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ABSTRACT

Antibody-based diagnostic and therapeutic agents play a substantial role in modern
medicine, particularly for cancer management. The use of monoclonal antibodies
(mAbs) and their derivatives to fight cancer demonstrates a significant impact on both
laboratory research and clinical applications. This is largely attributed to their ability
to recognize specific antigens. The enhancement of these well-characterized mAbs
with effector molecules with desirable, tailored properties. This further gives the
product to homogeneous antibody conjugates and improves their potency while
reducing toxic side effects. An efficient and cost-effective protocol to produce high-
quality recombinant proteins play a pivotal role in supporting both lab-scale research
and pharmaceutical applications. Although relying on the limited availability of
resources, the MB&I research unit successfully employs a single IMAC step to purify
mammalian and bacterially expressed recombinant proteins to successfully supporting
a decent number of student projects per year. Such enriched protein preparation does
allow preliminary qualitative analysis of such highly active immunotherapeutics;

however, expanding this research into future readiness levels needs further expansion.

The main objective of this study was to reestablish and develop an improved protein
purification strategy by exploring Immobilized Metal Affinity Chromatography
(IMAC), Ion Exchange Chromatography (IEX), and Size Exchange Chromatography
(SEC) and further strategically integrating these purification techniques to improve
protein purity. Intrinsic properties of the proteins of interest, such as the affinity tag
incorporated in the recombinant antibody, and its Isoelectric value (pl), largely
contribute to the choice of purification technique as demonstrated by the well-
characterized mammalian-expressed SNAP tag-based antibody fusion protein

aASPH(scFv)-SNAP and the bacterially expressed recombinant immunotoxin
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H22(scFv)-ETA. IMAC was employed as the initial purification step to recover the
full-length histidine-tagged recombinant proteins. The Ni?** immobilized on the
matrices in columns has a high affinity for Histidine incorporated, which allows the
capture of the target protein. The remaining host proteins were removed by IEX, which
excludes charge-based impurity and isolates the target protein. SEC was used as the
last polishing step to remove remaining aggregates and contaminants. Each
purification strategy was independently enhanced by optimizing purification
conditions such as the flow rate and the buffer system and subsequently integrated to

achieve improved resolution.

The data analysis showed that optimizing running conditions for each purification
technique enhanced protein purity. A lower flow rate improved protein retention, thus
reducing the loss of target protein. The buffer conditions also played a substantial role
in achieving improved protein purity. The integrated purification strategy yielded a
higher protein purity compared to the conventional single-step methods. on the
contrary, a significant amount of the target protein is lost in each purification
technique. An adaptable combinatory chromatography technique was established. The
established purification workflow was successfully applied to a variety of other
recombinant proteins. This was achieved by careful consideration of the unique
physiochemical characteristics of recombinant protein. The established purification
techniques can be expanded to a wider variety of fusion proteins. The protein purity
and recovery following the application of the combinatory purification technique
varied with the combination of chromatography and the nature of the protein.
Bacterially expressed proteins require a more expensive wash step compared to
mammalian-expressed proteins. However, higher protein yield was obtained from
bacterially expressed proteins compared to mammalian-expressed proteins. The
findings suggest that the choice of chromatography combination techniques should be

based on the nature of the protein, yield, and purity requirement.

13



The limited capacity to produce cost-effective recombinant immunotherapeutics
significantly restricts the accessibility of antibody-based treatments such as
monoclonal antibodies for cancer treatment. This study outlines the technology that
can be a baseline for advancing lab-based research and local continuous production of
recombinant biopharmaceuticals and offers a great opportunity to close the existing

gap in developing countries.
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Chapter 1: LITERATURE REVIEW

1.1 The Global Burden of Cancer

For decades, cancer has been a major public and economic challenge globally,
accounting for more than 10 million deaths to date. Previously, the cancer burden
dominated Europe, China, and Northern American countries, however, a spiral increase
is observed in underdeveloped and developing nations such as some African and Asian
regions (1,2). Among many factors contributing to the global shift of cancer cases is
caused by some major risk factors, such as environmental factors, lifestyle, growth, and
aging of the population in developing countries, and the slower decline in cancers related
to infectious aetiologies in low-resource countries than in high-resource countries (3-5).
The milestone fight against cancer has led to several cancer therapies such as surgery,
chemotherapy, radiation therapy, targeted therapy, immunotherapy, stem cell or bone
marrow transplant, and hormonal therapy. Though these therapies have spared some
lives, they have several drawbacks that limit their efficacy in the clinic, which may be
direct or indirect. Some of these limitations include damage to healthy tissues, systemic
toxicities, the development of drug resistance, and remaining an affliction known to

humanity (6-8).

Many cancers can be prevented by avoiding risk factors, and most cancers have a
promising chance of cure; however, this depends on early detection of cancer and
appropriate treatment and care of patients who develop cancer. The majority of the
high-income countries have access to comprehensive treatment. Whereas less than
15% of the low-income countries have access. The lack of infrastructure, Poor access
to epidemiological data, research, treatment, and cancer control and prevention
combine to result in significantly poorer survival rates in developing countries for a
range of specific malignancies compared to those of developed nations (9). This

situation demands for even greater effort to develop more inclusive and effective
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cancer therapies thus improving patient care. Achieving this heavy relay on an
establishment of a much more cost-effective therapy production, that may either
enhance already existing therapies or through the development of more effective
therapies (6,10,11).

A Both sexes
Incidence Mortality

Esophagus  breast

55%  §.9%
19.3 million 9.9 million
new cases deaths

B Males

Incidence Mortality

E%
Prostate

6.8% 9.1%
10.1 million 5.5 million
new cases deaths
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10.1 million 5.5 million
new cases deaths

Females
Incidence Mortality

C wlesi = -
owd.ﬁ? Thyroid gesr;:x uteri
49%
9.2 million 4.4 million
new cases deaths

Figure 1. Estimated number of cancer cases: A) represents both Sexes, (B) represents only men, and
(C) represents only women (Source: GLOBOCAN 2020).

1.2 Background overview of immunotherapy

For many years, non-specific cancer therapies such as chemotherapy and radiation
have been a major setback in treating cancer. While these traditional therapies aim to
destroy cancer cells, they also affect healthy body cells (12). Chemotherapy drugs
work by interfering with the process of cell division, which is a characteristic feature
of both healthy and cancer cells, and because of the non-specificity limitation, healthy
cells that divide rapidly, such as those in the bone marrow, hair follicles, and the lining
of the digestive tract are also destroyed by the chemo-drugs. While radiotherapy uses
high-energy radiation to destroy cancer cells in specific body areas, surrounding
healthy cells can also be affected (13). This may lead to side effects like anaemia, hair
loss, nausea, vomiting, digestive issues, and damage to body organs (14,15).
Specificity plays a pivotal role in effective and more reliable cancer therapy. The
discovery and development of immunotherapy marked a significant turning point in

cancer treatment addressing some of the setbacks of traditional therapy.
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Immunotherapy harnesses the body's own immune system to recognize and attack
cancer cells while sparing healthy ones (14,16). This approach is more targeted and
can have fewer side effects compared to traditional treatments. Immunotherapy
includes various approaches like T-cell therapy, oncolytic virus therapy, cancer
vaccines, checkpoint inhibitors and monoclonal antibodies (16—18). Although
immunotherapy may be seen as an apparent solution to some of the setbacks of
traditional therapy, it is worth mentioning that the efficacy of immunotherapy can be
improved in combination with other therapeutic strategies such as Antibody Drug

Conjugates technology (ADC) (19-21).

1.3 Targeted therapeutic approach for cancer treatment

1.3.1 Antibody-drug conjugate

The development of monoclonal antibodies, which are a derivative of antibody
technology, has gained much attention in the development of cancer therapy. They are
a type of targeted cancer therapy that is designed to interact with specific
targets(22,23). Substantial advancement has been made in the past few years in the
development of anti-drug conjugates as part of the broader effort to advance precision
medicine (24). As a result, mAbs have subsequently been conjugated with toxic
payloads to form antibody-drug conjugates (ADCs) (21, 25, 26). Antibody-drug
conjugation is a therapeutic approach that combines the specificity of monoclonal
antibodies (mAbs) with the potency of cytotoxic drugs to ensure specific targeted drug
delivery into the cancerous cells through the antibody-antigen interaction (27-29). The
cytotoxic drug payload is released, leading to cell death, and thus, normal tissues are
spared from chemotherapeutic damage (21,27). To produce uniform ADCs with low
aggregation levels site-specific drug conjugation methods such as the SNAPtag
technology are used for the combination of different anticancer drugs with
complementary, and non-overlapping toxicity profiles that show a promising potency

of anticancer activity (30,31). SNAP-tag, which is a human DNA-repair enzyme
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O6alkylguanine DNA alkyltransferase (AGT) derived self-labelling protein
covalently binds the benzyl ring of a BG-modified molecule to a thiol group on a
cysteine residue in the SNAPtag’s active site (Figure 2) (32), giving rise to ADC with
added advantage solution to the challenge of increasing the therapeutic index of cell-
killing agents for treating cancer and represent an important development in the
armamentarium of anticancer therapies (33—35). Monoclonal antibodies (mAbs) have

demonstrated considerable utility in the clinical management of cancer (36,37).

The ADC consists of three separate key components, a monoclonal antibody that binds
to a tumor-associated cancer antigen with high specificity, an effector molecule that
has a high potency to kill the cancer cells, and a chemical linker that will ensure that
the effector does not separate from the antibody during transit (Figure 3) (38—40). The
high-affinity antibody-antigen interaction of immunoconjugates allows for the
selective delivery of synthetic small effector molecules such as fluorophores, toxins,
radionuclides, drugs, and nanoparticles to the targeted cancer cells. Even though most
unconjugated antibodies do have a high affinity for cancer targets, their therapeutic
potential is boosted by repurposing these antibodies as delivery machinery for more

effective eftectors (41-43).
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(1)

™/ Surface receptor (EGFR)

g “_==¥ ADC (scFv-SNAP-AURIF)
=3 Toxin (AURIF)

(1)

Figure 2: SNAP-tag technology and the mechanism of action of the scFv-SNAP-aUriF ADCs. (A) The
SNAP tag undergoes a self-labelling reaction to form a covalent bond with BG derivatives. (B) (I and II) The
scFv-SNAP-AURIF ADC binds via its scFv specifically to the extracellular receptor of the target tumor cell,
and (C and D) is internalized receptor-mediated into the lysosomal compartment. (E and F) Due to
acidification and enzymatic reactions within the lysosomes, the fusion protein is degraded, and the toxin
(AURIF) is set free into the cytosol. (G) Auristatin-based toxins influence the microtubule structure and cause
cell death by apoptosis (44).

Antibody

/ © Targets cancer cells

Linker
Attached drug to antibody

Cytotoxic drug
Destroys cancer cells

Figure 3: Schematic structure of an Antibody Drug Conjugate. The ADC is composed of three key
components. The antibody provides the targeting specificity, the linker ensures stable circulation and
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controlled release of the drug at the target site, and the payload provides the cell-killing activity. (Created
with BioRender.com).

1.3.2 Recombinant Immunotoxins

Malignant cells are well known for their potency to invade the immune surveillance
by producing several immune suppressing cytokines, creating an environment that
will allow the cancer cells to thrive and proliferate uncontrollably (26) An approach
such as targeted therapy, whereby drug or protein molecules are delivered to specific
cells, is a compelling approach to treating malignant diseases. Similarly, like Antibody
Drug Conjugates, recombinant immunotoxins are chimeric proteins composed of a
truncated, binding-deficient, catalytically active toxin directly linked to a scFv or
natural ligand. These fusion gene products are highly homogenous, much easier to
modify and more economical to produce than chemical conjugates. Immunotoxins
typically use a smaller antibody fragment, such as a single-chain variable fragment
(scFv) rather than a full monoclonal antibody, immunotoxins often use smaller
antibody fragments to maintain specificity and facilitate internalization, fused directly
to a cytotoxic protein or toxin that inhibits protein synthesis the entire molecule
including the antibody fragment and the toxin is taken up by target cells, causing the

death of the cell to cell death (29,30).
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Toxin
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7/
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Cell Death l
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synthesis

| ‘ ‘ i B

Figure 4: Mechanism of Immuneotoxins. (A) The Fab portion of the antibody attaches to the receptor on the
cell surface. (B) The immunotoxin and receptor form a complex that undergoes internalization through
endocytosis, subsequently localizing to an acidified endosome, the endoplasmic reticulum, or the trans-Golgi
apparatus. Within a reducing environment, the disulfide bond in the linker is disrupted. Consequently, the
linker connecting the toxin to the antibody is cleaved, allowing the liberated toxin to exert its cytotoxic effect
by impeding the protein synthesis of the cell (Medicalverg.in, 2020).

1.4 Targeting cancer via differentially expressed tumour-associated
antigens

Cancer cells often have altered signalling pathways and gene expression profiles
compared to normal cells. This can lead to the upregulation of Tumor-Associated
Antigens (TAAs) and differentially upregulated cell surface receptors that are not as
abundant in healthy cells (43,45). These factors are crucial in discriminating between
normal and diseased cells, particularly in the context of cancer therapies such as
vaccines and the use of human-specific immune cells to recognize malignant cells
(46). Overexpression of immune checkpoint molecules affects tumor-specific T-cell
immunity in the cancer microenvironment and can reshape tumor progression and
metastasis (47). Antibodies targeting checkpoints could restore antitumor immunity
by blocking the inhibitory receptor-ligand interaction (48,49). Immunotherapy
enhances the body's natural ability to identify and inhibit these receptors in the context

of cancer, disrupting the signalling pathways that promote cancer growth.
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Additionally, differentially upregulated receptors can serve as diagnostic markers,
allowing for the identification of cancer cells. Potential cancer markers identified for
molecular targeted therapy include growth factors, signalling molecules, cell-cycle
proteins, modulators of apoptosis, and molecules that promote angiogenesis (48,49).
The approach of targeted therapy uses antibodies or antibody fragments that recognize
differentially upregulated tumor-associated antigen (21,50). TAAs are proteins
expressed on the surface of cancer cells, and they serve as targets for ADCs and play
a crucial role in the development and improvement of antibody-drug conjugate

technology.

