were incubated for 1 hour at 37°C. A) representative light microscopy (left images) and 
fluorescence (right images) following bead phagocytosis assay using SCID and NOD SCID BMDMs at 2 or 150  beads per 
BMDM. B) The percentage of BMDMs positive for Alexafluor-488 beads was determined by flow cytometry. Results show 
mean + range for duplicates and are representative of three independent experiments. BMDMs from SCID mice appear 
to have a higher percentage bead positive at ratios greater than 20 beads per BMDM. 
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experiment investigated the non-specific uptake by BMDMs rather than specific internalisation of 

antibody through FcγRs, which would be more relevant to clearance of antibody. 

 

6.5 Internalisation of human IgG1 by SCID and NOD SCID BMDMs 

 

To determine whether specific antibody internalisation differed between SCID and NOD SCID 

macrophages, and could explain differences in antibody clearance, internalisation assays were 

performed. BMDMs were differentiated from SCID and NOD SCID mice before Alexafluor488 

(A488) labelled mAb of different isotypes were added to the cells and incubated for 16 hours. 

Following incubation, the cells were harvested; to half of the cells, an anti-A488 quenching 

antibody was added. The schema for the assay is presented in Figure 6.6a, unquenched samples 

allowed the total bound mAb to be determined whilst the quenched sample allowed the 

quantification of only internalised mAb as presented in Figure 6.6b. 

 SB2H2 mIgG1 showed very little fluorescence with BMDMs from either strain with virtually no 

difference between quenched and unquenched samples, suggesting only a small amount of mAb 

has bound and the majority of this is internalised. BHH2 hIgG2 resulted in the highest MFI, 

suggesting that this isotype was bound to the highest extent by BMDMs, with the majority of the 

mAb internalised by BMDMs from both strains of mice.  For BHH2 mIgG2a, the unquenched MFI 

was significantly higher for SCID BMDMs compared to NOD SCID, suggesting that more mAb was 

bound to cells from SCID mice. Additionally, quenched MFI was significantly higher for SCID mice 

than NOD SCID with BHH2 m2a indicating that there may be more mAb internalised by SCID 

BMDMs. For Herceptin hIgG1, there was a trend towards increased fluorescence in quenched and 

unquenched samples with NOD SCID BMDMs, suggesting increased mAb binding to NOD SCID 

BMDMs compared to those from SCID mice. However, this did not reach significance.  

There was a high degree of variability in the maximum fluorescence obtained for individual mice 

following incubation with mAb. Therefore, the ratio of quenched to unquenched MFI was 

calculated with the averages from two independent experiments presented in Figure 6.6c. A 

higher ratio indicates a greater proportion of mAb is has been internalised. For BHH2 mIgG2a, 

BHH2 hIgG2 and Herceptin hIgG1 the ratio was lower for NOD SCID BMDMs than for SCID BMDMs, 

suggesting that for NOD SCID BMDMs a smaller proportion of bound antibody was internalised. 

This is despite Figure 6.6b suggesting that, for Herceptin hIgG1 NOD SCID, BMDMs were capable 
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of binding mAb to a greater extent than SCID BMDMs, evidenced by an increased MFI. These 

results suggest that there were differences in IgG binding to SCID and NOD SCID BMDMs, with a 

greater proportion of mAb internalised by SCID BMDMs. However, this result does not explain 

why human IgG1 and mouse IgG2a were cleared more quickly from the serum of NOD SCID mice 

compared to SCID. 
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Figure 6.6 Antibody internalisation assays. 

BMDMs were differentiated from the bone marrow of SCID and NOD SCID mice for 7 days. 2 x105 BMDMs were plated 
per well in a 96-well plate and incubated overnight. A488 labelled mAbs were added at 5μg/ml: BHH2 mouse IgG2a 
(BHH2 M2a,) Herceptin (HeER h1), SB2H2 mouse IgG1 (SB2H2 M1) or BHH2 human IgG2 (BHH2 h2) and incubated for 
16 hours. Cells were removed by scraping and washed before half of each sample was treated with 2.5μl anti-A488 mAb 
for 30 minutes at 4°C then washed. A) Schematic for analysis with unquenched fluorescence from total mAb at the 
surface and internalised mAb. Fluorescence from quenched samples reflected that from internalised mAb. B) MFI values 
obtained for quenched and unquenched samples using BMDMs from both strains. MFI was significantly higher for 
unquenched BHH2 m2a on SCID compared to NOD SCID BMDMs as well as quenched samples with the same mAb (2-
way ANOVA with multiple comparisons, *P<0.05. B) Ratio of quenched to unquenched MFI from internalisation assays. 
NOD SCID BMDMs had a significantly lower ratio compared to SCID mice for BHH2 M2a, HER h1 and BHH2 h2 (2-way 
ANOVA with multiple comparisons *P<0.05, ***P<0.001. Results using 3 mice split between 2 independent experiments, 
bars represent mean +SD. 
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6.6 Altered antibody clearance is FcγR dependent and can be overcome with 

IgG reconstitution 

 

FcγRs are the major class of receptor responsible for IgG binding, and so the role of these receptors 

in the clearance of mAb from the plasma of NOD SCID mice was investigated. To determine 

whether interaction with FcγRs mediated abnormal mAb persistence, the clearance of an antibody 

with the N297Q (NQ) mutation was investigated; this mutation prevents efficient interaction with 

FcγRs but not FcRn.104 100µg rituximab hIgG1 or rituximab hIgG1 NQ was administered to NOD 

SCID mice and their concentration in the plasma was measured over time. Figure 6.7 shows that 

rituximab hIgG1 NQ was found at a significantly higher concentration in the plasma of mice 

compared to unmodified rituximab seven days after administration. Additionally, rituximab NQ 

was detectable in the plasma 21 days after injection, whereas unmodified rituximab was 

undetectable by day 14. This suggests that preventing Fc-FcγR interaction could prolong hIgG1 

persistence in the plasma of NOD SCID mice to levels equivalent to those seen in SCID mice. 

Therefore, FcγRs may, at least in part, be responsible for abnormal mAb clearance in NOD SCID 

mice. 

NOD SCID mice do not produce any endogenous IgG as a result of the SCID mutation, therefore 

the effect of reconstitution with mouse IgG on clearance of hIgG1 in NOD SCID mice was 

Figure 6.7 Clearance of rituximab NQ or rituximab in the presence of mouse IgG in NOD SCID mice.  
 100µg rituximab or rituximab N297Q (NQ) was given i.v. to NOD SCID mice and the concentration of hIgG 
in the plasma determined by ELISA. Additionally one group (rituximab +IgG) were also given 400µg mIgG2a 
and 500µg mIgG1 with an additional 200µg mIgG2a i.p. every 3 days for 15 days. 7 days after mAb there 
was significantly less hIgG in the plasma of mice receiving rituximab compared to those receiving rituximab 
NQ or rituximab +IgG (2-way ANOVA with multiple comparisons ***P<0.001). Bars represent mean + SD, 
N= 3-4 per group. 
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investigated. As such, 100µg rituximab was administered with the addition of 400µg mIgG2a 

(WR17) and 500µg mIgG1 (3G8), due to its rapid clearance, an additional 200µg mIgG2a was 

administered on days 3, 6, 9, 12 and 15. This dosing regime was determined based on earlier 

observations as to the clearance rate of mIgG1 and mIgG2a in SCID mice with the aim of 

maintaining a serum IgG concentration to that in BALB/c mice. The concentration of mIgG in the 

plasma of NOD SCID mice following reconstitution was determined by ELISA, which found that 

concentrations were comparable to that in BALB/c mice (Figure 6.8). Figure 6.7 demonstrates that 

seven days after mAb there was a significantly higher concentration of hIgG in the plasma of NOD 

SCID mice reconstituted with mIgG compared to those receiving rituximab only. 14 and 21 days 

after mAb, rituximab was still detectable in the plasma of the mIgG reconstituted mice, but not 

those receiving rituximab only. 

These results demonstrate that the rapid clearance of hIgG from the plasma of NOD SCID mice 

could be overcome by preventing mAb binding to FcγRs or through reconstitution with mIgG. Both 

of these results suggest that FcγRs play an important role in abnormal mAb half-life in NOD SCID 

mice.   

  

Figure 6.8 Concentration of mouse IgG in the serum of NOD SCID mice receiving IgG or 
BALB/c mice.  

NOD SCID mice were reconstituted with mouse 400μg mIgG2a and 500μg mIgG1 on day 0, 
with an additional 200μg mIgG2a on days 3, 6, 9 and 12. The concentration of mIgG in the 
plasma was determined by ELISA. Additionally the concentration of mIgG in BALB/c mice 
was investigated. Bars represent mean +SD n=4 per group. 
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6.7 FcγR phenotyping 

 

Given the differences that were observed in IgG clearance between SCID and NOD SCID mice, 

coupled with the results using rituximab NQ, the FcγR repertoire on monocytes and macrophages 

in the blood and spleen was investigated. Spleens were harvested from SCID or NOD SCID mice 

and a single cell suspension was obtained by passing the tissue through a 100μm cell strainer. 

Additionally, peripheral blood was taken. Blood and spleen suspension were stained with 

fluorescently labelled antibodies to identify monocyte and macrophage populations. Figure 6.9 

demonstrates the gating strategy with live cells first being gated, based on forward and side 

scatter, before identifying the CD11b+ cells and subsequently, Ly6G-Ly6CHi and Ly6G-Ly6CLo 

monocytes. Neutrophils were also identified as Ly6GHiLy6CMid. The plots in Figure 6.9 are for a 

spleen sample, however the same gating strategy was used for blood where the main difference 

was the relative proportions of each cell type. 

