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Abstract

Every year there are over 50,000 new cases of breast cancer in UK, which
represents the most common UK cancer (CR-UK). Despite significant advances
in anti-breast cancer treatments, there is still a need for improved therapeutics to
overcome drug resistance. HER2 (Human Epidermal Growth Factor Receptor 2)
is a transmembrane oncoprotein encoded by the HER2/neu gene and
overexpressed in approximately 20 to 30% of invasive breast cancers. Tumours
overexpressing HER2 are more aggressive and carry a poor prognosis; thus, the
receptor is a priority therapeutic target. One targeting entity is Trastuzumab (Tz),
a monoclonal antibody recognized as one of the most effective agents against
HER2+ breast cancer and has also been attached to chemotherapeutics to form
antibody-drug conjugate (ADC). These ADCs, such as Kadcyla®, require cell
binding to HER2 and access to the cell interior by endocytosis to release the
payload. HER2 is, however, commonly termed the "endocytosis deficient'
member of the HER family of receptors, thus challenging attempts to design
ADCs that need access to lysosomes for drug release and activity.

Previous studies in the laboratory showed that HER2 endocytosis was
significantly promoted with concomitant lysosomal delivery and degradation via
Tz-mediated crosslinking, and this presented work lies under the hypothesis that
nanoparticles (NPs) decorated with sufficient numbers of Tz could also cause
HER2 cross-linking, endocytosis, and HER2 degradation. Later data showed that
HER2 crosslinking induced a form of endocytosis termed macropinocytosis to
drive cell entry. The work presented initially investigated macropinocytosis as a
process in different cell types and ways to inhibit this process using inhibitors
targeting the sodium proton exchanger (NHE1) as a regulator of intracellular pH
and this endocytic process. EIPA (5-(N-Ethyl-N-isopropyl) amiloride) as a
macropinocytosis inhibitor, surprisingly significantly increased the internalisation
of HERZ2; a result not observed with other NHE1 inhibitors amiloride and the more
selective NHEL1 inhibitor cariporide. EIPA was also shown to increase the uptake
of the fluid phase and macropinocytosis marker dextran but had no effect on
endocytosis of transferrin via clathrin-coated vesicles. The results suggest that
EIPA targets need further analysis as modulators of HER2 internalisation and
targets for breast cancer therapy.

Fluorescently labelled Tz- decorated Poly (lactic glycolic acid) NPs were then
generated and found to be highly selective for HER2 expressing breast cancer
cells over controls. Upon incubation with cells, the decorated NPs rapidly
accumulated on the cell surface and also appeared as large intracellular
structures suggestive of macropinosomes. Rhodamine and Doxorubicin
encapsulated Tz-PLGA NPs were synthesised, showing their capacity to drive
internalisation of the fluorophore and cytotoxic drug into vesicular structures, with
the later formulation enhancing the cytotoxicity of the drug over its soluble
counterpart.
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1.1 Cancer
Cancer is the name given to a group of conditions involving uncontrolled division
of abnormal cells, which can potentially migrate to other parts of the body.
Cancer mortality can be decreased by early detection and treatment, but this
disease has a substantial societal and economic effect that is growing, and its
yearly economic impact was projected to be US$ 1.16 trillion in 2010 (WHO.
2021). Worldwide, 2020 witnessed an estimated 19.3 million new cancer
diagnoses and about 10.0 million cancer deaths. In 2040, the worldwide cancer
burden is projected to reach 28.4 million cases and is considered the primary or
second major cause of mortality before the age of 70 years in 112 of 183
countries (Sung et al. 2021). There are about 375,000 new cancer cases in the
UK every year, equivalent to about 1,000 new cases every day (2016-2018), and
every two mins, someone in the UK is diagnosed with cancer. The United
Kingdom has a ranking of cancer mortality in the top 30% of countries in the

world and a higher ranking of cancer incidence in the top 10% (CR-UK. 2021).

1.2 Breast Cancer (BC)
1.2.1 Epidemiology
In recent years, BC mortality and morbidity rates have increased significantly
worldwide. Approximately 2 million people around the world were affected by BC

in 2018, while over 600,000 deaths were attributed to this group of diseases

(Bray et al. 2018).

BC has passed lung cancer as the leading cause of cancer incidence worldwide
in 2020, and it is the most commonly diagnosed malignant disease among
females (Sung et al. 2021). It overtook lung cancer as the most frequently

diagnosed cancer, with an estimated 2.3 million new cases globally, representing
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11.7% of all cancer cases, and is the most often diagnosed type of cancer in
women and the major cause of death. Every woman in the United States has a
lifetime risk of developing BC of 12.4%, or one in every eight women. BC
incidence is expected to reach 3.2 million by 2050 worldwide. BC was the second
leading cause of mortality in developed countries, followed by lung cancer
(Momenimovahed and Salehiniya 2019). It is the most frequent type of cancer in
the United Kingdom, accounting for 15% of new cancer cases. Each year, about
55,900 new cases of BC are diagnosed, or more than 150 each day (2016-2018).
Each year, over 11,500 women die of BC in the United Kingdom (CR-UK. 2021).
BC incidence is expected to increase by 2% in the UK between 2014 and 2035,

to 210 incidences per 100,000 females by 2035.

1.2.2 Pathophysiology

The breast consists of two distinct types of tissues: glandular and stromal
(supporting). Glandular tissues include the milk-producing glands (lobules) and
ducts (milk tubes), whereas stromal tissues contain the breast's fatty and fibrous
connective tissues. Additionally, the breast has a lymphatic immune system that

eliminates cellular fluids and waste (Sharma et al. 2010).

BC is classified as invasive or non-invasive based on its relationship to the
basement membrane. Breast non-invasive neoplasms are generally classified
into lobular carcinoma and ductal carcinoma. Lobular carcinoma conforms to the
typical lobule's shape, with enlarged and filled acini. Ductal carcinoma is more
morphologically heterogeneous than Lobular carcinoma, and pathologists classify
it into four distinct subtypes: papillary, cribriform, solid, and comedo. Papillary and
cribriform lesions are often lower grade, while solid and comedo lesions are

usually of higher grade. Ductal carcinoma, if not treated, usually transforms into
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invasive cancer. Invasive ductal cancer, alternatively referred to as ductal
carcinoma, is the most frequent BC, responsible for 50% to 70% of all invasive
BC. Invasive lobular carcinoma is responsible for 10% of BC (Alkabban and

Ferguson 2021) (Figure 1.1).

BC can be categorised into four stages, represented by Stages 1 and 2 as early
progression, which means the tumour is small and localized inside the breast
tissue, or it may be discovered in nearby lymph nodes. Stage 3 cancer refers to
when cancer has progressed to a lymph node, the breast surface, or the chest
wall. Stage 4 cancer indicates that cancer has spread to another part of the body

(CR-UK. 2021).

Anatomy of Breast and Breast Cancer Metastasis

Breast Structure
Breast duct

Adipose Tissue

Cancer cell migration
and invasion

Lobule

Chest Wall —p

Basement membrane

Pectoral Muscles
Breast epithelial ce!

Intercostal
Muscle

Myoepithelial ce! &

Figure 1.1: Anatomy of Breast and BC Metastasis. Most breast cancers develop in
the lactiferous (milk) ducts or lobules. Tumours will spread through the breast tissue
as the disease advances, either outward to the skin or inside towards and/or through the
chest wall. Very invasive breast tumours will expand to lymph nodes and/or blood arteries

before metastasizing to other organs. Prepared using BioRender.



Chapter 1 — General introduction

1.2.3 BC Classification
Biomarkers are useful in BC diagnosis for determining the prognosis at the time
of initial diagnosis, selecting an effective systemic treatment, postoperative

surveillance, and monitoring therapy in advanced disease (Duffy et al. 2015).

Biomarkers can be used to evaluate the biological condition of a cancer, which
can then be used to identify the type of tumour, its progression, or treatment
responses, so helping in the management of BC (Afzal et al. 2022). BC is
categorised, selectively targeted and treated on the basis of the overexpression
of three proteins: oestrogen receptor (ER), progesterone receptor (PR), and
HER2 receptors; these biomarkers are routinely tested clinic pathological

features (Toss and Cristofanilli 2015).

As shown in table 1.1, breast tumours can be classified according to the
expression of specific biomarkers into the following five types: Luminal A and
Luminal B which expresses ER or PR, those with HER2 over-expression, basal,

and normal-like tumours (Dai et al. 2015).

Biomarkers in BC can be divided into two categories: prognostic biomarkers and
predictive biomarkers (for targeting) (Janes et al. 2015). The overexpression of
receptors (biomarkers in Table 1.1) can initiate downstream signaling and
increase proliferation in BC cells have been extensively studied and are major
targets for therapeutics (Masoud and Pages 2017). These BC biomarkers play an
important role in the management of BC disease (Wu and Chu 2021). They are
also used for subtyping BC and predicting BC susceptibility. Several other

biomarkers have been identified and validated with BRCA gene mutations being
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very well established (Wang et al. 2021). However, the majority have only been

validated in mouse models or preclinical trials (Li et al. 2017; Wu and Chu 2021).

The basal-like, known as triple negative, is a type of BC characterised by
negative expression of ER, PR, and HER2. As there are no specific proteins to
target, it also has worse prognosis compared to Luminal A, Luminal B and HER2
classes (Dai et al. 2015). Studies indicates that triple negative BC can be further
subdivided into several subclasses with different clinical features. For instance,
some triple negative BC types overexpress EGFR and may benefit from anti-
EGFR treatment (Foulkes et al. 2010). Chemotherapy is the primary treatment
option for triple negative BC and identified biomarkers for this type including
common genetic mutations like BRCA1 and BRCA2, CHEK2, PTEN, and TP53
(Walsh et al. 2016). BC with these mutations are more likely to become resistant

to treatment, and they account for about 10% of all BC cases (Afzal et al. 2022).
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Table 1.1: Four Biomarkers for BC Classification into Five Intrinsic subtypes, ER,
PR, HER2 and KI67 (Proliferation, prognostic and predictive markers) (Yerushalmi
et al. 2010; Dai et al. 2015).

Immunohistochemistry
Intrinsic (IHC) Status
Prevalence
Subtype
Basal
ER | PR | HER2 | KI67
Marker
Luminal A + |+ - - 23.7%
+ |+ - + 38.8 %
Luminal B
+ + + + 14 %
HER2
- | - + 11.2%
overexpression
Basal - - - - + 12.3%
Normal-like + |+ - - 7.8 %

1.2.4 Aetiology

Mutations in genes are the most common cause of all malignancies, including BC
(Tomasetti and Vogelstein 2017). BC is quite variable in terms of pathological
features, with some tumours growing slowly and having a good prognosis while
others are aggressive. Current projections and statistics indicate that breast

cancer's global incidence and death are increasing (Sung et al. 2021).

Epigenetic traits of the disease and the risk of BC are often important for
promoting cancer prevention at three levels, first by identifying risk factors and

their mode of action, second by establishing markers of early disease and third
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by establishing markers of disease progression and drug resistance (Tao et al.

2015).

BC is associated with a number of risk factors. Gender, age, and blood group are
examples of demographic factors; reproductive factors such as menarche age,
menopause age, full-term pregnancy, and pregnancy characteristics. Additionally,
there are factors associated with hormonal replacement therapy, such as
hormonal contraceptives, ovulation-stimulating medicines, and postmenopausal
hormone replacement therapy. Factors related to hereditary and genetic
characteristics breast-related factors such as lactation and lifestyle factors such
as obesity and being overweight, alcohol consumption, smoking, poor diet, and of
physical exercise have been linked to BC. Other risk factors, such as diabetes
and radiation, must also be considered (Momenimovahed and Salehiniya 2019;

Mavaddat et al. 2010).

1.2.5 Receptor Tyrosine Kinase and BC-The HER1-4 family

Human epidermal growth factor receptors consist of four receptors, EGFR
(HER1/ERBB1), HER2 (ERBB2), HER3 (ERBB3), and HER4 (ERBB4), and all
have been implicated in promoting the growth of cancer cells (Arienti et al. 2019).
These four molecules are members of the type | group of 20 families of
plasma membrane receptor tyrosine kinases (RTKs), which control various
cellular metabolic activities. These receptors are called tyrosine kinase
receptors due to a tyrosine residue in the intracellular domain capable of
catalyzing the phosphorylation of the receptor itself or other proteins. Tyrosine
Kinase Receptors play a crucial role in cell proliferation, survival, migration,

differentiation, and apoptosis (Yamaoka et al. 2018).
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HER family members (except HER2) are generally activated by extracellular
ligand binding (See table 1.2), which results in a conformational change
accompanied by homo- or heterodimerization, therefore activating an intracellular

signalling cascade (Mitchell et al. 2018).

Despite the fact that HERs have a large number of common structural similarities,
each family member shows distinct characteristics that may impart nonredundant
modes of action. For example, HER3 lacks intramembrane kinase activity,
whereas HER?2 lacks a ligand binding site and, thus, a natural ligand (Figure 1.2)
(Lyu et al. 2018; Barros et al. 2010). These receptors contain an extracellular
domain for ligand binding, a single hydrophobic transmembrane domain, and a
C-terminal cytoplasmic domain with enzymatic activity. Each dimer demonstrates
conjugate ligands necessary to induce cell transformation. Ligand activation via
the extracellular domain then stimulates receptor homo- or heterodimerisation.
However, in the absence of a ligand, HER2 has a conformation that always
resembles the ligand-activated state with a protruding dimerization loop (Wee

and Wang 2017).
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Figure 1.2: HER family structure, differences, conformation change, and
dimerization. (A) HER domains include extracellular, transmembrane, and
cytoplasmic/intracellular domains. Both ligand binding domains (I and 1ll) and cysteine-
rich domains (Il and IV) are present in the extracellular component. The lipophilic
transmembrane domain is followed by the cytoplasmic region that contains the kinase
domain and the carboxy-terminal tail (Mitchell et al. 2018). (B) Diagram of the four HER
family members illustrate their variations and similarities. HER2 is the single member of
this family without a ligand-binding site. On the other hand, HERS3 lacks an internal
domain-localized tyrosine kinase (TK) region. Both the epidermal growth factor receptor
(EGFR) (1) and the human epidermal growth factor receptor (HER4) (4) include a ligand
binding site and TK. The receptor tyrosine kinase is a conserved area found in all families
except HER3 that requires the other members to form a dimer and activate downstream
pathways (Barros et al. 2010). (C) Nonligand bound monomer tethered (Closed
conformation) and untethered conformations (open conformation). The untethered
conformation can be bound by ligands linkage at domains | and lll, stabilising it for
dimerization and downstream TK activation (Patel et al. 2015). (D) Homodimerization of
HER2 with another HER2 and heterodimerization of HER2 with other family members,
particularly HER3. Prepared using BioRender.
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When inactive, HERs reside in a monomeric tethered configuration; however,
upon ligand engagement, the receptor extends, revealing a dimerization arm.
Interaction with another open conformation receptor leads to the receptor dimer's
formation, which results in another conformational change in the receptor
complex's intracellular domain. This conformational change results in a
transphosphorylation event, during which the donor receptor transfers numerous
phosphate groups into the acceptor receptor's C-terminal tail, enabling
attachment and activation of the downstream signalling cascade. The
conventional wisdom that HER family receptors exist exclusively in a monomeric
state prior to ligand binding has been challenged by evidence indicating HER can
exist in an inactive dimerized form prior to ligand stimulation (Maruyama 2014).
Dephosphorylation, receptor internalisation via endocytosis, and lysosomal
degradation or recycling of the receptor contribute to signal deactivation (Kumar

et al. 2020).

11
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Table 1.2: HER Receptors and their cognate ligands (Arienti et al. 2019). Full names
of abbreviations here can be found in the abbreviations list.

Receptors Cognates Ligands
AR

BTC

EGF

EP

HER1 EPIGEN
HB-EGF
TGF-a

HER2 None-identified

HER3 NRG1
NRG2
BTC
HB-EGF
NRG1
NRG2
NRG3
NRG4
EP

HER4

All HER family members have been implicated in several different cancers
(Sareyeldin et al. 2019), and overexpression of HER1, HER2, and HER3 have all
been shown to lead to a poorer prognosis in BC patients, whereas
overexpression of HER4 has illustrated a protective effect (Wang et al. 2016). As
the subject area of this thesis is HER2, the other family members will not be

discussed in any detail.

1.2.6 Human Epidermal Growth Factor Receptor 2:

The HER2 receptor is encoded by the HER2/neu gene and is overexpressed in
approximately 20% of invasive breast cancers (Wahdan-Alaswad et al. 2020).
HER2 overexpression occurs in other types of malignancies as well, including
those of the stomach (Modi et al. 2020), lung (Pillai et al. 2017), bladder (Haque
2018), oesophagus (Rahman et al. 2018), uterine cervix (Varshney et al. 2020),

colon (Raghav 2018) and ovarian carcinomas (Khalil et al. 2016). HER2

12
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overexpression constitutes a predictive factor of inadequate response to
chemotherapy and endocrine therapy (Mosly et al. 2018; Wang et al. 2019;

Montagna and Colleoni. 2019)

Heterodimer complexes of HER2, especially HER2/HER3 heterodimers, are
more stable at the cell membrane compared with homo or heterodimers of other
family members (Fichter et al. 2018). Thus, HER2 stays at the cell membrane for
a longer time, with a lower endocytosis uptake rate than other HER members
(Devarajan and Dandekar 2019). The binding of EGF to EGFR induces cell
signalling, its endocytosis and degradation in lysosomes or recycling to the cell
surface (Tomas et al. 2014). HER2 has no ligand, and this represents another
reason for it being more permanent at the plasma and with it always been in an
active conformation, it is continuously driving cell growth and division. If
endocytosed it is recycled to the cell surface, ready for another activation cycle

and further augmenting growth factor signalling (Shramova et al. 2018).

It has been demonstrated that HER2 is localized to plasma membrane
protrusions and this is defined as an endocytosis-resistant receptor (Bertelsen
and Stang 2014). A study showed that HER2 expression inhibits the creation of
clathrin-coated pits in the plasma membrane (Cortese et al. 2013), thus the
HER2 recycles persistently (Austin et al. 2004). HER2 recycling to plasma
membrane allows repeated stimulation and prolonged signalling. Because HER2
is the preferred dimerisation partner for all members of the HER family, this can

also enhance downregulation resistance to partner receptors (Theos et al. 2005).

Overexpression of HER3 is common in HER2 breast tumours but in comparison

to other HER family members, HERS3 is not carcinogenic when overexpressed

13
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alone (Drago et al. 2022). While HER3 does not induce cancer on its own,
HER2:HER3 heterodimers have the highest transforming capacity of any HER
family dimer and HER3 is required for HER2-mediated carcinogenesis in a

variety of tumour types (Haikala and Janne 2021)

1.2.7 HER2 and Cell Signalling

A large body of laboratory data has accumulated to suggest that HER2 family
members perform cell signalling by forming heterodimers (e.g., HER1: HER2 or
HER4:HER2). Notably, the formation of these heterodimers may occur even in
situations when only a single member of the pair binds its ligand (Roskoski 2014).
Additionally, the literature indicates that heterodimers, when comparatively
examined against homodimers, are associated with stronger downstream

signalling activation (Furrer et al. 2018).

Homo- or heterodimerization of HER2 results in autophosphorylation of tyrosine
residues within the receptor's cytoplasmic domain, activating a variety of
signalling pathways, most notably the mitogen-activated protein kinase (MAPK),
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), and protein kinase C
(PKC), resulting in cell proliferation (Figure 1.3) (Hsu and Hung 2016). Because
of its open conformation, HER2 is the preferred dimerization partner for the family
members. The HER2-HER3 heterodimer is the most effective activator of
downstream signalling pathways, most notably PI3K/Akt, regarded as the master

regulator of cell growth and survival (Igbal and Igbal 2014).

14
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Figure 1.3: HER2 promotes cancer cell proliferation, invasion, metastasis, and
angiogenesis by activating the PI3K/Akt and Ras/Raf/MEK/ERK signalling
cascades. The two most important well-studied downstream signalling pathways
activated by HER receptors. Ras functions as a self-inactivating signal transducer at the
top of these cascades. PKC, which is triggered by PLC, is a third critical factor in the
network. Adapted from (Igbal and Igbal 2014). (AKT) Protein kinase B; (PLC)
Phospholipase C; (PKC) Protein Kinase C; (PI3K) Phosphatidylinositol 3-Kinase; (PTEN)
Phosphatase and Tensin Homolog; (NFkB) nuclear factor kB; (mMTOR) Mammalian Target
of Rapamycin; (MAPK) Mitogen-Activated Protein Kinase; (MAPKK) MAPK kinase.

1.2.8 Treatment

BC is treated in various ways, and there is no unique treatment for BC. For
patients with nonmetastatic BC, the primary aims of therapy are to eradicate the
tumour from the breast and regional lymph nodes and prevent a metastatic

recurrence.
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Non-metastatic BC is often treated with a combination of local and systemic
treatment. Local therapy is often initiated with surgery, considered the main
treatment option for BC, followed by postoperative radiation. The surgical options
vary from extensive local excision (lumpectomy) to radical mastectomy and
Axillary lymph node dissection (ALND), which includes the removal of the breast,
chest wall muscles, and lymph nodes. Systemic therapy may be preoperative

(neoadjuvant), postoperative (adjuvant), or both, depending on BC subtype.

Metastatic BC is considered incurable in almost all patients. The therapy aims for
metastatic BC are to prolong life and relieve symptoms. Systemic treatment is
utilised in metastatic BC, and Local therapeutic techniques (surgery and
radiation) are generally reserved for metastatic disease BC (Waks and Winer

2019).

Radiotherapy has been utilised as a therapeutic method for over a century and is
presently employed as a stand-alone or adjunctive modality for cancer. This
therapy aims to eradicate cancer cells while protecting normal tissue, and the

treatment modality is determined by the tumour's anatomical location, size, and

type.

In radiotherapy, there are two basic forms of treatment: electromagnetic radiation,
which includes x-rays and gamma-ray, and particle radiation, which includes
electrons, neutrons, and protons. Radiotherapy involves using lonizing radiation,
which acts directly on biological molecules by transferring energy through
deoxyribonucleic acid (DNA) strand breaks or indirectly on tumour cells by
producing free radicals and reactive oxygen species (Robinson and Holloway

2019).
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According to the American Medical Association (2019), BC treatment is
categorised into hormone receptor-positive (HR+), receptor tyrosine-protein
kinase positive (HER2+), and triple-negative subtypes. The therapy of HER+ will
be explained in detail later. Standard endocrine therapy for non-invasive HR+ BC
consists of daily oral anti-Oestrogen therapy for five years to avoid recurrence.
Endocrine treatment may include tamoxifen or aromatase inhibitors (anastrozole,
exemestane, and letrozole) (Table 1.3). Clinicians may also choose to combine
chemotherapy in patients with HR+/HER- BC, depending on the anatomic stage
and grade of the tumour. In early BC, various neoadjuvant and adjuvant
chemotherapy regimens may be explored. The regimens
docetaxel/cyclophosphamide, adriamycin/cyclophosphamide, and
cyclophosphamide/methotrexate/5-fluorouracil are all appropriate alternatives for
low-risk patients, and toxicities are a primary concern. Chemotherapy regimens
that include anthracyclines and taxanes provide the highest risk reduction and
continue to be the optimal choice for high-risk patients. The Food and Drug
Administration (FDA) has authorised only chemotherapeutic medicines to treat

nonmetastatic triple-negative cancers (Waks and Winer 2019).
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Table 1.3: The most often used chemotherapeutic and endocrine medicines to treat
BC and the mechanisms of action of these agents. Table compiled from the following
sources: (Visovsky 2014; Waks and Winer 2019; Wind and Holen 2011; CR-UK 2021).

Drug Name Classification of the Mechanism of Action
drug

Endocrine Hormonal Drugs:

Tamoxifen selective  Oestrogen | Competitively prevents
receptor modulators | Oestrogen binding to Oestrogen
(SERMS). receptor

Anastrozole Aromatase Inhibitors Decreases the conversion of

Exemestane, and androgens to Oestrogen

Letrozole

Fulvestrant Oestrogen  receptor | Prevents Oestrogen binding and
antagonist down-regulate Oestrogen

receptors.

Chemotherapeutic Agents

Cyclophosphamide | Alkylating agent Prevents protein synthesis by
cross-linking strands of DNA and
RNA

Doxorubicin Anthracyclines Triggers DNA cleavage by
topoisomerase Il inhibition
resulting in cell death

Paclitaxel Taxane Mitotic inhibitor; interferes
with the normal function
of microtubule breakdown.
Also induces apoptosis

Docetaxel Taxane Interferes with microtubule
breakdown
Methotrexate Anti-metabolites Acts specifically

during DNA and RNA
synthesis, and thus it is
cytotoxic during the
S-phase of the cell cycle

Fluorouracil (5FU) | Anti-metabolite Metabolised to cytotoxic
metabolites which are
incorporated into DNA and
RNA, inducing cell cycle
arrest and apoptosis

Carboplatin Alkylating agent Cross-links DNA and disrupts
DNA replication
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1.2.8.1 Antibodies targeting HER2

An example of a therapeutic that can stop HER2 signalling effectively is a
humanised monoclonal antibody medicine known as Trastuzumab (Tz), with the
brand name Herceptin. Tz is commonly recognised as one of the most effective
HER2+ cancer treatments representing a significant therapeutic agent against
HER2+ BC (Wu et al. 2022; Kreutzfeldt et al. 2020; Maximiano et al. 2016). Tz
targets a variable region of HER2 at the extracellular juxtamembrane domain (39
amino acids), specifically binding to amino acids present in domain 4 (Figure 1.4)
(Hudis 2007; Park et al. 2022). The antibody can act as a competitive antagonist
to EGF protein by blocking the ligand-independent HER2—HER3 dimerization.
This blockade inhibits receptor stimulation and activation by EGF and prevents
conformational change required for dimerization. Tz can stop the signalling of the
MAPK, PI3K, and AKT/mTOR pathways that lead to cell division, as mentioned
previously (Hervent and De Keulenaer 2012; Nami et al. 2018). Tz can also
stimulate immune-mediated responses against HER2-overexpressing cells
leading to antibody-dependent cellular cytotoxicity (Listinsky et al. 2013). It also
has an antiangiogenic effect and lowers the proapoptotic threshold for
chemotherapy. Therefore, Tz has been demonstrated to possess a synergistic
effect with chemotherapeutics such as doxorubicin, epirubicin, paclitaxel
carboplatin, docetaxel, and gemcitabine (Gajria and Chandarlapaty 2011). Tz
also has had success by administration with another HER2 targeting monoclonal
antibody pertuzumab, i.e., dual HER2 targeting therapy and taxane therapy for
first-line metastatic HER2+ BC disease (Bachelot et al. 2019). General resistance
mechanisms to Tz can arise and are a major clinical problem, mainly owing to

signalling through an alternate receptor and/or pathway (Nahta and Esteva
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2006). HER2+ BC with activating mutations of the PIK3CA gene and deletions of
the PTEN gene can also develop Tz resistance (Kim et al. 2017). A recent study
suggests that PIK3CA (Phosphatidylinositol-4,5-bisphosphate 3-kinase), gene
mutations transcribed into the p110 subunit have a significant role in promoting
cancer through enhanced signalling of the PI3K/AKT/mTOR survival pathway
(Willis et al. 2020). As a lipid kinase PIK3CA is involved in many signalling

cascades often leading to cell growth (Conti and Guerrini 2017).
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Figure 1.4 Structure of HERZ2, binding sites of Tz and Pertuzumab. A. The HER2
subdomains | through IV are coloured sequentially in red, green, blue, and orange. The
epitopes of Pertuzumab and Tz are represented by arrows. B: Structures of HERZ2,
Trastuzumab Fab and Pertuzumab Fab are shown in cyan, pink and yellow respectively.
Adapted from (Oganesyan et al. 2018; Hao et al. 2019).

Another mechanism of Tz resistance is a failure to trigger the immune-mediated
mechanisms that destroy tumour cells. Specifically, Tz is an IgG subtype and can
be affected by the Fc receptor located in the membranes of certain immune cells.
These cells can produce off tumour site ADCC responses (antibody-dependent
cellular cytotoxicity) (Figure 1.5) during Tz treatment while significantly impairing

clinical response rates and progression-free survival of patients treated with Tz
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(Nami et al. 2018; Pohlmann et al. 2009). The accumulation of a truncated
extracellular form of the HER2 receptor p95-HER2 has also been regarded as a
mechanism driving Tz resistance, as this will bind to the antibody away from the
tumour/cancer cell sites. Lastly, Tz can activate downstream signalling and
upregulate HER2 downstream signalling pathways lead to increased -cell
proliferation (Gajria and Chandarlapaty 2011). Further information on Tz will be

provided in Chapter 4.
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Figure 1.5: Tz antibody increases ADCC's ability to destroy cancer cells. The Fab
part of an antibody attaches to its cognate antigen on a target cell (i.e., cancer cell), while
the Fc part of the antibody interacts with the Fc receptor on an effector cell from the
immune system. This mechanism is known as antibody-dependent cell-mediated
cytotoxicity (ADCC). This mechanism initiates the release of cytotoxic granules from the
effector cell toward the target cell and results in the apoptosis of the target cell. WBC;
White Blood Cell. Adapted from (Pohlmann et al. 2009).

Despite the fact that HER2 is endocytosis deficient, Tz has been conjugated to
cytotoxic drugs (Xu et al. 2019). This conjugation is required to be delivered to
lysosomes for degradation and release the drug from the antibody (Garcia-

Alonso et al. 2020). These are termed Antibody Drug Conjugates (ADCs), and a
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clinically approved version of the second type is Kadcyla, also known as Tz
emtansine (T-DM1). Several small molecule drugs targeting HER2 have also

been described in (Table 1.4).

Table 1.4: Targeted therapy for HER2 BC.

Drug Name

Classifications

General Information

Lapatinib

Tyrosine
Kinase Inhibitor
(TKI

Lapatinib has been targeted reversibly
against the activity of both HER2 and EGFR
receptors by inhibiting tyrosine
autophosphorylation and downstream
signalling such as PI3K and MAPK (Spector
et al. 2005). It also promotes cell cancer
apoptosis through anti-HER2 antibodies (Xia
et al. 2005). Furthermore, lapatinib has been
demonstrated to inhibit the growth of HER2
that was previously seen to be Tz-resistant.
Thus, this indication suggests using lapatinib
as dual therapy with Tz for patients
experiencing Tz resistance (Azim and Azim
2012).

Pertuzumab

Humanised
monoclonal
antibody

Pertuzumab targets the extracellular
dimerisation domain Il region. This leads to
inhibition of homo- heterodimerisation of
HER2—-HER3 dimer formation in a ligand-
induced fashion and inhibition of the
downstream signalling pathways (Di Modica
et al. 2017). Moreover, pertuzumab has also
indicated the triggering of ADCC against
cancer cells (Capelan et al. 2013).
Consequently, pertuzumab dual therapy with
Tz and chemotherapy is now used as a first-
line treatment for metastatic BC disease
(Gianni 2018).

Tz-emtansine

antibody-drug
conjugate
(ADC)

Tz emtansine
targeted

incorporates the HER2-
anti-tumour properties of Tz
alongside the cytotoxic activity of the
microtubule-inhibitory agent DM1 (a
derivative of maytansine). This drug is
released from lysosomes once the ADC has
been delivered by endocytosis. The antibody
and the cytotoxic agent are conjugated by a
stable linker, and lysosomal proteases
degrade the antibody allowing the drug to
escape across the lysosomal membrane to
reach its cytosolic target (Barok et al. 2014).
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Thus, T-DM1 allows intracellular drug
delivery specifically to HER2-overexpressing
cells, thereby improving the therapeutic
index and minimising the exposure of normal
tissues (Verma et al. 2012).

Neratinib

Tyrosine
Kinase Inhibitor
(TKI

Neratinib is irreversible inhibitor of HER1,
HER2 and HER4. It is authorised
as adjuvant therapy of patients with HER2+
early-stage BC who have previously been
treated with a Tz-based adjuvant regimen in
the United States. Neratinib inhibits
autophosphorylation of HER2 and EGFR
and signals of MAPK and AKT pathways.
Neratinib indicated synergistic efficacy when
used with Tz for the treatment of HER2 BC
(Deeks 2017).

Margetuximab

Monoclonal
Antibody

Margetuximab has identical Tz epitope-
binding properties, but its designed Fc
domain is different (Tarantino et al. 2021).
The changes to Fc have no effect on antigen
recognition or antiproliferative activity. The
antibody is engineered for enhanced binding
to Fc receptor IlIA (CD16A). Margetuximab
was registered in the United States in 2020
for use with chemotherapy in patients with
HER2+metastatic breast cancer who had
received two or more previous anti-HER2
regimens (Markham 2021).

