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Abstract

Abstract

Breast cancer represents one of the most common forms of female malignancy of the 21st century.
Among the various breast cancer subtypes, triple-negative breast cancer (TNBC) is phenotypic of
breast tumors lacking expression of the estrogen receptor (ER), the progesterone receptor (PR) and
the human epidermal growth factor receptor 2 (HER2). As an idiosyncratic disease, TNBC
displays a conspicuously aggressive and invasive clinical course, with an unexplained partiality
towards women of African ancestry. Its acute heterogeneity and complexity behave as mutually
reinforcing negative factors, which further complicate prognosis, thereby increasing the burden of
breast cancer-related mortality. With the absence of well-defined molecular targets in TNBC, there
is a heightened reliance on tri-modality therapy (surgery, radiotherapy and chemotherapy), albeit
with an increasing incidence of adverse effects and disease relapse. To this end, there is an urgent
need to develop an arsenal of targeted diagnostics and therapeutics, which can be synergized to
cover the vast majority of triple-negative breast tumors, paving the way towards the development
of personalized regimens suitable for the particular needs and disease of each patient. As such,
achieving selective cytotoxicity, with minimal or no collateral damage to healthy tissues, embodies
the holy grail of targeted anti-cancer therapies. For instance, the high affinity and specificity of
monoclonal antibodies (mAbs) and derivatives thereof, have cemented their application as
revolutionary tools in the selective delivery of drugs to malignant cells. These therapeutic proteins,
also known as antibody-drug conjugates (ADCs), might exhibit several advantages compared to
their small-molecule counterparts, but their widespread clinical use is hampered by various
developmental considerations. Traditional conjugation strategies employed to arm mAbs with
cytotoxic warheads, usually give rise to heterogeneous mixtures of ADC species, bearing non-

uniform drug-to-antibody ratios (DARs), pharmacologic characteristics and safety profiles.

Fortunately, the implementation of self-labeling tags (such as SNAP-tag, CLIP-tag and Halo-tag)
are providing renewed impetus to homogeneous recombinant immunotherapeutics development.
More precisely, SNAP-tag is an engineered mutant of the human O(6)-alkylguanine-DNA
alkyltransferase, endowed with the ability to specifically and irreversibly react with benzylguanine
(BG) derivatives, forming a stable product. Based on the above premises, this research aims to use
SNAP-tag technology as a cutting-edge site-specific conjugation method to: (1) develop a
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comprehensive antibody platform, consisting of single-chain antibody fragments (scFvs)
genetically fused to SNAP-tag, to specifically screen and evaluate their predictive potential for
chondroitin sulfate proteoglycan 4 (CSPG4), CD44 and aspartate (aspartyl/asparaginyl) f-
hydroxylase (ASPH)-positive TNBC cells, (2) generate functional recombinant ADC formulations
as robust delivery systems carrying the antimitotic drug monomethyl auristatin F
(MMAF/AURIF), concurrently overcoming production constraints to yield therapeutically viable
and homogeneous combination products, and (3) provide a fail-safe system that overcomes the
lack of specificity of photodynamic therapy (PDT), by coupling scFv-SNAP-tag to the potent near-
infrared (NIR) photosensitizer (PS) IRDye700DX (IR700) and to demonstrate its selective dose-

dependent cytotoxic activities in vitro.

Following in silico design of the open reading frames (ORFs) coding for each construct,
standardized molecular cloning techniques were implemented to generate recombinant
mammalian expression plasmids, encompassing Ig-Kappa leader as an efficient protein secretory
system. After confirmation of the DNA integrity, protein expression was achieved through
transient transfection into HEK293T cells. Thereafter, the resulting histidine-tagged fusion
proteins (aCSPG4(scFv)-SNAP, aCD44(scFv)-SNAPf and a ASPH(scFv)-SNAP) were harvested
from the cell culture supernatant and subjected to immobilized metal affinity chromatography
(IMAC). In order to evaluate the outcome of this protein expression and purification step, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis were
used to confirm the presence of full-length recombinant SNAP-tag based fusion proteins based on
their molecular weights. Integration of the fluorescent dye Alexa Fluor 488 into the fusion proteins
was carried out to investigate the self-labeling activity of the SNAP-tag moiety, as well as to
provide qualitative and quantitative insights into the binding potential of the antibody fragments
towards their cognate antigens. Subsequently, the AURIF and IR700-based immunoconjugates
were generated by conjugating scFv-SNAP with their respective BG-modified substrates, in a
defined 1:1 stoichiometric reaction. The specific and dose-dependent biological activities of the

resulting bifunctional therapeutic proteins were then assessed on TNBC cells.
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In this study, pCB-aCD44(scFv)-SNAPf was successfully cloned and all 3 fusion proteins were
effectively expressed, although with low yields and purity, yet adequate for downstream in vitro
characterization. After showcasing the self-labeling potential of the SNAP-tag component, surface
binding of the fluorescently labeled product was demonstrated on antigen-positive TNBC cell lines
through confocal microscopy and flow cytometry. The cell killing ability of the novel AURIF-
based recombinant ADCs and IR700 photoimmunoconjugates, was illustrated by the induction of
a 50% reduction in cell viability (1Cso value) at nanomolar to micromolar concentrations on target
cell lines. This observable selective cytotoxicity revealed that conjugation of BG derivatives to
SNAP-tag, did not affect the binding potential of the antibody fragment, nor abrogated the
cytocidal activity of the payload.

As a proof of concept, this research builds on existing work that promulgates the use of SNAP-tag
as a state-of-the-art conjugation strategy that can circumvent the challenges associated with the
use of antibodies as effective delivery systems for therapeutic molecules. By harnessing the
applicability of SNAP-tag in the unambiguous generation of homogeneous and pharmaceutically
acceptable immunoconjugates, the results herein presented, also highlight the prospects of such
agents in disease-specific tumor suppression. While various architectural modifications could
further improve cytotoxic activities of future combination products, this research underscores the
duality of SNAP-tag in the development of immunodiagnostics and therapeutics, that could
potentially be instrumental in instilling a shift towards a personalized medicine stratagem. In
conclusion, the combination of such immunoconjugates with a robust companion diagnostic panel
provided by SNAP-tag, represents a first step towards the effective management of TNBC, with
potential impact on the economic, social and clinical settings.
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Chapter 1: Literature Review

INTRODUCTION

1.1 Breast cancer prevalence and its molecular subtypes

Breast cancer is a global public health crisis. Being first recognized in 1500 BC in ancient Egypt
[1], breast cancer is a disease characterized by the perpetual growth of malignant cells in the tissues
of the breast. According to statistics, breast cancer alone is expected to account for the majority
(30%) of all new cancer diagnoses in American women in 2020 [2]. On the African continent,
more than 50% of women diagnosed with breast cancer usually die of the disease [3]. Similarly,
breast cancer incidence is on the rise in South Africa, with the National Cancer Registry (2014)
estimates pointing towards a 1 in 27 lifetime-risk of developing the disease, making it a leading
cancer in South African women. At present, breast cancer is known as the second-leading cause
of death in women (American Cancer Society, 2020) and, on that account, it constitutes an

alarming threat to global socioeconomic well-being.

While breast cancer is a complex and heterogeneous disease [4], understanding breast cancer
requires a fundamental knowledge about the general structure of the normal female breast (Figure
1). A woman’s breast consists of milk secreting sacs called lobules and ducts that drain milk to the
nipples [5]. The most common histological types of breast cancers originate in the cells lining

these ducts and lobules, thereby resulting in ductal and lobular carcinomas respectively [6].

One important question about breast cancer concerns its emergence in the human body.
Throughout history, cancer research has attempted to establish the relationship between the root
causes of cancer and its biological characteristics [7]. Eventually, it was found that cancer arises
as a result of multiple genetic modifications over time [8]. In most cases, such mutations allow
cells to proliferate indefinitely, ultimately facilitating tumor formation. More recently, several
lines of evidence suggest the growing recognition of certain hallmarks that promote tumorigenesis
in humans. These important hallmarks are: self-sufficiency in growth signals, evasion of apoptosis,
sustained angiogenesis, insensitivity to growth-inhibitory signals, limitless replicative potential,

and tissue invasion and metastasis [9].
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Anatomy of the Female Breast
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Figure 1: Anatomy of the female breast. The normal female breast is made up of fatty tissue, ducts,
lobules, lymph and blood vessels. While cancerous growth can start in the cells of any breast tissue, the
most common types occur in the lining of the ducts and lobules (Source: National Cancer Institute, 2011).

However, over the years, epidemiologists have attempted to document the risk factors that may
play a profound role in increasing the incidence of this daunting disease. Although knowledge
about these risk factors cannot be used to explain an individual’s diseased state, it undeniably
provides the necessary platform for the implementation of preventive measures. For instance, it
has been reported that cancer arises from two different classes of carcinogens: those that can
damage genes involved in the control of cell proliferation, and those that can enhance tumor cell
growth [8]. In this case, limiting one’s exposure to such chemicals, might be a necessary course of
action to consider. Similarly, additional risk factors have been identified. These include: age,
obesity, late menopause, oral contraceptive use, early abortion, diet and family history [8,10-12].
Nonetheless, the exact mechanism through which some of these risk factors encourage the

formation of cancerous cells, is not yet fully understood.

As discussed above, breast cancer is a multifactorial disease, involving the cumulative effect of
genetic and environmental influences. Interestingly, one of the most important factors responsible
for increased breast cancer susceptibility, is a family history of the disease [13]. Indeed, about 5-
10% of all breast cancer cases are the result of inherited gene mutations [14]. Several gene defects
can be implicated in the occurrence of hereditary breast cancer. However, little is known about the

precise interplay between these genes and the environment and how they tip the balance in favor
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of breast carcinogenesis. Among these genes, BRCA1 and BRCAZ2, appear to exercise a monopoly
over the heightened incidence of this disease in the United States and European populations [15].
In addition, the BRCAL and BRCAZ2 genes were found to be localized on chromosome 17 and
chromosome 13q12-13 respectively [13]. Strikingly, while their expression is not solely restricted
to breast tissues, mutations in these genes are most commonly associated with breast and ovarian
cancers [16]. In order to explain this strange phenomenon, it was postulated that the inactivation
of BRCA1 and BRCAZ2, promotes estrogen-induced DNA damage in these two specific tissues
[17]. As a matter of fact, BRCA1 and BRCA2 are known to be tumor suppressor genes [18]. This
means that under normal circumstances, they actively work to regulate the growth of cells. This is
made possible through their ability to trigger DNA damage response pathways [13]. As an example
for this statement, it was found that mouse embryonic stem cells deficient in BRCAL, are more
sensitive to DNA damage and less capable of transcription-coupled repair [19]. Here, BRCAL is
significant since individuals carrying mutations in this gene, are more prone to developing triple-

negative breast cancer (TNBC) [20] — the main focus of this PhD dissertation.

Over the years, researchers have realized that the key to effective management of breast cancer,
resides in early and accurate diagnosis [21]. The earlier the diagnosis, the higher the long-term
survival rate [22]. Being able to detect early signs of breast cancer, implies that the disease is more
treatable and less debilitating to patients. Unfortunately, breast cancer is a highly heterogeneous
disease [23], and the acute disparity in biological and morphological features of breast tumor cells,
directly hinders their clinical classification. This means that patients with the same stage of disease
can react differently to the same treatment. Consequently, there is a huge demand for patient-
tailored therapeutic strategies that would allow accurate prognostication and a more conducive
treatment plan. At present, breast cancer screening is typically done through a physical
examination and affordable imaging techniques including x-ray mammography, magnetic
resonance imaging and breast ultrasound. With the ongoing outbursts in technological
advancement, these imaging tools have witnessed varied opinions from the scientific community.
A vast amount of work points towards the inefficiency of such imaging devices. Their lack of
sensitivity and specificity [24] does not ensure complete detection of every single carcinoma of

the breast. As one of the mainstays of breast cancer detection, x-ray mammography is known to
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be responsible for an appreciable reduction in breast cancer mortality for women falling within the
50-69 age group [25]. Nonetheless, many researchers hold the view that the phenomenon of false-
negatives in mammography cannot be dismissed [26-28]. Scientists began to understand that
gaining further insight into the nature and biochemical diversity between normal and tumor cells,
would considerably promote the creation of drugs and therapies targeted towards specific tumor
types. Therefore, the primary challenge to breast cancer control involved being able to classify

cancerous cells in a simple, yet accurate and effective manner.

To this end, several important aspects are considered for the classification and proper monitoring
of breast cancer disease. For instance, in the clinical setting, the traditional TNM staging system
(Tumor size, presence of Nodal metastasis, and presence of distant Metastasis) is in popular use
[29]. Moreover, if preliminary breast screening examinations reveal a possible predisposition to
cancer, a biopsy may be conducted. Such procedure allows pathologists to examine breast tissue
samples under the microscope and to assign a histological grading to the tumor type based on the
morphological characteristics of the cell [30]. Newer methods for classification rely on DNA
microarray platforms, which have enabled researchers to unravel the molecular complexity of the
disease. In addition, this approach generates gene expression profiles which can be used to predict
the clinical outcome of breast cancers [31]. By determining the expression status of cellular
components that play a defining role in signaling pathways, 4 intrinsic breast cancer subtypes were
identified [32]. These subtypes are marked by the presence or absence of the estrogen (ER) and
progesterone (PR) receptors, as well as the human epidermal growth factor receptor 2 (HER2)
[33,34]. They are as follows:

1. Luminal A subtype:
Being the most common subtype, luminal A tumors are characterized by the expression of the ER,
PR and cytokeratin CK8/18 [32]. These tumors usually have a well-founded prognostication, along

with a lower relapse rate in comparison to other subtypes [35].

2. Luminal B subtype:
While both subtype A and B express ER, subtype B is marked by an overabundance of proliferation

genes, besides exhibiting the worse clinical outlook [32].
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3. HER2-positive subtype:

The overexpression of HER2 occurs in 20-30% of all breast cancers [36]. They tend to grow more
quickly and are generally known for their aggressive behavior [37]. Fortunately, treatment is
available; Trastuzumab has demonstrated effectiveness in patients with HER2-positive metastatic

breast cancer [38].

4. Basal-like subtype:

One of the most distinctive hallmark of this subtype is the absence of 3 key receptors involved in
breast cancer: ER, PR and HER2 [32]. Hence, they are also referred as the ‘triple-negative’
subtype. Basal-like cancers are known for their aggressive nature and are highly unlikely to benefit
from currently available targeted therapies [39].

Therefore, it can be concluded that high-throughput molecular technologies have indeed
contributed to significant breakthroughs in cancer research. However, the difficulty lies in
implementing this approach into the clinical arena [32]. Perhaps, a tentative solution would be the
development of novel serum-based laboratory tests that could facilitate routine breast cancer

screening and monitoring.

1.2 Triple-negative breast cancer

Of the estimated 1 million cases of breast cancer diagnosed annually worldwide, approximately
over 170,000 will encompass the triple-negative phenotype [40]. Triple-negative breast cancer
(TNBC) accounts for 10-15% of all breast cancers and is characterized by the lack of expression
of ER, PR and HER2 [41,42]. It seems to occur more predominantly in women of African ancestry
than any other ethnic origins, particularly in premenopausal women [43,44]. Although this racial
preference has been reported by various studies, an accurate explanation for this observation
remains unfounded [44,45]. Whether this association is related to germline genetic factors,
environmental factors, or a combination of both, is still poorly understood [46]. Nonetheless,
according to the 2008 Carolina breast cancer study, several factors increase the predisposition to
TNBC,; these include increased parity, younger age at first-term pregnancy and shorter duration of

breast-feeding [47]. Therefore, as stated by Brewster et al. (2014), it can be concluded that there
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is an urgent need for collaborative multinational research focused on the causes, prevention and

treatment of TNBC in women of African origin [41].

Among all the breast cancer subtypes, TNBC has the worst prognosis, with a generally aggressive
clinical course, and is associated with a large proportion of breast cancer-related mortality
[42,48,49]. Indeed, its inherent heterogeneity, along with the lack of tangible molecular targets,
represent challenging obstacles to effective TNBC treatment [50,51]. Statistics indicate that
despite tri-modality therapy (surgery, radiotherapy, adjuvant/neoadjuvant chemotherapy), as many
as 50% of patients with resectable TNBC (stage I-111), experience disease relapse and 37% die in
the first 5 years post-surgery [52,53]. Based on these trends, researchers started to recognize the
necessity to understand the complexity of this daunting disease. Through extensive genomic and
biological analysis across 21 breast cancer data sets, Lehmann and colleagues (2011) were able to

identify 6 TNBC subtypes with unique gene expressions and ontologies [54]. These are:

1. Basal-like 1 (BL1) and basal-like 2 (BL2) subtypes:

Although frequently used interchangeably, the terms ‘triple-negative’ and ‘basal-like’ are not
completely synonymous, as shown by an estimated 20-30% discordance across several studies
[55-58]. More explicitly, TNBC refers to the immunohistochemical classification of breast tumors
while ‘basal-like’ is determined via gene expression microarray analysis [42]. As such, the
majority of TNBCs are of the basal-like molecular subtype, which are marked by elevated levels
of basal cytokeratin expression (cytokeratins 5/6 and 17), higher histological grade, increased
mitotic activity, marked cellular pleomorphism, a high Ki67 index, poor differentiation, early
relapse and decreased survival [48,56,59,60].

Interestingly, the BL1 subtype is characterized by increased proliferation and cell cycle checkpoint
loss (due to increased expression of DNA damage response genes), while BL2 is abundant in genes
involved in growth factor signaling, glycolysis and gluconeogenesis [54]. The highly proliferative
nature of these subtypes thus warrants the use of antimitotic drugs (such as taxanes) in the
treatment of basal-like TNBCs [61,62].
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2. Immunomodulatory (IM) subtype:

The IM subtype displays enrichment for genes involved in immune cell processes such as those
involved in immune cell signaling, cytokine signaling and antigen presentation (T helper type 1/2
pathway, natural killer cell pathway, B-cell receptor signaling pathway, T-cell receptor signaling,

dendritic cell pathway, cytokine signaling pathway, 1L-12 and IL-7 pathways) [54].

3. Mesenchymal (M) and mesenchymal stem-like (MSL) subtypes:

The M subtype exhibits an overexpression of genes involved in cell motility, extracellular matrix-
receptor interaction and cell differentiation pathways. While the MSL subtype shares a similar
gene expression pattern as the M subtype, it is uniquely enriched in genes involved in growth
factor signaling, including calcium signaling, inositol phosphate metabolism, epidermal growth
factor receptor (EGFR) and ATP-binding cassette (ABC) transporter [54].

4. Luminal androgen receptor (LAR) subtype:
While this subtype is ER negative, its ontologies point to the heightened expression of genes
involved in hormone regulation pathways, including steroid synthesis, porphyrin and androgen

metabolism [54].

Unfortunately, the detection of TNBC using routine screening methods such as mammography or
ultrasound, is not adequate; in 2007, Dent et al. reported that detection of triple-negative breast
tumors was more plausible via clinical examination than through the application of imaging
devices [63]. In agreement with the above statement, it has been shown that TNBCs usually present
as ‘interval cancers’ between regular mammograms, most possibly arising from the rapid growth
rate or differences in breast tissue density [40,64]. Due to the relative lack of therapeutic target for
TNBCs (as compared to endocrine-sensitive and HER2-positive breast cancers) and the absence
of specific treatment guidelines, this aggressive disease entity is managed with standard
chemotherapeutic treatment [46]. For instance, cytotoxic chemotherapy (using taxanes,
anthracyclines, capecitabine and ixabepilone amongst others) remains the treatment of choice for
patients presenting with metastatic TNBC [65]. An interesting paradox is the finding that TNBCs
are often more responsive to initial chemotherapy treatment than any other breast cancer subtype

[51,52]. However, the activities of these agents were usually short-lived, as illustrated by a
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retrospective analysis of 111 cases treated with monotherapy or combinations [66]. Moreover,
relapse is a common occurrence, arising primarily in visceral organs and in the central nervous
system [52,67,68].

Taking these challenges into account, recent advances in drug developmental therapeutics have
been centered around the discovery of molecular targets among triple-negative breast tumors.
Indeed, the armamentarium of ‘targeted’ therapeutics for TNBCs is evolving, as exemplified by
strategies to inhibit angiogenesis, poly (ADP-ribose) polymerase 1 (PARP1), p53 and its
downstream effectors (phosphoinositide 3-kinase (P13K)/Akt/mTOR, checkpoint kinase 1 (Chk1),
heat shock protein 90 (Hsp90), histone deacetylase (HDAC), cyclin-dependent kinase (CDK) and
Nutlins), EGFR and the fibroblast growth receptor (FGFR) [40,55,69,70]. Strikingly, despite these
Herculean efforts, there are, to this date, no efficacious targeted therapies for TNBCs [70].
However, with rapid evolution in personalized medicine, the identification of transmembrane
receptors that drive the biology of TNBCs, becomes more feasible, thereby guiding the
development of targeted therapeutics and companion diagnostics with predictive value for TNBC
patients [71,72].

1.3 Non-targeted therapy in breast cancer treatment

1.3.1 Chemotherapy

Chemotherapy — the oral or intravenous administration of cancer-killing drugs — remains the
cornerstone of treatment for preventing recurrence in women with stage I-111 breast cancer [73,74].
The term neoadjuvant chemotherapy (NAC) refers to chemotherapy given before locoregional
therapy, which was shown to be effective in the management of buccal carcinoma more than 3
decades ago [75,76]. In the context of breast cancer, the initial aim of NAC was to achieve an
immediate reduction in tumor burden, thereby expediting subsequent radical mastectomy or
radiotherapy [77]. Eventually, with several studies pointing to no difference in survival between
breast-conserving surgery and radiotherapy versus mastectomy, the use of NAC was extended to
patients with locally advanced breast cancer, in view of increasing breast conservation rates [78—
80]. On the other hand, post-operative chemotherapy, also known as adjuvant chemotherapy (AC),

is increasingly advocated in the eradication of micro-metastatic disease (already present at the time
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of surgery), with an accompanying reduction in recurrence rates and an improved long-term
overall survival [81-83]. However, whether AC or NAC offers a more enhanced survival benefit
in breast cancer patients, remains controversial [84,85] and several landmark studies have found
that regardless of the sequence of chemotherapy (AC or NAC), there has been no significant
difference in disease progression, disease-free survival or overall survival for any breast cancer
subtype [84,86-88].

Cytotoxic chemotherapy for breast cancer has been used consistently in the 1970s, leading to the
identification of several groups of antitumor compounds including alkylating agents
(cyclophosphamide, thiotepa, L-phenylalanine mustard), antimetabolites (5-fluorouracil,
methotrexate), vinca alkaloids (vincristine, vinblastine) and anthracyclines or antitumor antibiotics
(doxorubicin, mitomycin), amongst others [89,90]. For early breast cancer, the current
chemotherapy standards are the anthracyclines and taxanes, administered in combination or in
sequence over a period of 18-24 weeks [91]. However, in the adjuvant setting, treatment with these
2 compounds, resulted in a rising number of female patients being pre-exposed to these agents,
while presenting with metastatic disease, thus further complicating disease management [83]. For
patients with TNBC, neoadjuvant anthracycline-taxane therapy is recommended, with the addition

of platinum to further improve pathological complete response [91-93].

Interestingly, anthracyclines are among the most active chemotherapeutic agents for the treatment
of breast cancer, as illustrated by multiple trials demonstrating its association with lower rates of
breast cancer recurrence and improved survival as compared with chemotherapeutic regimens
employing cyclophosphamide, methotrexate and fluorouracil [94]. By the year 2000, it was
reported that the use of adjuvant anthracyclines was prominent in 70-80% of women younger than
70 years old [95]. Nonetheless, given its association with cardiac toxicity, there has been a decline
in the use of anthracycline-based chemotherapy [96]. Although rare, this resulting congestive heart
failure is known to be irreversible and may increase as the treatment progresses [97]. Based on
these overriding drawbacks, there has been a general trend towards the investigation of taxane-
based regimens as an alternative to anthracycline treatment [98]. Taxanes (paclitaxel, docetaxel)

generally work by inhibiting microtubule disassembly, which in turn halts mitotic activity in
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malignant cells [83]. While paclitaxel was identified to have significant activity against metastatic
breast cancers in the 1990s, docetaxel appears to be the more active taxane, with a longer half-life,
rapid cellular uptake and longer intracellular retention [83,99]. Unfortunately, taxane-based
therapy is prone to drug resistance, particularly due to the overexpression of p-glycoprotein efflux

pumps [100].

1.3.2 Surgery

Cancer surgery represents the oldest oncological discipline, dating back as far as ancient Egypt
[101] and probably remains one of the frontline treatment modality for most cancers. With the
introduction of robotics, laparoscopy and reconstructive surgical procedures to combat morbidity
and mortality, there has been a major shift towards the preservation of form, function and quality
of life [102]. More explicitly, modern cancer surgery aims to excise the tumor with a surrounding
margin of healthy tissue, rather than cutting directly into the cancerous mass [102]. Unfortunately,
such a delicate procedure necessitates the selection and integration of appropriate diagnostic
methods and currently, x-rays, radiography and computerized tomography (CT) scanning are being
used to allow determination of the exact location and extent of the tumor [103]. Undoubtedly, the
challenge for surgeons has been to facilitate local control, while achieving optimum cosmesis and
minimal rates of recurrence [102]. To this end, progress in surgical advances, coupled with the
popular usage of AC and NAC, provides an optimistic climate that reduces morbidity and
encourages the rate of breast-conservation and breast reconstruction for those undergoing

mastectomy (complete removal of the entire breast) [84].

In the 1980s, most women with breast cancer were subjected to mastectomy (usually with axillary
lymph node dissection), which resulted in a permanent disfiguring scar, forcing women to resort
to the wearing of prosthesis, both of which had considerable repercussions on sexuality and
femininity [102]. Furthermore, it is recognized that body disfigurement caused by surgery, will
affect the emotional and psychological state of breast cancer patients, making them more prone to
depression [104,105]. Common post-surgical morbidities include lymphedema, impaired shoulder
mobility, and decreased upper extremity flexibility and strength [106,107]. Strikingly enough,

some women with unilateral disease (cancer in one breast), opt for bilateral mastectomy to prevent
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cancer development in the other breast, despite no clinical proof warranting additional survival
benefit [108,109]. Several factors can affect the decision-making process and women’s preferences
for breast-conserving surgery (also known as lumpectomy) or mastectomy; these include tumor
size, location, access to radiotherapy, socio-economic status, educational level, ethnicity, BRCA
status and family history [110-115].

With the expanding arena of reconstructive techniques and the relentless innovation in plastic
surgery, the rates of breast reconstruction following mastectomy are improving steadily, especially
with several studies attesting to better quality of life and mental health experienced by women who
adopted this procedure after mastectomy [116,117]. Nonetheless, these women showed higher
levels of physical discomfort [118]. In contrast, breast-conservation surgery, which was made
possible through the pioneering work of Fisher and Veronesi [78,119], has evolved and is now
recognized as a safer alternative to mastectomy [120]. Early attempts at breast conservation
involved wide excision of the tumor, often by removing a whole breast quadrant, without any
restoration of breast contour [102]. However, with modern oncoplastic techniques, breast-
conservation surgery is brimming with promise; surgeons are now able to excise up to 50% of the
volume of the breast and still maintain breast shape and aesthetics through a complex array of

intramammary flaps and pedicles [121].

As a consequence of such developments, cancer surgery is undergoing a period of renaissance,
especially with the inception of personalized surgery. Precision surgery guided by intraoperative
molecular imaging involving the use of dyes and isotopes, is in ebullition [122]. Whether or not

these technologies will be affordable for routine clinical practice, however, remains to be seen.

1.3.3 Radiation therapy

With much credit attributed to Wilhelm Rdntgen and Marie Curie for the discovery of x-rays and
radioactive elements respectively, radiation therapy for the treatment of breast cancer was first
made possible in the 1930s, with the use of radium needles and external-beam radiation therapy
with orthovoltage x-rays [123,124]. It was initially either added to mastectomy to eradicate

possible residual disease (in the breast, chest wall or underarm area), or used as an alternative to
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surgery, particularly in high-risk areas where surgery could affect function and cosmesis [125].
Nowadays, breast-conservation surgery followed by radiation therapy, is a widely accepted
standard approach, which has shown to reduce the risk of cancer recurrence by 50% at 10 years
and the risk of breast cancer deaths by almost 20% at 15 years [120,126,127]. Moreover, women
treated with this combination approach, had a greater likelihood of bilateral breast preservation at
10 years, as compared to women treated by breast-conservation surgery alone [128]. Despite these
benefits, Hughes and colleagues have demonstrated that radiation therapy does not improve
survival for older breast cancer patients (70 years of age and above) who have recourse to hormonal
therapy, although it does reduce the risk of local recurrence [129]. Interestingly enough, studies
have shown that there is an underuse of radiation therapy among younger women with early breast
cancer; rates of radiation therapy receipt were around 85%, suggesting that 15% (or more than 1
in 8) women, do not receive standard of care treatment [130,131]. Some of the common reasons
behind this tendency, range from improper patient selection, completion mastectomy (patients who
received breast-conservation surgery and later a mastectomy), transportation/ambulatory issues

and fear surrounding radiation toxicity [132].

In contrast, postmastectomy radiation therapy remains a popular approach in the management of
advanced-stage breast cancer [133,134]. Although radiation is recommended for tumors greater
than 5 cm or with more than 4 involved lymph nodes, postmastectomy radiation therapy is being
applied more broadly, given its potential in preventing local recurrence [94,135]. However, despite
the reduction in local and regional disease progression, the addition of radiation to mastectomy,
has failed to provide the much-needed increase in survival and freedom from distant metastases
[125]. Several important bottlenecks are associated with the use of postmastectomy radiation
therapy; with the lack of advanced imaging technologies to detect local-regional disease
progression, there is no way to ensure coverage of critical breast cancer targets or determine what
volume of critical organs is exposed to radiation [125]. Unfortunately, non-targeted radiation
therapy induces tissue injury on the chest wall, which can manifest as radiation dermatitis, edema,
breast shrinkage, pulmonary fibrosis, secondary solid cancers and ischemic heart disease [136—
140]. To this end, achieving the required clinical ideal, has resulted in the harnessing of three-

dimensional CT imaging for the treatment planning of radiation therapy, while allowing the
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development of new techniques that can deliver radiation to tumor cells more accurately, with

fewer side effects and improved survival [141].

