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Abstract

Programmed death-ligand 1 (PD-L1) expression is a survival mechanism employed
by tumours to mediate immune evasion and tumour progression. PD-1/PD-L1-
targeted therapies have revolutionised the cancer therapy landscape due to their
ability to promote durable anti-tumour immune responses in select patients with
advanced cancers. However, some patients are unresponsive, hyperprogressive or
develop resistance. The exact mechanisms for this are still unclear. Recently, a pro-
tumorigenic role of PD-L1 to send pro-survival signals in cancer cells is becoming
apparent in some cancers. Better characterisation of the three-dimensional (3D)
architecture of solid tumours by utilising 3D cell culture could provide an environment
that more closely recapitulates in vivo human tumours for investigating tumour-
intrinsic PD-L1 signalling and immunotherapy responses. The role of PD-L1 and how
approved immunotherapies may influence its role needs to be fully explored in all
cancer types using in vitro cell culture systems that better model tumour

heterogeneity compared to standard monolayer cell culture.

Within this thesis, human breast prostate and colorectal cancer cell lines were firstly
characterised for their expression of immune-inhibitory proteins (PD-L1, PD-1 and
PD-L2), immunological proteins (DR4, DR5 and Fas) and tumorigenic proteins
(CD44 and HIF1a) at basal level in two-dimensional (2D) monolayer cell culture,
before being investigated in two different 3D cell culture models (hanging drop and
alginate hydrogel beads) of varying in vitro complexity. In doing this, we were able to
demonstrate that cancer cells alter their gene and protein expression levels and
develop hypoxia in a 3D environment that more closely mimics human in vivo solid
tumours. Cancer cells in 3D reduced their expression of death receptors and antigen
presenting machinery which would reduce their susceptibility to immune-mediated

cell death and could ultimately hinder their response to immunotherapy.

Thereafter, we investigated the biological effects of therapeutically approved anti-
PD-L1 monoclonal antibody Atezolizumab, before comparing PD-L1 blockade with
PD-L1 knockdown in high PD-L1 expressing breast cancer cells cultured in 2D
monolayer and 3D cell culture models. PD-L1 blockade using Atezolizumab
demonstrated modest effects on breast cancer cell growth, proliferation, viability, and
metabolism in our functional assays, but did reduce the phosphorylation of molecules
involved in the PISK/AKT and MAPK/ERK signalling pathways. PD-L1 knockdown,

on the other hand, revealed the importance of PD-L1 expression for the spheroid-
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forming capabilities of breast cancer cells in our 3D cell culture models. PD-L1
knockdown also potentiated the modest biological effects on breast cancer cell
growth, proliferation, viability, and metabolism observed by Atezolizumab treatment.
Additionally, cytokine modulation of PD-L1 expression was investigated in
combination with PD-L1 blockade and PD-L1 knockdown in our studies. Utilising the
3D alginate model for the culture of breast cancer cells revealed a potential benefit
of combining cytokines with PD-L1 targeting for the treatment of breast cancer which

warrants further investigation.

Altogether this thesis provides new insights into: (1) the expression of immunological
and tumorigenic proteins by diverse human cancer cells; (2) how PD-L1 blockade
with Atezolizumab may influence PD-L1 intrinsic signalling in breast cancer cells; and
(3) how PD-L1 may exhibit a pro-tumour role in breast cancer cells, not only in 2D

monolayer but for the first time in two different 3D cell culture models.
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and PD-L1 expression by transfected MDA-MB-231 cells via flow cytometry.

Figure 5.6 EmGFP positive cells were detected in transfected MDA-MB-231 cells 24
hours post-transfection using lipofection but PD-L1 expression remained unchanged

compared to WT cells.

Figure 5.7 14 days post-transfection MDA-MB-231 cells expressing different vector
constructs display EmGFP positivity.
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Figure 5.8 MDA-MB-231 cells transfected with the 1319 plasmid demonstrate
EmGFP positivity and express the lowest frequency and level of PD-L1 expression

compared to WT and scrambled control cells.

Figure 5.9 MDA-MB-231 cells seeded at 200,000 cells/well demonstrate the highest
stable transfection efficacy 14 days post-transfection.

Figure 5.10 MDA-MB-231 cells transfected with the 1319 plasmid form EmGFP

positive colonies in a clonogenic assay.

Figure 5.11 Flow cytometry confirms isolated MDA-MB-231 colonies transfected

with the 1319 plasmid express high levels of EmMGFP.

Figure 5.12 MDA-MB-231 colonies transfected with the 1319 plasmid display
significantly reduced levels of PD-L1 mRNA compared to WT and scrambled control

cells.

Figure 5.13 MDA-MB-231 colonies transfected with the 1319 plasmid display
significantly reduced levels of PD-L1 protein compared to WT and scrambled control

cells.
Figure 5.14 MDA-MB-231 WT cells form colonies in a clonogenic assay.

Figure 5.15 MDA-MB-231 WT colonies display comparable levels of PD-L1

expression to the MDA-MB-231 heterogeneous cell population.

Figure 5.16 MDA-MB-231 PD-L1 knockdown cells display approximately a 70%

reduction in PD-L1 mRNA and protein expression compared to WT cells.

Figure 5.17 PD-L1 knockdown cells cultured in monolayer appear less confluent
than WT, Atezolizumab-treated WT and scrambled control cells after 3 days of

culture.

Figure 5.18 PD-L1 knockdown cells cultured in monolayer appear less confluent
than WT, Atezolizumab-treated WT and scrambled control cells after 6 days of

culture.

Figure 5.19 PD-L1 knockdown cells cover a smaller percentage surface area of the
well in a 96-well plate after 3 and 6 days of culture compared to WT, Atezolizumab-

treated WT, and scrambled control cells.
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Figure 5.20 PD-L1 knockdown cells display a lower MFI for Ki67 expression
compared to WT, Atezolizumab-treated WT, and scrambled control cells at day 3

and 6 of culture.

Figure 5.21 PD-L1 knockdown cells display significantly more cell death after 3 days
of culture compared to WT, Atezolizumab-treated WT and scrambled control cells.

Figure 5.22 PD-L1 knockdown cells display significantly more cell death than WT
cells after 6 days of culture.

Figure 5.23 PD-L1 knockdown cells display significantly reduced cellular metabolic

activity after 3 and 6 days of culture compared to Atezolizumab-treated WT cells.

Figure 5.24 PD-L1 knockdown 3D spheroids exhibited the smallest diameter after 3
and 6 days of culture.

Figure 5.25 PD-L1 knockdown 3D spheroids exhibit a smoother and more spherical

outer surface topology after 3 days of culture.

Figure 5.26 PD-L1 knockdown 3D spheroids visually display a smoother outer
surface topology and lower density of Hoechst 33342 positive cells in the outer region

of the spheroid after 6 days of culture.

Figure 5.27 Ki67 expression is not significantly altered in PD-L1 knockdown cells
cultured for 3 or 6 days in 3D spheroids compared to WT, Atezolizumab-treated WT,

and scrambled control cells.

Figure 5.28 PD-L1 knockdown 3D spheroids display significantly more cell death
compared to WT and scrambled control 3D spheroids at day 3 of culture.

Figure 5.29 Atezolizumab-treated WT and PD-L1 knockdown 3D spheroids display
significantly more cell death compared to WT and scrambled control 3D spheroids at

day 6 of culture.

Figure 5.30 PD-L1 knockdown 3D spheroids display significantly reduced levels of
ATP after culture for 6 days compared to WT, Atezolizumab-treated WT and

scrambled control 3D spheroids.

Figure 5.31 PD-L1 knockdown cells exhibit the smallest diameter at day 3, 6 and 10

of culture in alginate.
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Figure 5.32 WT, Atezolizumab-treated WT, scrambled control and PD-L1
knockdown cells remain single cells or form cell clusters within alginate at day 3 of

culture.

Figure 5.33 Only WT, Atezolizumab-treated WT and scrambled control cells begin
to form 3D spheroid colonies within the alginate after 6 days.

Figure 5.34 PD-L1 knockdown cells display a similar frequency and level of Ki67

expression after 3, 6 and 10 days of culture in alginate.

Figure 5.35 Atezolizumab-treated WT and PD-L1 knockdown cells display
significantly reduced detectable PD-L1 expression after 3 and 6 days of culture in

alginate.

Figure 5.36 After 3 days of culture in alginate, no difference was observed in the

amount of cell death amongst all cells.

Figure 5.37 PD-L1 knockdown cells display significantly more cell death compared

to WT and scrambled control cells after being cultured for 6 days in alginate.

Figure 5.38 PD-L1 knockdown cells display significantly more cell death compared
to WT, Atezolizumab-treated WT and scrambled control cells after being cultured in

alginate for 10 days.

Figure 5.39 PD-L1 knockdown cells display significantly reduced ATP levels after 6
and 10 of culture in alginate compared to WT, Atezolizumab-treated WT and

scrambled control cells.

Figure 5.40 PD-L1 knockdown cells display 22 main differences in kinase
phosphorylation compared to WT, Atezolizumab-treated WT and scrambled control

cells.

Figure 5.41 PD-L1 knockdown alters the phosphorylation levels of p53 isoforms,
STAT molecules, Src family kinases and Wnt signalling molecules.

Figure 5.42 PD-L1 knockdown alters the phosphorylation levels of PI3K/AKT/mTOR
and MAPK/ERK signalling molecules.

Figure 5.43 TNFa does not enhance the cell death phenotype observed by PD-L1

knockdown in MDA-MB-231 cells in monolayer cell culture.
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Figure 5.44 TNFa does not enhance the cell death phenotype observed by
Atezolizumab and PD-L1 knockdown in MDA-MB-231 3D spheroids.

Figure 5.45 TNFa enhances the cell death phenotype observed by PD-L1

knockdown cells after only 3 days of being cultured in alginate hydrogel beads.

Figure 6.1 A schematic representation of the proposed mechanism of PD-L1 intrinsic

signalling following Atezolizumab treatment in TNBC cells.

Figure 6.2 A schematic representation of the proposed effects of PD-L1 knockdown
in TNBC cells.
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1. Introduction

1.1 General Introduction

Cancer is a serious global health problem responsible for one in six deaths
worldwide. In 2020, there were approximately 10 million cancer deaths globally
(Debela et al., 2021). Conventional therapeutic strategies, such as surgery,
chemotherapy and radiotherapy have been the gold standard treatment for cancer
patients for several decades, but they are invasive and have severe toxicity effects
in some patients (Vanneman and Dranoff, 2012). Over many years research efforts
have been focused on developing targeted therapies that have equal or improved
treatment efficacy, whilst causing less damage to healthy cells and thus less toxicities
for the cancer patients. The entry of targeted therapies into the clinic for the treatment
of multiple different cancer types has substantially improved overall patient survival
(Debela et al., 2021). However, some patients, like those with triple negative breast
cancer (TNBC) remain limited to chemotherapy treatment due to TNBC lacking
targetable biomarkers, unlike other breast cancer subtypes with targetable hormone
receptors (Feng et al., 2018).

Cancer immunotherapy is an example of targeted therapy which has revolutionized
the cancer therapy landscape due to its capability to deliver unprecedented clinical
benefit in many advanced cancers (Wang et al., 2019; Hudson et al., 2020). Cancer
immunotherapies work to re-establish immune-mediated tumour eradication (Beatty
and Gladney, 2015). Monoclonal antibodies targeting immune checkpoint molecules
such as programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1) have
made by far the largest contribution to these advancements in immunotherapy
(Wang et al., 2019; Hudson et al., 2020).

PD-L1 is an immune checkpoint inhibitor that binds to its receptor PD-1 expressed
by T cells, B cells, dendritic cells, and monocytes (Freeman et al., 2000). PD-L1 is
expressed by T cells, B cells, natural killer (NK) cells, dendritic cells, macrophages,
myeloid-derived suppressor cells (MDSCs) and many other cell types such as
epithelial and endothelial cells (Johnson and Dong, 2017; Dong et al., 2019). The
PD-1/PD-L1 signalling axis regulates immune responses to prevent exacerbated
activation and autoimmunity (Dong et al., 2002; Dong et al., 2019). Many tumours
exploit this mechanism by overexpressing PD-L1 (Hino et al., 2010; Maine et al.,
2013; Muenst et al., 2014). Recently, tumours have also been shown to express PD-

1 (Yao et al., 2018; Wang et al., 2020). PD-L1 binding to PD-1 on immune cells
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induces inhibitory responses which in turn can promote immune evasion and tumour

progression (Dong et al., 2002).

Elevated expression of PD-L1 on tumours has been reported to strongly correlate
with advanced disease state and unfavourable prognosis in melanoma (Hino et al.,
2010), breast (Muenst et al., 2014), gastric (Fashoyin-Aje et al., 2019), ovarian
(Maine et al., 2013), liver (Zeng et al., 2011), kidney (Thompson et al., 2006),
pancreatic (Nomi et al., 2007) and bladder (Inman et al.,, 2007) cancer.
Immunotherapies targeting the PD-1/PD-L1 signalling axis have become the first-line
treatment for some cancers due to their ability to promote durable anti-tumour
immune responses in select patients with advanced cancers (Fehrenbacher et al.,
2016; Rosenberg et al., 2016; Balar et al., 2017), leading to their approval by the
USA Food and Drug Administration (FDA). Although PD-1/PD-L1-targeted therapies
have demonstrated clinical benefits across a broad range of cancers, some patients
are unresponsive, hyperprogressive or develop resistance (Wang et al., 2019). The
objective response rate of anti-PD-L1 monoclonal antibodies alone is approximately
15% in non-small-cell lung cancer (NSCLC) (Garon et al., 2015; Fehrenbacher et al.,
2016), approximately 20% in urothelial carcinomas (Balar et al., 2017; Powles et al.,
2017) and approximately 30% in Merkel cell carcinomas (Kaufman et al., 2016;
Kaufman et al., 2018). Consequently, novel therapeutic strategies are required to
enhance patient response rates through combining PD-1/PD-L1-targeted therapy
with other immune approaches, small molecule inhibitors, chemotherapy, or other
modalities (Yi et al., 2022).

Patients considered eligible for PD-1/PD-L1-targeted therapy are those that present
with PD-L1-positive tumours, circulating PD-1 positive/CD8+ T cells and/or tumours
with high mutational burden (Balar et al., 2017; Yi et al., 2018). However, patient
tumours that have shown to lack PD-L1 have also responded positively to PD-1/PD-
L1-targeted therapy (Dong et al., 2019; Chocarro de Erauso et al., 2020), suggesting
that either blocking PD-L1 expression on tumours is not required for anti-tumour
responses and inhibition of PD-L1 on immune cells alone may be sufficient or that
more sensitive approaches to detecting PD-L1 expression on tumours is required.
Conversely, some tumours with high PD-L1 expression have shown to be
unresponsive to PD-1/PD-L1-targeted therapy (Bai et al., 2017), likely due to the lack
of immune stimulatory cells present in the tumour microenvironment to elicit an

effective anti-tumour immune response, but reasons for this remain to be fully
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elucidated. However, patients that are intrinsically unresponsive to PD-1/PD-L1-
targeted therapy can also demonstrate ‘primary resistance’ whereby their tumours
display inadequate T cell infiltration, T cell exclusion, impaired interferon gamma
(IFNy) receptor signalling and/or local immune suppression (Bai et al., 2017; Jiang
etal., 2019). Patients that initially respond to PD-1/PD-L1-targeted therapy also show
‘acquired resistance’ whereby their tumours display loss of T cell function and/or

disrupted antigen processing and presentation (Tumeh et al., 2014; Bai et al., 2017).

In recent years, approximately 10% of cancer patients have experienced
pseudoprogression in response to PD-1/PD-L1-targeted therapy, whereby patients
temporally exhibit rapid progression of their condition before responding successfully
to treatment (Kocikowski et al., 2020). On the other hand, some patients have
experienced hyperprogression in response to PD-1/PD-L1-targeted therapy, which
is characterised by rapid deterioration of their condition upon initialisation of
treatment without a successful response; giving patients less than 2 months to live
from onset (Kocikowski et al., 2020). The reasons for pseudoprogression and
hyperprogression in response to PD-1/PD-L1-targeted therapy remain speculative
and need to be explored. It is also important for clinicians to be able to distinguish
between the two types of responses to inform patient selection for therapy. Further
insight into the role of PD-L1 and PD-1 in the tumour microenvironment could allow
the identification of more appropriate biomarkers predictive of clinical efficacy to PD-
1/PD-L1-targeted therapy necessary to ensure patients receive the maximum clinical
benefit whilst avoid immune-related adverse effects (Yi et al.,, 2018; Wang et al.,

2019), pseudoprogression and hyperprogression (Kocikowski et al., 2020).

