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ABSTRACT

Monoclonal antibodies are routinely used in the clinic. There are also a small number 

of antibody fragments (e.g. Fabs) that are clinically used. In many applications where 

antibody binding is required to antagonise a receptor or simply to bind a ligand, there 

is no need for the Fc properties that are associated with effector functions. 

Unfortunately, without the Fc region, antibody fragments rapidly clear from the blood 

circulation. PEGylation is the most successful and clinically used approach to date for 

increasing the circulation half-life of therapeutic proteins.

Disulfide bridging PEGylation is an appropriate method to conjugate site- 

specifically a molecule of PEG at the interchain disulfide of a Fab. Since a PEGylated 

Fab will be monovalent, it is not possible to exploit the cooperative binding or avidity 

that is associated with a full IgG which is bivalent. It was hypothesised that site- 

specific conjugation of a molecule of PEG between the cysteines of the interchain 

disulfide would allow the monovalent PEGylated Fab to bind effectively to its target. 

Disulfide bridging PEGylation is accomplished by PEG reagents that undergo bis- 

alkylation. It was further hypothesised that a PEG reagent with a bis-alkylation 

functional group at each terminus of the PEG could then be used to conjugate two 

Fabs one at each end of the PEG molecule, to generate either a homo Fab-PEG-Fab or 

a hetero Fab-PEG-Fab* conjugate. An important objective of this PhD was to 

determine the structure-property correlations of a small family of PEGylated-Fabs 

because it was hypothesised that since the PEGylation is site-specific, the PEG-Fab 

binding properties would remain constant with increasing PEG molecular weight. It 

was finally hypothesised that Fab-PEG-Fab conjugates would display comparable 

binding properties to the full parent IgG.

To test these hypotheses, three Fabs were PEGylated by bis-alkylation at the 

free thiols that were generated by disulfide reduction. Two clinically used monoclonal 

antibodies, bevacizumab and trastuzumab were proteolytically digested to provide 

their respective Fabs, Fabbeva and Fabtrast for PEGylation. Sourcing the Fabs from an 

IgG allowed for comparative studies with the parent IgG. The third Fab was also 

obtained from a clinically used medicine. Ranibizumab is a Fab, so it was PEGylated 

directly to give PEG-Fabrani- Both Fabbeva and Fabrani bind to VEGF and Fabtrast binds 

to HER-2. After treament with DTT to open the interchain disulfide, each Fab
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underwent reaction with a PEG mono-sulfone reagent capable of thiol specific, bis- 

alkylation. PEGylation was accomplished reproducibly at near quantitative 

conversion with 1-2 equivalents of reagent. A single step ion-exchange purification 

process was used to obtain purified mono PEG-Fabs. The PEG-Fab conjugates were 

stable during a 3 month stability study at 4 with no observed de-PEGylation. A 

PEG2x20-Fab'beva construct was also generated by the conjugation of two molecules of 

PEG to intrechain disulfide bonds of the FabTeva- BIAcore and ELISA studies 

confirmed that compared with the unPEGylated Fabs, the PEGylated Fabbeva, Fabrani 

and Fabtrast displayed a 2 fold decrease in binding affinity for their respective ligands. 

This decrease in binding affinity was much less than had been reported in the 

literature and was due presumably to the conjugation of PEG far away from the 

binding reagion of the Fab. PEG-Fabbeva conjugates comprising 20, 30 and 40 kDa 

PEG all displayed similar binding affinities. The binding affinity of the PEGzxio- 

Fab'beva was decreased compared with mono PEGzo-Fabbeva as a result of a change in 

the dissociation rate constant.

The homodimer Fab-PEG-Fab constructs were derived from the 6, 10 and 20 

kDa PEG reagents and Fabbeva, Fabrani and Fabtrast- Both of the homodimers derived 

from Fabbeva and Fabtrast maintained binding affinities comparable to their parent IgGs. 

BIAcore kinetic studies showed there was greater binding affinity and slower 

dissociation rate for the Fabbeva-PEG-Fabbeva than the native Fabbeva- While a similar 

binding affinity to bevacizumab was observed for the F abbeva-PEG-F abbeva, the 

dissociation rates of the the Fahbeva-PEG-Fahbeva were slower than for bevacizumab. It 

was also found that using a longer PEG (i.e. Fabbeva-PEGzo-Fabbeva) resulted in slower 

dissociation. The synthesis of the heterodimer Fabbeva-PEGzo-Fab*trast could only be 

achieved one time, but once it was purified it was found to maintain binding to both 

VEGF and HER-2. An in-vitro angiogenesis assay suggested that the Fabbeva-PEGzo- 

Fabbeva and Fabrani-PEGzo-Fabrani inhibit angiogenesis more effectively than 

bevacizumab. Using PEG as a linking molecule to conjugate two Fabs would appear 

to be a way to chemically fuse two Fabs to achieve bivalency that is comparable to a 

full IgG. These results for Fab-PEG-Fab homodimer are encouraging and together 

with the results for the Fab-PEG-Fab* suggest a potential hybrid strategy of 

recombinant protein synthesis and chemical conjugation to develop bivalent and 

bispecific protein-based medicines.
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1.1 Introduction

There are currently twenty-five antibody based medicines approved for human therapy 

(Table 1.1) and more than 240 antibodies that are being evaluated clinically [1]. 

Clinically used antibodies have been developed to bind to targets which are either cell 

surface receptors or which are circulating ligands [2-4]. Of the twenty-five approved 

monoclonal antibodies (mAbs) listed in Table 1.1, seven are indicated for cancer 

treatment and many more are currently being evaluated in clinical trials [1]. 

Trastuzumab (Herceptin), cetuximab (Erbitux) and bevacizumab (Avastin) are three 

important antibodies in the clinic for the treatment of solid tumours. Other indications 

include chronic inflammatory diseases, organ transplantation, cardiovascular diseases, 

infections and ophthalmological conditions [1,3].

Mammalian antibodies are produced by plasma cells that are derived from a B- 

lymphocyte subtype that secrete antibodies as a soluble form. Antibodies are produced 

specifically to target a foreign extracellular antigen and then to act to trigger an 

appropriate action from the host immune system. Antibodies are used by the immune 

system to identify and remove foreign pathogens such as bacteria and viruses. Each 

antigen binding site is known as an epitope and each B-cell produces its unique 

antibody. Because some antigens are highly complex, they contain several epitopes, 

which can be recognised by a number of different B-cells and result in the production of 

polyclonal antibodies [5]. A monoclonal antibody (mAb) binds to a specific antigen and 

is derived from a single B-cell population. The interaction between an antibody and its 

antigen is usually highly specific. This allows the antibody to identify and bind only its 

unique antigen in the presence o f the millions of different molecules that make up the 

host [6].
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Table 1.1 Monoclonal antibodies that are currently approved and marketed for clinical 
use [1].

M urom om ab Murine, lgG2a anti-CD3 Organ
transplantation

Ortho Biotech 1986 FDA  
1987 EMEA

A bcixim ab Chimeric Fab fragment, IgGl 
Ilb/IIla glycoprotein

Inhibit platelet 
aggregation

Centocor/Eli 
LiIIy& Co.

1994 FDA

D aclizum ab Humanised, anti-IL-2 receptor Organ
transplantation

Hoffmann-
LaRoche

1997 FDA  
1999 EMEA

R ituxum ab Chimeric, IgG Ik, anti-CD20 H odgkin’s
lymphoma

IDEC/Genentech 1997 FDA  
1998 EMEA

B asilixim ab Chimeric, anti-IL-2 receptor Kidney transplant Novartis 1998 FDA  
1998 EMEA

Palivizum ab Humanised, anti-F-protein Respiratory viral 
disease

M edlmmune 1998 FDA  
1999 EMEA

T rastu zu m ab Humanised, IgG Ik anti-HER-2 HER-2 
overexpression  

breast cancer

Genentech 1998 FDA  
2000 EMEA

Inflixim ab Chimeric, anti-TNFa Rheumatoid 
arthritis, Crohn ‘s 

disease

Centocor 1998 FDA  
1999 EMEA

G em tu zu m ab Humanised, IgG4k anti-CD33 Relapsed acute 
m yeloid leukemia  

(AM L)

Celltech/W yeth 2000 FDA

A lem tu zu m ab Humanised, IgG Ik anti-CD52 Chronic 
lym phocytic  

leukemia (CLL)

Millennium 2001 FDA  
2001 EMEA

I-I3I ch -T N T /m A b Chimeric, IgG Ik anti-DNA  
associated antigens, 
radiolabeled (I-I31 )

Advanced lung 
cancer

Shanghai
Medipharm

biotech

2003(Chm a)

Aclalim um ab Human, anti-TNFa Crohn’s disease. 
Rheumatoid arthritis

Abbott
Laboratories

2002 FDA  
2003 EMEA

Ibritum om ab tiuxetan Murine, IgG Ik, anti-CD20, 
radiolabeled (Y -90)

Non- H odgkin’s 
lymphoma, a lymph 

proliferative 
disorder

I DEC 
Pharmaceutical

2002 FDA  
2004 EMEA

I-I3I tositu m om ab Murine, IgG2 aX anti-CD20, 
radiolabeled

N on- H odgkin’s 
lym phom a in 

ntuxim ab refractory 
patients

Corixa/GIaxoSmit
hKIine

2003 FDA

E falizum ab Humanised Ig anti-CD I la Psoriasis G enentech/Roche 2003 FDA  
2004 EMEA

C etuxim ab Chimeric, IgG Ik, anti-EGF 
receptor

EGFR expression  
colorectal cancer

Im clone/Bristol- 
Myers Squibb

2004 FDA  
2004 EMEA

O m alizum ab Humanised, IgG Ik, anti-IgE Fc A llergic asthma Genentech/Novart
is

2003 FDA  
2005 EMEA

B evacizum ab Humanised IgG Ik, anti-VEGF Metastatic 
colorectal cancer

Genentech/Roche 2004 FDA  
2005 EMEA

N im otuzum ab Humanised IgG I, anti-EGF 
receptor

Advanced head 
/neck epithelial 

cancer

YM
B iosien ces/B ioco

n

2004 China 
2006 India

N atalizum ab Humanised IgG4k, against 
cellular adhesion a4-integrin

Multiple sclerosis 
and Crohn’s disease

Biogen I DEC 2004 FDA  
2006 EMEA

Panitum um ab Human, IgG2k, anti-EGFR I Metastatic 
colorectal cancer

Am gen/A bgenix 2006 FDA  
2007 EMEA

R anib izum ab Humanised Fab fragment 
IgG Ik, anti-VEGF

Neovascular age- 
related macular 

degeneration

Genentech/Novart
is

2006 FDA

E culizum ab Humanised IgG2k, anti-C5 Chronic orphan 
blood disorder PNH

Alexion
Pharmaceuticals

2007 FDA  
2007 EMEA

C ertolizum ab PEGylated humanised Fab 
IgG Ik, anti-TNFa

Crohn’s disease UCB Pharma 2008 FDA

G olim um ab Human IgG I, anti-TNFa Rheumatoid  
artliritis, active 

psoriatic arthritis

Centocor 2009 FDA  
2009 EMEA
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The murine anti-CD3 mAb, muromomab (Orthoclone 0KT3), [7] was the first 

mAh that was approved for human use by the Food and Drug Administration (FDA) in 

1986 [8]. Murine mAbs elicit a human anti-mouse antibody (HAMA) reaction [9]. It is 

reported that 50 % of patients that were treated with 0KT3 produce a HAMA after the 

first dose [10]. Production of HAMA interferes with the binding of 0KT3 to T-cells and 

thus result in reduction of therapeutic efficacy of murine antibody [10]. Murine 

antibodies were limited because they tended to display a short half-life (less than 20 

hours), high immunogenicity and ‘suboptimaF effector functions [11].

These problems were solved to a some extent by chimerisation [12, 13]. A 

chimeric mAb contains the variable regions o f a mouse antibody and the constant 

regions of a human antibody [12]. However chimeric antibodies still induce an immune 

response known as a human anti-chimeric antibody (HACA) response. Rituximab 

(Rituxan ™) was the first chimeric IgG. It is an anti-CD20 mAh that was approved in 

1997, for the treatment of some cancers and autoimmune conditions [12]. It is also 

reported that 61 % of patients treated with infliximab, the chimeric antibody against 

TNF-a, had a HACA response. This was associated in a shorter half-life of infliximab 

with an increase risk of infusion reactions [14]. These immunological toxicities, led to 

development of humanised antibodies. Currently completely human antibodies are 

being developed [12]. Most of the currently market therapeutic antibodies are 

humanised mAbs. Recombinant humanised mAbs contain only the complementarity 

determining regions (CDRs) of a mouse antibody while the remaining structure is 

human derived [15]. These antibodies can still induce human anti-human antibody 

(HAHA), however, the incidence of this type of immune response is greatly reduced 

compared to HAMA and HACA response. Trastuzumab is reported to have 0.1 % 

HAHA response. While humanised antibodies are less immunogenic than chimeric 

mAbs, they are not entirely without side effects or complications related to the murine 

sequences present [1].

Fully-human antibodies have high binding affinity for their antigen and can be 

made from a single chain variable fragment (scFvs) or antigen binding fragment (Fab) 

phage display libraries [16]. They also can be obtained from transgenic mice that 

contain human immunoglobulin genes [16]. Adalimumab (Humira) is an example of a 

fully-human antibody, approved in 2002 by the FDA for the treatment of rheumatoid 

arthritis and other inflammatory diseases [16].
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1.2 Classes of antibody and antibody fragments

Antibodies are members of the immunoglobulin superfamily of glycoproteins and are 

found on the surface of lymphocytes as well as in the blood and in extravascular fluids. 

All immunoglobulins of the class known as Ig are roughly Y-shaped molecules. They 

are divided into five classes know as: IgA, IgD, IgE, IgM and IgG. The classification is 

based on their constant regions and valency. While IgG, IgD and IgE are monomers 

IgAs can be monomeric or dimeric. IgMs are pentameric and hexameric Table 1.2 [10, 

13, 17]. The IgG motif is utilised in most therapeutic antibodies. It is the most common 

naturally occurring immunoglobulin in the blood. The IgG motif has good effector 

functionality (Table 1.2). IgG is the only class of antibody that is actively transferred 

from mother to offspring. This transfer results in passive short-term immunity that is 

effected through the neonatal Fc receptor (FcRn) [18]. The Fc receptors are located on 

the surface of certain cells such as natural killer cells (NK), macrophages, neutrophils 

and endothelial cells. Binding of the IgG antibody to these different Fc receptors occurs 

at the Fc region on the antibody. Based on the type of antibody, there are different 

classifications of Fc receptors. Those Fc receptors that bind to the Fc region of IgG are 

called Fc-gamma receptors (FcyR) and those that bind IgA are Fc-alpha receptor 

(FcaR). Likewise, the Fc receptors that bind the Fc fragment of IgE are named Fc- 

epsilon receptors (FceR).

In general, all antibodies have two main domains, the Fab (fragment of antigen 

binding) and the Fc (fragment crystallisable). An IgG antibody consists of four 

polypeptide chains including two identical heavy chains and two identical light chains 

(Figure 1.1). Each heavy (H) and light chain (L) contains a variable (V) and a constant 

(C) region (Figure 1.1). The variable regions are responsible for specificity and antigen 

binding affinity and contain approximately the first 110 amino acids [19] that forms part 

of fragment antigen-binding (Fab) region. The hyper-variable regions are 

complementarity determining regions (CDRs) [13, 19] (Figure 1.1).
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Table 1.2 Characteristics of the human Ig isotopes [10, 17].

Properties

M olecu lar  

w eig h t (k D a)

IgAI lgA2

160 (m ) 

4 0 0 (d)

IgGI IgG2 lgG3 lgG4

150 160 160 150 9 5 0 (p) 

1 1 5 0 (h)

175 190

M olecu lar

form

M o n o m er  (m )  

D im er  (d )

M on om er Pentam er (p ) 

H exam er (h)

M on om er M on om er

V a le n cy 2 or 4 10 (p )

1 2 (h )

Serum

concen tration

(m g /m L )

1.5 or 2 .6 5 -12  2 -6  0 .5-1  0 .2 -1 0 .2 -3 .1 0 .0 3 -0 .4 0 .001 -

0.0002

Serum  half- 

l ife  (d a y s)

2 1 -

24

2 1 -

24

7-i 2 1 -

24

5 -1 0 2-8 1-5

Fu nctional 

b in d in g  to Fc 

receptors o f  

p h a g o cy tes

+ /- + 4- N o t c lear

The Fc region is a homodimer, which consists of the heavy constant (CH2), and 

CH3 domains (Figure 1.1). The CH2 and CH3 domains are covalently bound by 

disulfide bonds in the hinge region [20]. It is thought that the CH2 and CH3 domains 

are required for IgG catabolism [21]. Binding of Fc to a Fc receptor is pH dependent 

with binding occurring at acidic pH. Dissociation occurs at neutral or physiological pH 

[22].

The two Tabs and Fc also connect together by a flexible hinge region. The hinge 

region is further divided into three sections with total number o f 17 amino acids; the 

upper hinge with 5 amino acids, the core hinge with 4 amino acids that have 8 rotabale 

bonds which is susceptible to enzymatic or chemical cleavage, and lower hinge with 8 

amino acids [23, 24]. The two Fabs in an IgG are able to bind to two identical antigens 

and provide bivalency (avidity) [13]. The F(ab)2  comprises two Fabs which are linked 

together through disulfide bonds in the hinge region. The heavy (HC, 50 kDa) and light 

chains (LC, 25 kDa) are covalently linked together by interchain disulfide bonds in Fab 

region (Figure 1.2). Additional interchain disulfide bonds link the two HCs together in 

the hinge region [25].
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region

IgG

Fv region

Fc region

Fv fragment

V
ScFv fragment

Fab fragment

Figure 1.1 Representation o f the structure of the IgG motif and related fragments. CH = 
constant heavy chain; Fab = fragment antigen binding; Fc = fragment crystallizable; Fv 
= Variable fragment; scFv = single chain Fv, reproduced from [20].

There are several IgG subtypes denoted as IgGI, IgG2, IgG3, IgG4. The light 

chains can be either k  (kappa), X (lambda) and o  (sigma), based on differences in the 

amino acid sequence [26]. Differences in IgG subtypes relate to the number and 

location of interchain disulfide bonds as well as the length o f the hinge region. The 

interchain disulfide bond linkage between LC and HC involves the last Cys residue 

(Cys 213) o f LC and the Cys residue of HC. The number of Cys residues of the HC 

depends on the subtype of IgG (Figure 1.2). The Cys 217 of the HC is involved in 

disulfide bond linkage in IgGI, as opposed to Cys 123 (terminal Cys residue) of HC for 

IgG2, IgG3 and IgG4.

Different IgG subtypes also have a different number of disulfide bonds between 

the two HCs in the hinge region. IgGI and IgG4 have two interchain disulfide bonds in 

the hinge linking the HCs together, while IgG2 and IgG3 have four and eleven disulfide 

bonds respectively. All of these Cys residues form interchain disulfide bonds in a 

correctly folded IgG molecule, meaning that there are no free sulfhydryl groups in 

native IgG antibodies [25, 27]. Besides interchain disulfide bonds, there are four 

intrachain disulfide bonds in each domain o f the H and L chains in IgG. These 

intrachain disulfide bonds each link two p-sheets and are required for functional antigen 

binding and aid in the stability of the antibody structure [19].
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IgGI lgG4

HC

Fab

Ch .

HC

Vi

LC
Fab

lgG2 lgG3

HC

V,

LC
Fab

HC

Vi

LC
Fab

Figure 1.2 Schematic representation of human IgG isotopes and their disulfide bonds, 
reproduced from [27].

With respect to therapeutic antibodies, the choice of IgG isotype is important 

during clinical development o f the reeombinant mAb [4]. IgGI has been seleeted as the 

suitable isotope for oncology diseases. This subclass of IgG has the maximal potential 

to remove targeted cancer cells through induction of ADCC (antibody-dependent 

cellular eytotoxicity) /GDC (complement-dependent cytotoxieity) pathways. These 

effector function pathways often cause apoptosis. Effector function is due to binding 

affinity that exists between the Fc fragment and a FcR [28]. This effector binding o f the 

Fc to the FcR might not be desired in chronic diseases for which neutralisation of a 

soluble target is the central objective. Therefore, excessive effector function mediated 

by Fe-FcR interactions can be detrimental. In this case, IgGI might not be the ideal 

ehoice and other IgG subclasses might be preferred such as IgG2. Most therapeutic 

antibodies are currently IgGI, although other subelasses are under development. The 

anti-TNFa agents infliximab and adalimumab are two examples of IgGI antibodies 

used for the treatment of rheumatoid arthritis and Crohn’s disease. The anti-EGFR 

(epidermal growth faetor receptor) antibody panitumumab is an example of a
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therapeutic IgG2 antibody, which is used in the treatment of metastatic colorectal 

cancer. This IgG subclass has the advantage of less effector function because of the 

weak interaction between Fc and FcR, while retaining a long serum half-life through the 

presence of the Fc fragment [4].

All IgGs are glycosylated. There is generally one oligosaccharide group located 

mostly on the Asn 297 between the CH2 and CH3 domains on the Fc fragment. This 

glycosylation helps to increase the stability of the antibody structure. Glycosylation also 

plays an important role in the correct functioning of the IgG, especially Fc function. It 

has been shown that removal of this oligosaccharide group from IgG results in non

functional IgG that cannot activate the complement system. Hence glycosylation is 

essential for the induction of effector function, as the IgG conformation is known to be 

dependent on the presence of the oligosaccharide group [4].

The anti-tumour activities of a therapeutic IgG are mediated by its Fab and Fc 

fragments. The Fc region in IgG antibodies can elicit an effector function after binding 

to the antigen. The effector ftinction is manifested by two broad mechanisms: GDC and 

ADCC/ADCP (antibody-dependent cell phagocytosis) [29]. The Fc induces these 

effector functions by recruitment of effector cells through Fc-Fc receptor (FcyR) 

interactions [28]. Binding to FcR mediates ADCC and ADCP to induce endocytosis of 

the Fc immune complex. This immune complex causes production of antigen and also 

promotes the release of cytokines. CDC is the complement activation pathway. It can be 

achieved when C l, the first component of the pathway, binds to the IgG-antigen 

complex [13, 29]. These two mechanisms of Fc-mediated function are the most 

prominent in the cytotoxicity of IgG.

The second mechanism that mediates the anti-tumour activity of IgG involves 

the Fab fragment. A key Fab-mediated activity is the neutralisation of cytokines and 

angiogenesis factors. There are several immunosuppressive and angiogenic cytokines 

which are secreted by cancer cells such as TGF-p (transforming growth factor) and 

VEGF (vascular endothelial growth factor) [13]. Certain therapeutic antibodies, the 

anti-VEGF agent bevacizumab being an example, work by neutralising soluble factors 

involved in tumour progression. In addition, delivery of toxins, enzymes and chemical 

drugs to the cancer cells can be performed by the Fab fragment of an IgG. Therefore, 

drug delivery is another Fab-mediated activities for which IgG can be used.

For some applications, Fc-mediated effects are not required and are even 

undesirable. For instance, long serum circulation time in a tissue imaging application is
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undesirable because poor image contrast would result, due to difficulty in differentiating 

between images if the IgG continued to be present in the circulation. Also, inappropriate 

activation of Fc receptor-expressing cells could result in inappropriate release of 

cytokines and lead to toxic effects [30].

When only the binding function of an antibody is required, such as blocking 

biological activity of molecules by either binding to ligand or receptor, or engaging a 

signalling pathway through cross-linking receptors, it is possible to utilise much smaller 

proteins known as scaffolds that display high affinity binding properties. There is much 

interest in developing Fabs and other antibody based fragments (e.g. single chain Fv) as 

a means to discover highly selective molecules [30]. Currently, many specific fragments 

(about 19) are being introduced (Figure 1.3) [30].

Fab
(-5 5  kDa)

V  Y
(bispecific) 
(-1 1 0  kDa)

F a b g
(trispecific) 
(-165  kDa)

Bis-scFv 
(bispecific) 
(-55  kDa)

V
Minibody 
(bivalent) 
( -7 5  kDa)

scFv 
(-2 8  kDa)

Triabody 
(irivalent) 
(-7 5  kDa)

Diabody 
(bi specific) 
(-50  kDa)

Tetrabody 
(telravalent) 
(-100  kDa)

Figure 1.3 Schematic representation o f antibody fragments, reproduced from [30].

10
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Table 1.3 A list of antibody fragments currently in clinical and prcclinical trial [30].

Fragm ent type

Fab/humanised

Specif icity/Target

antigen

D-dimer Phase

Indication

Deep vein thrombosis 

imaging

Fab/PEGylated

humanised

VEGF Phase I Cancer (anti-angiogenesis)

Fab/bispecific

humanised

HER-2/Neu & 

CD64 (F cR l)

Phase II Breast cancer

scFv fused to PEG 

human

HER-2 Preclinical Breast cancer

Diabody HER-2/Neu Preclinical Ovarian and breast cancer

Minibody murine-human 

chim era

HER-2 Preclinical Ovarian and breast cancer

Bispecific scFv/mouse CD28 and MAP Preclinical M elanoma

It has long been known the Fc can be removed by proteolysis of IgG with 

enzymes such as papain or pepsin as a means to obtain the Fab or F(ab)2  [31, 32]. The 

Fab in particular, and F(ab)2  fragments can also be produced by recombinant means [31, 

33-35]. One of the potential advantages of the Fab and other binding fragments is that 

they are smaller than a full IgG. These smaller molecules may penetrate tissue and 

tumours more effectively [31, 36, 37]. Antibody fragments can be produced in E. coli, 

because o f their smaller size and the general lack of glycosylation. Generally, 

glycosylated antibodies must be produced using a mammalian cell system. It is possible 

to produce aglycosylated whole antibodies in E-coli, however these cannot be used 

therapeutically because glycosylation is needed to inhibit aggregation, increase 

physicochemical stability, and to prolong circulation times [19].

The smaller size of antibody fragments results in their rapid clearance from the 

blood circulation. This rapid clearance can be useful, for example if an antibody is to be 

used for delivery of cytotoxic radioisotopes or diagnostics [31]. However, this short 

half-life may be associated with the risk of preventing sufficient accumulation of drug at 

the desired site.

There are several clinically approved Fab fragments in the market such as 

ranibizumab (Lucentis, humanised), abciximab (ReoPro, chimeric), crotalidae 

polyvalent immune Fab (CroFab, Ovine), digoxin-specific Fabs (Digibind and DigiFab, 

Ovine), and arcitumomab (CEA-scan, murine) and more in clinical trials (Figure 1.3).

11
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Since binding of Fc to FcR results in recycling of the full IgG resulting in half-life up to 

approximately 20 days, Fab fragments with no Fc display short circulation half-lives of 

less than a day (19-22 hours). In certain applications, such as the treatment of chronic 

diseases, this is a disadvantage. Another drawback with antibody fragments is the fact 

that they tend to aggregate and become less stable in formulation than full IgG because 

o f their smaller size [38]. There are several methods used to increase the half-life and 

stability of these fragments, such as conjugation to other proteins (e.g albumin) and to 

polyethylene glycol (PEGylation). In 2007, the PEGylation approach was applied to an 

anti-TNFa Fab fragment and resulted in the clinically proven agent certozilumab pegol 

(Cimzia) [39].

1.3 Receptor and ligand binding antibodies

Therapeutic monoclonal antibodies are divided into four groups based on their mode of 

action; blocking, agonistic, activating and conjugated antibodies. These antibodies 

differ by both the biology of the target molecule and their clinical indications. Blocking 

antibodies such as panitumumab (IgG2, anti-EGFR), trastuzumab (IgGI, anti-EGFR), 

bevacizumab (IgGI, anti-VEGF) and adalimumab (IgGI, anti-TNFa) are all classed as 

antagonistic mAbs. While bevacizumab and adalimumab bind to soluble ligands, 

panitumumab and trastuzumab bind to cell surface receptors and block their actions. 

Agonistic antibodies such as TGN1412 (IgG4, anti-CD28) can bind to cell surface 

receptors and mimic the action of endogenous ligands. However, TGN1412 caused 

cytokine storms when adminstarted to the paitent at clinical trials phase I at Northwick 

park Hospital. The third group is activating antibodies such as rituximab (IgGI, anti- 

CD20) and alemtuzumab (IgGI, anti-CD52). This group of antibodies is able to recruit 

the immune system through Fc effector function. The fourth group is conjugated 

antibodies such as gemtuzumab (IgG4, anti-CD33) and tositumomab-1131 (IgG2, anti- 

CD20), which are conjugated to a cytotoxic drug and a radionuclide respectively. This 

group is used for targeted delivery of therapeutic agents [40].

For blocking antibodies that bind to ligands or receptors and acts as antagonists, 

there may be less need for the Fc portion. For instance, TNFa is a cytokine involved in 

systemic inflammation and has a primary role in the regulation of immune cell function 

[41]. TN Fa is produced by many immune and non-immune cells such as T-cells, mast 

cells, smooth muscle cells, fibroblasts and natural killer (NK) cells as a soluble cytokine
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(sTNFa). Three 17 kDa monomers form a homotrimer that is released into the serum 

after cleavage from its cell surface bound precursor (tmTNF, homotrimer of 26 kDa 

monomers) by the TNF-alpha converting enzyme (TACE) [42]. Both sTNF and tmTNF 

exert biological activity by interacting with either of two distinct receptors, TNFRl and 

TNFR2. These receptors also have to trimerise to allow binding to TNFa and receptor 

signalling. TNFa as a ligand is a target for at least five clinically used medicines, some 

of which are bivalent IgGI monoclonal antibodies (adalimumab, infliximab, 

golimumab) and one of which is a monovalent Fab fragment covalently conjugated to 

PEG (2 chains of 20 kDa) and named certolizumab pegol (Cimzia) [41].

Of the clinically approved TNFa antagonists, adalimumab (Humira) and 

golimumab (Simponi) are fully human monoclonal antibodies. Etanercept (Enbrel) is a 

soluble TNFR2-Fc fusion protein and infliximab (Remicade) is a chimeric monoclonal 

antibody. Certozilumab pegol (Cimzia) is a PEGylated humanised Fab

These medicines are used in the treatment of chronic inflammatory diseases 

including rheumatoid arthritis (RA) and Crohn’s disease. The serum half-life of 

adalimumab is 10-20 days, comparable to that of certozilumab pegol, which is 14 days 

[41]. Etanercept possesses a serum half-life of four days. Moreover, the TNFa 

antagonists differ in terms of induction of effector function; infliximab, adalimumab 

and golimumab are IgGI that induce effector function through Fc-FcR, however, 

certolizumab lacks effector function since it has no Fc fragment. Etanercept is a fusion 

protein consisting of a dimer o f the extracellular region of the human TNFR2 fused to 

the Fc region of human IgGI. The TNFR2 portion in etanercept has four domains and 

its C-terminal contains 13 glycosylated residues. The Fc region of etanercept has an 

identical amino acid sequence to that of the other, IgGI-based TNF antagonists. While 

binding of the Fc to the FcR governs the plasma half-life of etanercept, the plasma half- 

life is shorter than for the IgGI mAbs or other Fc fusion proteins. The reason for the 

shorter half-life of etanercept could be due to differences in the conformation or steric 

accessibility of the Fc region in etanercept compared with other IgGI adalimumab and 

infliximab [41].

All the TNFa antagonists mentioned can bind to either sTNF or tmTNF and thus 

stop their binding to TNFR. The ligand binding of these antagonists was studied using 

BIAcore, to measure the on-rate and off-rate of antagonist to ligand [41]. The data 

showed that all these molecules bind sTNF with high affinity in the nM range, however.
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they are different in terms of their kinetic parameters (kon and koff). Infliximab and 

adalimumab appeared to have slower kon and koff rates than etanercept. It is reported that 

the on-rate of etanercept is about twice that of infliximab or adalimumab. However, 

infliximab binds to both monomer (17 kDa) and trimer (51 kDa) sTNF, while etanercept 

binds only to trimer sTNF. The binding of etanercept to sTNF is through contact of the 

receptor arm with different faces of the trimer sTNF. Therefore, infliximab and 

etanercept are different through their binding to different epitopes on sTNF. It has been 

suggested that infliximab and adalimumab can bind to two sTNF trimers as both are 

bivalent IgG (slower off-rate), whereas etanercept appears to bind only to single sTNF 

trimers (hence faster off-rate) [41]. Moreover, the results from studies of the binding of 

infliximab, adalimumab, etanercept and certolizumab, to cell lines expressing 

transfected tmTNF, suggest that infliximab and adalimumab have a greater degree of 

cell-surface binding, up to three fold greater than etanercept and certolizumab [41].

Through not having the Fc region, certolizumab retains the ability to bind to 

TNFa without the possible cytotoxicity that can be contributed by the Fc. In principle, 

because certozilumab is a Fab, it is also a lot more economical to produce. After binding 

to TNFa, antibodies can be cleared from the body through the spleen and liver, 

followed with degradation in the kidney. The mechanism of clearance can be a 

combination of Fc receptor dependent in the reticuloendothelial system (RES) in the 

spleen and liver and then degradation through the kidney.

Another clinically used antibody that binds to a soluble ligand is bevacizumab. 

As mentioned, bevacizumab is a full IgGI monoclonal antibody against VEGF which 

acts as an anti-angiogenesis agent and is used in cancer chemotherapy [43]. Analogous 

to TNF-a, there is also a clinically used Fab targeted against VEGF. This Fab is called 

ranibizumab and is available for use only in the eye to treat age related macular 

degeneration (AMD). Unlike certozilumab pegol, ranibizumab is not PEGylated.
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Figure 1.4 Representations o f the molecular structures of the five TNF antagonist, 
reproduced from [41].

I.S. I Bevacizumab and its mechanisms of action

Angiogenesis is the process of the growth of new blood vessels [44]. The inhibition of 

angiogenesis was first described by Folkman in 1971 as an effective strategy to treat 

cancer [45]. Folkman discussed the relationship between inhibition of the angiogenesis 

and treatment o f the cancer. Angiogenesis is also important in several other diseases in 

addition to cancer, including diabetic retinopathy, psoriasis, rheumatoid arthritis and 

infection. It also is known to be important in wound healing and embryonic 

development [46]. As initially discovered by Folkman, angiogenesis is a nonnal process 

in the growth and development of blood vessels, it is also a key step in the transition of 

a tumour from a donnant state to a ‘malignant state’ [45, 47]. Destruction of tumours by 

blocking the angiogenic process, to prevent the growth of a tumour blood supply has 

been discussed for a number of years as a way forward for cancer treatment. Therefore, 

a number o f anti-angiogenesis agents have been then developed and more are in clinical 

trials (Table 1.4) [46].

Folkman and his colleagues isolated a ‘tumour angiogenesis factor’ from human 

and animal tumours [45, 48]. Different factors can induce the angiogenic response, such 

as epidermal growth factor (EGF), transforming growth factor (TGF)-a, TGF-p, 

tumour-necrosis factor-a (TNF-a) and angiogenic factors. These factors were shown to 

induce angiogenesis in functional bioassays, but none of them were found to show
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physiological activity. Finally, isolation of vascular endothelial growth factor (VEGF), 

which is an endothelial-cell-specific mitogen, was reported by Genentech to display 

activity [48].

VEGF is a heparin-binding homodimeric glycoprotein with approximately 40 

kDa molecular weight. It was found that VEGF is a potent endothelial cell mitogen [49] 

that mediates proliferation, migration and tube formation resulting in angiogenesis. 

Therefore, VEGF was found to be a key mediator in angiogenesis [46]. In vitro studies 

have shown that VEGF stimulates angiogenesis causing endothelial cells to proliferate 

and to migrate [50]. VEGF causes a series of signalling events in endothelial cells. 

Using specific antibodies in order to block the activity of VEGF to prevent VEGF 

binding to its receptors, has been suggested as a valid approach to stop tumour growth 

[50].

The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, 

VEGF-F and PIGF (placental growth factor). They bind specifically to three different 

receptor tyrosine kinases to activate their biological functions. These receptors are 

VEGFRl (also called fit-1), VEGFR2 (also called KDR/flk-1), and VEGFR3. The most 

therapeutically important VEGF is VEGF-A, which plays a key role in angiogenesis.

Human VEGF-A consists of different isoforms based on different number of 

amino acids, including VEGF121, VEGF165, VEGF 189, and VEGF206. It is now accepted 

that VEGF 165 is vital for angiogenesis and the most biologically important VEGF 

isoform [48]. Less frequent VEGF isoforms have been reported, including VEGFms, 

VEGFi83, VEGF162.

VEGF-A binds to VEGFRl and VEGFR2, leading to receptor dimérisation. The 

function of VEGFRl is less well defined, but it is established that VEGFR2 is the major 

mediator of the mitogenic, angiogenic, and permeability enhancing effects of VEGF. 

VEGF-C and VEGF-D, but not VEGF-A, can bind to a third receptor (VEGFR3), which 

mediates lymphangiogenesis [51]. Binding to VEGFR2 initiates a tyrosine kinase 

signalling pathway that stimulates the production of factors that stimulate vessel 

permeability, proliferation, migration and finally differentiation into mature blood 

vessels [50]. Figure 1.5 summarises the role of VEGF receptor tyrosine kinases in 

endothelial cells.

The crystal structure and functional mapping of VEGF has been described [51]. 

This report showed the receptor binding site of VEGF clearly, whereby two VEGF- 

monomers form the biologically active dimer. VEGF is composed of two identical
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chains that are linked together by disulfide bonds. The dimer has two binding sites for 

the receptor, which are formed by domains from each monomer [51]. Therefore, 

dimérisation of VEGF is required for formation of the functional receptor binding site 

and its biological activity. Receptor dimérisation is also required, as each receptor 

molecule consists of only one VEGF binding site [51]. Moreover, alanine-scanning 

analysis of VEGFRl and VEGFR2 has revealed the binding site on VEGF for its two 

receptors. This study showed that both receptors bind similar epitopes on VEGF. These 

epitopes are located on the two opposite parts of the VEGF-homodimer (Figure 1.6).

Another role of VEGF is to induce endothelium-dependent vasorelaxation. Both 

large and small blood vessels contain endothelial cells to which VEGF can be localised. 

This localisation of VEGF on endothelial cells will result in cell proliferation and 

migration and therefore induce an angiogenic response. It has also been found that 

systemic or intracoronary administration of VEGF leads to a significant depressor 

response, recognized as VEGF-induced vasodilation, which is known to be NO- 

dependent [52, 53].

As mentioned above, VEGF165 plays a key role in angiogenesis by binding to 

VEGFR2. In the case of cancer, stopping angiogenesis by blocking VEGF or VEGFR 

can inhibit tumour growth and consequently kill the tumour. Bevacizumab is a clinically 

approved monoclonal antibody which shows high affinity binding to human VEGF 165 

[46]. Bevacizumab is a recombinant humanised IgG lk monoclonal antibody (97 % 

human, 7 % murine sequence) which is produced by humanisation of the murine parent 

antibody A4.6.1. The approximate molecular weight of bevacizumab is 150 kDa [54]. 

The combination of bevacizumab with 5-fluorouracil is used for treatment of metastatic 

colorectal cancer [55].
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Figure 1.5 Role of the VEGF receptor tyrosine kinase in endothelial cells. VEGFRl 
(R l), and VEGFR2 (R2) are located on the surface of vascular endothelial cells. 
VEGFR3 (R3) is largely limited to lymphatic endothelial cells. VEGF-A binds to both 
Rl and R2, whereas PIGF and VEGF-B interact only with R l. VEGF-C and VEGF-D 
bind R3, but they might bind R2 following proteolytic processing, reproduced from 
[48].

Besides bevacizumab, many other VEGF inhibitors are in clinical trials. Table

1.4 lists some of the most clinically advanced proteins known to inhibit VEGF 

signalling [48]. Alanine-scanning analyses and the crystal structure of VEGF, in 

complex with bevacizumab, (Figure 1.6) suggested that the binding epitopes on VEGF 

for the receptor and for the Fab region in bevacizumab are separate and only partially 

overlapping. The mechanism of inhibition of receptor binding by bevacizumab is 

suggested to be sterie hindrance [46].
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Table 1.4 VEGF inhibitors in development and which have been registered. RTK, 
receptor tyrosine kinase; VEGF, vascular endothelial growth factor; VEGFR, VEGF 
receptor [48].
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and bevacizumab (Avastin). The grey and pink colours are VEGF; domain-2 of the 
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For treatment of cancers, bevacizumab is administrated intravenously. 

Intravitreal bevacizumab is also used off label for the treatment of age-related macular 

degeneration (AMD), and has been administered every 14 days with a vitreous half-life 

o f 4.32 days in rabbit eye [56]. AMD is an eye disease and a major cause of blindness 

that part of retina called macula damages and results in loss of vision. This damage 

occurs due to abnormal blood vessel growth in the choriocapilaries and results in blood 

leakage and blocking below macula [57]. In contrast, ranibizumab is an approved Fab 

fragment against VEGF165, which is administered intravitreally in treatment of AMD 

and has a short vitreous half-life of 2.88 days in rabbit eye [56]. Ranibizumab is 

produced in E-coli from the insertion of the murine anti VEGF-A CDRs into a 

consensus human IgGI framework [58]. Compared with the CDR in bevacizumab, there 

are some amino acids substituted to increase the binding affinity for VEGF-A 

(VEGF 121, VEGF165). Ranibizumab contains 214 amino acids in its light chain, which is 

linked by the disulfide bond at its C-terminus to the N-terminus amino acid residue 231 

o f the heavy chain. There are 4 intrachain and 1 interchain disulfide bonds in 

ranibizumab. The molecular weight of ranibizumab is approximately 50 kDa (23 kDa 

for light chain and 25 kDa for heavy chain) [58]. Since the Fab (ranibizumab) is 

injected directly into the eye, it does not need to be PEGylated to prolong its residence 

time. Unlike bevacizumab, it would not be possible to use ranibizumab systemically 

because it would clear too quickly.

Another therapeutic monoclonal antibody used to treat cancer is trastuzumab, 

which acts as an antagonist through its blockage of the HER-2 signalling pathway. 

Unlike bevacizumab that binds to a soluble ligand, trastuzumab binds to a receptor, but 

both are classified as blocking antibodies.

1.3.2 Trastuzumab and its mechanism o f  action

The four members of the ErbB family (HER-1, HER-2, HER-3 and HER-4) are 

epidermal growth factor receptor tyrosine kinases. The HER-1, HER-3 and HER-4 have 

their specific ligands (EGF or TGFa), which can bind with high affinity, however, 

HER-2 is the only ErbB receptor without a known high affinity ligand. It has been said 

that HER-2 is a Tigand-less’ receptor tyrosine kinase [59]. All the ErbB family 

receptors excluding HER-3 contain an intracellular tyrosine kinase domain and they all 

contain an extracellular region with 630 amino acids [60]. The extracellular domain is
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where ligand binding occurs. Binding of ligand to the extracellular domain of HER-1, 

HER-3 and HER-4, results in activation and receptor dimérisation. Receptor 

dimérisation can be either homodimerisation or heterodimerisation, and is required for 

phosphorylation events and initiation of downstream signalling pathways such as 

proliferation and cell survival. Therefore, the tyrosine kinase portion of each receptor is 

activated by dimérisation, which requires ligand binding for initiation. In contrast, 

HER-2 contains an active tyrosine kinase domain, which is in an ‘active’ conformation 

without need for a ligand and is constitutively available for dimérisation. HER-2 is the 

preferred dimérisation partner for the other HER family members [60]. In breast cancer 

characterised by HER-2 overexpression it constitutively activates and induces 

intracellular signalling pathways. This results in stimulation of proliferation, migration, 

angiogenesis and promotion of tumour cell survival [61].

There are several monoclonal antibodies on the market that target the 

extracellular domain of the HER-2 receptor in order to inhibit the proliferation of cancer 

cells [61]. Trastuzumab was approved for the treatment of HER-2 overexpressing breast 

cancer in 1998. It is a glycosylated with an approximate 150 kDa molecular weight, 

recombinant monoclonal antibody IgGI. Trastuzumab can bind to the extracellular 

domain of the HER-2 receptor with high affinity. This antibody is produced by insertion 

of the CDR amino acids of the murine parent (muAb 4D5) into the framework of a 

consensus human IgGI using mammalian Chinese hamster ovary cell line [6].

Several mechanisms have been suggested how trastuzumab can decrease HER-2 

signalling and Figure 1.7 (panel C, D, E and F) shows some of these possible 

mechanisms o f action. In Figure 1.7 panel A shows the HER family signalling pathway 

and panel B shows the structure of trastuzumab. The first mechanism suggested is 

through Fc binding of trastuzumab to the FcR on natural killer cells (NK), to activate 

the ADCC pathway (panel E in Figure 1.7). However, it was demonstrated that in HER- 

2 overexpressed breast cancer, the most likely mechanism of action of trastuzumab, is to 

block the proteolytic cleavage of the HER-2 extracellular domain (panel C, Figure 1.7). 

It is thought this prevents HER-2 dimérisation and activation of the intracellular 

tyrosine kinase. Also, physical inhibition of HER-2 dimérisation (panel D, Figure 1.7) 

could be another mechanism for trastuzumab to inhibit the HER-2 signalling pathway. 

The forth possible mechanism of action of trastuzumab in HER-2 binding involves an 

endocytosis effect (panel F, Figure 1.7) [59].
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Figure 1.8 shows the ribbon structure of HER-2 (a) and HER-2 in complex with 

the trastuzumab-Fab (b). Trastuzumab binds HER-2 through its CDR in the Fab 

fragment. The binding site of HER-2 with trastuzumab-Fab is located on the C-terminal 

portion of domain IV, including three loops; loops formed by residues 557-561, 570- 

573, and 593-603. The interaction between the first and third loops with CDRs of 

trastuzumab is mainly electrostatic, whereas the interaction between second loop and 

trastuzumab is governed by hydrophobic interactions [60].

Trastuzumab is administrated as a single drug to the patient who receives one or 

more chemotherapy regiments for their metastatic cancer. Trastuzumab is also 

administrated in combination with other agent such as paclitaxel and bevacizumab to 

the patient who has not received any chemotherapy and suffering from chronic cancer 

[6, 62].

Another human monoclonal antibody against EGFR is pantitumumab. This 

antibody is an IgG2 and was approved by the FDA for metastatic colorectal cancer in 

2006. Panitumumab acts as an anti-cancer agent by inhibiting the growth of cancer cells 

and inducing apoptosis. Panitumumab is an IgG2 that does not show potent CDC and 

ADCC pathway due to the weak interaction between the Fc domain to the FcR. It 

blocks EGF and TGF-a from binding to EGFRl [63]. Cetuximab (chimeric IgGlk) is 

also targeted to EGFR and used to treat colorectal cancer and head and neck cancer.
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Figure 1.7 Possible mechanisms of action of the anti-HER-2 antibody trastuzumab, (A) 
HER family signalling pathway, (B) Trastuzumab, (C-F) Trastuzumab mechanism of 
action after binding to HER-2, reproduced from [59].
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Figure 1.8 The structure o f HER-2 and HER-2 bound by Fab-trastuzumab. A; Ribbon 
diagram of HER-2. Domains 1 (blue), II (green). III (yellow) and IV (red), and the 
amino and carboxy termini, are indicated. Disulfide bonds are shown in purple and 
gold. B; Ribbon diagram of the HER2 (colored as in a) and Fab-trastuzumab (cyan) 
complex, reproduced from [60].
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1.4 Strategies to extend the half-life of therapeutic proteins

The continued development of the protein-based medicines, in particular antibody 

fragments, is limited to an extent by problems related to their short circulation half-life. 

Rapidly cleared medicines must be dosed more frequently. While this is inconvenient to 

the patient and increases the cost of treatment, a suboptimal dosing frequency also 

increases the risk for immunogenicity and toxicity. Efficacy is also decreased when 

proteins clear rapidly because a sub-therapeutic plasma concentration exists between 

doses. Optimise pharmacokinetics are a fundamental requirement for the development 

protein-based medicines.

There are several strategies that have been suggested to solve the limitation of 

short serum half-life of therapeutic proteins [64]. These strategies include (i) protein 

fusion to Fc or to albumin that increase the serum half-life by using the endocytic 

recycling mechanism [21, 65-72], (ii) PEGylation [73-79] and glycoengineering [80-82] 

methods which prolong serum half-life of therapeutic protein by increasing the size of 

the protein molecule in circulation and (iii) using sustained release system such as 

colloids and pumps to prolong dosing into the blood stream. From these, fusion proteins 

and protein PEGylation are described in detail in the following sections because 

clinically proven products using these technologies are currently on the market.

1.4.1 Fusion proteins

One approach to improve the pharmacokinetics of small therapeutic proteins is based on 

their recombinant fusion with longer circulating serum proteins including Fc and 

albumin. In Fc fusion proteins, the immunoglobulin Fc fragment is fused genetically to 

the protein of interest, such as an enzyme, peptide or antibody fragment. The Fc 

fragment can bind to the FcR to provide longer circulation times in the blood. There are 

currently five Fc fusion proteins in the clinic and more in clinical trials. Table 1.5 [64]. 

The first Fc-fused peptide was romiplostim (Nplate), a thrombopoietin conjugate 

approved for the treatment of chronic immune thrombocytopenia purpura [64]. This 

drug has an average half-life of four days when administered subcutaneously. 

Etanercept (Enbrel) is the most successful fusion protein based medicine. It is a dimeric 

fusion of the soluble 75 kDa TNFa receptor-2 with the Fc fragment of human IgGI and 

is a successful example of a Fc-fusion protein that is used relatively widely as a 

therapeutic drug [83]. Of the fusion approaches, the Fc fusions have been the most
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successful clinically.

Another approach that has been evaluated is to fuse a therapeutic protein to 

albumin. Albumin has been genetically fused to the proteins such as Fab, scFv, 

cytokines and enzyme [84]. Albumin and IgG are the most abundant proteins in the 

plasma. They both have a circulation half-life of approximately 20 days [65, 84]. The 

long serum half-life associated with albumin could be used as a tool to enhance the half- 

life of a Fab fragment in an albumin-fusion Fab [84]. Several studies have shown that 

this long serum half-life o f albumin is because o f its binding to the FcR and a recycling 

process that is mediated by the FcR, similar to what is observed for IgG molecules, 

however, no effector function is observed for albumin-FcR binding [65, 85]. The 

binding of albumin to the FcR is pH-dependent, similar again to binding of the Fc of 

IgG to FcR.

Table 1.5 Protein based medicines that are fused to Fc which are registered in the clinic 
and the clinical development [64].

Examples of clinically approved fusion proteins
Amevive

(alefacept)
Astellas Pharma 

US
IgG Fc LFA-2

Arcalyst
(lilonacept)

Regeneron IgG Fc ILIRs

Enbrel
(etanercept)

Amgen IgG Fc TNFR

Nplate
(romiplostim)

Amgen IgG Fc TPO-Receptor (c-mpi) 
binding peptide

Orencia
(abatacept)

Bristol-Myers
Squibb

IgG Fc CTLA4

Ontak
(denileukin

diftitox)

Ligand
Pharmaceuticals

Diptheria 
toxin A & B

IL-2 (A lal-Thrl33)

1 Examples of fusion proteins in clinical trials (Phase III) |
LEA29Y BMS IgG Fc CTLA4

VEGF Trap Regeneron IgG Fc VEGF
IL13-PE38QQR NeoPharm IL-I3 Pseudomonas 

exotoxin PE38

Proximium/
Vicinium

Viventia Anti-EpCAM
FAb

Pseudomonas 
exotoxin A
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The human serum albumin is a single chain protein produced in the liver. This 

protein has a 67 kDa molecular weight with 585 amino acids and can control the plasma 

oncotic pressure and pH. The ease of production along with the known structure of 

albumin has made it an interesting candidate for extending the serum half-life of small 

proteins [68, 86, 87].

However, there is only one example of an albumin fusion protein, interferon- 

albumin (Albuferon) which has been evaluated in Phase III trail. The trials were stopped 

and this fusion protein still remains to be registered for clinical use [70]. Moreover, 

using the fusion approach, it is possible to fuse two different peptides or antibody 

fragments together and produce a bispecific construct which is discussed in more detail 

in section 1.5 of this chapter.

While Fc fusion proteins have been clinically proven to prolong the circulation, 

this class of proteins is dominated by Entarecept. There are many issues of fusion 

proteins generally. These have to do with protein production, e.g. ensuring that the 

fusion protein correctly folds. There have also been many failures, e.g. Albuferon.

1.4.2 Protein PEGylation

Conjugation of polymers (e.g poly(ethylene glycol) (PEG) and polysialic acid (PSA)) to 

therapeutic proteins is another strategy to extend the circulation half-life. PEGylation or 

the conjugation of PEG, was described by Davis et al [88, 89] in the 1970’s and remains 

one of the most successful and clinically used methods to date to prolong the serum 

half-life of proteins [90-97]. In PEGylation, PEG is covalently conjugated to the peptide 

or small protein. The primary reason for PEGylation is to increase the protein 

circulation half-life, however, enhancement of the stability and immunogenicity are 

other potential advantages [98, 99].

While there are currently at least 10 PEGylated proteins in clinical use (Table

1.6) [32, 97, 100-102], more than 20 PEGylated proteins are currently in clinical 

development [76]. It has been shown that the PEGylated proteins are safe in humans 

and in some cases are used in first line treatments [99]. The PEGylated interferons 

(IFN- a2a and IFN- a2b) are two clinically used PEGylated proteins used in the 

treatment of hepatitis C [103-107]. PEGylated Erythropoietin (EPO) and Granulocyte 

colony-stimulating factor (GCSF) are other examples of clinically used PEGylated 

protein (Table 1.6).
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It is generally recognised that PEG possesses little toxicity when it is used in a 

wide range of consumer and healthcare products [99]; however, it is a clinically 

approved excipient in pharmaceuticals including injectable, topical, rectal and nasal 

formulation. This lack of toxicity is also observed when a PEGylated product is 

administered parenterally [99, 108]. It has been suggested that parenteral doses of up to 

200 mg or more weekly of PEG associated with a PEGylated protein do not have 

toxicity issues [108-111].

One of the therapeutic advantages of PEGylated proteins is the reduction of the 

immune-toxicity since the frequency of dosing is decreased for PEGylated products [98, 

101, 112, 113]. PEGylation also reduces the propensity for protein aggregation. No 

other strategy has been developed that is as widely applicable as PEGylation to improve 

the properties o f therapeutic proteins for their use as medicines.

Rapid clearance of many therapeutic proteins is a common limitation and it 

occurs because of glomerular filtration and proteolytic degradation. PEGylation 

increases the circulating half-life of proteins by addressing these both issues. In 

principle PEG is a large molecule and its covalently conjugation to a protein decreases 

the rate of renal clearance. Also, PEG displays steric shielding effects when it has been 

conjugated to a protein. These steric shielding effects of PEG act to protect the protein 

from proteolytic cleavage while in circulation.

In addition, PEGylation can improve the immunogenicity of the therapeutic 

proteins through steric shielding effect of PEG which reduces the interaction of the 

protein with the immune system. Some therapeutic proteins induce an immune response 

when administered to the body since they can be detected as a foreign molecule. PEG 

can mask the immunogenic sites of protein and hence avoid production of antibodies 

against the proteins. For instance, asparaginase is a non-human protein and its 

administration alone will induce immune response. PEGylated L-asparaginase 

(Pegaspargase) is produced by hyperconjugation of 5 kDa PEG. The surface of this 

PEGylated protein is fully saturated with PEG molecules. Therefore, the levels of 

antibodies produced against PEGylated asparaginase are significantly lower in patients 

when compared with asparaginase alone [99].
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Table 1.6 Clinically approved PEGylated protein.

Adagen®, Pegademase 
Bovine; (Enzon)

Enzyme 
replacement 
therapy of 
adenosine 
deaminase

Severe combined 
immunodeficiency 

disease (SCID)

1990 FDA

Oncaspar®, Pegaspargase; 
(Enzon)

Asparaginase - part 
of multi-agent 
chemotherapy

Leukemia 1994 FDA 
and EMEA

Pegasys®, PEG-IFN-a2a; 
(Roche)

Interferon a HCV 2002 FDA
and EMEA

Peglntron®, PEG-IFN- 
a2b; (Schering/Plough)

Interferon a HCV 2002 FDA

Somavert® Pegvisomant; 
(Pharmacia Upjohn)

GH antagonist Acromegaly 2002
EMEA 

2003 FDA
Neulasta®, PEG-GCSF; 

(Amgen)
Leukocyte growth 
factor (rh G-CSF)

Neutropenia 2003
EMEA

Macugen®, Pegaptanib 
(OSI/Pfizer)

VEGF
(oligonucleotide)

AMD 2004 FDA 
2006 

EMEA
Mieera®, mPEG-epoetin 

beta; (Roche)
Erythropoesis 

stimulating agent
Anemia 2007

EMEA
Cimzia®, Certolizumab 

Pegol; (UCB)
TNF blocker- rh 

Fab' fragment with 
specificity for 
human TNFa

Crohn’s disease 2008 FDA

Krystexxa® ,pegloticase 
(Savient)

Uricase Chronic gout 2010 FDA
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Although PEGylation does not change the function of the protein, the initial 

interaction between the protein and target will decrease because of the steric shielding 

effect of PEG. This means that once the PEGylated protein interacts with its target, the 

biological outcome is the same as for the non-PEGylated protein. It has been shown that 

the association constant rate of PEGylated protein to the target is decreased while the 

dissociation rate constant is found to be little changed from the non-PEGylated protein 

[114]. The fact that protein-based medicines tend to be highly potent molecules means 

that clinically, PEGylated proteins can be much better medicines than non-PEGylated 

proteins. The PEGylated protein often has enough potency to be clinically viable. It is 

the extension of half-life which helps to ensure a more prolonged exposure of the 

protein provides clinical efficacy. It is often not possible to predict the clinical efficacy 

of a PEGylated protein based on in-vitro activity alone.

When PEG is conjugated to a protein, the PEGylated protein displays a larger 

hydrodynamic volume of up to 10 times larger than the native protein [115]. This 

dramatic change in the hydrodynamic volume of the PEGylated protein causes an 

increase in the overall size of the molecule to prolong circulation times [116]. The 

solution size o f PEGylated proteins is generally dominated by the PEG rather than the 

protein. PEGylation can also increase the water solubility of the protein since the PEG 

moiety is readily water soluble. Thermal and mechanical stability of the therapeutic 

protein can also be improved by PEGylation [117].

The molecular weights of PEG (5-30 kDa per PEG molecules) that are used for 

protein PEGylation, are excreted from the kidneys, the major pathway for the 

elimination of the PEGylated protein, but as PEG size increases clearance rates become 

slow. Once the PEG solution size approximately matches the size of albumin, the 

clearance rates do not decrease much further [99]. This is known as the molecular 

weight threshold.

As mentioned, there are two clinically used PEGylated IFN medicines. They are 

PEGylated IFN-a2a (Pegasys) or a2b (Peglntron) are now the preferred therapy for 

hepatitis C in combination with ribavarin. PEGasys is derived from a PEG reagent that 

has 2 molecules of 20 kDa PEG (total 40 kDa PEG) which increases its circulating half- 

life from less than one hour for the native IFN to more than two days when 

administered for the treatment of hepatitis C [112]. Treatment of hepatitis C with IFN-a 

alone causes severe adverse effects [101] including flu-like symptoms, depression, 

anxiety and sleep disturbance. The treatment with PEGylated IFN-a causes these sides
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effects to occur with less frequency because dosing is much less frequent. Hence patient 

compliance greatly increases compared to when non-PEGylated IFN is used. Another 

characteristic that is often under appreciated is that the in-vitro activity of PEGylated 

IFN-a is much less than that of the non-PEGylated IFN while the PEGylated protein is 

clinically beneficial. In the case of PEGasys, the in-vitro activity is approximately 5-10 

% of the activity of the native IFN-a. However the clinical efficacy PEGasys is much 

improved compared to IFN and this is primarily due to the extended half-life of the 

PEGylated version of the protein.

PEGylation as a method for extending half-life is also being used in other drug 

delivery systems for a range of different applications, such as PEGylated liposomes 

(e.g.DOXIL; doxorubicin HCl liposome and PEG-based hydrogel).

1.4.2.1 PEGylation reagents

PEGylation reagents are usually electrophilic. These reagents undergo conjugation 

either by alkylation or acylation reactions with the nucleophile group of protein; i.e., 

often the amino group on lysine [92, 95, 97, 118]. There are often many lysines on a 

protein so conjugation cannot usually be made to be site-specific. Conjugations by 

protein thiols rather than amines are often much more selective and efficient. 

Unfortunately cysteine residues in a protein are usually paired as disulfide bonds. Most 

proteins with disulfides do not have a free unpaired cysteine because the free thiol 

would potentially lead to disulfide scrambling, protein misfolding and protein 

aggregation. There are many examples that have been described where a free cysteine is 

engineered into a protein by recombinant approaches in an attempt to provide a free 

cysteine as a site for specific conjugation [119]. However if there is a disulfide present 

in the protein, these engineered proteins suffer the limitations associated with disulfide 

scrambling and aggregation. Bis-alkylation PEG reagents have been described that are 

able to undergo reaction with both of the thiols that make up disulfide bond [117]. 

Because many proteins consist of amino groups (e.g lysine groups) on their surface, the 

majority of the PEG reagents were designed to react with protein amino groups.

PEG reagents that are used for clinical products are mono-functionalised at one 

terminus with the reactive moiety that links the PEG to the protein. The other terminus 

is usually capped with a methoxy group. The PEG molecule is derived from anionic 

ring opening polymerisation of ethylene oxide which is often initiated with methoxide 

anion. The type of polymerisation when conducted under carefully controlled conditions
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can result with the PEG being prepared with a narrow molecular weight distribution. 

Most biomedical synthetic polymers cannot be prepared with a narrow molecular 

weight distribution. They usually display broad range molecular weights. The ability to 

make narrow molecular weight distribution PEG is an important advantage for using 

PEG in protein conjugation. PEG is made in molecular weights for protein conjugation 

in the range from 1-40 kDa. However, by increasing the size of the PEG, retaining a 

narrow molecular weight distribution becomes more difficult, therefore, most 

PEGylated products that have been used in the clinic are made from PEG reagents 

which comprised of PEG molecules of 30 kDa or less.

For PEGylation on amine residues (e.g lysine) of the protein, amine acylating 

reagents are used. One such reagent is PEG N-hydroxylsuccinimide. This PEG reagent 

is not selective. Conjugation occurs on different lysine residues to give a mixture of 

positional isomers. The conjugation reaction is often difficult to reproduce and the PEG 

protein conjugate is usually obtained in low yield as a mixture of isomers. Other 

nucleophilic amino acid residues such as histidine can also undergo conjugation. Each 

positional PEG-protein isomer usually displays different physiochemical, biological and 

pharmaceutical properties [92, 97, 120].

Many types of proteins have been PEGylated and are now used clinically (Table

1.6). The first PEGylated proteins to be registered were PEGylated enzymes. These 

enzymes are hyperPEGylated by the conjugation of many molecules of linear PEG (5.0 

kDa). This has been necessary as the enzymes are non-human, so they have to have 

PEG moieites covering as much of their surface as possible. Such PEGylated proteins 

are still clinically viable because the substrates the enzymes undergo reaction are small 

molecules (e.g. asparagine). Examples of hyperPEGylated enzymes include 

pegaspargase, pegademase and pegvisomant (Table 1.6). Recently pegloticase has been 

approved for clinical use. This PEGylated uricase is used for the treatment of chronic 

gout. The tetrameric uricase is conjugated to 36 PEG (10 kDa) molecules through its 

lysine residues. Uricase is a porcine derived. This hyperPEGylation of uricase serves 

many purposes including to protect the uricase from proteolytic enzymes to prolong its 

half life as well as to minimise the immunogenicity of this non-endogenous protein so it 

can be used to treat a chronic condition.

Proteins that bind other proteins such as cell surface receptors or ligands have 

been PEGylated with a single large molecule of PEG. The proteins that are currently in 

the clinic are endogenous replacement proteins (e.g. interferon, erythropoietin).
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Increasingly non-endogenous proteins are also being PEGylated with a large PEG 

molecule and are being clinically evaluated. While these products are mono-PEGylated 

proteins, PEG reagents are used that are both inefficient and non-selective. PEG 

aldehyde is designed to undergo reaction with the terminal anime on a protein, but this 

reaction is inefficient since the first step generates water as a side produce. Once the 

PEG-aldehyde undergoes reaction with the terminal amine to form an imine, it is locked 

in place by reduction with a borohydride reagent (e.g. NaCNBHa). This type of 

PEGylation is known as reductive amination and is used to produce PEGylated GCSF 

(i.e. Neulasta). Reductive animation is inefficienct and only very narrow conditions can 

often be found that will tend to result in PEG conjugation at the terminal amine.

Other PEGylation reagents are derived from linear and branched PEG-N- 

hydroxysuccinimides (PEG-NHS). The products are still mixtures because the 

conjugation of the PEG occurs at different nucleophilic sites of the protein. All the 

products in the clinic are heterogeneous. Active ester PEGylation reagents are 

susceptible to competitive hydrolysis, so conjugation often is inefficient. Because they 

are inefficient for conjugation, both PEG aldehyde and PEG-NHS reagents have to be 

used at considerable stoichiometric excess. This means considerable effort is required 

during downstream processing. Often the cost of the PEG reagent can be as expensive at 

the protein. While the currently used PEGylated proteins are often described as being 

mono-PEGylated, these medicines are actually a complex mixture o f different 

PEGylated products (i.e. positional isomers). Each PEG-protein isomer is a mono- 

PEGylated variant, each with its characteristic property profile (i.e. activity and 

physicochemical).