 

Figure 6.9 Gating strategy used to identify monocytes subsets in spleen and blood. were identified. 

Spleens and peripheral blood were harvested from SCID and NOD SCID mice. Single cells suspensions were obtained by 
passing spleens through a 100μm cell strainer. Spleens were resuspended in 5ml PBS and 200μl cell suspension or 20μl 
blood stained with the following antibodies: anti-CD11b pacific blue, anti-F4/80 APC, anti-Ly6G APC-Cy7 and anti-Ly6C 
PerCP-Cy5.5. Figure shows the gating a sample of spleen cells with the same strategy used for blood samples. Live cells 
were identified by forward (FSC) and side (SSC) scatter. From the live cells CD11b+F4/80- monocytes, Ly6C+Ly6G- 
monocytes and F4/80+ macrophages were identified. 
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The FcγR expression on the three populations identified was investigated by staining with receptor 

specific FITC labelled F(ab’)2 fragments. These results in Figure 6.10 show that the expression of 

CD32 was higher on both monocyte populations in SCID mice in the spleen and the blood. 

Additionally, the expression of FcγRIV appeared lower on ly6Clo monocytes in SCID blood 

compared to NOD SCID mice. When investigating neutrophils, the expression of CD16 was found 

to be higher in the blood and spleen of SCID mice. In addition to the three populations identified 

above, F4/80+ splenic macrophages were also identified, where similar differences in CD16 

expression was seen. Additionally, FcγRIV was more highly expressed on splenic macrophages in 

SCID mice compared to NOD SCID. The expression of CD64 was also investigated, where it 

appeared that expression was higher in SCID mice for all cell populations investigated. However, 

NOD SCID mice contain a polymoprhic variation in CD64, which has previously been reported not 

to affect expression level. It is therefore possible that the low expression observed here for CD64 

in NOD SCID mice was as a result of the polymorphism preventing binding of the CD64 specific 

F(ab’)2.  

In addition to spleen and blood, BMDMs were also differentiated by culturing bone marrow from 

SCID and NOD SCID mice with L929 conditioned media for 7 days. Following differentiation, 

BMDMs were stained with receptor specific FITC labelled F(ab’)2 and the expression of FcγRs 

assessed by flow cytometry. These results in Figure 6.11 suggest that CD16, CD32 and FcRIV 

expression was comparable between BMDMs from SCID and NOD SCID mice. It also appeared that 

CD64 expression was lower on BMDMs from NOD SCID mice. However, as previously mentioned, 

this could be a result of a polymorphism in CD64 in NOD SCID mice. Overall, these results suggest 

that there are few major differences in FcγR expression between the two strains of mice; it is 

therefore unlikely that FcγR expression was responsible for faster antibody clearance in NOD SCID 

mice. 
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Figure 6.10 Expression of FcγRs on monocytes, neutrophils and macrophages from SCID and NOD SCID mice.  

Using the gating strategy described previously, spleen and blood from SCID and NOD SCID mice were stained for FcγR 
expression using receptor specific FITC labelled F(ab’)2 at 10μg/ml final concentration. Results show mean and range 
from 2 mice per strain, representative of 2 independent experiments. Results suggests SCID mice have a higher expression 
of CD32 on monocytes as well as a higher expression of CD16 on neutrophils. The CD64 expression level cannot be fully 
interpreted due to the possibility that polymorphic variation may affect F(ab’)2 binding. 
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6.8 FcγR requirement for altered antibody clearance in NOD SCID mice 

 

Having established that FcγRs are important for antibody clearance in NOD SCID mice, further 

investigations were conducted to determine which specific receptors were responsible. Initially, 

the clearance of antibody in NOD SCID mice lacking expression of the FcR γ-chain was investigated. 

These mice do not express activatory FcγRs but maintain expression of the inhibitory FcγR, CD32. 

100μg Herceptin hIgG1 was administered to NOD SCID γ-/- mice i.v. and the concentration of hIgG 

in the plasma was determined by ELISA. The results in Figure 6.12 show that there were no 

significant differences in hIgG concentration between NOD SCID and NOD SCID γ-/- mice, with 

both strains having a rapid clearance of Herceptin hIgG1 from the plasma. As mice lacking the FcR 

γ-chain do not express activatory FcγRs on the cell surface, this result suggested that activatory 

FcγRs are not responsible for the altered clearance of Herceptin by NOD SCID mice. 

Mice lacking the FcR γ-chain still maintain the expression of the inhibitory FcγR, CD32; to confirm 

whether this receptor was able to alter the clearance of hIgG1, experiments were performed in 

NOD SCID CD32-/- mice. Additionally, experiments were performed in NOD SCID CD32-/- hFcγRIIb 

+/- mice where the human transgene for the inhibitory FcγR is expressed in place of the mouse. 

Figure 6.11 FcγR expression on SCID and NOD SCID BMDMs.  
Bone marrow was extracted from the hind legs of SCID and NOD SCID mice. Cells were cultured at 4x106 cells/well in a 
6-well plate with 20% L929 conditioned media. After 7 days BMDMs were harvested by incubating with PBS +2mM EDTA 
and light scraping. BMDMs were resuspended at 1x106 cells/ml and 200μl cell suspension stained with receptor specific 
FITC labelled F(ab’)2 or irrelevant control. Results are representative of 3 independent experiments and demonstrate 
that CD16, CD32 and FcRIV was comparable between SCID and NOD SCID mice. CD64 expression appears to be lower in 
NOD SCID mice however this could be due to polymorphic variation limiting F(ab’)2 binding to NOD SCID CD64. 
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Mice were injected with 100μg cetuximab i.v. and the concentration of human IgG determined in 

the plasma by ELISA.  

Results in Figure 6.13a were from a single experiment with the absolute concentration of hIgG 

presented with points for individual mice. Figure 6.13b shows combined data from two 

independent experiments; one where cetuximab hIgG1 was administered and one with Herceptin 

hIgG1, with the data normalised so that concentrations of hIgG on day two were 100%. Both of 

these results confirm those seen previously, that seven days after mAb there was a higher 

concentration of hIgG in the plasma of SCID mice compared to NOD SCID. At the same time point, 

mice lacking mCD32 had a significantly higher concentration of hIgG in their plasma than NOD 

SCID mice, whilst values in NOD SCID CD32-/- mice are not significantly different to those from 

SCID mice. By day 14 after mAb administration, hIgG was no longer detectable in the plasma of 

NOD SCID mice whilst It was still detectable in mice lacking mCD32. Furthermore, when the mouse 

CD32 gene was absent but the human FcγRIIb (CD32b) transgene was expressed, hIgG levels were 

still significantly higher than in NOD SCID mice. These results suggest that expression of mCD32 in 

NOD SCID mice reduced the persistence of antibody in NOD SCID mice. This increased antibody 

clearance does not occur when mouse CD32 is replaced by the hFcγRIIb transgene, suggesting that 

the effect is specific to the CD32 gene in NOD SCID mice rather than a general property of 

inhibitory FcγR expression on the NOD SCID background.  

Figure 6.12 Herceptin clearance in NOD SCID and NOD SCID γ-/- mice.  

100μg Herceptin was injected i.v. into NOD SCID or NOD SCID γ-/- mice. The concentration of 
hIgG in the plasma of these mice was determined by ELISA. Concentrations were not significantly 
different between strains at any time point (2-way ANOVA with multiple comparisons). Bars 
represent mean with points for individual mice, N=4 per group. 
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100μg cetuximab was injected i.v. into SCID, NOD SCID, NOD SCID mCD32-/- or NOD SCID mCD32-/- hFcγRIIb+/- mice. 
Mice were bled and plasma collected, the concentration of human IgG in the plasma was determined by ELISA. A) Results 
for a single experiment, bars represent mean with points for individual mice (N=3-4 per group). At day 7 NOD SCID mice 
had a significantly lower concentration of hIgG in the plasma compared to SCID, NOD SCID mCD32-/- or NOD SCID 
mCD32-/- hFcγRIIb+/- mice. (2-way ANOVA with multiple comparisons; **P<0.01, ***P<0.001). By day 14 the 
concentration of hIgG in the plasma of NOD SCID mice was below the detectable limit for the assay. B) Normalised results 
from 2 independent experiments one using cetuximab and one with Herceptin. The concentration of plasma hIgG was 
normalised to the concentration at day 2 for each mouse. At day 7 the proportion of hIgG in the plasma was significantly 
lower in NOD SCID mice than in the other strains investigated. mean±SD. 

Figure 6.13 Clearance of hIgG1 in mice lacking mCD32. 
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6.9 Sequencing of mouse CD32; gene and promoter 

 

Previous studies identified a haplotype present in mCD32; strains such as C57BL/6 and BALB/c 

express the ly17.2 haplotype whilst strains including NOD express the ly17.1 haplotype.306 In order 

to confirm the haplotypes of CD32 in SCID and NOD SCID mice, mRNA was isolated from BMDMs 

differentiated from SCID and NOD SCID mice before being converted to cDNA. Gene specific 

primers were used to amplify the CD32 gene from both mice by PCR with the reaction run on an 

agarose gel (Figure 6.14). As can be seen, bands were present at approximately 1kb, corresponding 

to CD32, suggesting that the gene was successfully isolated from both strains. There are two bands 

present in each lane which are likely to correspond to CD32b1 and CD32b2, with the b1 isoform 

containing an additional 141bp. 

