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IGFR   insulin-like growth factor receptor  

IgG    immunoglobulin G 

IPTG   isopropyl β-D-1-thiogalactopyranoside 

ITAM   immunoreceptor tyrosine-based activation motif 

ITIM   immunoreceptor tyrosine-based inhibitory motif 

kDa   kilodalton 

L   litre 

LB   lysogeny broth  

LC-ESI-MS  liquid chromatography-electrospray ionization-mass spectrometry 

L-chain   light chain  

µ   micro (10-6) 



 

m   milli (10-3) 

M   molar  

M22   murine monoclonal antibody 22 

mAb   monoclonal antibody 

MAC   membrane attack complex 

MASP   mannan-binding lectin-associated serine protease  

MBL   mannan-binding lectin 

MDS   myelodysplastic syndrome 

MEA   mercaptoethylamine-HCl 

MEM   minimal essential medium 

MFI   median fluorescence intensity  

MHC   major histocompatibility complex 

MMP   matrix metalloproteinase 

MRI   magnetic resonance imaging  

mRNA   messenger RNA 

MWKO   molecular weight cut off 

n   nano (10-9) 

nm   nanometre 

NEAA   non-essential amino aicds 

NIP   3-nitro-4-hydroxy-5-iodophenylacetate 

NK cells  natural killer cells 

N-terminus  amino (NH2) terminus 



 

OD   optical density 

OmpA   outer membrane protein A 

PBMC   peripheral blood mononuclear cells  

PBS   phosphate buffered saline 

PBS-T   PBS-tween 

PCR   polymerase chain reaction 

PD-1   programmed death 1 

PD-L1   programmed death ligand 1 

PDB   Protein Data Bank 

PE   phycoerythrin  

PEG   polyethylene glycol  

PelB   pectate lyase B 

Pen-Strep   penicillin and streptomycin  

PET   positron emission tomography  

PFA   paraformaldehyde  

pI   isoelectric point  

PMN   polymorphonuclear cells 

PMSF   phenylmethanesulfonyl fluoride 

PSI   pounds per square inch  

RNA   ribonucleic acid  

rpm   revolutions per minute 

RPMI   Roswell Park Memorial Institute  



 

RT   room temperature 

SCARA5  scavenger receptor class A member 5 

scFv   single chain variable fragment  

SDS   sodium dodecyl sulphate 

SDS-PAGE  SDS-polyacrylamide gel electrophoresis 

SEED   strand-exchange engineered domain 

SHP    src homology region 2 domain containing phosphatase 

SIGLEC   sialic acid-binding immunoglobulin-like lectin 

SNP   single nucleotide polymorphism 

SOC   super optimal broth with catabolite repression  

SOP   standard operating procedure 

SPION   superparamagnetic iron oxide nanoparticles 

SPR   surface plasmon resonance  

sRBS   sheep red blood cell 

StDev   standard deviation  

TAE   tris acetate EDTA 

TCEP   tris(2-carboxyethyl)phosphine  

TEM   transmission electron microscopy  

TEMED   N,N,N’,N-tetramethylenediamine 

TIM   T cell immunoglobulin-domain and mucin-domain 

TMB   3,3’,5,5’-tetramethylbenzidine  

TNF-α   tumour necrosis factor-α 



 

Trf   transferrin  

Tris   tris(hydroxymethyl)methylamine  

tRNA   transfer RNA  

UV   ultraviolet light  

V   voltage 

v/v   volume/volume 

VH   heavy chain variable domain 

VL   light chain variable domain 

V-type   variable type 

w/v   weight/volume 

wt   wild-type 



 

Summary of Contents  

Considerable success in the use of monoclonal antibodies (mAbs) as a targeted approach 

to cancer therapy has stimulated rapid development in this field of research. Due to the 

complex nature of the tumour microenvironment many novel antibody formats have been 

designed to expand on the therapeutic capacity of immunoglobulin G (IgG).  

One important example is the development of antibody-nanoparticle conjugates. Here, 

the antibody structure was exploited by producing antibody-based ferritin fusion proteins. 

The protein cage architecture of the iron storage protein ferritin was utilised by fusing it to 

antibody variable domains to create a targeted biological nanoparticle. It was 

hypothesised that on generation of these novel constructs, it would be possible to 

demonstrate their potential for use in cancer diagnostics and/or therapy. Thus, the aims 

of this thesis were to produce and characterise antibody-ferritin fusion proteins with 

specificity towards non-biological hapten NIP (4-hydroxy-3-iodo-5-nitrophenylacetate) and 

for CD33, an established target for certain leukaemias. Structural and functional 

characterisation of these proteins would act as an initial assessment as to the suitability of 

these constructs in a cancer setting. Production and purification techniques were initially 

established for both antibody-ferritin fusion proteins followed by characterisation of 

structural and binding attributes. This analysis revealed that these proteins assemble to 

form multivalent structures and retain the capacity to bind to immobilised antigen in a 

similar concentration range to their parent IgG. However, the antibody-ferritin fusion 

proteins appeared to have the ability to interact with tumour cell lines via ferritin 



 

receptors, which will bring additional complexity to their development as diagnostic 

and/or therapeutic agents.  

A second next-generation antibody format is the bispecific antibody (biMab) - an antibody 

with the ability to bind to two independent epitopes. In this study IgG constructs with 

single point mutations were engineered to enable the formation of biMabs using DuoBody 

technology. Here, the central hypothesis was that production of these IgG mutant 

constructs would enable the formation of biMabs which would subsequently act in 

bridging immune cells and target cells in cell culture models. The aim was to carry out 

controlled Fab-arm exchange to generate bispecific antibodies with specificity towards the 

immune cell receptor CD64 and NIP. Successful DuoBody formation revealed the capacity 

of these biMabs to bring CD64-expressing immune cells and target cells (in this case 

derivatised with the NIP antigen) into close proximity for immune-mediated cell 

destruction. Further, a similar construct lacking the site for N-linked glycosylation at 

position 297 and therefore with reduced effector function was produced. Functional 

comparison of these biMabs highlighted a role for the Fc region in enhancing biMab 

induced immune-mediated target cell destruction. 

Overall, the results in this thesis provide a platform for the production of two next-

generation antibody-based structures with potential in cancer diagnostics and/or therapy. 

It was possible to produce and characterise these constructs to address the project 

hypotheses. However, results highlighting intricacies in the binding characteristics of 

antibody-ferritin fusion proteins were not foreseen and require further analysis. 
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Chapter 1: Introduction  

Antibodies, or immunoglobulins, are large, globular serum glycoproteins responsible for 

the clearance of invading pathogens as part of the vertebrate immune response. On 

stimulation by a foreign antigen, B lymphocytes are responsible for the production of 

antibodies, resulting in immune stimulation and removal of foreign material. Antibodies 

with identical binding sites can be produced only by unique B lymphocytes and are termed 

monoclonal antibodies (mAbs). In a mAb preparation all the molecules are identical.  

1.1. Immunoglobulin G 

Over 50 years ago, Porter demonstrated proteolytic cleavage of rabbit immunoglobulin G 

(IgG) by papain into three 50 kDa fragments (Porter, 1959). Two of these are termed Fab 

(fragment antigen-binding) fragments for their ability to bind to target antigens and the 

third is termed the Fc (fragment crystallisable) fragment for its ability to be readily 

crystallised. Porter demonstrated the, now well known, four chain model for IgG and 

obtained the Nobel Prize in 1972 for his work on the structure of immunoglobulins 

(Porter, 1973). IgG was shown to be made up of two heavy chains and two light chains 

bound by disulfide bonds.  Antibodies can be classified according to their heavy chain type 

giving rise to five primary classes. IgG is the predominant antibody class in the circulation, 

making up approximately 75 % of the immunoglobulins in human serum.  

Due to their unique and therapeutically favourable characteristics, it is unsurprising that in 

the 1970s the development of hybridoma technology and introduction of recombinant 

antibody methods led to an influx of research surrounding mAb therapy. A deeper 
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understanding of antibody biology has successively resulted in improved mAb-based 

therapeutics. Herein, an initial overview of IgG structure and function will allow 

exploration of this protein and its derivatives in a therapeutic format.   

1.1.1. Structure of Immunoglobulin G  

The structural basis of the antibody is the immunoglobulin domain. This is made up of 

between seven and nine  strands, assembled into two  sheets. The two  sheets 

interact via both hydrophobic interactions and a disulfide bridge, allowing the formation 

of the classic immunoglobulin fold (Figure 1-1). 

 

 

Figure 1-1. Immunoglobulin domain. Structure of immunoglobulin domain, made up of seven anti-parallel 

beta-strands shown in blue. Image based on immunoglobulin G1 constant light domain (PDB:2FB4), 

modified using PyMol. Protein loops shown in grey and alpha helices in pink.  
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It is possible to classify immunoglobulin (Ig) domains according to the number of  strands 

and level of sequence variability. The C-type Ig domain is made up of seven  strands and 

features a conserved amino acid sequence. Extreme sequence variability and two 

additional  strands defines a V-type Ig domain (reviewed by Williams and Barclay, 1988). 

Key to the structure of the antibody are the three loops formed at the N- and C-termini of 

each domain which allow the interaction of domains to form chain structures. The 

immunoglobulin heavy chain is made up of one V-type domain (VH) and either three or 

four (depending on Ig class) C-type domains (CH1, CH2, CH3, and CH4), whilst the 

immunoglobulin light chain is made up of only one V-type domain (VL) and one C-type 

domain (CL). In IgG, each heavy chain is linked to a light chain by one disulfide bridge and a 

hinge region lies between heavy chain domains CH1 and CH2 allowing the pairing of heavy 

chains by interchain disulfide bonds. In total, 12 immunoglobulin domains made up of two 

light and two heavy chains form the common 150 kDa Y-shaped structure of IgG. The 

structure of IgG is outlined in Figure 1-2. 
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The antibody repertoire is remarkable in its ability to bind such large numbers of 

individual epitopes (the particular structures recognised on antigens) via antibodies that 

are almost identical in structure. Extreme variability is present within the N-terminal loops 

of the V-type Ig domains resulting in specificity towards an individual antigen. These loops 

are termed hypervariable loops, or complementarity determining regions (CDRs) and 

Figure 1-2. Schematic diagram of an Immunoglobulin G (IgG) molecule. IgG is divided into four chains, 
two heavy (grey) and two light (green). The heavy chain is further divided into four regions - one variable 
domain (VH) and three constant domains (CH1-3). The light chain consists of two regions – the variable 
(VL) and constant (CL) domains as labelled. The paired VH and VL bind to specific antigens (Ag). 
Proteolytic digestion of the antibody gives rise to three main fragments by cleavage of the hinge region 
indicated in blue. Two fragments are termed Fragment antigen binding (Fab) – responsible for antigen 
recognition - whilst the third is termed Fragment crystallizable (Fc) responsible for interacting with 
immune effector molecules. Two N-linked oligosaccharides are represented in red attached to each heavy 
chain via asparagine 297. 
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three of these can be found within the variable domain of each heavy and light chain. 

Numerous crystal structures of antibody-antigen complexes alongside mutagenesis 

studies have demonstrated that five out of the six CDRs form one of a limited number of 

structural motifs termed canonical structures (Clothia et al., 1989; Al-Lazikani et al., 1997). 

A small number of key residues within each CDR gives rise to these common secondary 

structures with the side chains of the other amino acids directly interacting with the 

individual epitope. It is this unique interaction and the structural complementarity of the 

antigen and its binding site formed by the CDRs that allows for the high specificity and 

affinity of an antibody for its antigen.   

The constant region of the antibody is responsible for the division of the antibody into a 

particular class as shown in Table 1-1. Further, the constant region of the light chain can 

be classified as either kappa or lambda on the basis of small structural differences. Kappa 

light chains are the predominant form in human serum IgG. Although no obvious 

functional differences between the two light chains are apparent, alteration of the 

kappa:lambda ratio in human serum can be a disease outcome indicator (Shustik et al., 

1976).  
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The main role of the immunoglobulin constant region lies in initiating immune effector 

function through interaction with effector molecules such as complement and via Fc 

receptors discussed later. The hinge region connecting the two heavy chains of IgG aids in 

this processes by allowing a degree of flexibility for optimal interaction with both antigen 

and Fc-mediated effector systems. A major functional determinant of the constant region 

of an IgG is an N-linked oligosaccharide. This is linked to each CH2 domain of IgG via 

Asparagine-297 (Asn-297) and further interacts with the protein via numerous non-

covalent interactions (Sutton and Phillips, 1983). Extensive research has implicated 

glycosylation in maintaining IgG structure and function. Loss or removal of the N-linked 

oligosaccharides results in decreased binding to complement component C1q and 

subsequent complement activation as well as decreased binding to Fc receptors 

(Leatherbarrow et al., 1985; Lund et al., 1996). Mutation of the N-linked oligosaccharide at 

various locations has been shown to cause a conformational change in the Fc region 

resulting in modification of IgG function (Krapp et al., 2003). Further, IgG oligosaccharide 

Table 1-1. Five types of Immunoglobulin found in humans, classified according to 
type of heavy chain. 
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modifications have been associated with decreased IgG stability (Mimura et al., 2000) and 

have been correlated with disease states (Parekh et al., 1985; Rademacher et al., 1994).   

1.1.2. IgG subclasses 

Analysis of antisera to isolated myeloma proteins in the 1960s prompted the first 

suggestion that IgG could be separated into distinct subclasses (Grey and Kunkel, 1964). It 

is now well established that four subclasses of human IgG exist (IgG1, IgG2, IgG3 and IgG4) 

with their associated number reflecting their relative abundance in serum with IgG1 being 

the most prevalent and IgG4 the least. These subclasses are > 90 % identical at the amino 

acid level however differ significantly in their hinge regions. The subtle differences in 

sequence give rise to differences in stability and effector function as shown in Table 1-2. 

Most notable is the long hinge region present in IgG3. This is reflected in IgG3’s short half-

life of seven days as a result of increased susceptibility to proteolysis of the hinge region. 

This long hinge region, however, results in increased flexibility within the IgG3 structure 

allowing better access for the C1q protein and increased complement activation (Dangl et 

al., 1988). Further, IgG3 can bind to the full set of human FcγRs most readily leading to 

increased effector function (Bruhns et al., 2009).  
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As a result of differences in hinge length, IgG subclasses vary in the number of disulfide 

bonds found between their two heavy chains as shown in Table 1-2. Most interestingly, 

both IgG2 and IgG4 have been found as different isomers in which disulfide bonds are 

modified (Bloom et al., 1997; Wypych et al., 2008). In the case of IgG2, the distribution of 

disulfide bonds is dependent on the type of light chain present and can result in significant 

functional differences in an antigen dependent manner (Dillon et al., 2008).   

IgG4 represents a unique subclass of IgG as a result of small but very significant structural 

differences.  Functionally, IgG4 demonstrates low complement activation and is therefore 

implicated in anti-inflammatory situations (van der Zee et al., 1986). Similar to IgG1, IgG4 

has two inter-heavy chain disulfide bridges in the hinge region. However, a serine at 

Table 1-2. Molecular characteristics of the four subclasses of Immunoglobulin G (IgG).  
Their ability to elicit effector function is demonstrated by colour intensity. A cross denotes 
a lack of ability to undergo the process. Table adapted from Vidarsson et al., 2014). 
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position 228 within the hinge in place of the proline present in IgG1 allows the disulfide 

bonds in IgG4 to be more readily reduced (Angal et al., 1993). Further, IgG4 differs in its 

CH3 domain amino acid sequence from IgG1 by just three residues. One of these 

modifications at position 409 results in the destabilisation of non-covalent interactions 

between the CH3 domains (Labrijin et al., 2011). These modifications result in a novel 

post-translational modification termed Fab-arm exchange involving the exchange of half 

of an IgG4 molecule with that of another IgG4 molecule (van der Neut Kolfschoten et al., 

2007). This modification allows the production of transient bispecific antibodies within 

human serum rendering IgG4 multivalent. This is discussed at length in later Chapters.  

1.1.3. Fc gamma receptors 

In broad terms, IgG is involved in pathogen removal by three main mechanisms: particle 

neutralisation; complement activation and activation of immune effector cells via Fcγ 

receptors (FcγRs). The latter involves the dynamic relationship between the Fc region of 

IgG and a number of type I transmembrane proteins specific for the Fc region of IgG 

termed Fcγ receptors. In humans, three FcγR classes exist – FcγRI (CD64), FcγRII (CD32) 

and FcγRIII (CD16) – and these can be further arranged into six subgroups as detailed in 

Table 1-3.  

 

 

 

 



10 
 

 

 

Structurally, FcγRs contain a transmembrane alpha chain responsible for binding IgG Fc. 

This is made up of three extracellular Ig-like domains in FcγRI and two such domains in 

both FcγRII and FcγRIII. Activating or inhibitory sequences can also be found in the 

intracellular region of the alpha chains of FcγRIIA and FcγRIIB. In FcγRI and FcγRIIIA these 

activatory sequences are present within the non-covalently associated gamma chain, 

shown in Figure 1-3.  A limited number of crystal structures of Fc-FcγR complexes are 

available and in combination with binding studies and site directed mutagenesis, these 

have revealed that the Fc region of IgG binds to FcγR via its lower hinge region at the top 

of CH2 domains in a 1:1 stoichiometry (Woof et al., 1986; Duncan et al, 1988a; 

Sondermann et al., 2000; Shields et al., 2001; Radaev et al., 2001; Lu et al., 2015; Kiyoshi 

et al., 2015; Oganesyan et al., 2015). 

Table 1-3. Immune cell expression and human Immunoglobulin G (IgG) affinity data on human Fc gamma 
(Fcγ) receptors. Table adapted from Nimmerjahn et al., 2008 and IgG affinity values extratced from 
Bruhns et al., 2009) 
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Focussing on the subset of activating FcγRs, all but FcγRIIIB contain an immunoreceptor 

tyrosine-based activation motif (ITAM) responsible for activation of signalling cascades via 

Src family kinases and Syk family kinases. This results in a cell-specific pro-inflammatory 

response.  FcγRI is a high affinity activating receptor with the unique ability to bind to 

monomeric IgG whilst FcγRII and FcγRIII are only activated when IgG has bound multiple 

antigens.  

In the case of the sole inhibitory receptor, FcγRIIB, an immunoreceptor tyrosine-based 

inhibitory motif (ITIM) is present which prevents both cell proliferation and Ca2+ influx, 

therefore inhibiting immune activator pathways (Muta et al., 1994). FcγR inhibition 

presents a crucial mechanism of immune control, exemplified by FcγRII-/- mice displaying 

increased antibody titres contributing to autoimmunity (Takai et al., 1996; Bolland and 

Figure 1-3. Schematic representation of Fc gamma receptors (FcγRs). The alpha chain responsible for 
interacting with IgG is shown in blue (FcγRI), purple (FcγRII) or orange (FcγRIII). Signalling takes place via 
immunoreceptor tyrosine-based activation motifs (ITAM) or immunoreceptor tyrosine-based inhibitory 
motifs (ITIM). These are found in the alpha chains of FcγRII or in the non-covalently associated gamma 
chains (black bars) of FcγRI and FcγRIIIa. FcγRIIIb is bound to the membrane via a 
glycosylphosphatidylinositol (GPI) anchor (turquoise bars). Adapted from Bruhns, 2012. 
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Ravetch, 2000). It is now well established that the ratio of bound activation and inhibitory 

receptors is key to the immune signalling outcome thus FcγRIIB acts in setting a threshold 

for immune activation (Clynes et al., 1999; Nimmerjahn et al., 2005). FcγRIIB is also 

involved in inducing apoptosis of B cells (Pearse et al., 1999) and prevention of 

spontaneous dendritic cell (DC) activation (Boruchov et al., 2005; Dhodapkar et al., 2005). 

IgG-antigen immune complexes (IC), consisting of multiple IgGs bound to the surface of 

antigenic structures, present Fc regions in a format capable of initiating FcγR aggregation 

and subsequent activation. The extensive response associated with FcγR activation 

provides a key link between the humoral and cellular immune response, some of which 

are discussed below: 

1) As part of the inflammatory response, ligation of FcγRs on the surface of 

phagocytic cells (i.e. macrophages and neutrophils) allows phagocytosis and 

internal lysosomal degradation of opsonized material (Leslie, 1980; Indik et al., 

1995; Kant et al, 2002). 

2) Ligation of FcγRs on natural killer cells provide a means to destroy pathogens by 

antibody dependent cell-mediated cytotoxicity (ADCC). This process involves the 

release of destructive cytokines in a process with similarity to cytotoxic T cell 

mediated destruction (Mandelboim et al., 1999). 

3) Professional antigen presenting cells such as DCs have a role in mediating the 

immune response via the Fc-FcγR interaction. The internalisation of ICs by DCs 

results in the surface presentation of antigen via both major histocompatibility 
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complex (MHC) class I and MHC class II proteins. Following this, the adaptive 

immune system is activated via the stimulation of T cells (Hamano et al., 2000). 

The extensive literature available on the role of FcγR in immune regulation exemplifies the 

magnitude of complexity involved. This surrounds the different affinity of an IgG for FcγR 

based on isotype (Nimmerjahn and Ravetch, 2005; Bruhns et al., 2009). Moreover, single 

nucleotide polymorphisms (SNPs) promoting either gain or loss of function in FcγRs have 

been identified, leading to distinct disease phenotypes (Bournazos et al., 2009). 

Inadequate in-vitro systems and mouse models leave FcγR a difficult area to fully 

elucidate. However, the increasing number of therapeutic antibodies in development have 

made the full understanding of these proteins a priority.  

1.1.4. Complement activation  

IgG has a further role in pathogen removal via the complement pathway. The complement 

system consists of over 30 plasma proteins involved in an amplification cascade to initiate 

numerous inflammatory responses. The activation of the complement cascade can occur 

via three pathways: alternate; classical and lectin, summarised in Figure 1-4. These 

converge at the C3 convertase responsible for the initiation of three major anti-pathogen 

responses: the opsonization of pathogens for removal by phagocytosis; the recruitment 

and activation of phagocytes; and the insertion of the membrane attack complex (MAC) 

into the membrane of the pathogen resulting in cell lysis. However, the role of 

complement expands far beyond these three mechanisms, with novel anti-inflammatory 

and immune surveillance actions still being discovered (reviewed by Ricklin et al., 2010). 
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Figure 1-4. Schematic overview of the complement cascade. Three methods of complement activation are 
outlined.  In the classical pathway, C1q is bound to zymogens C1s and C1r resulting in formation of the C1 
complex. In the Lectin pathway Mannan-binding lectin (MBL) associates with mannan-binding lectin-
associated serine protease (MASP) to create the MBL complex. These complexes ultimately stimulate 
hydrolysis of the C3 convertase. The alternative cascade involves spontaneous hydrolysis of the C3.  C3 
hydrolysis stimulates a downstream cascade of cleavage reactions ultimately resulting in phagocytosis of 
pathogens and the formation of the membrane attack complex.  
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In an antibody setting, we are most interested in the activation of the classical 

complement cascade. Interaction between the C1 complex of complement and the Fc 

region of either IgG or IgM is responsible for the antibody-mediated initiation of 

complement. More specifically, the C1q protein from within the C1 complex interacts with 

IgG and IgM. C1q is made up of 18 polypeptides arranged into six subunits each containing 

a globular head and collagenous tail. The crystal structure of the globular head of C1q has 

revealed details of its interaction with protein partners which take place via the 

heterotrimeric globular head region (Gaboriaud et al., 2003).  Particular surface residues 

on the CH2 domain of IgG has long been implicated in complement activation (Burton et 

al., 1980). In the first study to demonstrate specific residues responsible for C1q binding, 

Duncan and Winter highlighted three CH2 residues (E318, K320 and K322) of murine 

IgG2b that were necessary for interaction with guinea pig complement (Duncan and 

Winter, 1988b). Due to the conserved nature of these residues it was initially believed that 

this may be a common site in IgG for C1q binding. However, it has since been 

demonstrated experimentally that the C1q binding site is IgG isotype specific with four 

different residues (D270, K322, P329 and P331) essential for human IgG1 to bind to C1q 

(Idusogie et al., 2000). This has been confirmed at an atomic level in structural modelling 

studies (Schneider and Zacharias, 2012). These studies have also emphasised the 

importance of complement source and concentration in establishing the amino acids of 

IgG1 involved, since these factors may have a significant effect on the results observed.   

The extreme potency of the complement system is highlighted by the fact it is very tightly 

regulated. In fact, monomeric IgG has a very low affinity for C1q. A model has been 
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proposed in which antigen bound IgG forms a hexamer via Fc-Fc interactions and acts as a 

suitable platform for C1q binding and maximal activation of complement (Diebolder et al., 

2014). This IgG formation has increased avidity allowing strong binding to C1q and 

subsequent complement activation. With the increasing amount of information 

surrounding the C1q-Fc interaction, research is rapidly moving into altering complement 

activation for therapeutic benefit, which will be discussed later.  

1.2. Monoclonal antibodies for cancer therapy  

Cancer can be defined as abnormal and uncontrolled cell division which has the ability to 

spread to other tissues (National Cancer Institute). Since the first description of cancer, 

causative agents, genetic determinants and treatment options have all been studied 

extensively leading to a much increased survival rate.  

Removal of tumours by surgical means was pioneered in the late 1700s by Scottish 

surgeon, John Hunter (Dobson, 1959), and methods have much improved throughout the 

20th century for the removal of small localised tumour burdens. The use of radiotherapy, 

chemotherapy and hormonal therapy, either alone or in combination, have further 

enhanced cancer prognosis. However, much of these treatments rely on specificity 

surrounding the ability of the cancer cell to rapidly proliferate, leading to extensive side 

effects as a result of off-target toxicity.  

1.2.1. Cancer immunotherapy  

The idea that the immune system could be harnessed to treat cancer dates back to 1880 

when vaccines and animal sera were trialled throughout Europe (Currie, 1972). Crude 
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trials based on the administration of serum from immunised animals to cancer patients 

frequently demonstrated tumour regression throughout the early 20th century. However, 

a turning point in cancer immunotherapy therapy came in 1975 when Köhler and Milstein 

developed “the principle for production of monoclonal antibodies” for which they later 

obtained the Nobel Prize.  Their discovery utilised hybridoma technology – a means of 

producing an unlimited amount of antibody with a selected specificity. Köhler and Milstein 

took advantage of the capability of myeloma cells to be cultured continuously and that of 

B cells to produce antibody of selected specificity. They fused these two cell types, 

creating the hybridoma. The protocol fuses spleen cells from a mouse immunised with a 

specific antigen, with mouse myeloma cells which have lost the ability to produce 

antibodies of their own (Figure 1-5). From the resulting hybridoma cells, clones can be 

selected for production of specific antibodies and grown for unlimited periods of time 

(Köhler and Milstein, 1975).  



18 
 

 

 

 

 

The ability to produce antibodies of selected specificity in large amounts made antibody 

therapy a reality. The first anti-tumour therapeutic mAb trial in humans took place in 1985 

in the USA. Nadler and colleagues treated a Non-Hodgkin’s Lymphoma patient with an 

antibody directed against an antigen present on cells from a patient with diffuse poorly 

differentiated lymphocytic lymphoma. Encouraging in vitro results from this antibody, Ab 

Figure 1.5. Hybridoma production. B cells extracted from an immunised mouse are co-cultured with 
immortal myeloma cells as labelled. The fusion of these cells allows for the production of immortal 
antibody producing cells, namely hybridoma cells, which via clonal selection can result in the production 
of unlimited amounts of a desired antibody.   
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89, lead to a human trial in which notably, no clinical toxicity was detected. A decrease in 

the number of circulating tumour cells was observed. However, only a very small amount 

of antibody reached the tumour site (Nadler et al., 1980). Although unsuccessful overall, 

this trial opened the way to future trials based on the mAb.   

While this promising result gave rise to numerous human mAb trials, a consistent problem 

became apparent - the production, by recipients, of human anti-mouse antibodies 

(HAMA). This response elicited rapid mAb clearance and dramatically reduced the efficacy 

of the mAb therapy (Tjandra et al., 1990). In an attempt to counteract this problem the 

first chimeric antibodies were produced in 1984, consisting of mouse variable domains 

cloned from hybridomas fused to human constant domains, shown in Figure 1-6 (Morrison 

et al., 1984). Although this modification reduced the HAMA response, a small but 

significant amount of immunogenicity remained, directed towards the mouse variable 

domains. Antibody humanisation, the grafting of the complementary determining regions 

from the mouse mAb to human variable domain scaffolding, soon became common 

practise. Although this significantly reduced HAMA production, humanisation introduced a 

further complication by modifying, and most often reducing, the affinity of the antibody 

for its target antigen (Jones et al., 1986).   
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Figure 1-6. Methods of antibody engineering to prevent anti-mouse immune responses. Mouse 
antibody is represented in green. Mouse constant regions are replaced by human constant region, 
shown in grey, in a chimeric antibody. Humanised antibodies consist of only mouse complementarity 
determining regions (CDRs) on a human background. It is now possible to produce fully human 
antibodies.  
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Further advances in the antibody production field have since been made in which 

transgenic mice carrying human immunoglobulin genes can produce fully human 

antibodies upon immunisation with a specific antigen (Lonberg et al., 1994). Moreover, 

methods surrounding the isolation and expansion of B cells from immunised humans have 

significantly progressed, allowing the production of human antibodies that have 

developed in their natural environment (Traggiai et al., 2004; Lanzavecchia et al., 2007; 

Wrammert et al., 2008).  These techniques should not only reduce potential immunogenic 

reactions but may aid in the development of antibodies with unique and desirable 

characteristics. 

In 1995 Edrecolomab was the first anti-cancer mAb to be approved for clinical use in 

Germany (Riethmuller et al., 1998). It was a murine monoclonal antibody of class IgG2a, 

specific for tumour associated epithelial cell adhesion molecule (EpCAM). It was thought 

to destroy cells through endogenous cytotoxic mechanisms such as antibody dependent 

cell mediated cytotoxicity (ADCC). In 2000, Edrecolomab was removed from the German 

market after disappointing results in a large, controlled trial. The first cancer specific mAb 

to be approved by the US Food and Drug Administration (FDA) was Rituximab, a chimeric 

antibody specific for CD20 on the surface of B cells. This was approved in 1997 for the 

treatment of Non-Hodgkin’s lymphomas. Shortly after, in 1998, the first humanised 

antibody was approved for clinical use – Trastuzumab. Trastuzumab is specific for the 

HER-2/neu protein and was developed for treatment of patients with relapsed breast 

cancer. These mAbs have paved the way for the production of 24 FDA-approved mAbs 

with cancer indications as summarised in Figure 1-7. 
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Figure 1-7. FDA approved antibodies for cancer indications. Therapeutic antibodies described and 
organised by US approval date. Colour indicates if antibody targets a solid tumour (blue), a haematological 
malignancy (red) or if they are an antibody-conjugate (green).  



24 
 

1.2.2.  Antigen selection and mechanisms of action 

The complex tumour environment provides an array of potential epitopes against which 

antibodies might be targeted. Ideal tumour antigen selection can vary significantly 

depending on the desired function of the antibody. However, on the whole, target 

antigens should be abundant, accessible and highly expressed on tumour cells compared 

to normal cells. Approaches towards therapeutic antibody production can either involve 

targeting an entirely novel antigen or more commonly, an alternative epitope on a pre-

approved tumour antigen. This is exemplified by the fact that over 20 % of FDA-approved 

cancer-specific mAbs target the B cell specific differentiation antigen CD20 (Table 1-4).  

 

 

 

Table 1-4. Classification of antigens targeted by approved therapeutic 

antibodies for cancer therapy.  
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Increased expression of growth factor receptors such as epidermal growth factor receptor 

(EGFR) and insulin-like growth factor receptor (IGFR) is characteristic of heavily 

proliferating tumour cells. Therefore, these provide ideal target antigens for therapeutic 

mAbs. EGFR modifies cellular transduction pathways via tyrosine kinase activity. This well 

characterised receptor is upregulated in numerous solid tumours and is currently the 

target of three FDA-approved mAbs (Capdevila et al., 2009). Further, a member of the 

EGFR family of transmembrane receptors, HER2 (neu, C-erbB2) is also an approved mAb 

target. Trastuzumab has been a great success in the clinic suppressing HER2-mediated cell 

proliferation by altering downstream pathways and inducing ADCC (Vu and Claret, 2012).   

Rituximab, the first mAb approved by the FDA for cancer therapy, is specific for CD20. A 

number of other CD20-specific antibodies have since been approved for the treatment of 

B-cell lymphomas. However, the mechanism of action of CD20-specific antibodies is yet to 

be fully elucidated. The receptor is involved in the regulation of calcium transport and B 

cell proliferation yet has no known ligand (Tedder and Engel, 1994). It contains four 

membrane spanning regions with one large extracellular loop and a second, much smaller, 

extracellular loop, seven amino acids in length. CD20-specific antibodies can be subdivided 

into two classes according to their ability to redistribute CD20 into lipid rafts. Type I CD20 

antibodies, such as Rituximab and Ofatumumab, induce the movement of CD20 into lipid 

rafts which has been shown to correlate with increased ability to activate complement 

(Cragg et al., 2003). Type II CD20 antibodies, such as Tositumomab, lack this ability and are 

less effective at complement-mediated lysis of target B cells. The therapeutic impact of 

CD20 class and complement activation have yet to be confirmed. 
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Therapeutic benefit of CD20-specific antibodies is thought to occur through a number of 

mechanisms. It has been suggested that these antibodies may affect B-cell signalling 

directly, potentially promoting apoptosis (Shan et al., 2000). Moreover, an increasing body 

of evidence supports immune-mediated functions related to the activation of FcγRs 

(Clynes et al., 2000; Cartron et al., 2002; Hernandez-llizaliturri et al., 2003). Most 

controversial is the role of complement in CD20-mediated antibody therapy which has 

been difficult to resolve due to the complex nature of complement activation. Antibody 

isotype, epitope and CD20 class as well as tumour burden and serum complement levels 

have to be taken into consideration when making a conclusion on complement activation 

(Boross et al., 2011; Middleton et al., 2015). Numerous studies have reported a key role 

for complement activation in CD20 B-cell depletion (Di Gaetano et al., 2003; Manches et 

al., 2003; Kennedy et al., 2004; Golay et al., 2006). However, in 2003, Beers and colleagues 

compared the effects of type I and type II CD20-specific antibodies in human CD20 

transgenic mice. With both antibodies having a mouse IgG2a backbone, comparisons 

could be made on a like-for-like basis.  Surprisingly, although Rituximab showed greater 

complement activation, the type II antibody, Tositumomab, demonstrated superior B-cell 

depletion overall compared to type I Rituximab. This finding suggested that complement 

activation had an insignificant role in the antibodies mechanism of action (Beers et al., 

2008). Reports have even suggested the involvement of complement may be detrimental 

to Rituxumab efficacy by interfering with FcγRIII on the surface of natural killer (NK) cells 

(Wang et al., 2008). Further studies to elucidate the true mechanism of action of CD20 
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specific antibodies, perhaps on a tumour burden specific basis, should allow further 

engineering and improvement in this area. 

Ipilumumab presents an interesting example – and an important breakthrough - of a mAb 

that harnesses the immune system to aid in tumour destruction. This mAb binds to 

cytotoxic T lymphocyte antigen 4 (CTLA-4) on the surface of T cells, responsible for down 

regulating T cell activation by interaction with ligands, CD80 and CD86 (Peggs et al., 2006). 

By preventing this down regulation, Ipilumumab stimulates a T cell-mediated anti-tumour 

response. This seemingly high risk approach has proved successful in treating patients 

with advanced stage IV melanoma (O’Day et al., 2010). 

 Since this approval, there has been increased interest in immune modulating mAbs. The 

immunosuppressive interaction of programmed death ligand 1 (PD-L1) on the surface of 

many tumour cells, and programmed death 1 (PD-1) receptor on the surface of activated B 

and T cells has been targeted by therapeutic mAbs. Three mAbs, two specific for PD-1 and 

one for PD-L1, have been approved since 2013 for treatment of melanoma, non-small cell 

lung cancer and urothelial carcinoma. These reagents act by preventing the 

immunosuppressive interaction of PD-L1 and PD-1 receptor, allowing activation of B and T 

cells. The widespread tumour expression of PD-L1 suggests many more PD-1/PD-L1 mAbs 

will be approved in the near future (Swaika et al., 2015).   

Success in tumour antigen selection is vital in the production of an effective therapeutic 

mAb. However, it would be unrealistic to expect an antigen to be truly tumour-specific 

and the current FDA approved mAbs do present off-target side effects. Careful 

consideration of potential off-target effects is therefore key when choosing a tumour 
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antigen. In the future, efforts to improve tumour specificity may focus on bispecific 

antibodies, discussed later, in the hope of targeting two antigens on the tumour cell 

surface.  

1.2.3. Antibody engineering 

The ability to produce antibody fragments in E.coli was first demonstrated in 1988 (Skerra 

and Pluckthun, 1988). This option initially involved extracting mRNA from murine 

hybridomas, reverse transcribing the RNA to DNA followed by amplification of the 

antibody fragments by the Polymerase Chain Reaction (PCR). This ability to clone antibody 

fragments paved the way for customisation of the antibody structure. Structural 

modification with the ultimate aim to improve the antibody’s therapeutic potential is 

termed “antibody engineering”.    

Antibodies, in theory, can be modified to alter any aspect of their biological function 

including modifications to their immune activating Fc fragment or their antigen binding 

Fab fragments. Theoretically, alteration of the variable regions of an antibody in order to 

increase affinity brings benefit in a therapeutic setting. For example, this may reduce the 

dose of mAb required to reach the tumour site, reducing cost and possibly dosing 

frequency. Increasing affinity may increase overall efficacy of a therapeutic mAb or may 

even expand the detection limits of a diagnostic mAb. Indeed, in 1998, Adams and 

colleagues altered the affinity of a single chain variable fragment (scFv) specific for HER2, 

demonstrating a correlation between increasing affinity and tumour retention in vitro and 

tumour localisation in vivo (Adams et al., 1998).  
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By mimicking affinity maturation, a technique occurring in vivo to increase the affinity of 

an antibody for its target antigen, it has been possible to increase the affinity of 

therapeutic antibodies far beyond natural levels. This process involves the mutation of 

amino acids within the CDRs and can either be random or site-directed. Random methods 

include techniques such as error prone PCR whilst directed techniques now often involve 

computer modelling. FDA approved mAb Cetuximab was shown to be amenable to affinity 

modification guided by computer design when affinity was improved 10-fold by this 

method (Lippow et al., 2007).  

However, in the case of solid tumours, the complex nature of tumour tissue can make 

penetration difficult and low tumour penetration ultimately leads to suboptimal mAb 

efficacy. Using the same affinity modified scFvs as previously, Adams and colleagues 

showed a correlation between decreasing affinity and increasing tumour penetration with 

the lowest affinity scFv demonstrating the most even tissue distribution (Adams et al., 

2001). Depending on antibody function, tumour distribution may be vital therefore 

making a lower affinity antibody more desirable. The size and complexity of the tumour as 

well as the distribution of target antigen can alter the optimal antibody affinity required. 

Overall, the original belief that increased affinity would lead to benefit in a therapeutic 

setting may not always be borne out because the situation is far more complex than first 

anticipated.  

