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Abstract

Chronic neovascular retinal diseases can be treated by antibody-based medicines
which are administered by intravitreal injection Ongoing efforts are focused on
improving treatment outcomes for patients taking these medicines. One strategy to
improve treatments is the development of bispecific antibodies which are capable of
binding to 2 intraocular therapeutic targets simultaneously. Bispecific antibodies are
suggested as an alternative to the use of combination therapies within the eye.

Many different bispecific antibody motifs have been prepared including motifs
derived from antibody fragments such as Fabs and single chain variable fragments.
Previously our research group developed a monospecific antibody motif called a Fab-
PEG-Fab (FpF) in which 2 identical Fabs are conjugated to either end of a PEG di bis-
sulfone protein dimerisation reagent 5 mimicking an IgG antibody. It was thought to try
and develop the FpF platform further by preparing bispecific FpFs (BsFpF).

The aim of this PhD thesis was to synthesise BsFpFs capable of binding to two
therapeutic targets within the eye. To prepare BsFpFs, it is required to digest IgGs
using the proteolytic enzyme papain to obtain Fabs. Previously an immobilised form
of papain was used to digest IgGs with the methodology being laborious and slow. A
new method using a soluble form of papain was developed, which allows the digestion
of up to 100 mg of IgG within 30 minutes and with a yield in excess of 50%. Purification
of the digestion mixtures to obtain highly purified Fabs was achieved using Protein L
chromatography. The developed digestion method using soluble papain was
published in literature during this PhD —

Collins M, Khalili H. Soluble Papain to Digest Monoclonal Antibodies; Time and
Cost-Effective Method to Obtain Fab Fragment. Bioengineering (Basel). 2022 May
12;9(5):209. doi: 10.3390/bioengineering9050209. PMID: 35621487; PMCID:
PMC9137653.

To synthesise BsFpFs, different chemistry methods were used. A conjugation-
ligation strategy in which two different Fabs are conjugated to di-functional reagents
was explored. Two di-functional reagents PEG bis-sulfone transcyclooctene (TCO)
and PEG bis-sulfone tetrazine (Tz) were prepared by our research group. The bis-
sulfone group enabled conjugation to Fabs to proceed, forming TCO and Tz
functionalised intermediates. The free TCO and Tz moieties ligate, allowing the TCO
and Tz functionalised intermediates to combine into a single molecule, a BsFpF. Key



to the preparation of BsFpFs via conjugation-ligation was the removal of any free PEG
bis-sulfone TCO and PEG bis-sulfone Tz reagents prior to ligation of the TCO and Tz
functionalised intermediates.

14 different BsFpFs were prepared via conjugation-ligation. It was possible to
obtain highly purified BsFpFs using ion exchange (IEX) and size exclusion
chromatographies (SEC) with purity being confirmed via silver staining. Isolated yields
of BsFpFs were between 10-15% with yield being limited by the purity of reagents 26
and 27. BsFpFs were stored at their intended storage temperature of 5°C for 6 months
with no evidence of deconjugation or aggregation being observed.

Ligand binding studies performed using enzyme linked immunosorbent assays
(ELISA) and surface plasmon resonance (SPR) were able to confirm that BsFpFs were
capable of binding to both of their intended targets, with SPR confirming binding in a
concentration dependent manner. ELISA demonstrated that an anti-VEGF/IL-6R
BsFpF had a similar affinity towards vascular endothelial growth factor (VEGF) and
the interleukin-6 receptor (IL-6R) as anti-VEGF and anti-IL-6R TCO and Tz
functionalised Fab conjugates. This indicated that the VEGF binding arm of the anti-
VEGF/IL-6R BsFpF did not interfere during binding of the BsFpF to IL-6R and vice
versa. During SPR binding experiments the same finding was found during VEGF
binding assays, however the same was not found when binding to IL-6R.

The data presented in this thesis demonstrates that it is possible to reproducibly
prepare and purify BsFpFs targeting two intraocular targets simultaneously. Future
work would focus on the assessment of the functional activity of BsFpFs using in-vitro
cell-based assays. Preliminary work showed that human umbilical vascular endothelial

cells (HUVECs) may be a suitable choice of cell model for these assays.
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Chapter 1 — Introduction



Introduction to antibody therapeutics

There is an ever-increasing clinical interest in the development of antibody-based
medicines with the FDA approving about 4 new antibody medicines per year [1] with
the 100" antibody therapeutic being approved in May 2021 [2] . Antibody based
medicines include IgG antibodies, Fc-fusion proteins and peptides, antibody-drug
conjugates and multiple antibody fragment-based structures which are in development
or have been approved. IgG antibodies are endogenous molecules with a structure
comprising of light and heavy amino acid chains. An IgG is made up of two Fabs
containing both light and heavy chains and a Fc region containing solely heavy chains
that are stabilised by 2 disulfide bonds at the hinge. The two Fabs are also stabilised
by a single disulfide bond found at their terminus.

Figure 1 shows representative structures of antibody-based motifs that have
been developed into therapies. The different colours that make up the structures in
Figure 1 relate to different parts of the antibody-based motifs. The light blue parts are
light chains and the dark blue heavy chains, the same colouring is used throughout
this thesis for antibody-based molecules. The light red and dark red chains (Figure
1C) are again light and heavy chains respectively but are differentiated to distinguish
them as coming from another antibody. They are not the same light and heavy chains
as the light and dark blue parts of the same molecule showing that it is bispecific in
nature. The smaller light blue and dark regions at the top of Figure 1D denote the

receptor binding regions present in a Fc-fusion protein.

Figure 1: Structures of three antibody derived motifs used to develop therapies. (A) Monospecific
immunoglobulin G (IgG) antibody — A monospecific IgG antibody has two identical fragment antigen
binding (Fab) and fragment crystallisable (Fc) regions stabilised by inter and intra-chain disulfide bonds,
it is a bivalent molecule. The molecule can only interact with one target at a time. (B) Antibody-drug
conjugate — An antibody-drug conjugate is a monospecific IgG antibody linked to an anti-cancer drug.
The antibody attaches itself to antigens present on cancerous cells which ensures delivery of the
cytotoxic anti-cancer drug. (C) Bispecific IgG antibody — A bispecific IgG antibody has two different Fab
and Fc regions stabilised by inter and intra-chain disulfide bonds, it is a monovalent molecule. The
molecule can interact with two different targets at a time. (D) Fc-fusion protein — Two binding regions
(examples include soluble receptors and peptides) are bound to an IgG Fc region.



Examples of marketed monospecific protein therapies are adalimumab
(Humira®), aflibercept (Eylea®) and bevacizumab (Avastin®). These three antibodies
had a combined revenue in excess of $20 billion in 2015 [3]. The global combined
revenue for monoclonal antibody therapies may be as high as $380 billion by 2027 [4]
with further growth expected.

Adalimumab (Humira®) is a monoclonal IgG commercialised by AbbVie to treat
rheumatoid arthritis; it was the first fully human antibody approved by the FDA. It
specifically interacts and blocks a ligand called Tumour Necrosis Factor Alpha (TNF-
a) which is involved in inflammatory response. Rheumatoid arthritis is a
heterogeneous and complex condition in which multiple proinflammatory cytokines
including TNF-a contribute to progressing the condition [5]. Adalimumab only contains
a variable region that binds to a single epitope in TNF-a, so it is monospecific [6].
Ranibizumab (Lucentis) which is an antibody fragment (Fab), aflibercept (Eylea®)
which is a Fc-fusion, and the IgG bevacizumab (Avastin®) each bind to a ligand called
Vascular Endothelial Growth Factor (VEGF). VEGF drives angiogenesis and its
inhibition is important to slow the progression of wet age-related macular degeneration
(w-AMD) which is the main cause of blindness in elderly people. Although these three
medicines bind to VEGF and are monospecific, they each bind to different regions or
epitopes on the VEGF ligand.

Monoclonal antibodies have a total molecular weight of about 150 kilodaltons
(kDa) and comprise of two equivalent heavy chains and two equivalent light chains
that yield two binding regions known as the complementary determining region (CDR).
Each can bind to the same epitope, or antigenic site on a target molecule or pathogen.
Monoclonal IgG antibodies are thus mono-specific as they bind to one epitope but are
bivalent in that they bind to two copies of the epitope. Antibodies which contain two
different CDRs are termed bispecific antibodies.

Bispecific antibodies is an umbrella term for a variety of protein molecules that
are capable of interacting with two target epitopes [7]. Many of these protein molecules
do not have CDRs, and may bind to the target epitopes by other means, e.g. utilisation
of the extracellular region of a target receptor as is seen with Fc-fusion molecules. A
key advantage of a bispecific antibody-based medicine is that such molecules offer
the chance to exploit spatial-temporal effects. For example, a bispecific molecule
capable of binding to a receptor on one cell and another receptor on a different cell

have the potential for bringing the two cells together. Analogously, if a bispecific
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molecule binds to two different proteins, then it is possible to bring these two proteins
into close contact with each other. Bispecific antibody formats are non-endogenous
and are products of genetic engineering.

Bispecific antibody design is not limited to the traditional IgG format. Many
formats have been described including single chain variable fragments (scFv), bi-
specific T-cell engagers (BiTE) and nanobodies[8]. These formats are discussed in
more detail later in this chapter. An interesting example is a bispecific Fc fusion protein
called “Valpha” which binds to VEGF-A and TNF-a. Valpha is a Fc-fusion protein that
is comprised of the extracellular VEGF-A binding domain from the VEGF receptor 1
(VEGF-R1) and the extracellular binding domain for TNF-a from the TNF-a receptor 2
(TNFR2)[9].

In total there are in excess of 100 bispecific formats at different stages of
development [10]. To date there have been nine approved bispecific protein therapies;
Catumaxomab (now withdrawn), blinatumomab, bimekizumab, emicizumab,
amivantamab, faricimab, tebentafusp (a bispecific fusion protein), mosunetuzumab
and teclistamab. Five of the eight bispecifics have been approved since December
2021 [11,12] indicating the unmet medical need that has been identified and the
progression of technologies needed to manufacture bispecifics. Details of approved

bispecifics are shown below in Table 1.



Name Trade Company Format Therapeutic | Targets | Year of

name Area Approval
Catumaxomab | Removab | Fresenius | Bispecific Oncology CD3 2009
Biotech IgG (since
removed
EpCAM from
market)
Blinatumomab Blincyto Amgen BIiTE Oncology CD3 2014
CD19
Emicizumab Hemlibra | Genentech | Bispecific | Haemophilia Factor 2018
IgG IX
Factor X
Amivantamab | Rybrevant | Jannsen- | Bispecific Oncology EGF 2021
Cilag IgG
MET
Bimekizumab BimZelx ucB Bispecific | Dermatology IL-17A 2021
IgG
IL-17F

Faricimab Vabysmo Roche Bispecific | Ophthalmology | VEGF 2022

Cross
MADb
ANG-2
Tebentafusp Kimmtrak |Immunocore | Bispecific Oncology CD3 2022
Fc-fusion Gp100
protein
Teclistamab Tecvayli Jannsen- | Bispecific Oncology CD3 2022
Cilag IgG BCMA
Mosunetuzumab | Lunsumio Roche Bispecific Oncology CD3 2022
I9G CD20

Table 1: Approved bispecific antibody therapeutics.

As shown in Table 1, most of the approved bispecifics are for oncology
indications. Blinatumomab was developed to improve treatment of relapsed B-cell
malignancies [13]. Blinatumomab has a novel mechanism of action in which it binds
to the CD19 receptors present on malignant B-cells and the CD3 receptor present on
T-cells. By bringing the malignant B-cell into closer contact with a T-cell, it was found
possible to trigger a T-cell signal cascade against the malignant B-cells [14].

There is clear rationale for the development of bispecific immune modulatory
protein therapies to treat cancer which has included T cell redirection, natural-killer
cell redirection, tumour-targeted immunomodulators or dual immunomodulators, these
are all possible to create with bispecific therapies but not monospecific therapies [15].

Most bispecific antibodies currently in clinical development are intended for oncology



indications. The mechanism of action for the majority of these molecules involves
binding and activation of T cells via CD3 receptors and subsequent direction of the
activated T cells to a tumour [15]. Blinatumomab is an approved example of a T-cell
redirecting bispecific.

Bispecific antibodies also have application for the treatment of rheumatoid
arthritis along with other inflammatory conditions (e.g. atopic dermatitis and psoriasis).
Cytokine mRNA and protein analysis of rheumatoid arthritis tissue has revealed that
proinflammatory cytokines and chemokines are present within inflamed tissue [16].
MT-6194 is a bispecific antibody targeting two proinflammatory cytokines; IL-6R and
IL-17A. These two targets were selected as they act in a positive feedback loop
together [17]. Surface plasmon resonance showed that MT-6194 had similar affinity
for IL-6R compared to the control drug (tocilizumab) and higher affinity for IL-17 than
another control drug (secukinumab). /n vivo mouse inflammation models showed that
MT-6194 is capable of simultaneous inhibition of both IL-6R and IL17A with the
potential to enhance efficacy and synergistic effects when compared to each of the
control monospecific therapies. The current development stage of MT-6194 is not
known.

Two important bispecific antibodies not in the areas of oncology or inflammation
are (i) emicizumab and (ii) faricimab. Emicizumab, approved in 2018 is a bispecific,
humanised antibody which has been approved to treat haemophilia-A [18].
Emicizumab is known as a non-factor-VIll treatment for haemophilia-A. Prior to the
introduction of emicizumab, factor-VIlI protein-based drugs were used exclusively to
replace the factor VIII missing in patients suffering from haemophilia A. Factor-VIlI
based drugs have relatively short half-lives of between 8-12 hours with the production
of anti-FVIII antibodies observed in 20-30% of patients[19]. Emicizumab address both
of these issues, its half-life is longer up to 28 days [20] and there are less anti-drug
antibodies generated (e.g. 2 of 39 patients in a clinical trial) [19]. Emicizumab functions
by creating a bridge between two proteins; factors 1Xa and X mimicking the behaviour
of factor VIII which is critical for the coagulation cascade.

Faricimab, a bispecific antibody developed by Roche to treat retinal disease
was approved by the FDA in 2022 [21]. Faricimab targets VEGF and angiopoietin-2
(ANG-2) in the vitreous cavity of the eye and is used in the treatment of WAMD. Chronic
angiogenesis diseases in the back of the eye have become one of the leading blinding

conditions over the world, mainly including w-AMD, diabetic retinopathy (DR), and
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choroidal neovascularization (CNV). The introduction of intravitreally injected
antibody-based anti-VEGF biologics have revolutionised the therapy of neovascular
diseases in the back of the eye.

Developing formulations for intravitreal injection must meet stringent interocular
criteria based on the need to maintain ocular tolerability and to use very small injection
volumes of 50 pL, precluding the use of combination formulations. Due to the chronic
nature of many retinal diseases, frequent intravitreal injection is required to deliver
sufficient biotherapeutics to the back of the eye. Much effort has focused on drug and
formulation development to reduce the frequency of administration because
intravitreal injections are of considerable burden on patients and health care providers.
The burden of intravitreal injections also precludes the use of multiple medicines being
injected to provide combination therapies to treat retinal disease. Faricimab

succeeded where combination therapies targeting VEGF and ANG-2 did not [22].
Bispecific antibody-based formats

Many different bispecific formats have been described from preclinical research
settings, and some of these formats now exist in the clinic and in clinical development.
A dual-variable-domain 1gG antibody (DVD-lg) is one example (Figure 2). The
structure of a DVD-Ig differs from an endogenous IgG antibody by the arrangement of
their heavy and light chains. In a traditional endogenous IgG antibody, the heavy and
light chains are organised with (1) the heavy comprised of a variable region (VH) and
three constant regions (CH1, CH2, and CH3). The VH region is responsible for antigen
binding, while the constant regions provide stability and effector functions, while (2)
the light chain comprises a variable region (VL) and a constant region (CL). The VL
region pairs with the VH region of the heavy chain to form the antigen-binding site (i.e.
the CDR).

In contrast, a DVD-Ig incorporates two different antigen-binding domains within
a single IgG molecule[23]. Overall, the key structural difference between a DVD-Ig
antibody and an endogenous IgG antibody lies in the arrangement of their heavy and
light chains to enable dual antigen binding in the former. This is achieved by modifying
the heavy and light chain structures. The heavy chain of a DVD-Ig is typically
engineered to accommodate two VH regions, each derived from different antibodies.
These VH regions retain their antigen-binding capabilities and are connected to the

corresponding CH1, CH2, and CH3 regions. The combination of two different heavy
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and light chain pairs in a DVD-Ig allows for dual-target recognition and binding. It
enables the antibody to simultaneously engage with two distinct antigens, providing

potential advantages in targeting multiple disease pathways or antigens with a single

.-. 9‘.

r,fj

therapeutic molecule.

Figure 2: Structure of a DVD-Ig. A DVD-Ig comprises of an IgG antibody to which additional variable
regions are linked via peptide linkages. It is an example of a bivalent bispecific molecule. The light blue
and dark blue regions and light red and dark red regions correspond to light and heavy chains from 2
different antibodies. The grey and black regions correspond to light and heavy chains from a 3™ antibody
source.

DVD-lg molecules were described in 2007 [24] with a molecular weight in
excess of 200KDa. A DVD-Ig can be produced from mammalian cell lines and from
human sequences which can potentially reduce the immunogenicity of the DVD-Ig
molecule [23], as itis not an endogenous molecule. The structure of the peptide linkers
between the variable domains on each arm are critical to the functionality and stability
of a DVD-Ig [24],[25] which adds additional complexity to the preparation of DVD-Ig
bispecifics.

Two examples of DVD-Igs in clinical development are both manufactured by
Abbvie. The first ABT-122 simultaneously targets TNF-a and IL-17A for the treatment
of psoriatic arthritis. ABT-122 completed a Phase |l clinical trial (NCT02349451) in
2018. Results of the trial indicated that ABT-122 had safety and efficacy comparable
to Adalimumab over the course of the 12 week trial [26]. Because it only achieved
comparable efficacy with Adalimumab, development of ABT-122 was discontinued.
The second molecule Lutikuzumab (ABT-948) simultaneously targets IL-1a and IL-3
to treat patients with knee osteoarthritis with evidence of synovitis. Lutikuzumab
completed a Phase Il clinical trial (NCT02087904) in 2018. Results showed that dual
inhibition of IL-1a and IL-B was not effective in reducing inflammation or pain

associated with the condition [27].



It is possible to create a “two-in-one” antibody by introducing mutations into the
light chain CDR regions of a monospecific IgG antibody. These mutations give the
molecule the ability to bind to a second target epitope simultaneously. Therefore, each
Fab arm of a “two-in-one” antibody can bind to two different epitopes in contrast to a
traditional bispecific IgG antibody in which each arm binds independently. The

structure of a “two-in-one” antibody is shown in Figure 3.

Figure 3: Structure of a two-in-one antibody. A two in one antibody comprises of an IgG antibody with
mutations present in the light chain of the Fab variable regions (pink region). This mutation allows the
light and heavy chains of the Fab variable regions to bind independently to different targets.

An example of a two-in-one antibody was described by Bostrom et al. [28]
where using trastuzumab (Herceptin®), which targets HER2 they generated variants
with mutations in the light chain CDR to produce a two-in-one antibody capable of
binding to HER2 and VEGF simultaneously. A combination of Colo 205 (human
colorectal cancer cell line) and BT474M1 (human breast cancer cell line) in vitro cell
growth assays demonstrated that the VEGF and HER2 binding components were
active.

Another example of a two-in-one antibody in clinical development is
Duligotuzumab. Duligotuzumab targets EGFR and HER2 for the treatment of
metastatic colorectal cancer. Results of its Phase Il clinical trial (NCT01652482) [29]
found there was no clinical benefit of the dual inhibition of EGFR and HER2 over
inhibition of EGFR alone resulting in the cessation of clinical development. The
epitopes of this two-in-one antibody were found to be close to each other, so it is
possible a steric hinderance effect may be limiting the effectiveness of the molecule.
It is also possible that there may have been clinical factors with patient selection or the

lack of target synergism that would yield a clinical benefit.



Antibody fragments fused to Fc regions or whole IgG antibodies

Antibody fragments that can bind with affinity have been described. Many antibody
fragments display reduced circulation times and thus have been fused to the Fc region
of an IgG (Figure 4). The Fc region can also be engineered to facilitate effector
function, for example, antibody-dependent cell-mediated cytotoxicity (ADCC) which

can result in immune mediated killing of tumour cells [30].
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Figure 4: Examples of antibody fragments fused to Fc regions or whole antibodies. (A). Bispecific
tandem ScFv Fc in which two heterogenous ScFvs are fused to a IgG Fc region (B).DART Fc molecule
in which a DART antibody fragment is fused to a IgG Fc region. (C). Trivalent, trispecific tandem-Fab
antibody in which a 3™ Fab (light green and dark green regions) is fused to a bispecific CrossMAb. (D)
Trispecific IgG ScFv fusion in which two ScFvs from a 3 antibody (light green and dark green regions)
are fused to a bispecific IgG to form a trispecific molecule.

A single-chain variable fragment (ScFv) is comprised of the VH and VL peptide
chains connected into a single chain by a short linker peptide. This linker is flexible,
allowing the two chains to come together and form an antigen-binding site similar to a
natural IgG antibody. An ScFv can maintain the specificity of a full-length antibody, but
the ScFv is a much smaller molecular weight and size than a full IgG antibody. The
smaller size of ScFv antibodies can result in a greater potential to penetrate tissues
more effectively than a full IgG molecule, making them useful in cancer treatment.
ScFvs can also be easily produced in bacteria, making them more cost-effective to
manufacture than full-length antibodies.

Fusion of two different ScFvs to an Fc region creates a bispecific ScFv-Fc as

shown in Figure 5. The ScFv-Fc format retains the binding properties of the ScFv
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fragment, and the introduction of the Fc region increases the systemic half-life of the
molecule by Fc receptor recycling. Antibody fragments in general have short systemic
half-lives, and ScFv fragments have been shown to display systemic half-lives of
approximately ten minutes [31], which can be increased by fusion of the ScFv to an
Fc region

ScFvs can also be fused to the C-terminus of IgG antibodies, creating ScFv-
IgG molecules which can be bispecific and trispecific [32]. The structure of a trispecific
ScFv-IgG is shown above in Figure 4. An ScFv-IgG molecule in clinical development
is Istiratumab. Istiratumab simultaneously targets IGFR-1 and ErbB3, it is being
developed by Merimack and as of 2020 is in a phase |l clinical trial (NCT02399137).

<&

Figure 5: Structure of an ScFv and a bispecific diabody. (A) A ScFv is made from variable heavy and
variable light chains expressed in E coli. (B) The variable regions that can bind to two different targets
are linked by a short amino acid sequence of no more than 25 amino acid sequences.

Bispecific antibody-based motifs

Diabodies are recombinantly manufactured bispecific antibody fragments that can be
expressed in E. coli. To construct a diabody, two single-chain variable fragments
(ScFvs) are engineered such that they do not have the linker sequence that would
usually connect the variable heavy (VH) and variable light (VL) chains into a single
unit. Instead, the VH and VL domains are able to associate freely, which leads them
to pair with the complementary domains of a second ScFv to form a bivalent molecule
— a diabody [33].

As with most antibody fragments that have been described, bispecific diabodies
are smaller in size than bispecific IgG molecules. Diabodies are approximately 60 kDa
molecular weight. The small size of diabodies results in faster clearance compared to
IgGs, but can also result in better tumour penetration for solid cancer applications and
lower immunogenicity compared to IgGs [34]. Anti-CEA diabodies have demonstrated
substantial and persistent tumour uptake alongside rapid clearance from blood and
normal tissues, this resulted in favourable tumour: blood ratios [35]. Despite this only
one diabody is in preclinical development and none in clinical development as of 2019.
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The bispecific diabody in preclinical development is aiming to redirect T cells to CEA-
positive tumour cells [36]. Figure 5 shows the structure of a ScFv and a bispecific
diabody.

A Bi-specific T-cell engager (BIiTE) is constructed from two ScFvs and has a
molecular weight of approximately 50kDa (Figure 6). Each ScFv is made of a variable

light chain (VL) and a variable heavy chain (VH) from an antibody, connected by a

short linker peptide [37].

Figure 6: Structure of a BiTE molecule. A BiTE molecule consists of two different ScFv regions linked
together by a freely rotatable peptide chain. BiTEs form a link between tumour and T cells.

Key to the functionality of BiTE molecules is the freely rotatable peptide linkage.
The freely rotatable linkage enables the ScFvs to interact with targets on different cell
surfaces or while in solution. Blinatumomab (Blincyto®) is a marketed BiTE molecule
to treat acute lymphoblastic leukaemia (ALL). One of the targets of blinatumomab is
CD19, a protein that is typically found on the surface of B cells, including B cell
leukemias and lymphomas. The other target of blinatumomab is CD3, a protein that is
present on the surface of T cells. By binding to both CD19 and CD3, blinatumomab
brings the T cells into close proximity with the malignant B cells, enhancing the T cells
ability to attack and kill the cancerous B cells.

The small size of blinatumomab makes it an effective molecule but it does have
its disadvantages, these disadvantages are likely to be true for all BiTE molecules not
just blinatumomab. Blinatumomab is rapidly excreted from the body with a short half-
life of approximately 1.5 hours, which means blinatumomab must be continuously
infused for a period of 4 weeks [38]. A 4-week continuous infusion requires vast
quantities of blinatumomab which comes at significant cost. A significant side effect of
blinatumomab is cytokine release syndrome (CRS). CRS is a systemic inflammatory
response that activates T cells which release pro-inflammatory cytokines, CRS can be

life-threatening. During the phase three trial of blinatumomab 14% of patients
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experienced CRS of varying severity. Many immunotherapies are characterised by
adverse reactions in the clinic.

A dual-affinity re-targeting (DART) is a type of bispecific antibody in the
molecular weight range of approximately 50-55 kDa that is comprised of two different
antigen-binding sites derived from the variable domains of different antibodies (Figure
7). These binding sites are connected by a short linker in a DART. The dual-targeting
feature of DART proteins has been used to bind to a specific marker on a cancer cell,
while the other side is designed to bind to an immune cell. This helps to bring the
immune cells into proximity with the cancer cells, enhancing the immune system's
ability to attack the cancer. As with other non-endogenous proteins, DART proteins

can potentially provoke an immune response (e.g. generation of anti-drug antibodies).

&
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Figure 7: Structure of a DART molecule. A DART molecule is made from two different ScFvs. The

heavy and light chains of the ScFvs are linked by short peptide linkages and the light chains are linked
via a disulfide stabilised covalent bond.

The less flexible configuration of a DART limits the rotation of the antigen
binding domains in contrast to the free rotatable BiTE. The linkage of the heavy chain
on the first ScFv to the light chain on the second ScFv reduces the constraint of
intervening linker sequences, this helps the molecule achieve association similar to an
IgG molecule [39].

An in vitro study comparing the ability of DART and BiTE molecules to kill B-
cell ymphoma showed that the DART molecule performed better in terms of maximal
cell lysis and required a lower concentration than the BiTE molecule for half-cell lysis
[40]. The DART and BiTE molecules in this study were derived from the same murine
anti-CD3 and anti-CD19 antibodies.

As of 2019 there are two DART molecules in clinical development, both for
oncology indications [36]. An issue with DART molecules is possible immunogenicity.
A study evaluating the activity of a CD3/CD13 DART in cynomolgus monkeys found
that anti-drug antibodies (ADAs) were produced in 23 of the 32 monkeys [41]. The
concentrations of ADAs were not homogenous across the animals. An example of a
DART molecule in clinical development is Tebotelimab. Tebotelimab targets PD-1 and
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LAG-3 and is currently in Phase | clinical trials for the treatment of HER2 positive
breast cancer [42], it should be noted however that the molecule is being dosed in
combination with another antibody during this trial.

PF-06671008 is an example of a DART-Fc bispecific targeting P-cadherin and
CDa3. It was developed by Pfizer for a solid tumour indication. The molecule showed
promise preclinically demonstrating T-cell mediated regression of solid tumours in
mice [43]. Despite this recruitment for a Phase | clinical trial (NCT02659631) was not
completed and in 2019 development of the drug was halted.

Single domain antibodies (sdAbs) derived from variable heavy-chains (VHH
antibodies), which are also known as nanobodies, are a type of non-endogenous
antibody produced by the immune system of camelids, such as camels and llamas.
They are unique because, unlike most antibodies, they consist of a single monomeric
variable antibody domain. This makes them much smaller than conventional
antibodies, hence the name "nanobody", but despite their small size, nanobodies can
retain full antigen binding capacity. Nanobodies (Figure 8) can be expressed in E. coli

and yeast.

Figure 8: Structure of a bispecific nanobody molecule. A bispecific nanobody is made of two different
variable heavy chain regions connected by a short peptide linkage. Nanobodies do not contain light
chains.

Nanobodies have advantages including high solubility, small molecular weight,
high stability and due to their small size good tissue penetration [44]. Despite their
small size, nanobodies which utilise 3 CDRs to form the antigen binding site can retain
full antigen binding capacity. Bispecific nanobodies can be linked via peptide linkage
(Figure 8), joined to Fc regions or can be conjugated using polymers such as
poly(ethylene glycol).

Nanobodies also have advantages during production as they do not bind to light
chains, this lack of binding to light chains reduces aggregation tendencies, which can
avoid mispairing problems seen with the production of IgG derived bispecific
antibodies [44]. The small size of a nanobody molecule does suffer from possessing

a short in vivo half-life of no more than a few hours [45]. A study looking at tumour
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targeting of nanobodies found that the nanobody had an elimination half-life of only
1.5 hours [46]. In vivo half-life can be increased by conjugating albumin or a polymer
such as poly(ethylene glycol) to the nanobody.

The first bispecific nanobody, Ozoralizumab targeting TNF-a and bovine serum
albumin (BSA) was approved in 2022 for the treatment of rheumatoid arthritis in Japan.
The molecule was developed by Ablynx and marketed in Japan by Taisho
Pharmaceuticals [47]. Ozoralizumab despite having a relatively small molecular
weight of 38kDa is dosed subcutaneously every 2 weeks during the induction or
loading phase, which is possible because it binds to albumin to increase its circulation
time. The frequency of dosing then decreases to maintain a therapeutic concentration
in the blood (4-12 weeks).

Three other bispecific nanobodies; ALX00761, ALX0061 and ALX0141 all
developed by Ablynx have not progressed past phase two clinical trials [8]. The
reasons for the lack of progress are unknown. Modified nanobodies are also being
explored with one interesting example being chimeric antigen receptor T-cell (CAR-T)
nanobodies. Currently 5 of the approved CAR-T therapies comprise T-lymphocytes
which have been engineered to express CAR on their surface with ScFvs being used
as the molecular backbone within the T-cell membranes [48]. Using ScFvs for this
purpose has limitations including immunogenicity risks and aggregation [48], issues
that the use of nanobodies may overcome. A bispecific CAR-T nanobody targeting
CD19 and CD20 is currently in phase | clinical trials for the treatment of
refractory/relapsed b-cell lymphoma [49], the molecule is being developed by the
Henan Hualong Biotechnology company. Monospecific nanobodies have also had
success clinically with the FDA approval of caplacizumab for the treatment of
thrombotic thrombocytopenic purpura and thrombosis in 2019. Caplacizumab is a
bivalent molecule that comprises two peptide linked nanobodies which both bind to
von Willebrand factor.

DARPIns are antibody mimetics that interact with targets with specificities and
affinities similar or surpassing antibodies [50]. DARPins (Figure 9) are adapted from
naturally occurring ankyrin repeat units and can be expressed in E. coli, they are
generally thought to be relatively stable molecules. They are a-helical scaffold proteins
with small molecular weights (approx. 15kDa) [51]. An ankyrin repeat is a type of
protein motif that consists of a sequence of about 33 amino acids. This motif is named

after the protein ankyrin, in which it was first discovered. Structurally, ankyrin repeats
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form a helix-loop-helix fold followed by a beta-hairpin. When several ankyrin repeats
come together, they form a larger structure known as an ankyrin repeat domain. This
domain is capable of mediating protein-protein interactions. Ankyrin repeat domains
are one of the most common protein-protein interaction motifs in nature. They are
found in a wide variety of proteins and are involved in numerous biological functions,
including signal transduction, cell cycle regulation, inflammatory responses, and
transcriptional regulation. Ankyrin repeat domains can be engineered to bind to a wide
range of target proteins with high specificity and affinity, which is the basis for the
development DARPins. The regular packing of the repeat units and conserved
networks of hydrogen bonds contribute to the thermodynamic stability of DARPins
[52].

& unit DARPIn

FPeptide
linkage

Figure 9: Structure of a bispecific DARPIn. A bispecific DARPin comprises of two different a-helical
scaffold proteins connected via a flexible peptide linkage.

MP0250 is an example of a tri-specific DARPIn that is designed to target VEGF
and hepatocyte growth factor (HGF) [53]. MP0250 comprises of four DARPIns, one
anti-VEGF, one anti-HGF and two anti- Human serum albumin (HSA). The anti-HSA
DARPIns are included to increase the plasma half-life of the molecule. Each of the
DARPIns are linked together via a polypeptide linkage. The efficacy of MP0250 was
assessed using mouse xenograft and patient derived tumour models. MP0250 was
shown to have anti-tumour effect as a monotherapy and the ability to potentiate the
effect of paclitaxel. MP0250 which is developed by Molecular Partners is currently in
a Phase Ib/ll trial (NCT03418532 — ongoing) and a Phase Il trial (NCT03136653 —

ongoing).
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The DutaFab platform was designed and developed by Roche with the
molecule being expressed in E. coli. DutaFabs are engineered therapeutic Fab
fragments that can bind two targets simultaneously [54]. They have been developed
as a platform of dual targeting Fab (DutaFab) molecules, which include two spatially
separated and independent binding sites within the human antibody CDR loops
(Figure 10). These include the H-side paratope (which encompasses HCDRA1,
HCDR3, and LCDRZ2) and the L-side paratope (which encompasses LCDR1, LCDR3,
and HCDR2). These paratopes can be independently selected and combined into the
desired bispecific DutaFabs in a modular manner. Two targets, once bound are
extremely close together which could be advantageous when trying to bring a specific
molecule close to a specific receptor. Genentech are currently developing a DutaFab

molecule targeting VEGF and ANG-2, the molecule RG6120 is currently in Phase |
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Figure 10: Structure of a DutaFab. A DutaFab is an engineered Fab fragment in which the light and
heavy chain CDR regions have affinities towards different targets.

Monoclonal antibodies are produced by hybridoma and recombinant DNA
technologies. These well-established methods are capable of producing pure, high-
quality products in scales of up to 25,000 litres, with titers ranging from 1-5 g per litre
[56]. However, unlike conventional monoclonal antibodies, the development of
bispecific antibodies has faced significant production challenges at scale, including
maintaining quantity, and achieving quality and stability [37] although these limitations
are being solved as evidenced by the increased introduction of bispecific antibody

based medicines into the clinic.
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The application of sophisticated molecular design and genetic engineering has
solved some of the aforementioned technical problems associated with the production
of bispecific antibodies [10]. One example is CrossMAb technology. CrossMAb
involves modifications to IgG light and heavy chains to allow more efficient production
of bispecific antibodies. It is unknown if the use of CrossMAb technology would be
practical in a research setting, as it is a proprietary technology that may be costly and
technically challenging to replicate.

Bispecific antibodies were first manufactured using a hybrid-hybridoma or
quadroma technique (Figure 11), which involves the fusion of two hybridoma cell lines
each expressing different antigen binding regions. Once fused the resulting quadroma
can express antibodies with the antigen binding capabilities of the two parent cells
[37].

Hybridoma cell A

Hybrid-hybridoma AB

Hybridoma cell B

Figure 11: Quadroma technology for producing bispecific antibodies [57]. Quadroma technology is a
hybridisation of two different hybridoma cells. A mouse hybridoma cell producing antibodies targeting
one epitope and a rat hybridoma cell producing antibodies targeting a second epitope are hybridised to
yield a hybrid hybridoma or quadroma cell line. The quadroma cell line produces a bispecific antibody
which can bind to both target epitopes simultaneously.

The quadroma technique is regarded as being inefficient because only small
quantities of the desired bispecific antibody is being produced. This is because it is
theoretically possible to have 16 different combinations of light and heavy chains within
the quadroma cell lines and apart from the desired bispecific, the remaining molecules
are non-functional or monospecific [10]. Ensuring the correct pairing of heavy and light
chains within a quadroma cell line remains a great challenge.

The development of Catumaxomab improved the understanding of the
quadroma technique. Catumaxomab is comprised of rat and mouse antibody regions,
the differences in these regions allowed established purification techniques such as

Protein A chromatography and ion exchange chromatography to be successfully used
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[37]. A caveat is the immunogenic effects seen in human subjects because of using
murine antibody fragments to create a bispecific antibody.

"Knobs into holes" technology (Figure 12) was developed to ensure the correct
heterodimerisation of heavy chains during the production of bispecific antibodies and
to improve production efficiency compared to that achieved by quadroma cell lines
[58]. Knobs into holes involves engineering antibody heavy chain homodimers leading
to a more efficient heterodimerization process. A knob variant is created by the
replacement of a small amino acid sequence with a larger sequence in a CH3 domain.
The larger, bulkier amino acid literally creates a knob, which is designed to fit into the
hole created by the replacement of a larger amino acid chain with a small one in
another CH3 domain [59].

4 possible light chain pairings Amino acid exchange between heavy and
. . light chains ensure correct pairing
A \ ’ B
 —
s
Engineered heavy chain Engineered heavy chain

Figure 12: An illustration of (A) Knob into hole and (B) CrossMAb technologies for producing bispecific
antibodies. Knob into hole technology solved the problem of heavy chain mispairing by engineering
bulky amino acid sequences into the CH3 domain of the antibody reducing possible combinations to
four. CrossMADb technology solves the further problem of light chain mispairing by exchange of amino
acid blocks between the heavy and light chains of the antibody creating only the desired antibody.

The use of heavy chain knob into hole engineering reduces the amount of
possible combinations to 4, a significant reduction from 16 compared to using
guadroma technology [60]. A limitation of knob into hole technology is that light chain
mispairing can still occur resulting in undesirable products. To address this limitation
Roche developed the CrossMAb technology. CrossMADb involves the exchanging of
amino acid blocks between the heavy and light antibody chains, which means that the
two different arms bind to a specific light chain [61]. This approach eliminates light
chain mispairing and creates only the desired antibody thus reducing purification

processes needed to obtain the desired antibody.
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As of 2021 a total of 19 CrossMADb bispecifics were in clinical development [62]
with one of those molecules faricimab, having since being approved. Quadroma and
CrossMAb technologies have been used to produce approved bispecifics based on
IgG antibodies, which as a motif, is endogenous. The other bispecific antibody-based
motifs that have been described (e.g. BiTE, DART, nanobody, etc) are generally non-
endogenous molecular motifs which have been developed to be made recombinantly

from bacterial and yeast sources.
Inhibition of VEGF to treat retinal neovascularisation

Visual impairment and blindness have always been a public health issue of great
importance. In 2015, more than 253 million people suffered from visual impairment
globally, of which 36 million were blind and a further 217 million had moderate to
severe visual impairment [63]. Diseases in the back of the eye dominate the causes
of blindness, especially for the aging population. The posterior segment of the eye
possesses approximately two-thirds of the eyeball and includes the vitreous humour,
sclera, choroid, macular, Bruch's membrane, retinal blood vessels, the retinal
pigmented epithelium (RPE), and retina [64]. Any pathological factors that may
interfere with the structural integrity of the posterior segment and especially the retina
and optic nerve, can cause catastrophic vision loss.

The blood-retinal barrier (BRB) is composed of the retinal vascular endothelium
and the retinal pigment epithelium. The BRB is a protectant barrier separating the
retinal tissue from blood constituents of capillaries. While the breakdown of the BRB
caused by multiple pathological processes might make the eye susceptible to
inflammation there can also be breakdown of the normal blood supply causing retinal
ischemia. Inflammation and hypoxia are generally regarded as the main contributors
of the ocular neovascularization that induces new blood vessel growth [65].
Neovascularisation is uncontrolled vessel growth that occurs spontaneously, and
angiogenesis is uncontrolled vessel growth from existing vasculature. Both forms of
uncontrolled vessel growth are often referred to as neovascularisation. New blood
vessels that are present due to uncontrolled growth are usually dysfunctional and
unstable resulting in fluid leakage which can cause retinal tissue damage, fibrosis and
inflammation.

Age related macular degeneration (AMD) is the leading cause of visual

deterioration in developed countries, particularly in people older than 60 years [66] .
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There are two broad versions of AMD, known as non-neovascular AMD (dry AMD)
and neovascular AMD or wet AMD (w-AMD). The wet form of AMD accounts for 10~15
% of total AMD cases but is still the major cause of visual loss in the elderly population
[67]. Diabetic retinopathy (DR) is characterized by retinal neovascularization resulting
from retinal ischemia and disruption of the BRB [68]. The fluid leakage of these
neovascular vessels can cause other secondary pathological conditions, such as
macular edema (ME) and neovascular glaucoma (NVG) all of which can lead to the
loss of visual function [69].

Antibody-based medicines have completely revolutionised the treatment of
retinal diseases since 2005. These medicines must be administered by intravitreal
injection which is the only clinically proven route of administration that can achieve
high, reproducible doses of impermeable molecules into the vitreous cavity of the eye.
Intravitreal injections are not easy for patients to endure and while the frequency of
injections are currently about once every 2-3 months, treating chronic conditions often
results in reduced patient compliance. As with most chronic conditions, combination
therapies may be most efficacious for reducing disease progression, but the
requirements of intravitreal injections and the underlying formulation constraints
preclude the possibility for combination therapies either as separate intravitreal
injections for each medicine in a combination or as a fixed dosed formulation that can
be injected intravitreally.

Dosing antibody-based medicines to the eye topically although far less invasive
is not a viable option. Topical administration of drugs to the eye generally results in
poor drug bioavailability due to precorneal loss, tear turnover and tear dilution [70].
This coupled with the fact the tight intercellular junctions found within the cornea will
not allow a large antibody molecule (150 kDa MW) to diffuse through [71] and have
any chance of reaching the back of the eye. These factors are some of the reasons
why intravitreal injection is the only clinically proven route to deliver antibodies into the
vitreous cavity after which the antibodies diffuse through the vitreous humor with a
portion reaching the back of the eye.

Once administered the ocular half-life or residence time of antibody based
medicines within the eye is related to the molecular weight of the molecule with larger
antibody molecules such as full IgGs (150 kDa MW) having longer residence times
than antibody fragments such as Fabs (50 kDa MW) [72]. Elimination of intravitreally

administered antibodies occurs via both via anterior or posterior routes. The anterior
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elimination route encompasses drug diffusion to the aqueous humor and subsequent
elimination via outflow. Posterior elimination occurs via elimination through various cell
membranes located at the back of the eye [73].

VEGEF is a proven clinical target for several different retinal indications. Since
its first discovery as an angiogenic factor in the late 1980s [74], several medicines
have been developed as VEGF inhibitors in oncology. Regarding retinal disease, 3
antibody-based therapies targeting VEGF for intravitreal injection have been
approved, ranibizumab (Lucentis®, 2006), aflibercept (Eylea®, 2011) and
brolucizumab (Beovu®, 2019).

Ranibizumab (Lucentis®, 2006) was specifically developed and formulated to
treat retinal neovascularisation, and is an antibody fragment (Fab) that binds to VEGF-
A at its receptor binding region to inhibit VEGF binding to its receptor, VEGFR-2 [75].
Aflibercept (Eylea®, 2011) also developed and formulated to treat retinal
neovascularisation is an Fc-fusion protein that comprises the Fc region of an IgG
fused to two copies of the extracellular domain-2 of VEFGR-1 linked to domain 3 of
VEGFR-2 [76]. Aflibercept, also called VEGF-trap, has shown a wider binding capacity
(VEGF-A, VEGF-B and placental growth factor (PIGF)) and higher VEGF binding
affinity compared to ranibizumab[76].

Aflibercept (molecular weight ~ 110 kDa) is formulated at a dose of 2 mg in 50
WL for intravitreal injection while ranibizumab (~ 50 kDa) is formulated at a dose of 0.5
mg in 50 pL. This important difference in dosing amount means that a therapeutic
concentration of aflibercept lasts longer in the vitreous cavity than ranibizumab.
Aflibercept can be dosed less frequently than ranibizumab. Ranibizumab was initially
administered about once monthly which has been extended to longer time points (up
to 3 months) following a treat and extend regimen which can be implemented after
several monthly injections have been administered. In 2015, the FDA approved (EMA,
2016) the dosing regimen for aflibercept to be administered every 3 months instead of
every month. The 3-month dosing regimen for aflibercept is now the standard of care
for the treatment of wet AMD and diabetic macular edema (DME). Aflibercept was
added to the World Health Organisation (WHO) List of Essential Medicines in 2017.

Brolucizumab (Beovu®, 2019) is a humanised single chain variable fragment
(scFv, molecular weight of ~26 kDa) capable of binding to three isomers of VEGF-A
(VEGF110 VEGF121 and VEGF165) to prevent their interaction with both VEGFR-1 and
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VEGFR-2 [77]. An intravitreal injection comprises 6 mg of brolucizumab in a single 50
uL dose which is 10 times greater on a molar basis than aflibercept and 20 times
greater than ranibizumab. The increased molar dose of brolucizumab is thought to
allow administration once every 3 months after completion of a dose loading period
comprised of 3 monthly injections [77]. Brolucizumab has only recently been approved
[78] and post marketing concerns over safety have been reported to the American
Society of Retinal Specialists (ASRS) and case studies [79,80] have subsequently
been published [81]. It may be that the higher concentration of brolucizumab in the
formulation (compared to ranibizumab and aflibercept) may result in aggregation of
brolucizumab.

A PEGylated (branched 2 x 20 kDa PEG) RNA aptamer (28-mer) called
pegaptanib (Macugen®, 2004) has also been registered to treat retinal vascularisation.
Pegaptanib binds with high affinity to VEGF-A (VEGF1e5) to its heparin-binding site
[82]. Binding to the heparin-binding site of VEGF 165 does not fully prevent the binding
of VEGF to VEGFR-2, resulting in poor clinical efficacy compared with the antibody-
based anti-VEGF agents.