Accelerated partial-breast irradiation, which refers to radiation therapy given at higher doses over
fewer days, may be effective as conventional therapy [142]. It can be administered as an external-
beam, catheter-based (brachytherapy) or intraoperative radiation therapy [143]. External-beam
radiation therapy (where radiation from an outside source is focused on the cancerous area) offers
excellent target coverage and dose heterogeneity, but low conformality as compared to
brachytherapy, which may increase radiation exposure to the uninvolved ipsilateral breast, skin,
heart and lungs [144]. Fortunately, intensity-modulated radiotherapy and tomotherapy for CT
guidance may assist in resolving these issues [145]. Brachytherapy, on the other hand, employs
the use of catheters that can be inserted in the excision cavity remaining after breast-conservation
surgery and while they reduce exposure to normal tissues, infection associated with such treatment,
is not completely avoided [143]. Intraoperative radiation therapy represents the ability to deliver a
single large therapeutic dose of radiation directly to the tumor bed during surgery [144]. Its
advantages are manifold; it alleviates the need for a prolonged course of treatment, which
ultimately reduces financial burden and psychological distress caused to patients [146]. The
rationale for such a procedure, is based on the finding that approximately 85% of breast relapses
are confined to the same quadrant of the breast as the primary tumor [147]. In spite of showing no
increase in postsurgical complication rates following the use of intraoperative radiation therapy,
Veronesi et al. (2003) suggest that longer follow-ups are needed to assess cosmetic outcomes,

which may be impaired by fibrotic changes in the breast tissue after a high-dose irradiation [146].

1.3.4 Photodynamic therapy

Photodynamic therapy (PDT) is a minimally invasive therapeutic modality used for the
management of a variety of cancers and benign diseases [148]. It relies primarily on the uptake of
a light-absorbing chemical substance, also known as a photosensitizer (PS), which upon being
excited by light at a defined wavelength, reacts with oxygen to generate oxidant species (such as
radicals, singlet oxygen and triplet species) in target tissues, leading to cell death [149,150]. The
overarching cytotoxic potential of PDT has been established to arise from the oxidation of a large
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array of biomolecules in cells (nucleic acids, lipids and proteins), culminating to severe alteration
in cell signaling cascades or gene expression regulation [151,152]. Nowadays, new evidence is
underscoring the potential of PDT in inducing immunity against recurrence, while destroying
distant metastases with minimal side-effects and reduced long-term morbidity, thus providing

additional advantages over existing treatments such as chemotherapy and radiotherapy [153,154].

As mentioned previously, the successful use of PDT requires the simultaneous presence of 3
important components: the PS, molecular oxygen present in the tissues and visible or near-infrared
radiation, none of which is particularly toxic or cell-damaging on its own [148]. Following
systemic or topical administration of the PS, its uptake into malignant tissue remains crucial;
without achieving optimum tissue concentration, exposure to light (usually done over a pre-
determined period) will not ensure effective treatment [154]. Interestingly, PDT can exert its
oxidative effects through 2 distinct mechanisms (Figure 2). The absorption of a photon of light by
the PS leads to a photochemical reaction, which allows elevation of the PS molecule from its
ground state (So) to an excited state (S1) [153-155]. For this purpose, the optimum wavelengths
for the transmission of light to the desired area, lie between 600-800 nm; across this range, major
components of living tissue (water, haemoglobin in blood and protein) have low absorption, which
allows more efficient light transmission [154,156]. Subsequently, transition of the PS from the
singlet Sy state to the triplet T1 excitable state, allows the PS to transfer this energy to biomolecules
or to oxygen molecules, to generate reactive oxygen species (ROS) (Type | mechanism) or highly

reactive singlet oxygen (Type Il mechanism) respectively [154,157].

Strangely enough, it is assumed that type Il reaction is the most important process governing the
efficiency of PDT [157]. However, several factors may affect the ratio of contribution of both
mechanisms, including oxygen concentration, pH, tissue dielectric constant and PS structure [157].
As the oxygen starts to deplete, the first type of mechanism begins to prevail [158]. Through the
generation of a diverse palette of oxygen species, destruction of tumor cells is achievable through
the synergistic action of different types of cell death. Nonetheless, this is highly dependent on the
intracellular location of the PS; mitochondrial damage can lead to apoptosis, cell membrane

destruction induces necrosis, and damage to lysosomes or endoplasmic reticulum can give rise to
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autophagy [159-161]. Additionally, damage to tumor vasculature can compromise the supply of
oxygen and essential nutrients, as well as activate the immune system by inducing an inflammatory
and immune response against tumor cells [157,162,163]. In other words, the induction of multiple
cell killing mechanisms, represents a formidable characteristic of PDT, since it can increase

photodestruction of tumor cells harboring resistance to a particular cell death pathway [164].

Excited singlet state \ C PSy 2
Intersystem =~
crossing Excited triplet state 0,

fluorescence

| biomolecue |

phosphorescence

Ground singlet state

Figure 2: Principle of photodynamic therapy. Following light absorption, the photosensitizer reaches an
excited singlet state. Transition to the triplet excited state, allows (1) reaction with biomolecules to generate
radicals, which react with molecular oxygen to generate reactive oxygen species through type I reaction, or
(2) direct reaction with oxygen to form singlet oxygen species via type Il mechanism [155].

Fortunately, the described photocytotoxic reactions occur primarily in the area of PS distribution,
thereby enabling selective destruction [165]. Moreover, as compared to normal tissues, tumors can
preferentially retain a larger concentration of the PS when administered intravenously [154].
Reasons for such biodistribution may be the leaky vasculature and poorer lymphatic drainage of
tumors, or the tendency of PSs to combine with low density lipoproteins which are abundant in
actively dividing cancer cells [154,157,166]. Due to their photochemistry and uptake properties,
currently only a few PSs are officially approved worldwide and used clinically [153]. As such, PSs
used for preclinical and clinical application in the context of breast cancer, are listed in Table 1. In
1993, Porfimer sodium (sold as Photofrin), was the first PS approved for PDT of bladder cancer
by the Canadian Health Agency [153]. Eventually, it was approved by the Food and Drug
Administration (FDA) for the treatment of various types of malignancies, including lung,
esophageal, gastric, cervical and breast cancer [167,168]. Despite showing efficacy as a good PS,
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Photofrin exhibits certain shortcomings that limit its clinical application; it has low chemical purity
(itis a mixture of over 60 molecules), poor tumor penetration, long half-life and high accumulation,
which results in skin hypersensitivity to light for several weeks [157,169,170]. The disadvantages
of 1st generation PSs thus provided an incentive for the investigation of new compounds, which

led to the development of second generation PSs [171-173].

Table 1: Photosensitizers investigated for use in breast cancer treatment

Photosensitizer (PS) Treatment Stage of development References

wavelength (nm)

Porfimer sodium (Photofrin) 630 1st generation PS [168,174]
FDA approved but in
clinical trial for breast
cancer skin metastases
Verteporfin (Visudyne) 690 2nd generation PS [172,175]

Clinical trial for primary

breast cancer

SnEt2 (Purlytin) 660 2nd generation PS [171]
Phase Il clinical trial

Motexafin lutetium (Lutex) 720 2nd generation PS [172]
Phase I clinical trial

mTHPC (Temoporfin) 652 2nd generation PS [154,156]

Approved for the treatment
of squamous cell carcinoma
and lung cancers
NPe6 (Talaporfin) 660 2nd generation PS [173]

Clinical trial for breast

cancer skin metastases

Zinc phthalocyanine 675 2nd generation PS [176]
Not currently used
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Temoporfin (mMTHPC) was the second PS to be granted approval for the treatment of advanced
head and neck squamous cell carcinomas [177,178]. Given its promising activity, it was tested in
various other cancers (breast, pancreatic and prostate) but the results varied considerably [179—
181]. For breast cancer patients, Temoporfin-based PDT seemed effective, coupled with minimal-
invasive and few side effects [180]. Similarly, Visudyne is another 2nd generation compound
indicated for the treatment of cutaneous metastases in breast cancer [172,175]. Despite its poor
water solubility, Visudyne exhibits high tissue penetration at 690 nm, with an optimum
concentration lasting between 30-150 minutes and complete clearance at 48 hours [154]. Purlytin
(a chlorine PS), Talaporfin and Lutex have also been assessed in the treatment of breast cancer

metastases, recurrence and mammary skin lesions [171-173].

Another area of active interest has been the investigation of PDT treatment in combination with
adjuvant radiotherapy and chemotherapy. For instance, several in vitro studies warrant a synergism
between PDT and ionizing radiation in killing breast tumor cells [174,182]. The use of indocyanine
green as a PS in conjunction with low dose radiotherapy, has shown to be effective at reducing the
percentage of viable cancer cells, while partially abating the adverse effects of PDT [182].
Following this same strategy, PDT has been combined with traditional chemotherapy, in view of
potentiating therapeutic outcomes associated with the use of low-dose treatments, thus
concurrently minimizing side effects and reducing the risk of drug resistance [162]. For example,
cisplatin, a chemotherapeutic drug which is infamous for its severe adverse reactions, has been
combined (in low doses) with indocyanine green-based PDT and the results demonstrated
reinforcement of therapeutic efficacy as compared to each therapy alone [183]. Likewise, the
combination of Temoporfin and 5-fluoro-2’-deoxyuridine gave rise to lower cell survival in MCF-
7 breast cancer cells as opposed to the corresponding single-mode therapy [184]. Research
conducted by two independent groups on the in vitro and in vivo effects of doxorubicin and PDT
on breast cancer, further supports the concept of the enhanced antitumor effects arising from this
combination strategy [185,186].

PDT as a therapeutic intervention has been shown to improve patient’s quality of life and reduce

medical costs as compared to palliative surgery and chemotherapy regimens [187,188]. However,
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several factors may considerably hamper PDT treatment outcomes and its transition into clinical
practice. These include: rapid depletion of oxygen levels in tumorigenic tissues [189,190], limited
penetration of light [153], finding the optimal light dose regimes [162,191], avoiding skin
photosensitivity [154] and pain [162], incomplete tumor elimination and presence of PDT-resistant
tumors [153]. Therefore, it comes as no surprise that PDT in breast cancer is still at preliminary
stages of research [154]. Further clinical studies are thus required for PDT to be accepted as a
standard first-line treatment (either alone or in combination) for a wide variety of tumors, including

breast cancer.

1.4 Targeted (antibody-based) therapy of breast cancer
1.4.1 Overview: Monoclonal antibodies as therapeutic agents in oncology

More than a century ago, Paul Ehrlich postulated that a ‘magic bullet’ could be used to selectively
target disease [192]. This vision became more practical with the advent of hybridoma technology
(by Kohler and Milstein in 1975), which allowed the production and engineering of unlimited
quantities of highly specific monoclonal antibodies (mAbs) [193]. Indeed, the use of mAbs as
therapeutics has been receiving considerable attention by the pharmaceutical industry, with
approximately 80 mAbs approved by the FDA (as of May 2018) for various indications, including
cancer and immunological diseases [194,195]. These therapeutic antibodies are generally of the
immunoglobulin G (IgG) isotype and possess the same basic structure (Figure 3). IgG molecules
are large heterodimeric proteins with a molecular weight of ~150 kDa and are comprised of 2
identical heavy chains and 2 identical light chains (held together by disulfide bonds), each
composed of variable (Vn and VL) and constant domains (Cx and Ci) [196]. The variable region
contains the complementarity determining regions (CDRs) which are the major site of interaction
with the target antigen [197]. Altogether, the IgG molecule is divided into 3 functional domains;
2 antigen-binding domains (Fab) connected by a highly flexible hinge domain to the fragment
crystallizable (Fc or effector) domain of the antibody, which can interact with a variety of cell
surface receptors, as well as components of the complement system [196,197]. Through the
selective recognition of antigens that are preferentially expressed on tumor cells, mAbs may exert

antitumor effects through various mechanisms, including apoptosis, antibody-dependent cellular
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cytotoxicity (ADCC), blocking growth factor receptors and complement-mediated cytotoxicity
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Figure 3: Schematic diagram depicting structure of an 1gG molecule and a variety of engineered
antibody formats. Recombinant antibody technology and phage display techniques have allowed the
generation of various antibody formats with varied affinity and specificity (Source: tebu-bio.com, 2018).

While initial trials with mAbs produced quite startling results [199], various challenges became
apparent. Most of these mAbs were derived from mice and patients exposed to them developed
human anti-mouse antibody (HAMA) responses, which considerably restricted the number of
treatments that could be safely administered [200]. To mitigate these shortcomings, molecular
engineering techniques enabled CDR-grafting to generate chimeric and fully humanized
antibodies [197]. Moreover, alleviating barriers to antibody distribution in tumor cells, encouraged
the enzymatic cleavage of IgG molecules into smaller functional fragments (Fab and F(ab’)), as
well as harnessing the advantages of antibody technology to engineer a variety of recombinant
antibody formats (Figure 3) [197]. As such, single-chain variable fragments (scFvs) (composed of
peptide-linked Vy and Vi domains) — known for their small size (~25 kDa), rapid renal elimination
and highly specific tumor localization — are emerging as key players in the field of targeted
anticancer therapeutics by fostering the development of immunotoxins (ITs) and human cytolytic
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fusion proteins (hCFPs) [71,201]. In contrast, to improve their killing activity, mAbs are being
armed with potent cytotoxic drugs, giving rise to antibody-drug conjugates (ADCs) [202].

1.4.2 Anti-HER?2 antibody-based therapies

For a long time, only ER and PR were available as biological markers guiding targeted treatment
options in breast cancer and the use of endocrine therapy (involving chemical compounds acting
as receptor agonists or antagonists) in combination with chemotherapy, failed to show considerable
utility in the management of cancer [203]. These limitations aroused significant research interest
in the discovery of potential therapeutic markers and one such promising marker is the HER2
oncogene. HER2 (also known as c-erbB-2) is a transmembrane receptor which belongs to a family
of epidermal growth factor receptors (EGFRs) with tyrosine kinase activity [204]. This family of
receptors is responsible for the growth and differentiation of many normal and transformed
epithelial cell types [205]. HER2 is an attractive target since it is overexpressed in 20-30% of
ductal breast tumors and this overexpression is associated with reduced median survival as
compared to women with normal tumor expression of HER2 [37]. In September 1998,
Trastuzumab (Herceptin), a humanized mAb directed against the extracellular domain of HER2,
was approved for the treatment of metastatic breast cancer patients (exhibiting HER2
overexpression) and therefore marked an important milestone in breast cancer treatment [206,207].
After binding to HER2, Trastuzumab induces its antitumor effects via the activation of ADCC and
the suppression of HER2 homodimer signaling [204]. Additionally, its binding may interfere with
HER2-mediated downstream signaling processes such as cell proliferation, angiogenesis and DNA
repair [208]. Trastuzumab therapy is generally well-tolerated and produces a significant clinical
benefit when used in combination with chemotherapy in the adjuvant and neoadjuvant settings
[209,210]. Unfortunately, its concurrent use with anthracyclines resulted in an increase in cardiac
dysfunction [211]. Moreover, when used as a single agent or in combination therapies,
Trastuzumab resistance is not avoided [204]. While this phenomenon is not completely understood
[204], an additional mAb-based approach against HER2 was developed (Pertuzumab), along with
a myriad of small-molecule (kinase) inhibitors including Lapatinib, Neratinib, Gefitinib and
Afatinib [212-216]. Despite significant clinical responses reported with the combined application

of Trastuzumab and Pertuzumab [217,218], the growing list of adverse reactions (Table 2) are
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pointing to the need to capitalize on the development of ADCs (example: Kadcyla) and bispecific

antibodies such as Ertumaxomab (bispecific antibody targeting HER2 and CD3) [219].

Table 2: FDA-approved monoclonal antibody-based therapy for breast cancer

deruxtecan (Enhertu)

alopecia, constipation, decreased
appetite, anaemia, neutropenia,
diarrhoea, leukopenia, cough,

thrombocytopenia

Type of mAb Name of drug Most common treatment-related | References
therapy adverse reactions
Trastuzumab Chills, fever, pain, nausea, [220]
Anti-HER?2 asthenia, cardiac dysfunction
antibody therapies Pertuzumab Diarrhoea, nausea, fatigue, [218]
vomiting, asthenia, back pain
Atezolizumab Pneumonitis, hepatitis, colitis, [221]
Immune checkpoint (Tecentriq) endocrinopathies, fatigue, nausea,
inhibition diarrhoea, vomiting, constipation,
cough, decreased appetite
Trastuzumab Severe thrombocytopenia, fatigue, | [222,223]
emtansine (Kadcyla) | anaemia, nausea, haemorrhage,
abdominal pain, pyrexia, pain,
Antibody-drug vomiting, dyspnoea
conjugates Trastuzumab Nausea, fatigue, vomiting, [224]

1.4.3 Immune checkpoint blockade

The immune system can be regarded as a double-edged sword in cancer; on the one hand, immune
cells can mediate antitumor immunity and on the other hand, they can also promote tumor
progression and shape malignant disease [225]. Given their ability to recognize and destroy
pathogen-infected or aberrant cells (such as cancer cells), activated CD8+ (cytotoxic) T-cells are
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considered as the main effectors of cell-mediated immunity [212]. Their activation and maturation
are dependent on 2 critical signals: (1) an antigen-specific signal provided through the interaction
of the T-cell receptor (TCR) with major histocompatibility complex (MHC) class Il expressed on
the surface of antigen-presenting cells (APCs), and (2) co-stimulatory signals resulting from the
engagement of T-cells with co-stimulatory molecules present on the membrane of APCs [226].
The resulting response and specifically its amplitude and duration, are tightly regulated by a
balance between co-stimulatory and inhibitory signals [227,228]. These inhibitory pathways, also
known as immune checkpoints, are central to the maintenance of self-tolerance and the reduction
of collateral tissue damage [204]. Unfortunately, tumors can resist (or evade) immune attack
through the dysregulation of these immune checkpoints within the tumor microenvironment
[204,212]. Therefore, immune checkpoint blockade represents one of the most promising
approaches to activate therapeutic antitumor immunity [227,229].

On account of their pivotal role during immune response and peripheral tolerance, both cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-
1)/programmed-death ligand 1 (PD-L1) pathways have been actively studied, resulting in the
approval of a number of CTLA-4 and PD-1/PD-L1 checkpoint inhibitors [212]. Ipilimumab, an
IgG1 antagonistic CTLA-4 antibody, was the first to receive FDA approval as monotherapy for
the management of advanced melanoma [212,230]. Nonetheless, it is still being actively evaluated
for its safety and clinical efficacy in early and advanced-stage breast cancers [231,232]. In March
2019, the humanized anti-PD-L1 mAb Atezolizumab or Tecentrig (when used in combination with
the chemotherapeutic drug Abraxane), was approved for the treatment of triple-negative,
metastatic breast cancer patients demonstrating PD-L1 protein expression [212,233]. The
overarching principle for such therapy, relies primarily on the fact that PD-1 (expressed on immune
cells) binding to its ligand PD-L1 (expressed on tumor cells), promotes the dephosphorylation of
T-cell receptor proximal signal components and leads to the inhibition of signaling pathways
regulated by protein kinases (PI3K/PTEN/CK2/RAS/MEK/ERK), culminating in decreased T-cell
proliferation, survival and cytokine production [234]. Therefore, by disrupting the interaction
between PD-1 and PD-L1, checkpoint inhibitors can restore antitumor immune responses and

promote the elimination of tumor cells [235].
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Approximately 20% of TNBC patients overexpress PD-L1, indicating that PD-1/PD-L1 signaling
is indeed a promising therapeutic target in breast cancer [236]. However, despite the addition of
Atezolizumab to the armamentarium of approved breast cancer therapies, it is important to note
that modest objective response rates were observed with this anti-PD-L1 checkpoint inhibitor
(53% versus 33% for the placebo group), including immune-mediated serious adverse events
(Table 2) that could cause treatment discontinuation [221,237]. Consequently, the future of
immune checkpoint blockade in breast cancer will undoubtedly depend on the identification of
reliable biomarkers that play an important role in immune evasion, along with the combination of
immune checkpoint modulators with more traditional anticancer therapies (chemotherapy and

radiation therapy), in order to achieve more favorable treatment outcomes [225].

1.4.4 Antibody-drug conjugates

ADCs are complex engineered therapeutics, designed as a pharmaceutical answer to the
oncologists’ demand for high precision weapons that can target tumor cells with reasonable
efficiency and specificity [238]. They are composed of mAbs (which recognize tumor-associated
antigens on target cells) conjugated to a cytotoxic payload via a chemical linker [239]. This
intelligent delivery system thus allows harnessing of the cytocidal activity of chemotherapeutic
agents (which are generally too toxic on their own to be systemically administered), while reducing
off-target toxicities by limiting drug exposure to normal tissues [240]. Early work in ADC
development was hampered by a number of pharmacological and safety considerations,
culminating in a decline in the popularity of this approach [238,241,242]. With the realization that
diverse aspects of ADC design were initially overlooked [243], substantial technological
advancements are now prompting renewed enthusiasm for this class of therapeutics, through
improvement of the antibody moiety, the chemical linker and the toxic payload [244,245]. Indeed,
an eloguent testament underpinning the challenges faced in ADC development, is the result of
approximately over 3 decades of research which has resulted in the clinical approval of only 11
ADCs: Gemtuzumab ozogamicin (Mylotarg), Brentuximab vedotin (Adcetris), Trastuzumab
emtansine (Kadcyla/T-DM1), Inotuzumab ozogamicin (Besponsa), Polatuzumab vedotin-piiq
(Polivy), Enfortumab vedotin (Padcev), Trastuzumab deruxtecan (Enhertu), Moxetumomab

pasudotox (Lumoxiti), Sacituzumab govitecan (Trodelvy), Belantamab mafodotin-blmf (Blenrep)
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and Loncastuximab tesirine-Ipyl (Zynlonta) [246]. Among these agents, Trastuzumab emtansine
and Trastuzumab deruxtecan have been approved (in 2013 and 2019 respectively) for unresectable
or metastatic HER2-positive breast cancer patients who do not respond to prior anti-HER2-based

regimens or to chemotherapy [247,248].

The 3 structural components of an ADC (Figure 4), namely the antibody, the linker and the
cytotoxic warhead (as well as the bioconjugation method or the way the components are
assembled), altogether dictate the overall biophysical and physiological properties of the ADC
molecule, highlighting their significance in effective ADC design [238,240]. Firstly, selection of
the mAb moiety, is highly dependent on the identification of unique target antigens that should
fulfill several important requirements: (1) high expression in tumor cells and minimal or no
expression in healthy tissues, (2) surface expression on tumor cells for ease of access to the
circulated mAb, and (3) possess internalization properties to facilitate ADC transport into the cell
and enhance efficacy of the toxic payload [249-251]. In contrast, the mAb should display high
specificity and binding affinity to the tumor cell-surface antigens, good retention, low
immunogenicity and low cross-reactivity [252-254]. Similarly, the chemical linker represents an
essential structural component of ADCs; it is instrumental in forming the connection between the
antibody and the toxic payload. Therefore, the linker should be stable in circulation to prevent
premature release of the drug in off-target tissues, yet permit effective release of the killing agent
after internalization and trafficking in specific subcellular compartments have occurred [255-257].
Linkers can be broadly classified into 2 main groups; cleavable and non-cleavable linkers [258].
More explicitly, non-cleavable linkers (often containing a thioether bond) require complete
lysosomal proteolytic degradation of the mAb before release of the drug into the cytosol [242].
Trastuzumab emtansine, consisting of Trastuzumab conjugated via a non-reducible thioether
linkage to the DML cytotoxic drug, demonstrates one of the successful examples of ADCs using a
non-cleavable linker [259]. On the other hand, cleavable linkers contain a site between the payload
and the point of antibody attachment, where cleavage will occur based on environmental
differences (redox potential, pH) and the action of specific lysosomal enzymes [244,258]. As
outlined by Khongorzul and colleagues (2019), there are various types of cleavable linkers [254],

but most importantly, Trastuzumab deruxtecan encompasses a tetrapeptide-based cleavable linker,
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which accounts for better stability in systemic circulation [260]. The choice of the ADC cytotoxic
payload is also not random; the ideal ADC warhead should exhibit in vitro subnanomolar half
maximal inhibitory concentration (ICso) values, sufficient solubility in aqueous environments, low
molecular weight, long half-life and low immunogenicity, while allowing for proper conjugation
to the linker without abrogating the internalization property of the mAb (but instead promote its
antitumor effects) [261-263]. There are essentially 2 main categories of warheads employed in
ADC configuration; these are microtubule-disrupting agents (auristatins, maytansinoids) and
DNA-damaging agents (calicheamicin, duocarmycin, doxorubicin) [254]. As such, Trastuzumab
emtansine exploits the activity of DM1 (also known as mertansine, a derivative of maytansine),
which has the ability to inhibit tubulin polymerization, resulting in mitotic arrest and cell death
[264]. In opposition, Trastuzumab deruxtecan consists of Trastuzumab covalently linked to a
topoisomerase | inhibitor payload (DXd, a derivative of the camptothecin analogue exatecan)
[248]. The increasing success rate of such agents are based on their ability to inhibit topoisomerase-
DNA complexes, leading to the inhibition of DNA replication, cell cycle arrest and ultimately

apoptosis [260].

Antibody
Specific for a tumor-associated o\
antigen that has restricted
expression on normal cells
. Linker
Cytotoxic agent —p | Attaches the cytotoxic agent
Designed to kill target cells — WV, to the antibody.

when internalized and released =K Newer linker systems are designed

to be stable in circulation and release
the cytotoxic agent inside targeted cells

Figure 4: Structural composition of an antibody-drug conjugate. Antibody-drug conjugates are
generally composed of 3 critical components: a humanized monoclonal antibody, bound to a cytotoxic drug,
using a cleavable/non-cleavable chemical linker. Also shown are key properties of each structural
component (Source: chromacademy.com, 2020).

Trastuzumab emtansine was first approved on the basis of 2 phase 11l randomized clinical trials,
which provided enough data to corroborate the increase in progression-free survival and overall
survival associated with its use in metastatic breast cancer patients [265,266]. The linkage of DM1

to Trastuzumab, with an average of 3.5 drug-to-antibody ratio (DAR), allows the selective
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targeting of malignant cells over a wider therapeutic window [259]. In fact, in addition to DM1-
mediated tubulin inhibition, Trastuzumab emtansine has also been shown to retain the activities of
Trastuzumab mADb, which includes the abolition the HER2 signaling pathways, inhibition of HER2
ectodomain shedding and Fc-mediated immune responses (Figure 5) [267,268]. However, despite
significant improvement in treatment outcomes, several adverse effects are common (Table 2) and
a substantial fraction of patients are refractory to Trastuzumab emtansine therapy, owing to the
phenomenon of inherent and acquired resistance [222,223,265,266]. As extensively described by
Hunter et al. (2019), various potential resistance mechanisms have been recognized; reduced
HER2 expression, reduced T-DM1 binding, dysregulated PI3K signaling and the increased

expression of drug efflux transporters, amongst others [268].
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Figure 5: Mechanism of action of Trastuzumab emtansine. Trastuzumab-DM1 exerts its antitumor
effects via at least 3 distinct types of mechanisms: (a) HER2 signaling blockade and inhibition of
ectodomain shedding, (b) Fc-mediated immune responses (example: antibody-dependent cellular
cytotoxicity) and (¢) DM1 payload-mediated microtubule poisoning [268].

To this end, various strategies have been implemented to obviate T-DM1 resistance, including the
use of combination therapies (tyrosine kinase inhibitors and immune checkpoint blockade) to

target molecules implicated in the loss of DM1 sensitivity [269]. Most importantly, alternative
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linker-payload chemistries have been sought to generate more effective 2nd generation anti-HER2
ADCs (example: Trastuzumab deruxtecan and Trastuzumab duocarmazine) [268]. Trastuzumab
deruxtecan achieves a higher DAR than T-DM1 (7.7 versus 3.5) which allows for greater payload
delivery per antigen engagement, together with improved homogeneity in conjugation [260].
Moreover, Trastuzumab deruxtecan has shown promising activity in T-DM1-resistant cell lines
and patient-derived xenograft models, as well as in tumors exhibiting low sensitivity to T-DM1
because of their reduced HER2 expression [270,271]. Despite the occurrence of adverse reactions
(Table 2), Trastuzumab deruxtecan is being venerated for its activity in tumors that have
progressed despite prior T-DM1 therapy. Plausible explanations for this robustness might be firstly
the difference in linker-payload chemistry which would reduce the likelihood of resistance
mechanisms that are specific to DM1 [272]. Secondly, the DXd payload might not be efficiently
removed from the cell by drug efflux pumps (as compared to DM1) [270]. Thirdly, Trastuzumab
deruxtecan (but not T-DM1) is known for its bystander effect, whereby neighbouring HER2-
negative cells can be subjected to DXd cytotoxicity [273]. This process may also be effective in
the destruction of resistant clones that would otherwise require a targeted delivery approach for
their removal [268].

1.5 SNAP-tag technology as a novel antibody-drug conjugation method

In the ADC development landscape, most conjugation methods available to arm mAbs to effector
molecules rely on the direct functionalization of lysine side chains or the reduction of disulfide
bonds to generate reactive sulfhydryl groups [274]. Although these methods are widely used, they
give rise to a heterogeneous mixture of ADC products (ranging from 0 to 8 DAR), each with
different pharmacokinetic and toxicity profiles [275]. This is primarily due to the abundance of
cysteine and lysine side chains in a typical antibody, which may give rise to hundreds and millions
of conjugation variants respectively [274,276]. As demonstrated by Hamblett and colleagues
(2004) who studied the therapeutic efficacy of heterogeneous ADCs, the key design parameter for
ADCs is the number of drug molecules attached to the antibody [277]. Based on these premises,
several site-specific conjugation methods have been developed, which could easily be
implemented as a result of the impact of genetic engineering in the production of various

recombinant antibody formats bearing unique modifications to allow for specific coupling
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reactions [278-280]. To this end, self-labeling proteins such as human alkylguanine-DNA
alkyltransferase (AGT) (SNAP-tag and CLIP-tag) and bacterial haloalkane dehalogenase enzymes
(Halo-tag), have emerged as efficient site-specific conjugation strategies that allow the sustainable

production of homogeneous conjugate preparations [281,282].