Tz-
Deruxtecan

antibody-drug
conjugate
(ADC)

Tz-Deruxtecan was recently approved by
FDA in August 2022 (FDA.GOV). Tz
antibody conjugated to topoisomerase |

inhibitor induces DNA damage and
apoptosis.
Deruxtecan is released as a result of

Tz internalisation and intracellular cleavage
by lysosomal enzymes, whereas Tz is
expected to be destroyed. Tz-Deruxtecan is
recommended to use for recurrent HER2 BC
(Nguyen et al. 2021).
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1.2.9 HER2 Clustering

Receptor activity can be downregulated via for example ligand binding,
endocytosis to lysosomes and degradation. HER2 has very low intrinsic
internalisation rates and is known to recycle back the plasma membrane where it

can continue to activate signalling.

Our previous studies showed that HER2 endocytosis was significantly promoted
with concomitant lysosomal delivery and degradation via Tz-mediated cross-
linking by adding biotinylated Tz to breast cancer cells. We could force HER2
clustering by adding streptavidin that can bind 4 biotin molecules (Figure 1.6)

(Moody et al. 2015).

Extracellular

h» Extracellular || p

Intracellular

Intracellular

Receptor Clustering

Extracellular

Intracellular

%ﬁ Receptor «Fé Biotinylated ligand 4§. Streptavidin

Figure 1.6: Biotinylated antibody and streptavidin complexes formation on cells
adapted from (Moody et al. 2015). (a) Cells are treated with exogenous biotinylated
protein. (b) Washing is used to remove excess unbound protein. (c) Cells are incubated
with streptavidin, which clusters receptors via the creation of prolonged cross-links

between receptor:ligand—biotin complexes. (d) Excess streptavidin is removed.
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Later, using Scanning Electron Microscopy (SEM), the same experiment was
repeated with a short time treatment on HER2 overexpressed cells to explore in
detail the cellular processes underlying endocytosis and plasma membrane
morphology. Significant membrane ruffling of the plasma membrane was rapidly
observed suggesting that this effect was initiating macropinocytosis (Wymant et
al. 2020). Later studies have shown that other mechanisms of driving HER2
clustering, either via using one antibody targeting two HER2 epitopes or a
combination of antibodies binding to different epitopes an also have the same

effects (Szymanska et al. 2016).

1.3 Endocytosis

A range of mechanisms have arisen within mammalian cells due to
evolutionary processes, several of which facilitate the internalisation of small
molecules, macromolecules, and particles. Furthermore, mechanisms exist
within mammalian cells, which allow them to target these molecules to
specific sealed organelles inside the cytoplasm. The group of processes
associated with this function is referred to as endocytosis, a term proposed by
(Malt 1964). Broadly speaking, endocytosis regulates how cells interact with their
environment and incorporates a range of methods and processes that synthesize
internal membranes from the plasma membrane lipid bilayer and contribute to the
uptake of extracellular material. Endocytosis is integral to many cell processes,
including mitosis, nutrient uptake, cell shape, transcellular transport, plasma
membrane receptor downregulation and cell migration (Khan and Steeg 2021).
Additionally, pathogens such as viruses and bacteria use endocytic pathways to
facilitate their uptake into cells (Figure 1.7) (Doherty and McMahon 2009; Cossart

and Helenius 2014).
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The most well-studied and possibly common internalisation pathway is Clathrin-
mediated endocytosis (CME); however Clathrin-independent endocytosis (CIE),
pathways and macropinocytosis also fall under pinocytosis with phagocytosis

representing the final mechanism of cell uptake (Dutta and Donaldson 2012).

Extracellular

CME CIE Macropinocytosis Phagocytosis
J

| |

Pinocytosis Phagocytosis

Intracellular

Figure 1.7: Different types of endocytosis mechanisms at the cell membrane, CME,
CIE. Adapted and modified by BioRender.

1.3.1 Clathrin-mediated endocytosis (CME)

Numerous endocytic mechanisms have been identified in eukaryotic cells;
however, the main endocytic pathway for the internalisation of a wide variety of
cargoes is CME (Bitsikas et al. 2014). CME is named after one key component of

the clathrin protein's endocytic machinery.

CME occurs via clathrin-coated pits (CCPs), which are generated by the
formation of the main coat proteins, clathrin triskelia, which consists of three
clathrin heavy chains (CHCs) with strongly linked clathrin light chains (CLCs),
and the adaptor protein-2 (AP2). CME can be divided into four steps: initiation,
stabilisation, maturation, and membrane fission. The following stages involve the
uncoating and fusion of clathrin-coated vesicles (CCVs) with cargo destined for
early endosomes (Mettlen et al. 2018). Clathrin coats on the plasma membrane

were first identified using electron microscopy in the 1960s (Roth and Porter
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1964). Now it is understood that the formation of clathrin-coated endocytic
vesicles requires around 60 additional cytosolic proteins (Weinberg and Drubin
2012). Currently, there is still a need for a full understanding of how all of these
proteins promote vesicle formation; for example, it is unclear whether cargo
molecules are required to begin an endocytic process or are more passive
passengers recruited after the initiation. The full molecular processes underlying
the initiation of the endocytic site are not entirely known (Armstrong and Olson

2022; Prichard et al. 2022).

CME is triggered by the BAR domain proteins F-BAR domain only protein 1
(FCHO1) and FCHO2, that bind to small curvatures on the plasma membrane
and are required for the progression of the clathrin-coated pits (Kaksonen and
Roux 2018; Henne et al. 2010). The Adaptor Protein-2 (AP2) complex attaches to
cytosolic domains on plasma membrane receptors and attracts other scaffold
proteins, which subsequently enclose the membrane-bound adaptors, forming
the endocytic site. Following this, clathrin and other coat-associated proteins are
recruited, effectively extending the coat, and endocytic vesicles in mammals
generally have a diameter of around 100 nm (Kaksonen and Roux 2018).
Dynamin is a GTP binding protein that orchestrates the breaking of the vesicle’s
connection with the plasma membrane to free the invagination from the plasma
membrane to form a new clathrin-coated vesicle that will fuse with the early
endosome that is then sorted to other cellular destinations including recycling
back to the plasma membrane (Preta et al. 2015). For example, a receptor may
enter the early endosome via one of three pathways: rapid or delayed recycling

or degradation (Figure 1.8) (Cullen and Steinberg 2018).
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Following internalisation, sorting in the early endosome segregates molecules for
recycling via rapid (Rab4, Rab14, Rab15) and slow recycling channels (Rabl1la,
Rabl5, Rab22a). In addition to the more ubiquitous Rab4, Rab5, and Rabll
GTPases, epithelia feature specific recycling circuits that employ Rabl7 and
Rab25 (Agola et al. 2011). Through Rab6 and the retromer complex, which may
interact with Rab7, early endosomes also govern the return to the Golgi (Seaman
2004). Rab9 regulates the return of late endosomes to the Golgi. Endocytosed
and phagocytosed cargo intended for destruction is transported from early to late
endosomes via a Rab7-dependent mechanism that requires fusion with

lysosomes (Vanlandingham and Ceresa 2009).

EGFR Endocytic Trafficking

rab11/rab4/rab22

Figure 1.8: EGFR receptor trafficking via Rabs. The ligand-bound receptor
translocates to plasma membrane areas containing an intracellular clathrin lattice. The
clathrin lattice invaginates to create a clathrin-coated pit, which then pinches off to
produce a clathrin-coated vesicle. Once the EGFR enters the early endosome, it either
proceeds along a degradation process or is recycled back to the plasma membrane.
Adapted from (Ceresa 2006).
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1.3.2 Clathrin-independent endocytosis (CIE)

CIE is composed of numerous parallel pathways, each of which has a unique
method to produce endocytic carriers. It is generally accepted that all known CIE
routes deliver their payload to early endosomes; consequently, the distinctions
between them lie in the initial plasma membrane stages (Ferreira and Boucrot

2018).

CIE, alternatively referred to as non-clathrin mediated endocytosis NCME, occurs
along with CME and has been observed in a number of cell types in vitro. CIE
includes a nonselective bulk entry process referred to as 'pinocytosis' with the
'macro’ or 'micro’ prefix indicating the size of the vacuole formed (Johannes et al.
2015). However, it should be noted that all endocytic uptake mechanisms have

the capacity to internalise fluid.

Named clathrin-independent uptake routes are often based on the proteins that
regulate them, including caveolae-mediated endocytosis, Arf6-dependent, flotillin-
1-dependent, Cdc42- dependent, and RhoA-dependent endocytosis which
results in the formation of membrane structures with very different sizes and
morphologies to clathrin-coated vesicles (Mayor et al. 2014). For example,
membrane ruffles can fold back over the plasma membrane to generate large
(0.2 to >10 pm) endocytic vacuoles called macropinosomes (Watanabe &

Boucrot 2017). See section 1.3.2.1.

Caveolin was identified in 1950 and consists of three distinct isoforms and are
now known to be engaged in and contributing to endocytic events (Feng et al.
2013). These proteins as different isoforms functions in CIE located in

cholesterol- and sphingolipid-rich nanodomains on the plasma membrane
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measuring 50-100 nm in diameter and resembling endocytic carriers prior to
scission. For example uptake via caveolae was shown to be involved in
transporting proteins and lipids like LDLs, albumin, and insulin from the blood
vessels (endothelial cells) to the opposite face and vice versa (Transcytosis)

(Cheng and Nichols 2016).

The first evidence for flotillins mediating endocytosis was published in 2006,
showing that Flotillin 1 is needed for internalisation of cholera toxin and
endocytosis of a GPI-linked protein CD59 (Glebov et al. 2006). Two flotillin
isoforms were hypothesized to arrange cholesterol-enriched membrane
microdomains, or rafts, that generally do not contain caveolin and were found to
be regulators of dopamine transporter (Sorkina et al. 2013). Very few subsequent
studies have in fact identified a role for these proteins in endocytosis rather than

plasma membrane organisation.

ARF6 is a small GTPase found in the plasma membrane and endosomes, where
it affects endocytic membrane trafficking and actin remodelling. As ARF6 cycles
between active and inactive states, it enables ligand uptake at the cell surface
and subsequent trafficking down the endocytic pathway (Grossmann et al. 2019).
Similarly, RhoA, Cdc42, and Racl are GTPases involved in vesicle trafficking
and endocytosis. Cdc42 is involved in vesicle trafficking from the cell surface to
the Golgi, transport between the ER and the Golgi, post-Golgi transport, and
exocytosis. Racl is involved in both endocytosis and exocytosis, whereas RhoA

is primarily involved in endocytosis (Chi et al. 2013).
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1.3.2.1 Macropinocytosis
Macropinocytosis, an essential process of endocytosis, occurs continuously in
extracellular (i.e., plasma) membranes within most, if not all, cells. The process is
initiated via protrusive movements of actin-rich membrane folds known as ruffles
that engulf fluid and solutes via structures called macropinosomes that are then
internalised to form distinct organelles (King and Kay 2019). Macropinocytosis
has a characteristic morphology in which the plasma membrane's active region
protrudes into the surrounding environment via actin filaments rather than
invaginating (Jones 2007). Of note is that macropinosomes, once inside cells,
can follow two pathways of cargo delivery. They can recycle to the plasma
membrane or deliver to lysosomes, where the cargo is degraded; degradation
products can be transported into the cytosol for anabolic metabolism (Swanson et

al. 2019) (Figure 1.9).

Ruffle folds back
onto itself

Cytoskeleton
rearrangement
Plasma & membrane
membrane ruffling
— — —
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Figure 1.9: The process of macropinocytosis. Macropinocytosis includes remodelling
the actin cytoskeleton at the plasma membrane, which results in the creation of
membrane ruffles. Ruffles can refold and fuse at the base of the plasma membrane. Early

development of macropinosomes producing a more spherical shape of macropinosomes.
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The macropinosomes contents are then degraded or recycled to the plasma membrane.
Adapted from (Lim and Gleeson 2011).

Macropinocytosis is driven by actin, which is an important component of
endocytic membrane traffic. It is manifested in "ruffing” and is also a

characteristic of cell motility (Bohdanowicz and Grinstein 2022).

The term macropinocytosis was coined by Warren Lewis, who described it as a
process in which macrophages engulf liquid and other components (Lewis 1937).
Now macropinocytosis is classed as a subset of CIE (Donaldson 2019). A
number of cellular functions have been ascribed to this process, including in
antigen-presenting immune cells (e.g., immature dendritic cells or macrophages).
These cells have high levels of macropinocytosis for sampling their environment
for antigens, which stimulates immune responses by naive T cells (Liu and Roche
2015). Macropinocytosis is also hijacked by intracellular pathogens such as
bacteria and viruses but can also be exploited for vaccine delivery (Zeng et al.
2020; Rennick et al. 2021). With this in mind, it is promising to note findings in the
literature show that, due to the efficient way macropinocytosis delivers
extracellular macromolecules to targets within specific cells, it could be
capitalised on for drug delivery by, for example nanotherapeutics (Li and Pang

2021).

1.3.3 Endocytic Probes
Dextran

Dextran (DEX) is a natural linear polymer of D-glucose and an exopolysaccharide
(EPS) generated by lactic acid bacteria or their enzymes in the presence of
sucrose. There are no known receptors for DEX in human cells, and as an inert

and easy to manipulate molecule, for the last 40 years has been used as the
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classical marker for fluid-phase endocytosis, with the majority reaching
lysosomes in vitro. In a review of the literature, researchers have mostly studied
DEXs with molecular weights ranging from 3 to 70 kDa as markers of clathrin-
independent endocytosis, including macropinocytosis (Yoo et al. 2020; Al Soraj et
al. 2012) or fluid-phase endocytosis (micropinocytosis) (Frost et al. 2009; Cao et
al. 2007). Recently, it was shown that the size of DEXs has a significant effect on
their endocytosis profiles (Li et al. 2015). The size of fluid cargoes determines

their entry into cells, confirming a size-based sorting for endocytic pathways.

Now commercial DEXs of different molecular weights labelled with a library of
different fluorophores are available for conducting cell-based endocytosis studies

that rely upon detection of fluorescence via flow cytometry or microscopy.

Transferrin

Transferrin (Tf) is the main iron-transport glycoprotein of serum blood with a
molecular weight 80-kDa and is mainly synthesized in the liver (Talukder 2021). It
is composed of two lobes at the N- and C-terminus, which have a high degree of
similarity and are linked by a brief connecting region. Each lobe can attach to a
single metal ion of iron (Gomme et al. 2005). Iron is absorbed from the
gastrointestinal tract and as the ferric (Fe*3) ion, can be stably bonded and
transferred from the blood to the cells via holo-Tf forms (Tf-bound diferric iron).
Thus, one Tf molecule can contain two ferric ions (Fe*?). Holo-Tf binds to Tf
receptors (TfR) categorised as TfR1 or TfR2. TfR2 is expressed in hepatocytes,
whereas TfR1 is the most widely expressed receptor for Tf and iron transporter in
the majority of cells (Kawabata 2019). Fe™ and Tf interact in a pH-dependent
manner; Fe*® binds effectively to Tf at pH 7.4 and dissociates from Tf at acidic

pH, such as that seen in endosomes (pH 5.5) (Gkouvatsos et al. 2012).
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In the extracellular environment at pH 7.4, holo-Tf binds TfR1, which triggers the
complex's internalisation via CME (Deng et al. 2018; Ogun and Adeyinka 2021 ;
Tortorella and Karagiannis 2014; Richard and Verdier 2020) (Figure 1.10). Fe*?
dissociates then from Tf (apo-Tf) in the acidic environment of the endosome. Six-
transmembrane epithelial antigen of the prostate 3 (STEAP3) then convert Fe*3to
Fe*? and subsequently transport it into the cytosol via divalent metal transporter 1
(DMT1) (Tabuchi et al. 2000). The recycling endosome then transports the
TfITFR1 complex to the cell surface, where apo-Tf is discharged into the
circulation (De Domenico et al. 2008). Thus, cells efficiently assimilate serum iron
via the Tf/TfR1 system, and both TfR1 and Tf are utilised in another cycle of iron
absorption by cells (Maxfield and McGraw 2004). Furthermore, it is important to
highlight that Tf continues to associate with TfR as the endocytic cycle from the
plasma membrane to endosomes and back to the plasma membrane again.
Apotransferrin, however, has a weak affinity for TfR at pH7.2, thus it dissociates
from the receptor upon entering the plasma membrane, allowing the receptor to
bind to another iron-loaded Tf (Maxfield and McGraw 2004; Ogun and Adeyinka

2021).

Due to the increased iron requirement of cancer cells and the fact that CME
mediates TfR, it has been found that TfR can be efficiently targeted in cancer
treatment, and several Tf conjugates are used to deliver medications (Shimosaki

et al. 2017).
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Figure 1.10: TfR1 and Tf cycle of iron absorption via CME. Tf binds to its cell surface
Tf receptor (TfR), and CME is initiated by forming clathrin-coated pits and continues with
the internalisation of the vesicle into the cytoplasm. Reduced pH to 5.5 by hydrogen ion
proton pumps (H+ ATPase) in the endosome results in the dissociation of iron bound Tf
vesicles, which release their iron ions. At a neutral pH, apo Tf dissociates from its
receptor and enters the bloodstream, where it repeats the cycle. Apo Tf remains bonded
to its receptor and is recycled to the plasma membrane. Adapted from (Gkouvatsos et al.
2012).

DEX and Tf represent endocytic probes used in this study, but several other
probes have been used to identify other uptake routes, including
lactosylceramide, which was identified to be internalized via caveolae with
albumin and also shown to be endocytosed via this pathway (Kazmierczak et al.
2020), and a number of different molecules shown to be internalized via CIE
including interleukin 2 and receptors such as MHC Class 1 (Mayor et al. 2014).
There is a however an important shortage in having probes as selective as Tf for
other pathways and ligand/receptors that have been shown to enter via only one

pathway.
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1.3.4 Chemical inhibitors of endocytosis

There has been considerable interest in discovering a chemical agent that would
selectively inhibit a distinct endocytic pathway, thus allowing researchers to then
investigate which pathways are used by ligands and receptors for cell entry and
also drug delivery vectors. In order to comprehend endocytosis processes in cell
biology, endocytosis inhibitors have been produced. Understanding the manner
of uptake can provide crucial information regarding delivery efficiency and
therapeutic efficacy. For instance, endocytosis is the primary uptake for
nanoparticles to enter the cell (Rennick et al. 2021). Those discovered (Table
1.5) have been extremely popular for analysing endocytosis for several reasons.
First of all, pharmacological inhibitors have an effect on all eukaryotic cells, and it
is possible to titrate and quantify these effects in a relatively straightforward
manner. Secondly, Cells and endocytosis are often exposed to inhibitors for a
short time, preventing the development of delayed side effects or compensatory
mechanisms. Thirdly, pharmacological inhibitors are still the most effective
options for in vivo research. Finally, approaches utilising chemical inhibitors are
the least time- and labour-intensive, and they are the most cost-effective.
However, despite their popularity in the cell biology and drug delivery field,
several reviews have pointed out that significant caution should be taken when
interpreting data from studies using these agents and by far the main concern
regards their ack of specificity and selectivity for any particular pathway (lvanov

2008).
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Table 1.5: Examples of Endocytosis inhibitors (Rennick et al. 2021; Dutta and
Donaldson 2012; lvanov 2008)

Targeted Endocytosis Mechanism of Off target effect
Pathway inhibitors Action
CME Hypertonic -Inhibit  clathrin | Macropinocytosis can be
sucrose in micro cages. | inhibited.
-Block  protein
internalisation.
Potassium Block clathrin- | Interact with actin.
depletion coated pit
Cytosol Inhibit cytosolic | Macropinocytosis can be
acidification pH inhibited.
Chlorpromazine | Inhibit  clathrin | CIE can be inhibited in
and AP2 | some cells.
complex
Chloroquine Affects the
function of
clathrin-coated
vesicles.
Dynasore Blocks GTPase | Interact with actin.
activity of
dynamin.
Lipid Methyl-beta- Inhibit CME and Fluid phase

Raft/Caveolae-

Mediated

cyclodextrin

cholesterol from

the Plasma

endocytosis.
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Endocytosis membrane.
Filipin and | Interact with | Has little effects on CME
nystatin cholesterol. and Macropinocytosis.
Macropinocytosis | Amiloride/EIPA | Inhibit NHE | May also block CME.
exchange.
Macropinocytosis | Cytochalasin D | Depolymerizes | Interact with actin
and F-actin. polymerization and may
Phagocytosis inhibit multiple pathways

In this project, only macropinocytosis inhibitors were studied and details on these

are given in the Introduction to Chapter 3.
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1.4 Nanoparticles

1.4.1 Nanoparticle Delivery Systems

This study focuses on NP designed to induce internalisation of HER2 via
following their design, physical and finally biological characterization in HER2
positive and negative BC cell lines. Here a brief introduction will be given to NP
as drug delivery systems, and as this is a huge field of literature; major focus will
be given to those that have been conjugated to Tz. Here a NP is defined as a
structure ranging between 10-300 nm in diameter though other measurements
have also been used to define this term (Alirezaei et al. 2022; Kobayashi et al.

2014) .

During the past twenty years, there has been considerable development in the
nanomedicine field, particularly in relation to its potential use for treating cancer
and more recently as vaccines (Neek et al. 2019; Davodabadi et al. 2022). In this
capacity, nanomedical research often focuses on developing systems whereby a
generated NP is synthesised to enclose a bioactive agent such as a small
molecule drug, for example an anti-cancer agent, or a biological molecule such
as mRNA or siRNA (Kon et al. 2022; Ashrafizadeh et al. 2021; Montané et al.
2020; Jin et al. 2020). This branch of research explores multiple NP formulations
based on for example polymers or liposomes that vary in size and charge (Figure
1.11) (Sun et al. 2014; Joy et al. 2022). NPs also offer the capacity to
encapsulate drugs of low solubility; some of these are effective compounds but
are pharmacokinetically poor, which has traditionally limited their efficiency and
use. By incorporating them into NPs, these compounds adopt a different
biodistribution and pharmacokinetic profile, improving their efficacy and safety

(Guo and Huang 2014). NPs can also address problems of low therapeutic
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indexes, drug resistance, drug toxicity, and the efficacy of medications approved
to treat cancer (Manzari et al. 2021). Furthermore, NPs enhance both the
selectivity and specificity of anti-cancer agents. For NPs carrying small molecule
drugs can avoids P-glycoprotein recognition, which has been identified as a
fundamental drug resistance mechanism for small molecule drugs (Niazi et al.
2016). In efforts to circumvent toxic anti-cancer agents distributing throughout the
body they can be encapsulated into NPs that are then decorated with ligands
such as antibodies for specifically targeting receptors that are overexpressed on
the surface of cancer cells (Gavas et al. 2021; Peng et al. 2019; Alasvand et al.

2017).

Conventional chemotherapy is most often associated with poor selectivity for
cancer cells following systemic administration and they must cross to humber of
biological barriers, including blood vessels, tissues, organs, cells, and even
subcellular compartments to reach their targets. The majority of these issues
could potentially be overcome and intratumoural accumulation increased by NPs
decorated with active ligand (Toporkiewicz et al. 2015). Monoclonal antibodies
(mAbs), which are the main focus of this research, are one example of this. In
numerous studies, Tz-decorated NPs have been employed to specifically target
HER2 and deliver cytotoxicity (Sakhi et al. 2022; Choi et al. 2018; Zhang et al.
2019). HER2 was also targeted by antibody fragments, such as affibody protein
(8kDa) conjugated PLGA using carbodiimide chemistry (Shipunova et al. 2021).
Nanobody is a Fab fraction of conventional antibodies or single-domain
antibody with a molecular weight of only 15 kDa targeted HER2 as well (Altunay

et al. 2021).
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Via modifications in surface chemistry NPs can be tailored for attachment to
ligands that can result in delivering a therapeutic to target cancer cells
overexpressing plasma membrane receptors (Yang et al. 2022). Several different
ligands have now been attached to the surface of NPs to selectively target
receptors in cancer cells (Table 1.6). Once decorated nano formulations bind to a
specific receptor. There is, in the vast majority of cases, a need for endocytosis

and by default the receptor must also internalise. However, while NPs offer many

advantages as drug carrier systems, a range of limitations have vet to be solved,

including poor oral bioavailability, instability in circulation, inadequate tissue

distribution, and toxicity (Rajan and Sahu 2020; Cho et al. 2008; Mitchell et al.

2021).

Table 1.6: Examples of ligands conjugated NPs for cancer targeting.

Ligand name Ligand Cancer receptor Reference
(active classifications targeted
targeting)

Cetuximab Monoclonal EGFR (Su et al. 2022)
Antibodies

Pertuzumab | Monoclonal HER2 (Fisusi et al. 2020)
Antibodies

Tz Monoclonal HER2 (Fisusi et al. 2020)
Antibodies

Hyaluronic Polysaccharides | CD44 (Hayward et al. 2016)

Acid

Transferrin Glycoprotein Tf receptor (Bhagwat et al. 2020)
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Folic acid Vitamin Folic acid receptor (Bahrami et al. 2015;
Alirezaei et al. 2022)

sgc8c  and | Aptamers PTK 7 receptors | (Bamrungsap et al.

TDO5 and IgG receptors 2012)

sp204 Peptide Androgen receptor (Yeh et al. 2016)

Z HER2:342 | Affibody HER?2 (Satpathy et al. 2014)

HER2 Nanobody HER2 (Altunay et al. 2021)

Nanobodies

Lectin Carbohydrate Sialic acid glycans | (Martinez-Carmona et

receptors al. 2018)

1.4.2 Efficacy of Passive Nanoparticle Targeting

Depending on the size of a particular NP injected into a human vein, it may not
be able to escape outside the blood vessels to reach a particular cancer tissue. It
is known since 1984 that tumour vasculature is leaky and within the tumour
environment there is poor lymphatic drainage and this is the basis of the
Enhanced Permeability and Retention (EPR) of formulations such as NPs
(Matsumoto et al. 1984). Further evidence was published two years later to
support the EPR effect in the context of tumour targeting (Maeda and Matsumura
1986).The existence of significant gaps between endothelial cells on the walls of
the tumour vasculature was verified using direct visualisation methods, including
optical microscopy and electron microscopy (Hashizume et al. 2000), and the
EPR effect is still highlighted as a means to more selectively deliver NPs to
tumours. However, there is also evidence that significant differences exist with

respect to the extent of EPR in different tumours (Hashida 2022; Shi et al. 2020;
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Jahan et al. 2021). NPs once injected into the body, face both physical and
biological barriers such as diffusion, flow and shear forces, aggregation, protein
adsorption, phagocytic sequestration, and renal clearance. All have the potential
to influence the proportion of administered NP reaching cancer cells (Lazarovits

et al. 2015).

The potential that NPs could be engineered to selectively detect and destroy
cancer cells in the body remains an interesting concept (Min et al. 2015). For
EPR effects, large gaps in tumour vessels enhance permeability of the tumour
vasculature, which is the result of fast and disorganized angiogenesis (Hobbs et
al. 1998). A recent study by Sindhwani and colleagues indicates that NPs can
penetrate the tumour vasculature (endothelial cell lining) mostly through a
transcytosis process (Sindhwani et al. 2020). NP parameters that affect
interactions with biological barriers include material composition, geometry,
surface chemistry, charge, and mechanical properties (Blanco et al. 2015). EPR
parameters are also affected by for example the type of tumour, anatomical

location and its stage (Shi et al. 2017).

A review of analysis of research (2006-2016) into NP delivery and accumulation
in tumours indicated that only 0.7% of the administered NP dose is found to be
delivered to a solid tumour (Willhelm et al. 2016). It highlighted the extensive use
of in vitro (cell culture) models and in vivo models (such as murine) models; that
did not result in promising clinical translation. In 2020 less than 10 anticancer
drug delivery systems were entering phase Il or IV clinical studies or had
regulatory approval in Europe and the United States (de Lazaro and Mooney

2020).
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1.4.3 Nanoparticle targeted BC

Numerous NP materials and BC targeting by ligands have been investigated.
Through receptor-mediated endocytosis, the presence of ligand on NPs surfacers
improves drug delivery. Overexpression of receptors in BC cells is the basis for
ligand-targeted therapy. These receptors include EGFR, Folic acid, HER2,
Oestrogen receptor, CD44, Tf, Biotin, avB3, luteinizing hormone releasing

hormone receptor (LHRH) and ETC (Jahan et al. 2021).

1.4.4 Tz decorated NPs targeting BC

One aim of this project is to generate NP decorated with Tz that contains a
chemotherapeutic agent and then study its dynamics in cells in addition to its
capacity to drive HER2 endocytosis via its clustering at the plasma membrane.
Multivalent Tz NPs could initiate HER2 clustering by conjugating several Tz
molecules at the particle's surface; this can enhance the antiproliferative effect
and inhibit Tz resistance (Truffi et al. 2018). Thus, the formulation would have
dual capacity in reducing the expression of HER2, and therefore its signalling

capacity, and deliver the chemotherapeutic payload to inhibit cell division.

1.4.5 Materials for making NPs

It is beyond the scope of this thesis to discuss all the materials that have been
used for making NPs for the purpose of drug delivery. These include for example
those based on polymers, lipids, proteins, and combinations of these to
eventually generate a nanostructure that is fit for purpose (Alasvand et al. 2017,
Gavas et al. 2021; Montané et al. 2020). The main categories with reviews for
each type is presented in table 1.6 and focus will then be given to polylactic-co-

glycolic acid (PLGA) that will used in this thesis to generate a HER2 targeting
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formulation. More information on PLGA and PLGA drug delivery system is given

in Chapter 5.
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Figure 1.11: A schematic representation of the various nanoparticle properties that

have been studied in cancer therapy to promote drug delivery (Sun et al. 2014).

1.5 Hypothesis, Aims, and Objectives

1.5.1 Hypothesis

This work is based on the hypothesis that Tz decorated NPs can be
generated to specifically induce HER2 clustering to stimulate
macropinocytosis, its delivery to lysosomes and degradation. This strategy
will also allow co-delivery of small molecule drugs encapsulated within the
NP.

1.5.2 Main aims, and objectives proposed for the project

As discussed above, HER2 overexpression has been identified in 20-30% of all
breast cancers, and this has been linked to the oncogenesis-development-
progression process for aggressive cases. HER2+ BC prognosis is typically

negative, and the receptor represents a crucial target for treatment interventions.
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For this particular type of BC, Tz is the primary treatment option, but it is worth
emphasising that therapeutic resistance undermines the degree to which it is
clinically effective. This is partly due to the status of Tz as a weak driver of HER2
downregulation/internalisation, and as a consequence of this, the therapeutic
agent is considered an inefficient way in which to facilitate intracellular cytotoxic
delivery. Once Tz as the ADC Kadcyla and conjugated to emtansine binds to the
plasma membrane, it needs to be endocytosed and delivered to the late
endosomes and lysosomes to allow proteases to degrade the antibody allowing
the drug to then escape to reach the microtubules (Fu et al. 2020). Since
endocytosis does not downregulate HER2 in an efficient manner, and since
HER2 hinders endocytosis of HER1, 3 and 4 following heterodimerisation with
them, it is referred to as the endocytosis deficient member of the HER family of

receptors. Thus, new mechanisms are needed to promote endocytosis of HER2.

An initial aim of this project was to study the selectivity of NHE1 inhibitors EIPA,
amiloride and cariporide for different endocytic pathways to consolidate earlier
studies in the laboratory showing that EIPA may induce uptake of Tz-HER2
rather than inhibition. A major project aim was to then generate a NP platform for
conjugation to Tz to test the hypothesis that this could lead to HER2 targeting
and clustering, endocytosis and co-delivery of therapeutics. More widely the
project aims to advance BC research, specifically by allowing future researchers
to establish multifunctional formulations to target various plasma membrane

receptors.

A major objective was to utilise the NHE1 inhibitors together with confocal
microscopy and flow cytometry to test their selectivity for inhibiting the endocytic

uptake of the macropinocytosis probe DEX and also probes such as Tf that enter
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via different pathways. This would lead to analysis of NHE1 inhibition in the
presence of the targeting NPs to investigate whether they, as hypothesised,
stimulate macropinocytosis to gain entry to the cell. The project's other main
objective was to generate and physically characterise PLGA NPs decorated with
Tz and enclosing a small molecule label and/or drug (Figure 1.12). By labelling
the antibody, binding and internalisation of the NP in BC cells could be measured
along with their capacity to drive HER2 degradation and deliver a cytotoxic drug

to inhibit cell viability.

Trastuzumab conjugated Nanoparticles
i N
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>
Nanoparticle cluster HER2 4 4 \
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/ Y \\
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Endosome containing nanoparticle filled cytotoxic conjugated Trastuzumab and
HER2 to be degraded in lysosome and cytotoxicity releases

Figure 1.12: A schematic model of the hypothesised mechanism behind NP-
mediated clustering of HER2. The conjugated NP becomes internalised along with the
receptor. It is speculated that if the NPs have several Tz molecules bound to it, the NP
will imitate HER2 cross-linking and clustering, thus triggering HER2 endocytosis. The
intracellular trafficking mechanism of HER2/NP endosomes has not yet been elucidated.
However, if comparable to the mechanism described in Moody et al.,, lysosomal
degradation of HER2 and the NP would result in cytotoxic drug being released into the
cell. Prepared using BioRender.
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1.5.2 Main experimental methods proposed for the project

(1) Cell culturing for BC cell lines and analysis of cell viability

(2) High Content analysis of BC cell models via live cell imaging confocal

microscopy

(3) Flow cytometry to quantify the BC cell internalisation of endocytic probes
(4) Western blots for assessing HER2 expression in BC cells
(5) Synthesis and physical characterisation of Tz decorated PLGA NPs

(6) Apply methods 1-5 for analysing the dynamics of NPs in BC cells
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Chapter 2 : Materials and Methods
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2.1 Materials

Four BC cell lines were used in this study, and all were originally purchased from
American Type Culture Collection (ATCC) and selected based on their
expression of HER2. MCF7 and BT474 human BC cells were gifted at low
passage (P9) from the Breast Cancer Molecular Pharmacology Group (BCMPG),
Cardiff University UK. Tz as prescription medicine ontruzant 150 mg - (LOT:
F1803047) was generously provided by the Velindre Cancer Centre in Cardiff,

UK. BC SKBR3 and Clone5 BT474 were purchased from (ATCC).