Bevacizumab is a monoclonal antibody (IgG1) that targets VEGF-A to block new
blood vessel growth (angiogenesis) which is used to treat cancer. Bevacizumab is
administered by infusion to treat a wide range of malignancies and metastatic disease
including, colorectal, kidney, cervical, ovarian, lung and brain cancers. Bevacizumab
is formulated at 25 mg/mL in vials that are to be diluted for infusion to treat cancer
patients. Bevacizumab has been used off label for intraocular use because it can be
fractionated from doses used for cancer to the small volumes used for intravitreal
injections reducing the cost by at least 40-fold compared to each intraocular dose of
ranibizumab [83]. This unlicensed use of bevacizumab has been supported by the
Randomized Comparison of AMD Treatments Trials (CATT) funded by the National
Eye Institute and the Inhibition of VEGF in Age-related choroidal Neovascularisation
(IVAN) trial funded by UK National Health Institute [84]. Both trials showed the
comparable anti- neovascularisation effectiveness of bevacizumab and ranibizumab
to treat w-AMD.

Other anti-VEGF biologics currently in late-stage clinical development are
abicipar pegol, conbercept, OPT-302 and KSI-301. Abicipar pegol is a designed
ankyrin repeat protein (DARPin) targeting VEGF-A which is conjugated to
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poly(ethylene glycol) or PEGylated (PEG, 20 kDa) to achieve 3 monthly dosing.
DARPIns are adapted from naturally occurring ankyrin repeat units, and are a-helical
scaffold proteins with small molecular weights [51]. A DARPin with seven binding units
has a molar mass of only 26 kDa, which is less than a Fab such as ranibizumab (~50
kDa). Abicipar has an exceptionally high picomolar potency and stability compared to
the approved anti-VEGF antibodies in angiogenesis models of the eye [85]. Hence,
anti-VEGF DARPin comparably inhibited vascular leakage after dosing at a
concentration ten times less than ranibizumab.-Phase Il results showed that Abicipar
has a longer half-life in the eye with quarterly injection compared to a monthly injection
of ranibizumab. Intraocular inflammation was reported during the phase Il and lll trials
[86,87] which was thought to be from manufacturing impurities [88]. Although the FDA
accepted a Biologics License Application (BLA) it did not approve abicipar due to
intraocular inflammation that was observed. However, abicipar appears to still be
under development by Alcon for approval at a future date.

Conbercept and OPT-302 are Fc fusion proteins analogous in their structures
to aflibercept. Conbercept which has been marketed in China since 2014 and is
currently in phase Il studies in the US, comprises of 2 copies of domain 2 of VEGFR-
1 linked to domains 3 and 4 of VEGFR-2. The Fc region in OPT-302 is fused to two
copies of extracellular domains 1-3 of VEFGR-3. OPT-302 inhibits VEGF-C and -D
and is currently in Phase lIb trials for the treatment of neovascular AMD in combination
with anti-VEGF-A molecules [89,90]. Complete blockade of the VEGF signalling
pathway could be achieved through inhibition of VEGF-A along with VEGF-C and -D
signalling pathways. This is suggested to have better results in neovascular regression
compared to inhibition of single VEGF-A pathway [91].

KSI-301 is another anti-VEGF antibody that has recently entered phase Il
clinical trials for the treatment of wet-AMD. KSI-301 is designed to block all VEGF-A
isomers [92] and comprises of IgG1 antibody that covalently conjugated to a high
molecular weight phosphorycholine biopolymer to have a total molecular weight of 950
kDa. The concept is to increase intraocular duration of action by leveraging

hydrodynamic size and molar dose [93].
Other targets to retinal neovascularisation and inflammation
To augment therapies to inhibit uncontrolled retinal vascularisation [94], other potential

clinical targets have emerged (Table 2) including neutralising platelet-derived growth
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factor-B (PDGF-B), PDGF receptor-B (PDGFR-B) [95] and angiopoietin receptors
(Tie-2) [96-98] are also being explored to treat ocular neovascularisation [99].
Targeting vascular pathways such as tyrosine kinase receptor 2 or angiopoietin
receptors (Tie-2) and platelet-derived growth factors (PDGF and TGF-B) has shown

promising results in neovascularisation regression and vessel stabilisation.
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Type Of. Therapeutic Name of Clinical
therapeutic Format Company
t target drug progress
arget
Abicipar | PEGylated Phase Il '\P":r'ten‘;“r'j;
Pegol DARPIn [100,101]
Allergan
IgG1
KSI-301 biopolymer | Phase Il [92] Kodiak
VEGF conjugate
OPT-302 Fc-fusion Phase Ilb [89] Opthea
Chengdu
Conbercept | Fc-fusion A [ 10z= Kanghong
109] .
Biotechnology
Phase Il in
combination
Neovascular with anti-VEGF
ligand PGDF Rinucumab lgG4 drug (no benefit | Regeneron
over VEGF
monotherapy)
[110-112]
Phase Il in
combination
ANG-2 Nesvacumab 1gG1 Wi E dnrtljg/EGF Regeneron
(discontinued)[1
13]
Bispecific NEIPTEEe el
VEGF/ANG-2 Faricimab CrossMab Wet-AMD and Roche
DME [114]
TE Hi-con1 Fc-fusion Phase Il Iconic
Neovascular protein [115,116] Therapeutics
t . :
recepor | Fibronectin 1 /o ciximab | 1gG1 Phase [ [117] | Ophthotech
receptor
Approved for
TNF-a | Adalimumab | IgG1 ”O”U’\‘/‘;eitﬁgous Abbott
Ianammatory [1 181 19]
ligand ’
Phase Il for
IL6R Tocilizumab lgG1 non-infectious Roche
Uveitis [120]

Table 2: Possible druggable targets in clinical development for treatment of wet-AMD and non-
infectious uveitis.

The Tie-2 receptor, like the VEGF receptor, is expressed in the endothelium
and plays an important role in vascular network progression. Angiopoietin-2 (ANG-2)
is a ligand that binds to the Tie-2 receptor and acts as a pro-angiogenic factor
promoting angiogenesis in conjugation with VEGF. ANG-2 has also been shown to
enhance retinal blood vessel sensitivity to the angiogenic effects of VEGF [121].
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Nesvacumab, a monoclonal antibody against ANG-2, is in phase Il clinical trials in
combination with aflibercept for the treatment of DME.

PDGF is another growth factor that stimulates blood vessel formation,
proliferation and angiogenesis, and may contribute to neovascularisation in wet-AMD
[122]. PDGF binds to PDGFR-A and PDGFR-B which are tyrosine kinase receptors
that are expressed in vascular smooth muscle cells and pericytes. Pegleranib
(Fovista®, Ophthotech) is a PEGylated aptamer in phase llI clinical trials that binds to
PDGF-BB to prevent its binding to PDGFR-B [123]. Inhibition of PDGF binding to
PDGFR-B causes pericytes to be stripped from vessels that have been abnormally
formed, leading to their regression. Several studies demonstrated that when
pegleranib was combined with ranibizumab, a strong suppression of retinal
neovascularisation was achieved which was greater than monotherapy with
ranibizumab [124]. Another example is the development of rinucumab, an IgG4
monoclonal antibody, that targets PDGF-R was and co-formulated with aflibercept for
treatment of wet-AMD. These findings suggest that developing biologics inhibiting the
PDGF or PDGFR pathway alone or in combination with anti-VEGF biologics could be
valid targets for the treatment of ocular neovascularisation.

Drug combinations to target multiple ligands or receptors is successfully widely
employed in different areas of medicine. In the case of ocular neovascularisation, great
efforts have been made to design and formulate drug combinations with multiple
targets with several examples in phase Il trials, but so far, these have not been
translated into successful phase lll trials. For example, targeting PDGF and VEGF has
been examined with rinucumab (anti-PDGF IgG4 co-formulated with aflibercept) and
E10030/pegleranib (Fovista in combination with ranibizumab) in phase Il and lll trials
respectively [110] but failed to show a benefit over anti-VEGF monotherapies.

Inhibition of ANG-2 in combination with VEGF has also been suggested as a
potential combination for treating neovascularisation [22]. Two phase |l trials were
conducted using nesvacumab (anti-ANG-2 antibody) and aflibercept for the treatment
of wet AMD (ONYX, NCT02712008) and DME (RUBY, NCT02712008). Results of
these trials showed no statistical difference between best corrected visual acuity and
central subfield thickness compared to aflibercept monotherapy [22].

Intraocular inflammation contributes to many disease pathologies including
neovascularisation and uveitis. Uveitis is an inflammatory condition in which the uvea,

a part of the eye found between the retinal and scleral and corneal layers becomes
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inflamed If left uncontrolled uveitis can lead to loss of vision. Several studies in
photoreceptor apoptosis have shown that proinflammatory cytokines such as tumour
necrosis factor (TNF-a) and several interleukins (IL) [125] could play an important role
in the progression of neovascular and inflammatory diseases. Adalimumab, a fully
human monoclonal antibody against TNF-a, has been approved by the FDA and
European Medicines Agency (EMA) for subcutaneous administration to treat non-
infectious, posterior and pan-uveitis in adults and children over 2 years old [118,119].
Treatment of uveitis using adalimumab is, however, through the systemic route using
the formulation registered to treat rheumatoid arthritis, rather than by intravitreal
injection. High doses (e.g 5 mg/kg) are necessary to achieve adequate therapeutic
level within the eye. Local therapy using intravitreal injection is associated with some
safety concerns including increased incidence of endophthalmitis. Further studies are
needed to explore the safety and efficacy of anti-TNF-a antibodies through intravitreal
injection to exploit their rapid onset of action.

While the vitreous is an acellular compartment of the eye, there are cellular
targets that are present in the retinal tissue. Protein therapeutics are not generally
tissue permeable, so they tend to clear from the front of the eye via aqueous outflow.
It is however possible for permeable molecules to interact with retinal tissue. Also in
diseased eye, the internal limiting membrane (ILM) which separates the vitreous from
the retina can be defective which could allow protein therapeutic more access to
cellular membrane targets.

Tissue factor (TF) is a surface receptor target for coagulation factor VIl which
initiates the extrinsic coagulation pathway, plays an important role in retinal
neovascularisation [126]. In a normal healthy eye, TF is not expressed by cells but is
expressed in response to inflammation by vascular endothelial cells, monocytes and
macrophages [127]. It has been shown that intravitreal injection of anti-TF monoclonal
antibody resulted in reduction of CNV in a mouse model. Based on this finding,
inhibition of TF was reported as a potential therapeutic target to treat retinal
neovascularisation. The ICON-1 molecule completed a Phase Il trial with promising
results for treatment of choroidal neovascularisation (CNV) [115,116], the molecule is
expected to enter the clinic in 2020 [128]. ICON-1 is an Fc-fusion protein comprising
of two human factor VIl domains, conjugated to a human Fc fragment which selectively

binds to TF destroying pathological vessels [129].
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Integrins are emerging targets which play an important role in regulating cellular
adhesion, kinase signalling pathways, endothelial cell migration, apoptosis and
VEGFR-2 activation leading to network formation during vascular development [130].
Inhibition of integrins is of interest because of its potential to have a therapeutic role in
inhibiting CNV in AMD patients. In general, integrins are transmembrane proteins that
bind to extracellular matrix (ECM) proteins such as laminin, fibronectin and collagen.
Integrin a5b1 is a fibronectin receptor involved in endothelial cell migration and
proliferation [131]. Volociximab is a monoclonal antibody that binds to fibronectin to
inhibit its binding to integrin a5b1. A phase | trial assessing Volociximab’s safety profile
was completed in 2012 with positive results [117], however, to date no further studies
have been undertaken to investigate volociximab for the treatment of AMD.

The bioactive lipid sphingosine-1-phosphate (S1P) was thought to be another
potential intraocular target [62] for which an anti-S1P monoclonal antibody (iSONEP
or Sphingomab) was developed by Lpath Inc. S1P is a circulating lipid mediator
generated from metabolism of cell membranes and involved in multiple mechanisms
of action in inflammation and angiogenesis [132,133]. However, iISONEP failed to
progress past phase Il trials because it did not show any significant improvement in

visual acuity of patients with wet AMD.
Dual therapeutic targeting using antibody-based medicines

Faricimab (Vabysmo®, represented in Figure 1A) is a bispecific antibody (bsAb) is
produced by CrossMAb technology. Faricimab which is comprised of one Fab with
specificity to VEGF and another Fab with specificity to ANG-2 was approved by the
FDA and EMA in 2022 after four Phase lll trials for the treatment of WAMD and DME.
Blocking two soluble targets that drive neovascularisation, this dual acting antibody
combines the activities of two pathway-modulating molecules into one for enhanced
efficacy.

Faricimab was developed as researchers began to look beyond anti-VEGF
monotherapies due to some observed resistance to treatment, variable response and
recurrence of disease [134]. Benest et al. [135] found that a reduction in ANG-2
concentration strongly reduced the effect of vascular leakage upon administration of
VEGF as ANG-2 upregulates the neovascularisation effects of VEGF.

Faricimab was optimised for use in the eye by abolishing its Fc binding

interactions with FcyR and FcRn. This was achieved by exchanging the amino acids
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required for Fc related interactions. During the trial, patients had longer intervals
between doses compared to ranibizumab, indicating a longer duration of action [22].
Primary assessment during the clinical trials showed non-inferior visual acuity
outcomes for faricimab dosed every 16 weeks compared to aflibercept given every 8
weeks, with up to 80% of patients showing favourable outcomes after receiving
faricimab every 12 weeks. The results suggested that the dual mechanism of action
proposed for faricimab could allow the time between treatments to be extended by
physicians without compromising vision outcomes for patients while improving patient
acceptability and compliance with less burdensome treatment regimens [136]. The
advent of faricimab is now found to extend dosing intervals to up to 4 months where
the dose of faricimab (~150 kDa) is 6 mg in 50 mL which is larger than that for the
current formulation of aflibercept being used clinically.

Another example of a dual acting antibody with two therapeutic targets is
Valpha, which is an Fc-based bispecific molecule that targets VEGF and TNF-a [9]. It
comprises of soluble VEGF and TNF-a receptors, which are fused to an Fc IgG region.
A study showed that when compared to two control monospecific (anti-VEGF
aflibercept and anti-TNFa etanercept) therapies, Valpha has the potential to increase
treatment effectiveness due to its dual targeting approach, comparable binding
characteristics to TNF-a and VEGF, and a favourable pharmacokinetic profile [9].
Valpha has the potential to be a cost-effective strategy for the treatment of AMD.
However, it appears that no further development was carried out on this molecule
since 2011. The reasons for the lack of development have not been publicly disclosed
but there is no indication of a lack of efficacy. It is possible that the presence of an

effector active Fc region in Valpha could lead to ocular cytotoxicity.
Preparation of bispecific proteins by chemical conjugation

Genetic engineering and hybridoma technologies were briefly described as means to
make bispecific antibody-based drugs. A third technology strategy is chemical
conjugation which has been used for decades to try to make bispecific molecules. The
idea here is to use easily produced molecules that are then linked together via
chemical conjugation. Ultilising chemical conjugation strategies require that
conjugation to the protein is efficient and preferably selective. Linking proteins
together, must also be efficient and selective.
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Much has been done in recent years to develop hybrid protein-based products
where chemical conjugation is important for the functionality of the molecule. For
example, the covalent conjugation of PEG (PEGylation) to a protein has resulted in at
least 12 PEGylated protein products in the clinic [137]. PEGylation was developed to
increase the circulation time for proteins that cleared too quickly to be efficacious.
Antibody-drug conjugates (ADCs) are another type of hybrid protein where chemical
conjugation has been critical for the development of products, not possible by
recombinant means alone. There are well over 180 ADCs in clinical trials with at least
14 ADCs having been approved, mostly to treat cancer. ADCs are designed to utilise
targeting of an IgG antibody to deliver a toxic drug to malignant tissue. Both ADCs and
PEGylated proteins are complex medicines that require significant manufacturing
processes to have been developed, but these classes of medicines have shown the
potential for utilising chemical conjugation approaches to develop proteins that have
enhanced functionality.

Poly(ethylene glycol) (PEG) is a water-soluble polymer which is available at a
variety of different molecular weights. The physical state of the polymer is dependent
on its molecular weight with high molecular weight variants (>1000MW) being solid at
ambient temperature and lower molecular weight variants (<1000MW) being liquid at
room temperature. PEG is widely used throughout the pharmaceutical and consumer
industries in formulation applications including solubility enhancement and as a
plasticiser. The FDA inactive ingredients list [138] lists the concentrations of PEG used
within approved pharmaceutical products.

Covalent conjugation of PEG to protein molecules (PEGylation) has shown both
pharmacologic and pharmacokinetic benefits. Protein PEGylation was described by
Frank Davis and colleagues and involved the conjugation of mono-reactive PEG
reagents to amino acid groups on proteins using cyanuric chloride as the coupling
agent [139]. The PEG molecule for protein PEGylation had a general structure of MeO-
PEG-X where X was a reactive moiety that could result in the formation of a covalent
bond with a protein. Davis showed that PEG conjugation could increase the half-life of
the protein while also potentially reducing protein immunogenicity. PEGylated catalyse
remained detectable in the blood up to a 50 hour timepoint post injection, the non-
PEGylated protein was no longer detectable after approximately 25 hours [140].

Many therapeutic proteins are PEGylated using non-specific methods with the

amino side chains of lysine or the N-terminus of the protein molecule being the
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intended sites for conjugation. This often leads to a heterogenous mixture of proteins
each with different activities and characteristics [139]. However, several of these
heterogenous products were clinically approved (e.g. interferon-a2, interferon-b,
granulocyte colony-stimulating factor, asparaginase). Non-specific PEGylation of
interferon-a2a yielded 8 different PEGylated interferon (PEG-IFN) isomers. All the
PEG-IFN isomers displayed reduced activity due to the steric shielding of PEG
between IFN and its target receptor. Although each isomer demonstrated different and
reduced activities compared to unmodified IFN [141], it was the extended circulation
time which was important for increasing the efficacy of interferon-a2a as a medicine in
the treatment of hepatitis C and cancer.

Many research efforts have focused on the goal of achieving site specific
PEGylation to try to make more homogeneous protein conjugates. Site selectivity has
also been an object of research focus where it is thought that it should be possible to
find sites on a protein for conjugation which will have minimal effect on protein function
(e.g. affinity, activity). So, beyond potentially streamlining production and purification,
an important feature of site-specific protein PEGylation is if an optimal site exists or
can be engineered so that protein activity is not ablated after conjugation [139]. In the
case of IFN, it has been possible to combine chemical engineering and site-specific
conjugation to give site-selectively PEGylated IFN conjugates that displayed
increased activities compared to PEG-IFN obtained by non-selective PEG conjugation
[142].

One strategy to achieve site-specific conjugation to protein has been to
engineer single, unpaired cysteine residue onto the protein. Most cysteines are paired
to form disulfide bonds in therapeutic proteins. The thiol on a free cysteine can undergo
reaction in physiological conditions (e.g. pH 6-7) where the amine groups on a protein
are protonated and not reactive This means reactions with thiols can proceed without
interference from amine based reactions. An example of thiol engineered conjugation
is the insertion of cysteine into a glucagon like peptide (GLP-1) [143]. PEG was
conjugated to the protein through an inserted C-terminal cysteine using a Michael
acceptor, maleimide PEG reagent with a molecular weight of 20 kDa. The cysteine
PEGylated peptide was easily purified and displayed decreased blood glucose levels
after 120-minutes whereas the unmodified peptide had no effect on blood glucose

levels after 120 minutes.
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Certolizumab pegol (Cimzia®) is a PEGylated protein registered for clinical use
that is manufactured using cysteine specific PEGylation via insertion of a C-terminal
cysteine residue into a Fab' (Fab prime) fragment targeted to TNF-a to treat
rheumatoid arthritis. The Fab' is a Fab fragment containing a free sulfhydryl group in
the hinge region where it would have been part of the IgG. The conjugation occurs via
a C-terminal cysteine reaction with a maleimide PEG based reagent [144].
Certolizumab pegol was approved for the treatment of Crohn’s disease in 2008 and
rheumatoid arthritis in 2009. The dosing regimen after initial treatment is a 400 mg
maintenance dose every 4 weeks [144], which is one of the highest doses of a
PEGylated protein registered to date indicating the safety for mono-PEGylated
proteins.

Insertion of a free cysteine to give a free thiol in a protein does have some
disadvantages. Free cysteine residues can affect a variety of factors such as protein
structure and function, these functions include thermal stability, dimerization and
enzyme catalysis [145]. The two main limitations however are disulfide scrambling and
protein misfolding. The inserted unpaired free cysteine can cause disulfide scrambling
due to the free cysteine thiol undergoing disulfide exchange reactions with the native
disulfide within a protein [146]. Misfolding may occur via the formation of non-native
intramolecular disulfide bonds because of the presence of the free thiol, this can lead
to aggregation and precipitation of the protein [147].

A method for site-specific PEGylation that does not require any modification to
the structure of a protein is PEGylation of proteins via native accessible disulfide bonds
(Scheme 1). This approach exploits the thiol chemistry provided by cysteine sulfur

atoms that make up accessible disulfide bonds.
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Scheme 1: Scheme for the conjugation of a bis-alkylating reagent to two reduced cysteine sulfur atoms
via a series of addition and elimination reactions

The PEGylation involves two distinct steps which are reduction of the disulfide
bond to liberate free thiols from an accessible disulfide and a bis-alkylation reaction

on a cross-functionalise conjugation moiety that is capable of two Michael thiol
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additions. The result is to create a three-carbon bridge which covalently conjugates
the PEG reagent to each cysteine thiol to essentially re-anneal the original disulfide
[148]. The reagents work by generation of an a,B-double bond conjugated to an
electron withdrawing carbonyl. The generation of the double bond occurs by

elimination of sulfone leaving groups (Scheme 2) at mild pH values (e.g. 6.5-7.0).
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Scheme 2: Scheme for the elimination of toluene sulfinic acid 4 from the bis-sulfone conjugation moiety
1 to give a mono-sulfone conjugation moiety 3 containing a a,b-double bond which occurs through an
enolate intermediate 2 at mild pH values (6.5-7.0).

The Michael reaction is reversible which means in proteins with multiple free
disulfides, it is possible to re-bridge the correct cysteines [149]. A key advantage of
the bis-sulfone conjugation moiety 1 is that the electron-withdrawing carbonyl can be
reduced to hydroxide with mild hydride reagents (Scheme 1) to stop the retro-Michael
reaction, and thus deconjugation. Although it is not possible to lock the conjugation in
this manner with maleimide reagents that are used for mono or bis-thiol conjugations,
several manufacturing processes in protein modification using other conjugation
moieties utilise an analogous final reduction step. For example, the PEGylation of
granulocyte colony-stimulating factor (GCSF) that is used to make the product
Neulasta® (Amgen) is by reductive amination of an engineered aldehyde at the
terminus of the protein. The process for the manufacture of Neulasta requires a
hydride reduction step like that shown in Scheme 1.

Since the bis-alkylation conjugation to re-bridge disulfides is thought to be
driven by a large component of the equilibria of the Michael reaction and protein
conformation, it has been found that many proteins do not generally require the final
reduction step to maintain the 3-carbon bridge that results from bis-alkylation
conjugation. Proteins such as cytokines and Fabs appear to be quite resistant to
deconjugation after disulfide rebridging. In the case of Fabs, the accessible interchain
disulfide is the only available disulfide for conjugation and there are considerable
intramolecular interactions between the light and heavy chains to help maintain protein
structure. Molecular modelling of the three-carbon bridge formed after conjugation
indicated that a re-bridged disulfide was more flexible than the unmodified disulfide

[150], so if there are enough intramolecular interactions to maintain protein structure,
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it has generally been found unnecessary to reduce the electron withdrawing carbonyl
after conjugation.

The bis-alkylation approach is relevant for therapeutic proteins because they
often have paired disulfides but seldom have a free cysteine residue [151]. Typically,
these proteins have an even number of cysteines that pair up as disulfides [151-153].
The bis-alkylation approach for protein conjugation is especially appropriate for the
interchain disulfide in Fabs because this conjugation approach exploits the chemical
reactivity of both sulfur atoms from an accessible disulfide bond. Conjugation at the
Fab interchain disulfide is as far as possible within the Fab to its epitope binding CDR
region.

While disulfides influence a protein’s properties in complex ways [154], it is
thought that the accessible disulfides mainly contribute to the stability of the protein,
rather than to its structure or its function [151]. In contrast, the disulfides that are
present in a protein’s hydrophobic interior [151,155] typically contribute to the
maintenance of its tight packing and its function. Most of the work described in this
thesis is focused on the disulfide-re-bridging conjugation of the accessible interchain
disulfide. Since the focus of this thesis is to conjugate two Fabs as a means to make
bispecific antibody mimetics, di-functional reagents such as 5§ are of importance
(Figure 13) [148]. The molecular weight of the PEG element in reagents such as 5 is
generally in the range of 5-10 kDa which is less than the molecular weight of PEG
used in protein PEGylation. The function of the PEG linker element in reagent 5 is to
provide water-solubility for the reagent and to provide a linker between the conjugation

moieties that is biocompatible.
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Figure 13: Example of a PEG di-bis-sulfone dimerisation reagent 5 (also known as BisB1) [148]. Two
Fabs can be conjugated to this dimerisation reagent 5, one Fab on each end of the PEG linker.

The di-bis-sulfone dimerisation reagent 5 was used to prepare antibody
mimetics called Fab-PEG-Fab (FpF) [156] (Figure 14). An FpF is a bivalent molecule
comprised of two Fabs, each conjugated at a terminus of a linear linker molecule (e.g.
short PEG) via their interchain disulfide. The Fab elements were obtained via
proteolytic digestion of existing IgG antibodies [156]. An FpF synthesised from the Fab

derived from bevacizumab showed promising binding characteristics when examined
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using surface plasmon resonance (SPR). The affinity (Kp) of the FpF was similar to
the parent IgG (e.g. bevacizumab). While the association rate (ka) was found to be
slower for the FpF than the unmodified IgG the dissociation rate (kq¢) was found to be
slower for the FpF than the IgG. These differences in ka and kq resulted in a similar Ko
for both the FpF and the unmodified IgG [156]. FpF binding properties were further
corroborated in an isothermal calorimetry study [157]. The slower dissociation rate
indicates a potential for increased tissue residence time [158] and may be due to more
efficient rebinding because the linker PEG may be more flexible than the Fc hinge of
an IgG. Anti-VEGF FpFs inhibited in vitro angiogenesis [156] and anti-TNF-a FpFs

inhibited inflammation in an ocular in vivo model [159].
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Figure 14: Structure of a Fab-PEG-Fab antibody mimetic [156] The FpF above is a homodimer made
from two antibody Fab fragments conjugated to either end of the PEG di-bis-sulfone dimerisation
reagent 5. The Fab fragments are covalently bound to the reagent.

Another example of a bivalent PEGylated molecule prepared with the di-bis-
sulfone dimerisation reagent 5 is a receptor binding region dimer called an RpR
(Figure 15). An RpR was synthesised by proteolytically digesting aflibercept; an Fc-
fusion protein targeted against VEGF. Aflibercept comprises 2 arms, each which
comprise of the extracellular domains for the VEGF receptors 1 and 2. Each VEGF
binding arm comprises domain 2 of VEGFR1 which binds to VEGF-A and domain 3
which binds to VEGF-A and to PIGF. Digestion of aflibercept to remove the Fc element
resulted in isolation of the bind arms, each which possessed two hinge cysteines that
could undergo disulfide re-bridging conjugation [160]. SPR binding studies using
surface plasmon resonance revealed interesting and significant results. As with the
FpF the association rate (ka) was slower for the anti-VEGF RpR however the
dissociation rate (kd) was significantly slower for the RpR when compared to

unmodified aflibercept. Binding affinity to VEGF was greater for the RpR than
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aflibercept [160]. Again, the slower ka may be due to a greater propensity for RpR
rebinding than that possible for the unmodified Fc-fusion protein due to greater mobility

of the PEG compared to the hinge region of the Fc-fusion protein.
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Figure 15: Structure of a receptor binding region-PEG-receptor binding region (RpR) [160] An RpR is
a homodimer made by conjugating two receptor binding regions to either end of the PEG di-bis-sulfone
protein dimerisation reagent 5.

The protein dimerisation reagent 5 has been used to make Fab-PEG-Fabs
(BsFpFs) previously by our research group with Scheme 3 showing the preparation of

a BsFpF using the protein dimerisation reagent 5.
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Scheme 3: Preparation of a bispecific FpF using the PEG di-bis-sulfone protein dimerisation reagent
5. Fab1 is reduced and combined with reagent 5 to prepare a Mono PEG-Fab 6 in which a single Fab
is conjugated to the dimerisation reagent 5. Fabz is then reduced and combined with the Mono PEG-
Fab to form the bispecific FpF 7.
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However, a problem exists with this methodology in the form of a loss of
reactivity after the first Fab is conjugated to the reagent. The loss of reactivity may
occur because the already conjugated Fab provides a physical obstacle and covers
the free bis-sulphone group or chemically the electronegative potential of the leaving
group becomes reduced in some way. Although the BsFpF can be prepared using
reagent 5 yields are extremely low meaning the molecule cannot be suitably
characterised. It does however provide a proof of concept that a BsFpF can be

prepared and is justification for further development.
Project hypothesis and aims

Monospecific antibody mimetics (FpF) have previously been shown to have
comparable binding affinity and in-vivo functional efficacy to antibodies in the ocular
mouse model [156,159,161]. Dual-targeting protein-based therapeutics, such as
bispecific antibodies (bsAbs), possess the unique ability to simultaneously interact with
two target epitopes and have the potential to increase the efficacy of intraocular
medicines. Bispecific antibodies are suggested as an alternative to combination
therapies within the eye, which have been shown to be ineffective [22,110]. To build
upon this, the aim of this thesis was to synthesise bispecific Fab1-PEG-Fab2 (BsFpF)
molecules capable of binding to two therapeutic targets within the eye. Fabs were
obtained using proteolytically digestion of IgG molecules. Pro-angiogenic and
proinflammatory targets including VEGF, TNF-a, IL-6R and IL-17A were selected

because of their involvement in retinal degeneration diseases.

In this PhD it was hypothesised that:

1. A soluble form of papain can be used as an alternative to immobilised papain
for obtaining Fabs via the digestion of IgGs. Using soluble papain will allow
digestion of up to 100 mg of IgG in a single digestion.

2. Using PEG as scaffold and utilising chemical conjugation to combine two Fabs,
a BsFpF can be synthesised effectively preserving the antigen binding
properties of the individual Fabs.

3. The prepared BsFpF can be isolated from conjugation mixtures to give a final

purified product free from impurities.
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4. A BsFpF prepared by chemical conjugation, is stable in the intended storage
condition with no deconjugation of Fabs from the PEG scaffold and light/heavy

dissociation.

In order to test these hypotheses, the following research aims were listed:

1. Fabs will be obtained using enzymatic digestion of IgG. The main aim being to
scale up IgG digestion to 100 mg IgG, hence different forms of soluble papain
will be tested including crude and lyophilised forms. A suitable method for the
purification of the digestion mixtures will need to be developed. Protein A, CH'
affinity and protein L resins will be assessed for purification of the digestion
mixture to obtain purified Fabs. To allow the digestion of 100 mg of IgG in a
single experiment, purification using columns attached to AKTA systems will be
investigated as digestion volumes are expected to be in excess of 50 mL.
Different antibodies including infliximab, tocilizumab, bevacizumab and
secukinumab will then be digested using optimised methods. Scheme 4
outlines the IgG digestion process.
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Scheme 4: Digestion of an IgG antibody using papain. The IgG is incubated with papain to
obtain a crude digestion mixture containing Fabs and Fc. The Fc is purified from the mixture
using an affinity purification to obtain pure Fab.

2. Using a PEG di-bis-sulfone protein dimerisation reagent 5 at molecular weights

of 6 kDa and 20 kDa a BsFpF will be prepared. The interchain disulfide bond
present in the Fabs will first be reduced in order to undergo chemical
conjugation to either end of a PEG di bis-sulfone protein dimerisation reagent
5. The process for conjugation of Fabs to reagent 5 to prepare a BsFpF is
outlined earlier in Chapter 1 (Scheme 3).

3. Purification of the conjugation mixture containing the desired BsFpF will be

performed using ion exchange chromatography (IEX). It is critical that the final
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BsFpF is not contaminated with any impurities. Silver staining of SDS PAGE
gels will be used to confirm purity.

. The protein stability of BsFpFs will be analysed using SDS PAGE and dynamic
light scattering at the intended storage temperature of 5°C and at a temperature
of 37°C to mimic body temperature.

. Different binding assays including Enzyme Immunosorbent Assays (ELISA),
Surface Plasmon Resonance (SPR) and Microscale Thermophoresis (MST)
will be used to measure the binding affinity of purified BsFpFs towards their
targets and to determine if antigen binding properties have been retained when
compared to PEG-Fab molecules. The mono PEG-Fab molecules will be
prepared for binding comparison with a BsFpF.

. Human umbilical vein endothelial cells (HUVECSs) will be treated with both TNF-
a and IL-17A. Expression of the inflammatory cell surface markers ICAM-1 and
VCAM-1 will be measured using flow cytometry. Mixtures of TNF-a, IL-17A and
a BsFpF targeting TNF-a and IL-17A will then be applied to HUVECs and the
ICAM-1 and VCAM-1 expression measured again. This in vitro cell based assay

will be used to evaluate the functional activity of an anti-TNF-a/IL-17A BsFpF.
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Materials
General lab reagents:

Sodium phosphate monobasic (cat no. S0751), Ethylenediaminetetraacetic acid
calcium disodium salt (cat no. ED2SC), Sodium dihydrogen phosphate dihydrate (cat.
no. 1063451000), Water, ACS reagent for ultratrace analysis (cat no. 14211), Sodium
chloride — low endotoxin (cat no. 1.16224), Glycine (cat no. G7126), Sodium acetate
trihydrate (cat no. S7670) and Trizma hydrochloride (cat no. T3253) were all
purchased from Sigma Aldrich. Oxoid™ Phosphate Buffered Saline Tablets (cat no.
BR10014G) were purchased from Thermofisher. HPLC grade water (cat no.
10043370) was purchased from Fisher. Type 1 water was obtained from in house
water purification systems. 2M Sodium hydroxide solution and 2M Hydrochloric acid

used for pH adjustments were obtained from in house technical services.
Antibody solutions:

Ranibizumab (10 mg/mL), Infliximab (10 mg/mL), Tocilizumab (20 mg/mL) and Eylea
(40 mg/mL) were kindly donated as leftover therapeutic doses by hospitals.
Bevacizumab (25 mg/mL) was obtained from existing stock within our research group.

Secukinumab (150 mg/mL, cat. no. 730591) was purchased from Novartis.
Antibody digestion and purification materials:

Lyophilized papain (cat no. P4762), crude papain (cat no. P3375), L-Cysteine (cat no.
300-89) were purchased from Sigma Aldrich. Immobilized papain (cat. no. 20341) was
purchased from Thermo Fisher. Hitrap Protein L column 1 mL (cat no. 29048665),
Hitrap Protein L column 5 mL (cat no. 17547815) and Hitrap Protein A column 1 mL
(cat no. 29048576) were purchased from Cytiva. CaptureSelect CH1 affinity 1 mL

column was obtained from existing stock within our research group.
Protein purification and buffer exchange materials:

Disposable PD-10 Desalting columns (cat no. 11768488) were purchased from Fisher.
Hitrap Macrocap SP cation exchange column (cat no. 15569244) was purchased from
Thermo Fisher. Superdex 200 increase 10/300GL size exclusion column (cat no.
28990944) was purchased from Cytiva. Vivaspin 20 centrifugal concentrators, 30 kDa
MWCO (cat no. Z614637) were purchased from Sigma.
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Disulfide reducing agents:
DL-Dithiothreitol (cat no. D0632) was purchased from Sigma.
Bis-alkylating PEG reagents for protein conjugation.

A variety of bis-alkylating PEG reagents that were synthesised at UCL School of
Pharmacy by our research group were kindly donated for use in this thesis. The
reagents used for protein conjugation during this thesis were the PEG di-bis-sulfone
protein dimerisation reagent 5, PEG bis-sulfone 8, PEG bis-sulfone glycol 12, PEG
bis-sulfide 17, PEG bis-sulfone dibenzocyclooctyne (DBCO) 23, PEG bis-sulfone
Azide 22, PEG bis-sulfone trans-cyclooctene (TCO) 26 and the PEG bis-sulfone
tetrazine (Tz) 27 reagent, the reagents and their structures are summarised below in
Table 3.
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Reagent | Reagent
Structure
no. Name
PEG di-bis- o N o
—< >—so2 o~-NH 2 50,4 >—
—< :}—802 2‘< >
5 protein >
EeEan 6 kDa and 20 kDa molecular weight reagents used for
reagent conjugation
0
Ao~ OO
PEG bis-
8 sof<::>—
sulfone )
5 kDa and 10 kDa molecular weight reagents used for
conjugation
0 ~UNH 0
PEG bis- /{ V]Lno 4 SOz\PO\/to/
12 sulfone sof«\yo\//to/
glycol
10 kDa molecular weight reagent used for conjugation
—{OV/$O/\,NH 0
. PEG bis- : o”_O_‘?—/ ,
- sulfide <)~
10 kDa molecular weight reagent used for conjugation
o} o} N3
PEG bis- o]
22 sulfone ‘*<:>*302
azide 3 kDa molecular weight reagent used for conjugation and
ligation
(o
PEG bis- |©*/V N”vv{o“tONN;r@—fj(%O—
23 sulfone O S0~ )—
DBCO 5 kDa molecular weight reagent used for conjugation and

ligation
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Reagent | Reagent
Structure
no. Name
@) 0 NH__O
| OO T T
PEG bis- o] o]
26 sulfone _©_302
TCO 5 kDa and 10 kDa molecular weight reagents used for
conjugation and ligation
NH Ot ~NH ° so <:>
,Nm ~t i >4 i
PEG bis- NS
H )l\NaN SOQ_Q_
sulfone Tz

5 kDa and 10 kDa molecular weight reagents used for

conjugation and ligation

Table 3: Summary of the reagents used for protein conjugation during this thesis.
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SDS page materials:

InstantBlue Coomassie Protein Stain (cat. no. ab119211) and 4-12% Bis-Tris Precast
gels (cat. no. ab270467) were purchased from Expedeon. NUPAGE LDS sample
buffer (4x) (cat. no. NPO007) and NuPAGE MOPS SDS running buffer (20x) (cat. no.
NPO0001) were purchased from Thermo Fisher. Barium Chloride (cat. no. 217565) was
purchased from Sigma Aldrich. lodine solution, 0.05M (cat. no. 12980754) was

purchased from Fisher.
Surface plasmon resonance materials:

CMa3 chips (cat. no. BR100541), NTA chips (cat. no. BR100034), NTA reagent kit (cat.
no. 28995043), Glycine pH 2.0 (cat. no. BR100355), Acetate buffer, pH 5.5 (cat. no.
BR100352) and HBS-EP+ (cat. no. 100826) were all purchased from Cytiva.

ELISA materials:

3,3',5,5"-Tetramethylbenzidine (TMB) (cat. no. T0440), bovine serum albumin (cat. no.
A2153) and Tween 20 (cat. no. P7949) were all purchased from Sigma Aldrich. Goat
F(ab')2 Anti-Human IgG H&L (HRP) (cat. no. ab98525) was purchased from Abcam.

Microscale thermophoresis materials:

Monolith Protein Labelling Kit RED-NHS (Amine Reactive) (cat. no. MO-L001) and
Monolith NT.115 Capillaries (cat. no. MO-KO22) were both purchased from

NanoTemper.
Ligands:

Human vascular endothelial growth factories (hWWVEGF1es5) (cat. no. 100-20) was
purchased from Peprotech. Human IL-17A, his-tag (cat no. 12047-H07Y), His-tagged
human interleukin 6-receptor (IL-6R) (cat no. 10398-H08H) were purchased from Sino
Biological. His-tagged human tumor necrosis factor alpha (TNF-a) (cat no. 15827837)

was purchased from Fisher.
Cell culture materials:

Pooled human umbilical vein endothelial cells (HUVECs) (cat no. C-12203) were
purchased from PromoCell. PromoCell endothelial growth medium (cat no. C22010)
with supplement mix included and PromoCell detach kit (cat no. C-41200) were

purchased from Sigma. Trypan blue, Sterile DMSO and heat inactivated fetal bovine
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serum were sourced from existing stocks in our research group. Enzyme free cell

dissociation buffer (cat. no. 13151014) was purchased from Thermo Fisher.
Materials for tagging of cell surface markers:

Human TruStain FcX (cat. no. 422302) was purchased from BioLegend. Mouse anti-
human CD31 antibody (APC tagged) (cat no. 15577906) was purchased from Fisher.
Mouse anti-human ICAM-1 antibody (APC tagged) (cat. no. 10346-MMO01-A) and
rabbit anti-human VCAM-1 antibody (APC tagged) (cat. no. 10113-R601-A) were

purchased from Sino Biological.
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Methods:
SDS page analysis:

4-12% bis-tris precast gels were used for analysis. Samples were prepared by
combining 6.0 pl of LDS sample buffer with 20 pl of sample and vortexing until
combined. The amount of sample loaded onto the gel was approximately 15 yL for
10/12 well gels and 10 uL for 15/17 well gels. MOPs (50 mL in 1.0 L distilled water)
was used as the running buffer. The voltage applied for analysis was 200 V and the
run time was approximately 1.0 hr. 5.0 uL of a pre-stained protein standard was loaded
onto the first well of each gel.

For protein visualisation, approximately 30 mL of Instant Blue stain was used
to stain the SDS-page gels. The gels were left in the gel for at least 1 hour, after which
the gels were rinsed using water.

For the visualisation of PEG, a barium iodide stain was used as follows. The
SDS-page gel was incubated with a 5% solution of barium chloride for 10 minutes.
The container was gently shaken by hand throughout the 10 minutes. After 10 minutes
iodine solution was added dropwise until PEG related bands began to appear. The gel
was then rinsed using water. PEG bands have brown coloured bands using a barium
iodide stain and PEGylated antibodies show green coloured bands.

Silver staining was performed to evaluate the purity and also when protein
concentrations were too low to be detected using coomassie instant blue staining. The
solutions required were (i) 30% ethanol:10% acetic acid in distilled water, (i) 10%
ethanol, (iii) sensitiser working solution (50 yL sensitiser with 25.0 mL water), (iv)
working stain solution (0.5 mL enhancer with 25.0 mL stain), (v) working developer
solution (0.5 mL enhancer with 25.0 mL developer) and (vi) stop solution (5% acetic
acid in distilled water). The gel was thoroughly washed twice with ultrapure water for
5 mins and the gel was fixed with 30% ethanol: 10% acetic acid solution for 15 mins.
The gel was washed twice with 10% ethanol and twice with water (5 mins per wash).
After washing, the gel was incubated with sensitiser working solution for 1 min and
washed twice with ultrapure water (1 min each). Stain working solution was added to
the gel and incubated for 30 mins. The gel was washed twice with ultrapure water (1
min each). Developer working solution was added and the gel was incubated till
protein bands appeared (usually within 2-15 mins). When the required band intensity
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was achieved, the stop solution (5% acetic acid) was added for 10 mins and the final

gel was washed with water.
lon exchange chromatography (IEX) method

Two buffers were prepared; buffer A (100 mM sodium acetate, pH 4.0) and buffer B
(100 mM sodium acetate, 1 M sodium chloride, pH 4.0) were prepared using HPLC
grade water. Both buffer A and B solutions were filtered using a millipore filter flask
with a cellulose nitrate membrane filter (0.45 um).

Samples to be purified were concentrated using a vivaspin centrifuge tube
(MWCO 10 kDa) to volumes of no more than 1 mL. The concentrated sample was
then made up to a volume of no more than 2 mL using buffer A. The pH of the sample
was then checked to ensure it was approximately pH 4.0 using litmus paper. The
sample was then loaded using a syringe onto a 5 mL sample loop. Once the sample
was loaded onto the sample loop a pre-programmed method with the settings shown
in Table 4 was used for IEX purification. A Hitrap Macrocap SP cation exchange

column attached to an AKTA prime plus system was used for all IEX purifications.

Concentration Injection port
Breakpoint Time (mins) Flow rate (mL) .
of buffer B (%) position
1 0 0 1.0 Inject
2 12 0 1.0 Load
3 42 100 1.0 Load
4 50 100 1.0 Load

Table 4: Chromatography settings used for ion exchange purification.

Size exchange chromatography (SEC) method

Phosphate buffered saline was prepared as the SEC mobile phase by dissolving 5
Oxoid™ Phosphate Buffered Saline Tablets in 500 mL of type 1 water.

Samples to be purified were concentrated using a vivaspin centrifuge tube
(MWCO 10 kDa) to volumes of no more than 0.5 mL. The sample was then loaded
using a syringe onto a 2 mL sample loop. Once the sample was loaded onto the loop
a pre-programmed method with the settings shown in Table 5 was used for
purification. A Superdex 200 increase 10/300 GL size exclusion column attached to a

AKTA purifier was used for all SEC purifications.
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. . : Concentration Injection port
Breakpoint Time (mins) Flow rate (mL) .
of buffer B (%) position
1 0 0 1.0 Inject
2 10 0 1.0 Load
3 60 0 1.0 Load

Table 5: Chromatography settings used for size exclusion purification.

Representative digestion of humanised IgG antibodies using lyophilised papain —

16mg scale:

Pre-digestion buffer (200 mL, 20 mM NaH2PO4, 10 mM EDTA) pH 7.0 was prepared
as follows. 372 mg EDTA and 312 mg phosphate dibasic dissolved in 200 mL of type
1 water and adjusted to pH 7.0 using sodium hydroxide. 50 mL of digestion buffer was
prepared by dissolving 0.303 g of cysteine in 50 mL of pre-digestion buffer. The pH of
the solution was checked to ensure it remained at pH 7.0+0.5 and was adjusted if
necessary. 15 mg of humanised IgG antibody was diluted to a volume of 6 mL with
digestion buffer. To this 150 yL of a 5 mg/mL lyophilised papain stock solution was
added, equating to a 1:20 papain:IgG ratio. The digestion sample was placed into an
incubator at 37°C for 30 minutes. The crude digestion mixture was purified using
Protein L chromatography (Hitrap Protein L). For this, two buffers were prepared:

Buffer A (100 mM sodium phosphate, 150 mM sodium chloride, 500 mL, pH
7.2) was prepared by dissolving 6.89 g of sodium phosphate monobasic monohydrate
and 4.38 g of sodium chloride in 500 mL of type 1 water, the pH of the solution was
adjusted to 7.2.

Buffer B (100 mM glycine, 500 mL, pH 2.5) was prepared by dissolving 3.75 g
of glycine in 500 mL of type 1 water, the pH of the solution was adjusted to 2.5. Both
buffers were vacuum filtered using 0.45 pM filter paper prior to use.