Most research investigating the tumorigenic role of PD-L1, and PD-1 has been
carried out in human or mouse cancer cell lines grown in two-dimensional (2D)
monolayer cell culture (Hudson et al., 2020). Accordingly, there is an urgent need for
more relevant in vitro models capable of closely mimicking the heterogeneity of the
tumour microenvironment during in vivo conditions, thus allowing a more predictive
in vitro evaluation of the role of PD-L1 and PD-1, PD-1/PD-L1-targeted therapy,

potential combination strategies and immune cell-cancer cell interactions.

1.2 Immune systems role in cancer

The tumour microenvironment consists of extracellular matrix (ECM) components
and diverse cell populations such as T cells, B cells, NK cells, macrophages,

dendritic cells, fibroblasts, and endothelial cells (Gajewski et al., 2013). Crosstalk
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between cancer cells and accessory cells fuels and shapes tumour development.
Although immune cells such as NK, CD8+ and CD4+ T cells which migrate to the
tumour display anti-tumour activity, over time the tumour microenvironment becomes
immunosuppressive, favouring the emergence of tumour promoting cells such as
regulatory T cells (Tregs), MDSCs and M2 macrophages (Beatty and Gladney,
2015). This is known as the phenomenon cancer immuno-editing which involves

three phases: elimination, equilibrium, and escape (Figure 1.1).

In the elimination phase, innate and adaptive immunity work together to destroy
cancer cells before they become clinically apparent. Hence why patients that are
immunocompromised due to other clinical illnesses such as HIV are more
susceptible to develop cancer as their immune system fails to respond (Prakash et
al., 2002). Genetic aberrations that occur within normal healthy cells can be
hereditary or induced through exposure to carcinogens, radiation, chronic
inflammation, or viruses (Beatty and Gladney, 2015). It is these genetic changes that
predict the cancer cells fate for either immune destruction or entering dynamic
equilibrium with immune cells which ultimately leads to immune escape by employing
a selection pressure that forces cancer cells to mutate and adapt further to evade

the immune system defences.

During the early stages of tumour development, cytotoxic immune cells including NK
cells, CD8+ and CD4+ T cells migrate to the tumour, recognise, and eliminate the
more immunogenic cancer cells (Teng et al., 2015). Cancer cells with a high
mutational burden are normally considered immunogenic because of the high
number of neo-antigens presented in the major histocompatibility complex class 1
(MHC-1) molecules on their cell surface which leads to immune cell activation
(Aptsiauri et al., 2007). The direct interaction of the T cell receptor (TCR) binding to
an antigenic peptide presented on an MHC molecule on antigen presenting cells
(APCs) or tumour cells is necessary for T cell activation. Hence why PD-1 positive
CD8+ T cells tend to be present in tumours characterised by a high mutation burden
such as metastatic melanoma (Tumeh et al., 2014; Gros et al., 2014) and colorectal
cancer (Llosa et al., 2015), and thus why these tumours positively correlate with a
clinical response to PD-1/PD-L1-targeted therapies (Larkin et al., 2015; Overman et
al., 2017).
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Figure 1.1 The process of cancer immuno-editing: elimination, equilibrium, and
escape. Normal healthy cells transform into tumour cells through acquiring mutations
that allows for uncontrolled growth of the cell. In the elimination phase, immune cells
can recognize and eliminate tumour cells by inducing apoptosis via granule and/or
receptor-mediated mechanisms. Some tumour cells avoid immune destruction and
enter dynamic equilibrium with immune cells whereby the immune system elicits a
potent enough response to contain the tumour cells but not enough to eradicate
them. During this phase tumour cells develop increased genetic instability and
undergo immune selection, whereby the immune cells eliminate those tumour cells
susceptible to immune-mediated Kkilling, whilst selecting those tumour cells with
mechanisms to evade the immune system. These selected tumour cells can now
proliferate freely and expand leading to immune escape. Interferon gamma (IFN-y),
tumour necrosis factor alpha (TNF-a), tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL), interleukin 10 (IL-10), interleukin 6 (IL-6), transforming
growth factor beta (TGF-B), hypoxic inducible factor 1/2 alpha (HIF-1/2a), vascular
endothelial growth factor (VEGF), matrix metalloproteinases (MMPs). Image taken
from Hudson et al., (2020).

31



1.2.1 Immune-mediated cancer cell killing

CD8+ T cells trigger apoptosis in cancer cells by specifically recognising and binding
an antigenic peptide presented in the MHC-1 molecule on the surface of cancer cells
using their unigue TCR (de Visser et al., 2006). CD8+ T cells induce apoptosis
through the release of granules (granzyme and perforin molecules) and death
receptor-mediated mechanisms (Maher and Davies, 2004). Similarly, NK cells,
dendritic cells and macrophages mediate cancer cell apoptosis but elicit a non-
specific response. Death receptor-mediated mechanisms to induce cancer cell death
involve the tumour necrosis factor (TNF) receptor superfamily and their respective
ligands. The six human death receptors (DRs) include: TNF-R1, Fas, TRAIL-R1
(DR4), TRAIL-R2 (DR5), DR3 and DR6 which are stimulated by TNF, FasL, TRAIL
and TL1A, respectively (Loetscher et al., 1990; Itoh et al., 1991; Sheridan et al., 1997,
Migone et al., 2002). The ability of these receptors to induce cancer cell death made

them interesting to explore for therapeutic targeting (Walczak et al., 2013).

1.2.1.1 Death receptors in cancer

Since the discovery of TNF in 1975 it has emerged as a therapeutic target for many
inflammatory diseases due to its capability to induce chronic inflammation when
present at high levels (Walczak et al., 2013). Treatment of patients suffering with
rheumatoid arthritis, Crohn’s disease and psoriasis are treated with TNF blockers
which show a success rate often higher than 50%. For cancer treatment however,
the success of TNF treatment has been limited, despite the direct induction of cancer
cell death, the role of TNF is contradictory in cancer and lethal systemic toxicities
induced by TNF stimulation raise many clinical concerns (Montfort et al., 2019).
Regardless, ways to directly target the TNF to the tumour through using oncolytic
viruses and conjugated peptides, has demonstrated the ability of TNF, specifically
TNFa to synergise with anti-PD-1 therapy in melanoma, lymphoma and prostate
cancer mouse models (Curnis et al., 2000; Calcinotto et al., 2012; Cervera-
Carrascon et al., 2018; Elia et al., 2018).

The lack of early promise of TNF led to the discovery of death receptors: Fas, DR4
and DR5 (Trauth et al., 1989; Wiley et al., 1995; Clayer et al., 2001). Subsequently,
this led to the development of anti-Fas, anti-DR4 and anti-DR5 monoclonal
antibodies as well as recombinant TRAIL that were shown to bind the death receptors
on the surface of cancer cells and induce apoptosis in many different types of cancer

cells. Indeed, many tumours express Fas, DR4 and DR5 at high levels (Trauth et al.,
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1989; Wiley et al., 1995), suggesting they would be exquisitely sensitive to death
receptor-induced apoptosis. Importantly, TRAIL seemed the most promising death-
inducing ligand, due to its ability to specifically kill cancer cells, but not normal healthy
cells in vitro (Wiley et al., 1995; Pitti et al., 1996; Walczak et al., 1999). Despite this,
clinical evaluation of targeting these death receptors using monotherapy did not
produce striking results (Bianco et al., 2003; Modiano et al., 2012; Kelley and
Ashkenazi, 2004; Herbst et al., 2010). This is most likely due to cancer cells
developing resistance mechanisms to reduce their susceptibility to death receptor-
mediated killing (Todaro et al., 2008; Newsom-Dauvis et al., 2009). From these clinical
investigations, however, it was evident that death receptor targeting has the potential
to show promising clinical results when used in combination with other anti-cancer
therapies. For example, intratumoral delivery of FasL was shown to stimulate pro-
inflammatory signals and reduced the immunosuppressive tumour microenvironment
by abrogating tumour-promoting macrophages and Tregs, whilst releasing CD8+ T
cells from their immunosuppressive state (Modiano and Bellgrau, 2016). Hence
raising the possibility of the therapeutic potential of FasL to synergise with
immunotherapies such as PD-1/PD-L1-targeted therapies. Similarly, Hendricks et al.,
(2016) showed the potential synergy of co-targeting PD-L1 and TRAIL using a bi-
specific protein. In this study melanoma cells undergo PD-L1-directed TRAIL-
mediated apoptosis and in a co-culture with T cells the bi-specific protein augmented
T cell activation (Hendricks et al., 2016). The cooperation of TRAIL and PD-L1
targeting therefore warrants further investigation as the cancer specific nature of
TRAIL makes it appealing to potentially reduce the immune adverse effects observed

in some patients treated with immunotherapies.

1.2.1.2 Death receptor-mediated activation of extrinsic and intrinsic apoptotic

pathways

Depending on their status of stimulation, TRAIL and FasL can be expressed by
various cells of the immune system, amongst them NK cells, T cells, NK T cells,
dendritic cells and macrophages (Walczak, 2013). TRAIL and FasL binding to their
receptors are important for maintenance of immune homeostasis. The fact that
cancer cells express DR4, DR5 and Fas makes them susceptible to immune-
mediated cancer cell killing. TRAIL and FasL binding causes receptor trimerization
and clustering of the intracellular death domain (Elmore, 2007). This leads to the
recruitment of Fas-associated death domain and binding of pro-caspase-8 leading to

the formation of the death-inducing signalling complex. This in turn activates caspase
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8 leading to apoptosis either via the extrinsic or intrinsic apoptotic pathway. In the
extrinsic apoptotic pathway, caspase-8 directly cleaves caspase 3 and initiates the
caspase cascade, ultimately leading to apoptosis. Cross-talk between the death-
receptor (extrinsic) pathway and the mitochondrial (intrinsic) pathway has been
reported (Igney and Krammer 2002). BID, a BH3 domain-containing proapoptotic
Bcl2 family member, is present in the cytosol and a proximal substrate of caspase 8.
Activated caspase 8 cleaves BID forming truncated BID (tBID) which then
translocates to the mitochondria initiating the intrinsic apoptotic pathway (Li et al.,
1998). Tumour cells can acquire resistance to apoptosis by the expression of anti-
apoptotic proteins (such as c-FLIP) or by the downregulation or mutation of pro-
apoptotic proteins (such as Bid) and receptors (such as DR4, DR5 and Fas). Figure
1.2 demonstrates the mechanisms of immune-mediated cancer cell killing and
highlights with red asterisks where cancer cells can undergo adaptations to avoid

immune recognition and cell death (Figure 1.2).

1.2.2 Immune evasion mechanisms

Tumour immune escape refers to the phenomenon by which tumour cells can grow
and metastasise by avoiding recognition and elimination by the immune system,
which is an important hallmark of cancer to promote survival and development
(Hanahan and Weinberg, 2011). There are a variety of mechanisms employed by
tumours to mediate immune evasion including: (i) loss of antigenicity either by
acquisition of defects in antigen processing and presentation or through the loss of
immunogenic antigens leading to reduced antigen presentation in the MHC-1
molecules (Beatty and Gladney, 2015; Teng et al., 2015); (ii) development of
immunosuppressive mechanisms such as the expression of PD-L1 resulting in direct
inhibition of immune cell function (Dong et al., 2002; Teng et al., 2015); and (iii)
creation of an immunosuppressive microenvironment by secretion of pro-tumorigenic
cytokines such as transforming growth factor beta (TGF-B) and interleukin (IL)-10
that recruit and activate immune cells and other cells such as cancer-associated
fibroblasts and endothelial cells that function to inhibit anti-tumour immunity via direct

and indirect mechanisms (Gajewski et al., 2013).
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Figure 1.2 Immune evasion mechanisms employed by cancer cells. In the
tumour microenvironment, cancer cells and immune cells exhibit overexpression of
immune-inhibitory proteins such as PD-L1 and PD-1 to inhibit immune cell effector
functions. More recently, there is an emerging role that PD-L1 sends pro-survival
signals in some cancer cells to promote tumour initiation, invasion, and metastasis,
epithelial to mesenchymal transition, drug resistance and regulate glucose
metabolism. Cancer cells can also reduce their susceptibility to immune-mediated
killing by reducing their immunogenicity through downregulating or acquiring
mutations in antigen presentation machinery (such as MHC complex I) or cell surface
death receptors (DR4, DR5 and Fas). PD-1/PD-L1-targeted therapies, death
receptor agonists, recombinant human TRAIL and FasL have been shown to
promote apoptosis in cancer cells. Red asterisks are used to highlight the aberrant
expression of certain proteins expressed by cancer cells and immune cells observed

in the tumour microenvironment which mediates immune evasion.
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Leukocyte infiltration into the tumour stroma and their subsequent activation is
essential for successful immune-mediated elimination of malignant cells.
Predominantly, CD8+ T cells play a pivotal role in anti-tumour immunity and their
presence in the tumour stroma correlates with a positive prognosis in multiple solid
tumours including breast (Mahmoud et al., 2011), colorectal (Galon et al., 2006),
bladder (Sharma et al., 2007) and ovarian cancer (Sato et al., 2005). CD8+ T cells,
CD4+ T cells, B cells and NK cells induce immuno-protective inflammatory
responses by secreting IFN-y, tumour necrosis factor (TNF)-a, IL-17 and IL-2
(Gajewski et al., 2013). The cytotoxic effect of these cells is dependent on their ability

to penetrate the tumour stroma and become activated (Li et al., 2018).

Solid tumours are often poorly vascularized creating an oxygen and nutrient gradient
so that some cancer cells exist in a hypoxic environment, whilst others exist in a
vascularized area with sufficient oxygen (Noman et al., 2015). Hypoxia contributes
to immune tolerance of tumour cells by impeding the homing of immunocompetent
cells into tumours and inhibiting their anti-tumour responses. Besides immune cells
being unable to compete for nutrients limiting their ability to function effectively,
tumour-associated macrophages, Tregs and MDSCs preferentially infiltrate and
home to hypoxic regions and elicit their immunosuppressive functions (Noman et al.,
2015; Liet al., 2018). Tumour-associated macrophages upregulate hypoxia inducible
factors which induce the expression of proangiogenic molecules such as vascular
endothelial growth factor (VEGF). Whilst VEGF is well-known to support tumour cell
growth and metastasis (Li et al., 2018), it can also inhibit T cell function (Ziogas et
al., 2012), prevent dendritic cell differentiation and activation (Gabrilovich et al., 1996)
and facilitate the recruitment of Tregs and MDSCs to the tumour microenvironment
(Yang et al., 2018). Hypoxia-driven expression of forkhead box P3 (FoxP3) is the key
regulator in the development and function of Tregs (Clambey et al., 2012). High
abundance of FoxP3 positive cells in the tumour microenvironment correlates with
poor prognosis in most solid tumours, particularly when this coincides with a low
abundance of CD8+ T cells (Shang et al., 2015). Tregs secrete TGF-B and IL-10,
suppressing CD8+ T cells and NK cell effector function, whilst promoting tumour-
associated macrophages and MDSCs immunosuppressive function. MDSCs induce
T cell anergy by producing IL-6, IL-10 and reactive oxygen species and expressing
high levels of PD-L1 (Noman et al., 2015). Hypoxia has been shown to increase the
expression of PD-L1 on MDSCs, tumour-associated macrophages, dendritic cells
and tumour cells, demonstrating how it is a potent driver of immune evasion in the
36



tumour microenvironment (Johnson and Dong, 2017). Recently, it has been reported
that PD-L1 blockade downregulates signalling pathways associated with hypoxia and
tumour growth (Saleh et al.,, 2019). Because the immunosuppressive function of
immune cells can be enhanced by hypoxia, it highlights how regulating the
expression of PD-L1 could help to manipulate the aforementioned immune evasion

mechanisms in the tumour microenvironment.