SNAP-tag is an engineered version of the human DNA repair enzyme AGT which can react
specifically with O(6)-benzylguanine (BG)-modified substrates via irreversible transfer of an alkyl
group to a cysteine residue (Figure 6) [283,284]. In a normal setting, wild type AGT serves as a
protection mechanism by maintaining DNA integrity; it scans DNA for alkyl adducts and removes
them from the O8 position of guanines and the O* position of thymine, resulting in its degradation
[285]. Exploiting this activity thus led to the application of phage display to select for an AGT
mutant (SNAP-tag) with higher reactivity towards O(6)-BG-modified molecules [286]. Further
optimization of its properties was also carried out as follows: (1) incorporation of additional
mutations to reduce its natural binding to DNA, (2) deletions were made to reduce its size and (3)
removal of 2 non-fundamental cysteines to facilitate folding under oxidative conditions [285,287].
Therefore, the resulting product, most commonly known as SNAP-tag, is composed of 182 amino
acids and its activity is at least 50 times higher than wild type AGT [286-288]. On that account,
SNAP-tag can be fused to virtually any protein of interest (from the N- or C-terminus [289]) to
allow for the rapid and well-defined autocatalytic labeling (under physiological conditions) with a
predictable 1:1 stoichiometry [287,290].
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Figure 6: Site-directed modification of a recombinant single-chain antibody fragment using SNAP-
tag technology. SNAP-tag reacts with para-substituted O(6)-BG derivatives (example: BG-modified
photosensitizers) through a nucleophilic substitution reaction while releasing free guanine [291].
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The advantages of using this technology are manifold: (1) being derived from a human enzyme,
SNAP-tag reduces the risk of immunogenicity-related unwanted immune responses, (2) the
simplicity of the reaction conditions (can be carried out under physiological conditions at room
temperature with no additional activating substances), (3) the selective nature of the conjugation
(reacts only with BG substrates) and (4) the availability of a wide range of BG linkers and
molecules [285-287,290,292]. SNAP-tag has thus been applied in a variety of experimental
systems, including in vitro imaging, live animal imaging, protein isolation and purification,
determination of protein-protein interactions and the generation of recombinant ADCs, amongst
others [274,286,293-295]. In the last 15 years, SNAP-tag has been genetically fused to ligands
binding to specific cell-surface receptors, as well as recombinant antibodies (scFvs) targeting
tumor-associated antigens [285,296]. Results from these studies indicated that these SNAP-tag
fusions could be expressed efficiently (in large quantities) in mammalian systems, with retention
of their antigen-binding properties [296]. After conjugation with BG-modified fluorescent dyes
(example: BG-Vista Green, BG-Alexa Fluor 647, BG-Alexa Fluor 488), the authors were able to
show specific accumulation of the resulting imaging probe at the tumor site at 10 hours post-
injection [296]. Additionally, the relatively small size of such probes, fosters rapid and efficient
renal clearance, which is considered advantageous for imaging and diagnostic applications [297].
As exemplified by Hussain et al. (2011) with the use of BG-chlorin €6 (a potent PS), this
technology is not limited to a single class of effector molecule and undoubtedly represents an
attractive agent for cancer detection and cell-specific drug delivery [298].

1.6 Auristatin F: A potent microtubule-targeting agent in recombinant ADCs

In the late 1970s, extensive research of marine life forms resulted in the discovery of dolastatin
10, a powerful antineoplastic agent and microtubule inhibitor, which was extracted from the sea
hare Dolabella auricularia [299]. Dolastatin 10 showed the highest cytotoxic activities against
human cancer cell lines, which spurred its advancement in a number of clinical studies [300,301].
However, with no significant activity observed at the maximum tolerated dose (MTD) [302-304],
improving its in vivo efficacy led to the development of fully synthetic dolastatin 10 derivatives,
termed auristatins. Auristatins are important payloads used in the burgeoning ADC pipeline;
approximately one third of ADCs in clinical trials employ the monomethyl auristatin analogues E
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and F (MMAE and MMAF/AURIF) [305,306]. In contrast to MMAE, AURIF exhibits lower
membrane permeability and can be conjugated via non-cleavable linkers, without abrogating the
cytotoxic activity [307]. They usually exhibit 10 times higher potency than doxorubicin or
vinblastine, with robust activity towards multi-drug resistant tumors [308]. These agents have the
ability to inhibit microtubule assembly and tubulin-dependent guanosine triphosphate (GTP)
hydrolysis, resulting in cell cycle arrest (in the G2/M phase) and apoptosis [309,310]. Additionally,
they can stimulate an immune response towards cancerous cells, induce immunogenic cell death
and also promote intratumoral vascular damage [311]. The quest of harnessing these advantages
while overcoming the bottlenecks of ADC production, thus led to the application of SNAP-tag
technology in the preparation of novel recombinant ADCs, consisting of SNAP-tagged scFvs
conjugated to BG-modified AURIF (Table 3) [312,313].

In these studies, Woitok et al. were able to demonstrate the economic production of recombinant
ADCs, as well as efficient conjugation with only a 2-fold molar excess of the BG-modified
substrate [298,312,314]. Efficient binding and internalization (after incubation for 4 hours at 37°C)
of the anti-EGFR (425(scFv)-SNAP-AURIF) and anti-HER2 (aHER2(scFv)-SNAP-AURIF)
immunoconjugates, were confirmed on target cells, supporting the fact that conjugation to BG-
AURIF, has no impact on the binding ability of the fusion protein [312]. Moreover, the
unconjugated scFv-SNAP and the non-binding SNAP fusion (Ki4(scFv)-SNAP-AURIF), did not
affect the viability of any cell line, highlighting the specific delivery of AURIF to EGFR*/HER2*
cells [312]. Interestingly, auristatins on their own usually display potent cytotoxicity in the lower
nanomolar range (~1 nM) [315]. The authors were able to show comparable cytotoxicity, ranging
from 3-21 nM, indicating that AURIF retained its functionality even after being linked to BG
[312,313]. The stability of ADCs in circulation, represents an important prerequisite for the safe
administration of these agents. To this end, the authors were able to confirm that aHER2(ScFv)-
SNAP-AURIF maintained full activity, while 425(scFv)-SNAP-AURIF retained at least 50% of
its cytotoxicity after 48 hours incubation in serum [312]. They also speculate that conjugating more
than one molecule of drug via SNAP-tag, could be the next uncharted territory to be explored to
further increase the efficacy of recombinant ADCs [312,313].
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1.7 Theranostic near-infrared photoimmunotherapy

One of the main drawbacks of PDT is the scattergun effect of the activated PS, which causes
significant damage to surrounding healthy cells [298]. Efforts to bypass this lack of specificity
may have resulted in the use of various combinations of conventional PSs and mAbs, but only a
limited success rate was observed [316-319]. Reasons explaining the difficulties in generating
targeted PSs were as follows: (1) conventional PSs demonstrate low extinction coefficients, which
necessitates conjugation of a large number of PSs to a single antibody molecule for effective
therapy, thus potentially reducing the binding affinity, (2) conventional PSs are generally
hydrophobic (they can permeate into cells and lead to cell death), which makes their conjugation
to antibodies more complex while trying to avoid compromising the activity and in vivo target
accumulation, and (3) conventional PSs usually absorb light in the visible range, thereby reducing
tissue penetration [320]. Given these challenges, Mitsunaga et al. (2011) developed a new form of
molecular targeted cancer therapy — termed photoimmunotherapy (PIT) — consisting of a mAb
(targeting an expressed antigen on the cancer cell surface) attached to a photoabsorbing near-
infrared (NIR) phthalocyanine-based chemical called IRDye700DX (IR700) [320,321]. After
irradiation with NIR light of 690 nm wavelength, the IR700 part of the molecule becomes activated
and splits (turning hydrophobic), resulting in immediate cell death [320,322]. Since 690 nm NIR
light can penetrate the skin and tissues to several centimeters in depth without harming normal
cells, this technology can access deeply-seated tumors via endoscopes or catheter needles, both of
which can be easily adapted for clinical practice [322-324]. Interestingly, the mAb-IR700
conjugates were most effective when bound to the cell membrane (no phototoxicity observed when
not bound), implying a different killing mechanism for PIT as compared to traditional PDT [320].
Indeed, it has been reported that IR700 activation causes increased water diffusion into treated
cells, resulting in an expansion of the cell to its maximum size, ultimately causing membrane
rupture and inducing necrosis [325]. Furthermore, this mode of cell death can promote an immune
response, culminating in the release of immune mediators and the stimulation of neutrophils,
macrophages and CD8+ T-cells which play a long-term role in the elimination of neoplastic cells
[295,321,326].
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NIR-PIT can be applied to a broad array of cancer-specific target molecules, as illustrated for
EGFR [327-330], HER2 [331,332], carcinoembryonic antigen (CEA) [333], as well as cancer
stem cell (CSC) markers (of breast cancer and glioblastoma) such as cluster of differentiation (CD)
44 [334] and CD133 [335]. Using this approach, tumor shrinkage can be achieved even with a
single administration of mAb-IR700, followed by a single exposure to NIR light in vivo [320,336].
While conventional PDT requires internalization of the PS into the mitochondria or lysosomes,
intracellular delivery is not required for mAb-IR700-mediated phototoxicity [320,334].
Furthermore, treatment with ROS scavengers (example: sodium azide), did not eliminate the
effectiveness of the conjugate, indicating that ROS generation forms a minor part of the phototoxic
activity and that these agents could be suitable for targeting hypoxic tumor cells that are resistant
to chemotherapy and radiotherapy [320,337]. Another interesting aspect of NIR-PIT is that tumor
vessels become very leaky for several hours after treatment [338]. This phenomenon, most
commonly known as super enhanced permeability and retention (SUPR) effect, allows the
homogeneous redistribution of the antibody-IR700 conjugate within the already-treated tumor
space [339].

Among all the clinically useful PSs, IR700 seems to have the most favorable chemical properties
for PIT. For example, as opposed to conventional PSs which emit fluorescence at visible
wavelengths, next-generation NIR dyes such as IR700, exhibit less background interference
(caused by light absorbance and scattering by haemoglobin, melanin and lipids) and improved
tissue penetration [340]. It is considerably less sensitive to photobleaching, has excellent water
solubility and can be covalently conjugated to the targeting moiety via an N-hydroxysuccinimide
(NHS) ester or maleimide [320]. The highly hydrophilic nature of IR700, implies that the antibody
is crucial for targeting; this enables targeted accumulation at the tumor site, with minimal uptake
in non-target tissues [330]. Indeed, IR700 offers a fail-safe system for preventing off-target effects;
in its free and catabolized forms, IR700 is readily excreted into urine within 1 hour after
administration (without accumulation in any specific organ) [320]. Additionally, IR700 also emits
fluorescence, which can be harnessed to monitor body distribution, phototoxic effects, tumor
accumulation and to select for the optimum timing for photo-irradiation [334,341]. Therefore, the

ability to combine potent therapeutic and diagnostic properties with the specificity of various cell
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receptor ligands (all in one product), makes IR700 an instrumental tool in the development of

targeted theranostics.

As recently reviewed by Sandland and Boyle (2019), there are various physicochemical properties
that tetrapyrroles (example: phthalocyanine) need to possess in order to be viable PSs for
conjugation to antibodies [342]. Conjugation reactions must be feasible in biologically compatible
solutions, with minimal modification of the antibody component, while ensuing uniform
stoichiometry, high yield and easy purification [343]. Moreover, several challenges need to be
tackled in order to generate pharmaceutically acceptable photoimmunoconjugates that are well-
suited for administration in patients [344]. As a step closer to achieving these clinical ideals, von
Felbert et al. (2016) demonstrated the potential of SNAP-tag in the generation of scFv(425)-
SNAP-IR700 for the detection and elimination of skin cancer cells overexpressing EGFR [345].
Soon enough, this platform was extended to other malignancies (such as ovarian and breast
cancers) with the creation of homogeneous photoimmunotheranostic agents displaying potent
phototherapeutic activities in the nanomolar range (Table 3), along with powerful imaging
properties [295,340]. Of note, there are several key differences between this technology and the
aforementioned mAb-IR700 conjugates (pioneered by Mitsunaga et al. [320]). Firstly, the
conjugation method is different; to engineer mAb-IR700, IR700 molecules were randomly
conjugated to antibodies using the amino groups of lysine side chains, producing products with
varying DARs [346]. On the other hand, although requiring that IR700 NHS be modified with BG
using BG-PEG24-NH>, SNAP-tag (genetically fused to antibodies) provides a method to generate
standardized photoimmunotheranostics with a DAR of 1 (thus ensuring unified pharmacokinetics)
[295,346]. Furthermore, there are several advantages of using antibody fragments (scFvs) over
mADs. It is known that size can affect a probe’s capacity to penetrate tissues, as well as its clearance
rate from circulation and non-target tissues [347,348]. To this end, scFvs are endowed with the
ability to accumulate rapidly in tumor tissues (can penetrate solid tumors) and their small size
ensures that they are cleared within minutes or hours from the body [349]. Meanwhile, the large
hydrodynamic diameter (~10 nm) of full-length antibodies prevents glomerular filtration and their
high serum stability leads to prolonged circulation, which promotes high background signals in

radio or optical imaging [297].
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Table 3: Cytotoxic activity of Auristatin F-based recombinant ADCs and SNAP-tag based
photoimmunotheranostic agents using IR700

Targeted Construct name Disease model ICso | References
therapy (nM)
425(scFv)-SNAP-AURIF | Epidermoid carcinoma 8 [312,313]
TNBC 2.6-4
Rhabdomyosarcoma 8
Recombinant
antibody-drug 1711(scFv)-SNAP-AURIF | Epidermoid carcinoma 12 [313]
conjugates TNBC 4
Rhabdomyosarcoma 4
aHER2(scFv)-SNAP- HER2" breast cancer 0.6 [312]
AURIF
scFv(425)-SNAP-IR700 Ovarian cancer 45-66 [340]
TNBC 26-61 [295]
Skin cancers 32-55 [345]
PhotoImmuno- | ¢ cspGa(scrv)-SNAP- TNBC 128- [295]
theranostics IR700 131
aEpCAM(scFv)-SNAP- TNBC 40-165 [295]
IR700 ER™ breast cancer 56

1.8 Potential biomarkers for TNBC detection and treatment

1.8.1 Chondroitin sulfate proteoglycan 4

Chondroitin sulfate proteoglycan 4 (CSPG4), also known as melanoma-associated chondroitin
sulfate proteoglycan (MCSP) or high molecular weight melanoma-associated antigen (HMW-

MAA), is a highly glycosylated transmembrane protein and a member of the chondroitin sulfate
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group of glycosaminoglycans (GAGs) [350]. CSPG4 was first characterized on human melanoma
cells and subsequently shown to be implicated in the pathology of other solid tumors, as well as
haematological malignancies [351,352]. CSPG4 has conserved its structural and functional
properties through phylogenetic evolution; it shows over 80% homology with the rat neural/glial
antigen 2 (NG2) and the mouse aniridia type Il (AN2) proteoglycans [353,354]. Structurally,
CSPG4 is composed of an N-linked 280 kDa glycoprotein and a 450 kDa chondroitin sulfate
proteoglycan [71]. Its extracellular portion consists of 3 main domains: (1) the N-terminal domain
D1 contains 2 laminin G-type subdomains and might be involved in mediating interactions with
the extracellular matrix, as well as ensuring the stability of the tertiary structure, (2) domain D2
contains several glycosylation and chondroitin sulfate binding sites which may enable the
activation of integrins and metalloproteases, and (3) domain D3 (a small globular region proximal
to the cell membrane) encompasses several protease cleavage sites and might be important in
interacting with lectins and integrins [350,355-358]. The intracellular portion of CSPG4 includes
a threonine and proline-rich motif, as well as a PDZ (postsynaptic density protein 95 — Drosophila
disc large tumor suppressor — Zona occludens 1) domain [359]. Threonine phosphorylation of this
region (by ERK/PKCa) causes the activation of downstream cell proliferation and survival
pathways (example: PI3K/Akt/mTOR pathway), increases cell motility and epithelial-to-
mesenchymal transition, while promoting chemoresistance [360—-362]. By virtue of these abilities,
including promoting migration and metastasis, Wang et al. (2010) suggest that CSPG4 is likely to
be involved in the functional properties of CSCs [353]. CSPG4 is also recognized for its role in
angiogenesis, vascularization, multiple tissue development and homeostasis, depending on the
nature of the tissue microenvironment [363-365]. Strikingly enough, despite the versatile
functions of CSPG4, studies with NG2 knockout mice point to the fact that deletion of this antigen
is not lethal [366]. However, the involvement of CSPG4 in cancer initiation or its accumulation as
a secondary tumor-associated event, is still poorly understood [350,360]. CSPG4 is known to be
heterogeneously expressed on normal tissues (such as mesenchymal stem cells), which lose their
expression during terminal differentiation [367]. In the context of breast cancer, CSPG4-specific
mADbs have shown that CSPG4 is expressed on nearly 73% of TNBC lesions and cell lines, which
correlates with an aggressive clinical phenotype and poor treatment outcomes [368,369].

Therefore, the restricted distribution of CSPG4 in normal tissues (as compared to malignant cells)

PhD Thesis 38 Neelakshi Mungra



Introduction

warrants its use as a potential biomarker for imaging and therapeutic applications in TNBC. For
instance, through the inhibition of neoangiogenesis and signal transduction pathways [353], mAbs
targeting CSPG4 are able to inhibit cell growth, adhesion and migration in several TNBC tumor
models [369]. These promising results are thus leading to the development of various antibody-
based therapies specific for CSPG4, including Pseudomonas aeruginosa exotoxin A-based ITs,
hCFPs, radioimmunoconjugates, theranostic agents, chimeric antigen receptor T-cell (CAR-T)
therapy and bispecific T-cell engagers (BITES) [295,350,370-372].

1.8.2 The CD44 antigen

According to the CSC hypothesis, small populations of tumor stem cells play a major role in
promoting malignant formation, growth, invasion, metastasis and recurrence [373,374]. In recent
years, several studies have disclosed a small number of highly tumorigenic cell populations in
breast cancer (also known as breast cancer stem cells), which demonstrate stem cell-like properties
such as indefinite potential for self-renewal and longevity [375-378]. In TNBC, the majority of
deaths arise from these notoriously resistant CSCs [379,380], which were shown to be enriched
after chemotherapy [381]. Therefore, CSCs represent a druggable Achilles’ heel for the targeted
therapy of TNBCs. To this end, several breast cancer stemness markers were identified including
CD44, CD24, CD133, epithelial cell adhesion molecule (EpCAM) and CD166 [382,383]. Among
these CSC markers, the CD44"9"/CD247°% phenotype is more abundant in TNBC patients and
correlates with poor treatment outcomes and worse prognosis [384]. CD44 is a non-kinase
transmembrane glycoprotein, which is encoded by the highly conserved CD44 gene on
chromosome 11 in humans [385,386]. As compared to its standard form (CD44s), its alternative
spliced variants (CD44v) are thought to play a role in cancer development and progression [385];
CD44v isoforms can act as co-receptors for growth factors and they possess additional binding
motifs that enable the interaction of CD44 with molecules in the microenvironment [387,388].
Nonetheless, CD44s has been found to be essential for cells undergoing epithelial-mesenchymal
transition, especially in the progression and recurrence of breast cancer [389]. Even more
conflicting is the fact that some studies warrant a protumorigenic role for CD44 (promotes breast
cancer metastasis [390]), while others report its protective role in breast cancer [391], suggesting

that CD44 may affect tumor growth and metastasis differently at different phases of tumor
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progression [392]. Similar to CSPG4, CD44 consists of 3 domains: an extracellular domain, a
transmembrane domain and an intracellular domain [393]. In brief, the extracellular domain
contains the amino terminal globular domain which provides binding sites for hyaluronic acid
(HA, the most specific ligand for CD44 activation), GAGs and other ligands [394]. HA is a major
extracellular matrix component (expressed by stromal and tumor cells) [385], which binds to CD44
and induces conformational changes that activate cell signaling pathways (Ras, mitogen-activated
protein kinase (MAPK), PI3K) to promote cell adhesion, migration and proliferation [395,396].
Interestingly, in breast cancer, the activation of CD44 by HA culminates in the expression of
multidrug resistance genes (P-glycoprotein) and the anti-apoptotic gene Bcl, which promote tumor
cell proliferation and survival [397]. On the other hand, the intracellular domain has an important
role to play in the subcellular localization of CD44, cell migration, signaling, cytoskeletal
organization and gene transcription [398,399]. Lastly, the transmembrane region, which carries
hydrophobic amino acids and a cysteine residue, is deemed to be involved in CD44
oligomerization and its association with lipid rafts [400,401]. In summary, the overexpression of
CD44 on CSCs, as well as its multifunctional role in tumorigenesis, reinforces its potential as a
diagnostic and therapeutic target.

1.8.3 Aspartate (aspartyl/asparaginyl) p-hydroxylase

Being first described in 1989, aspartate (aspartyl/asparaginyl) B-hydroxylase (ASPH) is a type 1l
transmembrane protein which is highly conserved and belongs to the a-ketoglutarate-dependent
dioxygenase family [402-404]. It catalyzes the B-hydroxylation of aspartyl and asparaginyl
residues in EGF-like repeats of certain proteins (which are important in cell motility and adhesion),
including clotting factors, extracellular matrix proteins, as well as Notch, its homologues and its
ligands (example: Jagged and Delta-like) [404-407]. Interestingly, the ASPH protein is divided
into 4 distinct domains: an amino or N-terminal cytoplasmic domain, a transmembrane domain, a
negatively charged domain that projects into the lumen of the endoplasmic reticulum and a COOH-
terminal catalytic domain, all of which have been demonstrated to be critical for ASPH’s catalytic
activity [404,408,409]. ASPH has garnered significant attention due to its overexpression in a
broad range of human malignancies, such as those of the breast, colon, pulmonary, pancreatic,

hepatic and neural origin [410-413]. As reported by Yang and colleagues (2010), this
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overexpression is closely associated with tumor cell formation, proliferation, invasion, metastasis
and other hallmarks that promote propagation of the malignant phenotype [413]. In normal tissues,
the expression of ASPH is minimal, with primary localization in internal compartments (such as
the endoplasmic reticulum) and upon malignant transformation, ASPH is overexpressed and
translocated to the tumor cell surface, thus making it a specific tumor-associated surface antigen
[414]. This peculiar phenomenon accounts for the detection of ASPH in the sera of patients with
breast, colon, lung and prostate cancers [404], which emphasizes the need for an efficient detection
method. In breast cancer, it has been reported that the upregulation of ASPH (most specifically in
ER-positive and tamoxifen-resistant breast cancers) is mediated by the MAPK and PI3K pathways,
thereby causing resistance to endocrine therapy in these tumors [415]. In a recent study by Lin et
al. (2019), it was shown that moderate to high level expression of ASPH is associated with more
aggressive molecular subtypes of breast cancers (such as TNBC and HER2+ tumors), multiple-
organ metastasis, early recurrence, rapid progression and reduced overall and disease-free survival
[416]. Additionally, the ASPH-Notch axis was determined to be a major molecular mechanism
responsible for the generation and maintenance of malignant cell behavior in breast cancer [416].
Indeed, ASPH is known to induce tumorigenesis through activation of the Notch signaling
pathway, disruption of mitochondrial functions and suppression of natural killer cell surveillance
activity [417,418]. Most importantly, the Notch pathway is important for differentiation, cell fate
determination, adhesion, migration, invasion and stemness [419]; after the induction of ASPH
overexpression, the enzyme interacts with EGF-like repeats in the extracellular domain of Notch,
resulting in conformational changes that activate the transcription of downstream target genes
involved in cancerous formation [418]. Based on the above premises, the role of ASPH as a
potential tumor biomarker and therapeutic target is becoming more evident. Several mAbs
targeting ASPH were developed with promising results: (1) the mAbs demonstrated high
efficiency and specificity, (2) the level of ASPH expression was determined in various tumor
tissues and cell lines and (3) it was shown that the protein expression of ASPH was parallel with
MRNA expression, suggesting that ASPH expression is regulated at the transcriptional level
[404,413,420]. Moreover, anti-ASPH mAbs are being studied for their use as vehicles in the

delivery of cytotoxic moieties, including plant toxins and radioactive agents [414,421].
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1.9 Aims and objectives of project

Throughout history, there has been a piqued interest in understanding the link between the etiology
of cancer and its fundamental biological nature [7]. With the inception of molecular and genetic
profiling platforms, increased insights into the minutiae governing the biochemical differences
between normal and tumor cells, have been made possible. Continued unraveling of the
multifaceted nature of cancer cells, has thus probed a major shift from non-targeted to more
targeted therapies [201]. Indeed, with the notion that a ‘one-Size-fits-all” approach is not adequate,
a more rational perspective is being adopted to streamline and personalize the development of new
regimens for those who are unlikely to benefit from existing therapies [83]. Ideally, while
achieving precision medicine where only cancer cells are eliminated (with minimal collateral
damage to normal tissues), heralds a better future for cancer patients, it continues to remain a
research area that is still in its infancy [334]. For notoriously aggressive and persistent cancers
such as TNBCs, the lack of druggable targets, is increasing the dependency on standard treatment
options (chemotherapy, surgery, radiotherapy) that are often associated with a high risk of local
and systemic relapses [46]. The heterogeneity of this disease implies that there is a lack of tools
available for its proper detection and prognosis [52]. No effective targeted therapy is currently
available and no single receptor can be expected to target all TNBCs [72]. Therefore, at the
Medical Biotechnology and Immunotherapy Research Unit, we propose to develop a panel of
companion recombinant immunodiagnostics, which when combined together, could enable the
detection and classification of the vast majority of TNBCs (via multiplex immunofluorescence
imaging of African patient-derived biopsies (supported by the work of PhD student Natasha
Hardcastle)), thereby providing a much-needed incentive for the tailoring of according therapies
best suited for the particular needs and disease profiles of each patient. To this end, this project
will focus primarily on 3 important surface receptors (CSPG4, CD44 and ASPH) that are typically

overexpressed in TNBCs. More explicitly, the proposed research aims are as follows (Figure 7):

1. Generate SNAP-tag based fusion proteins consisting of scFvs targeting CSPG4, CD44 and
ASPH, and validate their utility in the screening of TNBC cell lines (through conjugation with
BG-Alexa Fluor 488 fluorophore).
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2. Despite showing great promise as molecularly targeted therapies for cancer [422], ADCs suffer
from various limitations [312,313,423,424]. SNAP-tag technology alleviates these challenges
by allowing the specific covalent conjugation of drugs in a defined 1:1 stoichiometry [313].
The SNAP-tag fusion proteins generated in this research will be made to react specifically with
BG-modified AURIF to generate novel AURIF-based immunoconjugates, whose cytotoxic

activities will be assessed on target TNBC cell lines.

3. Efforts put forward to bypass the lack of specificity associated with PDT, may have resulted in
the creation of NIR photoimmunotheranostic agents, however their generation is not always an
easy process [320,343,344]. Using the same principle outlined by von Felbert et al. (2016)
[345], scFv-SNAP-tag fusions bearing IR700 as a potent NIR PS, will be engineered and their

specific and dose-dependent biological activities will be determined in vitro.

Consequently, the specific objectives of this study will entail the in silico design of the mammalian
expression vectors, followed by molecular cloning of the respective scFv DNA sequences in fusion
with SNAP-tag. Protein expression will be carried out using HEK293T cells as a transient
secretory mammalian expression system. After harvesting of the cell culture supernatant, the
resulting fusion proteins will be purified by immobilized metal affinity chromatography and
analyzed using SDS-PAGE and western blot. Binding of the fusion proteins to TNBC cell lines
will be validated both quantitatively by flow cytometry and qualitatively by confocal microscopy.
Finally, the cytotoxicity of the resulting scFv-SNAP conjugates (AURIF/IR700) will be
determined based on their ability to specifically target and destroy TNBC cells which express their

target antigens.

Overall, the results of this study will provide comparative data on non-invasive and safe methods
that could be used to localize and target triple-negative breast tumors. Therefore, the combination
of such therapeutic agents with a robust companion diagnostic portfolio provided by SNAP-tag

technology, represents the first step towards the effective management of African TNBC.
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Figure 7: Flow chart of current research. TNBCs represent an important and unmet clinical need in
oncology. This research proposes to use the differential expression of tumor-associated antigens and exploit
them as guiding mechanisms for the diagnosis and the specific delivery of cytotoxic compounds or PSs to

diseased TNBC cells.

PhD Thesis 44 Neelakshi Mungra



Materials and Methods

Chapter 2: Materials and Methods

2.1 Cell culture

Human embryonic kidney cells (HEK293T) (ATCC: CRL-11268) and the human melanoma cell
line SK-Mel-28 (ATCC: HTB-72) were cultured in RPMI-1640 medium (containing 2 mM L-
glutamine, 3.7 g/L NaHCOz and 15 mg/L phenol red), supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 1% (v/v) 100 U/ml penicillin-streptomycin. Similarly,
the human breast cancer cell lines, Hs578T (ATCC: HTB-126), MDA-MB-468 (ATCC: HTB-
132), MDA-MB-231 (ATCC: HTB-26) (note: Hs578T, MDA-MB-231 and MDA-MB-468 are
TNBC cells) and MCF-7 (ATCC: HTB-22) were all cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (containing 2 mM L-glutamine, 3.7 g/L C3H3NaOz and 16 mg/L phenol red),
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) 100 U/ml penicillin-
streptomycin. The cells were maintained in a 5% CO; incubator with 95% humidity at 37°C.
Medium was changed every 3-4 days and cells were passaged when 90% confluent. All products
were purchased from Gibco by Life Technologies® (RPMI-1640: Gibco #10566 and DMEM:
Gibco #61870), supplied by Thermo Fisher Scientific, South Africa.

2.2 In silico design of mammalian expression vectors

In order to design the SNAP-tag based fusion proteins, scFv gene sequences were obtained from
the following patents and collaborators: CD44 (US 20030103985A1), ASPH (US 7413737B2) and
CSPG4 (German collaborators from University Hospital RWTH Aachen [372]). These sequences
were then analyzed on IgBLAST (available at: https://www.ncbi.nlm.nih.gov/igblast/) and
compared to existing immunoglobulin germline variable region gene sequences. Once the
framework regions (FR) and complementarity determining regions (CDRs) were identified for
each, each scFv variable heavy chain (Vn) was linked to its corresponding variable light chain
(VL0), and each resulting CDR was then aligned to its parental sequence using CLC genomic
workbench v12 software. The newly designed scFv sequences were then inserted into the
prototype pCB-AnnexinV-SNAPT expression plasmid shown in Figure 8 (previously generated at
MB&I) between Sfil and Notl restriction sites, using SnapGene software (version 3.1.1, GSL
Biotech, Chicago).
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Figure 8: Vector map of pCB-AnnexinV-SNAPTf. Crucial components of this mammalian expression
plasmid are indicated in Table 4 below. Sfil and Notl restriction sites were used to clone in the scFv
sequence for CD44.