The digestion mixture was injected straight onto an AKTA prime plus system;
no sample preparation was performed. The following chromatography method listed

in Table 6 was used:
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Breakpoint Time (mins) Concentration Flow rate Injection port
of buffer B (%) (mL/min) position
1 0 0 0.5 Inject
2 15 0 1 Load
3 15.1 100 1 Load
4 35 100 1 Load

Table 6: Chromatography settings used for Protein L purification of digested IgGs.

Eluted fractions were collected and monitored using SDS PAGE. To each
elution fraction Tris-HCI (pH 8.0, 1 M) was added at a ratio of 60 ul to every 1 mL of
eluted fraction to neutralize sample pH. The fractions containing the Fab fragment
were then further purified using a SEC (Superdex 200 Increase 10/300 GL) with a flow
rate of 0.5 mL/min using PBS as the mobile phase. Eluted fractions were collected
and monitored using SDS PAGE.

The yield of purified Fab was calculated by measuring UV absorbance at 280
nm. To calculate yield the quantity of Fab contained in the parent IgG was used. For
example 1 mg of IgG contains 0.66mg of Fab. Therefore if 0.33mg of purified Fab was

obtained from digestion the final yield would be 50%.
Preparation of conjugation buffer:

Conjugation buffer was prepared by dissolving 240 mg of NaH2PO4 and 372 mg EDTA
in 100 mL ultrapure water and adjusting to pH 7.6. The same buffer was used for the

monospecific and bispecific preparations.

Representative preparation of a PEG-Fab using a PEG20 bis-sulfone reagent 8 — 1

mgq scale:

In an Eppendorf tube (1.5 mL) approximately 1.5 mg of DTT was dissolved in 1 mL of
1 mg/mL Fab solution. The Fab fragment was diluted to a 1 mg/mL concentration using
conjugation buffer. The Fab and DTT solution was then incubated at ambient
temperature for 30 minutes. After 30 minutes the DTT was removed from the solution
using a PD-10 desalting column equilibrated with conjugation buffer. 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
conjugation buffer to elute through the column. Then, the protein solution with DTT
(1.0 mL) was loaded onto the equilibrated PD-10 column and the protein solution was

allowed to elute from the PD-10 column. After this, 1.5 mL of conjugation buffer was
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added to the PD-10 column and allowed to elute. Finally, the protein solution was
recovered by addition of a 3.3 mL conjugation buffer to the PD-10 column. The same
DTT removal procedure was used for all antibody conjugate preparations.

The PEG bis-sulfone reagent 8 (3.0 mg) was dissolved into distilled water (1.0
mL) prior to PEGylation. The PEG bis-sulfone reagent 8 (0.17 mL, 3.0 mg/mL in
distilled water, 20 kDa reagent MW) was added to the solution containing the reduced
Fab at a molar ratio of 1.5:1 reagent to Fab and left to incubate at room temperature

for approximately 6 hours, the conjugation was monitored using SDS PAGE.

Representative preparation of a monospecific FpF molecule using a PEG6 di-bis-

sulfone protein dimerisation reagent § — 1 mg scale:

In an Eppendorf tube (1.5 mL) approximately 1.5 mg of DTT was dissolved in 1 mL of
1 mg/mL Fab solution. The Fab fragment was diluted to a 1 mg/mL concentration using
conjugation buffer. The Fab and DTT solution was then incubated at ambient
temperature for 30 minutes. After 30 minutes the DTT was removed from the solution
using a PD-10 desalting column equilibrated with conjugation buffer.

The PEG di-bis-sulfone protein dimerisation reagent 5 (3.0 mg) was dissolved
into distilled water (1.0 mL) prior to use for conjugation. The PEG di-bis-sulfone protein
dimerisation reagent 5 (0.06 mL of 3.0 mg/mL stock, 6 kDa, 0.5 molar eq.) was added
to the solution containing the reduced Fab and left to incubate at room temperature

for approximately 18 hours.

Representative preparation of a monospecific FpF molecule using ligating PEG bis-
sulfone TCO 26 and PEG bis-sulfone Tz reagents 27:

1 mg of a Fab fragment was diluted to a volume of 1 mL using the prepared conjugation
buffer, to this 1 mg of DTT was added. Once the DTT was added the Fab was left to
reduce at ambient temperature for 30 minutes. After which the DTT was removed
using a PD-10 desalting column. The reduced Fab was split in half and to one aliquot
PEG bis-sulfone TCO 26 reagent was added at a molar ratio of 1.5:1 reagent to Fab.
To the other aliquot PEG bis-sulfone Tz 27 was added at a molar ratio of 1.5:1 reagent
to Fab. The conjugations were left for approximately 6 hours at ambient temperature

to react. The conjugations were monitored using SDS PAGE.
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Representative preparation of bispecific FpF molecule using ligating PEG bis-sulfone
TCO 26 and PEG bis-sulfone Tz reagents 27:

0.5 mg of Fab1 was diluted to a volume of 1 mL with the prepared conjugation buffer.
0.5 mg of Fab2 was diluted to a 1 mL volume with conjugation buffer. To both Fab
dilutions 1 mg of DTT was added and the Fabs were left to reduce at ambient
temperature for 30 minutes. After which the DTT was removed from both dilutions
using PD-10 desalting columns. To Fab! PEG bis-sulfone TCO 26 was added at a
molar ratio of 1.5:1 reagent to Fab. To Fab? PEG bis-sulfone Tz 27 was added at a
molar ratio of 1.5:1 reagent to Fab. The conjugations were left for approximately 6
hours at ambient temperature to react. The conjugations were monitored using SDS
PAGE.

Representative purification steps for FpF and bispecific FpFs:

The conjugation reaction mixtures containing Fabs and ligating PEG bis-sulfone TCO
26 and PEG bis-sulfone Tz reagents 27 were first purified using the IEX method
described in the method section to remove unconjugated PEG bis-sulfone TCO 26,
PEG- bis-sulfone Tz 27 and other impurities. The IEX-purified TCO functionalized Fab
28 and Tz functionalized Fab conjugates 29, were then combined and the ligation
reaction allowed to proceed, for 24 hours at 4°C. The ligation reaction was monitored
using SDS PAGE.

The resulting monospecific 13 or bispecific 7 FpFs formed via the ligation
reaction between the TCO and Tz functional groups were first purified using IEX to
remove any remaining TCO functionalized Fab 28 and Tz functionalized Fab
conjugates 29 from the reaction mixture. Size-exclusion chromatography (SEC) was
then used for further purification. The eluted fractions were collected and assessed.

Immobilisation of VEGF onto a CM3 chip for surface plasmon resonance:

Immobilisation was carried out in manual mode. A flow rate of 5 yL/min was used for
all steps. The chip was first washed with 50 mM NaOH for 60 seconds. The dextran
surface was activated by injecting a 1:1 mixture of EDC and NHS (1 of each aliquot
combined) for 200 seconds. HBS-EP buffer was then allowed to pass over the chip for
200 seconds. VEGF solution (0.5 ug/mL in pH 5.5 acetate buffer) was injected for 200
seconds and finally ethanolamine HCI was injected for 180 seconds to deactivate any

remaining active groups on the surface.
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SPR Binding assay for anti-VEGF molecules:

A series of at least 7 serial dilutions of anti-VEGF molecules were prepared using
HBS-EP as a diluent. These were then run on over a CM3 chip which had been
functionalised with human VEGF at low immobilisation level. A contact time of 180s
and a dissociation time of 1200s were used. The CM3 chip was regenerated using a
pH 2.0 Glycine solution with a contact time of 30s and a stabilisation period of 60s.

Anti-VEGF binding assays were performed using a Biacore X100 system.
SPR Binding assay for anti-TNF-a and anti-IL-6R molecules:

A series of at least 7 serial dilutions of anti-TNFa or anti-IL-6R molecules were
prepared using HBS-EP as a diluent. These were then run over an NTA chip
functionalised with TNFa and IL-6R previously as describe here: A 5 pg/mL solution
of his-tagged ligand was passed over an NTA chip for 180s to capture the ligand. Then
a single serial dilution was passed over the captured ligand with a contact time of 120s
and a dissociation time of 1200s. In between each serial dilution a fresh his-tagged
ligand was captured onto the NTA chip. Regeneration of the chip at the end of each
cycle was performed by passing a 350 mM EDTA solution (from NTA reagent kit) over
the chip for 60s. Anti-TNF-a and anti-IL-6R binding assays were performed using a

Biacore X100 system.
ELISA binding assay for anti-VEGF or anti-IL-6R molecules:

A flat bottom 96 well plate was coated with VEGF or IL-6R (100 pyL of a 1 ug/mL VEGF
solution, 0.1 ug VEGF per well or 100 yL of a 1 ug/mL IL-6R solution, 0.1 ug IL-6R per
well) and incubated overnight at 4°C. The next day, the VEGF or IL-6R solutions were
removed and without washing, blocking buffer (300 uL, PBS with 1% w/v BSA and
0.05% Tween 20) was added into each well and incubated at ambient temperature for
2.0 h. After this, blocking buffer was aspirated and the plate was washed once with
washing buffer (300 pL, PBS with 0.05% w/v Tween 20). and then test compounds,
which were prepared in PBS at a range of concentrations, were added into each well
(100 pL). 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
(300 pL) three times. Then, anti-human Fabz (Fab specific)-peroxidase (100 pL,
1/5000 dilution) was added into each well and incubated for 1.0 h at ambient

temperature. The solutions were then removed, and the plate was washed off with
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washing buffer three times. TMB (100 pL) was then added, and development of the
blue colour was monitored. After approximately 5 mins, when the blue colour was
visible enough for each well, HCI (50 yL, 1.0 M) solution was added to produce a
constant yellow colour. The plate was then read using a plate reader at 450 nm
wavelength. The data was processed using graph pad prism (V9) and affinities

generated using a one site — specific binding fitting method.
MST Binding assays:

Antibodies and bispecific antibodies were labelled as per the instructions found in the
monolith amine reactive protein labelling kit as follows. Protein concentration was
adjusted to a concentration of 2-20 uM using the included labelling buffer. The dye
was dissolved by adding 30 pL of 100% DMSO to the dye and vortexing thoroughly.
The dye solution was then diluted to a concentration approximately 2-3 times higher
than the protein concentration using the included labelling buffer. The diluted dye
solution and protein solution was then mixed in a 1:1 volumetric ratio (200 pL final
volume) and left to incubate for 30 minutes at room temperature and protected from
light. To purify the protein/dye solution the included purification column was
equilibrated using PBS solution. The protein/dye solution was then applied to the
middle of the purification column and the flow through discarded. PBS (600 uL) was
then applied to the purification column and the eluent collected in 200 uL fractions.

Final protein concentration and degree of labelling (DOL) was calculated first
by measuring the UV absorbance of the protein solution at 280 nm and at 650 nm.
Protein concentration was determined using the equation shown below, €Protein is the
molar extinction coefficient which in this case was 210,000, d relates to path length
which in this case was 1.

c(M) = A2s0 — (Aess0 x 0.04) + eProtein x d
Degree of labelling was calculated using the equation shown below. The value
of 195,000 M-'cm-'! is the molar extinction coefficient of the dye used to label the

protein, c(M) is the concentration of protein calculated using the equation above.

DOL = Aeso + 195,000M-"'cm™! x c(M)
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If a DOL of between 0.5-1.0 was calculated the labelled protein was suitable for
use in MST assays. If the DOL fell outside of this range the sample was discarded and
the labelling procedure repeated with fresh protein.

The same MST assay method was used for all molecules tested, assays were
performed as follows. An MST assay buffer (50 mM Tris, 150 mM NacCl, 10 mM MgClz,
pH 7.4, 0.05% w/v Tween 20) used to dilute the labelled bevacizumab or labelled
infliximab to a concentration of 2.5 mg/mL. The pH of the solution was adjusted to pH
7.4. Labelled antibodies were diluted to a concentration of 5 nM with the MST assay
buffer and used for all assays. Serial dilutions of relevant ligands (VEGF, TNF-a and
IL-6R) were combined with the labelled antibodies and their conjugates in glass
capillaries ready for measurement. The ligand concentration was determined by the
MST software and was typically within the range of 1.0x10 to 1.52x10-""M. Assays
were performed using an LED power of 15% and with laser power set to high. A

Monolith Pico system was used for all MST measurements.
Culturing of human umbilical vein endothelial cells (HUVECS):

HUVEC cells were removed from liquid nitrogen and placed on ice. The cryovial was
run under cold water until the frozen cells began to melt. Once completely melted the
cells were split evenly into two vented T-75 flasks giving a concentration of 350,000
cells per T-75 flask. To each flask 10 mL of supplemented endothelial cell medium
was added, supplement was added at a ratio of 1.22 mL supplement to 50 mL of
endothelial cell medium. The flasks were then placed into a CO2 incubator set at 37°C
and 5.0% CO2. The growth of the cells was monitored using a microscope daily and
pictures were taken, the growth medium was replaced every 24-48 hrs. Once confluent
the cells were harvested using a PromoCell detach kit, as per the kit instructions. The
cells were counted by diluting 10 pL of cell suspension with 40 pL of trypan blue, the
cell dilution was placed onto a hemocytometer and the cells were counted. After
counting the average of the four quadrants was calculated and the total amount of

cells was determined using the following formula:

(Average amount of cells x dilution factor) x mLs of cell suspension x 10*
For example 27x5 (dilution factor when diluting with trypan blue) x2 (2 mL of

cell suspension) x10* = 2,700,000 cells.
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Cells were placed into two new flasks for growth at a concentration of 350,000
cells per T-75 and the remaining cells were frozen down using a freezing mix of 10%
DMSO, 50% FCS (heat inactivated) and 40% of endothelial growth medium. The
cryovials were first placed into a Mr. Frosty containing IPA at -70°C for at least 48

hours, after which they were placed into liquid nitrogen for long term storage.

Treatment of human umbilical vein endothelial cells (HUVECs) with anti-CD31

antibodies and flow cytometry:

HUVEC cells were grown to confluence in a T-75 flask using the culturing method
described previously. HUVECs at passage no. 2 were used for this method.

Once confluent growth medium was aspirated from the T-75 flask and
discarded. Then 5 mL of PBS was added to the flask and the flask gently rocked to
bathe the cells for 60 seconds. After 60 seconds the PBS was aspirated and discarded.
Next 5 mL of enzyme free cell dissociation buffer was added to a T-75 flask. The flask
was gently agitated for two minutes after which the enzyme free cell dissociation was
aspirated and discarded. The T-75 flask was firmly tapped against using the palm of
the hand to dislodge the cells from the surface of the flask. Detachment was checked
under a microscope. Once detached the cells were suspended in 10 mL of endothelial
growth medium. The suspended detached cells were transferred to a centrifuge tube
and then centrifuged at 220 g for 3 minutes. The supernatant was aspirated and
discarded, and the pellet resuspended in 1 mL of endothelial growth medium. Cells
were then counted using the same counting method described previously.

After cell counting detached HUVECs were added to 6 wells of a round bottom
96 well plate, 100,000 cells per well. To 4 wells Human TruStain FcX (0.5 yL) was
added after which the 96 well plate was left on ice for 20 minutes. After incubation on
ice mouse anti-human CD31 antibody (0.5 uL, APC tagged) was added to 2 of the Fc
blocked wells. The 96 well plate was then incubated on ice for a further 20 minutes.
While the well plate was incubating, FACs buffer (100 mL, PBS 1 mM EDTA, 2% heat
inactivated fetal calf serum (FCS)) was prepared by dissolving 1 Oxoid™ Phosphate
Buffered Saline Tablet and 37.4 mg of EDTA in 98 mL of type 1 water. To the
PBS/EDTA solution, FCS (2 mL) was added, and the container inverted several times

to mix.
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Post incubation the wells were washed two times using 100 pyL of FACs buffer
per well, the plate was centrifuged at 4°C for 5 minutes at 1300rpm in between wash
cycles. 200 uL of FACs buffer was added to each well, cells resuspended and
transferred into LP4 tubes. Each sample was tested with an Accuri C6 flow cytometer
using the FL4 flow channel as the anti-CD31 antibody was tagged with APC. Data was
collected until a total of 10,000 events had occurred. Flow cytometer data was

analysed using FlowJo analysis software.

Treatment of human umbilical vein endothelial cells (HUVECs) with TNF, IL-17A,

Infliximab, Secukinumab and flow cytometry:

HUVEC cells (passage no.2) were seeded in 12 well plates (60,000 cells per well) and
grown to confluence, a total of three 12 well plates were seeded. Once confluent the
HUVECs were treated with proinflammatory ligands and/or neutralising antibodies,
dilutions of ligands and antibodies were prepared using endothelial growth medium as
a diluent. The ligands and antibodies added to the wells (final solution volume within
each well of 1 mL) and their concentrations within the wells are now listed with a
duplicate of each well being prepared to allow for staining using both anti-ICAM-1 and
anti-VCAM-1 antibodies.

e 2 wells TNF-a 20 ng/mL

e 2 wells TNF-a 10 ng/mL

e 2 wells TNF-a 1 ng/mL

e 2wells IL-17A 20 ng/mL

o 2 wells IL-17A 10 ng/mL

e 2 wells IL-17A 1 ng/mL

e 2 wells TNF-a 20 ng/mL and IL-17A 20 ng/mL

e 2 wells TNF-a 10 ng/mL IL-17A 10 ng/mL

e 2 wells TNF-a 1 ng/mL IL-17A 1 ng/mL

e 2 wells TNF-a 20 ng/mL and Infliximab 100 ng/mL

e 2 wells IL-17A 20 ng/mL and Secukinumab 150 ng/mL

e 2 wells TNF-a 20 ng/mL and IL-17A 20 ng/mL, Infliximab 100 ng/mL and

Secukinumab 150 ng/mL
Once the HUVECs were treated with either a ligand or ligand/antibody mixture

they were left to incubate for 24 hours in a CO2 incubator set at 37°C and 5.0% CO2.

After 24 hours of incubation microscopy images were taken. Then the solution in each
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well was aspirated and discarded after which 1 mL of PBS was added per well and the
plate gently rocked to bathe the cells for 60 seconds. After 60 seconds the PBS was
aspirated and discarded. Next 1 mL of enzyme free cell dissociation buffer was added
to each well and the plate gently agitated for two minutes after which the enzyme free
cell dissociation buffer was aspirated and discarded. The 12 well plate was firmly
tapped using the palm of the hand to dislodge the cells from the surface of the well
plate. Once detached the cells in each well were suspended in 300 pL of endothelial
growth medium. The detached suspended cells were then transferred from the 12 well
plate to a round bottom 96 well plate with the contents of a single well of the 12 well
plate being transferred to a single well of the round bottom 96 well plate. In total 32
wells of the round bottom 96 well plate were filled with detached HUVECs and the

plate labelled according plate layout shown in Figure 16.

1 2 3 4

TNF-a20ng/mL
Infliximab 100ng/mL
ICAM -1

TNF-a20ng/mL
Infliximab 100ng/mL
VCAM -1

IL-17A 20ng/mL
Secukinumab 150ng/mL
ICAM -1

IL-17A 20ng/mL
Secukinumab 150ng/mL
VCAM 1

TNF-a20ng/mL
IL-17A 20ng/mL
Infliximab 100ng/mL
Secukinumab 150ng/mL
ICAM -1
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Figure 16: Round bottom 96 well plate layout used for the staining of HUVECs treated with TNF-q, IL-
17A, Infliximab and Secukinumab. Anti-ICAM-1 and anti-VCAM-1 (both APC tagged) antibodies were
used to stain the relevant wells. Empty wells have been excluded from the well plate layout.

To all the wells, except from “blank control”, Human TruStain FcX (0.5 pyL) was
added after which the 96 well plate was left on ice for 20 minutes. To the 14 wells in
Figure 16 labelled with ICAM-1, 5 pL of mouse anti-human ICAM-1 antibody (APC
tagged) was added. To the 14 wells of Figure 16 labelled with VCAM-1, 2.5 uL of rabbit
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anti-human VCAM-1 antibody (APC tagged) was added. The 96 well plate was then
left to incubate on ice for 30 minutes.

Post incubation the wells were washed two times using 100 uL of FACs buffer
per well, the plate was centrifuged at 4°C for 5 minutes at 1300rpm in between wash
cycles. 200 yL of FACs buffer was added to each well, cells resuspended and
transferred into LP4 tubes. Each sample was tested with an Accuri C6 flow cytometer
using the FL4 flow channel as the anti-ICAM and VCAM antibodies were tagged with
APC. Data was collected until a total of 10,000 events had occurred. Flow cytometer
data was analysed using FlowJo analysis software. It should be noted that although
the samples were prepared for flow cytometry samples with TNF-a, IL-17A or TNF-

a/IL-17A mixtures at concentrations of 10 ng/mL or 1 ng/mL were not run.
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Chapter 3 — Digestion of IgG

antibodies using soluble papain
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The preparation of bispecific antibody fragments in this project involved the utilization
of antigen binding fragment (Fab). While Fabs can be engineered using bacterial
expression systems or recombinant methods, the expression of Fabs containing
essential disulfide bonds, required for their activity and stability, presents a challenge
using an Escherichia coli (E. coli) system [162,163]. Recombinant methods for
producing Fabs sometimes encounter limitations in terms of yield, folding and
functionality.

An alternative approach involves the enzymatic digestion of monoclonal
antibodies to obtain Fabs [164—166]. This strategy offers the opportunity to conduct a
direct binding comparison between Fabs in IgG and Fabs within the prepared
bispecific antibody fragment. In this project, we employed enzymatic digestion of IgG
to obtain pure Fabs. The use of papain, a proteolytic enzyme with a molecular weight
of 23 kDa, has long been studied for the enzymatic digestion of 1gG. Papain is
originally derived from crude papaya (carica papaya) latex obtained from the unripe
papaya fruit [167]. It cleaves monoclonal antibodies above the hinge region, resulting
in the cleavage of the Fc (fragment crystallisable region) and the generation of two
Fabs. The enzymatic digestion process is illustrated in Scheme 5.

IgG antibody Crude digestion mixture Pure Fab

g ) Papain I k Purification ) k

Scheme 5: A scheme for the digestion of an IgG antibody using papain

Papain is an enzymatic non-specific thiol-endopeptidase composed of 212
amino acids and stabilised by three disulfide bonds [167]. Within its active site, papain
possesses a sulfhydryl group that requisites reduction to its active form for proteolytic
activity. Consequently, cysteine is used as a reducing agent in the digestion buffer
when employing papain. While papain is a non-specific endopeptidase, there are other
highly specific enzymes available, such as gingiskHAN and FabULOUS, which can
digest IgG at a single digestion site to obtain Fab. These enzymes have the advantage

of being easily removed from the digested IgGs, because of the optimised
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methodologies offered by Genovis. However, it is worth noting that the main drawback
of these specific enzymes is their considerably higher cost. For instance, to digest 100
mg of IgG, 200,000 units of gingisKHAN are needed at the cost of £10,000. This
expense limits their use in research, particularly when large quantities of Fabs are
required.

In the past, the enzymatic digestion of IgG was commonly carried out using a
soluble form of papain. However, this method presented several challenges, including
purification difficulties and the risk of over digestion of the antibody. Over digestion
can occur if the process is not properly controlled, resulting in breakdown of Fabs and
Fc into smaller fragments with limited use. This issue arises from non-specific nature
of the enzyme.

To address these challenges, immobilised forms of papain were developed,
wherein the enzyme is attached to agarose beads. Immobilization aids in purification,
as the enzyme can be easily removed via centrifugation. Despite the advantages of
obtaining pure Fab, using immobilised papain for IgG digestion also has limitations,
most notably slow digestion time (more than 7 h), and high cost which limits scalability
within a research setting, as experienced previously by our research group [168].

Considering these factors, it became necessary to revisit the use of soluble
papain during the first year of this PhD project. Reference experiments were first
conducted, wherein 10 mg of tocilizumab, bevacizumab and infliximab were digested
using immobilised papain. Figure 17 is an SDS PAGE gel showing the results of
digesting 10 mg IgG, after a 7 hour digestion, using immobilised papain. Digestion
mixtures (Figure 17, Lanes 2, 7 and 12) were further purified using a protein A column
to separate Fabs from the Fc. Fractions F1-F3 (Figure 17, Lanes 3-5, 8-10 and 13-15)
obtained from protein A columns, were for the purified Fabs. Protein A columns bind
to Fc and elute Fabs. Using elution buffer (Glycine, pH 2.0), the Fc and undigested
IgG were eluted from the protein A column, displayed in Figure 17, Lanes 6, 11 and
16.
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Figure 17: SDS PAGE gel of the digestion of infliximab, bevacizumab and tocilizumab using
immobilised papain (7 hour digestion time) 10 mg of each antibody was digested. Lane 1: Protein
marker, 2: Crude infliximab digestion mixture, 3: Pure Fabrix fraction 1 (F1), 4: F2, 5: F3, 6: E1, 7:
Crude bevacizumab digestion mixture, 8: Pure Fabegeva fraction 1 (F1), 9: F2, 10: F3, 11: E1, 12: Crude
tocilizumab digestion mixture, 13: Pure Fabrodii fraction 1 (F1), 14: F2, 15: F3, 16: E1.

As observed in Figure 17 (Lanes 3-5, 8-10 and 13-15), the digestion of 10 mg
of each antibody using immobilised papain resulted in the production of pure Fab.
However, even after a digestion time of 7 hours, traces of undigested IgGs and IgG
intermediates persisted in the crude digestion mixtures (Figure 17, Lanes 2, 7 and 12).
Small quantities of Fabs are also present in the eluent lanes (Figure 17, Lanes 6, 11
and 16). Further washing of the protein A column may allow these Fabs to be collected.
However further washing to try and obtain such a small quantity would not be
recommended as it would result in the final purified Fabs being further diluted.
Therefore, objectives were to reassess the soluble papain digestion process and
explore potential optimisation methods to facilitate scaling up to 100 mg of IgG.

The first set of experiments using soluble papain was to determine which
soluble form was most suitable as two forms of soluble papain are readily available.
The first form is a crude, impure form of papain and the second a highly pure
lyophilised form. An experiment to compare the two forms of soluble papain was
carried out. The result of a digestion of tocilizumab using crude soluble papain is
shown in Figure 18. Digestion was carried out for a total of 4 hours with samples taken

at different timepoints throughout.
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Figure 18: SDS PAGE gel of the digestion of 5 mg tocilizumab using a crude form of soluble papain for
a total of 4 hours. Lane 1: Protein marker, 2: 1 mg/mL tocilizumab, 3: 10 min, 4: 20 min, 5: 30 min, 6:
1hr,7:2hrs, 8: 4 hrs

As can be seen from Figure 18 (Lanes 3-8), tocilizumab was completely
digested into smaller fragments with possible Fabs and reduced Fabs being present.
It was concluded that complete digestion had occurred due to the lack of a band at
approximately 160 kDa in Figure 18 Lanes 3-8. Smaller over digested fragments are
also present in the same lanes at low molecular weights, over digestion is a known
issue when using soluble papain to digest IgGs [169,170]. These fragments are

illustrated in Figure 19.
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Figure 19: Possible antibody fragments obtained during digestion of an IgG using papain

In this experiment, iodoacetamide was added to each sample with the aim of
blocking the activity of papain [171] to halt the digestion process. This addition was
intended to allow for the evaluation of different digestion times. lodoacetamide is
commonly used as an alkylating agent to modify cysteine residues and prevent
disulfide bond formation. In the context of papain digestion, iodoacetamide was used
to modify any remaining cysteine residues in the papain, affecting the activity of the
enzyme.

It was observed that the addition of iodoacetamide did not effectively cease the
digestion process, as visually all the samples taken at different digestion times (Figure
18, Lanes 3-8) appeared similar. If the activity of the enzyme was blocked
successfully, clear differences would have been expected. For example, after 10
minutes of digestion, a significant amount of undigested tocilizumab would have
remained, with the quantity decreasing as time progressed and more digestion
products formed. A key finding from this experiment however was the rapid rate at
which the crude form of soluble papain digested tocilizumab. The antibody was
completely digested within 4 hours, which is twice as fast as comparable digestions
performed with immobilised papain.

Another form of soluble papain available was lyophilised soluble papain. In this
experiment the pH of the samples taken at different timepoints was adjusted to pH 2.0
to halt the activity of papain after digestion time. The samples were also frozen to
further halt the digestion. No iodoacetamide was used in this experiment. A pH of 2.0

was chosen as the enzymatic activity is greatly reduced or possibly halted at such an
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acidic pH recommended in [172], the ideal pH for papain activity is 7.0. The result of
a digestion of tocilizumab with lyophilised soluble papain with adjusted pH 2.0, is
shown in Figure 20.
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Figure 20: SDS PAGE gel of the digestion of 5 mg tocilizumab using a lyophilised form of soluble
papain for a total of 4 hours. Lane 1: Protein marker, 2: 1 mg/mL tocilizumab, 3: 10 min, 4: 20 min, 5:
30 min, 6: 1 hr, 7: 2 hrs, 8: 4 hrs.

As can be seen from Figure 20, tocilizumab has been completely digested.
Again, visually the samples taken at different timepoints (Figure 20, Lanes 3-8) are
similar with the greatest concentration of protein being over digested. This means that
adjustment of pH and subsequent freezing did not halt the digestion process. Further
reading of literature revealed that papain’s activity may actually retain up to 50% of its
residual activity at pH 2.0 [173] meaning the previous literature stating papain activity
is reduced at low pH may be incorrect [172]. Over digestion of IgG was observed after
10 minutes incubation with lyophilised soluble papain at 37°C, over digestion was also
observed after 10 minutes when using crude papain however to a lesser degree.

After completion of these two experiments, it was decided to use lyophilised
soluble papain. This was because of two reasons, firstly the lyophilised papain
digested IgGs faster than the crude papain and secondly because of its purity. Crude
papain was impure, upon dissolving it in the digestion buffer it appeared to be a cloudy
solution as shown in Figure 21 whereas lyophilised papain appeared to be a clear

solution when it was dissolved in water.
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Figure 21: Appearance of a crude papain solution. Crude papain was dissolved in digestion buffer at a
concentration of 6.5 mg/mL.

The separation and purification of papain from the digestion mixture posed an
additional challenge when utilising soluble papain, whether in crude or lyophilised
form. Unlike, immobilised papain, which can be easily removed from the digestion
mixture through centrifugation, soluble papain cannot be removed using this method.
Consequently, when using soluble papain, it was not possible to analyse the digestion
mixture in SDS PAGE without papain being present. This limitation hindered the
characterization of the digestion mixture without the interference of papain, as
demonstrated in [9], where immobilized papain was used.

It was important to investigate what purification technique could be used to
remove the used papain and yield pure Fabs using a soluble papain digestion process.
Initially CH" affinity chromatography was used to purify the digestions. CH" affinity
resins bind to the CH" region present on a Fab allowing separation of Fabs and IgGs
from a reaction mixture [174], Figure 22 shows an SDS PAGE gel from the CH’
purification of tocilizumab digested with lyophilised soluble papain for 20 minutes. It
should be noted that from here on the term soluble papain refers to the lyophilised

form of the enzyme, the crude form was no longer experimented with.
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Figure 22: (A) CH' chromatogram from the purification of tocilizumab digested using soluble papain.
(B) SDS PAGE gel of CH' purification of tocilizumab digested using soluble papain (5 mg scale, 20 min
digestion time), Lane 1: Protein marker, 2: Peak 1, 3: Peak 2 fraction 1 (F1), 4: F2, 5: F3, 6: F4, 7: F5,
8: F6,9: F7,10: F8, 11: F9. Peak 2 fractions were collected every minute between 22.70-30.70 min of
method run time.

As shown in the gel no bands are present for fraction collected for peak 1
(Figure 22B, Lane 2) despite a peak being present on the chromatogram. It was
expected that the Fc or subunits of the Fc would be present in this fraction because it
does not contain a CH' group and therefore would not bind to the column. Some of
the fractions collected for peak 2 (Figure 22B, Lanes 5-9) contain bands that relate to
the molecular weights of Fabs and reduced Fabs, for visualisation the bands
corresponding to the Fabs have been annotated with a picture of a Fab. Also within
these lanes are smaller molecular weight entities which are likely to be the result of
over digestion.

Faint bands are also present at a higher molecular weight than the Fab bands,
these bands relate to undigested or partially digested IgG. However, judging by the
faintness of these bands most of the parent tocilizumab was digested. To further purify
the possible Fab fragments, the fractions (Figure 22B, Lanes 5-9) were combined and
concentrated to a volume of 0.5 mL and injected onto a SEC column. The results of
the SEC purification are shown in Figure 23 below.

70



260 kDa

160 KDa | w e
110 kDa
80kDa

60kDa

PEG-Fab

Possible Fabs =
Possible Fabs

50kDa [:]
40kDa E

Possible reduced Fabs
30kDa
20kDa S
15kDa
10kDa

,T T

Collection start Collection end 1 2 3 4 5 6 7 8 9 10
(9.30mL) (14.76mL)

Figure 23: (A) SEC chromatogram from the purification of lanes 5-9, Figure 22B. (B) SDS PAGE gel
of the SEC purification of lanes 5-9, Figure 22B, Lane 1: Protein marker, 2: Fraction 1 (F1), 3: F2, 4:
F3,5: F4,6: F5,7: F6, 8: F7, 9: F8, 10: Conjugation of possible Fabrocii to a PEG20 bis-sulfone reagent
8. Fractions were collected every 30 seconds between 9.30-14.76 mL of method volume.

As can be seen in lanes 4-7 (Figure 23B) SEC was able to purify most of the
higher molecular weight bands from the possible Fab and reduced Fab. The quantity
of Fab fragments was measured via UV absorption at 280 nm and a yield calculated,
which in this case was 17%. This yield is significantly lower than what can be obtained
when digesting tocilizumab using immobilised papain with yields of 50% being
achieved consistently. The poor yield could be attributed to the binding capacity of the
CH?" resin. During this experiment a pre packed column containing CaptureSelect CH'
affinity resin was used however the manufacturer has since released an improved
version which in its datasheet states it has improved binding capacity [175] using the
improved resin may help to improve yield. Before trying that however the Fabs
obtained during this experiment were used for a conjugation experiment to assess the
integrity of the Fab interchain disulfide bonds. Fabrocii was conjugated to a PEGzo bis-
sulfone reagent 8 (Figure 24). The synthesis and functionality of reagent 8 is described
in greater detail in Chapter 4.
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Figure 24: Structure of the PEG bis-sulfone reagent 8 used for the conjugation of Fabrocii obtained from
the digestion of tocilizumab with soluble papain.

This experiment was carried out to check if the terminal disulfide bond present
on the Fab remained healthy after digestion. The results of the conjugation are shown
in Figure 23B, Lane 10. As can be seen very little PEG-Fab has formed suggesting
there may be a problem with the Fab disulfide and that it has become damaged during
digestion.

Because of the poor yield and conjugation experiments, a different approach
was proposed to purify the soluble papain digestion mixtures. It was thought to try and
mimic the purification method used for digestions using immobilised papain by using
a prepacked Protein A column. Protein A binds to the Fc of IgGs meaning separation
of the Fabs and Fc should be possible especially as this is an established purification
technique. Figure 25 below shows an SDS PAGE gel and a chromatogram from the

purification of a soluble papain digestion using Protein A chromatography.
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Figure 25: (A) Protein A chromatogram from the purification of tocilizumab digested using soluble
papain. (B) SDS PAGE gel of protein A purification of tocilizumab digested using soluble papain (5 mg
scale, 20 min digestion time), Lane 1: Protein marker, 2: Peak 1 fraction 1 (F1), 3: F2, 4: F3, 5: F4, 6:
F5, 7: F6, 8: Peak 2. Peak 1 fractions were collected every 30 seconds between 1-3 min of method run
time.
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In the SDS-PAGE gel (Figure 25B, Lane 4) two bands at approximately 25 and
12.5 kDa are visible. The 25 kDa band corresponds to the expected molecular weight
of reduced Fabs. The 12.5 kDa band suggests the presence of a single heavy or light
chain fragment, an indication of over digestion caused by the non-specific nature of
papain. These bands are also observed in lanes 5-7.

Over digestion occurs because while protein A separates Fab from Fc, it is
unable to separate Fab from papain. In Figure 25A, Peak 1 consists of unbound
fragments lacking an Fc. However, within this unbound material, papain is still present
as it does not bind to protein A resin. Consequently, post-purification, the Fab remains
in solution with the enzyme, resulting in over digestion.

An alternative purification resin used in this study was Protein L. Protein L can
bind specifically to the kappa light chain present in Fab fragments. By employing this
type of affinity chromatography, it was anticipated that the soluble enzyme could be
separated from the Fab, as papain is not expected to bind to the protein L resin. In the
next section, the results of the soluble papain digestions, purified using Protein L

resins, will be presented.
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Protein L chromatography for the purification of soluble papain digestion

Initially small-scale digestions using 5 mg of tocilizumab were carried out and the
digestion mixtures purified using a Protein L column. Figure 26 shows an SDS PAGE
gel of 3 digestions of tocilizumab after purification of the crude digestion mixtures with

a protein L column and a typical chromatogram generated using this methodology.
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Figure 26: (A) Protein L chromatogram from the purification of tocilizumab digested using soluble
papain. (B) SDS PAGE gel of protein L purification of tocilizumab digestions using soluble papain (5
mg scale, 30, 40 and 50 min digestion time), Lane 1: Protein marker, 2: 30 min flow through, 3: 30 min
elution, 4: 40 min flow through, 5: 40 min elution, 6: 50 min flow through, 7: 50 min elution.

The results depicted in Figure 26B illustrate that increasing the digestion time
leads to more complete digestion, as evidenced by the absence of undigested IgGs
and intermediates at the 40- and 50-minute digestion times. The desired Fab fractions
are present as shown by the band observed between 40-50 kDa in Figure 26B, lanes
3, 5 and 7. Additionally, a band of lower molecular weight, approximately 25 kDa is
visible in these lanes, representing the reduced form of the Fab. The chromatogram
(Figure 26A) exhibits two distinct elution peaks, indicating effective separation of
molecules containing the kappa light chain and those lacking it. To ensure the removal
of any high molecular weight impurities, the elution fractions underwent further
purification using SEC. The yield of purified Fab following each digestion was

calculated using the UV absorption at 280 nm. The yields are summarised in Table 7.
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Amount of
Digestion time (min) Yield (%)
Fab (mg)
30 1.23 37
40 1.1 34
50 1.35 41

Table 7: Yields of purified Fab fragments from the digestions of 5 mg tocilizumab, 30, 40 and 50 minute
digestion times.

The yields obtained in this set of experiments were higher compared to those
observed previously when CH1 column was used. The yields for the digestions were
closer to the expected values obtained when digesting tocilizumab using immobilised
papain. Among the various digestion times evaluated, a 50 minute digestion time gave
the highest yield and therefore was deemed the most suitable digestion time going
forward. This is likely due to the longer digestion time ensuring complete digestion of
the IgG, thereby maximising yield of Fab.

The subsequent step in this experiment involved using some of the obtained
Fabs in a conjugation experiment using bis-alkylating reagents to assess the integrity
of the interchain disulfide bonds. Fabracii was conjugated to a PEG bis-sulfone reagent
8, Two separate conjugations were performed with 5 kDa MW and 10 kDa MW variants

of the PEG bis-sulfone reagent 8 (Figure 27).

75



260 kDa
160 kDa

110 kDa

80 kDa PEG-Fab

PEG-Fab

PA- O PN

60 kDa

50 kDa

40 kDa

30 kDa

20 kDa

15 kDa
10 kDa

1 2 3 4 5

Figure 27: SDS PAGE gel of the conjugation of 0.5 mg Fabrociii prepared using soluble papain to PEG10
and PEGs bis-sulfone 8 using 1.5 molar equivalents of PEG reagent at pH 7.6. 6-hour conjugation time
and a representation of a PEG-Fab molecule, Lane 1: Protein marker, 2: Fabrocii, 3: reduced Fabrocii,
4: conjugation to PEG1o bis-sulfone 8, 5: conjugation to PEGs bis-sulfone 8.

As seen in Figure 27, the Fabs prepared and purified using protein L
chromatography were able to conjugate to both the PEG10 and PEGs bis-sulfone
reagents 8 to form two PEG-Fabrocii conjugates of differing molecular weights, Figure
27 (Lanes 4 and 5). The PEG1o-Fabrocii highlighted in lane 4 was approximately 60
kDa MW (50 kDa Fab + PEG1o bis-sulfone 8) and the PEGs-Fabrocii highlighted in lane
5 was approximately 55 kDa MW (50 kDa Fab + PEGs bis-sulfone 8). This
demonstrated that the interchain disulfide bond in the prepared Fabs, remained
healthy and intact and could react with the bis-alkylating functional group of the PEG
bis-sulfone reagent 8.

Different antibodies including bevacizumab and infliximab were subjected to
digestion using soluble papain and subsequently purified using a Protein L column.
Bevacizumab was selected due to its binding affinity to VEGF, which is a relevant
ocular target. Moreover, bevacizumab demonstrated favourable properties in surface
plasmon resonance (SPR) assays compared to another VEGF-binding molecule,
ranibizumab (Chapter 5, Figures 87 and 88). Unlike ranibizumab, which exhibits a
significantly slow dissociation rate from VEGF, making it a challenging molecule to
study in SPR assay, bevacizumab does not possess this problem. Figure 28 features
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an annotated chromatogram that represents a typical Protein L purification process
applied to a bevacizumab digestion. Additionally, an SDS-PAGE gel provides
characterisation of the flow-through and elution fractions obtained from digestion times

of 30, 40 and 50 minutes.
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Figure 28: (A) Protein L chromatogram from the purification of bevacizumab digested using soluble
papain. (B) SDS PAGE gel of protein L purification of bevacizumab digestions using soluble papain (5
mg scale, 30, 40 and 50 min digestion time), Lane 1: Protein marker, 2: 30 min flow through, 3: 30 min
elution, 4: 40 min flow through, 5: 40 min elution, 6: 50 min flow through, 7: 50 min elution.

As can be seen from Figure 28B, extending the digestion time led to a more
comprehensive digestion, as evidenced by the absence of undigested IgGs and
intermediates. This result aligned with the observations made during the 5 mg

digestions of tocilizumab. The % yields of purified Fabgeva are summarised in Table 8.

Amount of
Digestion time (min) Yield (%)
Fab (mg)
30 1.76 53
40 1.32 40
50 1.15 35

Table 8: Yields of purified Fab fragments from the digestions of 5 mg bevacizumab, 30,40 and 50
minute digestion time.
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In contrast to the observations made with the tocilizumab digestions, it is
noteworthy that a shorter digestion time has resulted in a higher yield for bevacizumab.
The exact reason for this discrepancy remained unknown, but one possible
explanation could be that the kappa light chain regions of bevacizumab are
comparatively less stable than those of the tocilizumab molecule. As the digestion time
increases, it is plausible that papain may cause damage to the bevacizumab kappa
light chains, thereby reducing the binding capacity of the Fab fragment to the Protein
L column. Consequently, some of the Fabs could be washed off the column and elute
in the flow-through fraction. The % yields obtained after a 30 minute digestion time
were comparable to the yields observed when digesting bevacizumab with
immobilised papain.

It has been demonstrated that tocilizumab and bevacizumab can be digested
at small scale (5 mg). From here the next step was to digest these antibodies using

soluble papain but at a larger scale.
Large scale digestions of IgG antibodies using soluble papain

Soluble papain digestions have demonstrated significantly faster processing times
compared to immobilised papain (up to 50 min vs up to 8 hrs) and have also shown a
considerable reduction in cost, with the soluble enzyme being approximately 90 times
cheaper. To expand the scope of this methodology, large-scale digestions of
antibodies were undertaken, scaling up to 100 mg IgG. The success of large-scale
digestions would enable the preparation of larger quantities of bispecific antibody
mimetics, as a greater number of starting Fab would be available. However, a
modification was required for the protein L purification methodology to accommodate
the larger sample size necessary for these scale-up experiments.

In a 5 mg digestion, the digestion sample volume of 1.7 mL can be easily
injected onto the column using a 5 mL sample loop. However, for a 100 mg digestion,
the sample volume increases to 34 mL, making it impractical to find a sample loop for
such a volume. Therefore the methodology was adjusted to apply the sample to the
system via buffer valve, following the instructions provided in the AKTA prime plus
instruction manual [176] (page 51). By utilizing the buffer valve there is no limit to the
volume of sample that can be applied, offering the potential to scale the method
beyond 100 mg. The first antibody to undergo large-scale digestion was tocilizumab.
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Digestion of 100 mg of tocilizumab

Tocilizumab was chosen for the 100 mg digestion experiment due to its availability
within our research group and its relevant therapeutical use within the eye. Although
not approved specifically for use in the eye, it has been used off-label to treat non-
infectious uveitis [177] because of its binding to pro-inflammatory IL-6R. Figure 29

shows the results of a 100 mg digestion of tocilizumab and subsequent purification

using a protein L column.
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Figure 29: (A) Protein L chromatogram for the purification of a 100 mg tocilizumab digestion mixture,
using soluble papain. (B) SDS PAGE analysis of flow through and elution fractions from the protein L
purification, Lane 1: Protein marker, 2: parent tocilizumab, 3 and 4: flow through fractions containing
Fc fragment and papain, they were collected in two parts due to the size of the column, 5: elution fraction
containing Fabs and undigested IgG, 6: silver-staining of the purified Fab after SEC, reduced-Fab at 25
kDa observed due to presence of cysteine in the digestion buffer.

The flow-through and elution peaks shown in Figure 29A exhibit a similar
pattern to what was observed in smaller-scale digestions of tocilizumab (Figure 26).
The separation of the Fc and papain from the desired Fab fragments is evident, with
the only distinction being the larger peak sizes due to the increased quantity of
digested tocilizumab injected onto the protein L column. The flow-through fraction was
substantial enough that it had to be collected in two samples for analysis, as shown in
Figure 29B Lanes 3 and 4. In Figure 29B Lane 5, the elution fraction is displayed, and
most of the Fabs appeared in a reduced form due to the presence of cysteine. The
relatively poor resolution of the SDS PAGE for the elution fraction is attributed to its

high concentration. Ideally, the elution fraction should have been diluted prior to SDS

PAGE to give better resolution.

Subsequently, the elution fraction underwent further purification using SEC.
Figure 29B Lane 6 showcases the silver staining of the final purified Fab. Although,

the lane contains a small amount of reduced Fab due to the reduction of the disulfide
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bond by cysteine which is present in the digestion buffer, the purified Fab solution itself
does not contain cysteine. It is important to note that the reoxidation of the terminal
disulfide bond does not happen instantaneously upon removal of the reducing agent.