It has been recognised for quite some time that there is a need to develop 

strategies to increase the efficiency and site-specificity of the conjugation of PEG. This 

need is driven to make more homogenous and efficacious protein-based medicines that 

are more cost-effective. Thiol based conjugations are often much more efficient and site 

specific than amine based conjugations at the mild conditions that are appropriate for 

most proteins. While amines can be derivatised to thiol, it is the thiol group on cysteine 

that has been considered for site specific PEGylation [119, 121-123]. Most proteins do 

not have a free cysteine, so much work as been described to add a cysteine 

recombinantly to a protein for PEGylation [38, 119]. Another approach is to use 

conjugation reagents capable of conjugating to both cysteines thiols from an existing 

disulfide in the protein [124, 125]. In addition to cysteine-specific conjugation, other
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amino acids (e.g. arginine, glutamic acid) [126-129] and glycosyl moieties [130-133] 

have also been described as targets for conjugation.

Certolizumab pegol (Cemzia) is the one clinical example of a protein that has 

had a cysteine added to its structure so that a thiol selective PEGylation can be 

accomplished. Certolizumab pegol has a 40 kDa branched maleimide PEG (2 x 20 kDa) 

conjugated to the cysteine residue. While maleimide is the most reactive and most 

widely used of the mono-thiol based PEGylation reagents, it is hydrolytically unstable 

and is prone to de-PEGylation by the reverse Michael reaction leading to transfer of 

PEG to other proteins in the body. Maleimides are prone to ring opening to generate 

acidic by-products [134]. Certolizumab is an antibody fragment (Fab) that binds to 

TNFa and is used to treat inflammation caused by rheumatoid arthritis.

Unfortunately certolizumab has native disulfide bonds that are scrambled with 

the free cysteine that has been added to its structure. The engineered cysteine is on the 

heavy chain near to the native interchain disulfide of the Fab. This complicate the 

PEGylation process leading to a heterogeneous mixture with PEG conjugated to 

different cysteines. For therapeutic proteins that do not have any disulfides, insertion of 

a single cysteine could be the best approach for site-specific PEGylation. For example, a 

protein scaffold derived from a fibronectin type III domain does not have a disulfide in 

its structure, therefore, insertion of free cysteine for PEGylation seems to be 

appropriate, but again a maleimide reagent has been used. The PEGylated fibronectin 

type III is currently in clinical trials [135, 136].

To address the limitations o f maleimide instability in-vivo [134] and the 

difficulty for engineering a free unpaired cysteine into a protein, new bis-alkylation 

thiol specific reagents have been developed [137]. These reagents are based on the PEG 

bis-sulfone 1. The alpha proton to the ketone is acidic and its deprotonation in mild 

conditions allows the PEG-bis-sulfone to be converted to the PEG mono-sulfone 2 

(Scheme 1.1) which is then capable of undergoing conjugation. The conjugation process 

is governed by the elimination of a total of 2 molecules of sulfmic acid anion to produce 

a propenyl group that can undergo reaction at the two terminal carbon atoms. 

Conjugation leads to two bonds being formed over a three carbon bridge (Figure 1.9).
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1 S02- Q -  2

Scheme 1.1 The equilibrium between PEG mono-sulfone (2) and PEG bis-sulfone (1).

These 5/5-alkylation reagents 1 have been developed in our group to bridge the 

two sulfurs that form a native disulfide. Since most therapeutic proteins have disulfide 

bonds, site-specific PEGylation at the natural disulfide bond of the protein is possible 

[138, 139]. This avoids the need to add a free cysteine to the protein. This disulfide 

bond can be opened under mild reducing conditions and used as a source of free thiol 

for conjugation [137].

The PEG mono-sulfone 2 Scheme 1.1, undergoes reaction by a series of 

addition-élimination reactions with the two sulfure atoms derived from a disulfide bond 

[117]. The PEG mono-sulfone 2 consists of a substituted propenyl group at the end of 

the PEG that acts as the conjugating moiety. This conjugation group has a carbonyl 

group that acts as an electron-withdrawing group, an a,p- unsaturated double bond, and 

a,p sulphonyl group. The electron-withdrawing group is necessary to initiate thiol 

addition. The elimination reaction can proceed at a lower pKa of the a-proton. 

Sequential addition-élimination reactions begins with the conjugated double bond in the 

PEG mono-sulfone 2 (Figure 1.9) [117]. First a thiolate adds by conjugate addition (i.e. 

Michael addition) which results in the elimination o f a sulfmic acid group. This 

generates another conjugate double bond at the a,p—position. This second double bond 

is necessary for addition of a second thiolate. After the two addition conjugation 

reactions have occurred a three-carbon bridge is formed between the sulfure atoms of 

the original disulfide [117]. One key advantage of the PEG mono-sulfone 2 reagent is 

the conjugation product is stable because conjugation of a disulfide in this way is 

thermodynamically driven. It is thought that the stability of the protein also adds to the 

stability of this type of conjugation. In cases where the reverse conjugation reaction is 

observed, the electron withdrawing ketone group can be reduced to hy dry oxide. Similar 

reagents to what are used for reductive amination can be used to reduce this ketone. In 

this way, the reverse reaction is completely inhibited. The hydrolysis reactions that limit 

maleimide reagents do not occur for conjugations that have been done with PEG mono- 

sulfone 2. Also the thiol ether bonds are more stable than the native disulfide which had 

initially undergone conjugation.
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Figure 1.9 Mechanism of action of site specific, disulfide bridging PEGylation of 
protein.

The use of PEG-bis-sulfone 1 for conjugation can potentially produce a more 

homogenous PEGylated-protein with higher yield and which is reproducible [137], 

However, there is no clinically approved medicine that has been PEGylated using this 

technique. New PEG reagents have recently been developed in our group to undergo 

site-specific bis-alkylation PEGylation at each terminus of a PEG molecule. The PEG 

di(bis-sulfone) reagent 3 and PEG di(mono-sulfone) reagent 4 are shown in Scheme 1.2. 

The PEG di(mono-sulfone) reagent 4 has two conjugation groups at both ends which 

can conjugate to two proteins. Each conjugation moiety contains a carbonyl group, an 

a,p- unsaturated double bond, and a,p sulphonyl group.

■N PE G — N-SO] 0 ]S

•SO]

N P E G — N

Scheme 1.2 The PEG di(bis-sulfone) reagent 3 and PEG di(mono-sulfone) reagent 4.

The PEG reagents (1 and 2) are also found to undergo site-specific reaction with 

polyhistidine-tags (His-tag) in proteins [140]. Proteins are often expressed to contain a 

His-tag on their C- or N-terminus to improve their expression. Inclusion of a His-tag is 

useful for purification during early studies of a protein and can also increase expression 

yields [141] and help refolding [142]. A His-tag will not usually compromise the 

function of the protein [143] and there are several examples of His-tagged proteins 

being used in the clinic [144-147].
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In the context of antibody fragment PEGylation, the most important factors are 

to maintain an acceptable level of biological activities of the antibody fragments and to 

improve its serum half-life [38]. These biological activities do not only concern the 

antigen binding but also relate to the ability of antibody fragment to localise to target 

tissues. Maintaining sufficient biological activities and binding affinities of PEGylated 

antibody fragments are dependent on the chemistry o f conjugation, the size of PEG used 

and also the number of PEG molecules attached per protein molecule [38]. Amine- 

based PEGylation of antibody fragments through their lysine groups result in decreases 

in the binding activity of the antibody fragment. For instance, the P(ab)2  fragment 

derived from the A7 murine monoclonal antibody by enzymatic digestion, was 

PEGylated with 4 PEG (5 kDa) molecules using amine chemistry. This PEGylated 

F(ab)2  resulted in a 12% loss of a antigen binding activity when compared with the non- 

PEGylated F(ab)2  [38]. This reduction in the binding activity of antibody fragment after 

amine PEGylation is probably related to the conjugation site of the PEG. There are 

several lysine groups on the Fab fragment. Because PEG conjugation may occur at or 

close to the antigen binding domain, therefore it is likely that PEG causes a steric 

hindrance to the antigen-antibody interaction. Therefore, applying a site-specific 

PEGylation method to PEGylate an antibody fragment is required to improve its 

binding activity. Since cysteine residues are used for PEG attachment in the site specific 

PEGylation approach, either by insertion in the hinge region or by using the interchain 

disulfide bond, it causes less interference by the PEG with the antigen-Fab interaction 

when conjugation is conducted in this reagion of the Fab. Hence, the binding activity of 

a PEGylated antibody fragment produced in this manner was shown to be improved, 

compared with those produced by the amine PEGylation method [38]. Study of the 

binding affinity of a PEGylated antibody fragment prepared by site-specific way using 

BIAcore demonstrated that the dissociation rate of the antibody fragment from its 

antigen did not change after its site specific PEGylation, however, the affinity value 

changed approximate 5 fold because of change in the association constant rate. This 

reduction in association rate was proposed to be due to steric hindrance effects, smaller 

though remaining, due to the presence of the PEG [114].

As mentioned earlier, IgGs are bivalent and Fabs are monovalent. The binding 

affinity and avidity of the Fab are less than for a full IgG towards the target. Also, the 

IgG and the Fab are both monospecific. Different strategies have been suggested in the 

literature to address these two aspects of therapeutic Fabs; mono-valency and mono
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specificity.

1.5 Strategies to improve bivalency and specificity of antibody fragments

Polyvalent interactions occur extensively in nature. They involve the simultaneous and 

often sequential, cooperative binding of ligands to multiple receptors [148]. For 

example, multiple ligands on the surface of a virus may undergo efficient binding to cell 

surface receptors. The binding of an IgG antibody is bivalent and so is considered as a 

molecule that is capable of polyvalent interaction. The binding of multivalent ligands to 

receptors is much stronger than the analogous binding of the individual, separate ligands 

[149, 150].

Different methods have been described to generate multivalent binding 

molecules. These include (i) the synthesis of polymers with multiple copies of sialic 

acid [151] and multivalent molecules that tightly bind to viruses and bacterial toxins 

[152, 153] (ii) conjugation of antibodies to micro or nano particles (i.e. quantum dots 

[154] and liposomes [155] and (iii) conjugation of multiple moieties (i.e small peptides) 

to polymers. The synthesis of sialic acid displays a multivalent inhibitory effect and has 

been shown to inhibit the adhesion of influenza virus particles to erythrocytes 10  ̂fold 

greater than the corresponding monovalent sialic acid [151-153, 156, 157].

Conjugation of antibodies to the surface o f quantum dots and other colloids are 

associated with several disadvantageous such as toxicity that may occur due to presence 

of the metal in the quantum dot cores. It is often very difficult to purify such conjugates 

to homogeneity [158]. Ultimately the sterilisation and the production of such complex 

conjugates to GMP specification will require significant effort to achieve. While 

appropriately functionalised polymers can display multivalent interactions [157, 158], 

polymers can also be used to conjugate moieties (i.e. small peptides or Fab fragments) 

at their termini. In the case of a linear polymer this would be two moieties-one on each 

end of the polymer. The linker used can be a branched polymer with many end groups 

or a linear polymer to simply link two proteins.

Linking functional group must covalently connect ligands of interest to the 

polymer while insuring they are separated spatially. A framework should be provided so 

the ligands can be in conformations that allow cooperative binding. In the case of 

covalently linking molecules at the termini of a polymer, both the length and flexibility 

o f the overall structure may be important to influence the cooperative binding properties 

o f the conjugate [150, 157, 159, 160].

37



Chapter 1 : Introduction

Intuitively is seems that a dimeric binding molecule would be sensitive to the 

length and flexibility of the linker used to conjugate the two binding moieties. However 

this may not always be the case. One example model system is the conjugation of 

human carbonic anhydrase II (CA). It was found that a binding of the dimer, CA-linker- 

CA to surface immobilised ligand was not influenced by the length of the linkers used. 

BIAcore analysis was used and it seems quite a high loading of immobilised ligand was 

used, so it is possible in this model system that at a much lower immobilisation of 

ligand that structure-property correlations with linker structure may emerge. Clearly 

both the polyvalent molecule and the partner target used to measure binding are 

important. In a related study using CA there was some correlation with binding 

properties with the size of a oIigo(ethylene glycol) linker that was used [161]. 

Calorimetry was used to show that entropie effects exerted influence on cooperative 

binding. If the linker was long enough to allow both CA molecules to bind, and if the 

linker was flexible, then there appeared to be only a weak dependence on binding as 

linker length increased [161]. Linker flexibility is an important consideration when 

considering the synthesis of multivalent conjugates. Linker flexibility provides a level 

o f robustness to ensure that cooperative binding can occur within a heterogeneous 

biological environment where binding distances between targets may vary [157, 160, 

162].

Consistent with these observations it has been shown that when using a random 

coil, rigid rod and a joined rod as a linker between ligands, that the random coil 

displayed a better effect on avidity [157, 160, 162]. The flexible linker with slightly 

longer length than the distance between the binding sites of the receptors would provide 

a better binding affinity to a bivalent molecule. Also, it has been shown that the 

effective concentration of the multivalent ligands depends on length and flexibility of 

the linker. A flexible linker with longer length resulted in higher effective molarities 

[162]. However, if the length of the linker becomes too long, then the effective 

molarities o f the ligand decrease, leading to gradually decrease in binding affinity [157, 

162].

While monoclonal IgG antibodies are bivalent, antibody fragment (Fab) is 

monovalent. When the antigen is a bivalent soluble ligand such as VEGF, then the 

bivalent IgG has an advantage over monovalent Fab as better binding affinity is 

expected for the IgG. The same would be true if a receptor is present on a cell surface. 

Since a monoclonal antibody will recognise one epitope and receptors would generally
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not be expected to have multiple copies of an epitope, then receptor denisty on a the cell 

surface will allow the bivalent character of an IgG antibody to exert cooperative 

binding. A key aim of this PhD was to use the PEG-di(mono sulfone) 4, to link two 

antibody fragments (Fabs) together. It was hoped that binding comparable to the parent 

IgG of the Fab could be achieved.

Further considering antibody structure and their therapeutic us different 

approaches have been described including bispecific antibodies (bsMab) and antibody 

drug conjugates (ADC).

1.5.1 Antibody drug conjugates (ADC)

In ADC, monoclonal antibodies are used for the delivery of anticancer drugs or 

cytotoxic agents specifically to tumour cells. If cytotoxic drugs distribute to all of the 

body, it would effects on healthy cells and tissues as well as tumour cells. Conjugation 

of these drugs to antibody, which has a specific target binding, would reduce this 

adverse effect on normal tissues as drug can be delivered specifically to the tumour 

cells. The cytotoxic drugs are released at the tumour cell after internalisation of ADC. 

When cytotoxic drugs are released, then they becomes activated [163]. In addition, the 

serum half-life of the cytotoxic drug would be improved by conjugation to IgG [164]. 

The drug gemtuzumab ozogemicin (Mylotarg, anti-CD33 mAb conjugated to 

calicheamicin) is an example of an ADC that is approved for the treatment of acute 

myeloid leukemia and more ADCs are in clinical development.

However, if the conjugation of drug to antibody is not stable, then it is possible 

to release the drug in the systemic circulation before internalisation to tumour cells. In 

this situation, therapy with ADC results in some systemic toxicity. Conjugation of drug 

to antibody can be occurred through lysine groups or the thiols that are derived from 

reduction o f disulfides of the antibody. It has been suggested that conjugation of drug at 

thiols of antibody can improve the stability of ADCs in some extend. This conjugation 

performed by mild reduction of interchain disulfide bonds on mAb (in hinge and Fab 

regions) to provide the sulfhydryl group which can conjugate to cytotoxins drug. This 

method, however, produces a mixture of one to eight moles of drug per mole of IgGl 

because all of the opened interchain disulfide bonds (eight cysteine) could be engaged 

in conjugation and result in more than 100 different ADC species. To address this 

heterogeneity issue, the site-specific method has been developed. In this approach a
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drug conjugates site-specifically to the antibody through thiols that precisely positioned 

on the antibody. To achieve this, a peptide substitution with cysteine was suggested to 

generate an engineered antibody named THIOMAB [165, 166]. In THIOMAB, Ala 114 

at the CHI domain of the antibody was substituted with cysteine to allow thiol 

conjugation at this site. In this method, one mole of drug could be reliably conjugated to 

one mole of IgG and thus lead to production of a homogenous product [163, 165, 166].

An example of an ADC is trastuzumab-DMl which is currently in clinical trial. 

The efficacy of this drug is being examined for the treatment of patients with 

trastuzumab resistant HER-2 positive breast cancer [167]. This is a new approach for 

HER-2 targeted therapy, which uses conjugation of the cytotoxic molecule DM I (a 

derivative of maytansine 1) with trastuzumab. Since trastuzumab is an anti-HER-2 

monoclonal antibody and DM1 is a microtubule formation inhibitor, it was suggested 

that this ADC molecule might be a better candidate for treatment of HER-2 positive 

breast cancer than trastuzumab alone. In this model, the DM1 molecule is delivered to 

HER-2 overexpressing cells via receptor-mediated endocytosis and then the potent 

DM1 is released by lysosomal degradation to inhibit microtubule formation and elicit 

cell death [167].

1.5.2 Bispecific antibodies (bsMab)

Bispecific monoclonal antibodies (bsMab) are another promising approach to enhance 

the clinical use o f antibodies for cancer treatment [168-170]. Such constructs are 

potential candidates for both diagnostic and therapeutic use. The concept was first 

introduced by Nisonoff and Rivers 40 years ago [171]. These antibodies have dual 

specificity in their binding arms, which are able to bind two antigens simultaneously. 

The simultaneous targeting of a bispecific antibody to two antigens may have an 

advantage to enhance tumour targeting [172]. Also, using a bispecific antibody might 

have a potential to avoid from combination therapy that has been suggested for 

treatment of complex disease. For some chronic diseases combination therapy with two 

or more therapeutic agents has been suggested to decrease some side effects that may 

occur with single therapy and to maximise efficacy [173]. The bispecificity properties 

of bsMab may allow the development of therapeutic strategies that are not possible with 

mono-specific antibodies [3, 174].
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Since native IgGs are mono-specific, a bispecific antibody do not usually occur 

in nature [174, 175]. There are several bsMabs which are in or have been in clinical 

trials. A key limitation is the difficulties in producing bsMabs in high yield, purity and 

construct stability [172, 175]. There are different strategies to produce bispecific 

antibody constructs; (i) quadroma technology [172, 175], (ii) chemical crosslinking 

[174, 175] and (iii) recombinant DNA technology [174].

A bispecific IgG can be generated using hybridoma technology by fusing two 

hybridoma with a B lymphocyte to generate quadromas [174, 175]. Using this method, 

it is possible to randomly fuse two heavy and light chains and results in more than 1 0  

different antibody species which only one of them is functional bispecific antibody. 

Because of these side products, the production yield o f the desired bispecific antibody is 

quite low and required many purification steps [176].

Another approach to make bispecific antibodies is through the use of chemical 

crosslinking methodologies. In this method, a chemical cross-linking reagent is used to 

covalently conjugate two different antibodies together. An example for this method is 

random conjugation of 2 molecules of Fab' by a cross linking reagent (Figure 1.10, b). 

The conjugation occurs between the free thiols that form from reduction of interchain 

disulfides of F(ab)2 and the homo-bifunctional cross linking reagent. The major problem 

with this method is product homogeneity. Similar to what is reported for quadroma 

technology, the purification of the heterogenious product mixture is required. Complex 

purification processes were required leading to a lower yield of the bsMab product. 

Moreover, complex and multiple purification steps can damage proteins since they are 

prone to misfolding, aggregation and degradation [3, 174].

In recombinant DNA technology is possible to genetically engineered the 

bispecific antibodies from human in a large scale with high purity. Although using this 

method involves fewer steps of purification and results in a high yield of bsMab, it is 

still an expensive and complicated method. While there is many examples of the genetic 

engineering of bsMab conjugates along with the potential benefits are described in the 

literature, few of them have reached to clinical development.

In recombinant technology, bispecific antibodies can be produced using a linker 

or leucine zipper to connect different domains of IgG. Also it is possible to make the 

bispecific antibodies using an approach called ‘knob into hole’. In this approach bsAb 

constructs can be produced with a very similar structure to human IgG and minimal 

difference in terms of sequence while no linker is required [174].
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Using a linker to generate bsMab has been reported for tendom scFv (tascFv), 

diabody (Db) and tandem diabodies (taDb) (Figure 1.10, c). In tascFV, two separate 

scFv linked by linker to produce bivalent and bispecific constructs. The tascFv products 

are stable, however, they suffered from poor solubility. Therefore, tascFV had to be 

refolded from inclusion bodies or alternatively would need to be expressed in 

mammalian cells [3]. In the case of diabody (Db), conjugation of scFv occurs with a 

shorter linker. When the linker that separates the heavy and light chains of variable 

domains is shorter, it is not possible to pair these domains together. Hence, these heavy 

and light chain variable domains would conjugate to the heavy and light chains of a 

second scFv (Figure 1.10, c). It has been shown that Dbs have a large degree of 

flexibility, hence two active antigen binding sites at the opposite ends of this molecule 

are able to approach their targets even if their targets are located on two different cells. 

Dbs also can be made in large amounts in E-coli or yeast, similar to tascFv. The tandem 

diabodies (taDb), (Figure 1.10, c) is a two diabodies linked together. This molecule can 

also be expressed in E~coli as a monomer while maintains the solubility of the diabody 

[3, 174].

In the case of bsMab using a leucine zippers, two binding specificities of IgG 

can be hold together with leucine zipper into a single molecule. An example of this 

method is shown in (Figure 1.10, e) where two different Fabs are conjugated with 

interaction between the regulatory subunit of protein kinase A (PKA) and the anchoring 

domain o f A kinase anchoring proteins (AKA). This resulting fusion construct is 

bispecific and could be trivalent if three Fabs connected [174].

Another example of fusion technology is the fusion of a Fc fragment to Db as a 

means to increase the circulating half-life of Db (Figure 1.10, d) in Db-Fc and taDb-Fc. 

In addition, (scFv)4-Fc can be made by incorporation of a first scFv to the CH1-CH2- 

CH3 domains of an IgG heavy chain and a second scFV to the CL domain of the light 

chain. This molecule has a similar ‘appearance’ to IgG and contains a full Fc fragment, 

however, it is bigger than native IgG (Figure 1.10, d) and four independent binding 

sites. It is reported that while it is possible to produce homogenous (scFv)4-Fc, the 

expression yield is not sufficient to allow study in animal models [174].

However, since a linker is a foreign molecule, it may have problems with respect 

to therapeutic applications. Also, the flexibility properties of the bsAb constructs can 

have an effect on proteolytic cleavage and stability of the antibody are depended on the 

length and types of the linker used. In the ‘knob into hole’ method, two different heavy
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chains of different IgGs are conjugated by introducing mutations into the CH3 domains 

to modify the connection site. This mutation occurs on one heavy chain, which replaces 

one bulky amino acid with a short side chain amino acid to make a ‘hole’. In another 

heavy chain, an amino acid with a large side chain is included to make a ‘knob’. By 

connecting these two heavy chains, the heterodimer ‘knob-hole’ can be produced with 

more than 90 % homogeneity. However, there are some problems associated with this 

method; such as mispairing leading to production of an inactive bispecific molecule. 

However, this problem can be solved to some extent by the use of phage display 

libraries with limited light chain diversity [174].

W^'./
X-link Fab taacFv/BlTE

A

taOb

1

taDb-CH3

Db-Fc taDb-Fc (acFv)«-Fc

L aucine p k A-AKA \ \
zipper Interaction sdA b

Figure 1.10 The possible structures of bispecific antibody fragments, reproduced from 
[174].

Another strategy to improve the specificity of antibody-based medicines is to 

design ‘two-in-one’ antibodies [177]. In this method, one antibody could bind to two 

different antigens with high binding affinity. To achieve this, a ‘two-in-one’ antibody 

consists of two different antigen-binding sites. One example o f such a bispecific 

antibody that is in development by Genentech is a ‘two-in-one’ antibody that consists of 

variants o f trastuzumab and bevacizumab using genetic engineering method. This 

antibody (named bH l) has the ability to bind to HER-2 and VEGF at the same time, 

which might have significant effects in the treatment of cancer [177].
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The rationale for making a bispecific antibody to engage the VEGF ligand and 

HER-2 receptor simultaneously lies in the interplay between the VEGF and EGFR 

signalling pathways. Both VEGF and EGFR pathways govern angiogenesis in solid 

tumours. EGF and TGF-alpha ligands can induce VEGF production by activation of 

EGFR and, therefore, they both have a pro-angiogenic effect. It is suggested that 

activation o f EGFR and its signalling pathways would stimulate angiogenesis by up- 

regulation o f VEGF. It has also been demonstrated that blockage of EGFR using 

cetuximab resulted in reduction of pro-angiogenic molecules such as VEGF, and hence 

reduction in tumour size [178].

Since EGFR inhibition does not completely block VEGF production or 

signalling, tumour angiogenesis and therefore tumour growth can still progress, 

however, studies have shown that full inhibition of VEGF signalling is required for 

elimination of tumour growth [179]. Hence, additional targeting of VEGF would seem 

to be a more effective way to stop angiogenesis and inhibiting the growth of tumour 

cells.

In addition, there is a report that some tumour cells in HER-2 overexpression 

breast cancer may become resistant to anti-EGFR drugs [180, 181]. This resistance to 

anti-EGFR therapy is a result of over production of VEGF [181]. Over expression of 

HER-2 results in over expression of VEGF. This problem can eventually be solved by 

inhibition of VEGF. Combination therapy of bevacizumab and trastuzumab for the 

patient with HER-2 overexpression breast cancer [55, 177, 182] has already been 

suggested. It has been demonstrated that combination therapy to target angiogenic 

pathways, directly by inhibition of VEGF and blocking EGFR, can dramatically reduce 

size o f tumours and therefore improve the efficacy of anti-cancer treatment [180, 183]. 

These studies show that how dual inhibition of VEGF and EGFR has the benefit of 

more complete inhibition of growth of a solid tumour than targeting an individual 

mediator. Dual inhibition of VEGF and EGFR pathways has also been suggested for 

treatment o f patient with non-small cell lung cancer (NSCL) which resulted in reduced 

tumour endothelial cell proliferation and angiogenesis when compared with single 

therapy with either bevacizumab or trastuzumab [184].
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Anti-EGFR agents inhibit tumor cell 
growth and block synthesis of angiogenic 
proteins le g., bFGF, VEGF, TGF-o) by 
tumor cells

Anti-VEGF agents inhibit the key angiogenic 
mediator VEGF binding to receptors on the 
surface of endothelial cells

TGF-a

Endothelial ceUs

Figure 1.11 Dual blockade occurs with anti-VEGF and anti-EGFR agents to provide a 
complementary anti-tumour effect, reproduced from [183].

1.6 Hypothesis

For some medical applications where an antibody is used as an antagonist, or to 

neutralise a soluble ligand, the effector functions of the Fc are not necessary. Side 

effects caused by the Fc could be avoided completely by removing the Fc fragment. As 

discussed previously, the isolated Fab has a smaller size and thus can diffuse into the 

tissue more easily than a full antibody. However, the use of antibody fragments is 

limited by short circulation half-life, and possibly by monovalency towards bivalent 

targets.

In this PhD, it was hypothesised that:

1) The starting Fab to be PEGylated can be obtained from a therapeutic monoclonal 

antibody by proteolytic digestion and that the Fab can be purified and isolated while 

maintaining its antigen-binding properties.

2) Different Fabs can be PEGylated using the bis-alkylation PEG reagents 2 and 4 after 

treatment o f the Fab with a reducing agent such as DTT to liberate the interchain 

disulfides. Once PEGylated in this way the PEGylated product will broadly maintain 

the binding properties of the starting, non-PEGylated Fab.

3) Using PEG di(mono-sulfone) 4 to conjugate one molecule o f a Fab to each end of the 

PEG. In this way, PEG can be used as a scaffold to forni a homodimer (Fab-PEG-Fab)
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that can display the binding properties o f the parent IgG from which the Fab was 

derived from.

4) The PEG di(mono-sulfone) 4 can be used to conjugate two different Fabs. In this way 

bispecific construct (Fab-PEG-Fab*) can be obtained that broadly retains the antigen 

binding properties of the individual Fabs.

The following research aims were formulated to test these hypotheses:

1) In order to obtain the clinically relevant Fabs for PEGylation, enzymatic digestion 

must be performed on therapeutic antibodies (Figure 1.12). To subject bevacizumab 

(anti-VEGF) and trastuzumab (anti-HER2) to papain digestion. The antigen-binding 

properties o f these purified Fabs will then be determined using ELISA and BIAcore.

i) Protooylic digestion
ii) Protein A removal of Fc

4
Fab

Figure 1.12 Enzymatic digestion of an IgG to obtain a Fab.

2) Use PEG mono-sulfone 2 at molecular weights o f 20, 30 and 40 kDa (Scheme 1.1), 

conduct PEG conjugation reactions with Fabbeva and Fabtrast- As a third Fab, 

ranibizumab (Fabrani) will also be PEGylated with this PEG reagent 2. PEGylation will 

be conducted after treatment of the Fabs with a reducing agent to reduce the interchain 

disulfide (Figure 1.13). Following PEGylation, the PEG-Fab conjugates will be purified 

and then their stability assessed to determine if the PEG remains conjugated to the 

protein. Contamination of the PEG-Fab product with non PEGylated Fab must be 

avoided. After confirming the purity and stability of the conjugates, their binding 

properties will be determined by BIAcore and ELISA to establish structure-property 

correlations. The starting non-PEGylated Fabs and parent monoclonal antibodies will 

also be evaluated by BIAcore and ELISA.
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Figure 1.13 Mechanism of disulfide bridging PEGylation of the Fab using bis- 
alkylation method.

3) The PEG di(mono-sulfone) reagent 4 at molecular weights of 6, 10 and 20 kDa 

(Scheme 1.2) will be used as a scaffold to conjugate two Fabs together to produce a 

homodimer Fab-PEG-Fab. This reagent undergoes conjugation by bis-alkylation at each 

terminus (Figure 1.14). The three Fabs; Fabbeva, Fabtrast and Fabrani will be PEGylated 

using PEG reagent 4 and the corresponding Fab-PEG-Fab homodimers will be purified 

and their stability evaluated. The structure-binding correlations of these homodimers 

will then be determined using BIAcore and ELISA and compared to their intact Fabs 

and native IgG.

4) A co-culture anti-angiogenesis assay will be used to evaluate the comparative 

functional activity o f the Fab-PEG-Fab conjugates.

5) The PEG di(mono-sulfone) reagent 4 will also be examined to determine if it is 

possible to conjugate two different Fabs to make a heterodimer Fab-PEG-Fab* 

construct (Figure 1.14). Fabbeva and Fabtrast were selected to be used to make the 

bispecific Fab-PEG-Fab* construct because of the relevant signalling pathways of 

HER-2 and V E G F. The binding properties of the bispecific Fabbeva-PEG-Fab*trast will 

then be studied by BIAcore.
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f

Homodimer (bivalent) Heterodimer (bispecific)

Figure 1.14 The homodimer (bivalent) and heterodimer (bispecific) using the PEG as a 
scaffold.

4 8



Chapter 2: General Material And M ethods

Chapter 2: General Materials and Methods

49



Chapter 2: General Material And M ethods

2 Chapter 2: General materials and methods 

2.1 Materials

Bevacizumab (Avastin®, 25 mg/mL, Genentech) and trastuzumab (Herceptin®, 150 

mg, Genentech) were purchased from Moorfleld Pharmaceuticals (London). 

Ranibizumab (Lucentis®, 10 mg/mL, Genentech) was obtained from the pooled 

remains o f vials that had been used clinically. The model Fab (ChromoPure human Fab, 

2 mg, cat. no. 009-000-007) was purchased from Jackson ImmunoResearch. The model 

human IgG (50 mg, cat. no. I4506-50MG) was purchased from Sigma-Aldrich.

2 1.1 Protein purification

Desalting columns (PD-10 with cat. no. 17-0851-01, Nap-10 with cat. no. 17-0854-01 

and Nap-5 with cat. no. 17-0853-01), cation exchange columns (HiTrap SP FF 1.0 ml 

with cat. no. 17-5054-01, HiTrap SP HP 1.0 ml with cat. no. 17-1151-01, HiTrap 

MacroCap SP 1.0 mL with cat. no. 28-9295-91) and a Superdex 200 prep grade size 

size exclusion column (34.0 pm particle size, cat. no. 17-1069-01) were all purchased 

from GE Healthcare. Vivaspin 6  centrifugal concentrators with 10 kDa molecular 

weight cut off (cat. no. VS0612) was purchased from sartorius stedim biotech.

2.1.2 Protein characterisation

Ellman’s reagent (5,5-dithio-bis-(2-nitrobenzoic acid)) was purchased from Thermo 

Fisher (cat. no. 225820). No vex Bis-tris 4-12% gels (cat. no. NP 0321BOX), Sharp 

Blue standard protein markers (cat. no. LC5800), NuPAGE MOPS running buffer (cat. 

no. NPOOOl), NuPAGE LDS sample buffer (cat. no. NP0007) and SilverXpress silver 

staining kit (cat. no. LC6100) were purchased from Invitrogen. InstantBlue was 

purchased from Expedeon Ltd. Perchloric acid (0.1 M) and barium chloride (5.0 %) 

solutions for barium iodide staining were prepared in the lab.

2 1.3 Antibody digestion

Immobilised papain slurry gel (cat. no. 20341) and a NAP protein A plus spin kit (cat. 

no. 89978), which contained two immobilised protein A spin columns (cat. no. 

1860592), two elution immunoPure IgG buffers (0.1 M glycine, pH 2.8, cat. no. 

1852020), a neutralization buffer (1.0 M Tris buffer, pH 8.5, cat. no. 1856281) and a 

binding buffer (1.0 M Tris buffer containing EDTA, pH 8.0, cat. no. 21007) were 

purchased from Thermo Fisher (Pierce). IdeS enzyme (FabRICATOR® for 5.0 mg IgG,
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cat. no. AO-FRl-050) was purchased from Genovis (Sweden). L-cysteine hydrochloride 

monohydrate (cat. no. 30129), dithiothreitol (DTT, cat. no. 43819), tris (2-carboxyethyl) 

phosphine (TCEP, cat. no. C4706) and sodium hydroxide (1 N, cat. no. SI 10411) were 

purchased from Sigma-Aldrich. The disulfide reducing agent, 2- 

mercaptoethylamine.HCl (2-MEA, cat. no. 20408) was purchased from Thermo Fisher 

(Pierce).

2.1.4 PEGylation reagents

The PEG bis-sulfone 1 and mono-sulfone 2 reagents (Scheme 1.1) were donated by 

PolyTherics Ltd and used for mono PEGylation of antibody fragment. The PEG reagent 

used for homodimer and heterodimer PEGylation was the PEG di(mono-sulfone) 

reagent 4 (Scheme 1.2) which was prepared from the PEG di(bis-sulfone) reagent 3 and 

then donated by PolyTherics Ltd.

2.1.5 BIAcore

All BIAcore consumables were purchased from GE healthcare. These include the amine 

coupling kit (cat. no. BR-1000-50), A-hydroxysuccinimide (NHS), 1-ethyl-3-(3- 

dimethylaminopropyl)-carbodiimide (EDC), ethanolamine-HCl (1.0 M, pH 8.5), glycine 

buffer (10 mM, pH range of 1.5 to 2.5, cat. no. 22053613), HBS-EP buffer (including 

HEPES (0.1 M), NaCl (1.5 M), EDTA (30 mM), 0.5 % V/V surfactant P20, pH 7.4, cat. 

no. 22-0665-01), and CM3 (cat. no. BR-1005-41) and CM5 (cat. no. BR-1003-99) 

sensor chips. The test compounds were prepared in an eppendorf tube (1.5 mL). The 

eppendorf’s (1.5 mL) cap was cut and replaced with the rubber caps (Type 2, cat. no. 

BR-1004-11).

2.1.6 ELISA assay

The 96 well nune-immunoplates (MAXISORP, cat. no. 442404) were purchased from 

Thermo Fisher. The washing buffer (PBST) pH 7.3 was prepared in the lab from 

phosphate buffered saline (PBS, cat. no. BR0014G, from Oxoid) and Tween20 (cat. no. 

P7949) purchased from Sigma Aldrich. The blocking buffer pH 7.3 was also prepared 

in the lab from bovine serum albumin (BSA, cat. no. A2153, from Sigma Aldrich), 

Tween20 and a PBS tablet (cat. no. BR0014G, from Oxoid). The anti-human IgG (Fab 

specific)-peroxidase (cat. no. A0293), 3,3',5,5'-TetramethyIbenzidine (TMB, cat. no. 

T8665) and human vascular endothelial growth factor (VEGF]65,10 pg, cat. no. V7259- 

lOUG) were purchased from Sigma Aldrich. The less expensive VEGF165 (13 pg, cat.
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no. 02/286) was purchased from NIBSC. Recombinant human ErbB2/HER2 (100 pg, 

cat. no. 10004-H08H) was purchased from Sino Biological Inc.

2.1.7 In-vitro angiogenesis assay

The Angiokit (cat. no. ZHA-1000) is a 24 well plate that was pre-seeded and utilised 

optimised growth medium. The kit also included anti-CD31-based angiogenesis tubule 

staining reagents: primary antibody (mouse anti-human CD31), secondary antibody 

(goat anti-mouse IgG AP conjugate), p-nitrophenol phosphate (p-NPP) tablets, Tris 

buffer tablets and insoluble substrate BCIP/NBT tablet were purchased from TCS 

cellworks Ltd.

2.1.8 Ex-vivo vasodilation assay

Krebs buffer was freshly made on the day of experiments, consisting of NaCl (6.8 g/L), 

KCl (0.4 g/L), MgS0 4 .7 H2 0  (0.14 g/L), KH2PO4 (0.16 g/L), NaHCO] (2.1 g/L), 

glucose (2.0 g/L). CaCl2.2H20 (2.5 mM) was added to the final solution after gassing. 

KCl (3 M), SNP (sodium nitroprusside, 100 mM), ACh (acetylcholine, 100 mM) were 

prepared in distilled water, from powder stocks. U46619 (10 pM) was prepared by 

dilution of a stock solution (10 mM in ethanol) in water.

2.2 Instrumentation

A dual beam UV spectrophotometer was used throughout (Hitachi, U-2800A). A size 

exclusion chromatography (SEC) and ion-exchange chromatography (lEX) system 

comprised a UV detector (Jasco UV-1570) and HPLC pump (Jasco PU-980 Intelligent) 

and was used with Azur software. The SDS-PAGE system including tank and power 

supply was purchased from BDH. A pH meter (HANNA, model pH 211) was used to 

adjust the pH during the preparation of the buffer. An incubator from Infors (model 

Minitron) was used to incubate the antibody digestion mixture. A Heraeus centrifuge 

(model Megafuge 1.0 R) and a BIAcore X-100 from GE healthcare were used 

throughout. A Malvern dynamic light scattering (DLS) system (Model Zetasizer Nano- 

ZS) was used to measure the particle size. A pipette (Model eppendorf research) was 

used to measure volumes. A OHAUS balance (Model Explorer Pro) was used to weigh 

solids. A PURI TE SELECT water purifier (Model ONDEO) used to obtain distilled 

water (Type 1 quality). The plate reader with 405 nm wavelength filters (Biotek; ELx 

800), a class II biological safety cabinet (Heraeus), and the humidified incubator
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(Heraeus; 5 % CO2, 37 ®C) were used. A microscope (Nikon, ECLIPSE FN l) with 4 

and 10 times objective attached to digital camera (DXM1200F) was also used. The 

imaging software of LUCIA (version 4.82) for recording images and the angioSys 

software (TCS Cellworks Ltd., cat. no. ZHA-1800) for image analysis were used. The 

multichannel wire myograph (DMT, Model 620 M) connected to a LabChart data 

acquisition interface (ADlnstruments Ltd.) was used.

2.3 Methods

2.3.1 Buffer preparation

Digestion buffer. Sodium phosphate buffer (20 mM, pH 7.4) with EDTA (2 mM) and 

cysteine-HCl (20 mM) was prepared as follows: To a 500 mL Fisher bottle with a 

magnetic stir bar was added sodium phosphate monobasic, NaH2 ? 0 4  (600 mg, Mw= 

119.98 g/mol, 5 mmole), EDTA (186 mg, Mw = 372.24 g/mol, 0.5 mmole) and distilled 

water (250 mL, Type 1, 18 mQ resistance). The solution was gently stirred until 

homogeneous. To this buffer (12 mL) was added cysteine-HCl (42 mg) and using a pH 

meter, the pH was carefully adjusted to 7.0 by the dropwise addition of sodium 

hydroxide (1 N). The binding buffer (1.0 M Tris buffer with EDTA, pH 8.0), elution 

buffer (0.1 M glycine pH 2.8) and neutralizing buffer (1.0 M Tris buffer, pH 8.5) were 

all purchased from Pierce.

PEGylation buffer. Sodium phosphate buffer (20 mM, pH 7.4) with EDTA (10 mM) 

was prepared as follows: To a 500 mL Fisher bottle with a magnetic stir bar was added 

sodium phosphate monobasic, NaH2P0 4  (600 mg, Mw= 119.98 g/mol, 5 moles), EDTA 

(931 mg Mw = 372.24 g/mol, 2.5 mmole) and distilled water (250 mL, Type 1, 18 mH 

resistance). The solution was gently stirred until homogeneous and using a pH meter, 

the pH was carefully adjusted to 7.4 by the dropwise addition of sodium hydroxide (1 

N).

Ion exchange purification buffer. Two buffers were used; buffer A and B. Buffer A was 

a sodium acetate buffer (100 mM, pH 4.0) that was prepared as follows: To a 500 mL 

Fisher bottle with a magnetic stir bar was added sodium acetate trihydrate, C2H3Na 

3 H2O, (9.34 g, Mw=l 86.08 g/mol, 50 mmole, Sigma-Aldrich, cat. no. S7670-250G), 

and distilled water (500 mL, Type 1,18 m fl resistance). The solution was gently stirred 

until homogeneous and using a pH meter, the pH was carefully adjusted to 4.0 by the 

dropwise addition o f hydrochloric acid (1 N). Buffer B was also a sodium acetate buffer 

(100 mM, pH 4.0) but which contained sodium chloride (IM). This buffer was prepared
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as follows: To a 500 mL Fisher bottle with a magnetic stir bar was added sodium 

acetate trihydrate, CzHgNa SHzO, (9.34 g, Mw= 186.08 g/mol, 50 mmole) and sodium 

chloride (29.0 gr, Mw= 58.44 g/mol, 496 mmol), and distilled water (500 mL, Type 1, 

18 mQ resistance). The solution was gently stirred until homogeneous and using a pH 

meter, the pH was carefully adjusted to 4.0 by the dropwise addition o f hydrochloric 

acid (1 N). Both buffer A and B solution were filtered using a millipore filter flask with 

a cellulose nitrate membrane filter (0.45 pm).

Size exclusion purification buffer. Phosphate buffered saline (PBS) contains NaCl (0.16 

M), KCl (0.003M), Na2HP0 4  (0.008M) and KH2PO4 (0.00IM). PBS was prepared as 

follows: To a 250 mL Fisher bottle with a magnetic stir bar was added one tablet 

comprised of the aforementioned salts in the correct proportion to make a 100 mL PBS 

solution (cat. no. BR0014G, Oxoid) with distilled water (100 mL, Type 1, 18 mO 

resistance). The solution was gently stirred until homogeneous and using a pH meter, a 

value of 7.3 was measured. The PBS buffer was filtered using a millipore filter flask 

with a cellulose nitrate membrane filter (0.45 pm) immediately prior to use.

Buffer used in BIAcore. The HBS-ES buffer was prepared as follows: The HBS-EP 

buffer was purchased from GE healthcare, including HEPES (0.1 M), NaCl (1.5 M), 

EDTA (30 mM), surfactant P20 (0.5 % v/v), pH 7.4, and then diluted (xlO) with 

distilled water (Type 1,18 mO resistance). The HBS-EP buffer was then filtered using a 

millipore filter flask with a cellulose nitrate membrane filter (0.45 pm) prior to use. 

Buffer used in ELISA. Three buffers were used in ELISA; sample buffer, blocking 

buffer, and washing buffer.

Sample buffer was prepared as follows: To a 250 mL Fisher bottle with a 

magnetic stir bar was added one tablet PBS (cat. no. BR0014G, Oxoid) to make a 100 

mL sample buffer with distilled water (100 mL, Type 1,18 mO resistance).

Blocking buffer was prepared as follows: To a 250 mL Fisher bottle with a 

magnetic stir bar was added one tablet PBS (cat. no. BR0014G, Oxoid) to make a 100 

mL blocking solution with distilled water (100 mL, Type 1,18 mO resistance), 1 % 

bovine serum albumin (BSA, 0.1 g) and 0.05 % Tween 20 (0.05 mL).

Washing buffer (PBST) was prepared as follows: To a 250 mL Fisher bottle 

with a magnetic stir bar was added one tablet PBS (cat. no. BR0014G, Oxoid) to make a 

100 mL PBST buffer in distilled water (100 mL, Type 1,18 mO resistance), and 0.05 % 

Tween 20 (0.05 mL).
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2.3.2 Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) was accomplished with a Superdex 200 prep 

grade column mounted on a Jasco HPLC system with Azur software. The UV detection 

wavelength used for the analysis was 280 nm. The flow rate was 1.0 mL/min and the 

injection volume was varied. The run time for each sample was 100 to 110 min. The 

mobile phase was the filtered PBS (pH 7.3) and the loop volume was 2.0 mL.

2.3.3 Ion exchange chromatography (lEX)

Ion exchange chromatography (lEX) was performed using the SP HP (1.0 mL, 5.0 mL), 

SP FF (1.0 mL) and HiTrap MacroCap SP (1.0 mL) columns. The flow rate was 1.0 

mL/min and loop volume was 2.0 mL. The loading volume was 1.45 mL.

The optimised linear gradient elution program that was generally used was as follows:

1- Elute buffer A (100 %) for 10 min to ensure void volume is entirely buffer 

A.

2- Apply a linear elution gradient starting with buffer A (100 %) and running to 

buffer B (100 %) over a 30 min period.

3- Elute buffer B (100 %) for 5 min to wash the column.

4- Switch to buffer A (100 %) and elute for 10 min to be prepare for next lEX 

run.

2.3.4 SDS-PA GE analysis

No vex bis-tris 4-12% precast gels were used for PAGE analysis. Samples were prepared 

with NuPAGE LDS sample buffer. The sample volume was measured with a pipette,

6.0 pi, and LDS sample buffer was 20 pi. The mixture of sample and LDS buffer were 

then briefly vortexed before loading onto the gel. The sample of 20 pL was loaded onto 

the 10 well No vex bis-tris gel and 10 pL loaded onto the 15 well No vex bis-tris gel. The 

running buffer was NuPAGE MOPS SDS (50 mL in 1.0 L distilled water). The voltage 

applied for analysis was 200 V and the run time was about 1.0 h. The prestained protein 

molecular weight standards were Sharp blue prestained and 5.0 pL was loaded onto the 

first well of each gel.
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PAGE gel staining methods

2.3.4.1 InstantBlue staining

InstantBlue (is a ready-to-use proprietary Coomassie® stain) was used as follows: 

approximately 20 mL InstantBlue was used to stain each SDS-PAGE gel. Gels were 

stained for a minimum of 1 hour and in some cases when only low amounts of protein 

were present, overnight staining was used. Afterwards, the stained SDS-PAGE gels 

were de-stained using water (20 mL).

2.3.4.2 Barium iodide staining

Barium iodide staining was used to detect the presence of PEG in the SDS-PAGE gels 

[185]. In brief, after staining gels with InstantBlue, the gels were then incubated with 

barium chloride (5 %, 5.0 ml) together with perchloric acid (0.1 M, 5.0 ml) for 10 min. 

Afterwards an iodine solution (2.0 mL) was added drop-wise and the gel left for 

approximately 5 min or until the PEG had stained brown sufficiently. The gels were 

then de-stained using water (20.0 mL) for approximately 5 min.

2.3.4.3 Silver staining

Silver staining was performed to stain the protein in the nano-gram range using a 

SilverXpress kit (GE healthcare) and used as per the supplied instructions as follows; 

The Bis-Tris gel (1 mm) was first fixed using a fixing solution (200 mL) which 

comprised distilled water (90 mL), methanol (100 mL) and acetic acid (20 mL) for 10 

min while shaking. The fixing solution was discarded and sensitizing solution (100 mL) 

which comprised distilled water (105 mL), methanol (100 mL) and sensitizer (included 

in SilverXpress kit, contains glutaraldehyde, 5 mL) was added onto the gel and shaken 

for 30 min. After 30 min, the sensitizer solution was discarded and replaced with fresh 

sensitizer solution (100 mL) for another 30 min while shaking continued. The gel was 

then washed twice, with distilled water (200 mL) for 10 min each time. Then, the 

staining solution (100 mL) including Stainer A (included in SliverXpress kit, contains 

silver nitrate, 5 mL), Stainer B (included in SliverXpress kit, contains ammonium 

hydroxide and sodium hydroxide, 5 mL) and distilled water (90 mL) were added and 

incubated with the gel for 15 min while shaken. After the staining step, the gel was 

washed twice with distilled water (200 mL) for 5 min each time. Then, the developing 

solution (100 mL) containing distilled water (95 mL) and developer (included in 

SilverXpress kit, contains formaldehyde and citric acid, 5 mL) was added and incubated
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with the gel for 3 to 15 min. During this step, the brown colour was observed at protein 

band. The colour development was stopped before the background becomes too dark 

using stopper solution (included in SilverXpress kit, contains citric acid, 5 mL) for 10 

min. Finally, the gel was rinsed with fresh distilled water (200 mL) for three times, each 

for 10 min.

2.3.5 Digestion o f  bevacizumab and isolation o f  Fabbeva

The digestion buffer was prepared immediately prior to use. The immobilised 50 % 

papain slurry (1.0 mL) was equilibrated with the digestion buffer in a centrifuge tube 

(15 mL) by adding digestion buffer (9.0 mL) into the gel slurry followed by 

centrifugation (4.0 min, 4000 x g) to separate the gel from the buffer. The buffer 

supernatant was discarded and this equilibration procedure was repeated. Finally, the 

gel was resuspended with the digestion buffer (0.4 mL). A solution of bevacizumab 

(12.5 mg/mL) was prepared by dilution of 0.5 mL of bevacizumab from pharmaceutical 

vial (25 mg/mL) with 0.5 mL digestion buffer to provide a 1.0 mL solution of 12.5 

mg/mL concentration. This bevacizumab solution (12.5 mg/mL) was then added to the 

equilibrated papain solution and incubated at 37® C for 5.5 h while being gently shaken 

at a speed of 250 x rpm.

Different digestion times were evaluated and an optimal digestion time of 5.5 h 

was selected. After digestion, the solution was separated from the immobilised papain 

by centrifugation (4000 x g for 4.0 min). The crude digestion solution (1.4 mL) was 

transferred to a new tube. For maximum recovery, the immobilised papain was washed 

once with binding buffer (2.0 mL, Tris buffer with EDTA, pH 8.0). The wash solution 

was then added to the crude digestion solution to give a total sample volume of 3.4 mL. 

To separate the Fab from the Fc portion of the antibody, the digestion mixture was 

eluted over a protein A column which was equilibrated with Tris buffer at pH 8.0. A 

NAP protein A plus spin kit (Pierce, cat. no. 89978) containing immobilised protein A, 

elution buffer (0.1 M glycine, pH 2.8), and neutralization buffer (1.0 M tris buffer, pH

8.5) were used to purify the Fab fragment from the Fc fragment from the digested 

bevacizumab mixture solution.

The protein A column was placed in a centrifuge tube (1.0 mL) and centrifuged 

(1000 X  g, 1.0 min) to remove the storage solution. After this, the protein A column was 

equilibrated with binding buffer (Tris buffer with EDTA, pH 8.0, 2.0 mL) by addition 

of the binding buffer (2.0 mL). The column was centrifuged (1.0 min, 1000 x g) to
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remove the flow-through. This step was repeated twice. Two protein A columns were 

used for each digestion experiment because the maximum capacity of each protein A 

column was 2.0 mL and the total volume of digestion solution at this scale of 12.5 mg 

digestion was 3.4 mL. The bottom of the column was then capped and the digestion 

mixture (2.0 mL) was applied to the column. The top of the column was then tightly 

capped. This same method was applied to the second protein A column which had 1.4 

mL of the digestion mixture. After this, the columns were incubated at ambient 

temperature with end-over-end mixing for 10 min. After 10 min, the columns were 

placed in a new centrifuge tube (15.0 ml) and the bottom cap and top cap were 

removed. The columns were centrifuged (1.0 min, 1000 x g) and the flow-through 

solutions were saved and labelled as the first fraction (FI, 3.4 mL from both columns). 

The columns were transferred to a new centrifuge tube (15.0 ml) and binding buffer (2.0 

ml) was added to the columns to allow any further non-binding Fab to elute. 

Centrifugation (1.0 min, 1000 x g) was again used to separate the solution from the 

column. The column flow-through for this wash step was collected and labelled as the 

second fraction (F2, 4.0 mL from both columns). This washing step was then repeated 

twice. A total of 4 fractions were collected (F1-F4). The elution buffer (2.0 ml) was 

then added to the columns to dissociate the Fc fragment. The columns were centrifuged 

(1.0 min, 1000 x g) and fractions were collected (F5 to F7, each 2.0 ml). The low pH of 

the elution buffer (0.1 M glycine, pH 2.8) can affect the stability of the Fc fragment, so 

a neutralisation buffer (Tris buffer, pH 8.5, 100 pL) was added into each of the elution 

fractions to provide neutral pH for longer term storage.

To maintain the column during storage for re-use, the elution buffer (0.1 M 

glycine, 3.0 mL) was added into each column once more and the columns were 

centrifuged (1.0 min, 1000 x g). This was then repeated with sodium phosphate buffer 

(pH 7.6, 3.0 ml) to remove the elution buffer. Finally, a storage solution (0.02 % 

sodium azide, 3.0 ml) was added and the columns were capped and stored at 4®C.

The Fab fragments of the FI and F2 fractions after the protein A column were 

then buffer exchanged to sodium phosphate buffer (20.0 mM, pH 7.6) with EDTA (10 

mM) or PBS (pH 7.4) using a PD-10 column to remove the cysteine present in the 

digestion buffer. The PD-10 column was first equilibrated with sodium phosphate 

buffer (20.0 mM, pH 7.6, 25 mL) with EDTA (10 mM). 2.5 mL of a Fab solution was 

loaded onto the column and discarded. Then, 3.5 mL of sodium phosphate buffer (20.0 

mM, pH 7.6) with EDTA (10 mM) was eluted onto PD-10 column and collected. Three
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PD-10 columns were used to buffer exchange FI and F2. The FI and F2 solutions after 

PD-10 columns and F3 and F4 were then pooled and concentrated using viva-spin 

(4000 X g, 10 min) in a 1.0 mL solution and considered as pure Fabbeva- The yield of 

approximate 70 % was calculated for the purified Fabbeva when 12.5 mg bevacizumab 

was digested.

2.3.6 Digestion o f  bevacizumab and isolation o f  F(ab) 2

To obtain F(ab)2  much of the initial work focused on the use of pepsin for proteolytic 

digestion. However it was subsequently found that IdeS enzyme was much more 

effective. Bevacizumab (5.0 mg/mL, 1.0 mL) was digested using IdeS enzyme 

(FabRICATORE, 75 pL) at 37 for 30 min. The F(ab)2  was purified from the enzyme 

and Fc fragments by SEC (Superdex 200 prep grade; UV detection at 280 nm) using a 

mobile phase of PBS (pH 7.3) at a flow rate of 1.0 mL/min. Injection volume was 0.96 

mL and the run time was 100 min. The purified F(ab)2  was then analysed by SDS- 

PAGE. The cleavage site of IgG by immobilised papain and IdeS enzyme is shown in 

Figure 2.1.

Pepsin
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Papain "WcS

Hinge
region

\  C M 2

CHI

VM Carbohydrate

{Fab region}

Figure 2.1 Cleavage sites of papain, pepsin and IdeS [186].

2.3.7 Digestion o f  trastuzumab and isolation o f  Fabtrast

The method for trastuzumab digestion was taken initially from [187] and was further 

modified as described here. The digestion buffer was prepared immediately prior to use. 

The immobilised 50 % papain slurry (1.0 mL) was equilibrated with the digestion buffer 

by adding the digestion buffer (9.0 mL) into the gel slurry followed by centrifugation 

(4.0 min, 4000 x g) to separate the gel from the buffer. The buffer was discarded and 

this wash procedure was repeated once more. The papain gel was then resuspended with
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the digestion buffer (0.4 mL). A solution of trastuzumab (6.5 mg/mL) was prepared by 

dilution of 0.5 mL of trastuzumab (12.9 mg/mL) with 0.5 mL of digestion buffer. This 

solution of trastuzumab was then added to pre-equilibrated papain and the reaction 

mixture was incubated at 37° C for 20.0 h while being gently shaken.

The crude Fab was then purified from the digestion mixture by SEC using PBS 

(pH 7.3) as the mobile phase. Digestion mixture (1.95 mL) was loaded onto the SEC 

column with 100 min run time. The Fabtrast were eluted (1.0 mL/min) from the SEC 

(Superdex 200 prep grade size) column at 86-90 min, the Fc fragments were eluted at 

82-84 min and undigested trastuzumab had a retention time of 71 min. Fab fractions 

were then pooled (total volume of the pooled fractions was 3.0 mL) and concentrated to 

a 1.0 mL solution using a vivaspin column (5 min, 4000 x g). The concentration of the 

purified Fab was then calculated by UV at 280 nm. A yield of 26 % was calculated for 

the purified Fabtrast-

2.2.8 Representative Fab PEGylation to produce PEG-Fab

In an eppendorf (1.5 mL) containing DTT (1.0 mg) was added a solution of Fab (1.0 

mg, 1.0 mL in the PEGylation buffer) and then incubated at ambient temperature 

without shaking for 30 min. The final concentration of DTT was 6 mM when 1.0 mg 

was added into 1.0 mL Fab solution. DTT was removed by PD-10 column by first 

buffer exchanging into a sodium phosphate buffer (20 mM, pH 7.6) with EDTA (10 

mM). A representative procedure to remove the DTT from a volume of 1.0 mL of 

reaction mixture using a PD-10 column was as follows: first a PD-10 column was 

equilibrated by allowing solutions of sodium phosphate buffer (20 mM, pH 7.6, 25 mL) 

with EDTA (10 mM) to elute through the column. Then, the protein solution with DTT 

(1.0 mL) was loaded onto the equilibrated PD-10 column, and allowed the protein 

solution to elute from the PD-10 column. After this, 1.5 mL sodium phosphate buffer 

(20 mM, pH 7.6) with EDTA (10 mM) was added to the PD-10 column and allowed to 

elute. Finally, the protein solution was recovered by addition of a 3.3 mL sodium 

phosphate buffer (20 mM, pH 7.6) with EDTA (10 mM) to the PD-10 column.

The PEG mono-sulfone 2 (3.0 mg) was dissolved into distilled water (1.0 mL) 

prior to PEGylation. An aliquot of the 2 equivalents PEG reagent 2 (0.26 mL, 3.0 

mg/mL in distilled water, 20 kDa) was added to the solution containing the reduced Fab 

(3.3 mL, 0.3 mg/mL, 1 equivalent). The PEG mono-sulfone reagent 2 was added at 

either 1.0 or 2.0 equivalents. Different molecular weights of the PEG mono-sulfone
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reagent 2 (20, 30 and 40 kDa) were used. The PEGylation solution was incubated at 

ambient temperature for 3.0 h without shaking. The PEG-Fabs were then purified from 

other non PEGylated Fab and non-conjugated PEG using a single step lEX 

chromatography with a SPHP column (1.0 mL, 1.0 mL/min).

2.3.9 Preparation o f  PEG2-Fab 'beva

Into the solution of F(ab)2 (1.0 mg/mL, 1.0 mL of PBS pH 7.3) was added DTT (1.0 

mg) and the solution was allowed to incubate for 30 min at ambient temperature without 

shaking. The DTT was removed by a PD-10 column using the method described in 

section 2.3.8. The reduced-F(ab)2 (3.3 mL, 0.3 mg/mL) was then added the 4 

equivalents of PEG mono-sulfone reagent 2 (0.08 mL, 10 mg/mL, 20 kDa). The 

PEGylation mixtures were then purified from other PEG species by lEX 

chromatography using an SPHP column (1.0 mL, 1.0 mL/min).

2.3.10 PEGylation o f  bevacizumab

Bevacizumab (1.25 mg/mL, 1.0 mL PBS pH 7.3) was reduced using DDT (1.0 mg, 6.0 

mM) over a 30 min period at ambient temperature. The excess DTT was removed using 

a PD-10 buffer exchange column as already described. To a solution of the reduced- 

bevacizumab (3.3 mL, 0.38 mg/mL) was added 4 equivalents the PEG mono-sulfone 

reagent 2 (0.11 mL of 3.0 mg/mL PEG solution, 10 kDa) and incubated for 3 h at 

ambient temperature. Different isomers of PEG-bevacizumab were observed in the 

PEGylation reaction mixture. Mono PEG-bevacizumab was then purified from the other 

multi-PEGylated isomers and PEG species by SEC and then by lEX. For SEC 

purification, PBS (pH 7.4) was used as a mobile phase. A run time of 100 min and flow 

rate of 1.0 mL/min were applied. lEX using a SPHP column (1.0 mL, 1.0 mL/min) was 

performed to further purify the mono PEG-bevacizumab.

2.3.11 PEGylation o f  trastuzumab

Trastuzumab (1.25 mg/mL, 1.0 mL solution) was also PEGylated on its interchain 

disulfide bonds using different equivalents (1 ,2 ,3  and 4) of PEG mono-sulfone reagent 

2(10 kDa). Trastuzumab solution (1.25 mg/mL, 1.0 mL in PEGylation buffer) was first 

treated with DTT (1.0 mg, 6 mM) and incubated for 30 min at ambient temperature. The 

excess DTT was then removed by the PD-10 column. Into a solution (3.3 mL, 1 

equivalent, 0.38 mg/mL) of reduced trastuzumab, 4 equivalents of PEG reagent 2 (0.11
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mL, 3.0 mg/mL in distilled water, 10 kDa) were added. The mono PEG-trastuzumab 

was then purified using SEC purification.

2.3.12 Representative Fab PEGylation to produce Fab-PEG-Fab

Fabbeva, Fabrani and Fabtrast were used for homodimer PEGylation. A typical procedure 

for homodimer PEGylation is described as follows: Into an eppendorf containing DTT 

(1.0 mg), a solution of Fab (1.0 mg, 1.0 mL) in PEGylation buffer was added and then 

incubated at ambient temperature without shaking for 30 min. DTT was then removed 

by a PD-10 column by buffer exchanging into a sodium phosphate buffer (20 mM, pH

7.6) with EDTA (10 mM).

The PEG di(mono-sulfone) reagent 4 (0.06 mL, 3.0 mg/mL in distilled water, 20 

kDa) was added to an aqueous solution of the reduced-Fab (3.3 mL, 0.3 mg/mL) to 

produce 0.5 equivalent PEG to 1.0 equivalent Fab. Different molecular weights of PEG 

(6, 10 and 20 kDa) were used. Different equivalents of PEG reagent 4 (0.5, 1.0, 2.0 and

5.0 equivalent PEG to 1.0 equivalent Fab) were also used. The PEGylation solution was 

then incubated at ambient temperature approximately 3 h without shaking. The 

homodimer Fab-PEG-Fab was then purified from mono PEG-Fab and unreacted Fab 

using lEX-SPHP (1.0 mL, 1.0 mL/min) followed by SEC.

2.3.13 Representative Fab PEGylation to produce Fab-PEG-Fab'^

To obtain the heterodimer Fabbeva-PEG-Fab*trast construct, stepwise PEGylation using 

PEG di(mono-sulfone) reagent 4 (20 kDa) was performed. Fabbeva (1 0  mg/mL, 1.0 mL 

in PEGylation buffer) was first treated with DTT (6 mM, 1.0 mg/mL) and incubated for 

30 min at ambient temperature. After removal of DTT using PD-10, 5.0 equivalent of 

PEG di(mono-sulfone) reagent 4 (0.66 mL, 3.0 mg/mL in distilled water, 20 kDa) was 

added and incubated for 3.0 h at ambient temperature without shaking. Following this, 

the mono PEG-Fabbeva was purified from the Fabbeva-PEGzo-Fabbeva using a lEX-SPHP 

(1.0 mL, 1.0 mL/min) column. The lEX fractions of the mono PEG-Fabbeva were pooled 

and then concentrated to 1.0 mL solution using vivaspin (5 min, 4000 x g). To estimate 

an approximate concentration of this solution, UV spectroscopy was used at 280 nm. 

Then, in separate eppendorf tube, Fabtrast was treated with DTT (6 mM, 1.0 mg/mL). 

The excess DTT was removed after 30 min incubation by PD-10. The buffer that used 

for PD-10 purification was sodium phosphate (50 mM), EDTA (10 mM, pH 7.4). Into 

reduced-Fabtrast (3.3 mL), 1.0 mL lEX purified PEG-Fabbeva (1 0  mL in 20 mL sodium
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acetate buffer pH 4.0) was added and incubated for 3.0 h at ambient temperature and 

then overnight at 4 ®C. For purification of heterodimer F a b b e v a -P E G -F a b * tr a st, lEX-SPHP 

column was first used. To further purify the heterodimer Fab-PEG-Fab* from unreacted 

Fabs, SEC performed on the lEX fractions.