Important components of the MB&I pCB-AnnexinV-SNAPf mammalian expression plasmid are
summarized in Table 4. After confirming the integrity of the open reading frame (ORF), the scFv
sequences (with Sfil/Notl restriction sites) were sent to be synthesized in a pUC57 plasmid from
Genescript (USA). The cloning of pCB-aCSPG4(scFv)-SNAP (mAb9.2.27-SNAP) was carried
out in 2016 (Honours project) and the cloning of aASPH(scFv)-SNAP was carried out by Dr.
Krupa Naran (Postdoctoral fellow). Therefore, detailed results of their molecular cloning, will not

be included as part of this PhD dissertation.

Table 4: Important components of the mammalian expression plasmid and their function

Component Function

Cytomegalovirus (CMV) promoter Induces high-level expression of the fusion
protein [425]
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T7 promoter

Allows in vivo transcription in the sense

orientation

Ig-Kappa leader

Crucial for the secretion of the fusion protein
into the supernatant of HEK293T cells [426]

N-terminal polyhistidine tags (His x 6)

Useful for protein purification using
immobilized metal affinity chromatography
(IMAC) [427] and for detection of fusion

proteins using an anti-His antibody

Enterokinase (EKS) cleavage site

Allows removal of the N-terminal his-tags

and isolation of the fusion protein

SNAPT

A fast-labeling variant of SNAP-tag, which
displays up to a tenfold increase in its
reactivity towards benzylguanine (BG)
substrates [428]

Chimeric intron

Enhances mMRNA processing and increases the
expression levels of the protein coding genes
[429]

bGH poly(A) signal

Allows efficient transcription termination and

polyadenylation of mMRNA
F1 origin Allows rescue of single-stranded DNA
SV40 Ori Origin of replication

Internal ribosome entry site (IRES)

MRNA sequence which mediates expression

of green fluorescent protein (GFP)

Green fluorescent protein (GFP)

Reporter protein showing successful
transfection in mammalian cells, as well as in

cis expression of the putative fusion protein

BleoR Allows selection of transient transfectants in
mammalian cells (using Zeocin)
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Lac operator A short region of DNA that interacts with the
lac repressor to inhibit transcription of lac
genes in the absence of lactose

Lac promoter Modulates transcription of lac operon genes
involved in the metabolism and absorption of

lactose in bacteria [430]

SV40 promoter Allows high-level expression and replication

in cell lines which express the large T antigen

Ampicillin resistance gene Allows selection in E. coli

M13 rev Single-stranded oligonucleotide sequence (5'-
CAG GAA ACA GCT ATG ACC-3’) which
can be used in polymerase chain reactions
[431]

CAP binding site Binding site for catabolite activator protein

(CAP), which is involved in the transcription
of several genes, including enzymes involved
in sugar metabolism [432]

Sfil/Notl Restriction sites

2.3 Molecular cloning of SNAP-tag based fusion proteins

2.3.1 Transformation of E. coli with plasmid DNA

The exogenous DNA of interest (pCB-AnnexinV-SNAPf and pUC57-aCD44(scFv)) was
incorporated into chemically (calcium) competent DH5a. E. coli cells (K12 strain, genotype: fhuA2
(argF-lacZ)U169 phoA ginV44 80 (lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17, New
England Biolabs, USA) using the heat shock method. The bacterial cells were firstly thawed on
ice for 10 minutes. Thereafter, 0.5 pl of plasmid DNA (100 ng/ul) (resuspended in molecular grade
water) was added to 50 pl of bacterial cells. The mixture was carefully mixed by flicking the tube,
which was then placed on ice for 30 minutes and heat shocked at 42°C for 60 seconds in a water

bath. The tube was then placed on ice for 5 minutes and 950 pl of SOC (Super Optimal broth with
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Catabolite repression, containing 2% (w/v) vegetable peptone, 0.5% (w/v) yeast extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCl;, 10 mM MgSO4 and 20 mM glucose) outgrowth medium was
added to the mixture to help in the recovery of the cells. The full 1 ml mixture was then inoculated
in 50 ml LB (Luria broth, containing 1% (w/v) Casein Peptone, 0.5% (w/v) yeast extract and 1.0%
(w/v) NaCl) liquid medium (Thermo Fisher Scientific, South Africa) supplemented with 200
pg/ml ampicillin antibiotic and placed on a shaker at 37°C overnight.

2.3.2 Isolation of plasmid DNA from E. coli

The plasmid DNA was isolated from E. coli and purified using the NucleoBond® plasmid
purification kit (Product number: 740573, Macherey-Nagel, United Kingdom) according to the
manufacturer's instructions. The principle of this assay relies on the alkaline lysis of bacterial cells
for the extraction of plasmid DNA. The DNA is then bound to an anion-exchange resin in the
NucleoBond® column, from where it is eluted off and precipitated using isopropanol. In the last
step, 30 ul of molecular grade water (pre-heated at 50°C for 10 minutes) was used to resuspend
the DNA pellet instead of TE buffer. This step was done because the presence of chemicals in TE
buffer (EDTA and Tris) can affect the quality of the DNA samples that are meant to be used in
downstream applications. The amount of DNA recovered was then quantified using a NanoDrop
ND-2000 (Thermo Fisher Scientific, USA).

2.3.3 Restriction enzyme digest

Restriction digest was used for the generation of compatible ends suitable for ligation. Starter
plasmid DNA (pCB-AnnexinV-SNAPTf and pUC57-aCD44(scFv)) (in molecular grade water) was
incubated successively with New England Biolabs (NEB, USA) restriction enzymes Sfil (for 4
hours at 50°C), followed by Notl (overnight at 37°C) as indicated in Table 5 below.

Table 5: Setting up the restriction enzyme digest reaction mixture

Reagents Amount required
Sfil (2000 units/ml) 0.5 ul
Notl (2000 units/ml) 0.5 ul
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10x NEB Cutsmart buffer 5ul
Plasmid DNA (added last) 2 ug
Molecular grade water Adjust to final volume of 50 pl

2.3.4 Agarose gel electrophoresis

Following restriction digest, the DNA fragments were separated using agarose gel electrophoresis.
A 1.2% (w/v) agarose gel was made using a 1x TAE buffer (40 mM Tris, 20 mM acetic acid, 1
mM EDTA, pH 8.5). For visualization and tracking of the DNA bands, the agarose gel was mixed
with SYBR® Safe DNA gel stain (Thermo Fisher Scientific, South Africa). Additionally, the DNA
samples were mixed with 6x Orange DNA Loading Dye (Thermo Fisher Scientific, USA) before
loading into the wells. Electrophoresis was performed at 100 volts for 60 minutes using Wide Mini
Sub-Cell systems (Bio-Rad, USA) and the DNA fragments were visualized upon exposure to blue
light excitation (using a Dark Reader Transilluminator from Clare Chemical Research, USA).

2.3.5 Recovery of DNA fragments from agarose gels

The digested DNA fragments were excised from the agarose gels and purified using the
QIAquick® Gel Extraction Kit (Product number: 28704, Qiagen, Netherlands) according to the
manufacturer's instructions. This gel extraction method relies primarily on the binding of DNA
fragments to a silica-membrane-based column. The DNA was eluted by adding 20 pl of distilled
water (pre-heated at 50°C) to the center of the membrane, before centrifuging the samples for 2
minutes at 14,000 rpm. Thereafter, the DNA recovered was quantified (as described above) and

stored at 4°C until ready for use.

2.3.6 Ligation reactions and transformation of recombinant plasmids in E. coli

Ligation of the DNA fragments to the pCB-SNAPT vector backbone was carried out using T4 DNA
ligase (400,000 units/ml) and 10x ligation buffer (both from New England Biolabs, USA)
according to the manufacturer’s instructions. Reactions were set up as indicated in Table 6 and
incubated overnight at 16°C. The amount of insert required for a 1:1, 1:2 and 1:3 (vector: insert)
ratio was calculated using the NEBioCalculator (https://nebiocalculator.neb.com/#!/ligation). This

was done to maximize the success rate of the ligation experiments. A 'vector only' control (Sfil/Notl
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double digested pCB-AnnexinV-SNAPf DNA) was also set up to assess any possible vector re-
ligation. Next day, the reaction mixture was heat-inactivated at 65°C for 10 minutes and 5 pl of
the recombinant DNA was then transformed into 50 pl of chemically competent DHSa E. coli cells
(New England Biolabs, USA). The mixture was incubated on ice for 30 minutes, heat shocked for
60 seconds at 42°C in a water bath and cooled on ice for a further 5 minutes. Thereafter, 950 ul of
SOC solution was added to the mixture, which was then incubated at 37°C for 1 hour in a heating
block. The cells were then mixed thoroughly, centrifuged (14,000 rpm for 2 minutes) and 900 pl
of supernatant was removed. The remaining pellet was resuspended in a final volume of 200 pl
with LB liquid medium and 100 pl of cells were plated on LB agar plates (1% (w/v) Casein
Peptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl and 1.2% (w/v) agar) supplemented with 200
pg/ml ampicillin (including “vector only’ and bacterial controls). The plates were left overnight at
37°C. The next day, 3 single colonies were picked from each plate and grown overnight in 2 ml of
LB medium containing ampicillin (200 pug/ml). The transformation efficiency in colony forming

units (cfu) per ug of DNA was calculated using the following formulae:

cfu) Number of transformed colonies

Transformation ef ficiency ( g =

"~ Amount of DNA spread on the plate (ug)

Table 6: Setting up ligation reactions of digested insert with vector backbone

Component Amount required
Vector DNA 50 ng
Insert DNA Varies depending on fragment size
(use NEBioCalculator)
T4 DNA ligase buffer (10x) 2 ul
T4 DNA ligase (400,000 units/ml) 1 pl (added last)
Molecular grade water Adjust to final volume of 20 pl

2.3.7 Small-scale DNA isolation, restriction mapping and DNA sequencing
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The recombinant DNA plasmids were isolated and purified from E. coli using the Zyppy™
Plasmid Miniprep Kit (Product number: D4036, Zymo Research, USA) according to the
manufacturer’s instructions, with minor alterations. In the first step, 1.2 ml of the bacterial culture
was centrifuged (14,000 rpm for 2 minutes), 600 pl of supernatant was removed and the pellet was
resuspended in the remaining 600 pl of LB medium. This was done to maximize the number of
bacterial cells present and thus increase the resulting DNA yield. Furthermore, in order to avoid
contamination of plasmid DNA with chemicals present in the Zyppy™ elution buffer, the DNA
was eluted in 20 pl of distilled water (pre-heated at 50°C). The remaining 800 pl of ligation product
was stored at 4°C for potential large-scale DNA purification before sending for sequencing. Single
restriction enzyme digest simulations were carried out on SnapGene software (version 3.1.1, GSL
Biotech, Chicago) to predict the cutting patterns of BamHI-HF and Pvull-HF for pCB-AnnexinV-
SNAPT against pCB-aCD44(scFv)-SNAPT. Digestion reactions were then set up with 5 pl of
purified DNA, 1 pl of 10x NEB Cutsmart buffer, 0.5 pl of restriction enzyme and topped up to 10
pl with molecular grade water. Samples were incubated at 37°C overnight and analyzed the next
day using agarose gel electrophoresis as described above. This allowed to identify and confirm
correct ligation of recombinant plasmids, by comparing with the SnapGene simulations. Correct
recombinant clones were then grown in LB media and purified using the NucleoBond® plasmid
purification kit as mentioned before (section 2.3.2). Samples were then sent to Ingaba Biotechnical
Industries (Pretoria, South Africa) for DNA sequencing using the Sanger sequencing method. For
this purpose, a universal T7 primer (AATACGACTCACTATAG), as well as specific internal
primers (CMV forward: CGCAAATGGGCGGTAGGCGTG and SNAPf internal:
CCTCGCCGAACTTCACCACCTTC) were used to help in the sequencing of the cloned product.
SnapGene (version 3.1.1, GSL Biotech, Chicago) was used to confirm successful insertion of the

scFv sequences in the pCB-SNAPT backbone by aligning them with the original in silico sequence.
2.4 Expression and purification of the SNAP-tag based fusion proteins

2.4.1 Expression of the fusion proteins in HEK293T cells

Upon confirmation of the DNA sequences, the eukaryotic expression vector systems (1 pg/pl)

were transiently transfected into HEK293T cells (at 70-80% confluency) using XtremeGene™
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transfection reagent (Sigma-Aldrich, South Africa) according to the manufacturer's instructions.
This procedure utilizes lipids and polymers that are capable of complexing with DNA to form
micelles, which in turn facilitate the uptake of DNA into mammalian cells. A 1:3 ratio of DNA to
transfection reagent was used (3 ul of DNA and 9 ul of transfection reagent) and mixed with 188
pl of serum-free and antibiotic-free RPMI-1640 (Gibco #10566, containing 2 mM L-glutamine,
3.7 g/L NaHCOs3 and 15 mg/L phenol red). Untransfected HEK293T cells were included as a
negative control. The transfected cells were then grown in RPMI-1640 culture medium (Gibco
#10566) supplemented with 10% (v/v) FBS and 1% (v/v) 100 U/ml penicillin-streptomycin.
Plasmid uptake was then assessed after 3 days, through the microscopic visualization of enhanced
green fluorescent protein (eGFP) expressed by the transfected cells, using a ZOE™ Fluorescent
Cell Imager (Bio-Rad Laboratories, UK). To determine the transfection efficiency, 2 ml of the
transfected cells and controls were subjected to flow cytometry using the BD™ LSR II flow
cytometer (BD Biosciences, USA). Transfection efficiency was expressed as a percentage of the
eGFP-positive cells present within the total population. Zeocin selection (100 pg/ml) was then
applied to enrich the eGFP-positive cells containing the recombinant plasmids. These cells were
then grown at 90% confluency and the cell culture supernatant containing the secreted protein of
interest, was harvested every 4 days, for a period of £6 months or until sufficient protein (> 1
mg/ml) was obtained. The collected supernatant was pooled, centrifuged at 2500 rpm for 3 minutes

to remove cellular debris, and then stored at 4°C until protein purification.

2.4.2 Protein purification using Immobilized Metal Affinity Chromatography (IMAC)

The cell culture supernatant (1 part of cell culture supernatant was mixed with 3 parts of 4x
incubation buffer (200 mM NaH2PO4, 1.2 M NaCl, 40 mM imidazole, pH 8.0) to ensure optimal
binding conditions) of each recombinant fusion protein (aCD44(scFv)-SNAPf, a ASPH(scFv)-
SNAP and aCSPG4(scFv)-SNAP) was first filtered using the Nalgene™ vacuum filtration system
(Sigma-Aldrich, South Africa) containing a 0.45 um Durapore® membrane filter (Millipore, USA)
to exclude any microcellular debris, before purification by Immobilized Metal Affinity
Chromatography (IMAC). IMAC was carried out by using a Ni?* sepharose affinity resin (packed
in a HisTrap™ Excel column, GE Healthcare, USA) on an AKTA Avant protein purification

system (GE Healthcare, USA). Initially, each clarified cell culture supernatant was applied on a
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pre-equilibrated HisTrap™ Excel column at a flow rate of 5 ml/minute. Thereafter, the column
was washed with 20 column volumes of equilibration buffer (50 mM NaH2PO4, 300 mM NacCl,
pH 8.0) and the bound fusion proteins were eluted using elution buffer (50 mM NaH2POa, 300
mM NaCl, 500 mM imidazole, pH 8.0) containing a high concentration of imidazole. In principle,
fractional elution of the his-tagged fusion proteins is made possible by increasing the concentration
of imidazole, which competes with histidine for binding to the metal-charged resin. As illustrated
by Figure 9, the combination of a gradient (0-30% imidazole) and step (100% imidazole) elution
process (green graph), allows complete removal of the fusion proteins from the column, as

observed in the form of 2 distinct peaks on the chromatogram (blue graph).

Thereafter, in order to concentrate the eluted fractions (as well as remove residual imidazole),
10K-sized Amicon filters (Sigma-Aldrich, South Africa) were used. The samples were centrifuged
at 4500 x g for 20 minutes at 4°C and washed in 1x phosphate buffered saline (pH 7.4) (henceforth
referred to as 1x PBS, containing 137 mM NacCl, 8.8 mM Na;HPOQO4, 2.7 mM KCI and 1.75 mM
KH2POs) thrice prior to downstream assays (note: 1x PBS was also used as the protein storage
buffer at -20°C). Protein quantification was assessed by UV spectrophotometry, using a DeNovix
DS-11 (DeNovix, USA), prior to further characterization.

Elution buffer
percentage

Peak 2

AKTA flow-through volume

PhD Thesis 54 Neelakshi Mungra



Materials and Methods

Figure 9: Chromatogram exemplifying the applied imidazole concentrations and the expected elution
peaks. After application of the clarified cell culture supernatant onto the Ni?* sepharose column and the
washing of low affinity proteins, the high affinity his-tagged fusion proteins were eluted using a high
concentration of imidazole. This was done via combination of a gradient (0-30% imidazole) and step elution
process (100%) (green graph), resulting in the formation of 2 distinct protein peaks on the chromatogram
(blue graph).

2.4.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western

blot analysis of recombinant protein fractions

A discontinuous 10% SDS-PAGE gel was used to resolve proteins electrophoretically on the basis
of their molecular weights. For sample preparation, 15 pl of the recombinant protein samples was
mixed with 5 pl of 4x Laemmli protein sample buffer (Bio-Rad, USA) supplemented with 10%
(v/v) 2-mercaptoethanol (Sigma-Aldrich, South Africa), and heated at 95°C for 5 minutes. After
loading the protein samples and the Page Ruler prestained protein ladder (5 pl) (Thermo Fisher
Scientific, South Africa), the SDS-PAGE gel was run at 100 volts for 95 minutes on the Mini-
Protean Tetra Cell system (Bio-Rad, USA). The protein bands were visualized by staining the gel
with Aqua Staining Solution (Vacutec, South Africa). Densitometry measurements were carried
out using ImageJ v1.52a software (https://imagej.nih.gov/ij/download.html), which compares the
optical densities of the target band of interest, against positive control bands (Bovine serum
albumin (BSA)) on the same gel. Two-fold serial dilutions of BSA (Thermo Fisher Scientific,
South Africa) were used for the generation of a standard curve of optical colour intensity against
the quantity of protein (ug), allowing for the yield of the SNAP-tag fusion proteins to be estimated
from the total protein concentration. Subsequently, western blotting was used to confirm the
functionality and integrity of the recombinant his-tagged fusion proteins. Protein bands were
transferred from an unstained SDS-PAGE gel to a nitrocellulose membrane (PVDF transfer
membrane, Roche, Switzerland) using a Mini Trans-Blot Cell system (Bio-Rad, USA) set at 100
volts for 75 minutes. The membrane was then blocked with non-fat milk for 1 hour at room
temperature and incubated with a 1:1000 dilution of an anti-his rabbit primary antibody (Qiagen,
Hilden, Germany) and a 1:5000 dilution of a goat anti-rabbit horseradish peroxidase (HRP)-
conjugate antibody (Bio-Rad, USA). Clarity™ Western ECL substrate (Bio-Rad, USA) was added

to the blot, prior to visualization using a Gel Doc™ XR Gel Documentation System (Bio-Rad,
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USA). A chemiluminescent ladder (5 pl) (SuperSignal™ Molecular Weight Protein Ladder,
Thermo Fisher Scientific, South Africa) was used to assess the size of the protein bands.

2.5 Conjugation of SNAP-tag based fusion proteins to BG-modified substrates
2.5.1 Conjugation to BG-modified Alexa Fluor 488

The purified SNAP-tag based fusion proteins (5 uM) (in 1x PBS as the buffer system) were mixed
with 10 uM of SNAP-Surface® Alexa Fluor® 488 (BG-Alexa Fluor 488, New England Biolabs,
USA), 1 mM dithiothreitol (DTT, a reducing agent that improves the stability of SNAP-tag)
(Sigma-Aldrich, South Africa) and made up to a final volume of 50 pl with 1x PBS. Conjugation
was carried out at 37°C in the dark for 60 minutes. The labeled proteins were resolved on an SDS-
PAGE gel and visualization of the fluorescent signal was made possible upon exposure to blue
light excitation, using a Dark Reader Transilluminator (Clare Chemical Research, USA). The
coupling efficiency was photometrically determined (as outlined by Hussain et al. (2019) [274]),
using the theoretical extinction coefficients of the proteins and the extinction coefficients of the

fluorescent dyes.

2.5.2 Generation of monomethyl auristatin F-containing immunoconjugates

AURIF was sourced from BrightGene Bio-Medical Technology (China) and the compound was
BG-modified by MSc student Allan Huysamen (Professor Roger Hunter’s group, Department of
Chemistry, University of Cape Town, South Africa). The purified recombinant fusion proteins
were incubated for 4 hours at room temperature, with a 3-fold molar excess of BG-modified
AURIF (initially in lyophilized form, BG-AURIF was solubilized in 100% (v/v) dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, South Africa)), 1 M ectoine (a protein-stabilizing compatible
solute [433]) (Sigma-Aldrich, South Africa) in 1x PBS and 1 mM DTT. The unconjugated BG-
modified AURIF was removed using 10K-sized Amicon filters (Sigma-Aldrich, South Africa)
according to the manufacturer’s instructions. Since the resulting product cannot be directly
visualized, saturation of the binding domain of SNAP-tag with BG-AURIF, was ascertained by
post-incubation (double conjugation) with a 2-fold molar excess of BG-Alexa Fluor 488 for 1 hour
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at 37°C. Next, SDS-PAGE analysis was conducted and visualization of any potential fluorescence

signal was carried out as described previously.

2.5.3 Conjugation to BG-modified IR700

Lyophilized BG-modified IRDye®700DX phthalocyanine (BG-PEG24-IR700, henceforth referred
to as BG-1IR700) was kindly provided by Professor Matthias Peipp (University of Kiel, Germany).
Following the solubilization of this compound in 50% (v/v) DMSO (Sigma-Aldrich, South Africa),
the SNAP-tag based fusion proteins were then incubated with a 3-fold molar excess of BG-IR700
in the dark, for 4 hours at room temperature. In order to confirm successful conjugation with BG-
IR700, the labeled fusion proteins were then resolved on an SDS-PAGE gel and visualization of
the fluorescence signal was carried out using an iBright FL1000 Imaging System (Invitrogen,
Thermo Fisher Scientific, South Africa). Subsequently, the unbound dye was removed using 10K-
sized Amicon filters (Sigma-Aldrich, South Africa) according to the manufacturer’s instructions.
Interestingly, while the IR700 dye has proven to be a valuable tool for in vivo optical imaging, its
narrow NIR fluorescence peak cannot be effectively detected by most traditional in vitro imaging
devices, such as confocal microscopy and flow cytometry [345]. On this basis, the fusion proteins
were therefore conjugated to BG-Alexa Fluor 488, as a surrogate for use in the confocal

microscopy and flow cytometry experiments (section 2.6).

2.6 Binding analysis of the SNAP-tag based fusion proteins

2.6.1 Screening of target cells and validation of surface binding by confocal microscopy

In addition to its propriety as a qualitative method to validate surface binding, confocal microscopy
was implemented as an initial screening strategy in the identification of antigen-positive TNBC
cell lines available at MB&aI (since the genetic makeup of cells can differ from those described in
literature). Therefore, target cell lines (1 x 10* cells) were seeded on a coverslip in a 35 mm dish
and incubated in RPMI-1640 (Gibco #10566) or DMEM medium (Gibco #61870) (both
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) 100 U/ml penicillin-
streptomycin) overnight in a 5% CO; incubator with 95% humidity at 37°C. The next day, cells
were incubated for 15-20 minutes with 15 uM of Alexa488-conjugated fusion protein in 100 pl of
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serum-free medium and 200 pl of 1:5000 Hoechst stain (Thermo Fisher Scientific, South Africa).
Excess dye was removed by washing the cells three times with 1x PBS, before fixing with 4%
(v/v) paraformaldehyde (PFA) (Sigma-Aldrich, South Africa) for 20 minutes at room temperature.
The cells were then washed one more time with 1x PBS and the coverslip was mounted on a
microscope slide (using Mowiol mounting medium from Merck, USA). The slides were left to dry
in the dark at room temperature for 24 hours, before images were captured on the Zeiss confocal-
scanner microscope (LSM880) with Airyscan (Confocal and Light Microscope Imaging Facility,
University of Cape Town, South Africa) on the 40X air objective.

2.6.2 Binding analysis and flow cytometric determination of receptor density on tumor cells

Flow cytometry was used to further verify the functionality (or binding potential) of the antibody
moiety of the SNAP-tag based fusion proteins, while simultaneously allowing the relative

quantitation of antigen/receptor expression status in a population of tumor cells.

2.6.2.1 Staining of cells

Briefly, adherent cells were lifted using Accutase® solution (Sigma-Aldrich, South Africa), a mild
detachment reagent suitable for use in the analysis of cell surface markers. Approximately 2 x 10°
cells were aliquoted per sample tube and centrifuged at 800 x g for 7 minutes at 4°C. Thereafter,
the supernatant was discarded and the cells were washed twice in 2 ml of 1x PBS to ensure
complete removal of unspecific proteins in solution. After decanting the supernatant, the cell pellet
was resuspended in 50 pl of a 1:2000 dilution of LIVE/DEAD™ Fixable Violet Dead Cell Stain
Kit (also known as ViViD) (Product number: L34963, Thermo Fisher Scientific, South Africa)
and incubated at room temperature for 20 minutes in the dark. Of note, ViViD, an amine-reactive
dye, works by crossing the cell membranes of dead cells and reacting irreversibly with free amines
in their cytoplasm [434]. Dead cells can thus be identified by flow cytometry since live cells do
not take up ViViD. Next, the cells were washed twice with 2 ml of FACS buffer (containing 2%
(v/v) FBS and 0.1% (v/v) sodium azide (prevents antibody-antigen complex internalization that
can cause loss of fluorescence intensity) in 1x PBS) and centrifuged at 800 x g for 7 minutes at
4°C. The cells were then resuspended in the dead volume, incubated with 50 pl of Alexa Fluor
488-conjugated protein for 30 minutes at room temperature and washed twice with FACS buffer
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as previously described. Here, an antibody titration was carried out (in duplicate), with various
serial dilutions of scFv-SNAP-Alexa488 (0, 1, 5, 10, 25, 50, 100, 250, 500 and 1000 pg/ml). This
was done to enable determination of the optimal antibody concentration to use in each experiment,
to allow the best separation between the negative and positive populations, while excluding the
maximum background fluorescence achievable [435]. Subsequently, to fix the cells, each cell
pellet was resuspended in 300 ul of 1% (v/v) PFA solution and incubated for 10 minutes at room
temperature in the dark. The cells were then washed twice with 2 ml of 1x PBS, resuspended in
300 pl of 1x PBS and kept in the dark at 4°C until data acquisition.

2.6.2.2 Compensation controls

Compensation controls were prepared for every flow cytometry session. Compensation is an
important prerequisite in multicolor flow cytometric analysis; it corrects for spectral overlap which
arises from the use of fluorescent dyes that are perceivable by more than one detector [436,437].
A total of 3 compensation tubes were used in this study: (1) unstained anti-mouse Ig-Kappa
compensation beads (Becton-Dickinson (BD) Biosciences, USA) (negative compensation
control), (2) anti-mouse lg-Kappa compensation beads stained with 5 pl of 1:10 dilution of FITC
mouse anti-human CD107 (BD Biosciences, USA) (single stain FITC/Alexa488 compensation
control) and (3) ArC™ amine reactive compensation beads (Thermo Fisher Scientific, South
Africa) stained with 1 pl of 1:40 dilution of ViViD (Pacific Blue/ViViD compensation control).
The compensation beads were vortexed thoroughly before use (to avoid clumping) and thereafter,
1 full drop of the relevant compensation bead was added to each tube. The corresponding stain
was added directly to the bead suspension and the samples were incubated for 30 minutes in the
dark at room temperature. Next, the beads were washed with 2 ml of 1x PBS and centrifuged at
800 x g for 5 minutes at 4°C. The supernatant was discarded and the beads were then resuspended
in 150 pl of 1x PBS and stored at 4°C in the dark until acquisition.

2.6.2.3 Acquisition

Samples were acquired using FACSDiva™ software (v8.0.1) (BD Biosciences, USA) on a BD™
LSR 1l flow cytometer equipped with a fluorescein isothiocyanate (FITC)/Alexa488 and Brilliant
Violet 421/Pacific Blue laser lines (provided by the IDM Flow Cytometry Core Facility,
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University of Cape Town, South Africa). For each cell sample, 5 x 10* events were acquired.

Additionally, 2 x 10*events were acquired for each compensation control.

2.6.2.4 Analysis

Data analysis was carried out using FlowJo™ software (v10.6.1) (BD Biosciences, USA) and
involved the generation of pseudocolor plots, whereby an appropriate gating strategy was devised

to allow determination of the level of receptor expression on the surface of target cells (Figure 10).
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Figure 10: Representative pseudocolor plots indicating the gating strategy employed in the
determination of the receptor expression status. Target cell lines were incubated with the Alexa488-
conjugated scFv-SNAP fusion protein and acquired on a BD™ LSR II flow cytometer. Gating the cells on
the basis of time served as an initial quality control step. Singlets were then identified in the forward scatter
plots and dead cells were excluded by ViViD. After identifying the cell population of interest by ruling out

the presence of debris, gates were applied for the identification of the Alexa488-positive/negative cell
populations.