Table 2.1: BC Cell lines used in this study.

Cell lines | Catalogue | Classification ER PR HER2
number (Garcia et al.
2020).
BT474 #HTB-20 Luminal B + + +
Clone5 #CRL-3247 Luminal B + + +
BT474
SKBR3 #HTB30 HER2+ - - +
MCF7 #HTB22 Luminal A + + -
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Life Technologies (Paisley, UK):

DMEM Low sugar (#21885), DMEM high Sugar (#21875), FBS (#16000-044) -
0.05% Trypsin EDTA (#25300062), Hoechst 33342 (#H3570), Transferrin Alexa

488 (#T-13342), CellMask™ Plasma Membrane Stain (#C10046).

Sigma Aldrich (Poole, UK):

Triton X-100 (#X100), BSA (#A7906), Bicinchoninic Acid solution (#B9643),
Copper (1) Sulphate solution (#C2284), Ponceau S solution (#P7170), Tween 20
(#P1379), cOmplete(TM), Mini Protease Inhibitor Cocktail, Tablets provided in a
glass vial (#11836-153001), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (#E7750), N-Hydroxysuccinimide, 98% (#130672), Carboxylic acid-
poly(ethylene glycol)-b-poly(lactide-co-glycolide)(#902071), Poly(D,L-lactide-co-
glycolide), lactide:glycolide (50:50), mol wt 30,000-60,000 (#P2191), Rhodamine
B,295%(HPLC)(#R6626), Poly(vinyl alcohol), Mw 89,000-98,000, 99+%
hydrolyzed (#341584), Invitrogen Goat Anti-Rabbit (#32460), EIPA (#A3085),

Cariporide (#SML1360).

VWR International Ltd (Leicestershire, UK)

Amiloride HCL (#129876-100), Microspatulas (#231-0296).

Promega (Loughborough, UK):

CellTitre Blue viability assay (#G8080).

Bio-rad (Hemel Hempstead, UK):

Clarity Western ECL substrate (#170-5060), Any kD Mini-PROTEAN TGX

Precast Protein Gels, 10-well, 50 pl (#4569034).
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Fisher Scientific (Loughborough, UK):

Coverslips No. 1 circle 16mm diameter (#12313138), PVDF membrane
(#10344661), Invitrogen™ NP40 Cell Lysis Buffer (#10069262), Thermo
Scientific™ SuperSignal™ West Femto Maximum Sensitivity Substrate
(#11859290), Molecular Probes™ Alexa Fluor™ 488 NHS Ester (Succinimidyl
Ester)(#10266262), Invitrogen™ Transferrin From Human Serum, Alexa Fluor™
488 Conjugate (#11550756), Fisherbrand™ Snap Cap Vial, Clear Glass
(#10749644), Invitrogen™ Molecular Probes™ DEX, Alexa Fluor™ 488; 10,000
MW, Anionic, Fixable (#D22910), Zeba™ Spin desalting columns (#WB319157),

PBS, pH 7.2-500 MI (#20012019).

Insight Direct UK Ltd (Sheffield, UK)

Trans-Blot Turbo Transfer Pack, PVDF, 7 x 8.5 cm (#170-4156).

Stratech Scientific Ltd (Suffolk, UK):

Doxorubicin (#A3966-APE).

Cell Signalling Technology

Rabbit—HER?2 antibody (#2242).

Abcam

Mouse—Tubulin HRP (#ab-21058).
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2.2 Cell Culture
2.2.1 Routine Cell Maintenance

Cells were passaged every 3-5 days and added to the cell culture plate, usually a
T-75 flask with low confluency, and split when the confluency reached 80%. The
media was aspirated, cells washed with 8 to 10 mL PBS. This was then removed,
and 2 mL of Trypsin EDTA (ethylene diamine tetraacetic acid) (0.05%) was
added to detach the cells. Cells were then incubated for 5-10 minutes (mins)
under tissue culture conditions (37°C/5% CO,) until detached from the plate
surface. Media (10 mL) was then added, and the suspended cell solution was
transferred to a 15 mL falcon tube and centrifuged at 400 x g for 3 mins.
Following removal of the supernatant, cells were diluted in an appropriate volume
of fresh media with aliquots passing on to new flasks to achieve 20-30%
confluency. Cells were not passaged more than 30 times to avoid phenotypic

drift.

2.2.2 Freezing Cells

Frozen cell stocks were seeded in a T-175 cm? flask and prepared by freezing
down 80% confluent cells in a freezing media. The freezing media was made 1-2
days prior to the experiment and included 85% DMEM, 10% FBS, and 5% DMSO
and was stored in the refrigerator at 2° to 8°C. Media was aspirated and cells
were washed 2x with PBS. Cells were then detached with 0.05% w/v Trypsin,
and the flask was incubated for 10 mins under tissue culture conditions (37°C/5%
COy). After deactivating trypsin with 10 mL of warmed media, the total number of
cells was measured using a Scepter 2.0 Cell Counter (Thermo Fisher Scientific,
Loughborough, UK). The cell suspension was then centrifuged for 3 mins at 400

X g, resuspended in cold freezing media at a cell density of ~1 x 10%mL, and
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aliquoted (1mL) into each cryovial. Each vial was labelled with a permanent
marker to indicate the cell type, passage number, person name, and date.
Cryovials were frozen at -20°C in a Mr. Frosty™ freezing container with
isopropanol at a rate of 1°C per min. Cell vials were initially stored at -20°C for 5
hrs and then at -80°C for 24 hrs before being transferred to liquid nitrogen for

long-term storage.

2.2.3 Thawing cells

Cells preserved in liquid nitrogen were thawed rapidly by immersing cryogenic
vials in a 37°C water bath. Once thoroughly defrosted, cells were transferred to a
clean 15 mL tube containing 10 mL complete media and centrifuged for 3 mins at
400 x g to eliminate any residues of DMSO. After discarding the supernatant, the
cell pellet was resuspended in a 15 mL complete media and placed in a sterile T-
75 tissue culture flask. After overnight incubation to allow the cells to attach, the
media in the flask was changed with new complete media to remove dead cells

that floated.

2.2.4 Media

All BC cell lines were cultured in DMEM (Dulbecco’s Modified Eagle Media), with
high glucose used for SKBR3 and BT474, and low glucose for Clone5 BT474 and

MCF7. All media contained phenol red and was supplemented with 10% v/v FBS.

2.3 Live Cell Uptake Analysis
2.3.1 Cell Culture

Cells (2.5 x 10° — 3 x 10°%) were seeded with 2 mL of media in 35 mm glass-
bottomed imaging dishes (MatTek) and incubated at 37°C in a 5% CO;

humidified atmosphere for 60 hrs to allow them to reach 70-80% confluency at
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the start of the experiment. For all experiments employing endocytic probes
or endocytosis inhibitors controls were set up under identical conditions
employing diluent solutions (e.g., DMSO/PBS) rather than the
probes/inhibitors. All cell incubations at 37°C were performed under tissue

culture conditions of 5% CO, and 37°C.

2.3.2 Confocal Microscopy

Confocal microscopy was performed with a Leica TCS SP5 Confocal Microscope
(Leica Microsystems Ltd, Buckinghamshire, UK) using the 405, 488, and 633 nm
lasers and utilizing the heated platform and CO, chamber. The microscope was
equipped with a 40, 65x oil-immersion objective. Both gain and offset setting
were adjusted and improved for each imaging well within a vehicle control in each
experiment. Images were recorded using the sequential scanning mode in some
experiments to prevent fluorescence channel crosstalk/bleed through Images
were scanned at 200 Hz with a line average of three to reduce noise and
captured using the Leica LAS AF software on the system. Images were

processed using ImageJ software and further details are provided in Appendix A.

Chapter 3 methodology

2.3.3 DEX uptake experiments as a fluid phase marker +/- Inhibitors

All experiments contained vehicle control assays and treatment conditions.
DEX70 kDa Tetramethylrhodamine (TMR) or DEX10 kDa (alexa 488) from a
stock concentration of 5 mg/mL was diluted with dH20O for drug-free treatment in
600 pL of complete media to give a final concentration of 0.5mg/mL +/- 50 uM
inhibitors (amiloride, EIPA, and cariporide). All cells were then incubated for 2 hrs

under tissue culture conditions. After aspirating the media from the dishes, the
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cells were washed twice with 1 mL of PBS and resuspended in 600 pL of serum-
free media (SFM) (Phenol red free) for confocal imaging. Experimental points

were staggered (20 mins) to allow for confocal imaging.

2.3.4 Transferrin Experiments as a marker for Clathrin Mediated
Endocytosis

Control and treatment cells were washed twice with PBS and then pre-incubated
for 30 mins under tissue culture conditions in 0.2 % BSA (Bovine serum albumin)
diluted in SFM; this to deplete the cells of bovine Tf. Cells were washed twice
with PBS and then incubated for 1 hr with 50 nM Tf-Alexa488 (Tf- from a stock
concentration of (5mg/mL conjugate = approx 62.5 pM Tf) and 50 uM inhibitors in

600 pL of SFM. The cells were then washed and imaged.

2.3.5 Fluorescence-Activated Cell Sorting (FACS)
FACS was performed with (FACSCalibur, Becton Dickinson, Heidelberg,
Germany) to provide more quantitative analysis of the cell uptake of the two

probes in the presence of the inhibitors.

2.3.6 Dextran uptake experiment in the presence of macropinocytosis
Cells were seeded in 12-well plates at 1.2 — 1.5 x 10° cells/well and incubated
under tissue culture conditions for 60 hrs. They were then washed with 2x PBS
and then incubated for 2 hrs in 400 pl complete media containing 0.5 mg/mL of
the 70 or 10KDa fluorescent DEX’s. The media was then removed, and cells
washed 2x with PBS before by adding 250 pL of Trypsin-EDTA per well and
incubated for 5 mins at 37°C. The culture plates were then put on ice, and cold
10% FBS in PBS was added to deactivate the Trypsin. Cells were transferred to

the Eppendorf tube on ice and centrifuged at 400 x g 4°C for 3 mins. The
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supernatant was then removed, and cells were resuspended in 1 mL fresh cold
PBS and centrifuged at 400 x g 4°C for 3 mins. This step was repeated twice
more. Finally, 500 pl of cold PBS was added, and cells were placed on ice prior

to FACS.

2.3.7 Transferrin uptake in the presence of macropinocytosis
inhibitors.

Cells were seeded at a density of 1.2 - 1.5 x 10° cells per well in 12-well plates
and incubated under tissue culture conditions for 60 hrs. They were then washed
twice with PBS and then pre-incubated with 0.2% (w/v) BSA (SFM/BSA) for 30
mins to deplete the plasma membrane and endosomes of bovine Tf (Moody et al.
2015). Cells were then incubated for 1 hr with 50nM Tf488 in 400 ul SFM/BSA
containing the inhibitors at 50uM or diluent control. Cells were washed 2x with
PBS, followed by a 1-min incubation in acid wash (0.2M acetic acid, 0.2M NacCl,
pH 2.0) to remove any remaining surface Tf (Al Soraj et al. 2012). Cells were
then washed 2x with PBS, followed by 5 mins of trypsinisation at 37°C. Following
that, cold 10% FBS in PBS was added to deactivate the Trypsin and cells placed
on ice to stop further uptake. Cells were transferred to the Eppendorf tube and
centrifuged (4°C) at 400 x g for 3 mins. The supernatant was then removed, and
cells were resuspended in 1 mL fresh cold PBS and centrifuged at 400 x g 4°C
for 3 mins. This step was repeated twice. Finally, 500 ul of cold PBS was added,

and cells were placed on ice for FACS analysis.
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2.3.8 FACS Analysis

The fluorescence of DEX488/Tf488 in cells was measured using a 488 nm laser
on a BD FACSCanto™ Il flow cytometer system. Cells/well were counted
between 7,000 and 10,000. The FACS analysis differed according to the cell
type, detection parameters, and cell gating. To eliminate dead cells and debris,
cells were gated using FSC-A/SSC-A, followed by FITC-A/FSC-A. In this thesis

FACS analysis is abbreviated as FACS.

2.3.9 Dextran Uptake in BT474 and Clone5 BT474 cells

For live cell confocal imaging, cells were seeded in MatTek dishes until they
reached the desired confluency of 80%. They were then washed 2x in PBS and
incubated under tissue culture conditions with 0.5 mg/mL DEX488 in complete
media (600 pl) for either 30 min or 4h. Cells were then treated as in section 2.3.2

for live cell imaging confocal microscopy and image analysis.

For quantifying DEX uptake, the cells were washed 2x in PBS, and incubated
under tissue culture conditions with 0.5 mg/mL DEX488 for, 30 min, 1h, 2h, or 4h.
Cells were then washed 2x with PBS and incubated for 5 min in 200 pL pre-
warmed 0.25% Trypsin-EDTA. Ice-cold 10 % FBS in PBS (500 pL) was added
and the cell solution transferred to the pre-chilled 1.5 mL Eppendorf tubes. Cells
were centrifuged twice for 3 mins at 400 x g, and this step was repeated twice
before the supernatant was removed and resuspended pellet in 500 pL fresh, ice-

cold PBS and Performed for FACS.
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2.3.10 Transferrin uptake and recycling in BT474 and Clone5 BT474
cells.

For live cell imaging confocal microscopy, cells were seeded in MatTek dishes
according to section 2.2.1. On the day of experiment, cells were washed with
PBS x2 and 600 pL of 0.2 % BSA/SFM was added for 1 hr (Starvation). Cells
were then treated with 50 nM Tf488 for 15 mins (pulse) under tissue culture
conditions. The cells were then ‘chased’ for 10 mins and 90 mins with 600 pL of
complete media. The cells were then processed for confocal analysis as

described in section 2.3.2.

For FACS analysis, cells were seeded in 24 wells until they reached the desired
confluency, and then cells were washed twice in PBS. Cells were then incubated
for 1 hin 0.2% BSA in SFM (Starve) washed and then incubated in 250 pL of 50
nM Tf488 in SFM 15 min (pulse) washed two times in PBS, and then chased for
either 0 min, 10 mins, 20 mins, 30 mins 1h and 1.5 hrs. The cells were then
washed and treated with acid and analysed by FACS as described in section

2.3.8.
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2.3.11 Generation and characterisation of fluorescent Alexa488
conjugated Tz

For buffer exchange, clinical formulated Tz solution was prepared and contained:
21mg/ml Tz, L-histidine HCI, with L-histidine, a,a-trehalose dehydrate, and
polysorbate. For labelling, this clinical formulation (1.5 mL, 32 mg Tz) was passed
through two 10 mL Zeba™ Spin desalting columns, equilibrated in PBS pH 7.4

before being used in the in vitro studies, as previously described (Wymant et al.
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2020). Of the 1.7 mL eluted from the column, 1.5 mL of Tz (30 mg) was added

directly to 1 mg NHS-Alexa647 or NHS-Alexa488.

Two Zeba columns were employed following the manufacturer's procedure for
centrifuge balance and to filter the Tz solution twice through the column. The
bottom closure of the column or the bottom sealing material of the plate was
twisted off, and the columns' cap was loosened but not removed. After inserting
the column into the collection tube (50 mL centrifuge tube), the column was
centrifuged at 1000 x g for three mins to remove the storage solution. After
discarding the storage solution, PBS was placed on the resin and the tube
centrifuged at 1000 x g for three mins to collect flow through. The storage
solution was then discarded, and this step was performed twice. After each spin,
the resin was checked to ensure that there was no evidence of fluorescence. Tz
was then added to one of the columns, and an equal volume of PBS was added
to the other column for balance. Both columns were then centrifuged at 1000 x g
for three mins. After discarding the PBS, Tz 1% purified solution (storage solution)
was added along with an equal volume of PBS for the column used for the first
flow of Tz. The concentration of Tz was then calculated following the
Bicinchoninic acid assay (BCA) assay. Both columns were centrifuged again, and

Tz (2nd purified solution) was collected and stored in -20 for further uses.

Tz (30 mg/mL) from the previous eluted solution was added to 1 mg NHS-
Alexa488 (w/v). At room temperature, the conjugation was processed in a dark

place and the reaction was allowed to run for 1 hr.

Any excess of unbound alexa488 was purified and eliminated using Zeba Spin

desalting columns. The previous method for Tz purification was followed here,
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and the Tz488 solution was run through the column twice. The Tz488 was then
filtered with a 0.2-micron filter, aliquoted into 0.5 mL Eppendorf tubes, and stored
at -20 °C. The number of fluorophores per antibody of Tz was then calculated

using a Jasco V-650 UV-Vis spectrophotometer.

2.3.12 Analysis of Tz concentration

The bicinchoninic acid (BCA) assay was used to determine the concentration of
Tz. BSA protein standards were produced in PBS at concentrations ranging from
0 to 10 mg/mL utilizing BSA as the protein source. Because the sample
absorbance values were within the assay's linear range, the Tz solution was
diluted at 1:6 and 1:10 in PBS buffer before being used. Next, the BCA working
solution was necessary to mix 49 parts bicinchoninic acid with 1 part copper
sulphate pentahydrate. A total of 200 uL of working BCA solution was pipetted
into a 96-well plate with a flat bottom. A sufficient BSA and copper sulphate
solution was prepared to allow for the total collection of duplicate measurements
for BSA standards and triple measures for Tz samples. The standards/samples
(20 pL) were added to the appropriate number of measurement wells, and the
mixture was mixed well. The plate was incubated at 37°c for 30 mins before the

absorbance at 562 nm was measured using a plate reader.

The absorbance values were plotted against the known BSA standard
concentrations to produce a calibration curve, which was then used to build the
curve. The unknown was determined using the equation of the line of best fit for

the calibration graph, which was then used to find the unknown.

61



Chapter 2 — Materials and Methods

2.3.13 Tz488 binding HER2 downregulation and method optimization

Tz conjugated Alexa 488 selectivity for binding to HER2 was tested in 4 BC cell
lines using confocal microscopy. Cells were seeded in 35 mm (MatTek) dishes
until they reached 80% confluency and incubated with (50nM) in 600 uL of
complete media under tissue culture conditions for 30mins, 1h, 3h, 5h or 7h. After
aspirating the media from the dishes, the cells were washed twice with 1 mL of

BPS and resuspended in 600 uL of SFM for confocal imaging.

2.3.14 Cell uptake of Tz488 in the presence of EIPA.
Some method optimisation was required for this analysis, described as

methods A,B and C
1- Method A

Two conditions were set up for each time point: vehicle control and Tz-488
treatment. Cells were cultured in a 35 mm (MatTek) dish until they reached a
confluency of 80% and then washed with PBS. Cells were then treated with 50
nM Tz488 for 1 hr followed by 50 micromolar (uM) EIPA for 1 hr or the cells
treated with 50 nM Tz488 for 5 hrs followed by 50 uM EIPA treatment for 1 hr.
Cells were then washed in PBS before analysis by live cell imaging confocal

microscopy.
2- Method B

Cells were seeded in a 35 mm (MatTek) dish until they achieved 80% confluency
and then washed with PBS. They were then treated with 50 uM EIPA for 1 hr
followed by 50 nM Tz488 for 1 hr, or with 50 uM EIPA for 5 hrs followed by 50 nM
Tz488 for 1 hr. Cells were then washed in PBS before analysis by live cell

imaging confocal microscopy.
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3- Method C

Cells were seeded in a 35 mm (MatTek) dish until they achieved 80% confluency
and then washed with PBS. They were then co-incubated with 50 nM Tz488 and
50 uM EIPA / Inhibitors for 2 or 5 hrs, washed 2x with PBS before analysis by live

cell imaging confocal microscopy.

2.3.15 Cell Mask +/- EIPA

Cells were cultured in a 35 mm (MatTek) dish until they reached 80% confluency,
washed with PBS and co-incubated with 50 uM EIPA and CellMask for 5 hrs
under tissue culture conditions. Cells were then washed with PBS twice before

analysis by live cell imaging confocal microscopy.

2.3.16 Metabolic Activity Assays

Analysis of Metabolic Activity

The viability of the cells was evaluated using the CellTiter-Blue® assay,
performed according to the manufacturer's instructions. In a 96-well plate, 11000
cells/well were seeded for SKBR3 and BT474, and 8500 cells/well for CLONES
BT474 and MCF7 (Coring 3603, Black Plate, clear bottom). Cells were then
incubated, in the presence or absence of external compounds such as drugs and
Tz, under tissue culture conditions for 7 or 24 hrs. To minimise cell loss, cells
were seeded in 100uL of media for 48 hrs and then supplemented with an
additional 100pL of media containing agents on the treatment day. Under control
conditions of growth, the number of cells in each well was expected to reach
15,000 cells/well. The fluorescence (544Ex/590Em) in each well was examined

using a Fluostar Optima fluorescence plate reader after 4-hr incubation with 20 pl
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of CellTiter-Blue reagent. Each assay contained the following conditions in either

duplicate or triplicate (Table 2.2):

i. No-Cell Control: wells containing all reagents but no cells

. Untreated Controls: cells incubated during the experimental period in

complete media alone

iil. Vehicle Controls: Cells incubated during the experimental period in
complete media containing the equivalent volume of diluent for each respective

compound

iv. Test Compound: Cells incubated during the experimental period in

complete media containing the test compound

V. Cytotoxicity Control: Cells incubated during the experimental period in
complete media containing 0.2 % v/v Triton X-100 to permeabilise the plasma

membrane (Sayers et al. 2022).

Table 2.2: Different methods in the project for metabolic activity assay

Metabolic Activity Assays
Section | Method Agent or Concentration - | Cell Information
descriptor diluent Incubation time | Titer
Blue
2.3.16.1 | Macropinocytosis | Amiloride 0- 500 pM for 24 | 4 hrs
Inhibitors hrs
EIPA 0- 500 uM for 24 | 4 hrs
hrs
Cariporide | 0- 500 uM for 24 | 4 hrs
hrs
2.3.16.2 | EIPAand Tz EIPA 0- 500 uM for 7 4 hrs | cells were co-
(Protocol 1) hrs incubated with
Tz 0-500 nM for 7 4 hrs | EIPAand Tz
hrs
2.3.16.3 | EIPAand Tz EIPA 0- 500 uM for 24 | 4 hrs
Protocol 2 hrs
Tz 50 nM for 24 hrs | 4 hrs
2.3.16.4 | Solvents PBS 0- 10% for 24 hrs | 4 hrs
cytotoxicity MeOH 0- 10% for 24 hrs | 4 hrs
DMSO 0- 10% for 24 hrs | 4 hrs
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2.3.16.5 | PLGA-Tz PLGA 0- 500 pg/mL for | 4 hrs
cytotoxicity 24 hrs
PLGA-Tz 0- 500 pg/mL for | 4 hrs
24 hrs
2.3.16.6 | PLGA-DOX-Tz DOX 0- 10 uM for 24 4 hrs | Concentration
cytotoxicity hrs based on DOX
PLGA- 0- 10 pM for 24 4 hrs | encapsulation
DOX-Tz hrs in NP.

Chapter 5 methodology

2.3.17 Synthesis of Rhodamine B (RhoB) / Doxorubicin (DOX)
encapsulated Tz conjugated Poly (lactic-co-glycolic acid) (PLGA)
nanoparticles.

2.3.17.1 RhoB encapsulated PLGA nanoparticles.

An oil in water (O/W) emulsion-solvent evaporation method was used to prepare
PLGA NPs based on literature protocols (Yu et al. 2016; Prabhuraj et al. 2020;
Rezvantalab et al. 2018). As the organic phase, (12 mg, 0.26 uymol (micromole))
of non-functionalized PLGA Lactide: Glycolide (50:50), (12 mg, 0.8 uymol) of
Carboxylic acid-PLGA Lactide: Glycolide (50:50), and (1 mg, 2.08 ymol) of RhoB
were dissolved in 8 mL of Acetone. The aqueous phase was 2% of Poly Vinyl
Alcohol PVA dissolved in water (2% w/v), and 14 mL of the aqueous solution was
added to a 50 mL conical flask with a magnetic stirrer in the fume cupboard. The
organic phase was added dropwise to the aqueous phase, and the resulting
emulsion was then stirred overnight to allow the organic solvent to evaporate.
The obtained material was washed to remove any remaining unencapsulated
RhoB and centrifuged at 15000 xg for 15 mins at 4°C. Washing was performed
until no RhoB could be seen in the supernatant. The collected NPs (pellet) were

then resuspended in 1 mL of water and sonicated twice at a 30-second interval
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for 1 min each time using a probe sonicator (Soniprep 150) operating at 300W.

This material was either stored at 4°C or immediately used for the next step.

2.3.17.2 Doxorubicin (DOX) encapsulated PLGA nanoparticles

Two different protocols were investigated, the first based on the previously
described PLGA-RhoB encapsulation method. PLGA and (1 mg, 1.83 umol) of
DOX were dissolved in 8 mL of acetone as the organic phase, and the organic
phase was then dropped wise into the aqueous phase. The same experiment

steps were then followed as previously indicated in 2.3.17.1.

For the second protocol DOX (1 mg) was dissolved in 0.07 mL of DMSO, and
13.93 mL of PVA in water (2% w/v) was then added. The organic phase
containing PLGA was added dropwise to DOX-PVA-water (aqueous phase). The

same experiment steps were then followed as previously describe in 2.3.16.

2.3.17.3 Tz conjugated PLGA NPs encapsulated RhoB/DOX

This method described here was applied to generate NP decorated with both
unlabeled and Alexa-488 labelled Tz (Figure 2.1). The NP surface was modified
by the covalent attachment of Tz through the formation of a stable amide linkage.
To activate the terminal carboxyl groups on the NPs, (5.7mg, 49.52 pmol) N-
hydroxysuccinimide (NHS) (50 mM final concentration) and (19.2 mg, 100.15
pmol) N-(3-dimethyl aminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC)
(100 mM final concentration) were added to 1 mL of the previously prepared
PLGA NPs (Figure 2.2). This solution was then transferred to a 50 mL conical
flask with a magnetic stirrer bar and sealed with a rubber cap. The flask was then
filled with N2 using a balloon. To the flask Tz (in PBS), 89 pL (from 5.7 mg/mL Tz

stock concentration (38.0 uM) was then added of 1 mL of (Final concentration
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500 pg/mL). The flask was then filled with N2 using a balloon, and solutions were

allowed to react at room temperature for 3 hrs.

The Tz conjugated NPs were then washed twice with water via centrifugation at
15000 xg for 15 mins at 4° C to remove any free Tz in the solution. The resulting

conjugate was then resuspended in 1 mL of water and stored at 4°C.
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Figure 2.1 Protocol for RhoB/DOX encapsulated Tz conjugated Poly (lactic-co-
glycolic acid) (PLGA) NPs.

2.3.17.4 Dynamic Light Scattering (DLS) — Zeta Sizer.
A Zeta sizer cuvette (70 yL) with 8.5 mm center height and 1 cm path length was
used to analyze the size of the NPs. The NPs solution (20 pL) dissolved in 180

ML of purified water and added to zeta sizer cuvette. The DLS setting was set as

above.
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2.3.17.5 DOX Encapsulation Efficiency (EE%)

The concentration of DOX in PLGA was determined using a standard curve
prepared with known DOX concentrations ranging from 0 mg/mL to 1 mg/mL.
DOX standard concentration was first dissolved in 0.5% of DMSO (5 yL) and
then added 99.5% of dH20 (995 pL). PLGA encapsulated DOX NPs in 1mL of
dH20 was first centrifuged at 15000 xg for 15 mins, and the supernatant was
aspirated. PLGA-DOX was then dissolved in 0.5% of DMSO (5 pL), and 99.5% of
dH20 (995 L) was then added. This solution (200 yL) was added in triplicate to
a 96-well transparent plate. To generate a calibration curve, absorbance readings
at 488 were plotted using DOX at 0 mg/mL to 1 mg/mL The following formula was
used to obtain the encapsulation efficiency (EE%) = (Wt/Wi) x100 where (Wht) is
the total amount of drug in the nanovesicle suspension and (Wi) is the total

guantity of drug added initially during preparation.

Steps of PLGA-Tz conjugation synthesis
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Figure 2.2: The chemical structures and the synthetic steps of PLGA conjugated Tz
antibody using EDC/NHS chemistry. A reactive ester was produced from a carboxyl
group in PLGA. Primary amine was then present in an introduced antibody react and

covalently bind to the ester (Jazayeri et al. 2016). Prepared using ChemDraw.
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2.3.17.6 Live cell imaging confocal analysis of NP binding and
endocytosis.

Four types of NP formulations were investigated including Tz488 alone always at
a concentration of 50nM. BC cells were seeded in 2 mL of media in MatTek wells
and incubated for 60 hrs until they were 80% confluent. 0.1 to 1 mg/mL of the
NPs were added to 600 uL of complete media and solutions or Tz488 were
incubated with the cells for 1, 3, 5 and 7hrs under tissue culture conditions. Media
from the dishes were then aspirated, and the cells were washed 2x with 1 mL of
BPS and incubated in 600 pL of imaging media for live cell imaging confocal
microscopy using the 488 nm laser for DOX and 543nm laser for RhoB. As
before gain and offset setting were adjusted and improved for each imaging well
within an experiment. Images were recorded using the sequential scanning mode
to prevent fluorescence channel crosstalk/bleed through. Images were scanned
at 200 Hz with a line average of three to reduce noise. Captured images were

processed using ImageJ.

2.3.17.7 Viability assay in cells incubated with PLGA NPs

Cells were treated with NPs at final concentrations of 0 — 500 pg/mL.
Concentrations of Tz ranged from 0 — 500 nM. DOX alone control were treated
cells at final concentrations of 0-10uM. PLGA-DOX-Tz was added to equivalent
concentration of DOX in the NPs at final concentrations of 0-10uM. The cells
were then Incubated for 24 hrs before performing viability assays as described in

Section 2.3.16.
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2.3.18 Western blotting (W.B)

2.3.18.1 Cell culture

Cells (MCF7: 220,000, Clone5 BT474: 220,000, BT474: 300,000, SKBR3:
300,000) were seeded on 6-well plates and cultured in complete media until 80-
90% confluent on the day of lysate collection. The variation in the number of
cultured cell lines is due to the growth rates of MCF7 and Clone5 BT474 are

faster than SKBR3 and BT474.

Cells were in six wells plate prepared as described in section 2.2.1. Cells were
treated with 50nM of Tz, or 500 pg/mL of PLGA, PLGA-Tz and PLGA-RB-Tz for 7

hrs.

The following analysis for HER2 expression follows that published from previous

work in our laboratory (Wymant et al. 2020).

2.3.18.2 Lysate collection

At the end of the experiment, cells were washed twice with ice-cold PBS after the
cell culture plates were placed on ice and the media was aspirated from the
wells. Lysis solution (150 pL) containing protease inhibitors was then added to
each well. The plate on ice was placed on a lateral, rotating shaker for 15 mins,
and the lysates were scraped from the surface and transferred to pre-cooled
Eppendorf tubes. The samples were centrifuged at 13000 x g for 10 mins at 4°C.
The supernatants were aspirated and transferred to a new Eppendorf tube and
the protein concentrations of the samples was determined using the BCA assay

as previously described in section 2.3.12.
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Table 2.3: Preparation of Lysis Buffer (50ml):

Chemical: Amount:
NaCl (150mM) 438.3mg
Tris-Base (50mM) 302.85mg
dH,0 To 45mL

pH to 8.0 then top up to 49.5mL with dH,0

NP-40 (1%)

500 pl

Chapter 2 — Materials and Methods

2.3.18.3 Standard SDS-PAGE gel preparation

Sample Preparation

The cell lysates (10-50 ug) were prepared 1x sample buffer (from a 3x sample

buffer stock) containing 2M DTT that was then heated to 96 °C for 10 mins.

Table 2.4: Preparation of Sample Buffer (50ml):

Chemical: Amount:
SDS 4g
Glycerol 25g (weighed out)
Bromophenol Blue 4ml
Tris-HCL 1.97g
dH,0 To 38ml

pH to 6.8 then top up to 40ml with dH,0
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Sample loading and SDS-PAGE

Mini-PROTEAN TGX Precast Protein Gels contained 4-15% of TGX (Tris-
Glycine Extended) precast gel were used by removing the comb and green stripe
at the bottom of the gel. The "stuffer gel" was secured in a clamp with the plates

facing each other, ensuring a tight fit between the two plates.