It has become increasingly apparent that the immune effector functions of therapeutic 

antibodies play a key role in their therapeutic potential (Clynes et al., 2000). Therefore the 

ability to alter the Fc region of an IgG can be crucial to enhance therapeutic efficacy.  As 
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discussed previously, Fc interaction with immune cells through FcγRs can stimulate 

phagocytosis, ADCC or release of enzymes, activated oxygen species, and immune 

cytokines and mediators. Although no direct interaction has been observed between the 

N-linked oligosaccharide of IgG and FcγRs (Sondermann et al., 2000; Oganesyan et al., 

2015) it is well established that the sugar moiety has a key role in IgG Fc binding to FcγR 

(Leatherbarrow et al., 1985; Lund et al., 1996; Wright and Morrison, 1998). The crystal 

structure of an aglycosylated Fc fragment from a murine IgG has shown that although the 

CH3 domain remains unchanged, the CH2 domain moves into a closed conformation in 

which it is unable to bind to FcγRs (Feige et al., 2009). Research has demonstrated that 

both fucosylation and sialylation have a role in increasing cytotoxicity via ADCC (Shields et 

al, 2002; Junttila et al., 2010). Based on this concept, the first glycoengineered mAb was 

approved in Japan in 2012. Specific for chemokine receptor 4, Mogamulizumab is 

produced in α-1,6 fucosyltransferase deficient Chinese Hamster Ovary (CHO) cells 

resulting in the production of antibody molecules with decreased oligosaccharide fucose 

levels. This results in antibody molecules with significantly enhanced ADCC induction 

capabilities (Beck and Reichert, 2012).  

As discussed previously, the regions responsible for Fc-FcγR interaction have been 

established. More specifically, single amino acid residues that have positive or negative 

effects on FcγR binding and therefore induction of ADCC have been identified mainly 

within the L234-S239 region (Woof et al., 1986; Burton et al., 1988; Shields et al., 2001). 

From this information it has been possible to mutate the Fc region of IgG for therapeutic 

benefit. For example, using a combination of experimental and computational 



31 
 

approaches, Lazar and colleagues identified the mutation combination of S239D and I332E 

which significantly enhanced Fc binding to FcγRIIIa and additionally A330L, which further 

removed any complement binding ability of the IgG1 (Lazar et al., 2006). Focusing on 

FcγRIIa, the mutation G236A in IgG1 was determined to selectively enhance binding to this 

receptor, resulting in an increased phagocytosis response (Richards et al., 2008).  

Moreover, increased binding of IgG1 to inhibitory receptor FcγRIIB has also been studied 

as an approach to suppress B-cell mediated autoimmune disease in which S267E and 

L328F were identified as key mutations (Chu et al., 2008).  

In some instances it has been favourable to abolish the FcγR binding ability of IgG and 

specific mutations to do so have been recognised. For example L234A and L235A were 

shown to decrease FcγR and C1q binding resulting in reduced ADCC and complement-

dependent cytotoxicity (CDC) responses in an anti HIV-1 broadly neutralising antibody 

(Hezareh et al., 2001). Similarly, Oganesyan and colleagues constructed L234F, L235E and 

P331S mutants of IgG1 resulting in reduced binding to a number of FcγRs in addition to 

C1q (Oganesyan et al., 2008). Encouragingly, with the wealth of information surrounding 

Fc effector function mutants available it has now become possible to associate specific 

amino-acid mutations alone and in combination with differential binding to individual 

FcγRs, thereby tailoring the overall immune effector cell function.  

In addition to ADCC, therapeutic antibodies may elicit cell killing via CDC. This is reliant on 

the ability of C1q to bind to the CH2 domain of antigen bound IgG to elicit the classical 

complement cascade. CDC is a potent cell killing mechanism therefore much work has 

been undertaken to enhance this capability in therapeutic mAbs. It is possible to alter CDC 
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induction utilising the differential stimulation abilities of IgG isotypes. For example, 

shuffling the constant domains of IgG1 and IgG3 to gain the CDC induction capabilities of 

IgG3 but retain all of the remaining IgG1 characteristics has been trialled (Natsume et al., 

2008). Alternatively, key amino acid residues within the CH2 domain of human IgG1 

responsible for C1q binding have been identified (Idusogie et al., 2000). This has led to the 

systematic mutation of key amino acids in order to enhance C1q binding and therefore 

CDC. Based on the their work mapping the C1q binding site on Rituximab, Isodugie and 

colleagues identified two key amino acids that could be mutated to improve C1q binding 

in IgG2 – K326W and E333S  (Idusogie et al., 2001). Moreover, IgG1 constructs with S267E, 

H268F and S324T have since been shown to increase Fc binding to C1q resulting in 

increased CDC (Moore et al, 2010). Analysis of CDC stimulation can be complex and the 

high dependency of CDC on antigen expression level has led some to suggest that CDC 

related Fc modification of IgG may be redundant if it is overwritten by low antigen 

expression (van Meerten et al., 2006; Dechant et al., 2008).  

1.2.4. Antibody fragments  

The multi-domain structure of the immunoglobulin molecule is amenable to antibody 

engineering in order to produce fully functional antibody fragments. Specifically, the 

domains responsible for antigen binding, VL and VH, can be cloned into bacterial 

expression vectors for production of an “Fv fragment”. This non-covalently bound 

structure has been shown to have the same affinity constant as its parent antibody (Skerra 

and Pluckthun, 1988). Similar structures, in the form of single chain variable fragments 

(scFv), consisting of the VH and VL regions bound by a short polypeptide linker (Huston et 
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al., 1988), and disulfide stabilised variable fragments (dsFv) which contain disulfide 

bonded VH and VL regions have also been described. These structures are summarised 

alongside similar antibody fragments in development in Figure 1-8. 
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Figure 1-8. Antibody fragments in development. Full length Immunoglobulin G (A) can be cleaved at the C-
terminus of the hinge region to produce a F(ab’)2 (B). Alternatively cleaving at the N-terminus of the hinge 
results in formation of a Fab fragment (C). An Fv fragment (D) consists of just the variable region of an 
antibody. The smallest units of the antibody related to antigen binding capacity are the variable light (VL) 
domain (E) and variable heavy (VH) domain (F).  A minibody is produced by combining the CH3 region of an 
IgG with two Fv domains (G). A single chain variable fragment (scFv) is an Fv bound by a polypeptide linker 
(H). Fusing two scFvs to the Fc region of an antibody produces an scFv-Fc (I) whilst joining two scFvs by a 
short polypeptide linker produces a tandem scFv (J).  An scFv with a very short linker can associate with a 
second scFv to produce a bispecific diabody (K). In the same manner, a triabody can be produced by 
combining three scFvs (J). 
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Focussing on the scFv, the composition of the polypeptide linker contributes significantly 

to scFv characteristics, making it of primary interest. Commonly, this linker is made up of 

~15 glycine and serine residues, allowing flexibility, increased solubility and relative 

protease resistance (Freund et al., 1993). Comparison of linker lengths has been carried 

out revealing that, in general, longer linker lengths increase affinity and reduce 

aggregation (Whitlow et al., 1993). Additionally, linker length has a role in the valency of 

an scFv. A major limitation of these structures compared to the IgG is their monovalent 

interaction with a target antigen. Therefore in some cases it has been advantageous to 

create diabodies, triabodies and tetrabodies by shortening the linker length. Linkers of 

~15 amino acids in length allow classical monovalent binding of the scFv to the target 

antigen. Decreasing this length below 12 amino acids allows the formation of multivalent 

structures due to the inability of the VH and VL on the same polypeptide to interact with 

each other (Todorovska et al., 2001).  

Obvious advantages of the scFv include convenient expression in hosts – for example 

E.coli - that IgG cannot be readily produced in, facilitating fast, inexpensive production. 

The small size of the scFv (25 kDa) confers rapid clearance characteristics and increased 

tumour penetration. These properties can be modified by the formation of multimers 

which not only increases protein half-life but also increases avidity. Despite the significant 

amount of pre-clinical research being carried out in this area, only one scFv based 

structure has been approved in the clinic, suggesting a more detailed knowledge of scFv 

pharmacokinetics may be required.   
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1.2.5. Antibody biodistribution 

Immunoglobulin biodistribution has proved highly complex in comparison to that of small 

molecule drugs, and has become increasingly intricate as a result of antibody engineering. 

Analysing parameters such as size, valency, stability and charge has revealed the 

complexity of the problem. These parameters impact on antibody half-life, affinity, 

dissociation rate and tumour penetration, all of which ultimately affect the overall efficacy 

of the therapeutic.  

The serum half-life of human IgG1, IgG2 and IgG4 is on average 20 days. With a molecular 

mass of 150 kDa, IgG is large enough to avoid renal filtration providing an initial 

elimination escape mechanism. Moreover, IgG interacts with the neonatal Fc receptor 

(FcRn) responsible for recycling IgG via acidic endosomes and subsequently increasing its 

half-life. FcRn is an MHC-class I-like receptor that binds to the Fc region of IgG in a pH 

dependent manner. After uptake by pinocytosis, the Fc region of IgG binds to two FcRn in 

the acidic environment of the endosome via key residues – H310, H430, and I243 

(Burmeister et al., 1994a; Burmeister et al., 1994b; Shields et al., 2001). The IgG can then 

be recycled via exocytosis as shown in Figure 1-9 (reviewed by Kuo and Aveson, 2011).  
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Dependent on therapeutic mAb function, it may be advantageous to have altered half-life 

durations. For example, to avoid background toxicity it is favourable for radiolabelled 

antibodies to have a shorter half-life. This is fine tuneable by size in that reducing the size 

of the antibody increases clearance by renal filtration. For example, many antibody 

fragments such as scFvs are below the renal threshold of 60 kDa resulting in half-lives as 

low as two hours (Chames et al., 2009). Furthermore, removal of the Fc domain and thus 

FcRn interaction decreases half-life significantly. 

The considerable demand for mAbs with increased serum half-life has been driven by the 

desire to reduce both their dosage and frequency of administration. Two approaches have 

been considered on the basis of FcRn binding to increase the half-life of IgG. Reducing the 

pH dependency of Fc-FcRn binding has been trialled without great success. Although 

Figure 1-9. Neonatal Fc receptor (FcRn) mediated recycling of Immunoglobulin G (IgG). IgG is taken up by 

the cell by pinocytosis and binds to FcRn at acidic pH. Bound IgG is recycled to the cell surface where at 

neutral pH it is released back into circulation. Unbound protein is degraded in the lysosome.  
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specific amino acid mutations allowed Fc to bind to FcRn at pH 7.4, this did not translate 

into increased serum half-life most likely due to problems with the release of IgG post 

exocytosis (Dall’Acqua et al., 2002; Yeung et al., 2009). However, Fc engineering to 

increase the affinity of Fc for FcRn at an acidic pH has shown promise. IgG1 mutant - 

M252Y/S254T/Y256E - has shown increased FcRn affinity and subsequent increased serum 

half-life in an encouraging study which further demonstrated the minimal biological 

consequences of the mutation (Dall’Acqua et al., 2006). Moreover, Zalevsky and 

colleagues demonstrated EGFR specific M428L/N434S mutant IgG1 not only had increased 

FcRn affinity and increased half-life, but also related this to decreased tumour burden 

compared to treatment with wild-type (wt) antibody treatment in humanised mice 

(Zalevsky et al., 2009). Analysis of the Fc-FcRn interaction, engineering and half-life 

consequences has been slow due to problems finding an appropriate model. The 

interspecies differences in Fc-FcRn binding and alternative IgG recycling mechanisms has 

produced inconsistent data with regard to the effects of different Fc mutations. The 

importance of these data extends to groups involved in Fc engineering for immune 

effector functions therefore it will be vital to coordinate this information to advance both 

areas.      

Various methods to alter antibody biodistribution have been described. PEGylation, the 

addition of polyethylene glycol (PEG) to the surface of IgG, has been proposed as a 

mechanism of increasing IgG half-life, stability and solubility (reviewed by Chapman, 

2002). Alternatively, antibodies can be conjugated to albumin, the most abundant protein 

in human plasma, to increase size and therefore serum-half-life (Andersen et al., 2014). 
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IgG is susceptible to proteolysis in the hinge regions leading to decreased efficacy. 

Proteins from the matrix metalloproteinase (MMP) family have been demonstrated to 

cleave human IgG at a specific site within the CH2 domain. These proteins are found in 

abundance at the site of tumours resulting in the cleavage of the Fc domain and reduced 

antibody effector function (Gearing, 2002). Kinder et al. have demonstrated a method to 

mutate this protease susceptible region within IgG without compromising Fc function 

(Kinder et al., 2013).  

Overall, therapeutic antibody biodistribution reflects various complex and intertwined 

parameters that can be altered by antibody engineering.  This complexity is highlighted by 

the numerous computational models available to predict antibody biodistribution. When 

analysing these factors, however, it is important to take tumour heterogeneity into 

account to avoid substantial error.  

1.2.6. Bispecific antibodies 

Bispecific monoclonal antibodies (BiMabs) can be defined as antibodies or antibody 

fragments with specificity for two different epitopes. Before the structure of the antibody 

had even been envisaged, it had been possible to create what is now known as a F(ab’)2, 

specific for both bovine gamma globulin and ovalbumin (Nisonoff and Rivers, 1961). This 

involved the removal of most of the Fc region by enzymatic digestion from two different 

mAbs, followed by a reoxidation reaction to combine two F(ab’)s with different 

specificities. For the next two decades applications for the biMab revolved around 

immunohistochemistry. However, in 1986, Staerz and Bevan published one of the first 

pieces of evidence to demonstrate that biMabs may have a role in tumour destruction. A 
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biMab specific for a T cell receptor and a tumour cell antigen was produced and for the 

first time, cell lysis was shown on addition of this biMab to tumour cells (Staerz and Bevan, 

1986). 45 different biMab formats have since been described (reviewed by Kontermann 

and Brinkmann, 2015) reflecting the demand for this unique therapeutic in the market.  

1.2.6.1. Mechanisms of action 

The immediate benefits of creating an antibody that binds to two epitopes in a cancer 

setting are several fold. Firstly, biMabs can be generated to bind to two different epitopes 

on the same antigen. This type of biMab has been shown to have increased affinity to a 

target antigen compared to a monospecific antibody (Cheong et al., 1990). Further, in 

tumour cells expressing low level antigen, biMabs may increase the number of antibodies 

on the cell surface leading to increased effector function.   

Secondly, biMabs can bind to epitopes on two different antigens on the tumour cell 

surface. This may increase signal neutralisation or even prevent resistance in the long 

term. One example of this is a novel biMab which targets both EGFR and IGFR. In pre-

clinical trials, this demonstrated improved anti-tumour activity both in vitro and in vivo 

compared to monospecific antibodies against these targets, suggesting increased 

blockade and/or internalisation by the biMab (Lu et al., 2005). 

Thirdly, biMabs have a role in bringing immune effector cells and tumour cells into close 

proximity resulting in an immune reaction at the tumour site. T cells act as potent immune 

effector cells. In theory, the expression of specific antigens on the tumour cell surface 

should initiate an immune response resulting in tumour cell destruction via cytotoxic T 

cells. However, tumour cells have the ability to counteract this T cell mediated immune 
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response resulting in further tumour progression (reviewed by Stewart and Abrams, 

2008). In their native state, antibodies lack the ability to elicit a T cell response due to the 

absence of FcγRs on the T cell surface. A method to counteract this is to engineer an 

antibody arm specific for T cell recruitment. This has been demonstrated mainly through 

binding to CD3 on the T cell surface and now, encouragingly, T cell activation has been 

verified in the absence of further co-stimulatory signals (Dreier et al., 2003).  The 

mechanism of T cell-directed BiMabs has been studied extensively. One notable study 

utilised an in vitro 3D collagen system to demonstrate increased contact between T 

lymphocytes and tumour cells on addition of a BiMab specific for both EpCAM and CD3. 

Additionally, production of IFN-γ and TNF-α was noted (Salnikov et al., 2009).  

In order to recruit immune effector cells such as macrophages, natural killer cells and 

dendritic cells to a tumour site, biMabs that target FcγRs have been engineered. 

Compared to activation by the Fc fragment alone, this can result in increased immune 

effector function by specifically interacting with activating FcγRs compared to inhibitory 

FcγRs (Clynes et al., 2000). Further advantages lie in the fact that biMabs are not in 

competition with endogenous IgG Fc regions due to the potential to bind to an alternative 

epitope on the FcγR. 

The production of therapeutic bispecific antibodies is not without limitations, reflected in 

the fact only two biMabs have been clinically approved to date. Problems mainly surround 

manufacturing limitations, resulting in low yields. Unpredictable half-lives can occur from 

modifying IgG structures significantly and uncontrolled immune activation is a continual 

crucial concern. 
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1.2.6.2. IgG based structures   

In theory, biMabs that most closely adhere to the IgG format should demonstrate similar 

biodistribution characteristics and immunogenicity to IgG which is appealing. One of the 

first methods of bispecific antibody production was by the generation of hybrid 

hybridomas, also known as quadromas. This is the process of fusing two hybridoma cell 

lines responsible for producing antibodies of different specificity resulting in the 

production of full length IgG with specificity for two different epitopes (Milstein and 

Cuello, 1983). One immediate drawback of this method is the low yield. Production of 

mismatched variants can result in only 10 % of the produced antibody being the desired 

biMab.  

A method of reducing mismatched variants is the fusion of a mouse hybridoma with a rat 

hybridoma. The increased tendency for a mouse heavy chain to associate with a mouse 

light chain, and similarly for a rat heavy chain to associate with a rat light chain, can lead 

to greater production of correct bispecific antibodies based on quadroma technology 

(Lindhofer et al., 1995). Triomab antibody technology was developed based on this 

strategy. The fusion of a mouse IgG2a hybridoma with a rat IgG2b hybridoma lead to the 

production of “trifunctional antibodies”. For example, Catumaxomab, is based on Triomab 

technology and is specific for both CD3 on the surface of T cells and EpCAM on the surface 

of tumour cells. The third level of specificity comes from the ability of the Fc region to 

activate FcγRs on the surface of immune cells. Catumaxomab was the first biMab 

approved for clinical use in Europe in 2009 (Linke et al., 2010).  
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Alternative methods to create full length bispecific IgGs by recombinant DNA technology 

exist such as knobs-into-hole technology. In an attempt to reduce the production of 

mismatched variants, a large amino acid such as tyrosine, can be engineered into the CH3 

domain of antibody 1 and a small amino acid, such as threonine, into the corresponding 

position in the CH3 domain of antibody 2. These antibodies can be produced in 

mammalian cells and the tendency for a tyrosine to interact with a threonine leads to a 

high level of correct biMab production (Ridgeway et al., 1996). An extension of this 

strategy is the strand-exchange engineered domain (SEED) approach. Structurally, the CH3 

domain of SEEDbodies are made up of alternating IgG and IgA segments which interact 

favourably to create the correct bispecific structure (Davis et al., 2010; Muda et al., 2011). 

Most recently, DuoBody technology based on the introduction of single matching point 

mutations in the CH3 domains of IgG1 structures, has been developed and thoroughly 

characterised (Labrijn et al., 2013; Gramer et al., 2013; Labrijn et al., 2014). This biMab 

production method is discussed in depth in Chapter 5.  

1.2.6.3. Antibody fragment based structures 

A number of bispecific antibody structures are based on the single chain variable fragment 

(scFv) as shown in Figure 1-10. Increased tissue penetration, reduced half-life and ease of 

production can result from the use of the scFv structure. Tandem scFvs, consisting of two 

scFvs, joined by long flexible linkers, represent the most common antibody fragment 

based biMabs.  

A success story following the development of tandem scFvs is the production of bispecific 

T cell engagers or BiTEs. These proteins target CD3 on the surface of both cytotoxic T cells 
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and regulatory T cells with one arm and a tumour antigen with the other arm. The 

structure and specificity of the BiTE induces an immunological synapse leading to T cell 

activation, cytokine production and tumour cell killing. In 2014, the first BiTE, 

Blinatumomab, was approved by the FDA which targets both CD19 and CD3 for the 

treatment of acute lymphoblastic leukemia (Przepiorka et al., 2015). 
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Figure 1-10. Bispecific antibody (biMab) structures. A biMab can be produced as a result of the fusion of two 

hybridoma cell lines, termed a Quadroma IgG (A). Modification of this system to fuse a mouse IgG2a (grey) 

with a rat IgG2b (green) results in reduced mismatched variants in Triomab technology (B). The introduction of 

asymmetrical IgA CH3 segments (green) into IgG CH3 regions (grey) results in favourable interaction to form a 

SEEDBody (C). The interaction between tyrosine and threonine in two differed IgG heavy chains results in 

biMab production by “knobs-into-hole” technology (D). Similarly, single point mutations introduced into the 

CH3 region of IgG1 encourages DuBody formation (E). BiMabs based on antibody fragments include chemically 

linked F(ab’)2 (F), tandem scFvs (G) and Diabodies (H). 
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1.2.7. Antibody conjugates 

The conjugation of an antibody or antibody fragment to a toxic payload presents an 

attractive opportunity to enhance the therapeutic potential of both antibody and 

conjugate. In a cancer setting, dose limiting toxicities have been associated with many 

chemotherapeutics promoting the exploration of antibody conjugates to increase their 

therapeutic window. Moreover, diagnostic use of antibody conjugates may lead to earlier 

diagnosis, which is an appealing prospect.   

1.2.7.1.  Antibody conjugate production 

Focusing, initially, on the production of antibody conjugates it is important to consider 

three properties: 

1) Antibody Format 

2) Linker  

3) Payload 

Different antibody formats, as discussed previously, provide a means to alter the 

pharmacokinetics of the therapeutic. In the case of antibody conjugates, the size of the 

conjugate in addition to the size of the antibody can present a problem for tumour 

penetration, especially in a diagnostic setting when rapid tumour penetration is vital. This 

is why it is often advantageous to utilise antibody fragments to reduce the conjugate size. 

Further, the immune effector function of the Fc region is often unnecessary in a conjugate 

setting prompting the use of antibody fragments or Fc engineered IgG which lacks 

immune activity. 
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Antibody linkers are perhaps the most complex issue surrounding antibody conjugates. 

Problems arise with a linker’s stability in vivo; its flexibility to allow both antigen 

recognition and conjugate effector function and its potential cleavage at the target site. 

Common covalent linkages include thioether and disulfide bonding. The biotin-avidin bond 

presents an attractive option for conjugation and in some cases, simple adsorption of the 

antibody to a surface suffices. However, the formation of a heterogeneous population of 

antibody conjugates can present a problem in the clinic.  For example, a study examining 

the conjugation of drug, DM1, to a human IgG1 via lysine residues demonstrated extreme 

variation in both the number of drug molecules attached per IgG molecule but also in the 

location of the drug molecules (Wang et al., 2005). In attempts to increase uniformity 

researchers have trialled utilising unnatural amino acids and engineered cysteine residues 

(Hallam et al., 2015). Concerning the release of a toxic payload within a cell of interest, the 

acidic and protease-rich nature of the lysosomes provides an environment for the 

cleavage of certain linkers. Therefore, if desired, linkers can be designed to be stable at 

neutral pH but to be cleaved upon movement to an acidic environment, for example a 

lysosome after endocytosis (Castaneda et al., 2013). Gemtuzumab ozogamicin (GO), the 

first antibody-conjugate approved for clinical use, contained an acid labile hydrazine linker 

for intracellular release of the anthracycline antibiotic calichaemicin.  

If an antibody conjugate is to be utilised in a therapeutic setting, toxic payloads can 

include drugs, toxic agents or radioisotopes. For example, previously FDA approved GO 

consisted of a CD33-specific IgG4 fused to calichaemicin, which is involved in the 

modification of DNA replication. More recently, two further antibody-drug conjugates 
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have been approved, Brentuximab Vedotin, an IgG1 bound to an anti-mitotic agent and 

Adotrastuzumab Emtansine, an IgG1 bound to the cytotoxic agent mertansine. These both 

provide a means for more specific delivery of these agents to tumour cells, thereby 

reducing toxic side effects. Antibody-directed enzyme prodrug therapy (ADEPT) is relevant 

in this context. This is a two-step process involving the addition of an antibody-enzyme 

conjugate followed by an anti-cancer pro-drug that will only be converted to the active 

drug by the enzyme conjugate at tumour sites (reviewed by Bagshawe, 2009), and is one 

of a number of novel antibody-conjugate based methods. 

In a diagnostic setting, examples of antibody conjugates make obvious candidates for in 

vitro use such as HRP- or fluorescently-labelled antibodies. In vivo, antibodies conjugated 

to radionucleotides provide an effective means for diagnosis by both single photon 

emission computed tomography and positron emission tomography (PET) (Gambhir, 

2002). It is possible to fine tune both antibody format and radionucleotides to enhance 

diagnostic potential with minimal side effects. There is the extended potential to utilise 

these conjugates therapeutically after diagnosis. For example, Ibritumomab Tiuxetan and 

Tositumomab are radiolabelled IgGs used in the treatment of Non-Hodgkin’s lymphoma.  

1.2.7.2. Antibody-nanoparticle conjugates 

A nanoparticle can be defined as a particle with all three dimensions between 1 nm and 

100 nm. Nanoparticles present an array of attractive therapeutic features based on their 

small size including the ability to conjugate proteins, most often antibodies, to their large 

surface area. Antibody-nanoparticle conjugates can be defined as “theragnostic agents” 

due to their potential to provide both diagnostic and therapeutic benefits in one 
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structure. Antibody-nanoparticle conjugates are common in cell sorting, immunoassays 

and magnetic separation methods (reviewed by Arruebo et al., 2009). However, most 

promisingly, antibody-nanoparticle conjugates have potential in acting as tumour-specific 

contrast agents for magnetic resonance imaging (MRI). MRI is a powerful, non-invasive 

tool for the detection of cancerous lesions, yet low sensitivity can lead to false positives 

and negatives. Traditional MRI contrast agents rely on the unique characteristics of the 

tumour cell vasculature allowing the passive movement of small iron- or gadolinium-based 

contrast agents into the tumour site. With these agents still producing a significant level of 

error, the conjugation of antibodies to iron oxide-based nanoparticles has been trialled 

(Artemov et al., 2003; Hadjipanayis et al., 2010; Bates et al., 2014).  

In line with other antibody-conjugates, ensuring stability and uniformity in conjugating 

antibodies to nanoparticles can be problematic. Moreover, nanoparticles introduce 

further pharmacokinetic considerations. For example, particle shape alone has been 

demonstrated to alter the specificity and uptake of antibody bound nanoparticles (Barua 

et al., 2013). Implications of introducing an inorganic molecule into the body have to be 

considered, specifically surrounding toxicity. Research has demonstrated that toxicity is 

strongly dependent on the intrinsic properties of the individual nanoparticle in addition to 

the cell type involved (Stroh et al., 2004; Pisanic et al., 2007; Huang et al., 2014). With 

increasing knowledge about nanoparticles, a significant increase in the development of 

therapeutically relevant antibody-nanoparticle conjugates is expected.   
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1.2.8. Recombinant monoclonal antibody production  

Cost-effective production of antibodies has become a bottleneck in their use as 

therapeutic agents therefore a significant amount of work has been carried out 

surrounding optimal recombinant antibody production. Increased demand as a result of 

high dosing regimens has put further pressure on this area.  Three main routes of mAb 

production consist of mammalian, bacterial and yeast systems. 

Mammalian cell culture remains the most popular technique for mAb production 

predominantly using two cell lines - Chinese Hamster Ovary (CHO) cells and Human 

Embryonic Kidney 293 (HEK293) cells. These systems have the capacity to carry out the 

complex post-translational glycosylation of full length IgG which provides a major 

advantage (Li et al., 2010a). However, expensive and complex techniques with low yield 

have prompted the search for improved production systems. Yeast presents a cheaper 

production option which is generally high yielding in a short amount of time (Wood et al., 

1985). Efficient glycosylation can, however, be strain-dependent and protein misfolding 

can be common resulting in low production efficiency. 

Production of antibody fragments can be very efficient using bacterial protein production 

systems. Without the requirement of glycosylation, mAb fragments can be produced in 

E.coli which is deemed to be simple and inexpensive. However the reducing environment 

of the bacterial cytoplasm makes the production of intra- or inter-chain disulfide bonds 

difficult, potentially rendering a non-functional product. In order to overcome this, it is 

possible to use one of two strategies. The use of mutant E.coli strains with only a mildly 

reducing cytoplasm or additional chaperones is possible to produce correctly folded 
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antibodies (Jurado et al., 2002). However, more frequently a leader sequence such as 

pectate lyase B (PelB) or outer membrane protein A (OmpA) is engineered upstream of 

the antibody gene sequence, promoting transport of the protein product into the bacterial 

periplasm. The presence of chaperones and foldases in addition to the oxidising 

environment makes the periplasm suited to mAb production. Moreover, low levels of 

protein contaminants and proteases make this production method more favourable 

(Wulfing and Pluckthun, 1994). Novel antibody production is being explored in both cell-

free systems and plants. However in a large scale setting these methods may be difficult 

to implement.  
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1.3. Project Aims   

Substantial progress in our understanding of antibody biology has led to an exponential 

increase in the number of antibody therapeutics approved for clinical use.  Notably, the 

approval of unique engineered antibody structures such as the bispecific T cell engager, 

Blinatumomab, has sparked a new and exciting phase in antibody therapeutics.  

Accordingly, the main objective of this research was to develop and characterise novel 

antibody-based structures. The central hypothesis was that the characterisation of these 

constructs would provide a basis for their use in a cancer therapy setting. In order to test 

this, the work in this thesis was divided into two sections with the following aims:   

1. To establish production techniques for a novel antibody-based fusion protein in which 

antibody fragments were biologically fused to the surface of the iron storage protein 

ferritin. The binding characteristics and structural properties were to be explored prior 

to determining how these constructs may interact with tumour cell lines. 

2. To produce bispecific antibodies, by controlled Fab-arm exchange, with specificity 

towards the immune stimulating receptor CD64 (FcRI) and the hapten NIP (4-

hydroxy-3-iodo-5-nitrophenylacetate). Thereafter, following successful bispecific 

antibody production, the aim was to investigate whether these constructs may have a 

role in bridging between immune cells and target cells to induce immune-mediated 

cell destruction.    
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Chapter 2: Materials and Methods  

2.1. Materials  

2.1.1. Antibodies 

 

Target Antigen Host Conjugate Manufacturer 

 (Product Code) 

Actin N-terminal Rabbit None Sigma (A2103) 

CD32 Mouse FITC Abcam (ab30356) 

CD33 Rabbit None Abcam (ab134115) 

CD64 Mouse FITC Abcam (ab93500) 

CD71 Rabbit None Biorbyt (orb34369) 

CD71 Rabbit PE eBioscience (12-0719-73) 

Ferritin Rabbit None Acris (R1596) 

Human Immunoglobulin G Rabbit HRP Dako (P0214) 

Human Immunoglobulin G (Fc) Unknown FITC The Binding Site (PF004) 

Kappa Light Chain Goat HRP Sigma (A7164) 

Lambda Light Chain (Mouse) Rabbit FITC Rockland (610 4211) 

Lambda Light Chain (Mouse) Goat HRP Bethyl (A90-121P) 

Poly-Histidine Mouse HRP Sigma (A7058) 

Rabbit Immunoglobulin G Goat FITC Sigma (F0382) 

Rabbit Immunoglobulin G Goat HRP Pierce (31463) 

 

 

 

 

Table 2-1. Details of antibodies used. Target antigens are human unless otherwise stated.  
FITC: Fluorescein Isothiocyanate; HRP: Horseradish Peroxidase.   
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2.1.2. Buffers 

 

Coating Buffer 15 mM Na2CO3 

35 mM NaHCO3 

pH 9.6 

Phosphate Buffered Saline (PBS) (10X) 1.4 M NaCl 

27 mM KCl 

100 mM Na2HPO4 

18 mM KH2PO4 

pH 7.4 

A 1X stock of PBS was prepared by diluting 

ten-fold with Milli-Q Ultra-pure water prior 

to use. 

PBS-Tween (PBS-T) 1X PBS with 0.05 % (v/v) Tween-20. 

PBN (FACS Buffer) 1X PBS with 0.5 % (w/v) bovine serum 

albumin (BSA) and 0.05 % (w/v) sodium 

azide. 

SDS-PAGE Sample Buffer (Reducing/Non-

Reducing) 

1 % (w/v) Sodium lauryl sulphate 

8 M Urea 

50 mM Tris-HCl, pH 6.8 

0.1 % (w/v) bromophenol blue 

(2 % (v/v) 2-mercaptoethanol was added to 

produce reducing sample buffer) 

SDS-PAGE Running Buffer 25 mM Tris 

190 mM Glycine 

0.1 % (w/v) SDS 

 

 

Table 2-2. Reagent composition of buffers used. Unless otherwise stated buffers were made with Milli-Q Ultra-

pure water (Millipore). 
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Tris-Acetate EDTA (TAE) Buffer 40 mM Tris 

5 mM Sodium acetate 

1 mM EDTA (disodium salt) 

pH 7.9 

Transfer Buffer for Western blotting 25 mM Tris 

192 mM Glycine 

20 % (v/v) Methanol 

 

 

2.1.3. Cell culture reagents  

 

Reagent Manufacturer (Product Code) 

293Fectin Invitrogen (12347-019) 

Dulbecco’s Modified Eagle’s Medium (DMEM) GIBCO Life Technologies (41965-039) 

DMEM:Ham’s F12 medium  GIBCO Life Technologies (11320-033) 

Fetal Bovine Serum (FBS) Labtech International (S1800) 

Freestyle Expression Medium  GIBCO Life Technologies (12338-018) 

L-Glutamine (200 mM) Invitrogen (25030-024) 

100X Non-Essential Amino Acids (NEAA) GIBCO Life Technologies (11140-050) 

Opti-MEM GIBCO Life Technologies (31985-062) 

Roswell Park Memorial Institute 1640 (RPMI) 

Medium 

GIBCO Life Technologies (21875-034) 

Penicillin-Streptomycin (Pen-Strep)  

(10,000 U/mL) 

GIBCO Life Technologies (15140-122) 

Trypsin.EDTA (0.5 %) GIBCO Life Technologies (15400-054)  

Table 2-3. Details of cell culture reagents used. 



56 
 

2.1.4. Kits  

 

Kit Manufacturer (Product Code) 

KOD Hot Start DNA Polymerase Kit Millipore (710863) 

Plasmid Maxi Kit Qiagen (12163) 

QIAprep Spin Miniprep Kit  Qiagen (27106) 

QIAquick Gel Extraction Kit  Qiagen (28704) 

TOPO zero blunt PCR cloning Kit Invitrogen (450245) 

 

2.1.5. Primers 

 

Primer name DNA Sequence (5’-3’) 

Construction of antiCD33 ferritin fusion protein (Section 4.3.1.) 

CD33VHF GCTTCTCTCTCATATGGAGGTTAAGCTGCAGCAGTCTG 

CD33VHB GAGCCACCTCCGCCTGAACCGCCTCCACCTGATGAGGAGACGGTGAC 

CD33VLF CAGGCGGAGGTGGCTCTGGCGGTGGCGGATCCGATATCGAGCTCACC 

CD33VLB CCTCTTCATTCTCGAGAGAAGATAGCGTTTGATTTC 

DuoBody Mutagenesis (Section 5.3.1.) 

IgG1N297Q1 GCAGTACCAGAGCACGTACCGTGTGGTCAGCG  

IgG1N297Q2 GTGCTCTGGTACTGCTCCTCCCGCGGCTTTGTC 

F405L1 CCGACGGCTCCTTCCTCCTCTACAGCAAGC  

F405L2 GCTTGCTGTAGAGGAGGAAGGAGCCGTCGG 

K409R1 CTTCTTCCTCTACAGCCGGCTCACCGTGGAC  

K409R2 GTCCACGGTGAGCCGGCTGTAGAGGAAGAAG 

Table 2-4. Details of kits used. 

Table 2-5. Details of primers used for vector construction. 



57 
 

antiCD64 (H22) heavy chain construction (Section 5.3.2.) 

LeaderForward2 AAGCTTATGGGATGGAGCTGTATCATCCTGTTTCTGGTCGCAACTGCAACTG 

H22For1 CTGGTCGCAACTGCAACTGGAGTCCATTCAGAGGTCCAGCTGCAGGAG 

H22Back AAGCTTTGAGGAGACGGTGACCGTG 

 

 

 

Vector Primer name DNA Sequence (5’-3’) 

pcDNA3 T7 Forward TAATACGACTCACTATAGGG 

SP6 Reverse CATTTAGGTGACACTATAG 

pET-15b T7 Forward TAATACGACTCACTATAGGG 

T7 Terminator TATGCTAGTTATTGCTCAG 

VKExpress 3’IC2KCSEQ3 CTGCTCTGTGACACTCTCCTGG 

pHCCR and derivatives UpHindIIIForw GCTGTTAACGGTGGAGGGCAG 

UpIgGCH2Forw CACGTCCACCTCCATCTCTTC 

 

2.2. Methods  

2.2.1. Cell culture methods  

2.2.1.1. Cell line maintenance  

Cell lines were maintained as described in Table 2-7 in 25 cm2; 75 cm2 or 175 cm2 flasks 

(Corning) at 37 oC in 5 % CO2 (unless otherwise stated). If adherent, cells were dislodged 

by removing the media, washing with sterile PBS and incubating in a minimum volume 

(enough to cover base of flask) of 0.5 % trypsin/EDTA for 2 minutes at 37 oC. 5 mL media + 

10 % FBS was added to inactivate the trypsin. A cell scraper (Greiner Bio-One) was used to 

remove any remaining adherent cells and these were transferred to a sterile Universal 

Table 2-6. Details of primers used for DNA sequencing. 
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Tube. Cells were washed by centrifugation at 200 g for 5 minutes in PBS prior to 

passaging. 

 

Cell Line Media Supplements Passage Routine 

Chinese Hamster 

Ovary K1 (CHO-

K1) 

DMEM 1X NEAA 

 10 % FBS 

1X Pen-Strep 

Grown to 80 % confluency 

before splitting 1:6   

FreeStyle 293-F Freestyle 

Expression 

Medium 

1X Pen-Strep Maintained between 0.2 - 3 x 106 

cells/mL in 125 mL 

polycarbonate Erlenmeyer flasks 

(Corning), shaking orbitally at 

125 rpm at 37 oC,  

8 % CO2 

K562 RPMI 10 % FBS 

1X Pen-Strep 

Maintained between 0.2 - 1 x 106 

cells/mL 

MCF-7 DMEM 10 % FBS 

1X Pen-Strep 

Grown to 80 % confluency 

before splitting 1:6   

MX-1 DMEM: F12 

Medium 

10 % FBS 

1X Pen-Strep 

Grown to 80 % confluency 

before splitting 1:6   

THP-1  RPMI 10 % FBS 

1X Pen-Strep 

Maintained between 0.2 - 1 x 106 

cells/mL 

 

2.2.1.2. Counting cells 

If required, cells were counted using an improved Neubauer counting chamber (Weber 

Scientific) using a Zeis ID03 inverted phase contrast microscope. 10 μl of a cell suspension 

was added to 10 μl a 0.4 % Trypan Blue (Difco Laboratories) prepared in PBS. This was 

added to the counting chamber and the number of cells in each set of 16 corner squares 

Table 2-7.  Details of cell lines used.  
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counted. This was averaged and multiplied by two to factor in the trypan blue dilution and 

then 104 to give the number of cells/mL. The percentage (%) of viable cells could be 

calculated as follows: 

% viable cells = (1-(number of blue cells/total number of cells)) x 100.  