1.4.1 ASPH

Aspartate B-hydroxylase (ASPH) is an embryonic transmembrane enzyme aberrantly
upregulated in cancer cells, associated with malignant transformation, and plays a role
in the post-translational modification of proteins (51). It catalyses the hydroxylation
of specific aspartate residues in target proteins. One well-known target of aspartyl 3-
hydroxylase is Notch, a transmembrane receptor involved in cell communication and
development. The hydroxylation of Notch by ASPH is part of the regulatory
mechanism that controls Notch signalling (52). The activity of aspartate B-hydroxylase
has been implicated in various physiological and pathological processes, including
cancer progression, angiogenesis, and cell fate determination. Dysregulation of ASPH
has been associated with certain cancers, making it a potential target for therapeutic
interventions (53,54). aASPH(scFv)-SNAP is composed of a recombinant single-
chain antibody fragment (scFv) targeting ASPH fused with a SNAP-tag. This fusion
could be used for specific and controlled labelling or imaging of the target protein in
various experimental or therapeutic contexts. This study explores an optimum
purification approach for SNAP-tag fusion antibody proteins exemplified by

mammalian expressed a ASPH(scFv) -SNAP.

23



1.4.2 CD64

Acute Myeloid Leukaemia (AML) monocytic differentiation is the 72-kDa
glycoprotein, CD64. The expression of CD64 is typically restricted to activated cells
of the myeloid lineage and is highly pronounced on monocytic blast cells observed in
individuals with AML. This receptor is involved in various biological functions,
encompassing the mediation of superoxide and cytokine production (tumor necrosis
factor a, IL-1, and IL-6), cytotoxicity,

endocytosis/phagocytosis, and the facilitation of antigen presentation. This makes
CD64 a good target for AML. Furthermore, its rapid internalization makes it well-
suited for ligand-based targeted therapies. Previously, CD64 has been targeted using a
chemically coupled immunotoxin based on ricin A. However, undesired off-target
effects, including the induction of vascular leakage syndrome, occurred due to
nonspecific binding to epithelial cells. Clinical studies have shown that recombinant
immunotoxin aH22(scFv)-ETA, comprising a truncated Pseudomonas exotoxin A
(PE) and a humanized scFv antibody against CD64, exhibits a reduced nonspecific
toxicity while maintaining an antigen-dependent toxicity toward target cells (55-58).
aCD64 (H22(scFv)-ETA) is one of the studied recombinant immunotoxins in the
MB&I research group. While a highly effective bacterial expression system has been
established for producing H22(scFv)-ETA, there is a requirement to enhance the
purification process. This optimization is crucial to facilitate ongoing research
endeavours at the MB&I lab, aiming to uncover insights into the immune response

mechanism (59,60).

1.5 Production of recombinant immunotherapeutic

Africa faces an increased burden of diseases such as cancer due to several factors such
including environmental factors, economics, and the health system. Affordability
plays a pivotal role in the accessibility to healthcare. Investing in low-cost production
of immunotherapeutics fosters the potential to narrow the existing gap between
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developed and developing nations. The upstream production of immunotherapeutics,
which involves cell culture and fermentation, influences the scalability and efficiency
of protein expression. The choice of expression host has a direct impact on the yield,
ease of protein extraction, and relative protein purity; therefore, it is crucial to
carefully consider the complexity associated with this choice (61). Furthermore, the
development of an efficient purification strategy is required to address a resource-
intensive and complex purification process. Efforts to incorporate cost-effective
technologies and innovation for optimizing expression and purification can enhance
production efficiency at a low cost. While finding a balance between the production
of high-quality therapeutic products with cost-effectiveness is a constant challenge,
advances in these areas can lead to long-term savings thus allowing more accessibility,

affordability, and equity in low-income nations.

1.5.1 Expression of recombinant immunotherapeutic

The choice of expression host influences the quality of the end protein product.
Different types of expression systems can be used to express therapeutic recombinant
proteins. The most commonly used expression hosts include bacterial, plant, insect,
yeast, and mammalian expression systems (62). Key elements to be considered when
choosing an expression system include intended protein yield, quality, scalability,
regulatory considerations, and ensuring cost-effectiveness in the production process
(63-65). Moreover, different proteins may be favoured by different expression
systems, other factors such as the post-translational modifications, and the destination
of the expressed protein should a determining factors (66). In this study, two well-
defined expression systems were explored to yield recombinant immunotherapeutic
agents exemplified for establishing optimum purification recombinant
immunotherapeutic studied at the MB&I unit of recombinant immunotherapeutic

proteins that will be utilized.
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Mammalian expression systems are commonly favoured for the expression of
recombinant proteins used in the production of immunotherapeutic proteins. This is
due to their ability to properly fold and modify complex proteins, such as antibodies,
cytokines, and other biologically active molecules (64,67,68). These systems ensure
that the expressed proteins maintain their proper conformation and post-translational
modifications, crucial for their biological activity and therapeutic efficacy. While this
expression system offers advantages, inconveniences associated include higher
production costs, longer production timelines, and the potential for wviral
contamination due to the use of animal-derived cell lines 69,70). On the other hand, a
bacterial expression system may be a convenient choice of an expression system for
therapeutic antibodies due to its rapid growth, rapid expression, ease of culture, and
high product yields, and is excellent for functional expression of non-glycosylated
proteins (71,72). It is rather desirable for the expression of recombinant immunotoxins
(73,74). Using E. coli to produce recombinant proteins eliminates the issue of
glycosylation and potential interactions with lectin receptors (75—77). This can result
to the generation of non-glycosylated proteins that are more predictable in terms of
their structure and function. Thus, reduces adverse immunogenicity and side effects
related to glycan-lectin interactions, which is particularly important in therapeutic

applications (78).

1.5.2 Purification of immunotherapeutic

Purification of antibodies is an important step in the production process and is typically
carried out to remove any impurities or contaminants that may interfere with the
activity or specificity of the antibody and are suitable for use in humans (79-81). The
choice of purification technique explores the biophysiological characteristics of the
protein to be purified, such as size, charge, and the presence of any affinity tags or
other modifications. The downstream application of the purified protein may also

influence the choice of purification technique (82). In this case, the study focuses on
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the optimum purification strategies to produce pure and functional immunotherapeutic
agents; for this reason, it is crucial to employ purification techniques that preserve the

integrity of the target for high-quality recombinant immunotherapeutic agents (83,84).

Chromatography is widely used for the purification of immunotherapeutic agents. It
involves the separation of components in a mixture based on their interaction with a
stationary phase and a mobile phase (85,86). Chromatography provides tailored
flexibility for specific properties of the protein of interest. Different chromatography
techniques are employed depending on the properties of the compounds being
purified. Three chromatography techniques, including IMAC, IEC, and are exploited

to improve protein purity (88,89).

1.5.2.1 Immobilized Metal Affinity Chromatography

Recombinant proteins are commonly expressed with an affinity tag, which is a peptide
or protein tag, fused to either the N- or C-terminus to facilitate protein purity (89).
Such tags include histidine, glutathione S-transferase (GST), maltose binding protein
(MBP), or Streptag II (90-92). IMAC is a type of affinity chromatography that is
commonly used to purify recombinant proteins engineered to include polyhistidine
tags (86,93). The histidine tag linked to the target protein will bind to the metal ion
attached to a solid support matrix (in this case Ni?) while contaminants lacking the
poly-histidine tag are excluded and the target protein can be isolated from the
selectively eluted from the column using a chelating agent, such as imidazole which
competes with the histidine residues for binding to the metal ion (Figure 5). In
addition, histidine tags are small and less likely to interfere with the natural properties
of the proteins to which they are fused. Therefore, their removal may not be necessary
post-purification (86,90). Though IMAC can provide a stable binding interaction
between the His-tagged protein and the Ni column, contaminating substances may also
bind onto the column contributing to poor overall protein purity (82,86,93). However,

advantageous this technique can be improved by optimizing the buffer system and
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overall running conditions that will favor selective binding of the target protein, thus

reducing contamination (89,94).
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Figure 5: Principle of the Immobilized Metal Affinity Chromatography. IMAC purification involves three
main steps (a). Sample application: Following column equilibration, a protein sample containing the histidine-
tagged target protein is applied to the IMAC column. (b) After binding, the column is washed with a buffer
containing imidazole to remove weakly bound or non-specifically bound proteins and contaminants. (c) The
target protein is eluted from the column by increasing the imidazole concentration in the elution buffer, which
competes with the histidine residues for binding to the metal ions, thereby releasing the bound protein. (source:
ba-lifesciences)

1.5.2.2 Ion Exchange Chromatography

Ion exchange chromatography is influenced by the charge of the target protein. The

target protein is isolated from impurities based on differences in its net charge. The

technique can be performed using either a positively charged (anion exchange) or

negatively charged (cation exchange) stationary phase, depending on the charge of the

protein being purified (94). Like the IMAC method, this purification process consists

of three primary stages: sample loading onto the column, a washing step, and

ultimately, an elution step (Figure 6). The net surface charge of a protein is highly

influenced by the pH of the solution. This characteristic is exploited to separate
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molecules based on their interaction with the oppositely charged particles of the
stationary phase and subsequent release from the column by modifying the pH or the

ionic strength of the mobile phase (33-35).

The pl of the protein, which is the pH at which the net charge of a protein is neutral,
is an important factor to consider when selecting ion exchange chromatography
conditions. If the pH of the buffer used for the chromatography is below the protein's
pl, the protein will have a net positive charge and bind to negatively charged ion
exchange resin. Conversely, if the buffer pH is above the protein's pl, the protein will
have a net negative charge and will bind to positively charged ion exchange resin (98).
Optimization of the pH and salt concentration of the buffer makes it possible to
selectively elute the protein of interest from the ion exchange resin while leaving
impurities bound to the resin (99-100). Other less demanding elements that can be
considered for the optimization of IEC are running conditions such as the flow rate of

the sample application step, wash step, and elution step (97).
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Figure 6: Schematic illustration of ion-exchange Chromatography. (a) Crude extracts are introduced to
the columns (cation/anion exchange) of the fusion protein, depending on the charge of the protein, positively
charged proteins will bind to the cation, and negatively charged proteins will bind to the anion. (b) The column
is washed with a wash buffer of pH that will allow the removal of unwanted contaminants with minimum yield
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loss. (¢) Finally, the target protein is eluted by weakened ion exchanger-tag interactions via an optimized pH-
assisted elution strategy (97).

1.5.2.3 Size Exclusion Chromatography

The principle of Size Exclusion Chromatography is that when samples containing the
target protein to be purified are applied to the column, as the sample mixture moves
down the column, components in the sample move down the column at different rates
depending on their size, this means that different molecules will have different elution
rates (100-101). It takes a longer period for smaller molecules to be eluted from the
column, while the larger molecules are eluted faster. This is because the column in the
size exclusion chromatography consists of porous beads. These pores allow the
trapping of smaller molecules into the stationary phase while larger molecules pass
through. Samples are eluted isostatically using a mild buffer system like phosphate-
buffered saline (PBS), which helps maintain the stability and integrity of the
biomolecules being separated (102-103). Advantageously, SEC can be employed as
the last purification step, improving protein purity by excluding possible larger

aggregates formed by interaction with other molecules or impurities (101,104—106).
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Figure 7: Mechanism of Size Exclusion Chromatography. ( A) The sample is added onto the column at a
stationary phase. (B) Sample separated based on size (C), larger molecules, which cannot enter the pores,
travel through the column more quickly via the shorter interstitial paths. (D) smaller molecules enter the pores
of the stationary phase beads, causing them to take longer paths through the column (Source: Labster Theory).

1.6 Aims

Proteins play a significant role in biological functions, the key being that proteins do
not function in isolation; rather, they interact with other proteins and other molecules
such as DNA and RNA that mediate metabolic and signalling pathways, cellular
processes, and organismal systems. Many diseases are a result of protein malfunction
or a lack of protein control. Precise studies involving the network of protein
interactions can give a clear molecular basis for diseases, which may translate to
prevention, diagnosis, and treatment. Because proteins are biological molecules, their

functionality greatly relies on their natural structure. Therefore, sufficient protein
31



purification is vital for characterizing individual proteins and protein complexes and

identifying interactions with other proteins, DNA, or RNA.

Currently, the Medical Biotechnology and Immunotherapy (MB&I) research unit at
UCT focuses to a greater extent on biotechnological methods that involve antibody
technologies, protein engineering & expression, to enhance current immunodiagnostic
therapies and develop new effective immunodiagnostic and therapeutics, thus
improving patient care. Such studies require precise identification and evaluation of
potential targets and their role in diseases such as cancer. However, the expression of
such recombinant biopharmaceutics can be challenging based on the yield achieved in
different hosts of expression. Currently, at the MB&I research lab Immobilized Metal
Affinity Chromatography (IMAC) is employed as the main initial purification
technique for engineered antibody fusion proteins, including SNAP tag or protein
toxins. However, protocols initially established deliver full-length proteins not only
upon elution but already in washing steps. Studies conducted by former PhD and MSc
students yielded protein purity from 8.5 — 36% for both mammalian and bacterially
expressed proteins (107-109). While such initial studies may not demand very high
levels of purity for proof of concept, extending successfully confirmed research into
more quantitative preclinical studies needs improved purification. Research
applications can be demanding, with a requirement of high purity, respectively. The
primary aim of this study is to establish improved cost-effective and time-efficient
purification strategies yielding quality protein products after extraction from

mammalian and bacterial expression systems.
1.7 Objectives

The aim of this research will be achieved through experimenting with the following
objectives:

1) Expression of recombinant protein in HEK293T mammalian cell culture and

H22(scFv)-ETA in E. coli.
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2)

3)

4)

5)

6)

7)

Optimizing the Immobilized Metal Affinity Chromatography (IMAC) for the
polyHis-tagged recombinant proteins extracted from both expression hosts.
The goal here is to improve the binding, washing, and elution of our target
proteins using IMAC by optimizing the concentrations of buffers.