The bands corresponding to CD32 in SCID and NOD SCID mice were excised from the gel and the 

DNA was extracted before being blunt-end ligated into the pCR BluntII-TOPO. The genes were 

subsequently sequenced using the T7 and SP6 primers. Sequencing confirmed that SCID mice 

express the ly17.2 haplotype of CD32 whilst NOD SCID mice express the ly17.1 haplotype. The 

amino acid substitutions in the two variants are summarised in Figure 6.15. This demonstrates 

that sequence differences result in four amino acid substitutions; three are extracellular and one 

is in the cytoplasmic domain. With no previous studies describing this polymorphism affecting IgG 

binding, this variation was further investigated as a possible reason for altered mAb clearance in 

NOD SCID mice.  

Figure 6.14 PCR to isolate CD32 gene from SCID and NOD SCID mice.  
BMDMs were derived from SCID and NOD SCID (NS) mice and mRNA isolated using 
poly(A) resin, reverse transcription was performed to generate a cDNA library for 
both mice. PCR was performed using cDNA and gene specific primers to amplify 
CD32. The PCR products were run on a 0.7% agarose gel giving bands at 
approximately 1kb, corresponding to the CD32 gene. 
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6.10 Aggregated and monomeric IgG binding to mCD32 

 

With sequencing confirming polymorphic variation in CD32 between SCID and NOD SCID mice, 

further investigation was carried out on the receptors in isolation in order to understand how 

variation could contribute to the observed differences in mAb clearance. The primary function of 

CD32 is to bind to IgG; given that three of the identified polymorphisms are in the extracellular 

region of the receptor, it is possible that variation may alter IgG binding. The previously isolated 

mCD32 genes were therefore subcloned into the expression vector pcDNA3 and transiently 

transfected into 293F cells. Transfection was confirmed using AT130-2 F(ab’)2 and the binding of 

aggregated or monomeric IgG investigated using a range of concentrations. Whilst mouse CD32 

normally binds to mIgG, this study focuses on the clearance of hIgG mAbs, therefore the binding 

of monomeric and aggregated hIgG to mCD32 was investigated. Pooled human IgG was heat 

aggregated, with the monomeric and aggregated fractions separated by size exclusion 

chromatography; with both fractions subsequently fluorescently labelled with Alexafluor488.  

The transfection was variable between the two haplotypes of mCD32, therefore results were 

normalised so that MFI obtained with AT130-2 F(ab’)2 was set as 100%. To account for this 

variability, Figure 6.16 presents a representative example from three independent transfections, 

with the same trends observed on each occasion. The binding of monomeric IgG (Figure 6.16a) 

Figure 6.15 Ly17 haplotype in mouse CD32.  

The mouse CD32 gene was isolated from BMDMs from SCID and NOD SCID mice and blunt end 
ligated into pCR BluntII TOPO before Sanger sequencing was performed using the T7 forward and 
SP6 primers. This confirmed that NOD SCID mice contained the ly17.1 haplotype whilst SCID mice 
were ly17.2. The 2 haplotypes differ by 4 amino acids, 3 in the extracellular region and 1 in the 
cytoplasmic domain. 



 

Page | 199  

 

appeared to be higher to cells transfected with the NOD SCID (ly17.1) variant of CD32 than to the 

SCID (ly17.2) form. This was particularly apparent at concentrations between 0.5 and 10 µg/ml. 

Similarly, aggregated hIgG (Figure 6.16b) appeared to bind to NOD SCID mCD32 more efficiently 

than to the SCID variant. This suggests that CD32 in NOD SCID mice may be able to bind to hIgG 

more efficiently than that in SCID mice, which could have an effect on the persistence of mAb 

within the mice. 

 

Figure 6.16 Binding of hIgG to 293F cells expressing mCD32 polymorphic variants. 

293F cells were transiently transfected with the polymorphic variants of mCD32 (ly17.1 and ly17.2) 48 hours after 
transfection the binding of A488 labelled monomeric (A) or aggregated (B) pooled hIgG was incubated with transfected 
cells for 15 minutes at room temperature at the concentrations indicated. Cells were washed once and binding 
determined by flow cytometry. Results were normalised so the MFI obtained by staining with AT130-2 F(ab’)2 was set at 
100%. Results are representative of 3 independent experiments and suggest that a higher relative MFI was obtained 
when monomeric or aggregated IgG is incubated with cells expressing ly17.1 compared to the same concentration on  
ly17.2 transfected cells. This implies more efficient binding to this polymorphic variant of mCD32. 
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6.11 Generating soluble mouse CD32 

 

The results obtained here suggest that the polymorphic variants of mCD32 vary in their binding to 

hIgG when expressed on the cell’s surface. In order to further investigate binding, purified mCD32 

was required. As the protein is normally membrane bound, only the extracellular region (residues 

1-207) was produced. 

 

6.11.1 Expression and purification of mCD32 

 

PCR was performed on the previously isolated full length mCD32 gene in the pcDNA3 vector. PCR 

was performed with specific primers in order to amplify the region of the gene encoding for amino 

acids 1-207 representing the extracellular domain. The resulting PCR product was cloned into the 

pDSG-IBA vector incorporating a C-terminal 6xHIS tag. The constructs were then transfected into 

MEXI 293E cells using PEI as a transfection reagent and incubated for seven days to allow for 

protein production, after which the supernatant was harvested by centrifugation and filtration 

before being stored at 4°C. mCD32 was purified from the supernatant using a HisTrap HP column. 

Following column washing, HIS tagged protein was eluted using 250mM imidazole. Figure 6.7 

shows the trace from the purification of ly17.1 with the blue line showing the absorbance at 

280nm. This demonstrates that a high absorbance was seen for the flow though when the 

supernatant was loaded with a small peak during washing with 20mM imidazole. Finally, a peak in 

A280 was observed following addition of 250mM imidazole, indicating that protein specifically 

bound to the column was eluted. A similar plot was obtained for the purification of ly1.2 (data not 

shown) suggesting that both variants of mCD32 had been produced. 
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In order to confirm the purity of the protein, several fractions were run on a 12% SDS-PAGE gel 

along with a sample of supernatant (starting), flow through (FT) and material from the wash of the 

column. The gel was stained with coomassie blue and destained to allow the protein bands to be 

visualised. The expected molecular weight of the processed HIS tagged protein was 21.1 kDa 

(determined from sequence by ProtParam, ExPASy; http://web.expasy.org/protparam). Figure 

6.18 shows that there was a smear visible on the gel between 30-40kDa for both ly17.1 and ly17.2. 

This was present in the purified fractions and, to a lesser extent, in the flow through and wash 

sample. This smear was the only species visible in the unpurified culture supernatant, suggesting 

that it was present in a large quantity. Following purification, the fractions corresponding to the 

eluted protein were pooled and concentrated to a volume of 4-5ml using a spin concentrator 

before dialysis into PBS, the total purified protein yield was 4.8mg for ly17.1 and 3.2mg for ly17.2 

as determined by nanodrop.  

Figure 6.17 Purification of mCD32, extracellular domain.  

Plasmid DNA encoding for the extracellular region of mCD32 (residues 1-207) was transfected into MEXI 293E cells 
using PEI. 7 days after transfection and once cell viability had dropped below 75%, supernatant was harvested by 
centrifugation and filtration. Imidazole was added to the supernatant at a final concentration of 10mM. The 
supernatant was flowed through a 1ml HisTrap HP column before being washed with 20mM imidazole. Bound 
protein was eluted with 250mM Imidazole at the point indicated by a tight peak corresponding to protein specifically 
bound to the column. 

http://web.expasy.org/protparam
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6.11.2 Deglycosylation of purified mCD32 

  

It is clear from the SDS-PAGE gel in Figure 6.8 that the major band present in the purified protein 

was at a higher molecular weight than the expected 21kDa and was a smear rather than a tight 

band. This discrepancy could have been due to glycosylation of the receptor, therefore the purified 

protein was enzymatically deglycosylated.  

Deglycosylation of mCD32 was performed using PNGase F under reducing conditions; this enzyme 

is able to cleave N-linked glycans from the receptor. Following PNGase treatment for 2 hours, 

samples of both variants of mCD32 were run on a 12% SDS-PAGE gel along with a sample of 

untreated material as well as flow through from the purification. Figure 6.19 demonstrates that, 

following N-glycan removal, a band was present at approximately 21kDa, corresponding to the 

calculated molecular weight of mCD32. An additional band was seen at a weight of approximately 

35 kDa; this is likely to correspond to the PNGase F which was not removed from the reaction 

before analysis. The smear between 30-40 kDa present in the untreated, purified material was no 

longer visible after PNGase treatment. This suggests that the smear was caused by N-linked 

glycomodifications to mCD32, giving rise to species with a range of molecular weight. Upon 

removal, a species was obtained with the expected molecular weight. Following PNGase 

Figure 6.18 SDS-PAGE gel of purified mCD32 polymorphic variants.  

Following purification samples of were run on a 12% SDS-PAGE gel. A sample of the culture supernatant (starting), 
column flow through (FT) a fraction corresponding to the wash step and several fractions of the eluted protein were 
loaded onto the gel and run at 100v. The gel was stained with coomassie blue and detained.  A smear was observed 
between 30-40kDA for both variants of mCD32 in the eluted fractions. A fainter band was seen at the same molecular 
weight in the starting material, FT and collected wash buffer. 
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treatment, an additional band was observed at approximately 29kDa for ly17.1 as well as a few 

minor contaminants. However, the major species present was at a molecular weight 

corresponding to mouse CD32. 