2.2.1.3. Freezing cells 

 1 x 107 cells were pelleted by centrifugation at 200 g for 5 minutes, resuspended in 900 μl 

FBS and transferred to a cryovial (Nunc). 100 μl sterile Dimethyl sulfoxide (DMSO) was 

added and the cryovial was stored in nitrogen vapour for 4 hours before being submerged 

in liquid nitrogen for long term storage. 

2.2.1.4. Thawing cells  

A cryovial of cells was removed from liquid nitrogen and agitated in a 37 oC water bath 

until thawed. Cells were immediately transferred into 10 mL of the appropriate pre-

warmed media and centrifuged at 200 g for five minutes. The cell pellet was resuspended 

in 10 mL fresh media and transferred into a 25 cm2 flask for growth at 37 oC, 5 % CO2, 

unless otherwise stated.    

2.2.2. Molecular biology methods 

2.2.2.1. Preparation of Lysogeny Broth (LB) media and LB-agar 

To prepare LB media, 8 g of LB broth (Sigma) was dissolved in 400 mL Milli-Q Ultra-pure 

water. This solution was sterilised by autoclaving. Once cooled, ampicillin (Sigma) was 

added to give a final concentration of 100 µg/mL. LB-ampicillin media was stored at 4 oC. 
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To prepare LB-agar plates, 8 g of LB broth (Sigma) and 8 g Bacto Agar (Appleton Woods) 

were added to 400 mL Milli-Q Ultra-pure water. This mixture was sterilised by autoclaving. 

Once cooled, ampicillin (Sigma) was added to give a final concentration of 100 µg/mL and 

the solution poured into 90 mm petri dishes (Thermo). Plates were stored at 4 oC prior to 

use. 

2.2.2.2. Bacterial transformation  

Competent Escherichia coli (E.coli) cells (details in Table 2-8) were thawed on ice for ten 

minutes. 50 ng plasmid DNA, or 5 µl of a ligation mixture was added to 10 µl or 50 µl E.coli 

cells respectively. This mixture was incubated on ice before being heat shocked at 42 oC 

and returned to ice for two minutes. Strain specific timings for ice and heat shocking 

incubations are detailed in Table 2-8.  500 μl S.O.C media (Novagen) was added to the 

cells which were shaken (200 rpm) at 37 oC for 1 hour. 50 μl of the cell mixture was spread 

using a bacterial spreader (Greiner) on pre-warmed ampicillin LB-agar plates and 

incubated overnight at 37 oC. LB-Agar plates were stored for up to 2 weeks at 4 oC. 

 

E.coli strain Incubation time on ice Heat shock time 

BL21 (DE3) PLysS competent cells 

(Promega) 

10 Minutes 45 Seconds 

C41 (DE3) PLysS competent cells 

(Lucigen) 

20 Minutes 2 Minutes 

Rosetta-gami (DE3) PLysS competent 

cells (Novagen) 

5 Minutes 30 Seconds 

Subcloning Efficiency DH5α 

competent cells (Invitrogen) 

30 Minutes 20 Seconds 

Table 2-8. Details of transformation timings for E.coli strains.   
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2.2.2.3. Agarose gel electrophoresis 

A 1 % agarose gel was prepared by dissolving 1 g UltraPure agarose (Invitrogen) in 100 mL 

1X TAE Buffer. This was dissolved by heating in a microwave for 90 seconds. After cooling, 

8 μl Gel Red dye (Biotum) was added and the gel poured into a casting tray with the 

appropriate casting comb. Once set, the gel was submerged in TAE buffer and 20 µl of 

each DNA sample in DNA loading buffer (Invitrogen) was loaded into an individual well. 10 

µl 2-log DNA ladder (New England Biolabs) was added to the well in lane one as a 

reference. Generally, gels were run at 100 V for 40 minutes using Bio-Rad Power Pac 3000. 

Gels were viewed using a GelVue UV transilluminator and images captured using a 

GeneFlash gel documentation system (Syngene). 

2.2.2.4. DNA extraction and purification  

For small scale preparations of DNA, a single bacterial colony was picked from an LB-Agar 

plate using a pipette tip and grown in a Universal Tube by shaking (200 rpm) at 37 oC 

overnight in 5 mL LB media + ampicillin. The culture was then centrifuged at 2500 g for 5 

minutes and supernatant discarded. A miniprep was carried out using a QIAprep spin 

miniprep kit as per the manufacturer’s instructions. The resultant DNA was quantified 

using a NanoDrop 1000 Spectrophotometer (Thermo Scientific) which measured the 

optical density at 260 nm and multiplied by 50 to give a DNA concentration in ng/μl. To 

ensure purity, the ratio of the readings at 260 nm / 280 nm was also determined, with a 

reading ~1.8 accepted as pure. The DNA was stored at -20 oC 

For large scale preparations of DNA, a single colony was picked from an LB-Agar plate 

using a pipette tip and grown in a 1 L glass Erlenmeyer flask by shaking (200 rpm) at 37 oC 
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overnight in 500 mL LB media + ampicillin. The culture was centrifuged in 250 mL 

polypropylene bottles (Nalgene) at 2500 g for 30 minutes and supernatant discarded. A 

maxiprep was carried out using Plasmid Maxi kit (Qiagen) as per the manufacturer’s 

instructions. DNA was quantified using a NanoDrop 1000 Spectrophotometer (Thermo 

Scientific) and stored at -20 oC. 

To extract and purify DNA from an agarose gel, DNA bands were viewed using UV light and 

excised using a clean scalpel. DNA was purified using QIAquick gel extraction kit (Qiagen) 

as per the manufacturer’s instructions. DNA was quantified using NanoDrop 1000 

Spectrophotometer (Thermo Scientific) and stored at -20 oC. 

2.2.2.5. Restriction endonuclease digests  

Restriction endonuclease digests were prepared as in Table 2-9 with the appropriate New 

England Biolabs restriction enzyme. Reactions were carried out for 1 hour in a 37 oC water 

bath.  

 

Restriction enzyme(s) 1 μl 

DNA 1 μg 

Appropriate 10X NEB Buffer 5 μl 

Made up final volume to 50 μl with Milli-Q Ultra-pure water 

 

Restriction enzyme digests were analysed by agarose gel electrophoresis as described in 

Section 2.2.2.3. 

Table 2-9. Volumes of reagents used for restriction enzyme digest of DNA. 



63 
 

2.2.2.6. DNA ligations  

Sticky end cloning was carried out using T4 DNA Ligase (Invitrogen) as per the 

manufacturer’s instructions. Briefly, digested insert and vector DNA (prepared as in 

Section 2.2.2.5) was mixed at both a 1:1 and 3:1 molar ratio to give a total of 200 ng DNA 

in Milli-Q Ultra-pure water (with a final volume of 15 µl). 4 μl of 5X Ligation Reaction 

Buffer was added to the mixture and finally 1 μl T4 DNA Ligase was added. The mixture 

was pipetted to mix and incubated at room temperature (RT) overnight. 5 µl of ligation 

mixture was transformed in DH5α cells as described in Section 2.2.2.2. 

2.2.2.7. DNA sequencing  

All DNA sequencing was carried out at the School of Life Sciences sequencing facility 

within the University of Dundee. DNA was prepared at 20 ng/µl in Milli-Q Ultra-pure water 

prior to sequencing. Sequencing primers are detailed in Table 2-6. 

2.2.2.8. Polymerase chain reaction (PCR) 

Primers (Eurofins) were reconstituted in Milli-Q Ultra-pure water to give a final 

concentration of 100 μM. KOD Hot start polymerase kit (Novagen, Merck Millipore) was 

used to amplify DNA. The reagents detailed in table 2-10 were added to a thin-walled PCR 

tube for each reaction. 
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Reagent Volume (μl) 

Polymerase 0.4 

PCR Buffer (10X) 2 

dNTPs (2 mM each) 2 

MgSO4 (25 mM) 0.8 

Primers (10 pmol/µl) 0.1 

Milli-Q Ultra-pure water 13.7 

DNA (diluted to 200 μg/mL) 1 

 

Using a Mastercycle Personal PCR machine (Eppendorf) the following cycles were carried 

out: 

 

Component steps Order of steps Temperature (oC) Time Cycles 

Initial step 1 95 3 minutes 1 

Amplification 

cycles 

2  95  30 seconds  

35 3 60 30 seconds 

4 72 2 minutes 

Final step 5 72 2 minutes 1 

 

The PCR product was analysed by agarose gel electrophoresis as described in Section 

2.2.2.3. and stored at – 20 oC. 

Table 2-11. Timings used for typical polymerase chain reaction (PCR) amplification of DNA. 

Table 2-10. Volumes of reagents used as standard for 
polymerase chain reaction (PCR) amplification of DNA. 
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2.2.3. Biochemical methods 

2.2.3.1. Enzyme Linked Immunosorbent Assay (ELISA) 

Individual ELISA protocols are described in each chapter. 96-well Nunc Maxisorp 

Immunoplates (Thermo) were used for each assay. As standard, antigen or capture 

antibody at varying concentrations in 100 µl fresh Coating Buffer/well was coated 

overnight at 4 oC. Plates were blocked with 200 µl/well 5 % (w/v) non-fat milk (Marvel) in 

PBS-T for 1 hour at RT. The antibody or protein of interest was diluted in PBS-T and 100 µl 

added to each well, in triplicate, and incubated for 1 hour at RT. An HRP-conjugated 

detection antibody was diluted in PBS-T as appropriate and 100 µl added to each well and 

incubated for 1 hour at RT. The plate was washed with H2O (x5) between each addition.  

Binding was detected by adding 100 µl/well SureBlue TMB microwell peroxidase substrate 

(KPL) and reading on a plate reader at 630 nm. 

2.2.3.2. Preparation of NIP-BSA 

To prepare 3-nitro-4-hydroxy-5-iodophenylacetate (NIP) conjugated to bovine serum 

albumin (BSA), termed NIP-BSA, 20 mg of BSA was dissolved in 2 mL of PBS. Whilst stirring, 

10 mg NIP-CAP-O-Succinimide (Genosys) in 100 µl dimethyl formamide (DMF) (VWR) was 

added to the BSA. This mixture was mixed on a rotating stirrer for 2 hours at RT and then 

dialysed exhaustively in PBS, using 19 mm dialysis tubing (Scientific Laboratory Supplies 

Ltd) that had been equilibrated in PBS for 1 hour. NIP-BSA was aliquoted and stored at -20 

oC. 
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2.2.3.3. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)   

Polyacrylamide Gels were prepared as in Table 2-12, ensuring that the ammonium 

persulfate was prepared freshly each time. 

 

Separating Gel  

Reagent Stock Concentration Volume Final Concentration 

Milli-Q Ultra-pure water N/A 6.7 mL N/A 

Tris-HCl 

pH 8.8 

1.5 M 5 mL 375 mM 

SDS 10 % (w/v) 200 μl 0.1 %  

Acrylamide/Bis-Acrylamide 

(Ratio: 37.5:1) (Sigma) 

30 % 8 mL 12 % 

ammonium persulfate (Sigma) 10% (w/v) 100 μl 0.05 % 

TEMED N/A 10 μl N/A 

Stacking Gel 

Reagent Stock Concentration Volume Final Concentration 

Milli-Q Ultra-pure water N/A 6.1 mL N/A 

Tris-HCl  

pH 6.8 

0.5 M 2.5 mL 125 mM 

SDS 10 % (w/v) 100 μl 0.1 % 

Acrylamide/Bis-Acrylamide 

(Ratio: 37.5:1) (Sigma) 

(30 %) 1.33 mL 4 % 

ammonium persulfate (Sigma) 10 % (w/v) 50 μl 0.05 % 

TEMED N/A 10 μl N/A 

 

The separating gel was poured between the gel plates leaving 3 cm depth at the top for 

the stacking gel and comb. A layer of isopropanol was added and gel allowed to set. Once 

set, the isopropanol layer was poured off, and gel rinsed with Milli-Q Ultra-pure water. 

The stacking gel was poured and the comb inserted. Once set the comb was removed and 

wells were rinsed with Milli-Q Ultra-pure water. 

Table 2-12. Reagents and volumes for preparation of 12 % SDS-PAGE gel. 
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Proteins were diluted in PBS to give the required concentration (specified for each 

experiment in individual chapters) and were heated for 5 minutes at 95 oC in an equal 

volume of either 2X reducing or non-reducing SDS-PAGE sample buffer. A maximum of 20 

μl of the protein solution was loaded into each well and empty wells filled with an equal 

volume of sample buffer. Precision Plus Protein All Blue standard (Biorad) was used as a 

molecular weight marker. Gels were run in Tris-Glycine running buffer for 1 hour at a 

constant voltage of 200 V. 

2.2.3.4. Protein staining  

Gels were washed for 10 minutes in 200 mL Milli-Q Ultra-pure water (x3).  Gels were then 

immersed in 20 mL PageBlue protein staining solution (Thermo) for 1 hour at RT. Gels 

were destained in Milli-Q Ultra-pure water overnight and viewed using a GelVue UV 

transilluminator (Syngene). 

2.2.3.5. Western blotting   

For immunoblotting, proteins were transferred to nitrocellulose membrane using a Bio-

Rad wet transfer system. An SDS-PAGE gel and sheet of Protran BA83 nitrocellulose 

membrane  (0.2 μM) (GE Healthcare) were sandwiched between two sheets of blotting 

paper and two blotting sponges pre-soaked in transfer buffer, ensuring no bubbles were 

present. This sandwich was then encased into a Bio-Rad transfer system ensuring that the 

membrane was positioned towards the positively charged electrode. Transfers were 

carried out at a constant current of 360 mA for 80 minutes in Tris-Glycine Transfer Buffer.  

Membranes were blocked to prevent non-specific background binding in 10 mL 5 % (w/v) 

non-fat milk (Marvel) in PBS-T for 1 hour at RT. Primary antibodies were diluted in 10 mL 
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PBS-T and incubated for 1 hour at RT or at 4 oC overnight. Membranes were washed for 5 

minutes in 10 mL PBS-T (x3). If necessary, secondary antibodies were diluted in 10 mL PBS-

T and incubated for 1 hour at RT. Membranes were washed for 5 minutes in 10 mL PBS-T 

(x2) and finally for 5 minutes in 10 mL PBS. Bands were developed using 1 mL ECL western 

blotting substrate (Pierce) per membrane and visualised using the LI-COR Odyssey FC 

system. 
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Chapter 3: Production and Purification of Antibody-Based Biological 
Nanoparticles 
 

3.1. Introduction 

3.1.1. Ferritin  

Iron is essential for cellular metabolism yet it presents two major problems: low solubility 

and high toxic potential. Through production of reactive oxygen species, free iron can 

induce DNA damage and cell death resulting in a number of pathological conditions (Dixon 

and Stockwell, 2014). To overcome these problems, iron is highly regulated and stored 

within the large ubiquitous protein ferritin, which maintains iron in a non-toxic but readily 

available form. The highly stable structure of ferritin consists of 24 α-helical bundles 

termed heavy or light chains which interact via hydrogen and ionic bonds to form a cage-

like structure as shown in Figure 3-1. This structure is 450,000 Da in size and contains an 

inner cavity of 8 nm diameter for the storage of up to 4500 iron ions (reviewed by 

Harrison and Arosio, 1996).  

The ferritin heavy chain (H-chain) has a molecular mass of 21 kDa and shares 55 % amino 

acid homology with the ferritin light chain (L-chain) of 19 kDa (Dorner et al., 1985). The 

two structures share a common three dimensional structure but vary significantly in 

biological function. The H-chain contains a ferroxidase site which is responsible for the 

oxidation of Fe (II) to Fe (III) (Lawson et al., 1989) whilst the L-chain contains critical 

glutamic acid residues to support the turnover of iron. The ratio of heavy:light chain 

within a ferritin structure not only varies between species but also between ferritins 

present in different organs. Iron storing organs such as the liver and spleen consist of L-
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rich ferritins with high iron content whilst organs such as the heart and brain contain 

ferritins with low iron content and increased heavy chains (Arosio et al., 1978).   

 

 

 

 

Ferritin subunits assemble to create eight protein channels required for the incorporation 

of iron. A subset of these channels contain threefold symmetry and are involved in the 

Figure 3-1. Structure of human ferritin. (A) Structure of human ferritin heavy chain subunit (Protein Data 

Bank (PDB) accession number: 2FHA) (B) Structure of human ferritin light chain subunit (PDB accession 

number: 2FFX). (C) Ferritin cage made up of 24 heavy chain subunits (based on 2FHA subunit) showing a 

fourfold symmetry channel. (D) Ferritin cage made up of 24 heavy chain subunits (based on 2FHA subunit) 

showing a threefold symmetry channel. Images generated using Protein Viewer (PV) on RCSB PDB website. 
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charge selective entry of iron ions. The 1.2 nm long channels are lined with hydrophilic 

amino acids and structural, mutation and electrostatic experimental data suggest that this 

channel is essential for the entry and exit of Fe (II) (Levi et al., 1996; Hempstead et al., 

1997). The remaining channels contain fourfold symmetry and are lined with hydrophobic 

amino acids. Although a role for these channels is still uncertain, it is most probable that 

they are involved in the movement of protons (Takahashi and Kuyucak, 2003). 

3.1.2. Ferritin as a therapeutic agent  

The cDNA for ferritin was first cloned in the 1980s and it has since become possible to 

produce recombinant ferritins using bacterial protein production methods (Rucker et al., 

1997). With this advance came a better understanding of the ferritin structure and how it 

may be used as a reaction chamber to create a novel set of therapeutics termed biological 

nanoparticles. With a small external diameter of 12 nm ferritin can exert spatial control on 

any caged substance to make it more therapeutically favourable. The electrostatic 

gradient between the internal cavity and external environment aids in the incorporation 

of specific metals, drugs and other cytotoxic agents. Further, genetic modification makes it 

possible to create a ferritin cage of optimal structure for the desired function. 

One of the most exciting developments surrounding use of the ferritin cage as a biological 

nanoparticle was the production of a superparamagnetic iron core within the internal 

cavity in 1992. Meldrum and colleagues removed native iron from horse spleen ferritin by 

decreasing the pH with thioglycolic acid causing the dissociation of subunits.  On 

increasing the pH to 8.5, to reassemble the structure, and increasing the temperature to 

60 °C, it was possible to add Fe(II) and allow controlled oxidation by air to create the 
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ferromagnetic minerals, magnetite (Fe3O4) and maghemite (γ-Fe2O3), within the ferritin 

cage (Meldrum et al., 1992). 

It was later shown that ferromagnetic minerals could be produced in recombinant H-chain 

(heavy chain only) ferritin by a similar technique. These particles were homogeneous in 

size and were an effective means of enhancing magnetic resonance imaging (MRI) 

contrast (Uchida et al., 2008). The incorporation of metals into ferritin extends far beyond 

iron alone.  From nickel and chromium (Okuda et al., 2003) to cobalt (Douglas and Stark, 

2000) and palladium (Ueno et al., 2004), numerous transition metals have been formed 

within ferritin. These bivalent metals are thought to enter ferritin through the same 

pathway as iron. However, some metals such as gold require some additional help to 

enter the ferritin cage. Mutagenesis of certain residues on the external and internal faces 

of ferritin has been demonstrated to increase the uptake of gold and silver (Butts et al., 

2008).  

More recently, attempts have been made to incorporate chemotherapeutic agents into 

the ferritin cage to improve drug potency and specificity.  For example, Doxorubicin (DOX) 

can be incorporated within the ferritin cage by reducing the pH to 2.0 causing subunit 

dissociation, followed by the addition of DOX and subsequent increase to neutral pH to 

reassemble the protein. Results have shown ferritin caged DOX is engulfed by tumour cells 

more rapidly and efficiently than DOX alone in vitro (Bellini et al., 2014). Similarly, DOX can 

be incorporated into recombinant ferritin by dissociation of the cage structure with 8 M 

Urea. Liang and colleagues reported ferritin encapsulated DOX demonstrated substantial 

anti-tumour activity in a tumour mouse model (Liang et al., 2014). 
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Modification of the ferritin cage to enhance biological activity is common. In a cancer 

setting, ferritin cages have been modified to target integrins αvβ3 and αvβ5 by genetically 

fusing the cyclic-arginine-glycine-aspartic acid (RGD) peptide, known to bind specifically to 

integrins, to the surface of ferritin (Uchida et al., 2006; Lin et al., 2011; Li et al., 2012; Zhen 

et al., 2013). Alternatively, it has been possible to create a vaccine based on the ferritin 

cage by fusing influenza virus haemagglutinin to the surface and demonstrating increased 

neutralisation compared to commercially available vaccines (Kanekiyo et al., 2013). 

Examples of antibody modified ferritin cages are also available. In 2013, Falvo and 

colleagues chemically conjugated antibodies specific for melanoma antigen CSPG4 to the 

surface of ferritin. Long PEG spacer arms were present to connect three anti-CSPG4 IgGs 

to the ferritin cage which was filled with chemotherapeutic agent, cisplatin. This antibody-

ferritin construct demonstrated CSPG4 specific tumour lysis in vitro and in vivo (Falvo et 

al., 2013). However, the chemical conjugation methods used presented uncertainty 

surrounding the uniformity of the antibody-ferritin structures. Further, three full sized 

IgGs on the surface of the ferritin created a rather large protein structure, perhaps 

unsuitable for tumour penetration. 

3.1.3. Novel antibody-ferritin fusion proteins  

In this study we have produced a novel ferritin-based protein with therapeutic potential. 

By genetically fusing DNA encoding a single chain variable fragment (scFv) to DNA 

encoding the heavy and light chains of ferritin it was possible to create a protein cage 

structure with specificity towards a selected antigen (Figure 3-2). When produced in 

bacteria, 12 scFv-ferritin subunits were predicted to assemble via protein-protein 
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interactions to form an 816 kDa cage-like structure termed an antibody-ferritin fusion 

protein. The N-terminus of ferritin is solely presented on the external surface of the 

protein allowing the 12 scFvs to be presented on the surface of the cage for antigen 

recognition (Harrison, 1986). The aim was to incorporate magnetite (Fe3O4) and 

maghemite (γ-Fe2O3) within this recombinant ferritin based structure generating a novel 

magnetic protein with antigen specificity. 

The approach was based on the prior experience of the project’s industrial partner.  In 

2010, Dehal and colleagues produced an antibody-ferritin fusion protein specific for 

fibronectin. This protein was characterised by enzyme-linked immunosorbent assay 

(ELISA), surface plasmon resonance (SPR) and microscopy, demonstrating that the 

antibody-ferritin fusion protein retained the ability to bind to fibronectin. Further studies 

demonstrated that the protein had magnetic potential on addition of magnetite to the 

ferritin cage (Dehal et al., 2010).  
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Figure 3-2. Formation of antibody-ferritin fusion proteins. (A) Gene sequences encoding the variable heavy 

chain (VH) and variable light chain (VL) of an antibody were fused by a short polypeptide linker (black). This 

was fused to the N-terminus of genes encoding the human ferritin heavy chain and human ferritin light 

chain. (B) The resultant protein structure was a single chain variable fragment (scFv) bound to a ferritin 

subunit. (C) Protein-protein interactions between ferritin subunits resulted in the formation of a spherical 

cage structure with 12 external scFv termed an antibody-ferritin fusion protein. 
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3.2. Chapter Aims 

The purpose of this chapter was to develop a strategy for the production of an antibody-

ferritin fusion protein specific for the non-biological hapten, NIP (3-nitro-4-hydroxy-5-

iodophenylacetate). The aim was to establish purification techniques and characterise the 

protein with a strong emphasis on the assembly and stability of anti-NIP ferritin fusion 

protein (αNFF). This construct will act as a model and a control for the production of 

tumour-cell specific antibody-ferritin fusion proteins.  

3.3. Materials and Methods 

3.3.1. Production of anti-NIP ferritin fusion protein  

DNA encoding an antibody-ferritin fusion protein specific for NIP (αNFF) was prepared in a 

pET15b bacterial expression vector by a previous student in the Woof lab (Figure 3-3). For 

production, plasmid DNA was transformed into BL21, C41 or Rosetta-gami E.coli cells as 

detailed in Section 2.2.2.2. A single colony was picked using a pipette tip and added to 10 

mL LB-media + 100 µg/mL ampicillin in a 50 mL polypropylene tube. This culture was 

grown by shaking at 200 rpm overnight at 37 oC in an Infors MT Multitron Pro incubator 

shaker.  The 10 mL overnight bacterial culture was centrifuged at 3000 g for 10 minutes 

using a Sigma 4-15 benchtop centrifuge and the supernatant discarded. The bacterial 

pellet was resuspended in 1 L autoinduction media (prepared by School of Life Sciences 

Central Technical Services) in a 5 L glass Erlenmeyer flask and grown by shaking (200 rpm) 

for 18 hours at 25 oC in an Infors MT Multitron Pro incubator shaker. Typically, 6 litres of 

bacterial culture were grown for each protein preparation.  
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Figure 3-3. Gene sequences for anti-NIP ferritin fusion protein (αNFF). (A) pET15b modified with gene 

sequence for αNFF (pNFF) between restriction enzyme sites NdeI and BamHI. (B) Schematic of gene 

sequence encoding αNFF with restriction enzyme sites for incorporation into pET15b vector labelled.  
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1 L bacterial cultures were centrifuged in 1 L polycarbonate bottles (Beckman) using a 

Beckman J6-MI centrifuge at 5020 g for 35 minutes at 4 oC. The supernatant was discarded 

and the pellet resuspended in 25 mL pre-cooled Production Buffer A (50 mM potassium 

phosphate; 300 mM NaCl; 5 % glycerol; 2.5 mM TCEP; 20 mM imidazole; pH 7.4) by 

vortexing. Samples were lysed using a cell disrupter (Constant Systems Ltd) at 23,000 PSI 

(pounds per square inch). The cell lysate was collected on ice and centrifuged at 15,000 g 

for 20 minutes, 4 oC using a Sorvall RC-5B refrigerated superspeed centrifuge to remove 

insoluble aggregates. The supernatant was stored at 4 oC for subsequent purification.  

3.3.2. Purification of anti-NIP ferritin fusion protein  

3.3.2.1. Nickel purification  

After cell disruption, the supernatant was filtered over a 0.22 µm Express PLUS membrane 

filter (Millipore) using a vacuum pump. A HiTrap HP 5 mL nickel column (GE Healthcare) 

was equilibrated with 50 mL Production Buffer A. The protein lysate was loaded onto this 

column using a peristaltic pump and the column was connected to an AKTA Prime system 

(GE Healthcare). A flow rate of 5 mL/minute was used. The column was washed with 50 

mL Production Buffer A and protein was eluted on an increasing gradient of Nickel Elution 

Buffer (50 mM potassium phosphate; 300 mM NaCl; 5 % glycerol; 2.5 mM TCEP; 1 M 

imidazole; pH 7.4). Protein elution was monitored by absorbance at OD 280 on Unicorn 

Software and 2 mL fractions were collected. Protein fractions were pooled and either 

purified further as described below or concentrated using a 100 kDa molecular weight cut-

off centrifugal filter unit (Amicon Ultra). Samples were centrifuged at 600 g for 5 minute 
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cycles until the volume was reduced to 1 mL. Protein concentration was determined using 

a microBCA kit (Thermo) as per the manufacturer’s instructions.  

3.3.2.2. Affinity purification   

It was possible to purify αNFF on the basis of affinity for the antigen NIP. NIP-Sepharose 

was prepared by a previous lab member, Dr Melanie Lewis, by coupling NIP-CAP-OH 

(Genosys) to EAH Sepharose 4B (Amersham Pharmacia). 10 mL NIP-Sepharose (previously 

stored at 4 oC in 20 % ethanol) was washed in 50 mL PBS (x5) and was added to αNFF 

protein solution either directly after cell disruption or post-nickel purification. Protein was 

incubated with NIP-Sepharose overnight at room temperature (RT). Post incubation and 

settling under gravity, the supernatant was removed by careful pipetting and was stored 

for analysis. The NIP-Sepharose was washed in 50 mL PBS (x5) by allowing to settle by 

gravity between washes and carefully pipetting and discarding the supernatant. To elute 

the protein, NIP-Sepharose was incubated with 5 mg NIP-OH (Biosearch Technologies) in 5 

mL PBS for 1 hour at RT. The protein was eluted by adding the NIP-Sepharose to a 

disposable 5 mL polypropylene column (Thermo) and capturing the flow through. The 

eluted protein was dialysed using 19 mm dialysis tubing (Scientific Laboratory Supplies 

Ltd). The dialysis tubing was first incubated in PBS for 1 hour before adding the eluted 

protein. The tubing was then incubated overnight in 5 L PBS and buffer changed until the 

solution appeared colourless, which was indicative of complete removal of NIP-OH.  

Protein concentration was then determined using a microBCA kit (Thermo) as per the 

manufacturer’s instructions. 
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3.3.2.3. Anion exchange purification  

An alternative method to purify αNFF was by anion exchange chromatography. Nickel 

purified αNFF was desalted into Anion Exchange Buffer A (50 mM Sodium Phosphate; 100 

mM NaCl, pH 7.4) using a Hitrap 5 mL desalting column (GE Healthcare) as per the 

manufacturer’s instructions. A HiTrap SP HP 1 mL anion exchange column (GE Healthcare) 

was equilibrated with 10 mL Anion Exchange buffer A.  The protein was loaded onto this 

column using a peristaltic pump and this was connected to an AKTA Prime system (GE 

Healthcare). A flow rate of 1 mL/min was used. Protein was eluted on an increasing 

gradient of Anion Exchange Buffer B (50 mM sodium phosphate; 1 M NaCl, pH 7.4) and 

protein elution was monitored by absorbance at OD 280 on Unicorn Software. 2 mL 

fractions were collected for further analysis. The HiTrap SP HP 1 mL anion exchange 

column was washed with 10 mL Milli-Q Ultra-pure water followed by 10 mL ethanol and 

stored at 4 oC. 

3.3.3. Small-scale bacterial growth optimisation 

Bacterial colonies were picked and added to 10 mL LB media + 100 µg/mL ampicillin in a 

50 mL polypropylene tube. This culture was grown by shaking at 200 rpm overnight at 37 

oC in an Infors MT Multitron Pro incubator shaker. 200 µl of the overnight bacterial culture 

was added to 10 mL growth media and the tubes were shaken under various growth 

conditions. Post-incubation, 1 mL of this bacterial culture was centrifuged at 5000 g for 5 

minutes using a benchtop MIKRO 120 centrifuge and the supernatant discarded. 100 µl 

Bug Buster (Novagen) was added to the cell pellet and samples incubated for 5 minutes at 

RT.  The samples were centrifuged at 15,000 g for 10 minutes and the supernatant 
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transferred to a fresh microfuge tube. The pellet was resuspended in 100 µl Milli-Q Ultra-

pure water. Both the supernatant (soluble protein) and pellet (insoluble protein) were 

prepared for SDS-PAGE analysis as described in Section 2.2.3.3. A Western blot was 

carried out as described in Section 2.2.3.5. and membranes probed with anti-HIS-HRP 

conjugate (Sigma) at a dilution of 1:2000 in PBS-T. 

3.3.4. Inclusion body refolding 

αNFF was prepared as in Section 3.3.1. but after centrifugation at 15,000 g for 20 minutes, 

the cell pellet was retained for processing. The pellet was resuspended in 40 mL Inclusion 

Body Buffer A (100 mM Tris-HCl; pH 8) by vortexing and this was added dropwise to 100 

mL Inclusion Body Buffer B (8.5 M Urea; 100 mM Tris-HCl; 20 mM imidazole; pH 8). The 

solution was stirred at RT overnight. The denatured protein solution was filtered over a 

0.22 µm Express PLUS membrane (Millipore) and was loaded onto a pre-equilibrated 

HiTrap HP 5 mL nickel column using a peristaltic pump. Refolding Buffer (100 mM Tris-HCl, 

0.4 M L-Arginine; 0.2 mM PMSF; 20 mM imidazole; pH 8) was prepared and supplemented 

with urea to final concentrations of either 4 M, 2 M or 1 M. 10 mL of each concentration 

of urea in refolding buffer was flowed through the column starting with the highest 

concentration of urea and finishing with Refolding Buffer alone. The protein was then 

eluted with Nickel Elution Buffer, monitoring by OD 280 using Unicorn Software. 2 mL 

fractions were collected and processed as described previously.  

3.3.5. NIP-binding ELISA 

NIP-BSA (Section 2.2.3.2.) was diluted to 1 µg/ml in fresh Coating Buffer and 100 µl added 

to each well of a 96-well Nunc Maxisorp Immunoplate (Thermo) to coat overnight at 4 oC. 
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Wells were washed with H2O (x5). 5 % (w/v) non-fat milk was prepared in PBS-Tween 

(PBS-T) and 200 µl added to each well for 1 hour at RT. Wells were washed with H2O (x5). 

αNFF was prepared at varying dilutions in PBS-T. 100 µl of each dilution was added to the 

plate in triplicate and incubated for 1 hour at RT. Wells were washed with H2O (x5). Anti-

mouse lambda light chain-HRP conjugate (Bethyl) was diluted 1:2000 in PBS-T and 100 µl 

added to each well for detection, incubating for 1 hour. Alternatively, rabbit anti-ferritin 

(Acris) was diluted 1:5000 in PBS-T and 100 µl was added to each well for 1 hour at RT, 

followed by washing (x5) and incubation for a further hour in 100 µl/well goat anti-rabbit 

HRP conjugate (Pierce) diluted 1:5000 in PBS-T. Wells were washed with H2O (x5). 100 µl 

SureBlue TMB Microwell substrate (KPL) was added to each well and the absorbance read 

at 630 nm using a plate reader. Data was analysed and plotted using Microsoft Excel. 

3.3.6. SDS-PAGE and Western blotting 

SDS-PAGE and Western blotting was carried out as described in Section 2.2.3.3 and 

2.2.3.5. respectively. Membranes were probed with anti-mouse lambda light chain-HRP 

(Bethyl) or rabbit anti-ferritin IgG (Acris) followed by anti-rabbit-HRP (Thermo). All 

antibodies were used at a dilution of 1:2000 in PBS-T. 

3.3.7. Size exclusion chromatography 

A Superose 6 XK16/70 column was washed with 140 mL PBS at a flow rate of 0.5 

mL/minute using an AKTA fast protein liquid chromatography (FPLC) system (GE 

Healthcare). Nickel purified αNFF protein sample (neat) was added to a 2 mL loop and 

injected onto the column at 1 mL/min in PBS. Protein elution was measured by OD 280 

using Unicorn Software. 2 mL fractions were collected for analysis.   
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A Superose 6 XK16/70 column had been calibrated with protein standards previously by 

Dr Wilson Stewart who assisted with size exclusion chromatography of antibody-ferritin 

fusion proteins. 

3.3.8. Native-PAGE electrophoresis 

A 6 % native-PAGE gel was prepared as in Table 3-1. The separating gel was poured 

between Bio-Rad gel plates leaving ~ 3 cm for the stacking gel and comb. A layer of 

isopropanol was added and the gel allowed to set. Once set, the isopropanol layer was 

poured off, and the gel rinsed with Milli-Q Ultra-pure water. The stacking gel was poured 

and comb inserted. Once set, the comb was removed and wells rinsed with Milli-Q Ultra-

pure water. 

 

Separating Gel  

Reagent Stock Concentration Volume Final Concentration 

Milli-Q Ultra-pure water N/A 5.3 mL N/A 

Tris-HCl 

pH 8.8 

1.5 M 2.5 mL 375 mM 

Acrylamide/Bis-Acrylamide 

(Ratio: 37.5:1) (Sigma) 

30 % 2 mL 6 % 

ammonium persulfate (Sigma) 10% (w/v) 100 μl 1 % 

TEMED N/A 8 μl N/A 

Stacking Gel 

Reagent Stock Concentration Volume Final Concentration 

Milli-Q Ultra-pure water N/A 6.1 mL N/A 

Tris-HCl  

pH 6.8 

0.5 M 2.5 mL 125 mM 

Acrylamide/Bis-Acrylamide 

(Ratio: 37.5:1) (Sigma) 

30 % 1.33 mL 4 % 

ammonium persulfate (Sigma) 10 % (w/v) 50 μl 0.05 % 

TEMED N/A 10 μl N/A 

Table 3-1. Reagent volumes for preparing native PAGE gel 
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Nickel-purified protein samples (neat) were prepared in Native Loading Buffer (0.5 M Tris-

HCl, 10 % glycerol, 0.0025 % bromophenol blue; pH 6.8) and 15 μl loaded onto the gel. 

NativeMark unstained protein marker (Thermo) was used as a standard. The gel was run 

at a constant voltage of 200 V for 2 hours in Tris-Glycine running buffer with no SDS (25 

mM Tris; 192 mM glycine). The gels were stained as in Section 2.2.3.4.  

3.3.9. Sandwich ELISA 

Rabbit anti-ferritin IgG (Acris) was diluted 1:5000 in fresh Coating Buffer and 100 µl added 

to each well of a 96-well Nunc Maxisorp Immunoplate (Thermo) before incubating 

overnight at 4 oC. The plate was washed with H2O (x5). Non-specific binding was blocked 

by adding 200 µl/well 5 % (w/v) non-fat milk in PBS-T for 1 hour at RT. The plate was 

washed with H2O (x5). αNFF protein solution was diluted to 200 µg/mL and subsequent 

doubling dilutions were made in PBS-T. 100 µl of each concentration was added to the 

plate wells in triplicate and incubated for 1 hour at RT. After washing (x5) as before, anti-

lambda light chain-HRP (Bethyl) was diluted 1:2000 in PBS-T and 100 µl added to each well 

and incubated for 1 hour at RT. After washing (x5) as previously, binding was detected by 

adding 100 µl SureBlue TMB microwell peroxidase substrate (KPL) and reading on a plate 

reader at 630 nm. Data was analysed and plotted using Microsoft Excel.  

3.3.10. Multivalency assay 

NIP-BSA (Section 2.2.3.2.) was diluted to 1 µg/ml in fresh Coating Buffer and 100 µl added 

to each well of a white 96-well flat bottom plate (Nunclon) to coat overnight at 4 oC. The 

plate was washed with H2O (x5). Non-specific binding was blocked by incubating with 200 

µl/well 5 % (w/v) non-fat milk in PBS-T for 1 hour at RT. The plate was again washed with 
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H2O (x5).  αNFF and anti-NIP IgA2 (prepared previously in the Woof lab) were diluted to 

400 µg/mL in PBS-T and 100 µl/well was added and incubated for 1 hour at RT, before 

washing as previously (x5). NIP-BSA-FITC (prepared previously in the Woof lab) was diluted 

to 50 µg/mL in PBS-T and subsequent doubling dilutions were prepared. 100 µl of each 

concentration was added to wells in triplicate and incubated in the dark for 1 hour at RT. 

After washing as previously (x5), fluorescence was measured on a SpectraMaxM2 

(Molecular Devices) plate reader (excitation/emission = 485/535). Data was analysed and 

plotted using Microsoft Excel.  