The central reservoir was filled with 1 x Running (100mL of 10x Running buffer
was diluted to 1L of dH20O and was gently mixed). The inner lip and any leaks

were checked, indicating a loose clamp.

Using gel loading tips, the gel was loaded with 20 ug/well of protein; 6 yL and 2
puL of molecular weight marker were added on both edges of the gel. The tank
was then filled with 1x Running Buffer and proteins separated at 200 V for 30-45

min using (Powerpac basic, BIO-RAD, USA).

2.3.18.4 Protein transfer and ponceau staining.

Here proteins were transferred to PVDF membranes between two blotting
sheets utilising the (Trans-Blot Turbo™, BIO-RAD, USA) transfer system. The
following options were selected in the machine: List> BIO-RAD> 1 MINI GEL>

Std M.W/High M.W or (Mixed M.W) (Optimized).

After that, the membrane was gently rinsed with dH20 before being immersed in
ponceau S solution for 1 min. Following this, the membrane was washed in dH20
multiple times, and the staining was checked to confirm that the samples had
transferred and that the transfer was equal. The membrane was then washed

three times, 5 mins each time, with 0.025 % Tween20 (PBST).
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2.3.18.5 Protein detection by immunoblotting

The membrane was then blocked for 1 hr at room temperature in 5% milk powder
in PBS containing 0.025 % Tween20 (PBST). The membrane was then incubated
overnight at 4°C with the primary antibody (Rabbit—HER2 antibody), diluted in

PBST 2% milk powder.

The membrane was then washed three times for five mins in PBST, and 2™
antibody (Goat Anti-Rabbit antibody) in 2% of Milk PBST was added and
incubated with the membrane for 1 hr. The membrane was then washed three

times for five mins in PBST.

For control, the membrane was then washed three times for five mins in PBST
and incubated with (Mouse—Tubulin HRP) for 1 hr. The membrane was then

washed three times for five mins in PBST.

Equal amounts of enhanced chemiluminescence (ECL) reagents were mixed
together and placed on a PVDF membrane for 5 mins and any excess solution
was removed. (ChemiDoc™ XRS+, BIO-RAD, Universal Hood I, USA) system
was then used to image the membrane. ClarityTM Western ECL was utilised for
the majority of the Western blotting methods, however, SuperSignal West Femto

was employed for low level expression (as specified) in some cases.

2.3.18.6 Quantifications of Western Blots with ImageJ

ImageJ software was used to quantify the band intensities obtained as digital
images. It was first necessary to create a tall and narrow box around the first
band, which represented the expression level of a particular protein of interest.
This was done using the rectangular selection tool. In order to determine lane "1,"

the Analyze>Gels>Select First Lane command was selected.
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The following command was used to outline the subsequent lanes with equal-
sized rectangles, which were then highlighted and allocated lane numbers using
the following command: Analyze>Gels>Choose the Next Lane. Then, using the
Analyze>Gels>Plot Lane's command, we were able to generate profile plots. The
resultant plots depicted the relative density within each of the highlighted lanes.
Width of the peaks corresponds to the size/area of the bands. It was necessary to
draw a line across the base of each peak in order to measure the area beneath
each peak with minimal or no background noise; thus, the Straight-Line tool was
utilised to do this. The data was then exported to Excel and the test bands
(HER2) intensity: loading control ratios were determined to identify and

experimental differences in HER2 expression.

2.4 Statistical Analysis

FACS data are presented from duplicate samples of three or four independent
experiments. Statistical analysis was performed using the GraphPad software.
The mean for both control and treatment were calculated to form three
independent experiments separately. Statistical analysis for FACS experiments
complexity was observed one-way analysis of variance (vehicle control) to
compare with treatment for each cell line. Student’s independent T-test was used
to determine the significant differences between the two groups. Statistical
significance was attributes for values p < 0.05. The differences between Clone5
BT474 and BT474 were determined using a two-way variance analysis

ANOVA (Sidak's multiple comparisons test).
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Chapter 3 : In Vitro studies of HER 2-

internalisation
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3.1 Introduction

Since the publication of (Moody et al. 2015) showed that HER2 clustering by Tz
could induce HER2 endocytosis and downregulation, further work in the
laboratory focused on understanding how this is occurring. Since then, Scanning
Electron microscopy (SEM) studies have shown clustering of HER2 induced
membrane ruffling indicative of macropinocytosis (Wymant et al. 2020). This
study also demonstrated that clustering HER2 by Tz also induces HERS3 but not
EGFR downregulation. Surprisingly, early studies performed by Wymant in the
laboratory showed that preincubation with the macropinocytosis inhibitor, EIPA
stimulated rather than inhibited HER2 endocytosis in the absence of clustering
(data not shown). It is unknown whether this also leads to HER2 degradation or

whether this effect is selective for HER2 over other plasma membrane receptors.

3.1.1 Overview of HER 2 Internalisation

Following HER receptor activation, phosphorylation of particular tyrosine residues
and subsequent recruitment and activation of downstream signalling proteins
activates downstream signalling pathways that promote cell proliferation, survival,
migration, adhesion, angiogenesis, and differentiation (Trenker and Jura 2020).
The Phosphatidylinositol 3-kinase (PI3K)-Akt pathway and the Ras/Raf/MEK/ERK
pathway (also known as extracellular signal-regulated kinase/mitogen-activated
protein kinase (ERK/MAPK) pathway are the two most important and well-
characterized downstream signalling pathways activated by HER receptors (Liu
et al. 2019; Yarden and Sliwkowski 2001). Downstream signalling cascades
regulate cell cycle, cell growth and survival, apoptosis, metabolism, and

angiogenesis (Bartholomeusz and Gonzalez-Angulo 2012). Signalling from HER
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receptors is then halted by endocytosis, and Internalized receptors are then
recycled to the plasma membrane (HER2) or destroyed (EGFR) (Furrer et al.

2018).

3.1.2 Macropinocytosis analysis using DEX prob in BC cell lines.

As noted, macropinocytosis is a type of endocytosis that allows for the efficient
uptake of non-selective extracellular proteins, liquids, and particles. This
endocytic process can be activated via growth factor signalling pathways
manifest as the cell internalising external solutes and nutrients into irregular
endocytic vesicles called macropinosomes. Macropinosomes are then
immediately coated with the early endosome associated with Rab5 and then the
late endosome associated with Rab7 during maturation towards lysosomal

degradation (Palm 2019).

Macropinocytosis is critical for the feeding of cancer cells. Cancer cells are
frequently depleted of oxygen and nutrients due to their fast proliferation and the
abnormal vascular microenvironment. As a result, they must alter their
metabolism in order to live and grow. To meet their energy requirements, cancer
cells increase macropinocytosis activity. The process is deeply linked with actin
cytoskeleton remodelling, and the mechanism by which macropinosomes are
generated includes plasma membrane ruffling (Xiao et al. 2021).
Macropinosomes are bigger than other endocytic vesicles and, in cell studies,
can be labelled with high molecular weight DEX that, upon internalisation, will be
located in vesicles with a diameter of = 0.2 um (Commisso 2014). In this chapter,
DEX will be used as a marker of macropinocytosis, but the cells were not

stimulated with a growth factor.

e



Chapter 3 — In Vitro studies of HER 2-internalization

Amiloride, as an NHE inhibitor, has been shown to block the DEX probe, which
has previously been related to fluid phase and Macropinocytosis (Li et al. 2015).
The evidence suggests that amiloride can be considered a potassium-sparing
diuretic that selectively blocks sodium transport, thereby suppressing NHE.
Amiloride is used in clinical settings for oedema and arterial hypertension
patients. In addition, amiloride is utilised for hypokalaemia patients and is often
administered alongside diuretic medications that can cause potassium depletion
(Vidt 1981). Cariporide belongs to a different class than amiloride, and its NHE1
inhibition is more powerful than amiloride, yet it is not FDA-approved. Cariporide
is believed to have anticancer activity and is capable of causing considerable
intracellular acidity in cancer cells (Koltai 2020). Cariporide, a selective inhibitor
of NHE1, has been demonstrated to be non-toxic to mammalian cells. The
NHEL is responsible for maintaining the acidic tumour microenvironment via
stimulating extracellular Na+ reabsorption and intracellular H+ efflux. The rise in
extracellular acidity that results contributes to the chemoresistance of malignant
tumours (Lee et al. 2017). However, preclinical research revealed that cariporide

causes cardiac arrest as a severe adverse effect (Gazmuri et al. 2019).

3.1.3 Analysis of Clathrin Mediated Endocytosis in BC cell lines.

A Tf uptake analysis can be used to determine CME as, to date, this protein has
only been shown to enter via this pathway (Trofimenko et al. 2021). CME occurs
across every eukaryotic cell. It is the main mechanism for sorting and
internalising different macromolecules, proteins, and lipids, as well as regulating
the activation of signalling pathways. Additionally, it plays a key role in nutrient
uptake, signal transduction, synaptic vesicle recycling, and cell polarity

maintenance. CME can be classified into five distinct phases: nucleation, cargo
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selection, coat formation, vesicle scission, and uncoating, which can be explained
by evaluating the cargo internalisation process. EGFRs are implicated, as are
binding domains for PI(4,5)P2, which is thought to play a role in endocytic protein

recruitment to the membrane in CME mechanism (Prichard et al. 2022).

A commercial and fluorescent conjugate of Tf was utilised to analyse CME. The
half time required for the formation of coated pits and coated vesicle budding of
the Tf receptoris 3-5 mins (Hopkins et al. 1985; Maxfield and McGraw 2004;

Morris and Schmid 1995).

Initially, Tf was used to evaluate CME in BC cell lines in the presence and
absence of macropinocytosis inhibitors in order to validate that the inhibitors have
no effect on CME and to determine if there is a correlation between CME and
HER2 overexpression. This utilised both largely qualitative live cell confocal

microscopy analysis and FACS.

Another study was conducted to compare BT474 and Clone5 BT474 (Tz-resistant
cell line) with regard to macropinocytosis (DEX) and CME (Tf). The results reveal
statistically significant differences between two cell lines in terms of uptake as
measured by Confocal Microscopy as a quantitative approach, FACS as a

qualitative way and a second confirmation.

3.1.4 Macropinocytosis inhibitors

Pharmacological inhibitors for macropinocytosis can be categorised into the
following types, including F-actin-depolymerising drugs (e.g., cytochalasin D and
latrunculins); sodium hydrogen exchanger (NHE) inhibitor agents (e.g., amiloride
and its analogue, 5- (N-ethyl-N-isopropyl) amiloride (EIPA); and inhibitors of

phosphoinositide kinases (e.g., Wortmannin).
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3.1.4.1 F-actin-depolymerizing Agents

As macropinocytosis is an actin driven process, interest has been placed on
drugs that affect action polymerisation and depolymerization. Cytochalasin D and
latrunculins are commonly used examples, including in the drug delivery field.
Since many features of NP trafficking within cells are still completely unclear,
Deville conducted a study to determine how stained polystyrene NPs can
penetrate and react with A549 Lung epithelial cells. They identified that
microtubules and actin microfilaments both play roles in the intracellular
trafficking of NPs in vesicles and cell organelles. Nocodazole and latrunculin A
were introduced to the cells following NP internalisation to conduct the
experiment. Interfering with the polymerization of the tubulin and actin
cytoskeletons, nocodazole, and Latrunculin A considerably reduces the trafficking
they facilitate (Deville et al. 2015). Another study by Stack was conducted to use
actin depolymerizing agent Latrunculin A in vivo after 24 hrs of injected NPs to
reach the tumour cells. This is done to block the mononuclear phagocyte system
(MPS) macropinocytosis, which is considered one of the major barriers for NPs to
reach their targets (Stack et al. 2021). NPs are often eliminated by MPS prior to
reaching their intended targets. The study found that Latrunculin inhibits
macropinocytosis of MPS and increases the accumulation of folate-receptor
targeting NPs in tumour. A similar study used latrunculin A co-administered with
NPs to inhibit MPS cells macropinocytosis and phagocytosis. The study also

found that NPs were accumulated in tumour due to Latrunculin A administration.

A series of conducted research projects, including (Kaksonen et al. 2006;
Merrifield 2004), have reported an evidence to suggest that the actin cytoskeleton

plays a role in regulating various endocytic pathways. For example, confocal
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microscopy imaging investigations of living cells have shown that clathrin-coated
pits and caveolae internalisation and formation are linked to the actin skeleton.
There is then evidence indicating that when actin polymerisation is inhibited using
pharmacological agents, endocytosis via these two pathways is inhibited. Based
on these findings, it is reasonable to conclude that Latrunculins and cytochalasin
D globally and non-selectively inhibit every internalisation pathway, as opposed

to serving as specific obstructers of macropinocytosis.

3.1.4.2 Inhibitors of Phosphoinositide Metabolism

Both phosphoinositide 3-kinase (PI3K) and phosphatidylinositol-specific
phospholipase C (PI-PLC) enzymes can regulate and organise the actin
cytoskeleton that is involved in the acceleration of fluid-phase endocytosis. These
enzymes are then considered as targets for agent inhibitors that can affect fibre
disruption, cortical actin recruitment, ruffling, and macropinosome formation
(Amyere et al. 2000). As an example, for this class, wortmannin has been used
for blocking PI3SK and the inhibition of fluid-phase pinocytosis. It has also been
shown to affect other endocytic processes, including receptor-mediated

internalisation (Araki et al. 1996).

3.1.4.3 Sodium Hydrogen Exchanger (NHE) inhibitor agents

Amiloride represents the initial NHE inhibitor used to investigate
macropinocytosis. For example, it was observed that activation of EGFR by EGF
induced membrane ruffing and macropinocytosis could be blocked by EIPA
(amiloride derivatives) (Chiasson-Mackenzie et al. 2018). Amiloride is not
selective for NHE1 and can inhibit other NHE isoforms and conductive Na*
channels and Na*/Ca?" exchangers. As noted by Masereel, a range of amiloride

derivatives have since been described that are more selective towards NHE1
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(Masereel et al. 2003). More recently, one of these derivatives, EIPA has taken
over as being the most widely used macropinocytosis inhibitor that is used on cell
culture lines at concentrations ranging between 50 and 100 uM (lvanov 2008).
Several drug delivery researchers have used EIPA to investigate the uptake of
their vectors and for example, Chemical inhibitors, such as amiloride as a
macropinocytosis inhibitor, have been used to evaluate multiple endocytosis
routes as attempts to characterise routes NPs uptake into cells (Manzanares and
Cefna 2020). A study by (Vollrath et al. 2013) investigated the uptake of NPs by
the HelLa and L929 cell lines. They utilised different inhibitors for clathrin-
dependent (chlorpromazine), caveolin-dependent (filipin I, and
macropinocytosis (EIPA). They found that NPs with a size of 200 nm were
internalised by CME, but NPs with a size more than 300 nm were internalised via
macropinocytosis. Other research evaluated corona NPs (200 nm) in HelLa cell
line uptake with various endocytosis inhibitors, including EIPA,
chlorpromazine, methylcyclodextrin, dynasore, cytochalasin D, and nocodazole.
EIPA decreased the uptake of NPsby 50% to 80%, indicating that
macropinocytosis is involved in the uptake of NPs (Francia et al. 2019). In
another study, MCF7 or MCF-10A cells were treated with paclitaxel-PLGA-NPs
and endocytosis inhibitors; Amiloride and cytochalasin D used to inhibit
macropinocytosis, phenylarsine oxide used for CME, and nystatin used
for caveolin-mediated endocytosis. Macropinocytosis was inhibited significantly

by amiloride in both cell lines treated with PLGA NPs Loaded with Paclitaxel.

Although the evidence indicates that macropinocytosis is susceptible to inhibition
via the blocking of Na*/H* exchange, the functional relationship between Na*/H*

exchange and macropinosome formation remains unknown. It has been stated
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that macropinocytosis and NHE in A431 can be activated by EGF stimulation

through elevating cytosolic pH and stimulating Na* influx (Koivusalo et al. 2010).

Amiloride and its analogues (Figure 3.1) are identified as NHE blockers, but they
are also considered nonselective compounds that interact with many membrane
receptors, ion transporters, and other membrane proteins (Gao and ljzerman
2000; Garritsen et al. 1992; Kleyman and Cragoe 1988; Dai et al. 2007). They
have been shown to interact differently with for example Adenosine-A receptor,
B adrenoreceptor, dopamine, histamine, muscarine, and serotonin receptors

(Garritsen et al. 1991).

Amiloride and EIPA both contain a pyrazinoylguanidine, and the main difference
between them lies in the functional group (R:) of ethyl isopropyl in EIPA
substituted to replace the amine group in amiloride (Figure 3.1). This substitution
was shown to enhance the activity of EIPA against NHEs (Blair et al. 2021) that
have 12 transmembrane domains in NHE with domains 4 and 9 being
responsible for binding and inhibition of amiloride and amiloride analogues
(Torres-Lépez et al. 2013). Amiloride's unsubstituted guanidino group is
important for the molecule's activity, as its substitution results in inactivity
(Laeckmann et al. 2002). Amiloride compounds with substituted molecules
containing 5 or 6 carbon alkyl groups at positions R, (Figure 3.1) show high
inhibitory potency such as hexamethylene amiloride (HMA) (Harris and Fliegel
1999). However, substitution of the carbonyl guanidinium moiety decreases the

potency of the molecule (Frelin et al. 1988).
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In an approach to selectively inhibit NHE1 a benzoylguanidine termed Cariporide
was designed by replacing the 6-chloro- moiety of amiloride with a sulfomethyl

group and the 2-amino group with a -H group (Mondal and llies 2020).

Chemical structures of amiloride, amiloride analogues and cariporide
o NH,
R:aIY\fLN)\N/R
| H
F
R; X Ry
Compound R R, R, R, X Y
Amiloride H NH, NH, CL N N
EIPA N
(Amiloride analogue) H NH, /I\ CL N N
Dimethyl amiloride \N/
(Amiloride analogue) H NH, ‘ CL N N
hexamethylene
amiloride H NH, GN CL N N
(Amiloride analogue)
Cariporide H H (CH,),CH SO,CH; CH CH

Figure 3.1: NHE inhibitor structures of amiloride, amiloride analogues and
cariporide. Adapted from (Laeckmann et al. 2002; Asher et al. 1987; Frelin et al. 1988).
Prepared by ChemDraw.

3.2Results and Discussion

3.2.1 Effect of amiloride on DEX 10 kDa internalisation in BC cell lines
Initial experiments focused on studying the effects of amiloride on the two named
HER2 expressing BC cell lines and HER2 BC cell line as a control. These cells

were treated with vehicle control or amiloride and analysed for endocytic uptake

of DEX via live cell imaging confocal microscopy or FACS.

For microscopy analysis, each cell line was treated with amiloride and
microscope settings for vehicle control (VC) and drug treatment were identical for

analysis within each cell line but different between cell lines. This would explain
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why DEX fluorescence in BT474 cells (VC) appear to be higher than in other cell

lines.

Confocal microscopy data in figure 3.2 (A1-C1) show the DEX labelling vesicular
structures in the three cell lines with evidence of an amiloride inhibitory effect in
all three cell lines. However, FACS analysis shows a general decrease in DEX
uptake in all three lines, with this being statistically significant in BT474 (p-value=

0.0444) and MCF7 cells; (p-value= 0.0045).

The results obtained with the BT474 and MCF7 FACS are consistent with other
studies in different cell types revealing that amiloride and its derivative EIPA
decrease DEX uptake and macropinocytosis (Cortese et al. 2008; Koivusalo et al.

2010; Nazere et al. 2022).
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Figure 3.2: Confocal microscopy and FACS of DEX488 10kDa uptake +/- amiloride
in BC cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-C 2) were
incubated with vehicle control (DMSO) or amiloride in the presence of 10kDa Alexa488
for 2 hrs, washed, and processed for analysis by confocal microscopy and FACS. Data in
A2, B2 and C2 represent means, and standard error of the means from three

independent experiments performed in triplicate. Scale bars 25um, BF: Bright Field.
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3.2.2 Effect of EIPA on DEX 10 kDa internalisation in BC cell lines

The same experiment was then performed, replacing amiloride with EIPA as the
macropinocytosis inhibitor, figure 3.3, however, shows that opposite effects were
seen with this reagent in the two HER2 expressing cells, SKBR3 and BT474
showed significant differences between treatment and VC, with p-values of
0.0008 (***) and 0.0056 (**), respectively. Interestingly, MCF7 FACS demonstrate
no difference between treatment and VC. Confocal microscopy also indicated
that DEX appeared to be localised close to or on the surface of the cells in
contrast to EIPA treatment, where DEX was clearly intracellular. Thus these
studies do not agree with the previously mentioned studies (Cortese et al. 2008;

Koivusalo et al. 2010; Nazere et al. 2022).
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Figure 3.3: Confocal microscopy and

FACS of DEX488 10kDa uptake +/- EIPA in BC

cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-C2) were
incubated with vehicle control (MeOH) or EIPA in the presence of 10kDa Alexa488 for 2

hrs, washed, and processed for analysis by confocal microscopy and FACS. Data in A2,

B2 and C2 represent means, and standard error of the means from three independent

experiments performed in triplicate Scale bars 25um, BF: Bright Field.
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It is very difficult to interpret these findings as both drugs, amiloride and EIPA, are
known to affect other NHEs isoforms (11 isoforms) (Fuster and Alexander 2014),
i.e are not selective for the macropinocytosis regulator NHE1. Comparative
analysis of NHE1 expression, could be investigated using SDS PAGE and
Western Blotting to identify whether the observed effects relate to this. As already
mentioned, (Section 3.1.4.3) EIPA also can interact with other membrane

receptors, ion transporters, and other membrane proteins.

In other studies different size DEX and Alexa dyes of different spectral were
investigated suggesting that 70kDa endocytosis is mostly driven by
macropinocytosis,whereas DEX10 kDa endocytosis is driven by both
macropinocytosis and micropinocytosis (Li et al. 2015; Lambies and Commisso
2022). In view of this and the rather unexpected data obtained with 10KDa DEX,
a 70 KDa TMR variant was investigated under the same experimental conditions
using EIPA as an inhibitor; this particular DEX variant has been labelled a
macropinocytosis marker in a number of different studies (Tejeda-Mufioz et al.

2019; Maeda et al. 2021; Xiao et al. 2021).
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3.2.3 Effect of EIPA on DEX 70 kDa internalisation in BC cell lines

The confocal microscopy data in figure 3.4 show a cell line dependant increase in
DEX70 kDa uptake that was particularly prominent in SKBR3 cells that had low
control uptake; but the same trend was apparent in the other cell lines. The
uptake data for this cell line was confirmed using FACS (p-value = 0.0104), but
there were no significant effects of EIPA in the other two cell lines. With regards
to culture of these cells and comparison between confocal microscopy, each has
unigue growing characteristics with BT474 cells growing tower-like and clumping
(Figure 3.4 B1). This makes confocal microscopy challenging, as does separating
them to individual cells for FACS. As indicated in DEX 10 kDa in previous section
3.2.1, BT474 are easily removed from the plastic representing a challenge when
washing after addition of endocytic probes thus a greater fraction may have
remained in association with the plasma membrane rather than being inside the
cells. However, there is good evidence that intracellular fluorescence is also
higher in this cell line compared with the others suggesting a higher capacity for

fluid phase endocytosis.

In general, with and without EIPA, uptake of this probe was comparatively low

noting that microscopy conditions were exactly the same for all experiments.
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Figure 3.4: Confocal microscopy and FACS of DEX TMR 70kDa uptake +/- EIPA in
BC cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-C2) were
incubated with vehicle control (MeOH) or EIPA in the presence of DEXTMR 70kDa for 2
hrs, washed, and processed for analysis by confocal microscopy and FACS. Data in A2,
B2 and C2 represent means, and standard error of the means from three independent

experiments performed in triplicate Scale bars 25um, BF: Bright Field.
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In general, EIPA increase in DEX uptake did appear to be more apparent in
HER2 expressing cells, but it is very difficult to understand why this is the case
and draw conclusions from or the mechanism by which this is happening. It may
be that much depending on the expression of different NHE subtypes that may
be differentially sensitive to EIPA. It is difficult also to compare this data with
others that have shown opposite effects with both these drugs (Tejeda-Mufioz et
al. 2019; Recouvreux and Commisso 2017; Xiao et al. 2021; Feng et al. 2013).
Macropinocytosis process is often triggered when growth factor signalling
pathways such as those involving EGFR Ras and PI3K are activated. This
regulates actin-driven membrane ruffling and macropinosome (Palm 2019), and it
remains to be determined if HER2 (also a signalling receptor) is somehow
activated by EIPA. However, the difference between the three cell lines is likely to

expand well beyond HER2 expression levels.

Another explanation may be due to the relationship between macropinocytosis
and intracellular pH. It was demonstrated that acidifying the cytosol, via
amiloride-induced blockage of NHEs, significantly inhibited micropinocytosis
(Recouvreux and Commisso 2017). Changes in pH caused by NHE (from pH =
7.8 to 6.8) appeared to influence the recruitment and activation of proteins that
cause membrane ruffles. A separate study by Koivusalo et al. (2010) suggested
that the acidification shown in presence of inhibitors had no effect on receptor
engagement or phosphorylation. However, it was shown that activation of
GTPases involved in actin remodelling is acutely sensitive to submembranous
pH. This sensitivity endows macropinocytosis with a susceptibility to Na+/H+

exchange inhibitors, that could have caused the effects seen in figure 3.4.
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NHEL is highly expressed in various cancer cell lines and is the most extensively
studied isoform including for macropinocytosis studies (Granja et al. 2017). A
study by (Cardone et al. 2015) showed a correlation between EGFR and NHE1
expression in cancer invasion. In pancreatic adenocarcinoma cell lines, a
high correlation between the epidermal growth factor receptor (EGFR) and NHE1
was observed, implying that NHE1 plays a critical role in transducing the EGFR

signal, contributing to the induction of metastasis.

In view of this, we probed the Human Protein Atlas depository that provides RNA
expression data on commonly used cell lines with NHE1 (also known as Solute
Carrier 9 Member A1) represented by the expression of gene SLC9A1

(https://www.proteinatlas.org/) (Figure 3.5). Only two of the cell lines used in this

study were listed, having comparatively modest expression of this protein with
SKBR3 having higher expression compared with MCF7. However, the picture is
more complicated than this, noting that both amiloride and EIPA may have other
targets. On this note, amiloride and amiloride analogues have been examined in
various cancer contexts for their anticancer potential (Harguindey et al. 2013).
Recent research showed that EIPA hindered DNA replication, inhibited
proliferation and migration, and promoted apoptosis, therefore lowering
hepatocellular carcinoma invasion and motility (Yang et al. 2010). It is also stated
that in DOX-resistant colon cancer cells, co-administration of EIPA boosted the
intracellular accumulation of co-administered doxorubicin (Matthews et al. 2011).
This suggests it may have an activity on the plasma membrane to allow this drug
to enter cells. NHEs as a family contribute to both normal and pathological
cellular processes. Tumours acidify their microenvironment due to the action of

proton pumps and transporters, becoming more aggressive and resistant to
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therapy (Granja et al. 2017). NHE-1 is the isoform implicated in cancer's pH
regulation (Ariyoshi et al. 2017). NHE1 also regulates cell volume and pH
homeostasis, promoting cell transformation, proliferation, motility, migration,
resistance to chemotherapy in vitro, tumour development, metastasis, and
perhaps spontaneous tumour regression (Cardone et al. 2005). Several
investigations demonstrated that NHE1 is involved in various types of neoplastic
growth in cancer. For example, Amith’s group demonstrated that blocking NHE1
caused MDA-MB-231 cells to be more susceptible to paclitaxel (Amith et al.

2015).

Cariporide is not a member of the amiloride family of drugs, but was shown to be
more selective to NHE1 over other NHE isoforms (Granja et al. 2017). The drug
has noted side effects, mostly related to drug accumulation and cerebrovascular
problems. However, cariporide may become a novel, and effective anticancer
drug for several human cancers (Harguindey et al. 2013). Another study also
considered cariporide is not harmful to mammalian cells (Wong et al. 2002).
Thus, and in line with its higher selectivity for NHE1, this drug was evaluated for

effects on the uptake of DEX and Tf.
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Figure 3.5: Expression of NHE1 from Human Protein Atlas depository. RNA
expression data for tissue culture cell lines are represented as normalised transcript per
million (nTPM) values. The studied cell lines are classified into 16 colour-coded
categories based on the tissue type. SKBR3 shows a 28.4 in SLC9A1 RNA expression
compared to MCF7, 18.7. The webpage does not provide an analysis of the BT474 cells
or Clone5 BT474.
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3.2.4 Effect of cariporide on DEX 10 kDa in BC cell lines

Experiments performed with amiloride and EIPA were repeated with cariporide,
and both confocal microscopy and FACS in figure 3.6 clearly demonstrate that it
did not significantly affect the uptake of DEX in BT474 or SKBR3. A small but
significant (p.value= 0.0140) inhibition was observed in the lower NHE1
expressing MCF7 cells, and interestingly the drug also changed the subcellular
localisation of the probe, manifest as more polar juxtanuclear fluorescence

(Figure 3.7).

The next studies focused on performing the same kind of microscopy and FACS

analysis with these drugs but using Tf as a probe for CME.
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Figure 3.6: Confocal microscopy and FACS of DEXTMR 70kDa uptake +/- cariporide
in BC cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-C2) were
incubated with vehicle control (DMSO) or cariporide in the presence of 10kDa Alexa488

for 2 hrs, washed, and processed for analysis by confocal microscopy and FACS. Data in
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A2, B2 and C2 represent means, and standard error of the means from three

independent experiments performed in triplicate Scale bars 25um, BF: Bright Field.
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Figure 3.7: MCF7 digital zoomed images were used to confirm no differences in
intracellular localisation was observed between VC and cariporide treated cells.

3.2.5 Effect of amiloride on Transferrin in BC cell lines

Data in figure 3.8 clearly show that by microscopy and flow cytometry, that
amiloride has no effect on Tf uptake and, therefore CME. This agrees with
previous studies (West et al. 1989; Cortese et al. 2008; Wang et al. 2019;
Wiranowska et al. 2011). However, other investigators show that amiloride
inhibits CME, including junctional protein complexes in epithelial cells (Chang et
al. 2014). Amiloride and EIPA were also shown to significantly inhibit albumin
uptake via receptor-mediated in renal proximal tubule-derived epithelial cells

(Drumm et al. 2003; Gekle et al. 2001).
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Figure 3.8: Confocal microscopy and Flow cytometry of Tf488 uptake +/- amiloride
in BC cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-C2) were
incubated with vehicle control (DMSO) or Amiloride in the presence of Tf488 for 1 hr,
washed, and processed for analysis by confocal microscopy and FACS. Data in A2, B2
and C2 represent means and standard error of the means from three independent

experiments performed in triplicate Scale bars 25um, BF: Bright Field.
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3.2.6 Effect of EIPA on Tf in BC cell lines

Previous data (Figure 3.8) showed that amiloride had no effect on Tf uptake and
data in figure 3.9 shows that the same is true for EIPA giving median p-values for
SKBR3, BT474, and MCF7 of 0.4120, 0.7396, and 0.0908, respectively.
However, there was less evidence that EIPA was causing mislocalisation of the
Tf compared with effects seen with DEX in MCF7 cells and effects that the Jones
laboratory has previously reported for EIPA and amiloride for endocytic markers
such as EEAL in fixed cells and cell penetrating peptides in live cells (Fretz et al.

2006).
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Figure 3.9: Confocal microscopy and Flow cytometry of Tf488 uptake +/- EIPA in
BC cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-C2) were
incubated with vehicle control (MeOH) or EIPA in the presence of Tf488 for 1 hr, washed,
and processed for analysis by confocal microscopy and FACS. Data in A2, B2 and C2
represent means and standard error of the means from three independent experiments

performed in triplicate Scale bars 25um, BF: Bright Field.
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3.2.7 Effect of cariporide on Tf in BC cell lines

Unsurprisingly the same data trend was observed in cells treated with cariporide
that lowered Tf uptake marginally but not significantly (p-value = 0.0553) in
SKBR3 compared to BT474 and MCF7, which have p-values of 0.2530 and
0.2000, respectively. Confocal Microscopy also supported FACS with no

evidence that the drugs were causing mislocalisation of the protein (Figure 3.10).
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Figure 3.10: Confocal microscopy and Flow cytometry of Tf488 uptake +/-
cariporide in BC cell lines. Cells plated on MatTek dishes (A1-C1) or 12 well plates (A2-
C2) were incubated with vehicle control (DMSO) or cariporide in the presence of Tf488 for
1 hr, washed, and processed for analysis by confocal microscopy and FACS. Data in A2,
B2 and C2 represent means and standard error of the means from three independent

experiments performed in triplicate Scale bars 25um, BF: Bright Field.
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3.2.8 Metabolic Activity Assays in BC cell lines treated with NHE1
inhibitors.

Cell viability and cytotoxicity assays are generally based analysing for example
membrane permeability, mitochondrial enzyme activity, ATP production, cell
adherence and numbers. Currently, these assays are commonly used in cancer
cell biology research to assess toxicity of compounds such as anti-cancer drugs

(Aslantiirk 2018).