A vyield of 57.7% was achieved from this digestion, which was comparable to
the yields obtained from small-scale soluble papain digestions. This yield
corresponded to 38.5 mg of purified Fab which were stored in 1 mg aliquots at -20°C.
Stability studies demonstrated that the Fabs remained stable for at least 5 months at
-20°C shown in the SDS PAGE shown in Figure 30. Conjugations performed with
these Fabs using bis-alkylating PEG reagents to assess if the interchain disulfide bond
remained intact and healthy, results presented in the following chapter (Chapter 4).
Protein-protein interaction experiments (Chapter 5) have also been performed with
molecules containing these Fabs.
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Figure 30: SDS PAGE gel showing the storage stability at -20°C of Fabs obtained from a 100 mg
digestion of tocilizumab up to a 5 month timepoint, Lane 1: Protein marker, 2: Initial, 3: 5 months storage
at -20°C

The 100 mg digestion of tocilizumab successfully showed that the soluble
papain methodology could digest an IgG at large scale. It was then thought to perform
another large scale digestion with a different antibody to ensure reproducibility. The

anti-VEGF 1gG, bevacizumab, was then selected.
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Digestion of 37.5 mg of bevacizumab

Unfortunately, only 37.5 mg of bevacizumab was available for this experiment,
however this amount is still significantly larger than the 5 mg bevacizumab digestions
performed previously. Figure 31 shows the results of a 37.5 mg digestion of

bevacizumab in the form of a protein L chromatogram and SDS PAGE gel.
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fragment and undigested
antibody, Figure 8B Lane 5
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Figure 31: (A) Protein L chromatogram for the purification of a 37.5 mg bevacizumab digestion mixture,
using soluble papain. (B) SDS PAGE analysis of flow through and elution fractions from the protein L
purification and conjugation of the final purified Fab to a PEG10 bis-sulfone reagent 8, Lane 1: Protein
marker, 2: parent bevacizumab, 3 and 4: flow through fractions containing Fc fragment and papain, they
were collected in two parts due to the size of the column, 5: elution fraction containing Fabs, most the
Fabs are in the reduced form due to the presence of cysteine in the digestion buffer, 6: Protein marker,
7:Purified Fabepeva, 8: Reduced Faboeva, 9: Fabeeva conjugated to a PEG10-B1 reagent.

The flow through and elution peaks observed in Figure 31A exhibited a similar
profile to what was shown in Figure 29A, indicating clear separation. The SDS PAGE
analysis of the flow through (Figure 31B Lanes 3 and 4) fractions and the elution
(Figure 31B Lane 5) fractions resembled the results observed in Figure 29B, showing
the reproducibility of the larger-scale method. A yield of 50% was achieved in this
experiment.

In Figure 31B lanes 6-9, a conjugation of the final purified Fabbeva to a PEG10
bis-sulfone reagent 8 was displayed. The gel shows the purified Fab after further SEC
purification (lane 7), that the Fab’s disulfide bond reduces after being treated with DTT
(lane 8) and finally the successful formation of a PEG1o-Fabyeva conjugate (lane 9).

Binding of Fabs prepared using soluble papain and purified using a protein L
column were further analysed using SPR kinetic assays with results being presented
in Chapter 5.

In addition to bevacizumab and tocilizumab, which are humanised antibodies,

we aimed to expand the application of the soluble papain method to other antibody
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formats. Therefore, we conducted small-scale digestion of infliximab, a chimeric I1gG
antibody, and aflibercept, a Fc-fusion protein. In the next section, the results of small-

scale digestions (up to 10 mg protein) of infliximab and aflibercept are presented.
Digestion of infliximab and aflibercept using soluble papain

Infliximab is a chimeric IgG and differs from humanised antibodies as it comprises of
a mouse IgG with human complimentary determining regions (CDRs) grafted in place
of the mouse CDRs. It has been reported that immobilised papain can successfully
digest chimeric IgGs [178], hence it was worthwhile to see if soluble papain can also
be suitable. Figure 32 shows SDS PAGE gels from digestions of 5 mg infliximab for
25 (Figure 32A) and 35 (Figure 32B) minutes.
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Figure 32: SDS PAGE gels showing digestions and purifications of 10 mg infliximab digested with
soluble papain for 25 and 35min. (A — 25 min digestion time) Lane 1: Protein marker, 2: parent
infliximab, 3: protein L flow through, 4: protein L elution, 5: final purified Fab. (B — 35 min digestion
time) Lane 1: Protein marker, 2: parent infliximab, 3: protein L flow through, 4: protein L elution, 5: final
purified Fabinixi.

In both Figure 32A and 32B, the digestion of infliximab using soluble papain is
demonstrated. The flow through and elution fractions obtained from both digestions
exhibited similarities to previous observations during the digestions of tocilizumab and
bevacizumab in that clear flow-through and elution peaks were observed. The 35
minute digestion appeared to be more complete than the 25 minute digestion time.

This was evident from presence of undigested intermediates in the elution fraction
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from the 25 minute digestion (Figure 32A, Lane 4), while the 35- minute elution fraction
showed no such intermediates. (Figure 32B, Lane 4).

After subjecting the digested samples to further purification using SEC, pure
Fabinfixi fractions (Figure 32A, Lane 5 and Figure 32B Lane 5) were isolated for both
the 25 and 35 minute digestion. However, it is important to note that the yields obtained
from both the 25 minute and 35 minute digestions of infliximab were considerably
lower when compared to digestions of humanised IgGs. Specifically, the 25 and 35-
minute digestions yielded 12.8% and 21.0% respectively.

A potential explanation for this discrepancy in yields could be attributed to the
greater thermal stability [179] and physical stability [180] exhibited by humanised
antibodies as compared to chimeric antibodies such as infliximab. These factors could
potentially affect the efficiency of the digestion process and subsequent purification
steps, resulting in lower yields.

Aflibercept, an Fc fusion protein, was also selected to evaluate if it can be
digested using soluble papain. Figure 33 shows an SDS PAGE gel for the digestion
and purification of 5 mg of aflibercept using soluble papain with 30 minutes of digestion
time. For the purification, a combination of IEX and protein A was employed. Since
aflibercept lacks kappa light chains and does not bind to protein L, IEX was first utilized
to separate the digested aflibercept from papain. During the IEX process, papain does
not bind to the column, while the digested aflibercept does, allowing for their
separation.

Upon examining the IEX elution fractions (Figure 33, Lanes 3-10), it was evident
that IEX alone was unable to completely purify the mixture, resulting in a combination
of fragments. It is plausible that one of fragments corresponded to the Fc of aflibercept.
To address this, protein A was chosen as a secondary purification step, as it binds to
Fc regions, enabling further separation. Figure 33, Lane 11 depicts the final purified
product obtained through this approach.

Based on its molecular weight, it appeared that this fragment may represent a
single receptor binding region from the aflibercept molecule, lacking the necessary
disulfide bonds. Consequently, this fragment does not hold any utility for site-specific
conjugation or for my research purposes. To validate this hypothesis, conjugation of
the fragment to a PEG bis-sulfone reagent 8 reagent could provide conformation.

83
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e N digestion of aflibercept (5 mg) using soluble
80 kDa u papain (30 min), and purification fraction

after |IEX elution fractions were further
purified using a protein A column. Lane 1:
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flow through, 12: Protein A elution.
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Conclusions

A digestion methodology utilising a soluble form of papain has been shown to
be an effective way to obtain pure Fabs. Key to the success of the methodology was
the correct choice of purification conditions. The use of protein L resin allowed fast
effective separation of the soluble enzyme and Fc from the desired Fabs. A secondary
purification using SEC allowed any higher molecular weight molecules containing
kappa light chains to be separated from the Fabs. Key advantages of using soluble
papain over immobilised papain were faster digestion speed, significantly reduced cost
of enzyme and finally, and most critically, scalability with no loss in digested yield.
Digestions using soluble papain have been performed using up to 100 mg of
tocilizumab as starting material. Fabs obtained from the 100 mg digestion of
tocilizumab have been shown to contain healthy disulfide bonds and are stable for up
to 5 months. Bevacizumab was also digested using soluble papain up to a scale of
37.5 mg. Alongside the two humanised IgGs tocilizumab and bevacizumab, the
chimeric 1gG infliximab was also digested albeit with lower final isolated Fab yields of
approximately 20%.

Fabs are required for the preparation of both monospecific and bispecific FpF
molecules. The soluble papain digestion methodology allows for large quantities of
Fabs to be obtained quickly and cheaply. This allows greater time to focus on FpF
preparation and characterisation. Also, the scalability of the method means that if the
preparation of the FpFs themselves was to ever be scaled up, the quantities of Fab
required should not be a stumbling block. Fabs obtained from soluble papain

digestions are used in the following chapter which focuses on conjugation activities.
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Chapter 4 — Preparation of bispecific

antibody mimetics
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Conjugation experiments were first conducted with the PEG bis-sulfone reagent 8
[161,168] with Fabs that were obtained by the enzymatic digestion of full antibodies
that had been obtained as leftovers from clinic (described in Chapter 3). Ranibizumab,
which is a Fab (also termed Fabrani), was used directly. It was difficult to obtain enough
ranibizumab from clinical left-overs as each vial would contain less than ca 30 mL. It
was necessary to evaluate the mono-functionalised bis-sulfone reagent 8 (Figure 34)
to gain experience and to understand what was achievable with the associated

conjugation and purification methodologies experiments.
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Figure 34: Chemical structure of the PEG bis-sulfone reagent 8

Preparation of the PEG bis-sulfone reagent 8 was achieved by following
published methods [181] that were modified by using a mixed anhydride coupling
reagent 9, 2-Isobutoxy-1-isobutoxycarbonyl-1,2-dihydroquinoline (1IDQ) (Scheme 6).
Since the precursor PEG molecular weight can be varied, specific reagents will be
denoted as follows: PEG1o0-bis sulfone 8 is the mono-functionalised reagent derived
from a 10 kDa PEG precursor (e.g. PEG amine 10 in Scheme 6 below). Synthesis of
the carboxylic acid bis-sulfone precursor 11 was accomplished by published

procedures [181] and was provided by colleagues in our research group.
AR AT
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Scheme 6: Synthesis of mono functional PEG bis-sulfone reagents 8.

Scouting conjugations with ranibizumab were conducted using PEG1o-bis
sulfone 8 (Figure 35). The interchain disulfide in ranibizumab was first reduced with
dithiothreitol (DTT) and carefully eluted over a PD10 column to remove excess DTT

while minimising reoxidation of the interchain disulfide. The starting Fab with the intact
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oxidised interchain disulfide appears as a band at approximately the 50 kDa marker.
The reduced interchain disulfide Fab appears between the 20 and 30 kDa markers in
the non-reducing SDS-PAGE gels shown in Figure 35. Once the Fab interchain
disulfide is reduced and mixed with SDS (sodium dodecyl sulfate), which is an anionic
surfactant that coats polypeptides, the tight, non-covalent interactions between the
Fab light and heavy chains are disrupted and separated. Since each individual chain
is about 25 kDa, the reduced Fab appears as a single band at approximately 25 kDa.
When Fab is exposed to only DTT, there are no protein denaturing agents such as
SDS in solution, so the light and heavy chains maintain their non-covalent interactions.
This means the Fab remains intact as a 50 kDa protein in solution. However, it is
imperative to remove excess DTT from solution as any thiol exchange reagent will
undergo reaction with any thiol reactive conjugation reagent, including bis-sulfone
reagents.

The SDS-PAGE gels conducted throughout this PhD were all non-reducing gels
which allow monitoring of the extent and maintenance of the reduction of the Fab
interchain disulfide. Reoxidation of the Fab interchain disulfide means conjugation with
the bis-sulfone conjugation moiety is greatly inhibited. Bis-sulfone reagents 8 do not
readily undergo reaction with polypeptide amines at pH values where free thiols
undergo reaction, so knowledge about the presence of the reduced Fab is important
to monitor the extent of conjugation. If the extent of conjugation is low (i.e low
conjugation conversion) and there is knowledge about the reduced interchain Fab
present, then it is not possible to know whether low conjugation conversion is due to
a problem with the purity of the bis-sulfone reagent or the absence of cysteine free
thiol from the Fab, which can occur by re-oxidation of the Fab interchain disulfide.
Interchain disulfide reoxidation can occur when there is oxygen or metal contamination
during DTT removal. Being able to monitor the disappearance of the reduced Fab and
appearance of the expected conjugate product is important for optimising scouting

experiments.
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Figure 35: SDS PAGE gel showing the conjugation of 0.3 mg ranibizumab per conjugation (0.3 mg/mL
ranibizumab concentration) with varying stoichiometries of PEG+o-bis sulfone 8 Ph 7.6 for 2-, 3- and 18-
hour conjugation times. (A) Coomassie blue stain and (B) barium iodide stain; Lane 1: Protein marker,
2: ranibizumab, 3: reduced ranibizumab, 4: 1.5 eq. reagent 8, incubate 2 h, 5: 1.5eq. 3 h, 6: 1.5eq. 18
h,7:2eq.2h,8:2eq.3h,9:2eq. 18 h,10: 25eq. 2 h,11: 2.5eq. 3 h,12: 2.5 eq. 18 h.

As can be seen from Figure 35 the PEG10-Fab conjugate appears as a band at
approximately 70 kDa and is present in all the conjugation lanes (Lanes 4-12). The
PEG has a more extended conformation in solution than that of a polypeptide with its
repeating amide structure, so PEG migrates less than what is anticipated by the
protein markers used in SDS-PAGE. Generally, PEG molecular weight in mono-PEG
protein conjugates appears at about 2x in SDS-PAGE than the actual PEG molecular
weight [150]. In the current example for PEG1o-Fabrani conjugate, the Fab contributes
~50 kDa and the PEG1o which is 10 kDa, appears to contribute 20 kDa ((50+20)
kDa=70 kDa) to the SDS-PAGE band that is observed for the conjugate.

As the stoichiometry of the PEG1o bis-sulfone reagent 8 was increased there
was a decrease in the presence of the reduced Fab, indicating an increase conversion
to the PEG1o0-Fab conjugate. There was also the formation of two higher molecular
weight bands, the first at approximately 100-110 kDa is thought to be PEG+1o dimer of
the Fab which is formed by the reaction of a second molecule of the PEG1o bis-sulfone
8 with the Fab. Since conjugation occurs by a series of addition and elimination steps
(Scheme 1, Chapter 1), after addition of the first PEG10 bis-sulfone 8 to one of the
interchain cysteine thiols, elimination of the second sulfone must occur followed by
addition of second cysteine thiol to give the desired bridged conjugate. It is possible

that a second PEGo bis-sulfone 8 adds to the second cysteine thiol before re-bridging
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of the first molecule of the reagent has occurred. This competitive reaction would give
a Fab conjugated to two PEG molecules. Rates of sulfone elimination from the PEG
reagent and rates of conjugation are dependent on temperature, incubation times, and
concentrations of protein and reagent [150]. The need to optimize protein conjugation
conditions is necessary for all types of conjugation reagents and tends to be protein
dependent.

The faint band (Figure 35) that can be observed at higher molecular weights
(~130 kDa) for the experiments conducted with the higher PEG1o bis-sulfone 8
equivalence and conjugation incubation times is thought to be non-specific
conjugation of at least another molecule of the PEG1o bis-sulfone 8 probably to the
unbridged PEG dimer conjugate of Fabrani. As reagent stoichiometry and conjugation
incubation time increases, the amount of free Fabrani decreases resulting in the
formation of undesired conjugates. Prior work on the PEGylation of Fabs with the PEG
bis-sulfone reagent 8 shows that optimal conditions result in high conversion (> 80%)
to the PEG-Fab conjugate which can be easily purified to good yields by ion exchange
chromatography [150,161,182]

Additional scouting reactions with ranibizumab were conducted with PEG bis-
sulfone reagent 8 (Figure 36). Three different pH values and conjugation reagent
derived from two different molecular weight PEG precursor amines were used: PEG1o
and PEGz2o bis-sulfone 8. Figure 36A (2 h incubation time) shows that conjugation
proceeds more quickly at higher pH for both PEGylation reagents (Figure 36A Lanes
4-6 and 7-9). The same conjugations were allowed to undergo incubation for 18 hours
(Figure 36B Lanes 2-4 and 5-7). The greatest quantity of conjugate has formed at pH
8 (Figure 36B, Lane 6). This is indicated by the densest PEGzo-Fabrani band and by
the fact that the pH 8 lanes contain the smallest quantity of remaining reduced Fab
with little evidence of the presence of reoxidised Fabrani. Conjugations proceed faster
and to greater completion at pH 8 for both the 10 and 20 kDa reagents in these

scouting experiments.
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Figure 36: (A) SDS PAGE gel showing the conjugation of 0.3 mg ranibizumab per conjugation (0.3
mg/mL) to 1.5 eq. PEG10 and PEGz2o bis-sulfone 8 at pH 6, 7 and 8 after (A) 2 hours conjugation time
and (B) 18 hours conjugation time. (A) Lane 1: Protein marker, 2: ranibizumab, 3: reduced ranibizumab,
4: pH 6 PEG10, 5: pH 7 PEGHo, 6: pH 8 PEG10, 7: pH 6 PEG20, 8: pH 7 PEG20, 9: pH 8 PEG20. (B) Lane
1: Protein marker, 2: pH 6 PEG1o-, 3: pH 7 PEG10-, 4: pH 8 PEGHo, 5: pH 6 PEG20, 6: pH 7 PEG2o, 7:
pH 8 PEG2o.

There is a limit to how high a pH value should be used to conduct conjugations
with thiol specific reagents such as the bis-sulfone reagents. Increasing the pH in
excess of 8.0 can result in the deprotonation of lysine ammonium ions resulting in non-
specific conjugation. While use of pH 8 and above can certainly result in the formation
of di or multi-PEG conjugation, it is also possible that the mono-PEG Fabrani conjugates
will comprise a mixture of the desired re-bridged thiol conjugate along with non-specific
mono-PEG Fabrani conjugates. Increased hydroxide concentration may also cause
hydrolysis of the bis-sulfone reagent which essentially kills the reagent to further re-
bridging conjugation to the protein. One encouraging observation of the scouting
reaction shown in Figure 36 is there appears to be a relatively wide process window
for conjugation. Figure 36B (Lanes 2-7) show that conjugation does occur between pH
6-8 for both bis-sulfone reagents and that no higher molecular weight conjugates
appear to have formed.

Ranibizumab was used as the Fab for these scouting reactions because it could
be obtained in small quantities and no digestion was needed. Digestion often results
in Fabs with different heavy chain structures due to proteolytic cleavage variation.
Ranibizumab is homogeneous and does not contain “digestion tails”, so it was thought
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that it would be easier, when possible, to correlate and optimise conditions more
accurately. It was necessary after the scouting conjugation to perform conjugations
with a Fab obtained by the proteolytic digestion (Figure 37), which in this case was
Fabinfixi that was obtained by the proteolytic digestion of infliximab. Using PEGz2o bis-

sulfone 8, the conjugation with Fabinfixi was conducted n=4 times.
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Formation of the desired conjugate, PEGzo-Fabinfix occurred in each reaction
(Figure 37) with what appear to be quite high [150,168] and equal conversion,
indicating the conjugation methodology that was followed is reproducible and robust.

There was some concern about the hydrophobicity of the toluene sulfinic acid
leaving groups in the bis-sulfone reagents. For the di bis-sulfone reagent 5 that was
going to be used to try to make bispecific FpFs, there was concern that end-group
hydrophobicity might cause polymer conformations, where an end-group could
become less solvent accessible, by a process not dissimilar to unimolecular polymer
micellation. Although PEG mono-terminal functionalised bis-sulfone reagents are
effective for protein conjugation it was not clear how effective conjugation would be
with the di bis-sulfone reagent 5 on either the first or second protein conjugation.

It is possible to use bis-sulfone conjugation reagents with different leaving
groups which can be important for different applications. For example, the reagents
were utilised to conjugate selectively by bis-alkylation histidine tags, where leaving

group variation was important for slowing the elimination reaction, to allow conjugation

91



to occur. Another example are bis-sulfone reagents that have been used to make
antibody drug conjugates. The leaving groups in these reagents are based on a few
repeat units of ethylene glycol to reduce potential hydrophobic effects. Scouting

experiments were conducted with the PEG1o bis-sulfone glycol reagent 12 (Figure 38).
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Figure 38: Chemical structure of the PEG bis-sulfone glycol reagent 12

Scouting conjugations were performed at pHs ranging from 5-8 and the
conjugations were left to undergo reaction for up to 21 hours (Figure 39). The results
from the SDS PAGE analysis indicates the PEG1o0 bis-sulfone glycol reagent 12
performs best at pH 8.0. Very little reduced Fab could be observed at the 6-hour
timepoint (Lane 20). Even after 21 hours with 1.5 equivalents of the PEG+1o bis-sulfone
glycol reagent 12 there were no higher molecular weight conjugation impurities that
appeared to have been formed. Both PEG1o bis-sulfone 8 and PEG1o bis-sulfone glycol
12 visually displayed similar conjugation performance with Fabrani (Figure 40). While
the same conjugation media was used, there was more reoxidised Fabrani in the
conjugations that were conducted with PEG1o bis-sulfone glycol 12 than the
corresponding conjugation with PEG+o bis-sulfone 8 (Figure 40). Since the synthesis
of the PEG+o bis-sulfone 8 is well established it was decided to continue with the

toluene sulfinic acid leaving groups.
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Figure 39: SDS PAGE gel showing the conjugation of 0.3 mg ranibizumab per conjugation (0.3 mg/mL)
to 1.5 eq of PEGho bis-sulfone glycol 12 at pHs 5-8. Lane 1. Protein marker, 2: ranibizumab, 3: reduced
ranibizumab pH 5, 4: reduced ranibizumab pH 6, 5: reduced ranibizumab pH 7, 6: reduced ranibizumab
pH 8, 7: pH 5 conjugation2h ,8:pH62h,9: pH7 2 h, 10: pH 8 2 h, 11: Protein marker, 12: pH 5 4 h,
13: pH64 h,14: pH 7 4 h, 15: pH 8 4 h, 16: Protein marker, 177: pH56 h,18: pH6 6 h, 19: pH 7 6 h,
20: pH 8 6 h, 21: Protein marker, 22: pH 5 21 h, 23: pH 6 21 h, 24: pH 7 21 h, 25: pH 8 21 h.
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Figure 40: SDS PAGE gel showing results from conjugations of 0.3 mg ranibizumab per conjugation
(0.30 mg/mL) with varying stoichiometries of PEG1o bis-sulfone 8 (lanes 4-9) and PEG1o bis-sulfone
glycol 12 (lanes 10-15) pH 8.0 for 2 and 4-hour conjugation times. Lane 1: Protein marker, 2:
ranibizumab, 3: reduced ranibizumab, 4: PEG1o bis-sulfone 8 1eq2h,5:1.5eq2h,6:2eq2h, 7: 1
eq4h,8:15eq4h,9:2eq4h, 10: PEG1o bis-sulfone glycol121eq2h,11: 1.5eq2 h,12: 2 eq 2 h,
13:1eq4h,14:1.5eq4 h,15:2eq 4 h.

93



Scouting reactions to prepare a mono-specific, bivalent FpF 13 (Scheme 7)
derived from Fabrani were then conducted with the known [159,161,183] PEGe di bis-

sulfone reagent 5.
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Scheme 7 Preparation of a monospecific FpF 13 via the conjugation of Fabs to both ends of PEG di
bis-sulfone 5. The mono-conjugate 14 is an intermediate molecule.
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Figure 41: SDS PAGE gel showing the conjugation of 0.3 mg ranibizumab per conjugation (0.30
mg/mL) with varying stoichiometries to PEGs di bis-sulfone 5 pH 7.6 for 3,6- and 18-hours conjugation
times. Lane 1: Protein marker, 2: ranibizumab, 3: reduced ranibizumab, 4: 0.5eq 3 h, 5:0.5eq 6 h, 6:
0.5eq18h,7:1eq3h,8:1eq6h,9:1eq18h,10: 1.5eq3 h,11: 1.5eq6 h,12: 1.5eq 18 h.
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Reagent stoichiometry ranged from 0.5 to 1.5 equivalents of di bis-sulfone 5 to
Fabrani. All the reduced Fab was consumed and higher conversion to the desired FpF
occurred when using 0.5 equivalent of reagent 5. Higher conversion to the desired
FpF was expected when using 0.5 eq of reagent 5. A reagent stoichiometry of 0.5
equivalents means that for every molecule of reagent 2 Fabs are available for
conjugation favoring formation of the desired FpF. Interestingly there was considerable
conversion to the desired FpF with 1.0 equivalent of the PEGe di bis-sulfone reagent
5. However, the mono-conjugate intermediate 14 also appeared to be formed in higher
conversion, which was expected. But with longer incubation times at higher
stoichiometry, another, slightly lower molecular weight band for a mono-conjugate
appeared. It was thought this band was a cyclic, unbridged mono-adduct.

The PEG di bis-sulfone reagent 5 was then used to prepare a BsFpF (Scheme

AYASeYa haatiay svs va
_O_SOz 5 soz—O—

Fab1

8).

WP OO A O 0O
SOZ—O—

14
Fab2

) ¥ DS TeSs SoralSeS e 4
7

Scheme 8: Preparation of a BsFpF 7 via the conjugation of Fab+ and Fabz to PEG di bis-sulfone 5. The
BsFpF 7 forms after the conjugation of Fabzto the bis-sulfone PEG-Fab+ intermediate 14.

A first Fab is allowed to react with an excess of the di bis-sulfone reagent 5,
followed by eluting the conjugating mixture over an IEX column to give an enriched
solution of the bis-sulfone PEG-Fab1 intermediate 14 by removing excess reagent,
Fab and any FpF that forms. Fab:z is then added to undergo reaction with the bis-
sulfone PEG-Fab+ intermediate 14 to give the desired BsFpF 7.
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Using Fabrani and 1 equivalent of PEG20 di bis-sulfone reagent § both the
desired bis-sulfone PEG-Fabrani intermediate 14 and undesired Fabrani derived FpF
can be seen in lane 3 (Figure 42). It may be possible to prepare greater quantities of
the desired bis-sulfone PEG-Fabrani intermediate 14 with higher stoichiometries of the
starting di bis-sulfone reagent 5. The PEG-Fabrani intermediate 6 was purified by IEX
and the fraction collected (Lane 5) still contained a small quantity of FpF. Lane 6 shows
the fraction containing most of the FpF. The fraction containing PEG-Fabrani
intermediate 14 was combined with reduced Fabinfixi and incubated for 18 hours at pH
8.0. The pH for the second conjugation was increased to increase the reactivity of the
remaining free conjugation moiety, although the risk was that competitive hydrolysis

would occur leading to a non-reactive chain end in the PEG-Fabrani intermediate 14.

260 kDa Figure 42: SDS PAGE gel showing an

attempt to prepare an anti-VEGF/TNF
160 kba FpF [ - } BsFpF derived from Fabrani and Fabinixi
110kDa  Mono PEG- ' using a PEG2o di bis-sulfone reagent 5.
80 kDa Fab [ "} Lane 1: Protein marker, 2: reduced

ranibizumab, 3: conjugation of 1 mg (1
mg/mL) Fabrani to reagent 5 (1 eq, pH 7.6,
50 kDa 18 h), 4: conjugation of 1 mg (1 mg/mL)
40 kDa . Fabrani to reagent 5 (1 eq, pH 7.6, 18 h) n=2,
e - 5: IEX purified PEGzo-Fabrani intermediate
Faby, o 14, 6: IEX fraction containing monospecific

@ FpFrani, 7: conjugation of Fabinfixi to PEGz0-

60 kDa
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20 kDa Fabrani intermediate 14
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Fabinix was added in excess at a molar ratio of approximately 1.5:1 (Fabinfixi to
intermediate 14). Unfortunately, while there was a large amount of reactive, reduced
Fabinfixi present, there was no evidence that significant amounts of the desired BsFpF
had formed (lane 7).

To try to suppress the formation of unwanted FpF during addition of the first
Fab and the possible dead chain ends that could form due to hydrolysis during the first
IEX purification to isolate the intermediate 9, the di functional reagent 15 was

considered (Scheme 9).
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Scheme 9 Preparation of a BsFpF 7 via the conjugation of Fab1 and Fab: to a di functional reagent 15.
Fab1 conjugates to the bis-sulfone moiety to form intermediate 16. pH could then be increased to allow
conjugation of Fabz to the bis-sulfide moiety giving a BsFpF 7

Conjugation of Fab1 would be favoured on the bis-sulfone terminus as the
toluene sulfinic acid groups were expected to be better leaving groups than the toluene
thiols on the other terminus of the reagent. So physiological pH values could be used
to first conjugate Fabi. Then the pH could be
increased and Fabz would then be conjugated to the ‘[OV‘];O’\’N('}—@—?_/S—@—
bis-sulfide terminus (e.g. intermediate 16). The 17 s—@—
PEG+1o bis-sulfide reagent 17 was evaluated using

C . . . Chemical structure of the PEG bis-sulfide
Fabrani for re-bridging conjugation (Figure 43). reagent 17
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260 kDa

Figure 43: SDS PAGE gel showing the conjugation
of 0.3 mg ranibizumab per conjugation (0.30
mg/mL) with varying stoichiometries to PEG1o bis-
sulfide 18 pH 8.2 for 2, 3 and 18 hours conjugation
times — Coomassie blue, then barium iodide stain
Lane 1: Protein marker, 2: ranibizumab, 3: reduced
ranibizumab, 4: 1.5eq2 h, 5:1.5eq 3 h, 6: 1.5 eq
18h,7:2eq2h,8:2eq3h,9:2eq 18 h, 10: 2.5
eq2h,11:25eq3h,12:25eq 18 h.

160 kDa
110 kDa
80 kDa

60 kDa

50 kDa
40 kDa

30 kDa

20 kDa

15 kDa
10 kDa

1 23 4 5 6 7 8 9 10 11 12

Scouting reactions with PEG1o0 bis-sulfide 17 were conducted with variation in
reagent stoichiometry and conjugation incubation at a pH of 8.2 (Figure 43), which
was considered quite high [184] as most conjugations with Fabs have been conducted
at pH 7.4 or less [168]. Little conjugation occurred (lanes 4-12) even at the higher
stoichiometries of PEG1o bis-sulfide 17 that were examined (i.e. 2.5 equivalents
reagent to Fab). Interestingly, there was no evidence of higher molecular weight
conjugates formed. The results of Fab conjugation to PEG1o bis-sulfide 17 suggests
the thiol toluene moieties are not a suitable leaving group for use in re-bridging

conjugation.
Conjugation-ligation

The utilisation of a single difunctional reagent such as PEG di bis-sulfone 5 to prepare
BsFpF appeared to be limited, so another approach was examined (Scheme 10). Di-
functional reagents capable of a 2-step process to give the desired BsFpFs was
envisaged. Di-functional reagents would have the bis-sulfone moiety on one terminus
for re-bridging conjugation to the Fab interchain disulfide. The other terminus would
have orthogonal reactive moieties which would subsequently undergo reaction (i.e.
ligation) to form the BsFpF. The ligation reactive moieties would not undergo reaction

with the Fab, only with a paired reactive moiety as shown in Scheme 10.
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Scheme 10: Formation of a BsFpF 7 via conjugation-ligation. Proteins and Proteinz are first conjugated
to di-functional reagents 18 and 19. The two functionalised protein conjugate intermediates 20 and 21
are combined and the orthogonal reactive moieties (X and Y) ligate to from a single molecule, a BsFpF
7.

Another student in our group had examined ways to conjugate two different
proteins together by the general strategy shown in Scheme 10 (e.g. interferon-Fabrani
or amylase-lipase) [182] Orthogonal reactions studied were hydrazone ligation and
copper catalysed azide-alkyne cycloaddition (CuUAAC), often called a click reaction.
CuAAC reactions are selective and occur in mild conditions. An issue is the presence
of the copper catalyst which can lead to metal mediated fragmentation of IgGs [185].
The key finding was it was not possible to ligate two proteins with these types of
reagents. It was found that copper complexed to the PEG element in the bi-functional
reagents and to protein, so it was thought the cycloaddition was inhibited by
competitive copper complexation.

Strain-promoted azide-alkyne cycloaddition (SPAAC) does not require the
presence of copper. It was found that if the reactivity of alkynes was increased by
using ring strain, then it could be possible to enable an azide-alkyne cyclo reaction
without the need for a copper catalyst [186]. Dibenzo cyclooctyne (DBCO) and azide
(N3) are moieties that have been described for SPAAC and these moieties were used
with two difunctional reagents 22 and 23 prepared by colleagues in our research group
(Scheme 11). Two separate conjugation reactions are first conducted and then
intermediates 24 and 25 are allowed to undergo cycloaddition to ligate the two Fabs

giving the BsFpF 7.
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Scheme 11: Preparation of a BsFpF using PEG bis-sulfone azide 22 and PEG bis-sulfone DBCO 23.
Two different Fabs are conjugated to reagents 22 and 23 to form azide 24 and DBCO 25 functionalised
Fab conjugates. Intermediates 24 and 25 are combined to allow the azide and DBCO moieties to ligate
and form a BsFpF 7.

Prior to moving onto to further discussion of conjugation-ligation strategies a
distinction needs to be made. In theory, conjugation of a Fab fragment to either PEG
bis-sulfone azide 22 or PEG bis-sulfone DBCO 23 would form a conjugated Fab with
similarities to a PEGylated Fab (PEG-Fab) prepared via Fab conjugation to PEG bis-
sulfone 8 as demonstrated earlier in this chapter. A PEG-Fab in which the molecular
weight and hydrodynamic radius of the Fab is increased, can lead to increased ocular
residence times and systemic half-live, alongside other benefits such as improved
chemical and thermal stability [187]. The purpose of the intermediate molecules
termed as azide 24 and DBCO 25 functionalised Fab conjugates is very different in
that they are being prepared as intermediate molecules which can then ligate to form
a BsFpF possibly overcoming the limitations experienced when attempting to prepare
a BsFpF using PEG di bis-sulfone 5 dimerization reagents. It should also be noted that
none of the di-functional reagents have molecular weights in excess of 10 kDa,
PEGylation reagents would typically have higher molecular weights, for example a
reagent with a molecular weight of 20 kDa was used earlier in this chapter.

An alternative to the azide and DBCO moieties (Scheme 11) that react via
SPACC, are moieties that ligate via inverse-electron-demand Diels-Alder (iEDDA)
reactions [186], which also do not require the presence of a copper catalyst. Ligation
via iIEDDA is known to proceed at a faster rate than ligation via SPACC [188], this
faster rate may lead to faster BsFpF preparation methods. Trans-cyclooctene (TCO)
and tetrazine (Tz) are two moieties that are known to react with each other via iEDDA.
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Two difunctional reagents containing TCO 26 and Tz 27 were kindly prepared by
colleagues in our research group. Similarly to difunctional reagents 22 and 23, two
separate conjugation reactions are carried out (Scheme 12) and intermediates 28 and

29 are combined and allowed to ligate to form a BsFpF 7.
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Scheme 12: Preparation of a BsFpF using PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27. Two
different Fabs are conjugated to reagents 26 and 27 to form TCO 28 and Tz 29 functionalised Fab
conjugates. Intermediates 28 and 29 are combined to allow the TCO and Tz moieties to ligate and form
a BsFpF 7.
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The first set of experiments carried out with the difunctional reagents were
focused on whether the ligation reaction between the DBCO and azide orthogonal
moieties did in fact proceed. To understand this a methoxy (MeO) PEG+1o DBCO
reagent 30 (Figure 44A) was combined with a PEGs bis-sulfone azide reagent 22 in
solution at pH 7.6 (Figure 44B).
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Figure 44: (A) Chemical structure of PEG bis-sulfone azide 22 and MeO PEG DBCO 30 (B) SDS PAGE
gel showing ligation of MeO PEG+1 DBCO 30 and PEGs bis-sulfone azide 22 at a 1:1 molar ratio stained
with barium iodide. Lane 1: Protein marker, 2: PEGs; bis-sulfone azide 22, 3: MeO PEG10 DBCO 30, 4:
Ligation reaction between PEGs bis-sulfone azide 22 and MeO PEG10 DBCO 30.

It is evident that ligation reaction between MeO PEG10 DBCO 30 and PEGs bis-
sulfone azide 22 proceeded successfully. This is indicated by the appearance of a
band (Figure 44B, Lane 4) at a molecular weight between 15-20 kDa. This band is a
at a higher molecular weight than what was observed in lane 3 (Figure 44B) containing
solely MeO PEG1 DBCO 30, a band no more than 15 kDa molecular weight was
observed for this reagent. No band was observed in the lane containing solely PEGs
bis-sulfone azide 22 (Figure 44B, Lane 2) this is due to the di-functional reagent 22
containing a PEG backbone with a molecular weight of 3 kDa, which is too small to
visualise using this type of SDS PAGE gel. Bands at molecular weights of
approximately 30 kDa (Figure 44B, Lane 3) and at approximately 40 and 60 kDa
(Figure 44B, Lane 4) can also be observed. These are likely to be as the result of
higher molecular weight impurities contained within the PEG3 bis-sulfone azide 22 and
MeO PEG1o DBCO 30 namely PEG dimers and trimers.
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Next, reagent only ligation reactions were performed using PEGs bis-sulfone
TCO 26 and PEGs bis-sulfone Tz 27 reagents (Figure 45). This experiment was carried
out to answer 2 questions. Firstly, whether the TCO and Tz moieties present on
reagents 26 and 27 were able to ligate and secondly to ascertain whether the ligation

would proceed at a range of different pHs.
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50 kDa Figure 45: SDS PAGE gel showing
ligation of PEGs bis-sulfone TCO 26 and
PEGs bis-sulfone Tz 27 ,1:1 molar ratio
stained with barium iodide at a range of
different pHs, 2 hour reaction time. Lane 1:
Protein marker, 2: PEGs bis-sulfone TCO
26, 3: PEGs bis-sulfone Tz 27, 4: pH 5, 5:
pH6,6:pH7,7: pH 8, 8: pH9.
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The cycloaddition reaction between using PEGs bis-sulfone TCO 26 and PEGs
bis-sulfone Tz 27 proceed well (Figure 45, Lanes 4-8) at the range of pHs (5-9) tested
in this experiment. Similar to observations made previously for ligation between
reagents 22 and 30 a band has appeared at a molecular weight of approximately 15
kDa, this band is not present in the reagent control lanes (Figure 45, Lanes 2 and 3).
The fact that the cycloaddition between the TCO and Tz moieties proceeds
comparably at a range of different pHs is quite advantageous in terms of purification.
A common way to purify a protein conjugated to PEG is IEX [189,190] which requires
pHs as low as 5 and as high as 9 to function properly as the methodology requires the
protein to be in an ionised state. As the ligation reaction between PEGs bis-sulfone
TCO 26 and PEGs bis-sulfone Tz 27 reaction proceeds well at pHs 5 and 9, it gives
some confidence that if IEX was used to purify TCO and Tz containing molecules the
ability of the functional groups to ligate would not be diminished. The faint bands
present in Figure 45 Lanes 4-8 at molecular weights between 20-40 kDa are likely due

to impurities within the reagents.
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Having determined that ligation reactions between reagents 21 and 30 and
reagents 26 and 27 proceeded successfully in the absence of protein, Fabrani was
conjugated to PEG1o bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 reagents at pH
7.6 (Figure 46). The formed intermediate TCO 28 and Tz 29 functional Fab conjugates
were then combined and incubated at 5°C for approximately 18 hours. Conjugation of
Fabrani to reagents 26 and 27 yielded some of the required intermediates (Figure 46,
Lanes 4 and 5), however relatively large quantities of reduced Fab remained, it is likely
that by increasing the equivalents of reagents 28 and 29 to 1.5 more of the reduced
Fab would convert. Upon mixing of intermediates 28 and 29 no ligation occurred
(Figure 46 Lane 6). It was expected that a band would appear with a molecular weight
of approximately 110 kDa. If intermediate 28 (60 kDa MW, Figure 46, Lane 4) and
intermediate 29 (50 kDa MW, Figure 46, Lane 5) did indeed ligate, a band at 110 kDa

is probable.
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Figure 46: SDS PAGE gel showing the conjugation of 0.5
mg Fabrani per conjugation (0.30 mg/mL) to PEG1o bis-
sulfone TCO 26 and PEGs bis-sulfone Tz 27 pH 7.6, 1 eq,
18 hours conjugation time and the combination of the
Fabrani TCO 28 and Fabrani Tz 29 functionalised Fab
conjugates. Lane 1: Protein marker, 2: Fabrani, 3: reduced
Fabrani , 4: conjugation of Fabrani to reagent 26, 5:
conjugation of Fabrani to reagent 27, 6: Ligation reaction
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TCO and Tz are a well-established pair of functional moieties capable of
undergoing inverse electron demand Diels—Alder (iEDDA) reactions [191]. This fact
coupled with the results of reagent only ligation reactions (Figure 45) show that TCO
and Tz moieties can undergo cycloaddition in the presence of each other. Previous
research into the use of bio-orthogonal moieties, specifically hydrazines for the
preparation of heterodimeric protein molecules [182] found that efficiency of coupling
was higher when reagents were coupled together in absence of protein. This implies
that when a protein is present it can create a shielding effect in which the protein can
sterically hinder the two bio-orthogonal moieties from coming into close enough

contact with each other to couple. The same may be occurring in this example in which
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Fabrani may be hindering the interaction of the free TCO and Tz groups present in
intermediates 28 and 29.

Another issue could be that a quantity of free, unconjugated PEG1o bis-sulfone
TCO 26 and PEGs bis-sulfone Tz 27 reagents are present within the ligation reaction
mixture containing intermediates 28 and 29 (Figure 46, Lane 6). This could mean that
instead of intermediates 28 and 29 ligating intermediate 28 may ligate to reagent 27
and vice versa for intermediate 29 and reagent 26. A band in Figure 46, Lane 5 at
approximately 60 kDa suggests that this may be occurring, considering that the Fabrani
Tz functionalised conjugate 29 has a molecular weight of approximately 50 kDa and
the PEG+1o bis-sulfone TCO reagent has a molecular weight of close to 10 kDa. Ligation
of intermediate 29 and reagent 26 would form a different intermediate molecule termed
a Fab PEG TCO-Tz PEG bis-sulfone intermediate 31 (Figure 47).
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Figure 47: Chemical structure of the Fab PEG TCO-Tz PEG bis-sulfone intermediate 31

This could suggest that a large molecule (functionalised Fab conjugate) prefers
to ligate to a smaller molecule (free reagent) over ligating to another large molecule
(functionalised Fab conjugate). Therefore, it was decided to try and remove any free
reagents 26 and 27 from the TCO 28 and Tz 29 functionalised Fab conjugation
mixtures prior to combination. Because the molecular weights of reagents 26 and 27
are no more than 10 kDa it was decided to remove them from the respective
conjugation reactions using vivaspin centrifugation columns with a molecular weight
cut off (MWCO) of 30 kDa. The choice of a 30 kDa MWCO would allow free reagent
26 and 27) to pass through the membrane but ensure that the TCO 28 and Tz 29
functionalised Fab conjugates (MW greater than 50 kDa) would not pass through,
allowing for separation.

Ranibizumab was conjugated to PEG1o bis-sulfone TCO 26 and PEGs bis-
sulfone Tz 27 (Figure 48A, Lanes 5 and 6). Also within this experiment ranibizumab
was conjugated to PEGs bis-sulfone azide 21 and PEGs bis-sulfone DBCO 22 (Figure
48A, Lanes 3 and 4). Both sets of ligation reagents were included in this experiment
with the aim of providing a direct comparison. The better performing pair of di

functional reagents would then be evaluated with the aim of preparing BsFpFs.
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Azide 24, DBCO 25, TCO 28 and Tz 29 functionalised Fab conjugates were
then prepared. Prior to combination of intermediates 24 and 25 and intermediates 28
and 29 all the functionalised Fab conjugates were individually washed using a vivaspin
centrifugation column (30 kDa MWCO). Combining washed intermediates 24 and 25
led to the appearance of a band at a molecular weight of approximately 130 kDa
(Figure 48B Lanes 3 and 4), close to the expected molecular weight of an FpF as the
azide 24 and DBCO 25 functionalised Fab conjugates had approximate molecular

weights of 60 kDa and 70 kDa respectively.
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Figure 48: (A) SDS PAGE gel showing the conjugation of 0.5 mg per conjugation ranibizumab (0.60
mg/mL) to PEGs bis-sulfone DBCO 22, PEGs bis-sulfone azide 21, PEG1o bis-sulfone TCO 26 and
PEGs bis-sulfone Tz 27 reagents pH 7.6, 1 eq, 18 hr conjugation time) (B): SDS PAGE gel showing the
ligation of intermediates 23 and 24 and 28 and 29, 18 hour reaction time, PBS. (A) Lane 1: Protein
marker, 2: ranibizumab, 3: conjugation to PEGs bis-sulfone DBCO 22, 4: PEGs; bis-sulfone azide 21, 5:
PEGao bis-sulfone TCO 26, 6: PEGs bis-sulfone Tz 27. (B) Lane 1: Protein marker, 2: ranibizumab, 3:
ligation of intermediates 23 and 24 , 4: ligation of intermediates 23 and 24 n=2, 5: ligation of
intermediates 28 and 29, 6: ligation of intermediates 28 and 29 n=2.

The combination of the TCO and Tz intermediates (28 and 29) also led to the
formation of bands (Figure 48B, Lanes 5 and 6) at a higher molecular weight indicating
the presence of an FpF. These bands in Figure 48B, lanes 5 and 6 are at a slightly
higher molecular weight than was observed in lanes 3 and 4 because the TCO 28 and
Tz 29 functionalised Fab conjugates had higher molecular weights due to increased
length of the PEG backbone used for conjugation. Both ligations between the
intermediates pairs were performed twice with little difference between the replicates.

The presence of the FpF bands (Figure 48B Lanes 3-6) was encouraging and

showed that removal of free difunctional reagent prior to ligation was a critical step.
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Visually the ligation between the TCO 28 and Tz 29 intermediates (Figure 48B Lanes
5 and 6) appears to be superior to the ligation between the DBCO 25 and azide 26
intermediates as indicated by the concentration of FpF present in lanes 5 and 6.
Because of this result no further work with the PEG bis-sulfone DBCO 23 and PEG
bis-sulfone azide 22 reagents was performed.