The successful expression of the full-length protein will be determined through
SDS-PAGE and western blot analysis.

Combine multiple chromatography techniques for a comprehensive
purification process. The purification process will involve IMAC, Ion
Exchange chromatography, and Size Exclusion Chromatography (SEC).
IMAC and Ion Exchange will be used for the initial separation, and SEC as the
last polishing step.

The enzymatic functionality of the purified SNAP fusion protein will be
determined by conjugating SNAP fusion to BG-modified fluorophores.

The binding activity of the purified protein will be analyzed using confocal
microscopy and flow cytometry.

Finally, expand the application of the established protocol to other fusion
antibodies.

33



Tissue Culture Fermentation m
x
h"“-\._\* l I E
Clarification 2
i Cell harvestin 3
IMAC &
SDS-PAGE \ -
Western Blot
Densitometry quantification \; 1t IMAC —
Buffer Exchange *—{  cpopnce
/ Western Blot
|EX S mac
$DS-PAGE SDS-PAGE

Western Blot SEC Western Blot
Densitometry quantification E
SDS-PAGE -
Western Blot = ﬁ'
Conjugation with BG- o
l Alexa Fluor . g

Densitometry ’
‘ Buffer Exchange }—v quantification  F— ‘ Buffer Exchange ‘

T
) £
-
tl
Binding Analysis s
Confocal o
Flow cytometry 5
g

Figure 8: Research Workflow. This research initiative centres on enhancing the purification process for
fusion proteins, specifically exemplified by ASPH(scFv)-SNAP. The study investigates various purification
methods for the mammalian-expressed ASPH(scFv)-SNAP. It aims to extend the application of the optimized
protocol to a wider array of fusion proteins. The exploration encompasses three purification techniques:
IMAC, IEX, and SEC.

Chapter 2: METHODS AND MATERIALS

This chapter overviews the material and standard operating procedures initially
employed at the Medical Biotechnology and Immunotherapy Research Unit (MB&I).
It represents the MB&I background as documented by standard operating procedures,
student theses, and original publications. These methods serve as a reference for the
development of improved SOPs. Moreover, a recombinant protein used in this chapter
was designed, successfully expressed, and characterized by former MB&I students,

serving as a tool to establish and improve existing purification protocols.
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2.1 Expression of fusion proteins

2.1.1 Mammalian expression

The insilico design of the mammalian expression vector was carried out by a member
of the MB&I group and successfully transfected Human Embryonic Kidney
(HEK293T) cells expressing the recombinant fusion protein were used to express the
target protein by adhering to the optimized standard operating procedure (SOP)
provided by the laboratory (109). The reagents used in this section were purchased

from Gibco (Life Technologies, USA).

To maintain a controlled and sterile environment, tissue culture was performed in a
Biosafety Level 2 (BSL-2) cabinet. HEK 293T cells were recovered by freeze-thawing
of cell pellets that were stored and preserved at -80 °C. This process involved thawing
the frozen cell pellets at room temperature (25 °C) until completely thawed. Once
thawed, the cells were appropriately cultured on a T25, T75, and T125, respectively.
Following this, the cells were cultured in RPMI-1640 media, supplemented with 1%
U/ml penicillin-streptomycin and 10% fetal bovine serum (FBS) to support cell
growth and proliferation. The cells were then placed in a controlled incubator
environment with suitable temperature (37 °C), humidity, and 5% CO2 levels to
promote optimal cell growth and were further regularly monitored for cell confluence
and viability. Media changes and passaging of cells to fresh flasks were performed as
needed to maintain the cells in their logarithmic growth phase and prevent over-

confluence.

The HEK 293T cells were transfected with a plasmid containing the gene encoding
the green protein (GFP). GFP is a protein that emits a bright green colour when
exposed to UV light. This made it possible to assess the successful growth of
transfected HEK 293T cells through the ZOE® microscopic visualization of the GFP

expression (Bio-Rad Laboratories, USA). This also allows for assessing parameters
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such as the overall appearance and morphology of the cells to ensure healthy growth
and normal cellular characteristics. It also measures the transfection efficiency, cell
density, and Fluorescence intensity, which indicates high levels of these parameters’
strong protein expression. The cells were also treated with 100-300 pg/uL of Zeocin
for the selection of eGFP-positive cells. The collected cell culture supernatant (CCSN)
fusion protein was centrifuged at high speed (4300xg) for 30 minutes, this was done

to remove any cell debris or particles upon storage at -4°C.

2.1.2 Expression in E. coli (BL21) under osmotic stress conditions in the presence of
compatible solutes

The protein of interest was expressed by the E. coli BL21 strain, which was
successfully transformed with a plasmid encoding this protein. To begin, 200 ul of
glycerol stock of BL21 was allowed to thaw at room temperature, after which it was
introduced into a 50 ml Terrific

Broth (TB) medium (Conda Laboratorios, Spain) supplemented with 50 pg/mL of
Kanamycin. The mixture was incubated at 37°C with continuous shaking at 225 rpm
for 16 hours. The starter culture was used to inoculate 4x 500 mL (total 2L) fresh TB
culture media, each supplemented with 50 pg/uLL of kanamycin. The new cultures were
incubated at 26°C while shaking at 180 rpm. Once the ODgoonm reached 1.6, a volume
of 100 mL of compatible solutes was added to each culture medium, followed by
further incubation at 26°C for 30 minutes at 180 rpm. To initiate periplasmic
expression, in each culture medium, 600 pl of a IM IPTG stock solution was
introduced to attain a final concentration of 1 mM (via a 1:1000 dilution) and
incubated for 16 hours. Following 16 hours of incubation, the cells were harvested by
centrifugation at 4000 g for 30 minutes at 4°C. The resulting supernatant was
discarded, while the pellets were gathered and weighed. The weighed pellet was
suspended in lysis buffer (100mM Tris-HCI, 300mM NaCl, 150mM imidazole and
10% glycerol),
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maintaining a buffer-to-pellet ratio of 2:1. To facilitate protein release from the
harvested cells, the sample was sonicated by, alternating between 15 seconds on and
15 seconds off at 30% amplitude for three minutes. The lysed cells were further
subjected to centrifugation at 24,000 g for 30 minutes at 4 °C. The collected
supernatant was filtered using a 0.45-micron syringe filter and stored in 1XPBS at -

80°C until the purification process.
2.2 Initial IMAC protocol employed for protein purification

The MB&I research unit uses the AKTA Avant system (GE Healthcare, USA) for
IMAC technique as the standard purification method for both mammalian-expressed
proteins and bacterially expressed proteins. This purification approach consisted of
three primary steps: column equilibration, sample loading, column wash, and a
gradient elution step involving an increase in Imidazole concentration to elute the
target protein. The flow rate for all IMAC purification steps was maintained at 5
ml/min. Although in previous studies at the MB&I unit, this strategy successfully
recovered the target protein, the quality of the recovered protein often exhibited low
purity as low as 8%. While some contaminants were successfully removed, the process
was not consistently efficient. In addition, poor retention of the target protein was
observed during both the sample application step and the wash step, therefore, the
protein of interest was lost in the sample application and wash steps. Figure 9 show’s
SDS gel of a 72 kDa protein purified by IMAC employing a protocol described above.

Table 2: Buffer system used for mammalian-expressed proteins.

As seen in Figure 9, although a visible band of the protein of interest is observed
around 72 kDa, distinct protein bands are also observed in both the flowthrough waste
and the wash waste. To address these challenges, efforts were made to enhance the
overall purification strategy. This involved optimizing IMAC purification and
introducing Ion Exchange Chromatography and Size Exclusion Chromatography,

which were also optimized. To achieve optimal protein purity, various parameters
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related to the running conditions of the purification system were examined. These
included the buffer system (pH, concentration, and composition), sample loading,
column wash, and protein elution. The impact of the choice of column, regeneration

conditions, and protein concentration was also thoroughly evaluated.
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Figure 9: SDS-PAGE analysis of concentrated elutes containing SNAP-tag fusion protein (72 kDa) and
wash waste

Table 1: Initial IMAC buffer system for mammalian-expressed protein

Buffer Composition Concentration
Buffer composition
4X Incubation buffer NaH2PO4 200 mM
NaCl 1.2M
Imidazole 40 mM
Equilibration/wash buffer 50 Mm NaH2PO4, 300 Mm | 50 Mm
NacCl, deionized H20 300 mM
Elution buffer NaH2PO4 50 mM
NaCl 300 mM
Imidazole 500 mM

2.3 Protein characterization

2.3.1. SDS-PAGE analysis

The protein sample collected from the purification step was further analysed by

Sodium dodecyl Sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) to analyse
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the purified protein. This analysis step involves denaturing the proteins and treating
them with a reducing agent to break any disulfide bonds. This would allow the
separation of the proteins based on their molecular weights. The principle of this
technique is that the negatively charged SDS molecules bind to the proteins, causing
them to denature and migrate toward the positive electrode (110). The proteins
separate based on their molecular weight, with smaller proteins migrating faster

through the gel

A volume of 15 pL of the protein sample was mixed with 5 uLL of 4X LDS sample
loading buffer (Bio-Rad, USA) and heated at 95 °C for 10 min. The samples were
loaded into 10% SDS gel prepared on a precast NuPAGE Novex 12% Bis-Tris 1.0 mm
mini gels (Invitrogen), along with 5 pL of Pre-stained SDS-PAGE Standards (Bio-
Rad) were loaded in each gel run of known molecular weights for reference. The gels
were placed in an electrophoresis apparatus and the electrophoresis was performed at
room temperature for approximately 1h30 mins using a constant voltage (120V) in 1X
solution of SDS running buffer until the dye front reached the end of the 60 mm gel.
To allow protein band visualization, the gels were stained with Aqua stain solution (

Bulldog Bio, UK).

2.3.2 Western Blot Analysis

The integrity of all the protein samples, which were purified and quantified, was
detected through immunoassay. Two duplicate SDS gels were prepared as described
above, of which one of the gels was used as a control and stained with aqua stain after
electrophoresis, whereas the other duplicate SDS gel was used for western blot. The
proteins to be detected were blotted onto an activated PVDF (polyvinylidene fluoride)
membrane (Thermo Fisher Scientific, SA) using the western blotting filter paper stack
(Thermo Fisher Scientific, USA) and the Bio-Rad Trans-Blot Turbo system ( Bio-Rad,

South Africa) set at 100V for 7 minutes thereafter rinsed the membrane 3X with Tris-
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buffered saline —Tween (TBST) for 5 minutes post membrane transfer. To prevent non-
specific binding, the membrane was also incubated with fat-free milk for 1 hour at
room temperature. Post incubation, the PVDF membrane was rinsed 3X with TBST
(Thermo Fisher Scientific, USA) and further incubated the membrane in dilutions of
aHis-rabbit primary antibody in milk of where the rabbit aHis primary antibody =

1:1000, 10uL of antibody in 10 mL milk, overnight at 4 °C.

After incubation, the membrane was washed with TBST 3X for 5 minutes each wash
and incubated in a dilution of HRP-conjugated arabbit secondary antibody (1:5000)
for 1hr at room temperature. This was followed by a second wash with TBST (3X) to
allow signal development, where 5 ml of TMB Blotting solution (Thermo Fisher
Scientific, SA) was added onto the membrane. Once the bands developed, the
substrate was removed and further washed with ultra-pure water to stop the reaction.
The membrane was documented using a Gel DocTM XR documentation system (Bio-
Rad, USA).

2.3.3 Densitometry

A densitometry technique employing Image] software was used to quantify the
purified fusion proteins. A stock solution of 5 mg/ml Bovine Serum Albumin (BSA)
was used to prepare standard concentrations of 8 pg, 4 pg, 2 pg, 1 pg, and 0.5 pg.
Further, these BSA samples and 15 pl of the purified protein sample were mixed with
5 ul of the prepared 4X Laemmli sample loading dye. The mixture was then boiled at
95°C for 10 minutes before and loaded onto a 10% SDS gel. The gel was run as
previously described in section 2.2.1, using an electrophoresis system. After running
the gel, the gel image was captured using a Gel Doc XR+ system, which is a gel
documentation system that allows for the visualization and imaging of protein gels.
The gel image was then analysed using ImagelJ software version 1.53e, which is an
open-source image analysis program. Using Imagel software, the band intensities of

both the BSA standards and the protein samples were quantified. To calculate the
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concentration of the fusion protein in each sample, a standard curve was constructed
using the known concentrations of the BSA standards and their corresponding band
intensities using Microsoft Excel software. The concentration of the target protein was

calculated using the generated standard curve.

2.4 Conjugation of SNAP fusion protein to BG-modified Alexa Fluor 488

The functionality of the enzymatic SNAP-TAG was determined through conjugation
of the SNAP-tagged fusion protein with BG-modified Alexa Fluor 488. Ideally, the
BG-modified Alexa Fluor 488 would react specifically with the SNAP tag positioned
at the N-terminal of the protein of interest. This would then conclude that the full-
length protein recovered from the purification steps described above was achieved.
The protein sample (3.5 uM) was mixed with 3.5 uM SNAP labelling reaction (scFv-
SNAP: BG-Alexa = 1: 1), | mM dithiothreitol (DTT), and made to a total volume of
15 mL with 1X PBS. The mixture was incubated in the dark for 60 minutes at 37°C.
Post incubation, SuL of 4X Laemmli Sample Buffer (made up of f-mercaptoethanol)
was added into the sample, then the sample was run on a 10% SDS gel in the dark at
100V-120V for 60-90 min. The fluorescence signal was detected by converting the
emitted light from a fluorescent molecule into an electrical signal, which signals a

bright green colour.