Generally, metabolic and viability assays are employed to evaluate the overall
metabolism occurring in a cellular model. It is important to differentiate between
cells that have for a particular reason, a low metabolic rate and dead cells. In
several studies, this difference is ignored, which results in directly linking cell
growth to metabolic activity (Braissant et al. 2020). The CellTitre blue assay used
in this thesis measures metabolic activity and not cell viability, thus the term

metabolic activity assay was used.

Due to the very different effects of these drugs on endocytosis, the next
experiments focused on performing a comparative analysis of their potential
cytotoxicity in the BC cell lines, including the Tz resistant Clone 5 BT474 cell line.
For this, the cells were incubated for 24 hrs in the continuous presence of the
drug. As illustrated in figure 3.11, EIPA was the most toxic agent in all four cell
lines reducing metabolic activity to <40% at 150uM and being highly toxic at
higher concentrations. Amiloride and cariporide were, but to a lesser extent, toxic

in a concentration dependent manner in all cell lines.
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Numerous investigations have established that EIPA and amiloride are effective
at doses ranging from 10 to 100 uM as macropinocytosis inhibitors (Kamei et al.
2019; Fretz et al. 2006; Haspot et al. 2012). The study by (Fretz et al. 2006) in
KG1la leukaemia cells demonstrated that 0-50 uM EIPA had no impact on
viability, 100 uM indicated 5% to 25% cytotoxicity, and increased to 40-50% at
200 puM. The experiments performed with amiloride concentrations up to 200 uM

revealed no toxicity.

Cariporide was not toxic to BC MCF7 or MDA-MB231 cell lines at a concentration
of 80 uM at varying pHs of 7.4 to 5.9. (Wong et al. 2002). Another study
investigated cariporide's effect on the viability of human malignant mesothelioma
H-2452 cells compared to same cell line but has acid-tolerable at concentrations
ranging from 40 yM to 360 puM. They found that the cariporide treatment
significantly inhibited the growth of H-2452AcT cells at a concentration at which

H-2452 cells exhibited no notable toxicity (Lee et al. 2017).
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Metabolic Activity Assay (Inhibitors)
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Figure 3.11. Amiloride, EIPA and cariporide Cytotoxicity assays in BC cell lines.
Cells were seeded and cultured for 48 hrs, and then were treated with the inhibitors for an
additional 24 hrs prior to performing CellTiter Blue metabolic activity assays. Data show
SEM from three independent experiments performed in duplicate.
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3.2.9 Metabolic Activity Assay (Solvents) in BC cell lines

In order to rule out the possibility that the solutes used to dissolve the drugs were
having nonselective toxic effects, they were explored in the absence of the drugs.
It would have been challenging to perform this analysis at the same time as
investigating the drugs. Here, amiloride and cariporide were dissolved in DMSO,

and EIPA was dissolved in MeOH.

In figure 3.12, 500uM (the highest concentration used) equates to 1% v/v DMSO

and 1% v/v MeOH.

Figure 3.12 shows that none of the solvents at the highest concentrations
inhibited metabolic activity by >40%. However, in SKBR3 and BT474 lines there
was some clear effects of DMSO or DMSO/MeOH respectively. But for all

experiments in this thesis their concentrations on cells did not exceed 1%.

DMSO is used to dissolve a range of polar and nonpolar compounds that are
generally insoluble. This, in conjunction with its perceived low toxicity at
concentrations of less than 10% (Pelzel et al. 2010; Burugula et al. 2011), has
led to its extensive usage as a solvent for drugs, as used in this thesis. Other
reports indicate that DMSO concentrations of more than 10% (v/v) induce cellular
damage (Julien et al. 2012; Hanslick et al. 2009). Another study by Galvao's
group demonstrated that DMSO was toxic to Retinal Ganglion -5 cells, and
90.5% of cells died at 10% of DMSO treatment. They stated that “The IC50 was
also calculated after 24 h and was found to be at 2.14% DMSO” (Galvao et al.
2014) and this equates to 245 pM. | was not able to find similar studies for the BC

cell lines studies here.
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In line with research conducted by Nguyen et al. (2020) that compared DMSO
and MeOH in several cancer cell lines. Methanol at 10% v/v had considerable
cytotoxicity in all cell lines, and at 5 % significantly affected cells such as HepG2
and MCF7; determined and measured by recording the change in the impedance
of electron flow caused by adherent cells. They noted that DMSO should be
employed as a solvent at concentrations between 0.15- 0.6% v/v and methanol
between 0.15 and 1.25 % vl/v, the study agreed with data in figure 3.12, Methanol
had a less effect compared to DMSO at the concentrations used to dissolve the

drugs to the required concentrations.
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Metabolic Activity Assay (Solvents)
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Figure 3.12: DMSO, MeOH and PBS Cytotoxicity assays in BC cell lines. Cells were
seeded and cultured for 48 hrs, and then were treated with the inhibitors for an additional
24 hrs prior to performing CellTiter Blue metabolic activity assays. Data show mean SEM

from three independent experiments performed in duplicate.
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3.2.10 Comparative analysis of CME, recycling, and fluid phase
endocytosis in BT474 and Clone5 BT474 cells

As noted in Chapter 2, BT474 is an epithelial-like cell line derived from a solid,
invasive ductal carcinoma that overexpresses HER2 (Subik et al. 2010). As noted
in the Introduction resistance of HER2 cells to Tz represents a significant clinical
challenge. The Clone5 BT474 cell line was generated by continuously incubating
BT474 cells with Tz until they became unresponsive to this agent (Kute et al.
2004). Citations of this article confirm the resistance of this line to Tz (Paroni et
al. 2019). Recent work in the Jones laboratory showed that HER2 in these cells
does not respond to crosslinking by entering cells, i.e. as noted for BT474 and
SKBR3 (Wymant et al. 2020), and here further analysis was performed on the
endocytic properties of this starting with analysis of CME of Tf and it's recycling

out of the cells.

3.2.11 CME and recycling of Transferrin in BT474 and Clone5 BT474
cells

In these assays, the cells were initially incubated in serum free media (SFM) to
minimise the effects of bovine Tf in the serum. They were then incubated with
human Tf488 for 15 mins, and this represents the pulse period as the probe is
binding to TfR and being internalised into early and recycling endosomes. There
follows for different periods of time a ‘chase’ period whereby the Tf progressively
recycle out of the cells with the possibility that some could re-enter. This process
can be analysed using live cell imaging confocal microscopy and FACS. Though
largely qualitative, the confocal microscopy in figure 3.13 suggests that Tf
fluorescence is higherin BT474 than in Cloneb5 BT474 pre and after the chase

period. Measured here and not via FACS is the plasma membrane bound
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fraction. The FACS data in figure 3.14 using ANOVA confirm the confocal results
showing lower fluorescence at experimental time points: 0 min, 10 mins, 20 mins,
30 mins, and 1 h, giving p-values (****) 0.0001, (**) 0.0012, (**) 0.0042, (**)
0.0014, and (**) 0.0061, respectively. There was also a similar reduction in

fluorescence 1.5 h, but this was non-significant, with a p-value of 0.3711.

Studies were then initiated investigating the fluid phase uptake of DEX that is
known to be trafficked to lysosomes in the absence of a receptor. Here the
experiment was simpler and more conducted by simply incubating the cells with
the probe and measuring fluorescence using confocal microscopy and FACS at

different time points.
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Transferrin Recycling (Confocal Microscopy)
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Figure 3.13: Tf uptake and recycling in BT474 and Clone5 BT474 cells. SFM starved

cells were incubated for 60 mins and then treated with 50nM Tf488 for 15 mins and then

either imaged or further incubated for 60 mins (chase) and then imaged by live cell

confocal microscopy. Control represents cells that were not incubated with Tf488 but

otherwise treated the same.

112



Chapter 3 — In Vitro studies of HER 2-internalization

Transferrin Recycling (FACs)
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Figure 3.14: Tf recycling in BT474 and Clone5 BT474 cells. Cells were washed and
starved for 1hi n SFM. Cells were then incubated with Tf488 for 15 mins. Cells were then
chased for Tf recycling for Omin, 10mins, 20 mins, 30 mins, 1h, and 1.5hrs prior to
processing for and analysis by FACS. Data as means and SEM represents three

independent experiments performed in duplicate.

3.2.12 Differences between BT474 and Clone5 BT474 in Dex uptake

Interestingly the results followed the same trend as that seen for Tf with FACS
showing significant (= 30 mins) increases in the uptake of this probe in the BT474
cells compared with the Clone 5 BT474 variant; this was confirmed using
confocal microscopy (figure 3.15) for 30, 60, 120 and 240 mins p-values were (*)

0.0121, (*) 0.0179, (****) 0.0001, and (****) 0.0001, respectively (figure 3.16).

Overall, the data highlight that the differences in the behaviours of the Clone 5

BT474 cells to Tz is not due to deficiency in either fluid phase endocytosis or
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CME. However, other endocytic pathways exist, their analysis is more complex
than these two pathways that have appropriate probes for their studies. Pathways
such as those organised by caveolin -1, Flotillin-1, and ARF6 still lack good
selective markers and the exact mechanism by which HER2 enters cells is

unknown.
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Dextran Uptake (Confocal Microscopy)
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Figure 3.15: Differences between BT474 and Clone5 BT474 in DEX uptake. Cells
were washed in PBS twice, and DEX488 (0.5 mg/pL) or dH20 in complete media was
added to the relevant wells and incubated for 30 min and 4h.
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Figure 3.16: Dextran uptake in BT474 and Clone5 BT474 cells. Cells were washed
and incubated with DEX488 in complete for 5min, 30 min, 1h, 2h, and 4h prior to
processing and analysis by FACS. Data as means and SEM represents three

independent experiments performed in duplicate.
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3.3 Summary

For models to test HER2 receptor and Tz uptake internalisation, High (BT474,
SKBR3), and low (MCF7) HER2 expressing variants were used to investigate a
role for macropinocytosis; three different NHE inhibitors were employed. EIPA
has been identified as a well-characterised macropinocytosis inhibitor, largely
overtaking the initial use of amiloride (West et al. 1989; Veithen et al. 1996; Meier
et al. 2002). In this thesis, we find rather surprisingly that EIPA could also
increase the uptake of a well-characterized macropinocytosis probe in the form of
Dex and that this effect was not dependent on Dex size or choice of the
fluorophore. This effect occurred in SKBR3 and BT474 (HER2+) cell lines but not
in MCF7 cells (HER2-). As earlier discussed, there are many reasons for this, but
the results contradict those reported in the literature, which indicate that EIPA is a
macropinocytosis inhibitor based on the definition that this is how Dex enters
cells as opposed to constitutive fluid phase endocytosis. A study by Li et al.
(2015) suggested that uptake of Dex in HelLa cells was size dependent. Based
on inhibitor studies with amiloride and the Pl 3-kinase inhibitor, Wortmannin Dex
70 KDa was thought to be a more effective probe for the monitoring of fluid
uptake via macropinocytosis, while Dex 10kDa, could be used to analyse general
fluid-phase endocytosis (including macropinocytosis and micropinocytic
processes). Interestingly the inhibitory effects of EIPA and amiloride were
suggested to be nonselective on distinct endocytic pathways but via effects on
the actin cytoskeleton that could affect numerous endocytic pathways and
processes (Chang et al. 2014; Ilvanov et al. 2008). Additionally, attenuation of
internalisation via lipid rafts was attributed to amiloride (Wadia et al. 2004), while

studies from the Arwyn Jones laboratory showed EIPA was affecting morphology
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and the intracellular distribution of both early and late endosomes (Fretz et al.

2006).

In this thesis, cariporide was then used as a more selective inhibitor of NHE1; to
my knowledge, this drug has not yet been investigated as a potential endocytosis
inhibitor. Here, Tf was also included as a marker for CME. The findings show that
cariporide or amiloride had no effect on the uptake of either Dex in the cells
studied and Tf uptake in all cell lines was normal in the presence of all three
inhibitors. This strongly suggests that the observed effects of EIPA are not

dependent on NHEL inhibition and due to other undetermined effects.

Metabolic activity assays were then performed to analyse the cytotoxicity of the
inhibitors, and findings revealed that EIPA, compared to amiloride and cariporide,
was more toxic but at levels higher than used for the earlier studies that were
performed at a much shorter time point. However, it does raise the challenge of

interpreting endocytosis data with this drug.

In summarising the results with the inhibitors, it is interesting to note that with the
exception of cariporide, the so-called macropinocytosis inhibitors had significant
and sometimes unexpected effects on the uptake of endocytic probes such as
DEX. The biological or indeed clinical significance (Amiloride is an approved
drug) of this is difficult to interpret as the results were often cell line dependent
and the in vitro data here may not translate to the in vivo setting. However, the
data does raise significant issues regarding their use as agents to study distinct

endocytic pathways and specific proteins regulating these events.

Finally, preliminary experiments in the Clone5 BT474 Tz resistant cell line further

highlighted that its endocytic profile is different to the parental BT474 line
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(Wymant et al. 2020), and further comparative analysis of these lines is

presented in Chapters 4 and 5 when cell uptake of Tz as a soluble antibody or

decorating PLGA NPs is investigated.
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Chapter 4 : Effects of Trastuzumab on Breast
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4.1 Introduction

In 1984, a gene named neu was isolated and found to encode a protein with a
M.W. of 185 kDa (Schechter et al. 1984). The gene was later found localised to
the human chromosome 17 g21 region (Coussens et al. 1985). It was later
termed HER2 and proposed to function as a cell surface receptor and a kinase
(Drebin et al. 1986) (Figure 4.1). Since then, there has been considerable interest
in targeting this protein with drugs including Tyrosine Kinase Inhibitors (TKI)
(Schlam and Swain. 2021), and monoclonal antibodies targeting such as Tz and
Pertuzumab and antibody-drug conjugates such as Tz Emtansine (Bose et al.
2021). HER2 neu gene was identified in 1985 (Hetzel 1992). HER2
overexpression is caused by mutations that change amino acids in the
transmembrane and juxtamembrane domains. This causes autophosphorylation
of tyrosine residues in the cytoplasmic domain of the heterodimer, which initiates
a number of signalling pathways that lead to cell growth and tumourigenesis (Oh

and Bang 2020).

Neu isolation from Isolation of a monoclonal Tz showed significant
N . Identification of HER2 antibody named (4D5) with e
ethylnitrosourea-induced . . . Tz was approved in USA clinical benefits for patients
" . oncogenic function high specificity toward :
neuro/glioblastomas in rats HER2 with HER+ BC
1985 1987 1992 2000 2013
1984 1986 1989 1998 2001

Identification of HER2 gene
clinical significance in
breast tumours

Humanization of 405 Tz emtansine was approved

Identification of human neu T was aporoved In Eurape
monaclonal antibody PP P in USA

(HER2) gene

Figure 4.1: The history of Tz, from discovering HER2 to the evidence of its

therapeutic benefits. Adapted from (Maadi et al. 2021).

121



Chapter 4 - Effects of Trastuzumab on Breast Cancer Cells

4.1.1 Trastuzumab

This monoclonal antibody has been introduced in the introduction, and several
significant trials have now been conducted utilising Tz in many forms, including
the very large Hera Trial (5102 patients) that compared Tz to standard therapy
and also its assessment as an adjuvant to chemotherapy such as DOX
(Piccart-Gebhart et al. 2005). However, the drug had been FDA approved since
1998, but this trial was the most significant in identifying the positive value of this
antibody. Several studies have demonstrated that adjuvant Tz therapy
significantly improved disease-free survival in women with operable HER2+ BC
(Gaibar et al. 2022; Loibl and Gianni 2017; Di Modica et al. 2017). Tz with
Pertuzumab combined with paclitaxel or docetaxel is recommended first-line
therapy for HER2+ metastatic BC (Martinez-Sdez and Prat 2021; Loibl and

Gianni. 2017).

Despite the therapeutic effectiveness of Tz, resistance to this antibody following
treatment represents a significant clinical challenge to the drug's usage and is
identified as a major obstacle to successfully treating BC (Bose et al. 2021). It
has been stated that the efficacy of Tz for patients with HER2+BC in its early
stages varies between 30 and 50 %, with the majority of patients developing
resistance to this therapy within one year. Therefore, overcoming Tz resistance
would represent a major step forward, and continuous efforts are being made to
do this (Rezaei et al. 2019). Tz resistance is covered in more detail in section

4.1.3.
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4.1.2 Mechanism of Action of Tz

4.1.2.1 Tz and HER2 Dimerization

Until now, Tz's exact mechanism of action remains controversial, and several
potential mechanisms have been proposed (Maadi et al. 2021). Initial research
demonstrated that Tz reduces tumour development by preventing the
dimerization of HER2 with other HER receptors, such as HER3. Tz, as
immunoglobulin G (IgG), can bind through electrostatic and hydrophobic
interaction to HER2 (Wei et al. 2017). However, studies have produced
contradictory findings regarding the effects of Tz on HER2 homodimerization —
but studies have also shown that Tz increases HER2 homodimerization in a
dose- and time-dependent manner (Maadi et al. 2018). Thus these findings
suggest that Tz stimulates HER2 homodimerization and inhibits HER2

heterodimerization in a ligand-independent manner (Richard et al. 2016).

4.1.2.2 Tz, HER2 downregulation, and degradation

Tz's effects in promoting HER2 endocytosis and degradation are also debatable.
Some research indicates that Tz downregulates HER2 (Yang et al. 2017),
whereas others show no impact (Bagnato et al. 2017). In general, research has
indicated that long-term treatment with Tz downregulates HER2; however, the
mechanism for this has not been identified. Several studies have shown that Tz
suppresses the expression of other HER receptors, including HER3 and EGFR
(Dokmanovic et al. 2014). Our data reveal that Tz induces plasma membrane

ruffling in HER2 BC cell lines after 5 to 7 hrs of treatment (Figures 4.4 and 4.5).
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4.1.2.3 Tz and Cell Signalling

The MAPK signalling cascade has been extensively studied and plays a crucial
role in various cellular activities, including cell proliferation, differentiation,
apoptosis, migration, and stress responses (Guo et al. 2020; Wang et al. 2018).
Additionally, this pathway is highly active in several cancer types (Korzeniecki
and Priefer 2021). Investigations have demonstrated that Tz inhibits both
threonine and serine AKT phosphorylation (Yu et al. 2017, Watanabe et al.
2019). Tz can also enhance the separation of Src (a honreceptor tyrosine kinase)
from HERZ2, hence inhibiting its activity. PI3K/Akt and mammalian target of
rapamycin (mTOR) would therefore be suppressed (Derakhshani et al. 2020).
Other studies have shown that Tz has limited effects on HER2-mediated
intracellular signalling and phosphorylation of ERK and AKT, and they
demonstrated that it did not inhibit phosphorylation of ERK and AKT in CHO-K6

cells (Maadi et al. 2018).

4.1.2.4 Tz and Cell Cycle

Tz inhibits cell proliferation and stimulates cytostatic action, arresting the cell
cycle in the G1 phase (Weissenstein et al. 2016; Valabrega et al. 2007). The cell
cycle is arrested by inhibiting the production of proteins associated with the
cleavage of the cyclin dependent kinase (CDK) inhibitor p27kipl (Derakhshani et

al. 2020).

4.1.2.5 Tz and antibody-dependent cell-mediated cytotoxicity (ADCC)

ADCC is a crucial Tz mechanism regulated by effector immune components such
as NK cells (Kim et al. 2017). The binding of fragment crystallizable receptors
(FcyRs) to the Fc region of Tz activates the ADCC process, which concludes with

the release of perforin and granzymes from immune effector cells (Treffers et al.
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2019). Perforin can facilitate the formation of holes in tumour cells, hence
facilitating granzyme diffusion into the cytoplasm. This enhances apoptosis and
lysis of tumour cells (Prager et al. 2019). Tumour cell lysis improves tumour
antigen presentation in the tumour microenvironment and subsequently promotes
antigen-presenting cell activation and T cell polarisation (Rainone et al. 2016). In
addition, research indicates that Tz enhances other immune responses against
HER2+BC cells. Tz stimulates HER2 uptake by dendritic cells (DC) when co-

cultured with HER2+SKBR3 and BT474 BC cells (Gall et al. 2017).

4.1.3 Tz Resistance

As mentioned, The Food and Drug Administration (FDA) officially authorised the
clinical use of Tz for HER2-overexpressing metastatic BC in 1998, and since
then, it has significantly increased the life expectancy of BC patients with
HER2+status. Nevertheless, up to 70% of patients do not respond to Tz, and Tz
resistance develops in most patients within a year (Yu et al. 2017).
The mechanisms behind Tz resistance are still quite under study and

summarised here.

Many mechanisms have been proposed to explain how BC cells develop
resistance to Tz. Studies have shown that low expression of PTEN Levels and
PIK3CA mutations may contribute to Tz resistance (Rimawi et al. 2019;
Yokoyama et al. 2021). Resistance may be further enhanced by chronic
activation of the PISK/AKT signalling pathway (Figure 1.3). A method that
prevents Tz from binding to HER2 relates to the plasma membrane truncation of
HER2 at the extracellular domain, thus resulting in ‘epitope masking’ (Scaltriti et

al. 2007). Additionally, hyperactivation of other tyrosine kinase receptors, such as
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the insulin-like growth factor-I receptor (IGF-IR), compensates for suppressing

the HER2 downstream signalling pathway by Tz (Saisana et al. 2016).

As mentioned in Chapter 1 HER2 possesses characteristics that prevent it from
being endocytosed, starting with the fact that it does not have a natural ligand,
like EGF for EGFR, that could drive dimerization and activate internalisation.
Austin et al. (2004) conducted detailed research on Tz's effect on the endocytosis
of HER2. They demonstrated that Tz did not affect the HER2 distribution being
internalised and did not drive HER2 endocytosis. However, Tz entered recycling
endosomes and trafficked back to the plasma membrane rather than into the
lysosomes for degradation. This HER2 internalisation aspect is highly significant

for the project presented in this thesis.

Currently, Tz is not the standard of care as a monotherapy, and to overcome Tz
resistance, it is administered with other therapies (Martinez-Saez and Prat 2021,
Bapat et al. 2021). Examples of combinational therapies include adding another
antibody that binds to HER2 at a different site, such as Pertuzumab, or adding
another small molecule drug, such as lapatinib, that inhibits the tyrosine kinase
activity of the receptor to overcome Tz resistance (Wang and Xu 2019; Barok al.

2014).

Tz has been conjugated to a very toxic drug known as emtansine (T-DM1) to
form an ADC, with the drug inhibiting microtubule assembly in the cytosol. This
treatment has been demonstrated to improve the clinical results of HER2 BC
patients (Maadi et al. 2021). Based on the information on HER2 and endocytosis,
it is important to note that for emtansine to reach the tubulin target, it needs

access to the cells and the lysosome for the enzymes to degrade the antibody
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and release the drug to the cytosol (Barok et al. 2014). It is likely that what is
known about HER2 endocytosis and recycling is counterproductive to the
success of this ADC in the clinic. Currently, T-DM1 monotherapy is regarded as

the standard second-line treatment (Martinez-S4ez and Prat 2021).

Based on results in chapter 3 relating to some unexpected findings associated
with the effects of EIPA and other macropinocytosis inhibitors on the
internalisation of endocytic probes, this chapter investigated the cell binding and
internalisation of a fluorescent Tz conjugate in the presence and absence of

macropinocytosis inhibitors. Materials and methods were described in Chapter 2.

4.2Results and Discussion

4.2.1 Tz conjugated Alexa 647

4.2.1.1 Amine crosslinker reactive groups

A method for labelling Tz with an Alexa fluorophore has been previously used in

the laboratory to demonstrate low inherent internalisation unless it can be used to

crosslink HER2 (Moody et al. 2015; Wymant et al. 2020).

Amine-reactive crosslinker reactive group of N-hydroxy succinimide (NHS) ester
is considered one of the most popular and straightforward methods for labelling a
protein such as an antibody by utilising NHS ester to react with primary amines (—
NH2) (Figure 4.2). Primary amine (N-terminus) is present in a variety of proteins,
are positively charged at physiologic pH; consequently, they are located mainly
on the exterior surfaces of tertiary protein structures, where they are readily
accessible to conjugation reagents introduced into an aqueous media. Moreover,
among the functional groups often present in biological or protein samples,

primary amines are the most nucleophilic, making them easier to target for
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conjugation. A limitation of this method is that it is often generic since conjugation

can occur at any accessible primary amine (Nanda and Lorsch 2014).

0
0 }Q 0 2
N NH2  pH7-9 N

NHS Ester Primary Amine Stable Conjugate

NHS
Reagent on Protein (Amide bond)

Figure 4.2: NHS esters react with the primary amino groups of a protein at a pH
range of 7.0 to 9.0. This reaction generates a stable amide bond between the primary

amines and the NHS conjugate. Adapted from (ThermoFisher).

Tz488 utilised in this study was prepared and kindly donated by Dr. Edward
Sayers in our laboratory. The protocol of (Wymant et al. 2020) was then followed
and used to prepare Tz488, and data in figure 4.3 shows the characteristics of
this conjugate, giving an average number of close to three fluorophores per

antibody; comparable to the Wymant publication.

In another study (Obaid et al. 2017), eight molecules of Alexa Fluor 700 per
antibody were calculated. In contrast to our 1 mg/mL concentration, they

employed 10 mg/mL of Alexa flour to conjugate the antibody.

Based on the suitability of the available Tz conjugates (488 and 647), with
respect to other fluorescence probe that are used in the laboratory it was

determined that further experiments would be performed with the 488 variant.
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Figure 4.3: Characteristics of Tz conjugated to Alexa 647. Peak high is the

absorbance of protein at 280nm and the absorbance of the fluorophore at 647nm.
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4.2.2 Tz488 binding and internalisation in BC cells

Several studies have shown that Tz undergoes receptor-mediated endocytosis
after binding to HER2 (Barok et al. 2014; Hunter et al. 2020). The effectiveness of
the Tz on HER2 endocytosis is a topic of intense debate. Although some studies
suggest Tz efficacy upon HER2 downregulation, they have not provided a clear
explanation of the mechanism of action (Yang et al. 2017). In contrast, several
studies also demonstrate that Tz does not affect HER2 downregulation (Bagnato

et al. 2017).

Tz488 was incubated with the four BC cell lines for either 30 mins or 7hrs.
Binding was very apparent on the plasma membrane of all HER2+ cells at 30
mins (Figure 4.4), and MCF7 showed very low fluorescence confirming the
selectivity of the conjugate for HER2. At 30 mins, only the plasma membrane was
labelled, but after 7 hrs, there was clear evidence of punctate fluorescence
indicative of Tz endocytosis in SKBR3 and BT474 cells but not in Clone5 BT474

cells.

Actin polymerization at the plasma membrane can lead to the formation of ruffles
and macropinocytosis (Kay 2021). In SKBR3 and BT474 cells, similar structures
labelled with Tz488 were observed after 7 hrs treatment with the antibody (Figure

4.4).

An earlier study by Dokmanovic et al. (2014) investigating Tz effects on SKBR3
and BT474 cells found Tz mediated tyrosine phosphorylation at HER2-Y1248 and
EGFR-Y845 was increased by Tz in both cell lines. The phosphorylation of
ERK1/2 was likewise increased. It has previously been shown that Ras GTP is

associated with activation of the ERK1/2 pathway (Sugden 2003), which also
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activates Rac. Rac has been heavily implicated in mediating Macropinocytosis
(Kay 2021); thus, the ruffling observed in figure 4.4 may be due to HER2/EGFR

signalling

The same Dokmanovic et al. (2014) study also demonstrated that Tz stimulated
HER2 degradation following this observed signalling process that also then

suppressed HER2-mediated growth signalling.
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Tz Uptake study 1 (Confocal Microscopy)

A-MCF7 B- SKBR3

Merged D-Zoomed

30 min

7h

C-BT474 D- Clone5 BT474
488 BF Merged D-Zoomed

30 min

7h

Figure 4.4: Tz488 binding and internalisation in BC cells. Tz conjugated Alexa 488
(50nM) was incubated with BC cell lines: MCF7, SKBR3, BT474, and Clone5 BT474, for
30 mins and 7 hrs before analysis by live cell confocal microscopy. D-zoomed; Digital

zoomed. Scale bars 25um, D-Zoomed; Digital zoomed, BF; Bright Field.
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4.2.3 Time dependant Tz488 uptake and plasma membrane ruffling in
BC cell lines.

To identify evidence of Tz endocytosis and ruffling, the conjugate was then
incubated with the 4 BC cell lines for different periods of time. Data in figure 4.5
indicate the first clear evidence of Tz endocytosis after 5 hrs incubation but only
in BT474 and SKBR3 cells and much less evidence of vesicular fluorescence in
Clone5 BT474 cells. As expected, there was no labelling in MCF7 cells. From 5-7
hrs, more prominent vesicular labelling was observed in BT474 and SKBR3 cells,

with again this being less apparent in the Clone 5 BT474 cell line

As previously mentioned, Austin et al. (2004) examined in detail the effect of Tz
and HER2 endocytosis in SKBR3 and BT474. They demonstrated that HER2
receptors are constitutively internalised and recycled to the plasma membrane,
and this is not affected by Tz. Although Tz is identified in internalised vesicles a
few hrs after incubation with the cells, the vesicles observed in figure 4.5 may be
predominantly recycling endosomes rather than endosomes destined for the
lysosome, which could degrade HER2 and Tz. A separate study showed that the
most of Tz and HER2 receptors were recycled to the plasma membrane.
However, Dokmanovic et al. (2009) observed Tz internalisation and HER2
degradation after long SKBR3 Tz treatment for four days. Both of these studies
mentioned the localization of internalized Tz attached to HER2 in early
endosomes. Overall, these studies and others highlight that Tz has minimal
effects on HER2 endocytosis in vitro studies (Maadi et al. 2021). Thus as
previously demonstrated in our laboratory, other strategies such as HER
crosslinking is needed to drive HER2 endocytosis and deliver to lysosomes for

degradation (Moody et al. 2015; Wymant et al. 2020).
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Data in this study clearly suggest Tz effects at plasma membrane, for example,
identified as red arrowheads in figure 4.5. Interestingly Bagnato et al. (2017)
observed similar structures in SKBR3 following Tz treatment and referred to them
as Circular dorsal ruffles (CDRs). These are actin driven plasma membrane
protrusions that combine into a single ring-shaped projection rising vertically from
the dorsal cell surface. They, using similar Tz concentration, found that these
structures appeared after only 10 mins incubation, and they also commented on
the redistribution of HER2 and EGFR on the plasma membrane. However, they
fixed the cells (for detecting HERZ2) before imaging, which could have led to the

appearance of more pronounced effects on the plasma membrane.
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Tz Uptake study 2 (Confocal Microscopy)

A-MCF7 B-SKBR3

Merged
(488-BF) Zoomed

Merged

Merged
(488-BF) Zoomed D-Zoomed

(488-BF) Zoomed D-Zoomed

Merged
(488-8F) Zoomed

C-BT474 D-Clone5BT474

Merged Merged Merged Merged
(488-BF) (488-8F) D-Zoomed (488-BF) Zoomed (488-BF) D-Zoomed

Figure 4.5: Tz treatment enhances HER2 plasma membrane ruffling in HER2 BC
cells. Tz conjugated Alexa 488 (50nM) was incubated with BC cell lines: MCF7, SKBR3,
BT474, and Clone5 BT474, for lhrs, 3hrs, 5hrs, and 7hrs before analysis by live cell
confocal microscopy. The yellow arrowheads indicated plasma ruffles, and red
arrowheads indicated HER2 endocytosis. Scale bars 25um, D-zoomed; Digital zoomed,

BF; Bright Field.
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4.2.4 EIPA enhances Tz488 internalisation.

4.2.4.1 Tz +/- EIPA in BC cell lines (Methods Optimized)

Methods A, B, and C were chosen to observe EIPA effects on Tz binding and
internalisation. Method A includes labelling cells with Tz, followed by adding
EIPA. Method B allowed EIPA to function before adding the Tz. Method C
involves co-incubating the drug and antibody onto the cells. This would allow for
more information on any effects that this drug may have on Tz cell dynamics. The
methods of EIPA treatment of cells incubated with Tz were optimised based on
findings that after 1h incubation, there was little evidence of antibody
internalisation, that was clear to observe after 5h. Thus, attempts were made to
investigate these two time points with the antibody incubated with the cells for 1
or 5 hrs followed by a 1 hr EIPA treatment before processing the cells for imaging
(Method A). The second method B involved a 1hr or 5hrs preincubation period
with EIPA and then adding Tz488 for 1 hr before imaging. In Method C, the drug

and antibody were co-incubated with the cells for 2 or 5 hrs.