This experiment served as a good starting point and gave justification for
optimising the click reaction process. Moving forward, an experiment was performed
looking at the effect of different equivalents of PEG10 bis-sulfone TCO 26 and PEGs
bis-sulfone Tz 27 used for conjugation to Fabs, and to see its subsequent effect on
FpF yield. It was thought that increasing the molar equivalent of reagent would drive
greater formation of the functionalised Fab intermediates. With greater intermediate
concentrations available for ligation there is the possibility that in turn greater
concentrations of FpFs may form.
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Figure 49: (A) SDS PAGE gel showing the conjugation of 0.5 mg ranibizumab per conjugation to 1 eq
PEG1o bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 pH 7.6 18 hours conjugation time and ligation
of intermediates 28 and 29 (B) SDS PAGE gel showing the conjugation of 0.5 mg ranibizumab per
conjugation to 1.5 eq PEG1o bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 pH 7.6 18 hours
conjugation time and ligation of intermediates 28 and 29.(A): Protein marker, 2: ranibizumab, 3:
conjugation to PEGs bis-sulfone Tz 27, 4: PEG1o bis-sulfone TCO 26, 5: ligation of intermediates 28
and 29. (B) (A): Protein marker, 2: ranibizumab, 3: conjugation to PEG10 bis-sulfone TCO 26, 4: PEGs
bis-sulfone Tz 27, 5: ligation of intermediates 28 and 29.
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Results shown in Figure 49 did indeed show this was the case. Performing the
conjugation of Fabrani to 1.5 eq of PEG10 bis-sulfone TCO 26 and PEGs bis-sulfone Tz
27 (Figure 49B Lanes 3 and 4) resulted in greater formation of TCO 28 and Tz 29
functionalised Fab conjugates than when 1 eq (Figure 49A Lanes 3 and 4) of reagents
26 and 27 were used. Use of 1.5 eq of both reagents has driven the formation of
intermediates 28 and 29 as more of the bis-sulfone conjugation moiety is available to
bridge to the reduced ranibizumab. When combined the intermediates prepared using
1.5 eq of reagent 26 and 27 ligated to form an FpF Figure 49B lane 5 in greater
quantities than that observed for ligation of the same intermediates that were prepared
via conjugation using 1 eq of the same reagents.

A caveat for using 1.5 eq of PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz
27 is the presence of bands at higher molecular weights in the conjugation mixtures
(Figure 49B Lanes 3 and 4). The exact nature of these bands is unknown but judging
from their molecular weights of between 120-130 kDa they are likely to be a dimeric
molecule in which 2 Fabs have conjugated to a single molecule of either reagent 26
or 27. One Fab may have conjugated as normal through a reduced disulfide, the other
is likely a result of a non-specific interaction. Fabs are complex molecules, and it is
possible for PEG based reagents to interact with amino acid residues [192] present on
the surface of the antibody fragment. This molecule, despite likely being dimeric in
nature, cannot be called an FpF. The orientation of the second Fab would likely be
random, meaning CDR regions may be shielded.

After establishing that using 1.5 eq of PEG bis-sulfone TCO 26 and PEG bis-
sulfone Tz 27 is optimum for the preparation of an FpF via conjugation-ligation the
next challenge was to try and isolate an FpF from a ligation reaction mixture (i.e. Figure
49B Lane 5) and obtain a purified final product. IEX chromatography was chosen as
a purification method. Upon PEGylation of a protein PEG is known to impart a steric
shielding effect [193], this shielding effect extends to IEX chromatography, with longer
PEG chains providing a greater shielding effect [194]. In short this means that a protein
conjugated to PEG has a weaker interaction with an IEX column than the free protein,
meaning a lower concentration of competitor ion is required to elute the conjugated
protein from the IEX column. FpFs are known to behave more like Fabs during IEX
[183] with the shielding effect of PEG being reduced as it only makes up a relatively
small part of the molecule. A functionalised Fab conjugate is likely to behave like a

PEGylated Fab during IEX, these differences in behaviour may allow an FpF and any
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leftover TCO 28 and Tz 29 functionalised Fab conjugates within the ligation mixture to
be separated.

An FpF was prepared via conjugation-ligation using Fabinfixi and PEG1o bis-
sulfone TCO 26 and PEG:s bis-sulfone Tz 27 reagents, using 1.5 eq of each reagent
for the initial conjugation. An attempt was then made to purify the monospecific anti-
TNF-a monospecific FpF from the ligation mixture using IEX (Figure 50) with collected
fractions assessed using SDS PAGE.
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Figure 50: (A) SDS PAGE gel showing the fractions collected during the IEX purification of the ligation
reaction mixture of an FpF prepared using Fabinixi. Lane 1: Protein marker, 2: 27.71 mL, 3: 28.21 mL,
4:28.71 mL, 5: 29.21 mL, 6: 29.71 mL, 7: 30.21 mL, 8: 30.71 mL, 9: 31.21 mL, 10: 31.71 mL, 11: 32.21
mL, 12: 32.71 mL, 13: 33.21 mL, 14: 33.71 mL, 15: 34.21 mL, 16: 34.71 mL, 17: 35.21 mL, 18: 35.71
mL, 19: 36.21 mL, 20: 36.71 mL, 21: 37.21 mL. (B) IEX chromatogram from the purification of the click
reaction mixture, 0.5 mL fractions were collected between 27.71-37.21 mL of method volume, the green
line is the concentration of competitor ion (Na+).

It was possible to partially purify the FpF contained in the ligation mixture using
IEX. Figure 50A, Lanes 16-21 contain bands corresponding to the FpF, leftover
unconjugated Fabs and leftover reduced Fabs, it was possible to remove the TCO 28
and Tz 29 functionalised Fab conjugates from these fractions. The ratio of PEG to
protein is less in an FpF as it contains two Fabs. This means the steric shielding effect
has been limited and the molecule behaves like the native Fab on the IEX column.
Figure 50B shows the IEX chromatogram from this purification, of interest is the green
line which indicates the concentration of competitor ion. Once the competitor ion
reaches a certain concentration the TCO 28 and Tz 29 functionalised Fab conjugates
elute from the column, then once the ion concentration increases the FpF and

unconjugated Fabs elute.
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A secondary purification step was required to separate the desired FpF from
the remaining Fab impurities. Size exclusion chromatography (SEC) was the method
of choice as the large differences in molecular weights between the Fab (50 kDa) and
the FpF (approx. 120 kDa) mean that it should be able to separate them based upon
their size or, more specifically, hydrodynamic radius.

Affinity chromatography with protein A is not suitable for this as an FpF does
not contain the Fc group found in conventional IgGs. Protein L was also not be suitable
as both molecules contain Fab fragments. To purify using SEC the fractions shown in
Figure 50A, Lanes 16-21 were combined and concentrated to a volume of no more
than 0.5 mL as per instructions provided with the SEC column, the fractions were
concentrated using vivaspin centrifugation tubes. It should be noted that lanes 16-21
were chosen as they contain the smallest concentrations of the remaining TCO 28 and
Tz 29 functionalised Fab conjugates. The chosen strategy was to minimise the amount
of functionalised Fab conjugate in the sample being injected on the SEC column. This
direction was chosen because the molecular weight difference between the
functionalised Fab conjugate and native Fab is too small for them to be effectively
separated using SEC.

This strategy however does come with a caveat in that yield is being sacrificed
in place of attaining a highly purified product. The fractions sent to waste (Figure 50A
Lanes 6-15) contain the desired FpF, these fractions could be repurified using IEX to
try and maximise yield however that would be a laborious process and would not be
viable if this process was ever to be scaled up, in an industrial setting these fractions
would likely be considered as waste. Moving on, the concentrated sample (Figure 50A
Lanes 16-21) was injected onto the SEC column for further purification using PBS as
the mobile phase.

SEC was able to successfully purify the FpF from the remaining impurities
(Figure 51A, Lanes 6 and 7). The SEC chromatogram from this purification (Figure
51B) shows the elution order of the FpF, functionalised Fab conjugates and Fabs. The
elution order is based upon molecular weight, with larger molecules eluting first as

they do not travel as far into the pores of the SEC resin.
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Figure 51: (A) SDS PAGE gel showing the fractions collected during the SEC purification of the sample
prepared by combining fractions shown in lanes 16-21 Figure 50A. Lane 1: Protein marker, 2: 9.62 mL,
3:10.12 mL, 4: 10.62 mL, 5: 11.12 mL, 6: 11.62 mL, 7: 12.12 mL, 8: 12.62 mL, 9: 13.12 mL, 10: 13.62
mL, (B) SEC chromatogram from the purification of the sample prepared by combining lanes 16-21
Figure 50A, 0.5 mL fractions were collected between 9.62-14.12 mL of method volume.

Fractions were not collected any later than 14.12 mLs of elution volume
meaning that the Fab fragments (peak shown on Figure 51B) collected during this
purification were not visualised using SDS PAGE in this example. From the
experiments performed during the development of the soluble papain digestion
method (Chapter 3) it is known that Fab fragments elute after 16 mL of method volume
corresponding with the elution volume of the labelled Fab peak in Figure 51B.

Once the FpF was purified a suitable quantification method needed to be used
to determine FpF concentration and give a final isolated yield. Typically for antibodies
UV absorbance is measured at 280 nm because the amino acids tyrosine and
tryptophan allow direct measurement of antibody concentration at this wavelength.
However PEG absorbs UV light at 280 nm [195] meaning that any absorbances at 280
nm may be exaggerated leading to falsely high concentrations of FpFs. A suitable
method for quantification is the micro-BCA assay. The micro-BCA assay is a modified
version of the BCA assay. The components are modified to allow the quantification of
less concentrated protein samples. The assay works by using bicinchoninic acid (BCA)
to detect reduced copper ions which are formed due to the presence of a protein, the
BCA and the copper ions chelate to form a complex which is purple in colour.

This complex can be measured at 562 nm and behaves in a linear manner,

PEG shows minimal absorbance at 562 nm, meaning a true concentration of FpF can
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be determined. To quantify the FpF, first a calibration curve was prepared using
unconjugated Fabs as the control, a linear trendline was then added to the calibration
curve and the unknown concentrations were determined by using the equation of the
trend line. Figure 52 shows a typical micro-BCA calibration curve and the trend line

equation used to work out the concentration and subsequent yield of FpF.
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Figure 52: Micro-BCA calibration curve prepared using unconjugated Fab. The resulting equation is
used to calculate unknown concentrations based upon their absorbances.

As can be seen from Figure 52 the micro-BCA assay is linear up to a
concentration of 50 ug/mL when using Fabs to construct a calibration curve, this is
evident by the R? value of 0.9984. When the absorbance of the purified FpFinfixi (Figure
51A, Lanes 6 and 7) was measured using micro-BCA the average absorbance was
found to be 0.335, this equated to a concentration of 13 ug/mL. As the FpF was diluted
10x% prior to measurement the actual concentration of the FpF stock was 130 pg/mL.
A 10x dilution was used firstly to ensure the concentration of the measured solution
did not exceed 50 ug/mL and secondly to preserve as much of the FpF stock solution
as possible, it is not possible to recover the sample solution after use in a micro-BCA
assay. In total 1 mL of a 130 pg/mL monospecific anti-TNF-a FpF derived was
prepared. This equated to a yield of 6.5% as a total of 2 mg Fabinfixi had been used to
prepare the molecule.

To summarise, it has been demonstrated that an FpF can be prepared via a
conjugation-ligation strategy. The final ligation reaction mixture can be purified to
obtain a pure final FpF. The conjugation-ligation concept is summarised in Figure 53.
Starting Fab (Figure 53, Lane 1) is reduced using DTT. The reduced Fab (Lane 2) is
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conjugated to PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 to prepared TCO
28 and 29 functionalised Fab conjugates which are then combined after having any
free remaining reagent 26 and 27 removed via filtration centrifugation. Intermediates

28 and 29 then ligate to form an FpF (Lane 6).
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Figure 53: SDS PAGE gel showing the preparation and purification of monospecific and bispecific FpFs
via conjugation-ligation. Lane 1: Protein marker, 2: parent Fab, 3: reduced Fab, 4: Fab conjugated to
difunctional reagent 1, 5: Fab conjugated to difunctional reagent 2, 6: combination of TCO 28 and Tz
29 functionalised Fab conjugates, 7: anti-VEGF monospecific FpF — Coomassie blue, 8:purified anti-
VEGF monospecific FpF — silver stained, 9: purified anti-VEGF/IL-6R BsFpF — silver stained, 10:
purified anti-VEGF/TNF BsFpF — silver stained, 11: purified anti-TNF/IL-6R BsFpF — silver stained.

The ligation mixture is then purified using a mixture of IEX and SEC to attain a
purified final product, an FpF (Figure 53, Lanes 7-11). Lanes 7-11 show examples of
4 different FpFs including 3 BsFpFs prepared via conjugation-ligation. SDS PAGE gels
that have been silver stained are shown in Figure 53 to demonstrate that highly purified
monospecific and bispecific FpFs can be prepared. Silver staining can detect as little
as 0.25 ng of protein [196] making it suitable for detecting small traces of impurities,
coomassie blue would not be suitable for this purpose as this dye detects proteins at
a minimum concentration of 0.1 ug.

Being able to prepare a highly purified BsFpF via conjugation-ligation is of high
importance. Firstly, there is a requirement for pharmaceutical medicines to be highly
purified. Secondly, impurities may make characterisation of the FpFs difficult. For
example, the presence of remaining functionalised Fab conjugate in an FpF sample

may skew affinity data during protein-protein binding assays. Briefly looking back at
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Figure 53 the bands in lanes 8 and 9 are at slightly higher molecular weights than
bands in lanes 10 and 11. This is because the molecular weights of PEG bis-sulfone
TCO 26 and PEG bis-sulfone Tz 27 used for conjugation to Fabs were greater. For

clarity, descriptions of the molecules present in Figure 53 are shown below in Table 9.

Derived Molecular Lane in
Name
from weight Figure 53
Anti-VEGF monospecific FpF Fabrani 120 kDa 7 and 8
) FabBeva
Anti-VEGF/IL-6R BsFpF 120 kDa 9
Fabrocili
FabBeva
Anti-VEGF/TNF BsFpF 110 kDa 10
Fabinfiixi
Fabinaixi
Anti-TNF/IL-6R BsFpF 110 kDa 11
Fabrocii

Table 9: Descriptions of monospecific and BsFpFs presented in Figure 53. 4 purified FpFs prepared
via conjugation-ligation are presented in Figure 53, Lanes 7-11. The FpFs were prepared from a range
of different therapeutic Fabs including Fabs obtained from the digestion of bevacizumab, tocilizumab,
and infliximab. Differences in molecular weight are due to the length of the PEG backbone present in
reagents 26 and 27.

There was however one issue during the preparation of the BsFpFs which
needed to be addressed, namely the formation of high molecular weight impurities
during the conjugation of Fabs to PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz
27.
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Optimisation of the conjugation-ligation methodology to prepare BsFpFs of

greater purity.

A key step in the preparation of monospecific and BsFpFs is the removal of free PEG
bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 reagent post conjugation. The original
method used vivaspin columns with a molecular weight cut off (MWCO) of 30 kDa.
This method was effective at removing free reagents 26 and 27 however a problem
exists which filtration centrifugation is not able to solve.

During the conjugation of Fabinfixi to PEG10 bis-sulfone TCO 26 and PEGs bis-
sulfone Tz 27 reagents (Figure 54, Lanes 2 and 3) bands at molecular weights of
approximately 110 and 120 kDa form. These are likely to be dimeric molecules in
which 2 Fabs are conjugated to a single molecule of either reagent 26 or 27. The
molecular weight of the high molecular weight (HMW) molecule is like the molecular
weight of the FpF formed via conjugation-ligation. This could mean that the final

purified FpF could be contaminated with the HMW impurity.
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To see if the formation of the HMW impurity during conjugation of Fabs to PEG
bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 was pH sensitive, a pH scouting
experiment (Figure 55) was performed. It was thought that if it was proven that HMW
formation was pH sensitive, the pH used for conjugation using reagents 26 and 27

could be adjusted to limit or eliminate the formation of the HMW impurity. Fabrani was
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conjugated (Figure 55) to PEGs bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 at a

range of pH values.
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Figure 55: (A) SDS PAGE gel stained with Coomassie blue showing results from conjugations of 0.3
mg ranibizumab per conjugation (0.30 mg/mL) to 1.5 eq. of PEGs bis-sulfone TCO 26 and PEGs bis-
sulfone Tz 27 at different pHs,3.5 hour reaction time. (B): 24 hour reaction time. (A) Lane 1: Protein
marker, 2: ranibizumab, 3: reduced ranibizumab no DTT removal, 4: reduced ranibizumab, 5: PEGs bis-
sulfone TCO 26 pH 5, 6: pH 6, 7: pH 7, 8: pH 8, 9: pH 9, 10: PEGs bis-sulfone Tz 27 pH 5, 11: pH 6,
12: pH 7, 13: pH 8, 14:pH 9. (B) Lane 1: Protein marker, 2: ranibizumab, 3: PEGs bis-sulfone TCO 26
pH 5, 4: pH 6, 5:pH 7, 6: pH 8, 7: pH 9, 8: PEGs bis-sulfone Tz 27 pH 5, 9: pH 6, 10: pH 7, 11: pH 8,
12: pH 9.

After 3.5 hours of reaction time conjugation proceeds fastest at pHs of 8 and 9
for both reagents (Figure 55A, Lanes 8 and 9 and Lanes 13 and 14) as indicated by
the density of the bands for the TCO 28 and Tz 29 functionalised Fab conjugates. No
HMW impurities are seen in Figure 55A. However, when incubation time is extended
to 24 hours (Figure 55B) conjugations between both reagents 28 and 29 have
proceeded to a greater extent. At pH 5 and 6 (Figure 55B Lanes 3 and 4 and Lanes 8
and 9) small quantities of TCO 28 and Tz 29 functionalised Fab conjugates have
formed. At pHs 7, 8 and 9 (Figure 55B Lanes 5 to 7 and Lanes 10 to 12) greater
concentrations of intermediates 28 and 29 have formed. Also present in these lanes,
although at low concentrations, are HMW impurities. So, formation of the HMW
impurities could be eliminated by conducting conjugations at pHs of 5 or 6 (Figure 55B,
Lanes 3 and 4 and Lanes 8 and 9). If this strategy was adopted FpF yield would likely
be negatively affected quite significantly as the concentration of TCO 28 and Tz 29
functionalised Fab conjugates formed at pHs 5 and 6 (Figure 55B, Lanes 3 and 4 and
Lanes 8 and 9) is low as indicated by the faintness of the bands. Based upon the

results from the pH scouting experiment (Figure 55) it was decided not to modify
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conjugation pH from 7.6 and it was decided to attempt to remove the HMW impurity
prior to the combination of the TCO 28 and Tz 29 functionalised Fab conjugates.

IEX was use to remove the HMW impurity. This is because if the HMW impurity
contains two Fabs, as suspected, it should elute later from an IEX column than the
TCO 28 and Tz 29 functionalised Fab conjugates. Fabinfixi was conjugated to a PEG1o
bis-sulfone TCO 26 reagent. The conjugation mixture was then buffered exchanged
into pH 4.0 acetate buffer and injected onto a cation exchange column. Eluted fractions

were collected and characterised using SDS PAGE (Figure 56).
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Figure 56: An SDS PAGE gel showing collected fractions from the IEX purification of a Fabinfixi TCO
functionalised Fab conjugate 28. Lane 1: Protein marker, 2: 25.45-26.45 mLs, 3: 26.45-27.45 mLs, 4:
27.45-28.45 mLs, 5: 28.45-29.45 mLs, 6: 29.45-30.45 mLs, 7: 30.45-31.45 mLs, 8: 31.45-32.45 mLs,
9: 32.45-33.45 mLs.

Using IEX for this purpose allowed separation of the TCO functionalised Fab
conjugate 28 from the HMW impurities. Considering this result, the filtration
centrifugation step to remove free reagents 26 and 27 was replaced by IEX. It was
assumed the same result would occur if a conjugation mixture containing a Tz
functionalised Fab conjugate 29 was purified using IEX.

In total 18 different FpFs were prepared using a conjugation-ligation
methodology. Table 10 summarises both the monospecific and BsFpFs that were
prepared and their respective final isolated yields.

117



Purification
No. Name and target(s) Derived from Molecular weight Yield (%)
methodology
Anti-VEGF monospecific
1 R Ranibizumab 120 kDa 2.5 Vivaspin-IEX-SEC
p
Anti-VEGF monospecific
2 e Ranibizumab 120 kDa 20.1 Vivaspin-IEX-SEC
p
Anti-TNF monospecific
3 Fabinfiixi 115 kDa 7.8 Vivaspin-IEX-SEC
FpF
Anti-VEGF/IL-6R Ranibizumab
4 115 kDa 0.6 Vivaspin-IEX-SEC
Bispecific FpF Fabrocil
Anti-VEGF/TNF Ranibizumab
5 115 kDa 1 Vivaspin-IEX-SEC
Bispecific FpF Fabinfiixi
Anti-VEGF/IL-6R Fabgeva
6 115 kDa 14.9 IEX-IEX-SEC
Bispecific FpF Fabrocii
Anti-VEGF/TNF Fabgeva
7 115 kDa 15.7 IEX-IEX-SEC
Bispecific FpF Fabinfixi
Anti-TNF/IL-6R Fabinfiixi
8 115 kDa 14.4 IEX-IEX-SEC
Bispecific FpF Fabrocii
Anti-VEGF monospecific
9 Fabgeva 115 kDa 11.5 IEX-IEX-SEC
FpF
Anti-IL-6R monospecific
10 Fabrocii 115 kDa 8.0 IEX-IEX-SEC
FpF
Anti-VEGF monospecific
11 Ranibizumab 115 kDa 6.5 IEX-IEX-SEC
FpF
Anti-VEGF/IL-6R Fabgeva
12 115 kDa 11.2 IEX-IEX-SEC
Bispecific FpF Fabrocii
Anti-VEGF/IL-6R Fabgeva
13 115 kDa 7.8 IEX-IEX-SEC
Bispecific FpF Fabrocii
Anti-VEGF/IL-17A Fabgeva
14 115 kDa 10.1 IEX-IEX-SEC
Bispecific FpF Fabsecu
Anti-TNF/IL-17A Fabinfiixi
15 115 kDa 10.6 IEX-IEX-SEC
Bispecific FpF Fabsecu
Anti-IL-17A
16 Fabsecu 115 kDa 15.0 IEX-IEX-SEC
Monospecific FpF
Anti-VEGF monospecific
17 Fabgeva 115 kDa 13.9 IEX-IEX-SEC
FpF
Anti-TNF monospecific
18 . Fabinixi 115 kDa 121 IEX-IEX-SEC
p

Table 10: Summary of monospecific and BsFpFs prepared via conjugation ligation using PEG
bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 reagents.
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It should be noted that interleukin-17A (IL-17A) is listed as a target in Table 10
(molecules 14, 15 and 16). FpFs were prepared using Fabs isolated from the digestion
of secukinumab, an anti-IL-17A IgG antibody. The relevance of IL-17A as an ocular
target has been discussed previously in Chapter 1. Also referenced in Table 10 is the
purification methodology used to isolate the FpFs. Vivaspin-IEX-SEC means that free
reagent (PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27) was removed from the
TCO 28 and Tz 29 functionalised Fab conjugation mixtures via centrifugation filtration,
then post combining of the TCO 28 and Tz 29 functionalised Fab conjugates IEX and
SEC were used to obtain a purified FpF. IEX-IEX-SEC means that the free reagent
(reagents 26 and 27) removal step was performed using IEX. The majority of FpFs
were purified using the IEX-IEX-SEC sequence.

FpFs purified using the vivaspin-IEX-SEC purification sequence (Table 10,
Samples no. 1-5) gave yields of between 0.6-20.1%. This is a large range and little
consistency in yields was observed using this methodology. It is likely that the variation
in yields is due to the performance of the filtration centrifugation step. As seen
previously the removal of free PEG bis-sulfone TCO 26, free PEG bis-sulfone Tz 27
(Figure 46) and concentration of TCO 28 and Tz 29 functionalised Fab conjugates are
key to maximising the final yield of purified FpF.

It is possible that the vivaspin column used for centrifugation does not perform
consistently, there may be loss of functionalised Fab conjugate through the membrane
even though the MWCO of 30 kDa used suggests that should not happen. Removal
of free reagents 26 and 27 may also not be consistent. This may help to explain the
low yields of 2.5%, 0.6% and 1% (Table 10, Samples 1, 4 and 5) obtained using
vivaspin-IEX-SEC.

Changing to an IEX-IEX-SEC purification strategy improved the consistency of
purified yields obtained (Table 10, Samples 6-18). Yields ranged between 6.5-14.9%,
with most experimental yields being in the 10-15% range. This consistency is likely
due to IEX being extremely effective at removing free PEG bis-sulfone TCO 26 and
free PEG bis-sulfone Tz 27 reagents from their conjugation mixtures. Reagents 26
and 27 do not bind to the surface of the IEX column and typically elute within five
minutes of method run time. The TCO 28 and Tz 29 functionalised Fab conjugates
elute in a controlled way (elution requires addition of competitor ion, Na*) after

approximately 30 minutes of run time.
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To give context regarding FpF yield. If the FpF conjugation-ligation process was
started with a total of 1 mg Fab, a final yield of 10% would equate to 100 pg of FpF.
100 pg of FpF would be enough to characterise the molecule. This quantity would
certainly be enough to assess purity via silver stained SDS PAGE and to assess
binding kinetics using both SPR and ELISA. Quantities required for in vitro assays are
also typically quite small and within nanomolar ranges, so yields of up to 15%
(excluding the anomalous 20.1% yield) are high enough to be able to characterise the
molecule and make conclusions on binding kinetics and stability. However, as a
therapeutic molecule this yield is probably not acceptable, a comparable and relatable
example of this would be Faricimab. A 50 pL dose of Faricimab contains 6 mg[197] of
drug, to obtain 6 mg of a BsFpF 7, assuming a yield of 10%, 60 mg of starting material
(Fabs) would be needed, losing 54 mg of starting material to produce a single dose is
unlikely to be acceptable.

Prior to performing any characterisation of BsFpFs 7 prepared via conjugation-
ligation several control reactions were performed. In this case a control reaction is
when an unreduced Fab with an intact disulfide bond are incubated together. SDS
PAGE is then used to examine if any non-specific conjugation has occurred.

The control reactions were carried out as it was thought that impurities formed
(Figure 54) during conjugation of Fabs to PEG bis-sulfone TCO 26 and PEG bis-
sulfone Tz 27 were due to non-specific conjugation which could be pH sensitive
Control reactions have been performed previously by our research group [148] using
PEG based reagents containing a mono-sulfone conjugation moiety 3 with no non-
specific conjugation occurring at a range of pHs between 6-8.6. Performing control
reactions using PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 would allow
comparison with previous work and help to better understand the behaviour of
reagents 26 and 27 during conjugation. A pH scouting experiment focusing on the
ligation between intermediates 28 and 29 was also performed. Reagent only reactions
(Figure 45) had shown the ligation reaction was not sensitive to pH, it was therefore

interesting to see if the presence of protein made any difference.

120



Control reactions and pH scouting experiments

Ranibizumab was incubated with PEGs bis-sulfone TCO 26 and PEGs bis-sulfone Tz
27 for 2 hours (Figure 57) at a range of different pHs (5-9). The accessible disulfide
bond present in ranibizumab was not reduced prior to combination with reagent 26
and 27. After a 2 hour incubation time faint bands at a molecular weight in excess of
the parent Fab (approx. 55 kDa) are beginning to form at pHs 7, 8 and 9 (Figure 57,
Lanes 5-7 and Lanes 10-12) for reactions with both reagents 26 and 27 with the

greatest concentrations forming at pH 9 (Figure 57, Lanes 7 and 12).
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Figure 57 SDS PAGE gel showing results from control reactions of 0.3 mg ranibizumab per reaction
(0.30 mg/mL) incubated with 1.5 eq. PEGs bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 at range of
pHs, 2 hour reaction time. Lane 1: Protein marker, 2: ranibizumab, 3: PEGs bis-sulfone TCO 26 pH 5,
4:pH6,5:pH7,6:pH 8, 7: pH 9, 8: PEGs bis-sulfone Tz 27 pH 5, 9: pH 6, 10: pH 7, 11: pH 8, 12: pH
9.

The presence of the faint band at approximately 55 kDa shows that nonspecific
conjugations between Fabrani and PEGs bis-sulfone TCO 26 and PEGs bis-sulfone Tz
27 are occurring, likely involving lysine groups present on the surface of the Fab
molecule. The greatest quantity of non-specific conjugation is seen at pH 9 because
at this pH the surface lysine groups are deprotonated. The control reactions were left
to incubate for 24 hours to see how the reactions proceeded with results being shown

in Figure 58.

121



260 kDa
260 kDa

160 kDa Possible Fab dimer
160 kDa -
110 kDa —
80 kDa
80 kDa
60 kDa Hlongsgecific intetactions Non-specific conjugations
[ wmm [ v oo Caod (o8
50kDa 50 kpDa -
i ar e - D S - ———
40kDa ° 40kDa
30kDa | 30KDa -
e 20 kDa -
1skba 15 kDa -
lokpa - — 10kDa |m— —
1 2 3 a4 5 [} 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11

Figure 58: SDS PAGE gel showing results from control reactions of 0.3 mg ranibizumab per reaction
(0.30 mg/mL) incubated with 1.5 eq. PEGs bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 at range of
pHs, 24 hour reaction time, stained with Coomassie blue (A) and (B) barium iodide. Lane 1: Protein
marker, 2: PEGs bis-sulfone TCO 26 pH 5, 3: pH 6, 4: pH 7, 5: pH 8, 6: pH 9, 7: PEGs bis-sulfone Tz
27pH5,8:pH6,9:pH 7,10: pH 8, 11: pH 9.

After incubation for 24 hours the nonspecific conjugation has continued to
proceed at pHs 7, 8 and 9 as indicated by the increased concentration of the bands at
approximately 55 kDa (Figure 58A, Lanes 4-6 and Lanes 9-11) for both reagent 26
and 27. Within these lanes faint bands at a molecular weight of 110 kDa have begun
to form which is likely a dimeric molecule containing 2 Fabs and a single molecule of
reagents 26 and 27. Faint bands (approximately 55 kDa) have also begun to form for
control reactions performed at pH 6 (Figure 58A, Lanes 3 and 8).

Barium iodide staining was used to confirm that the bands at approximately 55
kDa (Figure 58A, Lanes 3-6 and Lanes 8-11) were a type of precursor Fab conjugate
that had formed. The annotated bands (Figure 58B Lanes 3-6 and Lanes 8-11) turned
a green colour whereas the remaining native Fab remained blue. The green colour
formation is a mixture of brown PEG related and blue protein related bands, the
presence of green bands indicates that conjugation, although non-specific, has
occurred. Non-specific conjugations of Fab fragments with PEG bis-sulfone TCO 26
and PEG bis-sulfone Tz 27 reagents are not ideal as this behaviour can be
unpredictable.

Control reactions between Fabrani and the PEG bis-sulfone TCO 26 and PEG
bis-sulfone Tz 27 reagents show that non-specific conjugations are occurring, with

most prevalence occurring at pH 8 and 9, higher than conditions in which conjugations
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have typically been taking place (pH 7.6). This behaviour is different to what has been
previously observed [148,161].

Another point of interest was the pH sensitivity of the iIEDDA ligation reaction
between the TCO 28 and Tz 29 functionalised Fab conjugates. Ranibizumab was
conjugated to PEG+o bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27 reagents.
Intermediates 28 and 29 were purified using IEX and combined and allowed to ligate
at a pH range of 5-9 (Figure 59, Lanes 2-6). pH had no impact upon the ligation
reaction in the presence of protein. Bands of equal concentration were formed at pHs
5 through to 9 (Figure 59, Lanes 2-6). In addition to variation of pH ligations performed
in which either the TCO 28 or Tz 29 functionalised Fab conjugates were in molar
excess of each other (2:1 molar ratio) (Figure 59, Lanes 7 and 8) showed that the
presence of either intermediate 28 or 29 in excess had no impact on FpF yield, with
band concentrations being of similar intensity. Lastly a ligation reaction was performed
at pH 7 but at an elevated temperature of 37°C (Figure 59, Lane 9). Again elevated
temperature had little impact upon the ligation reaction with the formed band being of
similar concentration to the band formed during the ligation reaction at the same pH
(Figure 59, Lane 4) but at ambient temperature.
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Figure 59: SDS PAGE gel showing results from ligation scouting reactions between TCO 28 and Tz 29
functionalised Fabrani at a range of pHs, intermediate excesses and elevated temperature, 2 hour
reaction time. Lane 1: Protein marker, 2: pH 5, 3: pH 6, 4: pH 7, 5: pH 8, 6: pH 9, 7: 2:1 TCO 28
functionalised Fab conjugate: Tz 29 functionalised Fab conjugate, 8: 2:1 Tz 29 functionalised Fab
conjugate: TCO 28 functionalised Fab conjugate, 9: 1:1 ratio of TCO 28 functionalised Fab conjugate
and Tz 29 functionalised Fab conjugate, pH 7 at 37°C.

The experiment performed (Figure 59) showed that the ligation reaction in the

presence of protein is not pH sensitive, which is consistent with reagent only ligation
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reactions (Figure 45). Incubation time was extended to 24 hours with no change in the
concentrations of FpFs for all conditions examined, meaning that the ligation reaction
between intermediates 28 and 29 proceeds to completion within 2 hours.

An ideal result would have been to determine an optimum condition for the
ligation reaction to improve FpF yield. What can be taken from this experiment is that
the ligation reaction is robust and does not require exacting conditions to proceed.
Another thought was to attempt to prepare a BsFpF using an alternative methodology
leveraging results observed during initial attempts to prepare a FpF via conjugation-
ligation (Figure 48). Observations showed that a large molecule (intermediate 28 or

27) has preference to ligate to a smaller molecule (reagent 26 or 27).
Preparation of a BsFpF using an alternative methodology

Up to this point BsFpFs have been prepared by conjugating 2 different Fabs to
PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 reagents and the subsequent
ligation of the resulting TCO 28 and Tz 29 functionalised Fab conjugates. Alternatively,

a different methodology (Scheme 13) was proposed.
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Scheme 13: Preparation of a BsFpF 7 via an alternative methodology. A TCO functionalised Fab
conjugate is prepared by conjugating a Fab to PEG bis-sulfone TCO 26. Intermediate 28 is ligated to
PEG bis-sulfone Tz 27 to form a Fab PEG TCO-Tz PEG bis-sulfone intermediate 31. A second, non-
identical Fab is then conjugated to the free bis-sulfone group present in intermediate 31 to prepare a
BsFpF 7.
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A TCO functionalised Fab conjugate 28 is prepared via conjugation of Fab1 to
PEG bis-sulfone TCO 26. Intermediate 28 is ligated to a PEG bis-sulfone Tz 27
reagent to prepare a Fab PEG TCO-Tz PEG bis-sulfone intermediate 31. Finally, Fab2
is reduced and introduced to intermediate 31 to prepare the final BsFpF 7. The ligation
between the TCO functionalised Fab conjugate 28 and PEG bis-sulfone Tz 27 is seen
as the most interesting part of this methodology as it tries to exploit the preference of
something large (intermediate 28) preferentially ligating to something small (reagent
27). It was thought that exploiting this preference would drive the formation of
intermediate 31. If large quantities of intermediate 31 did indeed form, plenty of BsFpF
7 should form upon incubation of intermediate 31 with reduced Fab2 via the free bis-
sulfone conjugation moiety.

An attempt to prepare a BsFpF using the methodology outlined in Scheme 13
was performed (Figure 60). Ranibizumab was conjugated to a PEG1o bis-sulfone TCO
26 to form the required TCO functionalised Fab conjugate 28 (Figure 60, Lane 4).
Intermediate 28 was purified using IEX (Figure 60, Lane 5) to remove free reagent 26
and any HMW impurities. Upon incubation of intermediate 28 with 1.5 molar
equivalents of PEGs bis-sulfone Tz 27 (Figure 60, Lane 6) the intended Fab PEG TCO-
Tz PEG bis-sulfone intermediate 31 formed, indicated by the appearance of a band at
approximately 70 kDa, more than the molecular weight of intermediate 28
(approximately 60 kDa MW). Intermediate 31 was purified using IEX to remove any
free PEGs bis-sulfone Tz 27.

Intermediate 31 was quantified using micro-BCA to allow a suitable quantity of
Fabrocii to be used during conjugation. A quantity of Fabrocii was reduced and
incubated with intermediate 31 at pH 7.6 for 18 hours, this led to formation of a BsFpF
7 (Figure 60, Lane 7). To remain consistent with the conjugation reaction to prepare
the TCO functionalised Fab conjugate 28, the amount of FabTocii used was set to

ensure intermediate 31 was in a 1.5 molar excess of reduced Fab.
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Figure 60: An SDS PAGE gel showing the preparation of a BsFpF 7 using an alternative method. Lane
1: Protein marker, 2: ranibizumab, 3: reduced ranibizumab, 4: conjugation of reduced ranibizumab to
1.5 eq. PEG1o bis-sulfone TCO 26, pH 7.6, 18 hours, 5: purified TCO functionalised Fabrani conjugate
28, 6: Ligation of intermediate 28 to PEGs bis-sulfone Tz 27, 7: conjugation of reduced Fabrocii to the
Fabrani PEG TCO-Tz PEG bis-sulfone intermediate 31.

Visually the yield of BsFpF 7 (Figure 60, Lane 7) was no greater than BsFpFs
7 prepared using the standard conjugation-ligation methodology which was
disappointing and meant that this methodology was not adopted Visually comparing 2
different SDS PAGE gels may not have been the best way to compare between the 2
methodologies. A better way would have been to use an internal standard to
quantitatively compare. However, some interesting observations could be made from
this experiment. During the ligation (Figure 60, Lane 6) of intermediate 28 to PEGs bis-
sulfone Tz 27 not all of intermediate 28 was consumed despite reagent 27 being added
in a 1.5 molar excess. Also, after the conjugation (Figure 60, Lane 7) between
intermediate 31 and reduced FabTocii an amount of intermediate 31 remained despite
the Fab also being added in excess. Intermediate 28 and intermediate 31 should have
been completely consumed during the respective ligation (Figure 60, Lane 6) and
conjugation (Figure 60, Lane 7) reactions, the source of the incomplete conversion is
likely to be the purity of the PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27
reagents which could also help to explain why final purified BsFpF yields (Table 10)
do not exceed 15%.

The synthesised PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 reagents
are likely mixtures of 3 different molecules (Figure 61). Taking the PEG bis-sulfone

TCO 26 as an example there is likely a mixture of the desired reagent 26, a PEG X
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TCO molecule 32 and finally a PEG bis-sulfone X molecule 33. The X in the reagent

names is used to signify dead, unreactive chain ends.
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Figure 61: Chemical structure of PEG bis-sulfone TCO 26, PEG X TCO 32 and PEG bis-sulfone X 33.
PEG X TCO 32 can ligate but not conjugate, PEG bis-sulfone X 33 is able to conjugate but not ligate.

PEG X TCO 32 would influence the yield of TCO functionalised Fab conjugate
28 as it lacks the bis-sulfone moiety 1 required for conjugation. To put this into
perspective if 1.5 eq. of PEG bis-sulfone TCO 26 was used in a conjugation reaction,
only a proportion of the added reagent 26 would contain the required bis-sulfone
moiety 1. Say the ratio of reagent 26 to impurity 32 was 1:1 (0.75 eq. reagent 26, 0.75
eq. impurity 32). This would mean Fab would be in excess of PEG bis-sulfone TCO
26. At most, assuming an optimistic efficiency of 100%, only 75% of the reduced Fab
would be able to conjugate, limiting the yield of TCO functionalised Fab conjugate 28.
As demonstrated earlier in this chapter (Figure 49) the quantity of TCO functionalised
Fab conjugate 28 is key in maximising the final yield of FpF.

The incomplete consumption of the TCO functionalised Fab conjugate 28
(Figure 60, Lane 6) during ligation to PEGs bis-sulfone Tz 27 is likely due to PEG bis-
sulfone X 33. During the conjugation of Fabrani to PEG10 bis-sulfone TCO 26 two
different intermediates have likely formed (Figure 62), the desired TCO functionalised
Fab conjugate 28 and a Fab conjugate lacking the TCO ligating moiety 34 (Fabrani +
PEG bis-sulfone X 33).
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Fab conjugate 34 is not able to ligate as it lacks the required TCO moiety.
Therefore, when conjugate 34 is incubated with PEG bis-sulfone Tz 27 the ligation
reaction would not occur. It is likely that conjugate 34 is responsible for the band
observed at approximately 55 kDa in Figure 60, Lane 6. SDS PAGE would not be able
to discern between conjugate 28 and conjugate 34 because of the similarities in
molecular weight. A more appropriate technique may be Matrix-Assisted Laser
lonisation-Time-of-Flight (MALDI-TOF) which can be used to directly measure
molecular weight of antibodies with great accuracy [198].

The incomplete conversion of intermediate 31 to BsFpF 7 (Figure 60, Lane 7)
occurs due to the PEG bis-sulfone Tz 27 containing a similar mixture of impurities
(Figure 63) as the PEG bis-sulfone TCO 26 reagent.
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Figure 63: Chemical structure of PEG bis-sulfone Tz 27, PEG X Tz 35 and PEG bis-sulfone X 33. PEG
X Tz 35 can ligate but not conjugate, PEG bis-sulfone X 33 is able to conjugate but not ligate.

During the ligation of the TCO functionalised Fab conjugate 28 to PEG bis-
sulfone Tz 27 (Figure 60, Lane 6) a mixture of conjugates forms, including the desired
Fab PEG TCO-Tz PEG bis-sulfone intermediate 31 and a Fab PEG TCO-Tz PEG X
impurity 36 (Figure 64), which does not contain a free bis-sulfone moiety 1 and

therefore is not capable of conjugating to a second reduced Fab. This explains why a
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band corresponding to intermediate 31 remains (Figure 60, Lane 7) even when it is
incubated with an excess of Fab, the band for intermediate 31 is a mixture of the two

molecules illustrated in Figure 64.
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Figure 64: Chemical structure of a Fab PEG TCO-Tz PEG bis-sulfone intermediate 31 and Fab PEG
TCO-Tz PEG X 36 impurity. Impurity 36 is not able to conjugate to a Fab due to a lack of the bis-sulfone
1 group.

Discussion of the results presented in Figure 60 prove that the purity of the PEG
bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 reagents limits the yield of final purified
BsFpF that can be obtained. Impurities present in reagents 26 and 27 limit the yield of
TCO 28 and Tz 29 functionalised Fab conjugate, which in turn limits FpF yield when
intermediates 28 and 29 are combined and allowed to ligate. Once reagent synthesis
improves, leading to purer reagents, yields should begin to increase, HPLC purification
is a way that the di-functional reagents could be purified prior to use in conjugation
and subsequently ligation experiments. Moving forward, experimentation
characterising FpFs including BsFpFs 7 prepared via conjugation-ligation were

performed.
Stability of an FpF and BsFpF prepared via conjugation-ligation

The stability of a monospecific anti-VEGF FpF prepared via conjugation-ligation was
assessed by storing the conjugate for 6 months (24 weeks) at a storage temperature
of 5°C. The anti-VEGF FpF was prepared via conjugation-ligation using ranibizumab
as the source of Fab. Prior to setting down the anti-VEGF FpF on stability the molecule
was treated with sodium triacetoxyborohydride (STAB) to stabilise the conjugate by
reducing the linker carbonyl group to an alcohol group. This is a key step as it can
prevent a potential de-conjugation occurring between the PEG polymer backbone and
Fab via a retro-Michael addition reaction.

The anti-VEGF FpF was set down on stability in a partially formulated state. A
0.1% w/v concentration of Tween 20 was added to the FpF solution (PBS, pH 7.2).
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Tween 20 is a non-ionic surfactant with prevalence of use in therapeutic antibody
formulations [199] and can limit protein aggregation by providing a steric shielding
effect, in essence the surfactant coats surfaces and provides a physical barrier to
interactions. Samples of the anti-VEGF FpF were taken at pre-determined time points
and characterised using SDS PAGE (Figure 65).
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Figure 65: An SDS PAGE gel showing results from the storage of a monospecific anti-VEGF (derived
from ranibizumab) FpF at 5°C for 24 weeks at a concentration of 0.2 mg/mL, treated with STAB prior to
stability set down. The FpF was set down dissolved in PBS (pH 7.2) with 0.1% w/v Tween 20. Lane 1:
Protein marker, 2: Initial timepoint, 3: 1 week timepoint, 4: 2 weeks, 5: 4 weeks, 6: 6 weeks, 7: 12
weeks, 8: 24 weeks.

The anti-VEGF FpF remained physically stable for up to 24 weeks (6 months),
no signs of aggregation or de-conjugation were observed. If aggregation of two FpFs
had occurred a band at a molecular weight of approximately 230 kDa would be visible.
The covalent bond formed during ligation reaction is stable as no bands corresponding
TCO 27 or Tz 28 functionalised Fab conjugates are present. If the covalent bond
formed during ligation had broken two bands would appear on the gel, one at 60 kDa
and another at 55 kDa.

Next a storage temperature of 37°C was assessed as this simulates internal
body temperature and gives an indication of the stability of the FpF post dosing. Figure
66 shows an SDS PAGE gel of same anti-VEGF FpF after storage at 37°C for 4 weeks.
Despite antibodies having intravitreal half-lives of approximately 7 days [73] the study
at 37°C was extended to 28 days as it is feasible for patients to have monthly injections
of anti-VEGF therapeutics [73]. The study would have been extended beyond 28 days

but was halted due to a lack of material.

130



Aggregate

260 kDa [:]

160 kDa
-—
110 kDa
80 kDa
FabPEGTCO-TzPEGX | Figure 66: An SDS PAGE gel showing results

60 kDa 36 from the storage of a 0.2 mg/mL monospecific

Anti-VEGF (derived from Fabrani) FpF at 37°C for

50 kDa Fab 28 days, treated with STAB prior to stability set

- S down. The FpF was set down dissolved in PBS

(pH 7.2) with 0.1% w/v Tween 20 Lane 1: Protein

40 kDa marker, 2: Initial timepoint, 3: 7 days, 4: 14 days,
5: 28 days.