2.5 Surface binding analysis of purified (scFv)-SNAP-Alexa488 by confocal

microscopy

Two cell lines, HEK 293 cells and MDA-MB-468A, were used in these experiments,
where a total of 2.5 x 104 to 1 x 105 cells were seeded onto a cover slip placed in a 35
mm dish. The cells were then incubated in a medium at 37°C in a 5% CO2
environment overnight, allowing them to adhere and grow. The cells were treated with
either 15 pg of mAb9.2.27(scFv)-SNAP-Alexa488, which is a specific antibody, in

100 pL of serum-free medium for 15-20 minutes at 37 °C. This step allows the
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antibodies to bind to the respective target proteins within the cells. Additionally, a
1:5000 dilution of Hoechst dye, a fluorescent nuclear stain, was added to the medium
(200 uL). This dye helps visualize the cell nuclei. After incubation with the antibodies
and counterstain, the excess dye and unbound antibodies were removed by washing
the cells three times with a medium. The cells were further fixed by treating them with
4% paraformaldehyde (PFA) for 20 minutes. This step helps preserve the cellular
structures and the antibody-protein interactions. The cells were washed with
phosphate-buffered saline (PBS) to remove any residual PFA or other contaminants
before they were mounted on a coverslip, with the cells attached for imaging purposes.
Furthermore, the slide was left at room temperature for 24 hours, allowing the cells to
settle and adhere to the slide. finally, the images were captured using a Ziess LSM880
Airyscan microscope with a 40X air objective. Confocal microscopy techniques were
employed to visualize the fluorescent signals from the bound antibodies (scFv)-
SNAP-Alexa488 and the Hoechst counter stain, providing information about the

targeted protein binding.

CHAPTER 3: RESULTS

This chapter provides details on the development of improved protein purification
techniques for SNAP-tag antibody fusion proteins, exemplified by mammalian-
expressed a ASHP(scFv)SNAP. The principles of the established purification protocol
were subsequently applied to other mammalian-expressed SNAP-tag antibody fusion
proteins and extended to the development of fusion antibody proteins expressed in
bacteria. Consequently, this chapter is structured into three sections outlining the
methods employed in the development of the optimum purification technique
illustrated by a ASPH(scFv)-SNAP expressed in HEK293 T. The established protocol
was further applied as a baseline for the purification of an extended range of
recombinant proteins. The downstream production of the proteins commenced with

the expression of the fusion protein utilizing a well-defined expression vector system
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introduced into low-density lab-scale cultures and protocols previously developed by
former students of MB&I. The upstream development focused on optimizing three
purification techniques, including IMAC, IEX, and SEC, to obtain full-length protein
with high purity. All data obtained from the downstream purification steps were
utilized to assess the effectiveness of the combination of these three distinct

purification techniques.

3.1. Expression of tASPH(scFv)-SNAP by transfected HEK293T cells

The expression of ASPH(scFv)-SNAP after zeocin selection of successfully
transfected cells was monitored through microscopic visualization of eGFP using a
ZOE™ Fluorescent Cell Imager as described in section 2.1. Figure 10 demonstrates
GFP expression 3 months postseeding. The bright green, fluorescent signals emitted
by the cells represent the level of protein expression by cells when the cell culture
reached 90% confluency, which indicated efficient cell growth density and were ready

for further processing. The supernatant, which contained the secreted protein, was

harvested and further prepared for purification.

Figure 10: eGFP expression from aASPH(scFv)-SNAP positive HEK293T cells. (A) Shows transfected
HEK293T cells viewed in phase contrast. (B) Green channel used to assess eGFP expression w and green
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fluorescence channel three months post-seeding. The merged image was generated with the ZOE™
Fluorescent Cell Imager

3.2 Protocol re-establishment: IMAC purification of mammalian expressed

exemplified by cASPH(scFv)-SNAP

Some of the major challenges observed by employing the initial IMAC protocol were
poor protein retention during the sample application step and the column wash step,
leading to protein loss. Furthermore, most of the target protein was eluted in two peaks
with high levels of contaminants. To address these challenges, IMAC running

conditions and buffer systems were adjusted.

3.2.1 Improving Protein Retention

To allow efficient binding of the target protein onto the column, the overall flow rate
for all three major IMAC steps (Sample application step, column wash step, and the
elution step) was reduced from 5 mL/min to 1 mL/min. Ideally, this would allow
adequate time for the His-tagged target protein to interact with the immobilized metal
(Nickel) ions on the column matrix, improving protein retention. In addition, a reduced
wash flow rate allows for a gentler wash of nonspecific contaminants without

interfering with the protein of interest pre-elution.

3.2.2 Improving elution

Based on the result generated by previous MB&I students, the major of the full-length
target protein is eluted by gradually increasing imidazole concentration in the elution
buffer. This elution strategy resulted in the protein of interest being eluted in two major
elution peaks between (100 mM - 200 mM). A single-step elution at 250 mM
imidazole was employed.

This generated a single elution peak of the full-length protein of interest.
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3.2.3 Improving Protein Purity

Protein purity was further enhanced by eliminating non-specific binding. This was
achieved by improving the buffer system. While all IMAC buftfers were unchanged, a
series of wash buffers containing different concentrations of Imidazole (Table 2) were
prepared, and each was used to wash the column pre-protein elution. With each IMAC
purification, the recovered target protein was characterized by SDS-PAGE and
quantified. This approach aimed to identify the optimal Imidazole concentration that
would effectively exclude impurities while ensuring the retention of the target protein.

The wash step was maintained at a flow rate of 1 mL/min.

Table 2: IMAC bufter composition for mammalian-expressed protein

IMAC Purification Wash buffer composition

A 50 Mm NaH2PO4, 300 Mm NaCl, Imidazole 10mM, deionized H20
B 50 Mm NaH2PO4, 300 Mm NaCl, Imidazole 20mM deionized H20
C 50 Mm NaH2PO4, 300 Mm NaCl, Imidazole 30 mM, deionized H20

3.3 Proof of concept: Improving IMAC purification

3.3.1 Purification analysis improved IMAC

In a demonstration to verify if the concept discussed in sections 3.1.2.1 and 3.1.2.2
has the potential for application, 1L Harvested CCSN was purified by IMAC using the
AKTA Avant. A constant flow rate of 1 mL/min was maintained for all three major
IMAC purification steps. Buffer conditions used in this purification strategy are
summarized in Table 4. Figure 11 shows the chromatogram of the elution profile.
Where 11A exhibits an elution profile implementing the initial MB&I protocol ( in
section 2.2). As shown in Table 2, this protocol employs a flow rate of 5 mL/in for all

IMAC purification steps. Furthermore, the target protein is eluted at a gradient elution
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step resulting in two peaks (blue line). Figure 11B exhibits the elution profile of an
IMAC employing protocol detailed in Table 5 of this section. The IMAC steps were
maintained at a constant flow rate of 1 mL/min and the bound fusion proteins were
eluted employing a single-step (100% Imidazole) elution process which resulted to a

single peak on the chromatogram (blue line).

To confirm the presence of the target protein, fractions from each of the chromatogram
peaks were run on a 10% SDS-PAGE (Figure 13). Both Figures 11A and 11B
(corresponding to with chromatograph in Figure 11C and 11D, respectively) show
protein bands around the theoretical weight (51 kDa) of the target protein. As observed
in Figure 11C protein bands are more distinct in the first peak (A9-B7) than in the
second peak (C1-D1) implying that most of the target protein was eluted at an
Imidazole concentration less than 500 mM. While in Figure 11D complete elution of
the target protein was achieved at an Imidazole concentration of 250 mM.
Additionally, in Figure 11C distinct protein bands were observed in both the flow
through (F/T) and wash (W) fractions, this implies a possible loss of the target protein
during both the sample application and wash step. Conversely at a reduced flow rate
(1 mL/min) in Figure 11D very little to no protein band is observed around the
theoretical weight of the target protein, implying minimum protein loss during the
sample application and the wash step. The eluted peak fractions were pooled and
concentrated using a 10 kDa Amicon® filter column at 4500 x g for 20 minutes (4°C)
and washed in 1x phosphate-buffered saline (pH 7.4). Protein bands (red arrow)
around the theoretical weight of the protein of interest are observed in both Figure
11D and 11B, indicating a successful binding and elution of the target protein. The
SDS-PAGE analysis demonstrated that while 10 mM has a minimum effect in
removing non-specific pre-protein elution (D), 20 mM Imidazole specifically reduced
the level of heavy contaminants seen in D. On the contrary, protein bands (red

rectangle) around the theoretical weight of the target were observed in (E). This is an
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indication of possible protein loss in the wash step caused by an increased

concentration of Imidazole incorporated in the wash buffer
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Figure 11: SDS-PAGE analysis for IMAC-purified SNAP fusion protein antibody. (A) elution profile implementing
a gradient elution step at a flow rate of 5 mL/min. (B) elution profile implementing a single elution step at a flow rate
of 1 mL/min. (C) and ( D) represent SDS-PAGE analysis corresponding to elution profiles (A ). While (E) and (F)
represent SDG-PAGE analysis, corresponding to elution profile (B).
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3.3.2 Densitometry Quantification of aASPH(scFv)-SNAP

The BSA curve was generated according to the procedure described in Section 2.3.2.
to quantify the SNAP fusion protein purified by immobilized metal Affinity
Chromatography (IMAC). purified protein sample using densitometry, gel
electrophoresis, gel imaging, and ImageJ analysis software. Using the generated
standard curve, the protein was quantified to have an improved purity of 25.7% from

17% previously achieved in the lab, as seen in Table 4.

A) (B)

0.5ug lug 2ug 4ug 8ug ASPH(scFv)-SNAP

250
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180 T T
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Figure 12: SDS-PAGE analysis of concentrated IMAC elute scFv-SNAP protein fraction with corresponding
BSA curve for the determination of tASPH (scFv)-SNAP. (A) SDS-PAGE gel including concentrated
aASPH(scFv)-SNAP, Two-fold serially diluted BSA standards for the generation of a standard curve. (B) Standard
curve generated by plotting optical density against the amount of BSA protein using ImagelJ software.

Table 3: Quantification of a ASPH(scFv)-SNAP purified by IMAC

Sample DeNovix | Densitometry | Relative Absolute Yield
[mg/mL] | value [ug/uL] | amount  of| amount [ug] | [mg/L]
full-length
protein in
concentrated
fractions [%]
aASPH(scFv)SNAP| 10.51 2.70 25.7 1350 1.26
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3.4 Optimization of Ion Exchange Chromatography

Ion exchange chromatography (IEX) was employed in combination with IMAC; this
combination aims to allow a more comprehensive purification strategy, enhancing the
overall purity of the protein of interest. Ion exchange chromatography is a technique
that separates proteins by exploiting the differences in their charge properties. For this
purification technique, a series of buffer systems with varying pH values and salt
concentrations were experimented with for the best resolution and separation of the
target molecules through IEX. The physicochemical properties of aASPH(scFv)-
SNAP (Table 4) were determined using an online Isoelectric point calculator

(http://calistry.org/calculate/isoelectric-point-calculator).

In theory, a protein in a buffer solution with a pH above its pI will result in the protein
being negatively charged, and the charge of the protein will increase with increasing
pH of the buffer solution. In this case, the pI of ASPH (scFv)-SNAP is 6.1, which
means that the overall charge of the target protein would be negatively charged in any
buffer solution above a pH of 6.1. Therefore, HiTrap Q HP, a strong anion exchange
chromatography column, was used to isolate the positively charged protein of interest
while negatively charged contaminants were excluded. In addition to pH, factors such
as NaCl concentration and flow rate were considered to assess their influence on IEX
separation. These variables were optimized for each protein's most effective separation

outcome.

The protein sample recovered from the IMAC step was prepared to the composition
of the start buffer. This was accomplished by subjecting the sample to high-speed
centrifugation at 4,500 rpm for 40 minutes using a 10 kDa Amicon filter. This
procedure not only facilitated the removal of salts through buffer exchange but also
resulted in an overall imparting of a negative charge to the target protein. The column
was initially equilibrated with 25 ml (5 CV) of start buffer. This step was taken to

ensure adequate binding of the target protein onto the column. During the initial IEX
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round, a mild buffer condition was utilized. Here, 500 pl of aASPH(scFv)-SNAP
protein sample at a concentration of 0.9 mg/ml (pH 7.1) was gradually injected into

the column via a syringe, maintaining a flow rate of 1 ml/min.

following the sample application, a wash buffer was employed to wash the column
with 2 CV while maintaining a consistent flow rate of 1 mL/min. To reverse the
binding of aASPH (scFv)-SNAP, an elution buffer with a pH of 7.1 and a NaCl
concentration of 1M was introduced into the column. The retrieved protein was then
subjected to characterization, quantification, and subsequent storage in 1x PBS at a

temperature of -20°C for future use.

Ideally, increasing the charge would enhance the interaction of the negatively charged
target protein with the anion exchange column. The ionic strength was further
increased by introducing different ranges of NaCl in the start buffer and the wash
buffer. Table 5 displays the different buffer systems and running conditions
experimented on while maintaining a flow rate of ImL/min. The protein collected was
concentrated, analyzed, quantified, and stored in 1X PBS at -20 °C until needed for

further experiments.