Surprisingly, for Methods A and B as demonstrated in figures 4.6 and 4.7, EIPA
promoted Tz488 internalisation in SKBR3 and BT474 cells, but the effects were
negligible in the Clone 5 BT4474 variant. This suggests a common mechanism in
two of the cell lines, but for some reason, Clone 5 BT474 cells were resistant to
this effect. In the 5hrs time point, there was also evidence of membrane ruffling in
the same cells that showed increased internalisation, and again there was no
evidence of this in the Clone 5 BT474 variant (Figure 4.6 B & C). The effects of
EIPA on membrane ruffling were, however, method dependent; as with Method
B, there was only evidence of membrane ruffling in SKBR3 after 1 hr and 5 hrs

EIPA treatment followed by 1hr Tz treatment (Figure 4.7 -B) while having no
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visible effect on the other cells. Additionally, EIPA's impact on SKBR3 is seen in
Figure 4.8 as a plasma membrane blebbing emanating from cells after 5 hrs of
EIPA treatment. Again, and intriguingly, EIPA had little influence on Clone5
BT474 using both Methods A and B. As expected, no fluorescence signal was

detected in MCF7 cells.

Tz Uptake +/- EIPA (Method A)

A-MCF7 B- SKBR3

Zoomed D-Zoomed

488 BF D-Zoomed

_______

1h Tzand 1 h EIPA
1h Tzand 1 h EIPA

________

5h Tzand 1 h EIPA
5h Tzand 1 h EIPA

C-BT474 D- Clone5 BT474
BF

488 BF Merged Zoomed D-Zoomed

1h Tzand 1 h EIPA
1h Tzand 1 h EIPA

5h Tzand 1 h EIPA
5h Tzand 1 h EIPA

Figure 4.6: The effects of EIPA on HER2 endocytosis and Plasma ruffles in BC cells
(Method A). Tz 488 (50 nM) was incubated with BC cell lines for 1hr and 5 hrs, followed
by 50 uM EIPA or MeOH for 1 hr before analysis by live cell confocal microscopy. Yellow
arrowheads indicated plasma ruffles, red arrowheads indicated HER2 endocytosis, and
blue arrowheads indicated vacuole like structure. Scale bars 25um, D-zoomed; Digital
zoomed, BF; Bright Field.
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Tz Uptake +/- EIPA (Method B)

A-MCF7 B- SKBR3

Zoomed D-Zoomed BF

1hr EIPA and 1 hr Tz
1hrEIPA and 1 hr Tz
Ve

Tz

1h EIPA and 5 hrs Tz

1hr EIPA and 5 hrs Tz
Tz

C-BT474 D- Clone5 BT474

BF Zoomed 488 BF Merged Zoomed D-Zoomed

________

Tz

Tz
1h EIPA and 1 hr Tz

1hrEIPA and 1 hr Tz

vc
VC

1h EIPA and 5 hrs Tz

1hr EIPA and 5 hrs Tz
Tz

Tz

Figure 4.7: EIPA increases HER2 endocytosis and Plasma ruffles in HER2 BC cells
(Method B). EIPA (50 pM) or MeOH were incubated with BC cell lines for 1hr and 5 hrs,
followed by Tz488 (50 nM) for 1 hr before analysis by live cell confocal microscopy.
Yellow arrowheads indicated plasma ruffles, red arrowheads indicated HER2
endocytosis, and blue arrowheads indicated vacuole like structure. Scale bars 25um, D-
zoomed; Digital zoomed, BF; Bright Field.
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4.2.4.2 Method C: EIPA/Tz488 co-incubation

Here the drug and antibody we co-incubated to assess whether similar effects to
figures 4.6 and 4.7 were observed. Data in figure 4.8 validates previous findings
with the drug causing, ruffling and blebbing but also the appearance of large
Tz488 vacuole-like structures (particularly noted in SKBR3 cells Fig 4.8B). All
cells did not show these structures; overall, there was quite some heterogeneity
in phenotype within even a single field of view. These contradictory results may
have various causes. There was also a noticeable effect on the overall shape of
the cells after 5 hrs of EIPA treatment, suggesting that EIPA may have induced
apoptosis. This is supported by (Acevedo-Olvera et al. 2015), which
demonstrated a correlation between NHE inhibition by EIPA and the blebbing
and apoptosis of cancer cells. They also found that EIPA promotes cell death via
autophagy, membrane blebbing, and apoptosis in a human leukaemia cell line.
Their findings suggested that the NHE exchanger is crucial to the survival of the
human leukaemia cell line. They revealed that EIPA inhibited TF-1 cell survival in
a dose- and time-dependent manner and the EIPA had a functional impact on
mitochondria. Overall, this led to an experiment investigating the viability of these

BC cells in the presence of EIPA, and the data is shown later in this chapter.

Apoptosis is characterised by the blebbing of the plasma membrane and the
eventual deconstruction of cells into apoptotic bodies. Cancer cells have the
exceptional capacity to create a defensive mechanism known as blebbishielding.
This involves the fusion of apoptotic blebs and internal vacuoles (Jinesh and
Kamat 2016). It is also stated that within blebbishields, endocytosis is activated in
order to stop the apoptotic response from progressing further (Pfeffer and Singh

2018).
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Tz Uptake +/- EIPA (Method C)
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Figure 4.8: Co-incubation analysis of EIPA and TZ488 in BC cells to monitor Tz488
uptake and plasma membrane dynamics (Method C). Tz488 (50nM) and EIPA (50
pUM) or MeOH were co-incubated with BC cell lines: MCF7, SKBR3, BT474, and Clone5
BT474, for 2hrs and 5 hrs before analysis by live cell confocal microscopy. Yellow
arrowheads indicated plasma ruffles, red arrowheads indicated HER2 endocytosis, and
blue arrowheads indicated vacuole like structure. Scale bars 25um, D-zoomed; Digital

zoomed, BF; Bright Field.
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NHE1 inhibitors EIPA and cariporide were introduced to 3-dimensional (3D)
spheroids of BC and non-cancerous cells for 2—7 days (Rolver et al. 2020). EIPA
was able to reduce the viability of BC spheroids in a dose-dependent manner, but
cariporide (studied later) had no effect. Significant accumulations of EIPA were
observed in spheroids, and this was associated with notable vacuolization,
apparent autophagic arrest, and mitochondrial- and DNA damage, which are all
signs of cell death. An earlier study suggests that EIPA at specific concentrations
kills tumour cells while maintaining an acceptable degree of toxicity in normal
cells (Raghunand and Gillies 2000). Additionally, they noted that tumour cell
intracellular pH acidification enhances chemotherapeutic drug efficacy. This also
explains our findings, showing that inhibiting NHE with EIPA may lead to cellular
acidification of the intracellular pH manifested as an increase in Tz uptake. But
this remains to be investigated as results in Chapter 3 showed no EIPA effect on

Tf uptake, suggesting this is not a common phenomenon.

The intracellular pH of healthy cells is tightly controlled to be very close to neutral
by ion transport proteins on the plasma membrane. Normal cells have an
intracellular pH of 7.2, whereas cancer cells have an alkaline intracellular pH of
>7.4 as a result of an increase in NHE1 expression (Lee and Shanti 2021).
Intracellular acidification can trigger apoptosis; however, an elevated cytoplasmic
pH helps cancer cells avoid triggering apoptosis (Ko et al. 2020). Blocking NHE
inhibits H+ efflux, resulting in intracellular acidification. A study by Schneider et al
(2004) demonstrated that EIPA decreased intracellular pH by 0.2 - 0.3 units after
one hour of treatment and that this decrease in pH resulted in cell death that in

the absence of the involvement of caspases, did not seem to be due to classical
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apoptosis. This further demonstrated the multiple effects on cells that EIPA can

induce.

As demonstrated in figure 4.8C, the effects of EIPA are less pronounced on
BT474 cells compared with SKBR3, but the observed effects are still clearly
visible. Interestingly and in agreement with other EIPA methods A and B, EIPA
has the least effect on Clone5 BT474, and after 5 hrs of treatment, there was,

however, evidence of ruffling and Tz-488 internalisation.
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4.2.5 Cellular profile of CellMask in EIPA treated BC cell lines

The commercial cell mask reagents comprise amphipathic molecules that stain
the cell plasma membrane by offering a lipophilic moiety for enhanced membrane
loading and a range of negatively charged hydrophilic dyes for confirming the

probe's presence in the plasma membrane.

Deep Red CellMask was utilised to stain the plasma membrane, and this then
allowed for a further opportunity to observe potential EIPA effects on this
structure. Here as in Method C above, the dye and EIPA were co-incubated for 5
hrs. Data in figure 4.9 clearly demonstrate membrane effects in the form of
ruffles/blebs in EIPA treated SKBR3 and BT474 cells. The data also show
intracellular CellMask positive vacuoles similar to those observed with Tz488,
especially in SKBR3 cells. The effects on MCF7 and Clone5 BT474 cells were
much less pronounced, but there was a clear change in the CellMask profile with

EIPA treatment.

Overall, the data are consistent for all cells with regards to EIPA effects on Tz488
and CellMask, showing higher sensitivity for BT474 and SKBR3 compared with
Clone5 BT474 and MCF7. The reason for these differences is unknown but
appears to be a general plasma membrane effect rather than the expression of

HER?2.
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Cell Mask +/- EIPA (5 hrs Treatment)

Cell Mask BF Merged Zoomed

MCF7

SKBR3
VC

EIPA

VC

BT474

EIPA

Clone5 BT474
vC

EIPA

Figure 4.9: Incubation of BC cells with EIPA and CellMask Deep Red. CellMask (1 in
1000) and EIPA (50 uM) or MeOH were co-incubated for 5 hrs with BC cell lines: MCF7,
SKBR3, BT474, and Clone5 BT474 before confocal microscopy. Blue arrowheads
indicate vacuole like structure. Scale bars 25um, D-Zoomed; Digital zoomed, BF; Bright
Field.
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4.2.6 Tz +/- Amiloride or cariporide co-incubated in BC cell lines

Method C was then utilized for analysis of Tz uptake in presence of either
cariporide or amiloride. In contrasts to the effects seen with EIPA, data shown in
figures 4.11 and 4.12 that adding amiloride or cariporide to BC cells co-incubated
with Tz488 for 2 or 5 hrs has no visual effect. This finding was also consistent
with Chapter 3 figures 3.2, 3.6, 3.8, and 3.10 show that they had no influence on
DEX uptake compared to EIPA that, significantly increased endocytosis of this

fluid phase probe.

Despite the fact that in this thesis, some positive effect of amiloride and caripoide
was not investigated, it is clear that the effects of the EIPA go beyond simply
inhibiting NHE and that other targets are likely to be involved in causing the
observed effects. It may be that EIPA is more effective than the other compounds
at inhibiting other NHE isomers or that it has an additional target or targets.
Another possible reason is that, unlike other NHE1 inhibitors, EIPA has a distinct
effect on cancer cells. This concept was proposed by Rolver et al. (2020), who
concluded that pyrazinoylguanidine-type NHEL inhibitors (Figure 4.10), like EIPA,
effectively suppress the formation of cancer cell spheroids via several
mechanisms, and they are able to do so regardless of NHE1 expression. They
also show that the potency of EIPA is superior to amiloride, with no observable

effects seen with the benzoylguanidine (cariporide).
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Figure 4.10: Structures of pyrazinoylguanidine (Amiloride and EIPA) and
benzoylguanidine (cariporide). The structure differences between two major classes of
NHEL1 inhibitors, the pyrazine compounds of amiloride and EIPA 5-(N-ethyl-N-isopropyl-

amiloride) and the benzoylguanidine (cariporide). Adapted from (Mondal and llies 2020).
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Figure 4.11: Effects of amiloride on Tz binding and internalisation in BC cells.
Tz488 (50nM) and amiloride (50 puM) or DMSO were co-incubated with BC cell lines:
MCF7, SKBR3, BT474, and Clone5 BT474, for 2hrs and 5 hrs before analysis by live cell

confocal microscopy. Scale bars 25um, BF; Bright Field.
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Figure 4.12: Effects of cariporide on Tz binding and internalisation in BC cells.
Tz488 (50nM) and cariporide (50 uM) or DMSO were co-incubated with BC cell lines:
MCF7, SKBR3, BT474, and Clone5 BT474, for 2hrs and 5 hrs before analysis by live cell
confocal microscopy. Scale bars 25um, BF; Bright Field.
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4.2.7 Metabolic Activity Assay (EIPA and Tz)

EIPA clearly had effects, and the next set of experiments focused on assessing
the cytotoxicity of different concentrations of EIPA and Tz over a 7 hrs time
period in the presence or absence of increasing concentrations of the antibody
and EIPA. Figure 4.13 demonstrates some commonality with respect to the
effects of the drug and/or the antibody on the four types of BC cells, but also
some cell type specific effects were noted. Generally, EIPA showed toxicity in all
cell lines at 150uM, with MCF7 and BT474 cells showing the highest toxicity
(approximately 40%) at this concentration. Then there was dose-dependent
toxicity and complete loss of viability in all cell lines at 500 uM. Tz alone at 50nM
showed no evidence of toxicity and generally had very little effect on the
sensitivity of the cells to EIPA. The ICsy values for this figure and subsequent

experiment are shown in table 4.1.

Separate experiments for 24 hrs whereby the antibody concentration was
maintained at 50nM with increasing concentrations of EIPA revealed no synergy
between these two agents in influencing metabolic activity (Figure 4.14 and Table
4.1). However, the ICso data was very different between the two experiments
showing that EIPA toxicity is highly dependent on time. Overall these studies
clearly demonstrated EIPA toxicity, but there was little evidence that this was
happening at 50uM (< 7hrs), i.e. the concentration and maximal experimental
time point used for the presented analysis of EIPA effects on cell binding and
uptake of Tz488 and the endocytic probes. Tormo et al. (2017) showed that
BT474 cells treated with Tz at a concentration of 15 ug/mL for 7 days, which is
nearly double our concentration (7.4 ug/mL) and much longer exposure, showing

a 40% loss of viability. Tz therapy had no effect on other HER2 negative cell like
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MDA-MB-231 or BT474- Tz resistant cells. It should be noted that one of the cells

studied in this paper was the same as our Clone5 BT474.

A separate study by Vanderhoeven et al. (2018) agrees with findings in figure
4.14, demonstrating that Tz concentrations of 1 and 10 yg/mL had a negligible
effect on the viability of SKBR3 cells after 24 and 48 hrs. However, they revealed
that Tz started to significantly affect the viability of SKBR3 and BT474 cells after
72 hrs of Tztreatment. The last study demonstrates the time-dependent
susceptibility of Tz (2.4 and 4.8 pg/well) treatments to BT474 metabolic activity
as a control in 72, 96 and 120 hrs (Bapat et al. 2021). Around 40% of cells were
died after 120 hrs Tz treatment. Based on the literature and data presented in this
thesis, it would be interesting to do further Tz analysis in these cell lines for 72
hrs with an EIPA concentration of 10 uM that initially gives evidence of toxicity in
figure 4.14. This could reveal the difference between HER2 expressing and no

expressing cells.
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Figure 4.13: EIPA enhances BC cells toxicity with different concentrations of Tz.
Cells were seeded for 48 hrs prior to co-incubation with EIPA/Tz for 7 hrs before

performing viability assays. Data represent the means and standard error of the means
from three independent experiments performed in triplicate.
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Figure 4.14: BC Metabolic Activity in the presence of different concentrations of

EIPA and 50nM Tz. Cells were seeded for 48 hrs prior to co-incubation with EIPA/Tz for

24hrs, before performing viability assays. Data represent the means and standard error of
the means from three independent experiments performed in triplicate.
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Table 4.1: ICsp calculations after cells were treated with EIPA for 7 or 24 hrs.

ICso Of figure 4.13 — 7 hrs treatment

Cell Lines EIPA (UM)
MCF7 181.8
SKBR3 199.8
BT474 205.4
Clone5 BT474 162.9

ICso Of figure 4.14 — 24 hrs treatment

EIPA (M) EIPA(UM) +Tz (50nM)
MCF7 74.29 91.33
SKBR3 37.11 40.07
BT474 43.26 45.92
Clone5 BT474 61.17 43.29
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4.3 Summary

HER2 is well characterised as being an endocytosis resistant member of this
family of receptor tyrosine kinase and that this is likely to reduce the effect of Tz
on breast and other cancer cells that overexpress this receptor. It is also likely to
be a major determinant of Tz resistance, that is still a major clinical problem (Wu
et al. 2021; Wu et al. 2022). In this chapter experiments were performed to
investigate Tz internalisation in four BC cells as well as investigate the effect of
macropinocytosis inhibitors on endocytic probes along with Tz binding and
internalisation via HER2. After successfully conjugating Tzto Alexa 488 and
Alexa 647 it was possible to study Tz488 effects on BC cell lines at much earlier
time points that are usually studied and found that Tz caused ruffling specifically
in HER2+ BT474 and SKBR3 cellsand began showed evidence of
internalisation after 5 hrs. Previous experiments in our laboratory revealed that
the Clone 5 BT474 cell line was resistant to HER2 crosslinking and subsequent
endocytosis and degradation in lysosomes (Wymant et al. 2020). The data from
my thesis highlight another difference with respect to how this cell line interacts
with Tz at the plasma membrane, but the specific reason for these differences
remains to be determined as well as specific endocytic features shown in Chapter

4.

The Tz488 was treated in the presence of EIPA, and the Methods were
optimized. The combination of Tz and EIPA in co-incubation with BC cells
produced the most significant results compared to other methods that attempted
to activate NHE protein before or after Tz treatment. After that, amiloride and
cariporide were utilised to study the process of macropinocytosis with Tz co-

incubation. In contrast to amiloride and cariporide, which essentially did not affect
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Tz, the effect that EIPA has on HER2-Tz is significantly different. This
investigation again validated the findings from Chapter 3 results, which showed
that EIPA enhanced the internalisation process rather than inhibiting it. Amiloride
and EIPA were the first to be suggested to investigate the HER2 internalisation
that we believe follows macropinocytosis, as mentioned in our previous results by
both (Moody et al. 2015; Wymant et al. 2020). This is doubted in another study
that mentioned HER2 internalisation observed receptor-mediated endocytosis

(Barok et al. 2014).

We have come to the conclusion that the internalisation of Tz was increased by
EIPA. Another experiment was conducted using EIPA alone in BC cells, and the
results demonstrated that EIPA causes a rise in BC cell blebs, which is an

indication of cell apoptosis.

Lastly, a metabolic activity experiment was carried out to verify EIPA and Tz
toxicity in treating BC cells. The EIPA and Tz metabolic activity experiment was
initially utilised in an effort to simulate confocal microscopy, and the cells were
treated for 7 hrs. It should also be noted that different concentrations of EIPA and
Tz were utilised in this investigation. Through this technique, it became
abundantly evident that EIPA had a significant impact on BC cells, in contrast to
Tz, which only had a marginal effect on these cells. The toxicity of EIPA was
further validated by the second protocol, which utilised a range of doses in
conjunction with 50 nM of Tz. The experiments also showed that EIPA was
extremely toxic to BC cells at high doses. Approximately one-quarter of the cells
were impacted by EIPA when it was used at the concentration we were dealing

with.
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In the future, these findings may assist in understanding EIPA as a
macropinocytosis inhibitor, particularly in cancer and HER2 BC cells. The
mechanisms of action and impact of EIPA on cancer cells also need to be
investigated, as well as the relationship between EIPA and NHE inhibitor

mechanisms.
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Chapter 5: Synthesis and in vitro analysis of Trastuzumab

conjugated PLGA nanoparticles for targeting HER2
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5.1 Introduction

In the past two decades, an increasing number of nanomedicines have been
described for a number of different therapeutic interventions, but very few
reached the clinic (Shete et al. 2022). Notable successes include hanomedicines
containing doxorubicin (Doxil), cytarabine (DepoCyt), and irinotecan (Onivyde)
(Abdellatif and Alsowinea 2021), but to date, no nanoparticle (NP) formulation
containing ligands for specifically targeting plasma membrane receptors have
been approved in the UK. NPs as nanomedicines have several potential
advantages over conventional approaches that in cancer mostly involve
administering small molecule drugs, including the protection of the drug from
being modified or destroyed before it reaches its target site. The NP can be
surface modified to provide targeting so reducing side effects and also its
assistance to delivering a therapeutic to the inside of cells can overcome drug
efflux proteins that can cause drug resistance. For example, it was demonstrated
that polymer drug conjugates were effectively retained in multidrug-resistant
(MDR) cells and that the intracellular concentrations of medications released from
the polymers are much greater after the same incubation period than when the
free drug is provided (Twaites et al. 2005). Typically, less than 0.01% of the
injected dosage of antibodies accumulates at the target site, whereas the
same value for NPs accumulates from 1 to 5% (Wilhelm et al. 2016). However,
toxicities such as molecular, cellular, and tissue toxicities and immunological
responses are found in certain NPs (Wolfram et al. 2015). NPs have also been
utilised to deliver macromolecular therapeutics such as siRNA and mRNA,
critically acting as vectors for entities that cannot cross biological membranes

alone (Mokhtarzadeh et al. 2017).
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Commonly, polymer nanomedicines are divided into: (a) polymer-drug conjugates
for enhanced drug half-life and bioavailability or (b) degradable polymer

structures for controlled release applications (Bobo et al. 2016).

5.1.1 Nanoparticles and Cancer

To maintain sufficient nutrition and oxygen for fast tumour development
(angiogenesis), tumour blood vessels show a higher degree of abnormality and
tortuosity than normal physiological vessels. The pore size of several tumour
models has been reported to range between 380 and 780 nm (Sultan et al.
2022), which opens out the possibility of giving NP access to the tumour via the
EPR effect (Shi et al. 2020), described in detail in Chapter 1. However, it has
been determined that NPs have a very limited circulation period (the average
half-life of typical NPs after intravenous delivery is 3-5 mins) (Brigger et al.
2012). Particles can be removed by hepatic macrophages (Kupffer cells) from the
blood circulation and these cells represent the majority of tissue macrophages
that are in direct contact with blood. Kupffer cells have plasma membrane
receptors (including Fc, complement, scavenger, and carbohydrate receptors)
that contribute to the detection and removal of particles from blood circulation

(Haroon et al. 2022).

Hydrophilicity is one of the most important factors that contribute to NPs' long-
term circulation. Polyethylene glycol (PEG) is a polymeric material with high
hydrophilicity, and PEG coating is an important factor in prolonging the circulation

duration of NPs in the body, often known as the "stealth effect" (Shi et al. 2021).

The physicochemical characteristics of NPs, such as their size, shape, and

surface charge, would also have an impact on the in vivo circulation time. The
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shape of non-spherical NPs compared to spherical and negatively charged or
uncharged NPs have a longer circulation time in vivo (Zhao and Stenzel 2018).
NPs with a size between 5 and 100 nm generally have longer circulation time (Di
et al. 2021). The optimum size for long-term blood circulation is approximately
100 nm, allowing for prolonged circulation lifetimes and effective accumulation in

tumour tissue through the EPR effect (Wu et al. 2018).

5.1.2 Polymeric nanoparticles

This thesis is focused on polymeric NP, which is one type of many forms of NPs.
Briefly, polymeric platforms can self- assemble into NPs essentially by
emulsification followed by removal of the internal phase, and the resultant NPs
exist as nanocapsules or nanospheres that can encapsulate a broad range of
anti- cancer medications (Bhasarkar and Bal 2021; Jiang et al. 2022). Polymeric
NPs have been extensively studied for primary and metastatic BC treatments,
and have a variety of other biomedical uses because to their physical flexibility,
chemical characteristics, surface properties, hydrogelability, biocompatibility,
biodegradability, porosity, mechanical strength, and hydrophobicity or
amphibianity (Salari et al. 2022). Polymer NPs can provide advantages for
triggered release of therapeutics, provide further control for targeting, and reduce
systemic toxicity. For example, NPs can be engineered to prevent drug release
unless exposed to a specific biological trigger such as pH (Mitragotri et al.
2014). Polymeric NPs can also encapsulate of different types of hydrophobic and

hydrophilic drugs for treating BC (Sanchez et al. 2020).

Polymeric NPs have better shelf life (shelf life expresses the time length for which
the polymeric NP remain usable, fit for consumption, or saleable) compared to

many other types of NPs. The surface of Polymeric NPs can be easily
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engineered/modified for targeting efficiency; they can also as an efficient
sustained or controlled drug delivery system, releasing the drug slowly in a

controlled fashion over a long period (Dristant et al. 2023).

This is accomplished by utilising functionality that degrades slowly, resulting in
kinetically driven drug release. An example is the incorporation of leuprolide (a
medication that inhibits testosterone) into polylactide-co-glycolic acid (PLGA).
This medication, marketed under the brand name Eligard®, has shown to be an

effective therapy for the symptoms of prostate cancer (Bobo et al. 2016).

5.1.3 Poly (lactic-co-glycolic acid) — (PLGA)

The U.S. Food and Drug Administration and the European Medicines Agency
have authorised PLGA for use in drug delivery applications due to its safety
profile, biocompatibility, low levels of immunogenicity and toxicity, and
biodegradation during in vivo investigations. The polymer is widely employed in
biosensors, drug delivery, tissue engineering, and biomimetic material design

(Zielinska. et al. 2020).

PLGA is a widely investigated copolymer used in many FDA approved
therapeutic devices (lv et al. 2020). PLGA polymers are formed by ring-opening
polymerization of lactide and glycolide monomers; commonly, stannous octoate
is used as a catalyst to activate hydroxyl moieties to initiate ring-opening
polymerization. The hydroxyl moiety is attached to the growing PLGA chain by an
ester bond (Hadar et al. 2019). The ratio between poly(lactic acid) (PLA) and
poly(glycolic acid) (PGA) has a significant impact on degradation and drug

release rate (Pandey and Jain 2015). Hydrophobic drugs, that involve several
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chemotherapeutic agents, can be easily encapsulated in PLGA (Mitragotri et al.

2014).

Spherical-shaped PLGA NPs are the most extensively used formulations
(Rezvantalab et al. 2018). PEGylation of PLGA enhances the hydrophilicity of the
formulation, resulting in increased blood circulation time and better
pharmacokinetics by inhibiting opsonization and uptake by the mononuclear
phagocyte system (MPS) (Turecek et al. 2016). However, NPs (Non-spherical)
particles of various shapes, such as plug, rod, curved, vase, and conical, can be
made using different methodologies. Essentially the methods were divided into
two categories: (1) ab initio synthesis of non-spherical particles and (2)
manipulation of spherical particles into non-spherical geometries. For example,
elliptical PLGA disk were produced using the film-stretching method as an

example of manipulation techniques (Champion et al. 2007).

This approach was utlised to synthesize PLGA NPs with various surface
maodifications such as PEGylation and targeted PLGA NPs for the delivery of
anticancer medicines to the tumour location. Due to its hydrophilic nature,
PEGylation of nanocarriers significantly increase blood circulation half-life and
decreases removal of NPs by MPS, increases their stability to enzymic
degradation and decreases their immunogenicity (Tashima 2018; Shi et al. 2021;
Suk et al. 2016). It also enhances hydrophilicity through the use of block or
branching copolymers and increases blood circulation as an approach for tumour

targeting (Brigger et al. 2012).
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5.1.4 PLGA conjugated Tz.

PLGA attached to Tz has previously been investigated using a variety of methods
and reactions (Juan et al. 2020). Attempts have been made to modify the
antibody attached to PLGA, and rather than using full length Tz, smaller Tz based
fragments in the form of affibodies and nanobodies were investigated.
Nanobodies are defined as “single-domain variable fragments of camelid-derived
heavy-chain antibodies (hcAb)” (Schumacher et al. 2018), whilst affibodies are
very small proteins in size (6.5 kDa) purified from bacteria, with similar affinity to
the proteins like HER2 and are considered as a good alternative to full-length
antibodies (Barozzi et al. 2020). Research on PLGA NPs conjugated to a HER2
affibody encapsulated Rose Bengal (as an anticancer agent) yielded interesting

findings with substantial cell toxicity in SKBR3 cells (Shipunova et al. 2021).

The PLGA conjugated Tz NPs were identified in another study to uptake through
pinocytosis in 2h incubation time. These were localised inside SKBR3 endosome
and were then transported into the lysosome. If the internalised NPs are unable
to escape these acidic compartments, they may be degraded by enzymes or

transferred out of the cells via exocytosis (Zhou et al. 2015).

Another study stated that PLGA coated with Tz were primarily internalised by

clathrin-mediated and caveolae-dependent endocytosis (Yu et al. 2016).

Table 5.1 summarises identified in vitro studies in different breast cancer models
involving PLGA attached to Tz or Tz fragments; some also described in vivo

studies.
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Table 5.1: The table shows different studies used PLGA conjugated/Encapsulated

Tz.
Studies Cell Description NPs Structures
Lines
(Zhou - Invitro: | The study attempted to produce two
et al. | MCF7 models of PLGA Tz, one of which is pH-
2015) SKBR3 | sensitive and the other of which is pH-
insensitive. The study indicated that Tz S
conjugated to PLGA had a greater ‘
uptake in BC cells when compared to ) s B v
Tz-free NPs. It is also demonstrated that con ropsap s k)"
SKBR3 has more PLGA-Tz than MCF7. | =~ 7™
PLGA-sensitivity Tz's to acidic pH is also
proved to have triggered the drug
release of DOX, and the size of NPs in
acidic pH was detectably bigger than in
high pH.
(Yu et | -Invitro: | The study included three methods for
al. BT474 conjugating Tz to PLGA/Cationic
2016) MCF7 phospholipid/DSPE-PEG2000-Mal  NP. oo sposphonnid
The models were then evaluated in | DSPEPEG2000-Mal
several studies, including cellular e ing
uptake, cytotoxicity, drug loading, and
encapsulation efficiency. e e
(Yu et | -Invitro: | Two different models were developed
al. BT474 using PLGA that had either been
2016) MCF7 chemically or electrostatically attached i
to Tz and then filled with paclitaxel or (=) N e
RhoB. They evaluated two models in | sewsmewome e
vitro and found variations in cellular
uptake, drug release, and cytotoxicity
between the two models.
(Badkas | - Invitro: | The study employed Tz conjugated with
et al. | SKBR3 PLGA and PEG NPs. They attempted to .
2018) MCF7 determine the relationship between this Q "
MDA- model and the activation of immune cell | wamonm “"--w:'w::;'_‘;:},:;';
MB-231 | uptake.
(Choi et | - Invitro: | Tz was conjugated to surface modified
al. BT474 PLGA loaded with docetaxel in three . .
2018) SKBR3 | distinct ways. Comparing the effect of OJ\ . - Crarges
MCF7 three models on cell :"B"‘m
HaCaT | internalisation, physical properties, | T " ROC/NS eachn

particle morphology, particle size,
surface charge, particle interaction with
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Tz, and stability were examined.

(Colzani
et al
2018)

- In vitro:

SKBR3

PLGA-encapsulated Tz and PLGA-
encapsulated Tz and DOX exhibited a
lower uptake of NPs than other studies
that conjugated Tz to PLGA.
Nonetheless, the study demonstrates
the efficacy of PLGA encapsulated Tz
on HER2 signalling and its capacity to
activate the ADCC pathway.

O

PLGA NP encapsulated Tz

2

(Duan
et al.
2018)

- In vitro:

BT-474
MDA-

MB 231
- In vivo

The research was carried out using two
different models: the first model
consisted of Tz conjugated to PLGA and
filled with curcumin or coumarin-6; the
second model consisted of Tz Fab parts
that were modified and were also
attached to PLGA. The Tz Fab model
was shown to have enhanced BT474
toxicity and to have produced superior
outcomes in vivo experiments.

)LWQ Y
Curcumin or

g
Thioether bond  Thiolated
Tz or Fab
fragments

Coumarin-6

Maleimide-PEG-PLGA

(zhang
et al
2019)

- In vitro:

MCF7
BT474

Preparation of PLGA/ polyethyleneimine
(PEl)/phosphatidylcholine  NPs  was
achieved by the emulsion solvent
evaporation/diffusion method.
Encapsulated docetaxel and
electrostatically attached to Tz were
added to this model and evaluated in
vitro. This model efficiently transported
docetaxel to HER2+ BC cells, which had
a cell-targeting impact and successfully
inhibited cancer cell growth. They also
showed an interesting uptake of this
model in BT474 cells.

Y Polyethyleneimine (PEI)
Tz

PLGA

Electrostatically-conjugated Tz
PLGA/Polyethyleneimine (PEI)/lipid NP

(Zhong
et al
2020)

- In vitro:

MCF7

- In vivo

Paclitaxel-loaded PLGA-COOH
nanobubbles covalently conjugated with
Tz were synthesised. This model was
then evaluated in vitro, utilised as a
control, and compared to the same NPs
treated with ultrasound to observe the
release of paclitaxel, cell uptake, and
apoptosis. The approach was further
evaluated in vivo (mice), and paclitaxel
targeting and accumulation in breast
tumours were analysed.

Paclitaxel

PLGA-COOH Nanobubbles
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(Sakhi - Invitro: | Paclitaxel-loaded PLGA coated with Tz
et al. | MCF7 were produced, Sodium Lauryl Sulfate
2022) (SLS), Poloxamer 407 and paclitaxel's
- Invivo | different concentrations and
formulations were studied. Different
The pharmacokinetic characteristics of ;ZZE?S:ZT.‘;’;E;’J

paclitaxel-loaded PLGA-Tz NPs indicate
an increase in half-life ti2 and volume of
distribution V4, whereas (Clearance) Cl
was lowered. The findings of cytotoxicity
tests indicate that cell viability decreases
significantly as medication concentration
and incubation period rise.