2.3.14 Micro BCA assay fo r determination ofprotein concentration

Bicinchoninic acid (BCA) assay is a well known method for protein quantitation which 

is conducted in alkaline condition [76]. The peptide bonds present in a protein convert 

Cu to Cu  ̂under alkaline conditions, a reaction widely known as the Biuret reaction. 

Cu+ forms a complex with the bicinchoninic acid to form an intense, purple coloured 

solution. The complex has an absorbance maximum at 562 nm. The standard BCA 

assay has a protein concentration sensitivity of 0.1-1.0 mg/mL and micro BCA assay 

has a sensitivity of 0.5-10 pg/mL. Micro BCA was used throughout this study since the 

isolated conjugate typically had a concentration range of 10-1000 pg/mL.

2.3.15 Ellman’s assay

The reaction buffer was sodium phosphate buffer (20 mM), containing EDTA (1.0 mM) 

pH 8.0. To make Ellman’s reagent solution, Ellman’s reagent (4.0 mg) was dissolved in 

reaction buffer (1.0 mL). A set of cysteine standards were prepared by dissolving 

cysteine hydrochloride monohydrate at the 0.0, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5 mM, 

concentrations in reaction buffer. After this, another set of tubes were prepared which 

contained a mixture of Ellman’s reagent solution (50 pL) and of reaction buffer (2.5 

mL). Standard (cysteine known concentration (250 pL) and unknown samples (250 pL)) 

were added into each test tube to a mixture o f Ellman’s reagent and reaction buffer. The 

solutions were mixed and incubated for 15 min at ambient temperature. The absorbance 

of each solution was measured at 412 nm relative to a blank as a control. The value 

obtained was used for the calculation of number o f free thiols using the molar extinction 

coefficient of TNB (14150 M‘* cm’*). Firstly concentration of thiols in the sample 

solution (0.2 mL) was calculated. Then, the value was divided by the concentration of 

protein in the sample solution to obtain the number of thiols in the solution.

2.3.16 MALDl-TOF analysis

Mass spectrometry analysis was performed on an Applied Biosystem Voyager DE Pro. 

Samples were prepared by mixing with 2,5-dihydroxybenzoic acid (10 mg/mL in 50:50 

acetonitrile/water + 0.1 % trifluoroacetic acid) and spotting 1.0 pL on to a MALDI
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target plate. The spotted samples were analysed in linear positive mode with an 

accelerating voltage of 25000 V and an extraction delay time of 750 nsec. A total of 50 

laser shots were accumulated and the laser was varied accordingly on a sample-to- 

sample basis.

2.3.17 BIAcore assay

BIAcore X-100 (BIAcore, GE healthcare LTD Amersham) was used for binding 

affinity studies of the purified PEGylated conjugates (analyte). A hVEGFiôs (38 kDa 

Mw) was immobilised on CM5 and CM3 chips whereas a CM3 chip was immobilised 

with an extracellular domain o f recombinant human HER-2 (110 kDa Mw).

Three steps involved in chip preparation; pre-concentration, immobilisation and 

regeneration.

(1) Pre-concentration step or pH scouting:

To perform the pre-concentration assay, VEGF (10 pg/mL, 55 pL) was dissolved in 

sodium acetate (10 mM) buffer at pH (4.0, 4.5, 5.0 and 5.5, 6.0 and 6.7) and run into 

flow channel 2 (Fc=2). Contact time of 180 sec was applied. Sodium hydroxide (50 

mM) was injected over the sensor surface to remove the VEGF and regenerate the 

surface. It was found that VEGF (10 pg/mL) in sodium acetate buffer (10 mM, pH 5.5) 

provided a better electrostatic interaction with dextran chip. A solution of HER-2 (10 

pg/mL) in sodium acetate buffer (10 mM, pH 5.0) was found to show better 

electrostatic interaction between HER-2 and dextran chip.

(2) Immobilisation procedure:

Amine coupling chemistry performed for immobilization. Three immobilized chips 

were successfully prepared; two CM3 chips were immobilized with VEGF (Mw 38 

kDa, 0.2 pg/mL) to provide low immobilization level (61 and 57 RU) and one CM3 

chip with HER-2 (110 kDa, 0.2 pg/mL) to provide immobilization level o f 51 RU. To 

immobilise the chip, the first thing was to dock the CM3 chip inside the BIAcore and 

start manual run on flow channel 2 (Fc=2) with 5 pl/min flow rate. Using manual run, 

allow controlling the activation time and also ligand contact time. The protocol used to 

immobilise CM3 with 61 and 57 RU immobilisation level is as follows:
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1. Wash the chip with NaOH (50 mM) for 60 sec.

2. Activate the surface by injection of reagent (NHS (300 pi) / EDC (300 pi)) 

for 200 sec.

3. Allow the HBS-ES buffer to run over the chip surface for 200 sec.

4. Inject the VEGF solution (1.0 pL of 0.1 mg/mL into 500 pL sodium acetate 

buffer pH 5.5 to make 0.2 pg/mL solution) for 140 sec to achieve 57 RU and 

200 sec to achieve 61 RU immobilisation level.

5. Inject ethanolamine-HCl (126 pi, 1.0 M) to deactivate remaining active 

group on the surface and remove non-covalent bound ligand for 180 sec.

(3) Regeneration step:

After ligand immobilization, the analyte was injected over the prepared surface to test 

the chip. To regenerate the chip for next experiment and remove bound analyte, 

regeneration buffer was used. Different regeneration buffers were applied (10 mM 

glycine-HCl pH 2.5, pH 2.0 and if necessary pH 1.5) for 1200 sec. Because harsh 

regeneration buffer can damage the ligand on the chip, 10 mM glycine-HCl buffer with 

higher pH tested first. It was found that using a glycine-HCl (10 mM, pH 2.0) the 

baseline was achieved. The glycine-HCl (10 mM pH 2.0) was also used for 

regeneration buffer of the chip prepared with HER2.

All of the test compounds were prepared in the HBS-EP running buffer (10 mM 

HEPES, pH 7.4, 150 mm NaCl, 3.0 mM EDTA, 0.005% surfactant P20) before run into 

the BIAcore. All kinetic measurements were conducted at 25 °C at a flow rate of 30 

pL/min with an association time of 180 sec and dissociation constant rate of 1200 sec. 

Double-referencing was performed to account for bulk effects caused by changes in the 

buffer composition or nonspecific binding [188]. Data were evaluated with 

BlAevaluation software (version 2.1) and the best fit (lowest Chi^) was obtained using a 

1:1 binding model. The sensogram was fitted globally over the association and 

dissociation phases. Equilibrium dissociation constants (affinity) were calculated from 

the rate constants (Kd = koff/kon). The kinetic assay was performed 4 times for 

bevacizumab and Fabbeva, and 3 times for F(ab)i, 2 times for trastuzumab and once for 

other constructs (PEG-Fabbeva, Fabbeva-PEGio-Fabbeva, Fabtrast, PEG-Fabtrast, Fabtrast- 

PEGio-Fabtrast). Therefore, it was not possible to calculate standard deviation for the 

affinity value of the constructs that the BIAcore performed less than 3 times. However, 

standard error (SE) was calculated by software for each kinetic rate constant (k& and kd)
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which suggested the significant of the value.

2.3.18 ELISA assay

The ELISA plate was coated with VEGF165 (0.1 |xg/mL, 100 pL from 1.0 pg/mL 

solution) and for the molecules derived from trastuzumab; the plate was coated with 

HER-2 (0.25 pg/mL, 100 pL from 2.5 pg/mL solution). A typical ELISA procedure 

when VEGF was coated on the plate is as follow: The VEGF165 (0.1 pg/mL) was coated 

in each well of a 96 well plates for overnight incubation at 4 °C. The next day, the 

VEGF solutions were removed and without washing, blocking buffer (300 pL, PBS 

tablet + 1 % B.S.A + 0.05 % Tween20 buffer) was added into each well and incubated 

at ambient temperature for 2.0 h. After this, the blocking buffers were removed and 

plate was washed with washing buffer (PBST, 300 pL, PBS tablet + 0.05% Tween20) 

once and then test compounds, which were prepared in PBS at a range of 

concentrations, were added into each well. The plate was incubated for 2.0 h at ambient 

temperature. After 2.0 h incubation, the protein solutions were removed and wells 

washed with washing buffer (PBST, 300 pL) three times. Then, anti-human IgG (Fab 

specific)-peroxidase (100 pL, 1/5000 dilution, cat. no. A0293 from Sigma Aldrich) was 

added into each well and incubated for 1.0 h at ambient temperature. The solutions were 

then removed and plate was washed off with washing buffer (PBST, 300 pL) for three 

times. TMB (100 pL) was then added and development of the blue colour was 

monitored. After approximately 5 min, when the blue colour was visible enough for 

each well, HCl (50 pL, 1.0 M) solution was added to produce a constant yellow colour. 

The plate was then read using a plate reader at 450 nm wavelengths. Similar procedures 

were applied to determine the affinity value of the molecules derived from trastuzumab. 

The 96 well plate was coated with HER-2 (2.5 pg/mL, 100 pL) overnight at 4 ®C. In the 

following days, the same protocol as described for VEGF was performed.

2.3.19 In-vitro angiogenesis using AngioKit

On the day that the Angiokit was received (day 1), test compounds were sterilised by 

passage through a 0 . 2 2  pm filter before being diluted to their final required 

concentration in optimised growth medium, which was then allowed to equilibrate in a 

humidified incubator (37°C, 5% CO2) The growth medium of the Angiokit plate was 

then gently replaced from the side of the well with the growth medium (0.5 mL per 

well) containing the test compounds, using a plastic pipette. The plate was then placed
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in the incubator.

On days 4, 7 and 9 the plate was examined for cell morphology and signs of 

growth using an inverted microscope and the growth medium was replaced with freshly 

prepared medium containing the test compounds. On day 10, cells in the plate were 

fixed and stained to assess tubule development and angiogenesis.

2.3.19.1 Fixing and staining procedure:

For culture fixation, two buffers were prepared and kept at room temperature; wash 

buffer (PBS) and blocking buffer which consisted of wash buffer supplemented with 

1% BSA. To fix the cells, the medium was removed very carefully and then cells were 

rinsed with the wash buffer (0.5 mL). Then, ice-cold fixative solution (70% ethanol; 0.5 

mL) was added to each well and incubated at room temperature for 30 min. Then, the 

fixative solutions were removed and each well was washed with blocking buffer (0.5 

mL) three times. After the final wash, the blocking buffer was removed and primary 

antibody solution was added to each well.

2.3.19.2 Staining fo r  CD31 (PECAM-1):

The primary antibody (mouse anti-human CD31) was diluted first in the blocking buffer 

(1:400, 35 pL of antibody in 14 mL of blocking buffer and 0.5 mL was added to each 

well and incubated for 60 min at 37 ^C. Following this period, the primary antibody was 

removed and wells were washed three times with blocking buffer (0.5 mL) for 5 

minutes per wash. The secondary antibody (goat anti-mouse IgG, conjugated to alkaline 

phosphatise (AP)) was added to each well (1:500 dilution; 0.5 mL). The plate was again 

incubated for 60 min at 37 ^C. Then, the secondary antibody was removed and wells 

were washed three times with distilled water.

2.3.19.3 ELISA readout

To assess the extent of endothelial cell proliferation by ELISA, the soluble AP substrate 

p-nitrophenol phosphate (p-NPP) was used. One p-NPP tablet and one Tris buffer tablet 

were dissolved in 20 mL distilled water and 0.3 mL was added to each well. The plate 

was incubated at 37 for exactly 20 minutes, after which, two aliquots (100 pL) were 

removed from each well of the Angiokit plate and transferred to separate wells of a 96 

well plate, which already contained 25 pL NaOH (3 M) per well. Two blank control 

wells on the 96 well plate received substrate that had not been in contact with cells, to 

provide a background absorbance. The 96 well plate was then read at 405 nm
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wavelength. The Angiokit plate was then fully washed three times with distilled water 

(0.5 mL) for three times before further use.

2.3.19.4 Tubular staining

To permanently stain the tubules, the insoluble AP substrate 5-bromo-4-chloro-3- 

indolylphosphate/nitroblue-tetrazolium salt (BCIP/NBT) was used. Two BCIP/NBT 

tablets were dissolved in distilled water (20 mL) and passed through a 0.22 pm filter. 

0.5 mL was added to each well and the plate was incubated at ambient temperature until 

dark purple colour developed in positive control wells (approximately 3 to 10 min). 

After this, each well was washed carefully three times with distilled water (0.5 mL). 

The plate was then left to air dry. Photomicrographs were then taken from each well 

using an upright microscope with 4 times objective attached to a digital camera. The 

images were later analysed using Angiosys software to calculate the number of 

junctions and tubules formed in each well.

2.3.20 Ex-vivo vasodilation assay

Male Wistar rats (200-25Og) were purchased and housed in the School of Pharmacy 

animal care facility. The temperature, humidity and dark:light cycles (12:12) were 

carefully controlled at all times. All procedures involving animals, in terms of housing 

and killing, were carried out in accordance with the Home Office animal care guidelines 

and the Animals (Scientific Procedures) Act of 1986. Rats were killed by CO2 

asphyxiation, using an airtight chamber connected to a CO2 cylinder. Rats inhaled CO2 

for approximately 1 0  minutes while CO2 concentration was elevating inside the 

chamber. A midline incision was made to the abdomen and a loop of ileum, with 

supplying vasculature intact, was removed into cold Krebs buffer. Then, the third 

branch of the superior mesenteric artery was isolated and cleaned of all fat and 

connective tissue under light microscopy by micro-dissection. 2  mm sections of this 

artery were then mounted onto the myograph. A four channel wire myograph was used. 

For mounting, a wire (approximately 2.5 cm in length) was cut and then attached to one 

jaw  of the myograph. Two wires were required for mounting the vessel. The first wire 

was attached to the force transducer jaw  from one end and then tightened around the 

first screw. The vessel was then transferred from a Petri dish and mounted onto the 

wire. After this, the vessel was moved along the wire and positioned between the jaws. 

Once the vessel was correctly situated, the loose end of the wire was then secured
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around the second jaw screw. The second wire was passed through the lumen of the 

vessel carefully and then secured around the screws on the micrometer jaw at both ends, 

(Figure 2.2). The wire connected to the transducer in Figure 2.2 was to measure force 

development while the second wire attached to the micrometer was to allow initial 

vessel diameter to be manually set.

Blood vessel

Figure 2.2 Schematic representation of a blood vessel mounted onto a wire myograph.

Once the vessels were mounted onto the myograph, they were maintained in 

individual chambers containing oxygenated (95% Oil5%  CO2 ) Krebs buffer (5 mL) at 

37 When all four chambers were equilibrated, nonnalisation was perfonned. This 

step was performed to stretch the blood vessels to a specific normalised internal 

circumference (ICI). This is defined as a set fraction of the internal circumference 

( I C io o )  that a fully relaxed artery would have had at a specific transmural pressure (e.g 

100 mmHg for systemic arteries, as in this case). For nonnalisation, the vessels are 

stretched manually in a stepwise manner by changing the distance between the two 

wires inside the vessel (using the micrometer), and measurement of the force generated. 

These data are converted into values of IC (pm) and wall tension T (mN/mm) by an 

integrated module (NORM) within the LabChart software. According to LaPlace’s law 

which describes the relationship between the transmural pressure difference and wall 

tension, radius and thickness, the vessel wall tension is proportional to intraluminal 

pressure. High transmural pressure results in more wall tension, however, thicker wall 

results in less tension. The exponential curve is plotted for wall tension generated 

against internal circumference applied. Figure 2.3. By then overlaying the isobar line 

corresponding to 100 mmHg, the 1C 100 can be calculated from the point o f intersection 

using the Laplace relationship shown in Figure 2.3. IC io o  is the internal diameter of the 

vessels which would have had in-vivo under basal conditions and a transmural pressure
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of 100 mmHg [189]. The ICI is then calculated by multiplying the ICioo x 0.9 for rat 

arteries by convention, and 'svhereby the sensitivity of the vessels to agonist is maximal.

2
1
.1s

I
0.2

000 700 000

Internal diameter (^m)

Figure 2.3 The exponential curve fitting and determination of ICIOO

After the vessels had been set to the calculated ICI and allowed to equilibrate, 

KCl (120 mM) was added to each chamber to obtain a large contraction of the arteries 

due to full membrane depolarization. The KCl response was determined as a reference 

and to confirm tissue viability. Then, the vessels were washed three times (5 mL) and 

then maintained in Krebs buffer (5 mL). The vessel tone was monitored until it returned 

to a steady baseline. Then, the thromboxane A2 mimetic and vasoconstrictor agent 

U46619 (10-30 nM) was added into each chamber and vessel tone was monitored. 

When a stable 10-20 % of KCl tone was achieved for each vessel segment, the 

vasodilator agent (VEGF) with or without pre-incubation with bevacizumab was added 

in cumulatively increasing concentration. The anti-VEGF agents were mixed with the 

VEGF prior to addition and incubated for 2 hour at 37 ^C. The experiment was then 

ended by addition of ACh (10 pM) and SNP (100 pM) in sequence. ACh is a 

muscarinic and nicotinic receptor agonist and induces endothelium-dependent 

vasodilation via muscarinic receptors through nitric oxide generation. SNP is 

spontaneous nitric oxide donor, which works directly on the smooth muscle and causes 

dilation of blood vessels. At this high concentration, the response to SNP can be 

assumed to be the maximum relaxation of a vessel that can be mediated through the NO 

pathway. At the end of experiment, the blood vessels were washed and removed from 

the wire.

2,3.20.1 Data analysis

The LabChart (version 8 ) program was used for collection of data and later off-line 

analysis. The relaxation responses for each vessel were calculated by subtracting the
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active tone remaining after vasodilator treatment from the initial active tone induced by 

the pressor agent (U46619), then dividing the result by the active tone due to U46619 

minus the active tone remaining after the addition of SNP. This relaxation was 

expressed as a percentage and was then plotted against log [VEGF] as a log-dose 

response curve, using Prism software.
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Chapter 3: Preparation of PEGylated 

Antibody Fragments
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3 Chapter 3: Preparation of PEGylated Antibody Fragments

Bis-alkylation PEG sulfone reagents 2 and 4 were utilised to prepare a small family of 

PEG-Fab and Fab-PEG-Fab products to determine their structure property correlations. 

It was necessary to source therapeutically relevant Fabs. To accomplish this, clinically 

used antibodies were obtained and then proteolytically digested to obtain the Fabs. 

Optimisation of the digestion process was first necessary. Once the Fabs were obtained 

and their purification confirmed, small-scale PEGylation reaction were conducted to 

leam the PEGylation process and to optimise conditions for the PEGylation reaction. 

Larger scale PEGylations were then conducted to isolate suitable amounts of the 

PEGylated products. It was necessary to ensure that the PEGylated products were 

completely pure without any contamination of the starting Fab. Once pure PEGylated 

products were obtained, it was necessary to evaluate their stability to ensure that no de- 

PEGylation occurred. Once purity and stability were confirmed, it then became possible 

to evaluate the binding properties of the PEGylated products. The key for the evaluation 

o f any PEGylated protein is to ensure that it is not contaminated by the starting protein 

and that the conjugate is stable so that characterisation reflects the properties of the 

conjugate only.

3.1 PEGylation of Fabs to produce PEG-Fab conjugates

The PEGylation reagents used were PEG bis-sulfone reagent 1 and PEG mono-sulfone 

reagent 2 (Scheme 1.1). Since Fabs have one interchain disulfide bond between the light 

and heavy chain, it was thought that this disulfide bond could be selectively opened to 

provide two free sulfhydryl groups for conjugation to the PEG mono-sulfone reagent 2 

so the resulting three-carbon bridge PEGylated Fab (Figure 3.1) could then be 

produced.
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PEGylate

" S - S " ^  S '

Fab (5)
PEG-Fab

PEG mono-sulfone reagent 2 

Figure 3.1 The disulfide bridging PEGylation o f the Fab.

The PEG bis-sulfone reagent i  must undergo elimination of one equivalent of 

toluene sulfmic carboxylate to give the PEG mono-sulfone 2 (Scheme 1.1). Elimination 

is necessary to generate the a,(3-unsaturated double bond so that the conjugation 

reaction can occur. The PEG mono-sulfone reagent 2 is reactive towards nucleophiles 

because o f the conjugated double bond that is present. The PEG mono-sulfone reagent 2 

is thus susceptible to hydrolysis. The PEG mono-sulfone reagent 2 is considered the 

‘active form’ o f the PEG bis-sulfone reagent 1 and it is the fonn o f the reagent that 

undergoes the first alkylation in the reaction pathway.

Fonuation o f the PEG mono-sulfone reagent 2 can be accomplished in both 

organic [125] and aqueous [137] solutions. While using a dry organic solvent is 

certainly a good approach as a means to isolate the activated reagent by minimising the 

risk for hydrolysis o f the mono-sulfone, we still typically used an entirely aqueous 

system to activate the reagent. This allowed simple lyophilisation to be used to isolate 

the activated reagent without need to worry about residual organic solvent residues.

The activation of the PEG bis-sulfone reagent 1 can be perfomied in-situ with 

sodium phosphate buffer (20 mM, pH 7.8) in the presence of the reduced-protein [138]. 

Since it was anticipated that the free thiols from reduction of Fab disulfide would be 

quite reactive, little work was done to optimise the in-situ activation PEGylation. 

Instead the PEG mono-sulfone reagent 2 was generally used as a preformed reagent. 

One method was to dissolve the PEG bis-sulfone reagent 1  overnight in sodium 

phosphate buffer (20 mM, pH 7.8) at 37 in the presence of hydroquinone prior to its 

addition to the reduced protein [138]. Hydroquinone behaves as radical inhibitor and
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was added to prevent competitive polymerisation of the conjugated double bond and 

thiol derived transfer reaction in the PEG mono-sulfone reagent 2. The limitation for 

this approach is that exposure of the PEG mono-sulfone 2 to an aqueous environment 

during the incubation period increases the propensity for the addition of water to the 

double bond, leading to hydrolysis of the reagent. This would cause the reagent to be 

susceptible to mono-thiol conjugation only, essentially consuming the reagent because 

under the conditions of the protein conjugation reaction, it was not expected that 

thiolate would be able to displace the hydroxide. Another way to produce the PEG 

mono-sulfone reagent 2 was from activation of the PEG bis-sulfone 1 in a basic 

environment and then lyophilisation to a solid form. This allowed the practical 

formation of the PEG mono-sulfone reagent 2 in aqueous solution with high purity 

(approximately 90 %, H-NMR in Appendix I, A). The PEG mono-sulfone reagent 2 was 

stored at - 2 0  as a solid.

At the time of PEGylation, the PEG mono-sulfone reagent 2 was dissolved in 

freshly distilled water and then this solution was added to a solution o f the reduced-Fab. 

The activated PEG mono-sulfone reagent 2 was used to PEGylate the Fab fragment 

throughout this project. It was found in early experiments that this PEG mono-sulfone 

reagent 2 gave higher PEGylation conversion (>%90) compared to that observed from 

the activation of PEG bis-sulfone reagent 1 in sodium phosphate buffer (pH 7.8) for 

overnight. Different molecular weights of PEG mono-sulfone reagent 2 ranging from 

10-40 kDa were used to PEGylate a Fab to compare the structure-properties o f the 

different sizes o f the PEG-Fabs.

To compare PEG-Fab analogues with the corresponding frill antibody, it was 

necessary to obtain the purified Fab by the enzymatic digestion of the full antibody. 

Proteolytic digestion is a well-known method for cleaving full antibodies into their Fab 

and Fc portions [190, 191]. Proteolytic antibody digestion was originally developed to 

study the structure of different antibody fragments [32, 190]. An enzyme such as papain 

was found to produce the Fab fragment from IgGl antibody [191]. Other enzymes, such 

as pepsin, were found to cleave the hinge region differently so that F(ab)2 and Fab' 

could be obtained [192]. However, not all the fragments obtained by enzymatic 

digestion retain their antigen binding [192]. It was reported that antigen binding 

properties of antibody fragments obtained from full antibody by enzymatic digestion 

was lost [192] probably due to unfolding and dénaturation during incubation with 

enzyme. It was a key that the Fab fragments from bevacizumab and trastuzumab would
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retain their antigen binding after proteolytic digestion.

Ranibizumab is a clinically used Fab and it is essentially the Fab of 

bevacizumab. There are few numbers of amino acid substitutions within the CDR 

region of ranibizumab compared to bevacizumab [58, 193]. Ranibizumab has a better 

binding affinity to VEGF ;65 compared to the Fabbeva [58, 193]. This Fab was also 

PEGylated in this work and used as a model to compare with the PEGylated Fabbeva.

Once these Fabs were PEGylated and the PEG-Fab products were produced, it 

was thought that the PEG di(mono-sulfone) reagent 4 could be used to make 

homodimer PEG Fabs (i.e. Fab-PEG-Fab). The homodimer Fab-PEG-Fab constructs 

were then produced from the Fabbeva, Fabrani and Fabtrast using the PEG reagent 4 at 6, 10 

and 20 kDa molecular weights. The challenges involved with the homodimer Fab 

PEGylation are further discussed in section 3.2 of this chapter.

The following nomenclature was used to identify the different Fabs and their 

PEGylated products: Fabbeva, Fabtrast and Fabrani denote the Fabs from bevacizumab, 

trastuzumab and ranibizumab respectively. The PEGylated variants are correspondingly 

denoted: P E G -F a b b e v a , P E G -F a b tr a st and P E G -F a b r a n i-  Since different molecular weights 

o f the PEG mono-sulfone reagents 2 were used, this information will be conveyed using 

this nomenclature as follows with the example of a 20 kDa P E G  reagent: P E G io -F a b b e v a ,  

P E G zo -F a b tra st and P E G zo -F a b ra n i. Analogously the nomenclature for dimeric conjugates 

derived from the PEG di(mono-sulfone) reagent 4 will be as follows using Fabbeva and 

20 kDa PEG as an example: Fabbeva-PEGio-Fabbeva-

3.1.1 Preparation o f  PEG-Fabbeva

Bevacizumab is supplied as a solution in a vial for use in oncology clinics. Each vial 

contains 16 mL of bevacizumab solution at a concentration of 25 mg/mL in antibody. 

Bevacizumab is formulated with sodium phosphate buffer (pH 6.6, 51 mM), a,a 

trehalose dehydrate (60 mg/mL) and polysorbate20 (0.04 %). Initially bevacizumab was 

obtained from vials that had been used in the clinic. There was after un-used solution 

that still remained in the vial after the patient was treated. This allowed initial digestion 

experiments to be conducted on a small scale (2.5 mg) of bevacizumab using 

immobilise papain. We were eventually able to purchase a vial of bevacizumab and this 

allowed us to conduct the digestion on a larger scale of about 12.5 mg of bevacizumab. 

Digestion conditions were then optimised at this larger scale of 12.5 mg of
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bevacizumab.

Proteolytic digestion of IgG is traditionally conducted with papain which 

generates two separate monovalent Fabs and an intact Fc fragment by cleavage of a 

peptide bond above the hinge region [192, 194, 195]. Papain has a molecular weight of 

23 kDa and was originally isolated from crude papaya (carica papaya) latex obtained 

from the unripe papaya fruit [194]. Papain is immobilised onto beaded agarose resin and 

is used as a slurry. This aids purification because after digestion the only protein species 

in solution are those derived from the antibody. The resin-linked papain is easily 

removed by filtration.

Papain is thiol-endopeptidase with 212 amino acids that stabilised with three 

disulfide bonds [195]. It has a sulphydryl group in the active site, which must be in the 

reduced form for papain to be proteolytically activated. Therefore, cysteine-HCl was 

added to the papain preparation to cause the activation of the enzyme. The phosphate 

buffer used for papain digestion also contains 20 mM cysteine hydrochloride with 

EDTA. EDTA was used to chelate with metals such as copper that can catalyse 

reoxidation of the papain. The pH of the digestion buffer was adjusted to 7.0 since the 

optimal pH for the enzymatic activity of papain about this value at 37 [192, 195].

It was necessary to optimise the digestion conditions to ensure the antibody 

would be completely digested to produce the Fab and Fc fragments while ensuring the 

binding sites of the Fab were not damaged [196]. Different monoclonal antibodies 

behave differently during enzymatic digestion, so the digestion protocol should be 

optimised for each antibody. To optimise the digestion of bevacizumab using 

immobilised papain, a solution of 12.5 mg/mL (1.0 mL) of bevacizumab was prepared 

by diluting a 0.5 mL aliquot of pharmaceutical grade bevacizumab with 1.0 mL 

digestion buffer. This solution was then transferred to a vial containing pre-incubated 

immobilised papain. Immobilised papain was first incubated with digestion buffer so 

that it could be activated by the cysteine hydrochloride in digestion buffer.

The bevacizumab digestion solution was gently shaken and incubated at 37 ^C. 

Different amounts of immobilised papain 0.4, 0.6 and 1.0 mL were examined for an 

incubation period of 5.5 h. It was found that I.O mL of immobilised papain produced 

more intact Fabbeva (Figure 3.2, Lane 2). Digestion time was then optimised using 1.0 

mL immobilise papain using 4.0, 4.5, 5.5, 6.0, and 8.0 hours. Bevacizumab was found 

to be completely digested after 8.0 h digestion time (Figure 3.2, Lane 3). Using SDS- 

PAGE it was clear that the interchain disulfide had undergone reduction to give the
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dissociated heavy and light chain fragments when digestion was conducted for 8 h. 

Using a shorter digestion time (4.0-4.5 h), more bevacizumab remained undigested 

compared to the 5.5 and 6 h digestion time. When the digestion time of 5.5 h was used, 

bevacizumab appeared to be fully digested and produced more intact Fab (Figure 3.2, 

Lane 2). It is possible that using 8.0 h digestion time, the Fab would remain associated 

in solution and could be reoxidised, but it was decided to use the shorter digestion time 

as it was hoped this would provide a higher yield of the intact Fab and functionally 

active.
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Figure 3.2 SDS-PAGE gel of digestion of bevacizumab, Novex Bis-Tris 4-12% gel 
stained with colloidal blue (Lanes M-3). Lane M: Protein standard marker, Lane 1: 
Bevacizumab, Lane 2: Bevacizumab digestion mixture after 5.5 h digestion time with
1.0 mL papain. Lane 3: Bevacizumab digestion mixture after 8.0 h digestion time and
1.0 mL papain.

The digestion mixture purified by passing it over an immobilised protein A 

column. Protein A, G and L are different bacterial proteins that bind with high 

specificity to mammalian immunoglobulin [190]. Immobilised forms of these proteins 

are used to purify antibodies from serum or hybridoma culture supernatant samples. 

Depending on the IgG, different type of these immobilised proteins are preferred. 

Protein A binds human and rabbit IgG specifically. In contrast, protein G has better 

binding capacity for a range o f mouse IgG. Protein L binds to certain immunoglobulin 

kappa light chains [190].
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Protein A was initially discovered during studies of the bacterial cell wall of 

staphylococcus aureus [197, 198]. Later, protein A was purified and isolated from other 

proteins present in the cell wall. Forsgren was the first to show the actual binding site of 

antibodies to the protein A was located in the Fc region of the antibody [197]. Protein A 

has four high-affinity (Ka = 108/mole) binding sites; however, only two of them are 

used at a time. The second and third constant regions (Fc) of the IgG heavy-chains, bind 

to protein A. This means that there are at least two binding sites on any antibody 

molecule for protein A. Binding occurs by hydrophobic interactions [190]. Optimal 

binding occurs at pH 8.0, although binding is also good at neutral or physiological 

conditions [199]. The Fc fragment can then be dissociated from protein A using pH 2.8 

where the protein-protein interactions can be disrupted to release the Fc. In this way it is 

possible to purify a Fab obtained by the proteolytic digestion of an antibody. Protein A 

is expressed in E. coli with a mass of 42 kDa and then covalently immobilised onto 

cross linking beaded agarose resin column with high density. The digestion mixture is 

eluted over the column. The Fab eludes while the Fc binds to the protein A. Once the 

Fab is completely eluded, then the Fc can be isolated by changing the pH of the eluding 

media. The advantages of using an immobilised protein A column are: (i) fast 

separation and (ii) higher yield of the Fab after separation.

Figure 3.3 shows the fractions obtained by passing the digestion mixture over a 

protein A column. Once the Fab has eluted, the Fc can be dissociated from the column 

by using what is termed the “elution buffer”. The elution buffer (1.5 M glycine, pH 2.8) 

is an effective buffer to disrupt the interaction between the bound Fc and protein A.

In Figure 3.3, Lanes 1-4 show the Fab fragment (50 kDa), which was eluted 

through the protein A column. The first fraction (FI) contained the majority of the Fab 

and was essentially a first solution that was recovered from the column after adding the 

digestion mixture in its buffer (2.0 mL, pH 7.0) to the protein A column. More Fab 

fragment was eluted from the column when the binding buffer (2.0 ml, tris buffer, pH 

8.0) was applied. This step was repeated for three more times and the collected fractions 

were labelled F1-F4.
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Figure 3.3 SDS-PAGE gel of purification of digestion mixture by protein A column, 
Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-5) for the five fractions 
that were isolated. Lane M: Protein standard marker, Lanes 1-4: The first to forth 
fractions after protein A columns (Fabs). Lane 5: Vivaspin concentrated of fifth to 
seventh fraction (Fc and undigested antibody).

The Fc fragment and undigested IgG were eluted from the column when the 

elution buffer (2.0 ml) was applied. Three fractions containing the Fc (labelled F5-F7) 

were pooled and concentrated using a vivaspin column (4 min, 4000 x g) (Figure 3.3, 

Lane 5). Since cysteine was used during the digestion, some o f the Fab interchain 

disulfide was reduced. This resulted in some degree of heavy and light dissociation as 

observed by SDS-PAGE to give a band at 25 kDa. The reason for the dissociation of the 

light and heavy chain at the 25 kDa band (Figure 3.3, Lane 1) was due to presence of 

sodium dodecyl sulphate (SDS) used for sample preparation prior to loading into the 

gel. SDS is an anionic surfactant and can break the hydrophobic interactions between 

the light and heavy chains in the Fab [200].

A vivaspin column is a centrifugal concentrator column with a polycarbonate 

filter on its membrane. Using vivaspin (6 mL) with 10 kDa molecular weigh cut off, it 

can be possible to concentrate the Fab or Fc solution with more than 90 % recovery 

[201]. The vivaspin process can be perfonned using either a swing bucket (4000 x g) or 

fixed angle (10000 x g) centrifuge. The centrifuge time depends on the volume of 

solution desired and could be between 1 to 30 min. In a single step, the protein solution 

can be concentrated up to 100 fold using vivaspin [201]. The vivaspin membrane is
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designed to be in vertical position, which helps to concentrate the solution very fast. 

The vivaspin column was used throughout this work as a tool to concentrate protein 

solutions with a molecular weight above 10 kDa. The solution remaining above the 

vivaspin membrane was the concentrated protein. The solution in the bottom of 

vivaspin was also recovered and the protein concentration was measured by UV 

spectroscopy to evaluate the recovery of the protein solution after vivaspin

Cysteine that was present in the digestion buffer was eluted from the protein A 

column in the fractions containing Fab and could interfere with readout in UV 

spectroscopy to estimate protein concentration (Table 3.2). Therefore further 

purification was thought necessary to remove cysteine from the fractions by using a PD- 

10 column prior to determining the concentration of the Fab (Table 3.2).

PD-10 columns are disposable columns pre-packed with Sephadex G-25 DNA 

grade resin. PD-10 columns are used by allowing elution to occur by gravity over the 

resin which separates molecules by size. This is known as size exclusion 

chromatography (SEC). Molecules larger than the largest pores in the matrix are eluted 

first. PD-10 columns are routinely used for desalting and to exchange buffer. The PD- 

1 0  column that was used is suitable for a protein solution with a volume in the range of 

1.0-2.5 mL.

The protein concentration for each fraction after protein A and PD-10 column 

purification was obtained by measuring the UV absorbance at 280 nm. Many proteins 

absorb ultraviolet radiation with an absorbance maxima at 200 and 280 nm [202, 203]. 

Amino acids with aromatic rings (tryptophan, tyrosine and phenylalanine) and disulfide 

bonds in proteins structures are the main sources for the absorbance at 280 nm [2 0 2 - 

204]. Protein concentration was calculated based on Beers Law and the accepted value 

often used for the extinction coefficient of human IgG. IgG with concentration of 1.0 

mg/mL displays an approximate absorbance of 1.30 at 280 nm with an extinction 

coefficient (210,000 M '\  cm'*) and the Fab fragment with concentration of 1.0 mg/mL 

has an absorbance of approximate 1.40 at 280 nm with the extinction coefficient of

216,000 M'*. cm'* [205-209]. It has been suggested the absorbance of 1.35 at 280 nm is 

appropriate to be used for 1.0 mg/mL human IgGl [210]. For the work present here, an 

absorbance of 1.40 at 280 nm was used for 1.0 mg/mL Fabs. This value was tested with 

a solution of 1.0 mg/mL of Fabrani that was prepared from the vial used in the clinic. In 

this case Fabrani was a solution (10 mg/mL) in a pharmaceutical formulation. Fabrani 

displayed an absorbance of 1.4 at 280 nm. The excipients were not removed prior to UV
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measurement as there was concern that Fabrani would aggregate if the excipients had 

been removed. Ranibizumab is fomiulated with 10 mM histidine HCl, 10% a, a- 

trehalose dihydrate, 0.01% polysorbate 20. The calibration curve made with 

bevacizumab (in its excipients) and Fabrani displayed an approximate similar absorbance 

value when the same concentration of bevacizumab and Fabrani were evaluated (Figure 

3.4, Table 3.1). This result suggested that presence o f histidine in excipients o f Fabrani 

did not make a difference in absorbance of Fabrani compared to bevacizumab that 

contains no histidine in its excipients. While it was expected to observe a non-linear 

calibration curve for absorbance above 1 unit, the r  o f 0.99 and 0.98 were measured for 

the calibration curves for bevacizumab and Fabrani respectively.

Table 3.1 The average absorbance at 280 nm for bevacizumab and Fabrani- Average was 
taken from two measunnents.

0.078 0.116 0.102

0.150 0.249 0.266

0.312 0.495 &523

0.625 0.929 0.992

1.25 L625 1.650

Bevacizumab calibration curve

1.6

1.4

1.2

0.6

0.4 y = 1.2778X + 0.0641 
= 0.993840.2

0.2 0.4 0.6 1.4

Cone (mg/mL)
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Figure 3.4 Calibration curve made with bevacizumab and Fabrani at 280 nm wavelenght 
in their formulation buffer.

A representative example is described for how the concentration o f the Fabbeva 

was detennined after being obtained by digestion of bevacizumab. The solution of 2.5 

mL o f FI fraction after protein A and before PD-10 column had an absorbance o f 1.633 

at 280 nm (Table 3.2). After this fraction was eluted over a PD-10 column, an 

absorbance o f 0.984 was observed for a total volume of 3.5 mL (Scheme 3.1, Table 3.2) 

indicating 2.46 mg of Fab (0.984 absorbance / 1.40 absorbanee = 0.70 mg/mL x 3.5 mL 

= 2.46 mg). The difference between the absorbance value for the FI fraction before and 

after PD-10 was due to presence of cysteine in the solution before PD-10 column. A 

similar PD-10 method was applied on 2.5 mL solution of F2 and F3 fractions after 

protein A column to remove trace of cysteine (Scheme 3.1, Table 3.2).

While the total volume of the FI fraction after protein A column was 3.4 mL at 

large scale o f digestion, the total volume of the F2, F3 and F4 after protein A column 

was 4.0 mL (Scheme 3.1). To purify the remaining 0.9 mL solution of the FI, and 1.5 

mL solution o f the F2 and the F3, these solutions were pooled and two more PD-10 

columns were used (Scheme 3.1). An absorbance of 0.368 was observed for a total 

volume o f 7.0 mL that corresponded to 1.84 mg Fab. Since the absorbance of the third 

fraction after PD-10 did not change (Table 3.2) from the absorbance before the PD-10 

column, other fractions were considered to be pure from eysteine. It was also decided to 

perfonu PD-10 purification only on the FI and the F2 fractions for other digestion 

experiments. All the solutions after PD-10 column (F1-F3) and F4 fraction were pooled 

and viva-spin (4000 x g, 10 min) to a solution of 1.0 mL.
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Digestion mixture (3 .4  mL) 

2.0  mL \  1 , 4  mL

Protein A colum n

F 1-F4 fractions 
contain ing Fab

e
FI F2 F3 F4 FI F2 F3 F4

(2 .0  mL) (2 .0  mL) (2 .0  mL) (2 .0  mL) (1 .4  m L ) (2 .0  niL) (2 .0  m L ) (2 .0  mL)

' 1 '
FI F2 F3 F4

(3 .4  m L ) (4 m L ) (4 .0  m L ) (4 .0  m L )
I_____________________________I

Pool rem a in ed  0 .9  m L  (FI),  
,1 .5  m L ( F 2 ) a n d  1.5 m L (F 3 )1  I T ^ X  '2.5 m L  ^  2.5 m L ^  2.5 m L ^  X j l

PD -10 colum n

i i i
3.5 m L  3.5 m L  3.5 m L 7.0 m L

Scheme 3.1 A represention of purification of Fab using protein A and PD-10 column. 
The Digestion scale is 12.5 mg bevacizumab and 1.0 mL papain.

Table 3.2 Absorbance of fractions (F1-F7) after protein A column. ND; Not 
determined.

FI 1.633 (2.5 mL) 0.984 (3.5 mL)

F2 0.535 (2.5 mL) 0.329 (3.5 mL)

F3 0.139 (2.5 mL) 0.111 (3.5 mL)

F4 0.052 (4.0 mL) ND

F5 1.107 (4 mL) ND

F6 0.657 (4 mL) ND

F7 0.210(4 mL) ND

The total amount of Fab (fractions 1-4) isolated after purification was 5.548 mg 

(2.46 mg (FI) X 0.823 mg (F2) + 0.277 mg (F3) + 0.148 mg (F4) + 1.84 mg (from 

remained F1-F3) = 5.548 mg) based on determination by UV spectroscopy. This
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amount compared well with the initial IgG (12.5 mg). Since the total Fab content is 2/3 

of the whole IgG, an approximate 65 % yield was achieved from digestion of 12.5 mg 

bevacizumab.

A slightly better yield of Fabbeva was obtained (approximate 73.0 %) when the 

digestion was conducted during exploratory reactions at smaller scale of 2.5 mg in 

bevacizumab with 0.4 mL immobilised papain over a 5.5 h digestion time. Throughout 

the duration of this PhD project, the proteolytic digestion of bevacizumab at a scale of 

12.5 mg was performed more than 15 times, 4 individual digestions at each time to 

provide a larger amount of Fabbeva for PEGylation. The isolated yield of Fabbeva was in 

the range of 50 to 70 %. The 4 batches of digestion of 12.5 mg bevacizumab (total 

amount of IgG 50 mg) were pooled after protein A and PD-10 chromatography to give 

20 mg Fabbeva which was concentrated to 1.0 mL solution using a viva-spin column. An 

aliquot of 0.05 mL (1.0 mg) of this solution was kept in the freezer. This aliquot was 

then used at the time of PEGylation after dissolving in 0.95 mL PEGylation buffer to 

give a 1.0 mg in 1.0 mL solution. The concentration was checked routinely before 

conducting an experiment by UV spectroscopy to ensure the protein concentration did 

not change during the freeze and thawing process.

Since accurate knowledge about protein concentration was important, micro 

BCA was also performed on the Fab fragment after the protein A and PD-10 

purification steps to compare with the results obtained by UV spectroscopy. The 

bicinchoninic acid (BCA) assay is a well-known method to determine protein 

concentration [32, 211]. The peptide bonds of the protein convert Cu^^ to Cu"̂  ̂ under 

alkaline condition. This reaction is known as Biuret reaction. The produced-Cu^* 

complexes with bicinchoninic acid and results in a solution with an intense purple 

colour after 1.0 h incubation at 37 ^C. The complex has an absorbance maximum at 562 

nm. The protein concentration sensitivity is in the range of 0 .1-1.0 mg/mL for standard 

BCA assay and 0.5-10 pg/mL for micro BCA assay [211]. The micro BCA assay was 

used throughout this research. The buffer used in the BCA assay was PBS with no 

EDTA. Small amounts of EDTA (0.5 mM) can interfere with the BCA reagent as it can 

make a complex with Cu^^. In the micro BCA assay standard curve should be first made 

with known concentrations of a protein. The protein required to make a standard curve 

should have a similar structure to the protein for which a concentration is to be 

determined. For instance, to measure the concentration of Fabbeva, a model Fab 

(ChromoPure human Fab) which was purchased from Jackson ImmunoResearch was
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used to make a standard curve. The ChromoPure human Fab (2.0 mg) was reconstituted 

using distilled water and the series of concentrations were made for standard curve.

Table 3.3 Micro BCA assay using a Chromopure model Fab at 562 nm.

0  (blank) &28 0

&25 0286 0.006

12.5 0295 0.015

50 0.446 0.166

1 0 0 0.615 0235

F abbeva 0.588 0208

y = 0.0035x-0.0133
R" = 0.995

0.3

0.25

I
X )

;
0.2

0.15

o 0.1

< 0.05

100 12020 40
-0.05 '

Figure 3.5 Micro BCA assay using ChromoPure model Fab standard curve at 562 nm.

To compare protein concentration as determined by UV at 280 nm with the 

concentration as determined by micro BCA assay for Fabbeva, a solution of 1.0 mL 

Fabbeva was evaluated by both techniques. The purified Fabbeva displayed an absorbance 

of 0.135 at 280 nm by UV spectroscopy. Based on calculation of 1.0 mg/mL Fab has 

absorbance approximately 1.40, a Fabbeva solution with absorbance of 0.135 corresponds 

to 0.093 mg/mL concentration. In the micro BCA assay, the standard curve was made 

using a model Fab (Figure 3.5) and the purified Fabbeva was then examined (Table 3.3). 

Based on the standard curve in Figure 3.5, a concentration of 0.092 mg/mL was 

calculated for the Fabbeva by micro BCA assay. Since the concentration calculated for
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Fabbeva by UV spectroscopy (0.093 mg/mL) and BCA assay (0.092 mg/mL) was similar, 

it was then decided to use UV spectroscopy at 280 nm throughout this work to calculate 

the Fab concentration.

The purified Fabbeva was pooled and concentrated to a 1.0 mL solution volume 

using a vivaspin column (4 min, 4000 x g). This solution was characterised using an 

lEX-SPHP (1.0 mL) column. Since band at 25 kDa was observed in SDS-PAGE gel 

(Figure 3.3, Lane 1) for the purified Fab after protein A column, it was thought that 

using lEX chromatography it would be possible to characterise this Fab. If the band at 

25 kDa corresponded to the dissociated light and heavy chain due to SDS, then these 

chains should be associated in solution and elute from lEX column at the same time as 

the intact Fab with the band at 50 kDa. However, if  the light and heavy chains were 

dissociated in solution, then separate fractions should be obtained by lEX.

To establish the initial conditions for lEX chromatography, the pi value (7.8) of 

bevacizumab and its Fab fragment was considered [212]. The isoelectric point (pi) of a 

protein is the pH value at which it has no net charge. A protein has a positive charge 

when it is in a buffer with pH below its pi value, for instance pH 4.0. A key advantage 

of lEX compared to SEC is that there is less dilution during purification. lEX allows 

selective electrostatic binding and subsequent release o f species to a stationary phase. 

lEX is based on the ionic binding of a charged protein to an oppositely charged moiety 

that has been immobilised to an insoluble matrix. Cation exchange columns bind to 

positively charged molecules, while un-charged molecules elute without binding to the 

column. Since the Fab pi was 7.8, it was decided to use a cation exchange column. The 

cation exchange column used was a SPHP (SP Sepharose high performance). This 

column has 34-pm beads which results in a better purification than the cation exchange 

column with larger particle size such as SPFF (SP Sepharose fast flow, 45-165 pm bead 

size).

To ensure the Fab fragment was positively charged prior to loading onto the 

lEX-SPHP column, the purified Fab (1.0 mL, 1.0 mg/mL) was buffer exchanged with 

sodium acetate pH 4.0 using Nap-10 column. The Nap-10 column is another buffer 

exchanged column with sephadex G-25 DNA grade resin. This column is suitable to 

buffer exchange solutions with a volume in the range o f 0.75 mL-1.0 mL. The Nap-10 

column was pre-equilibrated with sodium acetate buffer (pH 4.0, 7 mL) and then 1.0 

mL of Fab solution was eluted by gravity. The sodium acetate buffer (pH 4.0, 1.5 mL) 

was again loaded and collected. This 1.5 mL fraction contains a Fab in the sodium
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acetate pH 4.0.

Prior to adding the Fab solution to the SPHP-IEX column, the SPHP column 

was equilibrated with sodium acetate buffer (pH 4.0) by a series of washing steps. The 

SPHP column was first washed with sodium acetate buffer A (100 mM, pH 4.0) with a 

flow rate of 1.0 mL/min for 10 min and then washed with sodium acetate buffer B (100 

mM, 1.0 M NaCl, pH 4.0) for another 10 min and washed again with sodium acetate 

buffer A (100 mM, pH 4.0) for a further 10 min. After eluting from the Nap-10 column 

(1.5 mL), the Fab solution was loaded onto a SPHP-IEX column that had been pre

equilibrated at pH 4.0.

Different elution gradient programs including linear and stepwise gradients were 

evaluated. A linear gradient program was found to be efficient for purification and was 

used. In this program, the column was first washed with 100 % buffer A for 10 min and 

then a linear gradient started with buffer B including 1.0 M sodium chloride. The 

second buffer (B) was added in increasing proportion until after 30 min the eluting 

solution contained 1.0 M sodium chloride. Sodium chloride was present in the second 

buffer to act as a positive ion (Na^), to exchange with positively the charged Fab that 

was bound to the column. If the binding of Fab species is strong, a higher concentration 

of salt (Na^) is required. The retention time in lEX chromatography is based on the 

gradient program that is applied. The Fabbeva eluted from the lEX-SPHP column (Figure

3.6, A) at 22 min as indicated by the band observed by SDS-PAGE at about the 50 kDa 

molecular weight marker (Figure 3.6, B, Lane 1). For the linear elution gradient that 

was applied, a retention time between 20 to 25 min indicates there is approximately 35- 

40% of buffer B (0.35-0.40 M NaCL) in the eluting medium.

The single lEX peak for the Fabbeva suggested that the band at 25 kDa (Figure 

3.3, Lane 1) resulted from the dissociation of the light and heavy chains of the reduced 

Fab during SDS-PAGE. The lEX behaviour suggested the heavy and light chains had 

remained associated while the Fab was in the solution. The purified lEX Fabbeva was 

then analysed by MALDI-TOF mass spectroscopy (Figure 3.7, B). A molecular weight 

of 48 kDa was observed for Fabbeva- The small shoulder at 47 kDa for Fabbeva (Figure

3.6, C) was thought to be due to miscleavage or excess proteolysis by papain. No effort 

was made to determine the proportion of different Fab molecules that might be present, 

but as described in Chapter 4, it was observed that binding of Fabbeva to VEGF was 

maintained. In order to evaluate Fc fragment, SEC was performed to separate the Fc 

fragment from un-digested bevacizumab in fractions (F5-F7). A protein with a
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molecular weight of 52 kDa (Figure 3.7, C) was observed and thought to be the Fc 

fragment. Bevacizumab displayed a molecular weight of 150 kDa by MALDI-TOF 

mass spectral analysis (Figure 3.7, A).
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Figure 3.6 (A) The lEX-SPHP chromatogram of the Fab after protein A and PD-10 
column, (B) The SDS-PAGE gel of the lEX fraction at 22 min shows the purified Fab 
{Lcme y, 50 kDa).
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58588.828539.2 37222.4 47905.6

Fc fragm ent (52 kDa)

Figure 3.7 MALDI-TOF spectra of (A) Bevacizumab, (B) Fabbeva, (C) Fc fragment.

Size exclusion chromatography (SEC) was also used to characterise the purified 

Fabbeva- SEC was perfonned to evaluate the size and purity of this Fab in the solution. 

SEC separates molecules based on their size. It takes longer for the smaller molecules to 

elute from the column as they diffuse into the pores that are in each of the cross-linked 

resin particles used to pack the column. Large molecules elute from the column more 

quickly because they do not diffuse into the pores as readily as the smaller molecules in 

the mixture. A peak that has a lower retention time is related to larger molecules while a 

peak that has higher retention time is related to smaller sized molecules within the 

eluting solution. The SEC mobile phase was PBS (pH 7.4) and bevacizumab was eluted 

with a retention time of 72 min (Figure 3.8, A) and Fabbeva was eluted at 89 min (Figure 

3.8, B). To control, a model Fab was eluted at 89 min (Figure 3.8, C) which was similar
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to the Fabbeva- To determine the origin of the peak at 114 min in these chromatograms 

(Figure 3.8, B and C), sodium phosphate buffer (20 mM) with EDTA (10 mM) was 

loaded onto the column in a separate experiment and a peak at 114 min (Figure 3.8, D) 

was observed. The chromatogram of bevacizumab was run for only 100 min.

The Fab chromatogram (Figure 3.8, B) indicates that there was no aggregation 

in this sample and protein A and PD-10 purification step were sufficient to obtain the 

Fab in high enough purity for PEGylation. The absence of aggregation was a key 

observation because of the propensity of Fabs to aggregate, especially in the absence of 

formulation excipients. The model Fab was also observed to elute at the same time as 

our Fab fragment (89 min). The spectral response (Y-axis) for both Fabbeva and model 

Fab was similar when the same concentration of both Fabs were loaded to SEC column. 

This suggested that both Fab eluted and could be isolated with a similar recovery.

A B ev ac izum ab

56 m in

72 min
B

114 min

m m

C M odel Fab 89  m in

114 m in

D
B u f f e r
o n ly 114 m in

Figure 3.8 SEC chromatogram of bevacizumab (1.25 mg/ml) and its digestion 
fractions. (A) Pharmaceutical bevacizumab, the peak at 72 min was for bevacizumab, 
(B) The first fraction after protein A (indicated as Fab), obtained peak at 89 min, (C) 
The model Fab at 89 min, (D) Sodium phosphate buffer (20 mM) with 10 mM EDTA 
pFI 7.0), obtained peak at 114 min.
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Before attempting to PEGylate the Fabbeva, the number of free thiols in 

bevacizumab and its Fab fragment were calculated. It was necessary to ensure that the 

purified Fabbeva had no free thiols or any remaining cysteine in the solution. There are 

different methods to measure the number of free thiols in a protein. These include 

fluorimetric and electrochemical assays which can be very sensitive and accurate 

methods but the incubation time is very long (2 hour) [213, 214]. Using a chromene 

derivative in a calorimetric detection assay is also claimed to have high sensitivity (nM) 

for thiol detection [213, 215]. Although spectrophotometric thiol assays such as the 

Ellman’s assay are less sensitive (mM), they are rapid and simple [214].

The reagent used for Ellman’s assay is 5,5’-dithio-bis-(2-nitrobenzoic acid) 

(DTNB) which is water-soluble. It was first introduced in 1959 [216] (reagent 5 in 

Figure 3.9). DTNB undergoes a reaction with a free thiol by disulfide exchange to 

generate one equivalent of 5-thiol-2-nitrobenzic acid 7. This yellow coloured substance 

7 has a high molar extinction coefficient o f 14,150 M^cm"^ at 412 nm [217, 218]. The 

Ellman’s assay is useful to measure free sulfhydryl groups at neutral pH in the range of 

O.l-l.O mM [219].

^ ° j >

Mixed disulfide, 6 TNB^, 2

Figure 3.9 Reduction of Ellman’s reagent.

An Ellman’s assay was conducted in a buffer of sodium phosphate (0.1 M) and 

EDTA (ImM ) pH 8.0. DTNB reagent (4 mg) was dissolved in reaction buffer (1.0 mL). 

Cysteine hydrochloride monohydrate was used as a standard at the following 

concentration; 0.0, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5 mM. The incubation time of the 

sample with DTNB was 15 min at ambient temperature. The absorbance was then read 

at 412 nm (Table 3.4). No free thiol was observed with the purified Fabbeva or starting 

bevacizumab (Table 3.4).

DTNB

Ellman’s reagent 5
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Table 3.4 Ellman’s result at 412 nm for Fabbeva and bevacizumab.

Cysteine 0.0 mM (blank) 0.005

Cysteine 0.25 mM 0.30

Cysteine 0.5 mM 0.55

Cysteine 0.75 mM 0.76

Cysteine I.O mM 0.97

Cysteine 1.25 mM 1.20

Cysteine 1.5 mM 1.32

Bevacizumab 0.004

Purified Fabbeva 0.005

1.4

0.6

I
< 0.4

y = 0.8807x + 0.0638 
R" = 0.99050.2

0.2 0.4 0.6 1.2 1.4

C one (m M )

Figure 3.10 The calibration curve made from cysteine standard solution for Ellman’s 
test at 412 nm.

To PEGylate the Fabbeva with a thiol specific bis-alkylation reagent such as PEG 

mono-sulfone reagent 2, it was first necessary to reduce the interchain disulfide bond to 

liberate the two cysteine thiols. It has [124] also been described the reduction o f native 

disulfide bond to free thiols for reaction with a bis-alkylation PEG reagent. In addition, 

it has been recently published the 3-carbon bridging bioconjugation o f somatostatin on 

its disulfide bond using the iodo- and ethynyl agent containing bis-alkylation mono- 

sulfone linker [125]. The single disulfide bond of somatostatin had to be reduced prior 

to conjugation. It has been shown in this paper that the biological activity and 3D 

structure o f the modified somatostatin was retained [125].
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There is a wide range of reducing agents and techniques that can be used to 

reduce protein disulfide bonds [137, 220-222], A protein disulfide can be reduced using 

thiol based reagents such as 2-mercaptoethylamine (2-MA), 2-mercaptoethanol (2-ME), 

2-mercaptoethylamine.HCl (2-MEA), dithiothreitol (DTT), glutathione and cysteine 

[221], Phosphorous based agents such as ?m(2-carboxyethyl) phosphine (TCEP) and 

/m (butyl) phosphine (TBP) can also be used.

The thiol based reducing agents form mixed disulfide that are then reduced to 

give free thiols of disulfide by the presence of excess reagent (Equation 3.1). Excess 

reagent is necessary to complete the reduction. O f the thiol reagents, DTT undergoes 

cyclisation so that a low concentration can be used (Figure 3.11) [220, 222]. Since thiol 

based reagents can compete with a thiol specific alkylation reagent, the reducing agent 

must be removed prior to PEGylation.

R ' S -  +  R S S R   > R S S R '  +  R S '

R ' S -  +  R S S R  --------- >  R ' S S R '  +  R S ‘

R'S' (thiolatcd anion): DTT and 2-ME 

Equation 3.1 The mechanism of disulfide reduction by exchanging thiolate anion.

If there is excess reducing agent in the presence of the reduced antibody, then 

the PEG reagent would be consumed without the opportunity to undergo reaction with 

the freed thiols on the antibody. There are also large molecule effects where it may be a 

case that even a small excess of reducing agent could be enough to preclude reaction of 

our PEG reagent with the thiols o f antibody disulfide. The small molecule thiols may be 

much more reactive with the PEG end groups than the thiols from the antibody. Hence 

it was important to ensure no reducing agent was present during PEGylation.

S -----

OH

•V-V.-VSH

 '/OH
OHiMi

Figure 3.11 DTT reduction mechanism.
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As with the mono-thiol reducing agents, phosphorous based agents form an 

analogous mixed disulfide intermediate (Equation 3.2). This intermediate then 

undergoes reaction with water leading to the oxidised phosphine and to the production 

of two free thiols from each disulfide (Equation 3.2). Analogous to free thiol reducing 

agents, free phosphine can also undergo conjugation reactions with our PEGylation 

reagents. If phosphine is not removed after incubation with the protein, it is necessary to 

ensure an excess o f the PEG mono-sulfone 2 is added during the PEGylation reaction. 

So that competing reactions with any unreacted phosphine results in the consumption of 

the PEG reagent prior to conjugation with the protein thiols. O f the phosphorous based 

agents, TCEP is a strong reducing agent that irreversibly reduce disulfide bonds in 

stoichiometry to protein at lower pH (e.g pH 5.0) [223]:

(CHjCHîCOOHljP: + R SSR  >  (CH^CHzCOOH)]?— SR + RSH + H^O------> (CH2CH2C00H)^P=0 + 2RSH

Equation 3.2 The mechanism to disulfide reduction by phosphine.

It has been suggested that TCEP is a stronger and more stable reducing agent 

than DTT [223, 224]. Often an excess amount of DTT is required to ensure the 

reduction is complete, whereas TCEP can be used at lower stoichiometry. The reduction 

of a disulfide bond with TCEP is often faster than with DTT [223]. TCEP can be used at 

a wide range of pH, from 1.5-8.0 whereas DTT is often used at a pH value of 7 to 8  

[223].

The effect of interchain disulfides on the stability of Fab' has been studied [221, 

225]. It has been shown that if the LC and HC of the Fab' are non-covalently 

associated, there would be no significant difference in its in-vitro stability during 

purification process compare to the native Fab' [225]. This observation was further 

studied and it was suggested that the Fab' with no interchain disulfide bond displayed 

similar in-vivo stability and half-life as the intact Fab' [221]. It was found that the 

interchain disulfide can be removed with little effect on the solution structure of the 

Fab'. So that, it was suggested that using strong reducing agent to reduce the interchain 

disulfide in the Fab', would not disturb the Fab' properties [221].

During initial work [117] in our group, an interchain disulfide of an anti-CD40 

Fab was reduced with DTT and after removal o f DTT, the PEGylation was 

accomplished with PEG mono-sulfone reagent 2. It was reported that anti-HIV-1
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activity of an anti-CD40 Fab was retained after PEGylation [117]. DTT was also used 

to PEGylate IFN-a2 [138] with PEG mono-sulfone where it was found that excess DTT 

readily reduced the two disulfides in this protein. It was reported that the DTT could be 

readily removed from the protein solution using a PD-10 column while maintaining the 

protein in a folded state and without reoxidation of the disulfides [138]. PEGylation of 

the reduced IFN-a2 was efficient with slightly more than 1 equivalent of the bis- 

alkylation PEG leading to almost quantitative PEGylation of the IFN [138]. DTT (1.0 

mg/mL, 6  mM) was therefore used to reduce interchain disulfide bond of Fabbeva in this 

PhD. Since the Fab has four buried intrachain disulfides in addition to the interchain 

disulfide, it was necessary to be aware that these disulfides could in principle be 

reduced and effect on Fab stability properties. Other work in our group [139, 140] has 

shown that in many buried disulfides were not readily reduced by DTT alone and 

addition of a dénaturant (e.g. RNAse) is required.

Excess DTT was removed after incubation with Fabbeva by carefully passing the 

reaction mixture over a PD-10 column. DTT in solution has a strong thiol smell and 

while not quantitative as an analytical method, the reduced Fabbeva solution did not have 

smell of DTT once eluted from a PD-10. The method to use a PD-10 column to remove 

DTT was the same as the method that was used to remove the cysteine during the 

purification of the Fab after papain digestion.

An Ellmans assay was then conducted to confirm that only one disulfide in 

Fabbeva was reduced using the cysteine standard curve in Figure 3.10 and Table 3.4. 

After removal of DTT, Fabbeva (0.009 mM) in the presence o f DTNB displayed an 

absorbance o f 0.026 at 412 nm. By subtracting this number from blank absorbance 

(0.005), an absorbance of 0.021 was obtained for the reduced-Fahbeva- To calculate the 

sulfhydryl concentration in pmoles per mL of the reduced-Fahbeva, the extinction 

coefficient (e) o f 14150 M'^cm'^ for TNB was used. Taking Beer’s Law (A= 8 . b. c) and 

using 1 cm path length for b, the c (mole/lit) was calculated as 1.48 x 10 M (0.021/ 

14150). This value represented the concentration o f the solution in the cuvette. To 

calculate the number of free thiols in the solution of 0.25 mL of reduced-Fahbeva, it was 

necessary to consider the dilution factor that was used. The dilution factor was 2.8 mL 

as 2.5 mL reaction buffer was mixed with 0.25 mL of sample and 0.05 mL DTNB. 

Calculation o f the number of free thiols in the solution was as follows;
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(1) 1.48 X 10 X 2.8 mL x 1 L/1000 mL = 4.15 x 10 number of sulfhydryl moles in 

the 0.25 mL solution.

(2) 4.15 X 10 mole/0.25 mL x 1000 mL = 1.66 x 10 M (concentration of sulfhydryl 

in 0.25 mL solution.

(3) To calculate the number of free thiols, the concentration o f sulfhydryl was divided 

by the concentration o f the protein 1.66 x 10 '^/ 0.9 x 10 = 1.85 number of free thiols.

This number was an approximate number for two free thiols produced from one 

interchain disulfide bond. This data suggested that only interchain disulfide bond 

reduced in the Fabbeva using DTT (1.0 mg/mL) and intrachain disulfide bond remain 

intact.

The reduction of the Fab (1.0 mg in 1.0 mL) by DTT (1.0 mg/mL, 6 mM) is 

shown in Figure 3.12 (Lane 2) where under the conditions o f SDS-PAGE both the 

heavy and light chains appeared to be completely dissociated. A solution of the PEG 

reagent 2 was then added to the reduced-Fahbeva solution after it had been passed over a 

PD-10 column (Figure 3.13, Lanes 3-5). While 1.0 equivalent o f the PEG reagent 2 

gave a good apparent conversion of the PEGylated Fab (Figure 3.13, Lanes 3-5), it was 

thought that 2.0 equivalents of the reagent would ensure quantitative conversion.
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Figure 3.12 SDS-PAGE gel of the reduction of the Fab fraction, Novex Bis-Tris 4-12% 
gel stained with colloidal blue (Lanes M-2). Lane M: protein standard. Lane 1: Fab 
fragment before reduction, Lane 2: reduced-Fab fragment by DTT (6 mM).
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No effort was made to determine if only slight excess of the PEG reagent could 

have been used in these reactions. It was clear from the published IFN PEGylation work 

[138] and from other PEGylation work that is ongoing in our group (unpublished 

results) that only a slight excess would have been enough. However using 2 equivalents 

of the PEG mono-sulfone 2 gave a near quantitative conversion for the PEGylation to 

give the mono PEG-Fahbeva (Figure 3.13, Lanes 6, 7).