3.3.11. Electron microscopy 

αNFF and horse spleen apoferritin (Sigma) were serially diluted in 0.06 M Tris buffer pH 8. 

5 µl of each diluted sample was dried onto a pioloform/carbon coated copper grid and 

negatively stained with 3 % Uranyl Acetate (Agar Scientific) in Milli-Q Ultra-pure water.  

These were examined by Dr Alan Prescott using a JEOL 1200EX transmission electron 

microscope operating at an accelerating voltage of 80 kV. Images were analysed using 

Image J.  

3.3.12. Dynamic light scattering  

Dynamic Light Scattering was carried out at the Centre for Translational and Chemical 

Biology, University of Edinburgh. Samples were sent at 2 mg/mL in PBS and analysed in 

triplicate on The Zetasizer Auto Plate Sampler.  

3.3.13. Stability assay  

A preparation of αNFF was aliquoted into 50 µl samples and half were stored at -20 oC. 

Sodium azide (0.02 %) was added to the other half which were stored at 4 oC. A NIP-
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binding ELISA was carried out periodically on these samples to determine if the αNFF lost 

any ability to bind to NIP-BSA over time, under these storage conditions. An ELISA was 

carried out as described in Section 3.3.5. Detection was by anti-mouse lambda light chain-

HRP. 100 µl TMB substrate (KPL) was added to each well for detection and readings were 

taken at 630 nm on a plate reader 5 minutes after substrate addition. An anti-NIP IgG that 

was known to be stable under storage at -20 oC was used to normalise the ELISA 

conditions. To compare αNFF protein binding over the time course studied, the OD 630 

value measured for αNFF at 1 in 40 dilutions from each time point (normalised to anti-NIP 

IgG) was plotted and a general trend line added using Microsoft Excel.  

3.3.14. Protein magnetisation 

3.3.14.1. Horse spleen apoferritin magnetisation 

15 mg horse spleen apoferritin (HSF) was dialysed into Magnetisation Buffer (50 mM 

sodium phosphate; 0.1 M NaCl; pH 8.6) using a 20 kDa MWKO Slide-A-Lyser dialysis 

cassette (Thermo). 15 mg protein in 12 mL Magnetisation Buffer was transferred into a 

double neck 25 mL round bottom flask. This was incubated in a 65 oC water bath, and 

purged with N2 for 15 minutes. A fresh solution of 100 mM iron (II) ammonium sulfate 

hexahydrate (Acros) was prepared in Milli-Q Ultra-pure water. H2O2 (Sigma) was prepared 

at 33.4 nmol/µl by dilution of 35 % H2O2 in Milli-Q Ultra-pure water. In order to add 100 

iron ions per ferritin molecule per minute, 33.3 µl iron (II) ammonium sulfate hexahydrate 

and 33.3 µl H2O2 were added to the round bottom flask every minute. After 10 minutes 4 

mL protein with a theoretical iron loading of 1000 iron ions/HSF was removed from the 

reaction and 300 µl 0.3 M sodium citrate was added to chelate free iron.  
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22.2 µl iron (II) ammonium sulfate hexahydrate and 22.2 µl H2O2 were added to the 

remaining protein in the round bottom flask every minute. After 40 minutes, 4 mL protein 

with a theoretical iron loading of 5000 iron ions/HSF was removed from the reaction and 

300 µl 0.3 M sodium citrate was added to chelate free iron.  

11.1 µl iron (II) ammonium sulfate hexahydrate and 11.1 µl H2O2 were added to the 

remaining protein in the round bottom flask every minute. After 100 minutes, the 

remaining protein with a theoretical iron loading of 15000 iron ions/HSF was removed 

from the reaction and 300 µl 0.3 M sodium citrate was added to chelate free iron. 

Throughout the reaction, the pH was checked every 10 additions with a pH indicator strip 

(Fisherbrand) to ensure the pH remained at 8.6 (adjusting with 1 M NaOH if necessary).  

Theoretically the following reaction should have occurred with Fe3O4 being incorporated 

into the ferritin cage. 

3Fe2+ + H2O2 + 2H2O  Fe3O4 + 6H+ 

The magnetised protein was dialysed into Magnetic Storage Buffer (20 mM Sodium 

Phosphate; 0.1 M Na2S2O5; pH 7.4) using a 20 MWKO Slide-A-Lyser dialysis cassette 

(Thermo). The protein was then concentrated using a 100 kDa MWCO centrifugal filter 

(Amicon Ultra), by centrifuging at 600 g for 5 minute cycles to give a volume and 

concentration equivalent to pre-magnetisation. Magnetic protein was stored at 4 oC in 

safe-lock amber tubes (Eppendorf). 
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3.3.14.2. Anti-NIP ferritin fusion protein magnetisation  

Purified αNFF was dialysed into Magnetisation Buffer using a 20 kDa MWKO Slide-A-Lyser 

dialysis cassette (Thermo). 1 mg of protein in 5 mL Magnetisation Buffer was transferred 

into a double neck 25 mL round bottom flask, incubated in a 65 oC water bath, and purged 

with N2 for 15 minutes. A fresh solution of 10 mM iron (II) ammonium sulfate hexahydrate 

(Acros) was prepared in Milli-Q Ultra-pure water. H2O2 was prepared at 3.34 nmol/µl by 

dilution of 35 % H2O2 in Milli-Q Ultra-pure water. In order to add 100 molecules of iron per 

ferritin molecule per minute, 67 µl iron (II) ammonium sulfate hexahydrate and 67 µl H2O2 

were added to the round bottom flask every minute for 100 minutes to give a final iron 

loading of 10,000 Fe irons/ferritin molecules. The pH was checked every 10 additions with 

a pH indicator strip (Fisherbrand) to ensure it remained at 8.6 (adjusting with 1 M NaOH if 

necessary). When the reaction was complete, 300 µl 0.3 M sodium citrate was added to 

chelate free iron.  

The magnetised protein was dialysed into Magnetic Storage Buffer (20 mM sodium 

phosphate; 0.1 M Na2S2O5; pH 7.4) using a 20 MWKO Slide-A-Lyser dialysis cassette 

(Thermo), then concentrated using a 100 kDa MWCO centrifugal filter (Amicon), by 

centrifuging at 600 g for 5 minute cycles to give a volume and concentration equivalent to 

pre-magnetisation. Magnetic protein was stored at 4 oC in a safe-lock amber tube 

(Eppendorf). 
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3.3.14.3. Characterisation of magnetised protein  

To determine the levels of “monodisperse” and “polydisperse” HSF after the 

magnetisation process, the protein solutions were centrifuged at 10 000 g for 20 minutes 

using a benchtop MIKRO 120 centrifuge. The supernatants were removed and the pellets 

were resuspended in equivalent volumes of Magnetic storage buffer. An ELISA was carried 

out to determine the levels of polydisperse (pellet) and monodisperse (supernatant) HSF 

formed after loading the ferritin with different amounts of magnetite. The samples were 

diluted 1:4 in Coating buffer and 100 µl was added to a 96-well Nunc Maxisorp 

Immunoplate (Thermo) in triplicate. This was incubated at RT for 2 hours. Wells were 

washed with H2O (x5). 5 % (w/v) non-fat milk was prepared in PBS-T and 200 µl added to 

each well for 1 hour at RT. Wells were washed with H2O (x5). Rabbit anti-ferritin (Acris) 

was diluted 1:5000 in PBS-T and 100 µl was added to each well for 1 hour at RT, followed 

by washing (x5) and incubation for a further hour in 100 µl/well goat anti-rabbit HRP 

conjugate (Pierce) diluted 1:5000 in PBS-T. Wells were washed with H2O (x5). 100 µl 

SureBlue TMB Microwell substrate (KPL) was added to each well and the absorbance read 

at 630 nm using a plate reader. The data was analysed and plotted using Microsoft Excel. 

To determine if antibody ferritin fusion proteins that had been subjected to the 

magnetisation process could exert peroxidase activity, 10 µl of magnetised αNFF was 

added to four wells of a white, flat bottom, multiwell strip (Greiner). 10 µl H2O2 (Sigma) or 

10 μl Milli-Q Ultra-pure water was added to appropriate wells. 50 µl SureBlue TMB 

microwell peroxidase substrate (KPL) or 50 µl Milli-Q Ultra-pure water was then added to 

the appropriate wells. A colour change was visually detected in the wells in which the 
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substrate was oxidised.  This was repeated with αNFF that had not undergone the 

magnetisation process as a control. 

3.4. Results  

3.4.1. Production of anti-NIP ferritin fusion protein  

A system for the expression of anti-NIP ferritin fusion protein (αNFF) in E.coli was 

developed.  Typically, αNFF was expressed in BL21 (DE3) E.coli cells under the control of 

the T7 promoter. Purification of αNFF on a nickel column was facilitated by the presence 

of an upstream 6xHIS tag. A nickel column on the AKTA Prime system was utilised for 

protein purification, with protein fractions collected on an increasing imidazole gradient. 

Nickel-binding proteins were generally eluted as shown on Figure 3-4a. The 

chromatogram is labelled with the two main protein groups (Peak 1 and Peak 2) which 

were typically seen when purifying antibody-ferritin fusion proteins.  

To determine if αNFF had been successfully purified, fractions were collected and 

analysed by SDS-PAGE. A PageBlue-stained SDS-PAGE gel showed that prior to 

purification, no obvious αNFF band was observed. However, post-purification, a protein 

band corresponding to the size of one subunit of αNFF (68 kDa) could be seen in peak one 

(Figure 3-4B). A significant amount of contaminating proteins and potential degradation 

products were also detected.  

In peak two, a protein of 25 kDa was predominant. Fractions from peak two were further 

analysed by probing with an anti-lambda light chain antibody in a Western blot (Figure 3-

4C). The fact that this protein was reactive with a light chain-specific antibody and had a 
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mass corresponding to 25 kDa suggested that it comprised αNIP single chain variable 

fragment (scFv) alone.  

 

 

 

 

Figure 3-4. Production of anti-NIP ferritin fusion protein (αNFF). (A) Chromatogram showing a typical 
elution profile of αNFF transformed bacterial cell lysate purified on a HIS-trap nickel column. The protein 
was eluted on an increasing imidazole gradient classified into two peaks, labelled peak 1 and peak 2. (B) 
PageBlue stained SDS-PAGE gel of protein fractions eluted from the nickel column. The molecular 
weights of the protein standard are labelled in kDa. A single subunit of αNFF can be seen in peak 1 at 68 
kDa. (C) Western blot of eluted protein fractions from peak 2 probed with an anti-lambda light chain 
antibody, producing a band at 25 kDa. Results are representative of a standard antibody-ferritin fusion 
protein purification. 
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During initial protein production trials it was important to understand how effective the 

protein purification techniques were. The N-terminus 6xHIS tag was chosen due to its 

small size which, in theory, would prevent interference with the formation of the protein 

cage. A sample of αNFF was purified by nickel affinity chromatography as standard. The 

eluted protein was retained and the unbound protein “flow through” was then passed 

over a second nickel column to ensure no saturation of the original resin had occurred. 

The relative quantities of NIP-specific protein before and after each round of nickel 

purification were subsequently analysed by a NIP-binding ELISA. Results demonstrated 

that over one third of the NIP-specific protein remained in the nickel column “flow 

through” and was therefore presumed to be unable to bind to the nickel column (Figure 3-

5). 

 

 
 

 

Figure 3-5. Nickel purification of αNIP ferritin fusion protein (αNFF). Graph shows levels of αNFF before and 
after passing over a nickel column as detected by a NIP-binding ELISA. Total αNFF detectable in a bacterial 
cell lysate is shown (pre-nickel) and the level detectable in the flow through after subsequent purification 
attempts (Nickel Flow 1 and Nickel Flow 2). The level of αNFF is indicated by absorbance at 630 nm, 
corresponding to protein that bound to immobilised NIP-BSA and was detected by a rabbit anti-ferritin 
antibody followed by anti-rabbit-HRP. Data points show mean ± StdDev of triplicate wells of a single 
experiment. 
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3.4.2. Antibody-ferritin fusion proteins form insoluble inclusion bodies in E.coli  

Although the above results demonstrate that it was possible to produce αNFF in standard 

bacterial systems, protein yield was low. A previous report on the production of ferritin in 

E.coli noted that a large amount of protein was found as insoluble inclusion bodies (Lee et 

al., 2002). Small scale production trials were therefore carried out to determine the ratio 

of insoluble:soluble αNFF produced under different growth conditions. Unless otherwise 

stated, the E.coli used was BL21 (DE3) strain grown in autoinduction media at 25 oC for 18 

hours.  

Growth of BL21 (DE3) cells at 37 oC for different time periods was trialled. This produced 

no detectable levels of soluble αNFF (Figure 3-6A). Autoinduction media induces target 

protein expression without the requirement of an external inducer and is considered a 

superior method for T7 mediated protein production (Studier, 2005). In an attempt to gain 

tighter control of αNFF production, inducing protein production by different 

concentrations of isopropyl β-D-1-thiogalactopyranoside (IPTG) in Lysogeny Broth (LB) was 

trialled.  Concentrations of IPTG between 0.1 mM and 1 mM were added but failed to 

induce higher levels of soluble αNFF production (Figure 3-6B). 

One possible explanation for the high production of insoluble αNFF was the inability of the 

BL21 (DE3) E.coli to mediate disulfide bond formation within the scFv. Therefore 

alternative E.coli strains, modified for difficult protein production, were tested. Rosetta 

Gami cells, which encourage disulfide bond production and the expression of rare tRNAs, 

were used, but failed to prevent inclusion body formation. A BL21 (DE3) based E.coli line, 

C41, which has been modified to tolerate the production of toxic proteins (Miroux and 
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Walker, 1996), was also tested, but demonstrated no production improvements (Figure 3-

6C). 

 

 

 

 

 

 

Figure 3-6. Comparison of soluble (cytosolic) and insoluble (inclusion bodies, IB) production of anti-NIP 
ferritin fusion protein (αNFF) in E.coli under different growth conditions.  Protein expression was 
detected by Western blot probed with an αHIS-HRP antibody. (A) αNFF production in BL21 (DES) E.coli 
grown in autoinduction media at 37

 o
C for 4, 8 or 18 hours.  (B) αNFF production in BL21 (DES) E.coli grown 

in Lysogeny Broth (LB) at 25
 o

C for 18 hours, induced with 0.1, 0.5 or 1.0 mM IPTG. (C) αNFF production in 
Rosetta-gami and C41 strains of E.coli grown in autoinduction media at 25

 o
C for 18 hours. 
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In light of the results shown in Figure 3-6, attempts were made to produce functional 

protein from bacterial inclusion bodies. Solubilisation and refolding of inclusion bodies is 

common practice to gain an increased protein yield from insoluble aggregates. It was 

possible to produce soluble αNFF from inclusion bodies using a urea-based solubilisation 

protocol. αNFF could be detected within the solubilised protein as shown by a PageBlue 

stained SDS-PAGE gel in Figure 3-7A. Moreover, an ELISA demonstrated that the refolded 

αNFF had the ability to bind to immobilised NIP-BSA suggesting the refolding process had 

resulted in αNFF with the correct conformation (Figure 3-7B). Yields were, however, very 

low and the labour intensive process made it unviable as a protein production option.  
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3.4.3. Functional αNFF can be produced in the bacterial periplasm 

A second round of purification was required in addition to nickel-based purification to 

obtain a highly pure preparation of αNFF.  Anion exchange chromatography was trialled, 

yielding a high level of αNFF protein but maintaining a moderate level of protein 

contamination (Figure 3-8A). αNFF was also purified by antigen affinity using NIP-

Sepharose. The use of NIP-Sepharose for purification had an additional benefit of purifying 

only functional, NIP-binding protein. A PageBlue stained SDS-PAGE gel showed that 

secondary purification by NIP-Sepharose resulted in a low yield but a highly pure product 

(Figure 3-8B). Interestingly, the large difference in quantity between nickel-purified αNFF 

Figure 3-7. Solubilisation of anti-NIP ferritin fusion protein (αNFF) from inclusion bodies. (A) PageBlue 
stained SDS-PAGE gel of αNFF obtained by solubilising bacterial inclusion bodies followed by slow dilution of 
8 M urea on a nickel column. αNFF can be seen as the predomiant band at 68 kDa (B) NIP binding ELISA of 
solubilised αNFF showing binding to immobilised NIP-BSA and detection by a rabbit anti-ferritin antibody and 
anti-rabbit HRP. Data points show mean ± StdDev of triplicate wells. Results representative of at least three 
independent experiments are shown. 
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and NIP-Sepharose-purified αNFF suggested that an amount of the αNFF produced was 

non-functional.  

On review of the literature of antibody fragment production in bacterial systems it 

became clear that many protocols were based on periplasmic protein production for 

enhanced disulfide bond formation. A pectate lyase B (PelB) leader sequence was 

engineered upstream of αNFF in an attempt to redirect protein production to the bacterial 

periplasm. It was hoped that this would increase the level of functional αNFF compared to 

cytoplasmic production. To determine if more functional αNFF was produced in the 

periplasm compared to the cytoplasm, proteins were produced under identical conditions 

in both bacterial compartments, and compared by Western blot and ELISA. A Western blot 

probed with anti-ferritin antibody indicated that significantly more protein was produced 

in the bacterial cytoplasm compared to the periplasm (Figure 3-8C [insert]). This was 

expected due to the large size of the cytoplasm compared to the periplasm. However, on 

analysis of the amount of protein by NIP-binding ELISA, allowing only for the detection of 

αNFF that could bind to NIP, it was clear that more functional protein was produced in the 

bacterial periplasm (Figure 3-8C). Antibody-ferritin fusion proteins were therefore 

produced in the bacterial periplasm as standard. The total yield of pure, functional αNFF 

varied between preparations, ranging from 0.5 – 3.0 mg / L bacterial culture.   
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Figure 3-8. Production of anti-NIP ferritin fusion (αNFF) in the bacterial periplasm. (A) PageBlue stained 
SDS-PAGE gel of bacterial cell lysate, nickel-purified αNFF and anion exchange-purified αNFF. αNFF subunit 
could be seen at 68 kDa. (B) Page Blue stained SDS-PAGE gel of bacterial cell lysate, nickel-purified αNFF and 
NIP-Sepharose purified αNFF. αNFF subunit could be seen at 68 kDa. (C) NIP-binding ELISA showing level of 
αNFF produced in the bacterial cytoplasm compared to the periplasm. Absorbance at 630 nm corresponds to 
the level of protein that bound to immobilised NIP-BSA and was detected by rabbit anti-ferritin and anti-
rabbit-HRP. Data points show mean ± StdDev of triplicate wells of a single experiment. Insert shows a 
Western blot of nickel-purified αNFF (68 kDa) probed with a rabbit anti-ferritin IgG and anti-rabbit-HRP.   
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3.4.4. αNFF subunits assemble to form an 800 kDa protein-cage structure with an average 

diameter of 10.3 nm   

 

αNFF is predicted to be structurally unique due to its spherical cage-like structure and 12 

external scFvs. To ensure that the proteins expressed using the production methods 

detailed were maintaining this structure, a number of analytical techniques were carried 

out. The results from such structural analysis would contribute to understanding the 

potential pharmacokinetic properties of such proteins which would make a significant 

impact on their therapeutic use.  

Using a sandwich ELISA it was possible to capture αNFF via its scFv component with an 

anti-lambda light chain antibody then detect capture using an anti-ferritin antibody. This 

assay confirmed that the protein being produced contained both ferritin and scFv moieties 

(Figure 3-9a). Further, since αNFF should be multivalent in nature, with the ability to 

simultaneously bind multiple NIP antigens, the ability of αNFF to bind to immobilised NIP 

and subsequently bind to FITC-conjugated free NIP-BSA was assessed. αNFF showed an 

increased ability to bind to additional antigen compared to control bivalent anti-NIP IgA2 

as shown in Figure 3-9B, consistent with its multivalency.  

 

 



100 
 

 

 

 

 

To further analyse the structure of αNFF, gel filtration was carried out. In theory, protein-

protein interactions should encourage αNFF to assemble into a 12mer structure, with a 

predicted molecular mass of 816 kDa. On addition of αNFF to a Superose 6 XK16/70 

column, an elution volume of 12.17 mL was recorded. This was plotted on a graph with 

Figure 3-9. Anti-NIP ferritin fusion protein (αNFF) subunits assembled to form a multivalent structure. 
(A) NIP binding ELISA showing that αNFF could be captured at increasing concentrations by anti-lambda 
light chain antibody and detected by a rabbit anti-ferritin antibody followed by anti-rabbit-HRP. (B) Plate-
based assay demonstrated that αNFF bound to immobilised NIP-BSA and could capture more NIP-BSA-
FITC than the bivalent anti-NIP IgA2 control, as shown by an increase in FITC intensity. Data points show 
mean ± StdDev of triplicate wells of single experiments. 
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the elution volumes of three other high molecular weight protein standards (as 

determined previously by Dr Wilson Stewart) and a molecular weight for αNFF was 

estimated to be 794 kDa (Figure 3-10). Moreover, αNFF was electrophoresed on a native-

PAGE gel and was found to run at a position corresponding to a molecular mass of ~800 

kDa (Figure 3-10C). Encouragingly, no contaminating proteins or degradation products 

were observed. 
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Figure 3-10. Anti-NIP ferritin fusion protein (αNFF) subunits assemble to form an 800 kDa protein structure. 
(A) The elution profile of αNFF from a Superose 6 XK16/70 pre-packed column. αNFF eluted at 12.17 mL. (B) 
Elution volumes of high molecular weight protein standards from a Superose 6 XK16/70 column were plotted 
against their log10[molecular weight]. The elution volume of αNFF corresponded to a molecular weight of 794 
kDa. (C) A PageBlue stained native-PAGE gel showed αNFF at a position corresponding to a molecular mass of 
~800 kDa. 
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Spherical protein structures with a dense iron core such as ferritin would be expected to 

be visible on analysis by transmission electron microscopy (TEM). Horse spleen apoferritin 

(Sigma), used as a control, and αNFF were examined on a pioloform/carbon coated copper 

grid using a JEOL 1200EX transmission electron microscope operating at an accelerating 

voltage of 80 kV. On examination of αNFF by TEM, it was possible to see similar spherical 

structures to the horse spleen apoferritin suggesting that αNFF had assembled correctly 

(Figure 3-11). It is useful to note that although the horse spleen apoferritin is described by 

the supplier to be iron free, a small amount is detectable by TEM indicating that some iron 

is still present. Similarly, although αNFF has not been filled with iron, a small amount of 

bacterial iron is presumed to be present within the ferritin cages. The larger spherical 

structures noticeable on the αNFF image are likely to be perforations on the copper grid 

rather than protein aggregates (personal communication from Dr Alan Prescott who 

operated the TEM).  
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 Figure 3-11. Transmission Electron Microscopy (TEM) revealed that anti-NIP ferritin fusion protein 
(αNFF) assembled to form a structure similar to commercial horse spleen apoferritin. Horse spleen 
apoferritin (A) and αNFF (B) were negatively stained with uranyl acetate and viewed using a JEOL 1200EX 
transmission electron microscope operating at an accelerating voltage of 80 kV. Spherical protein 
structures assumed to possess a dense iron core could be seen.  
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Dynamic light scattering (DLS) is a quantitative method to analyse the average diameter of 

proteins. This technique was carried out by Dr Martin Wear at The Centre for Translational 

and Chemical Biology, Edinburgh, on two alternative fusion proteins, anti-TAG72 ferritin 

fusion (αTAG72 FF) protein and anti-CD33 ferritin fusion (αCD33 FF) protein (described in 

a later chapter). An average diameter of 9.3 ± 2 nm was calculated for αTAG72 FF with a 

polydispersity value of 21 %, whilst αCD33 FF had an average diameter of 11.3 ± 1.8 nm 

and a polydispersity value of 17 % (Figure 3-12). A polydispersity value of under 20 % is 

consistent with the particles being monodisperse in nature, indicating that although a 

level of particle aggregation may exist, on the whole the particles were well dispersed. 

Moreover, the difference in polydispersity between the two samples suggests the level of 

aggregation may be dependent on how each sample was prepared and stored. 

 

 



106 
 

 
 

 

 

 

 

 

Figure 3-12. Antibody-ferritin fusion proteins formed protein cage structures with diameters between 
9.3-11.3 nm. (A) Size parameters for a ferritin fusion protein specific for TAG-72 were measured by 
dynamic light scattering (DLS) showing both size distribution by intensity and volume. The average 
diameter was 9.3 ± 2 nm (d.nm) and the percentage polydispersity was 21 %. (B) Size parameters for a 
ferritin fusion protein specific for CD33 were measured by DLS showing both size distribution by intensity 
and volume. The average diameter was 11.3 ±1.8 nm (d.nm) and the percentage polydispersity was 17 %. 
Parameters were measured in triplicate. 
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3.4.5. αNFF displays stability over time but is structurally modified at high temperature 

Production of a novel protein requires exploration of stability under various conditions 

and time points. To assess long term αNFF stability an antigen-binding ELISA was the 

method of choice because a positive result confirmed stability of function. αNFF was 

produced and aliquoted for storage at either 4 oC or -20 oC. Stability was assessed initially 

on a weekly basis, and in the longer term on a monthly basis. αNFF was found to be stable 

in the long term at both 4 oC and -20 oC, as shown by only a small decrease in NIP binding 

ability over a 1-year period (Figure 3-13A).  

For magnetic application of antibody-ferritin fusion proteins, stability at high 

temperatures is important in order to retain functional integrity after the magnetisation 

process. To address whether this is likely to be the case, αNFF was incubated at increasing 

temperatures for 100 minutes and stability was assessed by NIP-binding ELISA using two 

different detection antibodies. NIP binding was detected after treatment at up to and 

including 50 oC using an anti-lambda light chain antibody (Figure 3-13B), suggesting that at 

least some antigen binding capability remained intact at temperatures up to 50 oC. 

Equally, the αNFF retained sufficient structural integrity at temperatures up to 50 oC for 

recognition by the anti-lambda light chain antibody. However, when using an anti-ferritin 

antibody to detect antigen-bound αNFF, NIP binding could only be detected after 

treatment at up to and including 30 oC (Figure 3-13C). This suggested that at above 30 oC 

the overall structure of αNFF was modified in such a way as to preclude recognition by the 

anti-ferritin antibody.  
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Figure 3-13. Anti-NIP ferritin fusion protein (αNFF) is stable over time but is modified at high 
temperature. (A) αNFF stability over time is shown by analysis in a NIP-binding ELISA detecting ability to 
bind to immobilised NIP-BSA followed by recognition by an anti-lambda light chain antibody. Stability 
was measured periodically over a year after storage at both 4 

o
C and -20 

o
C. (B and C) αNFF was heated 

at increasing temperatures for 100 minutes and structural modification was analysed in a NIP-binding 
ELISA, detecting the ability to bind to immobilised NIP-BSA followed by recognition by an anti-lambda 
light chain antibody (B) or a rabbit anti-ferritin antibody followed by anti-rabbit-HRP (C). Data points 
show mean ± StdDev of triplicate wells of a single experiment. 
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3.4.6. Magnetisation of antibody-ferritin fusion proteins 

The addition of Fe(II) to empty ferritin cages under controlled oxidising conditions has 

been shown to result in the formation of a magnetic iron oxide core within the cage 

structure (Meldrum et al., 1992; Wong et al., 1998; Uchida et al., 2008). Here, this process 

is termed magnetisation. An understanding of protein magnetisation was crucial in 

addressing the hypothesis that antibody-ferritin fusion proteins may have a role in cancer 

diagnostics as this may provide a means to detect these proteins by magnetic resonance 

imaging.  

As a prerequisite to magnetising antibody-ferritin fusion proteins, horse spleen apoferritin 

(HSF) was used to optimise methods. 1000, 5000 and 15,000 iron ions/HSF molecule were 

added under identical magnetisation conditions and the resultant particles analysed. The 

image in Figure 3-14A illustrates the appearance of an intense brown colour on addition of 

increasing amounts of iron/HSF molecule.  

The solutions were centrifuged at 10,000 g for 20 minutes to separate the particles into a 

polydisperse component (pellet) and a monodisperse component (supernatant). The 

amount of HSF was then detected in each of these by ELISA and a ratio of 

monodisperse:polydisperse protein at each iron concentration calculated. As expected, on 

increasing the iron amount, a higher level of polydisperse protein was detected (Figure 3-

14b). This was consistent with reports in the literature which describe increased protein 

aggregation on addition of high iron contents. This experiment revealed that up to 15,000 

Fe ions/ferritin molecule could be added to HSF whilst retaining a high level of 

monodisperse particles.  
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A trial αNFF magnetisation was carried out by adding 10,000 iron ions/αNFF molecule. A 

brown solution was produced. To gain an indication as to whether the solution was 

magnetic it was aligned to a strong magnet and after 10 minutes movement of particles 

Figure 3-14. Magnetisation of horse spleen apoferritin (HSF). (A) Image of magnetised HSF at 1000 iron 

ions/HSF molecule; 5000 iron ions/HSF molecule and 15,000 iron ions/HSF molecule from right to left. (B) 

Ratio of monodisperse:polydisperse magnetised horse spleen apoferritin separated by centrifugation at 

10,000 g for 20 minutes. HSF was detected by coating directly on an ELISA plate and probing with rabbit 

anti-ferritin followed by anti-rabbit HRP. Data points represent the mean ± StdDev of triplicate wells of a 

single experiment.  
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towards the magnet was evident, suggesting that magnetisation had occurred (Figure 3-

15A). The intrinsic peroxidase activity of magnetoferritin has been described by others 

(Fan et al., 2012). Accordingly, αNFF which had been subjected to the magnetisation 

process was analysed on addition of peroxidase substrate (TMB). As displayed in figure 3-

15B, αNFF which had been subjected to the magnetisation process formed a blue colour 

on addition of TMB substrate which intensified on addition of more H2O2. αNFF prior to 

magnetisation lacked this ability.  

 

 

 

 

 

 

Figure 3-15. Magnetisation of anti-NIP ferritin fusion protein (αNFF). (A) Image of αNFF after magnetisation 

with 10,000 Fe ions/molecule on left. Image on right was captured 10 minutes after aligning solution to a 

strong magnet on the right hand side of the picture. (B) αNFF which had been subjected to the magnisation 

process demonstrated peroxidase activity as shown by the blue colour when incubated with peroxidase TMB 

substrate, with and without H2O2 addition. αNFF prior to the magnetisation process did not show peroxidase 

activity.   
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Determining how the magnetisation process affected the protein structure and binding 

capacity of αNFF was essential. Thus, a NIP-binding ELISA was carried out. Binding of pre-

magnetised and magnetised protein was detected by both an anti-ferritin antibody and an 

anti-lambda light chain antibody. In both cases, magnetised protein demonstrated 

reduced ELISA readings compared to unmagnetised protein, consistent with either 

reduced ability to bind to NIP and/or to be detected by the detecting antibodies, 

presumably due to structural modification (Figure 3-16). In light of these results it may be 

important to modify the magnetisation process in an attempt to retain protein structure 

and binding capacity.  
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Figure 3-16. Magnetised αNIP ferritin fusion protein (αNFF) demonstrated reduced ability to bind to NIP-

BSA. (A) αNFF post-magnetisation revealed decreased ability to bind to NIP-BSA in an ELISA format as 

detected by rabbit anti-ferritin IgG followed by anti-rabbit-HRP. (B) αNFF post-magnetisation revealed 

decreased ability to bind to NIP-BSA in an ELISA format as detected by anti-lambda light chain-HRP. The 

results shown are from a single experiment.  
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3.5. Discussion  

In this chapter, a strategy was developed to produce an antibody-ferritin fusion protein 

specific for NIP (αNFF). Experimental evidence supported that αNFF was expressed and 

correctly assembled, providing a strong basis for the future production and 

characterisation of tumour-specific antibody-ferritin fusion proteins. Aspects of bacterial 

protein production and purification were highlighted for improvement.  

3.5.1. Protein production 

αNFF is novel in the sense that it has never been produced using bacterial protein 

production methods. Therefore strategies to drive optimal production were based on 

literature surrounding the expression of ferritin and scFvs individually. The decision to 

produce genetically fused ferritin subunits in contrast to individual heavy and light chains 

was based on results from Lee and colleagues who presented a method for the 

recombinant production of ferritin in E.coli (Lee et al, 2002). Noting problems in soluble 

production of the heavy and light chains of ferritin from separate expression vectors, Lee 

et al. fused the gene for the heavy chain to the amino terminus of the light chain. This 

gene fusion resulted in the production of ferritin which retained full biological activity and 

that demonstrated significantly increased cytoplasmic solubility. Concerning 

reproducibility of structure, this ferritin gene fusion method was also preferable in that it 

removed uncertainty surrounding the number of heavy and light chains in any individual 

ferritin cage. Results presented in this chapter clarify that the ferritin gene fusion method 

resulted in ferritin with characteristics that mimicked native ferritin. However, in our case, 

with the additional scFv added to the N-terminus of the ferritin subunits, even under a 
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number of optimised bacterial growth conditions αNFF was mainly produced as an 

insoluble aggregate.  

The difficulties encountered in soluble production of αNFF were consistent with the 

findings of others involved in the bacterial production of scFvs (Chaudhary et al., 1989; 

Cho et al., 2000; Song et al., 2014). In attempts to overcome this, it has been possible to 

produce Fv fragments in the bacterial periplasm (Skerra and Pluckthun, 1988). Since each 

scFv contains two disulfide bonds necessary for maintaining the correct conformation for 

antigen binding, it is important that the site of production allows for disulfide bond 

formation. Here, direct comparison of αNFF production in the cytoplasm and periplasm 

confirmed that the oxidising environment of the bacterial periplasm was necessary for the 

production of functional αNFF. Although this was a compromise on overall protein yield, it 

was important that the majority of αNFF was functional for further characterisation. 

Overall, bacterial protein production of αNFF was low yielding. However, in a research 

setting the amount of protein produced was enough to demonstrate proof of concept. 

Multiparameter optimisation of protein expression was time consuming, and often results 

on a small scale did not correspond to those obtained in large scale expression. 

Interestingly, when comparing antibody-ferritin fusion proteins which were structurally 

similar but with different antigen specificities, each had a unique set of production 

requirements (personal communication from Dr Prabs Dehal). 

3.5.2. Protein purification  

An N-terminal 6xHIS tag was present upstream of the αNFF gene sequence to facilitate 

purification. The small size of this tag was considered likely to reduce the probability of 
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interference with the formation of the αNFF multimer. Moreover, the N-terminal location 

of the tag was chosen to try and ensure the tag was not folded within the ferritin cage, 

leaving it unavailable to bind to nickel. However, assessment of nickel purification 

demonstrated that approximately one third of αNFF lacked the ability to bind to nickel. 

This finding suggested that some αNFF was partially misfolded, presumably resulting in 

non-exposure of the 6xHIS tag.  

Two clear elution peaks were consistently observed when purifying αNFF on nickel. 

Analysis suggested peak one contained αNFF. The predominant protein in the second 

peak ran as a 25 kDa band on SDS-PAGE and blotted with an anti-lambda light chain 

antibody suggesting the peak was HIS-tagged scFv. There are two potential reasons for the 

presence of such a significant amount of scFv:  

1. Transcription was consistently terminated at a site directly after the scFv, 

leaving production of a truncated product.  

2. The scFv was cleaved from the ferritin subunit after production. 

Inclusion of an additional C-terminus tag and purification based on affinity for this tag may 

have enabled purification of a full-length product more readily and moreover, reduced the 

amount of unexpected proteins seen when purified αNFF was run on an SDS-PAGE gel.  

However structural analysis of ferritin has revealed that a C-terminus tag would most 

likely fold into the ferritin cage which would render it non-functional as a means for 

purification. 
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The use of nickel purification comes with the risk of purifying other histidine-rich proteins 

present in the bacterial cell lysate, which may also account for the high level of protein 

contaminants observed in Figure 3-4B. The imidazole concentrations used for elution were 

increased in an attempt to reduce protein contamination but the relatively low affinity of 

HIS-αNFF for nickel left little flexibility in this regard.  

3.5.3. Protein structure 

Native ferritin assembles into a 24 subunit protein multimer, with a molecular mass of 450 

kDa. In our case the ferritin heavy and light chains were genetically fused therefore in 

theory the subunits should assemble into a 12 subunit multimer. Two plate-based assays 

confirmed that the proteins we were producing contained both ferritin and scFv since 

they were recognised by both anti-light chain and anti-ferritin antibodies.  

In analysis of protein size, it is important to appreciate the limitations of some biophysical 

techniques. For example, the molecular mass of αNFF was determined using gel filtration 

where the accuracy relies on the protein of unknown size and protein standards behaving 

similarly in the gel filtration resin. The molecular mass of αNFF estimated by gel filtration 

was confirmed by both electrophoresis in a native-PAGE gel and transmission electron 

microscopy, giving increased confidence in the result. 

When assessing αNFF by dynamic light scattering, results were presented as both size 

distribution by intensity and size distribution by volume. On analysis of size distribution by 

intensity, protein peaks can be seen at large diameters representing protein aggregates. 

These can be seen clearly in this plot due to the fact that larger particles trigger a larger 

intensity of scatter compared to small particles. Therefore although analysing particle size 
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by intensity can give a clearer indication of the presence a small amount of aggregation, 

the plot tends to over-emphasise larger particles. Size distribution by volume takes into 

account the increased intensity caused by large particles thereby presenting a more 

realistic representation of the particle size distribution.   

3.5.4. Protein stability 

A method for determining the long term stability of αNFF at both 4 °C and -20 °C was 

developed using a NIP-binding ELISA. Although there was scope for a level of technical 

error in this method in, for example, preparing dilutions, detection antibodies and the 

timing between adding substrate and using a plate reader, it provided an indication of the 

period of time over which αNFF could be stored before substantial loss of function. A 

more robust method of determining αNFF stability would be carried out if the proteins 

were to be developed in an industrial setting. For instance, techniques such as differential 

scanning calorimetry may be utilised to determine various folding and stability 

characteristics. Predictive computational tools might also be an option to gain a fuller 

understanding of protein stability characteristics.  

The process of magnetisation requires ferritin to maintain its structural capacity at high 

temperatures for 100 minutes.  While ferritin is known to be highly thermostable, there is 

little evidence of antibodies retaining binding ability after treatment at high temperature 

for a prolonged period. A simple assay to assess if αNFF retained the ability to bind to NIP 

after treatment at high temperatures was carried out. Dependent on the detection 

antibody used, αNFF retained the ability to bind to NIP at temperatures up to and 

including 50 °C (Figure 3-13B). However, the ferritin-specific antibody used failed to detect 
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αNFF–NIP binding after treatment above 30 °C (Figure 3.13C). There could be various 

explanations for this discrepancy. Perhaps at high temperatures the structure of αNFF was 

modified, preventing access of the anti-ferritin antibody to its epitope. The epitope may 

itself have been modified under conditions of high temperatures.  Another possibility is 

that the scFv may have been cleaved from the ferritin cage at temperatures above 30 °C. 

Access to a range of ferritin-specific antibodies directed against alternative epitopes could 

be used to rule out one of these options. Further, analysis of αNFF by gel filtration after 

heat treatment may indicate if the scFvs had been cleaved. 