Table 4: Physicochemical properties of ASPH(scFv)-SNAP

Number of amino acids 483
Theoretical weight 51.2 kDa
Theoretical Pi 6.16

Table 5: Buffer system for optimization of lon Exchange Chromatography

| 11 I v
Protein concentration
Start buffer
Tris concentration (mM) 20 40 40 50
NacCl concentration (mM) 0 10 20 40
Wash buffer
Tris 20 Mm 40mM | 40mM | 40mM
NaCl 20 mM 20mM | 20mM | 50mM

51



Elution buffer (Start buffer + 1M NaCl

Tris 20mM 40mM | 40mM | 50mM
NaCl IM M IM IM
pH 7.1 7.6 8.2 8.2
Flow rate (mL/min) 3 1 1 1

3.4.1 Protein Purification Analysis

The IEX chromatogram reading and SDS-PAGE analysis (Figure 13) for each
optimized parameter are described in Table 5. (A) Two peaks were observed on the
chromatogram, showing protein absorbance. The protein band around the theoretical
weight (51 kDa) of the protein of interest; however, protein of interest is lost in the
wash step (red box), which shows poor binding onto the column. (B) When the flow
rate was decreased to 3 mL/min, and 10 mM of NaCl was introduced into the wash
buffer, smaller protein bands of the protein of interest were observed in the wash waste
as an indication of protein loss. (C) NaCl concentration was increased to 30 mM, while
the flow rate was decreased to 1 mL/min, which was aimed to improve the interaction
between the positively charged ASPH(scFv)-SNAP with the negatively charged
column while excluding heavy contaminants by increasing. As a result, less heavy
contamination is observed in Figure 13 (G). while in Figure 13 (H) which represents
the SDS-PAGE analysis for elution profile in Figure 13(D), heavy contaminants were
still observed. When the NaCl concentration was increased to 40 mM, not much
improvement was observed. With each purification round, the pH of the buffer by an

interval of 0.5, from 7.1to 8.2was increased from 7.1 to 8.2.
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Figure 13: Ion Exchange Chromatography analysis exemplified by a ASPH(scFv)SNAP. A-D represents the IEX
elution profile under the conditions outlined in Table 5, with a, b, ¢, and d corresponding to columns A, B, C, and D,
respectively. Similarly, E, F, G, and H show the resulting SDS-PAGE analysis for purification conditions in Table 5. The

protein of interest is indicated by a red arrow.

Densitometric quantification

The densitometry quantification showed that protein purified employing conditions

outlined in Table 6 (column IV) yielded protein with the highest purity (42%) with
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minimal protein loss compared to protein purified employing conditions in columns I,
I1, and III. Under very mild conditions, specifically, low buffer concentration and low
pH, running purification at 3 mL/min yielded the lowest protein purification and a
significant protein loss in the wash step. This outcome was due to low protein charge
and high flow rate, not allowing sufficient protein-column interaction before protein
elution. Reducing the flow rate to 1 mL/min improved protein retention before protein
elution. Additionally, inclusion of NaCl in the buffer systems along with increased pH

significantly enhanced protein retention while minimizing non-specific binding.
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Figure 14: Densitometry analysis for tASPH(scFv)-SNAP purified by IEX. 10% SDS-PAGE gels
contain a ASPH(scFv)-SNAP purified by IEX employing conditions described in Table 7. (B) represents the
BSA curve used to estimate the concentration and purity of the protein. (C) is the summary of the protein
quantification.

Table 6: Summary of the protein quantification purified by lon Exchange Chromatography

Sample | DeNovix | Densitometry | Relative amount of | Absolute | Yield
(mg/ml) value (ug/uL) | full-length protein in | amount (mg/L)

Initial | Final | concentrated
fraction (%)
I 3.9 0.56 - Negligible - -
11 4.4 1.9 1.2 26 480 0.64
111 14.9 6.9 5.7 38 1995 1.33
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v 53 3.5 2.2 42 880 1.17

3.4.2 Western blot analysis

A western blot analysis was conducted to confirm the integrity of the purified protein
sample (IV). In Figure 15, a clear protein band around the theoretical weight of the
protein of interest (red box) was observed on both the SDS-PAGE gel and the
nitrocellulose membrane. This indicated that the protein was successfully transferred
to a nitrocellulose membrane. A very faint protein band (navy box) around 55 kDa was

observed, which indicates possible protein yield lost in the wash step.

Protein Anti- Protein :;:’;el:\
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Figure 15: Western blot analysis of a¢ASPH(scFv)-SNAP (51. kDa). Figure 15 (A) represents a 10% SDS-
PAGE gel stained with Aqua staining solution. Figure 15 (B) represents an immunoblot of proteins transferred
to a nitrocellulose membrane from a duplicate SDS-PAGE gel. Figure 15 (C) is an immunoblot of the wash
waste. The SDS-PAGE gel was run at 120 volts for 90 minutes, and the protein of interest was tracked using
a protein ladder to confirm the presence of the target protein. In Figure 15A, a distinct protein band (red
rectangle) is observed around the target protein size. The presence of the target protein is confirmed by Figure
15 B, where a clear protein band is observed around 51 kDa. Minimum target protein was lost under the
purification condition indicated by a very faint band in Figure 15C (blue rectangle).

3.5 Size Exclusion Chromatography

Size exclusion chromatography was the last purification polishing purification step

employed. In this section combination SEC was combined with IMAC (IMAC-SEC),
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this purification combination was further compared to the combination of IMAC-IEX-
SEC. This was done to establish the purification combination that would yield the
highest protein purity and maximum protein recovery. A HiLoad® 16/600 Superdex®
200 pg column was used to separate the sample generated from the IMAC and IEX.
For each round of purification, a maximum volume of 500 ul of sample of known
concentration was loaded onto the column. Prior to the sample application, the column
was equilibrated with 3 column volumes of 1x Phosphate-buffered saline
concentration (PBS), at a rate of 3 ml/min. Each protein sample was directly loaded
onto the column at a flow rate of 2 ml/min through the loop and eluted at 2 ml/min.
All the fractions eluted were collected on a 96-well collector for further analysis. In
this step, two SEC purification combinations were experimented with: the
combination of IMAC-IEX-SEC and IMAC-SEC. Protein from each combinatory
purification was characterized by SDS-PAGE, western blot, and quantified. Table 7

gives details on the purification conditions.

Table 7: Size Exclusion Chromatography running conditions

Purification system AKTA Avant

Purification column HiLoad™ Superdex™ 200 pg
Loading buffer 1XPBS

Loading flow rate 3 ml/min

Elution flow rate 2 ml/min

3.5.1. Size exclusion Chromatography analysis
The resulting elution profile for SEC and the corresponding SDS-PAGE analysis are
presented in Figure 16. Figure 16(A) represents the SEC elution profile for the

purification technique combining IMAC with SEC, and Figure 16 (B) represents the
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SEC elution profile for the protein purification technique combining IMAC, IEX, and
SEC. Figure 16(C) and (D) represent the SDS-PAGE analysis corresponding to (A)
and (B), respectively. In Figure 16 (A) three elution peaks were observed, whereas
two elution peaks were observed in Figure 16(B). When these peak fractions were run
on an SDS-PAGE gel, clear protein bands (red arrow) around the theoretical size of
the target protein were observed on the SDS-PAGE gels represented in Figure 16(C)
and (D), indicating a successful elution of the target protein. For each combined
purification, fractions believed to contain the protein of interest were concentrated and

desalted before further characterization.
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Figure 16: Protein purification analysis of ASPH(scFv)-SNAP purified by Size Exclusion
Chromatography analysis. Figures (A) and (B) show the elution profile for SEC. In both elution profiles,
multiple peak lines are observed. Figure 16 C and D represent the SDS-PAGE analysis of the peaks
corresponding to Figure 16 A and B, respectively. Visible protein bands are indicated by a red arrow on the
gels.
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Figure 17: Densitometry analysis of ASPH(scFv)-SNAP purified by SEC. (A) 10% SDS-PAGE gel
containing a ASPH(scFv)-SNAP and BSA standard dilution (0.5 pg/ulL- 8 ng/ul) stained with aquastain. (B)
BSA standard curve plotted using band intensities generated by ImageJ.

Table 8: Densitometric quantification of ASPH(scFv)-SNAP purified by Ion Exchange
Chromatography

Purification | DeNovix (mg/ml) | Densitometry | Amount of full-length| Absolute | Yield

technique concentration | protein in amount | (mg/L)
(ng/ul) concentrated (ng)
fraction (%)
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A(IMAC- | 5.7 3.5 65 875 1.17
SEC)

B (IMAC- | 3.5 2.2 71 550 0.73
IEX-SEC)

3.5.2 Western blot analysis

Following densitometric quantification, the protein sample was characterized for the
polyhistidine-tagged C-terminal through western blot analysis following the protocol
described in section 2.3.2. The distinct band marked red, corresponding to the
theoretical size of (51 kDa) a ASPH(scFv)-SNAP on both the 10% SDS-PAGE and on
the PVDF membrane (Figure 18), ideally indicates the presence of ASPH(scFv)-

SNAP sample purified through a combination of both IMAC-IEX-SEC and IMAC-

SEC.
Protei
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Figure 18: Western blot analysis of SEC purified aASPH(scFv)-SNAP (51 kDa). Left: 10%
SDS-PAGE containing protein samples purified by combinatory techniques (IMAC-SEC and
IMAC-IEX-SEC), the gel was stained with Aqua staining solution, and on the right is an
immunoblot of proteins transferred to a nitrocellulose membrane from a duplicate SDS-PAGE
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gel. The SDS-PAGE gel was run at 120 volts for 90 minutes, and the protein of interest was
tracked using a protein ladder to confirm the presence of the target protein. An anti-his rabbit
antibody (1:1000 primary antibody) and a goat anti-rabbit HRP-conjugate

3.6 Conjugation of SNAP-tag-based fusion proteins to BG-Alexa Fluor 488

The protein sample that was initially subjected to a combination of Immobilized Metal
Affinity Chromatography (IMAC) and Ion Exchange Chromatography (IEX) was
quantified for purity and further subjected to size exclusion chromatography (SEC)
for purification. The recovered protein fraction from the IMAC-IEX combination was
further separated by SEC again to achieve further purification. The purification
combination of IMAC-SEC was also experimented with and further compared against
the combination of IMAC-IEX-SEC (Figure 18). To determine the integrity of the N-
terminal, the purified protein was conjugated with BG-Alexa Fluor 488 following the
protocol discussed earlier. Conjugation analysis of SNAP-tag-based protein fused to
BG-Alexa Fluor 488 showed positive results, as seen in Figure 19, where a bright
green colour (right panel) was observed around the theoretical size of the protein of

interest. Indicating the functionality of the N-terminal of the fusion protein.
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Figure 19: Assessing the binding activity of scFv-SNAP to BG-Alexa Fluor 488. A ratio of 1:2 of protein to BG-
Alexa Fluor 488 was used in the conjugation reaction (5 uM to 10 uM). aASPH(scFv)SNAP (~51.kDa). Left panel:
SDS-PAGE gel visualized under blue light for potential fluorescence, run on a 10% SDS-PAGE gel stained with Aqua
staining solution. On the right panel, Alexa488-conjugated protein ran on a 10% SDS-PAGE gel, visualized under blue
light for potential fluorescence

3.7. Validation of surface binding by confocal microscopy

Imaging analysis was performed to confirm the biological activity of the recombinant
SNAP fusion protein (scFv-SNAP-Alexa Fluor 488). This analysis allowed for the
visualization of the specific binding ability of the scFv-SNAP-Alexa Fluor 488 to
target cells expressing HAAH. The scFv-SNAP-Alexa Fluor 488 was designed to
incorporate a small peptide tag (SNAP-tag) that enables the specific labelling of the
protein with a fluorophore or other imaging probes. This tagging system facilitates the
visualization and tracking of the protein of interest, in this case, the scFv binding to
aASPH(scFv)-SNAP. Based on the observations made during the confocal
microscopy imaging (Figure 20), the results indicated minimum and infrequent
binding of the targeted proteins on MDA-MB-468 cells (red arrow). Very minimal

binding was detected on HEK 293T served as the negative control since they do not
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exhibit the expression of HAAH. This confirms the functionality of the protein

purified.

(A) (B)

Figure 20: Binding activity analysis of ASPH(scFv)-SNAP-Alexa488. Functionality of the expressed and purified
protein was determined through confocal analysis, to determine if Aasph(scFv)-SNAP would bind to the target cell
expressing ASPH (A) HEK 293 cells and (B) MDA-MB-468. Cell lines were incubated with 15 uM of conjugated
protein (green signal) for 15-20 minutes at 37 °C. Hoechst (1:5000 dilution in media) was used as a stain for the nuclei
(blue signal). Washes were performed 3 times with 1x PBS, before fixing with 4% PFA and mounting the coverslips on
a microscope slide. Images were captured using a Zeiss confocal scanner microscope (LSM880) with Airyscan at 20
pum magnification.

3.8 Application of established protocol to other al.243(scFv)-SNAP

The optimal buffer system and running conditions for achieving maximum protein
purification with minimal yield loss for tASPH(SNAP) are detailed in Tables 19, 20,
and 21 below. Subsequently, this methodology was extended to assess its applicability
to other scFv(SNAP) fusion proteins produced within the MB&I unit, including

aL243(SNAP).

3.8.1 Purification analysis: SDS-PAGE analysis

The outcomes obtained from a ASPH(scFv)-SNAP purification experiments revealed
that, during IMAC purification, lowering the flow rate during the sample application
stage led to reduced loss of the target protein during the washing process and enabled
more efficient protein elution. Additionally, the inclusion of 30 mM imidazole in the

wash buffer effectively removed contaminating proteins. Furthermore, it was observed
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that most of the target protein was eluted when the imidazole concentration reached a

maximum of 250 mM. Consequently, it was concluded that the integration of IMAC

with IEX and SEC techniques enhanced

protein purity.

Abs (mAu)

k 4

Flow volume (mL)
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Figure 21: Analysis of aL.243(scFv)-SNAP purified employing a combinatory purification technique.
(A) and (B) represent the chromatograms for IMAC and IEX, respectively. Figures 21 (C), (D), and (E)
represent SDS-PAGE gel analysis for IMAC, IEX, and SEC, respectively. The protein sizes were determined
using a pre-stained protein marker
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Table 9: Densitometric quantification of L243(scFv)-SNAP
(@) Sample DeNovix value | Densitometry value | Relative amount of | Absolute | Yield

(mg/mL) (ng/uLl) full-length protein | amount | (mg/L)
in concentrated
fraction (%)

al.243(scFv)SNAP| 2.32 1.92 82.8 768 1.54

Figure 22: Quantification analysis of L.234(scFv)-SNAP. (A) SDS-PAGE gel analysis for concentrated 1.243-
SNAP recovered from SEC. (B) A standard BSA curve corresponding to the SDS-PAGE gel in (A), and (C)
represents a summary of the protein concentration and purity. .