However in these conditions, a trace amount of what was thought to be the di 

PEG-Fahbeva was observed in the PEGylation reaction (Figure 3.13, Lanes 6  and 7). The 

di PEG-Fahbeva may have been produced as a result of the conjugation of two PEG 

molecules to the Fabbeva- It is possible that two PEG mono-sulfone 2 molecules 

conjugate to the two free thiols in the single Fab separately without bridging. This may 

be more probable as the reaction proceeds and there is a high relative concentration of 

the PEG reagent compared to Fab, especially if some of the PEG reagent has undergone 

a hydrolysis reaction.

PEGylation reactions can often be effectively monitored by SDS-PAGE to 

monitor consumption of the starting protein and formation of the PEG conjugate. It is 

often possible to monitor formation of products with increasing numbers of PEG 

molecules that are conjugated to the protein. The protein can usually be detected on the 

gel in SDS-PAGE by using InstantBlue colloidal stain [185]. This staining method is 

easy to use to detect protein species including Fab, reduced-Fab and the PEGylated-Fab. 

InstantBlue is a colloidal reagent, which specifically binds to proteins [185]. Protein 

detection is often displayed as a blue band on the polyacrylamide gel. Since non

glycosylated pure proteins are mono-disperse with a defined molecular weight and the 

migration of the protein in the gel is based on its size, detection of the protein is 

generally observed as a narrow blue band.

The blue colloidal stains used to detect proteins do not efficiently detect PEG. 

So while different protein bands of increasing molecular weight can be observed after a 

PEGylation reaction using a colloidal blue stain, there is no colour specific indication 

that the bands are also caused by PEG being conjugated to the protein. Iodide binds to 

PEG without generally binding to protein and a barium iodide stain has been developed 

to use in SDS-PAGE to detect PEG species. This stain is based on the formation of a 

barium iodide complex with PEG, which shows as a brown colour on the SDS-PAGE 

gel. If a PEG is conjugated to a protein, the colour of the band will be a combination of 

the blue for the protein and brown for the PEG (Figure 3.13, Lane 7). In this way by
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using both a colloidal blue stain for protein and barium iodide for PEG it becomes 

possible to detect PEGylated proteins from free PEG and free protein species.

In addition to the detection offered by the use of both colloidal blue and barium 

iodide stains, we often observe that PEG migrates at twice its molecular weight when 

compared to protein standards in SDS-PAGE. PEG is a random coil molecule and is 

more flexible than the protein, so it appears larger in solution [115, 226]. Hence much 

can be deduced by SDS-PAGE analysis of PEGylation reactions. For example an intact, 

oxidised Fab will migrate to about the 50 kDa protein sharp blue standard marker. If an 

intact Fab is conjugated to a PEG molecule of 20 kDa, then the conjugate would be 

expected to migrate to about the 90 kDa marker; 50 kDa for the Fab and 2 x 20 kDa for 

the 20 kDa PEG. Further confirmation of the 90 kDa band being a 20 kDa PEG 

conjugated to the Fab will be that the band will be a blue-brown colour due to the 

complexation of both stains to different parts of the molecule (i.e. colloidal blue to 

protein and iodide to PEG).

Another important fact of SDS-PAGE is that molecules primarily migrate 

according to their size. Many polymers have been conjugated to proteins. While PEG is 

widely used in healthcare, one of its advantages is that it can be made to have a narrow 

molecular weight distribution. Hence PEG-protein conjugates are also expected to 

display narrow bands when detected by SDS-PAGE. This is not possible for most 

polymer-protein conjugates simply because most polymers are not made with such a 

narrow molecular weight distribution as it possible with PEG. In these cases, the SDS- 

PAGE analysis will show a broad, diffused band for the polymer protein conjugate 

[227].

To examine whether PEGylation occurred by conjugation of PEG had resulted 

from disulfide reduction, control reactions were conducted under the same PEGylation 

conditions but without prior treatment of the Fab with DTT. The conditions such as 

buffer and pH, incubation time, concentration o f the Fab and the PEG reagent were 

exactly the same to the conditions used for the PEGylation reaction. No PEGylation was 

observed when conducted with Fabbeva that had not previously been incubated with DTT 

(Figure 3.13, Lanes 8  and 9). The only protein species observed was the unPEGylated 

Fabbeva at the expected 50 kDa band (Figure 3.13, Lanes 8  and 9). These control 

reactions indicated that the amine groups (e.g lysine) of the proteins do not tend to react 

with the PEG mono-sulfone reagent 2 under the reaction conditions (pH 7.4) that we
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used for conjugation. Presumably the majority of free amines were protonated.

Different molecular weights (10, 20, 30 and 40 kDa) o f the PEG mono-sulfone 2 

were used to prepare the corresponding PEG-Fahbeva conjugates for comparative study. 

Using higher molecular weights of PEG [117, 228] can, up to a molecular weight 

threshold, extend the half-life of the PEGylated-protein in the circulation. The presence 

of the PEG moiety in a PEGylated-protein usually interferes with the binding of the 

PEGylated-protein. Often the extent of interference depends on the site o f PEG 

conjugation. This interference is often due to the steric shielding effects o f PEG. Earlier 

studies in our group have shown that PEGylated asparaginases with 5, 10 and 20 kDa 

bis-alkylation PEG on their disulfide bonds retained their enzymatic binding activity 

irrespective of the size of PEG conjugated [138]. It was hoped that the binding affinity 

o f PEG-Fabbcva would remain broadly the same for each of the different molecular 

weights of the PEG mono-sulfone 2 (20, 30 and 40 kDa) that were used.
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Figure 3.13 SDS-PAGE gel of the reduction of the Fab and PEGylation using (10, 20 
and 30 kDa) PEG. SDS-PAGE analysis of reduced-Fab, Novex Bis-Tris 4-12% gel 
stained with colloidal blue (Lanes M-6 and 8) and barium iodide (Lanes 7, 9). Lane M: 
Protein standard. Lane I: Fab fragment before reduction. Lane 2: Reduced-Fab 
fragment by DTT (1.0 mg/ml). Lane 3: PEGylated-Fab reaction mixture using 1.0 eq 
PEG (10 kDa), Lane 4: PEGylated-Fab reaction mixture using 1.0 eq PEG (20 kDa), 
Lane 5: PEGylated-Fab reaction mixture using 1.0 eq PEG (30 kDa), Lanes 6, 1: 
PEGylated-Fab reaction mixture using 2.0 eq PEG (20 kDa), Lanes 8, 9: Control 
reaction, 2.0 eq PEG (20 kDa) on non-reduced Fab.

The PEGylation reaction mixture was then purified from the non-conjugated 

PEG and the small amount o f what was tentatively identified as the di PEG-Fabbeva- 

Purification o f the mono PEGio-Fabbeva was accomplished by ion exchange (lEX) using 

an lEX-SPHP (1.0 mL). Two cation exchange columns were initially evaluated. The
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SPFF column was considered first. While this column is routinely used in protein 

purification, the purification of the PEGio-Fab from the non-conjugated PEG and di 

PEG-Fahbeva using SPFF column was not as successful as which SPHP column. This 

could be due to a smaller particle size (34 pm) in SPHP column, which aid purification. 

It has also been shown [221] that SPHP-IEX purification was efficient to purify the 

PEG-Fab' from unreacted Fab' using a shallow NaCl gradient.

PEG is not a charged molecule, when PEG-Fab and Fab molecules will bind to 

the column in a buffer with pH below their pi value. Hence, the protein species will be 

bound to the column while the non-conjugated PEG will be expected to elute without 

binding to the column. While disulfide bridging PEGylation does not change the charge 

of the Fab, there is a difference in the binding characteristics between the Fab and the 

PEG-Fab. The PEG-Fab interacted with the cation exchange column more weakly than 

the non-PEGylated Fab. This weaker interaction occurred due to the steric shielding 

effects of the PEG moiety in the PEG-Fab. The PEGylated-Fab eluted more quickly 

than the non-PEGylated Fab from the cation exchange column resulting in separation of 

these two species. Moreover, di PEG-Fab eluted before mono PEG-Fab from lEX 

column as di PEG-Fabbeva has a weaker interaction to the lEX column than mono-PEG- 

F abbeva-

Anion exchange column (e.g QFF) binds to negatively charged molecules. Non

charged molecules also do not bind. In order to confer a negative charge to a molecule, 

it is necessary to use a buffer with a pH higher than the pi value of the protein prior to 

loading on a column. Initial work that was conduced using anion exchange columns for 

purification did not show a high degree of purification or yield of the PEG-Fab. Since 

the pi value of bevacizumab is 7.8 [212], Tris buffer pH 8.0 was used to prepare the 

sample for anion exchange chromatography. It is possible in these conditions that the 

protein did not have enough negative charge to bind effectively to the anion exchange 

column. Therefore, the PEGylated-Fab eluted with the un-conjugated PEG in the first 

10 min and could not be separated. It is possible in principle to use an anion-exchanged 

column if a higher pH Tris buffer (pH 10) is considered. There are risks for using such a 

high pH including protein racémisation and hydrolysis, so it was thought that it is better 

to use cation lEX. Using sodium acetate buffer at pH 4.0 in cation exchange 

chromatography was good enough to bind the Fab species to the column.
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Prior to loading the PEGylated-Fab onto the eolumn, the mixture must be 

prepared in an appropriate buffer so that the protein species will bind to the eolumn. To 

achieve this, the reaction mixture was buffer exchanged either with an exchange eolumn 

or by diluting (approximately 10 times volume) with the appropriate buffer. Therefore, 

the PEGylated-Fab mixture (1.0 mL) was buffer exchanged using a N ap-10 eolumn 

with sodium acetate buffer (pH 4.0). The resulting 1.5 mL solution after treatment with 

the N ap-10 eolumn was then added to the lEX column. Figure 3.14 (A) shows the lEX 

chromatogram of the PEGzo-Fabbeva and (B) the SDS-PAGE gel of the lEX fractions 

which were collected around the maximum of the peak, from 19 to 21 min, 1.0 mL 

fraction.

lEX fractions at 19-21 min appeared as a band, which migrated slightly above 

the 80 kDa protein marker band in SDS-PAGE gel (Figure 3.14, B, Lanes 5-7) and 

corresponded to the mono PEGio-Fabbeva- A small shoulder at 18 min was thought to be 

di PEG-Fabbeva (Figure 3.14, B, Lanes 3, 4). The lEX peak at 3 min, appeared to be 

unreaeted PEG (Figure 3.14, B, Lane 2) since no interaction occurred between 

uncharged-PEG with the lEX eolumn. It was observed that by using a single step lEX 

that the mono PEG-Fabbeva could be purified (Figure 3.14, B, Lanes 5-7).
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Figure 3.14 (A) lEX-SPHP chromatogram, (B) SDS-PAGE gel o f lEX fractions of 
PEGzo-Fabbeva, Novex Bis-Tris 4-12% gel stained with barium iodide (Lanes M- 7). 
Lane M: Standard protein marker. Lane I: The PEGylation Fab (20 kDa, 2.0 eq PEG 
reagent 2) mixture before lEX, Lane 2: lEX fraction at 5 min. Lanes 3, 4: lEX fractions 
at 17 and 18 min (di PEG-Fabbeva), Lanes 5-7: lEX fractions at 19-21 min (mono PEG- 
F abbeva)'
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The mono PEG-Fabbeva fractions from 19 min to 21 min were pooled and 

concentrated using a vivaspin column (4 min, 4000 x g) to 1.0 mL solution. This 

solution was then buffer exchanged to PBS (pH 7.4) using N ap-10 column for long term 

storage at 4 ^C. Different PEGylated Fabs using 20, 30 and 40 kDa of the PEG reagent 

2 were also purified (Figure 3.15, Lanes 2-4) following this step lEX chromatography 

process.

Silver staining was performed on the pooled purified PEG-Fabbeva (Figure 3.15, 

Lanes 8-10) products to determine if there was any non-PEGylated protein after lEX 

purification. The presence of non-PEGylated protein would distort the binding 

experiments. Silver staining is a very sensitive staining method, which can detect 

protein species at the nano gram per mL concentration level. The detection with the 

silver stain is 100-fold more sensitive than colloidal blue staining [229].
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Figure 3.15 SDS-PAGE gel of the lEX-purified PEG-Fabbeva (20, 30, 40 kDa), Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-4), barium iodide (Lanes 5-7) 
and silver staining (Lanes 8-10), Lane M: Protein standards. Lanes 2, 5, 8: The PEG20- 
Fabbeva, Lanes 3, 6, 9: The PEGso-Fabbeva, Lanes 4, 7, 10: The PEG4o-Fabbeva.

No evidence o f the un-conjugated Fab or other protein impurity was observed 

after silver staining of the lEX-purified 20, 30 and 40 kDa PEG-Fabbeva conjugates. This 

observation in the silver staining was important to evaluate the purity of the PEGylated- 

Fabbeva. It is rare that silver stain is used to confima the purity of PEGylated proteins. It 

was gratifying that by using a single step lEX purification process that purified PEG- 

Fabbeva conjugates using 3 different PEG mono sulfones 2 at 20, 30 and 40 kDa 

molecular weights were obtained with a high yield.
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Table 3.5 Micro BCA absorbance at 562 nm for PEGzo-Fabbeva.

0 (blank) 0

4.68 0.056

9.37 0.079

18.79 0.178

37.5 0.288

75 0.481

150 0.858

P EG20"Fabbeva 0.225

y = 0.0035x-0.0133 
R" = 0.9950 .3 5

c
0.2

0 .1 5

I
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Figure 3.16 Micro BCA Fabbeva standard curve at 562 nm.

The concentration of the PEG2o-Fabbeva in PBS was calculated using two 

methods, UV spectroscopy at 280 nm and micro BCA assay. Fabbeva was selected to 

make a standard curve in micro BCA assay (Figure 3.16). The concentration o f 0.42 

mg/mL was calculated for PEG-Fabbeva using UV spectroscopy at 280 nm (based on 

absorbance o f 1.4 for 1.0 mg/mL Fab), whereas the concentration of 0.33 mg/mL was 

calculated using micro BCA assay. These two methods gave two significant different 

concentrations for PEG-Fab conjugate. Micro BCA assay measurement is based on 

protein quantity only and PEG reagents do not have absorbance in BCA assay based on 

the work conducted in PolyTherics. However, the presence of the PEG linker in a
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PEGylated Fab could influence the UV reading at 280 nm. Therefore, it was decided to 

rely on the micro BCA assay result to calculate the concentration of PEGylated Fab 

conjugates throughout this work.

From a starting amount of 1.0 mg Fabbeva, it was found that 0.66 mg PEG20- 

Fabbeva was purified giving an isolated yield of 66 % for the conjugate. The PEGylation 

o f the Fabbeva using 20 kDa PEG reagent 2 and purification of PEGio-Fabbeva was 

perfonned more than 10 times with the isolation yield of 60-66%. The PEGso-Fabbeva 

and PEG4o-Fabbeva were produced for three times and the similar yield as PEGio-Fabbeva 

was obtained.

MALDI-TOF was performed on the PEGzo-Fabbeva to determine the exact 

molecular mass o f the PEG-Fab (Figure 3.17). Peak at 68 kDa was detected for the 

PEGio-Fab (48 kDa Fab + 20 kDa PEG = 68 kDa). The peak for PEG2o-Fabbeva was not 

as sharp as a MALDI peak for Fabbeva due to the polydispersity o f the PEG polymer.

PEG^o-Fab ,̂,,,

Figure 3.17 MALDI-TOF spectrum of the PEG2o-Fabbeva- 

3.1.2 Stability study o f  Fab heva and PEG-Fabbeva

Fab is a smaller molecule than the full antibody and it is not often glycosylated. Fab 

tends to aggregate when it is not formulated. Since most protein-based medicines are 

administered parentally, formulation options are limited in terms of the excipients that 

are used. Protein aggregation can make it difficult to achieve dose reproducibility and 

may also increase the risk of immunogenicity [230-232]. For instance, ranibizumab 

(Fab) is formulated in 10 mM histidine HCl, 10% a, a-trehalose dihydrate, 0.01%
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polysorbate 20, pH 5.5 [58]. Using these additives in formulation was necessary to 

stabilise Fabrani to avoid the aggregation [233]. It has been shown that histidine in 

solution would increase stability of the antibody during lyophilisation process and 

results in less aggregate [233]. Besides formulation to avoid aggregation, PEGylation 

was also thought to be an approach, which can decrease the susceptibility for proteins to 

aggregate in solution. It was also necessary to study the stability of the PEGylated Fab 

to investigate if there was a de-PEGylation during storage in the PEG-Fab solution. If 

de-PEGylation occurred a free Fab would be expected to be observed. The presence of 

free Fab would interfere with the binding studies.

Since the Fabbeva prepared in this work was stored in PBS (pH 7.4) at 4 

without any additive, it was necessary to study its stability. A three month stability 

study was conducted with Fabbeva and the PEGio-Fabbeva stored in PBS (pH 7.4) at 4 ®C. 

One sample of the PEG2o-Fabbeva was also examined after 8  months storage at 4 to 

see if  there would be any de-PEGylation occurs during storage.

SEC analyses were performed on the Fabbeva (0 . 2  mg/mL) and PEG-Fabbeva (0 .1  

mg/mL) at the time for the start of storage (TO) and after 3 months storage (T3) (Figure 

3.18). The peak at 89 min (Figure 3.18, A) corresponded to the Fabbeva with 50 kDa 

molecular weight size and peak at 75 min corresponded to the high molecular weight 

species (e.g aggregate). The peak at 75 min appeared to increase after three months 

storage (Figure 3.18, B). The PEG-Fabbeva was also examined using SEC at TO (Figure 

3.18, C) and T3 (Figure 3.18, D). The retention time for PEG-Fabbeva was 63 min, where 

small peak at 54 min was also observed. However, no significant difference in the area 

under peak at 54 min was observed for the PEG-Fabbeva after three months storage. 

When higher concentration of PEG-Fabbeva (0.4 mg/mL) applied, the peak at 54 min 

became even smaller (Figure 3.18, E) compared to the PEG-Fab (0.1 mg/mL) at TO. No 

peak at 89 min was observed for free Fabbeva in the PEG2o-Fahbeva solution at T3 as 

suggested no de-PEGylation.
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D; SEC of PEGio-Fabbeva (0.1 mg/mL) at T3.
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Figure 3.18 SEC chromatograms of Fabbeva at TO (A), and T3 (B), the PEGio-Fabbeva at 
TO (C, E), and T3 (D).

To further study the possible aggregation o f the Fabbeva during storage, dynamic 

light scattering (DES) analysis was also performed. DLS can measure the size of 

molecules or particles in the submicron range. A typical application o f DLS is the 

measurement of the diameter and size distribution o f particles dissolved in a solution. 

The diameter that is measured in DLS is called the hydrodynamic diameter and refers to
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how a particle diffuses within a fluid [234]. DLS is one of the established techniques to 

investigate protein aggregation phenomena in solution. In DLS there is a term called the 

polydispersity index (Pdl) that is a measure of the distribution of molecular mass in a 

given sample. If the size distribution for a molecule of interest is high, the Pdl increases 

(above 1.0) suggesting non-homogenous solution. Contaminating particles such as dust 

in a solution can be detected in DLS and cause interference; so all solutions must be 

carefully filtered (0 . 2  pm).

DLS analysis was performed on the Fabbeva at TO and T3. The particle size in 

Table 3.6 is an average of three DLS analysis for Fabbeva at TO and T3 and an average of 

two for PEG-Fabbeva at TO, T3 and T8 . The average particle size of 9.02 nm was 

measured for Fabbeva at TO while the average particle size of 14.18 nm was observed at 

T3 (Figure 3.19, A and B). The DLS data together with the SBC data for the Fabbeva 

suggested that aggregation occurred to some extend during storage over a three-month 

period. The PEGzo-Fabbeva (0.4 mg/mL) showed one peak in DLS analysis at TO and T3 

(Figure 3.19, C) with an average particle size of 21.0 nm. As it was mentioned, one 

sample of the PEGzo-Fabbeva was studied after 8  months storage using DLS. It appeared 

that the PEGzo-Fabbeva was aggregated since two peaks were observed (Figure 3.19, D) 

with an average particle size of 48 nm and Pdl also increased to 1.0. However further 

work is required to be conducted to study the stability of the PEG-Fabbeva from 3 

months to 8  months period to find out at what time point the PEG-Fab starts to 

aggregate.

SDS-PAGE analysis was also conducted on the Fabbeva at TO and T3 and PEG- 

Fabbeva (with 20, 30 and 40 kDa PEG) at TO, T3 and PEGzo-Fabbeva at T8  (Figure 3.20). 

Some aggregates can be missed in SDS-PAGE analysis as SDS can denature and 

dissociate an aggregate in the protein solution, however, it is possible to see de- 

PEGylation using SDS-PAGE. Fabbeva at T3 did not show any aggregate even when 

silver staining performed (Figure 3.20, A). No de-PEGylation was observed in PEGzo- 

Fabbeva, PEGso-Fabbeva and PEG4o-Fabbeva over a 3-month period (Figure 3.20, C) and in 

PEGzo-Fabbeva over an 8 -month period (Figure 3.20, B) as no free Fabbeva at 50 kDa 

band was appeared in SDS-PAGE gel. These results suggested that PEGylation could 

increase stability of the Fabbeva in a solution and PEG-Fab conjugate was stable during 

storage time, however, some aggregates could be observed in PEG-Fabbeva after 8  

months.
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Figure 3.19 DLS analysis of the Fabbeva at TO (A), at T3 (B), and PEG-Fabbeva at TO and 
T3 (C), and at T8 (D).

110



C h ap ter  3: P rep aration  o f  P E G y la ted  A n t ib o d y  F ragm en ts

Table 3.6 DLS analysis of Fabbeva and PEG-Fabbeva at T0-T3.

Fabbeva at TO 9.02 ± 0.07 0 .2 1± 0.005
F abbeva at 13 14.18 ± 0 .0 9 0.52 ± 0 .0 1 0

P E G -F a b b ev a  at TO 2L02 0 3 5
PEG-Fabbeva at T3 2T20 0 3 3
PEG-Fabbeva at T8 4&04 1.0

A; The Fabbeva in TO and T3.
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C; The 20, 30 and 40 kDa PEG-Fabbeva at T3.
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Figure 3.20 SDS-PAGE gel o f the PEG-Fabbeva over 3 months (T0-T3) and after 2 
years at 4 V  in PBS buffer, Novex Bis-Tris 4-12% gels were stained with colloidal blue 
in A (Lanes M-2), B (Lanes M-4) and C (Lanes M-3 and 7-8), barium iodide staining in 
B (Lanes 6-9), C (Lanes 4-6 and 9-10) and silver staining in A (Lane 3). (A) The Fabbeva 
at TO and T3, Lane M: Protein standards, Lane 1: The Fabbeva at TO, Lanes 2, 3: The 
Fabbeva at T3, (B) The PEGio-Fabbeva, Lane M: Protein standards. Lanes 1, 6: The 
PEGio-Fabbeva at TO, Lanes 2, 1: The PEG2o-Fabbeva at T l, Lanes 3, 8: The PEG20- 
Fabbcva at T2, Lanes 4, 9: The PLG2o-Fabbeva at T3, Lane 5: The PEG2o-Fabbeva at T8. 
(C) The 20, 30 and 40 kDa PEG-Fabbeva at T3 and 2 years. Lane M: Protein standards. 
Lanes I, 4: The PEG2o-Fabbeva at T3, Lanes 2, 5: The PEG3o-Fabbeva at T3, Lanes 3, 6: 
The PEG4o-Fabbeva at T3, Lanes 7, 9: The PEGgo-Fabbeva after 2 years. Lanes 8, 10: The 
PEG40-Fabbeva after 2 years.

During stability studies o f the PEGylated Fab that were made, we were contacted by 

Moorfields Phannaceuticals to conduct a related stability study on bevacizumab stored 

on luer-lock syringes. A collaborative project between Moorfields Pharmaceuticals and 

our group in the School of Pharmacy was conducted for comparative stability study 

during 9 months. This collaboration provided good sources of bevacizumab for our 

PEGylation studies. The bevacizumab stability studies are described in Appendix IE

3.1.3 Preparation o f  PEG2~Fab 'heva

F(ab)2  with about 100 kDa molecular weight comprises two Fabs that covalently 

linked at the hinge region through at least 2 disulfide bonds depending on the IgG 

subtype [25]. F(ab )2  can be produced by enzymatic digestion of parent antibody or it 

can be made recombinantly in E-coli [235]. Using the IdeS enzyme to generate F(ab)2 , 

the hope was that there would be 2 disulfides remaining in the hinge sequence linking 

the heavy chains from each Fab. Reduction of the hinge disulfides was expected to 

generate two equivalents of Fab' for each F(ab)2  molecule (Figure 3.21). A Fab' is
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essentially a Fab with a heavy chain sequence leading into the hinge region. If the Fab' 

is derived from a full antibody as it was in this study, then the number of hinge 

cysteines will depend on the number present in the precursor antibody and the type of 

digestion enzyme used.

Once the purified F(ab)2  from bevacizumab was produced, scouting reduction 

studies were conducted to see if selective, partial disulfide reduction was possible. 

Initially we had wanted to PEGylate the F(ab)2  but this was not possible as the 

reduction studies indicated that the interchain disulfides all underwent reduction. So it 

was decided to determine if it was possible to conjugate 2 PEG molecules to the 

Fab'beva. This would require two cysteines in the hinge region. If only one cysteine was 

present in each heavy chain in the hinge region then we would have expected to observe 

PEGylated F(ab)2  products. If there were 3 cysteines in the hinge we would expected 

multi-PEGylated, large molecular weight F(ab)2 derived products. It was possible to 

isolate pure a PEGylate product consistent with conjugating two PEG molecules to the 

Fab'beva. This result indicate that one PEG molecule was conjugated to the two cysteines 

derived from the Fab heavy-light interchain disulfide and the other PEG was conjugated 

to 2 cysteines on the heavy chain in the hinge region.

To obtain the F(ab)2 fragment, enzymatic digestion of bevacizumab using 

immobilised pepsin was first conducted. Pepsin cleaves the full antibody in the hinge 

region between the hinge disulfides and the Fc to produce a F(ab)2 fragment. Papain 

proteolytically cleaves the heavy chain after the hinge disulfides and closer to the Fab 

resulting in giving two Fab molecules. Pepsin requires different conditions for 

proteolytic cleavage than were used for papain. While pepsin was also immobilised to 

aid its removal after reaction it is activated at acidic pH. In contrast to papain which is a 

papaya derived cysteine protease that requires the presence o f cysteine, pepsin is one of 

the key proteolytic enzymes in the human digestive system and is produced in the 

stomach. So pepsin requires an acidic pH when used to digest an antibody. This 

enzyme denatures at neutral pH.

Bevacizumab (5.0 mg/mL in 1.0 mL digestion buffer) was digested with 300 pL 

immobilised pepsin. The digestion buffer that was used is sodium acetate trihydrate (20 

mM) at pH 4.5. Three digestion times were evaluated (4.0, 5.0 and 6.0 h) and 

purification was performed using a Nap protein A column. It was found that the yield of 

purified F(ab)2  using immobilise pepsin was very low (less than 10 %) at any of above 

conditions as calculated by UV spectroscopy.
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Ig G l, 150 kDa

'5  ̂ V
Fab, 50 kDa F(ab)z, 100 kD a F a b ’, 55 kDa

Figure 3.21 Structure o f P(ab)2 , Fab and Fab' in comparison with IgG.

Since bevacizumab is an engineered antibody registered for therapeutic use, it 

was decided to investigate the use of other proteolytic enzymes to obtain the F(ab)2. 

There was some concern that the bevacizumab structure could have been engineered to 

be more stable or less susceptible to pepsin proteolysis. An IdeS enzyme was identified 

as a possible replacement of pepsin that could be used to digest an IgG to produce 

F(ab)2  in high yield [236]. This enzyme cleaves IgG in the hinge region below the two 

thiol bridges before Gly236, leaving an intact F(ab)2  and residual Fc fragments [186].

The human pathogen streptococcus pyogenes produces various surface proteins 

in order to avoid the host immune defense systems [186, 237]. Two of these proteins, 

EndoS (IgGZERO^'^) and IdeS (FabRICATOR™), have been shown to be very useful 

as tools in antibody engineering [236]. IdeS is a cysteine protease that cleaves the IgG 

molecule at a unique site in the hinge region [237].

The protocol from the manufacturer was followed to digest the bevacizumab 

with IdeS (FabRlCATORE) [238]. According to the manufacturers, 5000 units o f the 

IdeS enzyme can digest up to 5.0 mg of IgG. This amount of IdeS enzyme was 

reconstituted with distilled water (75 pL) and then incubated with 5.0 mg bevacizumab 

for 30 min incubation at 37 °C. The buffer solution o f sodium phosphate (50 mM) with
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NaCl (150 mM) at pH 6.6 was used for this digestion. Different digestion times (10, 15, 

20 and 25 min) were examined and it was found that a 30 min digestion time was 

necessary to achieve near complete digestion o f bevacizumab (Figure 3.22, Lane 1). 

Using IdeS enzyme to digest bevacizumab was faster and resulted in a higher yield o f  

F(ab) 2  compared to immobilised pepsin.

The digestion mixture was then purified by SEC to purify the F(ab) 2  (100 kDa) 

from small fragments. In contrast to the digestion with pepsin, purification was 

conducted by SEC instead o f using a protein A column. Using SEC could result in 

dilution o f  the F(ab) 2  when it is collected, but was less complicated and faster than 

using a protein A column. The IdeS enzyme has a molecular weight o f 36 kDa and can 

be separated from F(ab) 2  (MW; 100 kDa) and small fragments o f  Fc (MW; 50 kDa). 

The digestion o f  bevacizumab using IdeS enzyme and purified F(ab) 2  after SEC 

purification is shown (Figure 3.22).
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Figure 3.22 Digestion o f  bevacizumab using IdeS followed by SEC purification. (A) 
SDS-PAGE gel o f  digestion o f  bevacizumab, Novex Bis-Tris 4-12% gel stained with 
colloidal blue (Lanes M-8). Lane M: Protein standards. Lane 1: Digestion mixture (1.0 
mg IgG) before SEC, Lanes 2-6: Purified F(ab) 2  fractions (SEC fractions at 72-76 min), 
Lanes 7 and 8: IdeS enzyme and Fc fragment (SEC fractions at 78-79 min). (B) SEC 
chromatogram o f  the digested bevacizumab after 30 min incubation in IdeS enzyme.

SEC fractions collected from 73 to 76 min corresponded the purified F(ab) 2  with 

about 100 kDa molecular mass (Figure 3.22, Lanes 3-6). The fractions collected at 78 

and 79 min were smaller proteins in the digestion mixture and along with the IdeS 

enzyme (Figure 3.22, Lanes 7 and 8). The yield o f  the F(ab) 2  as determined by UV 

spectroscopy (280 nm) was in the range o f  86 %. From 5 mg (3.3 x 10'  ̂ mmole) o f
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bevacizumab, 2.84 mg o f F(ab ) 2  (2.84 x 10’̂  mmole) was obtained. The bevacizumab 

digestion using IdeS enzyme was performed for 5 times with an approximate similar 

range o f yield.

Before attempting to PEGylate the F(ab ) 2  an Ellm an’s assay was conducted to 

confirm that there were no free cysteines present in the purified F(ab)2 . The assay was 

conducted as described for Fabbeva and bevacizumab using the same cysteine standard 

curve Figure 3.10 and Table 3.4. An absorbance o f 0.004 was measured for the purified 

F(ab ) 2  indicating that there was no free thiol present in the purified F(ab)2 . This result 

suggested there were no free cysteines in the hinge. PEGylation would help to 

determine how many disulfides held the hinge together.

The reduction o f the F(ab) 2  was then studied prior to attempting a PEGylation 

reaction. The F(ab ) 2  has the 2 interchain disulfide bonds between the heavy and light 

chain. It was also anticipated that there were 2 disulfides between the heavy chains in 

the hinge region and the possible reduction products are shown in Scheme 3.2. 

Reduction studies were conducted using TCEP and DTT.

Different stoichiometries o f TCEP (1.0-6.0 eq) were examined. These TCEP 

reductions were conducted in the presence o f selenocystamine (Se), which has been 

identified as a catalyst for TCEP reduction [239]. M ost o f the F(ab ) 2  remained intact 

when treated with TCEP at these reaction conditions that were evaluated. O f the two 

bands at about 25 kDa (Figure 3.23), the higher molecular weight band was thought to 

be the free heavy chain and the lower molecular weight band was thought to be the free 

light chain (Scheme 3.2, D, E). O f the two bands at about 50 kDa, the lower one was 

thought to be the Fab ' [240] (Scheme 3.2, C). The second band at slightly higher 

molecular weight was thought to be fragment B in Scheme 3.2. Increasing the amount 

o f TCEP to 8.0 and 10.0 equivalents appeared to reduce F(ab ) 2  to give more o f the free 

heavy and light chains (fragments D and E, Scheme 3.2). Using TCEP in these 

conditions did not appear to lead to selective reduction to generate fragments such as A, 

B or C, Scheme 3.2. These experiments indicated that once reduction was initiated, that 

susceptibility to reduction increased leading to complete reduction o f the interchain 

disulfides between the heavy-light and heavy-heavy chains.
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R eduction

F(ab)2
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(B) ( C )F a b ’ (D) (E)

Scheme 3.2 The possible peptide fragments which can be produced by partial reduction 
of F(ab)2 .
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Figure 3.23 SDS-PAGE gel of a reduction o f F(ab)2  using TCEP, Novex Bis-Tris 4-
12% gel stained with colloidal blue (Lanes M-7), Lane M: Protein standards, Lane 1:
The purified F(ab)2 , Lane 2: Reduced F(ab)2  with 1.0 eq TCEP and 0.1 eq Se. Lane 3: 
Reduced F(ab )2  with 2.0 eq TCEP and 0.2 eq Se. Lane 4: Reduced F(ab )2  with 3.0 eq 
TCEP and 0.3 eq Se. Lane 5: Reduced F(ab )2  with 4.0 eq TCEP and 0.4 eq Se. Lane 6: 
Reduced F(ab )2  with 5.0 eq TCEP and 0.5 eq Se. Lane 7: Reduced F(ab )2  with 6.0 eq 
TCEP and 0.6 eq Se.

Based on our experience with the PEGylation of Fabs in this and other projects 

[117], it was anticipated that upon reduction, the heavy and light chains would remain 

associated in solution. Once TCEP has reduced a disulfide, the oxidised product is not 

reactive toward the PEG mono-sulfone 2. PEGylation was then conducted after the 

F(ab)2  was treated with TCEP (8 and 10 equivalents), without removal o f the TCEP 

from the solution. After the F(ab)2  was allowed to undergo reaction with TCEP for 10 

min, 4 equivalents of the PEG mono-sulfone reagent 2 (20 kDa, 3.0 mg/mL) was added. 

The PEGylation process was evaluated after 3.0 h incubation time at ambient 

temperature by SDS-PAGE (Figure 3.24, Lanes 3 and 4). Two new products appeared
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to have fonTied. The major product appeared to be a new band that appeared just under 

the starting F(ab)2 . A second band at about same molecular weight as bevacizumab was 

also present.

260   >  P E G 2 ,2 o -F ab '

160 '   .  F(ab)2

110 ^  PEG2o-Fab'
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Figure 3.24 SDS-PAGE gel of PEGylation of P(ab )2 after TCEP reduction. Novex Bis- 
Tris 4-12% gel stained with colloidal blue (Lanes M-4), barium iodide (Lanes 5, 6), 
Lane M: Protein standards. Lanes I: Bevacizumab, Lane 2: Purified P(ab)2 , Lanes 3, 5: 
PEGylation reaction mixture o f P(ab)2  after TCEP/Se (8 equivalents TCEP and 0.8 eq 
Se), Lanes 4, 6: PEGylation reaction mixture of P(ab )2  after TCEP/Se (10 equivalents 
TCEP and 1.0 eq Se).

Considering the results of both the preliminary TCEP reduction and PEGylation 

experiments, it was apparent more effort was necessary to examine the reduction step. 

The TCEP experiments were conducted in the hope of mono PEGylating P(ab)2 . The 

presence o f the major PEG product at a molecular weight just under the molecular 

weight o f the starting P(ab)2  suggested that a Pab' adduct had been PEGylated. While 

immobilised TCEP could have been examined, these observations suggested that it was 

going to be difficult to reduce and PEGylate one of the disulfides in P(ab)2 . Producing 

PEGylated Pab' products were desired as a means to compare multiple PEGylated 

molecules being conjugated site-specifically to a monovalent Pab derivative, however 

we also wished to examine if it would be possible to make a PEGylated P(ab)2 . If such a 

product could be prepared it could be compared to PEG-bevacizumab and could help to 

establish a more complete profile of the structure property correlations for the 

PEGylated fragments.
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Since it appeared that a Fab' PEG conjugate could be obtained, it was decided to 

use DTT (6.0 mM, 1.0 mg/ml) as before with Fabbeva and to reduce all the interchain 

disulfides. In this way DTT would completely reduce these disulfides and the heavy and 

light chains would remain associated as the DTT was removed. Once DTT was 

removed, PEGylation would occur at the cysteines that had fornied the disulfide 

between the heavy and light chain. PEGylation would also occur with the hinge 

cysteines (Figure 3.25). In this ease PEGylation was expected to occur in a way that 

depended on the number of disulfides actually present in the hinge between the two 

heavy chains. If there were 2 disulfides between the heavy chains, then the PEGi-Fab' 

would be an expeeted product (Figure 3.25).

i \  PCG ylale f  \
I I ' ■ " " *  1 /

F ab ’ P E G ,-F ab ’

P E G  m o n o -s u lfo n e  r e a g e n t  2

Figure 3.25 Fab' and disulfide bridging diPEGylation.

After the DTT was removed by passing the reaction mixture over a PDIO 

column, PEGylation scouting experiments were conducted using different 

stoichiometric amounts of the PEG reagent 2 ( 1 , 3  and 4 equivalents, 20 kDa). Sinee all 

the disulfide bonds were reduced, PEGylation occurred at all the available free thiols. It 

appeared that one PEG product was fonned when 3 and 4 equivalents of PEG mono- 

sulfone 2 was used (Figure 3.26, Lanes 4 and 5). Multiple PEGylated products and 

starting light chain was observed when I equivalent o f the PEG reagent was used 

(Figure 3.26, Lane 3). A eontrol reaction was conducted using the same PEGylation 

conditions and 4 equivalents of the PEG mono-sulfone 2 without prior treatment o f the 

F(ab)2  with DTT (Figure 3.26, Lanes 9 and 10). No PEGylated product was observed.
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Figure 3.26 SDS-PAGE gel of PEGylation o f F(ab)2  after DTT reduction. Novex Bis- 
Tris 4-12% gel stained with colloidal blue (Lanes M-5 and 9), barium iodide (Lanes 6-8 
and 10), Lane M: Protein standard, Lane I: F(ab)2 , Lane 2: F(ab)2  after DTT treatment, 
Lanes 3, 6: Reaction mixture of PEGylation of F(ab)2  (1 eq, 20 kDa PEG), Lanes 4, 8: 
Reaction mixture of PEGylation of F(ab)2  (3 eq, 20 kDa PEG), Lanes 5, 7: Reaction 
mixture o f PEGylation of F(ab )2  (4 eq, 20 kDa PEG), Lanes 9, 10: Control reaction, 
PEG with non-reduced F(ab)2 .

It did appear that 3 equivalents of the PEG reagent resulted in one product being 

produced in high conversion that was detected by the new band at about 140 kDa. 

While an experiment could have been conducted with 2 equivalents o f the PEG mono- 

sulfone 2 it did appear that 2 molecules of PEG was conjugated to the Fab'. Since a 20 

kDa PEG reagent 2 was used and the PEG essentially migrates twice its molecular 

weight in a SDS-PAGE gel, the new band at about 140 kDa could constitute a PEG2- 

Fab' product. The Fab' contributes about 55 kDa to the molecular weight of this band. 

If there were 2 PEG molecules conjugated, they would contribute an apparent molecular 

weight o f 80 kDa to this band (i.e. 2 % 40 kDa apparent molecular weight). The 

molecular weight of a PEG2-Fab' conjugate would have an apparent molecular weight 

on a SDS-PAGE gel o f about 135 kDa. Since the resolution o f the gel is not good at 

molecular weights above about 80 kDa, this band was consistent with this structure.

In principle it is possible that this band for the PEG-conjugate (Figure 3.26, 

Lanes 7 and 8) could have been due to a PEG-F(ab )2  product. In this case the one PEG 

molecule would contributed an apparent molecular weight o f 40 kDa to the gel and the 

F(ab)2  part of such a conjugate would have contributed about 105-110 kDa. While the 

actual band for the PEG conjugate that was formed seemed to be less than what would 

be expected for this product on the gel, the experiment using 1 equivalent of PEG did 

not really support the fonnation of a PEG-F(ab)2 .

The multiple PEG products that were formed when only 1 equivalent of the PEG 

mono-sulfone 2 was used suggested multiple conjugation reactions having occurred
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(Figure 3.26, Lanes 3 and 6). There was evidence for the conjugation to one PEG 

molecule to give a mono PEG-Fab beva with the band at approximately 95 kDa (Figure 

3.26, Lanes 3 and 6). Another PEG conjugate appeared to be a conjugate derived from 

the PEGylation of a single heavy chain, probably on two cysteines in the hinge region. 

This may explain the band at about 65-70 kDa (Figure 3.26, Lanes 3 and 6). In this case 

the PEG would contribute an apparent molecular weight o f 40 kDa and the heavy chain 

would contribute a molecular weight of 25-30 kDa. Also since there appeared to be a 

significant amount of the light chain still present (Figure 3.26, Lanes 3 and 6), this 

implied that re-oxidation of the disulfides was slower in these conditions than 

conjugation. Hence in the presence of excess PEG reagent, conjugation of cysteines 

derived from multiple disulfides occurred faster than re-oxidation. If this was the case 

and if there was one heavy-light chain disulfide and one heavy-heavy chain disulfide, 

the PEG product formed in Lanes 4 and 5 was PEGi-Fab'. Since excess PEG reagent 

seems to drive the reaction to this single product, no effort was made to purify the 

intermediate conjugates that were formed when one equivalent of PEG mono-sulfone 2 

was used.

In addition, PEGylation of F(ab)2 was conducted using 4 equivalents of the 30 

kDa PEG mono-sulfone reagent 2 to produce the PEGixso-FabTeva. The 20 and 30 kDa 

PEGi-Fab'beva were purified using a lEX-SPHP column as was performed for PEG- 

Fabbeva- Using a single step lEX chromatography (Figure 3.27, A and B), it was possible 

to purify PEGixio-Fab beva and PEGixso-FabTeva (Figure 3.27, C, Lanes 3-4 and 6-7). In 

the case o f PEG2x3o-FabTeva, 2 PEG molecules would contribute to give an apparent 

molecular weight of 120 kDa on the gel (i.e. 2 x 60 kDa apparent molecular weight) and 

the Fab" contributes about 55 kDa to the molecular weight of the band above 160 kDa 

molecular weight marker, about 175 kDa (Figure 3.27, Lanes 6 and 7). The lEX 

fractions at 17 and 18 min were pooled (2.0 mL) and vivaspin (2 min, 4000 x g) to 1.0 

mL solution (Figure 3.28, Lanes 2 and 4) and labelled as pure PEG2x2o-Fab"beva and 

PEG2x3o-Fab'beva respectively. These solutions were buffer exchanged with PBS buffer 

using N ap-10 column to store at 4 ^C. The concentration was then calculated by micro 

BCA assay using F(ab)2 to make a standard curve. From a starting amount o f 0.5 mg 

F(ab)2, it was found that 0.1 mg PEG2x20-Fab'beva was purified giving an isolated yield 

o f 36 % for the conjugate.
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Figure 3.27 lEX-SPHP chromatogram (A, B) and SDS-PAGE (C) o f lEX fractions of 
20 and 30 kDa PEG-Fab'beva, Novex Bis-Tris 4-12% gel stained with colloidal blue (C, 
Lanes M-7) and barium iodide (C, Lanes 8-12). Lane M: Standard protein marker, Lane 
1: The reaction mixture of PEGylation o f F(ab )2  (20 kDa, 4 equivalents PEG) before 
lEX, Lane 2: lEX fraction at 5 min. Lanes 3, 4, 8, 9: lEX fractions at 17-18 min 
(PEG2x2o-Fab'beva), Lanes 5 and 10: The reaction mixture o f PEGylation of F(ab)2  (30 
kDa, 4 equivalents PEG) before lEX, Lanes 6, 7, 11, 12: lEX fractions at 17-18 min 
(PEG2x30-Fab'beva).

To evaluate the conjugation of two PEG molecules on hinge and Fab interchain 

disulfide in the PEG2x2o-Fab'beva construct, the purified PEG2x20-Fab'beva was treated 

with DTT and then heated to 80 for 10 min. If the PEG reagent 2 was not conjugated 

to the interchain disulfide bonds in the Fab and hinge, DTT would have reduced these 

and produced light and heavy chains (25 and 30 kDa) that could be observed by SDS- 

PAGE. Heating the PEG2x20-Fab'beva construct was to evaluate the stability o f the 

conjugation site. If the PEG conjugation to the free thiols was not stable, the light and 

heavy chains would have been appeared in SDS-PAGE gel. Figure 3.28, Lane 6 and 7 

show the PEG2x2o-Fab'beva treated with DTT and heat. No free light and heavy chains 

were observed at 25 and 30 kDa molecular weight mass (Figure 3.28, Lanes 6 and 7). 

These results suggested that the 2 PEG reagents 2 were conjugated to the interchain free 

thiols in Fab and hinge region of the Fab'beva-
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Figure 3.28 SDS-PAGE gel of the purified PEG2-Fab'beva, 20 and 30 kDa PEG. Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-2, 4 and 6), barium iodide 
(Lanes 3, 5, 7), Lane M: Protein standard, Lane 1: F(ab)2 , Lanes 2, 3: The purified 
PEG2x2o-Fab'beva, Lanes 4, 6: The purified PEG2x3o-Fab'beva, Lanes 6, 7: DTT and heat 
(10 min, 80 ®C) on the purified PEG2x20-Fab'beva-

Since it was a challenge to partially and selectively reduce only one interchain 

disulfide bond at either Fab or hinge region o f F(ab)2 and therefore able to produce 

PEG-F(ab)2 , another technical approach was considered to possibly obtain PEG-F(ab)2  

by PEGylating bevacizumab first and then using IdeS enzyme to digest mono PEG- 

bevacizumab. This approach is described in more details in section related to 

bevacizumab PEGylation.

3.1.4 Preparation o f  PEG-Fab,n,st

Trastuzumab is supplied in a vial (150 mg or 440 mg) as a lyophilised powder. A vial of 

150 mg contains 150 mg trastuzumab, and the excipients such as L-histidine 

hydrochloride (3.3 mg), L-histidine (2.1 mg), a, a-trehalose dehydrate (133 mg) and 

polysorbate 20 (0.6 mg). Reconstitution of this lyophilised solid with water for injection 

(7.2 mL) that is provided gives a 21 mg/mL solution of trastuzumab at pH 6.0. The 

water for solution contains benzyl alcohol (1.1%) as preservative. The total weight of 

the lyophilised solid is thus approximately 290 mg of which 150 mg of this is 

trastuzumab. To conduct the digestion, 50 mg o f the lyophilised solid was weighed and 

then dissolved into 2.0 mL of distilled water to give a 12.9 mg/mL solution of 

trastuzumab. The 0.5 mL of this solution was then diluted with 0.5 mL of digestion 

buffer to provide 1.0 mL solution of 6.45 mg/mL of trastuzumab which was then
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digested enzymatically using immobilised papain to produce F a b tra s t  fragment.

A digestion time of 5.5 h was initially examined using 1.0 mL immobilised 

papain with 20 mM cysteine in the digestion buffer. These digestion conditions were 

found to be optimal for bevacizumab. Unfortunately, most of the trastuzumab remained 

undigested when the digestion was conducted for 5.5 h. A longer digestion time (20.0 h) 

was then examined with 1.0 mL immobilised papain [187] (Figure 3.29, A, Lane 1). 

Increasing the digestion time to 20.0 h appeared to be enough to digest trastuzumab. 

While 20 h digestion time and 20 mL immobilised papain were used to fully digest 12.5 

mg trastuzumab (0.6 mL) in [187], it was not possible to have 20 mL papain in this 

PhD. Two different amounts of immobilised papain (1.0 mL and 3.0 mL) were possible 

to be examined in the presence of cysteine (20 mM) over 20 h digestion time (Figure

3.29, A, Lanes 2 and 3). It was found that I.O mL of immobilised papain was enough to 

produce intact Fabtrast to conduct PEGylation, however, the Fc fragment was also 

remained intact.

Two concentrations of cysteine (20 and 40 mM) in the digestion buffer were 

also examined. Cysteine concentration was evaluated using 1.0 mL of immobilised 

papain and a 20 h digestion time period. Using cysteine (40.0 mM) in the digestion 

buffer resulted in excessive reduction of the Fab, therefore, it was decided to use 20.0 

mM cysteine (Figure 3.29, A, Lane 4).

Purification of F a b tra s t  was conducted in a similar way as for F ab b ev a- The 

digestion mixture was first eluted over a Nap protein A column to remove Fc. 

Surprisingly, it appeared that most of the Fab remained bound to the protein A column. 

In contrast with the purification used for Fabbeva, the first, second and third fractions 

from the protein A column did not appear to contain any F a b tra s t (Figure 3.29, B, Lanes 

3-5). Elution was continued and the F a b tra s t  was eluted from the column along with Fc 

fragment in the forth and fifth fractions (Figure 3.29, B, Lanes 6-8). Purification using a 

Nap protein A column was repeated three more times to see if there was an 

experimental error, however, it was still not possible to separate the F ab tras t-

It had been suggested in the literature that an amicon centrifuge tube with a 30 

kDa cut off could be used [187] to separate Fabtrast from the smaller fragments o f the Fc 

below 30 kDa. In this study [187] using 20 mL papain and long (20 h) incubation time 

digest Fc fragment into peptide fragments that could be separated from the intact Fab by 

a centrifuge tube. Since 1.0 mL papain was used, the Fab and Fc fragments were both 

produced, hence no purification was occurred using the 30 kDa amicon centrifuge tube
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(Figure 3.29, B, Lane 2) and all the fragments remained above the eentrifuge tube. 

Then, it was thought that SEC eould be used to separate the Fabtrast from the Fc (Figure

3.30, B). Figure 3.30, A shows a SDS-PAGE gel o f the fractions obtained by SEC. 

While some of the Fc may have been digested into smaller fragments, intact Fc was still 

expected to be present. Utilising SEC to separate Fab (50 kDa) from Fc (52 kDa) with 

no contamination from each other was not going to be efficient. Resolution of 

molecules so close in molecular weights by SEC is not usually possible. A broad SEC 

peak from 78-95 min was observed (Figure 3.30) and purified Fabtrast could be obtained 

at the highest part o f this peak at 87-90 min (Figure 3.30, A, Lanes 10-14).

Centrifuge tube Protein A column
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Figure 3.29 Digestion and purification of trastuzumab (12.5 mg/mL) at different 
conditions. Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-8, A and 
B). (A) Lane M: Protein standard. Lane 1: Trastuzumab (1.25 mg/mL), Lane 2: 
Trastuzumab digestion mixture with 1.0 mL papain, 20 mM cysteine and 20 h digestion 
time, Lane 3: Trastuzumab digestion mixture with 3.0 mL papain, 20 mM cysteine and 
20 h digestion time, Lane 4: Trastuzumab digestion mixture with 1.0 mL papain, 40 
mM cysteine and 20 h digestion time, (B) Lane M: Protein standard, Lane 1: 
Trastuzumab digestion mixture with 1.0 mL papain, 20 mM cysteine and 20 h digestion 
time, Lane 2: Purification trastuzumab digestion mixture with amicon centrifuge 30 
kDa cut off. Lanes 3-5: First-third fractions after protein A column of digested 
trastuzumab. Lanes 6-8: Forth-sixth fractions after protein A column.

The SEC fraction collected at 69 min (Figure 3.30, B) migrated to a molecular 

weight o f 100 kDa in the SDS-PAGE gel (Figure 3.30, A, Lanes 3-5). The 100 kDa 

molecular weight was correlated with the molecular weight o f F(ab)2  fragment that 

appeared in trace amounts after IgG papain digestion. The fractions collected at 78 min 

and at 80-82 min at the peak shoulder gave SDS-PAGE band above 50 kDa molecular 

weight marker (Figure 3.30, A, Lanes 6-9) and was thought it could be corresponded to
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the Fc fragment. Fractions collected at peak at 87-90 min, in Figure 3.30, B, were 

consistent for the Fab fragment, which was observed below 50 kDa molecular weight 

markers in SDS-PAGE (Figure 3.30, A, Lanes 10-14). It was then confirmed by 

MALDI-TOF analysis that the fractions at 89 mins were Fabtrast with 48 kDa mass 

(Figure 3.31, B).

The SEC fractions from 87 to 90 min were pooled and concentrated from 3 mL 

to 1.0 mL using vivaspin (4 min, 4000 x g). The concentration o f the Fabtrast was then 

calculated using UV spectroscopy at 280 nm. The absorbance o f 1.61 was observed for

1.0 mL o f this purified Fabtrast solution which represented a 1.12 mg/mL concentration 

based on the knowledge that 1.0 mg/mL Fab has an absorbance o f 1.40 at 280 nm. From 

an initial amount o f 6.45 mg o f trastuzumab it was possible to obtain 1.12 mg F a b tra s t 

which was enough for PEGylation. The yield to produce the purified Fabtrast from 

trastuzumab digestion was lower (approximately 26 %) than that observed to produce 

Fabbeva (approximately 80 %) from bevacizumab. Although the incubation time for the 

trastuzumab digestion was longer from (20 h) than for bevacizumab (5.5 h), the reason 

for the lower yield o f F a b tra s t was probably due to lack o f complete separation o f the 

Fabtrast by SEC and possible aggregation o f trastuzumab [241]. The trastuzumab 

digestion was performed a total o f 7 times and the yield was in the range o f 20 to 26 %. 

W hen used in the clinic, trastuzumab should be diluted in sodium chloride (0.9 %) and 

its dilution in dextran (5 %) should be prohibited. There was a report that presence o f 

dextran (5 %) appears to cause aggregation o f trastuzumab [62].
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Figure 3.30 Digestion of trastuzumab (12.5 mg/mL) using immobilised papain (1.0 
mL) in 20 h and purification by SEC. (A) SEC chromatogram, (B) SDS-PAGE gel of 
trastuzumab digestion fractions, Novex Bis-Tris 4-12% gel stained with colloidal blue 
(Lanes M-16), Lane M: Protein standards. Lane 1: Trastuzumab digestion mixture 
before SEC, Lane 2: The SEC fraction at 71 min. Lanes 3-5: The SEC fractions at 77, 
78 and 79 min. Lanes 6-9: The SEC fractions at 82, 83, 84, 85 min. Lanes 10-14: The 
SEC fractions at 86, 87, 88, 89 and 90 min. Lanes 15, 16: The SEC fractions at 94 and 
95 min.

A linear calibration curve was made for trastuzumab (Figure 3.32). The average 

absorbance for trastuzumab that was reconstituted in PBS and stored at 4 °C for three 

months, was much less than absorbance observed for bevacizumab prepared from 

phanuaceutical vial at the same concentration and same storage time (Table 3.7). This 

result indicated the possible aggregation for trastuzumab. This experiment was
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performed along with Fabrani and the calibration curve of bevacizumab and Fabrani with 

their absorbance value are presented in (Figure 3.4).

Trastuzumab (149  kDa)

;

I

Figure 3.31 M A L D I - T O F  spectrum of ( A )  Trastuzumab, (B) F abtrast-

128



C h ap ter  3: P reparation  o f  P E G y la ted  A n tib o d y  F ragm en ts

Table 3.7 The average absorbance at 280 nm for bevacizumab and trastuzumab.

0.078 0.116 0.007

0.150 (1249 0.068

0.312 0.495 0.177

0.625 0.929 (1378

1.25 1.625 0.779

Trastuzumab calibration curve

0.9

0 ,7

0.6

0 .4

0 .3

y = 0 .6 5 4 2 x -0,0347 
R' = 0.99954

0.2 0.4 0.6

Cone (mg/mL)

Figure 3.32 Calibration curve made with trastuzumab at 280 nm in trastuzumab 
foHTiulation buffer.

PEGylation o f Fabtrast was conducted in a similar way as was the PEGylation of 

Fabbeva. The interchain disulfide of Fabtrast (0.1 mg/mL) was again reduced with DTT (6 

mM). Scouting experiments were conducted using PEG mono-sulfone reagent 2 (20 

kDa) using 1 and 2 equivalents to 1 equivalent Fabtrast- Figure 3.33, Lanes 4 and 5, 

shows the PEGylation reactions when 1.0 and 2.0 equivalents of the PEG reagent 2 (20 

kDa) were used. The PEGylation conversion o f reduced-Fabtrast to mono PEG-Fab 

appeared to be better when 2.0 equivalents of the PEG reagent 2 was used (Figure 3.33, 

Lane 5) similar to the PEGylated Fabbeva-
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PEG2o-Fabtrast was purified by an I EX chromatography step in the same way as 

was PEG-Fabbeva- Fractions of lEX purification (Figure 3.34, A) were collected at their 

highest peak (18 and 19 min) and then loaded onto SDS-PAGE gel, Figure 3.34, B, 

Lanes 3 and 4.
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Figure 3.33 SDS-PAGE gel of PEGylation o f Fabtrast with 1.0 and 2.0 equivalent mono- 
sulfone PEG (20 kDa), Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M- 
5) and barium iodide (Lanes 6-9). Lane M: Protein standard. Lane 1: Trastuzumab (1.25 
mg/mL), Lanes 2, 6: Fabtrast (0.1 mg/mL), Lanes 3, 7: Reduced-Fab fragment by DTT 
(1.0 mg/ml). Lanes 4, 8: PEGylated-Fabtrast reaction mixture using 1.0 eq PEG (20 
kDa), Lanes 5, 9: PEGylated-Fabtrast reaction mixture using 2.0 eq PEG (20 kDa).

As with PEGzo-Fabbeva, the PEGzo-Fabtrast migrated to slightly above the 80 kDa 

molecular weight marker in SDS-PAGE (Figure 3.34, B, Lanes 3-5). A trace amount of 

unreacted Fab in the PEGylation reaction mixture was observed as a band at 50 kDa 

(Lanes 1 and 2, Figure 3.34). As expected unPEGylated Fab was eluted from the lEX 

column after the PEG-Fabtrast.

The buffer was replaced with PBS (pH 7.4) for storage and the concentration of 

purified PEGzo-Fabtrast was then calculated by micro BCA assay using Fabtrast to make a 

standard curve. For instance, from a starting amount of 0.1 mg Fabtrast, it was found that 

0.065 mg of PEGzo-Fabtrast was purified giving an isolated yield o f 65 % for the 

conjugate. PEGylation of Fabtrast and purification o f PEGzo-Fabtrast was performed about 

5 times with the range of 60-65 % yield.
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Figure 3.34 lEX-SPHP chromatogram (A) and SDS-PAGE (B) of lEX fractions of 20 
kDa PEG-Fabtrast, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-1, 3- 
5) and barium iodide (Lanes 2, 6-8). Lane M: Standard protein marker, Lanes 1, 2: The 
PEGylation of Fabtrast (20 kDa, 2.0 eq PEG) reaction mixture before lEX, Lanes 3, 6: 
lEX fraction at 19 min. Lanes 4, 7: lEX fractions at 18 min. Lanes 5-8: combined lEX 
fraetions of 18 and 19 min.

3.1.5 PEGylation o f  Fab ram

Ranibizumab is supplied in vials at a concentration of 10 mg/mL in a total volume of 

0.23 mL. To compare the PEGylation of Fabs derived from monoclonal antibodies 

(bevacizumab and trastuzumab) and their PEGylation conversion, this clinically used 

Fabrani was also PEGylated. Since the binding affinity of Fabrani to VEGF was reported 

to be improved compare to Fab-bevacizumab, it was important to study the difference 

between binding affinity of the PEGylated Fabrani and PEGylated Fabbeva- It was 

important to determine what was the relative loss of binding affinity for these two Fabs. 

It was expected that each Fab would show the same relative decrease in binding affinity
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after PEGylation. The PEG mono-sulfone reagent 2 (20 kDa) was again used. Since 

Fabrani is administered to the back of the eye by intravitreal injection, each dose is very 

small (0.05 mL). Each vial of Fabrani contains 2.3 mg Fabrani with the average cost of 

1026 £ in the U.K. [242]. For this study, Fabrani was donated from Moorfields eye 

hospital which was a collection of the left over ranibizumab in the void volume of the 

needle after injection to the patient. The void volume in the needle was approximately 

0.02 mL and the left over solution was approximately 0.1 mL in the vial. So that many 

needles and left over solution in the vial had to be collected in order to have enough 

ranibizumab to conduct PEGylation. We eventually collected approximately 15 mL 

ranibizumab for this study from left over solution and needle.

Ranibizumab which for the sake of consistency will be called Fabrani was 

PEGylated by the same process as the two Fabs from the digested antibodies. To 

prepare a 1 mL volume Fabrani at a concentration of 1.0 mg/mL, a 0.1 mL aliquot of the 

collected Fabrani (10 mg/mL) was added to 0.9 mL of PBS. To verify the concentration, 

an absorbance of 1.4 was calculated by UV at 280 nm for this solution which 

corresponded to 1.0 mg/mL Fab solution. Next the interchain disulfide was reduced 

with DTT, which was then removed by PD-10 column and then 2 equivalents of the 

PEG mono-sulfone 2 (3.0 mg/mL, 20 kDa) was used. The PEGylation reaction mixture 

was then incubated for 3.0 h at ambient temperature and the course of the conjugation 

was followed by SDS-PAGE (Figure 3.35, A, Lanes 3 and 4). The PEGylation 

conversion of Fabrani was again similar to the PEGylation conversion of Fabbeva and 

Fabtrast based on observation in SDS-PAGE (Figure 3.35, A, Lanes 3 and 4). The mono 

PEG-Fabrani was then purified using a single lEX-SPHP chromatography step as was 

done to purify PEG-Fabbeva and PEG-Fabtrast- Figure 3.35, B shows the lEX 

chromatogram for the purification of PEGzo-Fabrani- lEX peak at 21 min appeared at 90 

kDa molecular weight band in SDS-PAGE (Figure 3.35, A, Lanes 5 and 6). lEX 

fractions from 19-21 min were pooled (Figure 3.35, A, Lanes 5, 6,) and concentrated 

using vivaspin (4 min, 4000 x g) to 1.0 mL solution.

The PEG-Fabrani was then buffer exchanged to PBS using Nap-10 column to be 

stored at 4 ^C. The concentration of PEGzo-Fabrani was then calculated using micro BCA 

assay with Fabrani used to make a standard curve. A total of 0.67 mg of PEGzo-Fabrani 

was purified from PEGylation of 1.0 mg Fabrani- This resulted in 67 % isolation yield for 

PEG-Fabrani- This yield of isolation for PEGzo-Fabrani (67 %) was similar to the yields 

obtained for PEG-Fabtrast (65 %) and PEG-Fabbeva (66 %). The PEGylation of Fabrani
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and purification o f PEGzo-Fabrani was performed 7 times resulting in an approximate 

similar yield for all the reactions.

A PEG^o-Fabran,
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Figure 3.35 SDS-PAGE gel o f PEGylation o f Fabrani and LEX purification o f  PEGzo- 
Fabrani, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-3, 4), barium 
iodide (Lanes 4, 6). (A) Lane M: Protein standard. Lane I: Fabrani (1 0  mg/mL). Lane 2: 
Fabrani treated with DTT (1.0 mg/mL). Lanes 3, 4: Reaction mixture o f  PEGylated-Fab 
(2.0 eq, 20 kDa PEG). Lanes 5, 6: The lEX purified PEGzo-Fabrani, (B) lEX 
chromatogram o f PEGylated Fabram using SPFIP-IEX (1.0 mL) column.

3.1.6 PEGylation o f  bevacizumab

It was thought that PEG-F(ab)z could be made by first PEGylating the full antibody, 

bevacizumab followed by proteolytic digestion with the IdeS enzyme. It would also be 

interesting to determine if  the PEG-Fabbeva could also be analogously produced by 

proteolytic digestion o f  PEG-bevacizumab using papain. This experiment approach 

would allow a comparison o f the different steps in (i) PEGylation, (ii) digestion and (iii) 

purification.

Generally IgGl antibodies have 4 interchain and 12 intrachain disulfide bonds 

that are associated with 12 individual domains [13]. The presence o f  the intrachain 

disulfide bonds are critical for stability and biological activity o f the IgG [243]. The 

interchain disulfide bonds are more accessible than 12 intrachain disulfide and they are 

more susceptible to reduction [243]. Moreover, this susceptibility o f the disulfide bonds 

to reduction is different for IgG I k  compared to Ig G ll  [243]. Bevacizumab is IgG I k . It 

has been suggested that the Fab interchain disulfide bond in IgG 11 is more susceptible 

to reduction than the interchain hinge disulfide bonds, and the upper disulfide bond
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located in hinge region is more susceptible to reduction than the lower one o f the hinge 

[243]. This difference between the susceptibility of the Fab interchain disulfide bond 

and the hinge interchain disulfide bond to reduction, however, was not suggested for 

IgG I k  and a random reduction of the interchain disulfide bonds may result in IgG I k .