This also allowed the generation of antibody titration curves (using GraphPad Prism v5) for each
cell line and scFv-SNAP-Alexa488 combinations, depicting the change in (1) signal-to-noise ratio,

(2) staining index and (3) median fluorescence intensity (MFI) of the Alexa488-positive
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population. The signal-to-noise ratio measures the difference in fluorescence between the positive
and negative populations, whereas the staining index measures the relative brightness of the
fluorochrome detected by the flow cytometer [435,438]. The below equations were used to

compute these 2 parameters:

MFI (positive population)

Si [- to-noi tio =
tgnaim tomnotse ratto MFI (negative population)

MFI (positive population) — MFI (negative population)

Staining index —
aining maex 2 X robust standard deviation (negative population)

After selection of the optimal antibody titer, histograms and bar graph were generated, to compare

the distribution of CSPG4, CD44 and ASPH across target cell lines. Statistical analyses were

performed using GraphPad Prism v5; Student’s t-tests (relative to the negative cell line) were

calculated to show any statistical difference. A p-value of < 0.05 was considered to be statistically

significant.

2.7 Cytotoxicity studies
2.7.1 Cytotoxic analysis of SNAP-tag based fusion proteins conjugated to BG-AURIF

Cells (5 x 10%) were seeded in a 96-well plate (in either RPMI-1640 (Gibco #10566) or DMEM
medium (Gibco #61870), supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) 100
U/ml penicillin-streptomycin) and allowed to adhere overnight under standard tissue culture
conditions (37°C, 5% COz and 95% humidity). The next day, they were treated with 3-fold serially
diluted concentrations of AURIF (unmodified), BG-AURIF, scFv-SNAP (unconjugated) or scFv-
SNAP-AURIF and incubated for 72 hours in a 5% CO> incubator with 95% humidity at 37°C.
Untreated cells served as negative controls (100% cell viability), while Zeocin-treated (100 pg/ml)
cells were used as positive controls (0% cell viability). The Cell Proliferation Kit 11 (XTT) (Product
number: 11465015001, Roche, Switzerland) was used (according to the manufacturer’s protocol)
to assess cytotoxicity. In this assay, cleavage of the tetrazolium salt XTT occurs in the presence of

metabolically active cells and results in the formation of orange formazan crystals, which absorb
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light at 450 nm. Thus, at 68 hours post-treatment, cells were treated with the XTT reagent and at
72 hours, absorbance readings (at 450 nm as the measurement filter and 650 nm as the reference
filter) were taken using a spectrophotometer (iMark™ Microplate Absorbance Reader, Bio-Rad,
USA). All experiments were carried out in triplicate (n=3), with 3 technical repeats. The
absorbance values were normalized with respect to the untreated and Zeocin controls, and the
results were presented as a percentage of cell viability. The concentration required to achieve a
50% reduction in cell viability (ICso value) was calculated using GraphPad Prism v5 software.

2.7.2 Evaluation of photoimmunotoxicity of IR700-conjugated fusion proteins

Target cell lines (5 x 10%) were seeded in a 96-well plate (in either RPMI-1640 (Gibco #10566) or
DMEM medium (Gibco #61870), supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v)
100 U/ml penicillin-streptomycin) and allowed to adhere overnight at 37°C in a 5% CO:
atmosphere at 95% humidity. The following day, cells were incubated with 3-fold serially diluted
concentrations of BG-IR700 or scFv-SNAP-IR700 and incubated for 3 hours at 37°C in the dark
(negative control: untreated cells and positive control: Zeocin (100 pg/ml)). Concurrently, to
assess whether the heat generated by the laser could potentially affect cell viability and
compromise the reliability of the data, untreated (and treated) cells were either exposed to NIR
light or left in the dark. Thereafter, the cells were washed in 1x PBS and incubated in 200 pl of
phenol red-free media supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) 100 U/ml
penicillin-streptomycin (RPMI-1640: Gibco #11835-030 or DMEM: Gibco #21063-029), before
being irradiated with a BioLambda LEDbox laser (Sdo Paulo, Brazil) of 690 nm wavelength, set
at 14 mW/cm? power density, 25 J/cm? dose and exposure time of 30 minutes. The following

equation was used to determine the irradiation time:

Dose (C]W)

Power density (%)

Time (seconds) =

Following light activation of IR700, the cells were left to recover for 24 hours in complete media

in a 5% CO2 incubator with 95% humidity at 37°C. At 20 hours post-recovery, XTT reagent was
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added, absorbance readings were taken at 24 hours and the results were analyzed as described in
section 2.7.1. All dose-response experiments were performed 3 times, with 3 technical repeats.
Student’s t-tests were also carried out to demonstrate any temperature-related changes in the
growth of untreated cells (n=48) subjected to NIR light irradiation or left in the dark. Statistical

significance was demonstrated by a p-value of < 0.05 (calculated using GraphPad Prism v5).
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Chapter 3: Results

Given their cardinal roles in promoting tumor growth, proliferation, resistance and metastasis,
CSPG4, CD44 and ASPH represent promising target antigens in the management of TNBCs
[353,368,384,413,416]. This clinically aggressive and heterogeneous disease warrants the need for
a cornucopia of reliable medical tools, which when combined, ensures the coverage, detection and
targeting of the vast majority of triple-negative breast tumors, thereby enabling the expansion of
precision medicine. Consequently, the fundamental purpose of the present work pertains to the
development of novel antibody-based diagnostic and therapeutic approaches that form an
important first step in responding to the medical urgency of TNBCs. More precisely, this study
aimed to harness the versatility of SNAP-tag technology to engineer and assess the in vitro
functionality of CSPG4, CD44 and ASPH-targeting (1) recombinant immunodiagnostics, (2)
homogeneous AURIF-containing ADC products and (3) IR700-based photoimmunotheranostic
agents. Therefore, the results chapter is divided as follows: the first 2 sections (sections 3.1 — 3.2)
describe the in silico design and molecular cloning strategies employed (as exemplified for
aCD44(scFv)-SNAPT), the next 3 sections (sections 3.3 — 3.5) summarize the generation and
characterization of the fusion proteins, while the last 2 sections (sections 3.6 — 3.7) demonstrate

the comparative binding and cytotoxic activities of the immunoconjugates on TNBC cells.

3.1 In silico design of mammalian expression vectors

In view of developing a panel of diagnostic tools, as well as a reliable strategy for the targeted
delivery of cytotoxic warheads (AURIF/IR700), scFv gene sequences specifically targeting the 3
receptors, were subjected to IgBLAST analysis (section 2.2). As an in silico quality control tool,
IgBLAST confirmed the presence of intact CDRs and FR regions in the scFv sequence (as
illustrated for aCD44(scFv) in Figure 11A). The CLC genomics workbench application was then
used to align and compare the reliability of the V genes before proceeding to in silico cloning.
Next, each scFv was genetically modified through the insertion of Sfil and Notl restriction enzyme
cutting sites. The ORF for each construct was accordingly generated through insertion of the scFv
sequences into the pCB-SNAP backbone, which includes an enterokinase recognition sequence

for removal of the N-terminal pre-peptide in order to generate the final active product (Figure 11B-
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D). The scFv portion is located 3° to SNAP-tag, while the polyhistidine tag [426] and the 1g-Kappa
leader sequence [427], are located at the N-terminus. After generation of the recombinant plasmids
and ensuring the absence of stop codon interference, the scFv sequences were aligned to their
parental (patent) sequences to validate the integrity of the CDRs and FR regions. Finally, the
confirmed scFv sequences were sent to Genescript (USA) for synthesis into a commercial pUC57
vector, with Sfil and Notl as unique restriction sites.

GCDMGCRY ) GAAGTOCAGCTGOTGGAGTCTOROGOAGOCTTAGTGARGCC TGRAGGGTCLCTAAGACTCTCCTGTGCAGCCTCTGOATTCACTTTCAT | 90

IGHV3-21*04 1 4 GAGGTGCAGCTGGTGGAGTCTGGGGGAGGCCTGGTCAAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTCAGT 20
E Y Q L ¥ E S'G6G G 6 L VK PGS LR LSIERAASOGFTE.:S

S Y DMSWNVROQAPIGLKIGLEMWNMNVYSTISSGGESYTYWN
aCD44(scFv) 91 AGCTATGACATGTCTTGGGTTCGCCAGGCTCCGGGGAAGGGGCTGGAGTGGGTCTCAACCATTAGTAGTGGTGGTAGTTACACCTACTAT 180
IGHV3.21%04 91  AGCTATAGCATGAACTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCATCCATTAGTAGTAGTAGTAGTTACATATACTAC 180

S Y S M B W VR OAPGKEKG'LE WN S5 IS S:HS5 S S Y XYY
----------------------------------------------- FR3.IMGT cscmsscasseasscesasoosiococeounons
LB S T KG R/'E T T SR D NIAKNSLYEQMNSELERRAE?D
oCD44(scFY) 137  CTAGACAGTATAAAGGGCCGATTCACCATCTCCAGAGACAATGCCAAGAACTCCCTGTACCTGCAAATGAACAGTCTGAGGGCTGAGGAC 270
IGHV321%04 181 GCAGACTCAGTGAAGGGCCGATTCACCATCTCCAGAGACAACGCCAAGAACTCACTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGAC 270
ADSVE KGRTFTTISRDNATKINSTLTYTLG QMNSTLTP RATEST D
Nhel Sfil Notl/Xhol Blpl EcoRI
“ l
Nhel SAT Notl/Xhol Bipl EcoR1
“ l
Nhel SfiT Notl/Xhol Bipl EcoRI

o ()

Figure 11: In silico design of mammalian expression plasmids for CSPG4/CD44/ASPH-targeting
SNAP-tag based fusion proteins. (A) IgBLAST analysis of aCD44(scFv) comparing the extracted scFv
sequences against existing immunoglobulin germline variable region gene sequences. Intact (no stop codon)
CDRs and FR regions were identified. Variations from the germline sequence are represented in pink. ORFs
coding for (B) aCSPG4(scFv)-SNAP, (C) aCD44(scFv)-SNAPT and (D) aASPH(scFv)-SNAP. Here, Sfil
and Notl restriction sites were used in the cloning of the scFv genes into the pCB-SNAP backbone.
Important components of the ORFs are indicated in the figure legend (IgK leader: Ig-Kappa leader sequence
for secretion of the fusion protein expressed by host cells, His-tag (x6): 6 histidine tags for protein
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purification by IMAC and detection in western blot analysis, EKS: enterokinase cleavage site for the
enzymatic removal of the N-terminal elements and STOP: stop codon for halting protein synthesis).

3.2 Generation of pCB-aCD44(scFv)-SNAPf using molecular cloning

3.2.1 Ligation of aCD44(scFv) to the pCB-SNAPTf backbone

Following restriction enzyme digest of the starter plasmids (pCB-AnnexinV-SNAPf and pUC57-
aCD44(scFv)), the insert and the vector DNA fragments were excised from agarose gels and
purified in preparation for ligation (section 2.3.6). The ligation products were then transformed
into chemically competent DHSa E. coli cells and plated onto LB agar plates supplemented with
200 pg/ml ampicillin, which provided a stable and controlled environment for the growth of
bacteria possessing the ampicillin resistance gene (from the transformed recombinant plasmids).
Therefore, bacterial clones encompassing the pCB-aCD44(scFv)-SNAPT plasmids were able to
grow due to their capacity to express B-lactamase, which catalyzes the hydrolysis of the B-lactam
ring of ampicillin [439]. No bacterial growth was observed on the contamination (control) plate
(Figure 12E). However, the ‘vector only’ plate showed the presence of bacterial colonies,
indicating vector re-ligation (Figure 12D). The calculated transformation efficiencies of the pCB-
aCD44(scFv)-SNAPT plates for 1:1, 1:2 and 1:3 ratios of vector to insert, were 2.40 x 10° cfu/ug,
2.68 x 10° cfu/ug and 2.98 x 10° cfu/ug respectively.
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Figure 12: Growth of E. coli cells transformed with potential recombinant pCB-aCD44(scFv)-SNAPf
plasmid DNA. Following transformation, 100 ul of bacterial mixture was plated onto LB agar plates, which
were then incubated overnight at 37°C (section 2.3.6). The concentration of ampicillin used was 200 pg/ml.
(A) 1:1 ratio of vector to insert, (B) 1:2 ratio of vector to insert, (C) 1:3 ratio of vector to insert, (D) vector
only plate and (E) contamination control.

3.2.2 Restriction mapping on selected pCB-aCD44(scFv)-SNAPT clones

Restriction mapping was used to confirm successful ligation of the aCD44(scFv) into the pCB-
SNAPT backbone (section 2.3.7). To this end, a virtual simulation was first carried out on
SnapGene software, in order to determine whether the selected enzymes would produce
differential fragmentation of the recombinant and parental plasmids (Figure 13A). In this
experiment, both pCB-aCD44(scFv)-SNAPTf recombinant clones and the pCB-AnnexinV-SNAPf
parental clone, were singly digested with BamHI-HF and Pvull-HF (Figure 13B), resulting in
distinct fragment patterns that were in accordance with the theoretical agarose gel simulation.
Therefore, while confirming successful cloning, this result ensures that re-ligated vector clones
were not selected for DNA sequencing.

kb L L MwW: 1 Kb DNA Ladder
A 1: pCB-AnnexinV-SNAPF
BamHI
1. 8236 bp = linearized at BamHI (2592)
2: pCB-CD44-SNAPf
BamHI
1. 6159 bp = BamHI (2340) — BamHI (515)
2. 1825 bp = BamHI(515) — BamHI (2340)
3: pCB-AnnexinV-SNAP
Pvull
1. 4593 bp = Pvull (5350) — Pvull (1707)
2. 1895bp = Pwull (1707) — Pvull (3602)
3. 1748 bp = Pwvull (3602) — Pvull (5350)
4: pCB-CD44-SNAPf
Pvull
1. 3028 bp = Pvull (5098) — Pvull (142)
2. 1895 bp = Pwvull (1455) — Pvull (3350)
1.0% agarose 3. 1748 bp = Pwull (3350) — Pvull (5098)
4, 1313 bp = Pvull (142) — Pvull (1455)
M1 M2 1 2 3 4 5 6
®) ot
d MI: 1 kb DNA ladder
3 kb M2: 100 bp DNA ladder
1: Undigested control
2: BamHI-HF digest ~ pCB-AnnexinV-SNAPf
1 kb 3: Pvull-HF digest
4: Undigested control
5: BamHI-HF digest = pCB-aCD44(scFv)-SNAPf

500 bp

6: Pvull-HF digest
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Figure 13: Analysis of restriction mapping for pCB-aCD44(scFv)-SNAPT clones using agarose gel
electrophoresis. All digestions were run overnight at 37°C. DNA fragments were separated using a 1.2%
(w/v) agarose gel ran for 1 hour at 100 volts. Digests on pCB-AnnexinV-SNAPf were used for comparison
purposes (section 2.3.7). (A) Simulated digestion using SnapGene and (B) restriction mapping on pCB-
AnnexinV-SNAPTf and pCB-aCD44(scFv)-SNAPT clones.

3.2.3 Sequencing results of selected pCB-aCD44(scFv)-SNAPT clones

The selected recombinant plasmids were sent to Ingaba Biotechnical Industries (South Africa) for
Sanger DNA sequencing. SnapGene was then used to confirm the integrity of the cloned product
by aligning the resulting sequences with the original in silico sequence (section 2.3.7). As shown
in Figure 14, the selected pCB-aCD44(scFv)-SNAPT clones showed approximately 100%
homology with the in silico ORF sequence, thus confirming the credibility of the DNA sequence
(successful incorporation of aCD44(scFv) into the pCB mammalian expression system) before

proceeding to protein expression.
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Figure 14: Map generated following alignment of trace sequences with the corresponding in silico
sequence for pCB-aCD44(scFv)-SNAPf. The clones corresponded closely (approximately 100%
homology) with the in silico ORF sequence (as indicated by the primers used (dark red arrows)).

3.3 Transfection into HEK293T cells for protein expression

Upon confirmation of the DNA sequences, the recombinant plasmids (pCB-aCSPG4(scFv)-
SNAP, pCB-aCD44(scFv)-SNAPf and pCB-aASPH(scFv)-SNAP) were introduced into
HEK293T cells for protein expression. Successfully transfected cells (potentially expressing the
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putative fusion protein) were identified through microscopic visualization of eGFP using a ZOE™
Fluorescent Cell Imager (Bio-Rad Laboratories, UK). Using flow cytometry (section 2.4.1), the
transfection efficiencies were determined as follows: 25.5%, 21.1% and 7.98%, for pCB-
aCSPG4(scFv)-SNAP, pCB-aCD44(scFv)-SNAPT and pCB-aASPH(scFv)-SNAP respectively.
Based on these values (transfection efficiencies < 70-80%), Zeocin selection (100 pg/ml) was
applied to enrich the eGFP-positive cell population carrying the bleomycin resistance gene. These
cells were then maintained in culture (ideally at 90% confluency) (Figure 15) until the cell culture

supernatant (containing the fusion protein of interest) was ready for collection.

(A)

(B)

(C)

100 um 100 pm

Figure 15: Microscopic visualization of eGFP in transfected HEK293T cells. (A) pCB-aCSPG4(scFv)-
SNAP, (B) pCB-aCD44(scFv)-SNAPf and (C) pCB-aASPH(scFv)-SNAP. Transfection was carried out
using XtremeGene™ transfection reagent (Sigma-Aldrich, South Africa) according to the manufacturer's
instructions and eGFP enrichment was performed using 100 pg/ml of Zeocin (section 2.4.1). The green
channel (right panel) was used to assess eGFP expression while the brightfield (or phase contrast) channel
(left panel) showed the number of cells in a specific region. Images were taken using a ZOE™ Fluorescent
Cell Imager at 100 um magnification.
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3.4 Purification of recombinant scFv-SNAP fusion proteins
3.4.1 SDS-PAGE analysis and densitometric quantification of purified protein fractions

Purification of the recombinant fusion proteins (from 1 litre of cell culture supernatant) was carried
out using IMAC, whereby their elution was made possible through competitive binding between
his-tag and imidazole for the Ni?* column. The resulting elution profiles are shown in Figure 16,
depicting the tendency of the purified SNAP-tag based fusion proteins being eluted from the
column in the form of 2 distinct peaks, upon the application of increasing imidazole concentration

via a gradient (0-30% imidazole) and step elution process (100% imidazole) (section 2.4.2).
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Figure 16: Chromatograms of (A) aCSPG4(scFv)-SNAP, (B) aCD44(scFv)-SNAPf and (C)
0ASPH(scFv)-SNAP after purification using IMAC. The y-axis is a measure of the elution buffer
percentage, while the x-axis represents the AKTA flow-through volume with respect to increasing time.
The blue line shows the elution profile of fusion protein and the green line demonstrates the concentration
gradient of imidazole. Fractions were eluted in the form of 2 distinct peaks on the chromatogram.

Thereafter, each crude protein fraction was run on a 10% SDS-PAGE gel (Figure 17) that enabled
the electrophoretic separation and identification of each fusion protein based on their molecular
weights (as indicated by red arrow) (theoretical sizes for aCSPG4(scFv)-SNAP, aCD44(scFv)-
SNAPf and a ASPH(scFv)-SNAP are 51.1 kDa, 49.7 kDa and 51.2 kDa respectively). This step
represents an important deciding factor in the subsequent pooling and enrichment of protein
fractions (section 2.4.3); only fractions containing the putative fusion proteins were pooled,

concentrated and desalted (removal of residual imidazole) prior to further characterization.
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Figure 17: SDS-PAGE analysis of pre-concentrated IMAC eluate scFv-SNAP protein fractions. (A)
aCSPG4(scFv)-SNAP (51.1 kDa), (B) aCD44(scFv)-SNAPf (49.7 kDa) and (C) aASPH(scFv)-SNAP
(51.2 kDa). Following IMAC purification, a 10% SDS-PAGE gel was run to confirm expression of the
fusion proteins and assess their purity (based on their differential molecular weights and rate of migration
upon application of an electric field). The SDS-PAGE gel was run at 100 volts for 95 minutes and 15 pl of
protein was loaded per well (fraction numbers are indicated at the top of each well). Thereafter, the protein
bands were visualized by staining the gel with Aqua staining solution. Page Ruler prestained protein ladder
from Thermo Fisher Scientific (South Africa) was used to determine the protein molecular weights.

Next, Amicon (10K molecular weight cut-off)-concentrated protein fractions (comprising peaks 1
and 2) were ran on a 10% SDS-PAGE gel. Two-fold serially diluted BSA standards were ran
adjacent to the purified fusion protein, thus enabling protein quantification by densitometry.

Presence of full-length scFv-SNAP fusion protein is indicated by red arrow (Figure 18).
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Figure 18: SDS-PAGE analysis of concentrated IMAC eluate scFv-SNAP protein fractions. (A)
aCSPG4(scFv)-SNAP (51.1 kDa), (B) aCD44(scFv)-SNAPT (49.7 kDa) and (C) aASPH(scFv)-SNAP
(51.2 kDa). Following Amicon (10K-sized) concentration, a 10% SDS-PAGE gel was run to re-confirm
expression of the fusion proteins and assess their purity (section 2.4.3). The SDS-PAGE gel was run at 100
volts for 95 minutes and 20 g of total protein from peaks 1 and 2, were loaded in lanes 2 and 3 respectively.
Two-fold serially diluted BSA standards were ran in lanes 6-10 to allow protein quantification via
densitometry. Outlets 1 and 2 (lanes 4 and 5) (usually containing BSA from the cell culture supernatant)
represent the residual flow-through from the Ni?* column following protein purification. Presence of full-
length scFv-SNAP protein is indicated by red arrow. Thereafter, the protein bands were visualized by
staining the gel with Aqua staining solution. Page Ruler prestained protein ladder from Thermo Fisher
Scientific (South Africa) was used to determine the protein molecular weights.

Furthermore, to evaluate the efficacy of this protein purification step, residual flow-through from
the Ni?* sepharose column (outlets 1 and 2) were also inspected; while BSA from the cell culture
supernatant was clearly visible, no remnant of scFv-SNAP was observed, confirming optimal
performance of the metal-charged resin. Due to the presence of additional non-specific bands,
especially at approximately 130-180 kDa (which denote a rate of purity of < 90%) (Figure 18),
densitometry measurements (section 2.4.3) were carried out using ImageJ software to estimate the
percentage of the total protein concentration (determined by UV spectrophotometry using a

DeNovix DS-11) which corresponds to the scFv-SNAP fusion protein.

To this end, a standard curve was plotted, consisting of the optical colour intensity of the BSA
standards (quantified by ImageJ software) on the y-axis, against the corresponding amount of
protein on the x-axis (as illustrated in the case of aCSPG4(scFv)-SNAP in Figure 19). Therefore,
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by extrapolating the measured colour intensity of the target bands to their protein quantity, the

calculated yields and purity of each fusion protein were determined as shown in Table 7 below.

BSA standard curve for estimating the scFv-SNAP protein concentration
35000
y|=2737,8x+10107 )
30000 R?=0,9481  _.."'®
25000
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intensity (units)
15000 —
10000 :
o
5000
0
0 1 2 3 4 5 6 7 8 9
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Figure 19: Generation of a BSA standard curve for the determination of aCSPG4(scFv)-SNAP
protein concentration. Following measurement of optical colour intensity for the BSA standard bands
(using ImageJ software), a graph of optical colour intensity (in units) was plotted against the corresponding
amount of protein (in pg). Using the resulting graphical equation, the amount of scFv-SNAP protein in the
total protein sample, was estimated, and allowed determination of the protein yield and percentage purity
(as shown in Table 7).

Table 7: Densitometric quantification of the purified recombinant fusion proteins

scFv-SNAP fusion “Total protein PCalculated YPercentage 3Absolute
protein concentration in | protein yield in of scFv- protein
mg/L mg/L SNAP in concentration
total IMAC in mg/L
purified
protein
sample
aCSPG4(scFv)- 8.10 1.76 21.7% 2.35
SNAP peak 1
aCSPG4(scFv)- 0.94 0.11 11.7% 0.75
SNAP peak 2
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aCD44(scFv)- 9.84 2.28 23.2% 3.65
SNAPT peak 1
aCD44(scFv)- 2.53 0.30 11.9% 0.20
SNAPT peak 2
aASPH(scFv)- 3.99 0.71 17.8% 1.23
SNAP peak 1
aASPH(scFv)- 0.47 0.04 8.5% 0.02
SNAP peak 2

a: quantified by UV spectrophotometry, : determined by densitometry, y: value from f divided by value
from a (expressed as a percentage), and 6: based on calculated scFv-SNAP concentration (from ) and total
volume of protein recovered from cell culture supernatant.

The data computed in the above table, indicate that the protein purity and absolute yield ranged
from 8.5 — 23.2% and 0.02 — 3.65 mg/L respectively. Such prevailing poor yield and purity (<
90%) advocate the need for an additional or improved protein purification strategy. Nonetheless,
since the lowest values were obtained from peak 2, peak 1 was rationally chosen for use in the
downstream functional assays. Lastly, the disparities observed in the calculated values across the
various fusion proteins, suggest that their expression could be influenced by various undefined in

vitro environmental and physiological factors.

3.4.2 Western blot analysis of purified protein fractions

To further confirm successful expression and integrity (proper folding) of full-length recombinant
fusion proteins bearing functional his-tags, a western blot was carried out by transferring the
protein bands from an unstained SDS-PAGE gel to a nitrocellulose membrane (section 2.4.3).
Thereafter, the proteins were incubated with an anti-his rabbit primary antibody which binds to
the C-terminal histidine residues of the fusion proteins. A secondary antibody (goat anti-rabbit
HRP-conjugate antibody) then allowed visualization of the his-tagged fusion proteins by reaction
with a chemiluminescent substrate. From Figure 20, presence of intact full-length fusion protein
observed on the SDS-PAGE gel (left panel), can be correlated to the same molecular size bands
on the western blot (as indicated by red arrow on right panel). Clear signs of minor protein
degradation can be observed in peak 1 and/or peak 2 for aCD44(scFv)-SNAPf and a ASPH(scFv)-
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SNAP (bands at ~20-35 kDa on western blot). While the exact cause for this phenomenon is open
to speculation (for example: temperature, trace presence of proteases, protein misfolding), it can
jeopardize future experimental setups if the degradation products encompass a functional SNAP-

tag domain.
(A) aCSPG4(scFv)-SNAP (B) aCD44(scFv)-SNAPf
{ . \ { Protein \
E::;;:: Chemiluminescent Ladder . Chemiluminescent
aDe) Peak 1 Peak 2 marker (kDa) Peak 1  Peak2 (kDa) Peak 1 Peak 2 marker (kDa) Ppeak 1  Peak 2
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Figure 20: Western blot analysis of enriched scFv-SNAP fusion protein fractions. (A) aCSPG4(scFv)-
SNAP (51.1 kDa), (B) aCD44(scFv)-SNAPf (49.7 kDa) and (C) aASPH(scFv)-SNAP (51.2 kDa). Left
panel: Comparison of protein profiles on a 10% SDS-PAGE gel stained with Aqua staining solution. Right
panel: Immunoblot of proteins transferred to a nitrocellulose membrane from a duplicate SDS-PAGE gel.
Transfer was done at 100 volts for 75 minutes and 1 g/l protein was loaded per well. A chemiluminescent
ladder (5 pl) (SuperSignal™ Molecular Weight Protein Ladder) was used to assess the size of the protein
bands. An anti-his rabbit antibody (1:1000 primary antibody) and a goat anti-rabbit HRP-conjugate
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antibody (1:5000 secondary antibody) were used. Red arrow indicates presence of full-length recombinant
scFv-SNAP fusion protein. The membrane was visualized using a Gel Doc™ XR Gel Documentation
System.

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

After confirming the (N-terminal) integrity of the recombinant fusion proteins, the next step
involved investigating the self-labeling activity of their SNAP-tag moiety. Therefore, the scFv-
SNAP fusion proteins were conjugated with BG-Alexa Fluor 488 as described in section 2.5.1 and
the resulting products were resolved on an SDS-PAGE gel, prior to visualization under blue light
excitation (Figure 21). The observable fluorescent bands corresponded with the theoretical size of
the fusion proteins, thus confirming the functionality and binding activity of SNAP-tag to BG-
modified substrates such as BG-Alexa Fluor 488. Most importantly, the degraded protein bands
(observed in Figure 20) showed no conjugation to the fluorophore. The bottom bands indicated
the presence of unconjugated (excess) fluorescent substrate, which were removed using Zeba™
Spin Desalting Columns (40 kDa) (Thermo Fisher Scientific, South Africa) before proceeding to
binding assays. The coupling efficiency was determined as described previously [274]; after 30
minutes incubation at 37°C, the labeling efficiency was 91, 95 and 86% for aCSPG4(scFv)-SNAP,
aCD44(scFv)-SNAPf and a ASPH(scFv)-SNAP respectively.

. (A) aCSPG4(scFv)- ) (B) aCD44(scFv)- Protei (C) aASPH(scFv)-
Protein SNAP-Alexa488 Protein SNAPf-Alexad488 rotein SNAP-Alexa488
Ladder | Ladder | Ladder |
(kDa) \ (kDa) [ \ (kDa) | \
-
72 - 2 “ 72 *
55 N
55 “ a
43 . 55 . ——
— ] 43—
43 B
— —_

Am“ S 2 2 -
Figure 21: 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). (A) aCSPG4(scFv)-SNAP

(51.1 kDa), (B) aCD44(scFv)-SNAPT (49.7 kDa) and (C) a ASPH(scFv)-SNAP (51.2 kDa). Left panel:
Alexad88-conjugated protein ran on a 10% SDS-PAGE gel stained with Aqua staining solution. Right
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panel: The same SDS-PAGE gel visualized under blue light for potential fluorescence. The SDS-PAGE gel
was run at 100 volts for 95 minutes and 20 pl of conjugated protein sample was loaded per well. Page Ruler
prestained protein ladder (Thermo Fisher Scientific, South Africa) was used to confirm the protein sizes. A
Dark Reader Transilluminator was used for visualization of the fluorescent signal.