 

6.12 Surface plasmon resonance (SPR) analysis of IgG binding to mouse CD32 

 

In order to better understand the interaction between polymorphic variants of mCD32 and IgG, 

analysis of binding affinity was carried out by SPR. Initial experiments aimed to confirm that the 

purified proteins, comprising the extracellular regions of mCD32, could be recognised by receptor 

specific F(ab’)2. For all experiments, an anti-HIS capture antibody was immobilised on a CM5 

Biacore chip. The purified receptor was flowed over the capture antibody at 10µg/ml. Following 

this the receptor specific F(ab’)2 AT130-2 or irrelevant control was flowed over the immobilised 

receptor and binding measured with the background binding subtracted. Figure 6.20 

demonstrates that binding to mCD32, as determined by an increase in response units, only occurs 

Figure 6.19 PNGase F treatment of purified mCD32.  

Purified mCD32 of both ly17.1 and ly17.2 haplotypes was treated overnight with PNGase F under 
reducing conditions before being run on a 12% SDS-PAGE gel under reducing conditions. Flow 
through (FT)  from the purification and untreated purified protein were also run on the gel (pure). 
Following PNGase F treatment bands were seen at 21kDa corresponding to deglycosylated 
mCD32 in contrast to the band seen in the pure sample containing several glycovariants. A band 
was also observed at 35kDa corresponding to PNGase F with an unknown band at 28kDa in the 
ly17.1 PNGase treated sample.  



 

Page | 204  

 

when using AT130-2 F(ab’)2 and not with the irrelevant control. This suggests that the protein 

produced was correctly folded and is capable of being recognised by specific reagents.  

Having established that the binding of receptor specific reagents to mCD32 could be detected, 

next the interaction between mCD32 and IgG was investigated. As before mCD32 was captured 

on the Biacore sensor chip via its HIS tag, IgG was then flowed over the chip at concentrations 

ranging from 3000-187.25nM. Figure 6.21a presents representative sensograms for the binding of 

cetuximab hIgG1 to both variants of mCD32.  This indicates that with increasing mAb 

concentration, a greater response is seen; the overall response also appears to be higher for NOD 

SCID than for SCID mCD32. Subsequently, the binding of aggregated, pooled human IgG1 was 

investigated (Figure 6.21b). The KD was found to be slightly higher for aggregated IgG binding to 

SCID than to NOD SCID mCD32 (1.519 x10-7M v 1.311 x10-7M) suggesting NOD SCID variant may 

have an increased affinity for aggregated IgG. Additionally, the affinity of each receptor variant for 

IgG of defined isotypes was also investigated (Figure 6.21c). NOD SCID mCD32 was found to have 

a higher affinity for the IgG1 than the SCID variant as determined by the KD for cetuximab (4.380 

x10-6M v 5.424 x10-6M) and rituximab (2.500 x10-6M v 3.138 x10-6M). This suggests that mCD32 in 

NOD SCID mice may have a higher affinity for hIgG1 the receptor expressed in SCID mice. However, 

it will need to be confirmed if this result is reproducible across multiple experiments. The 

Figure 6.20 Biacore results for receptor specific binding to mCD32.  
Purified mouse CD32 (ly17.1 or ly17.2) was captured on a CM5 chip using an immobilised anti-HIS 
antibody. Receptor specific F(ab’)2 (AT130-2) or an irrelevant control were flowed over the chip and 
response measure on a Biacore T100 instrument. Only AT130-2 gave an increase in response units, 
representative of binding. This was seen with both variants of mCD32. 
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differences observed between the receptor variants were more minimal for all other observed IgG 

isotypes investigated. 

 

  

Figure 6.21 Biacore analysis of IgG binding to mCD32 variants.  

Polymorphic variants of mCD32 (ly17.1 or ly17.2) were captured on a Biacore CM5 sensor chip using an immobilised anti-
HIS antibody. Monomeric or aggregated IgG was then flowed over the chip and used to calculate the KD. A) Example 
sensograms for the addition of cetuximab to captured mCD32. Cetuximab was used at (from top down) 3000, 1500, 750, 
375 and 187.5nM. B) Binding of pooled aggregated human IgG (agg hIgG) which was used at 2000, 1000, 500, 250 and 
125nM with the steady state affinity calculated. C) Steady state affinities for monomeric IgG, cetuximab (cetux) or 
rituximab (ritux) were used as human IgG1 (h1), human IgG2 (h2), mouse IgG1 (m1) or mouse IgG2a (m2a) at the same 
concentrations as in panel A. 
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6.13 Bone marrow chimera 

 

With polymorphic variation in mCD32 established as the most likely candidate for the abnormal 

mAb clearance observed in NOD SCID mice, the cell populations responsible for the clearance were 

investigated by generating the bone marrow chimera. The aim of this was to differentiate between 

CD32 present on haematopoietic and non-haematopoietic cells.  

 

6.13.1 Design, generation and phenotyping of mCD32-/- chimeric mice 

 

The chimera was designed with the aim of generating mice that expressed NOD SCID mCD32 

(Ly17.1) on their non-haematopoietic cells  with no CD32 expression on haematopoietic cells. The 

schematic for the generation of the bone marrow chimera can be seen in Figure 6.22. NOD SCID 

mice were sedated and irradiated with 1.5Gy X-ray radiation on day -1 and 0. After recovery, mice 

were injected with 6x106 bone marrow cells taken from BALB/c CD32-/- donors. Mice were 

allowed to recover before being screened to confirm bone marrow engraftment 6-8 weeks later.  

To determine whether donor bone marrow had engrafted in NOD SCID mice, chimera were bled 

and stained with fluorescently labelled mAbs against CD14, CD19 and CD32, before being analysed 

Figure 6.22 Design of mouse CD32 bone marrow chimera.  

NOD SCID mice were sedated and given 1.5Gy X-ray radiation on day -1 and 0. Bone marrow was harvested from the 
hind legs of BALB/c CD32-/- and a single cells suspension obtained, 6x106 cells were injected i.v. into irradiated NOD SCID 
mice. Bone marrow was allowed to engraft for 8-10 weeks before mice were screened to confirm engraftment. 
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by flow cytometry. Figure 6.23a shows that B cells (CD19+) were detectable in the blood of chimera 

mice but were not present in NOD SCID mice. Importantly, these B cells did not have expression 

of CD32. Furthermore, CD14+ monocytes were also present with no detectable expression of CD32 

(Figure 6.23b). This is in contrast to NOD mice which had clear expression of CD32 on B cells and 

monocytes. Taken together, these results suggest that the bone marrow chimera were generated 

successfully with CD32-/- haematopoietic cells engrafted into NOD SCID mice. 

 

6.13.2 Antibody clearance in bone marrow chimera 

 

To investigate the clearance of hIgG1 from the plasma of these chimeric mice and to investigate 

the cell types responsible for abnormal clearance in NOD SCID mice, 100μg cetuximab hIgG1 was 

injected i.v. into SCID, NOD SCID and CD32-/- chimera mice. The concentration of hIgG in the 

plasma was determined by ELISA, with the results presented in Figure 6.24. This shows that, at 

day seven, chimera mice had a significantly higher concentration of hIgG in their plasma than NOD 

SCID mice. This suggests that generating a chimera was able to overcome the faster mAb clearance 

observed in NOD SCID mice. Interestingly, chimera mice had significantly less circulating IgG at day 

Figure 6.23 Flow cytometry analysis of bone marrow chimera.  

Blood was collected from NOD SCID mice 8 weeks after reconstitution with CD32-/- bone marrow. Blood was stained 
with fluorescently labelled mAbs against CD19, CD14 and CD32 before being analysed by flow cytometry. Live cells were 
gated based on forward and side scatter as before. A) staining for CD19 and CD14 from a NOD SID and CD32-/- chimera 
mouse. B) The expression of CD32 on the surface of CD19+ B cells and CD14+ monocytes from a CD32-/- chimera and a 
NOD mouse. Plots are representative of all chimera generated. 
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seven than SCID mice; suggesting that the chimera is unable to fully restore mAb persistence to 

that observed in SCID mice. However, there was one major confounding factor in these 

experiments; quantification of mouse IgG in chimera mice revealed a high concentration of mIgG. 

Figure 6.25 demonstrates that the average concentration of mIgG in BALB/c mice was 423μg/ml 

compared to 1735μg/ml in CD32-/- chimera mice. In one mouse, the concentration of mIgG was 

as high as 3584μg/ml. Additionally, chimera mice displayed symptoms of autoimmunity, likely to 

be due to the high mIgG titre. This result means that there were two variables between NOD SCID 

mice and chimera; the altered CD32 expression pattern and elevated mIgG, making it difficult to 

deduce the mechanisms behind the changed phenotype in the chimera. 

 

 

  

Figure 6.24 Clearance of antibody from CD32 bone marrow chimera.  