1.3 Immune checkpoint signalling in cancer

Immune checkpoint molecules expressed on T cells such as cytotoxic T lymphocyte
antigen 4 (CTLA-4) and PD-1 regulate immune responses by dampening T cell
activation to prevent exacerbated activation and autoimmunity (Hanahan and
Weinberg, 2011; Buchbinder and Desai, 2016). During cancer development anti-
tumour immunity is suppressed and immunotherapies targeting CTLA-4 and PD-1
signalling axes have been developed to reactivate T cells to induce immune-
mediated tumour eradication (Khair et al., 2019). Normally, T cell activation requires
two signals. Signal one is the TCR recognising and binding to an antigenic peptide
presented on an MHC molecule on antigen presenting cells (APCs) or tumour cells.
The second is a co-stimulatory signal through CD28 on T cells binding to CD80/CD86
on APCs. CTLA-4 prevents T cell activation by competing with the co-stimulatory
molecule CD28 for the CD80/CD86 on APCs (Hodi et al., 2010). Ipilimumab is a
CTLA-4 inhibitor approved for the treatment of advanced or unresectable melanoma
(Hodi et al., 2010; Pacheco et al., 2019). Unlike CTLA-4 expression restricted to T
cells, PD-1 is expressed by activated T cells, B cells and monocytes. PD-1 binds to
its two ligands, PD-L1 and PD-L2, expressed primarily by APCs and tumour cells
(Freeman et al., 2000). The function of PD-L2 however is not as widely known as
PD-L1 (Qin et al.,, 2019). Activated PD-1 on T cells through PD-L1 binding
counteracts the downstream signalling of the TCR and CD28 co-stimulatory signal
by phosphorylating the cytoplasmic immunoreceptor tyrosine-based switch motif
leading to the recruitment of Src homology region 2 domain containing phosphatases
1 and 2 (SHP1/2) and slam-associated protein (Qin et al., 2019; Peled et al., 2018).
SHP1/2 dephosphorylate the TCR and CD28 proximal signalling molecules including
ZAP70 and PI3K, respectively, inhibiting T cell activation, cytokine production and
promoting pro-apoptotic molecule expression, ultimately resulting in T cell anergy or
apoptosis (Figure 1.3) (Jiang et al., 2019). The overexpression of PD-L1 in many

cancers causes functionally exhausted and unresponsive T cells, promoting immune
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evasion and tumour progression (Freeman et al., 2000; Hino et al., 2010; Maine et
al., 2013; Muenst et al., 2014) and abrogating PD-L1 expression on tumour cells can
enhance sensitivity to T cell killing (Teo et al., 2015; Wu et al., 2019).

A T cell inhibition by PD-1/PD-L1 B T cell activation by inhibiting
signalling in cancer PD-1/PD-L1 signalling in cancer
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Figure 1.3 The extrinsic function of the PD-1/PD-L1 signalling axis in cancer. T
cells play an important role in modulating immune responses against tumour cells,
but tumours can exhibit immune inhibitory mechanisms like overexpressing PD-L1
to avoid T cell-mediated killing. (A) When PD-L1 binds to PD-1 expressed on the
surface of T cells, T cells become inactivated through the recruitment of SHP1/2
which subsequently inhibits TCR and CD28 co-stimulatory signalling by preventing
the phosphorylation of ZAP70 and PI3K, leading to T cell anergy or apoptosis and
ultimately immune evasion. (B) Monoclonal antibodies targeting the PD-1/PD-L1
signalling axis have been developed to restore immune-mediated eradication of the
tumour. PD-1/PD-L1 blockade allows co-stimulatory signal transduction from the
TCR and CD28 on T cells upon interaction with APCs or tumour cells. TCR binding
to the tumour-associated antigen (TAA) in the MHC complex leads to the
phosphorylation of ZAP70, which then phosphorylates P38 and LAT resulting in
activation of calcium-dependent and MAPK pathways. Simultaneously, CD80
binding to CD28 phosphorylates PI3K which activates PIP3 leading to AKT-mTOR
pathway activation. These signalling pathways promote T cell activation, cytokine
production and pro-survival factor expression stimulating anti-tumour immunity.

Image taken from Hudson et al., (2020).
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1.4 Immunotherapies targeting the PD-1/PD-L1 signalling axis

1.4.1 Monotherapy PD-1/PD-L1 checkpoint blockade

PD-1/PD-L1-targeted therapies yield remarkable anti-tumour immune responses
with limited side effects in select patients with advanced cancers (Wang et al., 2019).
They have shown to increase the proliferation of tumour-infiltrating lymphocytes and
develop a more clonal TCR repertoire within the T cell population directed against
the tumour (Tumeh et al.,, 2014). Currently there are six approved monoclonal
antibodies for the targeting of PD-1 (Table 1.1) and PD-L1 (Table 1.2) for the
treatment of multiple cancers as single agents; some of which have gained
accelerated approval and emerged as front-line treatments for some cancers (Khair
et al., 2019). In 2014, the FDA approved the first anti-PD-1 monoclonal antibody,
Nivolumab, for treatment of patients with unresectable or metastatic melanoma and
disease progression following Ipilimumab (anti-CTLA-4), based on the CA209037
clinical trial data where Nivolumab alone achieved 31.7% objective response rate
(Weber et al.,, 2015). Subsequently, Nivolumab was approved for the first-line
treatment of metastatic melanoma (Weber et al., 2017) and second-line treatment for
NSCLC (Brahmer et al.,, 2015) and renal cell carcinoma (Motzer et al., 2015)
following successful phase I-1lI clinical trials. Nivolumab has also been approved for
classic Hodgkin lymphoma (Ansell et al., 2015), head and neck squamous cell
carcinoma (Ferris et al., 2017), bladder cancer (Sharma et al., 2017) and colorectal
cancer with microsatellite instability or mismatch repair deficiency (Overman et al.,
2017). Similarly, the anti-PD-1 monoclonal antibody Pembrolizumab is approved for
the first-line treatment of metastatic melanoma (Robert et al.,, 2015) and NSCLC
(Garon et al.,, 2015) and second-line treatment for metastatic head and neck
squamous cell carcinoma (Bauml et al., 2017) and refractory classical Hodgkin’s
lymphoma (Chen et al.,, 2017). In addition, it has also been approved for
gastric/gastroesophageal junction adenocarcinomas (Fashoyin-Aje et al., 2019),
cervical cancer (Chung et al., 2019) and primary mediastinal large B-cell lymphoma
(Zinzani et al., 2017). Pembrolizumab is also the first therapy to be approved for the
treatment of all solid tumours with high mutation burden (Patnaik et al., 2015). More
recently, Nivolumab and Pembrolizumab have gained accelerated approval for many
more cancers (Table 1.1). Cemiplimab represents a newly approved anti-PD-1
monoclonal antibody for the treatment of metastatic cutaneous squamous cell
carcinoma (Markham and Duggan, 2018). Atezolizumab was the first anti-PD-L1

monoclonal antibody to be approved for treatment of advanced NSCLC and
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metastatic urothelial carcinoma. Atezolizumab promoted a tolerable and durable
objective response rate of 23% and 15% in NSCLC (Fehrenbacher et al., 2016; Horn
et al., 2018) and in metastatic urothelial carcinoma, respectively (Rosenberg et al.,
2016; Petrylak et al., 2018), whilst anti-PD-L1 monoclonal antibodies Avelumab and
Durvalumab are approved for the treatment of Merkel cell carcinoma (Kaufman et
al., 2016; Kaufman et al., 2018) and NSCLC (Antonia et al., 2018), respectively and
are both approved for treatment of metastatic urothelial carcinoma (Powles et al.,
2017; Patel et al., 2017). Furthermore, these PD-1/PD-L1-targeted therapies are also
being investigated for treatment of colorectal, prostate, and breast cancer as well as
haematological malignancies as monotherapy and in combination with conventional
and targeted therapies and have shown promising results in clinical trials (Yi et al.,
2022).

1.4.2 Co-inhibitory checkpoint blockade

Ipilimumab (anti-CTLA4) alone has shown to increase the overall survival of
metastatic melanoma patients but is associated with severe immune-related adverse
events and low patient response rates (Buchbinder and Desai, 2016). Some tumours
present with T cell defective PD-1 following anti-PD-1 therapy, rendering them
resistant, however, this coincides with increased expression of other immune
checkpoints on the T cell surface (Grywalska et al., 2018). Combining anti-CTLA-4
with anti-PD-1 has shown to synergistically activate anti-tumour immunity, enhancing
clinical efficacy whilst improving tolerability and overcoming resistance (Hodi et al.,
2010). Anti-CTLA-4 combined with anti-PD-1 was first approved for treatment of
metastatic melanoma (Weber et al., 2016) and was subsequently approved for
metastatic renal cell carcinoma (Motzer et al., 2018), colorectal cancer with high
microsatellite instability and mismatch repair aberrations (Overman et al., 2018), PD-
L1 positive NSCLC (Hellmann et al., 2019), hepatocellular carcinoma (Yau et al.,

2020), and malignant pleural mesothelioma (Baas et al., 2021).

Other dual immune checkpoint blockade strategies which involve combining PD-
1/PD-L1-targeted therapies with monoclonal antibodies targeting TIM-3, LAG-3,
PVRIG and TIGIT are still in clinical trials, having not yet been approved by the FDA
(Yietal., 2022).
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Table 1.1 FDA approved single agent use of PD-1-targeted therapy for a broad

range of cancer types.

dMMR solid
tumours

Drug Drug Study Name Population Refs
Target | (Identifier)
Nivolumab PD-1 NCT01844505 | Metastatic Larkin et
melanoma al., 2015
NCT01642004 | Advanced non-small | Brahmer et
cell lung cancer al., 2015
NCT01668784 | Advanced renal-cell | Motzer et
carcinoma al., 2015
NCT01592370 | Relapsed/refractory | Ansell et
classical Hodgkin’s | al., 2015
lymphoma
NCT02488759 | Recurrent or Ferris et
metastatic head and | al., 2017
neck squamous cell
carcinoma
NCT02387996 | Metastatic urothelial | Sharma et
carcinoma al., 2017
NCT02060188 | Colorectal cancer Overman
with MSI-H and etal., 2017
dMMR aberrations
NCT01658878 | Advanced El-Khoueiry
hepatocellular et al., 2017
carcinoma
NCT01928394 | Metastatic small cell | Antonia et
lung cancer al., 2016
NCT02569242 | Unresectable Kato et al.,
Advanced or 2019
Recurrent
Esophageal Cancer
Pembrolizumab PD-1 NCT01866319 | Metastatic Robert et
melanoma al., 2015
NCT01295827 | Advanced non-small | Garon et
cell lung carcinoma | al., 2015
NCT02255097 | Recurrent or Bauml et
metastatic head and | al., 2017
neck cancers
NCT02453594 | Adults and Chen et al.,
paediatric patients 2017
with refractory
classical Hodgkin’s
lymphoma
NCT02335424 | Metastatic urothelial | Balar et al.,
carcinoma 2017
NCT01295827 | Unresectable or Patnaik et
metastatic MSI-H or | al., 2015
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Table 1.1 Continued...

Drug Drug Study Name Population Refs
Target | (Identifier)
Pembrolizumab | PD-1 NCT02335411 | Recurrent locally Fashoyin-
advanced or Aje et al,,
metastatic gastric or | 2019
gastroesophageal
junction
adenocarcinoma
NCT02628067 | Recurrent or Chung et
metastatic cervical al., 2019
cancer
NCT02576990 | Adults and Zinzani et
paediatric patients al., 2017
with refractory or
relapsed primary
mediastinal large B-
cell lymphoma
NCT02702414 | Advanced Zhu et al.,
hepatocellular 2018
carcinoma
NCT02267603 | Adult and paediatric | Nghiem et
recurrent locally al., 2016
Merkel cell
carcinoma
NCT02054806 | Advanced small cell | Ott et al.,
lung cancer 2017
NCT03284424 | Advanced Grob et al.,
Cutaneous 2020
Squamous Cell
Carcinoma
NCT02628067 | Advanced Marabelle
Endometrial Cancer | et al., 2020
NCT02563002 | Colorectal cancer André et
with MSI-H and al., 2020
dMMR aberrations
Cemiplimab PD-1 NCT02760498 | Metastatic Markham
cutaneous et al., 2018
squamous cell
carcinoma

Table 1.1 Anti-PD-1 monoclonal antibodies approved for the treatment of

multiple cancer types as single agents. PD-1 checkpoint inhibitors currently

approved by the FDA include Nivolumab, Pembrolizumab, and Cemiplimab for a

broad range of cancers. For each drug displayed in the table, the cancer types to

which they were approved for treatment are shown in order of approval. MSI-H, High

microsatellite instability; MMR, mismatch repair. Table updated and adapted from
Hudson et al., (2020).
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Table 1.2 FDA approved single agent use of PD-L1-targeted therapy for a broad
range of cancer types.

Drug Drug Study Name Population Refs
Target | (Identifier)
Atezolizumab | PD-L1 NCT01375842 | Metastatic urothelial | Petylak et
carcinoma al., 2018
NCT01903993 | Advanced non-small | Fehrenbac
cell lung carcinoma her et al.,

2016
Avelumab PD-L1 NCT02155647 Merkel cell Kaufman et
carcinoma al., 2018
NCT01772004 Metastatic urothelial | Patel et al.,
carcinoma 2017
Durvalumab PD-L1 NCT01693562 Advanced urothelial Powles et
carcinoma al., 2017

NCT02125461 | Unresectable stage Antonia et
[l non-small cell lung | al., 2018
carcinoma

Table 1.2 Anti-PD-L1 monoclonal antibodies approved for the treatment of
multiple cancer types as single agents. PD-L1 checkpoint inhibitors currently
approved by the FDA include Atezolizumab, Avelumab and Durvalumab for a broad
range of cancers. For each drug displayed in the table, the cancer types to which
they were approved for treatment are shown in order of approval. Table adapted from
Hudson et al., (2020).

1.4.3 PD-1/PD-L1 checkpoint blockade combined with chemotherapy

The ability of tumour cells to develop resistance to chemotherapy is a major obstacle
in prolonging patient survival. Emerging evidence suggests PD-L1 promotes
chemotherapy resistance in melanoma, lymphoma, breast cancer and other cancers
(Ghebeh et al., 2010; Li et al., 2017; Wu et al., 2018) suggesting coupling PD-1/PD-
L1 blockade with chemotherapy has the potential to increase clinical efficacy.
Tumours unresponsive to PD-1/PD-L1-targeted therapy often lack sufficient tumour-
associated antigens to present to T cells, meaning T cells are unable to recognise
and become activated to exert their cytotoxicity. For example, tumours with few
somatic mutations such as pancreatic, TNBC and prostate cancer appear more
resistant to PD-1/PD-L1-targeted therapy, compared to tumours with high mutational
burden (Patnaik et al., 2015). Chemotherapy has been shown to stimulate anti-
tumour immune responses (Pacheco et al., 2019). For example, chemotherapy-

induced killing of tumour cells releases tumour associated antigens into the tumour
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microenvironment, leading to T cell activation and thus tumour cell killing. PD-1/PD-
L1 blockade frees T cells for activation and therefore combining the two would
enhance tumour cell killing, not only in tumours known to respond to PD-1/PD-L1-
targeted therapy, but those considered less immunogenic and otherwise resistant.
Multiple types of chemotherapy including cisplatin (Ohtsukasa et al., 2003),
doxorubicin (Ghebeh et al., 2010) and gemcitabine (Plate et al., 2005) have been
shown to promote lymphocyte infiltration, induce PD-L1 expression on tumour cells,
deplete immunosuppressive cells such as Tregs and MDSCs and promote
maturation and activation of APCs. The improvement in the tumour
microenvironment following chemotherapy treatment suggests an attractive synergy
between chemotherapy and PD-1/PD-L1 blockade.

Preclinical evaluation of PD-1/PD-L1-targeted therapy in combination with
chemotherapy has demonstrated promising results (Ghebeh et al., 2010; Li et al.,
2017; Wu et al., 2018); however, there is only moderate support of this evidence in
the human population. So far only three cancer types have gained FDA approval for
treatment with chemotherapy regimens combined with PD-1/PD-L1-targeted
therapy. In advanced non-squamous NSCLC, Pembrolizumab combined with
platinum-doublet chemotherapy achieved an objective response rate of 61.4%
leading to its approval in 2017 (Gadgeel et al., 2017). Later in a phase 3 trial
evaluating pembrolizumab combined with standard chemotherapy in NSCLC
patients, the combination was also approved for squamous NSCLC (Paz-Ares et al.,
2018). Similarly, Atezolizumab combined with platinum-doublet chemotherapy and
bevacizumab (an angiogenesis inhibitor) gained approval by the FDA based on the
results of IMpower150 for advance non-squamous NSCLC (Socinski et al., 2018).
Additionally, Atezolizumab combined with nanoparticle-bound albumin (nab)-
paclitaxel gained approval by the FDA for TNBC in 2018 (Schmid et al., 2018). This
combination promoted a higher median progression-free (7.2 months versus 5.5
months) and overall survival (21.3 months versus 17.6 months) than Atezolizumab
plus placebo. More recently, Atezolizumab in combination with nab-paclitaxel and
carboplatin or carboplatin and etoposide have been approved for the treatment of
non-squamous NSCLC (West et al.,, 2019) and extensive-stage small-cell lung
cancer (Mansfield et al., 2020), respectively. Despite the current lack of FDA
approved PD-1/PD-L1-targeted therapies for combination with chemotherapy, there

are several undergoing clinical developments for multiple different cancers including
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melanoma (Khair et al., 2019), NSCLC (Pacheco et al., 2019), gastric (Sun et al.,
2021), colorectal and breast cancer (Grywalska et al., 2018).