3.6 Investigating the binding activity of scFv-SNAP-Alexa Fluor 488 to target cells

3.6.1 Screening of target cells and validation of surface binding by confocal microscopy

The overarching working principle of targeted diagnostics and therapeutics relies heavily on the
expression of accessible (often surface-bound) target antigens. Consequently, to fully assess the
potential of the SNAP-tag based immunoconjugates as therapeutics for TNBCs, it became
instrumental to assess the membrane expression of CSPG4, CD44 and ASPH on a panel of target
cell lines (consisting of Hs578T, MDA-MB-231 and MDA-MB-468 as TNBC cells) using
confocal microscopy (section 2.6.1). Simultaneously, this also allowed the binding ability (or
functional integrity) of the antibody fragments to be evaluated. Membrane binding of
aCSPG4(scFv)-SNAP-Alexa488 (Figure 22) (green signal) was confirmed on Hs578T, MDA-
MB-468 and SK-Mel-28 cells (melanoma cells). Interestingly, the following observations were
made: Hs578T and SK-Mel-28 cells displayed even membrane staining throughout most fields of
view, MDA-MB-468 cells showed staining in certain areas only, and HEK293T and MDA-MB-
231 cells exhibited no CSPG4-associated fluorescent signal. Therefore, the latter two cell lines

were postulated to be negative for CSPG4.
(A) HEK293T (B) Hs578T
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(C) MDA-MB-231 (D) MDA-MB-468

(E) SK-Mel-28

Figure 22: Assessing the binding activity of aCSPG4(scFv)-SNAP-Alexa488 by screening target cells
for potential CSPG4 expression. (A) HEK293T, (B) Hs578T, (C) MDA-MB-231, (D) MDA-MB-468 and
(E) SK-Mel-28. 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 pm magnification.

Similarly, by using the same strategy, surface binding of aCD44(scFv)-SNAPf-Alexa488 was
observed on Hs578T, MCF-7 and MDA-MB-468, but not on HEK293T or MDA-MB-231 cells
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(Figure 23). As opposed to Hs578T cells which exhibited a more uniform membrane distribution
of the CD44-bound label, MCF-7 and MDA-MB-468 cells were characterized by sporadic (and
less intense) staining across their cell population. Additionally, the formation of membrane
blebbing was discernible across all technical and biological repeats for MDA-MB-468 (Figure
23E), suggesting the highly sensitive nature of this cell line. Nonetheless, since the Hoechst
staining ascertained the presence of intact cell nuclei (blue signal), the binding data was regarded

as being reliable.

(A) HEK293T (B) HS578T

(C) MCF7 (D) MDA-MB-231
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(E) MDA-MB-468

Figure 23: Assessing the binding activity of aCD44(scFv)-SNAPf-Alexa488 by screening target cells
for potential CD44 expression. (A) HEK293T, (B) Hs578T, (C) MCF-7, (D) MDA-MB-231 and (E)
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 um magnification.

Lastly, the screening of TNBC cells with aASPH(scFv)-SNAP-Alexa488 was particularly
challenging since most cell lines displayed no ASPH-related fluorescence staining. For this reason,

only 2 TNBC cell lines were considered for further functional assays (Figure 24).

(A) Hs578T (B) MDA-MB-468
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Figure 24: Assessing the binding activity of a ASPH(scFv)-SNAP-Alexa488 by screening target cells
for potential ASPH expression. (A) Hs578T and (B) MDA-MB-468. Cell lines were incubated with 15
MM 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 um magnification.

As observed from Figure 24, very mild and sparse surface binding was observed on MDA-MB-
468 cells and no binding was detected on Hs578T cells across all fields of view. Therefore, MDA-

MB-468 was selected as the ASPH-positive cell line, with Hs578T cells as the negative control.

3.6.2 Binding analysis and flow cytometric determination of receptor density on tumor cells

Following confocal microscopy, flow cytometric analysis (section 2.6.2) was implemented to
further confirm the binding specificity and capability of the scFv-SNAP fusion proteins, while
synchronously quantifying surface expression of their cognate antigens within the live cell
population. On this basis, the same panel of target cell lines used in section 3.6.1, was subjected
to incubation with various serial dilutions of the according Alexa488-conjugated fusion protein,
prior to acquisition on a BD™ LSR 11 flow cytometer. Here, compensation [436,437] was applied
to correct for spectral overlap arising from the use of BG-Alexa Fluor 488 and ViViD (live/dead

marker), which were detectable in both the Alexa488 and Pacific Blue channels.

Thereafter, determination of the receptor expression status for each sample, required the design
and implementation of an appropriate gating strategy. Figure 10 (section 2.6.2) depicts the gating
strategy utilized in the analysis of all flow cytometric data acquired in this study. Initially, time
gates were applied to ensure consistent fluorescence signal over time. This was done to exclude
the presence of artefacts in the data, often resulting from the presence of microbubbles or clogs
within the device’s fluidic system. Similarly, in order to eliminate further irregularities in the data,
a forward scatter height (FSC-H) against forward scatter area (FSC-A) plot was drawn to select
for single cells only, since doublets and other cellular aggregates can give rise to inaccurate
analysis. Subsequently, the Pacific Blue channel was used to identify live cells (negative for
ViViD), which were then gated according to their size (FSC-A) and granularity (side scatter area

(SSC-A)) to exclude cellular debris. Lastly, gates specific for the receptor-associated Alexa Fluor
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488 fluorescence signal were applied, to delineate between (and allow quantification of) the

antigen-positive and negative cell populations.

Moreover, as an essential optimization step in flow cytometry [435], antibody titrations were also
carried out. In addition to the potential experimental repercussions of the observable low protein
purity (< 90%) (Table 7), it became pertinent to estimate the optimal concentration of scFv-SNAP-
Alexa488 needed to ensure the best segregation between the antigen-positive and negative
populations for a given cell type. In other words, this strategy allowed determination of the
antibody staining concentration to use to ensure the most accurate measure of expression levels,
whilst limiting background interference. This was particularly important since even though
antibodies will bind with high affinity to their target antigens, excess antibody can increase non-
specific (low affinity) binding, which will promote background fluorescence (from the negative
population) and reduce the ability to resolve populations [440]. Therefore, after application of the
gating strategy (Figure 10), antibody titration curves were plotted for each scFv-SNAP-Alexa488
and cell line combinations; (from left to right) signal-to-noise ratio, staining index (SI), median
fluorescence intensity (MFI) (for Alexa488-positive population) and concatenated pseudocolor
plot (Figures 25 — 27).

As such, there are several factors to consider when selecting the optimal antibody dilution: (1)
highest signal-to-noise ratio and Sl, (2) MFI value of the antibody titer should be close to the
saturation point and (3) the positioning of the negative population [441]. In this study, the
saturation point (or point where curve plateaus) was not readily determinable and the highest MFI
could not be assumed as the saturation point. While further increasing the scFv-SNAP-Alexa488
concentration was considered, it was observed that with the existing concentrations employed,
most cells were already overstained. This occurrence was marked by high background signal (from
unspecific binding and possible cell autofluorescence), with the negative population being shifted
towards a higher fluorescence, thereby hampering the distinct identification of the negative and
positive cell populations. Indeed, as observed from the concatenated pseudocolor plots (Figures
25— 27), a ‘smear’ of the antigen-positive cells was observed, progressing to the top of the negative
population. On this basis, choosing the appropriate fusion protein concentration to allow a reliable
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estimation of receptor density, involved using the concatenated plots to gauge the right balance

between a positive signal and an observable shift in the negative population. The selected antibody

titer was then applied to the other titration curves (as indicated by red box). Therefore, for
aCSPG4(scFv)-SNAP-Alexa488 (Figure 25), the chosen antibody concentrations were 100 pg/mi,
25 pg/ml, 100 pg/ml, 100 pg/ml and 1000 pg/ml for (A) HEK293T, (B) Hs578T, (C) MDA-MB-
231, (D) MDA-MB-468 and (E) SK-Mel-28 cells respectively. Similarly, for aCD44(scFv)-
SNAPT-Alexa488 (Figure 26), the optimal antibody titers were 100 pg/ml, 10 pg/ml, 100 pg/ml,
250 pg/ml and 250 pg/ml for (A) HEK293T, (B) Hs578T, (C) MCF-7, (D) MDA-MB-231 and (E)
MDA-MB-468 cells respectively (Table 8).

Table 8: Summary of the chosen antibody titers and their associated signal-to-noise ratio,

staining index (SI) and median fluorescence intensity (MFI) for each scFv-SNAP-Alexa

Fluor 488 fusion protein on target cell lines

Treatment Cell lines Optimal “Signal- | ¢Staining *Median
tested antibody | to-noise | index (SI) | fluorescence

titer ratio intensity
(ng/ml) (MFI)
HEK293T 100 10.8 4.21 12556
Hs578T 25 2.54 1.36 4685
aCSPG4(scFv)- MDA-MB-231 100 14.1 5.43 15763
SNAP-Alexa488 MDA-MB-468 100 4.17 3.38 2720
SK-Mel-28 1000 7.36 6.47 23470
HEK293T 100 14.5 10.7 13021
Hs578T 10 151 0.588 2265
aCD44(scFv)- MCF-7 100 3.82 2.80 3210
SNAPf-Alexa488 MDA-MB-231 250 18.3 6.42 28391
MDA-MB-468 250 4.47 2.89 5666
aASPH(scFv)- Hs578T 250 20.2 11.7 53835
SNAP-Alexa488 MDA-MB-468 500 5.23 4.21 6983

a: Data shown represent the average of 2 biological repeat experiments.
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Figure 25: Determination of the optimal antibody concentration for aCSPG4(scFv)-SNAP-Alexa488
on target cell lines. Cells were treated with increasing protein concentrations and the corresponding
antibody titration curves were plotted as follows: (from left to right) signal-to-noise ratio, staining index
(SI), median fluorescence intensity (MFI) and concatenated pseudocolor plot. Data shown are
representative of 2 biological repeat experiments. The chosen antibody concentrations (as indicated by the
red box) were 100 pg/ml, 25 pg/ml, 100 pg/ml, 100 pg/ml and 1000 pg/ml for (A) HEK293T, (B) Hs578T,
(C) MDA-MB-231, (D) MDA-MB-468 and (E) SK-Mel-28 respectively.
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Figure 26: Determination of the optimal antibody concentration for aCD44(scFv)-SNAPf-Alexa488
on target cell lines. Cells were treated with increasing protein concentrations and the corresponding
antibody titration curves were plotted as follows: (from left to right) signal-to-noise ratio, staining index
(SI), median fluorescence intensity (MFI) and concatenated pseudocolor plot. Data shown are
representative of 2 biological repeat experiments. The chosen antibody concentrations (as indicated by the
red box) were 100 pg/ml, 10 pg/ml, 100 pg/ml, 250 pg/ml and 250 pg/ml for (A) HEK293T, (B) Hs578T,
(C) MCF-7, (D) MDA-MB-231 and (E) MDA-MB-468 respectively.
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Lastly, as shown in Figure 27, aASPH(scFv)-SNAP-Alexa488 exhibited optimal antibody
concentrations at 250 pg/ml and 500 pg/ml for (A) Hs578T and (B) MDA-MB-468 respectively.
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Figure 27: Determination of the optimal antibody concentration for aASPH(scFv)-SNAP-Alexa488
on target cell lines. Cells were treated with increasing protein concentrations and the corresponding
antibody titration curves were plotted as follows: (from left to right) signal-to-noise ratio, staining index
(S, median fluorescence intensity (MFI) and concatenated pseudocolor plot. Data shown are
representative of 2 biological repeat experiments. The chosen antibody concentrations (as indicated by the
red box) were 250 pg/ml and 500 pg/ml for (A) Hs578T and (B) MDA-MB-468 respectively.

After selection of the most appropriate scFv-SNAP-Alexa488 concentration that would ensure
maximal staining of the cellular marker in the sample (while minimizing background
fluorescence), the next step was to (1) evaluate the percentage of antigen-positive cells present
within the cell population, (2) quantify the receptor distribution per cell type (via the MFI) and (3)
compare these values across the chosen panel of target cells (which includes TNBC cells) to
confirm their suitability in cytotoxicity studies. To this end, representative pseudocolor plots were
first drawn to show the position of the Alexa488-positive and negative cell populations,
concurrently allowing the frequency (expressed as a percentage of the total live cell population) of
the antigen-positive cells to be determined. For instance, the percentages of CSPG4-expressing
cells were 1.04, 36.4, 1.80, 8.72 and 52.7% for HEK293T, Hs578T, MDA-MB-231, MDA-MB-
468 and SK-Mel-28 cells respectively (Figures 28A and B). Likewise, the prevalence of CD44-

positive cells was 0.84, 26.2, 19.6, 1.57 and 21.0% for HEK293T, Hs578T, MCF-7, MDA-MB-
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231 and MDA-MB-468 cells (Figures 29A and B). On the other hand, ASPH showed an abundance
rate of 19.8% in MDA-MB-468 cells and 0.44% in Hs578T cells (Figures 30A and B). Therefore,
in the majority of cases, less than 50% of the cells expressed the putative target receptor.

Additionally, histograms were drawn to depict the relative fluorescence shift of the Alexa488-
positive (green curve) and negative populations (blue curve), with respect to the untreated control
(grey curve). As observed from Figures 28C and 29C, amongst the TNBC cell lines, Hs578T
exhibited the highest count of CSPG4 and CD44-associated signal, whereas MDA-MB-468 and
MDA-MB-231 cells were characterized by medium to low signals respectively. In contrast, MDA-
MB-468 cells displayed a moderately positive shift in ASPH-specific Alexa488 fluorescence,
whereas Hs578T cells were noticeably low in signal count number (Figure 30C). Therefore,
reflecting the confocal microscopy observations made across the different fields of view, the
frequency of the antigen-positive cells within the cell population, was as follows: (1) CSPG4: SK-
Mel-28 > Hs578T > MDA-MB-468 > MDA-MB-231 > HEK293T, (2) CD44: Hs578T > MDA-
MB-468 > MCF-7 > MDA-MB-231 > HEK293T and (3) ASPH: MDA-MB-468 > Hs578T. These
results validated the concordance between the qualitative and quantitative binding data generated
in this study (Table 9). Interestingly, statistical comparisons across cell lines revealed that the
population of CSPG4 and CD44-positive cells was significantly lower in HEK293T cells (Figures
28D and 29D), making it an important negative control cell line for further functional assays. The
same deduction was made in the case of Hs578T, which represented an ASPH'°% freauency_ex pressing
cell line (Figure 30D).

Similarly, MFI values were calculated to establish the levels of antigen expression within the
Alexa488-positive population (Figures 28E — 30E). This is achievable since the intensity of the
fluorescent signal is proportional to the amount of antibody bound per cell, which is in turn
reflective of the number of antigen sites expressed [442,443]. Surprisingly, CSPG4/CD44-positive
Hs578T cells showed a low distribution of receptors on their surface (Table 8), despite exhibiting
a frequency of 36.4% (CSPG4) and 26.2% (CD44) in the overall cell population. Nonetheless, the
low signal-to-noise ratio showcased by Hs578T (Figures 28F and 29F), was suggestive of potential
background interference in the visible data. Conversely, although scarce in number, the
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CSPG4/CD44-expressing HEK293T and MDA-MB-231 cells were marked by high to moderate
receptor expression per cell (MFI range: 12556 — 28391) (Table 8). Furthermore, although non-
significant, a similar phenomenon was apparent for MDA-MB-468 cells (Figure 30F), which
showed positivity for ASPH in ~20% of its population. Unfortunately, the underlying causality

behind these confounding observations is currently unknown and will require further investigation.

Therefore, given its correlation with the confocal microscopy data, the computed frequency values

were thus regarded as the best estimate of relative receptor abundance for each cell population.
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Figure 28: Comparison of the CSPG4 expression status across target cell lines. Cells were incubated
with the optimal Alexa488-conjugated aCSPG4(scFv)-SNAP concentration and acquired on a BD™ LSR
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Il flow cytometer. Data shown are representative of 2 biological repeat experiments. (A) Representative
pseudocolor plots with gates showing the position of the Alexa488-positive/negative cell populations at the
optimal antibody titer. Frequencies of the Alexa488-positive populations (expressed as a percentage of the
total population) are indicated at the top right-hand corner of the plots. (B) Antibody titration curves
showing the frequencies of the Alexa488-positive population at the optimal antibody concentration
(indicated by red box). (C) Histograms depicting the relative fluorescence of the Alexa488-
positive/negative populations (grey curve: untreated cells, blue curve: Alexa488-negative cells at the
optimal antibody concentration, green: Alexa488-positive cells at the optimal antibody concentration). Bar
graphs demonstrating the (D) frequencies of the Alexa488-positive population, (E) median fluorescence
intensity (MFI) and (F) signal-to-noise ratio across target cell lines. Statistical comparisons (relative to the
CSPG4-negative HEK293T cell line) were calculated using Student’s t-tests (*p < 0.05, **p < 0.01, ***p
< 0.001, ns (not significant)).
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Figure 29: Comparison of the CD44 expression status across target cell lines. Cells were incubated
with the optimal Alexa488-conjugated aCD44(scFv)-SNAPf concentration and acquired on a BD™ LSR
Il flow cytometer. Data shown are representative of 2 biological repeat experiments. (A) Representative
pseudocolor plots with gates showing the position of the Alexa488-positive/negative cell populations at the
optimal antibody titer. Frequencies of the Alexa488-positive populations (expressed as a percentage of the
total population) are indicated at the top right-hand corner of the plots. (B) Antibody titration curves
showing the frequencies of the Alexa488-positive population at the optimal antibody concentration
(indicated by red box). (C) Histograms depicting the relative fluorescence of the Alexa488-
positive/negative populations (grey curve: untreated cells, blue curve: Alexa488-negative cells at the
optimal antibody concentration, green: Alexa488-positive cells at the optimal antibody concentration). Bar
graphs demonstrating the (D) frequencies of the Alexa488-positive population, (E) median fluorescence
intensity (MFI) and (F) signal-to-noise ratio across target cell lines. Statistical comparisons (relative to the
CD44-negative HEK293T cell line) were calculated using Student’s t-tests (*p < 0.05, **p < 0.01, ***p <
0.001, ns (not significant)).
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Figure 30: Comparison of the ASPH expression status across target cell lines. Cells were incubated
with the optimal Alexa488-conjugated a ASPH(scFv)-SNAP concentration and acquired ona BD™ LSR |1
flow cytometer. Data shown are representative of 2 biological repeat experiments. (A) Representative
pseudocolor plots with gates showing the position of the Alexa488-positive/negative cell populations at the
optimal antibody titer. Frequencies of the Alexa488-positive populations (expressed as a percentage of the
total population) are indicated at the top right-hand corner of the plots. (B) Antibody titration curves
showing the frequencies of the Alexa488-positive population at the optimal antibody concentration
(indicated by red box). (C) Histograms depicting the relative fluorescence of the Alexa488-
positive/negative populations (grey curve: untreated cells, blue curve: Alexa488-negative cells at the
optimal antibody concentration, green: Alexa488-positive cells at the optimal antibody concentration). Bar
graphs demonstrating the (D) frequencies of the Alexa488-positive population, (E) median fluorescence
intensity (MFI) and (F) signal-to-noise ratio across target cell lines. Statistical comparisons (relative to the
ASPH-negative Hs578T cell line) were calculated using Student’s t-tests (*p < 0.05, **p < 0.01, ***p <
0.001, ns (not significant)).

In conclusion, the resulting specific binding activities of the scFv-SNAP-Alexa488 fusion proteins,

as determined by confocal microscopy and flow cytometry, are summarized in Table 9 below.

Table 9: Overview of binding activities for Alexa Fluor 488-conjugated scFv-SNAP fusion

proteins on target cell lines

Treatment Cell lines tested Surface binding as Frequency of

observed via confocal | antigen-positive
microscopy cells as

determined by

flow cytometry
HEK293T No binding 1.04%
Hs578T Uniform and intense 36.4%
aCSPG4(scFv)-SNAP- MDA-MB-231 No binding 1.80%
Alexa488 MDA-MB-468 Mild and sparse 8.72%
SK-Mel-28 Uniform and intense 52.7%
HEK?293T No binding 0.84%
Hs578T Uniform and intense 26.2%
aCD44(scFv)-SNAPf- MCF-7 Mild and sparse 19.6%
Alexa488 MDA-MB-231 No binding 1.57%
MDA-MB-468 Mild and sparse 21.0%
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aASPH(scFv)-SNAP- Hs578T No binding 0.44%
Alexa488 MDA-MB-468 Mild and sparse 19.8%

3.7 Cytotoxicity studies

3.7.1 Cytotoxic analysis of SNAP-tag based fusion proteins conjugated to BG-AURIF

After confirming the functionality of the individual elements of the scFv-SNAP fusion proteins
and determining the relative abundance of the antigen-positive cells across target cell lines, the
next step involved establishing whether the fusion proteins can be used as a vehicle for the specific
delivery of cytotoxic agents to TNBC cells. Initially, with BG-AURIF being synthesized from
commercially available AURIF (BrightGene Bio-Medical Technology, China), an important
requisite was to assess whether such chemical modifications had any impact on the cytotoxic
activity of the resulting compound. To this end, all cell lines were treated with increasing
concentrations of the drug and cell proliferation was measured using an XTT-based cell viability
assay (section 2.7.1). The concentration of drug required to achieve 50% inhibition in cell viability

was also calculated to assess drug efficacy.

Indeed, Figures 31 and 32 demonstrate that both AURIF and BG-modified AURIF were
indiscriminately toxic towards all cell lines in a concentration-dependent fashion. This unspecific
activity provided the rationale for using an antibody moiety as a guiding head for the targeted
delivery of such warheads to tumor cells. Most importantly, AURIF displayed a more potent
killing effect (ICso range: 43-452.8 nM) as compared to BG-AURIF (ICso range: 32.3 nM-17.1
UM) (Table 10). Consequently, despite this marginal reduction in activity (probably due to the
smaller molecular size of AURIF which allows easier internalization into target cells), their
overlapping range suggested that BG-AURIF retained most of its anti-mitotic properties and is
therefore suitable for use in the generation of novel recombinant ADCs targeting CSPG4, CD44
and ASPH.
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Figure 31: Dose-response curves demonstrating the cytotoxic activity of commercially sourced
(unmodified) AURIF. The cytotoxic activity was assessed using an XTT-based viability assay after
incubation with the drug for 72 hours. Cells were treated with (3-fold serially diluted) increasing
concentrations of the drug and the ICs, values (relative to the untreated and Zeocin-treated (100 pg/ml)
* standard deviation (SD) of each
measurement (presented as a percentage of cell viability), and the measurements were performed in

cells) were calculated using GraphPad Prism vb5. Data are mean

triplicate at least 3 times.
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Figure 32: Dose-response curves demonstrating the cytotoxic activity of BG-modified AURIF. The
cytotoxic activity was assessed using an XTT-based viability assay after incubation with the drug for 72
hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the drug and the ICso
values (relative to the untreated and Zeocin-treated (100 pg/ml) cells) were calculated using GraphPad
Prism v5. Data are mean * standard deviation (SD) of each measurement (presented as a percentage of cell
viability), and the measurements were performed in triplicate at least 3 times.

Subsequently, prior to conjugation with BG-modified AURIF, it was necessary to first ascertain
that the unconjugated fusion proteins were not responsible for any visible lethal effect on the target
cells. As expected, treatment with unconjugated aCSPG4(scFv)-SNAP fusion protein did not
induce any palpable toxicity (Figure 33).
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Figure 33: Investigating the cytotoxic activity of unconjugated aCSPG4(scFv)-SNAP fusion protein
on target cell lines. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the protein for 72 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of
the protein and dose-response curves were generated using GraphPad Prism v5. Data are mean + standard
deviation (SD) of each measurement (presented as a percentage of cell viability), and the measurements
were performed in triplicate at least 3 times.

Following the same trend, cells treated with increasing dilutions of aCD44(scFv)-SNAPT (Figure
34) and a ASPH(scFv)-SNAP (Figure 35) remained unaffected across all cell types, indicating that
the fusion proteins have no effect on cell proliferation despite the varying abundance levels of

antigen-positive cells.
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Figure 34: Investigating the cytotoxic activity of unconjugated aCD44(scFv)-SNAPT fusion protein
on target cell lines. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the protein for 72 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of
the protein and dose-response curves were generated using GraphPad Prism v5. Data are mean + standard
deviation (SD) of each measurement (presented as a percentage of cell viability), and the measurements
were performed in triplicate at least 3 times.
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Figure 35: Investigating the cytotoxic activity of unconjugated a ASPH(scFv)-SNAP fusion protein
on target cell lines. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the protein for 72 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of
the protein and dose-response curves were generated using GraphPad Prism v5. Data are mean + standard
deviation (SD) of each measurement (presented as a percentage of cell viability), and the measurements
were performed in triplicate at least 3 times.

Following conjugation to BG-AURIF, a second conjugation was performed with the addition of
BG-Alexa Fluor 488, in order to confirm saturation of the scFv-SNAP with BG-AURIF prior to
cytotoxicity studies (section 2.5.2). As shown in Figure 36, no fluorescent signal was detected

(right panel), despite presence of the conjugated protein on the stained SDS-PAGE gel (left panel).
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On this account, incubation of the fusion protein with a 3-fold molar excess of BG-AURIF for 4
hours at room temperature, was deemed to be sufficient to allow complete saturation of the binding
domain of SNAP-tag with the antiproliferative drug. Thereafter, the killing effects of the resulting
immunoconjugates were assessed using an XTT-based colorimetric cell viability assay as

described previously.

1: aCSPG4(scFv)-SNAP-AURIF
95 e
2: aCD44(scFv)-SNAPf-AURIF
72 (.
3: aASPH(scFv)-SNAP-AURIF
55—
5 B p——— e
Soam
= Unconjugated BG-Alexa488
sy

Figure 36: Confirming the saturation of scFv-SNAP fusion proteins with BG-AURIF through a
double conjugation with BG-Alexa Fluor 488. After conjugation with BG-AURIF for 4 hours at room
temperature, 5 UM of the conjugation reaction was incubated with 10 uM of BG-Alexa Fluor 488 for 60
minutes at 37°C, before being loaded on a 10% SDS-PAGE gel, which was visualized under blue light
using a Dark Reader Transilluminator (right panel) and stained using Aqua staining solution (left panel).
Unbound BG-Alexa Fluor 488 is indicated by red arrow.

After 72 hours incubation with incremental concentrations of aCSPG4(scFv)-SNAP-AURIF, cells
that presented with a high frequency of CSPG4-expressing cells (Hs578T, MDA-MB-468 and SK-
Mel-28) were reduced in a concentration-dependent manner (Figure 37). The concentration
required to achieve a 50% reduction in TNBC cell viability (ICso value) was as follows: 173.3 nM
for Hs578T and 190.3 nM for MDA-MB-468 (Table 10). However, in the case of the melanoma
cell line SK-Mel-28, higher drug concentrations would be required to generate a dose-response
curve that would allow a reliable calculation of the 1Cso value. Nonetheless, with the observable
low protein yield (Table 7), extrapolation of the graph was favored (using GraphPad Prism v5),
which allowed determination of an estimated 1Cso value of 1.66 uM for SK-Mel-28. In contrast,
cell lines that were less abundant in antigen-positive cells (HEK293T and MDA-MB-231 cells),

were negligibly affected, thereby demonstrating that the resulting AURIF cytotoxicity is
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dependent on the level of CSPG4-expression. Interestingly, although SK-Mel-28 cells exhibited
the highest frequency (52.7%) of CSPG4-positive cells (Figure 28), they were less sensitive to the
treatment as opposed to Hs578T and MDA-MB-468 cells. This unanticipated observation
suggested that the biological activity and efficiency of such compounds were dictated by additional

in vitro considerations.
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Figure 37: Dose-response curves demonstrating the cytotoxic activity of aCSPG4(scFv)-SNAP-
AURIF in vitro. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the drug for 72 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the
drug and the ICsp values (relative to the untreated and Zeocin-treated (100 pg/ml) cells) were calculated
using GraphPad Prism v5. Data are mean + standard deviation (SD) of each measurement (presented as a
percentage of cell viability), and the measurements were performed in triplicate at least 3 times.

Further building on the selectivity of the engineered recombinant ADCs, it was demonstrated that
only the CD44Mh freauency_expressing cell lines (Hs578T, MCF-7 and MDA-MB-468) were
susceptible to the immunoconjugate treatment, with 1Cso values ranging from 100.4 nM to 1.27
MM (Figure 38). A similar pattern was perceived in the case of aASPH(scFv)-SNAP-AURIF
(Figure 39). With HEK293T (CD44'ow freauencyy - MDA-MB-231 (CD44'ow freauencyy and Hs578T
(ASPH'ow freauencyy cells remaining unaffected even at the highest doses of the drug, such partiality

towards receptor-abundant cells also indicated that conjugation of BG-AURIF to the scFv-SNAP
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had no effect on the overall binding potential of the antibody moiety. Despite this, there was again
no correlation between the percentage of antigen-positive cells in the population and the
observable ICsp value, highlighting the complexity of targeted drug delivery.
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Figure 38: Dose-response curves demonstrating the cytotoxic activity of aCD44(scFv)-SNAPf-AURIF
in vitro. The cytotoxic activity was assessed using an XTT-based viability assay after incubation with the
drug for 72 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the drug and
the ICso values (relative to the untreated and Zeocin-treated (100 pg/ml) cells) were calculated using
GraphPad Prism v5. Data are mean * standard deviation (SD) of each measurement (presented as a
percentage of cell viability), and the measurements were performed in triplicate at least 3 times.
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Figure 39: Dose-response curves demonstrating the cytotoxic activity of a ASPH(scFv)-SNAP-AURIF
in vitro. The cytotoxic activity was assessed using an XTT-based viability assay after incubation with the
drug for 72 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the drug and
the ICso values (relative to the untreated and Zeocin-treated (100 pg/ml) cells) were calculated using
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GraphPad Prism v5. Data are mean * standard deviation (SD) of each measurement (presented as a
percentage of cell viability), and the measurements were performed in triplicate at least 3 times.

Taken together, the resulting ICso values generated from the AURIF-driven cytotoxicity studies in

this section, are summarized in Table 10 below.