100μg cetuximab was injected i.v. into SCID, NOD SCID or CD32 bone marrow chimera mice. Mice were bled and 
plasma collected, the concentration of hIgG in the plasma was determined by ELISA. At day 7 NOD SCID mice had 
a significantly lower concentration of hIgG in their plasma than SCID or Chimera mice. Chimera mice also had a 
significantly lower concentration than SCID mice (2-way ANOVA with multiple comparisons; ***P<0.001). Bars 
present mean +SD, N= 4-8 per group. 
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6.14 Chapter discussion 

 

In this chapter, the abnormally rapid clearance of certain mAb isotypes from the plasma of NOD 

SCID mice was investigated. This was based on the initial observation in the Tcl-1 hCD20 model 

where, 14 days after anti-hCD20 therapy, tumour cells had returned in NOD SCID mice but not in 

SCID mice. Investigating the concentration of the isotype control found that it was present at a 

significantly lower concentration in the plasma of NOD SCID mice compared to SCID mice seven 

days after treatment, with similar observations for tumour targeting anti-hCD20 mAbs. The 

occurrence of this phenomenon, with the isotype control Herceptin antibody, suggested that the 

abnormal clearance was not related to the mAb binding its antigen on the tumour. This has been 

briefly reported previously where human IgG1 or chimeric mAbs with a hIgG1 Fc were found to 

have a shorter half-life in NOD SCID mice. 492  

Subsequent experiments revealed that this abnormal clearance occurred in the absence of tumour 

cells and suggested that it was isotype dependent. All hIgG1 mAbs investigated throughout this 

chapter (cetuximab, rituximab and Herceptin) were cleared rapidly from the plasma of NOD SCID 

mice as well as mIgG2a whereas hIgG2 and mIgG1 were cleared at comparable rates between SCID 

and NOD SCID mice. This grouping of mAb isotypes was perhaps not surprising, with hIgG1 and 

Figure 6.25 Concentration of mouse IgG in the plasma of bone marrow chimera mice.  

 Following the generation of bone marrow chimera, plasma was collected from chimera 
mice, BALB/c and NOD SCID mice. The concentration of mIgG in the plasma was 
determined by ELISA. There was no detectable mIgG in NOD SCID mice. Bars show mean 
with points for individual mice N=3-7. 
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mIgG2a displaying similar functionality; both are efficient isotypes for direct targeting and have 

been demonstrated to have comparable binding to mouse FcγRs.493, 494 mIgG1 has been found to 

be restricted in only binding efficiently to mCD32 and mCD16. In comparison, competition assays 

demonstrated that hIgG2 could compete with mouse IgG for binding to mCD32 and mCD16, 

comparable to results with mIgG1.494 However, SPR has since revealed that hIgG2 displays very 

little binding to mFcγRs.98 These results gave the first suggestion that altered mAb clearance in 

NOD SCID mice may be related to FcγR binding.  

Previous data suggested that hIgG had a higher in vitro binding to macrophages from NOD SCID 

mice than those from other strains.492 This previous work only constitutes a poster abstract so 

methodologies used to draw these conclusions are not clear, however based on this, the possible 

role of BMDMs in abnormal mAb half-life was explored. Initially non-specific uptake was 

investigated with bead phagocytosis assays suggesting that BMDMs from SCID mice had greater 

potential for non-specific uptake of material, the reverse of the pattern observed with mAb 

clearance in vivo. This result implies that non-specific phagocytosis of material was not responsible 

for abnormal mAb clearance in NOD SCID mice. Results from mAb internalisation assays suggest 

that the proportion of mAb internalised was greater for BMDMs from SCID mice than NOD SCID 

with mouse IgG2a, human IgG1 and human IgG2. However, this result was compounded by 

differences in the absolute binding levels to the cell surface (MFI), suggesting that there may be 

differences in the binding capacity of different BMDMs for IgG. This was particularly true for 

mouse IgG2a, where fluorescence was higher for SCID BMDMs, and additionally for human IgG1, 

where binding was found to be higher on NOD SCID BMDMs. This latter result was consistent with 

the previous study reporting abnormal IgG1 half-life in NOD SCID mice, stating that IgG has a 

higher in vitro binding to FcγRs on macrophages of NOD SCID mice, however the strains of mice 

used for comparison were not detailed. 492 However, the same study also suggested that there 

was no difference in the half-life of murine IgG, whereas here mouse IgG2a was found to be 

cleared more rapidly from the plasma of NOD SCID mice. The previous study did not state the 

methodologies used or the isotypes of mouse IgG investigated, which may account for the 

discrepancies regarding mouse IgG to the data reported here. 

The requirement of FcγRs to facilitate abnormal mAb clearance was confirmed by using an N297Q 

mutant of rituximab. This mutation prevents N-linked glycosylation at amino acid 297, which 

inhibits binding to FcγRs and prevents Fc dependent effector mechanisms.104  The effect of this 

mutation on binding to FcRn is less clear, this is the major receptor responsible for transporting 

IgG across the placenta as well as for extending the half-life of IgG in the serum.387 Efficient 
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interaction with FcRn is essential for maintaining the serum concentration of IgG; the receptor 

scavenges IgG from the lysosome by way of having a high affinity in acidic environments before 

releasing IgG at a neutral pH.395, 490 Crystal structures of hFcγRs and hFcRn with hIgG1 Fc identified 

hFcRn as binding to Fc between its CH2 and CH3 domains.495 In contrast structural and mutational 

studies have identified residues clustered around the CH2 domain and lower hinge as being 

important in the Fc:FcγR interaction.496, 497 It is in this region where residue N297 is found, taken 

together this suggests hFcRn interacts with hIgG1 away from the mutated N297 residue. 

Importantly in vivo studies have demonstrated that the N297Q mutation does not alter hIgG half-

life in mice In this chapter, when compared to wild type rituximab, the NQ mutant was cleared 

from the plasma of NOD SCID mice significantly slower than the wild type mAb.104 Given that the 

mutation does not appear to alter the FcRn mediated half-life, this result  suggests that abnormally 

fast hIgG clearance is dependent on the interaction between mAb Fc and FcγRs in NOD SCID mice.  

One interesting observation was made previously regarding FcRn that hIgG1 retains binding to 

mouse FcRn at a neutral pH, albeit with a significantly lower affinity than at pH6.498 This is in 

contrast to hFcRn, where binding to hIgG was virtually non-existent at pH7.2. Experiments should 

be performed to understand the affinity of the mouse and human IgG isotypes used here for 

mouse FcRn at different pH. This could help to explain the variation in half-life between different 

isotypes. Importantly, FcRn has been previously been shown in NOD SCID mice to contain no 

polymorphisms and to have no difference in hIgG binding compared to BALB/c mice.492 This 

suggests that, whilst hIgG1 may interact differently between human and mouse FcRn, there is 

unlikely to be differences between binding in SCID and NOD SCID mice. Despite this, it will be 

important to investigate the expression level of FcRn and tissue distribution in NOD SCID mice to 

determine whether this has any influence on abnormal hIgG1 clearance. It is possible that reduced 

expression of FcRn could contribute to less efficient recycling of hIgG1, resulting in faster 

degradation. Whilst results using mCD32 knock-out mice suggest that abnormal clearance is not 

mediated by FcRn, further work is required to confirm that this is the case. 

Furthermore, the reconstitution of NOD SCID mice with mIgG at concentrations found in BALB/c 

mice was also able to prevent abnormal hIgG1 clearance. The addition of mIgG to NOD SCID mice 

mimics the situation in NOD mice, which have normal mAb clearance, suggesting that the 

presence of circulating IgG can overcome abnormal mAb clearance, possibly through engaging and 

saturating FcγRs.  This mechanism would be similar to one of the proposed mechanisms for the 

action of IVIG, where in autoimmunity the treatment has been proposed to act by inhibiting the 

binding of autoreactive antibodies to FcγRs, although this is still widely debated.499, 500 
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Having established that abnormal mAb clearance in NOD SCID mice was likely to be FcγR 

dependent, the expression levels of FcγRs was explored in SCID and NOD SCID mice. With previous 

studies suggesting that macrophages were the cell type responsible for the abnormal half-life of 

hIgG1, BMDMs and splenic macrophages were phenotyped, as well as monocytes and neutrophils. 

Two major subsets of mouse monocytes were investigated. Ly6CHi
 monocytes are considered to 

be proinflammatory with a high capacity for phagocytosis and potent TNFα production.501, 502 In 

contrast, Ly6CLo monocytes patrol the luminal side of the endothelium in blood vessels and secrete 

the anti-inflammatory cytokine IL-10 following bacterial infection.501, 503 FcγR phenotyping 

indicated splenic macrophages from SCID mice to have a higher expression of CD16 compared to 

NOD SCID, whilst FcγRIV had the opposite trend. It is possible that these differences are 

compensatory and do not result in any net change in the expression of activatory FcγRs. There was 

very low expression of CD64 on all cell types investigated from NOD SCID mice, especially when 

compared to expression in SCID mice. One explanation for this phenomenon is that NOD mice 

(and by association NOD SCID) contain a variant of mCD64 that differs from the canonical mCD64 

sequence by 17 amino acids.504 These mutations are spread throughout the protein an include a 

four amino acid insertion at the interface between extracellular domains two and three.505 These 

extensive mutations are therefore likely to prevent recognition of the receptor by the reagents 

used for phenotyoping.506 This variation in mCD64 has been found to result in a gain of function 

of CD64 in NOD mice, allowing increased binding to mIgG2b and mIgG3 compared to BALB/c CD64. 

This mutation was not found to alter mIgG2a binding; although affinity of the variant for hIgG1 

has not been determined, the use of the γ-chain -/- mice here suggests that the variation in mCD64 

is not responsible for the abnormal hIgG1 clearance. 