3.5.5. Protein magnetisation  

The process of magnetisation was trialled with horse spleen apoferritin and αNFF based 

on the method described by Uchida and colleagues. Adhering to this protocol allowed us 

to detect a colour change similar to that described in their publication. As a next step, the 

solutions produced could be analysed by size exclusion chromatography. This would 

provide a means to remove any protein aggregates. Measuring absorbance at 410 nm as 

well as at 280 nm would enable detection of iron cores within ferritin cages (Uchida et al., 

2008). Further, carrying out transmission electron microscopy on the magnetised particles 

would provide a visual method to prove electron-dense iron nanoparticles had been 

formed within the constraints of the ferritin cage. 

The scFv moieties on the surface of αNFF created an additional component to take into 

account when experimenting with magnetisation. It was important to ensure, not only 

that the ferritin cages were magnetised, but also that the protein retained the ability to 

bind to target antigen NIP. Theoretically, there could be various outcomes post-
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magnetisation, summarised in Figure 3-17. While analysis by the methods described 

above may rule out partial magnetisation, determining if the scFv had been cleaved or 

rendered non-functional is more difficult.  

An ELISA was carried out on the magnetised αNFF suggesting it had reduced antigen 

binding capacity compared to the premagnetised protein. However, a second possibility is 

that the structure was modified throughout magnetisation rendering the detection 

antibodies unable to bind. This possibility would be consistent with the heat-stability assay 

carried out. A third possibility is that the low amount of binding detected was simply the 

protein that had not taken up any iron. 

Figure 3-15 demonstrated that magnetised ferritin had the ability to oxidise horseradish 

peroxidase (HRP) substrates in the presence of H2O2, giving a colourometric read-out. 

Using this intrinsic property, in theory, it should have been possible to detect magnetic 

αNFF that has retained the ability to bind to NIP in an ELISA format. However, due to lack 

of sensitivity this was found not to be possible. Moreover, sensitive iron stains such as 

Prussian Blue were also trialled in a similar assay, resulting in poor read-outs. In future, it 

will be crucial to develop an assay to detect antibody-ferritin fusion proteins that have 

both magnetic potential in addition to antigen binding ability.   
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3.5.6. Clinical application 

In a wider setting, the production and characterisation of a protein structure with the 

ability to encapsulate metal ions and target a desired antigen is appealing. 

Superparamagnetic iron oxide nanoparticles (SPION) conjugated to scFvs have been 

extensively characterised for use in cancer diagnostics and therapeutics. Vigor and 

colleagues produced an scFv bound SPION specific for carcinoembryonic antigen (CEA) 

and not only demonstrated CEA-cell specificity but confirmed these nanoparticles had the 

Figure 3-17. Possible outcomes of attempted magnetisation of anti-NIP ferritin fusion protein (αNFF). 
On controlled addition of Fe3O4 to αNFF (magnetisation) the resultant protein mixture may be 
completely magnetised (A), partially magnetised with some ferritin cages remaining empty (B), or 
contain magnetised ferritin cages that have lost their ability to bind to target antigen (C). 
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capacity to act as a negative contrast agent for MRI (Vigor et al., 2010). Alric and 

colleagues highlighted the importance of controlling the number of scFvs on the surface of 

SPIONS utilising a thioether bond to conjugate HER-2 specific scFvs to the magnetic 

nanoparticles (Alric et al., 2016). Antibody-ferritin fusion proteins provide an example of 

an alternative strategy to target magnetic iron oxide particles to tumour targets.  

The use of biological nanocontainers such as virus capsids, chaperonins and heat shock 

proteins is rapidly evolving due to the structural uniformity of these molecular containers 

and their scope for genetic modification (Stanley, 2014). The proof of concept work 

presented here may contribute to such advances. In addition to antibody-ferritin fusion 

proteins, our industrial partner Integrated Magnetic Systems trialled use of metal binding 

protein metallothionein II fused to antibody fragments specific for fibronectin (Dehal et 

al., 2010). However, due to reduced affinity compared to ferritin fusion proteins the work 

was not continued. It may, however, be interesting to genetically fuse antibody fragments 

to the surface of alternate protein cages to assess further applications.   

3.5.7. Industrial perspective 

In an industrial biotechnology setting, the low production yield of αNFF would likely 

present a problem. To resolve this issue, small scale, high throughput analysis of different 

bacterial growth conditions should be carried out to improve yield. Moreover, movement 

into mammalian or yeast expression systems may be a more viable option. Yields of up to 

1 g/L have been reported utilising the yeast Pichia pastoris (Freyre et al., 2000). Further 

consideration must also surround the downstream processing of such proteins which may 

contribute to the overall production cost. Accordingly, a significant body of literature has 
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addressed implementation of cost-effective recombinant protein purification strategies. 

Recently, a method of using radial flow chromatography in combination with large 

diameter agarose beads was described to purify HIS-tagged recombinant proteins. This 

purification system was successful without prior centrifugation steps to remove 

mammalian cells and other debris, presenting an example of an effective, labour reduced 

protein purification system (Kinna et al., 2016). 

Although standard operating procedures (SOPs) were followed for production, the yield of 

αNFF tended to vary between preparations. Further, batch-to-batch variation was 

apparent from analysis of two proteins by dynamic light scattering which demonstrated 

differing levels of aggregation dependent on production batch. Encouragingly, proof that 

αNFF assembled correctly using the designed constructs provides a firm basis for 

industrially-scaled production and purification methods. 

3.6. Summary 

In summary, the data presented in this chapter confirmed that it was possible to produce 

an antibody-ferritin fusion protein specific for the hapten NIP using bacterial protein 

production methods. The generation of such a protein, with specificity towards an antigen 

that had not previously been studied in this format, was crucial in advancing 

understanding of antibody-ferritin fusion proteins. This allowed the determination of 

structural and stability parameters otherwise unstudied, and highlighted areas of 

production and purification protocols that require optimisation. These properties would 

likely be fundamental in assessing the therapeutic potential of these proteins, addressing 

the overall hypothesis of this thesis.  
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Chapter 4: Antibody-Ferritin Fusion Proteins as Therapeutic Agents  

4.1. Introduction  

4.1.1. Serum ferritin  

The iron-storage role of intracellular ferritin is now well established. However, ferritin is 

also found at concentrations of up to 300 ng/mL in human serum. The function of this 

extracellular (serum) ferritin remains controversial. First assayed in 1972, serum ferritin is 

predominantly made up of light-chain subunits and contains a low level of iron (Addison et 

al., 1972; Worwood et al., 1976).  

 A simple iron-delivery function for serum ferritin has been demonstrated (Fisher et al., 

2007), but it seems the significance of serum ferritin goes far beyond this. For example, a 

role in immune suppression has been highlighted through inhibition of lymphocyte and 

myeloid cell proliferation (Broxmeyer et al., 1981; Recalcati et al., 2008). Further, via 

binding to anti-angiogenic high molecular weight kininogen (Hka), serum ferritin can play a 

role in supporting the formation of new blood vessels. Both heavy and light chains can 

prevent the association of Hka with endothelial cells resulting in a restoration of the 

signalling pathways involved in angiogenesis (Tesfay et al., 2012). Serum ferritin has also 

been shown to enhance tumourogenesis which may, very simply, be due to the fact it can 

provide the extra iron required for intensive cell proliferation. However, signalling roles 

have recently been suggested which, in combination with the immune inhibitory and pro-

angiogenic actions, may aid in tumour survival (Alkhateeb et al, 2013). In light of this, it 
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will be important to understand if antibody-ferritin fusion proteins mimic the roles of 

serum ferritin when utilised in a therapeutic setting.   

4.1.1.1. Ferritin receptors  

In order to fully elucidate the roles and mechanisms of serum ferritin, and potentially 

antibody-ferritin fusion proteins, it is important to understand how ferritin interacts with 

cells. The first ferritin receptor to be cloned was a member of the T cell immunoglobulin-

domain and mucin-domain (TIM) family of proteins, namely TIM-2. The mouse TIM-2 

receptor is expressed on germinal centre B cells as well as cells of the liver and kidney, and 

has been shown to specifically bind the heavy-chain of the ferritin protein (Chen et al., 

2005). A second receptor specific for ferritin light chain has also been identified in the 

mouse. It is Scavenger Receptor class A member 5 (SCARA5), and is expressed on specific 

populations of epithelia including that of the testis, bladder, trachea, lung and ovaries 

(Jiang et al., 2006; Li et al., 2009). Both receptors have been implicated in iron delivery 

mechanisms (Han et al., 2011).  

There is no human ortholog for TIM-2. However the Transferrin (Trf) Receptor (CD71) has 

been demonstrated to have a similar role. CD71 is a disulfide-linked homodimer, highly 

expressed on proliferating cells (Aisen, 2004). The ferritin-CD71 interaction can only be 

partially inhibited by transferrin and is thought to occur via the ferritin heavy-chain (Li et 

al., 2010b). This leaves an open question as to the importance of Trf in serum ferritin 

action since this ferritin form comprises primarily light chain, and suggests further 

receptors remain unknown. In any case, it will be of interest to assess the interaction of 
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antibody-ferritin fusion proteins with CD71 to gain insight into how these proteins may act 

in vivo.  

4.1.2. CD33/Siglec 3 as a tumour-specific antigen 

The sialic acid-binding immunoglobulin-like lectin (siglec) group of receptors can be 

defined by their mutual ability to bind sialylated glycans. To date, eleven siglecs have been 

identified of which siglec 3, more commonly referred to as CD33, is the smallest in 

molecular mass (Figure 4-1) (Freeman et al., 1995). CD33 is found on cells of the myeloid 

lineage and contains two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) 

responsible for the recruitment of tyrosine kinases SHP-1 and SHP-2 (Taylor et al., 1999).  

 

 

 

 

Figure 4-1. Schematic diagram of Siglec 3 (CD33) structure. An extracellular immunoglobulin variable-type 

(Ig V-type) domain acts as a ligand binding site for sialic acid and is anchored to the membrane via an 

immunoglobulin constant 2-type (Ig C2-type) domain. Intracellularly, two immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs) recruit src homology region 2 domain containing phosphatase 1 (SHP-1) and SHP-2 

for downstream inhibitory function.   
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CD33 expression is limited to very early stages of myeloid cell development in addition to 

being highly expressed on the abnormal cells of myelodysplastic syndromes (MDSs) and 

acute myeloid leukaemic blasts (Schwonzen et al., 2007; Hoyer et al., 2008). This 

expression profile has implicated the 67 kDa protein as a target in specific diagnosis and 

treatment of such disorders.   

An acute myeloid leukaemia (AML) cell expresses, on average, 104 molecules of CD33 

although a level of variability exists between patient samples (Jilani et al., 2002). This 

relatively low expression level renders unmodified anti-CD33 antibodies ineffective at 

producing a significant anti-tumour response (Feldman et al., 2005; Sekeres et al., 2013). 

The fact that CD33 stimulates endocytosis of antibody and conjugate has prompted 

research into toxin-loaded and radiolabelled anti-CD33 antibodies. Success in targeting 

CD33 as a therapeutic option for AML has surrounded the FDA approval of gemtuzumab 

ozogamicin (GO, also known as Mylotarg) in 2000 - a humanised anti-CD33 IgG4 

conjugated to calicheamicin (Bross et al., 2001). Although high toxicity resulted in 

withdrawal of GO in 2010, side effects were predominantly based on the effects of 

calicheamicin, suggesting CD33 may be an attractive target for AML treatment with an 

alternate conjugate (McKoy et al., 2007).  

Accordingly, since the withdrawal of GO, a significant body of research has focused on the 

development of antibody-based therapeutics targeting CD33. By focussing on the aspects 

of GO that reduced therapeutic efficacy, Kung Sutherland and colleagues developed a 

novel antibody conjugate consisting of an anti-CD33 mAb conjugated to the synthetic DNA 

cross-linking agent, pyrrolobenzodiazepine. The predictable nature of drug loading and 
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potential to avoid several aspects of multiple drug resistance in a model system have 

highlighted this conjugate as a promising AML therapeutic candidate (Kung Sutherland et 

al., 2013). Moreover, two CD33 targeting biMabs have been described. A bispecific killer 

cell engager antibody (BiKE) specific for CD16 and CD33 was recently characterised. This 

consists of two fused scFvs and has the capacity to trigger natural killer cell activation 

resulting in lysis of CD33-positive AML cell lines in addition to providing potency against 

MDS patient samples. Interestingly, the authors have attempted to address potential 

resistance mechanisms, which they have begun to overcome via the administration of 

inhibitors alongside the BiKE antibody (Wiernik et al., 2013; Gleason et al., 2014). In 

another approach, a biMab capable of triggering T cell function when bound to both T cell 

receptor CD3 and CD33 has been characterised in cell culture systems and mouse 

xenograph models. Consistent T cell-mediated lysis of CD33-positive cells and the recent 

approval of a BiTE structure by the FDA has stimulated rapid interest in the development 

of this construct for the clinic (Aigner et al., 2013; Friedrich et al., 2014; Krupka et al., 

2014).  

Over two decades of research has surrounded CD33 as a tumour target and a significant 

level of uncertainty still exists on the mechanism of action of CD33-specific antibodies. 

Whether administration of an anti-CD33 antibody stimulates the removal of CD33-positive 

AML stem cells or mature CD33-positive AML blasts remains unknown. Advances in 

determining the patient populations who may benefit from CD33-specific therapy have 

been made with SOC3 hypermethylation being recognised as a potential biomarker 

associated with improved responses (Middeldorf et al., 2010). With this increasing 
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knowledge, in combination with advances in next generation therapeutic antibodies, CD33 

remains one of the most attractive targets for specific treatment of AML.   

4.2. Chapter Aims 

An antibody-ferritin fusion protein with specificity towards hapten NIP (αNFF) has been 

produced and structurally characterised. The purpose of this chapter was to further 

characterise αNFF with an emphasis on antigen binding capacity. Secondly, an antibody-

ferritin fusion protein specific for tumour antigen CD33 (αCD33 FF) was produced. This 

was to test the hypothesis that these novel constructs may have a role in the cancer 

diagnosis and or/therapy. Thus, the second aim was to use αCD33 FF to assess the likely 

function of antibody-ferritin fusion proteins in a tumour environment.  

4.3. Materials and Methods  

4.3.1. Construction of anti-CD33 ferritin fusion protein  

The DNA sequences for the variable heavy (VH) and variable light (VL) domains of the anti-

CD33 mAb IC2, developed in Professor Paul Crocker’s lab, were available in Dr Jenny 

Woof’s lab. Primers were designed, as shown in Table 4-1, for the amplification of these 

fragments, incorporating NdeI and XhoI sites at the N- and C-termini respectively for 

ligation into a ferritin encoding vector. KOD Hot Start DNA polymerase (Novagen) was 

used for amplification as per the manufacturer’s instructions.  The resulting fragments 

were run on a 1 % agarose gel (as described in Section 2.2.2.3.) and extracted using a 

Qiagen Gel extraction kit as per the manufacturer’s instructions. Overlap PCR was carried 

out with the resultant fragments, as shown in Figure 4-2, to create a DNA sequence 
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encoding the heavy and light chains joined by a sequence encoding a 16 amino acid 

polypeptide linker. This DNA sequence encoding a single chain variable fragment (scFv) 

specific for CD33 was ligated (as described in Section 2.2.2.6.) into a vector encoding 

ferritin, for bacterial protein expression (Figure 4-3). The vector containing the CD33 

specific antibody-ferritin fusion protein was checked by sequencing (Section 2.2.2.7) using 

T7 Forward and T7 Terminator primers (School of Life Sciences DNA Sequencing Facility) 

(Table 2-6) prior to storage at -20 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-1. Primer sequence details for the construction of anti-CD33 single chain variable fragment. 
Restriction enzyme sites for NdeI and XhoI are highlighted in red and base pairs encoding the linker 
region are highlighted in blue.  
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Figure 4-2. Construction of anti-CD33 single chain variable fragment (αCD33 scFv). (A) Primers (as detailed 
in Table 4.1) were designed for the amplification of the variable heavy chain (VH) and variable light chain 
(VL) of anti-CD33 IgG. Primers 2 and 3 were designed to include complementary overlap extension regions 
for the construction of a flexible polypeptide linker. (B) Outer primers 1 and 4 were used to amplify the 
fragments produced in A which annealed to create a linker region, resulting in production of sequence 
encoding a CD33-specific scFv (C).   
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Figure 4-3. Construction of αCD33 ferritin fusion protein (αCD33 FF) expression vector. The αCD33 scFv DNA 

sequence was ligated into pFerHC using XhoI and NdeI restriction enzyme sites to create pCD33FF. pFerHC 

was constructed by scientists at Integrated Magnetic Systems Ltd. and is a pET-15b bacterial expression 

vector with additional sequences coding for the heavy (HC) and light chains (LC) of human ferritin. 
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4.3.2. Production of antiCD33 ferritin fusion protein 

Anti-CD33 ferritin fusion protein (αCD33 FF) was produced as described in Section 3.3.1. 

Purification was carried out on a nickel column, facilitated by the presence of an N-

terminal 6xHIS (Histidine) tag, as described in Section 3.3.2.1.  

4.3.3. Enzyme Linked Immunosorbent Assay (ELISA) 

4.3.3.1. NIP-binding ELISA 

NIP-BSA (Section 2.2.3.2.) was diluted to 1 µg/ml in fresh Coating Buffer and 100 µl added 

to each well of a 96-well Nunc Maxisorp Immunoplate (Thermo) to coat overnight at 4 oC. 

Wells were washed with H2O (x5). 5 % (w/v) non-fat milk was prepared in PBS-Tween 20 

(PBS-T) and 200 µl incubated in each well for 1 hour at room temperature (RT). Wells were 

washed with H2O (x5). αNFF was diluted in PBS-T to varying concentrations as described in 

the figure legends and 100 μl of each concentration added to wells in triplicate, followed 

by incubation for 1 hour at RT. Wells were washed with H2O (x5). Anti-mouse lambda light 

chain-HRP (Bethyl) was diluted 1:2000 in PBS-T and 100 µl added to each well for 

detection, incubating for 1 hour. Alternatively, 100 µl rabbit anti-ferritin (Acris) diluted 

1:5000 in PBS-T was added to each well and incubated for 1 hour at RT, followed by 

washing (x5) and incubation for a further hour in 100 µl goat anti-rabbit HRP (Pierce) 

diluted 1:5000 in PBS-T. Wells were washed with H2O (x5). For detection, 100 µl SureBlue 

TMB Microwell substrate (KPL) was added to each well and the absorbance read at 630 

nm. Mean values of triplicate wells were calculated and plotted using Microsoft Excel. 
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4.3.3.2. CD33-binding ELISA 

CD33-Fc protein (prepared previously in the Woof lab) was diluted to 10 µg/ml in fresh 

Coating Buffer and 100 µl added to each well of a 96-well Nunc Maxisorp Immunoplate 

(Thermo) to coat overnight at 4 oC. Wells were washed with H2O (x5).  Plates were blocked 

with 200 µl/well 5 % (w/v) non-fat milk in PBS-T for 1 hour at RT. Wells were washed with 

H2O (x5). αCD33 FF was diluted in PBS-T to varying concentrations as described in the 

figure legends and 100 μl of each concentration added to wells in triplicate for incubation 

for 1 hour at RT. Wells were washed with H2O (x5). Rabbit anti-ferritin (Acris) was added 

at a dilution of 1:5000 in PBS-T and incubated for 1 hour at RT. Wells were washed (x5) 

with H2O. 100 µl goat anti-rabbit HRP (Pierce) at 1:5000 in PBS-T was added to each well 

and incubated for 1 hour at RT.  Wells were washed with H2O (x5). 100 µl SureBlue TMB 

Microwell substrate (KPL) was added to each well and the absorbance read at 630 nm. 

Mean values of triplicate wells were calculated and plotted using Microsoft Excel. 

4.3.4. NIP conjugation to cell surface  

4.3.4.1. NIP conjugation to sheep red blood cells 

2 mL sheep red blood cells (sRBCs) (TCS Biosciences Ltd) were washed (x3) in Isotonic 

Borate Buffer (100 mM boric acid, 25 mM borax, 75 mM NaCl; pH 8.5) by centrifugation at 

400 g for 5 minutes followed by removal of supernatant, and resuspension in fresh buffer. 

Cells were packed by centrifugation at 700 g for 5 minutes and 4.5 mL Isotonic Borate 

Buffer was added to give a 10 % suspension (i.e. where the packed cell volume was 

equivalent to 10 % of the total volume). NIP-caproic acid-O-Succinimide (Biosearch 

Technologies) was dissolved in dimethyl formamide (DMF) to give a concentration of 10 
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mg/mL and 1 µl of this solution was added to the 10 % sRBC suspension. This mixture was 

incubated for 1 hour at RT. sRBCs-NIP were washed in PBS by centrifugation at 400 g for 5 

minutes (x3) and stored as a 10 % suspension in PBS at 4 oC prior to use.  

4.3.4.2. NIP conjugation to K562 myeloid cells 

1 x 107 K562 cells were washed (x3) in Isotonic Borate Buffer (100 mM boric acid, 25 mM 

borax, 75 mM NaCl; pH 8.5) by centrifugation at 200 g for 5 minutes. Cells were packed by 

centrifugation at 700 g for 5 minutes and 10 mL Isotonic Borate Buffer was added to give a 

concentration of 1 x 106 cells/mL. NIP-caproic acid-O-Succinimide (Biosearch 

Technologies) was dissolved in DMF to give a concentration of 10 mg/mL and 1 µl of this 

solution was added to the K562 cells. This was incubated for 1 hour at RT. K562-NIP cells 

were washed in PBS by centrifugation at 200 g for 5 minutes (x3) prior to use.  

4.3.5. Antibody-ferritin fusion protein conjugation to FITC/Biotin 

Antibody-ferritin fusion proteins were conjugated to biotin using EZ-Link Micro NHS-PEG4-

Biotinylation kit (Thermo) as per the manufacturer’s instructions.  50 µg of nickel-purified 

antibody-ferritin fusion protein solution was labelled at a concentration of 60 µg/mL. 

Biotinylation of antibody-ferritin fusion proteins was confirmed by NIP-binding ELISA 

(Section 4.3.3.1.) using streptavidin-HRP (Invitrogen) as a detection agent. Biotinylated 

proteins were stored at 4 oC prior to use. 

Antibody-ferritin fusion proteins were conjugated to fluorescein isothiocyanate (FITC) 

using FluoReporter FITC Protein Labelling kit (Invitrogen) as per the manufacturer’s 

instructions. 2 mg of nickel-purified antibody-ferritin fusion protein solution was labelled 

at a concentration of 2 mg/mL. Protein was stored in the dark at 4 oC prior to use.  
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4.3.6. Flow Cytometry 

4.3.6.1. NIP-binding flow cytometry 

NIP-coated sheep red blood cells (sRBCs), NIP-coated K562 cells, or control untreated 

K562 cells were washed by centrifugation at 400 g for 5 minutes (x3) in FACS buffer (PBS 

containing 0.5 % BSA and 0.05 % sodium azide, pH 7.4). 1 x 106 K562 cells or 200 µl of 10 % 

sRBCs were added to a microfuge tube (1 tube per sample) for analysis.  The cells were 

blocked by incubating in 100 µl 2 % goat serum in FACS buffer for 30 minutes at RT. Cells 

were washed by centrifugation at 400 g for 5 minutes in FACS buffer (x1). Antibody-ferritin 

fusion protein or anti-NIP IgA2 were diluted to 50 μg/mL in FACS buffer and 100 µl added 

to appropriate cell samples prior to incubation for 1 hour at 4 oC. Cells were washed by 

centrifugation at 400 g for 5 minutes in FACS buffer (x3). Anti-mouse light chain FITC 

(Rockland) was diluted 1:50 in FACS buffer and 100 µl added to the cells before incubation 

for 1 hour at 4 oC.  Cells were washed by centrifugation at 400 g for 5 minutes in FACS 

buffer (x3). Samples were resuspended in 1 mL FACS buffer and analysed using a 

FACSCanto flow cytometer. Data was produced using FloJo software.  

4.3.6.2. CD33-binding flow cytometry 

Chinese Hamster Ovary (CHO) cells were washed by centrifugation at 200 g for 5 minutes 

(x3) in FACS buffer (PBS containing 0.5 % BSA and 0.05 % sodium azide, pH 7.4). 1 x 106 

cells were added to a microfuge tube (1 tube per sample) for analysis. The cells were 

blocked by incubating in 100 µl 2 % goat serum in FACS buffer for 30 minutes at RT. Cells 

were washed by centrifugation at 200 g for 5 minutes in FACS buffer (x1). Antibody-ferritin 

fusion protein conjugated to FITC was diluted to 50 μg/mL in FACS buffer, antibody-ferritin 
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fusion protein conjugated to biotin was used neat, and anti-CD33 IgG (Abcam) was diluted 

1 in 10 in FACS buffer. 100 µl of the above was added to appropriate cell samples for 1 

hour at 4 oC. Cells were washed by centrifugation at 200 g for 5 minutes in FACS buffer 

(x3). For biotin labelled samples, streptavidin-FITC (Thermo) was diluted 1:100 in FACS 

buffer and 100 µl added to the cells prior to incubation for 1 hour at 4 oC. For the anti-

CD33 IgG samples, anti-rabbit FITC (Sigma) was diluted 1:25 in FACS buffer and 100 µl 

added to the cells, incubating for 1 hour at 4 oC. Cells were washed by centrifugation at 

200 g for 5 minutes in FACS buffer (x3). Samples were resuspended in 1 mL FACS buffer 

and analysed using a FACSCanto flow cytometer. Data was produced using FloJo software.  

4.3.6.3. CD71-binding flow cytometry 

Chinese Hamster Ovary (CHO) cells, K562 cells, MCF-7 cells and MX-1 cells were washed 

by centrifugation at 200 g for 5 minutes (x3) in FACS buffer (PBS containing 0.5 % BSA and 

0.05 % sodium azide, pH 7.4). 1 x 106 cells were added to a microfuge tube (1 tube per 

sample) for analysis.  The cells were blocked by incubating in 100 µl 5 % BSA in FACS buffer 

for 30 minutes at RT. Cells were washed by centrifugation at 200 g for 5 minutes in FACS 

buffer (x1). Anti-CD71 IgG conjugated to PE (Abcam) was diluted 1 in 5 in FACS buffer and 

100 µl was added to appropriate cell samples prior to incubation for 1 hour at 4 oC. Cells 

were washed by centrifugation at 200 g for 5 minutes in FACS buffer (x3). Samples were 

resuspended in 1 mL FACS buffer and analysed using a FACSCanto flow cytometer. Data 

was produced using FloJo software.  
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4.3.7. Immunofluorescence  

5 x 104 CHO cells, MCF-7 cells and MX-1 cells were each grown overnight on round 13 mm 

coverslips (VWR) in 2 mL of the appropriate media in 24-well plates. The medium was 

aspirated and the cells were washed by addition of 1 mL PBS, incubating for 5 minutes 

followed by aspiration (x3). Cells were fixed by addition of 1 mL ice-cold methanol and 

incubation at –20 oC for 20 minutes. Cells were washed by addition of 1 mL PBS, 

incubating for 5 minutes followed by aspiration (x3). Cells were blocked by incubating in 1 

mL PBS containing 5 % goat serum for 30 minutes at RT. Cells were washed by addition of 

1 mL PBS, incubating for 5 minutes followed by aspiration (x1). If required, the cells were 

incubated with 0.5 mL 500 nM horse spleen apoferritin in PBS for 1 hour at 4 ∘C. 0.5 mL 

FITC-conjugated antibody-ferritin fusion protein at 50 µg/mL (62 nM) in PBS was added to 

each well and incubated for 1 hour at 4 oC. Cells were washed by addition of 1 mL PBS, 

incubating for 5 minutes followed by aspiration (x3). Coverslips were mounted onto 

microscope slides (VWR) with VECTASHIELD mounting medium with DAPI (Vector 

Laboratories) for analysis on a Leica AF6000 fluorescent microscope at 63x magnification. 

Images were captured using Leica Application Suite software. 

4.3.8. SDS-PAGE and Western blotting 

SDS-PAGE and Western blotting was carried out as described in Sections 2.2.3.3. and 

2.2.3.5. Briefly, 1 x 106 CHO, K562, MCF7 and MX-1 cells were each washed by 

centrifugation at 200 g for 5 minutes in PBS (x3). 100 µl SDS-PAGE loading buffer was 

added to each cell pellet and these were heated at 95 oC for 5 minutes. 20 µl of each cell 

lysate was added to one well of an SDS-PAGE gel. After transfer to nitrocellulose, 
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membranes were probed with rabbit anti-human CD33 IgG (diluted 1:2000); rabbit anti-

human CD71 IgG (diluted 1:2000) or rabbit anti-actin IgG (diluted 1:2000), all followed by 

anti-rabbit-HRP (diluted 1:2000). All dilutions were in PBS-T. 

4.3.9. Cell proliferation assay  

K562 cells were seeded in a sterile 96-well plate at a density of 4000 cells/well in 100 µl 

RPMI + 10 % FBS and left to grow overnight at 37 V, 5 % CO2. The media was aspirated and 

antibody-ferritin fusion proteins were added to the cells at concentrations ranging from 

12.5 nM to 500 nM in 100 µl RPMI + 10 % FBS. For control cells, PBS alone was used as a 

replacement for antibody-ferritin fusion proteins. Cells were subsequently left to grow for 

24, 48 or 72 hours at 37 oC, 5 % CO2. 20 µl Cell Titer 96 Aqueous One Solution Cell 

Proliferation Assay (MTS) (Promega) was added to the cells in their media as per the 

manufacturer’s instructions and the plate incubated for 4 hours at 37 oC, 5 % CO2. 

Absorbance at 490 nm was then measured using a plate reader. Cell proliferation was 

calculated as a percentage of the untreated control cells as follows: 

Cell proliferation = [Absorbance at 490 nm of test/absorbance at 490 nm of untreated 

control cells] x 100 

4.4. Results 

4.4.1. Binding analysis of anti-NIP ferritin fusion protein  

The evidence presented in Chapter 3 was consistent with the NIP-specific antibody-ferritin 

fusion protein containing multiple surface anti-NIP scFvs. To further assess the ability of 

these scFvs to bind to hapten NIP, an ELISA was carried out. Binding of αNFF to 
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immobilised NIP-coated BSA was detected by an anti-lambda light chain-HRP antibody and 

this indicated that αNFF had the ability to bind in a saturable manner to NIP when the 

latter was immobilised in a plate format (Figure 4-4A). An IgG specific for NIP was included 

as a control, demonstrating both proteins can bind in a saturable manner to NIP within a 

similar concentration range. A non-specific ferritin fusion protein confirmed binding was 

specifically via the NIP scFv part of αNFF. Finally, to confirm that the whole antibody-

ferritin fusion protein was binding to NIP, and not cleaved scFv alone, a second ELISA was 

carried out utilising an anti-ferritin antibody as a detection agent. This assay also 

demonstrated saturable binding to NIP-BSA (Figure 4-4B).         
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Figure 4-4. Anti-NIP ferritin fusion protein (αNFF) bound to antigen, NIP, in a plate format. (A) αNFF 

bound to immobilised NIP-BSA as detected by anti-lambda light chain-HRP shown by an increase in OD 

630. αNFF binding occurred over a similar concentration range to that of anti-NIP IgG1 and was specific to 

NIP, as confirmed by a lack of signal from non-specific ferritin fusion protein. (B) αNFF bound to NIP-BSA 

as detected by rabbit anti-ferritin IgG followed by anti-rabbit-HRP antibody. A non-specific ferritin fusion 

protein demonstrated no binding. Data points represent the mean ± StdDev of triplicate wells. Results 

representative of at least three independent experiments are shown.  
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NIP is a non-biological hapten therefore to test αNFF binding in a cell format, it was 

necessary to fuse NIP to the surface of both sheep red blood cells (sRBCs) and K562 

myeloid cells. sRBCs do not express any ferritin receptors therefore it was possible to use 

these to rule out binding by routes other than via NIP antigen. αNFF binding was assessed 

by flow cytometry, detected with an anti-lambda light chain antibody conjugated to FITC. 

αNIP IgA2 was used as a positive control to show that NIP derivatisation of cells was 

successful in both cases. αNFF demonstrated binding to the surface of both NIP-coated 

sRBCs and K562 cells (Figure 4-5). It is important to note that direct comparison of αNFF 

and anti-NIP IgA2 is not possible here as the detection antibody may have differing ability 

to bind to its epitope on the two structures.  
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4.4.2. Production and binding analysis of anti-CD33 ferritin fusion protein 

An antibody-ferritin fusion protein specific for tumour antigen CD33 (αCD33 FF) was 

constructed and produced in a similar manner to αNFF. This would act in addressing the 

Figure 4-5. Anti-NIP ferritin fusion protein (αNFF) bound to NIP antigen on the cell surface.  (A) αNFF 

and αNIP IgA2 at 50 g/ml bound to NIP-coated sheep Red Blood Cells (sRBC-NIP) as demonstrated by 
increased FITC intensity when probed with anti-lambda light chain antibody conjugated to FITC. (B) αNFF 

and αNIP IgA2 at 50 g/ml bound to NIP-coated K562 myeloid cells as demonstrated by increased FITC 
intensity when probed with anti-lambda light chain antibody conjugated to FITC. (C) αNFF and αNIP IgA2 

at 50 g/ml demonstrated no ability to bind to unmodified K562 cells. Data were normalised to show 
each cell sample as a percentage of the maximum count as shown on the Y axis. The results shown are 
representative of two independent experiments. 
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overall hypothesis of this project by potentially demonstrating the interaction of antibody-

ferritin fusion proteins with tumour cell lines.  

Production and purification characteristics were comparable to αNFF as discussed in 

Chapter 3. Purification was carried out solely on nickel as the materials for affinity 

purification were unavailable. A representative nickel column elution chromatogram is 

shown in Figure 4-6 in which two distinct peaks are clear. The fractions from peak one 

were collected, pooled and taken forward for binding analysis.  

 

 

 
Figure 4-6. Elution profile of anti-CD33 ferritin fusion protein (αCD33 FF). αCD33 FF was purified using a 

HiTrap HP 5 mL nickel column attached to an AKTA Prime system. Protein was eluted on an increasing 

imidazole gradient and the eluted protein detected by measurement at 280 nm (Y axis).  
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Prior to assessing the interaction of αCD33 FF with tumour cell lines it was first important 

to determine whether αCD33 FF had the ability to bind to immobilised CD33 by carrying 

out an ELISA. An antibody specific for the αCD33 scFv component was not available and 

we therefore had to rely on an anti-ferritin antibody to detect CD33 binding. αCD33 FF 

demonstrated saturable binding to immobilised CD33-Fc. Lack of binding of a non-specific 

ferritin fusion protein confirmed that the interaction was via the CD33 scFv (Figure 4-7).  

  

 

 

To assess binding of αCD33 FF to CD33 on the cell surface, Chinese Hamster Ovary (CHO) 

cells that had previously been transfected to artificially express high levels of human CD33 

(CHO-CD33) were used. Untransfected CHO cells were used as a negative control. Probing 

cell lysates with an anti-CD33 antibody demonstrated CHO-CD33 expressed CD33 while 

Figure 4-7. Anti-CD33 ferritin fusion protein (αCD33 FF) bound to CD33 antigen in a plate format. αCD33 
FF bound to immobilised CD33-Fc as detected by rabbit anti-ferritin IgG followed by anti-rabbit-HRP. A 
non-specific ferritin fusion protein demonstrated negligible binding. Data represent the mean ± StdDev of 
triplicate wells. Results representative of three independent experiments are shown. 
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CHO-untransfected did not (Figure 4-8A). This expression profile was further confirmed 

using flow cytometry (Figure 4-8B). A small shift in FITC intensity was noted on analysis of 

CD33 expression in untransfected CHO by flow cytometry. This may be due to the Fc 

region of the rabbit IgG interacting with Fcγ receptors on the surface of the hamster cells. 

 

 

 

 

Figure 4-8. Transfected Chinese Hamster Ovary cells overexpress CD33. (A) Cell lysates of 
untransfected CHO cells (CHO) and CHO cells transfected with CD33 (CHO-CD33) were probed with 
an anti-CD33 antibody to determine CD33 expression. Cell lysates were probed with anti-actin IgG as 
a loading control. (B) CD33 cell surface expression was analysed by flow cytometry using a rabbit 
anti-human CD33 primary antibody followed by an anti-rabbit IgG FITC conjugated secondary 
antibody. CHO-CD33 cells showed a greater increase in fluorescence intensity demonstrating CD33 
expression. Data were normalised to the mode of the cell samples studied (Y axis). 
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Due to the fact that no suitable FITC-conjugated CD33 FF detection antibodies were 

available, αCD33 FF was directly conjugated to FITC in order to assess its ability to bind to 

CD33 on the cell surface by flow cytometry. On addition of αCD33 FF-FITC, no difference in 

surface FITC intensity could be detected between CHO-untransfected and CHO-CD33 cells 

(Figure 4-9A). This suggested that either αCD33 FF was unable to bind to CD33 on the 

surface of these cells, or that it was binding equally well to both the untransfected cells 

and the transfected ones by some sort of ‘non-specific’ binding. In order to rule out any 

uncertainty surrounding the effect of directly conjugating αCD33 FF to FITC an alternative 

method of conjugating biotin to the surface of αCD33 FF was trialled. Binding was then 

detected using streptavidin-FITC. However, αCD33 FF-biotin showed no increased ability 

to bind to CHO-CD33 compared to CHO-untransfected (Figure 4-9B). The detectable 

binding to either cell type was barely above the background binding of the streptavidin-

FITC alone. Possible explanations for these results include that a) biotin conjugation of 

αCD33 FF was unsuccessful, b) the streptavidin-FITC was not able to bind to the 

biotinylated αCD33 FF in detectable amounts, c) biotin conjugation had rendered αCD33 

FF unable to bind CD33, d) there is a high level of background binding of streptavidin-FITC 

to the cells such that CD33-specific binding cannot be distinguished, or e) αCD33 FF is 

unable to bind to CD33 when present on a CHO surface, due to steric hindrance or other 

reasons. 
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Figure 4-9. Anti-CD33 Ferritin Fusion Protein (αCD33 FF) failed to demonstrate binding to CD33 on the 
surface of transfected Chinese Hamster Ovary Cells (CHO-CD33). (A) αCD33 FF-FITC demonstrated no 
increase in binding to CHO cells expressing surface CD33 (CHO-CD33) compared to untransfected CHO 
cells (CHO) when analysed by flow cytometry (B) Biotin-labelled αCD33 FF failed to demonstrate binding 
to CHO-CD33 cells as detected by FITC-labelled streptavidin. Binding to untransfected CHO cells (CHO) 
was included as a negative control. Data were either normalised to show the mode of the cell samples 
studied or normalised to show each cell sample as a percentage of the maximum count as shown on the 
Y axis. Results are representative of duplicate cell samples in two independent experiments. 
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Immunofluorescence was used as an alternative method to assess the ability of αCD33 FF 

to bind to cell surface CD33 on transfected CHO cells. On addition of αCD33 FF-FITC to 

both CHO-untransfected and CHO-CD33 cells, the relative fluorescence was found to be 

equally high. Further, on addition of αNFF-FITC as a negative control, similar fluorescence 

levels were seen to those for αCD33 FF (Figure 4-10). This suggested that the antibody-

ferritin fusion proteins were binding to the cell surface via the common ferritin cage and 

not the individual scFv components. 
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Figure 4-10. Anti-CD33 ferritin fusion protein (αCD33 FF) failed to demonstrate antigen-specific binding to 
surface CD33 on transfected CHO (CD33-CHO). (A) On addition of FITC-labelled αCD33 FF and αNFF to either 
untransfected CHO cells or CHO cells expressing surface CD33 (CHO-CD33), no difference in FITC intensity 
(green) and therefore protein binding was detected. Cell nuclei are labelled with DAPI (blue). (B) Antibody-
Ferritin fusion proteins did not demonstrate binding to the surface of CHO cells that were pre-incubated with 
an excess of unlabelled ferritin. Cell nuclei are labelled with DAPI (blue). Images were taken on a Leica 
AF6000 fluorescent microscope at 63x magnification and analysed using Leica Application Suite software. 
Images are representative of triplicate cell samples in two independent experiments.  
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To determine if antibody-ferritin fusion proteins were binding via their ferritin cage 

components, CHO cells were pre-incubated with an excess of unlabelled horse spleen 

apoferritin before addition of FITC-labelled αCD33 FF or FITC-labelled αNFF. As shown in 

figure 4-10B by the reduction in FITC intensity compared to that seen in Figure 4-10A, 

unlabelled ferritin competed with ferritin fusion proteins for binding to the surface of both 

CHO and CHO-CD33 cells. This finding strongly suggested that although the ferritin cage is 

coated with scFvs, the interaction site(s) for ferritin receptor(s) is/are still exposed. 