In light of this, triple combination with other anti-cancer agents would further enhance
clinical efficacy. Chemotherapy has shown to sensitise tumour cells to TRAIL and
Fas receptor-mediated apoptosis. For instance, tumour-selective recombinant
TRAIL or death receptor agonists have shown cooperation with conventional and
targeted therapies in many pre-clinical and clinical studies (Leong et al., 2009; Qiao
et al., 2018). One study explored the combination of PD-L1 inhibition and TRAIL
using a bi-functional fusion protein in melanoma cells and demonstrated synergistic
PD-L1-directed TRAIL-mediated tumour cell apoptosis via increasing T cell activation
(Hendriks et al., 2016). By combining tumour-selective TRAIL with PD-L1 blockade
alone or in combination with chemotherapy offers a novel approach to enhance the

efficacy of PD-L1/PD-1 checkpoint inhibition without affecting the toxicity profile.

1.4.4 PD-L1 checkpoint blockade combined with radiotherapy

Like chemotherapeutic agents, radiotherapy can also induce immunogenic cell death
and enhance anti-tumour immune responses (Hwang et al., 2018; Romano et al.,
2021; Yi et al., 2022). Not only is this immune response inflicted locally but also
systemically. Many preclinical and clinical studies have demonstrated that
radiotherapy could synergise with PD-1/PD-L1-targeted therapies (Yi et al., 2022; Yu
et al., 2022). For example, radiotherapy has been reported to increase T cell
infiltration and expand the TCR repertoire in the tumour microenvironment (Lim et
al., 2014). It has also been shown to upregulate the expression of PD-L1 (Deng et
al., 2014) and MHC-1 (Wang et al., 2017) on tumour cells, making them more
susceptible to PD-1/PD-L1-targeted therapies and increasing their likeness to be

recognised and eliminated by CD8+ T cells through TCR binding.

The safety and efficacy of PD-1/PD-L1-targeted therapies with radiotherapy alone
and in combination with chemotherapy have been evaluated in several solid tumour
types (Yi et al., 2022). Whilst these combinations have demonstrated promising
clinical outcomes and superiority over PD-1/PD-L1 monotherapy in phase 1 and 2
trials, none yet have gained FDA approval. More research is required to optimise
radioimmunotherapy regimens in terms of dose, fractionation, and tumour volume to
allow the optimal type and magnitude of local and systemic anti-tumour immune

response (Romano et al., 2021), which is highly likely to be cancer type specific.
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1.4.5 PD-1/PD-L1 checkpoint blockade combined with targeted therapy

Oncogenic driver mutations participate in immunosuppression. Mutant v-raf murine
sarcoma viral oncogene homolog B1 (BRAF) proto-oncogene and epidermal growth
factor receptor (EGFR) correlate with poor prognosis and low patient response to
PD-1/PD-L1-targeted therapy in melanoma (Simeone et al., 2015) and NSCLC
(Hellmann et al., 2018), respectively. These mutations have shown to regulate PD-1
and PD-L1 expression in different tumour cell types (Dong et al., 2018). Monoclonal
antibodies targeting oncogenic driver mutations modulate the tumour
microenvironment via antibody-dependent cellular cytotoxicity and promote anti-
tumour immune responses. Erlotinib is an example of an EGFR inhibitor currently
under clinical investigation for treatment of NSCLC patients in combination with PD-
1/PD-L1-targeted therapy (Gettinger et al., 2018). The immune-stimulatory effects on
the tumour microenvironment showed the potential to increase the efficacy of PD-
1/PD-L1 blockade, but so far, the immune-related adverse effects are outweighing
the positive clinical outcomes (Oshima et al., 2018) and these combinations require

further investigation.

Vascular targeting drugs are also under clinical investigation for treatment of cancer
patients in combination with PD-1/PD-L1-targeted therapy (Yi et al., 2022). Vascular
targeting drugs have been shown to increase PD-L1 expression and modulate anti-
tumour immunity through the recruitment of CD8+ T cells to the tumour
microenvironment and reduce immunosuppressive cells such as Tregs and MDSCs
(Yang et al., 2018). Axitinib, Cabozantinib, Bevacizumab and Lenvatinib are vascular
targeting drugs that have gained FDA approval in combination with PD-1/PD-L1-
targeted therapies either alone or combined with chemotherapy for multiple different
cancers including advanced NSCLC (Socinski et al., 2018), endometrial carcinoma
(Makker et al., 2019), hepatocellular carcinoma (Finn et al., 2018), and renal cell
carcinoma (Mortez et al., 2020; Choueiri et al., 2021). Many other targeted therapies
are undergoing clinical investigation for their cooperation with PD-1/PD-L1-targeted
therapies including PARP inhibitors, cyclin-dependent kinase 4/6 (CDK4/6) inhibitors

and many more (Reviewed: Yi et al., 2022).

Whilst immunotherapies targeting the PD-1/PD-L1 signalling axis have demonstrated
unprecedented success has monotherapy and in combination with conventional and

targeted therapies in the clinic, the fact remains; there are a large percentage of non-
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responders or initial responders that acquire resistance (Yi et al., 2018; Wang et al.,
2019). Most research associated with PD-L1 and PD-1 has been focused on their
extrinsic role to inhibit the immune system, but more recently a tumour-intrinsic role
of PD-L1 and PD-1 is emerging in some cancer types; however, these roles remain
to be fully characterised in all cancers. Important questions to be addressed are the
contribution of tumorigenic expression of PD-L1 and PD-1 to intrinsic signalling,
whether monoclonal antibodies targeting the PD-1/PD-L1 signalling axis work
sufficiently to block this new and emerging role of PD-L1 and PD-1 and whether the
intrinsic roles of these proteins are contributing significantly to resistance, relapse to

treatment, and hyperprogressive responses in patients.

1.5 Mechanisms affecting PD-L1 expression in tumours

The tumour-intrinsic PD-L1 pathway is aberrantly activated in many cancers (Hino et
al., 2010; Maine et al., 2013; Muenst et al., 2014; Ju et al., 2020). There are several
intrinsic and extrinsic mechanisms responsible for PD-L1 regulation in tumour cells,
including genetic alterations, epigenetic modifications, oncogenic and tumour
suppressor signals, inflammatory cytokines, and other factors (Figure 1.4) (Reviewed
by Dong et al., 2018; Chen et al., 2019; Hudson et al., 2020).
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Figure 1.4 The mechanisms of PD-L1 activation and inactivation in cancer. The
diagram highlights the many mechanisms behind PD-L1 regulation in tumour cells
and whether the proposed mechanisms have been shown to upregulate (+) or
downregulate (-) the expression of PD-L1. PD-L1 expression is regulated at the
transcriptional, post transcriptional, translational, and post translational level in
tumour cells. Many mechanisms have been shown to modulate PD-L1 expression
including genetic aberrations, epigenetic modifications, oncogenic and tumour

suppressor signals, and extrinsic factors. Image updated from Hudson et al., (2020).

1.5.1 Genetic aberrations of PD-L1

Several tumours harbour genetic aberrations of the chromosome 9p24.1 which
CD274, the gene for PD-L1, resides ultimately affecting the expression of PD-L1
(Twa et al., 2014; Budczies et al., 2016; Kogure and Kataoka, 2017). Increased copy
number alterations on chromosome 9p correlates directly with increased PD-L1
expression (Budczies et al., 2016) and frequently occurs in primary mediastinal B-
celllymphoma (63%) (Green et al., 2010), classical Hodgkin lymphoma (40%) (Ansell
et al., 2015), triple-negative breast cancer (29%) (Barrett et al., 2015), and soft tissue
carcinomas (21.1%) (Budczies et al., 2017). A recent study analysing 9,771 tumour
samples from 22 cancer types revealed a high frequency of copy number gains in
bladder, cervical, colorectal, ovarian, and head and neck cancer (more than 15% of
48



tumours), but only a low frequency in pancreatic, renal cell and papillary thyroid
carcinoma (less than 5% of tumours) (Budczies et al., 2016). In addition, copy
number gains are also less frequently observed in gastric cancer (15%) (Bass et al.,
2014), NSCLC (5.3%) (Ikeda et al., 2016), small cell lung cancer (1.9%) (George et
al., 2017), and diffuse large B-cell lymphoma (3%) (Georgiou et al., 2016). PD-L1
copy number gains are associated with substantial therapeutic activity in some
cancers due to the high levels of tumour PD-L1 and increased immune infiltrates that
they have shown to promote (Ansell et al., 2015; Inoue et al., 2016). There is some
evidence to suggest that PD-L1 chromosomal translocations influence PD-L1
overexpression in certain diffuse large B cell ymphomas (Twa et al., 2014; Georgiou
et al., 2016). Disruption of the 3’ untranslated region (UTR) of PD-L1 is another
mechanism by which some tumours such as adult T-cell leukaemia/lymphoma,
diffuse large B-cell lymphoma, and gastric cancer display marked elevation of
aberrant PD-L1 transcripts that have become stabilised by truncation of the 3UTR
(Wang et al., 2012; Kogure and Kataoka, 2017; Ju et al., 2020). PD-L1 deletions
however are more frequently observed in tumours than copy number gains (31% vs.
12%); particularly in melanoma and NSCLC where greater than 50% of tumours
harbour PD-L1 deletions (Budczies et al., 2016). PD-L1 deletions, like PD-L1 copy
number gains, are associated with a high tumour mutational load and poor prognosis,
but the clinical significance of PD-L1 deletions is not yet clear (Barrett et al., 2015;
Budczies et al., 2016).

1.5.2 Epigenetic mechanisms modulate PD-L1 expression

Epigenetic maodifications including microRNAs (miRNAs), promoter DNA
methylation, and histone modifications have been shown to modulate PD-L1
expression in different cancers (Zheng et al., 2016; Dong et al., 2018; Lv et al., 2020).
A number of miRNAs have been identified to directly or indirectly influence PD-L1
expression (Dong et al., 2018; Shen et al., 2019); the majority of which inhibit PD-L1
expression by tumour cells. One miRNA identified across multiple cancers to inhibit
PD-L1 expression is miR-200c which directly binds to the 3'UTR of PD-L1 in
hepatocellular carcinoma (Sun et al., 2018), acute lymphoid leukaemia (Pyzer et al.,
2017) and NSCLC (Chen et al., 2014). Additionally, in NSCLC reduced miR-197
expression promotes chemoresistance via regulating the CKS1B/STAT3 signalling
pathway to promote PD-L1 expression (Fujita et al., 2015). The miR-197/PD-L1 axis

has also been reported of clinical significance in oral squamous cell carcinoma, but
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here PD-L1 was found to be a positive prognostic factor due to its expression
positively correlating with tumour-infiltrating lymphocytes (Ahn et al., 2017). Other
inhibitory miRNAs are highlighted in Figure 1.4. miRNAs that positively regulate PD-
L1 expression include miR-135 (Wang and Zhang, 2018) and miR-3127-5p in
NSCLC (Tang et al., 2018) and miR-18a in cervical cancer (Dong et al., 2018). In
colorectal cancer PTEN is directly targeted by miRNAs miR-130b, miR-20b and miR-
21 to indirectly induce PD-L1 expression via PI3K-AKT-mTOR pathway activation
(Zhu et al., 2014).

Recently, PD-L1 promoter methylation has been shown to negatively correlate with
PD-L1 expression in multiple cancer types including acute myeloid leukaemia (Goltz
et al., 2017), glioblastoma (Heiland et al., 2017), melanoma (Micevic et al., 2018),
head and neck cancer (Franzen et al., 2017), colorectal cancer (Goltz et al., 2017),
gastric cancer (Lv et al., 2020) and prostate cancer (Gevensleben et al., 2016). The
methylation status of the PD-L1 promoter has clinical significance for predicting the
outcome of PD-1/PD-L1-targeted therapy (Gevensleben et al., 2016; Goltz et al.,
2017; Franzen et al., 2017; Goltz et al., 2017; Micevic et al., 2018; Lv et al., 2020).
For example, in NSCLC patients, anti-PD-1 therapy enhanced PD-L1 promoter
methylation and reduced PD-L1 expression which mediated resistance to anti-PD-1
immunotherapy Nivolumab in NSCLC patients (Zhang et al., 2017). In addition,
histone modifications including methylation and acetylation can modulate PD-L1
expression in some cancers (Linenlaf et al., 2016; Booth et al., 2017; Bae et al.,
2018; Wang et al., 2018; Xiao et al., 2019). The histone methyltransferase, enhancer
of zeste 2 polycomb repressive complex 2 subunit has been shown to supress PD-
L1 expression through mediating trimethylation of the PD-L1 promotor in hepatoma
cells (Xiao et al., 2019). Moreover, histone deacetylases (HDACs) have been
reported to regulate PD-L1 expression (Zheng et al., 2016; Booth et al., 2017; Wang
et al., 2018). In lung cancer, HDAC inhibition has been shown to augment PD-1/PD-
L1-targeted therapy through the enhancement of PD-L1 expression (Zheng et al.,
2016; Briere et al., 2018).

1.5.3 Constitutive oncogenic signalling regulates PD-L1 expression

Oncogenic and tumour suppressor signalling pathways have been shown to regulate
PD-L1 expression (Cao et al., 2017; Janse Van Rensburg et al., 2018). Oncogenic

signals derived from aberrant receptors, effector molecules and transcription factors
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lead to the overexpression of PD-L1 by tumours and are associated with poor
prognosis and patient response to PD-1/PD-L1-targeted therapy (Jiang et al., 2013;
Hellman et al., 2018; Janse Van Rensburg et al., 2018; Ju et al., 2020). PI3K-AKT-
MTOR and RAS-MAPK pathway activation is evidently linked to constitutive PD-L1
regulation in many cancers (Akbay et al., 2013; Lastwika et al., 2016; Almozyan et
al., 2017; Ju et al., 2020). Loss of PTEN (a tumour suppressor that negatively
regulates PI3K-AKT-mTOR signalling) or mutations in PIK3CA (a catalytic subunit of
PI3K) leads to elevated PD-L1 expression via constitutive P13K-ATK-mTOR
pathway activation in squamous cell lung carcinoma (Xu et al., 2014; McGowan et
al., 2017), NSCLC (Lastwika et al., 2016), gliomas (Parsa et al., 2007), colorectal
cancer (Song et al., 2013), prostate cancer (Crane et al., 2009) and breast cancer
(Mittendorf et al., 2014). Some tumours harbour mutations in RAS, BRAF and EGFR
and exhibit constitutive RAS-MAPK pathway activation and consequently
overexpress PD-L1 (Akbay et al., 2013; Jiang et al., 2013; Simeone et al., 2015;
Hellman et al., 2018). BRAF and EGFR mutations correlate with PD-L1 expression,
poor prognosis and low patient response to PD-1/PD-L1-targeted therapy in
melanoma (Jiang et al., 2013; Simeone et al., 2015) and NSCLC (Hellman et al.,
2018), respectively. Moreover, oncogenic transcription factors including MYC
(Maeda et al., 2017), STAT (Marzec et al., 2008), NFkB (Gowrishankar et al., 2015;
Jin et al., 2019), IRF-1 (Lee et al., 2006), AP-1 (Green et al., 2012) and HIF (Noman
etal., 2014; Barsoum et al., 2014) have been reported to modulate PD-L1 expression
at the transcriptional level. MYC expression is found elevated in 70% of cancers
(Dang et al., 2012) and has recently been shown to bind to the PD-L1 promoter
transcriptionally inducing PD-L1 expression (Casey et al., 2016). Like MYC, other
oncogenic reprogramming factors have been implicated in PD-L1 regulation. OCT4
and SOX2 have both been shown to upregulate PD-L1 expression in cervical cancer
(Dong et al., 2018) and hepatocellular carcinoma (Zhong et al., 2017), respectively,
highlighting the necessity of PD-L1 expression for tumour reprogramming functions.

1.5.4 Post-translational modifications modulate PD-L1 expression

Posttranslational modifications have recently been recognised to modulate PD-L1
expression in some cancers, namely, N-linked glycosylation, phosphorylation and
poly-ubiquitination (Li et al., 2016; Mezzadra et al., 2017; Zhang et al., 2018; Hsu et
al., 2018; Wang et al., 2019). Mass spectrometry analysis revealed that PD-L1

expressed by human tumour tissues and cancer cell lines (including breast,
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melanoma, lung and colorectal) was highly glycosylated at the asparagine residues
of four NXT motifs in the PD-L1 extracellular domain (Li et al., 2016). This N-linked
glycosylation was shown to be responsible for PD-L1 protein stability; giving PD-L1
a four-fold longer half-life compared to non-glycosylated PD-L1 (Li et al., 2016).
Phosphorylation and poly-ubiquitination of PD-L1 has the opposite effect to
glycosylation in that they both reduce PD-L1 expression. In breast and cervical
cancer, cyclin D-CDK4 kinase was shown to destabilise PD-L1 via phosphorylating
cullin 3-speckle type POZ protein E3 ligase, leading to PD-L1 ubiquitination;
ultimately reducing PD-L1 expression (Zhang et al., 2018). Likewise, ubiquitin E3
ligases Cbl-b and Cbl-c negatively regulate PD-L1 expression by inactivating STAT,
AKT and ERK signalling in NSCLC cells (Wang et al., 2018).