Furthermore, the expression of mCD32 appeared substantially lower on monocytes from NOD 

SCID mice compared to SCID. The likely explanation for this is that NOD mice (and therefore NOD 

SCID) contain a promoter haplotype in mCD32. A 13bp deletion results in the loss of two putative 

transcription factor binding sites upstream of the CD32 gene; this was found to result in a lower 

expression of mCD32.507 However, this previous study used the mAb 2.4G2, which binds both 

mCD32 and mCD16. Despite this, in this current work the results suggest that mCD32 expression 

was reduced in splenic and circulating monocytes in NOD SCID mice, supporting previous work 

where promoter polymorphisms resulted in reduced mCD32 surface expression. Given that 

knocking-out mCD32 in NOD SCID mice extended hIgG1 half-life it is unlikely that the lower mCD32 

expression in NOD SCID mice was responsible for abnormal mAb clearance. 
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When mCD32 was genetically deleted in NOD SCID mice, the persistence of mAb was restored to 

the levels observed in SCID mice. This result was confirmed using two different hIgG1 mAb, 

suggesting that the phenomenon observed was a result of the isotype rather than the mAb target. 

This result implies that the expression of mCD32 in NOD SCID mice is responsible for the faster 

clearance of hIgG1 from the plasma. This is a surprising result, given the previous indication that 

the NOD SCID mice have a reduced expression of mCD32 due to a promoter haplotype.   

Polymorphisms in the translated mCD32 gene have been identified with 2 distinct haplotypes.306, 

508 As has been confirmed in this chapter, SCID mice possess the ly17.2 haplotype whilst NOD SCID 

mice are ly17.1. These variants differ by four amino acids; three in the extracellular domain and 

one intracellular, with the ly17.1 haplotype more common in autoimmune prone strains of 

mice.508-510 Despite this, there have, so far, been no reports to suggest that this haplotype alters 

the affinity for IgG or affects the biological function of mCD32.306 In this chapter, evidence has 

been presented to suggest that ly17.1, the variant of mCD32 found in NOD SCID mice, may have a 

slightly increased affinity for hIgG. The first evidence for this came from the binding of monomeric 

and aggregated hIgG to Ly17.1 and Ly17.2 expressing 293F cells. When normalised to transfection, 

cells expressing the NOD SCID variant of mCD32 were able to more efficiently bind both 

monomeric and aggregated pooled hIgG. This system does not represent physiological levels of 

receptor expression with receptors overexpressed. Additionally, entirely comparable receptor 

expression could not be obtained for both variants, making normalisation necessary. Another 

important consideration from these experiments was the use of pooled hIgG; this will contain 

mixture of all possible human IgG isotypes. IgG1 and IgG2 are the primary subclasses in pooled 

IgG, although IgG3 and IgG4 will be present to a lesser extent, with reports suggesting 

preparations from some suppliers contain small amounts of IgA.511, 512 Additionally, it is possible 

that certain subclasses aggregate more efficiently and may therefore be overrepresented in either 

the aggregated on monomeric fractions. Whilst these experiments suggest that IgG is binding 

more efficiently to NOD SCID mCD32, it is hard to conclude which subclasses are responsible for 

binding. Producing subclass-specific samples of aggregated and monomeric IgG would useful to 

confirm whether binding follows the in vivo pattern, where only certain subclasses resulted in 

abnormal mAb clearance.   

Biacore analysis addressed this further following generation and purification of soluble forms of 

the extracellular portion of both variants. Results for aggregated hIgG binding correlated with 

FACS experiments, suggesting that NOD SCID mCD32 has a higher affinity for aggregated hIgG, as 

before the subclasses present in the aggregated IgG are unknown. When investigating monomeric 
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hIgG binding, both mAbs investigated suggested a similar increase in hIgG1 affinity with KD for 

ly17.1 1.24 fold lower for cetuximab and 1.26 fold lower for rituximab, compared to ly17.2. 

Whether this increase in affinity is enough to fully explain the abnormal mAb clearance in NOD 

SCID mice appears unlikely. However, the observation that normal mIgG levels can prevent rapid 

clearance suggests a subtle difference may be responsible. 

One question left by these experiments is why mIgG1 has a normal clearance from NOD SCID mice. 

As shown by the Biacore data presented here, mCD32 has a high affinity for mIgG1, higher than 

the affinity of either mCD32 variant for hIgG1. This result is surprising as, if the increase in NOD 

SCID CD32 affinity was responsible for fast clearance of hIgG1, it would be expected that mIgG1 

would also be cleared quickly due to mCD32 having an even higher affinity for this isotype. Yet as 

demonstrated here, mIgG1 was cleared more slowly from the plasma with no differences between 

SCID and NOD SCID mice; the reason for this anomaly is so far not understood. Additionally, 

mIgG2a was cleared rapidly from NOD SCID mice despite NOD SCID and SCID mCD32 having a 

similar affinity for mIgG2a. It is important to note that the clearance of mIgG2a has not been 

investigated in NOD SCID mCD32-/- mice and therefore this receptor may not be responsible for 

the fast clearance of this isotype in NOD SCID mice.  

The basis for the higher affinity of mCD32 for hIgG1 is not known. There is currently no crystal 

structure for mCD32, either alone or in complex with IgG. It would be beneficial to determine the 

crystal structure of the receptor in order to locate residues that vary between the isoforms of 

mCD32. This would allow their likely impact on the interaction with IgG to be investigated.  

Structural prediction of the extracellular region of mCD32 using the Phyre2 investigator predicted 

the polymorphism at position 116 to be in the linker between the two extracellular domains. 

Furthermore,  residues 161 and 166, the other extracellular polymorphic residues were predicted 

to be in the membrane distal extracellular domain (Phyre 2 

http://www.sbg.bio.ic.ac.uk/phyre2/phyre2_output/f5a2d5ad3f08fa59/summary.html).513 This 

structural prediction was modelled on the structure of human CD32b (PDB: 1E4J); using it as a 

template for interface prediction by PiSITE, which suggested that residue 161 may be at the Fc 

interface with residue 166 adjacent to interface residues.514 Whilst this data is predictive and 

would require confirming through a crystal structure, it suggests that there may be some 

structural basis for the difference in affinity observed in this study.  As well as the residues mutated 

in the extracellular region of mCD32 between SCID and NOD SCID mice, there is also a 

polymorphism intracellularly. It is possible that this intracellular I258S polymorphism could impact 

on the internalisation of the receptor, however this requires further investigation.  

http://www.sbg.bio.ic.ac.uk/phyre2/phyre2_output/f5a2d5ad3f08fa59/summary.html
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Finally, bone marrow chimera were generated in order to obtain mice where ly17.1 (NOD SCID) 

mCD32 was expressed on the non-haematopoietic cells and no CD32 was expressed on 

haematopoietic cells. Normal hIgG clearance was observed in these mice, which suggested that 

haematopoietic mCD32 was responsible for the abnormal mAb clearance. However, these mice 

were revealed to have very high levels of mIgG in the plasma. Although some mIgG would be 

expected after reconstituting the NOD SCID mice with splenocytes capable of generating B cells 

(and hence plasma cells and antibodies) this high level may reflect some graft versus host disease 

(GVHD), as mice also displayed signs of colitis. Given previous results in this chapter that IgG can 

overcome abnormal mAb clearance, it is impossible to deduce if the results of the chimera 

experiment are due to the mCD32 expression pattern or simply a result of elevated mIgG. This 

complication could be overcome by transferring bone marrow from NOD SCID CD32-/- mice; this 

would prevent the production of mIgG in the recipient mice as there would be no reconstitution 

with B cells. Alternatively, the cell types responsible for the abnormal hIgG1 clearance could be 

investigated by deleting specific populations. Clodronate vesicles can be used to deplete 

macrophages whilst monocytes can be deleted with specific antibodies, this can be used to 

identify if removing cell populations can restore normal hIgG half-life without the need to 

generate chimera. 

Despite some limitations, this chapter has clearly identified that hIgG1 and mIgG2a are cleared 

abnormally quickly from the plasma of NOD SCID mice. The evidence strongly suggests that this is 

dependent on the Fc portion of the mAb and is mediated by CD32b. Whilst further work is required 

to fully deduce the mechanism by which mCD32 exerts this effect, this work identifies a small 

increase in affinity for hIgG1 by the ly17.1 haplotype of mCD32, the variant expressed in NOD SCID 

mice.  Importantly, this abnormal clearance can be overcome by restoring mIgG levels. The NOD 

SCID mouse strain is widely used for studying immunotherapy. However, the implications for the 

findings in the chapter could be wider reaching; NOD SCID mice are used as the background for a 

number or more highly immune compromised strains it should be investigated if these derivative 

strains also have abnormal mAb half-life. One example is NSG mice lacking expression of the IL-2 

γ-chain.488 These have been used as the hosts for PDX models for studying a number of human 

cancers including B cell lymphoma. Amongst other applications, these PDX mice are utilised to 

investigate immunotherapy.515 Given the results here, the mAb half-life and therapy duration 

obtained in these models should be treated with caution.  The alternative is to use immune 

deficient strains on a different background or to reconstitute recipients with mIgG prior to mAb 

administration. The results in this chapter highlight the need for careful consideration when 
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interpreting results from NOD SCID mice or those on a NOD SCID background, particularly when 

comparing results between strains. It is important to consider reconstituting NOD SCID mice with 

IgG when using the strain for immunotherapy in order to restore normal antibody kinetics.  
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Chapter 7 Discussion and future work 

 

The aim of this thesis was to investigate the role of FcγRs in mAb therapy. FcγRs are expressed 

throughout the body on immune and epithelial cells where they bind to the Fc of antibodies 

through their extracellular immunoglobulin domain.218 Despite this general similarity, it is clear 

from the work here that this family of receptors are responsible for a diverse range of activities. 

There are three roles for FcγRs discussed in this work: mAb mediated receptor cross-linking, 

effector cell activation and modulating mAb half-life. These are three distinct functions, which all 

contribute to the activity, efficacy and persistence of therapeutic mAb.  