BG-Alexa 488 conjugation to alL243(scFv)-SNAP

The functionality of the SNAP-tag positioned at the N-terminal was also determined

by conjugating the protein sample with BG-modified fluorophores, Alexa 488, at a
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ratio of 1:1. A stained SDS-PAGE gel (left panel) containing unconjugated protein was
also prepared, along the gel containing conjugated protein (right panel) to serve as a
control. When conjugated proteins were viewed under a Dark Reader
Transilluminator, distinct bright green bands were observed around the theoretical
weight of the target protein, which confirmed that the SNAP-tagged N-terminal was
functional and successfully conjugated to BG Alexa 488. Furthermore, the
unconjugated fluorophore was seen at the lower bottom of the gel, which confirmed
that the target protein was fully saturated; thus, the access fluorophore is observed.
Following the determination of full-length protein by SDS-PAGE analysis and
functionality of both N and C termini by western blot analysis and fluorophore

conjugation, respectively.

Protein
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Figure 23: Conjugation analysis of L243(scFv)-SNAP with Alexa 488. aL.243(scFv)SNAP was conjugated with
Alexa 488 at a ratio of 1:1. On the left panel is the 10% SDS-PAGE gel used as the control corresponding to the
unstained conjugation gel on the right panel viewed on Dark Reader Transilluminator for the visualization of
fluorescent signal.
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3.9 Expression and Production of H22(scFv)-ETA

H22(scFv)-ETA was successfully expressed in BL21 in the presence of compatible
solutes under osmotic pressure. The rITs are produced in the periplasmic space, which
enhances proper folding and stability of the rIT. A total of 17g cell mass was collected.

The cells were harvested as described in section 2.1.2 and prepared for purification.

3.9.1 Re-establishment of protocol: IMAC purification of bacterially expressed
protein

The initial IMAC purification protocol for bacterially expressed proteins involved a
single IMAC purification that included three main purification steps in the order of
sample application, wash, and elution step. This technique employed a high flow rate
under mild buffer conditions, summarized in Table 10. Poor protein recovery and
purity were some of the major challenges experienced when employing this protocol.
Therefore, to address these challenges, an IMAC technique was improved by
implementing two IMAC steps (IMAC I and IMAC II). The first IMAC step, which
serves as a rapid wash and elution step will allow the washing of weakly bound
contaminants without compromising the target protein. In addition, the HiTrap ff
Crude HP column was employed for the first IMAC (IMAC I), which allows for fast
flow, intended for this step, making it a good choice for protease-sensitive proteins.
However, HiTrap chelating was used for IMAC II. Other measures, such as reduced
viscosity of the lysate or high viscosity, may lead to increased back pressure and clog
the column. The flow rate employed in IMAC II was further reduced to 1 ml/min for
the sample application wash step and the elution step. Furthermore, imidazole
concentrations in the wash buffer were also optimized for higher protein purity. The
buffer system and running conditions employed in IMAC I and IMAC II are detailed

in Tables 10 and 11, respectively.
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Table 10: Buffer system employed in IMAC I and IMAC 11

Buffers Buffer composition
Initial IMAC IMACI IMAC 11
Load buffer | Tris-base, 50 Tris-base, 100mM Tris-HCI, 20mM
Mm, NaCl, 1 M pH NaCl, 500mM
NaCl, 500 8.0 Imidazole, 10mM
mM Imidazole 10 pH 8.0
mM
pH 7.4
Wash buffer | Tris-base, 50 Tris-base, 100mM Tris-base, 20mM
mM, NaCl, NaCl, IM pH NaCl, 500mM
500 mM pH 8.0 Imidazole, 30mM
7.4 pH 8.0
Elution Tris-base, 50 Mm, | Tris-base, 100 mM Tris-base, 20 mM
NaCl, 500 NaCl, 1M NaCl, 500 mM
Mm, Imidazole Imidazole, 250 Mm Imidazole, 500 mM
500 mM pH 8.0 pH 8.0
pH 7.4
Table 11: Running conditions for IMAC I and IMAC 11
Purification steps Flow rate, CV
Initial IMAC IMAC 1 IMAC 1T
Column Equilibration 7 mL/min 5 ml/min, SCV 5 mL/min, 5 CV
Sample Application 5 mL/min 4 mL/min I mL/ min
Column Wash 5 mL/min, 10 CV SmL/min, SCV 1 mL/min, 10 CV
Elution step 5 mL/min, 7CV 2 mL/min, 5 CV ImL/min, 10 CV

3.9.1.1. IMAC analysis
In preparation for IMAC I, the HiTrap ff crude HP column was equilibrated with 5 CV
of equilibration buffer at a 5 mL/min flow rate. A total of 35 mL of lysate recovered

was loaded onto the column at a 4 mL/min flow rate. The column was subsequently
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washed with 5 CV of the wash buffer containing 10 mM Imidazole. Following column
wash, the target protein was recovered by a single-step elution method with a
maximum Imidazole concentration (250 mM). The elution step maintained the flow
rate at 2 mL/min. Figure 24 (A) and (C) show the absorbance (UV 280 nm) of eluate
from IMAC-purified lysate. In preparations for IMAC II, elutes from IMAC I,
believed to contain H22(scFv)-ETA (72 kDa), were collected, concentrated down to
500 uL, and further exchanged with loading buffer (Tris-base 20 mM, NaCl, 500 mM,
pH 8) using a 10 kDa Amicon. The collected protein sample was subjected to a second
IMAC. Compared to the first IMAC, IMAC II had a lower flow rate, and extended
column wash was implemented. The collected sample was loaded onto the column at
a flow rate of 1 mL/min Once all the protein sample was loaded, the column was
washed with 10 CV wash with a gradient wash step (4%-12% Imidazole
concentration). Finally, the protein was eluted with 10 CV elution buffer at 100%
Imidazole concentration. The eluted fraction from the single elution peak displayed in
Figure 24B (blue line) was run at a 10% SDS-PAGE. The observation of bands (red
arrow) corresponding to the theoretical weight of H22(scFv)-ETA (Figure 24D) was

an indication of the possible presence of the protein of interest.
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Figure 24: IMAC purification analysis of H22-ETA. (A) and (B) represents the absorbance profile (UV
280 nm). Of elute for IMAC I and IMAC 11, respectively. (C) and (D) are corresponding 10% SDS PAGE
analysis showing the presence of the target protein indicated by a red arrow.

3.9.2 Combination of IMAC-IEX

The H22(scFv)-ETA sample protein recovered from the IMAC II was further purified
using a combinatory purification approach. Before IEX, H22(scFv)-ETA sample was
exchanged with start buffer (50 mM Tris, 10 mM NaCl, pH 8), the column was
equilibrated with 5 CV of the start buffer at a flow rate of 5 mL/min followed by
sample application onto the column (HiTrapQ HP) at a flow rate of 1 ml/min. After
the sample application, the column was washed with 5 CV wash buffers (50 mM Tris,
100 mM NacCl, pH 8) at a flow rate of I mL/min. After that, the protein sample was
eluted from the column with 10 CV elution buffers (20 mM Tris, 1 M NaCl, pH 8) at
a 1 ml/min flow rate. Protein elutes recovered from IMAC (5.53 ug/uL) and IEX (3.2
ug/ul) were separately concentrated and exchanged with 1X PBS using a 10 kDa

Amicon before being subjected to Size Exclusion Chromatography
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Figure 25: combinatory purification analysis of H22(scFv)-ETA. Figure (A) represents the absorbance
profile (UV 280 nm) for IMAC purification of H22(scFv)-ETA . Figures (B) and (C) represent the SDS-PAGE
gels of the peak fractions collected from IMAC and IEX, respectively. Protein bands (red arrow) are observed
around the theoretical size of H22(scFv)-ETA for IMAC and [EX.
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3.9.3 Quantification of purified H22(scFv)-ETA protein

Proteins recovered from each combination purification technique were concentrated
and run on a 10% SDS-PAGE against a two-fold BSA standard serial dilution. Distinct
protein bands were observed on the gel around the expected target protein molecular
weight (marked red). Heavy bands (>72 kDa) of contamination were observed on
protein purified through the technique combining both the IMAC-IEX and IMAC-
IEX-SEC. Non-specific binding was also observed in protein samples purified through
IMAC. Figure 26 below represents the BSA standard SDS PAGE used to quantify.
The protein yield calculated by densitometry (Table 12) was 24%, 31%, and 64% for

the purification technique employing IMAC.IMAC-IEX and IMAC-IEX-SEC,

respectively.
Protein |
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Figure 26: SDS-PAGE analysis of concentrated H22(scFv)-ETA against BSA standard for densitometry
quantification. . Protein purified by IMAC, IMAC-IEX-SEC, and IMAC-SEC was loaded on lanes 1,2, and 3,
respectively, along with BSA standards for quantification. A pre-stained protein ladder was added to the first
lane to track protein by size
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Table 12: Densitometric quantification of HEE(scFv)-ETA purified by combinatory purification

Sample DeNovix Densitometry | Amount of full- | Absolute Yield mg/L
(mg/uL) value (ng/ul) length protein in | amount
concentrated
fraction (%)
A(IMAC) 18.43 5.53 24 2765 2.77
B(IMAC-IEX-SEC) | 1.1 0.7 64 350 1
C(IMAC-SEC) 14.73 3.8 31 1710 1.71

3.9.4 Western blot analysis

Western blot analysis was carried out to validate the integrity of purified H22(scFv)-
ETA recovered from section 3.3.2. The samples were run on an SDS-PAGE gel and
successfully transferred to a PVDF membrane as seen in Figure 27. The PVDF
membrane was further incubated in an anti-His primary antibody that binds to the
poly-His tag at the C-terminal of the target protein. A secondary antibody (goat anti-
rabbit HRP-conjugate antibody), which further binds to the anti-His primary antibody,
allowed the visualization of the His-tagged fusion proteins. Thick bands
corresponding to the theoretical size (71 kDa) of the protein of interest are observed
in Figure 32 (marked red) this indicating the presence of the target protein. Smaller

size bands (<55 kDa) are also observed on the PVDF membrane, which is an

indication of protein degradation.
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Figure 27: Western blot analysis of concentrated H22(scFv)-ETA protein fraction generated from the

combinatory purification technique. On the left panel is an SDS-PAGE gel, which is a control for the western blot

membrane. (A) Protein from IMAC II, (B) protein after IMAC-IEX-SEC, and (C) protein after IMAC-SEC
3.9.5 Validation of binding by flow cytometry for H22(scFv)-ETA
Following confirmation of full length by SDS-PAGE characterization,30 pg of
H22(scFv)ETA was labelled with an anti-His PE antibody conjugated to BG-Alexa
Fluor 647. This labelling process allowed the fusion protein to be visualized and
quantified during flow cytometry analysis. The target cells used in this experiment are
IFN-Y (Interferon-Y) stimulated U937 cells engineered to express CD64, which is the
target of the CD64-targeting fusion protein. The labelled H22(scFv)-ETA fusion
protein was then incubated with the IFNy-stimulated U937 cells. Of which the fusion
protein is expected to efficiently bind to CD64 receptors on the cell surface due to the
targeting ability of the scFv (single-chain variable fragment) portion. Table 14 shows

the precise steps for this experiment.

To enable detection in flow cytometry, 30 pg of H22(scFv)-ETA is labelled with an
anti-His PE antibody that is conjugated to BG-Alexa Fluor 647. This labelling process
allows the fusion protein to be visualized and quantified during flow cytometry

analysis. As observed in Figure 28, in the context where baseline and CD64 antibody
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controls are both present, each of the CD64-targeting fusion proteins exhibits notable
binding to IFN-y-stimulated U937 cells. This demonstrates good binding of the final

recovered protein from the purification technique combining IMAC-IEX and SEC.
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Figure 28: Validation of binding of CD64 fusion protein to to IFN-Y stimulated U937 cells by flow cytometry. The
functional activities of CD64-targeting cells, H22(scFv)-ETA on CD64+ cells (IFNY stimulated U937) using flow
cytometry, and a standard protocol described in section 3.3.4 (Table 16). 30 ug of H22(scFv)-ETA was labelled with an
anti-His PE antibody conjugated to BG-Alexa Fluor 647 on ice for 1 hour. Following this, the conjugated cells underwent
washing, resuspended in FASC buffer, and were analyzed using a BD LSR-II flow cytometry system from BD
Biosciences In the presence of both baseline and CD64 antibody controls, each of the CD64-targeting fusion proteins
demonstrates significant binding to IFN-y stimulated U937 cells.

Chapter 4: DISCUSSION

4.1 Development of cancer therapeutics

Despite the development of major advances, difficulty in treating certain cancers
remains a major challenge in public health worldwide (110,111). Because cancer is a
heterogeneous disease various factors influence its molecular characteristics and

response to treatment. Some of the major unmet needs in current therapeutic
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approaches include the development of drug resistance, delayed detection of some
cancer types, toxicity, and side effects of some therapies (112,113). Increasing
knowledge of molecular and tumor biology through research can circumvent these
challenges. Preclinical studies using well-characterized and high-quality proteins play
a pivotal role in the reliability of research findings. This data is also used as a tool to
guide the efficacy of promising therapeutic candidates to clinical trials, accelerating
the drug development process. Developing novel cancer therapies is complex and
finding a balance between effective treatment and cost consideration is a multifaceted

challenge involving intensive research, clinical trials, and regulatory approvals.