1.5.5 Extrinsic factors promote PD-L1 expression

Interferon gamma signalling in the tumour microenvironment is primarily responsible
for PD-L1 upregulation by tumour cells in most cancer types (Moon et al., 2017;
Zhang et al., 2017; Garcia-Diaz et al., 2017; Li et al., 2018; Imai et al., 2019; Chen
et al., 2019). This may be due in part to secretion of IFNy from tumour specific T-
cells within the tumour microenvironment. A study investigating IFNy-mediated PD-
L1 upregulation in multiple cancers including melanoma, renal cell carcinoma, head
and neck cancer and NSCLC, found that IFNy was able to induce mRNA and protein
PD-L1 expression by tumour cells regardless of constitutive PD-L1 expression (Chen
et al., 2019). Although, IFNy is a dominant driver of PD-L1 expression in various
tumours, the mechanism by which IFNy mediates PD-L1 upregulation appears to be
distinct among different cancer types. For example, transcription factors JAK/STATL,
IRF-1 and NFkB are responsible for IFNy-induced PD-L1 expression in
hematopoietic tumours (Bellucci et al., 2015), lung cancer (Lee et al., 2006) and
melanoma (Gowrishankar et al., 2015), respectively. IFNy signalling is often
associated with a positive patient response to PD-1/PD-L1-targeted therapy in
metastatic melanoma, NSCLC, head and neck cancer, gastric cancer and urothelial
carcinoma (Ayers et al., 2017; Karachaliou et al., 2018; Yi et al., 2018). Moreover,
loss of function mutations in molecules involved in the IFNy signalling pathway such
as JAK1, JAK2 and B2-microglobulin have been identified to render tumour cells
unresponsive to IFNy signalling and mediate intrinsic or acquired resistance to PD-
1-targeted therapy (Zartesky et al., 2016; Shin et al., 2017; Alavi et al., 2018).
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Other inflammatory cytokines shown to promote PD-L1 expression by tumour cells
include: TNFa in breast (Lim et al., 2016), prostate, colorectal cancer (Wang et al.,
2017) and hepatocellular carcinoma (Li et al., 2018); IL-27 in lung, prostate and
ovarian cancer (Carbotti et al., 2015); and TGFp in breast (Alsuliman et al., 2015)
and lung cancer (Kurimoto et al., 2016). Additionally, some cytokines have been
shown to work synergistically to upregulate PD-L1 expression in tumours such as
TNFa with IFNy (Yee et al.,, 2017) and with IL-17 (Wang et al.,, 2017). Besides
inflammatory cytokines extrinsically modulating PD-L1 expression, hypoxia in the
tumour microenvironment selectively elevates PD-L1 expression via HIF-1a
activation in melanoma, breast, lung, thyroid, and prostate cancer (Barsoum et al.,
2014; Johnson and Dong, 2017; Zhou et al., 2019).

Despite the tremendous efforts of scientific researchers to provide insight into the
mechanisms behind PD-L1 signal activation in cancer, the regulation of PD-L1
expression by tumours remains to be fully elucidated in all cancer types.
Understanding the mechanisms of tumorigenic PD-L1 expression and signalling in
different cancer types may provide therapeutic opportunities to alleviate PD-L1-
induced intratumoral immunosuppression and overcome resistance to PD-1/PD-L1-
targeted therapy and chemotherapy. For greater improvement in the efficacy of PD-
1/PD-L1-targeted therapy, it is necessary to identify and target tumour-intrinsic
mechanisms that are both responsible for controlling PD-L1 expression and

promoting tumour progression and resistance to cancer treatment.

1.6 Tumour-intrinsic PD-L1 signalling

To date, there are less than twenty publications investigating the intrinsic role of PD-
L1 in tumours: predominantly using RNA interference approaches in two dimensional
(2D)-cultured mouse or human cancer cell lines and immunocompromised mouse
models. There is an emerging role of PD-L1 to send pro-survival signals within
tumour cells to promote cancer initiation, metastasis, development, and resistance
to therapy (lllustrated previously in Figure 1.2 Section 1.2.1.2). However, how these
emerging pro-survival signals are conveyed intracellularly from cell surface PD-L1 is
largely unknown. There is accumulating evidence that intracellular regions of PD-L1
are responsible for transducing survival signals in tumour cells (Azuma et al., 2008;
Gato-Cafas et al.,, 2017; Escors et al.,, 2018). Three conserved amino acid
sequences including RMLDVEKC, DTSSK and QFEET motifs have been reported
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and shown to be located in the intracellular domain of PD-L1. RMLDVEKC and
DTSSK motifs were reported to be associated with regulating PD-L1 stability and
signal transduction due to the discovery of two specific phosphorylation sites located
in the motifs (Lim et al., 2016; Gato-Cafas et al., 2017). Gato-Cafias et al., (2017)
demonstrated that the RMLDVEKC motif was required to inhibit IFN-mediated
cytotoxicity towards tumour cells via directly preventing STAT3 phosphorylation and
caspase-mediated apoptosis. Another study also demonstrated that tumour cells
expressing PD-L1 were refractory to Fas- and protein kinase inhibitor Staurosporine-
mediated apoptosis (Azuma et al., 2008), which could suggest that the intracellular
motifs of PD-L1 may be involved in crosstalk with other signalling pathways; in
particular signalling pathways that control tumour cell survival. Other studies have
shown that PD-L1 agonists can induce crosslinking between PD-L1 and CD80/CD86
to transduce reverse signalling (Kim et al., 2008; Chaudhri et al., 2018; Zhao et al.,
2019). Recently, PD-L1 has been shown to form a heterodimer with CD80, a shared
ligand with CTLA-4 and CD28, in cis on APCs and tumour cells. This heterodimer
was reported to weaken CD80:CTLA4 interaction, but not CD80:CD28 binding
indicating that PD-L1 may prevent CTLA-4 inhibitory signals (Chaudhri et al., 2018;
Zhao et al., 2019). Furthermore, overexpression of CD80 on PD-L1 positive tumour
cells was shown to blunt the pro-tumour role of PD-L1 (Haile et al., 2011). The above
studies support the notation that PD-L1 reverse signalling exists in tumour cells.
Research efforts should expand on this emerging concept of PD-L1 reverse
signalling which has the potential to identify new mechanisms of PD-L1-targeted

immunotherapy.
1.6.1 Tumour-intrinsic PD-L1 is associated with cancer initiation

PD-L1 expression has been shown to correlate with the cancer stem cell (CSC)-like
characteristics including the expression of CD44 and/or CD133 at high levels on
tumour cells. Human head and neck (Lee et al., 2016), lung (Nishino et al., 2017)
and colorectal (Zhi et al., 2015) cancer cells that have CSC-like characteristics
(CD44hieh/CD133Ma") were shown to preferentially express PD-L1 compared to
CD44'ov/CD133°w cancer cells in immunocompromised mouse models either
inoculated with a patient-derived xenograft or human cancer cell lines mixed with
Matrigel®, respectively. In breast and lung cancer cells CD44 was shown to be a key
regulator of PD-L1 expression following shRNA-directed knockdown of CD44 in vitro

and in vivo using a metastatic breast cancer xenograft mouse model (Kong et al.,
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2019). Additionally, primary tumour samples from breast and lung cancer patients
expressed high levels of PD-L1 correlating with CD44 positivity (Kong et al., 2019),
suggesting that CD44 regulation of PD-L1 expression observed in vitro could be

similar to that of an in vivo human tumour.

OCT4 and Nanog are transcription factors critical for pluripotency and tumorigenesis
Dong et al., 2018). PD-L1 has been shown to promote OCT4 and Nanog expression
via PISK/AKT pathway in breast CSCs (Almozyan et al., 2017). PD-L1 knockdown
compromised the capability of breast CSCs to self-renew themselves in vitro and in
vivo using immune deficient nude mice. CSCs ability to self-renew and differentiate
into heterogeneous lineages of cancer cells is thought to be responsible for drug
resistance and relapse in cancer development and progression (Dong et al., 2018).
A recent study showed that breast cancer stemness is regulated by miR-873 directly
suppressing PD-L1 expression and thus PISK/AKT and ERK1/2 signalling in breast
cancer cells, which reduced CSC-like characteristics and enhanced chemosensitivity
(Gao et al., 2019). Tumour PD-L1 has also been shown to promote the tumour-
initiating cell generation in immunocompromised murine melanoma and ovarian
cancer mouse models; a phenotype which was also verified in a human ovarian
cancer cell xenograft mouse model (Gupta et al.,, 2016; Kari et al., 2019). This
mechanism of intrinsic PD-L1 to drive tumour stemness was associated with
increased MTORCL signalling (Gupta et al., 2016); a signalling pathway later shown
to be triggered by reduced actin cytoskeleton polymerisation which was directly
mediated by intrinsic PD-L1 (Kari et al., 2019). PD-L1 silencing in cancer cells
increased actin cytoskeletal polymerisation and reduced mTORC1 signalling
compared to cells expressing PD-L1. However, CSC-like characteristics including
high aldehyde dehydrogenase activity, reduced production of reactive oxygen
species and a dormant state in the cell cycle were favoured following knockdown of
PD-L1 in cholangiocarcinoma cell tumours inoculated into mice compared to high
PD-L1 expressing tumours (Tamai et al., 2014), indicating that intrinsically PD-L1
may have different roles in different cancer types. Moreover, the CSC-like phenotype
is shown to be associated with epithelial to mesenchymal transition (EMT) (Dong et
al., 2018). Chen et al., (2014) indirectly knocked down PD-L1 via the microRNA-
200/ZEB1 axis in lung adenocarcinoma cells and found that PD-L1 expression

correlated with EMT. Low miRNA-200 expressing cells transplanted into a synergetic
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immunocompetent mouse model exhibited decreased intratumoural CD8+ T cells

and increased metastatic potential due to lack of control over PD-L1 regulation.

1.6.2 Tumour-intrinsic PD-L1 and the promotion of tumour growth, invasion,

and metastasis

Besides EMT playing a key role in invasion and metastasis, it can alter the tumour
immune microenvironment to immunosuppressive and influence response to PD-
1/PD-L1-targeted therapies (Mak et al., 2016). PD-L1 knockdown in cultured human
gastric cancer cell lines SGC-7901 and AGS reduced cell proliferation, migration,
invasion and apoptosis and induced cell cycle arrest in vitro and reduced tumour
growth and EMT phenotypic marker expression in immunocompromised mice in vivo
compared to gastric tumours expressing PD-L1 (Li et al., 2017). Similarly, in cultured
human Jurkat lymphoid leukaemia cells and Raji lymphoma cells, PD-L1 knockdown
by lentiviral transduction reduced their invasive ability via downregulation of ECM-
degrading enzymes, MMP 2 and 9 (Li et al., 2012). PD-L1 silencing in murine B16
melanoma cells has also been shown to slow tumour growth and reduce metastases
to the lungs of immunocompetent mice as well as immunodeficient mice via
mechanisms that increase autophagy and reduce mTORCL1 signalling (Clark et al.,
2016). These findings may be linked to the intrinsic functions of PD-L1 to promote
tumour stemness via mMTORCL1 signalling (Gupta et al., 2016; Kari et al., 2019).
Tumour-initiating cells induced by intrinsic PD-L1 signalling are likely to show higher
metastatic potential due to their self-renewal capabilities. Interestingly, the same
therapeutic effect to reduce lung metastasis was absent in murine ovarian ID8agg
cancer cells lacking PD-L1, in immunocompromised mice (Clark et al., 2016),
suggesting the effects of intrinsic PD-L1 may be tumour specific, and warrant further
investigation. A recent study which knocked down PD-L1 in NCI-H1299 and Calu-1
cells, showed enhanced proliferation in comparison to control cells (Wang et al.,
2020), suggesting a tumour suppressor role of PD-L1. Indeed, PD-L1 expression
has been shown to correlate with EMT markers in many solid tumours including
gastric, lung, breast, colon and other common cancers (Mak et al., 2016; Chen et al.,
2017). With consideration co-targeting of EMT vulnerabilities, and PD-1/PD-L1
signalling axis may have the potential to improve clinical efficacy of immunotherapy
by limiting the shift of the tumour microenvironment from immunostimulatory to

immunosuppressive during tumour development.
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1.6.3 Tumour-intrinsic PD-L1 and regulation of metabolic processes

Within the tumour microenvironment, nutrient competition between tumour cells and
immune cells may regulate tumour progression, and PD-L1 has been reported to
directly regulate the metabolism of several cancer cell lines (Cham et al., 2008;
Chang et al., 2015). Lactate derived from tumours can suppress the function of T
cells by disrupting aerobic glycolysis, a process required for optimal T cell function
(Cham et al., 2008). It has been reported that checkpoint blockade could induce an
increase in the glucose concentration within a progressive tumour mouse model,
which correlated with glycolytic capacity in tumour infiltrating lymphocytes and
increased IFNy production (Chang et al.,, 2015). Interestingly, treatment of B16
melanoma, MC38 colon cancer and sarcoma cancer cell lines in vitro with anti-PD-
L1 antibodies was shown to reduce aerobic glycolysis mechanisms, including
reduced glycolysis enzymes and Akt phosphorylation, indicating a tumour intrinsic
role for PD-L1 in enhancing tumour glycolysis. The same results were achieved by
shRNA mediated knockdown of PD-L1 (Chang et al., 2015), strongly suggesting that
PD-L1 itself was the modulator of glycolysis in cancer cells. Hypoxic inducible factor,
HIF-1a is a well-known modulator of glycolysis in cancer cells (Al Tameemi et al.,
2019). The reduced glycolytic activity of cancer cells caused by PD-L1 blockade
would subsequently induce an adaptive hypoxic response and stimulate the
production of HIF-1a. HIF-1a also directly modulates immune cell activity in the
tumour microenvironment to favour tumour growth and induces PD-L1 expression on
tumour cells and immune cells; indirectly mediating immune escape and tumour
progression (Johnson and Dong, 2017). Under hypoxic conditions PD-L1 expression
was directly induced by HIF-1a on MDSCs in B16-F10 tumour-bearing mice, and PD-
L1 blockade increased MDSC-mediated T cell activation by downregulating I1L-10
and IL-6 expression (Noman et al., 2014). Dual blockade of PD-L1 and HIF-1a could
further reduce the glycolytic activity of cancer cells caused by PD-L1 blockade and

enhance anti-tumour immunity, ultimately leading to cancer cell death.
1.6.4 Tumour-intrinsic PD-L1 facilitates resistance to anti-cancer therapies

PD-L1 exhibits an anti-apoptotic role in MDA-MB-231 breast cancer cells and
silencing PD-L1 in these cells increased cancer cell apoptosis and enhanced cancer
cell susceptibility to doxorubicin-induced apoptosis in vitro and in vivo (Ghebeh et al.,
2010), suggesting that PD-L1 not only prevents cancer cell apoptosis, but also

promotes chemotherapy resistance. Likewise, CRISPR/Cas9 knockout of PD-L1

57



enhanced the sensitivity of human osteosarcoma KHOS and MNNG/HOS cells to
doxorubicin and paclitaxel and compromised their ability to form three-dimensional
(3D) spheroids in vitro (Liao et al., 2017). Further characterisation of the role of PD-
L1 in chemotherapy resistance in MDA-MB-231 breast cancer cells discovered that
PD-L1 knockdown suppresses the expression of multidrug resistance 1/P-
glycoprotein (MDR1/P-gp) via PI3K/AKT pathway in vitro (Liu et al.,, 2017);
recognising this has an additional therapeutic target. In fact, PD-1/PD-L1 interaction
increased survival of breast cancer cells when exposed to doxorubicin (Liu et al.,
2017), suggesting that PD-1/PD-L1-targeted therapy may increase chemotherapy
efficacy by inhibiting MDR1/P-gp expression which usually confers resistance in
breast cancer cells. Moreover, through culturing of breast (MDA-MB-231 and 4T1)
and prostate (DU145) cancer cell lines with recombinant PD-1 or Jurkat T cells it has
been shown how PD-1/PD-L1 interactions results in increased resistance to
doxorubicin and docetaxel (Black et al., 2016). Subsequent knockdown or blockade
of PD-1 restored tumour cell chemo-sensitivity and reduced their metastatic potential
in a synergistic breast cancer mouse model. This suggests that blockade of intrinsic
pathways is beneficial for therapy. Conversely, human colorectal cancer cells
harbouring a BRAF%%E mutation showed that the depletion of PD-L1 suppresses
chemotherapy-induced apoptosis through the down regulation of BIM and BIK BH3-
only proteins (Feng et al., 2019), even though depletion alone reduced tumour
growth. The effect of PD-L1 on chemosensitivity was confirmed in BRAFY®%F mutant
MC38 murine tumour xenografts, where PD-L1 knockout cells were less sensitive to
chemotherapy due to the suppression of pro-apoptotic molecules, BIM and BIK,
compared to parental cells expressing PD-L1. This study highlights the importance
of understanding the role of PD-L1 in each cancer type and its subtypes to design

effective treatment regimens that will benefit cancer patients.