Initially, cell lines were generated expressing polymorphic variants of hFcγRs and characterised for 

their ability to bind to IgG and IC before being used as feeder cells in T cell proliferation and 

cytokine release assays. It was their use in these proliferation assays that dictated the decision to 

use an adherent cell line as the basis for transfected cells. The rationale was that previous assays 

had identified cross-linking of TGN1412 as being vital for its activity, however this was achieved 

by immobilising the mAb on plastic or using a secondary mAb.158, 159 The use of FcγR transfected 

cells provided a more biologically relevant method for mAb and receptor cross-linking. Moreover, 

these CHO-K1 based proliferation assays revealed that CD32b expressing CHO-K1 cells facilitated 

T cell proliferation following stimulation with TGN1412. This result is perhaps not surprising given 

that several other immune stimulatory mAbs have been described to require cross-linking via 

CD32b for activity. For example, the anti-CD40 mAb 3/23 was found to require trans cross-linking 

via CD32b in order to have a stimulatory effect in vivo.434 Similarly, agonistic mAbs directed to 

death receptor 5 (DR5) have been shown to require cross-linking through CD32b to induce death 

of the target cell.516 Together these results, added to those described here with TGN1412, suggest 

an important role for CD32b cross-linking in the activity of agonistic mAbs that require higher 

order receptor cross-linking for function. Moreover, this is consistent with results from PBMC 

assays where high density pre-culture was required to allow TGN1412 to induce proliferation, with 

the same process resulting in an upregulation of CD32b.161 The results presented here suggest that 

this upregulation may be directly responsible for the proliferation observed in PBMC assays. This 

is in contrast to the postulation made my Römer et al  who proposed that high density culture 

resulted in sub-threshold T cell stimulation through contact with monocytes.160 Overall, assays 

such as those presented here, as well as an increased understanding of toxicity, have led to 
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development of TGN1412 (now called TAB08) being restarted, albeit at much lower 

concentrations, with promising early results in rheumatoid arthritis.517 

The results in this thesis go beyond demonstrating the requirement for CD32b for TGN1412 

induced proliferation. CD32a transfected cells were also able to induce TGN1412 mediated 

proliferation. This is perhaps not surprising given that CD32a and CD32b have a high degree of 

sequence similarity. What will be interesting is to investigate if CD32a cross-linking is able to 

facilitate cross-linking of agonistic mAbs in vivo. Perhaps more surprising was that CD64 

transfected cells were able to facilitate TGN1412 induced proliferation, however this was to a 

lesser extent than that from CD32b, despite CD64 having a 150 fold higher affinity for IgG4 than 

CD32b.290 Whilst it is possible that the higher expression level of CD32b on the CHO-K1 cells was 

responsible for this difference, it seems more likely, particularly given results with other mAbs 

(3/23 and anti-DR5), that CD32b and CD32a have an innate property which makes it optimally 

suited for mAb cross-linking. One possibility is that the receptor dimerises at the cell surface. This 

has been reported to occur with CD32a, with the dimerization motif identified.302 This motif is not 

well conserved among FcγRs but is present in CD32b, raising the possibility that this could be the 

shared mechanism by which CD32a and CD32b efficiently cross-link agonistic mAbs, clustering the 

target receptor on the cell surface.302 The proliferation assays performed here only used cells 

transfected with the I232 allele of CD32b. It would be interesting to perform the experiments with 

cells expressing the T232 variant. This allele is known to prevent receptor redistribution into lipid 

rafts and may therefore prevent the clustering of TGN1412 required to induce proliferation.359 

One surprising set of results from these experiments were those achieved with CD16a transfected 

cells. It is widely known that the low affinity FcγRs, of which CD16a is one, have a higher affinity 

for IC and aggregated IgG than they do for monomeric IgG.290 This was observed for CD32a and 

CD32b but not for CD16a where transfected cells only had low binding to aggregated IgG, as 

determined by FACS. As has previously been discussed, this could be related to preferential 

aggregation of IgG isotypes, however CD16a was also unable to facilitate TGN1412 induced 

proliferation. This is despite the receptor having a similar affinity for IgG4 as CD32a.290 In isolation, 

this latter result could be explained by the dimerization of CD32a (and potentially CD32b) 

previously discussed. Yet when coupled with the low aggregated IgG binding, these results suggest 

that CD16a may not be binding to IgG as expected, despite the sequence of the transfected 

receptor being confirmed. One factor which could explain both these results is glycosylation of the 

CD16a receptor; CD32a contains two N-linked glycosylation sites with glycosylation reported not 

to have an effect on IgG binding.518 In contrast CD16a has five potential N-linked glycosylation sites. 
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Importantly these glycans have been shown to influence IgG binding; removal of the glycan from 

N162 reduced the binding of IgG1 to the receptor.519 It stands to reason that similar differences in 

binding to IgG4 may result from altered glycosylation. Crucially, earlier work has demonstrated 

that CD16a is differentially glycosylated depending on the cells in which it is produced and that 

this can influence the IgG binding kinetics.520 This offers an explanation for the unexpected results 

using CD16a transfected CHO-K1 cells however it is an area that requires further investigation. 

With CD32b extensively shown to regulate the immune response via signalling initiated by its ITIM 

motif the results from the proliferation assays and elsewhere demonstrate how the role of CD32b 

is far more complex than was initially thought.218, 306 As a result, the loss or reduced expression of 

CD32b, may impact on therapy with direct targeting mAb, with the potential to improve agonistic 

mAb responses if strategies can be developed to increase CD32b expression. Key to manipulating 

the expression of CD32b in each context, is understanding the underpinning regulation of the 

receptor. As such, work set out to understand the lack of CD32b expression by Ramos cells. This 

identified that the absence of CD32b expression in Ramos cells occurs at the transcriptional level, 

despite their being no significant differences in either the gene or promoter sequences. 

Furthermore, expression could not be induced using epigenetic inhibitors, which prevent the 

methylation of DNA. As a result the mechanism for this lack of CD32b expression is still unclear 

and requires further investigation as has been discussed earlier. Ramos cells are derived from a 

Burkitt’s lymphoma patient. It seems plausible that the loss of CD32b expression reduces 

inhibitory signalling and therefore allows clonal outgrowth.444 There is evidence for CD32b 

dysregulation in vivo with variable expression between tumour types; DLBCL and FL were found 

to have a significantly lower CD32b expression than CLL cells and normal B cells.254 Furthermore, 

studies have identified translocations resulting in an increased expression of CD32b in cases of 

NHL and FL, further identifying the variability in CD32b expression levels which could impact on 

mAb therapy.467, 521  

On the other hand, elevated CD32b expression can have its drawbacks, particularly when it comes 

to the activity of the anti-CD20 mAb rituximab. It has been demonstrated in two independent 

clinical trials that increased expression of CD32b on target cells negatively effects the response to 

rituximab.254, 255 Further experiments have shown that this occurs  due to the cis binding of 

rituximab on the target cell, promoting internalisation.253 Moreover, it has been demonstrated 

here that the type II mAb obinutuzumab, which is not internalised to the same extent, results in 

improved therapy in a mouse tumour model and persists in the circulation for longer than 
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rituximab. Overall, these data efficiently demonstrate the opposing roles for CD32b interactions 

between direct targeting and agonistic immune modulatory mAbs.  

Building from the observations that hCD32b binding influences rituximab half-life in vivo through 

internalisation; this work also identified a direct role for mouse CD32 in altering mAb half-life as a 

result of a polymorphic variant in NOD SCID mice. The reduction in mAb half-life in a NOD SCID 

mouse was sufficient to give a significantly shortened therapy with rituximab and obinutuzumab 

compared to effects in SCID mice. Further experiments found that this altered mAb clearance 

applied to hIgG1 and mIgG2a but not to mIgG1 and hIgG2. The isotype restricted nature of this 

phenomena suggested that it could due to a specific receptor interaction. This deduction was 

supported by the single previous study describing the abnormal half-life of hIgG1 mAbs in NOD 

SCID mice, which identified interaction with FcγRs on macrophages as being responsible.492 Based 

on this, experiments were performed in various FcγR deficient mice. NOD SCID mice lacking the 

expression of activatory FcγRs had no alteration in mAb clearance whereas when mCD32 was 

absent, mAb persistence was restored to the same level as in SCID mice. A role for mCD32 in mAb 

clearance would not be unusual given the internalisation of rituximab mediated by cis binding to 

hCD32b as previously discussed.253, 254 However the mechanism of mAb consumption in the 

current study is likely to be different as increased mAb clearance occurs in the absence of target 

B cells. Phenotyping performed here demonstrated that mCD32 was expressed on splenic 

macrophages and BMDMs, consistent with the previous study identifying macrophage FcγRs as 

mediating the abnormal half-life. In order to confirm if macrophages were responsible for the 

increased mAb clearance, hIgG1 clearance could be investigated in mice treated with clodronate 

vesicles to deplete macrophages. However, there are other tissues on which mCD32 is expressed 

in mice, even despite NOD SCID mice lacking B cells, a major source of mCD32 expression. It has 

been demonstrated that mCD32 is expressed in the intestinal epithelia where it is associated with 

IgG.522 Furthermore, expression of mCD32 has been seen on liver sinusoidal endothelial cells 

where has been shown to facilitate the clearance of small immune complexes.523 Due to these 

observations, bone marrow chimera were generated to deduce the source of mCD32 expression 

responsible for the abnormal mAb half-life. However these mice had a high concentration of 

serum IgG which was demonstrated to restore normal mAb-half life, preventing these chimera 

from being useful to elucidate the mechanism of reduced half life in NOD SCID mice. As a result 

experiments are ongoing to generate chimera using bone marrow from NOD SCID mCD32 -/- mice. 