Table 10: Summary of 1Cso values based on the cytocidal activity of scFv-SNAP-AURIF,
unmodified AURIF and unconjugated BG-AURIF on target cell lines

Treatment Cell lines tested I1Cso values (nM)
HEK293T -
Hs578T 173.3
aCSPG4(scFv)-SNAP-AURIF MDA-MB-231 -
MDA-MB-468 190.3
SK-Mel-28 1660
HEK293T -
Hs578T 839.7
aCD44(scFv)-SNAPf-AURIF MCF-7 1270
MDA-MB-231 -
MDA-MB-468 100.4
aASPH(scFv)-SNAP-AURIF Hs578T -
MDA-MB-468 309.8
HEK293T 32.3
Hs578T 846.1
BG-AURIF MCF-7 42.6
MDA-MB-231 81.6
MDA-MB-468 181.9
SK-Mel-28 17100
HEK293T 57.6
Hs578T 203.7
AURIF MCF-7 452.8
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MDA-MB-231 45.1
MDA-MB-468 43.0
SK-Mel-28 166.4

3.7.2 Evaluation of photoimmunotoxicity of IR700-conjugated fusion proteins

Investigation into the phototoxic activity of scFv-SNAP fusion proteins conjugated to BG-
modified IR700, represents a proof of concept study demonstrating the ability of PIT to avoid the
undesirable side-effects associated with PDT. Concurrently, by building on the cytotoxicity data
observed via conjugation to the antimitotic drug AURIF, it showcases the versatility of SNAP-tag
based fusion proteins as an efficient ‘plug and play’ approach in the generation of diverse
diagnostic and therapeutic immunoconjugates. Therefore, the CSPG4, CD44 and ASPH-targeting
scFv-SNAP fusion proteins generated in this research, were conjugated to the highly potent NIR
PS called IR700 and administered to target cells. After irradiation with NIR light at 690 nm, the
percentage of viable cells was determined using a formazan dye-based cell viability assay as
described in section 2.7.2 and the corresponding ICsp values were computed using GraphPad Prism

v5 software.

Most importantly, the source of NIR light and the IR700 PS (with and without light activation) on
their own, should not induce any cell killing activity. Consequently, to ensure that the heat
generated from the laser does not contribute to any detectable toxicity, untreated (media only)
target cell lines were exposed to NIR light irradiation at 690 nm or left in the dark. As illustrated
by Figure 40, treatment with NIR light had no impact on cell proliferation in vitro. Likewise, cells
treated with the PS BG-IR700 only, did not experience any significant (or dose-dependent)
reduction in cell viability, with or without light irradiation (Figures 41 and 42). These results
implied that any potential photoimmunotoxic activities observed, would be due to the collaborative

effect of the distinct functional elements of the IR700-conjugated fusion proteins.

PhD Thesis 101 Neelakshi Mungra



Results

HEK293T

ns

% Cell viability

Treatment

MDA-MB-231

ns

% Cell viability

Treatment

% Cell viability

% Cell viability

Hs578T

ns

Treatment

MDA-MB-468

ns

100-

g

& &
© \>Q

&

Treatment

MCF7

% Cell viability

Treatment

SK-MEL-28

150
ns

g

% Cell viability
g

Treatment

Figure 40: Evaluating the cytotoxic activity of 690 nm NIR light in vitro. The cytotoxic activity was
assessed using an XTT-based viability assay after treatment with NIR light for 30 minutes. The percentage
cell viability was normalized relative to the untreated cells and bar graphs were generated using GraphPad
Prism v5. Data are mean * standard deviation (SD) of each measurement (n=48). Student’s t-tests were
performed to determine statistical differences (p < 0.05) between no light and light irradiation (note: ns

stands for ‘not significant’).
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Figure 41: Investigating the cytotoxic activity of BG-IR700 on target cell lines, without exposure to
NIR light at 690 nm. The cytotoxic activity was assessed using an XTT-based viability assay after
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incubation with the PS for 3 hours. Cells were treated with (3-fold serially diluted) increasing
concentrations of BG-IR700 and dose-response curves were generated using GraphPad Prism v5. Data are
mean * standard deviation (SD) of each measurement (expressed as a percentage of cell viability), and the
measurements were performed in triplicate at least 3 times.
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Figure 42: Investigating the cytotoxic activity of BG-IR700 on target cell lines, with exposure to NIR
light at 690 nm. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the PS for 3 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of BG-
IR700 and dose-response curves were generated using GraphPad Prism v5. Data are mean * standard
deviation (SD) of each measurement (expressed as a percentage of cell viability), and the measurements
were performed in triplicate at least 3 times.

Furthermore, as a pivotal aspect to the efficacy of these agents, it was necessary to ascertain
successful site-specific coupling of BG-IR700 to SNAP-tag. Hence, following conjugation, the
resulting combination products were resolved on a 10% SDS-PAGE gel and visualized using an
iBright FL1000 Imaging System (Thermo Fisher Scientific, South Africa) before being stained for
protein detection (section 2.5.3). This step enabled the discernment of red fluorescence signals
(right panel) which corresponded to the appropriate theoretical sizes of the fusion proteins (left
panel) (Figure 43). This inferred that incubation of the fusion protein with a 3-fold molar excess
of BG-IR700 in the dark for 4 hours at room temperature, allowed efficient labeling of SNAP-tag
with IR700. Additionally, prior to assessing the toxicity profiles of the putative compounds, the
residual BG-IR700 dye (blue arrow) was removed by ultracentrifugation using Amicon filters

(Sigma-Aldrich, South Africa) endowed with a 10K molecular weight cut-off pore size.
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Figure 43: Confirming the saturation of scFv-SNAP fusion proteins with BG-IR700. The fusion
proteins were incubated with a 3-fold molar excess of BG-IR700 in the dark for 4 hours at room
temperature. The resulting samples were resolved on a 10% SDS-PAGE gel and fluorescence signals were
visualized using an iBright FL1000 Imaging System (Invitrogen, Thermo Fisher Scientific, South Africa)
(right panel). Thereafter, the same gel was stained using Aqua staining solution (left panel). Residual
unbound dye was removed using 10K-sized Amicon filters (Sigma-Aldrich, South Africa) prior to
phototoxicity studies. Red arrow: scFv-SNAP-IR700 and blue arrow: mild unbound BG-IR700 dye.

As such, by harnessing the selective nature of the antibody fragment, light-activated

aCSPG4(scFv)-SNAP-IR700 was able to target and eliminate specific cell lines in a concentration-

dependent manner (Figure 44).
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Figure 44: Dose-response curves demonstrating the photocytotoxic activity of aCSPG4(scFv)-SNAP-
IR700 in vitro. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the drug for 3 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the
drug (in the presence (e) and absence (A) of NIR light at 690 nm) and the ICso values (relative to the
untreated and Zeocin-treated (100 pg/ml) cells) were calculated using GraphPad Prism v5. Data are mean
+ standard deviation (SD) of each measurement (presented as a percentage of cell viability), and the
measurements were performed in triplicate at least 3 times.

Among these CSPG4-abundant tumor cells, target TNBC cells — Hs578T and MDA-MB-468 —
were affected with ICso values numbered at 1.32 uM and 817.3 nM respectively. In contrast, the
high frequency CSPG4-expressing cell line SK-Mel-28, exhibited an ICso value of 898.3 nM.
Therefore, reflecting the results obtained with the AURIF-based recombinant ADCs, cytotoxicity
was again not dictated by the abundance of target receptors in vitro. Most importantly,
aCSPG4(scFv)-SNAP-IR700 had no effect on: (1) CSPG4'ow freawency_expressing cell lines
(HEK293T and MDA-MB-231) and (2) all cell lines subjected to the absence of NIR light
irradiation at 690 nm. These unique qualities warrant the use of such agents in lieu of PDT, to

minimize the risk of detrimental side-effects inflicted to non-tumorigenic cells.

In congruence with the above findings, the CD44 and ASPH-targeting photoimmunotheranostic
conjugates engineered in this study, showed for the first time, antigen and light-driven elimination
of TNBC cells, with ICsg values ranging from 507 nM to 6.07 pM (Figures 45 and 46). This
partiality towards high frequency receptor-expressing cell lines also suggested that conjugation of
scFv-SNAP to BG-IR700 did not compromise the binding activity of the antibody moiety.
However, a noteworthy observation pertained to the higher 1Cso values (Table 11) obtained using
this therapeutic approach as opposed to the targeted delivery of the antimitotic drug AURIF (Table
10). While the mechanism of action of the scFv-SNAP-IR700 combination products was not
determinable in this study, this noticeable difference in activity highlighted the impact of distinct
targeting strategies and their associated efficiencies when administered to the same panel of target

cell lines.
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Figure 45: Dose-response curves demonstrating the photocytotoxic activity of aCD44(scFv)-SNAPT-
IR700 in vitro. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the drug for 3 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the
drug (in the presence (e) and absence (A) of NIR light at 690 nm) and the ICso values (relative to the
untreated and Zeocin-treated (100 pg/ml) cells) were calculated using GraphPad Prism v5. Data are mean
+ standard deviation (SD) of each measurement (presented as a percentage of cell viability), and the
measurements were performed in triplicate at least 3 times.
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Figure 46: Dose-response curves demonstrating the photocytotoxic activity of a ASPH(scFv)-SNAP-
IR700 in vitro. The cytotoxic activity was assessed using an XTT-based viability assay after incubation
with the drug for 3 hours. Cells were treated with (3-fold serially diluted) increasing concentrations of the
drug (in the presence (o) and absence (A) of NIR light at 690 nm) and the ICso values (relative to the
untreated and Zeocin-treated (100 pg/ml) cells) were calculated using GraphPad Prism v5. Data are mean
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+ standard deviation (SD) of each measurement (presented as a percentage of cell viability), and the
measurements were performed in triplicate at least 3 times.

Overall, the resulting 1Cso values generated from the IR700-associated phototoxicity studies in this

section, are summarized in Table 11 below.

Table 11: Summary of 1Cso values for scFv-SNAP-IR700 and unconjugated BG-IR700 in
the presence of 690 nm NIR light irradiation

Treatment Cell lines tested I1Cso values (nM)

HEK293T -
Hs578T 1320
aCSPG4(scFv)-SNAP-IR700 MDA-MB-231 -
MDA-MB-468 817.3
SK-Mel-28 898.3
HEK293T -
Hs578T 1710
aCD44(scFv)-SNAPF-IR700 MCF-7 4240
MDA-MB-231 -
MDA-MB-468 6070
aASPH(scFv)-SNAP-IR700 Hs578T -
MDA-MB-468 507
HEK293T
Hs578T
BG-IR700 MCF-7
MDA-MB-231
MDA-MB-468
SK-Mel-28
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Chapter 4: Discussion

4.1 Triple-negative breast cancer: An unmet medical need

Breast cancer remains a global public health concern; an estimated 1 million cases of breast cancer
are diagnosed annually worldwide, of which approximately 170,000 are described as triple-
negative [40]. TNBC, which is characterized by tumors that do not express ER, PR and HERZ2,
represents one of the most aggressive and clinically challenging breast cancer subtypes [444,445].
This unique disease entity often presents with a higher likelihood of brain and lung involvement,
poorer prognosis and elevated mortality rates [48,49,446]. Strangely enough, TNBC displays the
highest prevalence among premenopausal women of African origin, whereby these women are
almost 3 times more likely (than white women) to carry the triple-negative phenotype [43,444].
Given the complexity of this disease, clinicians have thus been challenged with a lack of specific
guidelines to address the management of afflicted patients [447]. This situation is further
exacerbated by the lack of clinical benefit that can be derived from well-established targeted
therapies for breast cancer (such as tamoxifen, trastuzumab and aromatase inhibitors) [447-450].
Currently, there is no clear, proven effective single agent that can target a defining vulnerability in
TNBCs [447]. Consequently, there is an increased dependency on traditional treatment modalities,
although important limitations need to be addressed in order to achieve significant clinical strides
[52,53]. For instance, while chemotherapeutic regimens using anthracyclines and taxanes, remain
the mainstay of treatment due to their initial sensitivity, their short disease-free survival does not
warrant a relative clinical merit [451,452]. With the identification of 6 TNBC subtypes bearing
unique gene expression profiles and ontologies [54], the acute diversity and heterogeneity of this
disease is becoming more evident [51]. Based on these premises, there is an urgency to direct
multinational research efforts towards the identification of prognostic factors or markers that can
reliably stratify high and low risk TNBC patients based on their predicted differential
responsiveness to targeted agents. Therefore, at the Medical Biotechnology and Immunotherapy
Research Unit, we envisage to develop an array of companion immunodiagnostics, which when
combined, should enable the detection of the vast majority of triple-negative breast tumors. In the
first instance, such technology will allow the simultaneous detection and quantification of several

target proteins (biomarkers) on TNBC biopsies — a fairly recent strategy known as multiplex
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immunofluorescence imaging [453,454]. Given the relevance of CSPG4, CD44 and ASPH as
promising target antigens in TNBC (as validated by the work of PhD student Natasha Hardcastle
on South African TNBC tissue sections), the results generated in this study represent the first step
in the engineering of according therapeutics that could be specifically tailored to the needs and
disease profiles of each patient, concurrently providing a conducive milieu for the expansion of

personalized medicine.

4.2 SNAP-tag based fusion proteins as important tools in passive immunotherapy

Cancer immunotherapy — a major transforming factor in science and oncology [455] — first had its
genesis through the idea of stimulating the immune system to produce a potent antitumor immune
response [456]. Following this important scientific breakthrough, advanced research into the basis
of cancer biology, supported by the claims of a ‘magic-bullet’ and the initial observations of
antigen expression by tumor cells, propelled the expansion of antibody-based therapeutics to
unfathomable heights [7,192,195,457]. For instance, full-length (naked) mAbs, specifically
targeting cellular markers that are enriched in malignant cells, have demonstrated considerable
utility in the management of haematological and solid tumors such as breast (HER2-positive) and
pancreatic cancer [450,458,459]. Nonetheless, the majority of FDA-approved mAbs were rarely
curative [460], indicating the need to enhance their therapeutic prowess. In addition to early reports
of HAMA responses [200], the failure of unconjugated mAbs may be attributed to the manner in
which they induce tumor cell killing [461]. In principle, mAbs can exert a therapeutic effect
through 3 main pathways: (1) antibody binding to the tumor cell surface receptor prevents
downstream signaling, culminating in reduced proliferation and apoptosis, (2) immune-mediated
cell killing mechanisms provided by the Fc region of the antibody (including complement-
dependent cytotoxicity, ADCC and the activation of cytotoxic T-cells) and (3) inhibition of tumor
vasculature and stroma (induced by some antibodies such as bevacizumab) [198,461]. Therefore,
an important prerequisite to the clinical efficacy of mAbs is undoubtedly a functional host immune
system [462], which may be compromised in patients receiving chemotherapy or radiation therapy.
Furthermore, as outlined by Scott et al. (2012), many tumors have evolved multiple escape
mechanisms to counteract the therapeutic effects of mAbs [461]. While high dosages and repetitive
administration could be used to ensure clinical success [463—465], the downside of this approach
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entails not only a heightened risk of adverse reactions, but also a selective pressure on tumor cells
resulting in the development of resistance, most often arising from the downregulation of the
targeted receptor (as exemplified by Trastuzumab resistance in breast cancer) [204,461].
Therefore, concerted efforts (in the field of passive immunotherapy — strategies that do not require
an active response from the host immune system to fight disease [466]) have been focalized on the
use of antibodies as guiding mechanisms in the specific delivery of toxic agents to tumor cells
[467,468], thereby extending the therapeutic efficacies of existing unconjugated mAbs and at the
same time alleviating the challenges of non-targeted traditional cancer therapies.

Thus, targeted drug delivery was first achieved through the inception of ADCs — bifunctional
molecules exploiting the specificity of mAbs and the differential expression of tumor-associated
antigens, to dispatch chemically-conjugated chemotherapeutic compounds that would otherwise
be too toxic for systemic application [202,305]. Nonetheless, early work in ADC development
revealed that adopting a holistic approach to ADC design was not adequate and that the choice of
the mADb carrier, the mode of drug attachment and the toxic payload, should be under more careful
scrutiny [243]. As such, unexpected ramifications encountered with ADCs were as follows: (1)
only a limited number of drug molecules can be loaded onto antibodies without abrogating their
binding activity, (2) poor accumulation of the drug in solid tumors, (3) maintaining serum stability,
(4) low expression of tumor cell surface antigens can limit therapeutic levels of drug accumulation
in cells and most importantly, (5) difficulty producing homogeneous ADC populations suitable for
clinical use [241,242]. Indeed, the mainstream conjugation strategy employed in ADCs is founded
on the use of lysine side chains or reduced disulfide residues to arm mAbs with cytotoxic payloads
[274,469,470]. However, this method usually results in heterogeneous ADC species (ranging from
0 to 8 DAR), bearing varying pharmacokinetic efficacies and safety profiles [275,460,470]. To
this end, understanding the effect of drug loading on the therapeutic potential and stability of
mADs, has been at the forefront of several studies [277,423,471]. In most of these cases, ADC
species with a fully drug-loaded hinge region (mainly DAR 6 and DAR 8), have been associated
with reduced stability under stress conditions, resulting in the formation of aggregates [471,472].
This propensity for aggregation often arises from protein interactions (example: mAb conjugation

to hydrophobic cytotoxic moieties such as MMAE), temperature, agitation and ionic strength
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[472-474]. Therefore, this phenomenon represents a major pothole in the ADC development
pipeline; aggregation can affect the shelf life of a drug product, as well as its in vivo
pharmacokinetics [475,476]. As reviewed by Moussa and colleagues (2016), the presence of
aggregates in protein drug therapeutics can induce adverse immune reactions in patients, thereby
jeopardizing their safety and efficacy [477]. To mitigate these impacts, reduction in the drug
loading per antibody (from DAR 8 to DAR 2 or 4) was carried out, culminating in an increase in
the therapeutic index (maximum tolerated dose/curative dose) by > 2-fold, albeit at the expense of
reduced conjugate yield and increased heterogeneity [277]. In summary, there is a need to devise
a strategy that can provide a well-controlled drug stoichiometry, while at the same time conform
to the desirable traits of ADCs as targeted therapeutics, including maintaining the structural
integrity of the antibody moiety, achieving a high therapeutic index and serum stability, be readily
cleavable within target cells to release the active warhead, and realize homogeneity to facilitate
drug development [472,478]. Consequently, with the advances in protein engineering, several site-
specific conjugation strategies have been developed, capitalizing on the introduction of unnatural
amino acids into the antibody to drive the controlled chemical conjugation of cytotoxic compounds
[278-280]. However, self-labeling tags (such as SNAP-tag, CLIP-tag and Halo-tag) genetically
fused to antibodies or their fragments, are gaining momentum as efficient one-step generation
processes in the development of recombinant immunotherapeutics that can bypass chemical

conjugation while ensuring product homogeneity [281,282,298,479].

Particularly, SNAP-tag is an engineered mutant of the human O(6)-alkylguanine-DNA
alkyltransferase, which can specifically and covalently bind to BG derivatives, in an irreversible
manner [283,284,290]. It offers a treasure trove of advantages, ranging from the simplicity of the
reaction, the specificity and short duration of conjugation (reacts only with BG-modified
substrates), no requirement for activating substrates, as well as a predictable 1:1 stoichiometric
reaction with the generation of homogeneous products [285-287,290,292]. In addition to its
application in a variety of experimental settings, the versatility of this technology is further
validated through the emergence of recombinant SNAP-tag based fusion proteins (scFv-SNAP)
bearing specificity towards tumor-associated antigens [285,296]. As such, this class of protein

therapeutics displays leading-edge in various aspects: (1) they can be produced in different
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expression systems (for example: bacteria and mammalian) with high vyields, (2) antibody
functionality is maintained (SNAP-tag provides distant conjugation away from the paratope,
creating a spacer between the antibody and the effector molecule), (3) their reduced size promotes
enhanced tumor penetration and rapid renal clearance and (4) SNAP-tag based fusion proteins
have shown to be instrumental in the delivery of diverse effector molecules to target cells,

including fluorescent dyes, PSs and antimitotic drugs [296-298,312].

Taken together, the above arguments provide the rationale behind the stipulated aims and
objectives of this study (section 1.9). The novelty in this research lies in genetically fusing SNAP-
tag to 3 different scFvs (targeting CSPG4, CD44 and ASPH) for the development of diagnostic
tools, and at the same time providing an innovative conjugation strategy and targeted approach for
the delivery of homogeneous therapeutic agents (AURIF and IR700) to diseased TNBC cells.

4.3 Production of recombinant SNAP-tag based fusion proteins

In this study, pCB-aCD44(scFv)-SNAPT was successfully cloned (as shown by the sequencing
results in Figure 14) and all 3 fusion proteins (aCSPG4(scFv)-SNAP, aCD44(scFv)-SNAPT and
aASPH(scFv)-SNAP) were effectively expressed in a mammalian expression system (HEK293T
cells). However, several unanticipated obstacles were faced during this process. Firstly, in the
context of molecular cloning, vector re-ligation was a prominent challenge (Figure 12D), which
could be explained by the presence of 5’-phosphate groups from vector molecules or from
incomplete restriction digest of the vector to be used for ligation [480]. As an improvement, the
digested vector backbone should be treated with a phosphatase prior to the ligation reaction [481].
On the other hand, transformation efficiencies of pCB-aCD44(scFv)-SNAPT were in the range of
10° cfu/ug, contradicting the claims of Inoue et al. (1990) about DH5a E. coli cells being extremely
competent organisms for plasmid DNA transformation, with transformation efficiencies of 1-3 x
10° cfu/pg [482]. Several factors including the growth conditions, the plasmid size and purity, may
have reduced the success of this transformation event [483]. Moreover, monitoring the intracellular
expression levels of eGFP (as an indication of successful transfection and potential transient
expression of the putative fusion proteins in HEK293T cells) revealed low transfection efficiencies

(< 70-80%), that in turn prompted a prolonged Zeocin enrichment step. As an alternative to the
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lipid-based method employed in this research, the introduction of exogenous nucleic acids into
HEK?293T cells could be improved by electroporation (transfection efficiency of 30-80%), calcium
phosphate precipitation (transfection efficiency can be close to 100% depending on cell line used)
or polycationic non-viral gene delivery vectors such as polyethylenimine (transfection efficiency
of 34-56%) [484,485].

Furthermore, the production of genetically engineered recombinant proteins with high purity and
yield (up to milligram or gram scale) is indispensable in preclinical and drug discovery studies. To
this end, the SNAP-tag based fusion proteins employed in this study, were expressed with a
polyhistidine tag (His x 6) fused to the N-terminal peptide sequence (Figure 11) to expedite their
purification and detection. The implementation of such fusion tag is fortified by its small size (0.84
kDa for 6 histidine tags) and its ability to enable effective purification without affecting the folding,
structure and function of the protein of interest [486,487]. However, SDS-PAGE and western blot
analysis of the recovered fusion proteins (Figures 18 and 20), revealed that IMAC purification (as
a standard first enrichment step for protein purification) is indeed not sufficient on its own to
achieve high purity (> 90%). More explicitly, a significant disadvantage of IMAC purification
pertains to the unspecific binding and co-elution of contaminants (endowed with endogenous
histidine residues or metal-binding motifs) arising from protein samples harvested from eukaryotic
expression systems (as done in the current study) [487]. In consequence, with protein
quantification becoming increasingly unreliable due to the presence of contaminating proteins in
the concentrated scFv-SNAP fractions (Figure 18), densitometric measurements were carried out
(Figure 19), although the exact repercussions of the contaminants on protein binding and activity
remains unclear. Nonetheless, it can be speculated that increasing amounts of contaminants
(including degradation products potentially containing a functional scFv portion), could
compromise toxicity studies by increasing the 1Cso values of the recombinant immunoconjugates

through competitive binding and uptake.

Hence, in an ideal setting (subject to the availability of appropriate devices and expertise), a
multistep purification process would be implemented, consisting of IMAC followed by size-
exclusion chromatography (as reported previously [71,488,489]). Additionally, while optimization
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of the IMAC purification process is encouraged when dealing with poorly expressed proteins, the
protein purity can be further increased by the use of dual affinity tags [487]. As illustrated by the
work of Manal Amoury (PhD student), inclusion of a streptavidin tag provided an additional
purification step (as opposed to his-tag purification alone) which resulted in > 90% purity and a
yield of 4 — 5 mg/L for the CSPG4-targeting fusion proteins expressed. Furthermore, while the
absolute yield of the fusion proteins (0.02 — 3.65 mg/L) were adequate for in vitro binding studies
(Table 7), further characterization of their activities will require a cost-effective, fast and scalable
procedure that allows the expression of correctly folded proteins. To this end, several strategies
have been devised for high-level protein production (50 — 600 mg/L), including the use of
alternative expression systems (Chinese hamster ovary cells, yeast or insect cells [490,491]) and

protocols (example: periplasmic stress expression in E. coli [489]).

In summary, while the generation of aCSPG4(scFv)-SNAP is supported by previous studies
[71,295], this research demonstrates for the first time, successful development of SNAP-tag based
fusion proteins specifically targeting CD44 and ASPH-expressing triple-negative breast tumors.
In the same vein, the results herein presented highlight that despite the absence of industrial
production and purification processes in place, single-step enrichment of SNAP-tag based fusion
proteins via IMAC, represents an ideal compromise which allows rapid and preliminary analysis
to be carried out (sections 3.5 — 3.7). Therefore, with early-stage proof of functionality becoming
feasible at university level, the establishment of industrialized production processes (through tight
collaboration with biopharmaceutical companies) would need to be addressed. Undoubtedly, to
solve this conundrum, the streamlining of process development at universities coupled with mass

industrial production, is highly recommended.

4.4 SNAP-tag based recombinant immunodiagnostics for TNBC detection

It is widely known that the key to successful management of breast cancer revolves around early
screening and detection [21,492]. Based on the aggressive nature of TNBCs, accurate diagnosis
becomes vital for determining prognosis and ensuring delivery of the optimal therapy for patients
[493]. Traditionally, TNBC diagnosis is dictated by immunohistochemistry (IHC) (to assess ER,

PR and HER?2 status), although in clinical practice, it is often a two-step process, combining
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morphological imaging and IHC [48]. Intriguingly, despite being extensively studied in oncology
and pathology, there are only a few reports describing the imaging features of TNBCs.
Unfortunately, despite their large size at diagnosis (as compared to other breast cancer types), up
to 18% of TNBCs remain occult on initial mammography [494-496]. As such, TNBCs lack the
typical suspicious mammographic characteristics of breast cancer, namely an irregularly shaped
mass, spiculated margins and associated calcifications [497,498]. Therefore, mammography alone
is a sub-standard strategy in the initial diagnostic assessment of TNBCs. In contrast, while
ultrasound demonstrates a higher sensitivity, it fails to produce an enduring diagnostic potential,
owing to the presence of benign features encountered in 21-41% of TNBC lesions [496,499].
Additionally, regardless of their ability to reveal smooth borders of some TNBC tumors,
ultrasound and mammography fall short of efficiently imaging intratumoral characteristics, such
as necrosis and fibrosis, which are common in TNBCs [493,500].

Meanwhile, one may argue that gene-expression profiling has revolutionized our understanding
and approach to breast cancer and its molecular subtypes [31,54]. While the above statement may
hold true, it can be difficult to establish the practical benefits of this technique in the clinical
setting, where such experiments are rarely carried out [32,493]. Therefore, researchers have been
questioning whether this approach provides overriding prognostic and predictive information as
opposed to conventional IHC [501]. Surprisingly, it was found that ‘good old’ clinical markers
provide a similar prognostic power as microarray gene-expression profiling [502]. Thus, the
absence of routine high-throughput molecular technologies, has probed the application of
molecular breast cancer markers as a surrogate for the classification of TNBC tumor types, based
on their prognosis and/or response to specific agents [447]. For instance, a five-marker method
(pertaining to the assessment of ER, PR, HER2, cytokeratin 5/6 and EGFR status) has been
postulated as a proxy for the identification of basal-like breast cancer [56,503]. In addition to
patient selection, molecular biomarkers for TNBC, have the potential to expedite the development
of effective therapies for this aggressive disease entity [504]. By virtue of its complex nature,
TNBC will undoubtedly necessitate the combination of several different targeted approaches, in

order to achieve meaningful progress in the improvement of patient outcomes.
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Consequently, through the generation of SNAP-tag based fusion proteins targeting CSPG4, CD44
and ASPH, this study has the potential to contribute (in the long-term) to molecular biomarker-
based patient selection. After confirming the self-labeling activity of the fusion proteins through
conjugation with BG-Alexa Fluor 488 (Figure 21), the resulting product was used in the screening
of TNBC cells. Confocal microscopy (across the various fields of view) indicated that MDA-MB-
231 and HEK293T cells were negative for both CSPG4 and CD44, while Hs578T cells were
negative for ASPH (Figures 22 — 24). Thereafter, flow cytometry was applied to further confirm
the binding capacity of the fusion proteins, in addition to quantifying the relative surface
expression of the target receptors within the live cell population. To this end, antibody titrations
were first carried out (Figures 25 — 27) to palliate the potential effects of low protein purity (Table
7) on the scFv-SNAP binding potential, while favoring the best separation between the antigen-
positive and negative cell populations. Therefore, after selection of the optimal fusion protein
concentration that would allow maximal staining of the target receptor (with minimal background
interference), MFI values were calculated as a representative of the level of antigen sites expressed
per cell. Surprisingly, it was found that less than 50% of TNBC cells expressed the cognate antigen,
and those that did (as confirmed by confocal microscopy), displayed an MFI value of 2265 — 6983
(Tables 8 and 9). This result implied that the antigen-negative cells demonstrated on average ~7
times the receptor density as compared to the receptor-expressing TNBC cells (Table 8). Hence,
further elucidation of this counter-intuitive phenomenon will necessitate the application of more
robust quantification methods, such as the use of commercial calibration beads in flow cytometry
(example: BD Quantibrite™ Beads) [505].

However, mirroring the confocal microscopy observations, flow cytometric analysis revealed a
corroborating distribution (or frequency) of the antigen-positive cells within the live cell
population (Table 9). Therefore, cell lines positive for these receptors were used to assess the
cytotoxic activities of the AURIF and IR700-based immunoconjugates. Nonetheless, a closer look
at the literature suggests several disparities in the observable binding data and receptor expression
status across target cell lines. For example, previous studies showed that CSPG4 expression was
detectable on the surface of MDA-MB-231 cells, but not on MDA-MB-468 cells [71,295,369].