To evaluate the potential for selective reduction and examine the susceptibility 

of the four interchain disulfide bonds in bevacizumab, TCEP, 2-MEA and DTT were 

used to reduce interchain disulfide bonds. It was thought that by using small amounts of 

different reducing agents of varying strengths, it would be possible to reduce one of the 

disulfide bonds and then mono PEGylated bevacizumab.

Bevacizumab was first treated with different stoichiometries of TCEP (1-24 eq) 

in the presence o f selenocystamine. TCEP reduction was evaluated at two time points 

(15 min and 12 h) at two temperatures (ambient and 4 ®C). It was first thought to 

incubate bevacizumab with TCEP for only 15 min at ambient temperature would be 

enough to reduce the accessible disulfide [244]. However, most of the bevacizumab 

remained intact when treated with TCEP (1-10 eq) at ambient temperature (Figure 3.36) 

for 15 min. Two main bands appeared at about 25 kDa and 100 kDa molecular weight 

marker in Figure 3.36. The band at 25 kDa was thought to be the free light chain 

(Scheme 3.3, E). The second band at about 100 kDa (Figure 3.36) was thought to be a 

heavy-heavy chains that were connected by the hinge disulfide bonds (Scheme 3.3, B) 

while the interchain disulfide bond between light and heavy chains were both reduced. 

Since there was not a good reduction after 15 min incubation with TCEP (1-10 eq), it 

was then decided to incubate for a longer period at 4 °C to examine whether disulfide 

reduction could be increased (Figure 3.37). Increasing the reduction time between 

bevacizumab and TCEP appeared to reduce bevacizumab to give more of the light 

chains (25 kDa) and heavy-heavy chain (100 kDa). The new band at 75 kDa appeared 

when TCEP (4-6 eq) with longer reduction time applied (Figure 3.37, Lanes 5-8). This 

band was thought to be a fragment C in Scheme 3.3 which reduction of the hinge 

interchain disulfide bonds in bevacizumab. These results suggested that to reduce the 

hinge interchain disulfide bonds of bevacizumab, longer incubation times with TCEP 

(4-6 eq) or applying greater amount of TCEP was required (Figure 3.38, Lanes 4 and 5). 

The Fab interchain disulfide bond was first reduced with 3 equivalent of TCEP in 15 

min before hinge disulfides (Figure 3.37, Lane 4).
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The presence of selenocystamine during reduction did not appear to influence on 

the reduction process (Figure 3.36, Lanes 7-11). Therefore, it was decided not to use 

selenocystamine for TCEP based reductions of bevacizumab. Increasing the amount of 

TCEP to 12 and 24 equivalents at ambient temperature in 15 min appeared to reduce 

more of bevacizumab to give more of the band at 75 kDa molecular weigh marker 

(Figure 3.38, Lanes 4 and 5).
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Figure 3.36 SDS-PAGE gel of a reduction of bevacizumab using TCEP after 15 min 
incubation at ambient temperature, Novex Bis-Tris 4-12% gel stained with colloidal 
blue (Lanes M -11), Lane M: Protein standards. Lane 1: bevacizumab. Lane 2: Reduced- 
bevacizumab with 1.0 eq TCEP, no Se. Lane 3: Reduced-bevacizumab with 2.0 eq 
TCEP, no Se. Lane 4: Reduced-bevacizumab with 4.0 eq TCEP, no Se. Lane 5: 
Reduced-bevacizumab with 8.0 eq TCEP, no Se. Lane 6: Reduced-bevacizumab with
10.0 eq TCEP, no Se. Lane 7: Reduced-bevacizumab with 1.0 eq TCEP, 0.1 eq Se. 
Lane 8: Reduced-bevacizumab with 2.0 eq TCEP, 0.2 eq Se. Lane 9: Reduced- 
bevacizumab with 4.0 eq TCEP, 0.4 eq Se. Lane 10: Reduced-bevacizumab with 8.0 eq 
TCEP, 0.8 eq Se. Lane 11: Reduced-bevacizumab with 10.0 eq TCEP, 1.0 eq Se.
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Figure 3.37 SDS-PAGE gel of a reduction of bevacizumab using TCEP after 12 h 
incubation at 4 ^C, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-12), 
Lane M: Protein standards, Lane I: Reduced-bevacizumab with 1.0 eq TCEP, Lane 2: 
Reduced-bevacizumab with 1.5 eq TCEP, no Se. Lane 3: Reduced-bevacizumab with
2.0 eq TCEP, no Se. Lane 4: Reduced-bevacizumab with 3.0 eq TCEP, no Se. Lane 5: 
Reduced-bevacizumab with 4.0 eq TCEP, no Se. Lane 6: Reduced-bevacizumab with 
4.5 eq TCEP, no Se. Lane 1: Reduced-bevacizumab with 5.0 eq TCEP, no Se. Lane 8: 
Reduced-bevacizumab with 6.0 eq TCEP, no Se. Lane 9: Reduced-bevacizumab with
1.0 eq TCEP, 0.1 Se. Lane 10: Reduced-bevacizumab with 2.0 eq TCEP, 0.2 eq Se. 
Lane II :  Reduced-bevacizumab with 4.0 eq TCEP, 0.4 eq Se. Lane 12: Reduced- 
bevacizumab with 5.0 eq TCEP, 0.5 eq Se.
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Scheme 3.3 The possible peptide fragments after reduction o f interchain disulfide bonds 
of bevacizumab.

While addition of 24 equivalents o f TCEP resulted in more reduction of hinge 

interchain disulfide bonds, no selective reduction was observed to generate fragments 

such as A, B or C Scheme 3.3. These experiments suggested that interchain disulfide 

bond of the Fab in bevacizumab is more susceptible to reduction than hinge interchain 

disulfide bond. But it was difficult to control the reduction to only a single interchain 

disulfide bond at the Fab or hinge disulfide bond. This proposed that as the first 

disulfide is reduced in bevacizumab, the antibody becomes more susceptible to
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reduction. The reduction of the second disulfide may be faster than the first disulfide. 

This may be due to an increase in conformational mobility as disulfides are reduced.

While presence of TCEP could compete with PEGylation of thiols with the PEG 

mono-sulfone reagent 2, PEGylation was conducted after treatment of bevacizumab 

with TCEP (6, 12 and 24 equivalents). After the bevacizumab was allowed to undergo 

reaction with TCEP for 15 min, 4 equivalents of the PEG mono-sulfone reagent 2 (10 

kDa, 3.0 mg/mL) was added. The PEGylation process was evaluated after 3.0 h 

incubation time at ambient temperature by SDS-PAGE (Figure 3.39, Lanes 6-8). While 

two new products appeared to have formed, most of reduced bevacizumab was re

oxidised as a result of consumption of most of the PEG reagent by TCEP. The major 

product appeared to be just above the starting bevacizumab. A second band appeared at 

above the product band. The band above the bevacizumab in SDS-PAGE gel (Figure

3.39, Lanes 6-8) was thought to be mono PEGylated bevacizumab with an apparent 

molecular weight of 170 kDa. When one PEG molecule (10 kDa) conjugated to 

bevacizumab with 150 kDa, it would contribute an apparent molecular weight of 20 

kDa (i.e. 2 x 10 kDa apparent molecular weight) to the 170 kDa band. This one 

molecule of PEG reagent 2 could be conjugated to either free thiols in the Fab region or 

free thiols in hinge region, since fragments B, C and E (Scheme 3.3 and Scheme 3.4) 

were present in the reduced-bevacizumab solution. If PEG molecule conjugate to free 

thiols in hinge region of one heavy chain a band at 95 kDa was expected to appear in 

SDS-PAGE gel (Scheme 3.4). However, no band at about 95 kDa was observed. There 

is also a possibility for the PEG reagent 2 to conjugate to one cysteine from one heavy 

chain in the hinge region and then bridge with another free cysteine of the second heavy 

chain and results in 170 kDa band in SDS-PAGE (Scheme 3.4). While mono PEGylated 

bevacizumab was produced, the PEGylation conversion was not good because of the 

presence of unreacted TCEP in the solution which compete with PEGylation.
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Figure 3.38 SDS-PAGE gel of reduction and PEGylation o f bevacizumab using TCEP 
(3, 6, 12 and 24 eq) without selenocystamine and 10 kDa PEG reagent 2 (4 eq), Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-8). Lane M: protein standards, 
Lane I: Bevacizumab 0.25 mg/ml. Lane 2: Reduced-bevacizumab with 3 eq TCEP, 
Lane 3: Reduced-bevacizumab with 6 eq TCEP, Lane 4: Reduced-bevacizumab with 12 
eq TCEP, Lane 5: Reduced-bevacizumab with 24 eq TCEP, Lane 6: PEGylation 
reaction o f bevacizumab after 6 eq TCEP with PEG molecule (10 kDa, 4eq), Lane 7: 
PEGylation reaction o f bevacizumab after 12 eq TCEP with PEG molecule (10 kDa, 
4eq), Lane 8: PEGylation reaction o f bevacizumab after 24 eq TCEP with PEG 
molecule ( 10 kDa, 4eq).
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Scheme 3.4 The possible mono PEGylated peptide fragment o f bevacizumab using 10 
kDa PEG mono-sulfone reagent 2.

It was suggested [245] that 2-MEA would selectively reduce the hinge disulfide 

bond of IgGl and produce only 75 kDa reduced-fragment (Scheme 3.5). Incubation 

times of 30, 60 and 90 mins at 37 "C were examined using an excess of 2-MEA (6.0 

mg) with 1.0 mg o f bevacizumab (1.0 mL). While the hope was to reduce the hinge 

disulfides, no reduction was observed at hinge disulfides under these conditions (Figure
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3.39, Lanes 1-3).

2-M E A

HS'
, NHj+cr

IgG  (1 5 0  kD a) 75 kD a 75 kD a

Scheme 3.5 Proposed selective reduction of interchain disulfide bonds in the hinge of 
IgG with 2-MEA.

Instead, the interchain disulfide bond between light and heavy chain was reduced and 

resulted in two main bands at about 25 kDa and 100 kDa (Figure 3.39, Lanes 1-3). The 

band at 100 kDa, was thought to be fragment B in Scheme 3.3.
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Figure 3.39 SDS-PAGE gel of reduction o f bevacizumab using 2-MEA at 30, 60 and 
90 min, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-3), Lane M: 
Protein standards. Lane I: Reduced-bevacizumab with 2-MEA after 30 min at 37 ^C, 
Lane 2: Reduced-bevacizumab with 2-MEA after 60 min at 37 ^C. Lane 3: Reduced- 
bevacizumab with 2-MEA after 90 min at 37 ®C.

After elution over a PD-10 column to remove 2-MEA, 4 equivalents o f 10 kDa 

PEG mono-sulfone reagent 2 was added. No PEGylation was observed and 

bevacizumab remained in reduced form in the gel. One explanation is that 2-MEA was 

not removed by PD-10. It may have been possible that the light and heavy chains o f the 

reduced bevacizumab were dissociated from each other as a result of the need to 

conduct the reduction at 37 ^C. While PD-10 in principle should remove 2-MEA in a
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similar way as DTT, other desalting column such as Zeba desalt spin column was also 

examined. However, no PEGylation was observed using Zeba desalting column. It was 

thought that probably the light and heavy chains of bevacizumab were dissociated 

during reduction with 2-MEA at 37 ^C. It was then decided to use DTT to partially 

reduce interchain disulfide bonds as was used for Fabbeva and F(ab)2 .

Bevacizumab (1.25 mg/mL) was then decided to treat with DTT. Once DTT was 

removed by PD-10 column, PEGylation scouting experiments were conducted using 

different stoichiometric amounts of the PEG reagent 2 ( 1 , 2  and 4 equivalents, 10 kDa). 

It was possible to reduce interchain disulfide bond in the Fab and hinge region by DTT 

similar to what was observed with F(ab)2  treated with DTT. Hence, PEGylation can 

occur at the Fabs free thiols and the hinge thiols leading to different isomers of 

PEGylated bevacizumab. To purify a mono PEGylated bevacizumab from other isomers 

of PEG-bevacizumab SEC followed lEX purification was performed. In contrast with 

purification of PEG-Fabs, the purification of mono PEG-bevacizumab was first 

conducted by SEC as a means to separate high molecular weight PEG-bevacizumab 

isomers (tetra, tri) from di and mono PEG-bevacizumab. Using lEX on SEC purified 

fraction allowed separation of mono from di PEG-bevacizumab.

260

160

110
80

60

8 0  k D a
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40
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Figure 3.40 SDS-PAGE gel of DTT reduction of bevacizumab. Novex Bis-Tris 4-12% 
gel stained with colloidal blue (Lanes M-4), Lane M: Protein standards. Lane 1: 
Bevacizumab, Lane 2: Bevacizumab treated with SDS and heated for 10 min at 80 V , 
Lane 3: Bevacizumab treated with DTT, Lane 4: Bevacizumab treated with DTT and 
then treated with SDS and heated for 10 min at 80 V .
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Complete reduction of interchain disulfide bonds of bevacizumab was expected 

to result in two heavy and two light chains, each 50 kDa and 25 kDa respectively 

(Scheme 3.6). However, result in Figure 3.40, Lane 3 indicates two bands at 

approximate 80 kDa and 25 kDa molecular weight marker for bevacizumab treated with 

DTT. The band at about 80 kDa could not be any reduce peptide fragment in Scheme 

3.3 apart from fragments C or D.

R e d u c tio n +

IgG (150  k D a ) 2 x L igh t chain  (25 kD a ) 2 x heavy  chain  (50  kD a )

Scheme 3.6 Complete reduction of bevacizumab using DTT.

To evaluate which fragment was generated from bevacizumab by DTT, it was 

thought to treat the reduced-bevacizumab with SDS and heat at 80 ^̂ C for 10 min. It 

would be possible the disulfide bonds in the hinge are in reduced fonn, but heavy-heavy 

chains do not dissociate in SDS-PAGE due to their strong hydrophobic interaction and 

appeared at about 80-100 kDa band in SDS-PAGE. Applying heat to the reduced- 

bevacizumab in the presence of SDS ensured that the hydrophobic interactions were 

disrupted. This resulted in two separate heavy chains at 50 kDa (Figure 3.40, Lane 4). 

As a control, non-reduced bevacizumab was also treated with SDS and heated at 80 ^C 

for 10 min (Figure 3.40, Lane 2). Because the interchain disulfide bonds were not in 

reduced, no 50 and 25 kDa band were observed and only hydrophobic interaction 

between heavy-heavy and heavy-light chains cleaved and caused in a slight decrease in 

migration of bevacizumab to a higher molecular weight (Figure 3.40, Lane 2).

Addition of 1, 2 and 4 equivalents of the PEG mono-sulfone reagent 2 resulted 

in different multiple PEGylated species after 3 h incubation at ambient temperature 

(Figure 3.41, Lanes 3-5).
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Figure 3.41 SDS-PAGE gel of PEGylation of bevacizumab after treatment with DTT (6 
mM). Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-6), Lane M: 
Protein standards. Lane I: Bevacizumab, Lane 2: Reduced-bevacizumab using DTT, 
Lane 3: The PEGylation reaction mixture of bevacizumab using 1 equivalent PEG, 
Lane 4: The PEGylation reaction mixture of bevacizumab using 2 equivalents PEG, 
Lane 5: The PEGylation reaction mixture o f bevacizumab using 4 equivalents PEG.

Using 4 equivalents of the PEG reagent 2 appeared to give more multiple 

PEGylated species. This PEGylation reaction mixture was then purified by SEC (Figure 

3.42) followed by I EX chromatography. SEC fractions (58-60 min) appeared at the 

band about 170-180 kDa molecular weight marker (Figure 3.43, Lanes 10-12) was 

thought to be di and mono PEGylated bevacizumab. SEC fractions at 48-52 min was 

thought to be a higher isomer of PEGylation of bevacizumab as three or four PEG 

molecules were conjugated and eluded earlier from SEC column (Figure 3.43, Lanes 2- 

8). To separate mono from di PEGylated bevacizumab, I EX was performed on the 

purified SEC fractions (58-60 min). Before loading to lEX, these SEC fractions were 

concentrated by viva-spin (3 min, 4000 x g) to 1.0 mL solution in order to be applicable 

to buffer exchanged with lEX-buffer A (pH 4.0) using N ap-10 column. The 1.5 mL 

solution after N ap-10 column was then loaded onto SPHP-IEX column (Figure 3.44, 

A).

The lEX peak at 21 min was thought to be a mono PEGio-bevacizumab as it 

appeared as a band at about 170 kDa, slightly above bevacizumab band in SDS-PAGE 

(Figure 3.44, B, Lane 5). The di PEG-bevacizumab appeared at the band slightly above 

the mono PEG-bevacizumab (Figure 3.44, B, Lane 4). As expected, di PEG- 

bevacizumab eluted with a lower concentration of salt in buffer B than mono PEG-
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bevacizumab.
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Figure 3.42 SEC chromatogram of PEGylated bevacizumab.
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Figure 3.43 SDS-PAGE gel of SEC fractions o f PEGylation of bevacizumab. Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-14), Lane M: Protein 
standards, Lane 1: The PEGylation of bevacizumab reaction mixture (4eq, 10 kDa 
PEG) before SEC, Lane 2: SEC fraction at 48 min. Lane 3: SEC fraction at 49 min. 
Lane 4: SEC fraction at 50 min. Lane 5: SEC fraction at 51 min. Lane 6: SEC fraction 
at 52 min. Lane 7: SEC fraction at 53 min. Lane 8: SEC fraction at 54 min. Lane 9: 
SEC fraction at 55 min. Lane 10: SEC fraction at 57 min. Lane 11: SEC fraction at 58 
min. Lane 12: SEC fraction at 60 min. Lane 13: SEC fraction at 61 min. Lane 14: SEC 
fraction at 65 min.

The lEX fraction at 21 min was then considered as a mono PEGio-bevacizumab. 

The silver staining perfonned on this I EX fraction (Figure 3.44, C, Lane 4) suggested 

that a pure mono PEGio-bevacizumab had been isolated. The purified PEG-
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bevacizumab was buffer exchanged to PBS (pH 7.4) using N ap-10 column for long- 

terni storage at 4 V . Using micro-BCA assay, the concentration o f the purified PEGio- 

bevacizumab was then calculated. Bevacizumab was used as a standard to make a 

calibration curve and a concentration of 0.193 mg/mL (1.0 mL) was obtained for 

PEGio-bevacizumab. The isolation yield for mono PEGio-bevacizumab was about 15.4 

% as 0.193 mg PEGio-bevacizumab was obtained from starting 1.25 mg bevacizumab. 

The lower yield of PEGio-bevacizumab was primarily due to the need to use two 

purification steps and the fact that multiple PEGylation products could be produced. 

The PEGylation and purification of bevacizumab using these conditions was performed 

5 times with similar yields being obtained.

21 mill, mono-PFG-bcvacizumab
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Figure 3.44 (A) lEX-SPHP purification on SEC fractions o f PEGylated bevacizumab, 
(B) and (C) SDS-PAGE gel of lEX fractions o f PEGylated bevacizumab. (B) Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-6), barium iodide (C, Lane 3) 
and silver staining (C, Lane 4). (B) Lane M: Protein standards. Lane I: Pooled SEC 
fraction o f PEGylated bevacizumab before lEX, Lane 2: lEX fraction at 18.5 min, Lane 
3: lEX fraction at 19 min. Lane 4: lEX fraction at 20 min. Lane 5: lEX fraction at 21 
min. Lane 6: lEX fraction at 21.5 min. (C) Lane 1: Bevacizumab, Lanes 2, 3 and 4: The 
purified PEGio-bevacizumab.
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To proteolytically digest PEG-bevacizumab, it was incubated with the IdeS 

enzyme. In a first attempt, the digestion was performed on PEG-bevacizumab, using 

1.77 pL of IdeS enzyme to 0.118 mg in 1.0 mL PEG-bevacizumab and 30 min 

incubation at 37 ^C. The digestion mixture was then evaluated using SDS-PAGE. 

Results in SDS-PAGE gel showed no band related to PEG-F(ab)2, however, the F(ab)2  

itself could be obtained. It was then thought that the conjugation of PEG mono-sulfone 

reagent 2 to bevacizumab might not be stable enough at this condition and during 

digestion with IdeS enzyme it was dissociated. It was then decided to treat the PEGio- 

bevacizumab with sodium triacetoxyborohydride (which is less toxic than NaBH4) 

before digestion. In principle, sodium borohydride (NaBfL) converts selectively 

aldehyde and ketone group to alcohol group [246]. It has no influence on ester and 

amide moieties in a molecule. So, it acts as a source of hydride to reduce the ketone 

group on the PEG linker conjugated to protein and convert a ketone to an alcohol which 

is more stable in the basic environment. So that, this reagent can be used to stabilize the 

conjugation of PEG reagent 2 to the protein. The PEGio-bevacizumab (0.2 mg/mL) was 

treated with sodium triacetoxyborohydride (25 mM) and incubated for 1.0 h at 4 ^C. 

Then, this sultion was buffer exchanged to sodium phosphate buffer (20 mM) EDTA 

(10 mM), pH 7.4 using Nap-10 desalting column to remove an excess NaBH4 . Then, 1.8 

pL IdeS enzyme was added and incubated at 37 for 30 min. The digestion solution 

was then evaluated by SDS-PAGE (Figure 3.45). Results showed that the digestion did 

not occur and even no F(ab)2  fragment produced. While a small amount of bevacizumab 

was observed at 150 kDa molecular weight marker in SDS-PAGE (Figure 3.45, Lanes 2 

and 3), the majority of PEG-bevacizumab remained intact. The reason could be the 

interference of the conjugated-PEG which might prevent interaction of the IdeS at the 

proteolytic site in bevacizumab.
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Figure 3.45 SDS-PAGE analysis of digestion of the purified PEGio-bevacizumab after 
NaBH4 treatment using IdeS enzyme. Novex Bis-Tris 4-12% gel stained with colloidal 
blue (Lanes M-2) and barium iodide staining (Lane 3), Lane M: Protein standards, Lane 
1: The purified PEGio-bevacizumab after NaBH4 treatment, Lanes 2 and 3: The 
digestion mixture o f PEG-bevacizumab using IdeS enzyme.

Immobilised papain was also examined to determine if PEG-bevacizumab could be 

proteolytically digested. Limitation for this approach included decrease proteolysis and 

the potential to produce multiple PEGylated species along with un-PEGylated 

fragments. SDS-PAGE analysis on papain digestion mixture o f PEGio-bevacizumab 

(Figure 3.46, Lane 2) suggested that PEG-Fab could be obtained by this method, 

however, the yield appeared to be low. The protein A column was used to purify the 

PEG-Fabbeva from digestion mixture. But a mixture of the Fabbeva and the PEG-Fabbeva 

were eluted from a protein A column (Figure 3.46, Lane 3). The yield of the purified 

PEG-Fabbeva was quite low (less than 10 %) based on observation on SDS-PAGE, 

compared with the directly PEGylation of Fabbeva
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Figure 3.46 SDS-PAGE gel o f digestion and purification of PEGio-bevacizumab using 
immobilised papain. Novex Bis-Tris 4-12% gel stained with barium iodide staining 
(Lanes M-3), Lane M: Protein standards, Lane 1: The purified PEGio-bevacizumab, 
Lane 2: The digestion mixture of PEG-bevacizumab using immobilised papain before 
protein A purification. Lane 3: The first fraction of digested PEG-bevacizumab after 
protein A purification.
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3.1.7 PEGylation o f  trastuzumab

Exploratory experiments were also conducted to PEGylate trastuzumab using PEG 

mono-sulfone reagent 2. Trastuzumab (1.25 mg/mL) first treated with DTT (6 mM, 1.0 

mg/mL) again to accomplish the full interchain disulfide reduction. Excess DTT was 

again removed using a PD-10 column. Scouting PEGylation reactions of trastuzumab 

were then conducted using PEG mono-sulfone reagent 2 (1, 2 and 4 eq, 10 kDa). 

Reactions were incubated for 3 h at ambient temperature. The PEGylation reaction was 

then evaluated by SDS-PAGE (Figure 3.47, Lanes 3-5).
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Figure 3.47 SDS-PAGE gel of PEGylation of trastuzumab. Novex Bis-Tris 4-12% gel 
stained with colloidal blue (Lanes M-5) and barium iodide staining (Lane 6), Lane M: 
Protein standards. Lane I: Trastuzumab (1.25 mg/mL), Lane 2: Trastuzumab treated 
with DTT (6 mM), Lane 3: The PEGylation reaction mixture o f trastuzumab (1.0 
equivalent of PEG 10 kDa), Lane 4: The PEGylation reaction mixture of trastuzumab 
(2.0 equivalents o f PEG 10 kDa), Lanes 5, 6: The PEGylation reaction mixture of 
trastuzumab (4.0 equivalents of PEG 10 kDa).

Using 4 equivalents o f PEG reagent 2, (Figure 3.36, Lanes 5 and 6) suggested that most 

of the reduced trastuzumab was PEGylated to give mono and di PEG-trastuzumab. Only 

trace trastuzumab was observed. These observations were consistent for the PEGylation 

of bevacizumab using the same conditions. However only the di and mono PEG- 

trastuzumab conjugates were observed. The mono PEG-trastuzumab was then purified 

from the reaction mixture by lEX chromatography.
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3.2 PEGylation of Fabs to produce Fab-PEG-Fab homodimers

Since molecules with lower valence have lower binding affinity towards their targets 

[157] there was a need to prepare bivalent PEG-Fab conjugates. To address the 

monovalency limitation of the PEGylated Fabs that had been produced, we used the 

new bis-alkylation PEG reagent 4 (Figure 3.48). This reagent 4 is similar to the PEG 

mono-sulfone reagent 2 except there is a conjugations moiety at each end of the PEG 

molecules. The PEG di(mono-sulfone) reagent 4 is the ‘active fonn’ of PEG di(bis- 

sulfone) reagent 3. Hence it is susceptible to hydrolysis. The PEG di(mono-sulfone) 

reagent 4 was prepared to undergo bis alkylation with two reduced-Fabs and generate 

the Fab-PEG-Fab conjugate (Figure 3.48).

PEGylate

PEG di(mono-sulfone) reagent 4 

Figure 3.48 Homodimer PEGylation of Fab using PEG di(mono-sulfone) reagent 4.

The pre-activated PEG di(mono-sulfone) reagent 4 was used in an effort to make 

Fab-PEG-Fab which was provided by PolyTherics company. This PEG reagent was 

stored as a solid at -20 and dissolved in distilled water at the time of PEGylation, 

similar to PEG mono-sulfone reagent 2. The purity o f this PEG reagent 4 in solution 

was approximately 90 % at the time o f its synthesis with the remaining amount of 

material being the PEG di(bis-sulfone) reagent 3 (H-NMR in Appendix I, B). However, 

it was found that the PEG di(mono-sulfone) 4 further decreased in impurity during 

storage at -20 and it hydrolysed after some period of time opposite o f PEG mono-
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sulfone reagent 2. Therefore there was a variation between PEGylation conversion and 

isolation yield for preparation of Fab-PEG-Fab. To evaluate structure-property 

correlations 6, 10 and 20 kDa PEG di(mono-sulfone) reagent 4 was used to make the 

Fab-PEG-Fab using Fabbeva and Fabrani- The 20 kDa reagent 4 was used to make the 

analogous homodimer from Fabtrast-

3.2.1 Preparation o f  PEG homodimer, Fab-PEG-Fab

The PEGylation was conducted with PEG di(mono-sulfone) reagent 4 in the same way 

as with PEG mono-sulfone reagent 2. It was hoped that Fab homodimer PEGylation 

would be similar to Fab mono-PEGylation, however, there were some concerns. 

Cyclisation and hydrolysis were the main concerns regarding the PEG di(mono-sulfone) 

reagent 4.

The Fabbeva (1-0 mg in 1.0 mL) was first treated with DTT (1.0 mg/mL) and 

excess DTT was removed by PD-10 column (Figure 3.49, Lane 2) as described for 

mono PEGylation of Fabbeva- Theoretically, 0.5 equivalent of PEG di(mono-sulfone) 

reagent 4 should be enough to conjugate to two Fabs and produce only Fab-PEG-Fab. 

However, both mono PEG-Fab and the derived homodimer Fab-PEG-Fab were 

observed (Figure 3.49, Lane 3). The reason for this could be the purity of the PEG 

reagent 4 that was made and/or because some of the PEG di(mono-sulfone) reagent 4 

may have undergone hydrolysis and therefore won’t have the active groups at both 

ends. Also, this reagent could have cyclised after its conjugation to the first Fabbeva- This 

cyclisation prevents conjugation of the second Fab and results in mono PEG-Fabbeva- 

Although, adding 1.0 equivalent of PEG can improve this conversion and produce more 

of the Fahbeva-PEG-Fahbeva (Figure 3.49, Lane 4) but still some mono PEG-Fabbeva was 

formed. The band at about 120 kDa in SDS-PAGE gel in Figure 3.49 corresponds to 

two Fabs conjugated to one PEG (10 kDa). PEG contributes 20 kDa into 120 kDa 

molecular weight band. Increasing the amount of the PEG reagent 4 (e.g 2.0 

equivalents) led to the formation of more of the mono PEG-Fabbeva (Figure 3.49, Lane

5). Similar range of PEGylation conversion to Fab-PEG-Fab conjugation was observed 

when smaller scale of PEGylation conducted with 0.1 mg/mL Fabbeva-
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Figure 3.49 SDS-PAGE gel of PEGylation of Fabbeva (EO mg/mL) using 10 kDa PEG 
di(mono-sulfone) reagent 4, Novex Bis-Tris 4-12% gel stained with colloidal blue 
(Lanes M-5) Lane M: Protein standard. Lane 1: Fabbeva- Lane 2: Fabbeva treated with 
DTT, Lane 3: PEGylation reaction mixture of Fabbeva with 10 kDa PEG reagent 4 (0.5 
eq). Lane 4: PEGylation reaction mixture of Fabbeva with 10 kDa PEG reagent 4 (1.0 
eq). Lane 5: PEGylation reaction mixture o f Fabbeva with 10 kDa PEG reagent 4 (2.0 
eq).

Since 1.0 equivalent of PEG di(mono-sulfone) reagent 4 displayed better 

PEGylation conversion to Fab-PEG-Fab construct, different molecular weights of PEG 

reagents 4 (6 and 20 kDa) were examined with 1.0 equivalent o f PEG (Figure 3.50, 

Lanes 3 and 4).

The band at about 140 kDa molecular weight marker in SDS-PAGE (Figure 

3.50, Lane 5) corresponds to Fabbeva-PEGzo-Fabbeva (2 x 50 (Fabs) + 2 x 20 (PEG) = 140 

kDa), as the PEG reagent appears as twice its molecular weight in an SDS-PAGE gel. 

Similarly, the band at about 120 kDa (Figure 3.50, Lane 4) represents the Fabbeva- 

PEGio-Fabbeva and the band at about 112 kDa represents the Fabbeva-PEGô-Fabbeva 

(Figure 3.50, Lane 3). In addition, bands at lower molecular weight at 60, 70 and 90 

kDa are consistent with the formation of the mono PEG-Fab adducts (Figure 3.50, 

Lanes 3, 4 and 5). It appeared that using 6.0 and 20 kDa PEG di(mono-sulfone) reagent 

4 resulted in a higher PEGylation conversion than the 10 kDa PEG di(mono-sulfone) 

reagent 4. This could be due to differences in the purity o f the PEG reagents 4.

15:



C h ap ter  3: P rep aration  o f  P E G y la ted  A n tib o d y  F ragm en ts

260 
160 —

  PEG2o-Fab, „ 3  (90 kDa)

Fab,_-PEG ,o-Fab,3,3(140 kDa)

'W

<#

: :  #  -

M 1 2 3 4 5

Figure 3.50 SDS-PAGE gel of PEGylation of Fabbeva using PEG di(mono-sulfone) 
reagent 4, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-5) Lane M: 
Protein standard, Lane 1: Fabbeva, Lane 2: Fabbeva treated with DTT, Lane 3: PEGylation 
reaction mixture o f Fabbeva with 6 kDa PEG reagent 4 (1.0 eq). Lane 4: PEGylation 
reaction mixture of Fabbeva with 10 kDa PEG reagent 4 (1.0 eq), Lane 5: PEGylation 
reaction mixture o f Fabbeva with 20 kDa PEG reagent 4 (1.0 eq).

Fabrani was then PEGylated with 1.0 equivalent of 6.0, 10.0 and 20 kDa PEG 

di(mono-sulfone) reagent 4. The reaction mixture from the PEGylation of Fabrani with 

the 20 kDa PEG reagent 4 is shown (Figure 3.51, Lane 3). As was hoped, the 

homodimer PEGylation conversion of Fabrani was similar to what was observed with 

Fabbeva since mono PEGylation conversion of Fabrani was similar to Fabbeva ■

260
160 ^  # # -<------  Fab,3,„-PEG,o-Fab,
no -  I  < PF;G,„-Fab„„,
80
50 —
50 -  #  _

40
30 ^
20 <------- Reduced-Fab
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M 1 2 3

Figure 3.51 SDS-PAGE gel of PEGylation of Fabrani using PEG di(mono-sulfone) 
reagent 4, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-3). Lane M: 
Protein standard, Lane 1: Fabrani, Lane 2: Fabrani treated with DTT, Lane 3: PEGylation 
reaction mixture o f Fabrani using 20 kDa PEG reagent 4 (1.0 eq).
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The PEGylation reaction mixtures of Fabbeva and Fabrani were then purified using 

a SPHP-IEX (1.0 mL) column followed by SEC chromatography. Since the PEGylation 

conversion to Fab-PEG-Fab appeared to be less than mono PEGylation of Fabs, two 

purification steps were required. The lEX purification method was similar to that used 

for the mono PEGylated-Fab. All the homodimers that were prepared were purified 

using the same methods.

The purification of Fabheva-PEGio-Fabheva is explained in details for an example. 

The PEGylation reaction mixture (1.0 mL) was buffer exchanged with lEX buffer A 

(pH 4.0) using N ap-10 column prior to purification. The lEX-SPHP (1.0 mL) column 

was prepared with lEX buffer A (10 min) and then I EX buffer B (10 min) and buffer A 

for the final 10 min. The linear elution gradient was used as described for the PEG- 

Fabbeva- The PEGylation reaction mixture (1.5 mL in buffer A) was then loaded onto the 

lEX-SPHP column.

200

2 1 -22 min, Fab-PEÜ

150-

23-25 m in, Fab-PEG -Fab

100-

2.0 min

27-31 min, unreacted-FabUnreacted-PEG

Figure 3.52 lEX chromatogram of reaction mixture of Fabbeva-PEGio-Fabbeva- Peak at 2 
min represent the unreacted PEG, peak at 21-22 min represents mono PEG-Fabbeva and 
peak at 23-25 min represents homodimer Fabbeva-PEG2o-Fabbeva- Peak at 27-31 min 
indicates unreacted Fabbeva-

lEX fractions at 21 -22 min were evaluated by SDS-PAGE and there was a band 

at about 90 kDa molecular weight marker that corresponded to the mono PEGio-Fabbeva 

(Figure 3.53, Lanes 3 and 4). The SDS-PAGE of lEX fractions at 23-25 min that 

displayed the band about 140 kDa molecular weight marker (Figure 3.53, Lanes 5 and

6) suggested the F abbeva- PEG2o-Fabbeva product. The lEX fractions at 26-31 min was 

thought to be non-PEGylated Fabbeva as observed in 50 kDa molecular weight marker 

(Figure 3.53, Lane 7). As expected, the mono PEG-Fabbeva eluted from the SPHP-IEX
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column before the Fahbeva-PEG-Fahbeva with lower sodium chloride concentration due to 

a weaker interaction with the cation exchange column. The homodimer Fah-PEG-Fah 

with two Fahs has a tighter interaction with the I EX eolumn and so required a higher 

salt concentration to elute from lEX eolumn.
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Figure 3.53 SDS-PAGE gel o f lEX fractions o f Fahbeva-PEGio-Fahbeva, Novex Bis-Tris 
4-12% gel stained with colloidal blue (Lanes M-10). Lane M: Standard protein marker, 
Lane I: The PEGylation reaction mixture of Fabbeva, (20 kDa, 1.0 eq) before lEX, Lane 
2: lEX fraction at 2 min. Lanes 3, 4: lEX fractions at 21 and 22 min (mono PEG-Fab), 
Lanes 5-7: I EX fractions at 23-25 min (20 kDa Fab-PEG-Fab), Lanes 8, 9: lEX 
fractions at 27 and 31 min (Unreacted Fab).

To ensure the Fahbeva-PEGio-Fahbeva was completely purified from non-PEGylated 

Fabbeva, the lEX fractions at 23 to 25 min were pooled (3.0 mL) and concentrated using 

vivaspin (2 min, 4000 x g) to 2.0 mL. This solution (2.0 mL) was then loaded onto a 

SEC column to further purify the Fabbeva-PEG2o-Fahbeva (Figure 3.54, A).

The SEC fractions were then collected at the peak which appeared at 60 mins. 

This material was consistent with being the Fabbeva-PEGio-Fabbeva (Figure 3.54, B, Lane 

2). The SDS-PAGE was stained with silver stain to detect any trace o f impurity in the 

solution. The silver staining of SEC fraction at 60 min, did not show any impurity in the 

F abbeva- PEG20- F abbeva, (Figure 3.54, B, Lane 2). The peak at 53 min that appeared as a 

shoulder to the peak at 60 min, was thought to be a trace di Fabbeva- PEG20- F abbeva 

(Figure 3.54, B, Lane 1) at a band above 160 kDa. The SEC fraction at 89 min was non

conjugated Fabbeva as expected.
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Figure 3.54 SEC chromatogram (A), and (B) SDS-PAGE of SEC fractions o f 20 kDa 
Fab-PEG-Fab, Novex Bis-Tris 4-12% gel stained with silver-staining (Lanes M-2). 
Lane M: Standard protein marker, Lane 1: Pooled lEX fractions (23-25 min) of mixture 
o f Fab-PEG-Fab (20 kDa) before SEC, Lane 2: SEC fraction at 60 min represents pure 
F abbeva"PEG20"F abbeva-

The SEC fractions from 59 min to 63 min representing the Fabbeva-PEGzo-Fahbeva 

were pooled (4 mL) and concentrated with vivaspin (4 min, 4000 x g) to give a 1.0 mL 

solution in the SEC buffer which was stored at 4 V . Using the same method of 

PEGylation and purification, the 6 and 10 kDa Fabbeva-PEG-Fabbeva were also prepared 

(Figure 3.56, Lanes 2 and 3). The silver staining (Figure 3.56, Lanes 7-9) for the 

purified 6, 10 and 20 kDa Fabbcva-PEG-Fabbeva suggested that the purification methods 

were efficient and there were no traces of impurities in the F abbeva- P EG - F abbeva 

products.

It was necessary to calculate an accurate concentration o f each construct to 

determine their binding affinity and biological activity. The concentration o f the 

Fahbcva-PEGio-Fabbeva was then calculated using the micro BCA assay. Fabbeva was used 

as a standard to produce a calibration curve (Figure 3.55). A concentration of 0.227 

mg/mL was calculated for purified F abbeva- PEG20- F abbeva using micro BCA assay 

(Table 3.8). From a starting amount of 1.0 mg Fabbeva, it was found that 0.227 mg 

Fabbeva-PEG2o-Fabbeva was purified giving an isolated yield o f 22.7 % for the conjugate. 

The PEGylation reaction to make Fahbeva-PEGô-Fabbeva and Fabbeva-PEG2o-Fahbeva was 

conducted about 12 times and isolated yield tended to be in the range of 5-20%. Yield 

was dependent on the purity PEG di(mono-sulfone) 4 that was supplied. The Fabbeva- 

PEGio-Fabbeva which was prepared about 10 times tended to be isolated at a lower yield 

(5-10%) compared to the other two Fab-PEG-Fab homodimers.
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Table 3.8 Micro BCA assay absorbance at 562 nm for Fab-PEG-Fab.

0 0

&25 0.097

12.5 0.173
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< 0.6

0.4 y = 0.0084X + 0.1147 
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Figure 3.55 Micro BCA assay using Fabbeva standard curve for Fabheva-PEG-Fabheva at 
562 nm.
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Figure 3.56 SDS-PAGE gel of the purified Fabbeva-PEG-Fabbeva (6, 10, 20 kDa), Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-3), barium iodide (Lanes 4-6) 
and silver staining (Lanes 7-9), Lane M: Protein standards, Lanes 1, 4, 1: The purified 
Fabbeva-PEGb-Fabbeva- Lanes 2, 5, 8: The purified Fabbeva-PEGio-Fabbeva- Lanes 3, 6, 9: 
The purified Fabbeva-PEGio-Fabbeva.

The 6, 10 and 20 kDa Fabrani-PEG-Fabrani conjugates were also prepared using 

PEG di(mono-sulfone) reagent 4. These homodimer conjugates were purified using the 

same methods as described for purification o f Fabbeva-PEGio-Fabbeva homodimers. 

Figure 3.57 shows the purified 6, 10 and 20 kDa Fabrani-PEG-Fabrani (Lanes 1-3). Silver 

stain detection after SDS-PAGE (Figure 3.57, Lanes 7 and 8) indicated there were no 

impurities observed in these conjugates and no initial Fab remained in the purified 

samples. PEGylation of Fabrani with PEG reagent 4 was conducted at least 5 times for 

each o f the three molecular weights that were studied. A similar isolated yield was in 

the range o f 7-20% was obtained for the Fabrani-PEG-Fabrani conjugates.
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Figure 3.57 SDS-PAGE gel of the purified Fabrani-PEG-Fabrani (6, 10, 20 kDa), Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-3), barium iodide (Lanes 4-6) 
and silver staining (Lanes 7-8), Lane M: Protein standards. Lanes 1, 4, 7: The purified 
Fabrani-PEGô-Fabrani- Lanes 2, 5: The purified Fabrani-PEGio-Fabrani, Lanes 3, 6, 8: The 
purified Fabrani-PEGzo-Fabrani-

To homodimer PEGylate the Fabtrast, the 20 kDa PEG di(mono-sulfone) reagent 

4 was used with the same method as for Fabbeva and Fabrani- To PEGylate, the Fabtrast 

(0.650 mg/mL) was first reduced with DTT (1.0 mg/mL) as before and excess DTT was 

then removed by PD-10 column. Into reduced-Fabtrast was added 1.0 equivalent of 20 

kDa PEG di(mono-sulfone) reagent 4 and incubated for 3.0 h at ambient temperature. 

After 3.0 h incubation, the reaction mixture was evaluated by SDS-PAGE and purified 

using lEX-SPHP (1.0 mL, 1.0 mL/min) column. Prior to loading the lEX column, the 

reaction mixture (1.0 mL) was again buffer exchanged with lEX buffer A (pH 4.0) 

using N ap-10 column. The reaction mixture (1.5 mL in buffer A) was then loaded onto 

the lEX column (Figure 3.58, A).

The lEX fraction at 19 min migrates in SDS-PAGE to a band at 140 kDa (Figure 

3.58, B, Lanes 6 and 14) which is consistent with the expected molecular weight of 

Fabtrast-PEG2o-Fabtrast- The lEX fractions from 16.5-18 min appeared at 90 kDa 

molecular mass marker in SDS-PAGE (Figure 3.58, B, Lanes 4 and 5) corresponded to 

mono PEG2o-Fabtrast- The lEX peak at 22 min, was thought to be non-conjugated Fabtrast, 

however, it was too diluted to appear in SDS-PAGE stained with colloidal blue.

The lEX fraction at 19 min appeared to be essentially pure Fabtrast-PEG-Fabtrast as 

could be ascertained by SDS-PAGE (colloidal blue and barium iodide detection). This 

fraction was then buffer exchanged to PBS (pH 7.4) using a N ap-10 column for long
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tenn storage at 4 ®C. The concentration o f  the purifed Fabtrast-PEGio-Fabtrast was then 

calculated using micro BCA assay. From a starting amount o f  1.0 mg Fabtrast, it was 

found that 0.1 mg Fabtrast-PEGio-Fabtrast was purified giving an isolated yield o f  10 % 

for the conjugate. This yield was lower than that for Fabbeva-PEGio-Fabbeva (20%) 

because only lEX fraction at 19 min was selected as a pure product. The PEGylation of  

Fabtrast to make the Fab homodimer was conducted 5 times at a 1.0 mg scale and the 

isolated yield was in the range o f 5-10%.
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Figure 3.58 1EX-SPHP chromatogram (A), and (B) SDS-PAGE o f lEX fractions o f  
Fabtrast-PEGio-Fabtrast, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M- 
9) and barium iodide (Lanes 10-15). Lane M: Standard protein marker, Lanes 1, 10: The 
PEGylation Fabtrast (20 kDa, 1.0 eq PEG) reaction mixture before lEX, Lane 2: lEX 
fraction at 14.8 min. Lanes 3, 11: lEX fractions at 15.8 min. Lanes 4-12: lEX fractions 
at 16.8 min. Lanes 5-13: I EX fractions at 18.5 min. Lanes 6-14: lEX fractions at 19.0 
min. Lanes 7-15: lEX fractions at 19.5 min. Lane 8: lEX fractions at 20.5 min. Lane 9: 
lEX fractions at 21.5 min.
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DLS analysis was conducted on freshly purified Fabbeva-PEG2o-Fabbeva- The 

solution was first filtered using a 0.2 pm filter to remove small particles which may 

interfere with the DLS measumient (Figure 3.59, B). DLS measurments were also 

obtained for bevacizumab (Figure 3.59, A). A particle size o f 12.66 nm was measured 

for the Fabbeva-PEG2o-Fabbeva (Table 3.9), whereas an avarage particle size o f 11.37 nm 

was measured for bevacizumab (Table 3.9) and 9.02 nm for Fabbeva (Table 3.6). Since 

DLS analysis calculates the hydrodynamic diameter of a spherical particle, the 

similarity of the Fabbeva-PEG2o-Fahbeva (12.66 nm) particle size to bevacizumab's 

particle size (11.37 nm) suggested a similar spherical particle shape structure for the 

Fabbeva-PEG2o-Fabbeva and bevacizumab. This observation helped to understand the 

relative binding affinity between homodimer Fab-PEG-Fab and bevacizumab that is 

discussed in Chapter 4.
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Figure 3.59 DLS analysis of (A) bevacizumab, (B ) Fabbeva-PEG2o-Fabbeva-

Table 3.9 An average DLS analysis on bevacizumab and Fabbeva-PEG2o-Fabbeva from 
two analysis.

Bevacizumab 11.37 0.09
F abbeva” PEG2 0-F abbeva 12.66 0.17
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3.2.2 Stability study on Fahbeva-PEG-Fahbeva

To investigate the stability of the conjugation of the PEG di(mono-sulfone) reagent 4 

with two Fabs under harsh conditions and also understand whether PEG reagent 4 was 

conjugated to the Fabs via the interchain disulfide bond, the purified Fabbeva-PEGio- 

Fabbeva was treated with DTT (1.0 mg/mL, 30 min) and then heated (80 for 10 min). 

If the conjugation site of the PEG molecules to the Fabbeva was not on the interchain 

disulfide bond, then the intact disulfide bond could be reduced when exposed to DTT. 

The Fabbeva-PEG2o-Fahbeva treated with DTT only (Figure 3.60, A, Lane 2), showed no 

reduction and no light and heavy chains at 25 kDa in SDS-PAGE gel. This suggested 

that there was no intact interchain disulfide bond in the Fabbeva-PEGio-Fabbeva construct 

to be reduced in the presence of DTT. However, the light and heavy chains were 

observed at 25 kDa molecular mass marker (Figure 3.60, A, Lane 3) when the Fabbeva- 

PEGzo-Fabbeva treated with DTT and then heated. This observation (Figure 3.60, A, 

Lane 3) suggested that conjugation of the PEG reagent 4 to the Fabs was not stable 

under heat at 80 ^C, in contrast with the PEG mono-sulfone reagent 2 conjugation to the 

Fabs. However, the Fab-PEG-Fab conjugates were stable during storage in PBS (pH 

7.3) at 4 for an approximate 3 month as no de-PEGylation was occurred based on 

observation by SDS-PAGE gel.

To stabilize the conjugation of the PEG di(mono-sulfone) reagent 4 to the Fabs 

under harsh conditions at 80 ^C, NaBH4 treatment was examined. As described before, 

NaBH4 treatment sometimes is required in order to stabilize the PEG reagent 

conjugation to proteins when harsh conditions are used, however, it was not a case for 

the PEG mono-sulfone reagent 2 conjugations to the Fabs under conditions at 80 ^C. It 

was thought that the ketone group in PEG di(mono-sulfone) reagent 4 might be 

hydrolyzed under heating and then become dissociated from its conjugation site. It was 

found that the Fabbeva-PEGzo-Fahbeva treated with NaBH4 became stable with DTT and 

heating (Figure 3.60, B, Lanes 7 and 8) and no de-PEGylation observed.
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Figure 3.60 SDS-PAGE analysis of the DTT and heat over Fahbeva-PEGio-Fabbcva- 
Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-8), A and B; Lane M: 
Protein standards, Lanes I and 5: The purified Fahbeva-PEGio-Fahbeva without any 
treatment. Lane 2: The DTT treated Fahbeva-PEGzo-Fahbeva, without heat, Lane 3: The 
DTT and heat-treated Fahbcva-PEGio-Fabbcva, ^^ne  6: The Fabbeva-PEGzo-Fahbeva after 
NaBFl4 treatment. Lane 7: The DTT treated Fahbeva-PEGio-Fahbeva after NaBH4 

treatment without heat. Lane 8: The DTT and heat-treated F abbeva- P EG20- F abbeva after 
NaBFl4 treatment.

3.3 PEGylation o f Fabbeva and Fab*trast to produce Fabbeva-PEG-Fab*trast

Beside monovalency o f the Fab fragment, mono specificity o f the Fab needed to be 

investigated. To prepare the bispecific antibody fragment (Fab-PEG-Fab*) with two 

clinically relevant Fabs, the Fabbeva and Fabtrast were selected since VEGF and HER-2 

signalling pathways are related together [247].

The approach used in this work, was to use PEG di(mono-sulfone) reagent 4 to 

conjugate two different Fab fragments in a stepwise PEGylation. It was thought that by 

using 5 equivalents of the PEG di(mono-sulfone) reagent 4 to PEGylate the Fabbeva, the 

majority o f the Fabbeva would be PEGylated to mono PEG-Fabbeva rather than Fabbeva- 

PEG-Fabbeva. By separating the mono PEG-Fabbeva from the reaction mixture, it would 

be possible to conjugate this to the free thiols available in reduced-Fab*trast and produce 

Fabbeva-PEG-Fab*trast- Flowever, the concern over hydrolysis and cyclisation o f the PEG 

di(mono-sulfone) reagent 4 still remained.
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5.3.1 Preparation o f  PEG heterodimer Fabbeva-PEG-Fab *trast

The Fabbeva (10  mg/mL, 1.0 mL) was first reduced with DTT (1.0 mg/mL) during 30 

min incubation and then excess DTT was removed from the solution using a PD-10 

column. Into 1.0 equivalent of reduced-Fabbeva, 5 equivalents of PEG di(mono-sulfone) 

reagent 4 (20 kDa, 5 equivalent) was added and incubated for 3 h at ambient 

temperature (Figure 3.61, Lane 1). The PEGylation reaction mixture was then purified 

using SPFIP-IEX column applying similar elution gradient and buffers as explained 

previously (Figure 3.61, A). The lEX fractions were collected (1.0 mL at each min) and 

then loaded onto SDS-PAGE (Figure 3.61, B). The lEX fraction at 19 and 20 min 

indicated the most purified mono PEGzo-Fahbeva as it showed a band at about 90 kDa 

molecular weight in SDS-PAGE (Figure 3.61, B, Lanes 6 and 7). These lEX fractions 

(19 and 20 min) were then pooled and concentrated using vivaspin (4000 x g, 3 min) to

1.0 mL solution. The approximate concentration of this solution was estimated using 

UV at 280 nm, however, using UV did not give an accurate value for PEGylated 

fragments. An approximate concentration of 0.23 mg/mL was considered for mono 

PEG-Fabbeva (1.0 mL). The Fab*trast (0.2 mg/mL) was then reduced with DTT (1.0 

mg/mL) and after removal of DTT with PD-10 column, was added (3.3 mL) to the 

mono PEG-Fabbeva (1 0  mL) solution and incubated for 3 h at ambient temperature and 

then 12 h at 4 ^C.
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Figure 3.61 lEX-SPHP chromatogram (A), and (B) SDS-PAGE of lEX fractions of 
PEGylation of Fabbeva (5.0 eq PEG reagent 4), Novex Bis-Tris 4-12% gel stained with 
colloidal blue (Lanes M-9) and barium iodide (Lanes 10-17). Lane M: Standard protein 
marker, Lane 1: The reaction mixture of PEGylation o f Fabbeva (20 kDa, 5 eq PEG) 
before lEX, Lanes 2, 10: I EX fraction at 3.0 min. Lanes 3, 11: lEX fractions at 16.2 
min. Lanes 4-12: lEX fractions at 17.0 min. Lanes 5-13: lEX fractions at 18.0 min, 
Lanes 6-14: lEX fractions at 19.0 min, Lanes 7-15: I EX fractions at 20.0 min. Lanes 8, 
16: lEX fractions at 21.0 min. Lanes 9, 17: lEX fractions at 22.5 min.

The heterodimer reaction mixture (Figure 3.62, B, Lane 1) was then purified 

using SPHP-IEX column followed by SEC column. Using lEX (Figure 3.62, A) was 

thought to be useful to separate heterodimer from non-reacted mono PEG-Fab, 

however, non-reacted Fab* could be eluted with the Fab-PEG-Fab*. Using SEC (Figure 

3.62) on the collected lEX fractions was used to remove the remaining non-reacted 

Fab*. The lEX fractions (Figure 3.62, B) were evaluated by SDS-PAGE. The lEX 

fractions at 19.7 and 20.5 min migrate to about 140 kDa molecular mass marker in
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SDS-PAGE (Figure 3.62, B, Lanes 4 and 5) and corresponds to the Fabbeva-PEGio- 

Fab*trast construct, similar to what was observed for homodimer Fab-PEGzo-Fab 

conjugate. The lEX fraction at 18 min migrates to above 90 kDa molecular weight 

marker (Figure 3.62, B, Lane 2) and represents mono PEGzo-Fabbeva that remained non- 

reacted in the solution. Most of the reduced-Fab*trast were remained non-reacted in the 

reaction solution as observed in SDS-PAGE (Figure 3.62, B, Lanes 6 and 14). SEC 

purification was performed on the lEX fractions (19.7 + 20.5 min), to remove non- 

reacted Fab*trast (Figure 3.63, A).

SEC fractions were collected (1.0 mL at each min) and evaluated by SDS-PAGE 

(Figure 3.63, B). SDS-PAGE was stained by silver staining to detect small traces of 

protein. The SEC fraction at 59 min (Figure 3.63, A) appeared at about 140 kDa 

molecular weight in SDS-PAGE (Figure 3.63, B, Lanes 9 and 18) indicated the Fabbeva- 

PEG2o-Fab*trast- The SEC retention time for the heterodimer (59 min) was similar to the 

retention time observed for purified homodimer Fab-PEG-Fab, at 60 min. In addition, 

SEC fraction at 89 min (Figure 3.63, A) indicates the non-reacted Fab*trast.

The amount and volume of purified Fabbeva-PEG-Fab*trast was not enough to 

conduct a micro BCA assay to calculate the concentration and yield. Based on 

observation in SDS-PAGE gel (Figure 3.62, Lane 1), it appeared that this amount was 

very low. The silver-staining, however, did not show impurities in the Fabbeva-PEG- 

Fab *trast- While synthesis of the heterodimer Fabbeva-PEGzo-Fab*trast could only be 

achieved one time out of 6 attempts, it was possible to make the heterodimer Fab-PEG- 

Fab* conjugate that preserve binding to HER-2 and VEGF (Chapter 4). Several efforts 

were made to reproduce and improve heterodimer PEGylation using PEG di(mono- 

sulfone) 4 by changing conditions such as pH, increasing PEGylation time to 3 days at 4 

^C and decreasing the volume of PEGylation reaction. Unfortunately, none of these 

efforts worked because the PEG di(mono-sulfone) reagent 4 underwent cyclisation after 

first PEGylation and avoid conjugation to the second Fab*. Certainly there is a need to 

improve the chemistry and purity of this PEG reagent for further work to make a 

bispecific antibody fragments.
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Figure 3.62 l E X - S P H P  chromatogram (A), and ( B )  S D S - P A G E  of l E X  fractions of 
F a b b ev a -P E G -F a b * tra st, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-
8) and barium iodide (Lanes 9-16). Lane M: Standard protein marker, Lanes 1, 9: The 
reaction mixture of F a b b eva-P E G -F ab *trast (20 kDa P E G )  before l E X ,  Lanes 2, 10: l E X  

fraction at 18.0 min, Lanes 3, 11: l E X  fractions at 19.0 min. Lanes 4-12: l E X  fractions 
at 19.7 min. Lanes 5-13: lE X  fractions at 20.5 min. Lanes 6-14: I E X  fractions at 21.0 
min. Lanes 7-15: lE X  fractions at 22.0 min. Lanes 8, 16: l E X  fractions at 23.8 min.
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Figure 3.63 SEC chromatogram (A) and (B) SDS-PAGE of SEC fractions of Fabbeva- 

P E G -F a b * tra st mixture, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M -

9) and silver staining (Lanes 10-18). Lane M: Standard protein marker, Lanes 1, 10: 
The pooled lEX fractions at 19.7 and 20.5 min before SEC, Lanes 2, 11: SEC fraction 
at 53.5 min. Lanes 3, 12: SEC fractions at 56.5 min. Lanes 4-13: SEC fractions at 57.5 
min, Lanes 5-14: SEC fractions at 58.5 min. Lanes 6-15: SEC fractions at 59.5 min. 
Lanes 7-16: SEC fractions at 60.5 min. Lanes 8, 17: SEC fractions at 61.5 min. Lanes 9, 
18: Combined and concentrated SEC fractions from 56.5-61.7 min.

3.4 Summary

Bis-alkylation PEG reagents 2 and 4 were used to conjugate PEG to Fabs at their 

interchain disulfide bond. Several PEG-Fab conjugates were prepared in an effort to 

determine structure-property correlations related to the binding properties of the 

conjugate. To compare binding with an IgG and with the unconjugated Fab, it was 

necessary to obtain the Fabs by the proteolytic digestion of their parent IgGs. 

Bevacizumab and trastuzumab were digested with immobilized papain to obtain their 

respective Fabs. Ranibizumab is a clinically used Fab and was thus the direct source of 

Fabrani, which was also PEGylated. Using 2 equivalents o f the PEG mono-sulfone 2
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gave a near quantitative conversion for the PEGylation to give the mono PEG-Fabs. 

Control reaction conducted on non-reduced native Fab with 2 equivalents PEG mono- 

sulfone 2 did not show any PEGylation. The PEG-Fabs were purified using a single 

lEX chromatographic step. A silver staining indicated no impurities in the purified 

PEG-Fab solutions. The isolated yields for PEG-Fabbeva, PEG-Fabrani and PEG-Fabtrast 

were all about 65% (Table 3.10). A F(ab ) 2  fragment was also prepared from 

bevacizumab by proteolytic digestion using IdeS. Using F(ab ) 2  it was possible to 

prepare the PEG 2 -Fab' conjugate. Two PEG molecules were conjugated on the Fab', 

one on the thiols at the interchain disulfide and the other at the two cysteines on the 

heavy chain in hinge region. The PEG-Fab conjugates were stable during a 3 months 

stability study at 4 with no de-PEGylation.

PEGylation o f the full IgGs was also examined. There are at least 4 interchain 

disulfide bonds in each IgG so it was clear that many potential products could be 

generated. After some exploratory experiments to evaluate reduction conditions, both 

bevacizumab and trastuzumab were treated with DTT and then incubated with PEG 

mono-sulfone 2 (4 eq). As expected, multiple PEGylated products were observed by 

SDS-PAGE and purification o f the mono PEG-IgG conjugate required two purification 

steps (SEC followed by lEX) to achieve some semblance o f purity. Some effort was 

made to proteolytically digest the PEGylated bevacizumab in the hope to obtain PEG- 

F(ab)2 , but this was not possible.

Homodimer Fab-PEG-Fab conjugates were also prepared. These molecules were 

made by the conjugation o f two Fab molecules, one to each end o f a PEG molecule 

using PEG reagent 4. Different molecular weight o f 6, 10 and 20 kDa o f the PEG 

di(mono-sulfone) reagent 4 were used. Purification o f the conjugates was achieved 

using two purification steps (lEX followed by SEC). A silver staining on the purified 

Fab-PEG-Fab homodimer did not show trace o f impurities. For comparative binding 

studies, three homodimer molecules were obtained using Fabbeva (Fab-PEG-Fab 6, 10 

and 20 kDa PEG). The analogous conjugates were also made using Fabrani- The 20 kDa 

Fabtrast-PEG2o-Fabtrast was also prepared. The isolated yields for these homodimer PEG 

conjugates were in the range o f 5-20% (Table 3.10) for the conjugates derived from 

Fabrani and Fabbeva, and about, 5-10 % for FabtrasrPEG2 0-Fabtrast-

Using stepwise PEGylation, the Fahbeva-PEG2o-Fab*trast was prepared by 

conjugation o f the PEG di(mono-sulfone) reagent 4 to the Fab interchain disulfide bond. 

This heterodimer Fab-PEG-Fab* was then purified using lEX followed by SEC. While
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the amount and volume of purified Fab-PEG-Fab* was not enough to use micro BCA 

assay, it was possible to use PEG reagent 4 to conjugate two different Fabs. However, 

further improvement in the chemistry and purity of the PEG reagent 4 is required to 

increase the production of the heterodimer Fab-PEG-Fab*.
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Table 3.10 Summary of the PEGylated products that were prepared. (★ = from 
digestion).

PEG 1 o-bevacizumab 5 15

F abbeva >50 70^

PEGio-Fabbeva >10 65

PEGso-Fabbeva 3 65

PEG40-Fabbeva 3 65

PEG20-Fabrani 7 65

PEG2x20-Fab'beva 4 36

PEG2x30-Fab'beva 4 36

F abbeva" PEGb“F abbeva 12 5-20

F abbeva" P EG 10” F abbeva 10 5-10

F abbeva" PEG2O" F abbeva 12 5-20

Fabrani-PEG6"Fabrani 7 7-20

F abrani" PEG 1()"F abrani 5 5-20

Fabrani"PEG20"Fabran. 7 7-20

F abtrast 7 2 5 ^

PEG20" Fabtrast 5 65

F abtrast” PEG20"F abtrast 5 5-10

PEG 1 o"trastuzumab 2 ND

Fabbeva"PEG20"Fab*trast 6 attempts 

(Once worked)

ND
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Chapter 4: Binding Affinity and Functional 

Activity Studies
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Part A: Binding Affinity Studies
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4 Binding Affinity and Functional Activity Studies

4.1 Introduction to part A

The affinity o f a mAh with its antigen has a major effect on the biological activity of the 

antibody [248, 249]. The terms affinity and avidity are two important parameters that 

are used to describe the binding properties of mAbs. These terms are related but can be 

easily confused. Affinity is a thermodynamic term that donates the strength of the 

binding interaction between a single region of a mAbs and a single antigen [248]. It is 

related to the extent of the formation of the complex (AB) between interacting proteins, 

in this case a mAb (A) and its antigen (B) (Figure 4.1). Affinity is often expressed as Kd 

or the equilibrium dissociation constant. It can also be calculated as Ka or equilibrium 

association constant. Ka and Kd are both thermodynamic parameters (Figure 4.1) [250, 

251]. Affinity can be influenced by pH, temperature and solution composition [251]. 

The affinity of IgG antibodies can be in the micormolar to subnanomolar range [251].

[AB]
ka Ka= ka /  kd =

A + B   ̂ > a b  [A].[B]
k.y

Kd= kd / ka =
[A].[B]

[AB]

Figure 4.1 Affinity can be expressed as Kd or Ka [252, 253].

Avidity is related to binding cooperativity and is related to the valency of a 

binding molecule and it is also related to the sum of binding of two molecules to one 

another at multiple sites. Avidity is mainly referred to the stability of the interaction 

between antibody and antigen as a whole molecule. It can be measured by the ftmctional 

activity of a bivalent antibody bound to a multivalent antigen and is called ‘functional 

affinity’ [248, 251]. The functional affinity was first called ‘apparent affinity’ by 

Karush in 1978 [254, 255]. It was proposed that functional affinity could be calculated 

with the same methods as used for intrinsic affinity by measuring the bound and free 

antibody at a series of antibody concentrations [254]. In contrast, it has been reported 

that when an IgG binds to an antigen which is located on the cell surface, the functional 

affinity may not adequately describe the interactions between the IgG and its antigen 

because the dissociation rate of antibody from antigen could be heterogenic. Some 

antibodies (minority) could bind monovalently and therefore dissociate relatively faster
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compared to the majority of antibodies that bound bivalently and dissociate more 

slowly. In addition, it was found that the functional affinity could be different for these 

monovalently binding IgGs at different experimental conditions depending on the 

volume of incubation [255, 256]. It was sometimes not possible to determine a single 

functional affinity value for these antibodies.