4.4.3. Antibody-ferritin fusion proteins appear to interact with cell surface ferritin receptors  

Ferritin receptors have been identified in both mouse and human. However a lack of 

evidence regarding hamster homologues left us unable to further analyse ferritin fusion 

protein in CHO cells. A recent publication has provided evidence to suggest CD71 acts as a 

human ferritin receptor (Li et al., 2010b). Therefore, the human erythroleukaemia cell line 

K562 and human breast adenocarcinoma cell lines MCF7 and MX1 were analysed for CD71 

expression. Additionally, CHO cells were analysed to establish if they demonstrated any 

reactivity with CD71-specific monoclonal antibodies. Analysis of these cell lines by flow 

cytometry confirmed that all the tested human tumour cell lines expressed CD71 but CHO 

failed to show any expression detectable by the human CD71-specific monoclonal 

antibodies (Figure 4-11A).  

CD71 expression was also analysed by Western blot. Cell lysates were probed with an anti-

CD71 antibody showing that both K562 and MX-1 expressed a high level of CD71 whilst 

MCF-7 expressed low levels (Figure 4-11B).  
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Figure 4-11. Assessment of transferrin receptor (CD71) expression in tumour cell lines. (A) Expression of 
human CD71 on the surface of K562, MCF7 and MX-1 tumour cell lines was demonstrated by an increase 
in phycoerythrin (PE) fluorescence intensity using a PE-labelled detection antibody and flow cytometry. 
Assessment of Chinese Hamster Ovary (CHO) cells with the same detecting antibody demonstrated no 
fluorescence. Data were normalised to show each cell sample as a percentage of the maximum count as 
shown on the Y axis. (B) Human CD71 levels were assessed in K562, MCF7, MX-1 and CHO cell lysates by 
Western blot using an anti-CD71 antibody labelled with HRP. Actin was probed as a loading control.  
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To date, characterisation of human ferritin receptors has been limited and although CD71 

has been implicated in binding to and internalising ferritin, the presence of additional 

receptors is probable. Here, the interaction of antibody-ferritin fusion proteins with CD71 

was analysed. This was to provide further evidence towards the role of CD71 as a ferritin 

receptor but also to gain insight into how these novel proteins may interact with cells in 

vivo.  

To test this, MX-1 was used as a high CD71-expressing cell line and MCF-7 as a low CD71-

expressing cell line. The cells were analysed by microscopy following addition of FITC-

conjugated αNFF with or without pre-incubation with an excess of horse spleen 

apoferritin. αNFF demonstrated binding to MX-1 cells which was inhibitable by pre-

incubation with 500 nM horse spleen ferritin. However, αNFF failed to show binding to 

MCF-7 cells by this method, independent of pre-incubation with horse spleen ferritin 

(Figure 4-12). Although these results suggest that αNFF had the ability to bind to cells via 

CD71, it is important to note that further analysis of the means of antibody-ferritin fusion 

protein binding to tumour cells is required to substantiate this idea.  
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Ferritin has been implicated in a number of physiological processes including cell 

proliferation. To understand if αNFF or αCD33 FF were capable of eliciting any 

proliferative effects, a cell proliferation assay was performed. K562 were used as a model 

Figure 4-12. Anti-NIP ferritin fusion protein (αNFF) bound to cells expressing high levels of CD71 in a 
manner inhibitable by excess ferritin. (A) FITC-labelled αNFF demonstrated binding to the surface of MX-
1 cells which could be inhibited by pre-incubation with 500 nM unlabelled ferritin. (B) FITC-labelled αNFF 
did not demonstrate binding to the surface of MCF-7 cells, with or without preincubation with 500 nM 
unlabelled ferritin. Images were taken on Leica AF6000 fluorescent microscope at 63x and analysed using 
Leica Application Suite software. Images are representative of duplicate experiments. 
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cell and αNFF and αCD33 FF were added at a range of concentrations. The level of cell 

proliferation was measured at three time points and expressed as a percentage of that of 

untreated control cells. Both αNFF and αCD33 FF caused increased cell proliferation after 

24 hours, in a seemingly concentration dependent manner. The proliferative effect 

gradually decreased with increasing incubation times up to 72 hours (Figure 4-13). 
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Figure 4-13. Incubation of Ferritin Fusion Proteins with the K562 cell line induced cell proliferation. 
Anti-CD33 Ferritin Fusion Protein (αCD33 FF) (A) and anti-NIP Ferritin Fusion Protein (αNFF) (B) induced 
K562 cell proliferation as demonstrated by MTS assay. Cell proliferation is presented as a percentage of 
that of untreated control cells and error bars are indicative of the standard error of data from three 
assay wells. Results are representative of two independent experiments.  
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4.5. Discussion  

In this chapter, analysis of the binding properties of antibody-ferritin fusion proteins 

specific for NIP and CD33 was carried out. This revealed that although both proteins had 

the ability to bind to their cognate antigen when presented in a suitable format such as 

immobilised on a plate surface, it was not possible to demonstrate binding of αCD33 FF to 

cell surface antigen under the experimental conditions used. This chapter also highlighted 

the ability of antibody-ferritin fusion proteins to bind to cell surface ferritin receptors, 

resulting in a proliferative effect on the cell lines analysed.    

4.5.1. Antibody-ferritin fusion protein – antigen interaction 

Characterisation of antibody-ferritin fusion protein, αNFF, was completed by assessment 

of its ability to bind to its antigen NIP. This capability was demonstrated in both ELISA and 

flow cytometry assays, revealing that αNFF was able to bind to antigen both when 

immobilised on a plastic surface and when presented on the surface of a cell such as a red 

blood cell or a K562 cell. It is important to note that the binding capacity of control 

antibodies, anti-NIP IgG and IgA2, could not be directly compared to that of αNFF due to 

the fact that there are likely to be a different number of epitopes for the detection 

antibody on each protein. Moreover, the accessibility of these epitopes may be different 

in the protein types due to differences in protein structure. However, the binding 

experiments provided an indication of the concentration range over which we might 

expect αNFF to bind in a saturable manner to NIP. A more accurate comparison of 

antigen-binding capacity could be investigated using surface plasmon resonance (SPR) 

experiments, removing the requirement for a detection antibody. This approach was 
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trialled (data not shown) but multiple scFvs on the surface of αNFF, with potentially 

variable functionality, made accurate binding kinetics difficult to ascertain.  

On production of an antibody-ferritin fusion protein specific for tumour antigen CD33, 

binding capacity was initially analysed by ELISA. This demonstrated saturable binding to 

CD33-Fc in a plate format. A detection antibody specific for the variable region of anti-

CD33 was not available, and therefore comparison of binding to that of anti-CD33 IgG was 

not possible by ELISA. Further, when it came to assessing αCD33 FF binding to CD33 on the 

cell surface, no suitable FITC-conjugated detection antibodies were available. αCD33 FF 

was therefore directly conjugated to either FITC or biotin for analysis. It was not possible 

to detect binding to cell surface CD33 above that of non-specific binding, in either case.  

It seems likely that antigen-accessibility may have contributed to this result. The 816 kDa 

FF proteins are significantly larger than IgG and therefore problems in accessing an 

epitope cannot be disregarded. The fact that NIP was artificially conjugated to the cell 

surface, presumably making it highly accessible, may explain why αNFF demonstrated cell 

surface binding, and may account for the differing results seen with the two antibody-

ferritin fusion proteins. It will be vital to understand whether this a common issue for 

antibody-ferritin fusion proteins by generating and testing additional examples directed 

against further biological antigens. 

4.5.2. Ferritin receptors  

The ability of antibody-ferritin fusion proteins to bind to ferritin receptors was unexpected 

in that structurally, it was anticipated that the FF protein surface would be predominantly 

coated with scFvs. Due to the fact human ferritin receptors are largely uncharacterised, it 
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was difficult to thoroughly investigate this putative interaction. The results obtained from 

analysis of the antibody-ferritin fusion protein-ferritin receptor interaction seemed to 

correlate with evidence suggesting CD71 is the predominant ferritin receptor. Moreover, 

preliminary results (data not shown) demonstrated a correlation between CD71 

expression and cell proliferation which hinted at the cell proliferative effect of ferritin 

being dependent on this receptor. The fact that the antibody-ferritin fusion proteins were 

not yet loaded with iron when these experiments were carried out suggested that the 

proliferation effect was iron independent, in agreement with a previous report (Alkhateeb 

et al., 2013). Further, an iron-independent function of ferritin has also been suggested to 

impact on induction of inflammatory pathways (Ruddell et al., 2009). 

As a further method to assess the ability of antibody-ferritin fusion proteins to interact 

with CD71, attempts were made to co-immunoprecipitate this protein with its receptor 

(results not shown). This experiment would provide robust evidence for the role of CD71 

as the main human ferritin receptor. After lengthy optimisation, attempts were 

unsuccessful. Methodologies for this process are unavailable in the literature, suggesting 

inherent difficulties in the process.  

Reports in the literature have suggested that ferritin may bind to cell surface receptors in 

a subunit dependent manner, as discussed previously. With a view to modifying antibody-

ferritin fusion protein interaction with tumour cell lines via ferritin receptors, DNA 

constructs encoding antibody-ferritin fusion proteins which lacked the ferritin light chain 

were engineered. Had time permitted, analysis of these constructs would have facilitated 

analysis of the importance of the ferritin heavy chain in the cell interaction. Moreover, it is 
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possible that the scFv might provide additional ‘coverage’ of a heavy chain-only ferritin 

cage, thereby enhancing binding to antigen via the scFv. However, attempts to produce 

αNFF heavy chain-only (αNFF-H) failed under the production conditions previously used 

for αNFF. Lengthy optimisation would have been required in order to produce this 

protein, and there was insufficient time to pursue this avenue further.  

With regard to the experimental set up for analysis of ferritin-receptor interactions, the 

decision to use horse spleen apoferritin to block ferritin receptors was taken after 

comparison to human ferritin revealed 90 % identity at the amino acid level (Figure 4-14). 

Moreover, earlier research confirmed that the quaternary structures are identical 

(Crichton et al., 1973). This horse protein was abundantly available, in contrast to 

recombinant human ferritin. Thus use of horse apoferritin was deemed an effective 

method to block ferritin receptors in these experiments. A second important 

consideration was the use of fetal bovine serum (FBS) in culture media for cells 

throughout these studies. The presence of 10 % FBS in the growth medium would mean 

the presence of between 80 – 600 ng/mL bovine ferritin (Kakuta et al., 1997). Therefore, 

the inclusion of FBS in the culture medium ensured physiological relevance in line with 

human serum ferritin levels (30 – 300 ng/mL). The use of FBS in culture medium was 

consistent with published research on the interaction of ferritin with cell surface receptors 

(Li et al., 2010B). 
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Figure 4-14. Comparison of the amino acid sequences of human and equine ferritin. (A) Sequences for 

human ferritin heavy chain (P02794) and equine ferritin heavy chain (Q8MIP0) were taken from UniProt and 

aligned using NCBI blastp suite. Residues in red differ between species. (B) Sequences for human ferritin 

light chain (P02792) and equine ferritin light chain (P02791) were taken from UniProt and aligned using NCBI 

blastp suite. Residues in red differ between species. 
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4.5.3. Antibody-ferritin fusion proteins in cancer therapy 

The original objective of this study was to determine if antibody-ferritin fusion proteins 

may serve as suitable reagents for cancer diagnostics or therapeutics. Taking into 

consideration the finding that these proteins appear to have the ability to interact with 

transferrin receptor, CD71, would it still be possible to use these proteins as a cancer 

therapy tool?  

It is well established that CD71 is highly expressed on the surface of many cancer types, 

particularly those invasive in nature (Ryschich et al., 2004; Singh et al., 2011). This 

expression profile has made CD71 an appealing target for tumour imaging and therapy. 

Antibodies specific for CD71 and transferrin peptide have both been used to direct 

chemotherapeutics to tumour sites, with many progressing to the clinical trial stage 

(reviewed by Tortorella and Karagiannis, 2014). Research has even suggested this method 

of targeted chemotherapy may overcome some methods of drug resistance (Wu et al., 

2007).  

With increasing characterisation of the ferritin-CD71 interaction, the question of utilising 

ferritin in a similar therapeutic manner has been raised. Research has concerned 

encapsulating chemotherapeutic agents such as doxorubicin to target CD71-expressing 

tumour cells, but also evidence of the use of magnetoferritin in a tumour imaging setting 

is available (Liang et al., 2014; Fan et al., 2012). The results presented in this chapter 

detailing the proliferation effects of ferritin fusion proteins on tumour cell lines may 

support the use of ferritin as a therapeutic agent. Increased cell proliferation would allow 
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vast uptake of agents within the ferritin cage, increasing any cell destructive properties 

compared to the action of the therapeutic agents alone.  

However, does the ability of antibody-ferritin fusion proteins to bind to CD71 on the 

tumour cell surface render the antigen binding moieties of these proteins redundant? 

There are two important considerations to make. Firstly, levels of endogenous ferritin and 

transferrin can be high and variable between patients, which could impact on the delivery 

of therapeutic agents via the CD71 receptor alone. Secondly, CD71 has a key role in the 

immune system, most prominently in T cell differentiation, thus introducing an area of 

uncertainty with regard to off-target effects (Macedo and Sousa, 2008). In light of these 

considerations, and the fact antibody variable domains provide a very specific and high 

affinity method of binding to tumour specific targets, it will be important to develop 

antibody-ferritin fusion proteins to bind via the scFv region.  

Once the binding characteristics of the ferritin-CD71 interaction are elucidated, it may be 

possible to map the region of ferritin responsible for binding to CD71. Such insight would 

make it possible to insert mutations into this region to render ferritin unable to bind to its 

receptor, potentially removing any associated side effects. This would be paramount in 

developing antibody-ferritin fusion proteins as therapeutic agents. 

4.5.4. Pharmacokinetic and toxicity considerations  

When ferritin-based nanoparticles are compared to standard iron-oxide nanoparticles, 

analysis of pharmacokinetic parameters reveals some potential benefits. Ferritin is 

biocompatible and should evade recognition and clearance by the host immune system, 

unlike artificial iron oxide particles which may be immunogenic. The methods used to 
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prepare iron oxide nanoparticles introduce uncertainty surrounding size uniformity, 

whereas ferritin provides a cage structure of consistent size, allowing pharmacokinetics to 

be more accurately predicted and determined. Furthermore, research has demonstrated 

the ability to modify the ferritin cage in order to change the protein half-life. After 

systemic injection, ferritin has an average half-life of 2 hours. Falvo and colleagues have 

demonstrated a method to add proline, alanine and serine (PAS) residues to the surface of 

ferritin to increase the half-life up to 15 hours (Falvo et al., 2016). Thus, dependent on the 

desired function of the ferritin nanocage, it may be possible to tailor the external proteins 

to modify half-life.  

Colleagues at Integrated Magnetic Systems Ltd. attempted to PEGylate antibody-ferritin 

fusion proteins to enhance lateral flow capacity. Analysis of the resultant PEGylated 

proteins revealed they retained the ability to bind to target antigen, suggesting such 

methods could be used to alter pharmacokinetic properties (personal communication, Dr 

Prabs Dehal).  

With regard to mechanisms of clearance it would be expected that ferritin nanoparticles 

would undergo lysosomal- or proteasome-mediated degradation similar to endogenous 

ferritin (De Domenico et al., 2009). This, however, has yet to be established with ferritin 

nanoparticles in a model system. 

4.5.5. Industrial perspective 

The evidence suggesting antibody-ferritin fusion proteins retain the ability to bind to cell 

surface ferritin receptors introduces an increased level of complexity in their development 

as in vivo therapeutics.  This is due to the increasing body of literature documenting novel 
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roles for serum ferritin via receptor interaction.  These findings must be fully understood if 

ferritin were to be utilised as a biological nanoparticle in vivo.  

Moreover, the potential steric hindrance problems that became apparent on attempting 

to bind antigen on the cell surface must be carefully considered. These proteins would 

have to be targeted towards easily accessible antigen, and this may heavily restrict their 

use.  

On consideration of the contrast agents currently available for magnetic resonance 

imaging (MRI), it seems the introduction of novel protein-based structures would be 

welcomed. Gadolinium-based contrast agents are currently predominant in this market 

but use is restricted due to unknown long term side effects (Zhou and Lu, 2013). Five iron 

oxide contrast agents have been approved in the past for enhancement of MRI. However, 

only one remains in use, mainly due to safety concerns (Wang, 2015). In light of the 

requirement for early diagnosis in the fight against cancer, it seems the production and 

clinical development of novel contrast agents is essential. Antibody-ferritin fusion proteins 

may have potential in this sphere. 

4.6. Summary  

In summary, it was possible to produce a second antibody-ferritin fusion protein with 

specificity for tumour antigen CD33. This provided a means, for the first time, to analyse 

the interaction of antibody-ferritin fusion proteins with tumour cell lines. Results 

demonstrated that both αNFF and αCD33 FF had the ability to bind to target antigen in an 

ELISA format. However, while αNFF demonstrated binding to cell surface NIP, albeit in an 
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artificially introduced format, it was not possible to demonstrate specific binding of αCD33 

FF to cell surface CD33 under the experimental conditions of the study. Antibody-ferritin 

fusion proteins appeared to bind to ferritin receptors resulting in a downstream 

proliferation effect. This result introduced an additional complication when addressing the 

original hypothesis that antibody-ferritin fusion proteins may have a diagnostic and/or 

therapeutic application. Further analysis of this property and methods of overcoming this, 

as discussed in this chapter are required in order to progress development of these 

proteins in a cancer setting.  
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Chapter 5: Production of Immunoglobulin G Constructs for DuoBody 

Formation   

5.1. Introduction 

Immunoglobulin G4 (IgG4) exhibits unique anti-inflammatory properties as a result of 

functional monovalency. This feature was first recognised when studies on plasma IgG4 

demonstrated a lack of ability to precipitate antigen (van der Zee et al., 1986). In an 

attempt to find a reason for this, Schuurman and colleagues detailed the ability of plasma 

IgG4 to bind to two different antigens i.e. demonstrate bispecific function (Schuurman et 

al., 1999). This property explains, at least in part, why IgG4 is poor at initiating 

complement and Fc gamma receptor mediated cytotoxicity (Jefferis and Kamararatne, 

1990; Bruhns et al., 2009).  

Recently, on analyses of these unique bispecific properties, van der Neut Kolfschoten and 

colleagues reported a novel post-translational modification termed Fab-arm exchange 

(FAE). FAE involves the separation of IgG4 molecules into halfmers, consisting of one 

heavy chain and one light chain, followed by their re-association with alternative IgG4 

halfmers. This process results in the production of bispecific antibodies in vivo. The ability 

to carry out FAE is unique to IgG4 molecules, delivering an explanation for their inability to 

cross-link antigen and ultimately offering an exciting new prospect in the field of antibody 

therapeutics (van der Neut Kolfschoten et al., 2007). 

The IgG4 heavy chain differs to that of IgG1 in the core hinge domain at position 228 

where it has a serine rather than the proline (Aalberse and Schuurman, 2002) (EU 

numbering convention used here and throughout chapter (Kabat et al., 1987)). The 
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presence of S228 results in an increased tendency towards intraheavy chain disulfide bond 

formation and the production of IgG4 halfmers (Schuurman et al., 2001). Moreover, 

instability at the CH3 interface within the IgG4 molecule further promotes halfmer 

formation. A significant body of research that focussed on the kinetics of this process 

established that R409 within the CH3 domain was crucial to the FAE process (Rispens et 

al., 2011; Labrijjn et al., 2011). A high resolution crystal structure of the IgG4 CH3 dimer 

has been solved allowing comparisons to be made to the IgG1 CH3 dimer. Analysis 

revealed that the guanidinium group of Arginine 409 in IgG4 disrupts a hydrogen bond 

network present in IgG1 thus presenting a weaker interaction. This finding provided key 

structural evidence for the role of R409 in FAE (Davies et al., 2013). 

In 2013, scientists at Genmab utilised these findings to establish a novel method for the 

production of bispecific antibodies (biMabs) in vitro. The introduction of single point 

mutations, K409R and F405L, into the CH3 regions of two IgG1 antibodies makes them 

amenable to controlled FAE on addition of reducing agent 2-mercaptoethylamine-HCl (2-

MEA). On removal of this reductant, the favourable interaction between the two mutated 

residues at the CH3 interface results in biMab (so-called DuoBody) formation. The stability 

of the IgG1 hinge region renders these DuoBody molecules stable in human serum. This 

process has been streamlined to increase efficiency (Labrijn et al., 2013; Gramer et al., 

2013; Labrijn et al., 2014) and is summarised in Figure 5-1.  
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With therapeutic mAb research saturated with many different biMab formats, what 

makes DuoBody technology unique and what advantages might it offer? Firstly, on 

publication of an in-depth protocol for controlled FAE, many scientists have demonstrated 

DuoBody formation, reflecting ease of use, scalability and cost effectiveness (Labrijn et al., 

2014). The fact that a single point mutation in each IgG1 halfmer is sufficient to induce 

DuoBody formation is appealing with regard to reducing the likelihood of immunogenicity, 

an issue that has become apparent with other biMab formats (Hartmann et al., 1997). 

Similar biMab systems such as knobs-into-hole technology, discussed previously, have the 

additional problem of ensuring correct light chain association during biMab production 

Figure 5-1. Schematic diagram of the Fab-arm exchange process. Single, matching point mutations 
F405L and K409R are introduced into the CH3 regions of two parent antibodies (A and B) with specificity 
for different antigens (blue and green circles). The introduction of controlled reducing conditions results 
in Fab-arm exchange and the formation of IgG halfmers. The favourable interaction of the alternative 
CH3 mutations results in IgG re-association on removal of the reductant, to produce a bispecific 
DuoBody molecule capable of binding to both antigens.  
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(Klein et al., 2008). The optimised, controlled FAE protocol has reported that light chains 

remain associated to their heavy chain partner throughout. The appealing nature of this 

technology is reflected in the fact that a phase I clinical trial is currently being carried out 

on a DuoBody molecule with autoimmune indications (clinicaltrials.gov identifier 

NCT02715011). The key findings that have resulted in DuoBody technology being trialled 

for clinical use are summarised in Figure 5-2. 

 

  

 

 

5.1.1. Fc-gamma receptor I (CD64)  

Fc-gamma receptor I (FcRI, CD64) is a 70 kDa glycoprotein expressed on 

monocyte/macrophages, dendritic cell (DC) subsets, and can be induced on the surface of 

neutrophils. It has been implicated in therapeutic antibody function by eliciting both 

antibody-dependent cell-mediated cytotoxicity (ADCC) and phagocytosis (Graziano and 

Fanger, 1987; Davis et al., 1995). Furthermore, a role in internalisation and antigen 

Figure 5-2. DuoBody Timeline. Schematic diagram highlighting key discoveries that have resulted in the 

development of DuoBody technology. 
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presentation for induction of a T cell response has been reported (Liu et al., 1996; Keler et 

al., 2000). This high affinity receptor has the capacity to bind IgG1, IgG3 and IgG4 with an 

affinity constant in the region of 10-7 – 10-8 M (Bruhns et al., 2009) and has been reported 

to be saturated with circulating monomeric IgG in vivo (Mancardi et al., 2013). Thus the 

potential to bind an alternative epitope on this receptor is therapeutically appealing, as a 

means to engage a receptor capable of mediating potent killing mechanisms. 

Murine monoclonal antibody 22 (M22) was developed and characterised in 1989 and its 

capacity to bind to CD64 at an alternative site to that which interacts with ligand, namely 

the Fc region of IgG, was established (Guyre et al., 1989). It was later humanised (named 

H22), which increased its clinical relevance (Graziano et al., 1995).  

This led to an expansion of research into the use of the H22 binding region in a biMab 

format to induce destruction of targeted tumour cells via CD64 activation. Results were 

consistent with the notion that ADCC and phagocytosis of tumour cells could be induced 

upon H22 binding to CD64 (Michon et al., 1995; Ely et al., 1996; Keler et al., 1997). Two 

CD64 targeted biMabs reached clinical trials, and helped increase understanding of the 

value of stimulating CD64 in a clinical setting (Curnow, 1997). This is discussed in more 

detail in Chapter 6. 
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5.2. Chapter Aims 

The purpose of this chapter was to construct gene sequences for IgG heavy chains of 

antibodies specific for the hapten, NIP, and the immune cell receptor CD64 that contain 

the CH3 domain mutations required for Fab-arm exchange. These constructs were 

produced and characterised as a prerequisite for DuoBody formation. 

CD64 was chosen as a target for the reasons outlined above and because DNA sequences 

encoding the anti-CD64 antibody H22 were already available in the Woof lab.  NIP was 

chosen as a convenient and useful model antigenic target for several reasons: anti-NIP 

variable domain sequences were available; it was possible to build on experience already 

gained in anti-NIP antibody engineering; and the NIP hapten can be easily conjugated to 

different proteins and cell surfaces to assist characterisation and analysis.  

Secondly, the aim of this chapter was to establish a method to silence the native FcγR 

binding capacity of these IgG constructs, to facilitate more accurate downstream analysis 

of DuoBody function, as described in Chapter 6. 

5.3. Materials and Methods 

5.3.1. Mutation of Immunoglobulin G heavy chain constant region 

Plasmid pHCCR, containing the gene sequence for the heavy chain constant region of 

Immunoglobulin G1 (IgG1), was available in Jenny Woof’s lab. This region was used as a 

template for PCR-based mutagenesis in order to introduce the point mutations required 

to create DuoBody compatible IgG molecules. In order to ensure no non-specific 

mutations were introduced into the backbone of this expression vector, the heavy chain 
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constant region was first subcloned into pcDNA3 via HindIII and EcoRI restriction enzyme 

sites as described in Section 2.2.2.6.  

Site directed mutagenesis, using an approach similar to that of commercial QuikChange 

kits (Agilent), was then carried out on this vector using the primers detailed in Table 5-1. 

The reagents detailed in Table 5-2 were added to a thin-walled PCR tube and the PCR 

programme outlined in Table 5-3 was carried out using a Mastercycle Personal PCR 

machine (Eppendorf). 

 

 

 

 

 

 

 

 

Table 5-1. Sequences of primers used for the introduction of mutations within the heavy chain 
constant region of IgG1. Base-pairs that were mutated are highlighted in red.  



174 
 

 

 

 

 

 

1 µl of restriction enzyme DPNI (New England Biolabs) was added to the PCR product (50 

µl) and this was incubated for 1 hour at 37 oC to digest any methylated DNA. 5 µl of this 

mixture was then transformed into 50 µl of competent DH5α cells as detailed in Section 

Table 5-2.  Volumes of reagents used in each reaction for 
point mutagenesis of IgG1 heavy chain constant region. 

Table 5-3. Temperature and timing details of site directed mutagenesis of IgG1 heavy chain constant 
region using thermocycler.  
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2.2.2.2.  Colonies were picked and minipreps performed as described in Section 2.2.2.4. 

The resulting preparations were screened for the point mutation of interest by sequencing 

using the standard T7 Forward sequencing primer (School of Life Sciences DNA Sequencing 

Facility) (Table 2-6). DNA fragments with the desired mutations were ligated back into the 

pHCCR vector backbone via EcoRI and HindIII sites as described in Section 2.2.2.6. These 

vectors were then prepared using a QIAGEN Plasmid Maxi kit, as per the manufacturer’s 

instructions. This process resulted in five heavy chain constant region constructs as 

detailed in Figure 5-3. Details of the base pairs that were modified in order to create the 

DuoBody point mutations are shown in Figure 5-4.  
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Figure 5-3. Gene construction of IgG heavy chain constant region mutants. (A) Map of plasmid containing 
gene for Immunoglobulin G heavy chain constant region (pHCCR). (B) Schematic diagram of IgG heavy 
chain constant region denoting exons for CH1, hinge, CH2 and CH3. Locations of three potential point 
mutations are labelled. (C) Summary of point mutations contained within five new IgG heavy chain 
constructs. Variable regions can be ligated into these constructs to drive expression of IgGs with antigen 
specificity of interest. 
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Figure 5-4.  Mutations in heavy chain constant region (HCCR) of IgG1 for formation of DuoBody 

molecules. (A) The base pair mutations shown in red result in N297Q mutation within the CH2 

region of HCCR highlighted in yellow. (B) The base pair mutations shown in red result in F405L 

mutation within the CH3 region of HCCR highlighted in yellow. (C) The base pair mutations shown in 

red result in K409R mutation within the CH3 region of HCCR highlighted in yellow. In all cases the 

mutated sequence is shown below that of the wildtype.  
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5.3.2. Ligation of variable domains into Immunoglobulin G expression vectors  

DNA encoding the anti-CD64 (H22) heavy chain variable domain (H22 VH) was available in 

Jenny Woof’s lab. Primers were designed to incorporate a leader sequence for the 

secretion of the anti-CD64 heavy chain into the culture media. This required two forward 

primers as detailed in Table 5-4. PCR was carried out with primers H22For1 and H22Back 

on H22 VH DNA as described in Section 2.2.2.8. The resultant PCR product was used 

directly as the next template with primers LeaderForward2 and H22Back as in Section 

2.2.2.8. These primers also introduced HindIII sites at both the N- and C-termini of the VH 

region to facilitate ligation into the IgG heavy chain plasmids as shown in Figure 5-5A. DNA 

encoding the anti-NIP heavy chain variable domain (NIP VH) was available in Jenny Woof’s 

lab. This sequence had flanking HindIII sites for ligation into IgG heavy chain plasmids as 

shown in Figure 5-5B. Successful ligation of both variable domains was confirmed by 

sequencing with UPHindIIIForw and UpIgGCH2Forw primers (Table 2-6) (Eurofins). The 

final plasmids for the production of DuoBody compatible NIP and CD64 specific IgGs are 

detailed in Table 5-5 

 

 

Table 5-4. Sequences of primers used to insert H22 variable heavy chain into pHCCR based vectors. 

Restriction enzyme sites for HindIII are highlighted in red. The leader sequence is underlined and the 

blue region depicts overlap between the two forward primers.  
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Figure 5-5. Ligation of variable domain sequences into heavy chain expression vectors. Schematic 
diagram showing the ligation of sequence encoding the heavy chain variable domain of antibody H22 (A) 
and the anti-NIP antibody (B) into modified pHCCR vectors resulting in the formation of five final 
plasmids summarised in Table 5-5. 
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The pVKExpress expression plasmid as detailed in Persic et al., 1997, was used to generate 

the CD64 specific light chain. The DNA sequence encoding the CD64 (H22) light chain 

variable domain (CD64 VL), available in Jenny Woof’s lab, was digested with SacI and XhoI 

restriction enzymes and ligated into the pVKExpress expression vector as described in 

Section 2.2.2.6. This construct was sequenced using 3’IC2KCSEQ3 primer (Table 2-6) 

(Eurofins) and was then prepared by QIAGEN Plasmid Maxi kit, as per the manufacturer’s 

instructions. 

5.3.3. Transfection of FreeStyle 293-F cells 

FreeStyle 293-F cells (Invitrogen) were maintained between 2 – 10 x 105 cells/mL in 25 mL 

FreeStyle 293 expression medium in 125 mL polycarbonate Erlenmeyer flasks with vent 

cap (Corning). These were incubated shaking at 120 rpm in a 37 oC incubator, in an 

atmosphere of 8 % CO2. Cells were diluted to 5 x 105 cells/mL 24 hours prior to 

transfection. On the day of transfection, 33.25 µl of 293Fectin (Invitrogen) was added to 

0.833 mL OptiMem (GIBCO) and incubated for 5 minutes. 25 µg of DNA was prepared by 

combining 4.17 µg of heavy chain plasmid DNA, 16.67 µg light chain plasmid DNA and 4.17 

Table 5-5. Details of final plasmids for the expression of DuoBody compatible NIP and CD64 

(H22) specific IgG heavy chains. 
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µg pAdVAntage DNA (pAdVAntage vector was included to enhance translation initiation 

and thus protein expression). This mixture was added to 0.833 mL OptiMem and then 

subsequently added to the 293Fectin/OptiMem mixture for 30 minutes. Cells were 

harvested, counted and 2.5 x 107 cells were prepared in 23.5 mL of fresh FreeStyle 293 

expression medium in an Erlenmeyer flask and vortexed to ensure cells were in free 

suspension and not clumped. After the 30 minute incubation, the 

DNA/293Fectin/OptiMem mixture was added to a prepared flask of the cells which were 

then incubated at 37 oC, 8 % CO2 for four days with shaking at 120 rpm. If required, a mock 

transfection was carried out as above where the DNA was replaced with sterile Milli-Q 

Ultra-pure water. This allowed analysis of the protein in the culture supernatant produced 

purely as a result of adding the transfection reagents to the cells.  

5.3.4. Purification of Immunoglobulin G 
 

Four days post transfection, FreeStyle 293-F cells were centrifuged at 2000 g for 10 

minutes and the cell pellet discarded. The supernatant was added to 500 µl Protein G-

Sepharose 4B fast flow (Sigma) that had been equilibrated in 20 mM sodium phosphate 

buffer, pH 7.3. This was rolled overnight at room temperature (RT). The next day, the 

protein G-Sepharose was added to a disposable 5mL polypropylene column (Thermo) and 

washed with 50 mL 20 mM sodium phosphate buffer, pH 7.0, allowing the liquid to flow 

by gravity. The antibodies were eluted in 5 mL 100 mM glycine-HCl pH 2.7. On elution, the 

antibodies were immediately neutralised to pH 7.2 by adding 1 M Tris-HCl pH 9.0 

dropwise and measuring the pH. Antibodies were dialysed exhaustively in PBS using 19 

mm dialysis tubing (Scientific Laboratory Supplies Ltd) and concentrated using a 50 kDa 
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molecular weight protein centrifugal concentrator (Amicon Ultra). Samples were 

centrifuged at 600 g for 5 minute cycles until the volume was reduced to 500 µl. The final 

protein concentration was calculated by determining the OD 280 and utilising an 

extinction coefficient of 1.5. Antibodies were stored in 100 μl aliquots at -20 oC. 

5.3.5. SDS-PAGE and Western blotting 

SDS-PAGE and Western blotting were carried out as described in Sections 2.2.3.3 and 

2.2.3.5. 1 µg of each protein sample was analysed under reducing and non-reducing 

conditions. For Western blotting, membranes were probed with anti-human IgG-HRP 

(diluted 1:2000); anti-human Kappa Light chain-HRP (for αCD64 IgG) (diluted 1:2000); anti-

mouse lambda light chain-HRP (for αNIP IgG) (diluted 1:2000) or Concanavalin A-Biotin 

(diluted 1:500) followed by Streptavidin-HRP (diluted 1:2000). 

5.3.6. Rosette assay 

NIP-coated sheep red blood cells (sRBCs) were prepared as in Section 4.3.4.1. These were 

washed by centrifugation at 200 g for 5 minutes in PBS (x3). Dilutions of NIP-specific 

antibodies were made in PBS. For rosette formation with K562 cells, antibodies were 

diluted between 16.63 - 250 µg/mL. For rosette formation with THP-1 cells, antibodies 

were diluted between 2.5 - 40 µg/mL.  6 µl of each diluted αNIP antibody was added to 12 

µl of the 10 % sRBC suspension and incubated for 1 hour at 37 oC. These cells were then 

washed by centrifugation at 200 g for 5 minutes in PBS (x3) and diluted to a suspension of 

1 % in PBS. Effector cells (either THP-1 or K562) were collected and washed by 

centrifugation at 200 g for 5 minutes in PBS (x3) and diluted to a final concentration of 2 x 

106 cells/mL in PBS.  25 µl sRBCs-NIP were added to 25 µl effector cells in a round bottom 
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96-well plate. This mixture was allowed to settle at RT for 15 minutes before 

centrifugation of the plate at 100 g for 1 minute. The plate was then incubated at 37 oC for 

45 minutes before analysis by microscopy. 10 µl of the cell mixture from each well was 

added to a haemocytometer and a dual count of effector cells and rosettes was 

performed. A minimum of a hundred effector cells were counted in each sample. A 

rosette was defined as an effector cell with three or more sRBCs on the surface. The 

percentage of effector cells that had formed rosettes could then be calculated and this 

was averaged from results obtained from three duplicate wells. 

5.3.7. Phagocytosis assay 

THP-1 cells were seeded at a density of 4 x 105 cells/mL in a 12 well plate and grown in 

RPMI + 10 % FBS overnight at 37 oC, 5 % CO2. NIP-specific antibodies were diluted to 40 

µg/µl in PBS and 120 µl was incubated with 240 µl 10 % NIP-sRBCs (prepared as 

previously) for 1 hour at 37 oC. The sRBCs were washed by centrifugation at 200 g for 5 

minutes (x3) and diluted to a suspension of 1 % in PBS.  500 µl 1 % sRBC-NIP were added 

to the seeded effector cells and either incubated at 37 oC or 4 oC (control) for 4 hours. 

Cells were harvested, washed by centrifugation at 200 g for 5 minutes (x3), and 

resuspended in 1 mL PBS for flow cytometry analysis using FACSCanto, taking advantage 

of the autofluorescence of sRBC.  

5.3.8. Flow cytometry 

K562 cells and THP-1 cells were washed by centrifugation at 200 g for 5 minutes (x3) in 

FACS buffer (PBS containing 0.5 % BSA and 0.05 % sodium azide, pH 7.4) and 1 x 106 cells 

added to a microfuge tube (1 tube per sample) for analysis.  The cells were blocked by 
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incubating in 100 µl 2 % goat serum in FACS buffer for 30 minutes at RT. Cells were 

washed by centrifugation at 200 g for 5 minutes in FACS buffer (x3). 100 µl of anti-human 

CD64-FITC (Abcam) (diluted 1:20 in FACS buffer), or either αCD64 F405L (40 µg/mL in FACS 

buffer) or αCD64 F405L N297Q (40 µg/mL in FACS buffer) followed by anti-human IgG(Fc)-

FITC (Binding Site) (diluted 1:20 in FACS buffer), was added to the cells and incubated for 1 

hour at 4 oC. Cells were washed (x3) and resuspended in 1 mL FACS buffer for analysis. 