The tumour-intrinsic role of PD-L1 appears to be similar across all cancer types
investigated in the literature to date, with the exceptions of cholangiocarcinoma and
contradictory evidence in lung cancer, in that PD-L1 promotes tumour growth and
development. However, the molecular mechanisms of PD-L1 exerting pro-tumour
activity appear to be distinct amongst different cancer types. Notably, all except one
report investigating the intrinsic role of PD-L1 in lung cancer demonstrates a pro-
tumour role of PD-L1. In this one study, the cells utilised were mesenchymal lung

cancer cell lines which harboured Kirsten rat sarcoma viral oncogene homolog
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(KRAS) and/or p53 mutations, suggesting that the tumour cells metastatic capacity
and mutational status may not be determining factors as to whether PD-L1 exhibits
a pro-tumour or anti-tumour role in lung cancer. Furthermore, Wang et al., (2020)
showed that PD-L1 expression reduces lung cancer cell proliferation, which may
suggest that although PD-L1 expression limits tumour cell proliferation it may still
affect other tumour characteristics that influence tumour progression. The reasons

behind this potential role of PD-L1 in lung cancer warrants further investigation.

1.7 Tumour-intrinsic PD-1 signalling

Similar to PD-L1, the expression of PD-1 on T cells and its role to inhibit the immune
system is well characterised, but recent studies have found intrinsic expression of
PD-1 on tumour cells including melanoma (Kleffel et al., 2015), hepatic carcinoma
(Li et al., 2017), ovarian (Osta et al., 2018), bladder (Osta et al., 2018), lung (Du et
al., 2018; Wang et al., 2020) and colorectal (Wang et al., 2020) cancer cells. In
melanoma B16 tumours, a subpopulation of PD-1 expressing cancer cells were
identified to modulate downstream mTOR signalling and promote tumorigenesis
independent of adaptive immunity, in an in vivo mouse model lacking an adaptive
immune system (Figure 1.5A) (Kleffel et al., 2015). This effect was abrogated with
anti-PD-1 therapy, tumour-specific PD-1 knockdown and mutagenesis of intracellular
signalling motifs downstream of PD-1, strongly suggesting an intrinsic function of PD-
1 to promote tumorigenesis in melanoma. Similar to intrinsic PD-1 in melanoma cells,
intrinsic PD-1 in liver cancer cells has been reported to mediate tumorigenesis in
immunocompromised mice via regulating mTOR signalling (Figure 1.5A) (Li et al.,
2017) and thus combined inhibition of PD-1 and mTOR may be a potential
therapeutic strategy for melanoma and liver cancer. Moreover, anti-PD-1 therapy
reduced the cell growth of ovarian ES2 and bladder RT4 cancer cell lines cultured in
2D in the absence of adaptive immunity (Osta et al., 2018), implying that PD-1
expression is potentially oncogenic.

Interestingly in murine NSCLC M109 cells, intrinsic PD-1 exhibited an anti-tumour
role in immunocompromised mice and when NSCLC cells were treated with anti-PD-
1 therapy they demonstrated increased proliferation and tumour growth (Figure 1.5B)
(Du et al., 2018). Consistent with this, silencing of PD-1 or therapeutic antibody
blockade of PD-1 on the surface of NSCLC and colorectal cancer cells increased

proliferation in vitro via activating PISK and MAPK pathways (Wang et al., 2020),
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suggesting that PD-1 could be involved in development of resistance to
immunotherapy blockade in NSCLC and could provide one explanation for why
patients with NSCLC can display hyperprogressive disease following treatment with
anti-PD-1 therapy (Champiat et al., 2017; Wang et al., 2020). The latter findings also
suggest that the tumour suppressor role of PD-1 on cancer cells may not be limited
to NSCLC. Although, Wang et al., demonstrated that PI3K and MAPK pathways were
activated following anti-PD-1 therapy in NSCLC cells in vitro and in vivo, their study
also showed that PD-1/PD-L1 dysfunction did not activate mTOR, illustrating that the
mechanism behind tumour-intrinsic PD-1 to either induce or inhibit tumour growth
may be different. However, mTOR activation has been shown to occur in the only
two studies investigating tumour-intrinsic PD-1 where PD-1 has a pro-tumour role,
which may suggest that mTOR signal activation is necessary for PD-1 to exhibit
tumorigenic activity. Therefore, the molecular mechanism behind tumour-intrinsic
PD-1 needs to be elucidated in other cancer types to confirm this potential role of
MTOR in PD-1 signalling in tumour cells. Furthermore, studies investigating the role
of tumour-intrinsic PD-1 in tumours have utilised tumour cell lines that exhibit invasive
and metastatic potential. The metastatic potential of cells does not seem to be a
factor in determining whether PD-1 is pro- or anti-tumorigenic and nor is it associated
with enhanced tumour-intrinsic PD-1 activity (Kleffel et al., 2015). Additionally,
studies have used both poorly- and well-differentiated tumour cells which have been
shown to have the same PD-1-intrinsic function, implying that the differentiated state
of the cell is also not a contributing factor to the role of PD-1 in tumours. Yao et al.,
reanalysed cancer transcriptomic and proteomic data from The Cancer Genomic
Atlas Project and The Cancer Cell Line Encyclopedia Dataset to find that tumour-
intrinsic PD-1 expression is widespread in many cancer types. This heterogeneity
may explain the differential therapeutic effects of anti-PD-1 drugs and could provide
crucial information required when selecting suitable patients for treatment dependent
on the cancer cell type. However, further work in different cancers and tumour

models could also shed more light into this area.

So far, most evidence for PD-L1 and PD-1 signalling in cancer cells is based on 2D
cell culture models using murine and human cancer cells and immunodeficient
mouse models that can fail to fully recapitulate the human in vivo tumour (Hoarau-
Véchot et al., 2018; Wang et al., 2019). Therefore, more relevant models capable of

recapitulating the heterogeneity of the tumour microenvironment during in vivo
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conditions could allow further predictive in vitro evaluation of the tumour-intrinsic role
of PD-L1 and PD-1, and how these roles may be affected by immunotherapy

treatment and influence immune cell function.

A Melanoma, liver, ovarian B Lung and colorectal cancer
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Figure 1.5 The new and emerging role of PD-1 signalling in cancer. (A) Intrinsic
PD-1 signalling has been shown to promote tumorigenesis in melanoma, liver, and
bladder cancer cells. Anti-PD-1 therapy abrogates this effect inhibiting tumour
growth. (B) Intrinsic PD-1 signalling in NSCLC and colorectal cancer cells has been
shown to inhibit tumorigenesis. Anti-PD-1 therapy preventing PD-1 signalling
promotes tumour progression in NSCLC and colorectal cancer cells. Image adapted
from Hudson et al., 2020.

1.8 Immunotherapy blockade of intrinsic PD-L1 and PD-1 signalling

Recent reports discussed above suggest that the emerging intrinsic role of PD-L1 is
largely pro-tumorigenic in several cancers, but that in lung cancer and
cholangiocarcinoma, it may act as a tumour suppressor gene. Likewise, the new
emerging tumour intrinsic role of PD-1 has also been reported to have differential
roles in different cancer cell types and this remains to be further investigated.
However, there are currently a limited number of reports investigating how

immunotherapeutic drugs potentially modulate these intrinsic pathways.
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Theivanthiran et al., (2021) demonstrated that PD-1 blockade on CD8+ T cells in a
syngeneic mouse model was able to activate a PD-L1-NLRP3 inflammasome
signalling pathway in tumour cells that promoted MDSC recruitment and infiltration
into the tumour microenvironment. MDSCs induced T cell anergy through producing
IL-6, IL-10 and reactive oxygen species (Noman et al., 2015), thus dampening the
immune response and promoting resistance to anti-PD-1 therapies. The effect of the
immunotherapy drug Atezolizumab was measured on MDA-MB-231 breast cancer
cells (Saleh et al., 2019). In this study, RNA-Seq was utilised to assess the
modulation of gene expression after treatment with Atezolizumab and it was reported
that genes promoting cell migration, metastasis, EMT, cell growth and hypoxia were
downregulated whilst anti-apoptosis genes were upregulated. This suggests that
Atezolizumab may be able to modulate the signaling of PD-L1 in this cell line to some
extent at the level of gene expression. Similarly, Chen et al., (2021) demonstrated
using homemade anti-PD-L1 antibodies that PD-L1 blockade reduced tumor
metastasis in an immunocompetent TNBC mouse model (Chen et al.,, 2021). In
contrast, Wang et al., (2020) investigated the effects of anti-PD-1 antibodies
Nivolumab and Pembrolizumab or the anti-PD-L1 antibody Atezolizumab on Calu-1,
SW480, HT-29, BxPC-3, SK-BR-3, and U-2 OS cells. Allimmunotherapy drugs were
shown to increase cell proliferation compared to isotype control in vitro. To verify
these findings in vivo, human Ilung cancer cells were inoculated into
immunocompromised mice. Similar to in vitro studies, monoclonal antibody
administration to block PD-1 or PD-L1 activated PI3K and MAPK pathways by
phosphorylating AKT and ERK1/2, respectively, promoting tumour cell growth in vivo.
Furthermore, a very recent study showed that PD-L1 engagement with cellular
ligands and Atezolizumab was able to promote increased oncolytic viral infections in
prostate cancer cells via suppressing type | interferon responses and inducing a pro-
glycolytic shift in cancer cells (Hodgins et al., 2022). These few studies suggest that
immunotherapeutic antibodies may be able to modulate the intrinsic function of PD-
L1 and PD-1 and potentially highlights an alternative mechanism by which tumours
may develop resistance to PD-1/PD-L1 targeting therapy through co-expressing PD-
L1 and its receptor PD-1. Moreover, understanding the mechanisms of tumour-
intrinsic signalling may give insight into potential therapeutic combinations with PD-
1/PD-L1-targeted therapies. For example, Hodgins et al., (2022) study mentioned
above illustrates a novel mechanism by which therapeutic monoclonal antibodies can

enhance oncolytic virus uptake, and therefore supports the use of these antibodies
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in combination with oncolytic virotherapy. The ability of immunotherapy drugs to
modulate the intrinsic PD-L1 and PD-1 pathway in other cancers in more
heterogeneous tumour models could also provide further important insight into the

mechanism of immunotherapy treatment.

1.9 Modelling tumour heterogeneity to further elucidate intrinsic roles of PD-
L1 and PD-1

Tumour heterogeneity makes it challenging to identify novel therapeutic targets and
potential biomarkers of immunotherapy response that could substantially enhance
therapeutic efficacy (Wang et al., 2019). The scientific basis for numerous clinical
trials has derived from 2D cell culture models and animal models, which can fail to
fully replicate the human tumour microenvironment due to lack of heterogeneity and
species-to-species variability, respectively, which could account for lack of
transferability of PD-1/PD-L1-targeted antibodies into the clinic (Hoarau-Véchot et
al., 2018; Wang et al., 2019). Furthermore, most evidence to date exploring the
intrinsic role of PD-L1 and PD-1 has been based on 2D cell culture models using
murine or human cancer cell lines or animal models, and thus limit the capacity to
explore these roles in a relevant human tumour setting (Hudson et al., 2020). Given
the emerging intrinsic roles of PD-L1 and PD-1 and the differences between cancer
types, utilising models which closely mimic the heterogeneity of the human tumour
microenvironment could allow a more predictive in vitro evaluation of the intrinsic role
of PD-L1 and PD-1 in cancer and modulation by anti-cancer therapeutics. For
example, human cancer cells implemented into different 3D cell culture models have
shown to exhibit characteristics that more closely mimic in vivo human tumours, such
as changes in morphology, proliferation, gene and protein expression and response
to treatment (Hoarau-Véchot et al.,, 2018). Table 1.3 demonstrates only a few of
many studies that have shown the benefits of using different 3D cell culture models

to mimic the characteristics of an in vivo human tumour more closely.
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Table 1.3 Examples of 3D cell culture models that recapitulate biological

characteristics of an in vivo human tumour.

Cancer Cell line 3D Model Results
Model
Breast MDA-MB- Alginate Cancer cells present with CSC-like
231 Scaffold phenotype by increasing the
expression of CD44, CD24 and
inducing expression of ALDH1 in 3D
Multicellular 3D spheroids displayed a pH gradient;
Spheroids an acidic tumour microenvironment
facilitating drug resistance
MCF-7 Collagen High expression of CSC-associated
Scaffold properties such as CD44
Multicellular Higher expression of HIF-1a and P-gp
Spheroids induced cancer cell resistance to
doxorubicin
Prostate LNCaP Collagen In 3D cancer cells displayed higher
Scaffold resistance to docetaxel than in 2D
Multicellular In 3D spheroids, cancer cells were
Spheroids more resistant to docetaxel and
secreted elevated levels of PSA than in
2D
Multicellular In 3D spheroids, cancer cells had
Spheroids higher E-cadherin expression than 2D
PC3 Collagen In 3D cancer cells displayed higher
Scaffold resistance to docetaxel and expressed
lower levels of MMP1 and MMP9 than
in 2D
Colorectal | SW480 Laminin-rich The ECM interactions reduced
ECM proliferative rate of cells (225 genes
were expressed at significantly different
levels in 2D vs 3D)
Multicellular In 3D cancer cells exhibited increased
Spheroids activation of metabolic pathway
(glycolysis), increased HIF-1a
expression and reduced MAPK
signalling.
SW620 Multicellular AKT and mTOR signalling was
Spheroids drastically reduced in 3D compared to
2D
Multicellular Therapeutic efficacy of 5-FU was
Spheroids significantly reduced in 3D compared to
2D

Table 1.3. Examples of 3D cell culture models utilised in preclinical research
to better mimic the characteristics of an in vivo human tumour than
conventional 2D cell culture. Human cancer cells have been implemented into
various 3D cell culture models that facilitate the formation of spheroids that exhibit

characteristics that resemble human tumours.
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1.9.1 The benefits of using 3D cell culture models in cancer immunology

Many researchers use 2D cell cultures as the in vitro pre-clinical model for testing of
anti-cancer drugs before proceeding to in vivo trials due to their simplicity, cost-
effectiveness, and compatibility with high throughput screening platforms (Law et al.,
2021). However, the results attained from 2D in vitro models have limited clinical
translatability to human tumours, which may in part explain why over 90% of potential
anti-cancer drugs result in translational failure in clinical trials (Law et al., 2021).
Cancer cells cultured in 2D monolayer are grown on a hard, rigid plastic surface
which aberrantly alters the cells behaviour, gene and protein expression, and drug
sensitivity (Knight and Przybors, 2015). Additionally, unlike solid tumours, monolayer
cultured cells demonstrate limited cell-to-cell interactions, cell-to-ECM interactions,
and drug resistance, whilst also lack concentration gradients of soluble metabolites,
oxygen and pH which together support tumour survival in vivo (Law et al., 2021). 3D
cell culture systems on the other hand offers a more physiological environment for
pre-clinical testing of anti-cancer drugs and exploring cancer cells and their
interactions with other cell types that exist in the tumour microenvironment (Figure
1.6). 3D cell culture systems mimic the 3D architecture, nutrient gradient, cell-cell
and cell-ECM interactions, gene and protein expression and drug sensitivity of in vivo
solid tumours (Breslin and O'Driscoll, 2013; Knight and Przybors, 2015; Lazzari et
al., 2017; Hoarau-Véchot et al., 2018; Di Modugno et al., 2019; Boucherit et al.,
2020). Indeed, different 3D cell culture systems have been used to make
advancements in cancer immunology in which 2D cell culture fail to do so as
effectively (Fitzgerald et al., 2021). The most common 3D models used in cancer

immunology include tumour spheroids, organoids, and microfluidic chips.
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Figure 1.6 The physiological
differences between 2D and 3D
cell culture models. Cancer
cells cultured in 2D monolayer
cell culture display aberrant
characteristics due to being
grown on a stiff surface that
poorly resembles the
physiological conditions in vivo.

In comparison, 3D cell culture

models display many
characteristics  that  closely
resembles that of an in vivo

human tumour. Image taken from
Law et al., (2021).