A Fab is monovalent and the binding of an IgG antibody is bivalent. The binge 

region in the IgG is flexible. After one Fab in an IgG is bound to an antigen, the binding 

of the second Fab will be enhanced if another available antigen is nearby. The Fab- 

PEG-Fab bomodimers were prepared to examine if binding could be increased 

compared to the PEG-Fab conjugates. These Fab-PEG-Fab bomodimers bad a random 

coil, flexible PEG molecule between each Fab molecule. These conjugates were 

prepared using the PEG di(mono-sulfone) reagent 4. It was thought that it might be 

possible that conjugation of a Fab to each terminus of a PEG molecule would allow the 

Fab moieties to interact cooperatively during binding. The end groups in polymers are 

thought to often be close together in solution and move more frequently than the other 

parts of a polymer [159, 257]. To determine the structure-property correlations of the 

homodimer Fab-PEG-Fabs, it was necessary to determine their binding affinities and 

their dissociation and association rates compare to the full IgG. There are different 

methods to determine protein-protein interactions and the binding affinity o f an 

antibody including ELISA (enzyme linked immunosorbent assay) [258], SPR 

techniques (surface plasmon resonance) [259], affinity chromatography [258], 

isothermal titration calorimetry (ITC) [260] and fluorescence correlation spectroscopy 

[261].

ITC measures the heat change that occurs during complex formation o f an 

antibody and ligand in solution at constant temperature [260, 262]. ITC is considered 

the only method that can directly measure the binding equilibrium and thermodynamic 

properties of protein-protein interactions in the solution. Heat is measured when one 

binding partner is titrated with the other binding partner in solution. With the ITC 

experiment, the association binding constant (K a ) , the stoichiometry (n) of binding and 

the enthalpy (AH) can be directly calculated from one experiment [262, 263]. However, 

the ITC experiment requires a very high concentration o f the protein compared to 

methods such as ELISA and SPR [263]. For instance, the binding affinity of human 

single chain Fv fragment to human fibroblast growth factor 2 (FGF-2) was determined 

by ITC. The hFGF-2 (30-40 pM) was titrated with scFv (400-600 pM) at 25 ®C [264]
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and binding affinity, AH, AG and AS of the interaction were determined. Some effort to 

conduct an ITC experiment was made to measure the binding equilibrium properties of 

some the PEGylated products with VEGF. Starting with bevacizumab as control it 

quickly became apparent that the amount of VEGF needed was going to be excessive 

and very expensive. In an initial experiment VEGF (0.18 pM in sample cell, 1.4 mL) 

was titrated with bevacizumab (8.3 pM, 5 pL injection for 20 times) at 25 ^C. However, 

it was found that even this amount of VEGF was too low to obtain an adequate signal 

when allowed to interact with bevacizumab and a minimum of 3.0 pM VEGF was 

required. Sourcing this much VEGF was not at all possible.

SPR is a non-labeling technique that allows measurement of protein-protein 

interactions such as antibody-antigen interactions in real time. One of the interacting 

molecules is immobilised onto a sensor chip and the other molecule is allowed to flow 

over the functionalised sensor chip. The sensor chip is made up with glass and covered 

with an approximately a 50 nm thick layer of gold that causes conductivity. The light 

source is a light-emitting diode (LED) at 760 nm with a bandwidth of approximately 15 

nm [265]. The free electrons at the surface of the sensor chip can absorb the incident 

photons during the SPR phenomenon [265] and conducts the signal to the detector 

(Figure 4.2) [253,265].

BIAcore (Biomolecular Interaction Analysis) is a commercial SPR instrument 

used to measure the molecular interactions between two molecules [253, 266]. The 

sensor chip is at the centre of the BIAcore system which provides the physical 

conditions necessary to generate the SPR signal (Figure 4.2) [267]. The glass of the 

sensor chip and the sample solution together make the media in the BIAcore [268].

Carboxymethylated (CM) dextran coated gold chips are widely used to 

immobilise one of the interacting molecules. Immobilisation is accomplished by 

carbodiimide coupling to forms an amide bond between a dextran carboxylate and an 

amine from the molecule of interest. The carboxymethylated dextran is a flexible 

unbranched carbohydrate polymer that form a thin layer of approximately 100 nm 

above the sensor surface and 0.2 % of the height of the flow chamber [252, 269].
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Figure 4.2 Production of the SPR signal, reproduced from [268].

The term ‘analyte’ is applied to the interaction partner that is in the solution that 

flows over the chip surface that has been immobilised with the ‘ligand’. The analyte 

binds directly to the ligand [253]. A binding response is therefore generated from 

binding of analyte to the immobilised ligand. Two major parameters are involved in the 

binding measurement; the transport of analyte from solution to the dextran layer and 

transport o f analyte within the dextran layer [269].

The binding response is related to the mass changes on the chip surface which 

results in changes in the measured intensity of the refractive index [253, 265]. This 

response can be detected to a few picograms per square millimetre on the sensor 

surface. This small surface area is proportional to the concentrations o f the immobilised 

ligand in the range of pico to nanomolar. The resulting plot is known as a sensogram 

and it involves three different steps (Figure 4.3), association, dissociation and 

regeneration. The period during which analyte is being injected into the media flowing 

over the sensor chip is called the ‘association phase’ and the period where there is no 

analyte present in the media flowing over the sensor chip and only buffer is running 

over is called ‘dissociation phase’ [253] (Figure 4.3). The dissociation phase allows the 

complex to dissociate. The regeneration step allows removal of remaining bound 

analyte from the chip surface without causing any damage to the immobilised ligand. 

The regeneration step also prepares the chip for a new analysis cycle. Using BIAcore
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allows kinetic parameters for association and dissociation rates of antibody-antigen 

interaction to be measured [253, 269-271].

R esonance 
signal (kPU)

D isso c ia tio n

K inetics
R egenera tion

1 2 . Concentration

100 200 300 400 500 600
Time (s)

Figure 4.3 Typical BIAcore sensogram, reproduced from [272].

ELISA is another widely used technique that can be used to detennine antibody 

affinity. It is a relatively fast and simple method that only requires small quantities of 

the proteins of interest (e.g. antibody and ligand) [273, 274]. However, there are some 

disadvantages associated with ELISA when compared with BIAcore. ELISA is an end

point technique, which means that the results o f an ELISA assay can be seen only after 

the final step. Results in BIAcore can be monitored at each step during binding, which 

allows calculating association and dissociation constant rates. ELISA also requires an 

additional step of using a secondary reagent to measure the amount o f antibody that is 

bound to antigen, whereas no labelling is required in BIAcore [275]. ELISA is used 

with relatively high affinity antibodies because antibody-antigen complex needs to be 

maintained during both the incubation and washing steps [258], whereas BIAcore can 

detect low affinity molecules as well as high affinity antibodies [276].

ELISA and BIAcore were used as two methods to measure the binding affinities 

o f the purified molecules whose preparation is described in Chapter 3. In much o f this 

project, VEGF (the ligand) was immobilised onto the chip surface for BIAcore 

measurement or coated on the plate for ELISA measurement while measuring the 

binding of bevacizumab and its PEGylated analogues as an analyte.

As was described in Chapter 3, Fabbeva and Fabtrast were obtained by 

proteolytically digesting bevacizumab and trastuzumab. Their purified fragments are 

shown in Figure 4.4, A. Lanes 3 and 10. It was necessary to determine the binding
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affinity of these Fabs to understand if their antigen-binding properties were retained 

after the digestion and purification processes. Afterwards, these Fabs along with Fabrani 

were PEGylated at their interchain disulfide bond. The purified PEG-Fabbeva derived 

with three different molecular weights of PEG mono-sulfone 2 (20, 30 and 40 kDa) are 

shown in Figure 4.4, A. Lanes 4-6. The purified PEGio-Fabrani and PEGio-Fabtrast are 

also shown in Figure 4.4, A. Lanes 9 and 11. The aim was to determine the binding 

affinity and kinetic constant rates of these purified PEG-Fab conjugates to study the 

effect o f disulfide bridging PEGylation on binding strength of the parent Fab. In 

addition, Fab'beva was also PEGylated with two PEG reagents 2 (20 kDa) (Figure 4.4, A. 

Lane 7) to compare its binding kinetics with the mono PEGzo-Fabbeva. Bevacizumab and 

trastuzumab were also PEGylated and the binding affinity of PEGio-bevacizumab 

(Figure 4.4, A, Lane 2) was studied in BIAcore to evaluate the effect of PEGylation on 

the binding of bevacizumab.

The homodimer of Fahbeva-PEG-Fahbeva (Figure 4.4, B, Lanes 1, 2 and 3) and 

Fabrani-PEG-Fabrani (Figure 4.4, B, Lanes 4, 5 and 6) were prepared with three molecular 

weights o f the PEG di(mono-sulfone) reagent 4, 6, 10 and 20 kDa, and Fabtrast-PEG- 

Fabtrast with 20 kDa PEG di(mono-sulfone) reagent 4, was prepared (Figure 4.4, B, Lane 

7). The structure-property correlations between different molecular weights of the 

homodimer Fab-PEG-Fabs were compared with the full IgG using BIAcore and ELISA. 

It was hoped that the homodimer Fab-PEG-Fabs display binding properties comparable 

to the full IgG. It was also thought that using different molecular weights of the PEG 

reagent 4 in the homodimer construct may display different binding properties.

In addition, the heterodimer Fabbeva-PEG2o-Fab*trast was prepared (Figure 4.4, B, 

Lane 8) from the Fabbeva and Fabtrast using the PEG di(mono-sulfone) reagent 4. It was 

hoped that using BIAcore, the binding of this heterodimer could be determined and 

preserved with its perspective ligands. Table 4.1 is a summery table of all the 

constructs, which were prepared in Chapter 3 and their binding affinity determined in 

this chapter either by ELISA or BIAcore.
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Table 4.1 List o f the molecules and the purified PEGylated constructs that were used in 
BIAcore and ELISA binding studies.

Bevacizumab P E G .o - F abbeva PFGzo-Fabbeva
Fabbeva-PFGb-

F abbeva
bevacizumab

PFGjo-Fabbeva

P F G 40-F  abbeva
Fabbeva" P F G 10-

Fabbeva"PFG20-

P F G 2x20-
F ab be va

Fabbeva-PFG^o" 
F abbeva

Fab*trast

Trastuzumab F abtrast PFGiQ-Fabtrast Fabtrast-PFGiQ"
F abtrast

Ranibizumab PFGio-Fabran,
Fabrani-PFGb-

F abrani

Fabrani-PFG io-

F abrani
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Figure 4.4 SDS-PAGE analysis of the purified constructs listed in Table 4.1, Novex 
Bis-Tris 4-12% gel stained with colloidal blue (Lanes M -11 (A) and M-8 (B)). (A) Lane 
M: Protein standard, Lane 1: Bevacizumab, Lane 2: The purified PEGio-bevacizumab. 
Lane 3: Fabbeva, Lanes 4-6: The purified 20, 30 and 40 kDa PEG-Fabbeva, Lane 7: The 
purified PEGixio-Fab'beva, Lane 8: Fabrani, Lane 9: The purified PEGzo-Fabrani, Lane 10: 
Fabtrast, Lane 11: The purified P E G io-F abtrast- (B) Lane M: Protein standard. Lanes 1-3: 
The purified 6, 10 and 20 kDa Fabbeva-PEG-Fabbeva, Lanes 4-6: The purified 6, 10 and 
20 kDa Fabrani-PEG-Fabrani, Lane 7: The purified F abtrast- PEGzo-Fabtrast, Lane 8: The 
purified F abbeva- P E G 20- F ab*trast.
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4.2 Kinetic affinity using BIAcore

The SPR response is directly related to the mass concentration of material at the sensor 

surface [188, 265]. A key consideration is how much ligand should be immobilised to 

the chip [265]. The amount of ligand to use depends on the relative molecular weights 

of the ligand and analyte, and on the stoichiometry of interaction between the analyte 

and ligand [266]. The theoretical binding capacity (Rmax) of a sensor surface with an 

analyte is related to the amount of immobilised ligand as follows [272]:

Rmax = MW analyte / MW ligand x Sm Rl 

Rmax is the maximum capacity of analyte binding and Rl is the actual level or amount of 

immobilised ligand on the surface. Sm is the binding stoichiometry and is the 

stoichiometry of binding between ligand and analyte. The immobilisation level is 

calculated based on the amount of ligand remaining on the surface at the end of the 

immobilisation procedure after the deactivation step [272]. Not all of the immobilised 

ligand on the sensor surface are available and active for binding to analyte because 

during immobilisation the ligand binding sites are likely to be damaged or hindered 

within the dextran layer. Therefore, the theoretical Rmax is often higher than 

experimental Rmax-

In this project, the sensor surface was prepared based on VEGF as a ligand and 

the Fab as an analyte. A binding stoichiometry of 2 was used since the immobilised 

VEGF ligand was bound as a dimer to two Fabs. Two VEGF-monomers form a 

biologically active ligand. The dimer has two binding sites for the analyte and each 

binding site is formed by domains from both monomers [277, 278]. It was proposed that 

two anti-VEGF Fabs are required to bind to VEGF dimer to make a Fab-VEGF 

complex [278]. In addition, it was reported that one molecule of bevacizumab binds to 

one molecule of VEGF and the binding epitopes of VEGF interact with bevacizumab do 

not overlap with the binding epitopes of VEGF to VEGFR and the neutralising effect 

occurs due to the steric shielding of bevacizumab binding to VEGF [46, 278].

The carboxymethylated (CM) dextran matrix on the sensor chip surface is 

hydrophilic, flexible and has a high binding capacity. The dextran layer is present in all 

sensor chips except sensor chip C l, HPA and underivatised Au chips. The carboxylic 

acids on the dextran are easily functionalised to active esters for covalent coupling, 

which are then exposed to the protein, or molecule o f interest, that is to be immobilised. 

A wide range of molecules such as small organic molecules, proteins, nucleic acids, and 

carbohydrates can be immobilised. In the case of a protein, amines will non-selectively
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undergo reaction to form an amide with the active ester moieties on the dextran. If 

amine groups are too near or concentrated to the binding site of protein of interest, other 

chip immobilisation strategies are available including thiol and aldehyde coupling, and 

streptoavidin-biotin capture [272].

The CM chip can be purchased with different amounts of dextran bound to the 

surface. This allows for different amounts, or densities of the immobilised molecule to 

be conjugated to the chip. These chips are known as CM5, CM4, and CM3 chips 

(Figure 4.5). The CM5 chip has a highest amount of carboxymethylated cellulose on its 

surface and provides the high surface capacity for immobilisation. The high binding 

capacity of the CM5 chip is an advantage for capture assays and work with small 

molecules [272]. Also, the CM5 chip provides high surface stability and can result in 

more accurate and precise analysis. The CM4 chip has a lower amount of 

carboxymethylation (approximately 30 % of that of CM5) on the surface compared to 

the CM5 chip, which results in the reduction of the immobilisation capacity and surface 

charge density in the CM4 chip. The lower charge on the surface of CM4 chip causes 

reduction of non-specific binding that may occurs between positively charge molecule 

and the surface. Therefore, this chip is appropriate when the ligand is to be extracted 

from a mixture that the analyte may also be present such as cell extract and culture 

media. In addition, because of its lower immobilisation capacity, the CM4 chip might 

be advantageous to conduct kinetic assays where low immobilisation level is required.

The CM3 chip contains the same relative molar carboxymethylation level as the 

CM5 chip, but the dextran chains in the matrix are shortened compared to the CM5 

chip. This shorter dextran chain can help to reduce steric effects that occur when a large 

molecules such as antibodies, viruses and whole cells are used. In addition, the change 

in dextran length allows a closer interaction between the surface and the ligand and 

helps to improve sensitivity. Similar to CM4 chip, the immobilisation capacity of the 

CM3 chip is about 30 % of the CM5 chip and this can again be an advantage for 

conducting kinetic assays [272].
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Figure 4.5 Carboxymethylated dextran chip. CM5 chip with high amount of 
carboxymethylate group, CM4 chip with a lower degree of carboxymethylation, CM3 
chip with shorter dextran chain. Dextran matrix covered with carboxyl groups (red 
circles), reproduced from [272].

Three different experiments can generally be designed when evaluating 

antibody-ligand interactions by BIAcore; (i) binding, (ii) active concentration and (iii) 

binding kinetics. Interactions between analyte and ligand can be detected in a binding 

assay. This experiment is used to determine whether there is any binding between the 

analyte and ligand or not. This assay can provide some indication about the specificity 

of an analyte of interest with the immobilised molecule. For instance, it was studied the 

difference in binding of human VEGF and mouse VEGF to bevacizumab in the 

situation where, bevacizumab was immobilized on the CM5 with a 1000 RU 

immobilization level using binding assay [279]. They found that no binding was 

measured between mVEGF and bevacizumab, whereas strong binding was detected 

between hVEGF and bevacizumab [279].
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In a concentration assay, the active protein concentration in the analyte is 

determined. This experiment can be conducted either with or without a calibration 

curve. When using calibration curve, the concentration assay is a direct binding 

experiment that measures the analyte that is bound to the immobilised ligand on the 

sensor surface. The concentration of an unknown sample can be calculated based on the 

binding response correlated to the calibration curve. When a calibration curve is used, 

the surface density of the ligand immobilised on the sensor chip should be high enough 

to ensure the mass transfer effect occurs. The ‘mass transfer effect’ is referred to the 

situation where the rate at which analyte binds to ligand exceed the rate at which analyte 

transfer from bulk to sensor surface [280]. This effect and its limitation are discussed 

further in the following section.

In the calibration free concentration assay (CFCA) no calibration curve is used. 

CFCA is based on the relationship between the diffusion or mass transport properties of 

the analyte from the bulk flowing solution to the sensor surface. The interactions of the 

analyte can be evaluated with short sample injections using at least two different flow 

rates. One flow rate should be low (e.g. 5 pl/min) and the other flow rate should be high 

(e.g. 100 pl/min). A high concentration of ligand should be immobilised on the chip so 

that mass transport effects can occur. The CM5 chip is therefore most often used in the 

CFCA experiment.

There are some limitations with conducting CFCA. Proteins with molecular 

mass above 5000 Da can only be applied for this method. Also analyte-ligand 

interactions that have a slow association constant rate (below 5 x 10"̂  M'^s'^) and low 

affinity value (K d higher than 10'^ M) cannot be used. More importantly, not all proteins 

have a known diffusion coefficient and are not suitable for CFCA assay. The CFCA 

assay, however, was recently introduced by the GE Healthcare BIAcore group and few 

studies have been published using this assay.

Determination of the rates of association and dissociation can be accomplished 

by a kinetic assay using BIAcore. Determination of these kinetics parameters is an 

important characteristic of SPR where it is possible to determine the binding rates 

between analyte and ligand at real time. The kinetic experiment provides information 

regarding how fast the analyte-immobilised ligand complex associates and is formed 

(ka) and dissociates leading to its decay (kd) [6]. This experiment provides a method to 

determine the affinity and strength of the binding between an analyte and its ligand 

because the equilibrium constant (K d ) is derived from the ratio o f the dissociation and
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association constant rates (kd/ka) (Figure 4.1). The kinetic data are analysed mainly by 

BIAevaluation software. The background response that occurred in the control flow cell 

needs to be subtracted from the total binding response and then by applying the right 

kinetic model, the kinetic parameters can be calculated [253]. Different fitting models 

can be applied depending on the nature of interaction between the analyte and ligand, 

however, in the most cases of antibody-antigen interaction, the simple 1:1 Langmuir 

binding model is recommended [281, 282]. For example, a k& value of 7.9 x lO"̂  

kd of 1.23 X lO'"̂  s‘  ̂ and the Kd value of 1.55 nM were calculated for bevacizumab in the 

situation where VEGF 165 was immobilized on a CM5 chip applying 1:1 binding model 

at 25 [283]. In another study, the kinetic assay was performed on bevacizumab and

bevacizumab-Fab (called Fab-12) where VEGF]65 was immobilized on the CM5 chip 

with 60 RU immobilization level at 37 applying 1:1 binding model. The Fab-12 was 

a Fab portion of bevacizumab that was engineered in E-coli. The ka value of 9.2 x 10"̂  

M '\S '^and kd value of 2.0 x 10'"̂  s’’ and the Kd value of 2.2 nM were calculated for 

bevacizumab whereas the ka value of 7.5 x 10"̂  and kd value of 6.4 x 10'"̂  s’’ and

the Kd value of 8.5 nM were calculated for Fab-12 [284]. The binding affinity and 

kinetic rate constant o f Fab-12 were also studied by another group where VEGF was 

immobilized on a CM5 chip with 190 RU immobilization level at 37 ’’C applying 1:1 

binding model [285]. The ka value of 5.5 x 10"* M’’.S’’ and kd value of 11 x lO’"’ s’’ and 

the Kd value of 20 ± 3.8 nM were calculated for Fab-12 in this study [285].

For kinetic assays a low Rmax is often required (less than 100 RU) [252, 253]. 

The reason a low Rmax value is required is to minimise mass transfer and rebinding 

limitations that are associated with high Rmax value. This is discussed in more details 

in the following section. The way to achieve a low Rmax value is to ensure a small 

relative amount of ligand is immobilised on the surface of the sensor chip.

4.2.1 Kinetics assay

The association constant rate (ka or kon) is the rate of complex formation, i.e. the number 

of AB complexes formed per second in a 1 molar solution of A and B. The main factors 

affecting the association constant rate are (i) the concentration of analyte (A) near to the 

immobilised ligand, (ii) the amount of the immobilised ligand (B) [252] and (iii) the 

contact time between flowing analyte and the immobilised ligand. If there is a high 

density of ligand present on the sensor chip (high immobilisation level), then the rate at
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which the analyte binds to the ligand can exceed the rate at which the analyte can be 

delivered to the surface. This is referred to as the mass transport effect. In this situation, 

binding is limited by mass transport effects and the association rate will yield an 

apparent ka or apparent kon- In this condition the observed kon will be slower than the 

true kon [252, 253]. It is not possible to determine kon in this situation and experimental 

conditions must be optimised to minimise the mass transport limitation.

f lo w  ce ll  h e i g h t
5 0  pm

d i f f u s i o n . 
d i s t a n c e  I

1-5 pm  

1

> 1

1. Analyte supplied by convection (continuous flow)
2. Diffusion b ecom es increasingly important a s  the flow rate 

reduces closer to the surface
3. Biomolecular interaction p r o cesses  at the ligand/analyte 

interface

Figure 4.6 Different ways that analyte transfer from bulk to the sensor surface, 
reproduced from [272].

In general, the analyte can be transferred from the bulk towards the ligand by 

both convection and diffusion (Figure 4.6). Convection transport is controlled by the 

flow rate of the analyte solution over the sensor chip. Higher flow rates will result in 

greater convection transport. This will help to minimise the mass transport limitation 

because more analyte can be delivered from bulk to sensor surface (step 1 in Figure 

4.6). However, the mass transport can still be limiting, even at maximal flow rates 

because o f an unstirred ‘diffusion layer’ (step 2 in Figure 4.6) that is close to the sensor 

surface. The transport of analyte through this layer is primarily controlled by diffusion 

processes. In this case, mass transport limits can only be minimised by decreasing the 

surface density o f the immobilised ligand to increase the diffusion process [267].

The key parameter that affects the dissociation constant rate (kd or k off) is the 

time allowed for dissociation to occur. The dissociation constant rate defines the 

stability o f the complex once it is formed. It denotes the fraction o f complex that decays 

per second (Scheme 4.1). The main factors that influence analyte dissociation are the 

surface density of the bound analyte, the dissociation rate constant (koff) and also 

whether the dissociated analyte can re-bind to immobilised ligand before leaving the 

sensor surface (re-binding effect). The dissociation constant rate can be limited by such
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re-binding effects [253]. Although, increasing the flow rate will increase the convection 

rate and may decrease re-binding effects, re-binding can still occurred due to the 

unstirred diffusion layer. The only way to minimise re-binding effects is by decreasing 

the level of the ligand immobilised on the surface. Together both the mass transport 

limitation and re-binding can lead to an underestimation of the true kinetics (kon and 

koff). Often these effects can be minimised and avoided by lowering the amount of 

immobilised ligand and to some degree by increasing the flow rate.

A + B  4. AB 
kd

d[AB] /d t = k ,.[A ] .[B ]

Analyte (A)

Ligand (B)

/ / / / / / / / / / / / / / / / / /

- d[AB]/dt = kd . [AB]

kg: Association constant rate [M*’S'’] 

kj: Dissociation constant rate [S'̂ ]

Ko=kd/kg = Equilibrium dissociation constant [M] = [A] . [B] /  [AB]

K^=kg/ kd = Equilibrium association constant [M’’] = [AB] /  [A ]. [B]

Scheme 4.1 The diagram of association and dissociation constant rate.

The K a  constant is an equilibrium constant and is a ratio of the forward rate over 

the reverse rate. K d is the reciprocal of K a. The Ko is described as a dissociation 

tendency and it is in units of molar concentration and is defined as a ratio of the 

dissociation constant rate to the association constant rate (ka / ka). Often for antibody- 

ligand binding, this ratio is also defined as koff / kon, to represent the ratio of the off rate 

to the on rate. The typical range of koff which is acceptable in BIAcore is 1 x 10"̂  to 1 x 

10'^ s ' \  The acceptance range of 1 x 10  ̂to 1 x 10  ̂M '\s'^ is for kon and 1 x 10'^ to Ix 10' 

for Ko [253].

Measurement of K d by BIAcore involves injecting a series of analyte 

concentrations to flow over the immobilised ligand on the chip and measuring the 

binding level at equilibrium to determine koff and kon (Scheme 4.1). The relationship 

between the binding and analyte concentration allows the calculation of K d . The higher 

a relative K d number, the lower is the affinity between the analyte in solution and the 

immobilised ligand. Higher relative K d values indicate that the analyte-ligand complex 

will have the tendency to dissociate more readily than complexes with lower K d values. 

Smaller relative K d values means that there is a higher affinity and thus, stronger
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interaction between an analyte and ligand.

In addition to re-binding effects and mass transport limitations, there may be 

other effects that occur when a relatively high level of ligand is immobilised onto the 

sensor chip. In principle it is possible that at a threshold immobilisation concentration 

that a cross-linking effect could also occur (Figure 4.7). If a high amount of the VEGF 

ligand were to be immobilised on the chip, a bivalent analyte (e.g full IgG, homodimer 

Fab-PBG-Fab construct) can bind to two different ligand molecules (Figure 4.7, A). It 

would be difficult to estimate the kinetic fitting model if this type of binding occurs. A 

low level of ligand immobilisation would be expected to minimise such cross-linking 

from occurring (Figure 4.7, B). A single monovalent analyte (e.g Fab) can bind to one 

homodimer ligand with 1:1 binding model, when a low amount of ligand is immobilised 

(Figure 4.7, C).

Selecting the right model in the kinetics assay is important [253]. It is 

recommended by the manufacturer to use the simplest model that best fits the data. As 

the complexity of the model increases, more fitting parameters are required. This results 

in more degrees of freedom which can give a better fit but not necessarily lead to more 

relevant or accurate results [286]. The 1:1 binding model is considered the simplest 

model because less fitting parameters are involved than more complex models which 

are often used with heterogeneous analyte. The nature of the interaction between ligand 

and the analyte should also be considered to find the optimal kinetic model. When one 

molecule of analyte binds to one molecule of ligand based on Langmuir model, the 

nature of interaction is one to one binding.

Several steps are required to determine which kinetic model should be used. The 

initial step is to seek agreement between experimental data and a fitted curve by 

evaluating residual plots and by assessing Chi^. The Chi^ is the sum of the squared error 

between the fitted curve and experimental curve. This number should be as small as 

possible (less than 2 and even less than 1). The shape of the residual plot that is 

obtained from the difference between the experimental and calculated curve is 

important to validate the fit. The ideal fit has a residual plot scattered around zero, 

which means there is no difference between the experimental sensogram and the fitted 

(calculated) curve. There are other parameters such as the T-value, U-value and tc value 

which help to assess the fitting model. These values are embedded in the software used 

in the calculation of the kinetic model. The T-value is calculated by dividing the kinetic 

rate constants by the standard error (value/SB) and indicates the significance of the
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kinetic parameters. The T-value should be greater than 100 or even higher which results 

in lower standard error. In addition, the standard error (SE) of association and 

dissociation rate constant can be calculated by BIAevaluation software and considered 

as fitting parameters, which show the precision and significance of the kinetic rate 

constant. Generally, the SE of the ka and kd should not be greater than two degrees of 

the magnitude of the value of ka and kd. The parameter which represents the effect of 

mass transport limitation is tc. If the tc value is between 10  ̂ to 10 ,̂ then there is a mass 

transport limitation.

Sensor chips used in this project were prepared with low levels of immobilised 

ligand. Kinetic data for all the samples were evaluated using BIAevaluation software 

(version 2.0.1 plus package) applying a simple 1:1 binding model. The data were 

double-referenced to subtract the bulk effect that occurs due to the changes in the buffer 

composition or non-specific binding. A flow rate of 30 pL/min was selected to run the 

kinetic assays, and an association time of 180 sec and dissociation time of 1200 sec 

were used. The flow rate of 30 pL/min was the highest flow rate that could be used in 

the BIAcore X-100 that was used. An association time of 180 sec and dissociation time 

of 600 sec were applied in [114] to determine the binding affinity between anti-pl85^^^‘ 

 ̂antibody single chain (scFv) to an immobilised antigen anti-pl85™^"^ [114]. Applying 

longer dissociation time (1200 sec) would ensure that most of the analytes were 

dissociated from the ligand before regeneration step and it would help to evaluate and 

compare the dissociation profiles of different constructs. The kinetic assay was 

performed at a temperature of 25 as the BIAcore X-100 that was available can only 

be used at this temperature. All these parameters were kept constant during the kinetics 

assays for all the test compounds.
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A; High amount o f ligand on the chip, cross-linking occurs.

IgG (B ivalent)  

V E G F  (h o m o d im er) CD

B; Low amount of ligand on the chip, no cross-linking.

IgG  (B iva len t)

V E G F  ( h o m o d im e r )

C; Low amount of ligand on the chip, 1:1 binding model with the Fab. 

Fab  (M onovalen t)

V E G F  (h o m o d im er)

Figure 4.7 1:1 binding model o f bivalent antibody (A, B) and (C) monovalent antibody 
fragment. (A) High amount of ligand on the chip cause cross-linking, (B) Low amount 
o f ligand immobilised on the chip, less cross linking, (C) Binding o f the Fab to ligand 
with low immobilisation level (1:1 binding).

The majority of work described herein was accomplished with immobilised 

VEGFi6 5 , but both this ligand and HER-2 were bound to CM3 chips at a low 

immobilisation concentration on the surface. This meant that after the dextran 

carboxylate were activated by the carbodiimide reagent, this was followed by an 

injection of a small amount of the ligand followed by the injection o f ethanolamine 

which was used to conjugate the remaining activated dextran carboxylic acid moieties.
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While CM3 chips were prepared for kinetic assays with low immobilisation level, initial 

attempts were also performed to immobilise CM5 chips. However, it was not possible 

to achieve a low immobilisation level using CM5 chip because of high amount of the 

carboxymethylated groups on the sensor surface.

4.2.2 CM3 chip preparation:

There are three steps to immobilise a ligand onto a sensor chip:

1. Ligand pre-concentration (electrostatic attraction between ligand and dextran 

surface).

2. Immobilisation step.

3. Regeneration step.

Pre-concentration assav:

Electrostatic interactions between the ligand and the sensor surface are used to aid the 

localisation of the ligand at the sensor surface. This is known as the pre-concentration 

step. If the ligand has good electrostatic interactions with the dextran surface, then there 

will be more effective control of the covalent conjugation with the carboxylic acid 

group on the dextran. The sensor chip surface carries a net negative charge at pH above

3.5 (pi value of dextran is 3.5). Therefore, to achieve an efficient pre-concentration, the 

pH of the ligand buffer solution should be above 3.5 and lower than the pi of the ligand. 

Human VEGF165 (38.2 kDa molecular weight) has a pi value of 8.6 [287]. The HER-2 

(110 kDa molecular weight) used was the extracellular domain of the receptor and it has 

a pi value of 5.58. Many proteins tend to aggregate or precipitate at low pH, it is also 

necessary to determine an optimum pH which is a compromise between efficient pre

concentration and not precipitating the ligand. This is accomplished by conducting 

scouting experiments which can determine which pH appears to give the best 

interaction between the ligand and the sensor chip.

Figure 4.8 shows pH scouting assay performed for VEGF ]65 (10 pg/mL) in 

sodium acetate (10 mM) buffer at different pH values (4.0, 4.5, 5.0, 5.5, 6.0, 6.7). A 

contact time of 180 sec was set to perform this pH scouting assay.
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Figure 4.8 pH scouting assay using VEGF (10 pg/mL) in sodium acetate buffer.

At pH 4.0 and 4.5, VEGF (Figure 4.8, yellow and dark blue lines) displayed a 

low binding response and appeared to be degraded after 40 sec. This could be a result 

VEGF degradation and precipitation in acidic pH. At higher pH (Figure 4.8, pH 6.0 and 

6.7, red and black lines respectively), the slope o f binding appeared to be very low 

suggesting that the interactions between the ligand and dextran were not good. In 

contrast, there appeared to be a high binding response at pH 5.0 or 5.5 with a good 

binding slope (Figure 4.8, green and purple lines). The response at pH 5.5 displayed a 

better binding level (Figure 4.8, green line) which indicated a higher degree of non- 

covalent interaction between the ligand and the dextran surface. Since the response was 

correlated with pH, it was thought that it was driven primarily by electrostatic 

interactions. After these scouting experiments, sodium acetate (10 mM) pH 5.5 was 

selected as the solution to immobilise VEGF165 to the sensor chip surface. Removal of 

the VEGF from the sensor surface after its contact period had elapsed, was achieved 

with sodium hydroxide (50 mM, 60 sec). The NaOH was injected over the sensor chip 

surface to disrupt the electrostatic interactions between the VEGF ligand and carboxylic 

acid moieties on the dextran. Exposure to NaOH was necessary to regenerate a clean 

dextran layer ready for immobilisation step.
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Figure 4.9 pH scouting assay using HER-2 (10 pg/mL) in sodium acetate buffer.

Figure 4.9 shows the analogous pH-scouting experiment that was performed for 

the HER-2 ligand. In this assay, HER-2 (10 pg/mL) was dissolved in sodium acetate (10 

mM) pH 4.5, 5.0 and 5.5. The HER-2 appeared to be degraded at pH 4.5 (Figure 4.9, 

red line) similar to VEGF. The binding response for the HER-2 solution at pH 5.0 

(Figure 4.9, black line) appeared to be higher than pH 5.5 (Figure 4.9, green line) and a 

higher binding slope. Since HER-2 at pH 5.0 displayed a better binding level, it was 

selected for the immobilisation step. Sodium hydroxide was again used to regenerate a 

clean dextran surface on the sensor chip ready for the immobilisation step.

Ligand immobilisation:

The general method involve in immobilisation o f the ligand on CM3/CM5 chip using 

amine-coupling method. This consists o f three basic steps:

1- Activation: The sensor surface has to be activated first with a mixture o f  l-ethyl-3- 

(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to 

produce reactive succinimide ester (Scheme 4.2). This activation is necessary because 

the carboxymethyl group on the dextran surface is not very reaetive by itself, however, 

succinimide ester is a very good reactive group since ester is a good leaving group.

2- Coupling: The ligand was then injected over the activated surface until the sufficient 

amount o f  ligand is bound (Scheme 4.2). In amine chemistry, the covalent conjugation 

occurs between the activated dextran and primary amine group o f  the ligand (Scheme 

4.2). Other coupling (thiol, aldehyde) can also perform for chip preparation suing thiol 

and aldehyde groups o f  the ligand.
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3- Deactivation: By injecting a blocking solution such as ethanolamine, a remaining 

aetivated site can be quenched. Ethanolamine is a primary amine which can conjugate 

to non-bound but activated dextran carboxylic acid moieties and therefore avoid a non

specific binding.

Igiiid
■NH'

C=00=0 0=0 ^=0 0 

Scheme 4.2 Activation (EDC/NHS) and coupling mechanism.

In a first attempt, a wizard program on the BIAeore instrument was followed for 

the immobilisation o f VEGF onto a CM5 sensor chip as it is a more commonly used 

ehip and method for immobilisation that recommended by GE Healthcare BIAcore 

group. Using this method, the requested Rmax (e.g 100 RU) is entered into the software 

and the actual parameters such as contact time between ECD/NHS solution and dextran 

surface and between the ligand and activated surface are all set by the software 

program. Using the wizard programme, it is not possible to change the contact time for 

surface activation from 500 sec. Less activation time eould result lower number of  

aetivation sites on the sensor surfaee. Besides the lack o f being able to control the 

individual steps during the immobilisation process, the CM5 chip also contains a higher 

amount o f  dextran bound to the surface. To achieve the theoretical Rmax o f 100 RU with 

VEGF as a ligand and Fabbeva as an analyte, the immobilisation level (Rl) o f 38.5 RU 

was required (100 RU = 50000/38000 x 2 x Rl). However, it was not possible to 

immobilise this low density to give a Rmax about 100 RU, using the CM5 chip. Instead, 

534 RU level o f VEGF (Figure 4.10) which corresponded to the Rmax o f 1405 RU was 

immobilised (Figure 4.10). A VEGF concentration o f 10 pg/mL in sodium acetate 

buffer (10 mM, pH 5.5) was applied for this immobilisation. Using a lower 

concentration o f VEGF (2.0 pg/mL) and again wizard program, the new CM5 chip was 

immobilised with immobilisation level o f 208 RU. While the immobilisation level o f  

this CM5 chip was too high for kinetic assay, it was thought that this chip would be 

useful for binding assay. The binding assay was necessary to be conducted to measure 

the binding o f  the purified Fabbeva and F(ab) 2  after bevacizumab enzymatic digestion.
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Figure 4.10 Wizard immobilisation o f CM5 chip with VEGF (10 pg/mL). The 
immobilisation level o f  534 RU achieved.

To prepare an appropriate chip for kinetic assay, it was then decided to change 

the CM5 chip to CM3 chip that contains shorter dextran chains with less immobilisation 

capacity. This means that there are less carboxylic acid moieties available for activation 

and subsequent lower ligand immobilisation level. It was also decided to use a manual 

program to conduct immobilisation. Using manual method, it was possible to control all 

the parameters involve and optimise the conditions to achieve the desired level o f  

immobilisation.

Following manual control, a CM3 chip was then immobilised with VEGF. 

Different concentrations o f VEGF (from 10 pg/mL to 0.2 pg/mL) were applied to find 

the best conditions to immobilise CM3 with the Rmax about 100 RU. Different 

activation times (500 sec to 200 sec) for EDC/NFIS exposure and different contact times 

o f  the ligand with the activated surface (200 sec and 140 sec) were also examined. After 

these experiments, it was found that using 0.2 pg/mL o f VEGF in sodium acetate at pFI

5.5 with a CM3 that had been exposed to EDC/NFIS with an activation time o f 200 sec, 

that it was possible to immobilise VEGF with 57 RU.A 140 sec contact time o f  the 

VEGF was used to achieve this low level o f  response (Figure 4.11, A). The 57 RU 

immobilisation level o f  VEGF corresponded to theoretical Rmax o f 150 RU and was 

appropriate for kinetic assay. CM3 chip with 61 RU was also prepared when 200 sec 

contact times performed with 0.2 pg/mL VEGF (Figure 4.11, B).
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A; CM3 chip immobilised with VEGF, 57 RU immobilisation level.

Ethanolamine, iSOSec

EDC/NHS : 200

NaoH, 60 sec VEGF: 0.2 ug/ml, 140sec

RUi

B; CM3 chip immobilised with VEGF, 61 RU immobilisation level.

Ethar o lam ine, 180 see

E D C /N H S : 200 sbc VEGF: 0.2 ug/m l, 200sec

Figure 4.11 Manual immobilisation of two CM3 chips with VEGF, (A) The VEGF 
contact time was 140 sec and 57 RU immobilisation level achieved, (B) The VEGF 
contact time was 200 sec and 61 RU immobilisation level.

A CM3 chip was also immobilised with the FIER-2 ligand using a similar 

procedure. In the case o f HER-2 (MW; 110000) as a ligand and Fabtrast as an analyte, 

the binding stoichiometry o f 1 was selected between Fabtrast and HER-2 monomer. To 

achieve the theoretical Rmax of 100 RU, the immobilisation level (Rl) of 222 RU was 

required (100 RU = 50000/110000 x 1 x Rl). Figure 4.12 shows the immobilisation 

sensogram of the CM3 chip with 0.2 pg/mL of HER-2 with 51 RU immobilisation level 

when activation time of 200 sec and contact time of 140 sec performed. The 51 RU 

immobilisation level o f HER-2 corresponded to theoretical Rmax of 23.2 RU.
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Figure 4.12 Manual immobilisation of CM3 chip with HER-2. The HER-2 contact time 
was 140 sec and 51 RU immobilisation level.

These chips were then used for all the kinetic assays perfonned on the prepared 

constructs derived from bevacizumab and trastuzumab.

Regeneration steps:

The regeneration buffer was then optimised. Regeneration is the process to remove 

bound analyte from the immobilised ligand and to prepare the chip for the next analysis. 

The number of times that each chip can be regenerated depends on the nature of 

attached ligand. The choice of regeneration buffer is an important for preserving the 

immobilised ligand. Repeated exposure of the immobilised ligand to a buffer designed 

to disrupt non-covalent interactions between the analyte-ligand can also destroy the 

immobilised ligand. Common solutions used to regenerate the sensor chip surface 

include dilute HCl, glyeine-HCl, and NaOH solutions [272]. Other solutions for more 

difficult to separate analyte-ligand pairs inelude higher ionic strength solutions (1-2 M 

NaCl or 4 M MgCb) and solutions that also contain a low concentration of SDS (0.05 

%). It was hoped that with VEGF immobilised at a low Rmax that glycine-HCl would 

be enough to regenerate the sensor chip after each run. Scouting experiments were 

conducted glycine-HCl (10 mM) at pH values o f 1.5, 2.0 and 2.5. Figure 4.13 shows 

regeneration conditions using glycine-HCl (pH 2.5 and 2.0) after Fabbeva (300 pg/mL) 

had been exposed to a functionalised CM3 chip (57 RU, VEGF).
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Figure 4.13 Regeneration conditions on CM3 (57 RU, VEGF).

The sensogram in Figure 4.16 indicates that when using glycine at pH 2.5 for 

regeneration that some of the Fabbeva was still in bound with VEGF as the baseline 

could not be re-established. However, glycine at pH 2.0 appeared to dissociate all the 

bound Fabbeva from the immobilised VEGF and the baseline was successfully 

regenerated. The Fabbeva binding response was again examined after regeneration with 

glycine pH 2.0 and it was found that the VEGF was still fully active and no damage 

occurred on VEGF during regeneration. The same result was observed for CM3 chip 

immobilized with HER-2 (51 RU), where using glycine-HCl (10 mM, pH 2.0) baseline 

could be regenerated.

4.2.3 Binding study ofFabheva and F(ab) 2

The binding of the Fabbeva that was prepared by papain digestion of bevacizumab was 

first examined using the CM5 chip immobilised with 208 RU VEGF. The series of 

concentrations (0.18-2.88 pM) of the Fabbeva after protein A and PD-10 columns 

purification were prepared with HBS-EP buffer and then loaded onto the BIAcore. The 

binding sensograms o f Fabbeva at different concentrations are shown in Figure 4.14 and 

involved association, dissociation and regeneration phases. These binding sensograms 

suggested that the binding o f the Fabbeva was maintained to VEGF with concentration 

dependent manner. Higher concentrations of the Fabbeva appeared to have higher binding 

response and the solution with zero concentration o f the Fabbeva (buffer only) appeared 

to have no binding response (Figure 4.14). In addition, the sensograms shown in Figure 

4.14 demonstrated that baseline was achieved when glycine pH 2.0 was applied for 

regeneration buffer indicating that all Fabbeva had been dissociated from the chip 

surface.
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Figure 4.14 Binding sensograms of the Fabbeva using CM5 chip with 208 RU.

The binding of the P(ab)2  fragment derived from bevacizumab by IdeS enzyme 

was also detennined. The binding assay was again performed using the CM5 chip with 

208 RU VEGF. The series of concentrations (0.07-1.25 pM) o f F(ab)2  were prepared 

with the HBS-EP buffer and then loaded onto the BIAcore. The binding sensograms of 

F(ab)2  at different concentrations are shown in Figure 4.15. Again, the binding 

sensograms showing all three phases suggested that the binding of the F(ab)2  fragments 

were retained to VEGF in a concentration dependent manner and that higher 

concentrations led to a higher binding response. Again, the baseline was achieved when 

glycine pH 2.0 was applied for the regeneration buffer.
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Figure 4.15 Binding sensograms of the F(ab)2  using CM5 chip with 208 RU.
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4.2.4 Kinetic assays o f  Fabs and PEG-Fahs

After study of the binding of the Fab and F(ab)2, it was important to study the binding 

affinity of these fragments after PEGylation to examine the kinetic and affinity of 

interaction between the antibody and its antigen [38]. The binding affinity of antibody 

and antibody fragments after conjugation to PEG depends on the chemistry of 

PEGylation, the site, size o f the PEG molecule used and the number of the PEG 

molecules that are conjugated per each molecule o f antibody fragment [38]. It has been 

reported that if the PEG conjugation site is close or at the binding site of protein, it 

would result in the loss of binding affinity. In the case of antibodies, this loss of binding 

affinity is most likely due to steric hindrance of PEG with the antigen-antibody 

interaction [38]. When site-specific PEGylation was performed on a cysteine residue of 

an antibody fragment that is far from its antigen binding site, the binding affinity was 

decreased five fold [114] compared to the unPEGylated fragments.

Beside study of binding affinity of PEGylated antibody fragment, the study of 

kinetic rate constants (kg and kd) is important to understand the effect of the PEG 

conjugation site. Kinetic rate constants and the binding affinity of bevacizumab were 

first determined by applying different concentrations of bevacizumab (range of 0.04 pM 

to 0.60 pM) over the CM3 chip (VEGF, 61 RU) (Figure 4.16, A). In addition, Fabbeva 

and the 20, 30 and 40 kDa PEG-Fabbeva conjugate (range of 0.07 pM to 2.0 pM) were 

evaluated with this chip to determine their kinetic constants (Figure 4.16, B and D). The 

PEG 1 o-bevacizumab (range of 0.03 pM to 0.7 pM) and PEG2x20-Fab'beva (range of 0.05 

pM to 2 pM) were also examined to calculate their kinetic constant. The concentration 

o f the PEGylated antibody and antibody fragments were calculated by micro BCA assay 

with respective to protein molecular weight. The kinetic constants o f the F(ab)2  were 

also examined (Figure 4.16, C) using a similar range of concentration as bevacizumab. 

The kinetic fitting curve and residual plot of bevacizumab, Fabbeva, F(ab)2  and PEG20- 

Fabbeva using a 1:1 binding model are shown in Figure 4.16 as an example. The fitting 

parameters were also determined to ensure that the value of the kinetic rate constants 

and affinity were significant (Table 4.2).
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C; F(ab)2-beva

D; PEGio-Fabbeva

Figure 4.16 The fitting curve and residual plot of the constructs derived from 
bevacizumab, applying 1:1 fitting model. (A) Bevacizumab, (B) Fabbeva, (C) F(ab)2 , (D) 
P EG20”F abbeva*

The residual plots (Figure 4.16, A-D) suggested that there was no difference 

between the experimental curve (colour curves) and the fitted curve (black curve) when 

applying a 1:1 binding model as it was scattered around zero. The Chi^ values that were 

less than 1 suggested a good fit. The SE value of ka and kd for bevacizumab, Fabbeva and
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their PEGylated derivatives were less than two orders o f magnitude the kg and kd value 

(Table 4.2). The experimental Rmax in Table 4.2 appeared to be lower than the 

theoretical Rmax (150 RU) when using the chip with 61 RU immobilisation level. A 

larger value in experimental Rmax suggests that either the binding model is not 1:1 or 

that there are impurities in the analyte solution. The tc values were also more than 10  ̂

which indicate there was no mass transfer limitation. Since, the fitting parameters 

including Chi^, SE, Rmax and tc, were in acceptable ranges, this suggested that using a 

1:1 binding model the kinetic constants (kon, koff and Kd) could be calculated. The 

kinetic assay was perfonned four times for bevacizumab, Fabbeva, three times for F(ab )2  

and two times for PEG2o-Fabbeva using two CM3 chips (57 RU and 61 RU levels). The 

kinetic assay was perfonned once for PEGso-Fabbeva, PEG4o-Fabbeva. PEG2x2o-Fab\eva 

and PEGio-bevacizumab. Table 4.3 is a summary of the kinetic constants o f these 

constructs and the average was taken for the samples where kinetic assays were 

conducted more than once.

Table 4.2 Kinetic constants and parameters of the bevacizumab and its derivatives 
using chip with 61 RU VEGF.

B e v a c iz u m a b 6.93 xIO" 2.70 X10- 9.04 xjO - 2 . 0 2  x io " 1.30 38.3 0.092 1.04x10'"

F(ab ) 2 5.19 xlO'’ 1.90 x io - 9.19 x lo  ' 2.70 x |0 " 1.77 28.5 0.06 0.40 1.03x10”

F abhcva 2.98 x |0 ' 67 1.34 x |0 " 1.26x10" 4.2 19.1 0.024 0.16 2.5x10"

P E G 2 o-Fabbcva 1 . 0  x | 0 ' 55 1.35 x lo" 2 . 1 0  xlO" 13.0 17.57 0.058 0.03 9.1x10"

PEGjo* Fabbeva 8 . 1 2  xlO’ 17 1 . 0  x lo" 1 . 1 0  x | 0  " 12.30 17.8 0.024 0.03 2.3x10'^

P EG^Q-Fabbeva 1 . 1 0  xlO" 34 1.19 xIO" 1 . 0  X1 0 " 10.79 1 1 . 8 8 0.026 0 . 0 2 2.08x10"

P E G 2 x2 0 -Fab'bcva 1.13 xlo" 26 1.09 x lo" 1 . 2 0  x lo " 9.59 13.46 0.031 0 . 0 2 1.7x10"

PE G .o-

b e v a c iz u m a b

1.51 xlo" 73 8 . 2 0  x io  - 2.70 x lo  " 5.49 16.6 0.051 0.13 2.08x10'“

Since kd represents the strength of interaction between antibody and antigen, its 

comparison between the antibody fragment and its PEGylated derivatives is important 

to evaluate the effect o f PEGylation. A smaller kd value is related to a slower 

dissociation rate and results in stronger binding interaction between the analyte and
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ligand in the fonned complex. A smaller ka value is related to a slower association rate 

and can lead to less binding tendency between analyte and ligand.

Table 4.3 The average of kinetic constants and affinity value o f bevacizumab and its 
derivatives using chip with 57 and 61 RU VEGF. N=4 for bevacizumab and Fabbeva and 
N=3 for F(ab)2, N=2 for PEGio-Fabbeva, PEGso-Fabbeva, PEG4o-Fabbeva, and N=1 for 
PEG2x20-Fab'beva and PEGio-bevacizumab. The analysis o f PEG2x2o-Fab'beva was 
perfonned with 53 RU VEGF chip.

Constructs

Bevacizumab

F(ab)z

F abbeva

PEG2o-Fabbev

P EG^Q-F abbeva

P EĜ Ô F abbeva

P E G 2 x 2 (1 "F a b  bcva

PEG 1 o-bevacizumab

ka(xlO^)M'

6.12

5.49

2.01

0.96

0.88

.31

1.13

.51

k<i(x |0-')s-' Kd (kd/ka) nM

8.16

6.39

13.40

12.1

9.67

12.90

10.90

8.2

1.33 ±0 .34

1.16±0.87

6.66 ± 1.52

12.0

10.98

9.84

9.59

5.49

The Fabbeva displayed a faster dissociation rate than bevacizumab (Table 4.3). 

An average kd value o f 13.40 x 10'  ̂ s'' was measured for the Fabbeva, whereas an 

average kd value of 8.16 x 10'^ s'' was observed for bevacizumab and kd o f 6.39 x 10'^ s'

' for F(ab)2 . This faster dissociation rate for the Fabbeva was thought to be due to its 

monovalent binding to VEGF. No difference between the kd value of bevacizumab and 

F(ab)2  was observed as both have similar binding strength towards VEGF. These results 

suggested that there was no loss o f binding properties due to the proteolytic digestion of 

the full antibody to obtain Fab and F(ab)2 .

This loss o f bivalency in the Fabbeva was also reflected in its association rate 

constant (Table 4.3). A ka value of 2.01 x 10'' M ''.s '' was calculated for the Fabbeva, 

while a ka value of 6.12 x lO'' and 5.49 x 10'' M '.s'' were calculated for bevacizumab 

and F(ab)2  respectively. While Fabbeva is smaller than the full IgG and can diffuse from 

bulk to the sensor surface faster, its ka was slower. This slower association rate in the 

Fabbeva was thought to be due to the monovalency properties o f the Fabbeva which can 

effect its overall binding tendency towards VEGF.
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In the PEG-Fabbeva conjugates, the dissociation constant rates did not change 

between the 20, 30 and 40 kDa PEG-Fabbeva (Table 4.3) and they were all in an 

approximate similar range (10-12 x 10'^ s'^) to the dissociation constant rates of the 

Fabbeva (13.4 X 10'^ s’’). This result implies that the strength of binding of the Fabbeva to 

VEGF did not change by the interchain disulfide PEGylation and that once bound, the 

PEG-Fabbeva binds to VEGF at a similar strength as the Fabbeva- Using different sizes of 

the PEG mono-sulfone reagent 2 (20, 30 and 40 kDa PEG) in PEG-Fabbeva resulted in 

an approximately similar kd value. This means that the size of the PEG where 

conjugated site-specifically at the interchain disulfide did not vary the binding of PEG- 

Fab to VEGF. If  PEGylation had not been site-specific or had been close to the binding 

region, then more variation in the binding properties would have been expected.

The association constant rate appeared to be slower for the PEG-Fabbeva (e.g. 

0.96 X 10"̂  M‘^s 'for PEGio-Fabbeva) compared to the Fabbeva (2.01 x 10"̂  M ^s ’). This 

slower association rate constant of the PEG-Fabbeva may be due to the molecular mass 

effect and also steric shielding effect of the PEG. PEG-Fabbeva would diffuse form bulk 

to sensor surface slower as a result of increase the molecular mass. However, it has been 

suggested [114] that the more likely reason of slower k& of a PEGylated anti-pl85^^*^‘̂  

antibody fragment to its target was due to the steric shielding effect of the PEG. It has 

been shown that PEGylation of anti-pl85™^'^ antibody fragments on an inserted thiol 

group at the hinge region, displayed slower association rate constant. It was proposed 

that this reduction was not because of a diffusion limitation, but it was due to a blocking 

mechanism of the PEG molecule to block the binding interface. More studies [288, 289] 

were also demonstrated a slower association constant rate as much as 10 fold decrease 

for PEGylated single chain antibody fragment using site specific PEGylation on an 

inserted cysteine residue. It was also observed no difference in the kd value o f these 

antibody fragments after the PEGylation [114, 288, 289]. Interestingly, the affinity 

value o f the PEGylated anti-pl85™^'^ antibody fi*agment decreased by 5 fold [114] and 

in the case of PEGylated single chain antibody, the affinity value decrease by 10 fold 

[288, 289]. In contrast, the affinity value of the PEG-Fabbeva decreased about two fold 

compared to non-PEGylated Fabbeva. This decrease was due to a slower association 

constant rate in the PEG-Fabbeva, whereas the dissociation constant rate did not change. 

It was thought that the reason for the improvement in binding affinity value from 5 or 

10 fold in [114, 288, 289] to 2 fold in this work, was related to the site of PEGylation 

and also the stability of 3-carbon disulfide bridging PEGylated conjugates. The PEG
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maleimide that was used for conjugation to cysteine residue of the antibody fragment 

[114, 288, 289] may hydrolyse. Also a free cysteine when engineered with these other 

fragments, it is possible there was disulfide scrambling leading to multiple PEGylated 

species.

To further demonstrate the effect of disulfide PEGylation, the binding affinity of 

PEG 1 o-bevacizumab was also studied in BIAcore. The dissociation rate constant of 

bevacizumab (8.16 x 10'^ s ') appeared to be close in value to the dissociation rate 

constant of the PEG,o-bevacizumab (8.2 x 10'^ s ') whereas the association rate constant 

became slower in the PEG,o-bevacizumab (1.51 x lO"' M’'.s '').

For the PEGixzo-Fab'beva (kd = 10.90 x 10'^ s’'), the dissociation rate constant was 

in the range of k<, of the Fabbeva (kd = 13.40 x 10'^ s"') and mono PEG4o-Fabbeva (kd = 

12.90 X 10'^ s"'). Also, no change in the association rate constant between PEGixzo- 

Fab'beva (ka = 113 X 10"' M "'.s'') and PEG4o-Fabbeva (ka = 1.01 x 10"' M"'.s'') was 

observed. Since both of these PEG conjugated constructs possess a similar molecular 

mass, it was thought that the similar association rate constants might suggest the 

threshold for shielding hindrance as the conjugation of the second PEG molecules did 

not cause more shielding hindrance. The similar dissociation rate constant in PEG2X20- 

Fab'beva was in agreement with what was thought to be a reason for similar kd between 

PEG-Fabbeva and Fabbeva-

To further study the difference in dissociation rate constants between 

bevacizumab and the PEGylated derivatives, the dissociation profile was produced. This 

dissociation profile is obtained by overlaying all o f the sensograms. The sensograms 

were adjusted based on binding level and concentration differences [286]. For example 

0.3 pM of bevacizumab displayed similar binding RU to 2 pM of Fabbeva and 1.7 pM of 

PEGio-Fabbeva. The sensograms of these three samples were superpositioned and 

followed by adjustment of the baseline to zero and a dissociation phase to 100 RU. The 

resulting sensogram was named a dissociation profile (Figure 4.17). This method helped 

to compare dissociation profile of different samples. The dissociation profile of the 

Fabbeva was faster than bevacizumab, whereas F(ab)] showed the same dissociation 

profile as full antibody (Figure 4.17, A). The dissociation profile of Fab and the 20, 30 

and 40 kDa PEG-Fabbeva were also superimposed (Figure 4.17, B) and no difference 

observed in their dissociation profiles.
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Figure 4.17 (A) The dissociation rate profile of Fab, F(ab)2  and bevacizumab, (B) The 
dissociation rate profile o f the Fab and PEG-Fabs. The concentrations o f the all samples 
were normalized against their molecular weight and their binding.

The kinetic assay was also conducted with the Fab^ni and the PEGio-Fabrani 

using the same conditions and the CM3 chip with 61 RU VEGF. The Fabrani was first 

buffer exchanged into HBS-EP buffer to exclude the effects o f excipients. The kinetic 

fitting curve and residual plot o f Fabrani and PEGzo-Fabrani using 1:1 binding model are
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shown in Figure 4.18. The residual plot and Chi^ indicated a good fit with a 1:1 binding 

model. The association rate constants of 3.6 x 10"̂  M'\s"^ and 1.74 x 10"̂  M *.s'̂  were 

calculated for Fabrani and PEGio-Fabrani respectively (Table 4.4). The ka value o f Fabrani 

was slower than the ka of bevacizumab (6.93 xlO^ M '\s'^) presumably as a result o f the 

monovalency of the Fabrani towards VEGF. The slower association rate constant that 

was observed for PEGzo-Fabrani was thought to be due to the steric shielding effect of 

the PEG molecule. However, the attempt to calculate the dissociation rate constants for 

Fabrani and PEG-Fabrani was failed. There is a limited range of the dissociation rate 

constants (1 x 10'' to 1 x 10'^ s '') which can be calculated in the BIAcore at 25 ^C. This 

meant that the Kd value could not be accurately calculated.

The binding affinity of ranibizumab to VEGF121, VEG F165 and VEGFno was 

studied [290] using BIAcore 3000. This BIAcore instrument has four flow cells, hence 

each of these three forms of VEGF-A could be immobilised to one of four flow cells on 

the CM5 chip with varied immobilisation levels of 50-200 RU. Applying a 1:1 binding 

model, the association rate constant of 5.6 x 10"̂  M ' . s ''  was calculated for ranibizumab 

to VEGFi65 [290]. However, these researchers experienced the same issue with 

calculation of dissociation rate constants of ranibizumab at 25 which was observed to 

be very slow. A similar result was observed [285] when the binding affinity of the 

mutant Fab-12 was studied in BIAcore at 25 ®C. They substituted some amino acids in 

CDR region of Fab-12 (Fab-bevacizumab) to improve the binding affinity to V EG F ]65 

and the affinity values o f these different mutants were compared. The dissociation rate 

constant o f one of the highest affinity mutant Fab-12 named Y0317 was very slow and 

exceeded the BIAcore 2000 limit at 25 ^C, however, it was possible to calculate kd when 

the kinetic assay temperature in the BIAcore was increased to 37 ^C. The Fab Y0317

was later known as ranibizumab [193].
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Figure 4.18 The fitting curve and residual plot of (A) Fabrani, and (B) PEGzo-Fabr 
applying 1:1 binding model.

Table 4.4 Kinetic constants and parameters of Fabrani and PEGio-Fabram using chip with 
61 RU VEGF. N=2 for Fabrani and PEGzo-Fabrani. * NAD: not accurately determined

Fabrani 49 NAD* 23.96 0.19

PEG20“F abrani 1.74 x ic f 46 < 10"* NAD* 2 0 ^ 9 &23 8 4 7 x 1 0 ^

2 0 9
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To Study the binding affinity of the Fabtrast and PEGzo-Fabtrast, the CM3 chip was 

immobilised with FIER-2 (RU=51). The kinetic assay was conducted over a range of 

concentration for trastuzumab (0.03 pM to 0.6 pM) and for both Fabtrast and P E G 2 0 -  

Fabtrast (0.08 pM to 2.0 pM). The 1:1 binding model was also used to calculate the 

kinetic constants. Figure 4.19 shows the fitting curve and residual plot of trastuzumab 

and P E G 20-F abtrast- The residual plots were in agreement with a 1:1 binding model since 

the residual plot was scattered around zero. The kinetic parameters are summarised in 

Table 4.5. The experimental R^ax in Table 4.5 was again slower than the theoretical 

Rmax (23 RU). Also, the Chi^ values were less than 1 which suggested a good fit. The S E  

value for ka and ku were less than two orders of magnitude of the ka and kd value. 

Therefore, the kinetic constant rates and affinity value were significant and could 

uniquely be calculated. The kinetic assay was perfomied two times for trastuzumab and 

Fabtrast, and once for the P E G -F abtrast- The average values are summarised in Table 4.6.

Table 4.5 Kinetic constants and parameters of trastuzumab, Fabtrast and P E G -F ab trast 

using chip with 51 RU HER-2.

T rastuzum ab 3.4 %10' 1.30 xlO' 3.6 x i o ' 1.70 X10 * 0.10 6.4 0.008 0.03 1.2x10'"

Fabirasi 1.01 xlO" 2.1 xlo" 1.15 x lo< 2 10x10* 0.13 2.67 0.003 0.02 6.8x10'"

PEGzo-Fab^ras, 2.6 x io ' 1.10 x |0 ' 1.30 x lo" 2.90 x | 0 * 0.49 2.59 0.006 0.02 2 .4 x 1 0 '"

A; Trastuzumab.

t

NO
imw
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Figure 4.19 The fitting curve and residual plot o f (A) trastuzumab, (B) and the PEG2Ü- 
Fabtrast applying 1:1 binding model.

Table 4.6 The average kinetic constant rates o f trastuzumab and its PEGylated Fab 
using chip with 51 RU HER-2. N=2 for Fabtrast and trastuzumab and N=1 for PEG20- 
F abtrast.

T rastuzumab 038 0.42 0.11

F abtrast 1.02 1.15 0.13

P E G 20-F abtrast 036 1.31 0A9

A Kd value o f 0.5 nM was reported for trastuzumab [291] applying a 1:1 

binding model at 30 when HER-2 was immobilised on a CM5 chip (150 RU) in 

[291]. A Kd value o f 0.11 nM at 25 was calculated for trastuzumab in this study 

when HER-2 was coated on CM3 chip (51 RU).

The affinity value o f Fabtrast (Kd = 0.13 nM) appeared to be about the same as 

trastuzumab ( K d = 0.11 nM). Interestingly, it was found that the dissociation and 

association rate constants of Fabtrast (k<i = 1.15 x 10"̂  s ' \  ka = 1.02 x 10  ̂ M’'.s '')  were 

faster than dissociation and association rate constants o f trastuzumab (kd= 0.42 x 10 s' 

', ka= 0.38 X IO^M '.s ’'). It was thought that since the CM3 chip was immobilised with 

the monomer HER-2 in low immobilisation level, binding of trastuzumab occurs
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through one of its Fab portions, leading to one Fab interaction with HER-2. Hence, the 

affinity for trastuzumab and F a b tra s t  was thought to result from monovalent binding to 

the immobilised HER-2. The association rate constant was faster for Fabtrast and this 

was thought to be due to the mass difference between Fabtrast and trastuzumab. The Fab 

can diffuse from the bulk to the sensor surface faster than the full antibody. The slower 

dissociation rate constant of trastuzumab was thought to be due to more stable binding 

of full IgG because of the hinge flexible region.

The dissociation rate constant of Fabtrast appeared to be similar to dissociation 

rate constant of the PEGio-Fabtrast as was observed for the PEG2o-Fabbeva conjugates. 

Again the association rate constant was decreased for PEGio-Fabtrast most probably due 

to the steric shielding effect of the PEG. The affinity of the F a b tra s t  was after PEGylation 

less than a two fold as a result of changes in association rate constant, where 

dissociation rate constant remained unchanged.