The production process of therapeutic protein includes both the downstream
application and the upstream processing. The upstream processing involves the
generation of the cell line for adequate expression of the protein of interest and the
downstream processing encompasses all process steps from cell harvest to the final
purified product (114). Expression of recombinant protein-based biopharmaceuticals
can be achieved using eukaryotic and prokaryotic microorganisms (61). The majority
of the approved recombinant protein-based biopharmaceuticals are expressed in the
mammalian expression system. This is due to the capacity to express large and
complex recombinant proteins. The extended duration of protein expression,
inadequate protein yield, and high cost of media requirements necessitate
consideration of alternative expression systems(61,115). Though the E. coli provides
a much lower cost, rapid growth, and good productivity, its major limitation is a lack
of proper post-translational modifications. Another major challenge is that rIT is their
toxicity to the expressing host itself. To limit the toxicity to productive cells while
obtaining an adequate yield, genetic engineered bacterial hosts enable the selection of
appropriate strains to tolerate high amounts of ITs, without being intoxicated (115).
This study focused on establishing an integrated approach that combined advanced

chromatography techniques to streamline the enhanced purification of recombinant
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proteins while maintaining low cost and high protein quality. Additionally, this
establishment will allow for a versatile application to a broader range of proteins
expressed by mammalian and bacterial expression systems. The upstream process
(protein expression) employed already existing protocols developed at the MB&I

research group, confirmed to produce functional full-length fusion proteins.

4.2 Expression of protein-based pharmaceuticals

Recombinant immunotoxins and antibody-drug conjugates are protein-based
pharmaceuticals representing target therapy (116). Antibody-drug conjugates
primarily deliver synthetic small-molecule drugs or toxins using stable linkers to target
cells where the antibody component recognizes specific antigens on the surface of
target cells, facilitating targeted delivery of the cytotoxic payload (29,40,117). While
recombinant immunotoxins (rITs), which are proteins composed of fragments of
monoclonal antibodies fused to truncated protein toxins, deliver apoptosis-inducing
protein toxins without the need for such linkers (116,118,119). Advancements in the
application of recombinant immunotoxins have significantly expanded therapeutic
potential, however, there is still a need to improve specificity, reduce side effects, and

further expand therapeutic applicability.

Therapeutic recombinant proteins can be expressed in both mammalian and bacterial
expression systems (120). The choice of expression host depends on the ability of the
expression host to produce a sufficient yield of functional protein of interest, ease of
protein extraction, and relative protein purity (61). Hence, the accurate design of the
protein chimera and the host of expression play a crucial role in producing functional
full-length recombinant proteins (78). This study employed pre-existing protocols
developed by the MB&I research group. These protocols have been confirmed to
produce functional full-length proteins, proving suitable to support laboratory-scale

research. However, the focus was on improving protein quality by establishing an
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improved standard purification protocol yielding high protein quality. This
establishment allows for a versatile application to a broader range of proteins
expressed by mammalian and bacterial expression systems (134). On the contrary,
bacterial expression systems, such as Escherichia coli are often used for producing
recombinant proteins that do not require extensive post-translational modifications. E.
coli is a well-characterized and easily manipulated organism, making it a popular
choice for recombinant protein production due to its fast growth rate and high protein
expression yields (120). In this case, the SNAP fusion protein was expressed in HEK
293T cells, this is because the bacterial expression system may lack the ability to
perform certain post-translational modifications found in mammalian cells. while
immunotoxins were successfully expressed in the bacterial system. SNAP-tagged
antibody fusion proteins were expressed in the mammalian expression system. Toxins
were expressed in bacterial expression systems because many toxins do not require
complex post-translational modifications, such as glycosylation or disulfide bond
formation, which are often essential for proper folding and function in mammalian
proteins (121). This simplifies the expression process for toxins, allowing high

expression levels at a low cost (61).

4.2.1 Mammalian expression of SNAP tag-based ADC

A mammalian expression system was used for the expression of complex scFv-
(SNAP) This was because the mammalian cells have the machinery to perform post-
translational modifications, which are crucial for the stability, function, and
immunogenicity (122). SNAP-tagged fusion antibodies consist of multiple domains,
maintaining the integrity and functionality of all domains throughout the downstream
and upstream production can be challenging. The monoclonal component of the ADC
is responsible for the specific selection of the target antigen on the cell, along with
other structural features such as the Fc region, which allow internalization and

trafficking of the ADC-antigen complex. The stability of the linker connecting the
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cytotoxic payload to the antibody in circulation and the ability to cleave upon reaching
the target are important factors (39,41). Additionally, the capacity of SNAPtag to
efficiently and specifically undergo covalent labelling with benzylguanine derivatives
is dependent on the modified active site, substrate-binding pocket, and overall protein
structure. Each component of the complete ADC fusion protein plays an important
role in its overall function. It is then crucial to ensure that the choice of expression

system supports the production of biologically active therapeutic proteins.

The production of functional therapeutic SNAP-tagged fusion antibody proteins may
present several challenges. This is due to the complexity of these molecules and the
need for high purity and biological activity. Some of the challenges experienced in this
study included the expression of highly contaminated proteins, attributable to the
expression of Host Cell Proteins (HCPs) and Impurities, possible aggregation, and
protein degradation (123). The outcomes of this study demonstrated that implementing
similar protocols previously employed at the MB&I research unit led to the successful
production of the SNAP-tag fusion antibody fusion protein. However, persistent
contaminants of small and larger sizes were observed following IMAC on the SDS gel
and the western blot membrane seen in Figure 12 (109,124,125). As a result, the

protein quality remained compromised, with a purity of 25%

4.2.2 Bacterial expression of recombinant immunotoxins

In contrast to mammalian expression systems, bacterial expression systems,
employing Escherichia coli, are often used for producing recombinant proteins that
do not require extensive post-translational modifications. E. coli is a well-
characterized and easily manipulated organism, making it a popular choice for
recombinant protein production due to its fast growth rate and high protein expression
yields (120). Because many toxins do not require complex post-translational
modifications, such as glycosylation or disulfide bond formation, which are often

essential for proper folding and function in mammalian proteins (121). This simplifies
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the expression, allowing high expression levels at a low cost. It is worth mentioning
that the stability of any potential therapeutic protein is vital to ensure its structural
integrity and functional activity. Proteins that undergo degradation or denaturation
may lose their ability to bind to the target protein effectively, reducing their therapeutic
efficacy. Maintaining the stability of therapeutic proteins ensures their proper folding
and retention of critical binding sites necessary for target engagement and therapeutic
activity (126). Furthermore, protein stability and purity are essential for reliable and
reproducible results in further studies, moreover, the consistency of antibody quality
is critical for conducting preclinical experiments, such as in vitro assays, animal
models, and toxicity studies. For this reason, both the upstream and downstream
processes in the production of therapeutic antibodies play a critical role in successful

product development (123).

In this study, rIT H22(scFv)-ETA was expressed under the control of the IPTG-
inducible

T7 lac promoter in E. coli BL21(DE3). The lac promoter is a special feature of the
BL21 cell. The lac promoter is activated upon the addition of IPTG into the growth
medium, initiating transcription and expression of the target genes. However, the
downside is that the folding machinery of prokaryotic cells is likely not proficient in
producing fully functional folded proteins of heterologous origin. To overcome the
foreseen challenge, functional H22(scFv)ETA  was efficiently expressed by
employing the periplasmic expression under osmotic pressure in the presence of
compatible solutes established by Barth ez al., 2000. This process of expression makes
use of E. coli’s natural ability to accumulate the newly expressed protein into the
periplasmic space in response to osmotic stress. The compatible solutes allow E. coli
to protect proteins at high salt concentrations. Furthermore, incorporating glycine
betaine allows the bacteria to survive in such harsh conditions. It also has the
additional advantage of producing a conducive environment for proper protein folding

and disulfide bond formation, which are essential for the functionality of the proteins
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(127,128). A total yield of 2.77 mg/L for full-length H22(scFv)-ETA validated through
western blot analysis was recovered from IMAC purification from a 2L, as seen in the
result section (section 3). This affirms the efficiency of the E.coli in expressing

recombinant immunotoxin H22(scFv)-ETA under osmotic stress.

4.3 Purification approach overview exemplified by a ASPH(scFv)-SNAP
Previous protein purification approaches implemented by the MB&I involve
Immobilized Metal Affinity Chromatography as the main purification strategy to
purify both bacterial and mammalian expressed recombinant proteins. Although this
strategy successfully recovered expressed protein, the recovered protein had low
purity. To address this challenge, two additional chromatographic steps in sequence
were added to complement IMAC. Specifically, the Ion Exchange Chromatography
and Size Exclusion Chromatography. Each purification strategy was independently
explored and optimized to establish an adaptable single workflow protocol suitable

for the purification of a variety of recombinant fusion proteins.

4.3.1 Improved IMAC Protein Purification

Protein purification plays a critical role in the production of biologically active and
pure proteins. during the expression of proteins in biological systems, various
impurities such as the host proteins, may be co-expressed with the target protein. It is
estimated that separation and purification procedures may account for as much as 60—
80% of the total production cost (129). Moreover, the level of contamination varies
depending on the choice of host and other factors. Protein analysis through SDS-
PAGE and protein quantification post-IMAC purification shows high levels of
contamination for both bacterial and mammalian expressed proteins. This observation
indicated that employing IMAC as the sole purification strategy does not efficiently
separate the target protein from other cell culture by-products. Achieving an optimal

a good balance between protein quality and yield can be challenging. Because proteins
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are sensitive, changes to their environment, such as NaCl concentrations, pH, and
temperature, may lead to protein degradation and yield loss (130-131). Therefore,
strategies to optimize purification conditions, including buffer composition,
chromatography parameters, and protein handling techniques, need to be carefully

considered for maintaining the native structure and function of the protein (132).

4.3.1.1 Improving Binding Conditions

To address the above-mentioned challenge IMAC optimization technique was focused
on improving the interaction of the target protein and the Nickle (Ni*") column prior
elution step while reducing non-specific binding. The system flow rate was decreased
from 5 mL/min to 1 mL/min specifically for the sample application step, the column
wash step, and the elution step. This initiative allowed stronger interaction of the His-
tagged proteins with the immobilized metal ions (Ni**) in the column (133). Minimum

to no target protein was eluted in the sample application and the wash step.

4.3.1.2 Improving resolution

As discussed earlier, non-specific binding was one of the major challenges resulting
in poor protein purity. In this study, a series of wash buffers were experimented with
to reduce nonspecific binding without compromising the protein of interest bound onto
the column. Following this action, it was observed that adding moderate imidazole
concentration in the wash buffer decreased the level of non-specific binding by
washing out weakly bound contaminants while maintaining the binding of the His-
tagged target protein to the nickel resin. This was efficiently achieved while
maintaining a flow rate of 1 mL/min for the wash step

4.3.1.3 Improving in Elution Strategy

The elution step was improved along with a reduced flow rate (1 mL/min). A single-
step elution with 250 mM imidazole was further implemented; this was based on the
rationale that an extensive column wash step was implemented before the elution step.

This action reduced non-specific interaction and allowed for a more specific protein
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recovery using lower Imidazole concentration when compared to the gradient elution
step, coupled with a wash step without imidazole (As previously implemented in the

MB&I group).

4.3.1.4 Improved IMAC for mammalian-expressed SNAP-tagged fusion protein

Immobilized Metal Affinity Chromatography is a powerful and widely employed
purification technique used to separate and purify target proteins based on their affinity
for specific metal ions immobilized onto a solid support(89). This strategy takes
advantage of the specific metal affinity tagged to the protein of interest. In the case of
this research, all target proteins were tagged to a poly-histidine (His-tag) at the C-
terminal. His-tag is widely utilized due to its strong binding affinity to metal ions
immobilized on the resin. As it is observed in this study (section 3.2), in some cases,
the His-tag may not provide sufficient specificity, leading to the copurification of
impurities. This could be due to several reasons, including that cellular proteins
expressed by the host may contain high amounts of histidine, which leads to non-
specific binding. Another challenge observed in previous studies is poor interaction
between the polyhistidine affinity tag and the metal ions on the column, leading to
protein loss during the sample application step and column wash step. This
observation may be due to the folding of the purified poly-his protein, which might
embed the affinity tag, thus leading to inefficient binding onto the nickel ion column,
or due to the high flow rate, which does not allow transient interaction between the
target protein and the purification column. Other factors may involve the purification

itself, that is, the column may need to be charged or replaced.

4.3.1.5 Improved IMAC for bacterially expressed protein

In the case of bacterial expression systems, implementing Immobilized Metal Affinity
Chromatography (IMAC) optimized for the purification of mammalian expressed
protein made it possible to purify the target protein by reducing non-specific binding

and removing impurities. However, the purification of recombinant proteins was more
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challenging and less enhanced compared to that of mammalian-expressed proteins.
This could be due to the presence of increased host cell proteins and contaminants. As
a result, implementing IEX and SEC may be challenging due to very high levels of
impurities. Incorporating two IMAC steps in the purification process before the
implementation of IEX and SEC allowed enhancement of protein purity of the target
protein by reducing non-specific binding and removing impurities. The first IMAC
step serves as an initial purification step, removing most of the host cell proteins and
contaminants. By utilizing a specific His-tag, the target protein can be selectively
bound to the IMAC resin, while impurities are washed away. The second IMAC step
acts as a polishing step, further eliminating any remaining contaminants or residual
nonspecifically bound proteins. This dual-step approach significantly enhanced the
selectivity of the purification process, resulting in improved protein purity. In previous
studies where only one IMAC purification was employed at higher flow rates (5
mL/min- 7 mL/min) target protein was displaced prior elution step, leading to yield
loss. As also observed in IMAC purification of mammalian expressed proteins,
including a moderate amount of imidazole in the 2" IMAC wash buffer, at a reduced

flow rate (1 mL/min) enhanced the removal of non-specific binding.