The use of tumour spheroids in cancer immunology

There are many different techniques employed to generate 3D tumour spheroids.

The most conventional approach is through the aggregation of cancer cell lines via

attachment prevention techniques (Law et al., 2021). Such methods include the use

of attachment prevention surfaces such as commercial ultra-low attachment plates

and matrix coatings like agarose, or the suspension of cells within a droplet of liquid

termed ‘hanging drop’ (Kelm et al., 2003; Friedrich et al., 2009). These cell

aggregation methods are well characterised to generate robust tumour spheroids

with diameters over 200 uM promoting the development of a hypoxic core; an

important characteristic of in vivo human tumour that influences tumour development

and immune cell function (Kelm et al., 2003; Boucherit et al., 2020). Alternatively, 3D

tumour spheroids can be created by embedding cancer cell lines in different
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biological and synthetic hydrogels. Biological hydrogels include plant-derived
alginate and animal derived-collagen, Matrigel, and gelatin. Synthetic hydrogels
include hyaluronic acid and biopolymer hydrogels. Hydrogel scaffolds promote a
single-cell suspension to proliferate into isogenic spheroid populations to enable a
more natural development of cultures that resemble in vivo properties (Knight and
Przybors, 2015). Using hydrogel scaffolds can bring external ECM properties to
facilitate the structure of a cellular environment and development of cell-ECM and
cell-cell interactions found in vivo. The stiffness of hydrogels can also be modified to
resemble the pathological stiffness of solid tumours that is well known to shape

tumour development (Law et al., 2021).

Whilst 3D tumour spheroids themselves generated using cancer cell lines are a
homogenous cell population and do not properly model the cancer-immune
microenvironment due to the lack of immune cells, they offer the opportunity to
perform screening of immunotherapy drugs to assess drug penetrance (Fitzgerald et
al., 2021). Because cancer cells cultured in 2D monolayer are a single layer of cells
it makes it impossible to assess drug penetrance this way. Unlike small molecule
inhibitors that readily penetrate tumours, larger monoclonal antibodies of which many
immunotherapy drugs are can have heterogeneous tumour distribution which can
ultimately limit their therapeutic efficacy (Fitzgerald et al., 2021). Lui et al., (2018)
demonstrated the time-dependent penetration and heterogeneous distribution of the
EGFR-targeting monoclonal antibody Cetuximab in HT-29 and DLD-1 colorectal
cancer spheroids using mass spectrometry imaging and fluorescent microscopy;
observations which were in accordance with former in vivo studies (Lui et al., 2018).
Additionally, the delivery of trastuzumab, a HER2-targeting monoclonal antibody via
immunoliposomes was shown to reduce the proliferation of MDA-MB-231 breast
cancer cells culture in 3D spheroids to the same extent as MDA-MB-231 breast
cancer tumours in an in vivo mouse model (Rodallec et al., 2018), highlighting the
benefits of using 3D spheroids for the assessment of the biological effects of

immunotherapy drugs.

Many studies have used 3D tumour spheroids to assess immune cell infiltration has
this is an important factor to ensure the efficacy of immunotherapies. Mark et al.,
(2020), recently demonstrated that the cytotoxic capability of NK cells was reduced
5.6-fold in K562 leukemic cell 3D tumour spheroids formed in a collagen matrix

compared to their 2D counterparts, due to the NK cells not being able to efficiently
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migrate into the tumour mass. The use of cytokines to promote the migration of NK
cells into colorectal cancer 3D tumour spheroids has been shown to increase NK-
mediated cancer cell lysis (Courau et al., 2019). However, the increased NK cell
migration was accompanied by an increase in cancer cells expression of inhibitory
receptors including MICA/B and NKG2A. Monoclonal antibodies targeting these
receptors re-established NK cell-mediated lysis. This previously has been shown to

be the case in a melanoma mouse model (De Andrade et al., 2018).

Furthermore, 3D tumour spheroids have been used to understand the complex
cancer cell-immune cell interactions which can lead to tumour growth and immune
escape. It was found that ovarian cancer 3D spheroids co-cultured with monocytes
demonstrated a higher invasive phenotype and lower sensitivity to chemotherapy
compared to cancer spheroids alone (Raghavan et al., 2019). Many studies have
since shown that the mechanism by which monocytes can influence tumour
progression is due to cancer cells being able to promote the polarisation of
monocytes to M2-type immunosuppressive macrophages which in turn suppress the
effector function of CD8+ and CD4+ T cells in the tumour microenvironment leading
to immune escape and drug resistance. This has been demonstrated in ovarian,
pancreatic and melanoma 3D spheroids and in vivo mouse models (Kuen et al.,
2017; Chandrakesan et al., 2020). These studies further highlight the importance of

utilising 3D tumour spheroids for elucidating immune evasion mechanisms in cancer.
1.9.3 The use of other 3D cell culture systems used in cancer immunology

Unlike 3D tumour spheroids, organoids are formed from stem cells or progenitor cells
which expand and differentiate to make multicellular and heterogeneous clusters
containing cell types with similar phenotypes to the original human organ from which
they were derived (Fitzgerald et al., 2021). By incorporating autologous immune cells
into tumour-derived organoids, many researchers have been able to provide
invaluable insight into the mechanisms of antigen presentation (Chakrabarti et al.,
2018), develop immunotherapies such as CAR-T cell therapy (Leuci et al., 2020) and
investigate personalised immunotherapy treatment (Votanopoulos et al., 2020).
Votanopoulos et al., (2020) utilised melanoma tumour biopsies and lymph node
specimens from the same patients to co-culture ex vivo and was able to demonstrate
that the organoid models from 6 out of the 7 patients correctly reflected the clinical

response to anti-PD-1 and anti-CTLA4 monoclonal antibodies.
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Whilst patient-derived organoids are more clinically relevant models than 3D tumour
spheroids derived from cancer cell lines, they are difficult to obtain and are low
throughput. 3D tumour spheroids grown using scaffold-free or scaffold-based
methods provides the opportunity to investigate cancer immunology and
immunotherapy responses in a high throughput manner whilst still mimicking more

closely the tumour heterogeneity than that seen in 2D monolayer cultures.

1.9.4 The use of cancer-immune cell co-cultures and 3D cell culture models

to further elucidate intrinsic roles of PD-L1 and PD-1

So far there has been limited use of 3D cell culture models to investigate the
regulation and tumorigenic roles of PD-L1 and PD-1 (Hudson et al., 2020). The very
few studies which have, demonstrate their vast importance. In breast and lung cancer
cell lines cultured in 3D cell culture models, PD-L1 expression has been reported to
be affected by the extracellular matrix stiffness (Azadi et al., 2019; Miyazawa et al.,
2018). Therefore, mimicking the different pathological tissue stiffness observed
across different cancer types through modifying 3D scaffolds may better enable the
investigations of PD-L1 and immunotherapy responses, as we could presume that
PD-L1 expression levels would more closely mimic the levels found in solid tumours.
Lanuza et al., (2018) also investigated three different colorectal cancer cell lines
cultured in 3D spheroids and showed that PD-L1 expression only altered in 2 out of
the 3 cell lines, suggesting that PD-L1 modulation in a 3D environment may be
cancer cell type specific. Collectively, these three studies demonstrate how the
culturing of cancer cells in a 3D environment is important to better understand PD-
L1 modulation in a more representative human context. The exact mechanisms by
which the extracellular matrix and other features of a 3D environment may modulate
PD-L1 warrants further investigation in all cancers as therapeutic targeting of these

mechanisms could improve the efficacy of PD-1/PD-L1-targeted therapies.

In recent studies, 3D models have been shown to resemble the tumour immune
microenvironment for the investigation of the PD-1/PD-L1 signalling axis. A tumour-
immune co-culture was utilised to assess the efficacy of immunotherapies Nivolumab
and Durvalumab in ovarian cancer cell lines (Natoli et al., 2020). Through using this
model, researchers showed how chemotherapy resistant ovarian cancer cells were
less responsive to nivolumab treatment due to reduced expression of MHC-1,
rendering CD8+ T cells less capable of being activated. Furthermore, Neal et al.,

(2018) demonstrated the ability to culture ex vivo 3D organoids for a period of 28
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days that still exhibited the same TCR repertoire as the original tumour. In this model,
they were able to show that anti-PD-1 antibody treatment induced CD8+ T cell
expansion in 83% of organoids derived from anti-PD-1 responsive patients versus
only 14% in organoids derived from anti-PD-1 unresponsive patients (Neal et al.,
2018), indicating how this model could be extremely valuable to help elucidate the
mechanisms of immunotherapy resistance in unresponsive patients in a

personalised manner.

1.10 Summary

PD-1/PD-L1 checkpoint blockade is at the cutting edge of research offering cancer
patients hope for new treatment regimens with potential to have substantial clinical
benefit and prolong survival. PD-1/PD-L1-targeted therapies reactivate the immune
system to induce immune-mediated tumour eradication, and although they have
demonstrated success as single agents, they have also shown cooperation with
conventional and targeted therapies in the clinic. Unfortunately, most patients are
unresponsive or develop resistance to PD-1/PD-L1-targeted therapy. Further
elucidating the tumour intrinsic role of PD-L1 and its receptor PD-1 in all cancer types
by using relevant human tumour models will help understand the basis for or lack of
response to immunotherapy and may allow the identification of novel therapeutic

targets and biomarkers to enhance clinical efficacy.
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1.11 Aims and objectives of this thesis

The aim of this PhD project was to further elucidate the tumorigenic role of PD-L1
through utilising anti-PD-L1 immunotherapy drug Atezolizumab and PD-L1
knockdown strategies in human cancer cell lines cultured in 2D and 3D cell culture

models. To achieve this, the following objectives were investigated:

e Determine the basal level of PD-L1 expression and its modulation by
immunological cytokines in 2D-cultured human breast, prostate, and
colorectal cancer cell lines.

e Characterise human cancer cell lines for other immunological and tumorigenic
marker expression.

e Validate the growth and viability of human cancer cell lines in two 3D cell
culture models and measure PD-L1 expression, along with other
immunological and tumorigenic markers to compare to 2D monolayer
cultures.

e Explore the phenotypic effects of therapeutic anti-PD-L1 monoclonal antibody
Atezolizumab on human breast cancer cells cultured in 2D and 3D models.

¢ Knockdown PD-L1 in human breast cancer cells and assess the phenotypic
changes in 2D and 3D models compared to PD-L1 blockade with

Atezolizumab.
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2. Characterisation and immune modulation of human breast,
prostate, and colorectal cancer cells in standard 2D

monolayer culture

2.1 Introduction

Cancer cells express different molecules intracellularly and extracellularly which can
facilitate their ability to survive and develop within the tumour microenvironment
(Mirabelli et al., 2019). Many of these molecules can mediate immune evasion by
direct or indirect inhibition of immune cell effector functions. The overexpression of
PD-L1 is one such mechanism employed by tumours to evade immune-mediated
killing by directly binding its receptor PD-1 expressed by CD8+ T cells and other cell
types in the tumour microenvironment, including cancer cells (Freeman et al., 2000;
Dong et al., 2002). Downregulation of HLA-ABC and death receptor expression such
as DR4, DR5 and Fas; are another mechanism tumour cells may employ to reduce
their immunogenicity and prevent cell death induced by CD8+ T cells and other
immune cells (Beatty and Gladney, 2015; Garrido et al., 2019). Within solid tumours
hypoxia develops and whilst cancer cells adapt to survive, other cell types such as
immune cells suffer as a consequence and can switch from tumour-suppressive to
tumour-supportive phenotypes (Noman et al., 2015). Hypoxia and cytokine-release
such as IFNy and TNFa in the tumour microenvironment can regulate the expression
of tumour cell surface markers to favour tumour progression (Tsai and Wu, 2012;
Showalter et al., 2017). Alternatively, tumour cells can acquire mutations in the HLA-
ABC gene or antigen-presenting machinery impeding immune recognition (Shukla et
al., 2015; Schaafsma et al., 2021). Similarly, mutations can occur in genes encoding
death receptors DR4, DR5 and Fas preventing cancer cell apoptosis (Lee et al.,
1999; Shin et al., 2001). Additionally, CD44, a cell surface adhesion molecule,
overexpressed by cancer cells has been shown to promote tumorigenesis (Senbanjo
and Chellaiah, 2017) as well as interact with the Fas-induced cell death pathway to

facilitate the survival of cancer cells (Yasuda et al., 2001).

Since mouse and human cancer cell lines provide the basis for cancer immunology
research studies (Mirabelli et al., 2019), it is important to have knowledge of the
different immunological and tumorigenic markers that they express. Plus, understand
how their expression compares to in vivo solid tumours. This would improve

preclinical predictive validity of data produced using in vitro cancer cell line models;
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and ultimately increase the transition from preclinical monolayer cultures to more

complex in vitro and in vivo models of human cancer.
211 Aims

In the following chapter the aim was to characterise human breast, prostate, and
colorectal cancer cell lines grown in 2D monolayer cell culture for immunological and
tumorigenic marker expression. The objectives were to assess baseline levels of
several immunological and tumorigenic markers expressed by each cell line at
MRNA and protein levels. Firstly, the mRNA expression and protein production of
baseline PD-L1 was assessed before the effect of IFNy and TNFa on cell surface
PD-L1 protein expression was subsequently measured. In addition, the expression
of PD-1, PD-L2, HLA-ABC, DR4, DR5, Fas, CD44 and HIF1a mRNA and/or protein

were examined in each cell line.
2.1.2 Hypotheses

It was hypothesised that human breast, prostate, and colorectal cancer cell lines
would express differential levels of baseline PD-L1 depending on the cancer cell type
at mRNA and protein levels; and that PD-L1 protein expression could be modulated
by culturing 2D monolayer cancer cell lines with cytokines (IFNy and TNFa).
Additionally, it was hypothesised that cancer cell lines cultured in 2D cell culture
would express differential levels of other immunological and tumorigenic markers

depending on the cancer cell type at mRNA and protein levels.
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2.2 Materials and Methods

2.2.1 Cell lines and culture conditions

Human breast (MDA-MB-231 and MCF-7), prostate (LNCaP and PC3) and colorectal
(SW480 and SW620) cancer cell lines were purchased from American Type Culture
Collection (ATCC). Breast and prostate cancer cell lines were cultured in Roswell
Park Memorial Institute (RPMI 1640) medium and colorectal cancer cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM). All media was
supplemented with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin.
Cells were maintained in standard culture conditions (5% CO,, 37°C) and grown to
80-90% confluency in monolayer before being used experimentally. For each
experiment, the cell concentration of live cells was determined using a
haemocytometer and trypan blue stain. All cell culture materials were supplied by
Gibco™ (ThermoFisher Scientific). Cell lines were regularly tested for mycoplasma
using the EZ-PCR™ Mycoplasma Detection Kit (Biological Industries) and the
MycoAlert™ Mycoplasma Detection Kit (Lonza) and were confirmed to be

mycoplasma free. Cells were below passage 30 for all experiments.

2.2.2 RNA extraction and quantification, cDNA synthesis and real-time

guantitative polymerase chain reaction

Monolayer cells (5 x 10°) were seeded in a T25 flask and cultured for 72 hours before
being harvested and lysed using 500 puL BL-TG buffer (4M Guanidine thiocyanate,
0.01M Tris, 1% 1-Thioglycerol, Promega) for total RNA extraction using the
ReliaPrep™ RNA Miniprep System (Promega), according to the manufactures
protocol. RNA purity and quantity was assessed by using a NanoDrop 1000
(ThermoFisher Scientific). First-strand complementary DNA (cDNA) was generated
from 1 ug of total RNA with the High-Capacity RNA-to-cDNA™ Kit (ThermoFisher
Scientific). Real-time quantitative polymerase chain reaction (RT-qgPCR) was
performed using TagMan® Assays in 10 pL reaction mixtures. TagMan Assay
reaction mixtures contained: 5 pL of TagMan® Fast Advance (Applied Biosystems),
2.5 pL nuclease-free H20, 0.5 uL primer-probe (TagMan Gene Expression Assays,
FAM, ThermoFisher Scientific) (Table 2.1) and 2 uL cDNA or water for a no template
control. Hypoxanthine guanine phosphoribosyl transferase gene (HPRT1) and
TATA-box binding protein (TBP) were used as housekeeping genes (HKGs). All
primer-probes were purchased from Life Technologies Limited (ThermoFisher
Scientific). MicroAmp™ Optical 96-Well Reaction Plates were used for all RT-gPCR
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experiments (ThermoFisher Scientific). The TagMan gPCR thermal profile consisted
of an initial activation step of 10 minutes at 95°C, followed by 40 cycles of 30 seconds
denaturation at 95°C and 1 minute annealing at 60°C. RT-gPCR was performed
using the QuantStudio 3 Detection System (QuantStudio Design and Analysis
Software, Applied Biosystems). Since baseline mRNA levels of immunological and
tumorigenic markers were being assessed under the same experimental conditions
for each cancer cell line, relative expression was calculated using the ACT method
which compares the expression level of the gene of interest to the expression level
of HKGs (HPRT1 and TBP) for each cancer cell line. The ACT method calculation
used:

Relative expression = 27 (G0l Ct=HKG Ct)

Table 2.1 TagMan primer-probes for RT-qPCR.