4.2.5 Kinetic assays o f  the Fab-PEG-Fabs

To evaluate the binding valency and determine the structure-property correlations of the 

Fab-PEG-Fab constructs, kinetic assays were performed. The binding affinity and 

kinetic rate constants for the 6, 10 and 20 kDa Fabbeva-PEG-Fabbeva conjugates were 

determined and compared to bevacizumab and PEG-Fabbeva- A CM3 chip (VEGF, 57 

RU) was used to evaluate the Fab-PEG-Fab conjugates derived from Fabbeva and Fabrani- 

The kinetic rate constant parameters for the purified F abtrast-PEG20-F abtrast were 

determined using CM3 chip immobilised with HER-2 (51 RU). The 1:1 fitting model 

was again selected as the best fit to obtain the binding affinity of these homodimer 

constructs.

The fitting curve and residual plot of the 6, 10 and 20 kDa Fabbeva-PEG-Fabbeva 

are shown in Figure 4.20 using a 1:1 binding model. A range of concentrations (0.02 

pM to 0.8 pM) for the F abbeva-PEG-F abbeva were used for kinetics assay. The fitting 

parameters are listed in the Table 4.7. The kinetic assay was performed twice for 

Fahbeva-PEGb-Fahbeva and Fabbeva-PEGio-Fabbeva and once for Fabbeva-PEG2o-Fabbeva- The 

average was then taken for these two constructs and are listed in Table 4.8 along with 

kinetic constants of Fabbeva-PEG2o-Fahbeva-
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The residual plot of the Fabbeva-PEG-Fabbeva (Figure 4.20, A-C) using 1:1 fitting 

model suggested that there was no difference between the fitting curve and the 

experimental curve as the residual plot was scattered around zero. The Chi^ value also 

was less than 1 for each homodimer constructs (Table 4.7) which suggested there was a 

good fit o f the data. The SE values of ka and kd were less then a two order of magnitude 

o f ka and kd value indicating that values o f the kinetic rate constants were significant. As 

was expected, no mass transport limitation was observed in any of experiments 

conducted as the tc value was above 10  ̂ (Table 4.7). These fitting parameters supported 

using a 1:1 fitting model to calculate the kinetic rate constants and affinity value for the 

Fabbeva-PEG-Fabbeva homodimer.

A  ̂ Fabbeva-PEGb-Fabbeva-

600
Tmw
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Figure 4.20 Fitting curve and residual plot of (A) F ab b ev a -P E G ô -F a b b ev a , (B) Fabbeva- 

PEGiO"Fabbevai (G) Fabbeva”PEG20”Fabbeva-
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Table 4.7 Kinetic constants and parameters of F abbeva- PEG-Fabbeva using chip with 57 
RU VEGF.

Fab,,va-PEG6-

Fabbcva

2.2 xiO' 31 3.49 x io^ 7.0 x lo  " 1.57 28.45 0.079 0.07 1.08x10'-

Fabbeva-PEG 10-

Fabbeva

3.18 xlo" 99 4.67 x lo  ' 1.60 X10 ' 1.46 27.70 0.05 0.09 1.17x10-"

Fabbeva-PEGvo-

F abhc\ a

1.96 x|0" 1.17 x io - 3.02 x |0  ' 2.80 xlO" 1.53 26.1 0.017 0.07 1.70x10"

Table 4.8 The average kinetic rate constants and affinity value o f F abbeva- P EG-Fahbeva 
using chip with 57 RU VEGF. N=2 for Fahbeva-PEGô-Fahbeva and F abbeva- PEG; o-Fahbeva 
and N=1 for Fahbcva-PEGzo-Fahbeva

F abbeva-PEG^-F abbeva 3.43 5.29 1.54

F abbeva" PEG 10" F abbeva 4.46 5.65 1.27

F abbeva" PEG20-F abbeva 1.96 3.02 1.53

The average dissoeiation rate constants of the homodimer Fabbeva-PEG-Fabbeva 

constructs appeared to be slower than the average dissociation rate constant o f the 

Fabbeva (kd = 13.40 x 10"̂  s '')  and PEGzo-Fabbeva (kd = 12.10 x 10'^ s''). The dramatic 

decrease in kd for the homodimer constructs was due to the tighter interaction between 

the construct and its target. This was thought to be a reflection o f the bivalency 

properties in the homodimer construct compare to monovalent Fabbeva and mono PEG- 

Fabbeva to VEGF. These observations suggest that conjugation o f a second Fabbeva to the 

PEG-Fabbeva caused cooperative binding of the two Fabs in homodimer to VEGF. The 

homodimer displayed bivalency properties that lead to better binding affinity. 

Therefore, using PEG reagent 4 as a scaffold to link two Fabs, it was possible to make a 

homodimer conjugate with bivalent properties. Surprisingly, the dissociation rate 

constants o f the homodimer constructs were found to be even slower than bevacizumab 

(kd = 8.16 X 10'  ̂s ''). This tighter interaction between F abbeva- PEG- F abbeva to VEGF was 

thought to be due to the effect of flexible linker (PEG) in the conjugation structure. 

While the hinge region in bevacizumab was responsible for flexibility of the antibody 

for bivalent binding, it was thought that PEG provided better flexibility in the 

homodimer structure leading to better binding properties. Many groups have studied the
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effect o f length and flexibility of a linker used to conjugate the two molecules [150, 

157, 160-162]. It has been proposed that the flexibility and length of the linker can both 

have a major effect on the properties of the resulting conjugate. The length of the linker 

was thought to have a primary effect [157]. It was also found that a flexible linker with 

a slightly longer length could lead to greater binding affinity [157, 160]. In addition, it 

has been reported that effective molarities (Meff) of a bivalent molecule to it ligand will 

depend on the length and flexibility of the linker used in this molecule [162]. The value 

of Meff can be used to predict the avidity of the bivalent molecule and is related to the 

properties of linker. When the linker is a flexible polymer, the end groups spend much 

time being close to each other. The end groups are conformationally mobile in flexible 

polymers. This effect would increase the local concentration of the binding groups 

translating to a degree of cooperativity between the binding groups (e.g. Fabs in our 

case) and thus enhance the effective molarities. It was shown that if  the length of linker 

may need to be optimised, as if it is too short, a smaller value of Meff was observed, 

which indicated in that study that there was less binding interactions between the ligand 

{p- substituted benzenesulfonamides) and a bivalent binding molecule of human 

carbonic anhydrase II. The linker with longer length resulted in a higher Meff [162].

It was observed in our studies that the dissociation rate constant of the Fabbeva- 

PEGzo-Fabbeva (3.02 x 10'^ s'^) was slower than the dissociation rate constant of Fabbeva- 

PBGio-Fabbeva (5.65 x 10'^ s ’) and Fabbeva-PEGb-Fabbeva (5.29 x 10'^ s’’). This suggested 

that conjugation of two Fabbeva with longer the PEG reagent 4 (20 kDa) resulted in a 

better binding as a consequence of a better flexibility in homodimer structure for 

bivalent binding. It is thought that when two Fabs are linked together in a molecule has 

flexibility in its structure then it is possible that the two Fabs can tightly bind to their 

target resulting in a slower dissociation rate constant.

The average association rate constants of the 6 and 10 kDa F abbeva-PEG-F abbeva 

constructs were faster than Fabbeva (ka = 2.01 x 10'’ M’’.s’’). This faster association rate 

constant in these homodimer constructs were again due to bivalency properties o f these 

molecules. However, the association rate constant of the Fabbeva-PEG2o-Fabbeva was 

found to be close in value to the association rate constant of Fabbeva- The slower 

association constant rate for Fabbeva-PEGio-Fabbeva was probably due to the mass 

difference between these three constructs, which effects the diffusion rate of the 

conjugate from the bulk to the sensor surface. Also steric shielding effects of the 20 kDa 

P E G  may have been greater than that for the 6 and 10 kDa P E G  molecules in these
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conjugates.

In addition, the association rate constants o f  the F abbeva-PEG-F abbeva construets 

were slower than the association rate constant o f bevacizumab (ka = 6.12 x 10  ̂ M ''.s'’). 

This slower ka was due to the possible shielding hindrance effeet o f  the PEG molecule 

present in the homodimer construct. Association and dissociation rate constants o f the 

homodimer Fahbeva-PEG-Fahbeva were slower than bevacizumab, but the affinity values 

appeared to be similar.

To further evaluate the difference in dissociation rate constant o f the homodimer 

constructs compared to bevacizumab and Fabbeva, the dissociation profiles were 

obtained by overlaying all o f  the sensograms (Figure 4.8). The sensograms were 

adjusted based on binding level and concentration differences. For example Fabbeva (2.0 

pM) displayed a similar binding RU to 0.6 pM o f Fabbeva-PEG-Fabbeva and 0.5 pM 

bevacizumab. The sensograms o f these three samples were superpositioned and 

followed by adjustment o f the baseline to zero and a dissociation phase to 100 RU. 

Figure 4.21, shows an example of the nonnalisation sensogram for these three 

conjugates showing the similar binding that was observed.

A; Overlay o f  the 6 and 20 kDa Fabbeva-PEG-Fabbeva with the Fabbeva-
mj  A d ju s te d  • • n s o r g r a m

2
! . . 6, 20 kDa Fab^^g^g-PEG-Fab,
S

I I

beva

Time (0=baseline)
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B; Dissociation profile of the 6 and 20 kDa Fabbeva-PEG-Fabbeva with the Fabbeva-

A d)ust«d t tn to r g r t m

I

6, 20 kD a Fabbe,3-PEG -Fab b eva

Fab b ev a

T im e (0 = b a se lin e )

C; Dissociation profile o f the F abbeva- P EGe-Fahbeva with Fabbeva and PEGzo-Fabbeva-
nu Ad|u«t«d «ansoraram

Fab,,,,-PEG,-Fabh,„ai

Fabhcva. PEG,o-Fabbeva
I
I

T im e  (0 = b a sc lin c )
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D; Dissociation profile o f Fabbeva-PEG-Fabbeva (6, 10 and 20 kDa) with bevacizumab.

Fat’i,,,,-PEG3„-Fabb,„ 

Fabb„,-PEG,„-Fab,,,. 

Fab|^,,-PEG^-FaK

Bevacizumab

b cva

T im e  ( 0 = b a s e l in e )

Figure 4.21 The dissociation profiles of Fabbeva-PEG-Fabbeva compared to Fabbeva, (A) 
Overlay graph of 6 and 20 kDa F a b b eva-P E G -F ab b eva  with Fabbeva, ( B )  The dissociation 
rate profile o f 6 and 20 kDa F ab b eva-P E G -F ab b eva  with Fabbeva, (C) The dissociation 
profile o f the F abbeva- P  E G b - F abbeva with Fabbeva and P E G zo -F a b b ev a , ( D )  The dissociation 
profile o f 6, 10 and 20 kDa F  a b b ev a -P E G -F  abbeva with bevacizumab.

The dissociation profile for 6 and 20 kDa F abbeva- P EG - F abbeva appeared to be slower 

than the Fabbeva and mono PEG-Fabbeva (Figure 4.21, B and C). This was correlated with 

their dissociation rate constants. As already described, the dissociation profile of the 

homodimer Fahbeva-PEG-Fahbeva at either size of the PEG reagent 4, were slower than 

bevacizumab (Figure 4.21, D).

A similar study was conducted with Fabrani-PEGô-Fabrani using the CM3 chip 

with 57 RU VEGF and using a 1:1 binding model. The kinetic fitting curve and residual 

plot of Fabrani-PEGô-Fabrani is shown in Figure 4.22. The residual plot and Chi^ (0.76) 

indicated a good fit. The association rate constant of 3.8 x 10"̂  PvT '.s’' was calculated for 

Fabrani-PEGô-Fabrani with an acceptable SE value for ka. Again the dissociation rate 

constant exceeded the capabilities of the BIAcore instrument. Therefore, the Kd value 

could not be accurately calculated.
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Figure 4.22 The fitting curve and residual plot of Fabrani-PEGô-Fabrani applying 1:1 
binding model.

While it was not possible to determine the dissociation rate constant, a association rate 

constant o f 3.80 x 10"̂  M'Vs'' was calculated for Fabrani-PEGô-Fabrani and was similar to 

the average association rate constant of Fabbeva-PEGô-Fabbeva (ka = 3.43 x 10"̂  M '.s ').

Table 4.9 Kinetic constants and parameters of Fabrani-PEGô-Fabrani using chip with 57 
RU VEGF. N=1 for Fabrani-PEGô-Fabrani * NAD: not accurately determined.

■
Fabrani-PEG6-

Fâbrapj

3.80 xlO'^ 80 < 10"^ NAD * 31.10 0.76 5 .01x10 '^

The same studies were perfonned with the Fabtrast-PEGzo-Fabtrast using CM3 

chip (51 RU, HER-2). Concentration of Fabtrast-PEGzo-Fabtrast in the range of 0.02-0.2 

pM was applied. A 1:1 fitting model was again applied and the fitting parameters were 

assessed. Figure 4.23 shows the fitting curve and the residual plot for Fabtrast-PEGio- 

F abtrast-
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Figure 4.23 The fitting curve and residual plot o f Fabtrast-PEGio-Fabtrast applying 1:1 
binding model.

Looking at the residual plot for Fabtrast-PEG2o-Fabtrast, there was no difference 

between the fitting curves and the experimental curve that obtained when a 1:1 binding 

model was applied. The fitting parameters and kinetic rate constant for Fabtrast-PEG20- 

Fabtrast are listed in Table 4.10. The SE values for ka and kd were in acceptable range as 

well as the Chi^ value (0.04) (Table 4.10)

The affinity value of the Fabtrast-PEG2o-Fabtrast (Kd = 0 . 1 3  nM) did not change 

compared to affinity value for trastuzumab (Ko = O.ll nM) and the Fabtrast (Kd = 0 . 1 3  

nM). While Fabtrast and Fabtrast-PEG2o-Fabtrast had similar binding affinities as 

trastuzumab, the dissociation rate constant was slower in the F abtrast- P EG20- F abtrast (kd = 

0.56 X lO'"̂  s'") than the Fabtrast (kd = 1.15 x 10'  ̂s’'). The kd of Fabtrast-PEG-Fabtrast was 

similar to trastuzumab (kd = 0.42 x 10'"̂  s'*). This result indicated that binding 

interaction of Fabtrast-PEG2o-Fabtrast with the HER-2 ligand was tighter than single 

Fabtrast and similar to full IgG presumably due to the flexibility effect o f the PEG linker 

in F abtrast- PEG2o-Fabtrast. The association rate constant of the Fabtrast-PEG2o-Fabtrast (ka = 

0.42 X 10  ̂m '.s'*) was slower than the Fabtrast (ka = 1.02 x 10  ̂M'*.s'*) and again similar 

to the association rate constant of trastuzumab (ka = 0.38 x 10  ̂M'*.s'*). Since it is likely 

to have similar binding tendency towards the monomer HER-2 between Fabtarst and the 

Fabtrast-PEG2o-Fabtrast and trastuzumab, it was thought that the molecular mass 

influenced the difference in ka value. The molecular mass o f homodimer Fabtrast-PEG2o-
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Fabtrast was more than Fab and almost in the same range of trastuzumab. Therefore, ka 

value o f Fabtrast-PEG2o-Fabtrast was slower than Fabtrast and almost similar to 

trastuzumab.

Table 4.10 The kinetic constant rates and parameters of Fabtrast-PEGio-Fabtrast- CM3 
chip with 51 RU HER-2 was used. N=1 for Fabtrast-PEGzo-Fabtrast

■
K iras^^G 2(^^  

1 F abirasl

0.42 xio" 2.1 xlo" 0.13 0.007 0.04 3.56x10^"

This observation that the kd value for Fabtrast-PEGio-Fabtrast is slower to that of 

Fabtrast was further investigated by graphing the dissociation profile. A similar method 

was used to make the dissociation profile for Fabtrast-PEG2o-Fabtrast and Fabtrast (Figure 

4.24). The dissociation profiles for Fabtrast and Fabtrast-PEG2o-Fabtrast were correlated to 

the dissociation rate constants that were calculated.

RU Adjusted sensorgram

1 4 0  -

Fab„.,,-PH(t„rfab„,,,

FAms,
9 0

4 0  -

•10 -

.6 0
0 4 0 0

Figure 4.24 Dissociation profile of Fabtrast and Fabtrast-PEG2o-Fabtrast.

4.2.6 Binding study o f  the Fabheva-PEG2o-Fab

The binding of the heterodimer Fabbeva-PEG2o-Fab*trast was then examined. The hope 

was that binding of the Fabbeva and Fabtrast moieties would be retained in the Fabbeva- 

PEG2o-Fab*trast conjugate. The binding of the F abbeva- PEG20- Fab * trast was first studied 

using a CM3 chip immobilised with HER-2 (RU=51) to evaluate the binding of the
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F a b tra s t  and then in another experiment binding of this heterodimer was examined using 

a CM3 chip immobilised with V E G F  (RU=57) to evaluate the binding of the F ab b ev a-

The binding of the Fabbeva-PEG2o-Fab*trast was first evaluated (Figure 4.25, A) at 

three different concentrations using the CM3 with immobilised HER-2. The binding of 

the homodimer Fahbeva-PEG-Fahbeva and Fabtrast-PEG-Fabtrast were also studied (Figure

4.25, B) using this chip and used as a control. Only a small amount of the purified 

heterodimer conjugate, Fabbeva-PEG2o-Fab*trast could be prepared and it was only 

purified in 1 out of 6 attempts. Since the amount of the heterodimer was so small, a 

BIAcore binding assay was conducted with a series serial concentrations for Fabbeva- 

PEG2o-Fabtrast*. Three dilutions of the Fabbeva-PEG2o-Fab*trast were prepared as follows: 

an aliquot of the starting was diluted 1:2 and 1:4 using HEPES buffer (Figure 4.25, A 

and B). Results showed that binding of the heterodimer constructs were preserved 

towards HER-2 with a concentration dependent response (Figure 4.25, A). This binding 

corresponded to the presence of the F a b tra s t  in the heterodimer F ahbeva-PEG2o-F ah * trast 

conjugate. The F abbeva-PEG-F abbeva did not display any binding to the HER-2 (Figure

4.25, B) which suggested the specificity of the binding assay performed. The Fabtrast- 

PEG-Fabtrast displayed binding to the HER-2 as was expected. However, using this 

binding assay, these results were not quantitative and they only corresponded towards 

establishing whether or not binding had occurred.

Binding of the heterodimer Fabbeva-PEG2o-Fab*trast was also examined using a 

chip with VEGF (Figure 4.26, A). A similar concentration range of the Fabbeva-PEG2o- 

Fab*trast were studied and the binding sensograms displayed the concentration 

dependent binding response (Figure 4.26, A). The Fabtrast-PEG2o-Fabtrast was used as a 

control and no binding to VEGF was observed (Figure 4.26, B) which suggested no 

non-specific binding. The homodimer Fahbeva-PEG-Fahbeva was retained its binding to 

VEGF (Figure 4.26, B).

An approximate similar concentration of the Fabbeva-PEG2o-Fabbeva (Figure 4.28, 

Lane 1) and Fabtrast-PEG2o-Fabtrast (Figure 4.28, Lane 2) and Fabbeva-PEG2o-Fab*trast 

were used in the binding assays (Figure 4.27). This concentration was estimated by the 

density o f the bands for the heterodimer that were observed by SDS-PAGE. The 

intensity of the bands for Fabtrast-PEG2o-Fabtrast, Fabbeva-PEG2o-Fabbeva and Fabbeva- 

PEG2o-Fab*trastin the gel appeared to be similar. Equivalent loading volumes were used 

to try to set these concentrations. The Fabtrast-PEG2o-Fabtrast did not display any 

evidence o f binding to VEGF (Figure 4.27). The binding of Fabbeva-PEG2o-Fabbeva
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appeared to be better than the binding level o f Fabbeva-PEG2o-Fab*trast (Figure 4.27). 

This was due to presence of two Fabbeva in the Fahbeva-PEGio-Fabbeva which lead to 

higher binding level.

A; Binding sensogram of Fabbeva-PEG2o-Fab*trast using CM3 chip with FIER-2.
RU Adjusted sensorgram

Fab,„.-PEGj„-Fab„„* 
Fabj,..,-PEG,„-Fab,„/(1:2 dilution) 
Fabbeva-PEG2o-Fab,̂ 3,,*( 1:4 dilution)' 20 '

400  6 0 0  80 0

rinw (8 • iMtvNiw)

B; Binding chart o f Fabbcva-PEG2o-Fab*trast and control using CM3 chip with FIER-2.

Cycle Number

Figure 4.25 Binding sensogram (A) of Fabbeva-PEG2o-Fab*trast using CM3 chip with 
HER-2, (B) Binding chart with relative response unit of F  abbeva-PEG2o-F a b  * trast and 
homodimer Fabtrast-PEG2o-Fabtrast and Fahbeva-PEG2o-Fabbeva. Cycle I; Running buffer, 
Cycle 2; Fabtrast-PEG2o-Fabtrast, Cycle 3; Fabbeva-PEG2o-Fabbeva, Cycle 3; Fabbeva-PEG20- 
Fab*trast, Cycle 4; 1:2 dilution of Fabbeva-PEG2o-Fab*trast. Cycle 5; 1:4 dilution of Fabbeva- 

PEG2o-Fab*trast.
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A; Binding sensogram of Fabbeva-PEG2o-Fab*trast using CM3 chip with VEGF. 
RU Adjusted sensorgram
10

8

8

^FaV-va-PEG20-Fab,„„*
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B; Binding chart of Fabbeva-PEG2o-Fab*trast and control using CM3 chip with VEGF.

Cvcw Number

Figure 4.26 Binding sensogram (A) of Fabbeva-PEG2o-Fab*trast using CM3 chip with 
V E G F ,  (B) Binding chart with relative response unit o f Fabbeva-PEG2o-Fab*trast and 
homodimer Fabtrast-PEG2o-Fabtrast and Fa b b ev a -P E G 2 o -F abbeva using V E G F  chip. Cycle 1; 
Running buffer, Cycle 2; Fabbeva-PEG2o-Fab*trast, Cycle 3; 1:2 dilution o f Fabbeva-PEG2o- 
Fab*trast, Cycle 4; 1:4 dilution o f F abbeva-P E G 2o-F ab*trast, Cycle 5; Fabtrast-PEG2o-Fabtrast, 
Cycle 6; Fabbeva-PEG2o-Fabbeva.
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RU Adjusted sensorgram

20 -■
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Figure 4.27 Binding sensogram of Fabbeva-PEG2o-Fab*trast, homodimer Fabbeva-PEG20- 
Fabbeva and F abtrast- PEG2 0- F abtrast when same concentration applied, using CM3 chip 
with VEGF.
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Figure 4.28 SDS-PAGE gel o f the purified homo and heterodimer constructs used in 
the binding assay, Novex Bis-Tris 4-12% gel stained with colloidal blue (Lanes M-3) 
Lane M: Protein standard. Lane I: The purified F abbeva- PEG20- F abbeva, Lane 2: The 
purified Fabtrast-PEG2o-Fabtrast, Lane 3: The purified Fabbeva-PEG2o-Fab*trast.

It was thought that it might be possible to immobilise both ligands on one chip 

and hence evaluate the binding of the heterodimer in one experiment without a need to 

change the chip over. Also, the aim was to compare the binding properties and kinetic 

parameters o f heterodimer Fab-PEG-Fab* conjugates to homodimer Fab-PEG-Fab 

conjugates using a single chip. A new method was designed to immobilise the chip
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stepwise with VEGF and then the HER-2 ligand. As far as we can determine, the 

immobilisation o f two ligands on a single chip to evaluate a heterofunctional molecule 

has not been described in the literature. A single CM3 chip was immobilised with 

VEGF first and then HER-2 using stepwise immobilisation (Figure 4.29). A low 

immobilisation level for both ligands was used to minimise rebinding and cross link 

interaction. Manual immobilisation was selected to allow control o f the injection of the 

ligands and activation time. The sensor surface was first activated with EDC/NHS (200 

sec), and the ligand (VEGF, 0.1 pg/mL) was then injected for a 140 sec contact time. 

After this, the second ligand (HER-2, 0.1 pg/mL) was injected also for a 140 sec contact 

time. Ethanolamine (1.0 M) was then injected to block all the remaining active sites. 

The immobilisation level was monitored for each ligand during the contact with the 

chip. The immobilisation level of 55 RU and 64 RU were achieved for VEGF and HER- 

2 respectively (Figure 4.29).

E thanolam ine 180 sec

E D C /N H S, 200 sec

N aO H , 60 sec H ER -2, 0.1 ug/ijil,
140 see .

-

VEGF, 0.1 ug /m l, 140 see

Figure 4.29 Manual immobilisation of CM3 chip with VEGF (0.1 pg/mL) and HER-2 
(0.1 pg/mL). The 140 sec contact time performed for each ligand.

To determine whether both ligands were functionally active, bevacizumab (0.4 

pM) and trastuzumab (0.4 pM) were loaded onto the chip. The binding of these two 

antibodies to their respective ligands was then observed (Figure 4.30). The sensograms 

of bevacizumab and trastuzumab were overlaid (Figure 4.30) and the baseline was 

adjusted to zero. At the same concentrations, bevacizumab and trastuzumab appeared to 

have similar binding, however, different dissociation profile. Bevacizumab displayed a 

slower dissociation profile than trastuzumab. This observation could be due to the fact
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that bevacizumab has bivalency towards VEGF whereas trastuzumab has monovalent 

binding toward HER-2.
mu AdJu»Ud stnsorortm

B evacizum ab 
Trastuzum ab

Figure 4.30 The binding sensogram of bevacizumab and trastuzumab using CM3 chip 
immobilised with HER-2 and VEGF.

To examine this chip further to see if the binding of Fabbeva to VEGF was similar 

to what was observed for the chip with VEGF only, the binding of bevacizumab (0.4 

pM) and the Fabbeva (1 0  pM) were evaluated (Figure 4.31). The dissociation profile of 

the Fabbeva was faster than bevacizumab as was expected (Figure 4.31).

A d |u et«« i • • n e o r g r o m

Î "

i Bevacizumab

Figure 4.31 The dissociation profile of bevacizumab (0.4 pM) and Fabbeva (1.0 pM), 
using CM3 chip with VEGF and HER-2.
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The binding of the heterodimer Fabbeva-PEG2o-Fab*trast was then studied using this chip 

(Figure 4.32) applying different concentrations. This result suggested that the 

heterodimer molecule maintained its binding to VEGF and HER-2 at the same time, 

with concentration dependent manner.

wj Adjumted « « n so rg ra rn

b e v a  2 0  tra s t

E'^^beva-PEGiQ-Fab,̂ ^̂ ,* ( 1:2 dilution) 
Fabbevà-PEG2o-Fabj,3,,* (1:4 dilution)
Buffer only

-S'

.IS

JO
0 400

«

Figure 4.32 Binding sensogram of the heterodimer Fabbeva-PEG2o-Fab*trast using CM3 
chip immobilised with both VEGF and HER-2.

4.3 Kinetic affinity using ELISA

ELISA is a widely used technique to detenuine antibody affinity [274, 275]. Direct 

ELISA (Scheme 4.3) can be a useful method to measure the concentration o f a 

PEGylated antibody in a serum sample [292]. In direct ELISA the antigen is coated in 

the wells of the plate with a fixed concentration. The binding affinity is then estimated 

by applying different concentrations of the antibody of interest. For example, the 

binding affinity of cerolizumab pegol (PEGylated anti-TNFa Fab) with recombinant 

human TNFa [293] was detenuined by direct ELISA. TNFa was coated onto the 

surface of the wells on the plate. Once exposed to the cerolizumab pegol, binding was 

then detected with a secondary goat anti-human antibody targeted to the cerolizumab 

pegol.
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Subsvate g g

▲  V E G F 

\  T es t  s a m p l e s

S e c o n d a r y  an t ib o d y  (F a b  
sp e c i f ic ) -p e ro x id ase

Scheme 4.3 ELISA design when VEGF applied as a ligand.

The secondary was conjugated to horseradish peroxidase (HRP). Once the 

secondary antibody was washed from the wells, tetramethyl benzidine (TMB), which 

undergoes reaction with HRP was added. TMB is a chromogenic substrate and can be 

used in staining procedures. It binds to HRP and produces the blue colour. The resulting 

colour can be measured by UV-visible spectroscopy at 370 or 655 nm. However, to stop 

the reaction between TMB and HRP, strong acid such as HCL (50 pL, 1.0 N) was used 

and yellow colour resulted which can be read at 450 nm.

There are some limitations to use ELISA to detennine binding affinity values 

because equilibria might not be achieved as a result o f the several washing steps that are 

often used. Also cross-linking of the antibody with the antigen can occur when using 

extra ligand to coat the individual wells. However it was important to evaluate the 

binding by ELISA to detennine if the relative binding correlations o f the different 

PEGylated products as detenuined by BIAcore analysis was maintained. Direct ELISA 

was also performed to evaluate the binding affinity o f the PEGylated Fabs that were 

prepared from Fabbeva, Fabrani and Fabtrast- The associated ligand, e.g. VEGF or HER2, 

was coated onto the surface of the wells on the assay plate. For binding affinity of all 

the constructs derived from bevacizumab and also Fabrani, the ELISA plate was coated 

with VEGF (0.1 pg/mL in well concentration, add 100 pL per well from 1.0 pg/mL) and 

for the test compounds derived from trastuzumab, the plate wells were coated with 

HER-2 (0.25 pg/mL in well concentration, 100 pL per well from 2.5 pg/mL).

Generally direct ELISA is conducted using a flat-bottom plate with 96 small 

wells. The plate is generally made from polystyrene and has advantages over other 

plates, such as a low background absorbance, unifomi optical surface and also high 

capacity to absorb protein and peptides [251].
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Buffers that are used in the assay are also important. Often there are several 

buffers including a coating buffer, a blocking buffer and a washing buffer. The first step 

in ELISA is a coating or immobilisation of the ligand on the plate. This coating occurs 

non-covalently associated the molecule of interest onto the surface of the wells [251]. 

Proteins often display maximum hydrophobicity near to their pi value. Therefore, the 

pH of the coating buffer with the dissolved ligand should be at about the pi value of the 

protein to be absorbed. Since the pi value of VEGF is 8.6, the coating buffer of PBS 

(pH 7.4) was selected to coat VEGF on the plate. The same coating buffer (PBS pH 7.4) 

was chosen to prepare the HER-2 solution. Overnight incubation at 4 was found to 

be an appropriate time to allow coating of the ligand. Coating of the plate is a 

nonspecific process and depends on the concentration of the coating material. Generally 

the surface of the well is not saturated with the absorbed protein of interest. Since 

exposed surface sites can cause non-specific binding of the analyte to be assayed [251], 

a blocking buffer with a protein such as bovine serum albumin (BSA) is used to ensure 

the surface of the plastic is completely covered. The blocking buffer may also contain a 

detergent (e.g. Tween20) which can temporarily bind to the exposed surface sites in the 

wells. The protein in the blocking buffer binds to any exposed plastic surface in the well 

and is considered as a permanent blocker.

For the ELIS As described herein, I % BSA was used in blocking buffer. The 

nonionic detergent. Tween 20 (0.05%) was also used in both the blocking and washing 

buffers. A blocking step of 2 hours at ambient temperature was found to be effective to 

minimise non-specific binding. After the blocking solution was removed and the wells 

were washed, the analyte was then added. For each PEG-Fab construct that was 

evaluated, a replicate of two wells were evaluated. A contact time of 2 hours at ambient 

temperature between the analyte and absorbed ligand in the wells was used. The wells 

were then washed three times and the amount of the bound analyte was determined by 

incubating (1 h) a HRP conjugated secondary antibody that binds to Fab. The secondary 

antibody was removed by three washing steps then TMB was added and the absorbance 

read at 450 nm.
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4.3.1 ELISA o f  Fabs and PEG-Fab conjugates

The ELISA experiment was conducted using bevacizumab, Fabbeva, Fabrani, and the 

PEGio-Fabbeva and PEGzo-Fabrani conjugates to determine their binding affinity to 

VEGF. Separately, ELISA was also performed on trastuzumab, Fabtrast and PEG20- 

Fabtrast using HER-2. The relative binding affinity between the Fabs and their 

PEGylated derivatives obtained by ELISA were then compared to the relative binding 

affinities that had been determined by BIAcore.

A Scatchard plot can be used to linearise data from a binding saturation curve 

to determine the binding affinity. The Scatchard plot was suggested in 1949 as a graphic 

tool to calculate the equilibrium dissociation constant of the small proteins [294]. Prism 

is often used for evaluating biological data and within this programme, there is a 

function called one-site binding with Hill slope that calculates a non-linear regression to 

calculate the binding affinity (K d )  and maximum binding (Bmax) [274].

The Scatchard plot can be obtained by plotting the bound/free concentration 

against bound analyte [295] and by superimposing the line between the best estimate of 

Kd and Bmax- A linear Scatchard plot indicates that the data can be fitted with a 1:1 

binding model. A non-linear Scatchard plot means that the data do not fit a 1:1 binding 

model [280] which could be a consequence of heterogeneous ligand or multivalent 

analyte [280]. The limitation of the Scatchard plot in the binding determination o f drug- 

protein is that it is only suitable for 1:1 binding interaction between protein and ligand 

and if the sample contains more than one binding sites the binding can not be accurately 

estimated [296].

An ELISA was first conducted with bevacizumab and shows the appearance of 

the plate at the end of assay (Figure 4.33). The first 20 wells were coated overnight with 

VEGF. All of wells in the plate were treated with blocking buffer to block any non

specific binding of the bevacizumab to the plastic. These wells were then treated with 

bevacizumab in the range of 6 x 10^ to 6 x 10'^  ̂ M. The negative control was human 

IgG at two concentrations I x 10'^ and 5 x 10’̂  M. The wells, which were not coated 

with VEGF, were also exposed to bevacizumab and human IgG to test any non-specific 

binding. A concentration dependent response was observed for the wells coated with 

VEGF after exposure to the secondary antibody and TMB (Figure 4.33. A). No colour 

changes occurred for the wells coated with VEGF and treated with human IgG. This 

observation suggested that binding of VEGF to bevacizumab was specific as there was
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no binding observed between VEGF and control human IgG. Additionally the wells that 

were not pre-coated with VEGF did not produce any colour (Figure 4.33. A) indicating 

that there was minimal non-specific binding of the bevacizumab.

A, ELISA plate appearance

B e ^ c iz u m a b  H u m an  I^G  B e v a c iz u m a b

PBS only ^
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B; Bevacizumab.

Binding S a tu r a t io n  C u r v e
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B evacizum ab (M)
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Figure 4.33 (A) ELISA plate coated with and without VEGF and treated with 
bevacizumab and human IgG, (B) Binding saturation curve and Scatchard plot of 
bevacizumab, (C) Binding saturation curve and Scatchard plot of F(ab)2 , (D) Binding 
saturation curve and Scatchard plot o f Fabbeva, (E) Binding saturation curve and 
Scatchard plot of the PEG2o-Fabbeva-
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Similar ELISA experiments were conducted with the digested Fabs and their 

PEGylated products. Saturation binding curves were then made for bevacizumab, 

F(ab)2 , Fabbeva and PEGio-Fabbeva (Figure 4.33). The corresponding Scatchard plots are 

also shown (Figure 4.33). Actual concentrations ranged from 6 x 10'^^ to 6 x 10'^ M for 

bevacizumab, from 9 x 10’’  ̂ to 9 x 10'^ M for F(ab): , from 4 x 10'^^ to 2 x 10"  ̂M for 

Fabbeva and from 2 x 10''^ -  2 x 10’̂  M for PEGio-Fabbeva. The Scatchard plot was used 

to examine the validity o f the 1:1 binding model that was used in the BIAcore kinetics 

assays. Non-linear regression was used to generate the binding saturation curves. The 

Scatchard plot was then drawn as bound (ELISA readout) versus bound/free (ELISA 

readout divided by concentration o f test compound at each time points). The Y and X- 

axis intercepts then in principle give the Kd and Bmax values. Determination o f  these 

values by non-linear regression was accomplished by constructing a new table manually 

in the Prism with the content o f X=0, Y=Bmax/KD in one row and the Y=0, X=Bmax in 

another row. This table contained two points marking the Y and X intercepts (Bmax/Ko 

and Bmax) was then combined with the first Scatchard o f saturation binding data graph. 

The line was then drawn between data points connecting the X and Y-axis intercepts. A 

linear line resulted in the Scatchard plots o f bevacizumab, F(ab)2 , Fabbeva and the PEG- 

Fabs were consistent with the 1:1 binding model used in BIAcore.

The ELISA was performed four times for bevacizumab, Fabbeva and the PEG 20- 

Fabbeva and two times for F(ab)2 . Figure 4.34 shows the binding saturation curves for 

bevacizumab, Fabbeva and F(ab ) 2  that were superimposed. The minimum (0%) and 

saturation/maximum binding (Bmax) were achieved for bevacizumab, F(ab)2 , Fabbeva and 

PEG 2o-Fabbeva (Figure 4.34 and Figure 4.35). The calculated binding affinity o f Fabbeva 

(0.32 nM ± 0.03) was lower than bevacizumab (0.08 nM ± 0.013) and F(ab ) 2  (0.07 nM). 

The lower binding affinity o f Fabbeva compared to bevacizumab was similar to what was 

observed in BIAcore kinetic assay. The similar binding affinity observed for F(ab ) 2  and 

bevacizumab was a consequence o f the bivalent binding capacity o f these two 

molecules.
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Figure 4.34 Superimposed binding saturation curves o f bevacizumab, Fabbeva and 
P(ab)2 .

In the case o f Fabbeva and PEGio-Fabbeva, a lower Bmax was observed for PEG20- 

Fabbeva compare to Fabbeva (Figure 4.35). A series of binding events are involved to 

produce a colour at the end of assay; binding between secondary antibody and Fabbeva or 

PEG-Fabbeva and then VEGF. Since ELISA was run with same conditions for Fabbeva 

and PEG-Fabbeva, theoretically similar Bmax should have been observed. In principle, a 

lower Bmax in PEG-Fabbeva could be a result o f (i) a lower VEGF coated on the well as 

less target leads to less total binding and hence less total absorbance, (ii) a lower 

binding affinity of PEG-Fabbeva to VEGF but the same binding affinity of secondary 

antibody to PEG-Fabbeva, (hi) same binding affinity o f PEG-Fabbeva but lower binding 

affinity of secondary or (iv) lower binding affinity of PEG-Fabbeva and lower binding 

affinity of secondary antibody. While scenario (i) was unlikely to be a reason because 

similar coating conditions and VEGF concentration were used to conduct ELISA for 

Fabbeva and PEG-Fabbeva, scenario (ii), (iii) and (iv) were possible. Flowever, it was less 

possible for scenario (ii) to be a reason because o f the position o f the PEG was closer to 

the recognition site of secondary antibody and probably caused steric shielding effect 

leading to lower binding affinity for secondary antibody. It was more likely that 

scenario (iii) and (iv) happened because no matter how much PEG-Fabbeva was added, it 

was certain that absorbance could not be suppressed. This indicated that there was a 

detection limitation. Scenario (iv) was also possible because slower association rate 

constant was observed for PEG-Fabbeva in BIAcore as a consequence of steric shielding 

effect of the PEG with binding of Fabbeva to VEGF. In addition, it might be possible to 

observe a lower Bmax as a result of heterogeneous and mixed population of PEGylated
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protein, however, it was not the ease for P E G -F a b b ev a  sinee the single l E X  peak and 

silver staining demonstrated the pure and homogenous solution for P E G -F a b b ev a -

To compare binding affinity of Fabbeva to PEGylated Fabbeva while Bmax was 

achieved for both but in different level, it was thought that to express Bmax as 100% for 

both situations and converting the changes in absorbance into percentage. This would 

result in 100 % binding curve. This procedure was applied for the PEGylated Fab and 

non-PEGylated Fab in order to be able to compare the data and to superimpose the 

curve. The 100 % binding curve was therefore made throughout this work where the 

PEGylated construct were applied in ELISA. Figure 4.36 is a 100 % binding curve of 

the Fabbeva and PEGio-Fabbeva that were superimposed.

As expected and consistent with what was observed by BIAcore, the binding of 

the PEGio-Fabbeva was less than that for Fabbeva (Figure 4.36). Presumably the steric 

shielding o f the PEG interferes both in the interaction of the PEG-Fab with the absorbed 

VEGF and the interaction of the secondary antibody used for detection. So reduced 

Bmax for PEGin-Fabbeva compare to Fabbeva caused by the steric shielding of PEG [292] 

that can impact more than one step in the ELISA. Polymer conjugation often negatively 

influences in-vhm  data that is collected during the preclinieal development. This has 

been observed over a wide range of polymer-drug and polymer protein conjugates and 

basically is related to different features o f steric crowding and shielding that can be 

imparted by the polymer that is conjugated to the biologically active moiety [297].

Binding Saturation Curve
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Figure 4.35 Superimposed binding saturation curves o f Fabbeva and P E G io -F a b b ev a -
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Binding saturation curve
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Figure 4.36 Superimposed binding saturation curves o f Fabbeva and PEGzo-Fabyeva.

Average Kd values of 0.32 ± 0.03 nM and of 0.61 ± 0.08 nM was obtained for 

Fabbeva and PEGio-Fabyeva respectively. The ELISA results showed that PEGio-Fabbeva 

displayed a Kd value that was about half o f that which for Fabbeva- This relative 

difference was the same as that observed by BIAcore, however the BIAcore derived 

values indicated that Kd was about one order of magnitude higher (i.e. Kd value o f 6.66 

nM for Fabbeva and 12.0 nM for PEGzo-Fabbeva). The reason for the difference in an 

absolute value between BIAcore and ELISA could be due to the difference in a nature 

of the experiment. In the ELISA an antibody is incubated with antigen under stationary 

conditions for 2 h, where in the BIAcore antibody is constantly flowing over an antigen. 

Also, it is possible in ELISA to have cross linking o f antibody with antigen resulting in 

a higher apparent binding affinity value compared with the value calculated in BIAcore. 

ELISA wells are often coated with excess antigen to ensure enough material remains 

after several washing steps for binding to an antibody.

Fabrani and P E G io -F a b ra n i were then examined by ELISA. Since ELISAs are 

appropriate to evaluate strongly interacting molecules and since the dissociation rate 

constant o f Fabrani was too slow to obtain by BIAcore at 25 °C, it was thought that 

ELISA would be useful to determine the relative binding affinity of Fabrani and its 

PEGylated construct. The Fabrani and PEGio-Fabrani were evaluated using the following 

concentration ranges respectively (4 x 10''^ -  2 x 10 M) and (2 x lO '  ̂ -  2 x 10'^ M). 

Figure 4.37 shows the superimposed binding saturation curves for Fabrani and PEG20- 

Fabrani- Average Kd values o f O.I I nM and 0.22 nM for Fabrani and P E G io -F a b ra n i were
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obtained. Similar to Fabbeva and PEGio-Fabbeva, this result for Fabrani and PEG2o-Fabrani 

indicated that the unconjugated Fab had about double the binding affinity compared to 

its PEGylated conjugate.

Binding saturation curve

Fab,3,i(M)

PEG2o-Fabrani(M)
O)c
'■Dc
'n
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I mm I iiiiT n iiim I iiim
10-13 10-12 IQ-11 IQ-10 IQ-9 IQ-8 IQ-7

Conc(M)

Figure 4.37 Superimposed binding saturation curves of the Fabrani and PEGzo-Fabrani-

As it was mentioned, the affinity o f the Fabrani is suggested by European 

Medicine Agency (EMEA) in 2007 [58] to be similar to the bevacizumab and greater 

than bevacizumab-Fab [193]. This similar binding affinity was observed in this work 

using ELISA (Figure 4.38). The affinity value of the Fabbeva, however, was slower than 

Fabrani- Figurc 4.39 is a superimposed binding saturation curve of the Fabrani with 

Fabbeva in similar range of concentration, from 4 x 10''^ to 2 x 10'^ M.
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Figure 4.38 Superimposed binding saturation curves of Fabrani and bevacizumab.
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Figure 4.39 Superimposed binding saturation curves of Fabrani and Fabbeva-

Using HER-2, an ELISA was conducted with Fabtrast and P E G zo-F abtrast- The 

amount of HER-2 used to coat the each well was 100 pL at a concentration of 2.5 

pg/mL. This solution was allowed to incubate in the wells overnight at 4 °C. The ELISA 

was then conducted as before. Concentrations ranging over 2-3 orders of magnitude for

trastuzumab (5 X 1 0 ' ^ - 5  x lO" M), Fab,m», (1.0 x 1 0 " ' - 2 x  10" M) and PEGio-Fab,,»,, 

(7 X 10'" -  2 X 10'  ̂M) were applied in the ELISA plate and the ELISA was performed 

once.
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Binding Saturation Curve
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Figure 4.40 Superimposed binding saturation curves o f  trastuzumab, Fabtrast and PEG2 0- 
F abtrast-

Kd value calculated for trastuzumab was 0.06 nM and for the Fabtrast was 0.05 

nM. This closeness in binding affinity value of trastuzumab and the Fabtrast was 

comparable to the binding affinity values that calculated in kinetic assay by BIAcore. 

This result was again corresponded to the binding properties o f trastuzumab and its Fab 

to HER-2 as both have similar binding tendency towards HER-2 monomer. The affinity 

value o f the PEGio-Fabtrast, however, decreased about a two fold (Kd = 0.09 nM). This 

change in relative binding affinity value between Fabtrast and PEGzo-Fabtrast was similar 

to the BIAcore data. Table 4.11 is a summary of average binding affinity value of the 

Fabs and the 20 kDa PEG-Fabs calculated by ELISA.
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Table 4.11 Average binding affinity value o f the Fabs and their the PEG-Fabs in 
ELISA and BIAcore. ND; Not determined.

Bevacizumab 0.08 1.33

F(ab)2 0.07 1.16

F abbeva 0.32 6.66

PEGzo-Fabbeva 0.61 12.0

F abrani 0.11 ND

PEGzo-Fabrani 0.22 ND

Trastuzumab 0.06 0.11

F abtrast 0.05 0.13

PEG 20-Fabtrast 0.09 0.49

4.3.2 ELISA of Fab-PEG-Fah conjugates

The binding affinity o f the 6, 10 and 20 kDa Fabyeva-PEG-Fabbeva were calculated using 

ELISA and their structure-properties were correlated with Fabbeva and bevacizumab. 

Two independent assays were perfonned for 6 and 20 kDa F abbeva- PEG-Fabbeva, while 

one ELISA was performed for Fabbeva-PEGio-Fabbeva- The range of concentrations o f 2 

X 10'^ -  9 X 10 M for 6 ,  10 and 20 kDa F abbeva- P EG- F abbeva were applied in ELISA 

plate coated with VEGF (0.1 pg/mL in well concentration). The average Kd values of 

0.11 nM, 0.14 nM and 0.17 nM were calculated for the 6, 10 and 20 kDa Fabbeva-PEG- 

Fabbeva respectively (Figure 4.41, A and B).

The binding affinity o f the 6, 10 and 20 kDa Fabbeva-PEG-Fabbeva were appeared 

to be similar to binding affinity of bevacizumab in ELISA. This similar in relative 

binding affinity between Fabbeva-PEG-Fabbeva and bevacizumab was comparable to what 

was determined in BIAcore for these homodimer contsructs. This result was again 

suggested the similarity in binding properties between homodimer F abbeva-PEG-Fabbeva 

and bevacizumab (Figure 4.41).
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A; 6 and 10 kDa Fabbeva-PEG-Fabbeva with Fabbeva and bevacizumab.
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B; 10 and 20 kDa Fabbeva-PEG-Fabbeva with Fabbeva-
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Figure 4.41 Superimposed binding saturation eurves o f the 6, 10 and 20 kDa Fabbeva- 

P E G -F a b b ev a  with the Fabbeva and bevacizumab.

In the case of Fabrani and Fabrani-PEG-Fabrani, only 6 and 10 kDa PEGylated 

homodimer construets were examined once in ELISA and compared to bevacizumab. In 

this experiment, the Fabtrast-PEG2o-Fabtrast (range from 1.3 x 10‘'® to 6.6 x 10'^ M) was 

used as a control on the plate coated with VEGF.
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A; Binding saturation curve of the Fabrani and Fabtrast-PEGio-Fabtrast on VEGF plate.
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B; Superimposed binding curve of the Fabrani and the Fabrani-PEGio-Fabrani with 

bevacizumab.
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C; Superimposed binding saturation curves o f the Fabrani and the Fabrani-PEGô-Fabr 

with bevacizumab.
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Figure 4.42 Superimposed binding saturation curves o f the Fabrani-PEG-Fabrani with 
bevacizumab and Fabrani-

Using F a b t r a s t - P E G 2o -F ab tras t in the plate coated with V E G F ,  was to evaluate the 

specificity o f interaction between F a b ra n i-P E G -F a b ra n i  and V E G F .  The result suggested 

no binding for F a b t r a s t - P E G 20-F a b tra s t to V E G F .  The relative binding affinity o f the 6 and 

10 kDa Fabrani-PEG-Fabrani with Kd value of 0.10 nM and 0.15 nM, respectively, were 

compared to the Kd value o f Fabrani (0.11 nM) and bevacizumab (0.08 nM). They all 

displayed similar binding affinity related to each other. The reason for the similar 

binding affinity between the Fabrani and its homodimer constructs could be due to a 

better binding affinity o f Fabrani itself that is similar to bevacizumab. However, there 

might be a difference between the dissociation constant rate o f the Fabrani and the 

F a b r a n i- P E G -F a b r a n i ,  if we were able to study them in the BIAcore. Further comparison 

between different molecular weights o f F a b r a n i- P E G -F a b r a n i  was performed using 

functional assay which is described in part B o f this Chapter.

The affinity values of the homodimer constructs 6, 10 and 20 kDa Fabbeva-PEG- 

Fabbeva and the 6 and 10 kDa Fabrani-PEG-Fabrani calculated by ELISA are summerised 

in Table 4.12.
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Table 4.12 Average binding affinity value of Fabs and homodimer Fab-PEG-Fabs 
calculated by ELISA and BIAcore. ND; Not determined.

Bevacizumab 0.08 0.08

F abbeva 0.32 0.32

F abbeva" P EGb'F abbeva 0.11 1.54

F abbeva"PEG 10“F abbeva 0.14 1.27

Fabbeva-PEG20-Fabbeva 0.17 1.53

F abrani 0.11 ND

Fabrani-PEGô-Fabrani 0.10 ND

F abrani"PEG ; Q-F abrani 0.15 ND
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Part B: Functional Activity Studies
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4.4 Introduction to part B

In addition to its important role in the growth and development of new blood vessels 

(angiogenesis), VEGF is also involved in promoting vascular permeability and in 

systemic vasodilation. Binding of VEGF-A to VEGFR2 (Figure 4.43) on endothelial 

cell mediates increases in vascular permeability, cell survival, cell migration, cell 

proliferation and nitric oxide production [298]. Production of nitric oxide by 

endothelial cells results in vasodilation, through relaxation of adjacent smooth muscle 

cells, and it has been shown that the vasodilatory effect of VEGF is endothelium 

dependent [52].

As discussed previously, angiogenesis is another consequence of 

VEGF/VEGFR signaling that plays a critical role in cancer, inflammatory and 

vascular disease [298]. The angiogenesis process mainly occurs when the 

proliferation or metabolic rate of a tissue exceeds the nutrient and oxygen supply. So, 

the cellular responses to lack of oxygen result in stimulation of VEGF production and 

hence angiogenesis, to promote the growth of more blood vessels and dilation of 

existing blood vessels, to allow better delivery of blood and hence oxygen [299]. The 

key regulators of this cellular response to reduced oxygen tension, leading to VEGF 

production, are known as the hypoxia-inducible factors (HIF) [299].

As a general concept, angiogenesis is the multistep process whereby new 

blood vessels develop from the pre-existing vasculature. It involves proteolytic 

degradation of the extracellular matrix as the first step, followed by migration of 

endothelial cells. At the next stage, the endothelial cells proliferate and start making a 

new extracellular matrix. The later stages of angiogenesis involve tubule formation 

and anastomosis of the newly formed vessels. In tumours, angiogenesis provides 

adequate blood supply to allow growth and maintenance. Therefore, targeting 

angiogenesis has been validated as a promising method for cancer treatment. Stopping 

angiogenesis could be achieved by inhibiting VEGF signalling. To block the VEGF- 

mediated effects, different strategies have been suggested such as neutralising VEGF 

itself or blocking VEGFR signalling [298]. Bevacizumab and ranibizumab are both 

anti-VEGFi65 agents and act to inhibit angiogenesis in cancer and AMD, respectively. 

Their functional activities are through binding and neutralisation of VEGF165.
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Figure 4.43 The signalling pathways of VEGFR [298].

4.4.1 In-vitro angiogenesis assay

The in-vitro anti-angiogenesis effect of anti-VEGF molecules that were prepared and 

purified in Chapter 3 is examined in this section. In angiogenesis assay, the functional 

activity of bevacizumab, the purified Fabbeva, and homodimer 6 and 20 kDa Fabbeva- 

PEG-Fahbeva along with Fabrani, the homodimer 6 and 20 kDa Fabrani-PEG-Fabrani were 

studied.

The proprietary Angiokit assay consisted of a 24 well pre-seeded tissue culture 

plate and a bottle of an optimised growth medium. The plate contained an early stage 

co-culture of human umbilical vein endothelial cells (HUVECs) with interstitial cells 

(e.g fibroblasts). The number of cells initially seeded in the plate and the precise 

contents of the growth medium were not provided with this kit because of company 

confidentiality. Once placed in culture, the HUVECs began to make small islands 

within the culture matrix and then started to proliferate and entered a migration phase. 

At this stage they can move through the culture matrix and form threadlike tubule 

structures. These tubules can progress to join up at day 8 up to day 11 to form an 

anastomosing network.
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Fibroblasts provide soluble pro-angiogenesis factors, which promote 

endothelial sprouting and tube formation. However, fibroblasts can form structures 

which are not actually tubes, as they lack a lumen, but which can look similar to the 

tubes formed by endothelial cells by eye. It is difficult to differentiate between 

genuine tubes and these fibroblast structures under a microscope. Therefore, fixation 

and staining procedures were necessary to differentiate HUVECs from fibroblasts at 

the end of the experiment. In this study, CD31 was used as an endothelial marker.

The constructs selected for testing in this assay were bevacizumab, Fabbeva, 6 

and 20 kDa Fabbeva-PEG-Fabbeva, Fabrani, 6 and 20 kDa Fabrani-PEG-Fabrani in three 

different concentrations. Human IgG was also used as a negative control. All the test 

compounds were pre-mixed with VEGF165. Selection of the most appropriate VEGF 

concentration, incubation time and temperature with test compounds, as well as the 

ratio of VEGF to test compounds, required some consideration. It was decided to 

follow the conditions described by Wang and co workers in 2004, in studying the 

biological properties of bevacizumab. It was reported in this paper that full inhibition 

of VEGF-induced HUVEC proliferation was achieved by adding a 2.6:1 molar ratio 

of bevacizumab to homodimeric hVEGFibs and incubating for 2 h at 37 ®C, before the 

addition of the mixture to the cells [300]. Based on this paper, the ratio o f 3 molar 

equivalents of bevacizumab to VEGF 165 and 2 h prior incubation at 37 was 

selected. Also, three different ratios of test compound to VEGF were assessed. For 

bevacizumab and its homodimer 6 and 20 kDa Fabbeva-PEG-Fabbeva and 6 and 20 kDa 

Fabrani-PEG-Fabrani, 3, 1:5 and 0.5 equivalents were mixed per mole of VEGF165. The 

fixed final concentration of VEGF 165 used was 10 ng/mL in wells and the 

concentrations of PEGylated constructs were normalised for their protein molecular 

weights. For example, for ratios of 3:1, 1.5:1 and 0.5:1 of test compound:VEGF, 

concentrations of 0.12, 0.06 and 0.02 pg/mL bevacizumab and 0.08, 0.04 and 0.13 

pg/mL homodimer Fab-PEG-Fab were required, respectively. Solutions of 100 times 

the final concentration required in wells were prepared, and 5 pL of each were added 

to the optimised growth medium (0.5 mL) plus VEGF (5 pL of a 1 pg/mL solution) to 

prepare the required mixture and then incubated for 2 h at 37 ®C. Only one 

concentration of Fabbeva and Fabrani was applied, giving a final well concentration of 

0.04 pg/mL which provided a molar ratio of 3 equivalents per mole of VEGF. This 

same ratio (3:1) was used for control human IgG, to provide a negative control for the 

effects of anti-VEGF antibodies. For a baseline and positive control, respectively, a
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set of wells was treated with medium only (no VEGF) and another set of wells was 

treated with VEGF (10 ng/mL) only. Duplicate wells were prepared for each test 

compound. Figure 4.44 shows the plate design for bevacizumab and the homodimer 

Fab-PEG-Fab constructs. Two Angiokit plates were used for this study.

d

l e s t  c o m p o u n d s

B e v a c iz u m a b

B e v a c iz u m a b

B e v a c iz u m a b
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F ab ,,„ ,-P E G y -F ab ,3„,

F ab „„ ,-P E G y -F ab „„ ,

F ab^„,-P E G y-F ab„„ ,

Fab„„,-P E G 2o-F ab„„,

Fab,3„,-PEG2o-Fab„„,

F a b „ „ -P E G ,n -F a b .,„ .
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Figure 4.44 The plate design for bevacizumab and homodimer Fab-PEG-Fabs.

The Angiokit plates were examined using an inverted microscope with camera 

on days 1, 3, 6 and 8. Figure 4.45 shows images o f a well, which was treated with 

VEGF only, at these time points. The red arrow on the image at day 8 indicates a 

possible tubule formed by HUVECs, likely to be such because of the networking 

observed. At day 10, all o f the cells were fixed with ethanol and then stained. The 

tubules made by HUVECs were immediately observed as a dark purple precipitate in 

the plate, while no colour was observed for any structures made by fibroblasts, since 

CD31 is an endothelium-specific marker. Similarly, because the tubule formation was 

stimulated by the addition of VEGF, where VEGF signalling had been blocked to 

I some extent by its inhibitors, less purple colour was apparent in the relevant wells.
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Day 1 Day 3

Day 6 Day 8

Figure 4.45 Images at day 1, 3, 6 and 8 of a well treated with VEGF only.

Figure 4.46 shows the gross appearance of the plate after fixation and staining. An 

inverted microscope with camera was used to take an image (x 10 objective) from 

each well at day 10. Figure 4.47 shows these images, which were taken from each set 

o f wells treated with test compounds.

Figure 4.46 The Angiokit plate appearance after staining at day 10.
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A; Bevacizumab

V EG F only M edium control Human IgG

Bevacizum ab 0.5:1Bevacizum ab 1.5:1Bevacizum ab 3:1

B; 6 and 20 kDa F abbeva- PEG - F abbeva

6kDa Fab-PEG-Fab, 3:1 6kDa Fab-PEG-Fab, 1.5:1 6kDa Fab-PEG-Fab, 0.5:1

20 kDa Fab-PEG-Fab, 3:1 20 kDa Fab-PEG-Fab, 1.5:1 20 kDa Fab-PEG-Fab. 0.5:1
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C; 6 and 20 kDa Fabrani-PEG-Fabrani 

6 kD a F a b -P E G -F a b , 3:1 6 kD a F a b -P E G -F a b , 1.5:1 6 k D a F a b -P E G -F a b , 0.5:1

20 kD a F a b -P E G -F a b , 3:1 20 kD a F a b -P E G -F a b , 1.5:1 20 kD a F a b -P E G -F a b , 0.5:1

Figure 4.47 Images of wells treated with (A) Bevacizumab, ( B )  6 and 20 kDa Fabbeva- 

P E G -F a b b ev a , (C) 6 and 20 kDa F abrani-PE G -F abrani-

The images for control human IgG, medium only and VEGF only are shown in Figure 

4.47, A. Results suggested that angiogenesis occurred in wells treated with VEGF. 

Also, when no VEGF was applied, little or no angiogenesis was observed. For human 

IgG with no anti-VEGF effect, no interference with VEGF function was observed, as 

the level o f angiogenesis was retained, based on the images in Figure 4.47, A.

For the cells treated with the higher molar ratio of bevacizumab to VEGF (3:1) 

less angiogenesis was observed based on qualitative image analysis. Moreover, in 

Figure 4.47, B the homodimer Fabbeva-PEG-Fabbeva also appeared to stop angiogenesis 

in a concentration-dependent manner. A similar trend was observed from the images 

in Figure 4.47, C for the homodimer Fabrani-PEG-Fabrani- Looking at the images in 

Figure 4.47, B and C, it would appear that the 20 kDa Fab-PEG-Fab construct from 

either Fabbeva or Fabrani resulted in more inhibition of angiogenesis than the 6 kDa 

Fab-PEG-Fab construct. Also, they all appeared to produce a greater inhibition than 

bevacizumab at the same molar concentration. Fabrani-PEG-Fabrani seemed to show a 

greater anti-angiogenesis effect than F abbeva-PEG-F abbeva in general. The reason for 

this may lie in the nature of the Fab used for homodimer preparation; Fabrani has been 

reported to have better binding affinity for VEGF than Fabbeva [193], as was also
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observed in ELISA. Therefore, a better functional activity of the Fabrani-PEG-Fabrani 

was to be expected.

For better comparison between bevacizumab and the homodimer constructs, 

Figure 4.48 was prepared from the images taken of the 3 molar equivalents of test 

compounds to 1 VEGF. From the images in Figure 4.48, it appears that Fabrani-PEG2o- 

Fabrani complctcly stopped the formation of tubules. Moreover, it was clear that Fab- 

PEGio-Fab constructs were more inhibitory than Fab-PEGe-Fab.

V E G F  only B evacizum ab, 3:1 6 kD a F ab -P E G -F ab  (ran i), 3:1

6 kD a F ab -P E G -F ab  (beva), 3:1 20 kD a F ab -P E G -F ab

Figure 4.48 Images of wells treated with bevacizumab and the 6 and 20 kDa Fabbeva- 

P E G -F a b b ev a  and F abrani-P E G -F abrani at a 3 to 1 V E G F  molar ratio.

ELISA was also performed as a semi-quantitive approach. The ELISA readout was 

based on the number of endothelial cells present, regardless o f tubular and 

anastomosing network fondation. It was based simply on the presence of CD 31 on the 

endothelial cell surface, which could react with the anti-CD31 primary antibody and 

then be detected with the secondary antibody conjugated with AP. However, it did 

allow a quantitative measurement of the effect of VEGF on endothelial cell 

proliferation, and the effects o f bevacizumab and other inhibitors on this.

Figure 4.49 shows the ELISA results for bevacizumab and the homodimer 

molecules. The mean absorbance was calculated for each test compound and then 

corrected for absorbance from the wells treated with medium alone (background). 

Data were then expressed as % of VEGF control. The number located on each bar in
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Figure 4.49, represents the % of VEGF (control) proliferation and reflects the number 

of endothelial cells present after 10 days treatment. Results in Figure 4.49 show that 

bevacizumab at its highest concentration (3 to 1 VEGF) reduced proliferation to 13 % 

of control (or produced 83 % inhibition). The degree of inhibition decreases with 

reducing concentrations of bevacizumab.

A; VEGF-induced proliferation in the absence and presence of bevacizumab (3, 1.5 

and 0.5 equivalent to 1 VEGF).

% VEGF Proliferation

34.4

■ I
B e v ac izu m ab  3:1 B ev ac izu m ab  B ev ac izu m ab  V E G F  H u m a n  IgCi

1.5:1 0.5:1

B; VEGF-induced proliferation in the absence and presence of bevacizumab and the 

Fab-PEG-Fabs (3 to 1 VEGF).

% VEGF Proliferation looo loio

13.1 12.6
5.5

0.0 0.0

Figure 4.49 Anti- CD31 ELISA data. (A) VEGF-induced proliferation in the absence 
and presence of bevacizumab at 3, 1.5 and 0.5 equivalents to 1 VEGF, (B) VEGF- 
induced proliferation in the absence and presence of bevacizumab and the Fab-PEG- 
Fab (beva and rani, 6 and 20 kDa at 3 equivalents to 1 VEGF.
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Similar results were observed for the Fab-PEG-Fab constructs, whereby 

higher concentrations of the homodimer resulted in greater inhibition of proliferation. 

Results demonstrated that the homodimer Fab-PEG-Fabs in general, inhibited VEGF 

induced proliferation better than bevacizumab. Also, 20 kDa Fab-PEG-Fab constructs 

resulted in better VEGF inhibition than 6 kDa Fab-PEG-Fab homodimer, either from 

Fabbeva or Fabrani- However, the Fabrani-PEG-Fabrani showed better inhibition than 

Fahbeva-PEG-Fahbeva. Moreover, human IgG was also examined in ELISA and 100 % 

of control proliferation was observed, suggesting no non-specific inhibitory effect on 

VEGF function and a specific interaction between the bevacizumab and homodimer 

constructs and VEGF.

However, these results from ELISA provide an indication of only part of the 

angiogenesis process (proliferation). Since this was an angiogenesis assay, it was 

more important to evaluate the angiogenesis effect in terms of the number of tubules 

and junctions between tubules made.

Therefore, analysis was performed using angiogenesis-specific software 

(AngioSys). Using this software, it was possible to quantify the angiogenesis effect of 

VEGF and its inhibition by bevacizumab and related molecules. The number of 

tubules and junctions present provides a more physiologically relevant way to 

evaluate angiogenesis effects.