Further investigations suggested that the variant of mCD32 expressed by NOD SCID mice had a 

higher affinity for hIgG1 than SCID mCD32. However, whether the modest increase in affinity can 
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account for the dramatic reduction in mAb half-life remains to be seen. This is especially true given 

that mCD32 was found to have a higher affinity for mIgG1 than for hIgG1, yet mIgG1 had a normal 

half-life in NOD SCID mice. One way to investigate this would be to use a hIgG1 mAb engineered 

to have a reduced affinity for mCD32 to determine if a modest decrease in mCD32 affinity is 

capable of restoring normal mAb clearance. Sequencing of mCD32 from SCID and NOD SCID mice 

revealed the expected ly17 polymorphic variation in the NOD SCID mice. The two variants of 

mCD32 vary be four amino acids, three of which are extracellular (P116L, Q161L, T166P) and one 

intracellular (I258S). Crystallographic studies are required to determine if these polymorphisms 

occur in the tertiary structure of the Fc binding region of the receptor in order to deduce if these 

residues are responsible for the altered hIgG1 affinity.  

The results of these experiments into mAb half-life are likely to have an increased significance and 

be applicable to a number of strains. NOD SCID mice are severely immune compromised and are 

widely used in their own right as well as forming the background for NSG mice.417, 419 It will be 

important to confirm if the abnormal half-life of mIgG2a and hIgG1 also occurs in NSG mice. These 

strains are extensively used, particularly as recipients for patient xenografts and are rapidly 

becoming a widely used model for pre-clinical testing, including for investigation into novel 

immunotherapies.515 Where the abnormal half-life in NOD SCID mice becomes a challenge is in 

comparing results between strains. In these cases real consideration should be made as to the 

strain specific effects on mAb half life and efficacy. Furthermore, it has been shown here that 

isotype has a significant effect on mAb half-life in NOD SCID mice, therefore caution should be 

exercised when comparing results of mAbs of different isotypes in these strains. 

There is also a significant question as to whether NOD SCID mice and their related sub-strains are 

a suitable model for studying agonistic immune modulatory mAbs. As well as the abnormal half-

life, work presented here plus that of others (White434, Wilson516 and Li524) has demonstrated a 

clear requirement for cross-linking by inhibitory FcγRs for the activity of these mAbs. With mCD32 

polymorphisms affecting affinity for IgG, this could have a significant impact on the activity of 

agonistic mAbs in these strains. For example, studies have been performed in NSG mice to 

investigate anti-CD40 mAb, known to require cross-linking via CD32b.434, 525 However without 

direct comparison to therapy in strains not expressing the NOD SCID variant of mCD32 it is difficult 

to determine the effect of the polymorphism on therapy. Furthermore, xenograft mice are 

reconstituted with a human immune system, the extent to which this alters the mAb half-life 

requires further investigation. Understanding the tissue localisation of CD32 responsible for 

abnormal mAb half-life should go some way towards understanding this question. 
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One strategy that was found here to extend mAb half-life in NOD SCID mice without the need for 

genetic manipulation was to reconstitute the mouse with mIgG at levels comparable to that in 

BALB/c mice. This implied that the polymorphisms in mCD32 were responsible for the abnormal 

mAb clearance in NOD SCID mice but only in the absence of normal circulating IgG. This suggests 

a mechanism whereby serum IgG can bind to mCD32, preventing the therapeutic mAb from doing 

so and extending its half-life. Moreover, this offers a practical method by which abnormal half-life 

in NOD SCID mice can be overcome. As well as prolonging half-life, restoring biological IgG levels 

is more physiologically relevant; with serum IgG found to have a profound effect on mAb activity. 

Initial experiments using ex vivo cynomolgus monkey samples postulated that IgG was having an 

inhibitory effect on rituximab killing.526 Subsequently, experiments found that human serum 

inhibited Herceptin mediated ADCC, an effect that could be overcome by removal of IgG from 

serum.527 Moreover, this inhibitory effect of IgG could be overcome by using an afucosylated mAb 

which could displace serum IgG from CD16a due to its higher affinity for the receptor.528 Taken 

together these results suggest that the benefits of reconstituting NOD SCID mice with IgG goes 

beyond restoring normal half-life, they also provide a more relevant model for studying effector 

cell mechanisms and efficacy. This is applicable to experiments in the Tcl-1 model where a number 

of experiments were performed in SCID mice, also lacking endogenous IgG. However the results 

from SCID mice displayed the same trends as those performed in immune competent mice, 

suggesting a lack of IgG did not significantly alter therapy in this system. It is possible that the 

inhibitory effects of serum IgG are reduced in a murine system. An alternative explanation is that 

a higher amount of mAb was used in immune competent mice, which could overcome the 

inhibitory IgG effects as has been reported previously.527 

Despite the lack of serum IgG in SCID recipients, the Tcl-1 model was been shown to provide a 

murine model of B cell malignancy which replicates features of human disease. When splenocytes 

from Tcl-1 tumour bearing mice were transferred into hCD20 Tg or immune deficient mice, hCD20 

expression was maintained and tumours could be effectively treated with anti-CD20 mAbs. 

Investigations into the effector mechanisms required for anti-CD20 mAb activity found that 

activatory FcγRs were an absolute requirement for rituximab activity whilst obinutuzumab only 

had residual activity. Taken together these results agree with those previously demonstrating the 

importance of activatory FcγRs for anti-CD20 mAb activity, with the results presented here 

showing this for the first time in a fully murine model of disease. 200, 222 

Whilst not all mice innoculated with Tcl-1 hCD20 splenocytes developed disease, the model is 

unique in that both malignant and non-malignant B cells are present, with both expressing the 
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target human CD20 antigen. This system is most akin to that in humans and was used to model 

anti-CD20 therapy in combination with the PI3Kδ inhibitor GS9820. Furthermore, these 

experiments used multiple doses of mAb, similar to the cycles of treatment received by patients.127 

These experiments found that, as before, mAb monotherapy gave effective tumour clearance 

which was more prolonged for obinutuzumab compared to rituximab, consistent with previous 

results.309 Moreover, when combined with GS9820, the therapy was more prolonged, with the 

inhibitor alone also having a profound anti-tumour effect. It was demonstrated that GS9820 was 

able to prolong the half-life of anti-CD20 mAbs in the Tcl-1 model. It is possible that the anti-

tumour activity of GS9820 reduces the tumour burden and extends mAb half-life by reducing the 

consumption of mAb either tumour binding, binding to effector cells or mAb internalisation via 

CD32. Alternatively GS9820 could be having a more direct effect on prolonging mAb half-life 

through an as yet unknown mechanism. Overall it is clear that the combination therapy improves 

mAb half-life and leads to a prolonged tumour cell clearance in the Tcl-1 hCD20 model. These 

results were comparable to those observed in patients, where the combination of rituximab with 

the related PI3Kδ inhibitor idelalisib improved progression free survival in CLL patients compared 

to rituximab alone.49 

Overall there are two major themes that have emerged from this work. The first is the role of 

hCD32b in modulating functions beyond negative signalling in immune effector cells. The work 

presented here has demonstrated that hCD32b cross-linking is required for the activity of the anti-

CD28 mAb TGN1412. Furthermore, this cross-linking is capable of inducing the cytokine release 

observed in humans following TGN1412 infusion. Additional work into understanding the 

regulation of hCD32b expression such as in Ramos cells could lead to effective ways to modulate 

hCD32b expression for immune modulatory or direct targeting mAb therapy. On the other hand, 

mCD32 has also been shown to play a role in mAb half-life, at least in some strains of mice. In 

particular, the polymorphic variant of mCD32 found in NOD SCID mice was shown to result in a 

shorter mAb half-life for mIgG2a and hIgG1, the two most commonly used isotypes of mAb. The 

importance of half-life on mAb therapy is the second major theme from this work. The shorter 

mAb half-life in NOD SCID mice was found to result in a less prolonged tumour clearance following 

rituximab or obinutuzumab therapy. Additionally, the persistence of these mAbs in the circulation 

was found to be increased following combination therapy in the Tcl-1 model. Together these 

results suggest that mAb half-life is an important variable in the efficacy of therapeutic antibodies 

and that careful consideration should be made as to the differences in half-life between mouse 

strains. 
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Appendices 

Appendix A: Primer sequences used during this project 

Primer 
Name 

Purpose Sequence 

CD32a HR CD32a mutagenesis CCAGAAATTCTCCCATTTGGATCCCACCTTCTCC 

CD16a VF CD16a mutagenesis CTTCTGCAGGGGGCTTGTTGGGAGTAAAAATGTGTC 

T7 Sequencing (pcDNA3, 
pCI-Puro, TOPO) 

TAATACGACTCACTATAGGG 

T3 Sequencing (pCI-
PURO) 

ATTAACCCTCACTAAAGGGA 

BGH rev Sequencing (pcDNA3) TAGAAGGCACAGTCGAGG 

SP6 Sequencing (TOPO) ATTTAGGTGACACTATAG 

CD16a 350R CD16a sequencing TATCTGGAAACTTAAAGTTCC 

 

Appendix B Vector maps 

pcDNA3 
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pCI-neo 

 

 

 

pCR-Blunt II-TOPO 

 

 

  

pCI-puro was created by replacing the neomycin cassette 
with the puromycin resistance cassette from pPURO 
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pDSG-IBA 
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