Samples were analysed in 5 mL polystyrene round bottom tubes (BD Falcon) using a 

FACSCanto flow cytometer and data produced using FloJo Software. 

5.4. Results 

5.4.1. Production and characterisation of aglycosylated Immunoglobulin G  

In order to fully elucidate the impact of targeting CD64 via the variable region of a biMab, 

and thus address the overall hypothesis of this study, it will be important to distinguish 

between the effects of targeting immune effector cells through CD64 engagement via the 

native FcγR binding region in the Fc region of IgG and those induced by interaction of the 

H22 antigen-binding site. Thus, a method to silence the immune effector function of IgG 

(i.e. Fc engagement of FcγR) was carried out. The N-linked glycosylation at position 297 of 

the IgG heavy chain has been heavily implicated in the structural integrity of the Fc region 

and thus antibody effector function (Jefferis et al., 1998; Radaev et al., 2001; Krapp et al., 

2003). Early experiments showed that loss of this N-linked oligosaccharide through 

production of antibodies in the presence of the glycosylation inhibitor tunicamycin 

resulted in markedly reduced FcγR binding (Leatherbarrow et al., 1985). Others have 

shown that removal of this N-linked oligosaccharide by mutation of the asparagine at 
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position 297 radically reduces binding to FcγRs and C1q (Tao and Morrison, 1989; Radaev 

and Sun, 2001). Therefore this targeted mutagenesis method was chosen as an effective 

means to reduce FcγR-mediated immune effector function of the DuoBody constructs.  

An N297Q point mutation was inserted into the IgG heavy chain construct specific for NIP 

and mutant antibody was produced in parallel to wild-type (wt) antibody to ensure there 

were no off-target effects caused by this mutation. Figure 5-6 shows an SDS-PAGE gel and 

Western blots of both αNIP wt and αNIP N297Q IgG1 molecules. Probing these IgG 

molecules with anti-human IgG heavy chain-HRP showed a 50 kDa heavy chain band in the 

reduced samples and a 150 kDa IgG band in the non-reduced samples. As anticipated, a 

decrease in the size of the heavy chain in the N297Q construct was apparent, presumably 

due to loss of the N-linked oligosaccharide. A 25 kDa light chain band was apparent in 

both reduced samples on probing with anti-mouse lambda light chain-HRP, as was a 150 

kDa IgG band in the non-reduced samples. Therefore there were no unexpected 

differences in assembly between the two constructs. Concanavalin A was used to detect 

N-linked oligosaccharide and demonstrated strong binding to wt but much decreased 

binding to the N297Q mutant. The residual binding seen with the N297Q mutant, which 

appears more marked under reducing conditions, may be due to some level of cross-

reactivity. Alternatively, we cannot rule out the possibility that there may be N-linked 

sugars present in the Fab region that are being detected. 
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Figure 5-6. Production of anti-NIP IgG1 wild type (wt) and anti-NIP IgG1 N297Q. Anti-NIP IgG wt and anti-
NIP IgG N297Q mutant were analysed following SDS-PAGE and Western blotting, probing with: anti-human 
IgG heavy chain-HRP (A), anti-mouse lambda light chain-HRP (B), Concanavalin A-biotin followed by 
streptavidin-HRP (C) or by staining with PageBlue solution (D). Non-reduced samples show a band 
corresponding to IgG at 150 kDa whilst in reduced samples, IgG heavy chain can be detected at 50 kDa and 
light chain at 25 kDa. A small reduction in heavy chain size can be detected in N297Q mutant due to loss of 
glycosylation. Loss of glycosylation is further confirmed by a marked reduction in signal intensity after 
probing with Concanavalin A.  
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To confirm that the loss of the N-linked glycan did not have an effect on antigen binding, a 

NIP-binding ELISA was carried out. This assay demonstrated no difference in the ability of 

αNIP IgG wt and αNIP IgG N297Q to bind to NIP-BSA in a plate format (Figure 5-7). This 

finding is consistent with the literature surrounding the effect of antibody de-glycosylation 

on antigen binding (Hristodorov et al., 2013). 

 

 
 

 

 

 

 

Analysis of the N297Q IgG mutant with regard to loss of FcγR binding was vital in 

establishing its suitability for use in future DuoBody constructs. A rosette assay was 

carried out with two immune effector cell lines, THP-1 and K562. This assay determined 

the ability of an IgG to bind to NIP on the surface of a NIP-coated sRBC and subsequently 

Figure 5-7. IgG1 N297Q mutation does not affect antigen binding. No significant difference in antigen 
binding was detected between αNIP IgG wild type and αNIP IgG N297Q mutant when ability to bind to NIP-
BSA on a plate format was detected by anti-lambda light chain-HRP antibody in an ELISA. Data points 
represent the mean ± StdDev of triplicate wells. Results representative of two independent experiments 
are shown.  
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bind to FcγRs on the surface of immune effector cells, resulting in “rosette” formation. 

αNIP IgG N297Q was found to completely lack the ability to form rosettes, indicating that 

it was unable to bind to FcγRs on the effector cells (Figure 5-8). This finding was observed 

with both THP-1 cells which express CD64 and K562 cells which predominantly express 

CD32. A higher concentration of wt IgG was required to give maximal rosette formation 

with K562 cells than with THP-1 cells, consistent with the higher affinity of the 

predominant receptor on THP-1 cells (CD64) for IgG than that on K562 (CD32). It can be 

concluded from the rosette assay that aglycosylation at N297 ablated binding to both 

receptors.  
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Figure 5-8. IgG1 N297Q mutation ablates binding to Fcγ Receptors (FcγRs). Comparison of the 
ability of anti-NIP IgG wild type (wt) and anti-NIP IgG N297Q mutant to form rosettes via binding to 
both NIP-coated sheep red blood cells (sRBCs) and FcγR-expressing cells THP-1 (A) and K562 (B). 
Rosette formation was measured as a percentage of FcγR-expressing cells with three or more 
surface-associated sRBCs. N297Q mutation prevented formation of rosettes compared to wt IgG, 
suggesting this mutation reduced binding to FcγRs. Data points represent the mean ± StdDev of 
triplicate wells. Results representative of two independent experiments are shown. 



190 
 

To establish the functional consequences of reduced/ablated FcγR binding, a flow-

cytometry based phagocytosis assay was carried out. This assay assessed the ability of 

αNIP IgG wt and αNIP IgG N297Q to opsonize NIP-coated sRBCs and stimulate 

phagocytosis by binding to CD64 on the surface of THP-1 cells. The autofluorescent nature 

of sRBCs made it possible to use an increase in the fluorescence intensity of the THP-1 

cells as a read-out for phagocytosis. An RBC lysis buffer was used in a control experiment 

to ensure the RBCs were phagocytosed and not simply bound to the surface of the THP-1 

cells. A second control consisted of carrying out the experiment at 4 oC, a condition likely 

to inhibit the ability of THP-1 cells to carry out phagocytosis. The results shown in Figure 5-

9 confirm that the N297Q mutant is unable to induce phagocytosis of NIP-coated sRBCs. In 

marked contrast, αNIP IgG wt induced an increase in fluorescence intensity at 37 oC, 

indicative of sRBC phagocytosis.  
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5.4.2. Construction, production and characterisation of Immunoglobulin G (IgGs) for 

DuoBody formation  

 

αCD64 IgG with F405L mutation and αNIP IgG with K409R mutation, both with or without 

N297Q mutation were constructed in mammalian expression vectors. On completion, 

vectors encoding the modified heavy chain constant regions (HCCR) of IgG could be 

Figure 5-9. IgG1 N297Q mutation reduces the ability of IgG to induce phagocytosis by THP-1 cells. 
Comparison of the ability of anti-NIP IgG wild type (wt) and anti-NIP IgG N297Q mutant to induce 
phagocytosis of opsonized NIP-coated sheep red blood cells (sRBCs). THP-1 cells phagocytosed IgG wt 
opsonized sRBCs as shown by a shift in fluorescence intensity compared to that seen with uncoated 
sBRCs, while no shift in fluorescence intensity was seen with IgG N297Q opsonized RBCs (A). No shift in 
fluorescence intensity was detected when cells were incubated at 4 

o
C with opsonized RBCs confirming 

that the shift observed at 37 
o
C was indicative of phagocytosis (B). A control sample where sRBCs were 

lysed prior to analysis showed no shift in fluorescence intensity confirming that sRBCs had been 
phagocytosed and were not just associated to the THP-1 cell surface (C). Data is normalised to show each 
cell sample as a percentage of the maximum count as shown on the Y axis. 
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analysed by digesting with restriction enzymes, HindIII and EcoRI to show a 1900 bp band 

representing the HCCR. A representative gel is shown in Figure 5-10. 

 

 

 

 

The IgG light chain specific for CD64 was constructed by ligating the variable light region 

(H22) into a mammalian expression vector encoding the kappa light chain (VKExpress). 

This was carried out via XhoI and SacI restriction enzyme sites as shown in Figure 5-11.  

Figure 5-10. Construction of DuoBody modified IgG heavy chain constant region (HCCR). Representative 

agarose gel showing confirmation of modified HCCR ligation into mammalian expression vector. Lane 1 

shows a DNA ladder; lane 2 shows uncut pNIP297 and lane 3 shows pNIP297 after digestion with 

restriction enzymes EcoRI and HindIII. The HCCR region (1900 bp) apparent after restriction enzyme 

digestion is highlighted in red.  
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On completion of DNA manipulation, DuoBody modified constructs were produced in 

FreeStyle 293-F cells. αNIP K409R and αNIP K409R N297Q each yielded 12 mg/L whilst 

αCD64 F405L and αCD64 F405L N297Q each yielded 5 mg/L. All constructs retained the 

ability to bind to protein G for purification. On analysis by SDS-PAGE and Western blot, the 

purified antibodies showed no apparent differences in assembly compared to IgG wt. 

Probing with anti-human IgG heavy chain-HRP confirmed the presence of heavy chain at 

Figure 5-11. Construction of a mammalian expression vector encoding a kappa light chain specific for 

CD64. Agarose gel showing steps prior to the ligation of the H22 variable region (highlighted in red) from a 

p-GEM vector (lane 5) into a VKExpress vector (lane 3) via SacI and XhoI sites. For reference, a DNA ladder is 

shown in lane 1 and uncut VKExpress in lane 2.  
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50 kDa whilst probing with anti-human kappa light chain-HRP confirmed the presence of 

light chain at 25 kDa. As expected, the N297Q mutant versions demonstrated slightly 

reduced heavy chain size and were markedly less reactive with Concanavalin A (Figure 5-

12).  PageBlue staining of these antibodies revealed high purity.  
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Figure 5-12.  Production of IgG with mutations for DuoBody formation. Following purification on Protein 
G-Sepharose, IgGs specific for NIP and CD64 with K409R and F405L mutations respectively were analysed by 
SDS-PAGE and Western blotting, probing with: anti-human IgG-HRP (A), anti-mouse lambda light chain-HRP 
and anti-human Kappa light chain-HRP (B), Concanavalin A (C) or staining with PageBlue protein stain (D). 
All IgG constructs were 150 kDa in size when analysed under non-reducing conditions. Under reducing 
conditions, heavy chain can be detected at 50 kDa and light chain at 25 kDa. An aglycosylated (N297Q) 
version of each IgG showed a decrease in heavy chain size and a reduction in Concanavalin A reactivity. 
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The antigen binding capacity of the IgG molecules containing mutations for DuoBody 

formation was analysed. αNIP IgG K409R and αNIP IgG K409R N297Q demonstrated no 

significant differences in antigen binding capacity compared to αNIP IgG wt when analysed 

by NIP-binding ELISA (Figure 5-13).  

 

 

 
 

 

 

 

 

 

 

 

Figure 5-13. αNIP IgG with K409R or K409R N297Q mutations do not show altered antigen binding 
compared to wild type αNIP IgG. No significant difference in antigen binding was detected between IgG 
wild type, IgG K409R and IgG K409R N297Q mutants when ability to bind to NIP-BSA on a plate format was 
detected by anti-lambda light chain-HRP antibody. Data points represent the mean ± StdDev of triplicate 
wells. Results representative of two independent experiments are shown. 
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The ability of αCD64 IgG F405L and αCD64 IgG F405L N297Q to bind to cell surface CD64 

was analysed by flow cytometry. As discussed previously, THP-1 cells express high levels of 

CD64 whilst K562 lack detectable surface CD64 (Figure 5-14A). These cell lines could 

therefore be used to demonstrate the specific binding capacity of the αCD64 IgG DuoBody 

mutants. Both αCD64 IgG F405L and αCD64 IgG F405L N297Q bound specifically to THP-1 

cells and not to K562 cells as detected by an anti-human IgG antibody conjugated to FITC 

(Figure 5-14B and C). 
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5.5. Discussion  

In this chapter, a heavy chain expression vector for an IgG mutant which lacks the site for 

N-linked glycosylation in the CH2 domain was constructed, and the encoded IgG was 

produced and characterised. Reduced FcγR-mediated effector function of the mutant IgG 

compared to a wild type counterpart was confirmed and this provided a foundation for 

the use of the mutation in DuoBody constructs.  

Figure 5-14. αCD64 IgG with F405L or F405L N297Q mutations bound to cell surface CD64. (A) 
Monocyte-like cell lines were screened for surface CD64 expression with a commercial anti-CD64 
antibody conjugated to FITC. A shift in FITC intensity demonstrated THP-1 cells expressed detectable 
levels of surface CD64 whilst K562 cells did not. (B) αCD64 F405L and αCD64 F405L N297Q bound to 
the surface of THP-1 cells, as detected by an anti-human IgG conjugated to FITC, but failed to bind to 
K562 (C). Results shown are representative of two independent experiments. Data is normalised to 
show each cell sample as a percentage of the maximum count as shown on the Y axis. 
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Moreover, IgG constructs were made and production techniques established to provide a 

basis for the formation of bispecific DuoBody molecules. Structural and binding analysis of 

these mutant antibodies was carried out to ensure homogeneity with wild type IgG.  

5.5.1. Silencing Immunoglobulin G effector function  

Mutation of the asparagine at position 297 within the CH2 region of IgG1, and consequent 

non-attachment of the N-linked glycan, has been shown to reduce the binding capacity of 

IgG1 to FcγRs. Therefore this mutation results in IgG1 with reduced effector function 

(Jefferis et al., 1998; Radaev et al., 2001; Krapp et al., 2003). This well characterised 

modification was chosen for our DuoBody studies in light of a number of practical and 

clinical considerations. 

Firstly, ease of incorporating a single point mutation and subsequent detection of the lack 

of the N-linked glycan were considered. Lack of the oligosaccharide could be 

demonstrated by probing IgG constructs with Concanavalin A, a lectin which binds 

specifically to α-D-mannosyl and α-D-glucosyl groups within the N-linked oligosaccharide. 

Moreover, a reduction in the size of the heavy chain could be detected on comparing the 

aglycosylated IgG to wild type IgG, thus providing a simple method of verifying mutant 

constructs. There were no significant differences in production yield of the aglycosylated 

IgG using the FreeStyle 293-F system and no purification implications, in our hands. As 

standard, Protein G-Sepharose was used for IgG purification in these studies. Protein G 

interacts with IgG Fc at the CH2-CH3 interface therefore, in theory, the N297Q mutation 

should not affect Protein G-based purification (Sauer-Eriksson et al., 1995). However, it 

has been reported that at low elution pH, structural changes in de-glycosylated IgG may 
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result in earlier elution from protein G compared to wild type IgG (Gaza-Bulseco et al., 

2009). Although no significant differences were seen in the case of the elutions performed 

in this study, the potential for differences in elution profile should be noted for any future 

experiments. 

With regard to clinical considerations, it is important to understand how removal of the 

CH2 N-linked oligosaccharide may affect IgG half-life. Research has shown binding to FcRn 

remains unaffected, thus the lengthy half-life of IgG should be retained (Simmons et al., 

2002). This has been confirmed in a mouse model (Liu et al., 2011) as well as in 

cynomolgus monkey studies (Leabman et al., 2013). However, of more concern may be 

the aggregation and stability issues of aglycosylated IgG that have recently been 

highlighted. Removal of the N-linked glycan has been predicted to reveal hydrophobic 

residues at the IgG surface using computational models (Chennamsetty et al., 2009). This 

has since been confirmed experimentally and shown to lead to increased protein 

aggregation (Zheng et al., 2011). Recently, Hristodorov and colleagues performed an array 

of techniques to compare six aglycosylated IgG1 molecules to their glycosylated 

counterparts. Results were consistent with the fact that lack of the N-linked glycan does 

not have an effect on antigen binding affinity or protein half-life. Encouragingly, the 

aglycosylated variants were equally stable at both 37 oC and 4 oC and showed matching 

solubility profiles to glycosylated mAbs. However it was noted that the aglycosylated 

variants demonstrated aggregation at low pH and were more thermolabile (Hristodorov et 

al., 2013). Progress in antibody engineering may allow modification of aglycosylated IgG1 

to overcome these disrupted physiochemical properties.  
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Alternative methods of reducing the ability of IgG to induce immune effector function 

have been reported. Based on mutational and structural data mapping the interaction 

sites for IgG and FcγR, various IgG mutant structures have been produced and 

characterised. Focussing on a panel of b12 HIV-specific IgG1 structures with single point 

mutations between G236 and S298, Moldt and colleagues uncovered IgG variants that 

demonstrated reduced binding to some FcγRs, resulting in decreased ADCC (Moldt et al., 

2011). In a similar study, a double mutant IgG1 (L234A/L235A) exhibited decreased ability 

to bind to FcγRI, FcγIIa and FcγIIIa with a resultant loss in ADCC function (Hezareh et al., 

2001). Although these studies uncovered mutants with reduced binding for selected 

FcγRs, complete abrogation of Fc effector function was not apparent. An IgG2 based 

structure termed IgG2σ has recently been described. This structure contains seven 

mutations in the lower hinge/CH2 region (V234A/ G237A/ P238S/ H268A/ V309L/ A330S/ 

P331S). The crystal structure of IgG2σ was solved which revealed that a majority of these 

mutations were in the loop region of the CH2 domain which induced conformational 

changes resulting in complete loss of binding to all Fcγs (Vafa et al., 2014). A better 

understanding whether such mutations may be compatible with DuoBody technology 

might reveal a second method of disrupting the native immune effector function of these 

biMabs.   

5.5.2. Production of Immunoglobulin G DuoBody mutants 

IgG with mutations for DuoBody formation were produced using the FreeStyle 293-F 

system, demonstrating no reduction in yield compared to wild type IgG. FreeStyle 293-F 

cells are derived from HEK293F cells, adapted to grow in suspension without the 
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requirement for serum (Liu et al., 2008). Compatible media and a cationic lipid based 

transfection reagent are available, providing optimal conditions for antibody production. 

This mammalian system reportedly ensures correct folding and post-translational 

modification of antibodies and is in line with the large majority of clinically approved 

mAbs which are produced using mammalian systems (Ecker et al., 2015). However, this 

system remains an expensive option for mAb production. On continuation of these studies 

it would be useful to perform production optimisation studies, for example varying the 

transfection reagent:DNA ratio or the co-transfection of different vectors encoding 

expression enhancing proteins, as described by others (Vink et al., 2014). Alternatively, 

the generation of a stable Chinese Hamster Ovary (CHO) cell line may result in production 

of increased amounts of mAb at a reduced cost. Exploration of alternative formats for 

mAb production such as E.coli and yeast systems may also be advantageous particularly if 

glycosylation of the mAb is not required (Simmons et al., 2002; Robinson et al., 2015). 

5.5.3. Industrial perspective  

Systems for the production of mAbs have advanced significantly over the past decade as a 

result of increased demand and desire to reduce cost. Batch fed processes and continuous 

perfusion systems have become common, resulting in yields of 1-5 g/L (Kelley, 2009). 

Further, purification systems are continuously advancing to ensure products adhere to 

parameters set out by regulatory agencies. Collaborating with international biotechnology 

company Genmab has provided an opportunity to gain insight into an example of such 

large scale mAb production and purification. Development of therapeutic quantities of 
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products arising from these DuoBody precursors would involve translation into a large 

scale production setting.  

With increasing numbers of aglycosylated mAbs in clinical trials (Ju and Jung, 2014), the 

benefits of these modified mAbs are becoming evident. This modification prevents the 

issue of glycan heterogeneity as a result of different mammalian production systems 

(Raju, 2013), and allows tighter control of immune stimulation. These factors, combined 

with advances in novel, cost effective production systems for aglycosylated structures, is 

encouraging for the production of the DuoBody constructs discussed.  

5.6. Summary  

As a prelude to the production of bispecific DuoBody molecules, IgG precursors were 

produced and analysed which confirmed no off-target effects upon incorporation of the 

CH3 domain mutations required for DuoBody formation.  

It was possible to engineer, produce and characterise an IgG construct lacking an N-linked 

glycan at position 297. Results indicated this mutation was sufficient to reduce FcγR 

effector function. 

Together, these results provide a strong foundation for subsequent Fab-arm exchange and 

biMab production described in Chapter 6.  
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Chapter 6: Characterisation of DuoBody Molecules Specific for 

Hapten NIP and Immune Stimulating Receptor CD64 

6.1. Introduction 

Bridging of immune effector cells and tumour targets via bispecific antibodies (biMabs) 

may provide an effective means of tumour destruction (Figure 6-1). For example, use of 

mAb H22, specific for CD64 (FcRI) has shown promise in vitro in a bispecific format when 

the second arm targets a tumour specific antigen. In a pioneering study in 1997, Keler and 

colleagues characterised a biMab specific for CD64 and HER-2. They demonstrated that 

the chemically cross-linked F(ab’) fragments could induce specific lysis of HER-2 expressing 

cell lines by polymorphonuclear cells (PMN) in the presence of cytokines, IFN-γ and 

granulocyte colony-stimulating factor (Keler et al., 1997). In a similar study, a biMab 

structure with specificity towards CD64 and CD30 was described and characterised for 

potential in Hodgkin’s Lymphoma treatment. The construct had the capacity to induce 

ADCC and phagocytosis in vitro (Sundarapandiyan et al., 2001). 

Phase I clinical trials were carried out with these bispecific constructs and although they 

were very well tolerated, they did not demonstrate significant efficacy (Van Ojik et al., 

1997; Borchmann et al., 2002). A single phase II trial has been carried out with an anti 

HER2 x CD64 bispecific construct for the treatment of prostate cancer, again showing low 

levels of toxicity however encouragingly, in this case, some positive biological responses 

were recorded (James et al., 2001).  
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Figure 6-1. Bispecific antibody (biMab) approaches to harness the immune system for tumour 

destruction. BiMabs can bind to tumour specific antigens (shown in red) and simultaneously bind 

immune cell receptors to induce antibody-dependent cell-mediated cytotoxicity (ADCC), phagocytosis or 

T-cell mediated cytotoxicity as shown. 
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In light of some of these results, an in-depth analysis of the use of CD64 in a biMab format 

was carried out in 2000. A range of biMabs with specificity towards different tumour 

antigens were analysed and found to demonstrate superior tumour lysis, in vitro and in 

vivo, when compared to their monospecific parent antibodies (Honeychurch et al., 2000).  

However, discrepancies between in vitro and in vivo results, as well as between biMabs 

targeting different tumour antigens, made specific mechanisms difficult to elucidate. Thus, 

further studies in the use of CD64 in a biMab format are essential.  

The use of DuoBody technology invites an exciting opportunity to gain a fuller 

understanding of how a CD64 targeting biMab may be useful in a clinical setting. 

Suggestions for the lack of efficacy demonstrated in clinical trials thus far have surrounded 

the short half-life of constructs and the requirement of high ratios of effector cells:target 

cells. The DuoBody format would retain the pharmacokinetic profile of wild-type IgG 

overcoming any half-life issues. Moreover, the additional benefit of targeting CD64 

through both variable regions and the Fc region may increase the effector cell:target cell 

ratio required for tumour lysis.   

6.2. Chapter Aims 

The aim of this chapter was to carry out controlled Fab-arm exchange with the parent 

antibodies, specific for NIP and CD64, that were described in Chapter 5. This would 

provide the first example of a biMab, in the DuoBody format, specific for these antigens. 

Secondly, the purpose of this chapter was to utilise ELISA-based methods to assess 

bispecificity of the new constructs, and finally to determine if these may have a role in 

immune-mediated cell destruction. 
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6.3. Materials and Methods 

6.3.1. Fab-arm exchange  

Fab-arm exchange was carried out at facilities in Genmab, Utrecht assisted by Mr 

Benjamin Barasa.  

750 mM 2-mercaptoethylamine-HCl (2-MEA) was prepared in PBS. Mixtures of IgG 

homodimers, prepared in Chapter 5, PBS and 2-MEA were prepared in 50 mL 

polypropylene tubes as described in Table 6-1 (an additional IgG - anti-GP120 F405L - was 

supplied by Genmab to prepare control bsIgG GP120 x NIP). Tubes were vortexed gently 

to mix and were incubated for 5 hours at 31 oC. 

 

 

 

 

 

 

 

Post-incubation, Slide-A-Lyzers (10,000 MWCO) dialysis cassettes (Thermo Scientific) were 

equilibrated in PBS for 10 minutes. DuoBody samples were added to dialysis cassettes 

using a 1 mL syringe and needle and were dialysed by stirring in 2 L PBS for 1 hour at room 

temperature (RT) followed by overnight at 4 oC in 2 L fresh PBS. Samples were removed 

Table 6-1. Volumes of IgG homodimer and substrate added to each reaction for Fab-arm exchange. 

Homodimer A contains the F405L mutation whilst homodimer B contains the K409R mutation. Bispecific 

DuoBody moelcules (bsIgG) are named Homodimer A x Homodimer B. 

PBS: phosphate buffered saline. 2-MEA: 2-Mercaptoethylamine-HCl 
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from dialysis cassettes, using a 1 mL syringe and needle, and filtered over 13 mm 0.2 µM 

surfactant-free cellulose acetate filters (Nalgene). The concentration of DuoBody samples 

was determined by absorption at OD 280 nm using a Nanodrop UV-Vis prior to further 

analysis.  

6.3.2. Cation exchange chromatography (CIEX) 

 200 µl of each sample was buffer exchanged using Amicon Ultra-0.5 mL centrifugal filter 

units (Millipore) as per manufacturer’s instructions into CIEX Buffer A (10 mM sodium 

phosphate; pH 7.0). CIEX was carried out by Benjamin Barasa using a ProPac WCX-10 

analytical column (Dionex) on a Waters Alliance 2795 separation module. 25 µl of each 

sample was injected onto the column at a flow rate of 1 mL/min. The protein was eluted 

using the programme detailed in Table 6-2 using CIEX buffer B (10 mM sodium phosphate, 

0.5 M NaCl; pH 7.0) and CIEX buffer C (10 mM sodium phosphate, 0.75 M NaCl; pH 7.0). 

Elution was measured by UV absorbance at 280 nm using Waters 2487 dual λ absorbance 

detector. Graphs were generated using Empower 3 software. 

 

 

 

 

 

 

Table  6-2. Percentage of cation exchange chromatography (CIEX) buffers used 

at increasing time points to elute DuoBody Molecules from ProPac WCW-10 

analytical column.  

Buffer A: 10 mM sodium phosphate; pH 7. Buffer B: 10 mM sodium phosphate, 

0.5 M NaCl; pH 7. Buffer C: 10 mM sodium phosphate, 0.75 M NaCl; pH 7. 
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6.3.3. SDS-PAGE 

SDS-PAGE was carried out as described in Section 2.2.3.3. Specifically, 1 μg of each sample 

was analysed under reducing and non-reducing conditions on a 12 % polyacrylamide gel. 

The gel was stained with PageBlue protein stain solution (Thermo) as described in Section 

2.2.3.4. 

6.3.4. Bispecific ELISA 

NIP-BSA (prepared as in Section 2.2.3.2.) was diluted to a final concentration of 1 µg/mL in 

fresh Coating Buffer and 100 µl was added to each well of a 96-well Nunc Maxisorp 

Immunoplate (Thermo) overnight at 4 oC. Wells were washed with H2O (x5). 5 % (w/v) 

non-fat milk (Marvel) was prepared in PBS-Tween 20 (PBS-T) and 200 µl incubated in each 

well for 1 hour at RT. Wells were washed with H2O (x5). bsIgG CD64 x NIP, bsIgG CD64 x 

NIP N297Q, αNIP IgG and αCD64 IgG were prepared at 50 µg/mL in PBS-T and 10 doubling 

dilutions prepared. 100 µl of each concentration was added to the 96-well plate in 

triplicate. Following incubation for 1 hour at RT wells were washed with H2O (x5). Anti-

human kappa light chain (Sigma) was diluted 1:2000 in PBS-T and 100 µl incubated in each 

well for 1 hour at RT. Wells were washed with H2O (x5). 100 µl SureBlue TMB 1-

Component Microwell Peroxidase Substrate (KPL) was added to each well and absorbance 

measured on a plate reader at 630 nm. Mean values of triplicate wells were calculated 

and plotted using Microsoft Excel.  

6.3.5. Bispecific flow cytometry assay 

K562 cells and THP-1 cells were collected and washed three times by centrifugation at 200 

g for 5 minutes in FACS buffer (PBS containing 0.5 % BSA, 0.05 % sodium azide, pH 7.4). 1 x 
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106 cells were added to a microfuge tube (1 tube per sample) for analysis. If required, 

samples were blocked by incubating with 100 µl 250 µg/mL IgG1 kappa from human 

plasma (Sigma) in FACS buffer for 1 hour at 4 oC. Cells were washed by centrifugation at 

200 g for 5 minutes in FACS buffer. bsIgG CD64 x NIP, bsIgG CD64 x NIP N297Q, αNIP IgG, 

αNIP IgG N297Q and αCD64 IgG were prepared at 50 µg/mL in FACS buffer. 100 µl of each 

antibody was added to the appropriate cell pellet and incubated for 1 hour at 4 oC. Cells 

were washed by centrifugation at 200 g for 5 minutes in FACS buffer (x3). NIP-BSA-FITC 

was diluted to 50 µg/mL in FACS buffer and 100 µl added to each cell pellet and these 

were incubated for 1 hour at 4 oC. Cells were washed by centrifugation at 200 g for 5 

minutes (x3) and resuspended in 1 mL FACS buffer for analysis. Samples were analysed in 

5 mL polystyrene round bottom tubes (BD Falcon) using a FACSCanto flow cytometer and 

data produced using FloJo Software. 

6.3.6. Phagocytosis assay  
 

THP-1 cells, which express CD64, were seeded at a density of 4 x 105 cells/mL in a 12 well 

plate (2 mL/well) and grown in RPMI + 10 % FBS overnight at 37 oC, 5 % CO2. bsIgG CD64 x 

NIP, bsIgG CD64 x NIP N297Q, bsIgG GP120 x NIP, αNIP IgG, αNIP IgG N297Q and αCD64 

IgG were diluted to 40 µg/µl in PBS and 120 µl of each was incubated with 240 µl 10 % 

NIP-sRBCs (prepared as in Section 4.3.4.1.) for 1 hour at 37 oC. After incubation, the 

coated sRBCs were washed by centrifugation at 400 g for 5 minutes (x3) and diluted to a 

suspension of 1 % in PBS.  500 µl of 1 % Ig-coated sRBC were added to the THP-1 effector 

cells and either incubated for 4 hours at 37 oC, 5 % CO2 or at 4 oC. Cells were harvested, 

washed by centrifugation at 200 g for 5 minutes, and resuspended in 1 mL RBC lysis buffer 
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(150 mM NH4Cl; 10 mM NaHCO3; 1 mM EDTA) for 10 minutes at RT.  Cells were washed by 

centrifugation at 200 g for 5 minutes (x3) and resuspended in 1 mL PBS for flow cytometry 

analysis using FACSCanto, taking advantage of the autofluorescence of sRBC. Data was 

produced using FloJo Software. 

6.4. Results 

6.4.1. Formation of DuoBody molecules by Fab-arm exchange 

Immunoglobulin G (IgG) molecules with mutations to drive DuoBody formation were 

produced and characterised in Chapter 5. These were transferred to facilities at Genmab 

BV, Utrecht to carry out controlled Fab-arm exchange. To adhere to standard 

nomenclature at this facility, IgG with the F405L mutation was designated Homodimer A 

(this included αCD64 IgG and αCD64 IgG N297Q) and IgG with the K409R mutation was 

designated Homodimer B (this included αNIP IgG and αNIP IgG N297Q). As planned, two 

DuoBody molecules, termed bsIgG, were prepared: bsIgG CD64 x NIP and bsIgG CD64 x 

NIP N297Q. For future analysis of DuoBody function it was important to produce an 

additional control DuoBody with a parent anti-gp120 IgG F405L supplied by Genmab to 

prepare bsIgG GP120 x NIP.  

Cation exchange chromatography (CIEX) was used to analyse the success of the Fab-arm 

exchange reaction. Figure 6-2 shows chromatograms from such analysis. Parent IgGs were 

analysed to obtain their elution profile and these were overlaid on the CIEX analysis of the 

DuoBody molecules to identify residual parental antibody in the DuoBody preparation. 

The profile of the DuoBody bsIgG is shown in black. The areas under the peaks shown in 
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the black profile were calculated - those which matched that of a parent peak were 

designated to that IgG and the peak central to the two parent antibodies was designated 

as the bsIgG. From these calculations it was established that > 80 % bsIgG was produced in 

each case. This process was therefore highly successful. The bsIgGs were transferred to 

the University of Dundee for further analysis.  
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Figure 6-2. Cation Exchange Chromatography (CIEX) profile of DuoBody molecules. Parent antibodies (red 
and blue) and DuoBody mixture post-exchange (black) were analysed by CIEX. This was carried out on a 
ProPac WCX-10 analytical column (Dionex) and elution was monitored by detection of absorbance at 280 nm 
(OD 280) using a Waters 2487 dual λ absorbance detector. Graphs were overlaid to show where parental 
antibodies eluted from the column. The black line shows the DuoBody construct and residual parent 
antibodies. The area under each black peak was quantified, giving the percentage of DuoBody produced and 
the amount of residual parent antibody. This information is summarised in a table below each graph.  
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6.4.2. Characterisation of DuoBody molecules 

Initial analysis of DuoBody bsIgGs utilised an SDS-PAGE gel to check that re-oxidation of 

the bsIgG was complete after removal of the reductant. Moreover, it was important to 

determine whether any structural modifications had resulted as a consequence of carrying 

out the Fab-arm exchange reaction. Comparison to parental IgG under reducing and non-

reducing conditions confirmed that bsIgG CD64 x NIP and bsIgG CD64 x NIP N297Q were 

molecules of 150 kD molecular mass, with no significant breakdown product. Under 

reducing conditions, heavy and light chains could be seen at 50 kDa and 25 kDa 

respectively, as anticipated (Figure 6-3).  



216 
 

 

 

 

 

Figure 6-3. SDS-PAGE analysis of DuoBody molecules. Parent antibodies and DuoBody molecules post-
exchange (bsIgG) were analysed on PageBlue stained SDS-PAGE gels. The positions of molecular weight 
markers (kDa) are indicated on the left. (A) αCD64 IgG F405L and αNIP IgG K409R were converted to bsIgG1 
CD64 x NIP with no apparent structural modifications as shown under reducing and non-reducing conditions. 
(B) αCD64 IgG F405L N297Q and αNIP IgG K409R N297Q were converted to bsIgG1 CD64 x NIP N297Q with 
no apparent structural modifications as shown under reducing and non-reducing conditions.  



217 
 

A second analysis of the DuoBody structures was carried out in the form of an ELISA-based 

assay. The ability of bsIgG structures to bind to immobilised NIP-BSA was analysed. 

Binding was detected by an anti-human kappa light chain antibody conjugated to HRP 

chosen to specifically bind to the CD64-specific light chain, and not that of the NIP-specific 

arm. The fact that absorbance was recorded with the bsIgG constructs but not with either 

parent IgG confirmed the bispecific nature of the bsIgG proteins. Moreover, both bsIgG 

molecules could bind NIP-BSA in a saturable manner in a nanomolar concentration range, 

suggesting that Fab-arm exchange had not had an effect on NIP binding capacity (Figure 6-

4). 

 

 

 

 

Figure 6-4. ELISA showing that DuoBody molecules specific for NIP and CD64 (bsIgG CD64 x NIP and 
bsIgG CD64 x NIP N297Q) were able to bind to NIP-BSA as detected by anti-human kappa light chain 
(specific for the CD64 light chain). bsIgG CD64 x NIP and bsIgG CD64 x NIP N297Q bound in a saturable 
manner to NIP-BSA. αCD64 IgG and αNIP IgG controls respectively lacked the ability to bind to NIP or to be 
detected by an antibody specific for kappa light chain. Data points represent the mean ± StdDev of 
triplicate wells. Results representative of two independent experiments are shown.  
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To gain insight into how bsIgG CD64 x NIP and bsIgG CD64 x NIP N297Q may interact with 

CD64 to induce immune stimulation, interaction with THP-1 cells was analysed by flow 

cytometry. As discussed previously, THP-1 cells express high levels of CD64 and are 

therefore an appropriate model for this study. Both bsIgG constructs of interest and 

control antibodies were incubated with THP-1 cells to allow potential interaction with 

CD64 via the H22 variable region or IgG Fc domains. NIP-BSA-FITC was then added firstly, 

to test whether the bsIgG constructs had the ability to bind to two antigens 

simultaneously and secondly, to assess how the constructs were binding to CD64. 

Additionally, an excess of IgG1 was added to half of the cell samples prior to the antibody 

of interest to saturate CD64. Since IgG can reach levels up to 10 mg/mL in human serum, 

this may give a more    physiologically relevant idea of bsIgG action.  

The flow cytometry results shown in Figure 6-5 indicate that all the bsIgG molecules and 

αNIP IgG were able to bind to both CD64 on the surface of THP-1 cells and NIP-BSA-FITC. 

This binding is evident from the increased FITC intensity compared to that seen with 

control incubations in which only NIP-BSA-FITC was added to the THP-1 cells. Introduction 

of an excess of IgG1 reduced the ability of all antibody constructs to bind to CD64.  
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Due to the normal distribution of these peaks, it was possible to quantify bispecific 

antigen binding by taking the median fluorescence intensity (MFI) of each sample which 

allowed further conclusions to be drawn. Figure 6-6 summarises the MFI results from the 

flow cytometry assay.   