PLGA NPs containing different targeting moieties, such as folic acid or hyaluronic
acid or Tf, have also been investigated as potential BC therapies (EI-Hammadi et
al. 2017; Jose et al. 2019; Paswan et al. 2021). One study found that all three
ligands showed a higher percentage of curcumin internalisation in MDA-MB-231
cells compared with PLGA-curcumin, leading to enhanced cancer cell killing with
targeted NPs, as demonstrated by confocal microscopy and flow cytometry
(Prabhuraj et al. 2020). Folic acid or hyaluronic acid-PLGA internalised curcumin
more efficiently compared with Tf. It would be interesting to study if this was due
to the possibility that the NP-Tf bound to the TfR is being rapidly recycled, not

giving the curcumin an opportunity to reach its cellular target.

A major objective of this thesis was to test the hypothesis coming from our
previous observations (Moody et al. 2015; Wymant et al. 2020) that states, NP-Tz
can be engineered to induce HER2 clustering at the plasma membrane, drive its
internalisation and degradation in lysosomes and at the same time release a

small molecule drug.
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5.2 Results and Discussion

5.2.1 Nanoparticles Preparations

The PLGA-conjugated Tz methodology was optimized based on information from
these studies: (Yu et al. 2016; Prabhuraj et al. 2020; Rezvantalab et al. 2018).
The procedure utilized the PLGA 50:50 that has been described in many papers
for PLGA NPs formation (Zhou et al. 2015; Yu et al. 2016; Duan et al. 2018; Choi
et al. 2018; Colzani et al. 2018) and uses EDC and NHS to conjugate Tz to the
polymer; again a commonly used procedure (Thierry et al. 2010; Yu et al. 2016;

Prabhuraj et al. 2020; Zhong et al. 2020).

To optimize the process, the amounts of PLGA, Tz, NHS, and EDC were
investigated together with the lyophilization procedure and the amounts of the

organic and aqueous phase.

PLGA-COOH concentrations of 10%, 50%, and 100% of total PLGA
concentration were tested and the cellular uptake results with 50% PLGA-COOH
combined with 50% PLGA were evaluated. Initially, 100 mg of PLGA/PLGA-
COOH were investigated (Zhong et al. 2020), then 72 mg (Yu et al. 2016) and 24

mg.

First, dichloromethane (DCM) was employed as an organic solvent (Zhou et al.
2015; Badkas et al. 2018; Choi et al. 2018), and then it was substituted with
acetone (Fathian et al. 2019), which enhanced PLGA solubility. The organic
phase was added to the agueous phase at a flow rate of 1 mL/min (Prabhuraj et
al. 2020). NPs were also dried by lyophilization, and then this step was avoided
to prevent NP aggregation. The COOH group in NPs was activated with 5mg

NHS and 5mg EDC (Prabhuraj et al. 2020), and the concentration was raised to
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100 mM EDC and 50 mM NHS (Thierry et al. 2010). NHS and EDC reacted with
NPs and Tz in a N2 environment at ambient temperature (Fathian et al. 2019). Tz
was initially conjugated with PLGA at a concentration of 1 mg/mL (Prabhuraj et
al. 2020). It was then decided to change this to 100 pg/mL (Badkas et al. 2018;
Meng et al. 2018), and uptake was observed; finally, Tz was conjugated with a
concentration of 500 pg/mL (Sakhi et al. 2022). The reason for the change in
concentration of Tz in NPs was an attempt to observe a correlation between the

number of Tz molecules loaded in NPs and the extent of cellular uptake.

From the above descriptions of the modifications performed for this procedure,
Table 5-2 provides a summary of the physicochemical characterisation of the NP
produced. Based on the size calculation, the acetone appeared to be a better
solvent for PLGA NPs giving smaller particle sizes. However, they were
significantly larger than desired sizes of less than 250 nm. Prabhuraj et al. (2020)
demonstrated that much smaller PLGA-NPs with a size 85 nm showed enhanced
cell uptake. Table 5.2 shows that reducing the PLGA mass from 100 (1.25%) to
24mgs (0.35%) mgs in 8 ml of Acetone affected the size of NPs with higher
concentration giving much larger NPs. Astete and Sabliov (2006) showed that as
the PLGA concentration increased from 1% to 4% (w/v), the average NP size
also increased from 205 to 290 nm. However, a study by Fathian et al. (2019)
found that increasing the PLGA mass from 50 (1%) to 60 (1.2%) mg, reduced the

NPs sizes from 178 nm to 72 nm.

Tz conjugated PLGA, and cellular uptake were enhanced by increased NHS and
EDC concentrations. Skipping the lyophilization step was found to prevent

aggregation and decrease the size of NPs. According to Degobert and Aydin
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(2021), lyophilization may cause a variety of stresses on the NPs, which might

lead to their destabilisation.

Our zeta potential (mV) of NPs showed a negative charge after Tz conjugation
from values of -22.3, -26.1 and -26.2 mV. This observation was also observed in
a separate study (Yu et al. 2016), showing Zeta potential of their Tz-conjugated
NPs were between 0.01 and -1.11 mV following Tz conjugation changing from
10.40 to 44.60 mV, in the absence of the antibody. This suggests that there
would be minimal interaction between the NPs and the negative surface of the
cells thus allowing for higher level of specificity for binding via Tz-HER2.
However, another study observed a swing towards a positive charge after
conjugation (Zhong et al. 2020). The NPs surface charge can affect the cellular
uptake of NPs (Honary and Zahir 2013). The electrostatic interactions between
charged nanocarriers and the cytomembrane can trigger internalisation leading to
higher cellular uptake efficiency (Zhang et al. 2022). It has been found that,
compared to negatively charged NPs, positively charged variants have higher
cellular uptake, particularly cancer cell surfaces, are often more negatively
charged than normal cells (Chen et al. 2011; Shah et al. 2021; Chen et al. 2016)
Additionally, In dispersed systems, the surface charge of NPs influences the
stability of particle-particle and particle-medium interactions, and the stability of

the NPs, which prevents NPs from aggregating (Midekessa et al. 2020).

The Electrical Double Layer (EDL) known as the “development of a nett charge at
the particle surface affects the distribution of ions in the surrounding interfacial
region, resulting in an increased concentration of counter ions, ions of opposite
charge to that of the particle, close to the surface” (Malvern Instruments Ltd). A

charged NP surface can attract a layer of ions due to chemical and
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electrochemical reactions; this layer is known as a tightly bound inner layer. This
inner layer, which is either positively or negatively charged can move with the
NPs, and attract another layer of ions with opposite charge - known as the stern
layer (Welker 2011). The outer layer is a diffuse layer that is weakly attached to
inner layer representing a notional boundary. When a particle moves (e.g., due to
Brownian motion), ions within the boundary move with it, but any ions beyond the
boundary do not travel with the particle. This boundary is called the surface
hydrodynamic shear or slipping plane. The potential at this boundary (surface of

hydrodynamic shear) is the zeta potential (Fatehah et al. 2015).

Our non-encapsulated PLGA NPs similarly exhibited a low negative charge of -
7.22 mV, and this negative charge decreased to -0.05 mV after being
encapsulated in PLGA along with RhoB. However, because of the DOX
encapsulation, PLGA NPs displayed a zeta potential of 0.55 mV and high zeta
deviation of 0.55 + 146 mV. This finding corresponded with (Choi et al. 2020),
where their PLGA-DOX conjugates showed a positive charge, and they stated
that this is because the cationic drug (DOX) interacted with the anionic surface of
the PLGA NPs, in addition to encapsulating itself within the hydrophobic interior

space of the PLGA NPs.
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Table 5.2: Nanoparticle Preparations and formulations. The results presented in this
chapter relate to formulations 9, 16, 17, 18, 19, 21 and 22 that are in red bordered in the

table.
Formulation Number 1 2 3
PLGA (mg) 90 64.8 18
PLGA (COOH) (mg) 10 7.2 18
Organic Phase (Solvent) DCM DCM DCM
PVA (%) - Aqueous phase (mL) 1% - 7mL 1% - 7mL 1% - 7mL
PLGA Encapsulated 0.5 mg RhoB | 0.5 mg RhoB | 0.5 mg RhoB
Tz conjugation No No No
Tz concentration - - -
NHS — EDC concentration - - -
Lyophilization Yes Yes Yes
Cell Uptake No No No
Size (nm) (+ SD) 1729 + 1152 | 1641+ 733 956 + 346
PDI 0.4 0.1 0.2
Zeta Potential (mV) ND ND ND
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4 5 6 7 8
12 12 12 12 0
12 12 12 12 24
DCM DCM DCM Acetone Acetone
1% - 7mL 1% - 7mL 1% -7 mL 2% -14 mL 2% -14 mL
1 mg RhoB 1 mg RhoB 1 mg RhoB 1 mg RhoB 1 mg RhoB
No Yes Yes - Yes
- 1g/mL 100 pg/mL - 1g/mL
- 5-5(mg/mL) | 5-5 (mg/mL) - 5—-5 (mg/mL)
Yes Yes Yes - No
No No No No No
1036 + 515 1310 + 1264 1006 = 321 703 + 458 1136 + 466
0.2 0.9 0.1 04 0.1
ND ND ND ND ND
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9 10 11 12 13
12 12 12 12 12
12 12 12 12 12
Acetone Acetone Acetone Acetone Acetone
2% -14 mL 2% -14 mL 2% -14 mL 2% - 14 mL 2% -14 mL
1 mg RhoB 1 mg RhoB 1 mg RhoB - 1 mg RhoB
Yes Yes Yes - -
500 pg/mL 500 pg/mL 500 pg/mL - -
50 mM - 100 50 mM - 100
5 -5 (mg/mL) - -
mM mM
No No No No Yes
Yes Yes Yes - -
776 + 554 896 + 752 623 + 305 415 + 208 441 + 273
0.5 0.7 0.2 0.2 0.3
ND ND ND ND ND
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14 15 16 17 18
12 12 12 12 12
12 12 12 12 12
Acetone Acetone Acetone Acetone Acetone
2% -14 mL 2% -14 mL 2% -14 mL 2% -14 mL 2% -14 mL
1 mg RhoB - 1 mg RhoB - 1 mg RhoB
Yes — non-
Yes No No Yes
Fluorescence
500 pg/mL - - 500 pg/mL 500 pg/mL
50 mM - 100 50 mM - 100 50 mM - 100
mM _ _ mM mM
Yes No No No No
Yes No No Yes- Intensive | Yes- Intensive
498 + 306 139+ 63 148 £ 72 243 + 55 259 + 89
0.3 0.2 0.2 0.05 0.1
ND -7.22 -0.0540 -26.2 -22.3
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19 20 21 22
12 12 12 12
12 12 12 12
Acetone Acetone Acetone Acetone
2% -14 mL 2% -14 mL 2% - 14 mL 2% -14 mL
1 mg DOXin 1 mg DOX in 1 mg Dox in Organic
1 mg RhoB
Organic Phase Aqueous Phase Phase
Yes — non- Yes — non-
Yes No
Fluorescence Fluorescence
500 pg/mL 500 pg/mL 500 pg/mL -
50 mM - 100 mM | 50 mM - 100 mM 50 mM - 100 mM -
No No No No
Yes - Intensive Yes Yes -
333+212 488 + 310 574 + 371 341 + 225
0.4 0.4 04 0.4
-26.1 ND 0.55 + 146 ND
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5.2.2 Cellular uptake study

In vitro analysis of nanomedicines of the type described in this chapter is
standard practice before they are then analyzed in more complex models such as
organoids and spheroids through to in vivo analysis. The endocytosis of NP can
be affected by NP size, shape, and surface charge (Salatin and Khosroushabhi
2017). At this point in the work, there was a need to test the NPs described in this
chapter and formulations 9, 17, 18, 19 were selected (Table 5.2) because cellular
uptake was observed that gives full meaning to the abbreviations used to
describe the conjugates studies, whether they be polymer alone, polymer with

attached Tz or polymer-Tz encapsulating a drug or dye.

5.2.3 PLGA-RhoB-Tz488 binding and internalisation in BC cells

Initial studies were conducted at relatively short times of 1 hr to investigate
whether binding and internalisation could be observed by confocal microscopy.
Importantly there was a significant difference in the images obtained from the low
HER2 MCF7 cell line compared to the other three HER2+ variants (Figure 5.1).
Controls included Tz-Alexa 488 alone and PLGA-RhoB-Tz488. There was very
little evidence of binding or internalisation in the negative control line but obvious
distinct plasma membrane labelling on the other three cell lines. Increasing the
magnification highlighted that the labels were in aggregates on the plasma
membrane that was HER2 dependant. There is some evidence of localisation in
endosomes (especially in BT474 cells), but most of the label was confined to the
plasma membrane. This is unsurprising based on the average size of these NP
(776nm) that could only have been entered by phagocytosis or macropinocytosis.
The size range of this formulation was very large, and uptake may have been

mediated by the smaller approximately 250 nm variants. Interestingly the Tz488
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alone showed no evidence of internalisation and was almost exclusively localised

to the plasma membrane; here, there was no sign of aggregation.

PLGA-RohB-Tz488 and Tz uptake for 1 hr

488 RhoB BF Merged C-Zoomed D-Zoomed

Tz488

MCF7

PLGA-RhoB-Tz88

Tz88

SKBR3

PLGA-RhoB-Tz88

Tz88

BT474

PLGA-RhoB-Tz88

T288

Clone5 BT474

PLGA-RhoB-Tz88

Figure 5.1: Selectivity of the Tz decorated NP for HER2 expressing BC cells . Cells
were incubated with 100 pyg/mL of PLGA- RhoB-Tz488 and 50 nM of Tz488 in media for
1 hr and image by confocal microscopy. Green indicates Alexa 488, and red indicates for
(RhoB). Red arrowheads indicate for internalised NPs. Scale bars 25um. D-zoomed;

Digital zoomed. C-zoomed; Confocal zoomed, BF; Bright Field.
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To investigate a separate formulation with smaller diameters, formulation 14
(mean diameter 498nm) was incubated with the SKBR3 or Clone5 BT474 cells
on ice to inhibit all endocytic pathways. Tf as an Alexa488 conjugate was also
studied in this experiment as a ligand that should not enter cells at this
temperature (Baravalle et al. 2005). There was no evidence of NPs or Tf uptake
in either cell line (Figure 5.2), but very clear evidence of plasma membrane

binding with some evidence of aggregation of the NP-RhoB-Tz488.

PLGA-RhoB-Tz488 treated with cold media for 1 hr

488 BF RhoB CellMask Merged C-Zoomed D-Zoomed

Tf488

L S

______

iiiiiiiii

Clone5 BT474
Tz488

PLGA-RhoB-Tz488

SKBR3
Tf488

Tz488

PLGA-RhoB-Tz488

Figure 5.2: Cell binding of PLGA-RhoB-Tz488, Tz488 and Tf488 incubated with BC
cells for 1 hr on Ice. Formulation 14 (PLGA-RhoB-Tz488) from table 5.2 with size of
498nm was used. Cells were incubated with 100 ug/mL of PLGA-RhoB-Tz488 and 50 nM
of Tz488, and 50 nM of Tf488 in cold media for 1 hr on ice. Cells were then imaged by

live cell confocal microscopy. Green indicates Alexa 488, and red indicates for (RhoB).
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Red arrowheads indicate for internalised NPs. Scale bars 25um. D-zoomed; Digital

zoomed, C-zoomed; Confocal zoomed, BF; Bright Field.

The next experiment investigated formulations of 15,16,17,18 and 19 and
incubated them with BT474 and Clone5 BT474 for 5 hrs (Figures 5.3 and 5.4).
These variants were then used throughout this study and RhoB. The first control
is PLGA-Tz488, and the size was 243 + 55 nm, with a negative charge of -26.2
mV. The second control is PLGA-RhoB, with a size of 148 + 72 nm and a slight
negative charge of -0.05 mV. This is likely due to the fact that RhoB is positively
charged because of the amine groups (Liu et al. 2015). Our finding for the size of
PLGA-RhoB NPs was nearly identical to that of a separate study which revealed
a PLGA-encapsulated RhoB NP of 184 nm (Jonderian and Maalouf 2016).
However, their NP had a more negative charge of -21.7 mV, which may be
because they used 10 times less RhoB concentration in their PLGA- RhoB
synthesis (1 mg/mL compared with 0.01 mg/mL). The third control is non-
fluorescent Tz conjugated to PLGA-RhoB with a size of 259 nm and a charge of -
22.3 mV. Tz488 was employed as the final control at a concentration of 50 nM.
The rationale for 50 nM of Tz488 is to be consistent with all of our previous

studies.

There was a significant degree of similarity between the images obtained using
these conjugates in the BT474 and the Clone 5 BT474 variant (Figures 5.3-5.4).
However, in the parental cell line, there was a higher degree of internalisation of
the Tz488 compared with the Clone 5 BT474 that showed only plasma
membrane labelling. This is likely to be a feature of the resistance of this cell line
to Tz (Wymant et al. 2020; Kute et al. 2004). As expected, there was no

fluorescence in the blue channel in the absence of Tz or fluorescent Tz and
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rhodamine was observed on and in the cells when delivered by the polymer with
either Tz488 or the non-fluorescent version. Interestingly there was very little
difference in the uptake properties of the polymer for Tz or RhoB in the BT474
and Clone 5 BT474 cells, highlighting that polymer driven uptake was able to
override the difference when the cells were incubated with Tz488 alone, showing
no uptake in the Clone 5 BT474 cell line. In both cell lines, there was evidence of
cell-dependent aggregation of the polymers on the plasma membrane and also
vesicle like structures indicative of endosomes. The aggregation observed is
highly to be a function of the polymers binding to HER2 as there was no
aggregation in regions that did not contain cells. There was strong colocalization
between the Tz488 and RhoB but no real evidence of different RhoB labelling

indicative of the release of the dye from the polymer.

PLGA-RhoB-Tz488 uptake for 5 hrs in BT474

C-Zoomed 2

488 BF RhoB Merged

C-Zoomed 1

Tz488
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PLGA-RohB

BT474 - Shrs Treatment
PLGA-RohB-Tz

PLGA-Tz488

PLGA-RhoB-Tz488
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Figure 5.3: High selectively for HER2 expression of PLGA-RhoB-Tz488 incubated
with BT474 cells for 5 hrs. Formulations of 15,16,17,18 and 19 from table 5.2 with
average sizes of 139nm, 148nm, 243nm, 259nm and 333 nm and Zeta Potential -
7.22mV, -0.0540mV, -26.2mV, -22.3mV and -26.1 respectively were used. Cells were
incubated with 500 pg/mL of PLGA-RhoB-Tz488 and 50 nM of Tz488 for 5 hrs. Cells
were then imaged by live cell confocal microscopy. Green indicates (Alexa 488), and red
indicates (Rho-B). Red arrowheads indicate for internalised NPs. Scale bars 25um. D-

zoomed; Digital zoomed, C-zoomed; Confocal zoomed, BF; Bright Field.

PLGA-RhoB-Tz488 and Tz488 uptake for 5 hrs in Clone5 BT474

488 BF RhoB Merged C-Zoomed 1 C-Zoomed 2
S =¥y x (8% N, —

s,
=t

Tz488

PLGA-RhoB

Clone5 BT474 - Shrs Treatment
PLGA-RohB-Tz

PLGA-Tz488

PLGA-RohB-Tz488

Figure 5.4: High selectively for HER2 expression of PLGA-RhoB-Tz488 incubated
with Clone5 BT474 cells for 5 hrs. Formulations of 15,16,17,18 and 19 from table 5.2
with average sizes of 139nm, 148nm, 243nm, 259nm and 333 nm and Zeta Potential -
7.22mV, -0.0540mV, -26.2mV, -22.3mV, and -26.1 respectively were used. Cells were
treated with 500 pug/mL of PLGA-RhoB-Tz488 and 50 nM of Tz488 for 5 hrs. Cells were
processed for analysis by confocal microscopy. Green indicated for (Alexa 488), and red
indicated for (RhoB). Red arrowheads indicate for internalised NPs. Scale bars 25 pm. C-

zoomed; Confocal zoomed, BF; Bright Field.
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5.2.4 NP studies and plasma membrane labelling with CellMask.

CellMask deep red is a lipid dye commonly used to label the plasma membrane
of cells (Zhang et al. 2019; Mu et al. 2014). In the experiments presented here,
the label was incubated with the cells 10 mins before the end of the 5 hrs
incubation with the NPs or Tz alone. This was to better identify the location of the

NPs and confirm uptake into the cytoplasm.

Data in Figure 5.5 highlight very little Tz binding to the MCF7 cells showing clear
plasma membrane labelling with CellMask. There were some similarities and
differences in the labelling and the apparent internalisation of Tz488 and the
conjugates in HER2+ cells (Figures 5.6, 5.7 and 5.8). Unlike data shown in figure
5.8, there was evidence of Tz488 uptake in the Clone 5 BT474 cell line
suggesting that the antibody alone can enter this cell line and currently, the
reason for the difference is unknown. With regards to the conjugates, there was
clear evidence of plasma membrane location and internalisation of the antibody
and RhoB to the cell interior. The strongest evidence of internalisation was shown
in the Clone 5 BT474 line showing very strong punctate labelling of both the
antibody and the dye (Figure 5.8). This may be due to receptor (HER2) clustering
and the driving of macropinocytosis to generate very large ruffles on the plasma
membrane (Wymant et al. 2020) that are predicted to engulf a large portion of the

plasma membrane that is then shown as these structures inside the cells.
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PLGA-RhoB-Tz488 uptake for 5 hrs in MCF7

RhoB Cell Mask Merged C-Zoomed 1
e g o L

C-Zoomed 2

MCF7-5hrs Treatment
PLGA-RohB-Tz PLGA-RohB T2488

PLGA-Tz488

PLGA-RohB-Tz488

Figure 5.5: Lack of binding to MCF7 cells of PLGA-RhoB-Tz488 after 5 hrs.
Formulations of 15,16,17,18 and 19 from table 5.2 with average sizes of 139nm, 148nm,
243nm, 259nm and 333 nm and Zeta Potential -7.22mV, -0.0540mV, -26.2mV, -22.3mV,
and -26.1 respectively were used. Cells were incubated with 100 pg/mL of NPs or 50 nM
of Tz488 for 5 hrs. CellMask was then added for 10 mins. Cells were then imaged by live
cell confocal microscopy. Green indicates (Alexa 488), white indicates (CellMask), and
red indicates for (RhoB). Red arrowheads indicate for internalised NPs. Scale bars 25

pm. C-zoomed; Confocal zoomed, BF; Bright Field.
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PLGA-RhoB-Tz488 uptake for 5 hrs in SKBR3

RhoB

Cell Mask Merged C-Zoomed 1 C-Zoome: D-Zoomed 3
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PLGA-RohB-Tz PLGA-RohB Tz488

PLGA-Tz488

PLGA-RohB-T2488

Figure 5.6: Selectivity of PLGA-RhoB-Tz488 for HER2 after incubation in SKBR3
cells for 5 hrs. Formulations of 15,16,17,18 and 19 from table 5.2 with average sizes of
139nm, 148nm, 243nm, 259nm and 333 nm and Zeta Potential -7.22mV, -0.0540mV, -
26.2mV, -22.3mV, and -26.1 respectively were used. Cells were incubated with 100
pg/mL of NPs or 50 nM of Tz488 for 5 hrs. CellMask was then added for 10 mins. Cells
were then imaged by live cell confocal microscopy. Green indicates (Alexa 488), white
indicates (CellMask), and red indicates for (RhoB). Red arrowheads indicate for
internalised NPs. Scale bars 25 um. D-zoomed; Digital zoomed, C-zoomed; Confocal
zoomed, BF; Bright Field.
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PLGA-RhoB-Tz488 uptake for 5 hrs in BT474
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Figure 5.7: Selectivity of PLGA-RhoB-Tz488 for HER2 after incubation in BT474
cells for 5 hrs. Formulations of 15,16,17,18 and 19 from table 5.2 with average sizes of
139nm, 148nm, 243nm, 259nm and 333 nm and Zeta Potential -7.22mV, -0.0540mV, -
26.2mV, -22.3mV, and -26.1 respectively were used. Cells were incubated with 100
pg/mL of NPs or 50 nM of Tz488 for 5 hrs. CellMask was then added for 10 mins. Cells
were then imaged by live cell confocal microscopy. Green indicates (Alexa 488), white
indicates (CellMask), and red indicates for (RhoB). Red arrowheads indicate for

internalised NPs. Scale bars 25 um. C-zoomed; Confocal zoomed, BF; Bright Field.
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PLGA-RhoB-Tz488 uptake for 5 hrs in Clone5 BT474

RhoB Cell Mask C-Zoomed 2 D-Zoomed 3
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Figure 5.8: Selectivity of PLGA-RhoB-Tz488 for HER2 after incubation in Clone 5
BT474 cells for 5 hrs. Formulations of 15,16,17,18 and 19 from table 5.2 with average
sizes of 139nm, 148nm, 243nm, 259nm and 333 nm and Zeta Potential -7.22mV, -
0.0540mV, -26.2mV, -22.3mV, and -26.1 respectively were used. Cells were incubated
with 100 pg/mL of NPs or 50 nM of Tz488 for 5 hrs. CellMask was then added for 10
mins. Cells were then imaged by live cell confocal microscopy. Green indicates (Alexa
488), white indicates (CellMask), and red indicates for (RhoB). Red arrowheads indicate
for internalised NPs. Scale bars 25 um. C-zoomed; Confocal zoomed, D-zoomed; Digital
zoomed, BF; Bright Field.

Through this study, MCF7 cells have been classified as a HER2 negative cell
line, but this is open to debate and may differ between laboratories or at different

passage numbers.

There is a lack of consistency in the literature regarding the status and labelling
of MCF7s regarding HER2. One fairly recent study classified MCF7 as
moderately HERZ2-expressing breast cancer cells with BT474 cells as
overexpressing cells (Yu et al. 2016). They generated three different PLGA-Tz

NPs based on how they were synthesised and encapsulated the conjugates with
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RhoB for cell uptake analysis. Compared with the data in this thesis showing
extensive differences between MCF7 and the HER2 overexpressing lines, they
are only minimal in the breast NP uptake in BT474 compared with MCF7. A more
recent study Zhong et al. (2020) classified MCF7 identified as a breast cancer
cell line with HER2 overexpression but did not state the origin of this definition.
MCF7 cells were shown to internalise PLGA-Tz nanobubbles encapsulating
paclitaxel however the nanobubbles were labelled with the lipid Dil, and they
were not analysed in known HER2 overexpressing cells such as BT474.
However, another study (Yu et al. 2016) did compare MCF7 written as (HER-)
with BT474 (HER+) and showed that after 2 hrs, the uptake in MCF7 was virtually
non-existent, while in BT474 was clear but seemed to be confined to the plasma
membrane. Zhang'’s group conducted a study demonstrating that their PLGA NPs
attached to Tz encapsulating RhoB showed data comparable to this thesis
showing very little uptake in MCF7 cells and uptake profiles in BT474 very similar
to this thesis, including large structures inside the cells (Zhang et al. 2019). They
also demonstrated that when cells were introduced to free Tz before adding NPs-

Tz, to block HERZ2, there was no uptake.

5.2.5 Influence of PLGA-T z NPs on HER2 Degradation

Previous work from our laboratory has demonstrated that HER2 clustering by
biotinylated Tz and the addition of streptavidin led to an increase in HER2
endocytosis, also its degradation (with HER3) in lysosomes (Moody et al. 2015;
Wymant et al. 2020). Previous work in this chapter showed that binding and
internalisation of Tz decorated NPs experiments were performed to investigate
whether this also caused HER2 degradation. A similar western blotting procedure

was followed by which cell lysates were collected after incubating BT474 or the
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Clone 5 BT474 with Tz alone, PLGA or PLGA NPs with the omission or addition
of RhoB; or from untreated cells. These were processed for SDS-PAGE, and
HER2 or tubulin (loading control) were detected by western blotting (Data in
Figure 5.9). The data were quantified by calculating HER2/tubulin ratios and data
normalized to 100% based on the untreated control. Overall, this data was
inconclusive because of time constraints; the experiments were only performed
once. However, there was a suggestion common to both cell lines: a reduction in
HER2 expression in all experimental points containing PLGA-Tz. This needs
further analysis because our previous work showed that the Tz-resistant Clone 5
BT474 cell line was resistant to Tz-induced HER2 clustering and downregulation
(Wymant et al. 2020), but these preliminary data suggest NP-Tz strategy was
able to downregulate and cluster HER2 in Tz-resistant Clone 5 BT474 cell line.
This added further strength to the findings presented in chapter 3, showing
differences in endocytic properties between the parental and resistant cell line
with respect to endocytosis and recycling of DEX/Tf. Thus, the observations in
this thesis suggest the differences between them are not restricted to the
dynamics of Tz binding and uptake. Data from the Kopecek laboratory showing
that HPMA-Tz affibody conjugates could effectively deliver paclitaxel to HER2+
cancer cells but did not perform analysis of the HER2 status of the cells (Radford
et al. 2020). These would be interesting experiments to perform as this could

have enhanced the cytotoxic properties of the drug.
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Western Blotting for BT474 and Clone5 BT474 Treated with PLGA-Tz and PLGA-Tz488 encapsulated with RhoB for 7 hrs
BT474
PLGA-Tz PLGA Tz Untreated PLGA-Tz-
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& 7 .
z 7, PR I 185 kDa
.
£
S
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O e — e — —
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Untreated 0.40 100
PLGA 0.38 94.64
Tz 0.10 24.75
PLGA-Tz 0.021 5.27
PLGA-RhoB-Tz488 0.029 7.09
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Figure 5.9: Analysis of HER 2 expression BT474 and Clone5 BT474 cells incubated
for 7 hrs. Protein bands were quantified using Image J. providing quantitative analysis of
HER2/Tubulin ratios.
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5.2.6 Metabolic Activity assay of PLGA-Tz488

Before performing studies investigating the encapsulation of cytotoxic drugs to
the PLGA-Tz NPs, it was important to assess whether they had inherent toxicity.
For this, increasing concentrations of PLGA or equivalent PLGA-Tz were
incubated with all four BC cell lines for 24 hrs before performing viability assays.

Figure 5.10 demonstrated that all 4 cell lines have unique viability profiles.

For MCF7, the cells were viable to 70% at the highest concentration studied with
the NP alone or conjugated with Tz giving very similar data. For the other three
cell lines at concentration > 25 ug/mL, there was more evidence of toxicity, with a
trend of the NP-Tz having a greater effect compared with NP alone. Interestingly
the Clone 5 BT474 line was most sensitive to NP-Tz, resulting in 70% toxicity.
The reason for this is unknown, but it was highlighted in the last experiment

(figure 5.9) that the conjugate seemed to effectively degrade HER2.

Previous studies in BT474 cells Zhang et al. (2019) with PLGA-Tz conjugates
showed similar metabolic activity data to those obtained in this thesis. They also
incubated PLGA- Tz or blank NPs, with cells for 24 hrs at concentrations of 5, 20,
50 and 200 ug/mL. The NPs-Tz were more toxic, but at 200 ug/mL, the difference
in metabolic activity between blank NPs and NPs-Tz was only 10%. In another
study (Yu et al. 2016), BT474 cells were incubated with blank PLGA NPs and
PLGA-Tz at 25, 50, 100 and 200 pg/mL concentrations. Blank PLGA and PLGA-
Tz showed significantly higher metabolic activity than untreated controls at a
concentration of 2100 pg/mL, whereas there was no considerable difference
between the blank two formulations with respect to having effects on cells. The
study also compared BT474 and MCF7 metabolic activity at different times,

demonstrating that the BT474 cells were more sensitive. They suggested that the
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greater toxicity of NPs-Tz was related to its effects on HER2 endocytosis; its
expression levels before and after the end of the experiments were not

measured.

Other studies have shown that the size and zeta potential of naked PLGA NPs
have a significant impact on cytotoxicity Chiu et al. (2021) for a review on this
subject. Smaller PLGA NPs of between 100-200nm appear to give lower ICso

values compared with those great than 200nm.