Likewise, in contradiction with the current study, Jin and colleagues (2016) demonstrated high
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expression of CD44 in MDA-MB-231 (95.1%) and low expression in MCF-7 (1.69%) [334]. On
the contrary, the prevailing low expression of ASPH in MDA-MB-468 cells (19.8%) was
substantiated by Lin et al. (2019) through the expression profiling of ASPH on various human
breast cancer cell lines [416]. Consequently, it can be speculated that several environmental and
physiological factors play a defining role in the modulation of receptor dynamics within tumor
cells. Undoubtedly, while immortal cell lines constitute a cost-effective and effortless method to
study biological processes, they also represent very artificial systems (lacking close cell-to-cell
contact) which may not adequately mimic primary tumor cells. Additionally, long-term serial
passages of cell lines can induce genotypic and phenotypic variations in the cell population [506],
which can give rise to further heterogeneity and inconsistencies in the data set. For example,
several studies reported the presence of cell subpopulations in MCF-7 that were marked by
differential growth rate, DNA synthesis and expression of hormone receptors [507-510].
Following the same trend, it was observed that the mixing of two different cell types (one
expressing the tumorigenic target and one negative for the target receptor), can result in one cell
type overtaking the entire cell population [511,512]. Such cell culture disparities warrant the need
for quality control monitoring of cell lines, as done by the implementation of short tandem repeat
(STR) testing [513]. However, Kleensang et al. (2016) argue that other methods such as
comparative genomic hybridization (CGH) should be used alongside STR profiling, in order to

detect cellular and phenotypic heterogeneities that are not detectable by STR markers [514].

Therefore, while the application of cell authentication techniques, goes beyond the mandate of this
PhD dissertation, it is hypothesized that a better understanding of receptor dynamics within tumor
cells (and the consequences thereof) might be instrumental in future therapeutic predictions.
Although the cell lines used in this study offer an excellent platform for initial proof of concept,
they are not entirely representative of the tissue of origin, which justifies the need for the
establishment of tumor organoids and the acquisition of primary TNBC cells (from biopsies
sourced from suitable patient cohorts) for future functionality studies. On this basis, achieving cell
culture conditions which can closely mimic the tumor microenvironment, represents the gold

standard to deriving patient-relevant data and thus improving treatment outcomes.
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4.5 Specific delivery of antimitotic drug AURIF using scFv-SNAP fusion proteins

ADCs are spearheading vectorized chemotherapy against cancer, with 11 FDA-approved ADCs
and approximately 80 in clinical trials [246,515,516]. However, in most of these cases, stochastic
bioconjugation methods are being implemented, despite the association of site-specific
conjugation with improved ADC therapeutic index [517]. As such, several approaches are being
promulgated (example: THIOMAB technology, the amber suppressor tRNA/aminoacyl-tRNA
synthetase pair and the insertion of a CXPXR consensus sequence [278,518,519]), based on their
ability to provide unigque conjugation sites through the insertion or substitution of amino acid
residues in the native antibody sequence [312]. Nonetheless, as reported by Lucas et al. (2018),
modifications to the antibody may affect the binding affinity, potency, as well as reduce the rate
of clearance [520]. Based on these premises, this study herein reports the site-specific conjugation
of a single auristatin derivative onto engineered scFv-SNAP fusion proteins, targeting CSPG4,
CD44 and ASPH, thereby generating novel recombinant (next-generation) ADCs. Given their
overexpression and multi-dimensional roles in the progression and aggressiveness of cancer,
CSPG4, CD44 and ASPH represent clinically relevant targets, especially in the context of TNBCs
[368,369,384,413,416]. Most importantly, CSPG4 and CD44 are involved in the functional
properties of CSCs [353,384], which are known to promote tumorigenic growth, invasion,
metastasis and recurrence [373,374]. Therefore, efficient cancer therapies should not only be able
to target tumor cells, but also CSCs which can greatly affect treatment outcomes. Furthermore, the
choice of the cytotoxic payload (used in this study) was not random; while MMAE might be the
most commonly used in ADC design, AURIF is more hydrophobic and exhibits a lower membrane
permeability [305,307,521,522]. Moreover, AURIF is well-suited for the generation of highly
potent ADCs [313]. For instance, conjugation of AURIF to a B-cell maturation antigen-specific
mADb culminated in an increase in the proportion of late apoptotic/necrotic cells from 24 to 75%,
with the application of only ~1 pg/ml of the ADC to target cells [523]. Similarly, as illustrated by
Capone and colleagues (2018), EV20-AURIF (an anti-HER3 mAb conjugated to AURIF) was able
to kill HER3-positive melanoma cells with an ICsp value of 0.002 nM [524]. This potent cell killing
activity of AURIF is driven by its ability to inhibit microtubule assembly (typically by forcing

cells to build monopolar mitotic spindles instead of normal bipolar spindles [525]) and tubulin-
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dependent GTP hydrolysis, resulting in cell cycle arrest and ultimately apoptosis [309,310]. Lastly,
while ADCs can mediate the direct killing of antigen-positive tumor cells, they are also endowed
with the ability to destroy adjacent antigen-negative cells — a phenomenon known as the ‘bystander
killing’ effect [526]. Fortunately, AURIF is known to possess low bystander activity [527], which

can limit the impact on non-target cells.

In the current study, incubation of the target cells with increasing concentrations of
aCSPG4(scFv)-SNAP-AURIF, aCD44(scFv)-SNAPf-AURIF and aASPH(scFv)-SNAP-AURIF,
caused a reduction in cell viability, with 1Cso values ranging from 100.4-1660 nM (Table 10).
Negligible cytotoxicity was observed on CSPG4/CD44° MDA-MB-231 and HEK293T cells, as
well as ASPH™ Hs578T control cells, highlighting the specific intracellular delivery of AURIF to
target cells only. As demonstrated by previous studies, scFv-SNAP fusions are unable to induce
cell killing on their own (Figures 33 — 35) [313,346], which implies that the observed toxicity is
due to the addition of the recombinant immunoconjugate. Moreover, the results obtained, build on
existing evidence that conjugation of diverse functional groups (such as fluorophores and toxins)
to SNAP-tag, does not compromise the binding specificity of the antibody or prevent its
internalization [298,312-314,346]. The mechanism of action of the novel ADCs generated, is as
shown in Figure 48; (1) the scFv-SNAP-AURIF binds specifically to the extracellular receptor of
the tumor cell (via its scFv) and is internalized into the lysosomal compartment, (2) the enzymatic
reactions within the lysosomes promote degradation of the fusion protein, releasing the AURIF
toxin into the cytosol, and (3) AURIF induces microtubule disassembly (as visualized by Woitok

et al. (2017) through automated microscopy), which promotes cell death by apoptosis [313].

Interestingly enough, unconjugated BG-AURIF gave rise to 1Csg values in the range of 32.3 nM-
17.1 uM (Table 10), confirming that modification with BG does not affect its killing potential
[312]. In agreement with several findings [312,313,515], these ICso values (treatment with BG-
AURIF alone) are higher than that observed with the conjugated fusion protein, validating the fact
that targeted drug delivery increases potency and efficacy. As compared to state-of-the-art (BG-
AURIF commercialized by Tube Pharmaceuticals (Vienna, Austria) [313]) which relies on the
direct attachment of AURIF to BG, a novel aspect of this research pertains to the use of a BG-
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PEGs-NH: linker to couple AURIF to SNAP-tag (work of MSc Chemistry student, Allan
Huysamen). Such a scheme would allow distancing of the AURIF molecule from the active
domain (or binding pocket) of SNAP-tag, while resulting in a more hydrophilic combination
product, thereby increasing its water solubility and improving the efficiency of the conjugation

reaction (Figure 47).
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Figure 47: Structural differences between commercially available BG-AURIF (manufactured by
Tube Pharmaceuticals, Austria) and BG-AURIF used in this research. While commercial products
attach BG directly to AURIF, the BG-AURIF employed in this study, contains a BG-PEGs-NH, (PEG)
spacer that links BG to AURIF. Moreover, this linker incorporates a carbonyl group at the benzylic position
of the BG group, whereas commercial products have a methylene group (see orange arrows). This was done
to increase the efficiency of the SNAP-tag conjugation by promoting the SN2 reaction, while allowing for
more versatile design and synthesis options via the carbonyl group (adapted from MSc thesis of Allan
Huysamen).

Furthermore, contrary to the 1Cso values obtained in this study (Table 10), higher cytotoxic
activities (0.6-12 nM) were obtained with previous scFv-SNAP-AURIF recombinant ADCs (Table
3) [312,313]. A possible explanation for this discrepancy might be the difference in expression

levels of the target receptors (as compared to literature). Likewise, the purity of the fusion proteins
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might come into play — the lower the amount of competing degradation product in the recovered
protein sample, the lower the expected ICso values. Meanwhile, the flow cytometric analysis
conducted in this study, may not be the most accurate reflection of the spatial and temporal receptor
dynamics exhibited by tumor cells used in the toxicity studies. For example, a tissue-factor specific
mAb conjugated with auristatin derivatives, achieved I1Cso values of 1.15-100 nM, subject to tissue
factor expression on pancreatic tumor cells [315]. Similarly, Sommer and co-workers (2016)
demonstrated that high expression levels in cells, correlated with efficient internalization, efficacy
and cytotoxic effects in vitro (ICso values ranged from 0.097-0.83 nM in cell lines harboring at
least 10,000 antibody binding sites) [528]. However, 2 studies found no correlation between cell
surface CD22 expression and the activity of the anti-CD22 ADCs [529,530] (as observed in the
current study), pointing to the involvement of multiple mechanisms in modulating ADC activity.
Indeed, it was found that the intracellular concentration of the released payload was linked with in
vitro ADC-mediated cytotoxicity, independent of target expression [512]. This also means that
patient selection relying solely on antigen expression, may not guarantee ADC anti-tumor efficacy
and therefore, additional tumor markers may be required (as being done in this research) to select
patients for ADC therapy [520]. In general, it is still unclear what factors contribute to the potency
of ADCs; antibody binding affinity, DAR, payload potency, antigen expression level,
internalization rate and trafficking, have all been implicated in influencing ADC treatment
outcomes in vitro [527,531-533]. In addition, several modes of resistance can also affect the
potency and pharmacology of ADCs; for instance, downregulation of cell-surface antigen reduces
antibody binding, while elevated levels of drug transporters can limit the effectiveness of the
payload [534]. Due to these multiple variable parameters, it therefore becomes increasingly

difficult to compare the activity of different ADCs across cell lines [512].

ADCs as potential targeted delivery systems (for solid tumors) must be able to overcome all
hurdles [535], including travelling through the bloodstream and penetrating the tumor mass. Of
note, an unstable linkage can result in premature release of the toxic payload prior to reaching the
diseased site [536]. Hence, achieving reasonable chemical stability is instrumental when designing
the linkage between the antibody and the effector component [535]. As exemplified by Woitok et
al. (2016), scFv-SNAP-AURIF maintains its activity even after 48 hours incubation in human
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serum [312]. Therefore, in congruity with previous reports [312,313], the results herein presented,
showcase the application of SNAP-tag technology as a method to achieve stable and efficient
linkage of the small molecule toxin AURIF to scFvs targeting various surface antigens.
Additionally, through efficient conjugation with only a 3-fold molar excess of BG-AURIF (Figure
36), SNAP-tag fusion proteins represent an inexpensive and simple strategy for the development
of homogeneous ADCs with a defined 1:1 stoichiometry [298,312,314]. This study contributes to
a clearer understanding of the potential of SNAP-tag to bypass the integration of unnatural amino
acids in the antibody sequence, while allowing the development of recombinant ADCs with an
ideal molecular weight of ~50 kDa (to facilitate tumor penetration and reduce retention time in
non-target tissues) [313,537,538]. Since the in vitro cytotoxic effects of ADCs correlate with the
number of effector molecules on the antibody [539], multiple AURIF derivatives could be attached
to one BG molecule and conjugated to SNAP-tag, to potentially improve the efficacy of the
recombinant ADCs described in this study, without affecting their antigen-binding ability or their
homogeneity [312,313]. Alternatively, the introduction of a cleavable linker in-between the scFv
and SNAP-tag (such as the cathepsin B cleavable citrulline-valine linker in brentuximab vedotin)
could also enhance cytotoxicity by assisting intracellular release of the toxic payload [312].
Overall, this work represents a first important step in the establishment of methodologies geared
towards the engineering of more effective ADCs, paving the way for future translation into in vivo

animal models, in order to evaluate their full potential.

4.6 Theranostic NIR photoimmunotherapy using SNAP-tag based fusion proteins

Conventional PDT — the combination of a photosensitizing agent with the physical energy of non-
ionizing light to destroy malignant cells [320] — is dependent on the passive accumulation of the
PS in tumor tissues, which makes it difficult to achieve optimal dosage, resulting in damage to
healthy tissues and prolonged skin sensitivity [540,541]. In order to palliate these effects, several
amalgamations of conventional PSs and mAbs have been devised and tested, but with limited
therapeutic success in vivo [316-319,542]. Therefore, overcoming these impediments touted a
necessary measure, involving PIT, based on the use of tumor-specific mAbs conjugated to the NIR
PS phthalocyanine dye IR700, which has demonstrated palpable theranostic activities in several
mouse models [320,333,336,543]. Although PIT has been proposed since 1995 [544], its
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translation into clinical use, has been fraught mainly by the use of random chemical conjugation
methods available to arm mAbs with PS molecules [345]. The vicissitudes of this approach revolve
around the limited reproducibility of the conjugate synthesis, which often results in loss of
functionality of the mAb (reduced affinity) or the PS (alterations to the photophysical properties
affecting PS efficiency) [342,542,545,546]. Based on the pioneering work of von Felbert and
associates (2016) [345], this study extends the use of SNAP-tag technology in the generation of
homogeneous and pharmaceutically acceptable IR700-based photoimmunoconjugates targeting
CSPG4, CD44 and ASPH-positive TNBCs. With this site-specific conjugation method, BG-
modified IR700 can be covalently attached to the antibody moiety by the irreversible coupling of
an alkyl group to a cysteine residue [283], thereby generating photoimmunotheranostic agents with

a defined DAR of 1, while ensuring uniform therapeutic and safety profiles [295,345].

Consistent with previous studies [295,340,345], a dose-dependent decrease in cell viability was
observed (on antigen-abundant cell lines only) with increasing concentrations of the IR700-based
photoimmunoconjugate (ICso values ranging from 507-6070 nM (Table 11)). Upon binding of
scFv-SNAP-IR700 with the target cell surface antigen, activation of IR700 with NIR light at 690
nm, increases water diffusion into the treated cells, resulting in an expansion of the cells to their
maximal size, ultimately causing membrane damage and necrosis (Figure 48) [321,325]. Contrary
to recombinant AURIF-based ADCs, IR700-mediated phototoxicity does not require intracellular
delivery nor involves apoptosis [320,547]. While the generation of aCSPG4(scFv)-SNAP-IR700
has been described before [295], the results herein presented, report for the first time the
development of a scFv-SNAP-based system, guiding the targeting of CD44 and ASPH-positive
TNBCs with IR700. Intriguingly, Amoury et al. (2016) observed lower ICsp values (128-131 nM)
for aCSPG4(scFv)-SNAP-IR700 on TNBC cells [295]. This difference in phototoxic activity can
be ascribed to the variance in receptor status or the number of bound antibody conjugates, as well
as the dose of NIR light [548]. For example, cetuximab (an anti-EGFR mAb)-IR700 demonstrated
greater cell killing activity with higher EGFR expression in vitro [329]. Increased cytotoxic
activities can thus be achieved by increasing the dosage of the photoimmunoconjugate (up to the
saturating dose) or by increasing the dose of light (up to thermal limits) [548,549]. As such, PIT
has the ability to treat larger tumors since a high dose of NuB2 (an anti-CD20 antibody)-IR700
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improves the therapeutic effect, without significant toxicity to normal organs [549]. Nonetheless,
optimized dosing of the antibody-photoconjugate and NIR light exposure will prove critical in the
planning of successful clinical trials, while ensuring therapeutic safety and efficacy [329,548]. To
this end, Nagaya and colleagues (2015) demonstrated prolonged survival in TNBC mouse models,
upon splitting of the mAb-IR700 dose and using repeated light exposures [329]. Unlike ionizing
radiation such as x-rays or gamma-rays, there should theoretically be no limitations on the
cumulative irradiation dose of NIR light, implying that repeated PIT may be a possibility for the
long-term management of cancer patients [320].
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Figure 48: Diagrammatic representation of the cell Killing mechanism of AURIF/IR700-containing
recombinant SNAP-tag based fusion proteins. (a) After binding to its target antigen, scFv-SNAP-AURIF
undergoes internalization and lysosomal degradation. This process induces the intracellular release of
AURIF (via degradation of the protein component), which then binds to tubulin and prevents microtubule
polymerization, culminating in cell cycle arrest and apoptotic cell death, and (b) Upon NIR light exposure
(at 690 nm), conformational changes of the scFv-SNAP-IR700-antigen complex produce physical stress in
the cell membrane. The resulting weakening of the latter causes water molecules from outside the cell to
enter, leading to cell swelling, bursting and eventually cell death by necrosis.
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Most cytotoxic compounds employed in ADCs are highly potent membrane permeable molecules,
whose premature release into the bloodstream can be an important safety consideration in ADC
design [550,551]. In line with previous reports, IR700, on the other hand, showed minimal or
negligible toxicity when presented alone, even after illumination and is only active following
receptor-antibody interactions [295,320,336,340,345,543]. Of note, IR700 was modified with a
BG linker (BG-PEG24-NH>) using the NHS ester-amino group reaction (as described previously
[552]), with no loss in phototoxic activity [295,340,345]. In principle, IR700 has been described
as a theranostic agent of choice as compared to conventional PSs; (1) it lacks passive diffusion
properties, (2) it shows great photostability while producing a strong fluorescent signal, (3) it
displays a strong absorption peak close to 700 nm, thus allowing improved light penetration into
tissues, and (4) it is water-soluble with no biotoxic properties, which ensures safety and easy
excretion in urine [320,321,553]. Besides the specificity of the antibody moiety and the overriding
advantages of IR700, a major feature of this approach, relates to the use of NIR radiation at 690
nm wavelength, which is non-ionizing and unlikely to be toxic to normal cells (as supported by
Figure 40), except at thermal doses [320,321]. Given its ability to penetrate at least several
centimeters into tissue [167], fibro-optical diffusers can be used to deliver radiation to otherwise
inaccessible tumors [323,324]. Additionally, NIR light exhibits very low autofluorescence, which
implies that it is much more likely to show considerable utility in fluorescence imaging [554]. For
example, NIR fluorescence imaging using IR700, allowed efficient (in vitro and in vivo) detection
of gastrointestinal stromal tumors in comparison to ultrasound or positron emission tomography
(PET) [555]. Apart from detection and elimination, the fluorescence of IR700 can be used to
monitor body distribution and tumor accumulation (especially during surgery), thereby providing
an immediate assessment of treatment efficacy or guiding the optimum timing for photo-irradiation
[334,556].

Another facet of NIR-PIT currently attracting particular attention is the activation of tumor
immunity [557]. As exemplified by Sato and co-workers (2016), PIT using an anti-CD25-1R700
conjugate, caused the site-specific killing of regulatory T-cells (or Tregs) in the irradiated tumor
bed while also inducing regression of distant non-treated tumors [558]. In fact, the rapid nature of

the mode of cell death involved, coupled with cell rupture, causes the release of molecules
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responsible in the maturation of dendritic cells, thereby activating a patient’s innate immune
system [321,559]. Interestingly, the induction of the host immune response appears to kill a high
percentage of residual tumor cells after NIR-PIT, which means that complete tumor eradication
could be achieved after 1-2 treatments [321]. Furthermore, while conventional cancer
immunotherapy (such as T-cell activating type 1 cytokines (IL-2 and IL-15) and immune
checkpoint inhibitors (anti-CTLA-4 and anti-PD-1/PD-L1 antibodies)) suffer from off-target
effects due to their dependence on pre-existing CD8+ T-cells (found in tumor beds and other parts
of the body), NIR-PIT locally enhances host immunity, without systemic side effects [321].
Similarly, yet another unique feature of this photoimmunotheranostic approach, concerns its
immediate effect on blood drug delivery; most specifically, NIR-PIT has been associated with
SUPR effect, which is characterized by increased vascular permeability [321,339,560]. This
occurrence allows homogeneous redistribution of the remaining or subsequent antibody-IR700
photoconjugates, concurrently allowing delivery into the deep part of the tumor [339,549]. In order
to harness the benefits of super enhanced uptake, several studies have combined NIR-PIT with
nanosized anticancer agents (liposome-encapsulated daunorubicin [339] and nanoparticle
albumin-bound paclitaxel [561]), the combination of which resulted in improved therapeutic
effects as compared to each therapy alone [321]. Following this trend, the recent incorporation of
ADCs with photoactivable drug release systems to NIR-PIT, has demonstrated promising activity

in the treatment of EGFR-expressing breast tumors [562].

Holistically, the SNAP-tag based photoimmunotheranostics generated in this research, represent
the combination of PDT, ADC and optical imaging strategies, all of which have been clinically
approved individually [170,265,563]. With the ability to conjugate virtually any antibody to
IR700, the application of NIR-PIT using scFv-SNAP, may constitute a highly flexible theranostic
platform that could be applied to numerous target molecules across a broad range of tumors.
Moreover, while most studies rely on the use of mAbs for NIR-PIT [320,334,336,543], using
antibody fragments (as done in the current research) provides several prevailing advantages such
as superior tissue penetration, simple introduction of site-specific conjugation sites, facile
engineering of fusion proteins and rapid renal clearance [564,565]. However, although scFv-

SNAP-IR700 has great potential for extensive application in oncology, it becomes increasingly
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important to acknowledge that solid tumors (such as TNBCs) are composed of heterogeneous cell
populations (possibly arising from CSCs [566]) that display varying expression levels of cell
surface receptors, not only between individuals but also within the same patient [567]. Therefore,
as set out in this study, it becomes an acute necessity to develop a compendium of scFv-SNAP-
IR700 conjugates bearing specificity towards various tumor-associated antigens. With its ability
to bypass the need for ROS, this phototheranostic stratagem simultaneously provides a leeway to
selectively destroy CD44-positive CSCs (in primary and metastatic TNBC) that usually exhibit
resistance towards ROS-dependent therapies such as PDT [334,568]. Of particular relevance for
further research is the phenomenon of ‘binding site barrier’ (occurs when antibodies with strong
binding affinities are used and/or tumor cells express high levels of the antigen) which is
characterized by the accumulation of mAbs in the perivascular space instead of infiltration into the
tumor bed, thereby posing hurdles to antibody-based therapies [557,569]. To this end, Nakajima
and colleagues (2013) were able to solve this problem by applying a cocktail of 2 different mAb-
IR700 conjugates that together fostered homogeneous intratumoral distribution, as well as
enhanced therapeutic potential compared to each agent alone [570]. Similarly, Amoury et al.
(2016) reported that using a combination of scFv-SNAP-IR700 conjugates targeting CSPG4,
EpCAM and EGFR, resulted in an increase in therapeutic activity against TNBC cells by up to
40% [295]. Alternatively, several studies warrant the implementation of combined treatments
consisting of IR700-driven NIR-PIT alongside chemotherapy or radiation therapy, which would
increase the probability of tumor cell killing through the engagement of various mechanisms of
cell death [333,343,549]. On the other hand, while the use of NIR-PIT with immune checkpoint
inhibitors appears to be effective in animal models, data must be interpreted with caution since the
risk of unwanted side-effects resulting from the latter is not completely avoided [571].
Furthermore, with the concept of NIR photochemoimmunotherapy gaining momentum (as
described by Ito et al. (2017) through the generation of a photoactivable bifunctional ADC
Trastuzumab-DMZ1-IR700 [572]), it can be speculated that next-generation scFv-SNAP conjugates
will aim to combine NIR-PIT with the intracellular delivery of cytotoxic payloads. In summary,
the results generated from this study, provides the basis for future studies aimed at evaluating the
efficacy of these agents in preclinical in vivo models. This work also provides a blueprint for using

SNAP-tag technology to engineer standardized recombinant photoimmunotheranostics, that could
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facilitate TNBC patient pre-screening, real-time treatment monitoring, as well as quantifying
treatment efficacy [295,346].
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Chapter 5: Conclusion and Future Directions

The three major modes of cancer therapy — chemotherapy, surgery and radiation therapy — have
remained the cornerstone of modern oncology treatment [320]. However, with the increase in
reported side effects, researchers have begun to oppugn their true benefit in the management of
cancer. By inducing substantial damage to normal cells, including immune cells, the cumulative
effect amounts to an impediment to recovery by contributing to the overall debilitation of the
patient [321]. Therefore, to palliate the undesirable effects of traditional therapy, molecular
targeted cancer therapies such as armed antibody therapy have been devised, albeit with a limited

success rate [320].

A similar phenomenon is observed in the context of TNBC, which represents one of the most lethal
subtypes of breast cancer, also well-known for its limited treatment choices [547]. Given its
varying morphology, gene expression and signaling pathway activity [54], TNBC often presents
with complicated clinicopathological features which negatively impact patient prognosis [573].
The intratumoral and intertumoral heterogeneity of TNBCs, imply that the afflicted patients have
a higher risk of disease relapse [44,574]. With endocrine and HER2-targeted therapies being
deemed ineffective, cytotoxic chemotherapy is being increasingly advocated, often at the expense
of the patient, resulting in collateral damage to healthy tissues, incidences of refractory drug-
resistance and earlier metastasis [547,575,576]. Interestingly, further probing into the molecular
complexities of this disease, revealed frequent dysregulation of EGFR, with approximately 60-
80% of triple-negative breast tumors demonstrating its overexpression [577,578]. This awareness
thus led to a randomized phase |1 clinical trial assessing the efficacy of cetuximab (an anti-EGFR
mADb) in combination with carboplatin; nonetheless, responses were observed in fewer than 20%
of TNBC patients, suggesting that alternate mechanisms were involved in sustaining survival
despite impaired EGFR signaling [579]. In consequence, similar partial responses of targeted
molecules encouraged the search for new therapeutic targets or agents aimed at TNBCs [574]. For
example, poly (ADP-ribose) polymerase inhibitors [580,581] and angiogenesis inhibitors [93] are
being actively investigated in clinical trials, but unfortunately, there continues to be an unmet need

for effective precision medicine of this daunting disease [334].
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Over the past few decades, progress in cancer genomics research has reinforced the notion that
various genetic alterations are at play in promoting tumorigenesis [582]. The complexity, plasticity
and resilience of cancer cells is further exacerbated by the presence of tumor subpopulations with
stem-like characteristics, which significantly contribute to treatment resistance and disease
recurrence [583,584]. Precision medicine takes into account these molecular and biological
specificities for each patient (often including environmental and lifestyle factors), in order to
classify individuals according to their susceptibility to a particular disease or depending on their
response to a specified treatment [574,585,586]. As such, developing personalized therapies for
TNBC necessitates a thorough understanding of the molecular basis of its oncogenic pathways and
microenvironmental changes, including the effects of the immune system and relevant therapies
on these pathways [587]. Therefore, individualized treatment and prognostic analysis for these
patients can be a Herculean task, especially when there is a heavy reliance on conventional clinical
and pathological features (histological grade, primary tumor size, ER/PR/HER2 expression, lymph
node and metastasis status) [573]. In addition, several major scientific and logistical challenges are
becoming more apparent; low frequency of targetable molecular alterations, feasibility and
affordability of high-throughput technologies in the clinic, costs of companion treatment, as well

as the lack of specific drugs to target alterations [588-590].

This study showcases novel human therapeutic fusion proteins with a high translational potential
for the targeted diagnosis and elimination of TNBC, including its associated tumor-initiating cells.
More explicitly, this research aimed to generate SNAP-tag based fusion proteins endowed with a
high affinity towards CSPG4, CD44 and ASPH-expressing TNBC cells. The qualitative and
quantitative analysis of the scFv-SNAP binding potential confirms not only differential expression
of the cognate antigens on TNBC cell lines, but also demonstrates their relevance towards the
establishment of a panel of surface markers to contain the heterogeneity of TNBC through the
development of personalized immunotherapies. Undoubtedly, future studies with these fusion
proteins should focus on optimization of protein expression and purification, while avoiding the
formation of aggregates and degradation products, especially for long-term storage and potential
in vivo application. By harnessing the favorable properties of SNAP-tag, this research also

provides the proof of concept (and working methodologies) for the economical production of
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homogeneous recombinant AURIF-based ADCs and IR700 photoimmunotheranostics, each
bearing a defined DAR of 1. The functionality of these immunoconjugates was illustrated by their
specific cytotoxic activities in vitro; 1Cso values ranged from 100.4-1660 nM for scFv-SNAP-
AURIF and from 507-6070 nM for scFv-SNAP-IR700. To better understand the implications of
these results, further studies should assess their ability to induce apoptosis/necrosis, usually by
setting up cell cycle analysis and apoptosis assays [313]. While the choice of fully human
sequences for the scFv and SNAP-tag, reduces the risk of immune rejection, low toxicities (high
ICso values) can pose a hurdle en route to clinical studies evaluating their inherent safety,
tolerability and biodistribution. Therefore, successive constructs should be designed in view of
increasing the therapeutic efficacy, either by increasing DARSs or by introducing mechanisms that
can facilitate intracellular release of toxic payloads [312,313]. Finally, the targeting approach
developed here, will be applicable not only to TNBC but can be extended to a wider range of

cancers, where CSPG4, CD44 and ASPH represent significant targets.

On a broader scale, this research provides the foundation for the development of a catalogue of
companion immunodiagnostic tools and their according therapeutics, thereby providing a much-
needed incentive for a shift towards personalized medicine in the management of TNBC patients.
For instance, ex vivo binding of SNAP-tag based fusion proteins to breast cancer biopsies (work
of PhD student Natasha Hardcastle) could enable the identification and quantification of relevant
triple-negative breast tumor markers (through multiplex immunofluorescence imaging), in order
to recognize and classify patients according to their ability to benefit from a specific treatment plan
(Figure 49). Due to the absence of stand-alone drugs in the battle against cancer, this process will
simultaneously expedite the implementation of a multi-pronged approach involving the synergistic

effect of the best treatment options aimed towards providing a curative benefit.

In conclusion, while much work remains to be done before precision medicine becomes the
standard of care for TNBC patients, the results herein presented demonstrate the versatility of
SNAP-tag technology in the generation of pharmaceutically acceptable diagnostic and therapeutic
agents (bearing various cytotoxic warheads), which when combined together, could enable more

effective management of this deadly disease.
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Figure 49: Pictorial representation of a tentative approach to precision medicine of TNBC. Through
the establishment of multiplex immunofluorescence imaging based on a diverse collection of SNAP-tag
based fusion proteins, the screening of TNBC patients for relevant tumorigenic target(s) will enable the
identification and classification of patients, thus streamlining the development of tailored combination
treatments for those who are most likely to demonstrate a positive drug response or benefit.
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