30kDa | =

20kDa |

15 kDa

10 kDa

1 2 3 4 5

Unlike storage at 5°C, degradation of the anti-VEGF FpF did occur after being
stored for 28 days at 37°C (Figure 66, Lane 5). A faint band at approximately 240 kDa
is likely an aggregate in which 2 FpF molecules (120 kDa each) are entangled with
each other. Aggregation of monoclonal antibodies tends to occur when partial
unfolding of the tertiary structure occurs exposing residues which can allow monomers
to aggregate [200]. Antibody aggregation can be accelerated by an increase in
temperature [201]

Evidence of Fab dissociation is also present as indicated by the faint band
(Figure 66, Lane 5) with a molecular weight of just less than 80 kDa which corresponds
to a Fab PEG TCO-Tz PEG X 36 impurity. It is assumed that the STAB reaction was
not entirely effective and did not proceed to completion allowing some retro Michael-
addition reactions to occur. Despite some evidence of instability, a relatively large
amount of the parent anti-VEGF FpF (Figure 66, Lane 5, band at approximately 120
kDa MW) remains intact.

A stability study at 5°C was also carried out with an anti-VEGF/IL-6R BsFpF.
The BsFpF was prepared via conjugation ligation using ranibizumab and FabTocii as
the source of Fabs. This study ran for 24 weeks with samples being collected at pre-
determined timepoints and assessed using SDS PAGE. SDS PAGE showed that the
anti-VEGF/IL-6R BsFpF remained stable after 24 weeks storage at 5°C (Figure 67).
No signs of BsFpF aggregation or deconjugation were detected.
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Figure 67: An SDS PAGE gel showing results from the storage of a 0.5 mg/mL Anti-VEGF/IL-6R
(derived from ranibizumab and Fabuocii) BsFpF FpF at 5°C for 24 weeks , treated with STAB prior to
stability set down. The FpF was set down dissolved in PBS (pH 7.2) with 0.1% w/v Tween 20 Lane 1:
Protein marker, 2: Initial, 3: 2 weeks, 4: 4 weeks, 5: 8 weeks, 6: 12 weeks, 7: 24 weeks.

Further characterization of BsFpFs, specifically measuring their affinity to their
intended targets is presented in Chapter 5. The next section of this chapter presents
efforts to prepare a bivalent bispecific molecule, a construct which is distinct from a
BsFpF.

Attempts to prepare a bivalent bispecific molecule

A monospecific IgG antibody is a bivalent molecule containing two identical
binding arms. Bivalency allows a single IgG to bind to more of its intended target
leading to greater target neutralisation [202] compared to a monovalent Fab. The
BsFpFs prepared during this research are monovalent molecules mimicking approved
bispecific therapeutics such as Faricimab. Faricimab is a monovalent bispecific
containing one anti-VEGF and one anti-ANG-2 binding arm. The use of ligation
reactions is not exclusive to fab fragments. Wagner et al. [203] synthesised a bispecific
antibody from full length monospecific IgG molecules using a combination of sortase
transpeptidation and click chemistry. The conjugation of the IgG molecules occurred
at the C-terminus creating a C-C fused IgG heterodimer. Using this methodology two
anti-influenza A antibodies with activities against different virus subgroups were linked
to form a bispecific. The bispecific retained the anti-viral activities of the two parent
monospecific antibodies.

It was proposed to try and prepare a bivalent bispecific molecule which would

contain 2 binding arms for target A and 2 binding arms for target B (Scheme 14).
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Scheme 14: Preparation of a Bivalent bispecific molecule 39 via conjugation ligation. An IgG is
conjugated to PEG bis-sulfone TCO 26 to prepare a TCO functionalised 1gG 37. A second IgG is
conjugated to PEG bis-sulfone Tz 27 to form a Tz functionalised 1gG 38. In this example conjugation of
reagents 26 and 27 to both IgGs has occurred at one of the hinge disulfide bonds. Intermediates 37
and 38 are combined and allowed to ligate to form a bivalent bispecific molecule 39. The bivalent
bispecific 39 would have a molecular weight of approximately 300 kDa.

The proposed method of preparation is similar to the scheme proposed for the
conjugation-ligation of Fabs (Scheme 12) to prepare a BsFpF with the only difference
being the use of complete IgGs. Using complete IgGs for this methodology does create
some complexity. IgG antibodies contain four reducible disulfide bonds available for
conjugation. Reduction of IgGs with DTT causes all four of the disulfide bonds to
reduce. Therefore, it would be possible and probable for multiple molecules of either
reagent 26 or 27 to conjugate to a single IgG, Scheme14 outlines a scenario in which
a single molecule of reagent 26 or 27 has conjugated to an IgG. The initial strategy for
the preparation of bivalent bispecific 39 involved using 1.5 eq. of PEG bis-sulfone TCO

26 and PEG bis-sulfone Tz 27 for conjugation with the hope that a low eq. of reagent
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would favour the formation of a mono conjugated IgG (an IgG conjugated to a single
molecule of reagent 26 or 27).

Infliximab and tocilizumab were conjugated (Figure 68A, Lanes 3 and 5) to 1.5
eq. of PEG1o bis-sulfone TCO 26 and PEGs bis-sulfone Tz 27. TCO 37 and Tz 28
functionalised 1gGs were formed as an increase in molecular weight was observed
(Figure 68A, Lanes 3 and 5) when compared to the source infliximab and tocilizumab
(Figure 68A, Lanes 2 and 4). Intermediates 37 and 38 were combined (Figure 68A,
Lane 6) and allowed to ligate for 18 hours. A band at a notably higher molecular weight
did form. This could be because of ligation between intermediates 37 and 38. The
ligation reaction mixture was purified using SEC (Figure 68B). The highlighted band
(Figure 68B, Lane 4) in excess of 260 kDa could be the desired molecule of interest

39. Visually the yield is quite low as indicated by the intensity of the band.
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Figure 68: (A) SDS PAGE gel showing conjugation of 1 mg tocilizumab (0.30 mg/mL) and 1mg (0.30
mg/mL) infliximab to 1.5 eq. of PEGs bis-sulfone Tz 27 and PEGuo bis-sulfone TCO 26, pH 7.6, 18 hours
and ligation of the formed TCO 37 and Tz 38 functionalised 1gGs. (B) SEC purification of the ligation
reaction mixture (Figure 68A, Lane 6). (A) Lane 1: Protein marker, 2: infliximab, 3: infliximab, 1.5 eq.
PEG:s bis-sulfone Tz 27, 4: tocilizumab, 5: tocilizumab, 1.5 eq. PEG+o bis-sulfone TCO 26, 6: ligation of
intermediates 37 and 38. (B) Lane 1: protein marker, 2: ligation mixture (Figure 68A, lane 6), 3: SEC
fraction 1 (F1), 4: F2, 5: F3, 6: F4, 7: F5, 8: F6, 9: F7, 10: F8, 11: F9.
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Another attempt to prepare a bispecific bivalent molecule 39 was made (Figure
69) using infliximab and secukinumab as the source of IgGs. Infliximab and
secukinumab were used due to their availability at the time. Two different conjugations
were performed using secukinumab and tocilizumab. One set of conjugations used
1.5 eq. of reagents 26 and 27 (Figure 69A, Lanes 2 and 4) and the other set 4 eq. of
reagents 26 and 27. 4 eq. of reagents 26 and 27 were added to try and conjugate all
4 of the IgG disulfide bonds to try and increase the amount of TCO 37 and Tz 38
functionalised IgGs prepared, which when subsequently ligated may lead to greater
formation of a bivalent bispecific 39. It was evident that using 4 eq. (Figure 69, Lanes
3 and 5) of reagents 26 and 27 increased the quantity of TCO 37 and 38 IgG
conjugates that were formed, compared to when 1.5 eq. was used (Figure 69, Lanes
2 and 4), as a greater concentration of bands in excess of 160 kDa were present. The
bands are not well defined and appear more like a smear, this is likely because a
mixture of mono, di and multi conjugated IgGs has formed due to 4 eq. of reagents 26

and 27 being used.
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Figure 69: SDS PAGE gel showing conjugation of 1 mg (0.30 mg/mL) secukinumab to 1.5 eq. and 4
eq. of PEG1o0 bis-sulfone TCO 26 and 1 mg tocilizumab (0.30 mg/mL) to 1.5 eq. and 4 eq. PEGs bis-
sulfone Tz 27, pH 7.6, 18 hours, ligation of the formed TCO 37 and Tz 38 functionalised IgGs and SEC
purification of the ligation reaction mixture. Lane 1: Protein marker, 2: secukinumab, 1.5 eq. PEG1o bis-
sulfone TCO 26 , 3: secukinumab, 4 eq. PEG+o bis-sulfone TCO 26, 4: tocilizumab, 1.5 eq. PEGs bis-
sulfone Tz 27 5: tocilizumab, 4 eq. PEGs bis-sulfone Tz 27. 6: protein marker, 7: ligation mixture, 8:
SEC fraction 1 (F1), 9: F2, 10: F3, 11: F4, 12: F5, 13: F6, 14: F7, 15: F8.
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The TCO 37 and Tz 38 functionalised 1gGs prepared using 4 eq. of reagents
26 and 27 were combined and allowed to ligate forming a number of bands in excess
of 260 kDa (Figure 69, Lane 7). One band has been annotated as it was thought this
may be the bivalent bispecific 39. Bands with higher molecular weights are also
present in Lane 7. Ligation between TCO 37 and Tz 38 functionalised IgG conjugates
containing multiple reagent molecules are likely responsible for this. For example, if a
TCO functionalised IgG 37 was a conjugate containing 2 molecules of reagent 26 it
could ligate to 2 Tz functionalised IgGs 38 creating a trivalent molecule with a
molecular weight of around 500 kDa. The ligation reaction mixture (Figure 69, Lane 7)
was purified using SEC with the purification not being particularly successful, as when
the fractions were analysed using SDS PAGE (Figure 69, Lanes 8-15) multiple bands
were present in each fraction.

The results presented in Figures 68 and 69 indicate that it may be possible to
prepare a bivalent bispecific 39 using conjugation-ligation. However, it was thought
that the bivalent bispecific 39 could be modified to make it more suitable for use as a
potential intra-ocular therapy, it was proposed to try and remove the Fc region from

the bivalent bispecific 39 to prepare a bispecific Fab2 (BsFab2, Figure 70) 40

Figure 70: Structure of a bispecific Fab2 (BsFab2) molecule 40 with an estimated molecular weight of
approximately 200 kDa.
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Attempts to prepare a bispecific Fab2 40 via conjugation ligation and digestion

with Pepsin

Neonatal Fc receptors (FcRn) are expressed within the eye [204] which may
affect the half-life and distribution of molecules containing Fc which are injected
intravitreally. One route of IgG elimination from the eye is via the central retinal vein,
lgGs eliminated via this route enter systemic circulation. Removal of the Fc would
reduce systemic half life post ocular elimination and also eradicate any potential pro-
inflammatory effector functions [205], Faricimab has its Fc functionality disabled via
amino acid exchange during development for these reasons [205].

Performing amino acid exchange was not a viable option to disable the Fc
functionality of the bivalent bispecific 39. Instead, it was proposed to remove the Fc
region via enzymatic digestion. One enzyme that can perform this task is pepsin.
Pepsin digests IgGs below the hinge region yielding a Fab2 molecule. This enzyme
could be used to digest the bivalent bispecific 39 to prepare an Fc free molecule.
Digestion of the ligation reaction mixture would reduce the molecular weight of all
components of the mixture which may allow for easier purification using SEC. Before
trying to digest a bivalent bispecific 39, pepsin was used to digest an unmodified 1gG,
in this case tocilizumab, (Figure 71)
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Figure 71: (A) SDS PAGE gel showing results from digestion of 1 mg tocilizumab (1 mg/mL) with
soluble pepsin at pH 3, 3.5 and 5, 37°C, 15-hour digestion time. Lane 1: Protein marker, 2: parent
tocilizumab, 3: pH 3.0, 4: pH 3.5, 5: pH 4.0 (B) The structure of a Fab2 molecule.
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Tocilizumab was successfully digested to a Fab2 molecule at a variety of pHs
using pepsin (Figure 71A, Lanes 3-5). This can be determined by the decrease in
molecular weight to approximately 100 kDa. Pepsin is active at acidic pHs so a pH
range of between 3-4 was used. During digestions using pepsin the Fc is not preserved
and is digested into many small fragments which are too small to see on this type of
SDS PAGE gel. Visually the digestion at pH 4.0 has the greatest yield of Fab2. Yield
was not measured quantitively. Based upon the success of this experiment it was
decided to prepare a bivalent bispecific 39 and subsequently digest the molecule using
pepsin to form a BsFab2 40 with an expected molecular weight of around 200 kDa.

Infliximab and tocilizumab were conjugated to 4 eq. of PEG1o bis-sulfone TCO
26 and 4 eq. PEGs bis-sulfone Tz 27 respectively (Figure 72A, Lanes 2 and 3). The
resulting TCO 37 and Tz 38 functionalised IgGs were combined and allowed to ligate
(Figure 72A, Lane 4). The ligated intermediates 37 and 38 were digested using pepsin
(Figure 72B, Lane 2) for 15 hours (pH 4.0, 37°C), the SDS PAGE characterisation of
the digestion mixture did not reveal much information, no distinct bands could be
identified. However, when the digestion mixture was purified using SEC (Figure 72B,
Lanes 4-13), better defined bands were revealed. The bands highlighted (Figure 72B,
Lanes 10-13) have molecular weights likely close to 200 kDa, the expected molecular
weight of the BsFab2 40.
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Figure 72: (A) SDS PAGE gel showing conjugation of 1 mg (0.30 mg/mL) tocilizumab to 4 eq. of PEG10
bis-sulfone TCO 26 and 1 mg infliximab (0.30 mg/mL) 4 eq. PEGs bis-sulfone Tz 27, pH 7.6, 18 hours,
ligation of the formed TCO 37 and Tz 38 functionalised IgGs (B) Digestion of ligation mixture (Figure
72B, Lane 2) with pepsin, 15 hours, pH 4.0, 37°C and SEC purification of the digestion mixture. (A)
Lane 1: Protein marker, 2: tocilizumab, 4 eq. PEG1o bis-sulfone TCO 26, 3: infliximab, 4 eq. PEGs bis-
sulfone Tz 27. 4: ligation mixture. (B) Lane 1: Protein marker, 2: digestion of ligation mixture with
pepsin, 3: SEC purification of digested ligation mixture fraction 1(F1) 4: F2, 5: F3, 6: F4, 7: F5, 8: F6,
9: F7,10: F8, 11: F9, 12: F10, 13: F11.
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The same gel was analysed using Biorad Image Lab software to the molecular
weights of the bands (Figure 72B, Lanes 10-13) more accurately, the analysis is

shown below (Figure 73)
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Figure 73: SDS PAGE gel showing molecular weight analysis of Figure 72B, Lanes 10-13 using Biorad
Image Lab software (ver 6.1). Lane arrangement identical to Figure 72B.

The bands in lanes 10-13 (Figure 73) have molecular weights of between
182.0-198.7 kDa. As the expected weight of a BsFab2 40 molecule would be close to
200 kDa this gives some confidence that these bands represent the desired BsFab2
40, in which one Fab2 derived from infliximab is present and the other derived from
tocilizumab making it an anti-TNF-a/IL-6R BsFab2 40. The bands (Figure 73, Lanes
10-13) were combined and the absorption at 280 nm was measured, it was calculated
that 35 ug of BsFab2 40 had been prepared. Ideally quantification should have been
carried out using micro-BCA as PEG has some interference at 280 nm, however
micro-BCA is a destructive test.

Future work would include characterising this molecule further. 2 experiments
that could be performed to help characterise the molecule would be MALDI-TOF to
help confirm molecular weight and an SPR kinetic assay comparison with Fab
conjugates such as PEG-Fabs derived from infliximab and tocilizumab. A comparison

would be helpful because in theory a BsFab2 40 should dissociate slower because of
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its bivalent nature, if this was shown experimentally it would go some way to confirming

a bivalent bispecific has been prepared.
Conclusions:

Attempts to prepare a BsFpF 7 using a PEG di-bis-sulfone protein dimerisation
reagent 5 were not successful to the extent necessary to prepare BsFpFs that were
envisaged. It was thought that a heterodimeric reagent 15 may be able to overcome
the limitations of reagent 5 when preparing BsFpFs, however experimentation with
PEG bis-sulfide 17 and PEG bis-sulfone glycol 12 lead to this strategy not being
adopted because of the low reactivity of the PEG bis-sulfide 17.

Instead, it was proposed to try and prepare a BsFpF 7 via a conjugation ligation
strategy using pairs of difunctional reagents. Two sets of difunctional reagents, PEG
bis-sulfone DBCO 23, PEG bis-sulfone azide 24 and PEG bis-sulfone TCO 26, PEG
bis-sulfone Tz 27 were compared for their conjugation and ligation properties. It was
possible to form BsFpFs at greater concentrations using reagents 26 and 27 so these
reagents were used for subsequent experimentation.

Four monospecific FpFs and 14 BsFpFs 7 were successfully prepared via
conjugation ligation using reagents 26 and 27 with typical isolated yields in the range
of between 10-15%. Experimentation showed that the purity of the PEG bis-sulfone
TCO 26 PEG bis-sulfone Tz 27 may be a limiting factor precluding higher isolated
yields of the final BsFpF being possible. Key to FpF preparation was driving the
formation of the TCO 28 and Tz 29 functionalised Fab conjugates during the
conjugation step and the removal of free reagent 26 and 27 prior to ligation. It was
possible to prepare highly purified BsFpFs using IEX and SEC. An anti-VEGF/IL-6R
BsFpF was shown to be stable for up to 6 months when stored at 5°C, with no

aggregation or deconjugation occurring.
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Chapter 5 — Protein-protein binding

interaction studies

142



Determining the binding affinity and kinetic properties between antibody-based
molecules and their targets is a critical aspect of developing new antibody medicines.
Hence, various binding assays including surface plasmon resonance (SPR), enzyme
linked immunosorbent assays (ELISA) and microscale thermophoresis (MST) were
utilised to assess the binding affinity and kinetic properties of BsFpFs prepared during
this PhD. Table 11 summarises the list of all bispecific FpFs and other antibody
conjugates that had their binding affinity and kinetic properties measured during this
PhD.
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. Reagent(s) used Target Molecular . Experimental
Molecule Derived from . . . Technique(s) used .
for preparation Ligand(s) weight replicates
R PEG bis-sulfone VEGE e
Anti-VEGF/IL-6R TCO reagent 27
bi ific FpF PEG bis-sulfone T. 115 kDa SPR
ispecific Fp el is-sulfone Tz IL-6R i
reagent 28
Fabrani VEGF
Anti-VEGF/IL-6R Reagent 27
115 kDa SPR 1
bispecific FpF Reagent 28
Fabrocii IL-6R
Fabgeva VEGF
Anti-VEGF/TNF Reagent 27
115 kDa SPR 1
bispecific FpF Reagent 28
Fabinfixi TNF
FabRani VEGF
Anti-VEGF/TNF Reagent 27
115 kDa SPR 1
bispecific FpF Reagent 28
Fabinfixi TNF
Fabinfixi TNF
Anti-TNF/IL-6R Reagent 27
115 kDa SPR 1
bispecific FpF Reagent 28
Fabroii IL-6R
Anti-VEGF TCO ELISA 2
PEG bis-sulfone
functionalised Fabgeva VEGF 60 kDa SPR 3
TCO 26
Fab conjugate 28 MST 2
Anti-IL-6R Tz ELISA 2
PEG bis-sulfone Tz
functionalised Fabrogii o IL-6R 60 kDa SPR 3
Fab conjugate 27 - MST 2
Reagent 27 ELISA 1
Anti-VEGF FpF Fabgeva VEGF 115 kDa
Reagent 28 SPR 1
Reagent 27
Anti-VEGF FpF Fabgani VEGF 115 kDa SPR 1
Reagent 28
PEG di-bis-sulfone
ELISA 1
Anti-VEGF FpF Fabgeva protein dimerisation VEGF 120 kDa = ’
reagent 5
Anti-VEGF FpF Fabrani Reagent 5 VEGF 120 kDa SPR 1

Table 11: List of prepared bispecific FpFs which had their binding affinities characterised using different
binding assays.
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Technigues used to measure the binding affinity of antibodies to their intended

targets
(i) ELISA. ELISA is a technique used to determine the binding affinity and binding

specificity of an antibody to its target. Direct, indirect, sandwich and competitive are

all formats of ELISA. However, the indirect ELISA has previously shown to be suitable
for measuring the binding affinity of certolizumab pegol [206], a commercial PEGylated
Fab fragment targeting TNF-a, and hence it was used in this study.

Indirect ELISA involves coating the wells of a suitable plate with a fixed
concentration of antigen, the antibody of choice is then applied to the plate and binding
detected using a suitable secondary antibody. ELISA can be used to measure the
affinity of a molecule (Kb) to its target and could be used to gather data on the affinity

of bispecific FpFs. A generic example of an indirect ELISA is shown in Figure 74.

Secondary
antibody
conjugate

Primary .
antibody - i

A\
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Figure 74: A scheme for an indirect ELISA. During an indirect ELISA the target antigen is captured
onto a substrate. The primary antibody is introduced and binds to the antigen. A secondary antibody
specific to the Fc region of the primary antibody is then introduced, the secondary antibody contains a
tag which can be used to quantify the concentration of secondary antibody. The secondary and primary
antibody should be presentin a 1 to 1 ratio meaning measuring the concentration of secondary antibody
indirectly measures the concentration of primary antibody. UV is usually the technique of choice for
quantification.

(i) SPR: SPR is a technique in which a ligand of choice is either immobilised or
captured onto a chip. Attached to the surface of the gold chip is carboxymethylated
dextran, the dextran surface can either be activated or functionalised with additional

leaving groups to enable it to interact with a molecule. Once the ligand is immobilised
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an analyte molecule is passed over the chip (Figure 75A) at a set flow rate and for a
predetermined period after which analyte flow is halted and buffer is passed over the
chip, from this a sensorgram (Figure 75B) is generated. This methodology enables
SPR to generate outputs telling us how fast the analyte binds to its ligand (association
rate, ka), how strongly the analyte binds to the ligand (dissociation rate, kd) and affinity

of the molecule (Kb) to its target.
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Figure 75: (A) Surface plasmon resonance methodology in which the ligand is immobilised to a dextran
coated chip and the analyte of interest passed over the immobilised ligand, (B) An example SPR
sensorgram, the binding of ACE2 to 2019-nCoV S with the affinity (Kp), association rate (ka) and
dissociation rate listed (kd)

The kinetic properties kaand ka were measured using SPR. SPR is a technique
that allows low and precise immobilisation levels of ligands to be achieved. In this
study, we adopted a methodology previously developed by our research group to
immobilise VEGF to a CM3 chip at a very low immobilisation level [183]. Low
immobilisation level is needed to avoid mass transport limitations and to minimise re-
binding effects in which the analyte rebinds to the ligand after dissociating, this allows
the sensitivity of the assay to be enhanced. A low immobilisation level also ensures
that the ligand is sparsely distributed on the sensor surface. This allows for better
access of the analyte to the binding sites and helps with reducing the potential for
ligand-ligand interactions or steric hindrance between closely packed ligand
molecules. The sensorgram below (Figure 76) shows the steps during the
immobilisation of VEGF onto a CM3 chip.
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Figure 76: Sensorgram showing each step of the immobilisation of VEGF to a CM3 chip. Moving left
to right, the first step is application of NaOH to ensure the chip surface is clean from any impurities.
Then an EDC/NHS solution is applied to the chip surface for activation. VEGF at a concentration of 0.5
pg/mL was applied to the chip surface. The final step is deactivation of any remaining binding sites on
the chip surface using an ethanolamine solution.

Firstly, NaOH was applied to ensure the surface of the chip was free from any
impurities. The next step is activation of chip surface as the CM3 chip contains carboxy
groups (-COOH) on its surface which need to be activated by creating reactive ester
groups, which can then react with the primary amine of the ligand. This is typically
achieved using a mixture of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and N-Hydroxysuccinimide (NHS). If chip surface is not activated by EDC/NHS, the
chip is not able to be functionalised with the ligand. The third step is to run a ligand
solution of VEGF at a concentration of 0.5 pg/mL over the activated chip surface, the
VEGF was diluted to this concentration using a pH 5.5 acetate buffer. VEGF contains
primary amine groups which require specific buffer conditions to maintain their stability
and activity during immobilisation. The final step is Ethanolamine deactivation, this
step deactivates any free sites on the chip surface making them unreactive and
ensuring they do not interfere with any subsequent assays. Figure 77 is an annotated
sensorgram showing how the immobilisation level or RU of VEGF upon the chip is

calculated.
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Figure 77: Sensorgram illustrating how the immobilisation level is derived from the immobilisation
sensorgram (88 RU VEGEF in this case). To determine the immobilisation level the increase between
initial response pre NaOH wash, and the response post ethanolamine deactivation was calculated.

To determine the immobilisation level the difference between the initial
response, obtained prior to the NaOH wash, and the final response after ethanolamine
deactivation was calculated. In this study, the immobilisation level of VEGF was found
to be 88 RU. Additionally, another chip was immobilised with VEGF with an
immobilisation level of 95.9 RU. As explained, it was crucial to maintain the
immobilisation level below 100 RU for kinetic assays [207]. This was to limit rebinding
events during kinetic measurement to avoid its impact on the accurate measurement
of the molecule’s dissociation rate and, consequently, its overall affinity.

Other ligands such as TNF-a, IL-6R were captured (and not immobilised using
amine-coupling) over an NTA-Chip, a CM3 chip is not suitable for capturing of ligands.
Capturing also requires that the ligands of interest contain a histidine tag (his-tag). In
this method, the sensor chip NTA (nitrilotriacetic acid) was employed which is
composed of NTA covalent immobilised onto a carboxymethylated dextran surface.
To enable the capture of TNF-a (as an example) over an NTA chip, we had to obtain
histidine-tagged TNF-a and activate the NTA chip with a nickel (Ni*?) solution to form
a nickel-chelated NTA group. Anti-TNF-a antibody molecules (IgG, FpF and Bs-FpF)
were passed over the chip’s surface which has been functionalised with his-tagged

TNF-a, and the binding kinetics were evaluated.
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To regenerate the chip for a new analysis cycle, the NTA surface was washed
with an EDTA solution after each run. This regeneration was followed by refreshing
the chip with fresh Ni?* solution and his-tagged TNF-a. For the kinetic purposes, the
aim was to minimise the amount of his-tagged TNF-a captured onto the surface of the
NTA chip, hence a low concentration of his-tagged TNF-a (5 pg/mL) was used for
capture.

(iii) MST. Measurement of binding affinity for antibody conjugates can also be
achieved using Microscale Thermophoresis (MST). MST offers distinct advantages
over other methods such as ELISA and SPR. Notably, MST is a solution-based
technique that eliminates the need for immobilisation of ligands on a sensor chip (as
in SPR) or coating of ligands onto a plate (as in ELISA), providing a better mimicry of
in vivo conditions.

In MST, either the antigen or the antibody is labelled with a fluorescent tag, the
experimental set up involves the addition of the antibody and ligand to glass capillary
tubes. The concentration of the labelled partner is kept constant, while the
concentration of the unlabelled partner is varied. The principle underlying MST is
based on thermophoresis, which describes the movement of molecules along
temperature gradients resulting in a measurable change in the local concentration of
the target molecules. By employing fluorescence measurements, these concentration
changes can be easily monitored since the target molecules are fluorescently labelled
prior to an MST measurement.

This directed movement of molecules in MST is influenced by their molecular
size, charge, and hydration shell. Binding of a ligand to a target molecule induces
changes in at least one of these parameters, consequently leading to an altered
thermophoretic movement of the target-ligand complex compared to the single
molecules alone [208]. MST can be used to measure the binding affinity of an antibody
and generates a Kp value. For instance, the binding affinity of anti-TNF-a antibody,
Humira, and the anti-HER2 antibody, Herceptin, was determined using MST and
reported in an application note [209].

The first binding assay used to measure binding affinity of the prepared

antibody conjugates, was ELISA as presented in the following section.
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ELISA to measure binding affinity:
ELISA of anti-VEGF FpFs:

As described in the BsFpF preparation chapter (Chapter 4), antibody conjugates have
been prepared using the di-bis-sulfone protein dimerization reagent 5 and via the
ligation of functionalised Fab conjugations prepared via the conjugation of Fabs to
PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 reagents. An important question
to ask was whether binding affinity of an FpF prepared using reagent 5 was
comparable to a binding affinity of FpF prepared using reagents 26 and 27. To try and
answer this question the binding affinity of anti-VEGF monospecific FpFs prepared
using reagent 5 and reagents 26 and 27 were measured used ELISA and SPR. Figure
78 shows the results from an ELISA comparison of the anti-VEGF FpFs prepared
using the two different methodologies. Both molecules were anti-VEGF, monospecific
FpFs prepared using Faboeva Obtained from the digestion of bevacizumab. The FpFs

were applied over a 96-well plate which was pre-coated with VEGF.
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Figure 78: ELISA curves from plates coated with VEGF, treated with FpFreva homodimers prepared
using a PEG2o di-bis-sulfone dimerization reagent § and via ligation of TCO 28 and Tz functionalised
29 Fabyeva conjugates, n=1. FpFreva prepared using reagent 5 applied at concentrations ranging from
1.4x10® to 7.0x10"3M, FpFueva prepared via ligation applied at concentrations ranging from 6.7x10-7 to
3.4x10-"3M.

As seen in Figure 78, both the FpFreva prepared via ligation and FpFoeva
prepared using reagent 5 were able to saturate the VEGF ligand during the ELISA
experiment. This is evident by the plateau displayed for both molecules which begins
between the 10-% and 107 molar concentrations for both FpF molecules. To fit the data
GraphPad Prism was used. A one site — specific binding data fitting method was

applied to fit all the ELISA data presented in this thesis.
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It was found that binding affinity (Kp) of the FpFreva prepared using reagent 5
(0.17 nM) was lower than binding affinity of the FpFreva prepared via ligation (0.33 nM),
this is close to a 50% difference in affinity, which is an interesting finding as both
molecules were derived from the same antibody. While this experiment was only
carried out once and ideally more replicates are required, it suggested that the method
of preparation used to prepare the FpFs might have an impact on the binding affinity
of the molecules. We also performed SPR kinetic assays to measure the binding
kinetics of FpF prepared using reagent 5 and ligation with the data being presented

later in the chapter.

151



ELISA of an anti-VEGF/IL-6R bispecific FpF

An indirect ELISA methodology using VEGF as a ligand was used to measure binding
affinity of an anti-VEGF/IL-6R BsFpF 7 prepared via conjugation-ligation. For control
purposes the anti-VEGF IgG, bevacizumab, and Fabeeva had their affinities to VEGF
measured using ELISA (Figure 79). To ensure no non-specific binding occurred during
the ELISA experiment a control using the anti-TNF-a IgG, infliximab was also applied
to wells containing VEGF. Infliximab is a TNF-a neutralising molecule meaning it
should not bind to VEGF and wash from the 96 well plate during the washing steps
during the ELISA experiment. This should result in no absorbance being measured
after application of the HRP conjugated antibody. Another control experiment was
conducted by applying the anti-VEGF/IL-6R BsFpF 7 to wells containing PBS. The
negative controls were carried out to establish if any non-specific binding was
occurring during the ELISA experiment. Both negative controls demonstrated that no

non-specific binding was occurring during ELISA experiments.
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Figure 79: ELISA curves of a 96 well plate, each well coated with 0.1 pg of VEGF, treated with
bevacizumab (A) and Fabyeva (B), n=1. Bevacizumab concentrations range from 1.6x10-8 to 1.6x10-13M
and Fabyeva concentration range from 3.2x10-8to 3.2x10-13M

Absorbances were plotted against molar concentration to generate the ELISA
curves. The calculated affinities (Kp) were 0.022 nM for bevacizumab and 1.09 nM for
Fabveva. A lower affinity was expected for bevacizumab as it is a bivalent molecule,
containing two binding sites in comparison to the monovalent Faboeva. As bevacizumab
is bivalent it is expected that if bevacizumab and Faboeva were required to neutralise
the same quantity of VEGF a lower molar concentration of bevacizumab would be

needed.
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To conduct an ELISA using IL-6R as a ligand, the VEGF ELISA protocol was
altered to use IL-6R as the ligand. Incubation times and conditions post application of
IL-6R to the 96 well plate was kept consistent, the amount of IL-6R applied per well
(0.1 ug) was also kept consistent with the VEGF ELISA protocol. The anti-IL6R IgG,
tocilizumab, and Fabrocii were used to validate the IL-6R ELISA assay with the results
being shown in Figure 80.
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Figure 80: ELISA curves of a 96 well plate, each well coated 0.1 ug of IL-6R, treated with tocilizumab
(A) and Fabuocii (B), n=1. Tocilizumab concentrations range from 1.3x107 to 1.3x10-'3M and Fabtocii
concentration range from 3.0x107 to 3.0x10-13M

The calculated affinities (Kp) were 0.13 nM for tocilizumab and 1.50 nM for
Fabrocii. As expected, a greater affinity was measured for tocilizumab as a bivalent
IgG compared to the monovalent Fabrocii which was consistent with results observed
previously during ELISA comparisons of bivalent bevacizumab and monovalent
Fabbeva (Figure 79).

With ELISA methodologies available for both VEGF and IL-6R, the next step
was to test an anti-VEGF/IL-6R bispecific FpF using the VEGF and IL-6R
methodologies. The results of an ELISA in which an anti-VEGF/IL-6R BsFpF and an
anti-VEGF TCO functionalised Fab conjugate 28 were tested using VEGF as the target
ligand is shown in Figure 81. The anti-VEGF/IL-6R BsFpF in this example was
prepared via ligation of TCO 28 and Tz 29 functionalised Fab conjugates prepared via
the conjugation of Fabbeva and Fabrocii to PEG-bis-sulfone TCO 26 and PEG-bis-
sulfone 27 Tz reagents. The anti-VEGF TCO functionalised Fab conjugate 28 was
prepared via the conjugation of Fabyeva to reagent 26.
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Figure 81: ELISA curves of a 96 well plate, each well coated with 0.1 ug of VEGF, treated with an anti-
VEGF/IL-6R BsFpF 7 (A) and an anti-VEGF TCO functionalised Fab conjugate 28 (B), n=2, red and
green sample points and curves indicate separate experiments. Anti-VEGF/IL-6R bispecific
concentration range from 2.1x107 to 2.1x10-'M and anti- TCO functionalised Fab conjugate 28
concentration range from 1.0x107 to 1.0x10'3M.

The calculated binding affinity of the anti-VEGF/IL-6R BsFpF 7 to VEGF
(Kp:1.80 nM) was like the calculated affinity of the anti-VEGF TCO functionalised Fab
conjugate 28 (Kb 2.25 nM). The affinities presented here are average affinities across
the two replicates. The closeness of the affinities indicates that the FpF behaved in a
similar fashion to the TCO functionalised Fab conjugate 28 when binding to VEGF.
The IL-6R binding arm does not appear to be causing any interference. Another
comparison can be made between the anti-VEGF/IL-6R BsFpF 7, the anti-VEGF TCO
functionalised Fab conjugate 28 and unmodified Faboeva. Fabbeva had a greater affinity
towards VEGF (Figure 79, Kp 1.09 nM) than the BsFpF 7 (Kb 1.80 nM) and the anti-
VEGF TCO functionalised Fab conjugate 28 (Kb 2.25 nM). This finding is not unusual
and is quite typical when an antibody is conjugated to a scaffold containing PEG
[161,210]. The effect occurs due to the PEG polymer chain creating a steric shielding

effect.
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The affinity of the same anti-VEGF/IL-6R BsFpF 7 towards its other intended
target IL-6R was also measured using ELISA (Figure 82). The calculated binding
affinity of the BsFpF 7 to IL-6R (Kb: 2.55 nM,) was close to the affinity of the anti-IL-
6R Tz functionalised Fab conjugate 29 (Kop: 3.20 nM) towards IL-6R. Similar to the
VEGF affinity measurements, the unmodified Fabrocii (Kp: 1.50 nM, Figure 80) had a
greater affinity toward IL-6R than the anti-VEGF/IL-6R BsFpF and anti-IL-6R Tz

functionalised Fab conjugate 29.
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Figure 82: ELISA curves of a 96 well plate, each well coated with 0.1 ug of IL-6R, treated with an anti-
VEGF/IL-6R BsFpF 7 (A) and an anti-IL-6R Tz functionalised Fab conjugate 29 (B), n=2, red and green
sample points and curves indicate separate experiments. Anti-VEGF/IL-6R bispecific concentration
range from 2.1x10-7 to 2.1x10-'®M and anti-IL-6R PEG-Fab concentration range from 1.6x10-" to 1.6x10-
13M_

To summarise the findings of the ELISA experiments (Figures 81 and 82) it
appears that the anti-VEGF/IL-6R BsFpF 7 has similar affinity towards both VEGF and
IL-6R compared to anti-VEGF and anti-IL-6R functionalised Fab conjugates 28 and
29. This indicates that each of the binding arms present in the BsFpF can bind
independently to their target without the other interfering. The binding activity of the
Fabgeva and Fabrocii used to prepare the BsFpF via conjugation-ligation have been
preserved.

Another ELISA experiment was also performed in which a 96-well plate was
treated with both VEGF and IL-6R simultaneously. Each well contained an equal
concentration of VEGF and IL-6R and after the ligands were captured the anti-
VEGF/IL-6R BsFpF was added (Figure 83). The objective of this experiment was to
see if it could be determined that the BsFpF was capable of binding to both of its

targets at the same time. If the BsFpF did indeed bind to both of its targets at the same
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time it was thought that there may be a difference in affinity compared to when the
anti-VEGF/IL-6R BsFpF was tested against single targets in VEGF and IL-6R ELISAs.

A B
ELISA of Anti-VEGF/IL-6R BsFpF ELISA of Anti-VEGF/IL-6R BsFpF
against VEGF and IL-6R Rep. 1 against VEGF and IL-6R Rep. 2
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Figure 83: ELISA curves of a 96 well plate, each well coated with 0.1 ug of VEGF and 0.1 ug of IL-6R,
treated with an anti-VEGF/IL-6R BsFpF (A) Replicate 1 (B), Replicate 2. Anti-VEGF/IL-6R bispecific
concentration range from 2.1x107 to 2.1x10-'3M, experimental conditions same for replicates 1 and 2.

The affinity of the BsFpF towards both VEGF and IL-6R was found to be 0.01
nM for the first replicate (Figure 83A), a significantly lower affinity than what had been
seen in VEGF (Kb 2.25 nM) and IL-6R (Kb 2.55 nM) single target ELISA experiments.
A lower affinity does make sense. A Kp value corresponds to the required
concentration of a molecule to saturate 50% of the available binding sites. A BsFpF
binding to both targets concurrently would mean a lower concentration of molecule
would be required to saturate 50% of the binding sites in turn generating a lower Kp
meaning greater affinity.

A second replicate (Figure 83B) using the same experimental conditions was
performed to try and replicate the result from the first replicate (Figure 83A). The
affinity derived from this experiment (Figure 83B) was significantly higher at 3.2 nM
which does not corroborate the finding of the first experiment questioning its validity.
It is likely that the method is sensitive to the arrangement of the VEGF and IL-6R
ligands at the bottom of the well plate with a quantity of ligand being orientated to allow
binding and another quantity not being orientated in such a way. Controlling ligand
orientation using an indirect ELISA is not possible as the ligands are captured onto the
well plate without any chemical interactions being exploited. It may be probable that

the amount of ligand orientated to allow binding would be different for both of the
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experimental replicates. An alternative to use instead of an indirect ELISA for
measuring affinity to 2 ligands could be a bridging ELISA [211].

A more appropriate technique for measuring the affinity of BsFpFs to both of
their intended targets in a single assay may be SPR. SPR allows greater control of
ligand arrangement and orientation as immobilisation, or coupling to a chip surface
required for SPR assays can be achieved using functional groups present in ligands
which are not involved in binding. In the following section, SPR is used to measure not
only the affinity of BsFpFs towards their targets but also kinetic parameters such as

association and dissociation rates.
SPR to measure binding affinity and kinetic parameters:

As previously mentioned, the application of the SPR assay enabled the measurement
of not only binding affinity, but also essential kinetic parameters, such as the associate
rate constant and dissociation rate constant.

First presented in this section, is attempts at determining the binding kinetics of
ranibizumab towards VEGF using the Biacore X100. Previous studies conducted by
our research group [161], had encountered limitations in measuring the dissociation
rate constant of ranibizumab using Biacore X-100, at 25°C, despite successfully
measuring the association rate. According to previous studies reported in [212], it has
been suggested that extending the duration of the dissociation phase of a kinetic assay
to 3 hours, while conducting the assay at 37°C, enables the measurement of the
dissociation rate for ranibizumab. The same experiment was conducted using a
Biacore X100 to assess the effect of extending the dissociation phase and performing
the assay at 37°C.

A serial dilution of ranibizumab was injected onto a CM3 chip immobilised with
VEGF with the experimental temperature set at 37°C. The sensorgram (Figure 84A),
contains large, sharp peaks which are likely due to formation of bubbles within the
system. This behaviour is not usually observed when running kinetic SPR assays at
25°C. This likely occurs due to the presence of dissolved air within the SPR running
buffers. As temperature increases the solubility of air in aqueous liquids decreases
meaning that bubble formation is more likely to occur at 37°C than at 25°C. The
sensorgram presented in Figure 84A was magnified to show greater detail (Figure
84B). As can be seen sharp peaks exist throughout the whole sensorgram at each

ranibizumab concentration injected.
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Because of the presence of these peaks, it was not possible to derive either

association or dissociation constants from this sensorgram. This experiment was

repeated a further two times to ensure this result was not an outlier. In both repeats

the same results were observed. Because of this, attempts to derive a dissociation

constant for ranibizumab or molecules derived from ranibizumab using SPR were

halted. It was decided to use bevacizumab as a source of anti-VEGF Fabs for

preparation of BsFpFs if the dissociation rate of a BsFpF from VEGF was to be

measured.
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Figure 84: Sensorgrams showing the binding of ranibizumab to VEGF at 37°C, the VEGF. VEGF

immobilised onto CM3 chip at 88RU.

Based upon experimentation showing that the use of ranibizumab to prepare

FpFs was unlikely to allow accurate measurement of dissociation rates (Figure 84). 2

anti-VEGF monospecific FpFs derived from Fabgeva were tested in an SPR kinetic

assay (Figure 85). The 2 FpFs were prepared using 2 different methodologies. One

anti-VEGF monospecific FpF was prepared via the conjugation of Fabgeva to the PEG

di bis-sulfone protein dimerisation reagent 5. The second FpF was prepared via

conjugation ligation using Fabgseva and the PEG bis-sulfone TCO 26 and PEG bis-
sulfone Tz 27 reagents. It should be noted that the SPR binding data for the anti-VEGF

monospecific FpF prepared using reagent 5 was kindly provided by another

researcher from within our research group and is labelled subsequently in Table 12 as

“legacy” data.
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Figure 85: Sensorgram showing the binding of an anti-VEGF FpF to VEGF. VEGF immobilised onto
CM3 chip at 95.9 RU. The FpF was prepared via conjugation ligation using Fabgseva and reagents 26
and 27. The FpF was serially diluted and applied to the chip at concentrations of between 69-2.15
pg/mL. Red line — 69 pg/mL, green — 34.5 ug/mL, blue — 17.25 pg/mL, purple — 8.63 ug/mL, turquoise
— 4.31 ug/mL, orange 2.15 ug/mL. Black lines represent the fitting of the binding model to the
experimental data.

The anti-VEGF FpF prepared via conjugation ligation bound to VEGF in a
concentration dependent manner (Figure 85), as concentration of FpF increased
response also increased. No indication of rebinding events was seen. If a rebinding
event was to occur in which an anti-VEGF FpF molecule was to dissociate from VEGF
and the same molecule, then rebind would be visible as an increase in response after
approximately 200 seconds of run time. Rebinding events can lead to inaccurate
measurement of dissociation rate constants (Kad) [213] which in turn can lead to
inaccurate affinities (Kp) being calculated. The low immobilisation level of VEGF (95.9
RU) helps to ensure any rebinding events do not occur.

The sensorgram was fitted with a 1:1 binding model to derive the binding
constants and affinity (Table 12). A 1:1 binding model was chosen for fitting of the
kinetic data because it is likely each molecule of the anti-VEGF FpF would have bound

to a single molecule of VEGF during the assay.

159



Derived | Reagent(s) used for
Molecule . Ka (1/Ms) Kq (1/s) Kp (nM)
from preparation
PEG bis-sulfone
Anti-VEGF
N TCO reagent 26
monospecific FpF — Fabgeva 7312 5.10X10° 7.0
PEG bis-sulfone Tz
115 kDa MW
reagent 27
Legacy Anti-VEGF PEG di-bis-sulfone
monospecific FpF — Fabgeva dimerization reagent 19600 3.00X105 1.53
120 kDa MW 5

Table 12: Binding constants for Anti-VEGF FpFs prepared via conjugation-ligation using reagents 26
and 27 and via conjugation to reagent 5. Fabseva was the source of anti-VEGF activity for both
molecules.

It was found that the anti-VEGF monospecific FpF prepared using reagent 5
had greater affinity (Ko 1.53 nM) to VEGF than the anti-VEGF FpF (Ko 7.0 nM)
prepared via conjugation ligation, corroborating the findings during an ELISA
comparison of the same 2 molecules (Figure 78). The FpF prepared using reagent 5
has an association rate close to three times greater (Ka 19600 vs 7312) than the FpF
prepared via conjugation ligation and a slower dissociation rate (K¢ 3.00X10° vs
5.10X107®). This indicates that the anti-VEGF FpF prepared using reagent 5 binds
faster and in a stronger fashion to VEGF.

The exact reason why the anti-VEGF FpF prepared using reagent 5 has greater
affinity towards VEGF is unknown. The FpF prepared via conjugation may be a more
rigid molecule compared to the FpF prepared using reagent 5. This could be
responsible for the slower association rate as the potential rigidity limits the molecule
to axial and radial movements instead of being able to bend and flex to reach binding
sites. The difference in dissociation rate is harder to explain. It could be argued that
the difference between the two dissociation rates (Ka 3.00X10° vs 5.10X107°) is not
large enough to be deemed significant and that they could be treated as equivalent. It
could be that molecular weight is playing a role, the anti-VEGF FpF prepared using
reagent 5 has a higher molecular weight (120 kDa vs 115 kDa) which would mean that
the molecule dissociates slower simply due to its bulk.

Drawing definitive conclusions from this data (Table 12) is difficult as only a
single experimental replicate was performed, however the trend seen during SPR
experimentation does correlate with what was observed during ELISA (Figure 78).
What can be said is that it should not be assumed that an FpF prepared using the di

160



bis-sulfone protein dimerisation reagent 5 and an FpF prepared via conjugation
ligation have equivalent association rates, dissociation rates and affinities towards
their targets.