4.3.2 lon Exchange Chromatography

To achieve improved separation of the target protein from contaminants [EX technique
was used as the second purification step. IEX is a technique that can selectively
separate and purify target proteins based on their charge properties (97). A range of
buffers with different ionic strengths to isolate proteins of interest selectively.
Furthermore, this study focused on maximizing the efficiency of Ion Exchange
Chromatography (IEX) by exploring the pH and the ionic strength of the buffer
system. while maintaining a constant temperature and flow

rate.
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4.3.2.1 Buffer pH

Based on the principle that the charge of a protein depends on the pH of the solution
relative to the protein's pl, adjustment of the buffer pH determined the net charge of
the protein of the target protein (134). In this study, the buffer system was adjusted to
a pH above the pl of the target protein, which resulted in a negatively charged protein.
The column used for selecting the negatively charged protein of interest would be the
positively charged column; in this case, the anion exchange (HiTrap Q HP) column
was used. The results generated in section 3, as expected, demonstrated that increasing
the buffer pH improved binding efficiency. Whereas at a lower pH, poor protein

retention was observed, leading to the protein being eluted prematurely.

4.3.2.2 Ionic Strength (Salt Concentration)

The ionic strength of the buffer system highly influences the interaction between the
ions and the stationary. While a moderate amount of NaCl can improve resolution by
displacing nonspecific binding, slight access can significantly reduce the interaction
of the ions to the stationary phase. A buffer system of varying ionic strength (NaCl
concentrations) was evaluated. The results in section 3.3.1 demonstrated that
incorporating a controlled concentration of NaCl complemented by a strongly charged
protein can effectively improve the resolution by up to 42% with minimal protein loss.
Whereas lower protein charge demonstrated lower protein purity (26%-38%) and high
loss protein lost during the sample application step and the wash step (Figure 14 E).
Moreover, 1 M NaCl included in the elution buffer was efficient to recover the rest of

the target protein.

4.3.3 Size Exclusion Chromatography

Implementation of Size Exclusion Chromatography enhanced the protein purity up to
71% and 83% for mammalian expressed protein and for bacterially expressed protein
up to 31 % from 24%. This means there are some limitations associated with the SEC.

Because Size Exclusion Chromatography relies on does not account much for the
89



conformation of the protein and relies more on the assumption that the protein size
correlates to molecular weight, discrimination of protein based on size may be
challenging, as observed in Figure 17. The SDS-PAGE gel shows little to no
separation by say for some proteins. This makes the SEC an unreliable purification
technique. Rather, proteins may elute differently, not just on their size but their

conformation.

4.4 Implications of Integrated Chromatographic Purification

The results generated in this study demonstrated that an integrated purification
technique yields high protein production. In comparison to traditional
chromatography, which involves one purification step. Each of the purification
techniques adds a unique advantage depending on the nature of the target protein.
Immobilized Metal Affinity Chromatography takes advantage of the affinity tag linked
to the target protein, in this case, the poly-histidine tag, to isolate the protein of interest.
While Ion Exchange Chromatography isolates the protein of interest based on charge.
Lastly, Size Exclusion Chromatography acts as the last purification step and resolves
protein-based size separation. Integrating these purification techniques in a single
workflow improves protein purity and has the added advantage of being optimized to
accommodate a range of protein products under mild conditions, sustaining protein
quality and bioactivity (135). On the contrary, despite the optimization and
integration of different purification techniques, the established integrated technique
may not be compatible with certain protein products. This is due to the nature of
different proteins. Factors such as the protein affinity tag, pl, and the expression host
influence the type of purification technique and running conditions. This means
further optimization steps may be required, tailored to the needs of individual proteins.
A good example is the difference in the optimization of IMAC for bacterially

expressed protein and mammalian expressed protein. Bacterial-expressed proteins
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tend to contain more contaminants compared to those expressed in the mammalian
expression system. To achieve desired purity levels, it may be necessary to implement

more rigorous and extended purification steps. As demonstrated in section 3.8.1.

CHAPTER 5: CONCLUSION

In summary, it has been proven through this research that the strategic combination of
Immobilized Metal Affinity Chromatography (IMAC), Ion Exchange
Chromatography (IEX), and Size Exclusion Chromatography (SEC) is a highly
effective and robust approach. This integrated purification strategy it is worth noting
that this integrated purification approach addresses the diverse physicochemical
properties of the target proteins, ensuring a comprehensive purification process.
subsequently, it is important to consider the unique physicochemical properties of each

protein to be purified.

In this research, IMAC was demonstrated as a good initial purification step, selectively
capturing the Histidine-tagged target fusion protein based on its strong affinity for the
Nickel ions embedded in the purification column. Whereas, IEX served as a
subsequent purification, to further separate the protein of interest from contaminants
by exploiting the difference in charge. Lastly, SEC was incorporated as the last
polishing step that isolated the target protein from contaminants based on the
difference in size. It was further demonstrated that for both mammalian-expressed
proteins and bacterially expressed proteins, the combination of IMAC-IEX-SEC had
a higher purity outcome, but less yield recovery compared to the purification
combination of IMAC-IEX and IMAC-SEC. Higher purity and lower yield loss were
observed for the purification combination IMAC-IEX compared to that of IMAC-
SEC. furthermore purification combination of IMAC-SEC took much longer

compared to that of IMAC-IEX. Moreover, this can impact overall yield and efficiency
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as there is yield loss with every purification step, necessitating careful consideration

of the trade-off between purity and recovery.

In addition to the enhanced purity of recombinant antibodies synergistic use of these
three chromatography techniques further provides flexibility, which allows for the
customization and adaptation to specific characteristics of different antibody fusion
proteins. This applies to a much wider range of pharmaceutical development projects.
On the contrary, isolating the protein of interest from closely related contaminants can
be a challenge. The established protocol, as illustrated by a ASPH(scFv)-SNAP, has
been developing; however, extending this method to purify a broader range of
antibody fusion proteins with diverse physicochemical properties may necessitate
additional optimization steps. However, the established protocol serves as a solid
foundation, requiring minimal validation of efficiency to determine the most suitable
purification strategy for their specific needs and thereby streamlining the production

timeline and reducing costs significantly.
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7. Appendix

Table 13: Elements of the plasmid and their function

Elements Function

T7 promoter

Cytomegalovirus (CMV) promoter

protein(137)

Ig-Kappa leader Allows secretion of the fusion protein

N-terminal polyhistidine tags (His x 6)

proteins(138)

MSc of Science (Medicine)

Regulate the transcription of the target gene(136)
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Enterokinase (EKS) cleavage site

Permits the elimination of N-terminal histidine tags
and the isolation of the fused protein(139)

SNAPf

A rapid-labelling version of SNAP-tag, exhibiting a
reactivity boost of up to tenfold towards
benzylguanine (BG) substrates

Chimeric intron

Increase transgene expression by enhancing
mRNA processing (140)

F1 origin

Allows rescue of single-stranded DNA (141)

Internal ribosome entry site (IRES)

Facilitate the translation EGFP gene(142)

SV40 Ori

Origin of replication (143)

Bovine growth hormone polyadenylation (bGH
poly(A)) signal

Allows termination of transcription and initiate the
polyadenylation process during the expression of a
gene(144)

Green fluorescent protein (GFP)

Enable the visualization of successful transfection
in mammalian cells and of the tagged proteins
within living cells(145)

BleoR

Allows selection of transient transfectants in
mammalian cells (using Zeocin)

Lac operator

Inhibit the transcription of lac genes in the absence
of the lac gene(146)

Lac promoter

functions as a regulatory element that controls the
expression of genes involved in lactose
metabolism(146)

SV40 promoter

enabled sustained expression at stable levels(147)

Ampicillin resistance gene

Used as a genetic marker and allows the selection of
transformed cells

M13 rev

Single-stranded oligonucleotide sequence used in
polymerase chain reactions (148)

CAP binding site

Site where catabolite activator protein (CAP) binds,
playing a role in the transcription of multiple genes,
including those encoding enzymes crucial for sugar
metabolism(149)

Sfil/Not1

Restriction sites

Table 14: Binding validation steps for H22(scFv)-ETA

Mix Group / Cell line Volum | Objective Cell number to be
e stained
1 U937 stimulated unstained 200 pl 5 x 10° cells
2a U937 stimulated + ethanol + | 200 ul | Use to gate and 2.5x 10° cells
Viability-Live/dead Stain separate live cells from
Alexa Flour 405 dead cells
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2b

U937 stimulated + Add to 2a
after removal of ethanol

200 ul

(Compensation)

2.5x 10° cells

U937 stimulated + H22-
ETA + Anti-His
PE+Alexa646

200 ul

Single Stain

(Compensation)

5x 10° cells

U937 stimulated + H22dETA
+ Anti-His PE+Alexa646

U937 stimulated +
H22SNAP + Anti-His
PE+Alexa646

6A

U937 stimulated + Viability-
Live/dead Stain Alexa Flour
405 + H22-ETA+ Anti-His
PE+Alexa646

200 ul

5x 10° cells

6B

U937 stimulated +
ViabilityLive/dead Stain
Alexa Flour

405 + H22-ETA + Anti-His
PE+Alexa646

200 ul

5x 10° cells

U937 unstimulated +
Viability-Live/dead Stain
Alexa Flour 405 + H22-ETA
+ Anti-His PE+Alexa646

200 pl

5x 10° cells

U937 stimulated + Viability
Live/dead stain Alexa 405 +
Anti-CD64 Antibody — Alexa
Flour 647

200ul

Positive Control

5x 10° cells

U937 stimulated + AntiCD64
antibody — Alexa
Flour 647

200ul

Single Stain

(Compensation)

5x 10° cells

8A

U937 stimulated + Viability-
Live/dead Stain Alexa Flour
405 + H22-dETA + Anti-His
PE

200ul

5x 10° cells

&B

U937 stimulated + Viability-
Live/dead Stain Alexa Flour
405 + H22-dETA + Anti-His
PE

200ul

5x 10° cells

9A

U937 stimulated + Viability-
Live/dead Stain Alexa Flour
405 + H22-SNAP + Alexa
647

200ul

5x 10° cells

9B

U937 stimulated + Viability-
Live/dead Stain Alexa Flour
405 + H22-SNAP + Alexa
647

200ul

5x 10° cells

MSc of Science (Medicine)

Valentine Amanda Shangase



10 U937 stimulated + Anti-His | 200ul | Control/Secondary 5x 10° cells
PE Antibody Baseline

Table 15: Equipment needed
Equipment Manufacturer /brand
Weighing balance Radwag
pH meter Dostmann Electronic
centrifuge Beckman coulter
Pipettes Discovery Pro
Pipettes tips Merck
Heating block Eppendorf
Mini Trans-Blot Cell system Bio-Rad, USA
Gel Doc™ XR Gel Bio-Rad, USA
MiniProtean Tetra Cell system Bio-Rad, USA
Vacuum filtration system Conxport

ZOE™ Fluorescent Cell Imager

Bio-Rad Laboratories, UK

AKTA Avant protein purification system

GE Healthcare, USA

HisTrap™ Excel column

GE Healthcare, USA

HiTrap Chelating HP GE Healthcare, USA
HiTrap Chelating HP GE Healthcare, USA
HiTrap Q GE Healthcare, USA

HiLoad™ Superdex™ 200 pg

GE Healthcare, USA

TC biosafety cabinet Labgard
Cell counter Bio-rad
Tissue Culture incubator Nuaire
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Vortex

LMS Co Ltd

UV spectrophotometry

DeNovix, USA

Shaking incubator

Yinder Co Ltd

Water purification system Milli-Q

Table 16: Tissue culture Media

Media Composition Concentration

RPMI-1640 culture medium Phenol red 15 mg/L
Fetal Bovine serum 10 % v/v
Penicillin 100 I. U/ mL
Sodium Pyruvate 3.7¢g/L
Streptomycin 100 ug/ Ml
GlutamMAX 2 mM

Table 17: Cell lines used for the expression of SNAP-tag fusion antibody

Protein purified Expression system Cell line

o ASPH(scFv)-SNAP Mammalian HEK 293T
al243(scFv)-SNAP Mammalian HEK 293T

Table 18: E.coli strain used to express H22(scFv)-ETA

Strain Genotype Source

Escherichia coli (E. coli) F-ompT hsdSB (vrB- mB-) gal New England Biolabs, USA
BL21(DE3) dem- lon-

Table 19: Reagents used

for bacterial expression

Terrific broth Composition Quantity
Terrific broth powder 47.6
Glycerol 8 mL
ddH20 1L

Table 20: Additional buffers used for experiments

Buffers

Composition

1X PBS (pH7.4)

8.1mM KH2PO4
137mM NacCl
2.7mM KCL
Sterile dH20

8.1mM Na2HPO4
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1x SDS-PAGE Running Buffer pH 8.3

SDS powder(10g)
dH20(100mL)

Transfer buffer

Tris Base (30g) Glycine(144g)

1x Phosphate-Buffered Saline (PBS)

10x running buffer

Tris Base (30.3g)
SDS (10g) Glycine
(144g) dH20 (fill
up to 1L)

10% Ammonium per sulphate (APS)

Ammonium per sulphate powder (5g) dH20
(50mL)

10X Tris-buffered saline (TBS)

Tris Base(200mM)
NaCl (1.5M) dH20

1X buffer transfer 10X Transfer Buffer: 100% Methanol:
dH20 (1:2:7)
10X Tris-buffered saline (TBS) Tris Base(200mM)

NaCl (1.5M) dH20

1X TBS-Tween(TBST)

1 (TBS): 9 (dH20)
ImL Tween 20

4% Polyacrylamide gel

4 % Acrylamide/Bis-acrylamide
190 mM Tris-Cl, pH 6.8

0.1 % SDS

0.1 % Ammonium persulphate
0.1 % TEME

10% Polyacrylamide gel

10 % Acrylamide/Bis-acrylamide
375 mM Tris-Cl, pH 8.8

0.1 % SDS

0.1 % Ammonium persulphate
0.1 % TEMED

Luria-Bertani (LB) broth

1.0 %Casein peptone
0.5 % Yeast extract
1.0 % NaCl
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