NP shape can also influence their effects on cells, as spherical PLGAs had a
minimal (15%) impact on HepG2 cells at 100 ug/mL; however, needle-shaped
PLGA were significantly more toxic (Zhang et al. 2017). Data obtained in the
laboratory from PhD student Carwyn Hughes show that the formulation analysed

here is spherical (data not shown).
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Metabolic Activity Assay for PLGA-Tz
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Figure 5.10: Metabolic Activity of BC cells incubated with PLGA or PLGA-Tz. Cells
were seeded and cultured for 48 hrs and then incubated with the NPs for an additional 24
hrs before performing CellTiter Blue metabolic activity assays. Data show mean SEM
from three independent experiments performed in triplicate.
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5.2.7 PLGA encapsulated DOX attached to Tz

The previous data then allowed for analysis of the viability of these BC cells in the
presence of the targeting polymer system encapsulating the therapeutic agent
doxorubicin (DOX). This drug is approved to treat the early and late stages of BC
(Jurcut et al. 2008). In an effort to reduce DOX cardiotoxicity, the FDA approved
Doxil®, which is a PLGA PEGylated liposomal formulation (L-DOX) (known
globally as Caelyx® (Ferro-Flores 2018). Doxil® was shown to lower DOX
cardiotoxicity, and the PEGylated formulation prevents the liposomes (80-90nm)
from detection by the MPS, permits a longer circulation period in the bloodstream
while minimising free DOX exposure (Cagel et al. 2017; Prakash et al. 2022).
Because of the EPR effect, Doxil® can enter tumours and give much higher DOX
values (10x) compared with healthy breast tissue (Franco et al. 2018). Doxil, as a
non-targeting (beyond the EPR effects), has also been approved for other
cancers, including head and neck carcinoma, prostate cancer, and ovarian
cancer (Soundararajan et al. 2009; Hubert et al. 2000; Pisano et al. 2013). But to
date, we are still waiting for the FDA or other regulating bodies to approve a true

targeting nanoformulation for BC or any other type of cancer.

In this thesis, DOX was selected as the drug to encapsulate within the PLGA NPs
because of its continuous use as first-line cancer therapy and its spectral
properties allowing for its microscopic visualisation in vitro analysis. Numerous
studies have exploited its maximum excitation at 470nm and emission at 560nm
(Shah et al. 2017). This was suitable for analysis with the SP5 confocal lasers
available in the School of Pharmacy, and the Arwyn Jones group have
experience in analysing DOX distribution in cells (Jin et al. 2008; Jin and Jones

2009).
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DOX was encapsulated in PLGA and attached to unlabelled Tz as both would
need to be excited using the argon 488 laser. As DOX has a wide excitation and
emission range (Shah et al. 2017), attempts were also made to visualise the drug
in cells at 546nm using the helium laser. Following the methods presented in
Chapter 2, 2.3.17.5 the encapsulation efficiency was calculated to be 43%
calculated from a standard curve of free DOX concentration compared with the
encapsulated DOX following its release via dissolving in DMSO (see figure B in

appendix B).

Cells were incubated with either 2 uM free drug or in the NP, giving an equivalent
DOX concentration from the standard curve. Initial cell analysis of this conjugate,
after only one hr (Figure 5.11), showed that the DOX could be detected through
the 488 laser as punctate distribution in SKBR3, BT474, and Clone5 BT474 cells
but very little evidence of uptake in MCF7 cells. The signal from Ex535 was
almost undetectable. The DOX alone controls showed staining of the entire cell
due to its direct movement across the plasma membrane. A study in colon
carcinoma CT26 cells investigating PLGA-DOX at identical 2 pyM DOX
concentrations gave a similar distribution of the free drug and NP delivered drug
after 1 hr, but there was more extensive punctate and nuclear labelling after 24
hrs (Choi et al. 2020). Interestingly the ICs, for DOX alone was significantly lower
than that encapsulated, suggesting that there was poor uptake into the cells or

poor release from the NP once inside the cells.

In a separate study (Meng et al. 2018), silica-DOX-Tz NPs were investigated in
MCF7 cells after only 1 hr of incubation. NPs-DOX-Tz (100 nm) were shown to
stick together to make bigger particles (on the micrometre scale or above) that

were easy to see by fluorescence microscopy and associated with the targeting
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Tz observed as a FITC conjugate. NPs-DOX-Tz, however only had a

fluorescence signal 2.21 times higher than that of NPs-DOX.

PLGA-Dox-Tz uptake for 1 hr in BC cell lines
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Dox Control
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Figure 5.11: DOX distribution in PLGA-DOX-Tz incubated BC cells showing
different spatial subcellular distribution compared with DOX alone. Formulation of
21 from table 5.1 with average size 574nm, Zeta Potential 0.55mV and Formulation 22

with average size 341nm were used. Cells were incubated with 2 yM of NPs or DOX
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alone for 1 hr prior to analysis by live cell confocal microscopy. Green indicates (Dox),

and red arrowheads indicate for internalised NPs. Scale bars 25 pm. BF; Bright Field.

To further investigate the previous data, the cells were incubated for a longer
period of five hrs in the presence of the controls or the NPs to gain a higher level
of knowledge regarding the sub-cellular distribution of the drug; the cell's nucleus
and plasma membrane were also labelled 10 mins before the end of the
experiment with Hoechst 33342 and CellMask respectively. As expected, with
few exceptions (shown) and despite a much longer incubation time, there was
very little DOX fluorescence in MCF7 cells (Figure 5.12). This would account for
the low Pearson Coefficient calculated (Appendix C) as 0.12 for as a comparison
of the subcellular distribution of Hoechst and DOX when the drug was delivered

by the PLGA NP compared with 0.69 when the DOX was administered alone.

PLGA-Dox-Tz uptake for 5 hrs in MCF7

C-Zoomed 1 C-Zoomed 2

Cell Mask Merged

488 BF Hochest

........

________

MCF7-5hrs Treatment

PLGA-Dox-Tz

,,,,,,,,

Figure 5.12: DOX distribution in PLGA-DOX-Tz incubated MCF7 cells for 5 hrs
showing no evidence of vesicular labelling. Formulation of 21 from table 5.2 with
average size 574nm, Zeta Potential 0.55mV and Formulation 22 with average size
341nm were used. Cells were incubated with 2 yM of DOX/NPs-DOX-Tz prior to the
addition of CellMask and Hochest for 10 mins before the end of the experiment, and the
cells were then washed and imaged by live cell confocal microscopy. Green indicates
Dox, Red indicates CellMask, Blue indicates Hochest, and red arrowheads indicate for

internalised NPs. Scale bars 25 pm. BF; Bright Field, C-zoomed; Confocal zoomed.
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The same experiments in the HER2 overexpressing cell lines gave interesting
data (Figures 5.13, 5.14, 5.15 and 5.16). Again, the DOX alone labelled the entire
cell, including the nucleus, but all three cell lines gave a very similar profile for the
drug encapsulated in the PLGA NPs. Either close to the plasma membrane or
within the cytoplasm, the appearance of the drug was in quite large structures,
some resembling vacuoles that seem to be unique to this PLGA conjugate. No
other similar structures could be identified in the literature that mostly investigates
the location of the drug or NP on or in cells after much longer incubation time
points. Time did not allow for a full analysis of these structures, for example, by
performing colocalization studies between them and endocytic probes such as Tf
and DEX. It is, however, quite easy to hypothesise that these vacuole-like
structures emanate from the ruffles observed when HER2 was cross-linked with
Tz-biotin-streptavidin (Wymant et al. 2020). Similar SEM studies are now
required to see if ruffling can be visualised in the NP treated cells where we
would also expect to see the NPs on the surface. It was, however, difficult with
this experimental set-up to clearly identify whether any of the DOX was being

released into the cytosol and therefore having access to the nucleus.

Dox-PLGA-PEGylated NPs and Tz-conjugated PLGA-PEGylated NPs were
synthesised to test uptake in SKBR3 and MCF7 cells after 5, 30 mins, and 2 hrs
(Zhou et al. 2015). The release of the DOX from the polymer was pH dependent
on the addition of the pH-sensitive ionizable histidine to the NP formulation for
release in the endolysosomal pathway. They found significant increases in DOX
uptake in the Tz targeted cells after 30 mins and 2 hrs of treatment, especially in

SKBR3 cells incubated with NPs-Tz for 2 hrs. They also reported that the DOX
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uptake efficiency in SKBR3 cells was considerably greater than that of MCF7,

giving higher toxicity.

Other polymer systems have also been investigated for delivering Tz and
therapeutics. MCF7 as HER2 and SKOV3 as HER2" cells were used as cancer
models for delivery of DOX by the natural cationic polymer chitosan (Yousefpour
et al. 2011). Targeted (Tz) and non-targeted NPs were generated showing entry
into SKOV3 cells, but there was no significant difference in cytotoxicy profiles
between the targeted and non-targeted approaches. Once again, the Pearson’s
coefficient for PLGA delivery of Dox to the Hoechst labelled nucleus was low in

figures 5.13 to 5.15 never reaching >0.22 (Table 5.3).

Table 5.3: The Pearson correlation coefficient (r) between DOX and Hoechst in
PLGA-DOX-Tz compared with DOX treatment.

The Pearson correlation coefficient (r)
Figure number Cell line between DOX and Hoechst
PLGA-DOX-Tz DOX
5.12 MCF7 0.12 0.69
5.13 SKBR3 -0.01 0.79
5.14 BT474 0.22 0.74
5.15 Clone5 BT474 0.1 0.36
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PLGA-Dox-Tz uptake for 5 hrs in SKBR3

C-Zoomed 1 C-Zoomed 2

Merged

488 BF Hochest Cell Mask

Untreated

SKBR3- 5hrs Treatment

PLGA-Dox-Tz

Figure 5.13: DOX distribution in PLGA-DOX-Tz incubated SKBR3 cells highlighting
appearance of vacuole like structures. Formulation of 21 from table 5.2 with average
size 574nm, Zeta Potential 0.55mV and Formulation 22 with average size 341nm were
used. Cells were incubated with 2 yM of DOX/NPs-DOX-Tz prior to the addition of
CellMask and Hoechst for 10 mins before the end of the experiment, and the cells were
then washed and imaged by live cell confocal microscopy. Green indicates Dox, red
indicates CellMask, Blue indicates Hochest, and red arrowheads indicate for internalised
NPs. Scale bars top panel 25um, bottom panel 10um.BF; Bright Field, C-zoomed;

Confocal zoomed.
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PLGA-Dox-Tz uptake for 5 hrs in BT474

Hochest Cell Mask Merged C-Zoomed 1 C-Zoomed 2

Untreated

BT474-5hrs Treatment

PLGA-Dox-Tz

Figure 5.14: DOX distribution in PLGA-DOX-Tz incubated BT474 cells highlighting
appearance of vacuole like structures. Formulation of 21 from table 5.2 with average
size 574nm, Zeta Potential 0.55mV and Formulation 22 with average size 341nm were
used. Cells were incubated with 2 uM of DOX/NPs-DOX-Tz prior to the addition of
CellMask and Hochest for 10 mins before the end of the experiment, and the cells were
then washed and imaged by live cell confocal microscopy. Green indicates Dox, red
indicates CellMask, Blue indicates Hochest, and red arrowheads indicate for internalised
NPs. Scale bars top panel 25um, bottom panel 10um.BF; Bright Field, C-zoomed;

Confocal zoomed.
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PLGA-Dox-Tz uptake for 5 hrs in Clone5 BT474

488 BF Hochest Cell Mask Merged C-Zoomed 1 C-Zoomed 2

Untreated

Clone5 BT474-5hrs Treatment

PLGA-Dox-Tz

Figure 5.15: DOX distribution in PLGA-DOX-Tz incubated Clone5 BT474 cells
highlighting appearance of vacuole like structures. Formulation of 21 from table 5.2
with average size 574nm, Zeta Potential 0.55mV and Formulation 22 with average size
341nm were used. Cells were incubated with 2 yM of DOX/NPs-DOX-Tz prior to the
addition of CellMask and Hochest for 10 mins before the end of the experiment, and the
cells were then washed and imaged by live cell confocal microscopy. Green indicates
Dox, red indicates CellMask, Blue indicates Hochest, and red arrowheads indicate for
internalised NPs. Scale bars top panel 25um, bottom panel 10um.BF; Bright Field, C-

zoomed; Confocal zoomed.
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Max Projection for PLGA-Dox-Tz uptake for 5 hrs in BC cells

Cell Mask Hochest BF 488 Merged

SKBR3 MCF7

BT474

Clone5 BT474

Figure 5.16: Max projection images of DOX distribution in PLGA-DOX-Tz incubated
BC cells (max projection). Formulation of 21 from table 5.2 with average size 574nm,
Zeta Potential 0.55mV and Formulation 22 with average size 341nm were used. Cells
were incubated with 2 yM of DOX/NPs-DOX-Tz prior to the addition of CellMask and
Hochest for 10 mins before the end of the experiment, and the cells were then washed
and imaged by live cell confocal microscopy. Green indicates Dox, red indicates
CellMask, and Blue indicates Hochest. Scale bars top panel 25um, bottom panel
10um.BF; Bright Field, C-zoomed; Confocal zoomed.

In previous studies, the size and charge of NPs, such as PLGA, significantly
affected the efficacy of cancer cell uptake in vitro and in vivo, often demonstrating
a direct relationship between size, charge, and pharmacokinetic behaviour
(Ibrahim et al. 2020; Chiu et al. 2021; Operti et al. 2019; He et al. 2010; Jiang et
al. 2015). From these studies, it was difficult to identify numbers for ideal size or

charge. In this thesis, there does not appear to be any significant correlation in
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BC cell uptake, measured qualitatively, between size, and charge. However,
vacuole like structures were noted in the three BC lines incubated with the largest
NP studied (574nm) and these were selected for the cell metabolism assays that
follow. Overall, the aspect of size and charge was not investigated in detail as
this would have involved design, manufacture and biological characterisation of

many different formulations.

5.2.8 Metabolic activity of BC cells incubated with PLGA-DOX-Tz.

The imaging data in figures 5.13-5.16 immediately led to an analysis of the
capacity of the NPs to deliver DOX to affect metabolic activity. These assays
were performed in all the BC cells, and the data in comparison with an equivalent
amount of free DOX is presented in figure 5.17 with this time. The data shows
that only in the MCF7 cells is the DOX alone better able to reduce metabolic
activity compared to the NPs. Comparing the metabolic activity of PLGA-DOX-Tz
to DOX in BC cells revealed no significant changes. At a high concentration of 10
MM, PLGA-DOX-Tz decreased metabolic activity to less than 10% of cells viability
in SKBR3 and Clone5 BT474 with ICso values of 1.49 uyM and 0.91 uM,
respectively, compared to BT474 and MCF7 with ICs values of 1.32 uM and 1
MM, respectively. DOX had ICs values of 1.04 uM, 1.79 uM, 1.49 uM, and 1.17
MM in MCF7, SKBR3, BT474, and CLONES BT474, respectively. The differences
between DOX and PLGA-DOX-Tz could be explained by the sustained release of
DOX from PLGA. This was addressed by (Choi et al. 2020), showing that after 48
hrs of treatment with DOX or non-targeting PLGA-DOX, the drug alone showed a
more effective capacity to affect the viability of CT-26 tumour cells because much
of the encapsulated drug was retained within the NP and could not reach its

target.
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Despite the fact that SKBR3 was the most sensitive cell line to single DOX
treatment (Figure 5.17), it had a higher ICso value to PLGA-DOX-Tz. This may be
the result of low concentrations of PLGA-DOX-Tz/DOX in SKBR3 showing no
effect on metabolic activity in comparison to other cell lines before viability
dropped at higher concentrations in SKBR3 cells. MCF7 exhibited significant
differences between PLGA-DOX-Tz and DOX at 5 and 10 yM concentrations. In

comparison to PLGA-DOX-Tz, Clone5 BT474 and BT474 exhibited nearly

identical DOX-induced effects.

Metabolic Activity Assay for PLGA-DOX-Tz
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100 100
— Dox DOX | PLGA-DOX-Tz
* — PLGA-DOX-Tz IC50(1.798 | 1.499
e .o — Dox
Z S — PLGA-DOX-Tz
g 50 ?ﬂ 50
> >
DOX |PLGA-DOX-Tz
IC50(1.04 [1.003
0 1 2 3 4 5 L] 7 8 9 10 "U 1 2 3 4 5 6 i 8 9 10
Concentrations (uM) Concentrations (uM)
3-BT474 4- Clone5 BT474
100 100
— Dox — Dox
— PLGA-DOX-Tz e
ES R
= Z
3 5
> >
DOX |PLGA-DOX-Tz DOX |PLGA-DOX-Tz
IC50]1.429|1.326 IC50[1.179/0.9164
[} 1 2 3 4 5 ] 7 8 9 10 o 1 2 3 4 N N 7 8 9 10
Concentrations (uM) Concentrations (uM)

Figure 5.17: PLGA-DOX-Tz effects on Metabolic Activity of BC cells. Cells were

seeded and cultured for 48 hrs and then were incubated with the NPs/DOX for an
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additional 24 hrs before performing CellTiter Blue metabolic activity assays. Data show
mean SEM from three independent experiments performed in triplicate. p-values for
MCF7 at concentrations 1 yM (**) 0.0083, 5 yM (**) 0.0010, 10 uM (*) 0.0232, and
SKBR3 at concentration 5 pM (*) 0.0479. p. Values were calculated using a two-way

variance analysis ANOVA (Sidak's multiple comparisons test).

5.3 Summary

In this chapter, | was able to synthesise and perform an initial biological
characterisation of a polymer drug antibody conjugate targeting an important
cancer receptor. From the comparison between low HER2 expressing and HER2
overexpressing cells, the formulation gave very clear evidence of the need for the
presence of HER to initiate cell binding and internalisation of both a model dye
and also an anti-cancer drug. The final metabolic activity analysis demonstrated
that the DOX within the NP formulation had a higher capacity to kill the three
breast cancer cell lines compared with the free drug, highly suggesting that the
internalised DOX was being released to the cytosol of the cell and was then able
to access its target(s) in the nucleus. There is also evidence to believe that the
generated formulation can downregulate HER2 expression via its delivery to

lysosome.
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Chapter 6: General Discussion
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The motivation for this study was the need to develop more effective
nanomedicines for treating HER2+ BC. Despite the benefits of administering
patients with Tz as a first-line treatment, the drug's inability to drive HER2
endocytosis to lysosomes limits its effectiveness. This is especially true in using
this antibody as an ADC, e.g. Kadcyla, where endocytosis and lysosomal delivery
is essential to release the emtansine to the cytosol and to inhibit microtubule
polymerisation (Leyton 2020) and HER2 endocytosis resistance is still not fully
understood. Underpinning the work were previous experiments in the laboratory
showing the potential of clustering HER2 as a therapeutic strategy and the need
to further characterise this process and test the hypothesis that clustering was
driving macropinocytosis very early on after adding Tz to cells (Moody et al.
2015; Wymant et al. 2020). Initial work on the thesis further analysed this
endocytic process, especially with respect to characterising old and new drugs
that, by virtue of their inhibition of NHEZ1, inhibit this process. As
macropinocytosis inhibitors, we initially employed amiloride and EIPA, two
substances that are widely used in drug delivery research, including NP analysis,
as macropinocytosis inhibitors (Desai et al. 2019; Manzanares and Cefa 2020).
However, our research unexpectedly revealed that EIPA significantly increased
the uptake of the commonly used macropinocytosis probe DEX in both HER2+
cell lines (BT474, SKBR3) but not in MCF7 cells and also not in the Clone 5
BT474 line, further highlighting the difference in endocytosis between this variant

and the parental line.

The metabolic activity assay was then used to evaluate the overall metabolism
occurring in BC cells after NHE1 inhibitors were added. EIPA was the most toxic

inhibitor in all four cell lines compared to amiloride and Cariporide. According to
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the data presented in this thesis, EIPA may have other effects in addition to its
effects on NHEs and macropinocytosis, and further study is necessary to

examine these potential activities.

Further work in Chapter 4 with the availability of fluorescent Tz showed that EIPA
increased the uptake of this antibody. These findings are difficult to interpret,
especially as the drug has more than one target. More studies are needed to
identify the relation between EIPA and macropinocytosis and also caution the
use of this drug as a claimed inhibitor of macropinocytosis especially as recent
findings demonstrate that NHE inhibition can affect the pH of cancer cells that

may lead to apoptosis process (Rolver et al. 2020).

Cariporide is a separate class of NHE inhibitor as it is a more specific inhibitor of
NHE1 than EIPA and amiloride. Overall, this thesis showed that this drug had no
effects on the endocytosis of DEX, Tf, or Tz. This was in line with the fact that the
drug was relatively non- toxic compared with EIPA. Thus, the work raises
questions regarding the role of NHE1 in macropinocytosis. However, further
analysis is needed to confirm (positive control) the activity of cariporide on NHE1

(Harguindey et al. 2013; Chen et al. 2019)

Tz's full mechanism of action with regard to effects on HER2 is still under
scrutiny. Here, in Chapter 4, data showed that Tz caused the formation of ruffle-
like structures related to those observed during macropinocytosis, but the
resulting vesicles were only clearly visualised after 5-7 hrs of incubation. This is
not in agreement with other studies that suggest Tz follows a CME route (Garcia-

Alonso et al. 2020). These results on Tz endocytosis also somewhat disagree
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with research suggesting that Tz does not affect HER2 endocytosis (Bagnato et

al. 2017).

As part of this thesis, the study of EIPA on Tz cell dynamics were investigated in
detail. Compared with amiloride and cariporide that had minimal effects on Tz
uptake and subcellular distribution, EIPA had major effects; as previously shown
for uptake of Tf and DEX. Because of the noted effects of EIPA on Tz uptake it
would also be very interesting to study the effects of this drug on HER2/3
expression. This is particularly relevant because previous studies from our
laboratory have shown that clustering and endocytosis of these receptors induce

their endocytosis and degradation in lysosomes (Wymant et al. 2020).

In this thesis, monolayer cultures or two-dimensional (2D) cell culture was the
only method used and studied for BC cell biology, Tz and NP uptake. This
method was used because: (i) (2D) cell culture is well-established and widely
used method, especially in the drug screening process against cancer (Maylaa et
al. 2023); (i) 2D culture has been used since 1940s and is the most general
method used in studying cell biology and molecular mechanisms because it is
simple and convenient (Biatkowska et al. 2020); (iii) as this is a common method,
the availability of comparative literature makes it easy for researchers to compare
current outcomes with past outcomes; (iv) (2D) cell culture has been the
preferred method of producing disease models in vitro, is also cost-effective
(Ryan et al. 2016). Cancer cell lines were used here; however, similar
experiments can now be performed in patient derived cells that can also be used
to generate mouse xerograph models (Aparicio et al. 2015; Dobrolecki et al.

2016).
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However, 2D culture has come under scrutiny because of its low resemblance to
in vivo cancer (Shamir and Ewald 2014). There is now significant interest and
study of some experiments performed in this thesis in cancer cells that have
formed 3D structures called spheroids and organoids (Van Zundert et al. 2020;
Azimian Zavareh et al. 2022; Velasco et al. 2020; Fontoura et al. 2020). These
allow cells to establish a connection between the cell and the extracellular matrix
to form a specific 3D structure that better mimics the growing environment of cells
in vivo (Shao et al. 2020). These also allow for analysis of the penetration of a
drug delivery vector such as the NPs used in this thesis through the whole 3D
space rather than allowing 100% exposure as observed in 2D. There are
however some significant challenges in performing high content endocytosis
analysis of drug delivery vectors in living organoids using microscopy. This is
despite developments such as the availability of new developments such as

Light-sheet fluorescent microscopy (Wang et al. 2019; Rennick et al. 2021).

The concept of receptor clustering has been known for quite some time, including
the TfR that was partially studied here (Hopkins and Trowbridge 1983; Weissman
et al. 1986; Liu et al. 2010). For example, antibodies against the TfR have been
shown to increase uptake by CME and also change the intracellular traffic of the
receptor, delivering it to lysosomes that it normally avoids as it is rapidly recycled
out of the cells. This effect for TfR was also observed in the Jones laboratory
(Moody et al. 2015), which showed similar effects for HER2 and the MHC class |
receptor. Later clustering of HER2 was shown to not only lead to its uptake and
degradation but also that of its referred binding partner HER3 (Wymant et al.

2020).
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As proof of concept, the very well-described PLGA was chosen as the polymer
backbone that was also used to provide targeting in the form of Tz. Methods
need to be developed and optimised before testing the NPs in HER2 low and
high expressing cells. Following this optimisation, it was very encouraging to note
that the generated NPs were clearly binding to cells in a HER2 dependant
manner (Chapter 5). Here, unlike most studies, we investigated NP binding and
uptake after very early time points revealing extensive cell binding and evidence
of NP endocytosis after only 1 hr. However, the structures on the cells and in the
cells were often unlike typical endocytic structures that we see with Tf, DEX and
also Tz alone. The early work encouraged loading a fluorescent dye and anti-
cancer drug DOX into the NPs before adding on to the cells. Like the
fluorescence of the NPs-Tz, the dye and drug were also shown to be loaded on
the cell surface and enter the cells. Though there was no statistical difference
between the DOX and DOX-NP in reducing metabolic activity in vitro, there may
be effects in vivo as the NP will protect HER2 low expressing cells of the body
from the effects of DOX that will also accumulate in the tumour via the EPR
effect. Evidence for this also comes from the analysis in MCF7 cells showing
statistically high DOX toxicity compared with NP-DOX. | also had the advantage
of comparing the new NPs with data from studies using PLGA and other polymer-
based HER2 targeting NPs in breast and other cancer research (Zhou et al.
2015; Yu et al. 2016; Sakhi et al. 2022; Colzani et al. 2018; Zhang et al. 2019;

Kubota et al. 2018; Nieto et al. 2020).

Few of these studies have, as noted, looked at the cells early after adding the
NPs or looked at the dynamics of the plasma membrane with tools such as

CellMask. There is now ongoing work investigating how these NPs are interacting
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with the plasma membrane using SEM as we have previously demonstrated with
HER2 clustering caused by Tz-bi-streptavidin. It will be interesting to observe
whether the very large structures on the surface of the cells represent membrane
aggregates that affect the plasma membrane. Here, differences in the numbers of
Tz/NP were not investigated to see if lowering to increasing the numbers affected
cell binding and also uptake. This is also the subject of further work. The work
could be expanded to investigate encapsulating other drugs, including
nucleotides such as mRNA and also the numerous other described plasma
membrane receptor targeting ligands such as folic acid (FA), sugar residues
(e.g., hyaluronic acid (HA)), peptides (e.g., RGD), and proteins (e.g., cytokines,

lectins, and Tf) (Morales-Cruz et al. 2019).

Unlike most studies involving NPs targeting plasma membrane receptors, the
work in this thesis also performed some preliminary investigation into analysing
the fate of the targeted receptor, HER2, after the addition of NPs. Time did not
allow for full analysis, but there is strong and encouraging data to suggest that
the NPs made here are driving the receptor into lysosomes and destruction
lysosomal proteases. It will be very interesting to investigate whether HER3 is
also being degraded in this way and whether this has any role in the induction of
toxicity beyond that of the DOX alone. Further analysis is also required to map
the punctate endosome like structures that the antibody and drug are entering
into and whether they colocalize with endocytic probes such as Tf DEX and

lysotracker (Zhou et al. 2015; Moody et al. 2015).

NPs as vectors for chemotherapeutics treating BC have already achieved clinical
or FDA approval. For example, Abraxane®, an albumin-bound NP encapsulating

paclitaxel, as first-line treatment for metastatic BC (Yuan et al. 2020). Liposomal
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NPs formulations for DOX delivery such as Caelyx/Doxil® (PEGylated liposomal
DOX) and Myocet® (non-PEGylated liposomal DOX) have also been approved
against advanced stage BC (stage V) and metastatic BC (Lao et al. 2013). There

are also several NPs for BC treatments under phase I-1ll clinical trials (Table 6.1).

Table 6.1: Examples of NPs for chemotherapy delivery for BC treatment approved

for clinical studies.

Drug Name NPs formulation Clinical trial | References
Phase study

Genexol ® Poly(D,L-lactide)-PEG- | Phase | (Lee et al. 2011)
methyl ether-Docetaxel

Bind-014 ® PEG-PLGA-Docetaxel | Phase | (Von Hoff et al. 2016)

Narekt-102 ® | PEG-liposome- Phase Il (Li et al. 2018)
Irinotecan

LEP-ETU ® Liposomal-Paclitaxel Phase I/l (Li et al. 2018)

ThermoDox ® | Heat activated | Phase Il (Dou et al. 2017)
Liposomal-DOX

Lipoplatin ® Liposomal-Cisplatin Phase Il (Aulic et al. 2020)

MM-302 ® HER2-targeting Phase Il (Aulic et al. 2020)
antibody liposomal-
DOX

As stated, several preclinical trials are investigating novel NPs for BC treatments.
However, a view is that the most promising NPs will be those decorated with

targeting ligands recognising BC surface markers (Landeros 2023).

There is a weak link between the pre-clinical studies and the results of clinical
trials regarding NPs targeting BC and It is unknown why formulations with an
abundance of excellent outcomes in preclinical publications fail to advance to
clinical trials. Studies have shown that factors such as the human body's ability to

recognise foreign bodies (Evangelopoulos et al. 2018), and concerns arising from
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systemic toxicity and immune system activation (Gabizon et al. 2020), can hinder
the translation of NPs into the clinic. Translation of nanotechnology to the clinic
also has economic issues such as their high costs of production and generating

on large scale (Bosetti and Jones 2019).

A study by Willhelm that proposed a 30-year strategy for translation of
nanotechnology from bench to bedside should move focus away from NP design
(size, shape and surface chemistry) and rather concentrate on studies that
should focus on developing technologies to look at the effects of NP directly on
tumuors, and other organs such as liver, spleen, kidney and blood with the
possibility of using computational strategies to predict NP performance (Willhelm

et al. 2016).

In the light of FDA-approval PLGA, it is questionable whether the targeted NP
developed here should enter in vivo studies to gain other information such as
pharmacokinetics, systemic toxicity and biodistribution. Interestingly and very
recently, in vivo rabbit experiments of paclitaxel-encapsulated Tz- targeting PLGA
NPs showed encouraging results (Sakhi et al. 2022). In comparison to paclitaxel
alone, the serum concentration (Cmax), the area under the curve (AUC), the half-
life (t1/2), and the volume distribution (Vd) were increased by paclitaxel
encapsulated PLGA; with reduced clearance (CI). Intriguingly they used MCF7

cells as their only in vitro (“moderately HER2 expressing”) model.

In conclusion, although many questions remain to be answered, this project has
achieved a critical exploration of NP-Tz dynamics in high and low HER2-
expressing BC cells. The data shows NP-Tz specifically targeting DOX to BC

cells enhances its cell toxicity compared to administering it as a free drug. The
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generated targeting NPs also represent a promising new method for delivering
therapies of the future such as siRNA and mRNA. As the field of NPs develops
rapidly, new research is regularly published in the cancer and BC space with the
hope that this work highlights how detailed cell analysis of NP cell dynamics is

needed to give mechanistic information informing future NP design.
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Appendix

Appendix

Appendix A: Routinely method for ImageJ software:

Captured images were processed using ImageJ software. The image was split
into the separate channel using the following command image> color > split
channels, and then merged channels were followed next command Image> color
> merge channels. The images were then converted to a stack using commands
stk > convert images to stack. Following commands then added scale bar
analyse > tools > Scale bar. The final step is to proceed with the images by

following commands Stk > Make montage.

Appendix B: Standard Curve to determine DOX encapsulation efficiency

(%EE) in PLGA NPs

The concentration of DOX in PLGA was determined using a standard curve
prepared with known DOX concentrations ranging from 0 mg/mL to 1 mg/mL
DOX standard concentration was first dissolved in 0.5% of DMSO (5 pL) and
then added 99.5% of dH20 (995 puL). PLGA encapsulated DOX NPs in 1mL of
dH20 was first centrifuged at 15000 xg for 15 mins, and the supernatant was
aspirated. PLGA-DOX was then dissolved in 0.5% of DMSO (5 uL), and 99.5% of
dH20 (995 L) was then added. This solution (200 yL) was added in triplicate to
a 96-well transparent plate. To generate a calibration curve, absorbance readings
at 488 were plotted using DOX at 0 mg/mL to 1 mg/mL The formula in figure
appendix B was used to calculate the encapsulation efficiency (EE%) followed
the next studies (Colzani et al. 2018; Li et al. 2019). Based on the concentration
of DOX in NPs that was identified from the standard curve (0.43 mg/mL). Cells

were incubated with either 2 uM free drug or in DOX the NP (Choi et al. 2020).
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Standard Curve to determine DOX encapsulation efficiency in PLGA NPs

A-Standard Curve of DOX

y=4.977x+0.1813
5 R¥=0.9994 "

Absorbance
w

0 0.2 0.4 0.6 0.8 1 12

Concentration of DOX mg/mL

B- Calculations of Encapsulation Efficiency (%EE)

Encapauition WEE kg
Efficiency (%EE) DOX ctart amount

DOX | oaded 1 mg/mL

DOX vt amount 0.43 mg/mL

%EE 43%

Figure B: The calculations of DOX concentration in PLGA NPs. A- Serial dilution of
DOX concentration was made to develop the standard curve of DOX and to calculate the
weight of DOX in PLGA NPs. B- The equation and calculation were used to figure out the

DOX %EE (Encapsulation Efficiency) in PLGA NPs.
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Appendix C: Calculating Pearson’s coefficient for colocalisation

The image was opened using ImageJ software. The image was split into
separate channels using the following command image> color > split channels.
The slice of DOX and Hochest were selected for colocalisation analysis using the
next command plugins>jacop> Image A is green (DOX); Image B is blue
(Hoechst)>OK. Cytofluorogram was edited and used next command More>
Contents style > Change Color to black, symbol to dot >OK. Cytofluorogram was

saved for reference.
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