Another SPR comparison (Figures 86 and 87) between an FpF prepared via
conjugation ligation and an FpF prepared using reagent 5 was performed. The source
of Fab for the FpF preparation was ranibizumab. It has been shown that measuring
the dissociation rate of ranibizumab is not feasible using a Biacore X100 so the

purpose of this experiment was to compare association rates.
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Figure 86: Sensorgram showing the binding of an anti-VEGF FpF to VEGF. The FpF was prepared via
conjugation of Fabrani to reagent 5. VEGF immobilised onto CM3 chip at 88RU. The FpF was serially
diluted and applied to the chip at concentrations of between 100-2.15 ug/mL. Purple line — 100 pg/mL,
green — 50 pg/mL, orange — 25 ug/mL, purple — 12.5 pg/mL, brown — 7.25 ug/mL, orange, and pink
3.63 pg/mL. Black lines represent the fitting of the binding model to the experimental data.
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Figure 87: Sensorgram showing the binding of an anti-VEGF FpF to VEGF. The FpF was prepared via
conjugation ligation using Fabrani and reagents 26 and 27. VEGF immobilised onto CM3 chip at 88 RU.
The FpF was serially diluted and applied to the chip at concentrations of between 100-2.15 pg/mL.
Purple line — 100 pg/mL, green — 50 yg/mL, orange — 25 pug/mL, purple — 12.5 ug/mL, brown — 7.25
pg/mL, orange, and pink 3.63 pg/mL. Black lines represent the fitting of the 1:1 binding model to the
experimental data.

Both anti-VEGF FpFs derived from ranibizumab bind to VEGF in a
concentration dependent manner (Figures 86 and 87). Rebinding events are visible
on both sensorgrams at FpF concentrations of 100 and 50 pg/mL. Increases in
response visible after approximately 1000 seconds of method run time relate to these
rebinding events. Rebinding occurs when the anti-VEGF FpF binds to the immobilised
VEGF and subsequently dissociates, however, the dissociated FpF then rebinds to a
different VEGF molecule giving an increase in response. A rebinding event can
significantly influence the measurement of dissociation kinetics [214] meaning
obtaining reproducible, consistent data can be challenging.

A 1:1 binding model was used to fit the SPR sensorgrams (Figures 86 and 87)
to generate binding constants (Table 13) for both anti-VEGF FpFs prepared using
ranibizumab. From the fitting, association rates were obtained, the dissociation rate
could not be measured as both FpFs were prepared using ranibizumab. As
dissociation rate could not be determined the affinity of both FpFs to VEGF could not

be calculated.
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Derived | Reagent(s) used
Molecule Ka (1/Ms) Kq (1/s) Kp (nM)
from for preparation

PEG bis-sulfone

Anti-VEGF
- TCO reagent 26
monospecific FpF — Fabrani ] 5792 N.D. N.D.
PEG bis-sulfone

115 kDa MW
Tz reagent 27
PEG di-bis-
Legacy Anti-VEGF
sulfone
monospecific FpF — Fabrani L 5486 N.D. N.D.
dimerization
120 kDa MW
reagent 5

Table 13: Binding constants for Anti-VEGF FpFs prepared via conjugation-ligation using reagents 26
and 27 and via conjugation to reagent 5. Ranibizumab was the source of anti-VEGF activity for both
molecules. N.D. means not determined.

The anti-VEGF FpF prepared via conjugation ligation was found to have a
slightly faster association rate (Ka 5792 vs 5486) than the anti-VEGF FpF prepared
using reagent 5, however, this difference is so small that it is likely to be experimental
error rather than a true result. The association rates for both anti-VEGF FpFs
measured during this are lower than the measured association rates for both of the
anti-VEGF FpFs derived from bevacizumab (Figure 85 and Table 12). Parent,
unmodified ranibizumab is known to associate faster to VEGF than bevacizumab
[215]. Also, a PEG-Fabrani prepared in previous work using a PEGzo bis-sulfone
reagent 8 had a faster association rate to VEGF than a PEG-Fabgseva molecule also
prepared using a PEGz2o bis-sulfone reagent 8.

A possible explanation for the unexpectedly low association rates measured for
both anti-VEGF FpFs derived from ranibizumab (Table 13) could be that the VEGF
immobilised onto the chip was not in a healthy state and had begun to degrade limiting
the binding activity of the ligand. It may have been better to immobilise another chip
with VEGF immediately before using for this experiment.

To conclude, this set of SPR binding experiments comparing anti-VEGF FpFs
prepared via conjugation-ligation and via conjugation to reagent 5, it should not be
assumed that FpFs prepared via the 2 different methodologies have equivalent binding
performance (i.e., association, dissociation and affinity). The binding constants
attained for the anti-VEGF FpFs prepared using Fabseva suggest that an anti-VEGF
FpF prepared using PEG di bis-sulfone § may have greater affinity towards VEGF, this
finding correlates with ELISA experimentation (Figure 78). Making definitive
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conclusions is difficult however as these experiments are single replicates, more

experimental replicates are required to give a definitive answer.
SPR of BsFpFs prepared via conjugation-ligation

Several different BsFpFs were prepared using the conjugation-ligation methodology
using PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27 described in Chapter 4.
Anti-VEGF/IL-6R, anti-VEGF/TNF-a and anti-TNF-a/IL-6R molecules were prepared
and kinetically assessed using SPR to generate sensorgrams and binding constants.
These three targets were chosen because of their relevance within ocular diseases.
VEGF and TNF-a are known to contribute to the pathology of wet AMD [216,217].
TNF-a and IL-6R are both implicated in ocular inflammatory diseases such as uveitis
[218,219]. More detailed discussion of the role of TNF-a and IL-6R as pro-
inflammatory cytokines within the eye was made in Chapter 1. Single target SPR
binding and kinetic assays were performed meaning each BsFpF the binding and

kinetics of the BsFpF to both targets were measured separately.
Kinetics of an anti-VEGF/IL-6R BsFpF

An anti-VEGF/IL-6R BsFpF derived from Fabrani and Fabrocii had its binding to VEGF
and IL-6R assessed using SPR. The sensorgram generated for binding to VEGF
(Figure 88A) lacks clarity due to the concentration of the anti-VEGF/IL-6R BsFpF being
too low (highest concentration 20.75 ug/mL). Low concentrations can impact the
performance of the Biacore X100. The VEGF binding sensorgram (Figure 88A) does
however show that the anti-VEGF/IL-6R BsFpF binds to VEGF in a concentration
dependent manner, as concentration increases so does response.

The sensorgram derived from the binding of the anti-VEGF/IL-6R BsFpF to IL-
6R (Figure 88B) shows that the BsFpF also binds to IL-6R in a concentration
dependent manner. The responses measured in the IL-6R sensorgram are
significantly higher because a considerably larger amount of his-tag IL-6R was
captured on the surface of the NTA chip compared to the amount of VEGF immobilised
onto the CM3 chip surface used for the VEGF binding experiment (88 RU). Although
the exact amount of IL-6R that was captured was unknown it was certainly well more
than the VEGF immobilisation level. It is important to note that capturing small

amounts of his-tagged ligand onto the surface of an NTA chip is not feasible.
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Figure 88: SPR sensorgrams for an Anti VEGF/IL-6R BsFpF prepared via conjugation-ligation with
binding moieties derived from Fabrani and Fabrocii. The BsFpF was serially diluted and applied to the
chip at concentrations of between 20.75-2.59 yg/mL (against VEGF) and 20.75-1.29 ug/mL (against IL-
6R), (A) VEGF sensorgram, VEGF immobilised onto CM3 chip at 88 RU, pink line 20.75 pyg/mL. green
10.38 pg/mL, red 5.19 pg/mL, dark green and blue 2.59 ug/mL. (B) IL-6R sensorgram, orange line
20.75 pg/mL, purple line 10.38 pg/mL, dark orange line 5.19 pg/mL, pink line 2.59 pg/mL, red and blue
line 1.29 pg/mL. Black lines on both sensorgrams represent the fitting of the 1:1 binding model to the
experimental data.
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Binding constants (Table 14) were derived from the VEGF and IL-6R
sensorgrams (Figure 88). The binding constants along with the sensorgrams are
presented to show that the Anti-VEGF/IL-6R BsFpF can bind to both of its targets. As
the VEGF binding moiety was derived from ranibizumab, the dissociation rate and

affinity could not be determined.

Molecule Dfr’(',‘r’:d Targetligand | K. (1/Ms) Ka (1/s) Ko (nM)
Anti-VEGF/IL- Fabranii VEGF 3517 N.D. N.D.
6R BsFpF — 115
kDa MW Fabrocii IL-6R 13442 2.48X104 18

Table 14: Binding constants for an Anti-VEGF/IL-6R BsFpF prepared via conjugation-ligation using
reagents 26 and 27. N.D. means not determined.

Kinetics of an anti-VEGF/TNF-a BsFpF

Next an anti-VEGF/TNF-a BsFpF derived from Fabrani and Fabinfixi had its binding to
VEGF and TNF-a assessed. Again, the VEGF sensorgram (Figure 89A) was of poor
quality due to the low concentration of BsFpF injected (highest concentration 20
pMg/mL). Responses measured for binding to TNF-a (Figure 89B) were significantly
higher because TNF-a containing a his-tag was captured onto the surface of an NTA
chip, meaning the level of TNF-a on the chip surface could not be particularly well
controlled. Both the VEGF (Figure 89A) and TNF-a (Figure 89B) sensorgrams showed
that the anti-VEGF/TNF-a BsFpF derived from Fabrani and Fabinfixi bound to both of

its targets in a concentration dependent manner.
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Figure 89: SPR sensorgrams for an Anti VEGF/TNF-a BsFpF prepared via conjugation-ligation with
binding moieties derived from Fabrani and Fabinixi. The BsFpF was serially diluted and applied to both
chips at concentrations between 20-2.5 yg/mL. (A) VEGF sensorgram, VEGF immobilised onto CM3
chip at 88 RU, purple line 20 uyg/mL. green 10 pg/mL, orange 5 ug/mL, light purple 2.5 pg/mL. (B) TNF-
a sensorgram, pink line 20 pg/mL, green line 10 ug/mL, orange line 5 yg/mL, red and light purple line
2.5 pg/mL. Black lines on both sensorgrams represent the fitting of the 1:1 binding model to the
experimental data.

After fitting the VEGF and TNF-a sensorgrams (Figure 89) with a 1:1 fitting
model, binding constants and affinities were calculated (Table 15). The association
rate of the anti-VEGF/TNF-a BsFpF to VEGF (Ka 2863) was found to be like that of
the association rate of the anti-VEGF/IL-6R BsFpF to VEGF (Ka 3517), it was not
possible, again, to calculate dissociation rate or affinity. The association of the anti-
VEGF/TNF-a BsFpF to TNF-a (Ka 23801) was found to be faster than the association
to VEGF.
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Molecule Dfr’(',‘r’:d Targetligand | K. (1/Ms) Ka (1/s) Ko (nM)
Anti-VEGF/TNF-a Fabrani VEGF 2863 N.D. N.D.
BsFpF — 115 kDa

MW Fabinfixi TNF-a 23801 1.76X104 7.4

Table 15: Binding constants for an Anti-VEGF/TNF-a BsFpF prepared via conjugation-ligation using
reagents 26 and 27. N.D. means not determined.

Kinetics of an anti-VEGF/TNF-a BsFpF

An anti-VEGF/IL-6R BsFpF derived from Fabgeva and Fabinfixi was applied to a CM3
onto which VEGF had been immobilised at a concentration of 88 RU and also to an
NTA chip to which his-tagged TNF-a had been captured. The sensorgrams for these
2 experiments are presented in Figure 90. A key difference was that this example of
an anti-VEGF/TNF-a BsFpF was that it was prepared using Fabseva meaning it should
be possible to measure dissociation rates and affinities of the BsFpF towards VEGF,
this was not possible previously (Table 15).

An immediate observation for the VEGF sensorgram (Figure 90A) is clarity of
the sensorgram compared to previously presented sensorgrams for binding of BsFpFs
to VEGF (Figures 88A and 89A), this occurred as the anti-VEGF-TNF-a BsFpF was
applied to the chip at greater concentrations (up to 100 ug/mL) which in turn lead to a

greater response.
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Figure 90: SPR sensorgrams for an Anti VEGF/TNF-a BsFpF prepared via conjugation-ligation with
binding moieties derived from Fabgeva and Fabinixi. The BsFpF was serially diluted and applied to both
chips at concentrations between 100-6.25 pyg/mL. (A) VEGF sensorgram, VEGF immobilised onto CM3
chip at 88 RU (B) TNF-a sensorgram. Red lines (both sensorgrams) 200 ug/mL, green 100 ug/mL, blue
50 pg/mL, pink 25 pg/mL, turquoise 12.5 ug/mL, orange and yellow 6.25 pg/mL. Black lines on both
sensorgrams represent the fitting of the 1:1 binding model to the experimental data.

Binding constants derived from the sensorgrams (Figure 90) are presented in
Table 16. Association rates, dissociation rates and affinities are available for both
binding arms of the anti-VEGF/TNF-a BsFpF.
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Molecule Dfrg‘lﬁd Targetligand | K. (1/Ms) Ka (1/s) Ko (nM)
Anti-VEGF/TNF- Fabgeva VEGF 8087 8.40x10° 10.0
a BsFpF - 115

kDa MW Fabinfixi TNF-a 70301 8.40x105 2.4

Table 16: Binding constants for an Anti-VEGF/TNF-a BsFpF prepared using Fabgeva and Fabrocii via
conjugation-ligation using reagents 26 and 27.

Kinetics of an anti-TNF-a/IL-6R BsFpF

Finally, the kinetics of an anti-TNF-a/IL-6R BsFpF derived from Fabinfixi and FabTocii
was measured. This was the first BsFpF not to contain a VEGF binding moiety. The
anti-TNF-a/IL-6R bound to both TNF-a and IL-6R in a concentration dependent
manner (Figure 91).

A —TNF-a sensorgram

RU
4000

3500
3000
2500
2000
g 1500
<
1000

500

-500 + T + + + + + 1
-200 0 200 400 600 800 1000 1200 1400
Time 3

RU
3500 B — IL-6R sensorgram

3000
2500
2000

E 1500
[

1000

500

-500
-200 0 200 400 600 800 1000 1200 1400
Time ]

Figure 91: SPR sensorgrams for a Anti TNF-a/IL-6R BsFpF prepared via conjugation-ligation with
binding moieties derived from Fabinsix and Fabrecii. The BsFpF was serially diluted and applied to both
chips at concentrations between 100-6.25 uyg/mL. (A) TNF-a sensorgram, (B) IL-6R sensorgram. Red
lines (both sensorgrams) 200 pg/mL, green 100 pg/mL, blue 50 pg/mL, pink 25 pg/mL, turquoise 12.5
pg/mL, orange and yellow 6.25 ug/mL. Black lines on both sensorgrams represent the fitting of the 1:1
binding model to the experimental data.
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Binding constants and affinities for the anti-TNF-a/IL-6R BsFpF are shown in
Table 17.

Molecule D:r';‘r':d Target ligand Ka (1/Ms) Kq (1/s) Kp (nM)
Anti-TNF-a/IL- Fabinfiixi TNF-a 88070 5.34X10+# 29
6R BsFpF — 115
kDa MW Fabrocii IL-6R 91591 2.63X10+4 5.8

Table 17: Binding constants for an Anti- TNF-a /IL-6R BsFpF prepared via conjugation-ligation using
reagents 26 and 27.

To summarise the findings in this section it is evident that a range of BsFpFs
prepared via conjugation ligation can bind to both of their intended targets in a
concentration dependent manner. A pertinent question does arise regarding the extent
of interference caused by the non-binding moiety, i.e. does the VEGF binding arm of
an anti-VEGF/IL-6R BsFpF interfere during binding of the BsFpF to IL-6R. Results

presented in the following section aimed to address this question.
SPR of an anti-VEGF/IL-6R BsFpF derived from Fabgeva and Fabrociii

Within this section the results of SPR binding and kinetic assays of an anti-VEGF/IL-
6R BsFpF derived from Fabgeva and Fabrocii and towards VEGF and IL-6R are
presented. Each measurement was performed 3 times to see if binding constants were
reproducible. More extensive testing of the anti-VEGF/IL-6R BsFpF using SPR was
possible because large quantities of Fabeeva and Fabrocii were available because
large-scale digestions of bevacizumab and tocilizumab using soluble papain were
performed (Chapter 3).

To determine if the VEGF and IL-6R binding arms of the BsFpF were able to
bind independently of each other an anti-VEGF TCO functionalised Fab conjugate 28
and an anti-IL-6R Tz functionalised Fab conjugate 27 were prepared. The
functionalised Fab conjugates essentially represent each half of the anti-VEGF/IL-6R
BsFpF. Comparison of the association rates, dissociation rates and affinities of the
BsFpF to the TCO 28 and Tz 27 functionalised Fab conjugates would allow
judgements to be made as to whether the BsFpF is truly able to bind independently to
VEGF and IL-6R. For clarity the structures of the 3 different antibody conjugates are

presented in Figure 92.
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Figure 92: Structures of the Anti-VEGF/IL-6R BsFpF 7, Anti-VEGF TCO functionalised Fab conjugate
28 and Anti-IL-6R Tz functionalised Fab conjugate 29 used in SPR kinetic assays. Fabgeva and/or Fab
Tocili Were used to prepare these antibody conjugates.

Sensorgrams for the binding of the anti-VEGF/IL-6R BsFpF and anti-VEGF
TCO functionalised Fab conjugate 28 binding to VEGF (Figure 93) show that both
molecules bind in a concentration dependent manner. 3 separate experimental
replicates were performed with Figure 93 showing typical sensorgrams for the binding
of the BsFpF and conjugated Fab 28 to VEGF. The same CM3 chip onto which VEGF

was immobilised at a concentration of 95.9 RU was used for all experimentation.
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binding to VEGF

RU
45

40

35

30
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Figure 93: SPR sensorgrams for an Anti VEGF/IL-6R BsFpF prepared via conjugation-ligation with
binding moieties derived from Fabgeva and Fabrocii and for an anti-VEGF TCO functionalised Fab
conjugate 28 — VEGF binding. The BsFpF was serially diluted and applied to the chip at concentrations
of between 60-1.83 pg/mL. The Fab conjugate 28 was serially diluted at concentrations of between 62-
1.93 pug/mL (A) BsFpF sensorgram, light blue line 60 pg/mL. pink 30 pg/mL, light green 15 pg/mL, red
7.5 ug/mL, green 3.75 pg/mL, blue and purple 1.83 pg/mL. (B) Fab conjugate 28 sensorgram, red line
62 ug/mL, green 31 ug/mL, dark blue 15.5 ug/mL, pink 7.75 ug/mL, brown and yellow 1.93 pg/mL. Black
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lines on both sensorgrams represent the fitting of the 1:1 binding model to the experimental data.
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Figure 94: SPR sensorgrams for an Anti VEGF/IL-6R BsFpF prepared via conjugation-ligation with
binding moieties derived from Fabgeva and Fabracii and for an anti-IL-6R Tz functionalised Fab conjugate
27 — IL-6R binding. The BsFpF was serially diluted and applied to the chip at concentrations of between
60-1.83 pg/mL. The Fab conjugate 27 was serially diluted at concentrations of between 92-2.94 ug/mL
(A) BsFpF sensorgram, red line 60 ug/mL. green 30 ug/mL, blue 15 pyg/mL, pink 7.5 ug/mL, light blue
3.75 pg/mL, brown and yellow 1.83 pyg/mL. (B) Fab conjugate 27 sensorgram, pink line 92 pg/mL,
orange 41 ug/mL, dark pink 20.5 pg/mL, light blue and brown 2.94 ug/mL. Black lines on both
sensorgrams represent the fitting of the 1:1 binding model to the experimental data.

Both sets of sensorgrams (Figures 93 and 94) show that anti-VEGF/IL-6R
BsFpF and TCO 28 and Tz 29 functionalised Fab conjugate molecules bind in a
concentration dependent manner to VEGF and IL-6R. From these sensorgrams
binding constants for the anti-VEGF/IL-6R BsFpF, anti-VEGF TCO functionalised Fab
conjugate 28 and anti-IL-6R Tz functionalised Fab conjugate 29 were derived (Table
18).
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Molecule

Derived
from

Target
ligand

K. (1/Ms)

Ka (1/Ms)
STDEV

Kq (1/s)

Ka (1/s)
STDEV

(nM)

Kp (nM)
STDEV

Chi?

Rmax

Chi? % of
Rimax

Anti-VEGF/IL-
6R BsFpF
115 kDa MW

FabBeva

Fabroii

VEGF

8436

2701

1.00x10*

3.70x10°

13.0

7.8

0.12

52

0.23

Anti-VEGF TCO
functionalised
Fab conjugate

28
60 kDa MW

FabBeva

VEGF

13136

581

1.45x10*

3.53x10

10.9

3.0

0.52

42

1.23

Anti-VEGF/IL-
6R BsFpF
115 kDa MW

FabBeva

Fabinfixi

IL-6R

28357

13083

5.73x10*

7.57x10%

233

14.4

12.50

241

5.18

Anti-IL-6R Tz
functionalised
Fab conjugate
27
60 kDa MW

Fabroii

IL-6R

39970

18353

1.25x10°

4.94x10*

38.1

29.6

10.57

234

4.51

Table 18: Average kinetic constants (n=3) of an anti-VEGF/IL-6R BsFpF prepared via conjugation-
ligation using reagents 26 and 27, anti-VEGF TCO functionalised Fab conjugate 28 and an anti-IL-6R
functionalised Fab conjugate 29. The averages are calculated from 3 separate experiments with
standard deviations (STDEV) presented. Chiz, Rmax and Chiz % of Rmax values are also average values
(n=3).

A 1:1 binding model was used for the fitting of all experimental data to allow
calculation of the binding constants. Chi? is a quantitative measure of how well the
binding model fits to the experimental data, allowing accurate calculation of binding
constants, Chi? values are presented in Table 18. In SPR, to say that fitting is optimal,
a Chi? value should be within 10% of the Rmax, Rmax is a parameter that reflects the
number of complexes formed between the analyte and ligand during the kinetic assay.
Chi? values were within 10% of the Rmax value (Table 18, final column) for all the kinetic
assays performed in this series of experiments. A higher Chi? was recorded for the
kinetic assays using IL-6R as the target ligand because a greater number of
complexes were formed during these experiments leading to higher Rmax values. This
difference in response occurs because more ligand is present on the chip during the
IL-6R kinetic assays than during the VEGF kinetic assays as the IL-6R is captured
instead of being immobilised.

Focusing on the binding constants and affinities, the data presented in Table
18 shows that firstly the anti-VEGF TCO functionalised Fab conjugate 28 binds faster
to VEGF (Ka 13136) than the anti-VEGF/IL-6R BsFpF (Ka 8436). The reasons for this
could be due to the physical size of the molecules and the effect that it has upon
mobility. The anti-VEGF/IL-6R BsFpF is close to two times the molecular weight of the
anti-VEGF TCO functionalised Fab conjugate 28 (115 kDa vs 60 kDa) likely slowing
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association as the BsFpF would take longer to encounter the chip surface. The same
trend in association rates is also observed for binding to IL-6R with the anti-IL-6R Tz
functionalised Fab conjugate 27 having a greater association rate (Ka 39970) than the
anti-VEGF/IL-6R BsFpF (Ka 28357).

Another possible explanation could be that the non-binding arm is creating
some sort of steric shielding effect slowing down association of the BsFpF with VEGF
and IL-6R. This could occur in a similar way to the effect that PEGylation of an antibody
or antibody fragment can have upon dissociation rate. It is well known that PEGylation
of Fabs results in slower association rates [220] with PEGylated Fabs derived from
trastuzumab [210], ranibizumab and bevacizumab showing slower association rates
[161] than the unconjugated Fabs. A steric shielding effect of the non-binding arm may
not be out of the question.

The dissociation rate of the anti-VEGF/IL-6R BsFpF (K4 1.00 x 10#4) from VEGF
was like the dissociation rate of the anti-VEGF TCO functionalised Fab conjugate 28
(Ka 1.45 x 104) from the same ligand. This result indicates that BsFpF and Fab
conjugate 28 bind to VEGF with a similar strength. The non-binding moiety, in this
case the IL-6R binding arm of the BsFpF does not affect the strength of binding of the
BsFpF to VEGF. The affinity of the anti-VEGF/IL-6R BsFpF to VEGF (Kb 13.0 nM) was
like the anti-VEGF TCO functionalised Fab conjugate 28 (Kp 10.9 nM).

For the dissociation rates of the anti-VEGF/IL-6R BsFpF and anti-IL-6R Tz
functionalised Fab conjugate 29 from IL-6R some differences were measured. The
BsFpF dissociates slower (K4 5.73x10*) than the anti-IL-6R Tz functionalised Fab
conjugate 29 (Kq 1.25x1073) and has greater affinity (Ko 23.3 nM vs Kp 38.1 nM). Quite
large standard deviations (presented in Table 18) were seen for the association,
dissociation and affinities derived from the IL-6R binding experiments. This may be
due to the IL-6R SPR method not being suitably robust. Development of an IL-6R SPR
methodology in which the IL-6R is immobilised at a RU level of less than 100 units
may lead to more reproducible results.

A caveat when using both SPR and ELISA is that the ligands are either
immobilised or captured onto a surface therefore meaning they are not free to move
and orientate themselves naturally. MST however is a solution-based method which
could mean that in vivo conditions are mimicked more accurately. This technique was
used to assess the affinities of a range of different antibodies and conjugates to their

targets in a solution-based setting, included in the conjugates was an anti-VEGF/IL-
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6R BsFpF derived from Fabgeva and Fabrocii to allow comparison to the ELISA and

SPR data generated for the same molecule.
Microscale thermophoresis of antibodies and antibody conjugates

Prior to conducting an affinity measurement using MST either the target or ligand
needs to be labelled with a fluorescent dye. For this series of experiments the
antibodies or antibody conjugates were chosen to be labelled. This choice was made
because ligands such as VEGF, TNF and IL-6R are extremely costly to purchase and
because the risk of losing the ligands to waste during the labelling process was
deemed too great. The first antibody to be labelled was bevacizumab. The fluorescent
dye of choice was a red-NHS labelling kit provided by Nanotemper. A red dye was
chosen as this matched the detector on the Monolith Pico MST equipment that was
available. An NHS dye was chosen as this dye reacts with amines present on the
surface of IgGs to form covalent bonds. Amines such as lysine are found and are
available for conjugation on the outside of antibody molecules.

Another option could have been a maleimide based dye. This would have been
viable for unmodified antibodies as they contain free disulfide bonds. However,
antibody conjugates do not contain free disulfide bonds as they are involved in
conjugation to reagents such as PEG bis-sulfone TCO 26 and PEG bis-sulfone 8.
Because of this it was decided to use an NHS dye for all experimentation to try and
ensure consistency.

Firstly, bevacizumab was incubated with the red-NHS dye for 30 minutes at
ambient temperature while being protected from light. The bevacizumab / red-NHS
dye mixture was then purified using a gravity fed column to allow separation of free
red-NHS dye from the bevacizumab/dye conjugate. The eluent was collected in three
separate fractions. Figure 95 shows the column purification and then the three

collected fractions.
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Figure 95: MST purification column loaded with the bevacizumab/dye mixture after 30 minutes of
incubation and collected fractions (F1 to F3) eluted from the purification column. The collected fractions
contain bevacizumab — red NHS dye conjugates, free red NHS dye was removed during purification

Once the fractions are collected degree of labelling (DOL) needs to be
measured. To gain accurate readings during MST the bevacizumab molecule should
be conjugated to a single molecule of the red-NHS dye. DOL is calculated by
measuring the UV absorbance of each purified fraction at 280 nM (for protein
concentration) and 650 nM (dye concentration) to calculate respective concentrations.
Using the molar extinction coefficient of the red-NHS dye (195,000 M-'cm' ) a degree
of labelling was calculated. In this instance the degree of labelling was found to be
0.596, 0.708 and 0.778 for fractions F1, F2 and F3 (Figure 95).

A DOL between 0.5-1.0 indicates that bevacizumab is conjugated to a single
molecule of the red-NHS dye. All of the labelled bevacizumab fractions collected were
suitable for use in an MST binding assay. However, F3 was chosen over F1 and F2
as the DOL (0.778) for the sample was closest to one. The same labelling process
was used for all of the antibodies and antibody conjugates (BsFpFs, functionalised
Fab conjugates) that had their binding affinities measured using MST.

Prior to running a binding affinity experiment using MST, a pre-test should be
performed. A pre-test can determine whether the labelled molecule, in this case
bevacizumab, has agglomerated or has a propensity to stick to any of the test capillary
surfaces, agglomeration or sticking will affect the quality and validity of the results

generated using MST. The MST equipment performs a pre-test to determine a
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capillary shape which should be smooth and reproducible. Splitting of the capillary
shape peak indicates agglomeration of the test molecule and poor reproducibility of
the capillary shape indicates that the test molecule is sticking to the surfaces of the
test capillary.

The labelled bevacizumab was loaded into a standard glass MST capillary at a
concentration of 5 nM. 5§ nM is the standard recommended concentration
recommended by the MST Pico control software. No target ligand was used during the
pre-test. The MST trace (Figure 96) for labelled bevacizumab shows that the capillary
shape is smooth and uniform, no splitting is observed indicating the labelled
bevacizumab is of sufficient quality to be used during an MST kinetic experiment. If
splitting or poor reproducibility had occurred, agglomeration or sticking could be
reduced by adding a surfactant such as Tween 20 into the experimental buffer or by
purchasing capillary tubes with non-adherent coatings.

Pretest - Capillary Shape
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Figure 96: MST trace showing the result of an MST pre-test experiment using bevacizumab labelled
with red-NHS dye, 5nM concentration.

The affinity of tagged bevacizumab towards VEGF was measured. To a series
of capillary tubes, tagged bevacizumab was added at a concentration of 5 nM. Serially
diluted VEGF was added to each of the capillary tubes containing tagged bevacizumab
and the loaded tubes placed into the Monolith Pico MST equipment. A binding affinity
experiment was performed with the resulting MST trace (Figure 97) having a similar
appearance to an ELISA curve. An MST trace derived from a binding affinity

experiment plots FNorm against ligand concentration. FNorm is a normalised
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fluorescence value calculated by dividing F1 by Fo. F1 corresponds to the fluorescence
value measured in the heated state, Fo is the fluorescence value measured in the cold
state before the infrared laser is turned on during the binding affinity experiment.

The affinity of bevacizumab to VEGF was found to be 5.7 nM with affinity being
calculated using a 1:1 binding model. The affinity of bevacizumab to VEGF generated
using MST (Kb 5.7 nM) was found to be lower than the affinity measured using ELISA
(Ko 0.02 nM). This is likely due to differences in the methodologies. In ELISA, the
ligand is immobile as it is captured to the bottom of a 96 well plate whereas MST is a
solution-based method. Values generated using MST and ELISA are not directly
comparable as the methodologies are fundamentally different. Despite exact values
not being comparable it may be possible to compare trends in affinities measured
when using MST, ELISA or SPR.
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Figure 97: MST dose response curve for the binding of labelled bevacizumab to VEGF. Bevacizumab
concentration was 5 nM for all samples. VEGF concentration between 3.50x10-7-1.06x10-"'"M

A second IgG, tocilizumab was labelled with red-NHS dye and its affinity to IL-
6R assessed using MST (Figure 98). An immediate observation is that the dose
response curve does not proceed in the same direction (FNorm increasing in tandem
with ligand concentration) as the dose response curve for bevacizumab (Figure 97).
Nanotemper, the manufacturer of the monolith pico MST equipment say the direction
of the curve does not influence further analysis (i.e. deriving affinities) and that the
direction of the curve depends on specific properties of the molecules tested, this is
confirmed within an application note [221].
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Figure 98: MST dose response curve for the binding of labelled tocilizumab to IL-6R. Tocilizumab
concentration was 5 nM for all samples. IL-6R concentration was between 1.95x107-3.81x10-1'M

The affinity of tocilizumab to IL-6R when measured using MST (Kb 5 nM) was
found to be lower than when the affinity was measured during ELISA (Kb 0.13 nM),
the same trend seen for measurements using bevacizumab. There are examples in
literature of when a solution-based methodology shows that a molecule has a lower
affinity towards its target then when a stationary methodology is used. Binding affinities
of Fabgeva to VEGF using isothermal calorimetry were found to be lower than binding
affinities measured using ELISA and SPR [222], the binding affinity of an omicron
COVID-19 variant to the ACE2 receptor was found to be lower when measured using
MST compared to ELISA [223].

Next, it was thought to check if MST was sensitive to changes in valency.
Fabveva and Fabiocii were labelled and tested in affinity experiments as examples of
monovalent molecules. The intention was to compare the affinities of Fabpeva and
Fabtocii to bivalent bevacizumab and tocilizumab respectively. It was expected that
Fabyveva and Fabtocii would have lower affinity towards VEGF and IL-6R compared to
bevacizumab and tocilizumab. MST dose response curves and affinities for Faboeva
and Fabtocii are shown in Figures 99 and 100.
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Figure 99: MST dose response curve for the binding of labelled Fabpeva to VEGF. Fabypeva cOncentration
was 5 nM for all samples. VEGF concentration was between 1.09x10-7-3.31x10-1'M
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Figure 100: MST dose response curve for the binding of labelled Fabtocii to IL-6R. Fabtocii concentration
was 5 nM for all samples. IL-6R concentration was between 1.25x107-3.81x10-""M

Both Fabgeva (Kp 25 nM) and Fabrecii (Ko 75 nM) had lower affinities towards
VEGF and IL-6R respectively compared to bevacizumab (Kp 5.7 nM) and tocilizumab
(Ko 5 nM). This result is expected as the Fabs are monovalent molecules. The same
trend in results was observed for ELISA experiments (Figures 82 and 83) presented
earlier in this thesis. Next the affinity of an anti-VEGF/IL-6R BsFpF derived from

Fabgeva and Fabrocii was measured using MST.
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MST of an anti-VEGF/IL-6R BsFpF.

The affinity of an anti-VEGF/IL-6R BsFpF derived from Fabgeva and FabTocii and
prepared via conjugation ligation towards VEGF and IL-6R was measured. Dose
response curves were plotted and, from these, binding affinities calculated. An issue
to address firstly though is the relevance of IL-6R in a solution-based assay such as
MST. IL-6R is present in the human body in two different forms, as a transmembrane
receptor but also as a soluble receptor. Increased levels of soluble IL-6R have been
found in the vitreous fluid of patients with diabetic retinopathy [224] meaning IL-6R is
a suitable choice for use as a ligand in this set of experiments. The same collection of
anti-VEGF and anti-IL-6R antibody conjugates used during SPR binding assays
(Figure 92) had their affinities measured using MST.

MST dose response curves for the anti-VEGF/IL-6R BsFpF binding to VEGF
and IL-6R, the anti-VEGF TCO functionalised Fab conjugate 28 binding to VEGF and
the anti-IL-6R Tz functionalised Fab conjugate 29 binding to IL-6R are presented in
Figure 101.
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Figure 101: (A) MST dose response curve for the binding of labelled anti-VEGF/IL-6R BsFpF to VEGF.
Anti-VEGF/IL-6R BsFpF concentration was 5 nM for all samples, IL-6R concentrations ranging between
6.25x10°7 to 3.81x10-"'"M, (B) MST dose response curve for the binding of labelled anti-VEGF/IL-6R
BsFpF to IL-6R. Anti-VEGF/IL-6R BsFpF concentration was 5 nM for all samples, IL-6R concentrations
ranging between 1.25x10% to 1.52x10-10M. (C) MST dose response curve of an anti-VEGF TCO
functionalised Fab conjugate 28 binding to VEGF. Anti-VEGF TCO functionalised Fab conjugate 28
concentration was 5 nM for all samples, IL-6R concentrations ranging between 6.25x107 to 3.81x10-
"M, (D) MST dose response curve of an anti-IL-6R Tz functionalised Fab conjugate 29 binding to IL-
6R. Anti-IL-6R Tz functionalised Fab conjugate 29 concentration was 5 nM for all samples, IL-6R

concentrations ranging between 3.13x107 to 3.81x10-1'M.
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From the MST dose response curves affinities were calculated using a 1:1
binding model. It was found that the affinity of the anti-VEGF/IL-6R BsFpF to VEGF
(Ko: 2.5 nM) was greater than the affinity of anti-VEGF TCO functionalised Fab
conjugate 28 to VEGF (Kbp: 12.5 nM). This finding contrasts with the earlier findings
during SPR (Table 18) and ELISA (Figure 81) binding experiments in which the
affinities of antibody conjugates were shown to be similar. The reverse trend is
observed for binding to IL-6R. The affinity of the anti-IL-6R Tz functionalised Fab
conjugate 29 to IL-6R is greater (Kp: 20 nM) than the affinity of the anti-VEGF/IL-6R
BsFpF to IL-6R (Kb: 73 nM).

There are reasons why this may be the case. Firstly, as MST measures affinity

of molecules within solution, the way in which the molecules bind to their targets is
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likely to be different as the target ligands are mobile and not immobilised or captured
in a set orientation. Secondly, the 2 Fab conjugates 28 and 29 contain free TCO and
Tz groups, the impact which these free ligation moieties have upon binding is
unknown. Their impact on binding could be assessed by comparing affinities with
PEG-Fabs prepared using PEG bis-sulfone 8 as they would lack the free TCO and Tz
ligating moieties.

The final MST binding experiment performed was the measurement of the
affinity of the anti-VEGF/IL-6R BsFpF to both VEGF and IL-6R (Figure 102) in a single
experiment. VEGF and IL-6R were added in combination at a 1:1 molar ratio to ensure
that neither ligand was in excess of the other. As MST is a solution-based method,

ligand mixtures can be used for experimentation quite easily.
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Figure 102: MST dose response curve for the binding of labelled anti-VEGF/IL-6R BsFpF to VEGF and
IL-6R simultaneously. Anti-VEGF/IL-6R BsFpF concentration was 5 nM for all samples, Combined
ligand concentrations ranging between 1.25x10-6 to 1.52x10-10M with VEGF and IL-6R being
combined at a molar ratio of 1:1.

The affinity of the anti-VEGF/IL-6R BsFpF to both VEGF and IL-6R (Kb: 9 nM)
was found to be in between the affinities towards VEGF (Kp: 2.5 nM) and IL-6R (Kb:
73 nM). This finding could indicate that the anti-VEGF/IL-6R BsFpF is binding to both
of its targets simultaneously.

It is hard to draw definitive conclusions from the binding experiments using
MST. More experimental replicates are required to see if results are reproducible.
More confidence is also required with the methodology as the technique is quite new

within our research group. Despite being potentially expensive it may be worth

185



labelling the target ligands instead of the antibody conjugates to give a different

perspective.
Conclusions:

ELISA and SPR were used to compare 2 anti-VEGF monospecific FpFs, one prepared
via conjugation to PEG di bis-sulfone 5§ and the other via conjugation ligation. Both
ELISA and SPR found that the anti-VEGF FpF prepared using reagent 5 had greater
affinity to VEGF. This finding means that the binding characteristics of an FpF
prepared via conjugation ligation should not be assumed to be similar to a FpF
prepared using reagent 5, making comparisons with “legacy” data questionable.

BsFpFs prepared against VEGF/TNF-a, VEGF/IL-6R and TNF-ao/IL-6R were
found to bind to both of their intended targets in a concentration dependent manner
when binding was examined using SPR. However, this set of experiments did not allow
conclusions on whether each of the binding arms were able to bind independently. A
quantity of an anti-VEGF/IL-6R BsFpF derived from Fabgeva and Fabrocii, an anti-VEGF
TCO functionalised Fab conjugate 28 and an anti-IL-6R Tz functionalised Fab
conjugate 27 were prepared.

SPR and ELISA binding studies found that the anti-VEGF-IL-6R BsFpF was
able to bind with similar affinity to the anti-VEGF TCO functionalised Fab conjugate 28
showing that the VEGF binding arm of the BsFpF can bind independently and without
hinderance from the IL-6R binding arm. IL-6R affinities generated using ELISA showed
that the IL-6R binding arm of the BsFpF was able to bind to IL-6R without hinderance,
however SPR did not show this trend with the affinity of the anti-VEGF/IL-6R BsFpF
to IL-6R being greater than the anti-IL-6R Tz functionalised Fab conjugate 27.
Variation in IL-6R concentration from assay to assay may be responsible for this as
greater variation of binding constants and affinities were observed during IL-6R
binding experiments using SPR. It is also possible that the VEGF binding arm of the
BsFpF was binding in a non-specific manner to IL-6R. A control experiment in which
the anti-VEGF TCO functionalised Fab conjugate 28 is passed over IL-6R captured

onto a NTA chip may help to determine if non-specific binding is occurring.
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Chapter 6 — Preliminary in vitro

functional assays
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Treatment of HUVECs with TNF-a and IL-17A

Both TNF-a and IL-17A are found in the aqueous humour of patient with uveitis [225].
For the inflammatory in vitro assay the cell model of choice was human umbilical vein
endothelial cells (HUVECSs) as they express both TNF-a [226] and IL-17 [227]
receptors and have precedence of use in experimentation exploring ocular vascular
inflammation [228]. Endothelial cells within the eye are implicated in a number of
diseases such as dry eye disease, Sjogren’s syndrome [229] and inflammatory uveitis
[230] making an endothelial cell model a reasonable choice for this set of experiments.

For the inflammatory assay, pro-inflammatory cytokines TNF-a and IL-17A
were applied to the HUVECs for a pre-determined period. The cells were tagged with
fluorescently labelled antibodies specific for Intercellular adhesion molecule 1 (ICAM-
1) or vascular cell adhesion molecule 1 (VCAM-1). Measurement of ICAM-1 and
VCAM-1 levels was chosen because both IL-17A [231] and TNF-a [232] upregulate
the production of these cell surface markers. The fluorophore of choice for both the
ICAM-1 and VCAM-1 antibodies was Allophycocyanin (APC) as endothelial cells can
exhibit autofluorescence and interfere with Fluorescein isothiocyanate (FITC)
conjugated antibodies [233]. Levels of the cell surface markers were quantified using
flow cytometry.

HUVEC cells were grown, sub-cultured and used by passage 5. Figure 103 is
a series of images showing the growth of HUVEC cells over a period of 5 days until

confluency.
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Figure 103: Growth of HUVEC cells using supplemented endothelial cell media. After 5 days the
HUVECs were confluent and ready for subculturing. These cells are at passage no. 1. Images were
taken at a 10x magnification.

The cells have the typical cobblestone appearance associated with HUVECs,
however, further confirmation that the cultured cells were endothelial cells was
required. To do this HUVECs were detached from the cell culture flask and tagged
with a fluorescently labelled anti-CD31 antibody before checking expression via flow
cytometry. CD31 was chosen as it is well known marker for the presence of endothelial
cells [234] due to its expression extra-cellularly. Figure 104A is a typical dot plot
showing the size (FSC) and granularity (SSC) profile of the HUVECs acquired by flow
cytometry. HUVECs are large cells with little internal complexity, as seen under the
microscope, the live cells were gated as shown with the dead cells or cell debris, being
excluded from further analysis. The histograms depicted in Figure 104B showed that
98.6% of the stained cells in the live gate were CD31 positive (red histogram)
compared to the corresponding unstained cells (cells not labelled with antibody, light
blue histogram). This indicates the cells stained with the CD31 antibody are

endothelial cells.
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Figure 104: Gated side / forward scatter plot and histograms derived from the flow cytometry of
unstained HUVECs and HUVECs stained with an anti-CD31 antibody (APC tagged). (A) A dot plot
showing the gated live cells based on side and forward scatter plot of unstained HUVEC cells. (B) A
histogram generated from flow cytometry of unstained live HUVECs (blue histogram) and live HUVECs
stained with an anti-CD31 antibody (red histogram).

Next the HUVECs were checked for ICAM-1 and VCAM-1 expression.
Obtaining baseline data for the expression of ICAM-1 and VCAM-1 on the surface of
HUVECs will allow comparisons to be made when ICAM-1 and VCAM-1 expression is
measured following cytokine treatment. As ICAM-1 and VCAM-1 are extracellular
markers susceptible to cleavage by trypsin, an enzyme free detachment method was
used to detach the cells. If an enzyme-based method such as trypsin was used this
could lead to the cell surface markers being removed from the cell surfaces making
detection using flow cytometry difficult. Figure 105 shows the live cells gated using
forward and side scatter cell properties and histograms with mean fluorescence
intensities (MFI) for the unstained and ICAM-1 and VCAM-1 stained live HUVECs.
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Figure 105: Gated side / forward scatter plot and histograms derived from the flow cytometry of
unstained HUVECs and HUVECs stained with anti-ICAM-1 (APC tagged) and anti-VCAM-1 (APC
tagged) antibodies. (A) A gated side and forward scatter plot of unstained HUVEC cells, same cell
gating used for HUVECs stained with anti-ICAM-1 and anti-VCAM-1 antibodies. (B) Histogram
generated from the flow cytometry of un-stained HUVECs (blue histogram) and HUVECs, ICAM-1
stained (red histogram). The mean fluorescence intensity (MFI) for each histogram is also shown for
comparison (blue text unstained MFI, red text ICAM-1 stained MFI) (C) Histogram generated from the
flow cytometry of unstained HUVECSs (blue histogram) and HUVECs, VCAM-1 stained (red histogram),
MFI also shown.

An immediate observation from Figure 105A is that not as many healthy cells
were present during this experiment as were present during the previous experiment
measuring CD31 expression. However, Figures 105B and C show that untreated
HUVECs express both ICAM-1 and VCAM-1 on their cell surface compared to the
unstained controls. Higher expression of ICAM-1 was observed (MFI of 6,249) than
for VCAM-1 (MFI of 373).

Next, HUVECs were seeded with 60,000 cells/well into 12 well plates. Once
confluent EC were treated with either TNF-a, IL-17A or a mixture of the two cytokines.
TNF-a and IL-17A concentrations were kept constant at 20 ng/mL, with an incubation
time of 24hrs. Both the cytokine concentrations and the incubation time were chosen
because in the literature ICAM and VCAM are expressed on the surface of HUVECs
when using these experimental conditions [231,232]. Microscopy images of each of
the wells were taken prior to detachment. It was decided to take microscope images
to see if any visible change in cell morphology was visible. Literature has shown that
upon exposure of HUVECs to TNF-a the cell morphology does indeed change from
the typical cobblestone appearance to more narrow, elongated cells [235]. The
pictures shown in Figure 106 are images of HUVECs 24hrs post treatment with TNF-
a, IL-17A and the TNF-o/IL-17A mixture.
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Figure 106: Appearance of HUVEC cells 24 hours post treatment with TNF-a, IL-17A and TNF-a and
IL-17A (20 ng/mL each, 40 ng/mL total cytokine concentration) in combination, control is untreated
HUVEC cells. These cells are at passage no. 2. Images were taken at a 10x magnification.