Figure 4.50 shows a screen shot of the AngioSys analysis for bevacizumab 

and the homodimer constructs. The images were taken using an upright microscope 

with 40 X magnification. Junctions are made when the tubules start branching and 

then making an anastomosing capillary-like network. Anastomosis is a connection 

between two blood vessels and happens at the later stages of angiogenesis in-vivo and 

in-vitro. Therefore, the number of junctions indicates the degree of angiogenesis that 

has occurred. For instance, in the wells treated with VEGF only 830 junctions and 

1933 tubules were observed. By comparison, 382 junctions were counted in the 

bevacizumab-treated wells, with 172 and 109 for the Fabyeva-PEGg-Fabbeva and 

Fabbeva-PEGio-Fabbeva treated wells, respectively (3 equivalents to 1 VEGF in all 

cases). Table 4.13 provides a summary of the AngioSys analysis data for each test 

compound.
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Figure 4.50 A screen shot of the AngioSys analysis. Bevacizumab and the Fab-PEG- 
Fab (6 and 20 kDa) either from Fabbeva and Fabrani were at the same concentration, 3 
equivalents to 1 VEGF.
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Table 4.13 The average number of junctions and tubules calculated for each test 
compound using the AngioSys software.

Medium 11 2 8 3

V E G F 8 3 0 1 9 3 3

Human Ig G 784 1854

Bevacizumab (0.5:1) 7 3 3 1910

Bevacizumab (1.5:1) 617 1310

Bevacizumab (3:1) 3 8 2 9 6 4

Fabbeva ( 3 : 1 ) 403 1 0 8 3

Fabrani ( 3 : 1 ) 2 3 3 6 3 5

Fabbeva-PEGb-Fabbeva (0.5:1) 601 1454

Fabbeva-PEG ô-Fabbeva (1.5:1) 3 7 5 951

Fabbeva-PEG ô-Fabbeva (3:1) 172 5 3 6

Fabbeva-PEG io-Fabbeva (0.5:1 ) 473 1116

F abbeva-P E G 20-Fabbeva (1.5:1) 4 4 8 1080

Fabbeva-PEG20-Fabbeva (3:1) 109 3 3 4

Fabrani-PEGb-Fabrani (0.5:1) 301 764

Fabrani-PEGô-Fabrani (1.5:1) 2 3 0 703

Fabrani-PEGb-Fabrani (3:1) 5 8 3 1 8

Fabrani-PEG20-Fabrani (0.5:1) 3 0 8 8 5 4

Fabrani-PEG20-Fabrani (15:1) 99 517

Fabrani-PEG20-Fabrani (3:1) 6 67

Figure 4.51 shows the number of Junctions in wells treated with A; 

bevacizumab at three molar ratios to V E G F  and Fabb ev a  and F ab ran i at one 

concentration (3 equivalent Fabs to 1 V E G F )  and B; the F a b b e v a -P E G -F a b b e v a  (6 and 

20 kDa) at three concentrations and C ;  the F a b ra n i-P E G -F a b ra m  (6 and 20 kDa) at three 

concentrations. In Figure 4.51, D the number of junctions made in the presence of 

bevacizumab was compared with the number of junctions made in the presence of the 

F abbeva- P  E G -  F abbeva and F a b ra n i-P E G -F a b ra n i  (6 and 20 kDa) at the same concentration.
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A; Number o f junctions fomted in wells treated with bevacizumab, Fabbeva and Fabr
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B; Number o f junctions fonned in wells treated with 6 and 20 kDa Fabbeva-PEG- 
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C; Number of junctions formed in wells treated with 6 and 20 kDa F a b ran i-P E G - 

F abrani-
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Figure 4.51 The number o f junctions made in the absence and presence of the test 
compounds.

Figure 4.51, A shows a concentration response relationship for bevacizumab. 

Applying higher concentrations of bevacizumab resulted in fewer junctions fonned 

and hence greater VEGF inhibition. Also, in this chart, the number of junctions made 

in wells treated with control human IgG is compared with that for bevacizumab at the 

same concentration, relative to VEGF. The control IgG wells were similar to the wells 

treated with VEGF only. Figure 4.51, B shows a concentration response relationship 

for Fab-PEG-Fab (beva, 6 and 20 kDa) similar to that seen for bevacizumab.
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However, the results for the Fabbeva-PEGio-Fabbeva indicate fewer junctions compared 

with the Fahbeva-PEGb-Fahbeva and, furthermore, both resulted in fewer junctions 

compared with bevacizumab treated wells. Figure 4.51, C shows an identical pattern 

of inhibition for the 6 and 20 kDa Fabrani-PEG-Fabrani but with the fewest tubules 

present out of all the treatments tested. Figure 4.51, D provides a comparison of the 

number o f junctions made in the presence of bevacizumab and the Fabbeva-PEG- 

Fabbeva and Fabrani-PEG-Fabrani (6 and 20 kDa) at the same concentration. These 

results suggest again that the homodimer Fab-PEG-Fab either from Fabrani or Fabbeva 

inhibit angiogenesis more effectively than bevacizumab. For wells treated with the 

Fabrani-PEGzo-Fabrani the number of junctions was the same as in the wells treated with 

medium alone. This suggests that the Fabrani-PEGzo-Fabrani inhibited VEGF signalling 

completely.

Using the AngioSys software, it was also possible to measure the number of 

individual tubules formed by the HUVECs. Figure 4.52 shows the number o f tubules 

made for each test compound (these data can also be found in Table 1.1). As 

expected, these data mirror those seen for the number junctions formed. While it is 

important to quantify both of these phenomena, it is clear that junctions and 

anastomosis between tubes in this assay fonn from tubes that have been newly 

generated. Hence, a greater number of junctions is likely to reflect a greater number 

of tubules formed.

A; Number of tubules fonned in wells treated with bevacizumab, Fabbeva and Fabrani-
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B; Number of tubules fonned in wells treated with the 6 and 20 kDa Fabbeva-PEG- 
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D; Number of tubules formed in wells treated with the Fabbeva-PEG-Fabbeva and 

Fabrani-PEG-Fabrani compare to bevacizumab.
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Figure 4.52 The number of tubules made in the absence and presence of the test 
compounds.

4.4.2 Ex-vivo Vasodilation assay

To establish an ex-vivo experiment to allow study of the binding VEGF with anti- 

VEGF molecules in the solution with a much faster readout (minutes less than day), 

preliminarily work was conducted to study the anti-vasodilation functional activity of 

bevacizumab. It was hoped that after optimisation of conditions with bevacizumab, 

the activity o f other anti-VEGF molecules such as Fab-PEG-Fab could be examined 

in this model and compared with the results obtained from the angiogenesis assay. In 

the present work, the optimisation of the ex-vivo vasodilation assay with bevacizumab 

is discussed.

The vasodilation assay is an endothelium dependent assay that based on 

relaxation o f smooth muscle. The vasodilation effect of VEGF is one of the well- 

known biological pathways of VEGF-VEGFR2 signalling. VEGFR2 is located on 

endothelial cells and one of its key signalling pathways is production of nitric oxide, 

which causes smooth muscle relaxation. Nitric oxide is an important vasodilator and 

the main endothelium derived relaxing factor (EDRF), synthesized in this context by 

endothelial nitric oxide synthase (eNOS) [301]. EDRF was first discovered by 

Furchgott and Zawadzki in 1980, when relaxation of arteries in response to
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acetylcholine (ACh) was shown to occur only in the presence of an intact endothelial 

layer. The endothelial synthesis of NO can be induced by a range of agonists, 

including acetylcholine (ACh) which does this by binding to muscarinic (M3) 

cholinergic receptors on endothelial cells. Once NO is produced, it can diffuse to the 

adjacent smooth muscle cells and stimulate soluble guanylate cyclase. Guanylate 

cyclase is an enzyme that leads to the formation of cyclic 3’,5’-guanosine 

monophosphate (cGMP) from guanosine-5’-triphosphate, which results in activation 

of the cGMP-dependent protein kinase G. The activation of protein kinase G 

ultimately leads to a reduction in the intracellular [Ca^^], activation of myosin light 

chain phosphatase and inactivation of myosin light chain kinase, therefore, 

dephosphorylation of the regulatory myosin light chain occurs, causing relaxation of 

smooth muscle. The vasodilation effect of NO has an important role in the regulation 

of blood flow and hence blood pressure [302]. While VEGF and ACh are both 

endothelium-dependent vasodilator agents, SNP (sodium nitroprusside) is an 

endothelium-independent agent. SNP is a potent vasodilator agent in arteries and 

veins and donates NO regardless of the presence of endothelial cells. This NO 

likewise results in smooth muscle relaxation and vasodilation.

In this work, rat blood vessels were contracted with U46619 (10-30 nM) until 

the active tone reached 10-20 % of the response to 120 mM K^. Then, the contracted 

blood vessels were treated with VEGF]65 in cumulatively increasing concentrations (1 

pM to 3 nM) to study the relaxation of the arteries. In some experiments, the effect of 

bevacizumab on this response was studied. To assess the maximum achievable 

endothelium-dependent relaxation o f blood vessels, ACh (10 pM) was added at the 

end of each VEGF concentration response series. In order to examine the specificity 

of the smooth muscle relaxation response to the endothelium-dependent agents, and to 

confirm further the integrity of the endothelium, SNP (100 pM) was also added. SNP 

produces nitric oxide chemically, and at this high concentration causes a nominal 

maximum relaxation. If blood vessels relaxed in the presence of SNP, but neither 

VEGF nor ACh, this would indicates that the endothelium was damaged or 

dysfunctional and the results for these vessels should be discarded.

U46619 is a thromboxane A2 analogue and potent TP prostanoid receptor 

agonist and hence vasoconstrictor. Very small amounts of this reagent were required 

to contract blood vessels to 10-20% of the KCl response. Artificially increasing 

extracellular [K^] to levels similar to those found inside cells (by the addition of 120
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mM KCl) resulted in a rapid and robust contraction of the arterial smooth muscle due 

to the disrupting effect on the concentration driven and electrical driven potassium 

equilibrium across the membrane. Voltage gated calcium channels located on the cells 

can open once the electrochemical gradient to is lost and the membrane 

depolarises, allowing Ca^^ to enter the cells. This results in contraction of smooth 

muscle and is used to confirm vessel function and provide a reference contractile 

potential. After this step, the vessels had to be washed thoroughly with Krebs buffer 

to restore resting ionic conditions before contracting with U46619. When the 

contractile response to U46619 was steady, VEGF was added cumulatively. Figure 

4.53 shows the relaxation response of the blood vessels with increasing VEGF 

concentration. This graph shows the results of 5 independent experiments using 

tissues from 5 different rats.
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Figure 4.53 The endothelium-dependent relaxation in response to VEGF. Data are 
expressed as mean ± s.e.(n=5).

The results in Figure 4.53 show that VEGF induced a concentration-dependent 

vasodilation. A maximum relaxation was observed with between 300 pM and 3 nM 

VEGF. 100 % endothelium-dependent relaxation was achieved when ACh (10 pM) 

was added. Any further relaxation observed after addition of SNP was endothelium 

independent. The maximum relaxation achieved in response to VEGF was typically 

80-90 % of that induced by ACh (10 pM).

The effect of bevacizumab as an anti-VEGF agent was studied when 1.5, 0.75 

and 0.375 molar equivalents of bevacizumab were mixed with VEGF (3 nM) and 

incubated for 2 h prior to experimentation as before. Figure 4.54 shows the
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endothelium-dependent relaxation response of the blood vessels in response to Ach, 

following the different treatments. These results suggest that the endothelium was 

intact and its function was not adversely affected by the presence o f bevacizumab. 

Therefore, we can conclude that the inhibitory effects of bevacizumab were due to 

VEGF neutralisation rather than due to a non-specific effect on the tissue.
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Figure 4.54 The maximum endothelium-dependent relaxation to ACh. Expressed as a 
percentage of the response to SNP, mean ± s.e. (n=5).

Figure 4.56 and Figure 4.57 show the percentage relaxation of arteries in response to 

VEGF, in the absence and presence of bevacizumab at the different concentrations 

tested. These results demonstrated a concentration-dependent effect of bevacizumab 

on VEGF-induced vasodilation. These data were obtained from 4 independent 

experiments using tissue from 4 different rats.
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Figure 4.55 The maximum relaxation response to VEGF in the absence and presence 
of bevacizumab. Expressed as a percentage of the response to SNP, mean ± s.e. (n=4).
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Figure 4.56 VEGF-induced arterial relaxation in the absence and presence of 
bevacizumab (1.5 : 1 molar equivalent). Expressed as a percentage of the response to 
SNP, mean ± s.e. (n=4).
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Figure 4.57 VEGF-induced arterial relaxation in the absence and presence of 
bevacizumab (0.375 and 0.75 : 1 molar equivalents). Expressed as a percentage o f the 
response to SNP, mean ± s.e. (n=4).

Comparison of the graphs in Figure 4.57 shows that bevacizumab at the lowest 

concentration tested (0.375 molar ratio: 1 VEGF) was sufficient to inhibit VEGF 

function and thus inhibit vasodilation. Bevacizumab at the highest concentration
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tested (1.5:1 molar equivalent to VEGF) completely inhibited the vasodilation 

response. Based on this work on bevacizumab, the anti-vasodilation functional 

activity o f the Fabrani and homodimer Fabrani-PEG2o-Fabrani will be examined in future 

work.

4.5 Sum m ary

The structure properties correlation between Fab, mono PEG-Fab and homodimer 

Fab-PEG-Fab were studied and determined in BIAcore and ELISA. Three different 

Fabs were used for these studies. The binding affinity of the PEGylated constructs 

was calculated using BIAcore and ELISA assays. The kinetic rate constants, 

association and dissociation, were also determined using BIAcore.

The binding of the Fab fragment derived from enzymatic digestion of full 

IgG, bevacizumab and trastuzumab, were first determined. The results observed in 

BIAcore suggested that the binding of these Fabs (Fabbeva, Fabtrast) to their targets 

were maintained. The binding affinity of the Fabbeva was lower than bevacizumab, 

whereas the binding affinity of the Fabtrast was similar to that of trastuzumab using 

BIAcore and ELISA. This was thought to be due to the multivalent ligand (VEGF) 

involved in the bevacizumab interaction versus monovalent HER-2 in the trastuzumab 

interaction.

The binding of the PEGylated Fab fragments prepared from Fabbeva, Fabtrast 

and Fabrani, to their respective ligands was preserved in both BIAcore and ELISA 

assays. The binding affinity calculated by these two methods suggested that the 

affinity value of the PEGylated Fabs decreased about two fold compared with their 

corresponding native Fabs. BIAcore data suggested that this decrease in affinity value 

of PEG-Fab was due to change in association rate constants while and their 

dissociation rate constant remained unchanged. While most works described in the 

literature suggested that the binding affinity of the PEGylated Fab fragments 

decreases by 5 fold [114] and even in single chain fragments by 10 fold [288] when 

the PEGylation occurred on inserted cysteine, using disulfide bridging PEGylation on 

the interchain disulfide bond of the Fab appeared to decrease the binding affinity of 

the Fabs by about 2 fold. In addition, the effect of different molecular weights of the 

PEG conjugated in the PEG-Fab structure on its binding affinity and dissociation rate 

constant were studied in BIAcore. It was shown that using 20, 30 and 40 kDa PEG in 

the PEG-Fab structure, the binding affinity appeared to be similar with the same
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dissociation and association rate constant. However, the dissociation rate appeared to 

be much faster when two molecules of PEG (20 kDa) were conjugated to the Fab 

derivatives. This construct (PEGzxzo-Fab ) displayed a similar association rate 

constant to PEG4o-Fab and suggested the possible presence of a threshold for steric 

shielding effects of the PEG.

The homodimer F a b - P E G - F a b  constructs (F a b b e v a -P E G -F a b b ev a , F a b r a n i-P E G -  

Fabrani, F a b tra st-P E G -F a b tra st) displayed similar binding affinities to their respective full 

IgGs in BIAcore and ELISA. The dissociation rates of the F a h b e v a -P E G -F a h b ev a  

appeared to be slower than for bevacizumab, which suggested a tighter binding to its 

target. Differences in dissociation rate constants for the 6, 10 and 20 kDa F ahbeva-  

P E G -F a h b e v a  were observed in BIAcore, however, they appeared to have similar 

binding affinity values in BIAcore and ELISA.

The binding affinities of bispecific antibody fragments Fabbeva-PEG-Fab trast
*

construct were also examined in BIAcore. The CM3 chip was immobilised with two 

ligands and appeared to be functionally active to bind to two analytes. Using this chip 

and also the chip with the respective single ligands, it was shown that the binding of 

the heterodimer Fabbeva-PEG-Fabtrast* to VEGF and HER-2 respectively was 

preserved.

From angiogenesis assays it can be concluded that the functional activity of 

the homodimer constructs is preserved, and may even be improved, when compared 

with the individual Fabs and the parent IgG, where relevant. These findings correlate 

very well with the bivalent properties and binding affinities associated with the 

homodimer constructs, as discussed earlier. Also, with respect to the individual 

homodimer constructs, the length of the PEG used to make the homodimer influenced 

the functional activity, whereby the 20 kDa PEG in the Fab-PEG-Fab resulted in 

better inhibition of angiogenesis than 6 kDa Fab-PEG-Fab. As shown in binding 

affinity studies in part A, the binding affinities of the homodimer Fab-PEG-Fabs were 

improved as their dissociation rates became slower.
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The main objective of this PhD project was to determine the structure-property 

correlations of a small family of PEGylated Fab conjugates. A PEGylation approach 

was used such that the conjugation of the PEG molecule would be far from the 

binding region of the Fab while conjugation was site-specific. The PEG bis-alkylation 

reagents 2 and 4 can selectively undergo conjugation with the free thiols from a 

reduced disulfide bond (Scheme 1.1). In this approach the Fab does not need to be re

engineered to insert free cysteine for conjugation. Many approaches to doing this have 

been described particularly inserting a free cysteine at the hinge region [38] or in the 

case of monoclonal antibodies within the Fab. Instead the conjugation using our PEG 

bis-alkylation reagents occurs at the two thiols derived from the reduction of the 

interchain disulfide bond. In this way it was hoped a general approach could be 

developed for the PEGylation of Fabs. We thought it is important that to PEGylate the 

free thiols from a disulfide, that PEGylation should yield a stable conjugate with both 

thiols linked to the conjugated PEG. Often disulfides in antibodies are reduced and 

conjugated with maleimide reagents but these reagents undergo hydrolysis and 

dePEGylation reactions leading to acidic by products [134]. Critically maleimide 

based conjugations undergo exchange reactions with other proteins in-vivo [134].

The PEG bis-alkylation reagents 2 and 4 are designed to undergo reaction in a 

sequential manner leading to site-specific reaction with the two thiols derived from a 

disulfide bond, even in proteins with multiple disulfide bonds that have been reduced 

[117]. The ability of these reagents to accomplish this type of conjugation relies on 

the thermodynamic nature of the addition-élimination reactions that occur during 

conjugation. The fact that both alkylation conjugation reactions occur utilising the 

same ketone electronic withdrawing group allows there to be an interaction between 

the bonds being formed. The mechanism for conjugate addition (Figure 1.9) allows 

for reversibility so that in the presence of multiple reduced disulfides it becomes 

possible that the thermodynamics of the protein (e.g. hydrophobic effects) are able to 

help direct the conjugation to thiols that pair up naturally. The PEG mono-sulfone 2 

can be used to conjugate one Fab selectively at the thiols of its interchain disulfide 

while the PEG di(mono-sulfone) 4 is functionalised on each PEG terminus to 

conjugate two Fabs, one Fab at each end of PEG. The purpose of PEG di(mono- 

sulfone) 4 is to provide a means to make Fab-PEG-Fab homodimer conjugates 

(Scheme 1.2). It was hypothesised that it would be possible to make examples of Fab-
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PEG-Fab conjugates with different molecular weight PEGs, some of which could 

display comparable binding properties to the parent IgG.

In the work described here, PEGylation was conducted using Fabs derived 

from the proteolytic digestion of two clinically used monoclonal antibodies, 

bevacizumab and trastuzumab. Using PEG reagent 2 to conjugate to the single Fab 

obtained from these antibodies resulted in a small family of mono PEG-Fab 

constructs that could be compared to the full parent antibody and its unconjugated 

Fab. Likewise, dimeric Fab-PEG-Fab conjugates were also prepared for comparative 

study. As the Fab-PEG-Fab was designed to be an alternative molecule to mimic the 

bivalent binding of a full IgG, it was necessary to have the full parent IgG available 

for comparison.

Preliminary work with PEG reagent 4 was also conducted in an effort to 

prepare a heterodimer, Fab-PEG-Fab*. Since the PEG reagent 4 was predominantly 

activated as its di(mono-sulfone) form, the risk from hydrolysis after the first 

conjugation and during purification of the first Fab was always a concern. However 

we recognised that there is much ongoing work to develop bispecific proteins. Much 

of this work is based solely on recombinant technologies [174] and we wished to 

consider chemical fusion as a possible alternative to prepare bispecific molecules. We 

also wanted to examine if a Fab-PEG-Fab* construct would have dual binding 

properties and whether the two different antigens could bind simultaneously. A key 

question was whether the binding properties for each binding Fab could be 

maintained. Clearly there is a need to optimise our ability to make heterodimeric Fab- 

PEG-Fab* type molecules, but the preliminary results presented here are encouraging 

in that binding for each Fab can be maintained.

After sourcing bevacizumab from vials after their use in clinics, the antibody 

was proteolytically digested with papain. This allowed generation of a clinically 

relevant Fab that can be considered as a model Fab for VEGF. An early challenge in 

this work was to both optimise the digestion of bevacizumab and to ensure that Fab 

binding properties were maintained. Fabs tend to be prone to aggregation [231, 304] 

and there was some concern that there could be some problems with Fab purification 

and maintenance of its structural fidelity. We did not unequivocally determine the 

amount of mis-folded Fab that could have potentially been present. This is an 

important consideration for the future, but we were able to establish that the digestion
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could be accomplished reproducibly and that the binding properties of the Fab could 

be maintain to an expected level.

To further aid in our effort for comparative study and to help ensure that Fab 

activity could be maintained, a clinically used Fab (ranibizumab) was also PEGylated 

and was used for comparison with Fabbeva- Since ranibizumab is used only in the eye, 

its dose is a small volume (50 pL) and each dose is extremely expensive (~£1,000 

/dose). So it was necessary to collect many used syringes from clinics at Moorfields 

Hospital to be able to have enough material for PEGylation. These sourcing 

challenges could have been much more problematic if the formulations had 

undergone aggregation or protein degradation.

In the case of bevacizumab, it was eventually possible to purchase a dose of this 

monoclonal antibody giving us 400 mg of material to work with. By the end of the 

project we were able to source a good supply of both bevacizumab and ranibizumab. 

Vials of bevacizumab was donated by Moorfields Pharmaceuticals during a 

collaboration to evaluate the stability of bevacizumab that been transferred from the 

vial to a syringe for use in ocular medicine.

Both Fabbeva and Fabrani were used to prepare and to evaluate Fab-PEG-Fab 

conjugates and to determine if there were any structure property correlations with 

PEG molecular weight. Clearly many different types of PEG could have been used 

such as multi-arm PEG molecules, but we were most interested in evaluating a 

bivalent conjugate that could mimic the binding properties of an IgG.

A Fab from a different biological target was also studied. Trastuzumab is a 

monoclonal antibody that is targeted against HER-2 and is used to treat breast cancer. 

The proteolytic digestion of trastuzumab with immobilised papain allowed generation 

of the Fabtrast for PEGylation. Unlike bevacizumab, which comes as a solution (25 

mg/mL), trastuzumab is obtained as a lyophilised cake that is reconstituted. Upon 

reconstitution o f trastuzumab, the manufacturer stipulates the solution (21 mg/mL 

trastuzumab) should be used within 28 days [62]. The advantage of VEGF in the 

BIAcore experiments was that it could be easily sourced and immobilised for binding 

studies. It is a circulating ligand rather than a cell surface receptor, which made it 

easier to source. While several antibodies were considered as a second antibody for 

study in this PhD project, we eventually decided to study trastuzumab because we 

could purchase HER-2 from a commercial source. One antibody of note that we 

considered was panitumumab which binds to the HER-1 receptor. We thought we
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could also prepare heterodimers using the Fab of this antibody and the Fab from 

trastuzumab. Unfortunately we were unable to source panitumumab. Study of a 

heterodimer using trastuzumab and panitumumab would have also faced the challenge 

for obtaining the two receptors (HER-1 and HER-2) for evaluation. It was a challenge 

to obtain HER-2, at least compared to the relative ease for obtaining VEGF. 

Fortunately, research had been described in the literature describing the potential for a 

VEGF-HER2 based bispecific antibody [183]. Once PEG-Fabtrast could be prepared 

and characterised, Fabtrast would then be used to make both the homo- and 

heterodimers, Fab-PEG-Fab and Fab-PEG-Fab* respectively. The heterodimeric 

material would be Fabbeva-PEG-Fab*trast-

We were concerned about the differences between trastuzumab and 

bevacizumab for the proteolytic digestion step. After some experimentation with 

conditions it was found that trastuzumab could be digested, but a longer time was 

required to ensure the Fc portion of the antibody could be proteolytically cleaved into 

smaller peptide fragments. It had appeared that the Fabtrast during purification would 

bind to the protein A column along with the Fc. This made it difficult to purity Fabtrast 

in good yield. This problem had been described in the literature and a relatively large 

amount of papain was used in the digestion [187] to address this issue of Fab/Fc 

competitive binding on protein A. The amount of papain used was prohibitively 

expensive, so we increased the digestion period (with 1.0 mL papain) and were then 

able to use SEC to isolate Fabtrast from the reaction mixture after removal of the 

immobilised papain. While some Fc still remained in solution, it was possible to 

sample the peaks from the SEC eluent to obtain some of the purified Fabtrast- This 

effort required careful collection of the fractions that only contained material at about 

48 kDa rather than material at above 50 kDa. The fractions were pooled and they 

displayed a narrow band by SDS-PAGE. This effort while producing Fabtrast, resulted 

in lower yield of approximately 30% compared to the yield obtained for the 

preparation of Fabbeva (70 %). MALDI-TOF mass spectral analysis indicated that the 

material identified as Fabtrast had a molecular mass of 48 kDa. The binding affinity of 

both of these Fabs was maintained to their respective targets as determined by 

BIAcore and ELISA.

A Kd value of 6.66 nM was determined for Fabbeva by BIAcore analysis at 25 

^C. This was comparable to a reported Kd value of 8.5 nM that was obtained at 37 ^C 

by BIAcore for a similar VEGF binding Fab that was called Fab-12 [284]. An affinity
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value of 2.2 nM was also reported for bevacizumab at 37 [284], whereas a value of

1.33 nM was determined at 25 in this study. Since Kd is the thermodynamic 

parameters, difference in Ko value in different temperature is expected. Using 

BIAcore X-100 with BIAevaluation software (version 2.1) it was not possible to 

change the temperature from 25 ^C.

The binding affinity of Fabbeva appeared to be lower than the binding affinity 

of bevacizumab. This was due to slower association and faster dissociation rate 

constants observed for Fabbeva- These differences between association and dissociation 

rate constants of Fabbeva and bevacizumab were similar to what was reported for Fab- 

12 and bevacizumab [284, 285]. It is thought that the slower association rate constant 

for Fabbeva was due to its monovalent binding. Bevacizumab is bivalent. Even with the 

low amount of immobilised VEGF on the chip, since the VEGF has two epitope sites 

it was expected that the full antibody would display a better binding affinity compared 

to the Fab. The faster dissociation rate constant for Fabbeva further suggested a weaker 

interaction between the monovalent Fabbeva to VEGF compare to that observed for 

bivalent IgG. While it was not possible to calculate the dissociation rate constant and 

hence Kd value for Fabrani at 25 ^C, the calculated association rate constant (3.65 x 

10"̂  M''.s'^) was similar to that reported in literature (5.6 x lO'̂  M'*s'^) for ranibizumab 

at 25 [290]. Fabrani also had a slower ka value than that observed for bevacizumab.

The binding affinity of Fabtrast (K d  = 0.13 nM) was similar to binding affinity 

of trastuzumab (K d = 0.11 nM) at the low amounts of immobilised HER-2 that used. 

HER-2 has one epitope site and at the low immobilisation loading where crosslinking 

would not be expected, the similar affinity values for trastuzumab and its Fab were 

consistent. The association and dissociation rate constants were both faster in Fabtrast- 

A similar binding affinity between Fabtrast and trastuzumab in both ELISA and 

BIAcore experiments indicated that they both have similar binding affinity towards 

monomer HER-2. A faster association rate observed in Fabtrast suggested that binding 

tendency between Fabtrast and trastuzumab to bind HER-2 were similar, however, 

Fabtrast could diffuse faster from bulk to sensor surface as its smaller than full IgG. A 

faster dissociation rate constant in Fabtrast indicated a weaker interaction between 

Fabtrast and HER-2 compare to full IgG. It was thought that IgG which has flexible 

hinge region in its structure, is able to bind to antigen in a tighter manner than single 

Fab.
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All three F a b s  that were examined (F abbeva , Fabtrast and Fabrani) underwent 

efficient conjugation with PEG mono-sulfone reagent 2. A single interchain disulfide 

bond from each of these Fabs was reduced with DTT. An Ellmans assay on the 

Fabbeva after treatment with DTT indicated that there were only 2 free thiols. Small 

stoichiometries (1-2 eq) of the PEG reagent 2 were then sufficient to give at near 

quantitative PEGylation conversion to mono the respective PEG-Fabs. A control 

reaction with the non-DTT treated, and therefore non-reduced Fabbeva using 2 

equivalents of PEG mono-sulfone 2 did not show any evidence of PEGylation (Figure 

3.13). While it is possible that the PEG reagents can undergo hydrolysis and other 

addition reactions, such as with amino moieties on the protein, it was necessary to 

determine if the PEG reagent 2 conjugated to the thiols of the Fabs in the conditions 

that were actually used for PEGylation.

To conduct comparative studies of the PEG-Fab conjugates, different 

molecular weights of PEG mono-sulfone 2 (20, 30 and 40 kDa) were used to 

conjugate with Fabbeva- Additionally for comparative studies we conjugated two PEG 

molecules to a Fab' which was obtained from the F(ab)i which was obtained from 

bevacizumab using IdeS as the enzyme for proteolytic digestion. IdeS enzyme was 

found to be a very efficient enzyme to digest bevacizumab in much shorter time (30 

min) with a high yield (86 %) of purified F(ab)2. Since F(ab)2 has 4 interchain 

disulfide bonds, it was initially hoped that selective reduction could also be conducted 

of one of interchain disulfides either in the Fab or the hinge regions it would be 

possible to generate PEG-F(ab)2. While different reducing agents (TCEP, DTT) at 

different concentrations were examined, no selective reduction between these 

interchain disulfides could be achieved. It was straightforward to reduce all of these 4 

interchain disulfides with DTT and then to conjugate two molecules of PEG mono- 

sulfone 2 to produce PEG2-Fabbeva'- The PEG2x20-Fabbeva' and PEG2x30-Fabbeva' were 

prepared. The binding properties between the PEG2x2o-Fabbeva' conjugate and mono 

PEG4o-Fabbeva conjugate was then compared to investigate how the effect of size, site 

and number of PEG molecules conjugated to the Fab would influence its binding 

affinity.

Ion exchange was found to be sufficient to purify the mono PEG-Fab 

conjugates, PEG2x20-Fabbeva' and PEG2x30-Fabbeva'- These purified PEGylated 

fragments were then evaluated by SDS-PAGE and MALDI-TOF mass spectrometry. 

A 68 kDa molecular weight was determined for the PEG2o-Fabbeva using MALDI-
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TOF mass spectral analysis. Silver stain detection of the purified PEG-Fab conjugates 

only showed the presence of the conjugates. There was no impurity from the starting 

Fab. It was important to ensure the PEGylated products were pure, because if any 

unPEGylated Fabs were present in the purified PEG-Fab conjugates it would have 

interfered with the binding studies. The concentrations of the purified PEGylated Fab 

conjugates were then determined by micro BCA assay and UV spectroscopy (280 

nm). It was found that the PEG linker in the PEG-Fab conjugates contributes to the 

UV absorbance at 280 nm. No interference of the PEG linker is observed when micro 

BCA is conducted (determined at PolyTherics Ltd). Therefore, concentration of all 

the PEGylated conjugates were determined by micro BCA assay throughout this PhD. 

An average yield of about 65% was obtained for the purified, isolated PEG-Fab 

conjugates. The purified di PEG-Fabbeva" conjugate was obtained in about 36% yield.

Since the parent antibodies were being used as controls to compare binding 

with the PEGylated conjugates, it seemed appropriate to also examine the PEGylation 

of the antibodies. Since the PEGylation of Fab' was facile, there was the chance that 

conjugation at the hinge would not bridge the two heavy chains. While PEGylation at 

the hinge and at the Fab interchain, we also wanted to PEGylate the antibody to 

determine how the proteolytic digestion might change. It was expected that the 

proteolysis rate would decrease, but if the PEGylation were predominantly to occur 

on the Fab interchain, then digestion would give PEG-Fab directed. It is possible that 

such an approach would have allowed us to avoid the need to use a protein A column 

for purification and just use ion exchange chromatography. Likewise if the IdeS 

enzyme was capable of digesting the PEGylated antibody, this might be a strategy to 

prepare PEG-F(ab)2.

Several reduction conditions were examined for the partial reduction of 

bevacizumab and it was found that the interchain disulfide in the Fab region was 

slightly more susceptible to reduction than the hinge disulfides when reduction was 

conducted at low conversion. Unfortunately in the experiments that were conducted it 

was not possible to control the reduction to only one disulfide either at Fab or hinge 

region when the reductions were conducted at longer incubation times in an effort to 

achieve a suitable conversion.

Multi isomer PEGylated bevacizumab was therefore produced as a 

consequence of conjugation of PEG reagent 2 (10 kDa) to the cysteine from the 4 

interchain disulfides. No effort was made to identify the positional isomers, but it was
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possible to purify what appeared to be mono PEG-bevacizumab from other higher 

PEGylated isomers. Two purification steps were required and the isolated yield o f the 

PEG-bevacizumab was only about 15%. This material was then incubated with 

immobilized papain and by SDS-PAGE there appeared to be a mixture of Fabbeva and 

PEG-Fabbeva- The mono PEG-bevacizumab was also incubated with the IdeS enzyme. 

No digestion of the PEG-bevacizumab was observed. More work is required to 

develop a strategy to prepare PEG-F(ab)2 using our bis-alkylation reagents. 

Fortunately the homodimer Fab-PEG-Fab conjugates may be a substitute for PEG- 

F(ab)2 conjugates.

A 3 month stability study was conducted to evaluate the stability of the PEG 

conjugation and to investigate whether PEGylation was helpful to decrease Fab 

aggregation. The Fabbeva and PEG2o-Fabbeva were stored at 4 for three month and 

one sample of PEG-Fabbeva was stored for 8 months at 4 °C. It was found that Fabbeva 

started to aggregate by SDS-PAGE, DLS and SEC. No aggregation was observed for 

PEG-Fabbeva after three months. Some aggregate observed in PEG-Fabbeva sample 

stored for 8 months storage, but importantly no de-PEGylation was observed by SDS- 

PAGE. Another stability experiment was conducted with PEG2x20-Fabbeva' where the 

conjugated was subjected heat (80 ^C) in the presence of DTT. No de-PEGylation or 

disulfide reduction were observed for PEG2x20-Fabbeva' (Figure 3.28). It was thought 

that the conjugation of the PEG mono-sulfone 2 to the Fabbeva was stable and that the 

conjugation sites were at the Fab and hinge interchain disulfide bonds.

Once the PEG conjugates were prepared and purified, effort was made to 

evaluate the binding properties, predominantly by BIAcore. Initial binding 

experiments focused on the PEGylated conjugates of Fabbeva and then moved onto 

Fabrani and Fabtrast- Much effort was made to prepare the immobilised sensor chips 

with a low loading of the ligand to avoid crosslinking and mass transfer artifacts. 

Once there was confidence that the BIAcore experiment was reproducible and 

reflective of the relative binding properties of the molecules being evaluated. It was 

observed that the binding affinity of PEG-Fab conjugates decreased about two fold 

compare to the native Fabs. This is much less of a decrease than has been reported in 

the literature PEGylated Fabs [114].

The BIAcore kinetic assays demonstrated that this decrease in binding affinity 

o f the PEG-Fabs was due to change in association rate constant while the dissociation 

rate constant remained un-changed from the unPEGylated Fab. The kinetic study of
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PEGio-bevacizumab also displayed no change in the dissociation rate constant 

compared to the unPEGylated antibody (Table 4.2). The association rate constant 

changes because of the steric shielding of the PEG [114]. The better binding affinity 

of the PEG-Fabs prepared in this work could be due to the stable 3-carbon bridge 

conjugation between PEG reagent 2 and the Fab.

The molecular weights of the PEG molecule used to conjugate Fabbeva was 

varied from 20-40 kDa to give the three conjugates: PEGzo-Fabbeva, PEGso-Fabbeva and 

PEG4o-Fabbeva. The association rate constant of each of these constructs was very 

similar (Table 4.2). This observation has been made elsewhere where in vitro assay 

results can be broadly independent of PEG molecular weight when the PEG is 

conjugated to the same site in the protein [117]. The site of PEG conjugation is 

important for the level of activity, but as important is that activity or in this case, 

binding affinity can remain essentially the same at different molecular weights. This 

allows variations in pK properties to be made while not changing the biological 

activity, which could be important for optimising dosing. There is some evidence in 

the literature that activity and clearance rates are inversely related for some proteins 

[305]. The observation that activity can be maintained independent of PEG molecular 

weight also suggests that at a given site of conjugation, once the PEG reaches a 

threshold molecular weight, then its steric shielding effects that influence binding to 

its target do not continue change. An important parameter to know may be what is the 

minimum, or threshold, molecular weight of PEG at a given site of conjugation where 

activity remains independent. It would be interesting to map different sites of 

conjugation on a protein of interest to determine the threshold molecular weight 

where activity becomes independent of increasing PEG molecular weight.

Interestingly the conjugation of two PEG molecules to F a b T e v a  in PEGixzo- 

Fab'beva construct also did not change the association rate constant from the other 

PEG-Fabbeva constructs. These results allowed us to suggest that the steric shedding 

effect of the PEG that influence the association rate constant was not varied by the 

size of the PEG molecule above 20 kDa. With the Fabs and PEGylation that are 

described herein, it appears that either one or two PEG molecules independently 

conjugated did not increase this steric shedding effect in terms of the association rate 

constant (Table 4.2).

The affinity value of the P E G io -F a b b e v a , P E G so -F a b b e v a  and P E G 4 o -F a b b ev a  

appeared to be similar, however, better than PEGzxzo-FabTeva as a result o f a faster
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dissociation rate constant in PEGzxzo-Fab'beva- It has been reported [38] that random 

PEGylation of a Fab' with larger PEG molecules resulted in a greater loss of binding 

activity that was observed with smaller PEG molecules. Also it has been suggested 

that random conjugation of a limited number of the larger PEG cause less loss in 

binding activity of the PEGylated Fab' than conjugated with a greater number of 

shorter PEG molecule [38]. Using one molecule of a longer PEG (40 kDa) probably 

would be a better approach than conjugation of 2 molecules of 20 kDa PEG reagent 2 

since the dissociation rate constant increased with 2 molecules of PEG being 

conjugated. This could be due to a possible interferance of the second PEG with 

strength of binding between antibody and ligand.

The conjugates derived from Fabbeva, Fab^m and Fabtrast and PEG reagent 4 to 

give the Fab-PEG-Fab constructs were important molecules for study. Activation of 

the reagent followed by conjugation was potentially going to be burdened by 

competing hydrolysis, or end capping reactions. Compared to the PEG mono-sulfone 

2, the PEG di(mono sulfone) 4 did display evidence of hydrolysis at its both activated 

end groups during storage at -20 ®C. It is possible that there were end group 

associations in reagent 4.

The PEGylation conversion using PEG di(mono-sulfone) 4 to give the Fab- 

PEG-Fab homodimers was not as high as the conversions observed with PEG mono- 

sulfone 2. The purification of the Fabbeva-PEG-Fabbeva and Fabrani-PEG-Fabrani 

homodimers were achieved by ion exchange followed by size exclusion 

chromatography. The range of yields was 5-22 % for Fab-PEG-Fab homodimers 

(beva, rani, trast). Silver stain was again used to evaluate the purity of the Fab-PEG- 

Fab conjugates, and no trace of free Fab or PEG-Fabs were observed. To evaluate the 

stability of the conjugation link, the purified Fabbeva-PEG-Fabbeva was treated with 

excess DTT at ambient temperature and there was no evidence by SDS-PAGE of the 

formation of a protein band at 25 kDa. This implied that the cysteines of the two Fabs 

were covalently bound in the homodimer conjugate. This should be compared to what 

happens to an IgG molecule in these conditions, where all the interchain disulfides are 

reduced. When another sample of the homodimer (20 kDa PEG) was heated up to 80 

in the presence of excess DTT, the conjugate underwent the reverse conjugation 

reaction as evidenced by the formation of a 25 kDa band in SDS PAGE (Figure 3.60). 

A second sample of this Fahbeva-PEG-Fahbeva conjugate was then first subjected to 

treatment with NaBH4 followed by exposure of excess DTT at 80 °C. In this case only

281



Chapter 5: Conclusions

the band for the conjugate was observed by SDS-PAGE. Compared to PEG-Fab 

where no evidence of the reverse conjugation was observed in these harsh conditions, 

the Fab-PEG-Fab conjugate underwent the reverse conjugation reaction. It is possible 

that self-association of the two Fabs at the PEG termini in Fab-PEG-Fab cause some 

degree of conformational stress in the linking moieties that is not present in the PEG- 

Fab conjugates.

The average size of the Fab-PEG-Fab in the solution was compared with 

bevacizumab using DLS. An average size of 12.7 nm was measured for the Fabbeva- 

PEGio-Fabbeva which was similar to the size of bevacizumab (11.37 nm). The average 

sizes of 9.0 nm and 21 nm were observed for Fabbeva and PEGzo-Fabbeva respectively. 

The association of the PEG end groups allowed for the association of the Fab moieties 

probably help to explain why the homodimer size was 12-13 nm rather than twice the 

size of PEG-Fabbeva- The similarity in size of bevacizumab and Fabbeva-PEGzo-Fabbeva 

homodimer gave us some hope that the binding properties of these two molecules 

would be similar.

Using BIAcore and ELISA, the binding affinity of the Fahbeva-PEG-Fahbeva 

constructs was evaluated and preserved to VEGF. It was found that binding affinity of 

the homodimer conjugates became better than the parent Fab and mono PEG-Fab. 

Using BIAcore, the dissociation rate constant of Fahbeva-PEG-Fahbeva was found to be 

slower than both Fab and PEG-Fab indicating that there were stronger interactions of 

the Fahbeva-PEG-Fahbeva with the immobilised ligand (Table 4.7). These tighter 

interactions were thought to be a result of the bivalent character of Fabbeva-PEG- 

F abbeva-

Interestingly, all of the prepared Fab-PEG-Fab constructs such as Fahbeva- 

PEG-Fahbeva, Fabtrast-PEG-Fabtrast and Fabrani-PEG-Fabrani displayed the similar 

binding affinity as full IgG using ELISA and BIAcore methods. The 6, 10 and 20 kDa 

Fahbeva-PEG-Fahbeva conjugates displayed even slower dissociation rate constant than 

bevacizumab studied in BIAcore. There was also a difference in dissociation rate 

constant of different molecular weight of PEG in Fahbeva-PEG-Fahbeva- The Fabbeva- 

PEGzo-Fabbeva displayed slower dissociation rate constant than Fahbeva-PEGô-Fahbeva 

and Fahbeva-PEGio-Fahbeva- While BIAcore kinetic assay was conducted once for 

Fahbeva-PEGzo-Fahbeva and twice for Fahbeva-PEGô-Fahbeva and Fabbeva-PEG i o-Fabbeva, 

the effect of the PEG length on binding activity of the homodimer conjugates was 

further studied using in-vitro angiogenesis assay.
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A co-culture angiogenesis study was then conducted to determine if the 

binding data correlated with biological activity. While the initial work with HUVECs 

proliferation assay was performed, using co-culture angiogenesis assay was thought to 

be more relevant assay to study the anti-angiogenesis properties of the conjugates. 

This assay was selected because it realistically reflected many of the biological 

functions of angiogenesis [303], such as proliferation, tubular formation and 

anastomosing function. The results indicated that the 6 and 20 kDa Fahbeva-PEG- 

Fahbeva and Fabrani-PEG-Fabrani inhibited angiogenesis even better than bevacizumab, 

whereas Fahbeva-PEGzo-Fahbeva and Fabrani-PEGzo-Fabrani stopped angiogenesis better 

than 6 kDa homodimer constructs. In the case of homodimer derived from Fabrani, the 

angiogenesis was completely stopped when VEGF was incubated with the Fabrani- 

PEGzo-Fabrani. It was expected to observe better functional activity in homodimer 

made from Fabrani rather than Fabbeva as the binding affinity of Fabrani was better than 

Fabbeva [193]. Since the PEG is a random coil, it may be the case that two Fabs are 

brought towards the homodimer VEGF in a manner that is more efficient than for a 

native IgG, resulting in a stronger binding interaction and hence enhanced functional 

activity. Longer PEG in the Fab-PEG-Fab homodimer appeared to display better 

functional activity than smaller PEG. The effect of length and flexibility of the linker 

used in homodimer molecules on binding affinity and effective concentration of 

bivalent molecule have been studied by many researchers [150, 158, 160, 162]. It has 

been shown that flexible linker with longer length resulted in greater binding affinity 

and higher effective molarities for bivalent molecule.

To establish an ex-vivo experiment to allow study of the binding VEGF with 

anti-VEGF conjugates in the solution with a much faster readout (less than a day), 

preliminarily work was conducted to study the anti-vasodilation functional activity of 

bevacizumab. It was hoped that after optimisation of conditions with bevacizumab, 

the activity of other anti-VEGF molecules such as Fab-PEG-Fab could be examined 

in this model and compared with the results obtained from the angiogenesis assay.

Making bispecific antibody fragments has been a focus of research during the 

last 2-3 decades [168-170]. Different methods have been described in the literature to 

make dimeric proteins o f many different types including bispecific antibodies that 

able to bind to two different ligands simultaneously. The PEG reagent 4 was used to 

conjugate two different Fabs and to generate a bispecific Fab-PEG-Fab* construct.
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The Fab-PEG-Fab* construct was made from Fabbeva and Fabtrast since the 

HER-2 and VEGF signalling pathways are related [182-184]. This bispecific 

construct was selected because combination therapy involving trastuzumab and 

bevacizumab has been suggested [177, 182, 180]. While Fabbeva-PEG-Fab*trast was 

prepared, the amount of purified product was just enough to determine that each Fab 

maintain its binding to its specific target (i.e. VEGF and HER-2). First conjugation, 

purification and then second conjugation could be followed by SDS-PAGE (Figure 

3.63). A new immobilisation method using the two ligands (HER-2 and VEGF) was 

developed and used to study of the simultaneous binding of the Fabbeva-PEGio- 

Fab*trast to HER-2 and VEGF. The chip was immobilised with both ligands at very 

low RU. Immobilising the chip with two ligands in this way may allow for 

binding/kinetic studies to evaluate bispecific constructs during preclinical 

development. In addition, it was thought that using this chip it would be possible to 

compare the association and dissociation rate constants of Fabbeva-PEG-Fab*trast to the 

monomeric conjugates, PEG-Fabbeva and PEG-Fabtrast- This would allow the study of 

how one Fab may influence the binding of the other, but different Fab*. It would be 

important to study if similar trends exist for the association and dissociation rate 

constants as was observed for PEG-Fabbeva interacting with chip with VEGF only and 

a chip with both immobilised VEGF and HER-2 ligands.

While further effort is required to fully understand the conjugation properties 

of PEG di(mono-sulfone) 4, this reagent was useful to conjugate two Fabs. It 

appeared to be a valid way to make Fab-PEG-Fab homodimers that could mimic the 

binding of a full IgG. It was thought that this was most probably due to binding 

cooperativity that essentially mimicked the cooperativity of the Fabs in an IgG. The 

results for the homodimer Fab-PEG-Fab constructs appeared to be better than the full 

IgG. Since recombinant processes can efficiently produce Fabs, a chemical fusion 

process to use PEG as a linking molecule as described here could have utility to 

develop bivalent molecules. In this way other protein scaffolds instead of Fab might 

be useful.

There are now over 25 monoclonal antibodies in the clinic with many more 

(240) in development [1]. Clearly it seemed that if  homodimers such as Fab-PEG-Fab 

could be easily prepared and if their binding properties could be maintained, there 

could be future opportunities to develop chemically fused molecules that have binding 

properties comparable to monoclonal antibodies.
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Overall, utilising thiol specific PEGylation reagents that are capable of bis- 

alkylation is a viable strategy for the PEGylation of Fabs. Using PEG reagents with 

the bis-alkylation functionality at each terminus of the PEG so that PEG is used as a 

scaffold, makes it possible to chemically fuse two proteins to make homo or 

heterodimeric conjugates. This approach may have potential for the chemical fusion 

of proteins, which could be an alternative for recombinant strategies for protein 

fusion.
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Appendix I

A; NMR of the activated PEG mono-sulfone reagent 2.
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Figure A l.l  NMR of the activated PEG reagent 2 (A) and 4 (B).
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Stability study of bevacizumab stored in luer-lock syringes

Ranibizumab (Fabrani) is a FDA approved medicine for treatment of AMD, but it is 

very expensive, cost of each treatment is 1026 £ in the U.K. [242]. Bevacizumab is 

used off-lable for AMD with much lower cost, average of 26 £ a dose in the U.K 

[242]. The most commonly used dose of bevacizumb solution for intravitreal injection 

is currently 1.25 mg (0.05 mL). Since a very small amount (0.05 mL) of bevacizumab 

solution needs to be aliquated from the vial for ocular use, it is appropriate to consider 

if it is possible to transfer the bevacizumab solution from a vial to individual syringes 

to be stored for future use. This would provide a ready to use syringe filled dosage 

form of bevacizumab solution for ocular use. Wastage of bevacizumab solution could 

be avoided if the syringe filled solutions of bevacizumab remain the same as the 

bevacizumab solution in the vials over an extended storage period. Conditions such 

as temperature, light and type of syringes can cause instability and aggregation of 

bevacizumab in the syringe. Pharmaceutical companies have been working on 

fractionating of bevacizumab into a syringe considering the type of syringe and 

storage condition.

A collaborative project between Moorfields Pharmaceuticals and our group in 

the School of Pharmacy was undertaken for a comparative study of the 

physicochemical characteristics of bevacizumab solution that had been transferred 

from vials to luer-lock syringes for injection. Two 16 mL vials of bevacizumab 

solution were fractionated into 1.0 mL syringes. The volume of the bevacizumab 

solution transferred to each syringe was 0.13 mL, to deliver 0.05 mL for intravitreal 

injection. The syringe used was a 1.0 mL Becton Dickinson luer-lock syringe, the 

barrel of which is manufactured from polycarbonate whilst the stopper is a latex free 

elastomer. The syringe is sealed with a HDPE, latex free cap sourced from B. Braun 

Medical Inc. The filled syringes were placed on stability storage at 5°C ± 3°C, with 

the temperature being monitored and recorded on a continual basis in Moorfield 

Pharmaceuticals. The bevacizumab solution in the syringes was then evaluated over a 

9-month period at monthly time points in comparison to bevacizumab solution 

obtained from freshly opened vials. The techniques used were SDS-PAGE, DLS, SEC 

and BIAcore concentration assay. Samples were evaluated on the day the syringes

287



were filled (TO) and then at monthly intervals up to 9-months (T1 to T9). 

Simultaneously, bevacizumab from a freshly opened vial was also evaluated.

SDS-PA GE analysis

SDS-PAGE analysis was conducted by taking the bevacizumab solution from a 

syringe (1.25 mg/mL, 0.05 mL) and the same volume of bevacizumab solution from 

the vial (0.05 mL) and adding each to 1.0 mL PBS. Samples were loaded onto a gel 

and after migration the gels were stained with colloidal blue (Figure A2.1). Three 

individual samples each from the syringe and the vial were evaluated. Figure A2.1 

shows the SDS-PAGE at TO (A) compared with SDS-PAGE analysis at T9 (D).
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Figure A2.1 SDS-PAGE analysis of bevacizumab solution from both the syringe and 
vial, at (A) TO, (B) T3, (C) T6, (D) T9. Novex Bis-Tris 4-12% gels were stained with 
colloidal blue. A, B, C; Lane M: Protein standards. Lanes 1, 2, 3; bevacizumab (1.25 
mg/ml) from 3 different syringes. Lanes 4, 5, 6; bevacizumab (1.25 mg/ml) from a 
single vial, D; Lanes 1 and  2; bevacizumab (1.25 mg/ml) from different syringes. 
Lane 3; bevacizumab (1.25 mg/ml) from vial.
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The band at about 150 kDa in each SDS-PAGE gel (Lanes 1-6, Figure A2.1) 

is bevacizumab and the lighter band at higher molecular weight shows an aggregate, 

presumably from bevacizumab, but this cannot be ascertained from these 

experiments. An aggregate was also observed by SBC (Figure A2.2, 58 min). 

Visually, the amount of this band in the SDS-PAGE gels does not appear to have 

changed from TO to T9 for any of the samples.

Size exclusion chromatography (SEC)

For SEC analysis the bevacizumab solution from a freshly open vial (1.25 mg/mL) 

and the stored syringe samples were transferred to sample vials in an autosampler 

which then loaded 950 pL of each sample onto a SEC column for separation. SECs 

were conducted in triplicate for each time point for both syringe and vial samples. 

Shown in Figure are the SECs for TO and T9.

The peak at 58 minutes was thought to be from an aggregated species so 

fractions were also collected from 58-59 min. Analysis of these fractions using SDS- 

PAGE (Figure A2.3) was accomplished using silver-stain as detection. Silver stain is 

much more sensitive compared to colloidal blue staining. Fractions were also 

collected at the main peak (71-72 min; Figure A2.3, Lanes 5-6). The higher molecular 

weight band was not observed (Figure A2.3, Lanes 5-6) suggesting that this species 

did not originate from the bevacizumab. Table 1 shows the area under curve (AUC) 

that was calculated at TO, T3, T6  and T9 for the peak at 58 min. There appeared to be 

no significant change in the AUC (Table A2.1) of this higher molecular weight 

species over the 9-month period for the syringe stored samples.

289



A; TO, Syringe
72 min

58 min

A; TO, Vial
72 min

SSjQ flin

SO 60 70 60 90

B; T3, Syringe 72 min

58 min /
__

C; T6 , Syringe 72 mm

58 piin

D; T9, Syringe

B

B; T3, Vial 72 min

58 min

C; T6 , Vial

58 ipin

D; T9, Vial

Figure A2.2 SEC chromatograms of bevacizumab solution (1.25 mg/ml) from the 
syringe and vial at TO (A), T3 (B), T6  (C) and at T9 (D).
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Figure A2.3 SDS PAGE analysis of fractions collected from the SEC of bevacizumab 
aloquated from a freshly opened vial. Silver stain detection was used. Lane M: Protein 
standard. Lane 1; bevacizumab (1.25 mg/ml) before loading to SEC, at TO. Lane 2; 
bevacizumab SEC fraction at 57 min, Lane 3; bevacizumab SEC fraction at 58 min. 
Lane 4; bevacizumab SEC fraction at 59 min. Lane 5; bevacizumab SEC fraction at 
71 min. Lane 6; bevacizumab SEC fraction at 72 min.

Table A2.1 Average percentage AUC (100% AUC) at the eluded SEC peak at 58-59 
minutes for bevacizumab solution in the syringe and from the vial at TO, T3, T6 and 
T9.

Bevacizumab

1.25 mu/m

Syringe
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Dynamic light scattering (DLS)

DLS analysis was performed at each time point for the bevacizumab solution (1.25 

mg/mL) obtained from a freshly opened vial and from the syringe at each time point 

(Figure A 2A ). Replicates of three (N=3) samples were evaluated; hence 3 separate 

syringe samples were evaluated at each time point. The DLS analysis suggested that 

there was no difference of the solution size of the bevacizumab in the syringe and in 

the vial over the 9-month period (Table A2.2). Figure A2.5 shows an example of the 

two superpositioned DLS spectra as a representative example o f sample 

reproducibility indicating that there is no evidence of a population of larger species 

emerging from the syringe samples.

Table A2.2 DLS measurements of bevacizumab at TO, T3, T6 and T9.

Bevacizumab TO, from syringe 11.16 0.018

Bevacizumab TO, from vial 11.19 0.016

Bevacizumab T3, from syringe 11.37 0.089

Bevacizumab T3, from vial 11.33 0.077

Bevacizumab T6, from syringe 11.57 0.104

Bevacizumab T6, from vial 11.52 0.104

Bevacizumab T9, from syringe 11.86 0.05

Bevacizumab T9, from vial 11.83 0.07
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Figure A2.4 DLS analysis of bevacizumab solution in vial and syringe at TO (A), T3 
(B), T6 (C) and T9 (D).
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Figure A2.5 Superimposed of DLS of bevacizumab in syringe and vial at T9 (A), and 
syringe at TO and T9 (B)

Biacore concentration and binding assay (T0-T6)

A functionalized CM5 with the binding level of 534.0 RU was prepared with VEGF. 

Chip immobilisation is shown in Figure A2.6. A and the regeneration conditions are 

in Figure A2.6. B. The manual test run was performed on the prepared chip with 

bevacizumab (1.25 mg/mL) (Figure A2.6. C) and glycine pH 1.5. Using glycine pH 

2.0, it was appeared that baseline could not be regenerated. Glycine pH 1.5 was found 

to be suitable regeneration buffer when high amount of VEGF was immobilised on 

CM5 chip.

2 9 4



A; Immobilization of CM5 chip with 534.0 RU.

Ethanolamine, 1 M

EDC/NHS
, VEGF,
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B; Regeneration buffer, Glycine pH 1.5 and 2.0.
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Figure A2.6 Immobilisation of a CM5 chip with VEGF (534 RU) using the Biacore amine 
coupling method (A), Regeneration buffers with glycine pH 2.0 and 1.5 (B), The manual test 
run using bevacizuma (1.25 mg/mL) and an optimised regeneration buffer (glycine pH 1.5) 
(C).

After preparation of the VEGF functionalised chips, a calibration curve for protein 

concentration was determined using bevacizumab solution obtained from a freshly 

opened vial (Figure A2.7). Two chips were used at about the same loading of VEGF 

(534 and 527 RU). Chip 1 (534 RU) was used at TO and T1 and chip 2 (527 RU) was 

used for all subsequent time points. The calibration responses (Table A2.3) were then 

used to calculate the active concentration of bevacizumab in the syringe and vial 

(Table A2.4). The amount of bevacizumab in the syringe did not change significantly 

compared to that observed for the vial and no difference was observed at T6 

compared with TO.

Figure A2.7 Biacore concentration curves using the VEGF functionalised chips (534 and 527
RU). Bevacizumab from a freshly opened vial was used at each time point: (A), TO (534 
RU), (B), T3 (527 RU); and (C), T6 (527 RU).
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Table A2.3 Biacore responses with bevacizumab diluted from the solution provided in the 

vial.

0.18 608.4 0.18

TO 0.37 709.4 0.38

Chip 1 0.75 807.6 0.74

534 RU 1.50 909.4 1.50

0.25 611.8 0.25

13 0.50 710.6 0.51

Chip 2 1.00 811.6 0.98

527 RU 2.00 922.1 2.02

0.25 601.6 0.25

16 0.50 694.6 0.51

Chip 2 1.00 789.0 0.98

527 RU 2.00 890.7 2.02

Table A2.4 Biacore calculation of the active protein concentrations bevacizumab obtained 
from 3 syringes and the vial at TO and T6.

Syringe 1 906.0 1.46

TO Syringe 2 895.7 1.37

Chip 1 Syringe 3 879.3 1.38

534 RU Vial (n=l) 893.9 1.35

Vial (n=2) 903.0 1.44

Vial (n=3) 897.3 1.38

Syringe 1 829.5 1.30

T6 Syringe 2 824.7 1.26

Chip 2 Syringe 3 847 1.47

527 RU Vial (n=l) 818 1.20

Vial (n=2) 806.1 1.11
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A binding assay was performed on bevacizumab (Figure A2.8) that was aliquoted 

from a freshly opened vial and from the syringe at each time point using the CM5 

chips shown in Table A2.3. There did not appear to be any significant difference in 

the binding response of bevacizumab from the syringe at the different time points 

compared to the bevacizumab from a freshly opened vial (Figure A2.8). For 

reference, a superposition is shown in Figure A2.9 of the sensograms for the 

bevacizumab from both the vial and the syringe (T6).

A; Binding chart at TO.

Bar Chart

800

Cycle Number

B; Binding chart at T3.
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C; Binding chart at T6.

Figure A2.8 The binding chart for bevacizumab in syringe and vial at TO, T3 and T6. 
(A) TO, Cycles 1,2, 3: Buffer (startup). Cycle 4: bevacizumab in the syringe 1.25 mg/mL, 
Cycle 5: bevacizumab in the syringe 0.625 mg/ml. Cycle 12: bevacizumab from the vial 1.25 
mg/ml, Cycle 13: bevacizumab in the vial 0.625 mg/ml, (B) T3, Cycles 1, 2: Buffer, Cycles 3- 
6: calibration concentrations of bevacizumab from vial, Cycle 7: bevacizumab in the syringe 
1.25 mg/ml. Cycle 8: bevacizumab in the syringe 0.625 mg/ml. Cycle 9: bevacizumab from 
the vial 1.25 mg/ml. Cycle 10: bevacizumab from the vial 0.625 mg/ml. Cycle 11: 
bevacizumab from the vial, (C) T6, Cycles 1-2: Buffer, Cycle 3: bevacizumab from the 
syringe 1.25 mg/ml. Cycle 4: bevacizumab from the syringe 0.625 mg/ml. Cycle 5: 
bevacizumab from the syringe 1.25 mg/ml. Cycle 6: bevacizumab from the syringe 0.625 
mg/ml. Cycle 7: bevacizumab from the syringe 1.25 mg/ml. Cycle 8: bevacizumab from the 
syringe 0.625 mg/ml. Cycle 9: bevacizumab from the vial, 1.25 mg/ml. Cycle 10: 
bevacizumab from the vial, 0.625 mg/ml. Cycle 11: bevacizumab from the vial, 1.25 mg/ml.

RU A d ju s te d  s e n s o r g r a m

 Avo9ltn.S>T 1. 1 25fT>

200 400 &00 800 1000 1 200 1400 1600 1800
T im e  (#  -  l> e « eM n e i s

Figure A2.9 Superposition of the sensograms of bevacizumab from the syringe and from the 
vial (1.25 mg/ml) at T6.
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Challenge experiments

A challenge experiment was conducted to determine if a challenge applied to 

bevacizumab solution could result in observable change. To validate the techniques 

used in this study, some physical stresses were applied to the bevacizumab solution at

1.25 mg/mL. The stresses applied included heat, UV light and incubation with copper 

metal (Cu^^).

Bevacizumab solution (1.25 mg/mL) was heated at 74 for 10 min and 1.0 

hour. It was also heated for 2.0 h at 62 and left on the bench at ambient

temperature overnight. After 1.0 hour at 74 a precipitate was observed (Figure

A2.10) in these severe challenge conditions. DSC (differential scanning calorimetry) 

analysis showed an exothermic peak at 74 (Figure A2.10). This peak was a result 

of precipitation, which is likely to be a result o f dénaturation. There was a 

concentration dependent shift in the precipitation temperature (higher concentration 

leading to lower precipitation temperature).

No precipitation was observed (62 and RT), but SEC analysis indicated 

some increase in the %AUC for the peak associated with aggregated species in the 

bevacizumab formulation (Table A2.5). DLS analysis also indicates an increase in the 

solution aggregation (Table A2.6). In at least two cases there was not an increase of 

particle size as determined by DLS, these were when bevacizumab solution was 

heated for 10 min at 74 ^C and when heated for 120 min at 62 ^C. The increase of 

particle size after storage overnight at ambient temperature is consistent with the SEC 

observation (Table A2.5) and suggests that small perturbations can be observed.
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A; DSC analysis on bevacizumab 
6000 1----------------------------------------------- 1---------------

Bevacizumab 1.25 mg/mL 
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Bevacizumab 0.25 mg/mL
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B; Heating of bevacizumab at 74
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Figure A2.10 (A) Superposition of DSC analysis of bevacizumab at different 
concentrations, (B) A sample of bevacizumab solution aliquoted from the vial 
precipitated after heating 1.0 h at 74 OC. This admittedly was a severe challenge to the 
bevacizumab solution, but illustrates the level of challenge necessary to observe a 
visual indication of loss of protein structure.
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Table A2.5 Comparative SEC AUCs of bevacizumab indicating some increase in the 
AUC for a fresh sample o f bevacizumab solution stored at ambient temperature 
overnight.

Syringe sample 2.93

Vial-ffesh sample 3.52

Vial sample after storage overnight at RT 3.80

Table A2.6 DLS measurements of bevacizumab stored in varying conditions to 
evaluate protein stability.

Bevacizumab T6, from vial 11.53 0.140

Bevacizumab X I, from vial 11.18 0.053

Bevacizumab overnight at RT 100.5 0.461

Bevacizumab after 10 min at 74 ^C 18.6 0.281

Bevacizumab after 60 min at 74 ^C 5361 0.503

Bevacizumab after 120 min at 62 ^C 13.31 0.181

Bevacizumab treated with 10 pi copper 7956 0.564

Bevacizumab after 2h under UV light 12.21 : 0.196

Based on the analyses conducted, there appears to be no significant change in the 

physical form of the bevacizumab solution stored in controlled conditions for a 9- 

month period in the syringes compared to the bevacizumab solution in the vials.
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