 

 

 

Figure 6-5. DuoBody molecules demonstrated binding to CD64 and NIP in a flow cytometry assay. THP-

1 cells were probed with bsIgG CD64 x NIP (A); bsIgG CD64 x NIP N297Q (B); bsIgG GP120 x NIP (C) and 

αNIP IgG (D) in the presence (+ IgG Block) and absence (No block) of excess IgG1. Binding was detected 

by probing with NIP BSA-FITC. Increased FITC intensity with all antibody constructs (solid line) compared 

to control cells incubated with NIP-BSA-FITC alone (dashed line) revealed that all constructs could bind to 

CD64 and NIP. The IgG1 block reduced FITC intensity and thus the binding capacity of all constructs to 

CD64. THP-1 samples were probed with control antibodies: αNIP IgG N297Q (E) and αCD64 IgG (F) which 

demonstrated no significant increase in FITC intensity highlighting their lack of ability to bind to CD64 

and NIP respectively.  Results representative of four samples over two independent experiments are 

shown. Data was normalised to show each cell sample as a percentage of the maximum count as shown 

on the Y axis. 
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αNIP IgG produced a high MFI, presumably by its ability to bind NIP-BSA-FITC via variable 

regions and CD64 via the Fc domain. This binding was reduced by removal of the N-linked 

glycan via N297Q mutation (as shown by NIP IgG N297Q), consistent with this mutation 

preventing binding of the Fc domain to CD64. Further, addition of excess IgG1 (designated 

IgG block) reduced the MFI by competitive inhibition of αNIP IgG binding to CD64 via its Fc 

region. Residual MFI in the IgG block samples suggests incomplete saturation of CD64. 

Nevertheless, the reduction is sufficient for this study.  

Figure 6-6. Summary of the ability of DuoBody molecules to bind to antigens CD64 and NIP assessed by 

flow cytometry. The median fluorescence intensity (MFI) of binding of each antibody construct to THP-1 

cells and NIP-BSA-FITC was calculated using FloJo software. The MFI value of control THP-1 cells (addition 

of only NIP-BSA-FITC) was subtracted. Each antibody is shown ± IgG1 block. Data points were an average 

of four samples over two independent experiments and error bars indicate StdDev.  
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Incubation of bsIgG CD64 x NIP resulted in increased MFI compared to that for control 

cells. This MFI value could represent the bsIgG binding to CD64 via the H22 variable 

domains but also via the Fc domain, with subsequent binding to NIP-BSA-FITC. The MFI 

value decreased on addition of IgG1 block indicating that this reduced the ability of bsIgG 

CD64 x NIP to bind to CD64 via the Fc domain, the variable domain, or both. 

Incubation of bsIgG CD64 x NIP N297Q also resulted in an increased MFI compared to that 

seen for control samples. This binding presumably arises through the bsIgG binding to 

CD64 via the H22 variable domain and then to NIP-BSA-FITC, confirming the bispecific 

nature of this construct. It was interesting to note the lower MFI seen upon addition of 

saturating levels of IgG1 (IgG block). The H22 variable domain binds to a different region 

of CD64 than the interaction site for the IgG Fc domain. Therefore, this suggests the 

decrease may be due to difficulties in accessibility to the H22 epitope in the presence of 

saturating levels of IgG1 engaging CD64 at the cell surface.  

The benefits of binding to CD64 via the variable region of a bsIgG are clearly identified in 

this assay. In the presence of an IgG1 block, bsIgG CD64 x NIP demonstrated increased 

ability to bind to both CD64 and NIP compared to IgG wt (NIP IgG).   

It is important to note that when IgG1 was not used to block CD64, αNIP IgG 

demonstrated a high level of MFI, presumably due to its bivalent nature allowing 

increased binding to NIP-BSA-FITC (since every NIP IgG molecule should be able to bind 

to two NIP-BSA-FITC molecules). Control bsIgG NIP x B12 was therefore included in the 

experiment as it bound to NIP monovalently, and to CD64 via the Fc region alone. When 

bsIgG CD64 x NIP was compared to this control a higher relative MFI was seen, 
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highlighting the additional benefit of the CD64 binding arm, which has the potential to 

bring more immune cells into close proximity to the NIP antigen.   

The use of K562 cells as a control cell type which lacks CD64 expression but expresses 

other FcγRs (Figure 6-7) suggested that the bsIgG molecules did not bind to other FcγRs in 

this format. This therefore reduces the potential of uncontrolled immune stimulation in 

the circulation following undesired engagement of alternative FcγRs. 

 

 

 

 

 

 

 

Figure 6-7. DuoBody molecules did not demonstrate binding to K562 cells as assessed by flow 

cytometry. No increase in fluorescence intensity was seen upon addition of bsIgG CD64 x NIP or bsIgG 

CD64 x NIP N297Q to K562 cells, using NIP-BSA-FITC as detecting agent. Lack of binding of these bsIgGs 

to K562 cells meant that they were not present to capture NIP-BSA-FITC and therefore showed no 

increased FITC read-out. Results representative of four samples over two independent experiments are 

shown. Data was normalised to show each cell sample as a percentage of the maximum count as shown 

on the Y axis. 
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The ability of the DuoBody molecules studied to bind to both CD64 and NIP indicated that 

they should have the capacity to induce immune-mediated cell destruction against NIP-

derivatised target cells. This theory was tested using a flow cytometry based phagocytosis 

assay. NIP-derivatised sRBCs were opsonized with either bsIgG or IgG of interest prior to 

being incubated with the THP-1 cell line, which has been previously shown to be capable 

of phagocytosis. Incubation for 4 hours at 37 oC was found to provide sufficient time for 

THP-1 cells to phagocytose opsonized sRBCs. The autofluorescent nature of the sRBCs 

allowed fluorescence intensity to be an indicator of how effective the phagocytosis 

process was in each sample. The results in Figure 6-8 show increased fluorescence 

intensity of THP-1 cells after incubation with sRBCs opsonized with bsIgG CD64 x NIP (A), 

bsIgG CD64 x NIP N297Q (B), bsIgG gp120 x NIP (C), and αNIP IgG (D) compared to control 

THP-1 cells incubated with un-opsonized sRBCs. The results indicate that these constructs 

induced phagocytosis of sRBCs via CD64 under the conditions studied. Control samples 

with αNIP IgG N297Q and αCD64 IgG failed to show any increase in fluorescence intensity 

(Figure 6-8E and F) 
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Figure 6-8.  DuoBody constructs induced phagocytosis of NIP-derivatised sheep red blood cells 

(sRBCs) via immune receptor CD64 as assessed by flow cytometry. THP-1 cells show an increase in 

fluorescence intensity on addition of sRBCs opsonized with bsIgG CD64 x NIP (A); bsIgG CD64 x NIP 

N297Q (B); bsIgG gp120 x NIP (C) and αNIP IgG (D) (solid line) compared to control THP-1 cells with un-

opsonized sRBCs (dashed line). This suggests phagocytosis of autofluorescent sRBCs. αNIP IgG N297Q 

(E) and αCD64 IgG (F) failed to induce phagocytosis of sRBCs highlighting their lack of ability to bind to 

CD64 and NIP respectively. Results representative of four samples over two independent experiments 

are shown. Data were normalised to show each cell sample as a percentage of the maximum count as 

shown on the Y axis. 
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The normal distribution of the cell samples analysed by flow cytometry made it possible to 

use the median fluorescence intensity as a read-out for phagocytosis. These data are 

summarised in Figure 6-9.   

 

 

 

 

 

As expected, all the bsIgG constructs and αNIP IgG induced phagocytosis of sRBCs, 

presumably by engaging CD64 either via their H22 variable domain or their Fc region. 

Antibodies αNIP IgG N297Q and αCD64 IgG failed to induce any phagocytosis, presumably 

due to lack of ability to engage CD64 or ability to bind to NIP respectively. It is assumed 

that bsIgG CD64 x NIP N297Q induced phagocytosis solely via its H22 binding region and 

Figure 6-9. Summary of the ability of DuoBody molecules to induce THP-1 phagocytosis of opsonized NIP-

derivatised sheep red blood cells (sRBCs). The median fluorescence intensity (MFI) arising from each 

antibody construct binding to the surface of NIP-sRBCs and inducing phagocytosis via CD64 on the surface 

of THP-1 cells was calculated using FloJo software. The MFI value of control THP-1 cells (incubated with 

unopsonized sRBCs only) was subtracted from all values. Data points are an average of four samples over 

two independent experiments and error bars indicate StdDev.  
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the level seen was in a similar range to that of bsIgG GP120 x NIP which presumably could 

engage with CD64 solely through the Fc domain. Interestingly, bsIgG CD64 x NIP showed 

the largest MFI and therefore stimulated the maximum amount of phagocytosis. Thus, the 

ability to bind to CD64 via both the H22 variable domain and the Fc region appears to 

result in increased ability to induce immune stimulated cell destruction in comparison to 

IgG wt (αNIP IgG). 

To ensure this fluorescence read out was due to phagocytosis and not simply sRBCs 

becoming associated with the cell surface, a RBC lysis buffer was used to remove any 

residual surface sRBCs. Moreover, control incubations were carried out at 4 oC, a 

temperature which should inhibit phagocytosis. The results shown in Figure 6-10 confirm 

that no changes in fluorescence intensity were detected at 4 oC, confirming that the 

fluorescence seen in this assay is an indicator of phagocytosis. 
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6.5. Discussion  

Immunoglobulin G1 molecules with mutations designed to drive DuoBody formation were 

prepared in Chapter 5. Here, Fab-arm exchange was carried out with these constructs, 

successfully producing two bispecific DuoBodies: bsIgG CD64 x NIP and bsIgG CD64 x NIP 

N297Q. A third bsIgG specific for GP120 and NIP was also produced to act as a control for 

further experiments. Each Fab-arm exchange reaction yielded over 80 % bsIgG.  

Analysis of these bsIgG constructs in both bispecificity assays and an in vitro phagocytosis 

model experiment, allowed us to conclude that targeting CD64 via the variable region of a 

bsIgG may have clinical benefit over targeting CD64 via the Fc domain alone. These results 

Figure 6-10. DuoBody molecules did not induce phagocytosis of opsonized sRBCs by THP-1 cells at 4 
o
C. Addition of bsIgG CD64 x NIP and bsIgG CD64 x NIP N297Q (solid lines) did not result in higher 

fluorescence intensity than controls with un-opsonized sRBCs (dashed line) when incubated at 4 
o
C. 

Results representative of four samples over two independent experiments are shown. Data were 

normalised to show each cell sample as a percentage of the maximum count as shown on the Y axis. 
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have provided a strong basis for future experiments with bsIgGs targeting CD64 in 

combination with a tumour antigen.  

6.5.1. Fab-arm exchange  

Fab-arm exchange was carried out under standard operating procedures at facilities in 

Genmab, Utrecht and resulted in > 80 % bsIgG production. This value was generated by 

analysis of the chromatogram produced by cation exchange chromatography (CIEX) which 

separates IgG molecules based on their isoelectric point (pI). This method relies on 

sufficient differences in parent IgG pI to show separation of retention times on the 

resultant chromatogram. In theory, the bsIgG should have a pI, and therefore a retention 

time, halfway between the two parent antibodies. If this level of separation isn’t possible 

alternative methods of determining FAE efficiency are available such as Mass 

Spectrometry. LC-ESI-MS (liquid chromatography-electrospray ionisation-mass 

spectrometry) provides a means to detect very small differences in the mass of proteins 

and thus can be used to evaluate levels of parent IgG and bsIgG in a DuoBody preparation 

(Labrijn et al., 2009; Rose et al., 2011; Labrijn et al., 2013). This has the added benefit of 

utilising a very small amount of DuoBody sample.  

 As a result of posttranslational modifications, various acidic and basic species (charge 

variants) of IgG are produced. These variants are now well characterised and their 

influence in vivo is being questioned (Khawli et al., 2010; Du et al., 2012). This is discussed 

in more detail in Chapter 7. Charge variants are evident as smaller peaks in the 

chromatograms displayed in Figure 6-2. Due to the low level of separation between parent 

IgG molecules in this case we were unable to take these charge variants into account 
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when calculating the percentage of bsIgG formed. Charge variants can cause discrepancy 

when calculating the percentage of bsIgG produced by having a retention time that is 

almost identical to a parent IgG. An example of this is in Figure 6-2C which suggested that 

17.5 % of αGP120 parent antibody remained in the final preparation. It is possible that a 

proportion of the residual parent peak seen in the chromatogram may be a bsIgG charge 

variant. This possibility is difficult to confirm using CIEX. Again, analysis by LC-ESI-MS 

would resolve this issue.  

Here, FAE was very efficient in producing > 80 % bsIgG. However, it is possible to 

introduce error in this process which may result in residual parental IgG and lower than 

expected bsIgG production. Sources of error can include discrepancies in calculating the 

concentration of parent IgG before carrying out FAE. In this case, the concentration was 

calculated during the production process at the University of Dundee but also immediately 

prior to the FAE reaction in Utrecht to help ensure accuracy. Further sources of error can 

result from lack of homogeneity in solution of the parent IgG, or from pipetting 

inaccuracies. IgGs prone to aggregation can also decrease bsIgG production. This problem 

can be prevented by carrying out size exclusion chromatography prior to DuoBody 

production. If required, the input ratio of homodimer A:homodimer B can be altered to 

ensure none of either homodimer is remaining after Fab-arm exchange. This approach 

may be necessary if further experiments have the potential to be influenced by one 

particular homodimer. In this case, it was sufficient to use a 1:1 ratio of homodimer A: 

homodimer B and no significant error could be detected in the preparation of parent 

antibodies for DuoBody production.  
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6.5.2. BsIgG mechanism of action 

Analysis of the binding properties of the bsIgGs produced was carried out to give an 

indication as to how they might interact with immune target cells and the second antigen 

in vivo.  

mAb H22 binds to an alternative region of CD64 to that which forms the interaction site 

for the IgG Fc domain. Thus, it might be expected that even in the presence of high 

concentrations of IgG1, this variable region would still demonstrate binding to CD64. This 

was confirmed in the flow cytometry binding assay in Figure 6-5. However, a reduction of 

fluorescence intensity was observed on addition of saturating levels of IgG1. This suggests 

that IgG1 either had a steric effect, inhibiting access of the H22 bispecific arm or, upon 

binding to CD64, induced a conformational change that modified the H22 epitope. Others 

have observed that this effect is also apparent in reverse – when an H22 specific mAb is 

bound to CD64, binding of other IgG molecules via their Fc regions is reduced (Hristodorov 

et al., 2014); suggesting that the reason is most likely to be steric hindrance. Moreover, 

recent structural evidence has suggested IgG1 may adopt a unique linear conformation 

when bound to CD64 (Kiyoshi et al., 2015). If this conformation is confirmed with further 

crystallographic evidence, it may provide strong reasoning for a steric hindrance effect.   

It was possible to translate the results from the bispecific binding assay into a mechanism 

of action using a flow cytometry based phagocytosis assay. Most interestingly, 

engagement of CD64 via the H22 variable region alone appeared to have the ability to 

induce phagocytosis of opsonized sRBCs. Moreover, when paired with an active Fc region 

in bsIgG CD64 x NIP, the H22 binding domain had an additive effect, inducing a higher 
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level of phagocytosis compared to αNIP IgG wt. This finding provides key evidence that 

the H22 domain in the form of a DuoBody molecule may provide a strong therapeutic 

advantage over immune induction mediated by the Fc region alone. 

In 1997, Keler and colleagues concluded that in the presence of a biMab with specificity 

towards CD64 and HER2, only cells overexpressing HER2 were lysed by immune effector 

cells when compared to cells expressing low levels of HER2 (Keler et al., 1997).  This 

suggests there is, perhaps, a threshold for receptor cross-linking that must be reached 

prior to CD64 receptor activation via the H22 variable domain. Accordingly, it may be 

interesting to titrate levels of NIP on the surface of varying cell types to assess whether 

cell surface concentrations of the second antigen affects CD64-mediated effector function 

by the DuoBody molecules. Such analysis would help clarify the suitability of this bsIgG 

format for use against different tumour antigens that are known to be expressed on 

tumour cells at high or low densities.  

CD64 has been targeted to amplify the T cell response to weak antigens (Liu et al., 1996; 

Keler et al., 2000). On stimulation, this receptor can mediate both MHC class II antigen 

presentation as well as cross-presentation of antigen on MHC class I and MHC class II 

molecules (Amigorena and Bonnerot, 1999). The role of FcRn in this process is currently 

being questioned. This receptor is documented to have a key role in the routing of the 

target antigen through endocytic compartments for its surface presentation (Baker et al., 

2011).  

Thus the capacity of a biMab to bind to FcRn may be essential in its ability to effectively 

present antigen. In future it may be possible to develop an antigen presentation model 
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with this non-biological hapten to assess how this bsIgG may enhance adaptive immunity 

(Karttunen and Shastri, 1991).  

The results shown here and the potential future experiments discussed emphasise the 

value of developing a model DuoBody based on readily available reagents and where 

experience is abundant, prior to producing tumour-specific versions.  

6.5.3. Use of mAb H22 in a clinical setting  

Targeting CD64 by utilising the H22 variable domain provides a means of interacting with 

FcγRI alone, avoiding stimulation of other FcγRs. The outcome of immune complex 

stimulation following FcγR interaction has been proposed to depend on the ratio of 

activating:inhibitory Fc receptors engaged (Clynes et al., 1999; Nimmerjahn et al., 2005). 

Therefore, by preventing binding to the inhibitory receptor, CD32b, immune stimulation 

by CD64-specific bsIgG may be significantly enhanced (compared to wild type IgG) 

resulting in increased clinical benefit.  

Further, the potential to use such constructs in combination with cytokines, interferon-γ 

or granulocyte colony-stimulating factor (G-CSF) is clinically appealing. Both cytokines 

have been shown not only to increase cellular CD64 expression but to enhance ADCC 

(Kakinoki et al., 2004). On characterisation of CD64 specific biMabs in transgenic mouse 

models, Honeychurch and colleagues described G-CSF treatment as an “absolute 

requirement” to detect any therapeutic effect (Honeychurch et al., 2000). As standard, 

many clinical trials have incorporated G-CSF treatment into the dosing regimen alongside 

administration of CD64 specific treatment (James et al., 2001; Repp et al., 2003). 

However, a unique clinical trial which attempted to directly compare the effects of a CD64 
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x EGFR biMab with and without G-CSF failed to reach completion due to safety concerns in 

the G-CSF treated group (Fury et al., 2008). This highlights the importance of utilising this 

approach with caution.   

6.5.4. Industrial perspective  

Here, Fab-arm exchange as a means of biMab production was straightforward and cost-

effective. There was success in gaining > 80 % bsIgG yield on first attempt and the 

resultant DuoBody molecules were analysed to provide a basis for the use of H22 in this 

format. In the future, the possibility of a large scale Fab-arm exchange reaction for further 

characterisation of this construct should be considered. The ability to implement large 

scale production techniques for mAbs is crucial for commercial application. In this 

instance, difficulties may arise not only in scaling-up the production of the parent IgGs but 

throughout the FAE reaction. Utilising different, large-scale equipment and handling large 

volumes may introduce error in this process. Encouragingly, DuoBody molecules have 

been produced on a commercial scale, with 25 L FAE reactions yielding > 95 % bsIgG 

(Gramer et al., 2013). This method of biMab production is therefore very appealing in 

both an industrial and academic setting.  

6.6. Summary 

The results presented in this chapter confirmed that it was possible to successfully carry 

out Fab-arm exchange on the IgG constructs characterised in Chapter 5, confirming one of 

the key study hypotheses. This approach resulted in the production of > 80 % bsIgG as 

established by CIEX. Binding assays and a phagocytosis model indicated that targeting 

CD64 via the variable domain of a DuoBody molecule, with and without an active Fc 
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region, may have therapeutic benefit in a cancer setting. These results provide the first 

example of a DuoBody which targets immune cells via CD64 and will therefore be a 

valuable addition to this field which has tended to focus on the use of F(ab’) fragments. 

Further, they provide a strong rationale for the future production and characterisation of 

DuoBody constructs specific for CD64 and tumour antigens of interest.    
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Chapter 7: General Discussion  
 

In 2015, nine monoclonal antibodies were approved in the US and EU for clinical use of 

which a majority were for cancer indications. This number is likely to increase in 2016 

(Reichert, 2016). The rapid increase in the development and approval of monoclonal 

antibodies for cancer therapy is a result of the following: 

1. Increased knowledge of the tumour environment including, but not limited to, 

tumour heterogeneity, metastasis, mechanisms of resistance and tumour 

immunology. 

2. Advances in antibody biology, for example modification of immune effector 

functions, pharmacokinetic adaptation and the implementation of bispecific 

formats.  

With this, we are entering an exciting new era of monoclonal antibody therapy in which 

increasing numbers of clinical trials are for antibody-based structures other than standard 

IgG. These include antibody-drug conjugates and antibody-nanoparticle conjugates 

(Reichert, 2016).  

The work in this thesis introduces two antibody-based formats that may have potential in 

cancer therapy.  First, a novel structure based on the iron-storage protein ferritin fused to 

the variable region of antibodies was constructed, produced and characterised to gain an 

understanding as to how these proteins interact with tumour cell lines. Secondly, a 

bispecific antibody was produced, utilising novel methods developed at Genmab BV, to 
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determine how effective this may be at bridging an immune cell receptor and tumour 

antigen for clinical benefit.  

Such rapid advances in antibody biology and the development of novel structures, as in 

this study, introduces uncertainty surrounding mechanism of action, pharmacokinetic 

profiles and toxicity issues. Thus, it is vital to have a full and current understanding of 

progressions in the therapeutic mAb and tumour biology field to foresee a role for these 

structures.    

7.1. Structural insights into the monoclonal antibody 

This study exemplifies the formation of antibody structures using two systems for 

expression. Structural heterogeneity is a feature of different antibody production systems 

and it is of principal importance to understand how this may impact on the function and 

stability of the constructs described in this study.  

The presence of acidic and basic antibody species (charge variants), as a result of post-

translational modifications, can be detected using highly sensitive methods such as native 

mass spectrometry, ion exchange chromatography and isoelectric focussing (Rosati et al., 

2014; Suba et al., 2015). The effect of such modifications on therapeutic recombinant 

antibodies with respect to modification of potency or introduction of toxicity has been 

studied. For example, Khawli and colleagues used a rat model to determine if acidic IgG 

species had differing ability to bind to FcRn compared to main species. Results indicated 

that acidic species had reduced capacity to bind to FcRn. However, this did not translate 

into reduced antibody half-life (Khawli et al., 2010). Modification within the CDR of an 
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antibody molecule would be expected to have greater impact on antibody characteristics. 

Analysis of clinically approved Herceptin revealed the presence of seven charge variants. 

One of these variants contained iso-aspartic acid within the CDR and this was shown to 

result in a substantial decrease in binding affinity (Harris et al., 2001). Similarly, on 

characterisation of charge variants of an antibody specific for IgE, the presence of iso-

aspartic acid in the CDR resulted in decreased affinity (Cacia et al., 1996). However, it was 

concluded that in both cases these charge variants were present at such low 

concentrations in the full antibody preparation that they were unlikely to have an effect 

on the overall affinity of the mAb.  

Although current research has indicated that charge variants may not have an effect on 

overall potency, it is still important to be aware that these species can be introduced 

through simple handling procedures as well as choice of production technique (Kaschak et 

al., 2011). This possibility becomes of significance from a quality control perspective.  

Antibody-ferritin fusion proteins were produced in bacterial systems as theoretically it is a 

fast and inexpensive method of producing large amounts of protein. However, the 

presence of an intrachain disulfide bond buried within the VH and VL domains of the scFvs 

appeared to cause increased difficulty in production. This study found that antibody-

ferritin fusion proteins were largely expressed as insoluble proteins in the bacterial 

cytoplasm. Removal of the disulfide linkage within the variable domains of an antibody 

has been shown to increase aggregation potential and thus the creation of insoluble 

protein in E.coli (Worn and Pluckthun, 1998). This suggests that insoluble production here 

could have been a result of the reducing environment of the bacterial cytoplasm, which 
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resulted in production of antibody variable domains lacking in an intrachain disulfide 

bond.  

Secondary evidence that intrachain disulfide bond formation may have been insufficient in 

the bacterial cytoplasm was the fact that decreased antigen binding was detected on 

analysis of protein from the cytoplasm compared to that produced in the oxidising 

environment of the periplasm (Figure 3-8). Reports describing the production of scFvs 

lacking the intrachain disulfide bonds are available. The crystal structure of a VL lacking 

the residues for disulfide bond formation demonstrated no significant conformational 

changes compared to that of the wild-type domain (Uson et al., 1997). Moreover, two 

further studies concluded that the loss of the disulfide bond reduced overall stability but 

did not result in reduced antigen binding affinity (Proba et al., 1997; Worn and Pluckthun, 

1998). The results in this study appear to run contrary to this literature, perhaps 

suggesting that affinity modification on lack of a disulfide bridge is scFv dependent.  

A thorough understanding of how the CH3 domain of IgG contributes to structural 

integrity has become essential in the development of novel bispecific structures. 

Indications that the CH3 domain was of importance in the heavy chain interaction of IgG 

was first noted when purified CH3 formed dimers while CH2 domains remained 

monomeric in solution (Ellerson et al., 1976; Feige et al., 2004). Dall’Acqua and colleagues 

used mutagenesis to identify five residues that are essential for the IgG1 CH3 domain pair 

interaction. In this study, F405 and K409 (DuoBody mutations) were highlighted as 

essential in maintaining the CH3 interaction via van der Waals interactions and hydrogen 

bonding respectively (Dall’Acqua et al., 1998). Modification of the CH3 domain outside 
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these five essential residues (in the CH3 domain periphery) has also been shown to 

promote dissociation of the heavy chains, suggesting modification of CH3 electrostatic 

interactions may be an effective mechanism to promote dissociation of IgG heavy chains 

via the CH3 domain (Gunasekaran et al., 2010). The importance of the intrachain disulfide 

bond in CH3 dimerisation has also been studied and results suggest that although it is not 

essential, it does enhance dimerisation and overall stability of the IgG1 CH3 domain 

(McAuley et al., 2008). This point may be important to consider if bacterial systems are 

utilised for the production of IgG in future.  

7.2. Antigen accessibility and tumour penetration 

The irregular, heterogeneous nature of the solid tumour environment poses potential 

difficulty for accessibility of antibody-based therapeutic agents to tumour antigen. A 

recent study concluded that as low as 5 % of tumour antigen may be accessible to an 

antibody at any one time (Hussain et al., 2014). Insights into improving antibody tumour 

penetration have been made. For instance, on comparison of antibodies specific for 

carcinoembryonic antigen at picomolar and nanomolar affinity, the antibody with lower 

antigen affinity demonstrated increased tumour penetration (Rhoden and Wittrup, 2012). 

Moreover, greater tumour penetration has been observed by IgG that targets antigens 

present at low densities on the tumour cell surface (Ackerman et al., 2008).  

In this study, agents specific for non-biological hapten NIP were generated. Thus, it may 

be possible to titrate levels of NIP on the surface of tumour cells in a 3D spheroid model to 

assess the impact of accessibility on tumour killing, for both the antibody-ferritin fusion 
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protein and DuoBody molecule formats. This approach might give indications as to which 

tumour antigens may be most appropriate to target using these types of construct.  

With regard to tumour penetration, a second consideration in this thesis is the increased 

size of the antibody-ferritin fusion proteins compared to IgG. Due to the abnormal blood 

vessel walls within the tumour environment, pore sizes of up to 100 nm are reported to be 

present, suggesting ease of accessibility for particles below this diameter. However, the 

ability to further diffuse through the tumour mass may be a requirement for therapeutic 

agents. Studies have suggested that particles larger than 60 nm do not demonstrate 

effective diffusion through the collagen mass within tumours. The surface charge and 

shape of a particle can have also have an effect in this regard (Jain and Stylianopoulos, 

2010). Therefore, it will be vital to determine how accessible the tumour environment is 

to the antibody-ferritin fusion proteins prior to establishing a tumour target and indication 

for such agents.  

7.3. From model systems to clinical trials 

Classically, the development of therapeutic agents involves progression from in vitro 

assays through to human clinical trials via various mouse and non-human primate models. 

Analysis of therapeutic mAbs for cancer therapy is complex due to the requirement of a 

suitable tumour model in an effective immunological environment. This constraint is 

exacerbated by the complex network of pharmacokinetic properties that govern the half-

life of IgG-based molecules.  
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Mouse models that give a more accurate indication of human IgG pharmacokinetic 

properties are available (Proetzel et al., 2014). Mice that express human FcRn have been 

engineered and encouragingly, IgG pharmacokinetic properties have been shown to align 

to results from non-human primates (Tam et al., 2013). However, uncertainty still 

surrounds the co-administration of human serum components to increase relevance. In 

terms of immune stimulating biMabs, the stark differences between the human and 

mouse immune systems make characterisation difficult (Mestas and Hughes, 2004). 

Sophisticated methods of engrafting human immune cells into immunodeficient mice 

have been developed in attempts to overcome this issue (Shultz et al., 2012). Recently, 

the humanisation of cytokines in these models has made it possible to develop human 

monocytes/macrophages and natural killer cells which had previously been considered 

problematic (Rongvaux et al., 2014). Further advances in these models would provide 

significant inroads into the characterisation of immune mediating biMabs.  

A phase I clinical trial of a CD28-specific IgG4 (TGN1412) that resulted in life threatening 

side effects has highlighted the requirement for improved model systems for mAbs prior 

to clinical testing. After just one dose of TGN1412, cytokine release syndrome (CRS) was 

observed in all patients involved in the trail (Suntharalingham et al., 2006). This prompted 

an investigation into how the antibody was characterised prior to these trials. It was 

concluded that cytokine release had not been apparent in the in vitro system used as the 

mAb could not interact with white blood cells as they would have in vivo. Moreover, 

administration of TGN1412 to cynomolgus monkeys had not drawn attention to any issues 

surrounding cytokine release as there are small but very significant differences in the 
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immune system of the cynomolgus monkey compared to that of humans (Stebbings et al., 

2007; St Clair, 2008). The design of in vitro models can be crucial in determining not only 

the mechanism of action of a mAb but also any toxic potential. This is particularly 

important due to short-comings in mouse and non-human primate models. Multiple 

systems and a broad range of models should be utilised to fully understand antibody-

based therapeutics.   

7.4. Future perspectives 

7.4.1. Antibody-ferritin fusion proteins 

Since development in 2010, antibody-ferritin fusion proteins have been analysed for their 

diagnostic potential. Here, their use in a cancer therapy setting was assessed. However, 

the results obtained provided limited evidence to suggest antibody-ferritin fusion proteins 

had the ability to bind to tumour antigen on the cell surface via scFv. Further, this study 

indicated that antibody-ferritin fusion proteins associated with cell surface ferritin 

receptors. These results require further investigation to determine: 

a. The reasons for the low antigen binding capacity of the ferritin associated scFvs in 

a cell environment and if this is affected by the affinity of the proteins for ferritin 

receptors. 

b. The potential biological effects of antibody-ferritin fusion proteins binding to 

ferritin receptors and if there are methods to overcome these.  

As discussed previously, serum ferritin and cell surface ferritin receptors remain relatively 

uncharacterised. Here, attempts were made to gain an understanding of the interaction of 
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antibody-ferritin fusion proteins with putative ferritin receptors. However, these were 

technically challenging. In future it may be possible to establish transfectants expressing 

ferritin receptors in order to define the interaction parameters of antibody-ferritin fusion 

proteins and these receptors more clearly.   

With regard to the inability of antibody-ferritin fusion proteins to demonstrate cell-surface 

antigen binding, the context of the scFvs must be assessed. Evidence that scFv affinity can 

be altered on linkage to other proteins is available (McCall et al., 2001), therefore perhaps 

a lack of flexibility in the scFv region hinders antigen binding. Designing a serine-glycine 

linker between the scFv and the ferritin peptide may provide a means to enhance antigen 

binding. Likewise, the capacity to vary the number of scFvs on the surface of the ferritin 

cage may be advantageous to increase the ability of individual scFvs to access and bind to 

antigen. This could perhaps be implemented by the co-expression of scFv fused to ferritin 

peptides alongside ferritin peptides alone. Post-expression, the level of scFv would have to 

be assessed to determine reproducibility in the number of scFvs on the surface of the 

ferritin cage. Such analysis could be carried out by incubating immunogold labelled NIP 

antigen with NIP-specific antibody-ferritin fusion proteins. It may then be possible to 

visualise the number of surface scFvs using transmission electron microscopy. The idea of 

producing and characterising bispecific antibody-ferritin fusion proteins in a similar 

manner must also be considered.  

Modification of nanoparticles with surface coatings in order to reduce immunogenicity 

and toxicity is common. For example, addition of polyethylene glycol (PEG), also known as 

PEGylation, has contributed to the development of iron oxide nanoparticles by reducing 
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production of reactive oxygen species, reducing inflammatory responses whilst increasing 

stability and half-life (Orlando et al., 2015; Prabhu et al., 2015). Moreover, the influence of 

surface coatings such as PEG on the size and charge of a particle has been further 

associated with improved function (Vigor et al., 2010). The fact that antibody-ferritin 

fusion proteins are fully biological should contribute to the prevention of immunogenicity 

and toxicity. However, PEGylation may be relevant in tailoring the size or charge of the 

proteins for improved clinical function. It may also act as a means to mask the interaction 

of ferritin with ferritin receptors.  

Magnetisation of antibody-ferritin fusion proteins was discussed in Chapter 3 and 

methods of improving this process and the downstream consequences considered. From a 

clinical perspective, magnetic antibody-ferritin fusion proteins may have a role in 

increasing contrast for magnetic resonance imaging (MRI). In vitro MRI experiments with 

magnetised recombinant ferritin prepared in a similar manner to those outlined in 

Chapter 3 has been reported to reduce T2 relaxation times (Zhao et al., 2016). The 

number of iron ions within the core of the ferritin cage was shown to have an effect on 

the success of the ferritin cage as a contrast agent (Cai et al., 2015). Similar in vitro MRI 

techniques would be an effective means of considering both the extent of magnetisation 

and the targeting capacity of antibody-ferritin fusion proteins on continuation of these 

studies.  

From a therapeutic point of view, it’s possible to speculate that antibody-ferritin fusion 

proteins could have a role in thermal ablation of tumour cells by inducing magnetic 

hyperthermia. This involves the application of an alternating magnetic field to tumour 
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cells loaded with superparamagnetic nanoparticles. The heat energy expelled during this 

process can result in tumour cell destruction (Kobayashi, 2011). Moreover, when carried 

out in combination with chemotherapeutic agents, magnetic hyperthermia can increase 

the susceptibility of targeted cells to these agents (Kossatz et al., 2015). Determining the 

parameters that govern effective induction of hyperthermia has been vital in pre-clinical 

evaluation of these superparamagnetic agents. For example, monodispersity has been 

considered as a key characteristic of nanoparticles for effective thermal tumour 

destruction (Obaidat et al., 2015). Thus, the use of biological nanoparticles such as 

antibody-ferritin fusion proteins, which provide a uniform cage for iron oxide cores, may 

provide a superior means to induce magnetic hyperthermia of tumour cells.  

7.4.2. DuoBody molecules 

The FDA approval of Blinatumomab - a bispecific T cell engager (BiTE) specific for CD3 on 

the surface of T cells and CD19 on the surface of B cells – was a significant milestone in the 

field of immune stimulating bispecific antibodies. Not only was this the first bispecific 

antibody to be approved by the FDA but it also provided a strong example of the clinical 

relevance of scFvs. CD3, a component of the T cell receptor, is one of four main immune 

cell antigens that have been targeted in the development of immune stimulating biMabs. 

These are summarised in Figure 7-1. It will be important to develop ideas from clinical 

approvals and research surrounding these four antigens in order to tailor an individual 

approach towards biMab-mediated immune stimulation.  

Here, targeting CD64 has been investigated in the context of a DuoBody molecule. This 

structure provides an example of targeting CD64 in a full-sized IgG1, contrary to the 
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majority of CD64 biMab based studies to date. In an active format, the Fc tail of the 

DuoBody molecule has the potential to activate further FcγR, potentially contributing to 

the mechanism of action. Although, this may increase potency, cross-linking in the 

absence of tumour antigen is feasible which could result in off-target effects.   
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 Figure 7-1. Immune cell receptors as targets for bispecific antibodies.  Comparison of the advantages 

(green) and disadvantages (red) of targeting the four main immune cell receptors studied in a bispecific 

antibody format. 
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In light of the results obtained in this study regarding the capacity of the DuoBody 

molecules to induce phagocytosis of NIP-coated cells, further experiments to assess 

tumour destructive properties are required. For example, an extension of this work would 

be the inclusion of human serum in the phagocytosis experiment to enhance physiological 

relevance. Carrying out a chromium release assay with NIP-coated tumour cells to assess 

antibody dependent cell-mediated cytotoxicity will also be essential in the assessment of 

DuoBody mediated tumour lysis (Nelson et al., 2001). The use of whole blood or isolated 

peripheral blood mononuclear cells in similar experiments would also provide increased 

clinical relevance. 

To gain a full understanding of targeting CD64 in a bispecific format, Honeychurch and 

colleagues carried out a range of in vitro assays in addition to the study of a human CD64 

transgenic mouse model (Honeychurch et al., 2000). It would be of interest to parallel 

these experiments to understand if targeting CD64 with a DuoBody molecule in 

comparison to their F(ab’)2 model has a significant effect on the experimental outcome. 

However, it will be important to take into consideration the limitations of utilising a 

mouse model as discussed above.  

7.5. Concluding remarks 

The production and characterisation of hapten-directed antibody-based structures has 

provided a guide for the development of cancer-specific versions in future. Specifically, in 

the first part of this thesis, bacterial production and purification techniques were 

optimised for antibody-ferritin fusion proteins. The structural and binding characteristics 
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of the novel constructs were verified and the ability to interact with ferritin receptors 

identified.  

The use of ferritin as a biological nanoparticle for potential clinical benefit has been 

described in the literature and upregulation of CD71 on the surface of tumour cells has 

been identified as useful in directing ferritin to the tumour site (Liang et al., 2014; Fan et 

al., 2012).  However, studies have yet to identify or discuss the potential off-target effects 

that directing recombinant ferritin to CD71 may have. Here, it was established that even in 

the presence of surface targeting molecules, the ferritin cage retained the ability to bind 

to ferritin receptors. Coating ferritin with targeting moieties has been explored, however 

the potential that ferritin may maintain the capacity to bind to ferritin receptors has not 

been previously considered.  

The work in this study has highlighted the importance of gaining a full understanding of 

the biological implications of utilising ferritin as a biological nanoparticle. Moreover, it has 

provided a basis for the optimisation and exploration of this structure in a cancer therapy 

format. 

In the second part of this thesis, collaborating with biotechnology company Genmab 

provided the opportunity to produce bispecific antibodies using the DuoBody technology. 

IgG1 gene sequences were modified to contain the single point mutations required to 

successfully carry out Fab-arm exchange. Here, in the first instance, DuoBody molecules 

with specificity towards immune cell receptor CD64 and hapten NIP were produced. In 

future it will be possible to insert variable regions of interest into these plasmids for the 

rapid creation of novel DuoBody molecules. This study exemplifies the ease in production 
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of bsIgG using Fab-arm exchange thus reinforcing the favourable characteristics of this 

approach as a method of biMab production. The idea of targeting CD64 in a bispecific 

format has been assessed over two decades (Keler et al., 1997; Honeychurch et al., 2000; 

Sundarapanidiyan et al., 2001). The DuoBody platform provides a novel method of 

targeting this immune receptor for clinical purpose. The use of a non-biological hapten NIP 

as the second antigen has been advantageous in establishing the primary characteristics 

of the CD64 specific bsIgG. The production of DuoBody molecules directed towards 

clinically validated tumour antigens such as CD20 or HER2 alongside CD64 would provide a 

means to extend the characterisation of DuoBody molecules in a tumour setting.  
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