Each of the three pictures of cytokine treated HUVEC cells show some
differences in morphology compared to control, untreated HUVECs, with longer, more
‘swollen’ cells being present in each of the cytokine containing samples. This appeared
to be the most prevalent HUVECs treated with a mixture of TNF-a and IL-17A. These
cells appear to have lengthened and, they are less tightly packed than the control cells.
The fact that the cells treated with the cytokine mixture have changed morphology the
most, may be because the highest total concentration of cytokine (40 ng/mL) was
present within the well. Also, it may be because TNF-a and IL-17A have a synergistic
relationship, affecting the inflammatory behaviour of each other. TNF-a and IL-17A
have been shown to synergistically drive the expression of proinflammatory molecules
in synovial fibroblasts [236] and also have been shown to synergistically regulate the
expression of proinflammatory genes in porcine aortic cells [237], meaning that
synergy between TNF-a and IL-17A is well known.

In addition, HUVECs were treated with infliximab (100 ng/mL) and secukinumab
(anti IL-17A 1gG, 150 ng/mL) in combination with TNF-a and IL-17A, to see if they were
able to inhibit any potential inflammatory response, the two antibodies were also
added as a mixture to the well containing both TNF-a and IL-17A. Figure 107 shows
microscopy images of the HUVECs treated with TNF-a, IL-17A and the TNF-a/IL-17A

mixture compared to HUVECs treated with the same cytokines but also with the
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addition of infliximab and secukinumab. The addition of infliximab appears to have
helped maintain the typical cobblestone appearance of the cells. The TNF-a treated
control contain some elongated, quite narrow cells whereas this is not seen for cells
in which infliximab was added in combination with TNF-a indicating a neutralisation
effect. The same observations can be made when infliximab and secukinumab were
added in combination to try and attempt to neutralise the effects of the TNF-a/IL-17A
cytokine combination. The two neutralising antibodies are again helping to maintain
the typical cobblestone appearance of the cells.

TNF TNF 20ng/mL +
20ng/mlL: Infliximab

ILS17A IL-17A 20ng/mL +
20ng/mL " Se‘cukTL:r:‘rnab

TNF and TNFandfL-17A 20ng/mL +
IL-17A - Infliximab and Secukinumab
20ng/mL 4 i .

Figure 107: Appearance of HUVEC cell 24 hours post treatment with TNF-a, IL-17A and TNF-a and
IL-17A (20 ng/mL each) in combination and HUVEC cells treated with the same cytokines with the
addition of either infliximab (100 ng/mL), secukinumab (150 ng/mL) or an infliximab (100 ng/mL) /
secukinumab (150 ng/mL) mixture. These cells are at passage no. 2. Images were taken at a 10x
magnification.

The HUVEC cells shown in the microscope images in Figures 106 and 107
were then examined for ICAM and VCAM expression using flow cytometry (Figure
108). During this experiment detachment of the cells using the enzyme free buffer
proved more challenging, why this was the case is unknown. It was challenging to
obtain single cells for flow cytometry analysis, a large quantity of healthy cells may

have been excluded from the flow cytometry analysis because it was not possible to
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process them in such a way to obtain singlets. However, obtained cells were still
examined using flow cytometry and plots generated.
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Figure 108: Gated side / forward scatter plot and histograms derived from the flow cytometry of
untreated HUVECs stained with anti-ICAM-1 (APC tagged) and anti-VCAM-1 (APC tagged) antibodies
and HUVECs treated with TNF-a (20 ng/mL) for 24 hours stained with anti-ICAM-1 and anti-VCAM-1
antibodies. (A) A gated side and forward scatter plot of untreated HUVEC cells, same cell gating used
for HUVECs treated with TNF-a. (B) Histogram generated from the flow cytometry of untreated HUVECs
(red histogram) and HUVECs treated with TNF-a (purple histogram), ICAM-1 stained, MFI for each
histogram shown (C) Histogram generated from the flow cytometry of untreated HUVECs (red
histogram) and HUVECs treated with TNF-a (purple histogram), VCAM-1 stained, MFI for each
histogram shown. Data represents one experiment.

Figure 108B and C show that treating HUVECs with TNF-a at a concentration
of 20 ng/mL upregulated the expression of both ICAM-1 (MFI 6,249 vs 1,050,000) and
VCAM-1 (MFI 373 vs 383,056) cell surface markers. Next an identical experiment was
performed using IL-17A in place of TNF-a. Figure 109 contains histograms showing
ICAM-1 and VCAM-1 expression following treatment with IL-17A.
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Figure 109: Gated side / forward scatter plot and histograms derived from the flow cytometry of
untreated HUVECs stained with anti-ICAM-1 (APC tagged) and anti-VCAM-1 (APC tagged) antibodies
and HUVECs treated with IL-17A (20 ng/mL) for 24 hours stained with anti-ICAM-1 and anti-VCAM-1
antibodies. (A) A gated side and forward scatter plot of untreated HUVEC cells, same cell gating used
for HUVECs treated with IL-17A. (B) Histogram generated from the flow cytometry of untreated
HUVECs (red histogram) and HUVECs treated with IL-17A (grey histogram), ICAM-1 stained, MFI for
each histogram also shown (C) Histogram generated from the flow cytometry of untreated HUVECs
(red histogram) and HUVECs treated with IL-17A (grey histogram), VCAM-1 stained, MFI for each
histogram also shown. Data represents one experiment.

Addition of IL-17A slightly increased the expression of ICAM-1 (MFI 6,249 vs
7,501) but no increase in VCAM-1 expression was observed (MFI 373 for untreated
vs 206 for treated cells). This finding was surprising as the literature suggests that
VCAM-1 expression in endothelial cells should increase with IL-17A treatment at
concentrations as low as 10 ng/mL [231]. A mixture of TNF-a and IL-17A was then
applied to the HUVEC cells. Microscopy images shown previously (Figure 106)
indicate that the cytokine combination had the greatest impact upon cell morphology,
it was therefore interesting to see if ICAM-1 and VCAM-1 expression increased when
a cytokine combination was used. Control HUVECs were treated with a single
cytokine. The results of the experiment in which HUVECs were treated with both TNF-
a and IL-17A are shown in Figure 110.
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Figure 110: Gated side / forward scatter plot and histograms derived from the flow cytometry of
untreated HUVECSs stained with anti-ICAM-1 (APC tagged) and anti-VCAM-1 (APC tagged) antibodies
and HUVECs ftreated with TNF-a (20 ng/mL) and IL-17A (20 ng/mL) (40 ng/mL total ligand
concentration) stained with anti-ICAM-1 and anti-VCAM-1 antibodies. (A) A gated side and forward
scatter plot of untreated HUVEC cells, same cell gating used for HUVECs treated with TNF-a and IL-
17A. (B) Histogram generated from the flow cytometry of untreated HUVECs (red histogram) and
HUVECs treated with TNF-a and IL-17A ICAM-1 stained, MFI for each histogram also shown (C)
Histogram generated from the flow cytometry of untreated HUVECs (red histogram) and HUVECs
treated with TNF-a and IL-17A (green histogram) VCAM-1 stained, MFI for each histogram also shown.
Data represents one experiment.

Addition of the cytokine mixture increased expression of both ICAM-1 (MFI
6,249 vs 1,430,000) and VCAM-1 (373 vs 433,000) compared to the untreated
controls. MFI values the HUVECs treated with the cytokine mixture were also shown
to be higher than when HUVECs were treated with just a single cytokine (Figure 108
and 109). This indicated a possible proinflammatory, synergistic relationship between
TNF-a and IL-17A when HUVECs are treated with a combination of these two
cytokines at the same time. In conjunction with the microscopy images (Figure 106)
this gives some confidence that a pro-inflammatory synergistic relationship between
the 2 cytokines in this specific model may exist.

Synergy between the two cytokines has been seen previously in hepatocytes
[238], a primary epithelial cell found in the liver, in synovial fibroblasts [236] and
porcine aortic cells [237] as mentioned earlier in the chapter. The findings in this
preliminary experiment also gives confidence that TNF-a and IL-17A are suitable
targets for a BsFpF. Both infliximab and secukinumab can be digested to obtain anti-
TNF-a and anti-IL-17A Fabs which can be used for the preparation of a BsFpF via
conjugation-ligation. To begin to test whether the Fabs obtained from the digestion of

these two antibodies can neutralise the effect of TNF-a and IL-17A in this cell model,
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HUVECs were treated with TNF-a and IL-17A in the presence of infliximab and

secukinumab.
Neutralisation of inflammatory activity with Infliximab and Secukinumab

Having established that TNF-a and a mixture of TNF-a and IL-17A increased
expression of ICAM-1 and VCAM-1, the ability of infliximab and secukinumab to inhibit
upregulation of ICAM-1 and VCAM-1 was tested. In theory these monoclonal
antibodies should reduce both ICAM-1 and VCAM-1 expression as they will bind to
the cytokines preventing interaction with TNF-a and IL-17A surface receptors.
Histograms derived from the treatment of HUVECS with TNF-a and a mixture of TNF-

a and infliximab are shown in Figure 111.
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Figure 111: Gated side / forward scatter plot and histograms derived from the flow cytometry of
HUVECs treated with TNF-a (20 ng/mL) for 24 hours stained with anti-ICAM-1 (APC tagged) and anti-
VCAM-1 (APC tagged) antibodies and HUVECs treated with TNF-a (20 ng/mL) and infliximab (100
ng/mL) for 24 hours stained with anti-ICAM-1 and anti-VCAM-1 antibodies. (A) A gated side and forward
scatter plot of TNF-a treated HUVEC cells, same cell gating used for HUVECs treated with TNF-a and
infliximab. (B) Histogram generated from the flow cytometry of HUVECs treated with TNF-a (purple
histogram) and HUVECs treated with TNF-a and infliximab (pink histogram) ICAM-1 stained, MFI for
each histogram also shown (C) Histogram generated from the flow cytometry of HUVECs treated with
TNF-a (purple histogram) and HUVECs treated with TNF-a and infliximab (pink histogram) VCAM-1
stained, MFI for each histogram also shown. Data represents one experiment.

Figure 111B and C both show that infliximab neutralises the proinflammatory
activity of TNF-a leading to reduced expression of both ICAM-1 (MFI 1,050,000 vs
221,716, without and with antibody, respectively) and VCAM-1 (MFI 383,056 vs
68,233). This result is not surprising as infliximab is a well-known inhibitor of TNF-a

[239] and is a marketed therapeutic. Infliximab has also been shown to prevent the
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upregulation of ICAM-1 and VCAM-1 in peripheral blood leukocytes and monocytes
[240]. Figure 112 contains histograms showing data for when HUVECs have been

treated with a mixture of IL17A and secukinumab.
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Figure 112: Gated side / forward scatter plot and histograms derived from the flow cytometry of
HUVECs treated with IL-17A (20 ng/mL) for 24 hours stained with anti-ICAM-1 (APC tagged) and anti-
VCAM-1 (APC tagged) antibodies and HUVECs treated with IL-17A (20 ng/mL) and secukinumab (150
ng/mL) for 24 hours stained with anti-ICAM-1 and anti-VCAM-1 antibodies. (A) A gated side and forward
scatter plot of IL-17A treated HUVEC cells, same cell gating used for HUVECs treated with IL-17A and
secukinumab. (B) Histogram generated from the flow cytometry of HUVECs treated with IL-17A (grey
histogram) and HUVECSs treated with IL-17A and secukinumab (dark green histogram) ICAM-1 stained,
MFI for each histogram also shown (C) Histogram generated from the flow cytometry of HUVECs
treated with IL-17A (grey histogram) and HUVECs treated with IL-17A and secukinumab (dark green
histogram) VCAM-1 stained, MFI for each histogram also shown. Data represents one experiment.

Although minimal changes in ICAM-1 and VCAM-1 expression on the surface
of HUVECs was observed in the presence of IL-17A (Figure 109), addition of
secukinumab reduced the expression of ICAM-1 (MFI 7,501 vs 3,942 without and with
antibody, respectively) on the surface of IL-17A treated HUVECs (Figure 112A),
secukinumab had no impact on the expression of VCAM-1 (Figure 112B, MFI 597 vs
206 without and with antibody, respectively) and in fact the addition of secukinumab
appears to have increased expression of VCAM-1. To really test the neutralising
activity of secukinumab in this cell model the applied concentrations of IL-17A and the
incubation times need to be optimised. Finding literature showing that ICAM-1 and
VCAM-1 expression are down regulated when secukinumab is applied to IL-17A
treated cells is challenging. However, it is known that IL-17A upregulates ICAM-1 and

VCAM-1 expression [231] and the fact that secukinumab is an approved anti-IL-17A
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therapeutic likely means it would be capable of inhibiting the pro inflammatory activity
of IL-17A within this HUVEC based model.

Next the ICAM-1 and VCAM-1 expression on HUVECs treated with TNF-a and
IL-17A and HUVECs treated with TNF-a, IL-17A, infliximab and secukinumab were

compared. The results of this experiment are shown in Figure 113.

: 100 = 100 =
"1 1430000
- w] 433000
v o
a B
: ] -
(@] 10 =
i o &0 ’ CRC
h ) k-] k-1
v & 4
T B
ECs E 40~ E 40 =
o o
oM = .80 z z
. 20 = 20 =
0 E— 0
T T T L B B B T L B | e Bl | T T Ty
a EaM 1M 15M 10° 10° 10* 10° 1" 10? 10* 10°

FSC ICAM 1 VCAM 1

+1L-17A and TNF-a
+ IL-17A/TNF-a/Infliximab/Secukinumab

Figure 113: Gated side / forward scatter plot and histograms derived from the flow cytometry of
HUVECs treated with both TNF-a (20 ng/mL) and IL-17A (20 ng/mL) for 24 hours stained with anti-
ICAM-1 and anti-VCAM-1 antibodies and HUVECs treated with TNF-a (20 ng/mL) and IL-17A (20
ng/mL) (40 ng/mL total ligand concentration) infliximab (100 ng/mL) and secukinumab (150 ng/mL) for
24 hours stained with anti-ICAM-1 and anti-VCAM-1 antibodies. (A) A gated side and forward scatter
plot of TNF-a and IL-17A treated HUVEC cells, same cell gating used for HUVECs treated with TNF-q,
IL-17A, infliximab and secukinumab. (B) Histogram generated from the flow cytometry of HUVECs
treated with TNF-a and IL-17A (green histogram) and HUVECs treated with TNF-a, IL-17A, infliximab
and secukinumab (light blue histogram) ICAM-1 stained, MFI for each histogram also shown (C)
Histogram generated from the flow cytometry of HUVECs treated with TNF-a and IL-17A (green
histogram) and HUVECSs treated with TNF-qa, IL-17A, infliximab and secukinumab (light blue histogram)
VCAM-1 stained, MFI for each histogram also shown. Data represents one experiment.

The addition of a mixture of infliximab and secukinumab reduced the expression
of ICAM-1 (Figure 113B) and VCAM-1 (Figure 113C) upon the surface of TNF-a and
IL-17A treated HUVECs. The greatest reduction was seen in the expression of VCAM-
1 with a reduction in MFI from 433,000 to 29,272 in the presence of these monoclonal
antibodies. ICAM-1 expression was reduced by approximately 50% (MFI 1,430,000 vs
775,000). The result of this experiment gives confidence that using Fabs derived from
the digestion of infliximab and secukinumab to prepare a BsFpF targeting TNF-a and
IL-17A may have some anti-inflammatory functional activity. TNF-a and IL-17A
targeting bispecific molecules have been prepared and tested in the past [241,242]
with one molecule, COVA322 progressing to into Phase Ib/lla clinical studies for the

treatment of psoriasis [243].
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Conclusions

The pro-inflammatory cytokines, TNF-a and IL-17A were investigated to see if they
could induce the expression of ICAM-1 and VCAM-1 upon the surface of HUVEC cells.
If expression was induced, it was thought that TNF-a and IL-17A would be a good
target pair to prepare a BsFpF against. First preliminary experimentation needed to be
performed.

TNF-a was shown to increase expression of both ICAM-1 and VCAM-1 upon
the surface of HUVECs, however IL-17A did not have this effect. Increasing IL-17A
concentrations and incubation times may induce an IL-17A based inflammatory
response on the HUVEC surface. When a mixture of TNF-a and IL-17A was applied
to HUVECs greater expression of ICAM-1 and VCAM-1 was measured compared to
when TNF-a was solely applied. This is likely due to a synergistic relationship between
TNF-a and IL-17A.

Finally anti TNF-a (infliximab) and anti IL-17A (secukinumab) antibodies were
applied to HUVECs treated with TNF-a and IL-17A to neutralise the activity of the
cytokines. Infliximab was found to neutralise the activity of TNF-a reducing expression
of ICAM-1 and VCAM-1 upon the HUVEC surface. Use of secukinumab was found to
reduce expression of VCAM-1. When a mixture of infliximab and secukinumab were
applied to HUVECs treated with both TNF-a and IL-17A decreases in expression of
both ICAM-1 and VCAM-1 were measured.

Unfortunately, no further in vitro studies were completed. However, the results
presented in this chapter gave some confidence that a anti TNF-a/IL-17A BsFpF would

be a suitable molecule to test the functional performance of a BsFpF in the future.
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Chapter 7 - Conclusions
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The main objective of this PhD was to utilise disulfide bridging bis-alkylation

conjugation to prepare and characterise bispecific Fabi1-PEG-Fab2 (BsFpF 7) antibody

mimetics. A BsFpF is a heterogenous dimeric molecule containing two different Fabs

conjugated to both ends of a linear PEG linker of moderate molecular weight (i.e. 5-

10 kDa). A BsFpF 7 can be designed to interact with two different therapeutic targets.

The BsFpFs 7 prepared in this PhD were designed to interact with two therapeutic

targets that are relevant for ocular inflammatory and angiogenic conditions. Many of

these targets are also relevant for wider immunological conditions such as rheumatoid

arthritis and psoriasis. Table 19 summarises the main findings during this PhD and

how they relate to the project hypotheses. Findings are discussed in greater detail

throughout this chapter.

Findings

Related hypotheses

Soluble papain can digest 100mg of tocilizumab
in 30 minutes and a greatly reduced material
cost compared to an immobilised papain
methodology. Soluble papain can also be used

to digest both bevacizumab and infliximab.

1. A soluble form of papain can be used as an

alternative to immobilised papain for obtaining

Fabs via the digestion of IgGs. Using soluble
papain will allow digestion of up to 100 mg of IgG

in a single digestion.

The PEG di-bis-sulfone reagent 5 was not
suitable for preparing BsFpFs 7. Instead, a
conjugation-ligation methodology was
developed to prepare BsFpFs 7 using
difunctional reagents 26 and 27. It was possible
to isolate BsFpFs 7 using a combination of IEX
and SEC.

ELISA, SPR and MST confirmed that the
prepared BsFpFs 7 were able to bind to their

intended therapeutic targets.

2. Using PEG as scaffold and utilising chemical
conjugation to combine two Fabs, a BsFpF can
be synthesised effectively preserving the antigen

binding properties of the individual Fabs.

3. The prepared BsFpF can be isolated from
conjugation mixtures to give a final purified

product free from impurities.

Monospecific and bispecific FpFs prepared
using the conjugation-ligation approach were

found to be stable for at least 6 months at 5°C

A BsFpF prepared by chemical conjugation, is
stable in the intended storage condition with no
deconjugation of Fabs from the PEG scaffold and

light/heavy dissociation.

Table 19: Summary of the main findings made during this PhD and how the findings relate to
hypotheses set prior to commencing of this research project.
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A point concerning the development of a BsFpF 7 is why not prepare a
combination therapy containing two or more monospecific FpFs as a single formulated
product. There are however several potential advantages bispecific antibodies have
over the combination therapy of two monospecific protein therapies.

Development of a bispecific medication reduces costs as only one therapy
needs to be developed instead of two and having a molecule capable of binding to two
targets simultaneously may improve binding specificity and create synergistic effects
[8], something unique to bispecifics.

Combination therapy of IgGs or other protein therapies containing Fc regions
may lead to large quantities of Fc regions being present systemically. Certain types of
Fc containing therapeutics can recruit proinflammatory effector cells which contain Fc
receptors, these cells can contribute to tissue damage [244]. Dosing of bispecific
therapies would limit or even eradicate potential Fc related issues depending on the
format of the bispecific therapy.

Great effort has been made to develop combination therapies in several areas
including oncology [245] , COVID-19 [246] and infection [247] with some progressing
to clinical trials and approval. A positive example is the combination of Trastuzumab
and Pertuzumab for the treatment of HER-2 (human epidermal growth factor 2)
positive breast cancer [248], the combination showed an additive, synergistic anti-
tumour effect. In contrast combinations of Bevacizumab with Cetuximab or
Panitumumab used for advanced colorectal cancer resulted in shorter progression free
survival and increased side effects [248].

In the case of ocular neovascularisation, great efforts have been made to
design and formulate drug combinations with multiple targets, with several examples
in phase Il trials. So far, these have not been translated into successful phase lll trials.
For example, targeting PDGF and VEGF has been examined with rinucumab (anti-
PDGF 1gG4 co-formulated with aflibercept) and E10030/pegpleranib (Fovista in
combination with ranibizumab) in phase Il and Il trials for treatment of wet-AMD
respectively [110]. Both combinations failed to show a benefit over anti-VEGF
monotherapies.

Intravitreal injections are invasive and carry some risk including susceptibility
to endophthalmitis post injection [249] and chronic ocular hypertension after repeated
injections [250]. To reduce injection burden intraocular combination strategies would

probably need to be formulated as fixed dose combinations. The volume of an
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intravitreal injection is 50 L, which is a very small volume for a combination of protein-
based drugs at sufficient individual doses while minimising risks of protein misfolding
and aggregation.

With careful consideration of target selection bispecific antibodies that are
capable of interacting with two target epitopes simultaneously [10,251] have the
potential to increase the efficacy of intraocular medicines. Increased efficacy may
reduce the frequency of intravitreal injections and improve patient compliance which
is known to decrease after the first year of treatment [252—-254]. A notable example is
Faricimab, a bispecific IgG that targets VEGF and ANG-2.

Faricimab was developed as researchers began to look beyond anti-VEGF
monotherapies due to poor response and recurrence of disease [134]. Benest et al.
[135] found that a reduction in ANG-2 concentration strongly reduced the effect of
vascular leakage upon administration of VEGF as ANG-2 upregulates the
neovascularisation effects of VEGF, establishing VEGF and ANG-2 as a suitable
target pair. During phase Il clinical trials, patients being administered Faricimab had
longer intervals between doses compared to ranibizumab indicating a longer duration
of action [22]. Also, non-inferior visual acuity outcomes were observed for faricimab
dosed every 16 weeks compared to aflibercept given every 8 weeks. Faricimab was
approved by the FDA in 2022 for the treatment of w-AMD and DME [255].

Preparing bispecific antibodies in an academic setting is challenging. Previous
research has shown that FpFs behave in a similar way to IgGs [161,183] so it was
proposed to extend the FpF platform to prepare BsFpFs with the ultimate aim of testing
their functional activity within the eye. Firstly, a methodology to prepare purified
BsFpFs needed to be developed and once developed the BsFpF needed to be
characterised.

To prepare BsFpF molecules purified Fabs were required. There are only three
clinically used Fab molecules [256]. Fabs are monovalent in contrast to full I1gG
molecules and Fabs clear quickly from circulation after administration. While Fabs can
be made recombinantly, they can also be obtained by the proteolytic digestion of IgGs
using papain, which is a thiol protease. Immobilised forms of papain can be used to
digest IgGs in small quantities of no more than 10 mg [183,257]. Within this PhD a
methodology to digest IgGs at a scale of up to 100 mg was developed with 100 mg of

the anti-IL-6R humanised IgG tocilizumab being digested in a single digestion. Instead
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of immobilised papain, a soluble, lyophilised form of papain was used for digestion
[170].

Use of soluble papain significantly reduced the material cost (enzyme,
purification materials, lab reagents) Digestion time was also reduced from more than
8 hours observed with immobilised papain to approximately 30 minutes. Tocilizumab
(100 mg in a single digestion, Figure 29), bevacizumab (37.5 mg in a single digestion,
Figure 31) and infliximab (10 mg in a single digestion, Figure 32) were digested using
soluble papain. Development of this method allowed large quantities of pure Fabs to
be made available quickly, ready for BsFpF preparations. This was key for BsFpF
preparation as 2 different Fabs are required in turn meaning 2 1gG digestions need to
be carried out. Purification of the IgG digestion mixtures containing soluble papain
required considerable effort to optimise.

A protein L resin was determined to be the optimum choice for the purification
of the soluble papain digestion mixtures. Use of protein L as opposed to protein A or
CH?" affinity resins was found to be critical to the success of the soluble papain
methodology. Use of protein L allowed the efficient and timely purification of the
soluble enzyme from the digestion mixture. Protein L also allowed efficient separation
of the desired Fabs from the Fc regions as protein L binds to the kappa light chains
present on the Fab, whereas the Fc does not bind to the resin. It was found that
incubation of the antibody with soluble papain for too long lead to over digestion.
Although this was not unexpected, soluble papain was observed to be a non-specific
proteolytic enzyme resulting in over-digestion of the IgG and Fab reducing yields and
complicating purification.

To further purify the Fabs, SEC was used as a secondary purification step. SEC
was used to purify out any remaining undigested IgG or partially digested IgG as
protein L was not able to purify these molecules from the Fab solution as they also
contain kappa light chains. This two-step purification methodology proved to be
successful with silver staining of the purified Fab obtained from the digestion of 100
mg of tocilizumab showing only two bands (Figure 29), one band corresponding to the
Fab and another band at a lower molecular weight corresponding to reduced Fab. As
mentioned previously one of the key advantages to the soluble papain methodology
is the scalability of the method. As the purification columns are connected to an AKTA
protein purification system (AKTA prime plus) and sample application is direct to the

column, bypassing any sample loop limitations, the method was used to digest IgGs
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at a scale of more than 100 mg. Within academic research settings the scale of
digestion is likely limited by the quantity of starting IgG that is available, scale is
unlikely to be a problem in industry.

Both bevacizumab and tocilizumab were digested using soluble papain
(Chapter 3). Purified Fab yields of 50.0% and 57.7% respectively were obtained when
37.5 mg of bevacizumab and 100 mg of tocilizumab were digested. These yields are
comparable to what has been obtained using the immobilised papain methodology for
the digestion of these two antibodies. Additionally, infliximab was also digested using
soluble papain but with a significantly lower isolated Fab yield of 21.0% after a 35-
minute digestion time. The lower yield was attributed to the fact that infliximab is a
chimeric IgG whereas bevacizumab and tocilizumab are humanised IgGs. Humanised
IgGs may exhibit better thermal and physical stability compared to chimeric IgGs
[179,180] and therefore be more resistant to papain driven over-digestion. The loss of
yield experienced when digesting infliximab is likely a consequence of over-digestion.

Conjugates including PEG-Fabs and FpFs were prepared with Fabs derived
from soluble papain digestions (Chapter 4), demonstrating that the accessible
interchain disulfide bond was present and able to undergo conjugation. SPR binding
assays (Chapter 5) showed that anti-VEGF Fabs and anti-VEGF monospecific FpFs,
both prepared using Fabs obtained via the soluble papain digestion of bevacizumab,
were able to bind to VEGF. Finally purified Fabs obtained from the digestion of 100
mg tocilizumab were shown to be stable with no aggregation occurring for up to five
months at their intended storage condition of -20°C.

The development of this scalable, cheap, and fast IgG digestion method using
soluble papain is an important step. This method allows large quantities of purified,
functional Fabs to be obtained quickly and with a reasonable cost from therapeutic
IgGs. Subsequently it was expected that larger quantities of FpFs or other Fab based
conjugates could then be prepared. Other soluble proteolytic enzymes such as
GingisKHAN are also used as solutions to digest IgGs and obtain Fabs [169] however
the enzyme is extremely expensive. Enzymes such as GingisKHAN have a histidine
tag which simplifies purification. For industrial applications the cost of the enzyme may
not be of concern however in an academic research setting digesting 100 mg of 1gG
using GingisKHAN would not be feasible. Therefore the soluble papain digestion
methodology should be considered as a valuable research tool with this work being

published [170]. Despite the use of papain to digest IgGs not being novel, it was not
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possible to find examples of large-scale IgG digestions (approx. 100 mg scale) in
literature. Fabs obtained via soluble papain digestions of various IgGs were used for
the preparation of monospecific and BsFpFs throughout this PhD.

Monospecific FpFs were successfully prepared and characterised using a
previously described PEG di-bis-sulfone protein dimerisation reagent 5 [159,161,183].
Initially conjugation of two different Fabs to reagent 5 was performed. Attempts to
prepare a BsFpF using reagent 5 were not successful. This was thought to be due to
a combination of factors, including, the likely hydrolysis of a free bis-sulfone moiety
leading to a loss of reagent reactivity and secondly, a steric shielding effect to hinder
the conjugation of a second Fab to the PEG-Fab intermediate 6. The purity of reagent
5 may also be a factor as the reagent was purified via precipitation. Use of HPLC to
purify reagent 5 is likely to be more effective.

A different conjugation moiety bis-sulfone glycol 12 was investigated as an
alternative to bis-sulfone to determine if reagent hydrophobicity might have been a
reason to reduce the conjugation of the second Fab. However, there was no evidence
of improved performance and in fact the reagents appeared to behave quite similarly
during conjugation reactions.

Another thought was that a heterodimeric reagent in which one conjugation
moiety is bis-sulfone and the other a bis-sulfide moiety. The bis-sulfide moiety may
maintain the stability of the second conjugation moiety. The BsFpF preparation would
proceed via conjugation of Fab1 to the bis-sulfone moiety, pH of the conjugation
mixture would be increased and Fab2 introduced to allow conjugation to the free bis-
sulfide moiety. During conjugations between Fabs and PEG bis-sulfide 17 at a pH of
8.2 poor conjugate formation was observed, suggesting the thiol toluene moieties
found in PEG bis-sulfide 17 are not suitable for this application.

Therefore, a different methodology was proposed to prepare BsFpF molecules.
The proposed methodology was based upon copper free bio-orthogonal ligation
reactions, in which two functional groups can undergo ligation without undergoing
reaction with a Fab. Copper catalysed ligation reactions also known as copper-
catalysed azide-alkyne cycloaddition (CuAAC) were examined [182] within our
research group to bring two different proteins together. This was found to be
unsuccessful as it was thought that the presence of copper was hindering the ligation
reaction from proceeding. Another major drawback limiting the use of CuAAC in

biological systems is the copper-mediates formation of reactive species, which can
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lead to oxidate degradation of proteins [258]. CUAAC has however been successfully
used to modify proteins, the developed methodology [259] did require the use of
DMSO and triazoles and aminoguanidine acting as protective species, this likely
required considerable optimisation to determine the correct concentrations of these
protective species. Two examples of copper free reactions are strain-promoted azide-
alkyne cycloaddition (SPACC) and inverse-electron-demand Diels-Alder (iEDDA)
reactions. Both reaction types do not require any copper to catalyse the reactions [186]
and in turn no protective species to protect proteins from reactive species making any
reaction mixtures less complex and likely easier to purify.

A set of bi-functional reagents were synthesised by our research group. The
pair of reagents, PEG bis-sulfone DBCO 23 and PEG bis-sulfone azide 22 reagents
both contain bis-sulfone as the conjugation moiety. The bis-sulfone moiety was chosen
due to its stability at a range of pHs, its conjugation activity at biorelevant pH,
precedence of use [148,159,161] and the fact it performed well during conjugation
assessments carried out during this PhD (Figures 35 and 36). DBCO and azide are
functional groups that ligate via a SPACC reaction to form a single entity. Initially the
ligating functionality of reagents 22 and 23 was evaluated by carrying out reactions
without conjugated protein. Results of these experiments indicated that ligation
occurred by reaction of the DBCO and azide moieties (Figure 44).

A second pair of reagents, PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz
27 were also prepared by our research group for comparison to reagents 22 and 23.
The TCO and Tz functional groups present in these reagents ligate via iEDDA
reactions. Reagent only reactions between reagents 26 and 27 underwent ligation
readily (Figure 45) at a range of different pHs (pH 5-9), although it is known the iEDDA
reactions are not sensitive to pH [260] so this result was not unexpected.

Next Fabrani Was conjugated to reagents 26 and 27 to prepare TCO 28 and 29
Tz functionalised Fab conjugates. The functionalised Fab conjugates 28 and 29 were
combined using PBS as a reaction medium and left to incubate. SDS PAGE revealed
that no cycloaddition had occurred (Figure 46), initial thoughts could be that the
presence of protein was hindering the cycloaddition from proceeding. Another
possibility was the presence of free PEG bis-sulfone TCO 26 or PEG bis-sulfone Tz
27 not consumed during the conjugation between reagents 26 and 27 and Fabs

hindering the ligation between intermediates 28 and 29.
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It was thought that the TCO 28 functionalised Fab conjugate was ligating to
PEG bis-sulfone Tz 27 and vice versa for the Tz functionalised Fab conjugate 29 and
PEG bis-sulfone TCO 26. Ligation of intermediates 28 and 29 to reagents 26 or 27
respectively would form a PEG-TCO-Tz-PEG-bis-sulfone intermediate 31 not the
intended FpF. Essentially there was a preference for something large (TCO 28 or Tz
29 functionalised Fab conjugate) to ligate to something small (reagent 26 or 27). To
negate this preference, it was decided to try and remove free reagent 26 and 27 from
the conjugation mixtures via centrifugation filtration.

Fabrani was conjugated to PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz
27. Additionally, Fabrani was conjugated to PEG bis-sulfone DBCO 23 and PEG bis-
sulfone azide 22. Conjugation of Fabrani to 4 reagents (22, 23, 26 and 27) was found
to be relatively comparable. Post conjugation, an attempt was made to remove free
reagents (22, 23, 26 and 27) from the respective conjugation mixtures via
centrifugation filtration.

The DBCO 25 and azide 24 functionalised Fab conjugates and TCO 28 and Tz
29 functionalised Fab conjugates then combined to see if the cycloaddition reaction
would proceed. Cycloaddition reactions between both conjugate pairs (24 with 25 and
28 with 29) occurred, indicated by a band appearing at approximately 120 kDa on an
SDS PAGE gel (Figure 48). The cycloaddition reaction between the TCO 28 and Tz
29 functionalised Fab conjugates proceeded to the greatest extent, with the greatest
concentration of FpF being formed. The ligation reaction mixtures were incubated for
approximately 18 hours, ample time for both the DBCO azide and TCO Tz ligations to
proceed.

The superior iEDDA ligation speed seen between the TCO 28 and Tz 29
functionalised Fab conjugates is not unexpected or unusual with this finding being
consistent with literature [188,261]. Because of experimental performance and
superior ligation reaction speed PEG bis-sulfone TCO 26 and PEG bis-sulfone Tz 27
reagents were used to explore the preparation of BsFpFs 7.

Further experimentation around the conjugation of Fabs to PEG bis-sulfone
TCO 26 and PEG bis-sulfone Tz 27 reagents found that conjugation proceeded well
at a pH of 7.6 and when reagents 26 and 27 were present in molar equivalents (MEQ)
of 1.5 (Figure 49). This MEQ is typically higher than what has been used previously

for Fab conjugations using the PEG bis-sulfone [161] reagent 8, however di-functional
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reagents used previously [182] containing bis-sulfone 1 and second reactive moiety
had to be used at MEQ of 1.5 or greater for conjugation.

Using MEQs less than 1.5 did not allow enough TCO 28 and Tz 29
functionalised Fab conjugates to form. Not having enough of intermediates 28 and 29
meant that when they were mixed and allowed to ligate only small quantities of FpFs
formed.

Other findings from experimentation were that the ligation reaction between the
TCO 28 and Tz 29 functionalised Fab conjugates was not sensitive to pH or sensitive
to one of the reaction constituents being present more than the other. Non-sensitivity
of the ligation reaction to pH is a notable advantage as it gives a wider window in which
the reaction can take place.

Several different monospecific FpFs and BsFpFs were prepared using the
bifunctional TCO and Tz reagents 26 and 27 (Table 10). A combination of IEX and
SEC was able to successfully purify the molecules with silver staining confirming the
purity of the monospecific FpFs and BsFpFs (e.g. Figure 53). Typical isolated yields
of monospecific and BsFpFs ranged from 10-15%.

To try and improve the final purified FpF yields, an alternative FpF preparation
methodology (Figure 60) in which an intermediate molecule, Fab-PEG-TCO-Tz-PEG-
bis-sulfone 31 was first prepared, and subsequently conjugated to a second reduced
Fab(Figure 60). Despite the alternative methodology having little impact upon yield,
conducting the experiments did show that the purity of the PEG bis-sulfone TCO 26
and PEG bis-sulfone Tz 27 reagents is a key aspect to obtaining high, reproducible
yields. It was evident that reagents 26 and 27 would benefit from further purification
by UPLC to remove impurities that contain dead chain ends (i.e. no bis-sulfone or
ligation moiety). These impurities may undergo conjugation or ligation, but not undergo
both required conjugation and ligation functions. Incomplete conversion has been
observed during all steps of the FpF preparation process and it is thought that better
reagent purity would result in better FpF yields at the small scales that were examined.
It should be mentioned however that the reagents used during this PhD were more
than suitable for preparing the quantities of BsFpFs required for characterisation.

An anti-VEGF/IL-6R BsFpF was shown to be stable for up to 6 (Figure 67)
months at its intended storage temperature of 5°C. No Fab deconjugation or
aggregation was observed using SDS PAGE. The same was observed for an anti-

VEGF monospecific FpF prepared via ligation of TCO 28 and Tz 29 functionalised Fab
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conjugates. The same anti-VEGF monospecific FpF was also stored at 37°C for a
period of 4 weeks to simulate conditions close to body temperature. A period of 4
weeks was chosen as this represents the dosing regimen of an injection every 4 weeks
for a patient starting a course of ranibizumab for the treatment of wet AMD. At 37°C
some deconjugation of Fab from the FpF and FpF agglomeration did occur which was
surprising as the molecule was treated with STAB to reduce the vulnerable ketone
group to an alcohol group essentially “locking” the conjugation.

The use of STAB has been shown to prevent deconjugation previously [262] so
it is likely that the STAB treatment was only partially effective. A significant amount of
the parent monospecific FpF remained after 4 weeks which is encouraging. Ideally
some sort of binding assay such as ELISA or SPR should have been carried out to
measure the affinity of the FpF toward VEGF after 4 weeks storage at 37°C and then
compared to an initial timepoint. Finally, the bond formed during the ligation between
the TCO and Tz functional moieties remained stable.

To examine whether the Fabs used for BsFpF preparation retained their antigen
binding characteristics 3 different techniques (ELISA, SPR and MST) were used to
measure the affinity of BsFpFs to their intended targets. BsFpFs against 3 different
target pairs, VEGF/TNF-a, VEGF/IL-6R and TNF-a /IL-6R had their binding affinities
measured first using SPR. BsFpFs against the 3 target pairs were able to bind to each
of these targets in a concentration dependent manner.

A more comprehensive set of binding experiments (Figures 84, 85, 96, 97) and
Table 18) were conducted using an anti-VEGF/IL-6R BsFpF. ELISA and SPR of an
anti-VEGF/IL-6R BsFpF showed that the affinity (Kp) of the BsFpF to VEGF was
comparable to an anti-VEGF TCO functionalised Fab conjugate 28. ELISA and SPR
data were not as conclusive for the IL-6R binding region of the anti-VEGF/IL-6R
BsFpF. ELISA did show that an anti-IL-6R Tz functionalised Fab conjugate 29 had
similar affinity to the anti-IL-6R binding arm of the BsFpF. Binding data for the same 2
molecules generated using SPR showed that the anti-IL-6R binding half of the BsFpF
had greater affinity to IL-6R than the corresponding functionalised Fab conjugate.
Standard deviations were also found to be quite large between the replicates
measured.

Why this result occurred is unknown. It was expected that this result would be
the other way around so that the anti-IL-6R functionalised Fab conjugate had greater

affinity toward IL-6R. Then arguments could be made that a factor was impeding the
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binding of the anti-VEGF/IL-6R BsFpF to IL-6R. This could be a steric shielding type
of hinderance or possible non-specific binding of the BsFpF to the immobilised IL-6R
chip. Non-specific binding of the anti-IL-6R conjugates to the immobilised IL-6R chip
may occur due to the amount of IL-6R immobilised on the surface of the NTA chip. In
this case, ligand capture of IL-6R led to a far greater concentration of IL-6R being
present on the chip compared to the immobilisation levels attained during the
functionalisation of a CM3 chip with VEGF. The greater concentration may lead to non-
specific binding which could lead to greater variation in results. Capturing of ligands
may also have the disadvantage in that the bonds created are not as strong as when
a ligand is covalently immobilised [263]. This may mean that captured ligand
dissociates from the chip surface during measurement which could lead to variability
of results.

Results from MST affinity experiments involving an anti-VEGF/IL-6R BsFpF
were inconclusive and did not reflect any of the trends observed during ELISA and
SPR binding experiments. MST is a relatively new technique compared to ELISA and
SPR especially within our research group. Greater understanding of the technique
may lead to better optimised MST methodologies, which in turn may generate better,
more meaningful data.

Results presented in this thesis have demonstrated it was possible to
reproducibly prepare and purify BsFpFs against several different intraocular target
combinations. During my PhD a bispecific IgG faricimab targeting VEGF and ANG-2
was approved for intraocular use [114], the first bispecific IgG approved for use in the
eye. With the ability to prepare BsFpFs and now precedence of use of bispecifics

within the eye there are opportunities in the future to further characterise BsFpFs.
Future areas of focus:

In vitro and in vivo experimentation assessing the functional characteristics of BsFpFs
to treat a medical condition should most definitely be an area of future focus. During
this PhD preliminary in vitro assays (Chapter 6) investigating a suitable pair of targets
for an anti-inflammatory BsFpF was carried out. TNF-a and IL-17A were investigated
to see if they could induce the expression of the inflammatory cell surface markers,
ICAM-1 and VCAM-1 upon the surface of HUVEC cells and then in turn be a suitable
target pair for synthesis of a BsFpF.

212



TNF-a was shown to increase expression of both ICAM-1 and VCAM-1,
however IL-17A did not have this effect. A quite interesting finding however was when
TNF-a and IL-17A were combined and HUVECs treated with the mixture. The TNF-
a/IL-17A mixture increased ICAM-1 and VCAM-1 expression compared to TNF-a
alone, indicating a likely synergistic effect. It is likely that TNF-a and IL-17A would be
suitable targets for a BsFpF in an inflammatory cell-based assay.

Careful consideration would need to be taken when deciding the concentrations
of BsFpF to be administered as it is a monovalent molecule for each target. A range
of different molar concentrations would likely need to be administered including
concentrations more than ligand concentration to account for the monovalency of the
BsFpF. It may be possible to overcome monovalency by attempting to modify the
amino acids sequences within the CDRs of Fabs to improve binding characteristics
e.g. increase association and decrease dissociation rates.

Another interesting preliminary piece of work that was performed during this
PhD was the preparation of a bivalent bispecific 39 (Scheme 14). Expansion of this
work and preparation and identification of a bispecific bivalent may be another strategy
to overcome any monovalency limitations that may be encountered with BsFpFs
during both in vitro and in vivo functional assays. Bivalency has been shown to be
superior to monovalency in a number of therapeutic areas including viral inhibition
[264,265] and within oncology [266].

It has been shown in this research that preparation of a bivalent bispecific 39
may be possible (Figures, 68, 69) when ligating IgGs conjugated to PEG bis-sulfone
TCO 26 and PEG bis-sulfone Tz 27. This methodology however is quite complex as
IgGs contain 4 reducible disulfide bonds, preferentially reducing certain IgG disulfide
bonds may be possible using reducing agents such as tris(2-carboxyethyl)phosphine
(TCEP) or 2-mercaptoethylamine (2-MEA) [267]. This would allow the conjugation of
a single molecule of reagent_26 or 27 instead of potential 4 if all of the IgG disulfide
bonds are reduced. Antibody drug conjugates (ADCs) have been prepared using
reagents containing bis-sulfone 1 [268] requiring the IgG disulfide bonds to be reduced
so this approach may be feasible.

Confirmation of the bivalent bispecific 39 could be confirmed by measuring
solution size via DLS, SPR binding assays and via MALDI-TOF to determine an
accurate molecular weight. An SPR binding assay may help with confirmation because

the affinity parent IgG and arm of the bivalent bispecific containing that parent IgG
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could be compared. If these techniques were to show a bivalent bispecific had any
value, further work could be carried out to try and optimise a preparation process.

A final area of consideration for bispecifics is affinity drug delivery [269] in which
one binding arm is therapeutically active and the other binding arm attempts to
increase duration of action. There is a recognised need to increase the duration of
action of intravitreally administered medicines [254,270-272]. A strategy to potentially
increase the residence time of a therapeutic protein in the vitreous is for the protein to
associate or bind to a tissue component within the vitreous cavity. One example of
such a component is hyaluronic acid (HA). An HA binding moiety has been shown to
extend the ocular half-life of the anti-VEGF Fab to which is was fused for 3-4 fold [273].
There is certainly an opportunity to prepare BsFpFs containing a ligand targeting arm
for therapeutic value and an affinity binding arm with the aim of extending the BsFpFs

duration of action.
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Appendix

Proton NMR spectra of conjugation reagents.

A. PEGes di bis-sulfone protein dimerisation reagent 5

2 3 6 7 8
1 @s%““dwtw“;r@iﬁ@
— 5o, 50,4 )—

Sample Ref BisBl |6KDa ‘

./

' \l I f! [
‘lll h, 8 5 |]!|"!' | |
| ! | ' 1 | |
| |! N f 4| i ‘I,: lj i
TN il . I iy it 1
e A i |- N BN W) S . WA
| | | | | | I I I I 1 1 1 1
8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 3.5 3.0 25 2.0 ppm
.:, o - o | ol IOI
=g B 2 & 2 ]
- : -] ha o~ P‘{J e

215



B. PEGz2o di bis-sulfone protein dimerisation reagent 5
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C. PEGu1o bis-sulfone 8
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D. PEG2o bis-sulfone 8
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E. PEGio bis-sulfone glycol 12
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G. PEGao bis-sulfone TCO 26
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Structures of reagents, intermediates and conjugates referred to within this

thesis
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