Species Gene of Interest Assay ID

Human HPRT1 Hs99999909 m1
TBP Hs99999910_m1l
CD274 (PD-L1) Hs00204257_m1
CD273 (PD-L2) Hs00228839 m1l
CD279 (PD-1) Hs01550088 m1
CD261 (DR4) Hs00269492_m1
CD262 (DR5) Hs00366278 m1
CD95 (Fas) Hs00163653_m1
CD44 Hs01075864_m1
HIF1A (HIF1a) Hs00153153 m1l

Table 2.1 TagMan primer-probes for RT-qPCR used throughout the study. All
primer-probe assays were selected that crossed exon boundaries and that were
validated for 100% amplification efficacy. The genes detected using the primer-
probes included: HPRT1 (HPRT1); TBP (TBP); PD-L1 (CD274); PD-L2 (CD273);
DR4 (CD261); DR5 (CD262); Fas (CD95); CD44 antigen (CD44); and HIF1a
(HIF1A).

75



2.2.3 Flow Cytometry

2.2.3.1 Cell surface staining

Cells were seeded at 5 x 10° cells/well in 6-well plates and cultured to 90%
confluency before being harvested for flow cytometry to assess cell surface protein
expression. Firstly, cells were washed with phosphate buffered saline (PBS)
containing 2% FBS, before being re-suspended and labelled with Fc block (Human
TruStain FcX™; Biolegend) at 1:100 dilution for 10 minutes. Cells were subsequently
labelled with Allophycocyanin (APC) anti-human PD-L1 (clone 29E.2A3; Biolegend),
APC anti-human PD-L2 (clone 24F.10C12PE; 2B Scientific Limited), Phycoerythrin
(PE) anti-human PD-1 (clone: EH12.1; BD Biosciences), Fluorescein isothiocyanate
(FITC) anti-human HLA-ABC (clone G46-2.6; BD Biosciences), APC anti-human
DR4 (clone DJR1; Biolegend), PE anti-human DR5 (clone DJR2-4; Biolegend), PE
anti-human Fas (clone DX2; Biolegend) and APC anti-human CD44 (clone IM7;
eBiosciences) antibodies or their matched isotype controls for 30 minutes. All
antibodies were used at optimised dilutions (Table 2.2) which were determined by
performing titrations of each antibody (Appendix Figure 9.1). Isotype controls were
used at the same optimised dilution as its matched antibody isotype. Fc block,
antibody and isotype dilutions were made in PBS containing 2% FBS. Finally, cells
were washed with PBS containing 2% FBS twice before being placed into flow
cytometry tubes in a final volume of 200 pL for data acquisition. Data was acquired
using either a FACSCalibur (BD Biosciences) with CellQuest™ Pro Software v.5.2.1
(BD Biosciences) or a CytoFLEX (Beckman Coulter, IN, USA) with CytExpert
Software (Beckman Coulter). Data was analysed using FlowJo 10 Software (FlowJo,
LLC). The overall percentage expression of each positively stained sample run was
determined by subtracting the isotype control percentage. The median fluorescent
intensity (MFI) of each positively stained sample run was determined by dividing by

the value of the isotype control.
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Table 2.2 Antibodies used throughout the study for identifying specific cell
surface and intracellular antigens by flow cytometry.

Type of Antigen | Label | Isotype Manufacturer Dilution

Staining

Cell PD-L1 APC | Mouse IgG2b, k | Biolegend 1:100

Surface PD-L2 APC | Mouse IgG2a, k | Elabscience 1:100
PD-1 PE Mouse IgG1, k BD Biosciences | 1:25
HLA- FITC | Mouse IgG1, « BD Biosciences | 1:50
ABC
DR4 APC | Mouse IgG1, kK Biolegend 1:50
DR5 PE Mouse IgG1, K Biolegend 1:50
Fas PE Mouse IgG1, K Biolegend 1:50
CD44 APC | Rat IgG2b, eBiosciences 1:25

Intracellular | HIF1a PE Mouse lgG2b, k | Biolegend 1:50

Staining

Table 2.2 Antibodies used for flow cytometry to identify cell surface and
intracellular antigens expressed by cancer cells. Columns illustrate the antigens
recognised by the antibody, the fluorophore with which the antibody is labelled and
detected by flow cytometry, the isotype of the antibody, the manufacturer and the

optimised working dilution of the antibody used.

2.2.3.2 Cytokine modulation of PD-L1 expression

Low PD-L1 expressing SW620 colorectal cancer cells were seeded at 5 x 10°
cells/well in 6-well plates and incubated with recombinant human interferon gamma
(IFNy) (Biolegend) or recombinant tumour necrosis factor alpha (TNFa) (Bio-Techné)
at concentrations ranging from 5 ng/ml to 0 ng/ml in 10-fold dilutions for 48 hours to
determine the lowest dose of each cytokine that could significantly induce PD-L1
expression. For subsequent experiments, all cancer cell lines were treated with 0.5
ng/ml IFNy and/or 5 ng/ml TNFa for 48 hours before assessing cell surface PD-L1
expression using flow cytometry as described above. For MDA-MB-231 and LNCaP

cancer cells, 10 ng/ml of each cytokine was also investigated as described above.
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2.2.3.3 Intracellular staining of HIF-1la

Cells were seeded at 5 x 10° cells/well in 6-well plates and cultured for 72 hours
before being harvested for flow cytometry to assess HIF1a protein expression by
intracellular staining. Firstly, cell suspensions were placed into flow cytometry tubes
(BD Biosciences), and then washed with cell staining buffer (Biolegend). The
resulting pellet in the residual volume of approximately 100 pL was dissociated by
pulse vortexing and then cells were fixed and permeabilised using the eBiosciences
Foxp3/Transcription Factor Staining Buffer Set (eBiosciences), according to the
manufacturer’s protocol. Following fixation, permeabilization and subsequent wash
steps, 1 pL of FC block was added to each tube (1:100 dilution) and incubated for 10
minutes before labelling with PE mouse anti-human HIF1a antibody (Clone 546-16;
Biolegend) or its matched isotype control at the optimised dilution (1:50). Fc block,
isotype and antibody dilutions were made in 1X permeabilization buffer supplied with
the set from eBiosciences. After 30 minutes incubation, cells were washed twice with
1X permeabilization buffer and resuspended in 200 uL cell staining buffer for flow

cytometric analysis as described above.

2.2.4  Statistical analysis

Statistical analysis was performed using Prism version 7.03 (GraphPad Software,
Inc.). A Shapiro-Wilk normality test was used to determine whether data had a
parametric or non-parametric distribution. As the data was non-parametric it is
represented here as median * range and each independent experiment as 3
technical repeats (n=3). Statistical analysis was undertaken using a Kruskal-Wallis
followed by a Dunn’s multiple comparisons test. P-values less than 0.05 were
considered significant (*P<0.05 and **P<0.01).
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2.3 Results

2.3.1 Human breast, prostate, and colorectal cancer cell lines express

differential levels of PD-L1 at mRNA and protein level

Six human cancer cell lines including two breast (MDA-MB-231 and MCF-7), two
prostate (LNCaP and PC3) and two colorectal (SW480 and SW620) were assessed
to determine the basal level of PD-L1 expression at mRNA and protein level under
standard in vitro culture conditions. PD-L1 mRNA (Figure 2.1A) and protein (Figure
2.1B and Figure 2.1C) expression was differentially expressed across all human

cancer cell lines investigated.

MDA-MB-231 TNBC cells expressed high levels of PD-L1 mRNA and protein in
comparison to MCF-7 luminal-derived hormone-expressing breast cancer cells which
expressed one of the lowest levels of PD-L1 amongst the cancer cell lines
investigated. Almost all MDA-MB-231 cells expressed PD-L1 (99.5% = 0.159),
whereas only 4% (+ 1.818) of MCF-7 cells expressed PD-L1.

Lymph node-derived, LNCaP, and bone-derived, PC3, metastatic prostate cancer
cells both expressed low levels of PD-L1 mRNA and protein. Whilst only 8.6% (+
8.24) of LNCaP cells expressed low levels of cell surface PD-L1, 77.5% (+ 31.73) of

PC3 cells expressed the low level of PD-L1 on their cell surface.

SW480 primary-derived colorectal cancer cells expressed higher levels of PD-L1
MRNA and protein than SW620 lymph node-derived metastatic colorectal cancer
cells originating from the same tumour. SW480 cells expressed the second highest
level of PD-L1 mRNA amongst the cancer cell lines investigated and over one quarter
of their cell population expressed PD-L1 on their cell surface (27% + 1.655) at a
moderate level. In contrast, SW620 cells displayed low PD-L1 mRNA and protein
levels and the frequency of which PD-L1 was expressed on their cell surface was
only 3% (+ 1.544).
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Figure 2.1 Human breast, prostate, and colorectal cancer cell lines express
differential levels of PD-L1 at mRNA and protein level. PD-L1 (CD274) (A) gene
and (B) protein expression was measured by RT-gPCR and flow cytometry,
respectively, for MDA-MB-231, MCF-7, LNCaP, PC3, SW480 and SW620 cancer
cell lines. The percentage of PD-L1 protein expression is shown (left) alongside the
MFI (right). (C) Representative flow cytometry histograms show the isotype control
(grey) relative to the PD-L1 positive populations (pink). Data is presented as median

* range. n=3 independent experiments each with 3 technical repeats.
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2.3.2 IFNy and TNFa synergistically upregulate cell surface PD-L1 in some

human cancer cell line

Next, it was determined whether PD-L1 protein expression could be modulated on
the cell surface of human cancer cell lines cultured under standard culture conditions.
Human cancer cells were treated with the lowest significant dose of IFNy (Appendix
Figure 9.2A) and TNFa (Appendix Figure 9.2B) that could induce cell surface PD-L1
expression, either alone or in combination which was determined by treating low PD-
L1-expressing SW620 colorectal cancer cells with a range of cytokine
concentrations. Our data showed that PD-L1 expression could be upregulated by
individual cytokines and synergistically upregulated when treated with both cytokines

in combination in 4 out of the 6 cancer cell lines (Figure 2.2A-F).

MDA-MB-231 breast (Figure 2.2A) and LNCaP prostate cancer cells (Figure 2.2C)
were the only cells that demonstrated no statistically significant alterations to PD-L1
expression (p=0.092 and p=0.125, respectively) when treated with individual or both
cytokines, although these cells did demonstrate a slight increase in PD-L1
expression with cytokine treatment. Interestingly, LNCaP cells displayed an increase
in PD-L1 expression when treated with TNFa alone, but PD-L1 expression by IFNy-
treated cells was found to be comparable to that of untreated cells, even with the
addition of TNFa in the combined cytokine treatment. Additionally, a subsequent
experiment was performed using higher cytokine concentrations to treat MDA-MB-
231 and LNCaP cells to achieve maximum response. There were still no statistically
significant changes to baseline PD-L1 protein expression (Appendix Figure 9.3A and
B). In fact, the percentage of expression and the MFI of PD-L1 expression for both
MDA-MB-231 and LNCaP cells treated with 10 ng/ml cytokines was comparable to
that of those treated with cytokines at the lowest significant dose to induce PD-L1

expression.

MCF-7 breast cancer cells displayed a significant increase in the frequency of cells
expressing PD-L1 when treated with IFNy (30.9% + 11.6, p=0.033) alone or in
combination with TNFa (62.5% + 21.4, p=0.0041) compared to untreated control cells
(4.65% = 2.12) (Figure 2.2B). This was accompanied by an increase in the MFI of
PD-L1 expression in IFNy-treated MCF-7 cells which was further increased in MCF-
7 cells treated with IFNy and TNFa combined compared to the untreated control

cells.
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Similarly, PC3 prostate cancer cells exhibited a significant increase in the proportion
of cells expressing PD-L1 when treated with both cytokines (93.2% * 5.06, p=0.043)
compared to untreated control cells (79% £ 6.7) but exhibited no statistically
significant change (p=0.062) in the MFI of PD-L1 expression following cytokine
treatment (Figure 2.2D).

The SW480 colorectal cancer cells displayed no statistically significant change in the
frequency (p=0.076) or MFI (p=0.055) of PD-L1 expression with cytokine treatment
alone or in combination, although they did show a trend increase in the proportion of
cells expressing PD-L1 with IFNy alone (51.99% + 41.7) and in combination with
TNFa (90.1% + 51.5) compared to untreated control cells (14.9% * 16) (Figure 2.2E).

Lastly, SW620 colorectal cancer cells displayed a significant increase in the MFI of
PD-L1 expression as well as in the proportion of cells expressing PD-L1 following
treatment with IFNy (59.23% + 18.45, p=0.024) and IFNy and TNFa combined
(85.8% + 14.2, p=0.0067) compared to untreated control cells (1.6% + 1.2) (Figure
2.2F). The level and frequency of PD-L1 expression by SW620 cells was significantly
increased following treatment with both cytokines, compared to individual cytokines

alone.

2.3.3 Human breast, prostate and colorectal cancer cell lines also express
differential levels of immunological and tumorigenic markers

Since baseline PD-L1 was expressed at very different levels amongst the six cancer

cell lines investigated, it was next determined whether this was the case for the

expression of other immunological (PD-1, PD-L2, HLA-ABC, DR4, DR5 and Fas) and

tumorigenic (CD44 and HIF1a) markers at mRNA and/or protein levels.

2.3.3.1 PD-1 expression is only detectable in colorectal cancer cell lines

PD-1, the receptor for PD-L1 and PD-L2, was investigated here at mRNA (Figure
2.3A) and protein (Figure 2.3B and C) levels. PD-1 was only found to be expressed
at very low levels in SW480 and SW620 colorectal cancer cells at mRNA level.
Interestingly, PD-1 expression was only found to be expressed on the cell surface of
1.2% (x 0.37) of SW480 cells at very low levels but was not found to be expressed
on the cell surface of SW620 cells. PD-1 expression was not detectable at mMRNA or

protein levels in human breast and prostate cancer cell lines.
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Figure 2.2 IFNy and TNFa act synergistically to upregulate PD-L1 expression
in some cancer cell lines. The effect of IFNy and/or TNFa on cell surface PD-L1
expression by (A) MDA-MB-231, (B) MCF-7, (C) LNCaP, (D) PC3, (E) SW480 and
(F) SW620 cells was assessed by flow cytometry. The percentage of PD-L1
expression is shown (left) alongside the MFI (right). Representative flow cytometry
histograms show the isotype control (grey) relative to PD-L1 positive cells, untreated
(beige) or treated with IFNy (light pink), TNFa (orange) or the combination (dark
pink). Data is presented as median * range. n=3 independent experiments each with
3 technical repeats. Data was analysed by a Kruskal-Wallis followed by Dunn’s

multiple comparisons test (*P<0.05 and **P<0.01).
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Figure 2.3 Colorectal cancer cell lines express low levels of PD-1. PD-1 (CD279)
(A) gene and (B) protein expression was measured by RT-gPCR and flow cytometry,
respectively, by MDA-MB-231, MCF-7, LNCaP, PC3, SW480 and SW620 cancer cell
lines. The percentage of PD-1 expression is shown (left) alongside the MFI (right).
(C) Representative flow cytometry histograms show the isotype control (grey) relative
to the PD-1 positive populations (pink). Data is presented as median + range. n=3
independent experiments each with 3 technical repeats. ND indicates gene and/or

protein expression was not detected.
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2.3.3.2 PD-L2is differentially expressed amongst human cancer cell lines

The expression of PD-L2, another ligand for PD-1 besides PD-L1, was also
investigated here and was shown to be expressed at differential levels amongst the
six cancer cell lines examined at mRNA (Figure 2.4A) and protein (Figure 2.4B and

C) levels.

MDA-MB-231 breast cancer cells expressed the highest levels of PD-L2 mRNA and
protein in comparison to MCF-7 breast cancer cells and other cancer cells
investigated. 59.2% (+ 8.01) of MDA-MB-231 cells expressed PD-L2 on their cell
surface, whilst MCF-7 breast cancer cells expressed low levels of PD-L2 at mRNA

and protein levels, with only 4.1% (£ 2.79) of cells expressing PD-L2 at this low level.

For LNCaP prostate cancer cells, PD-L2 expression was not detectable at mRNA or
protein levels. In contrast, PC3 prostate cancer cells expressed the second highest
level of PD-L2 mRNA and protein amongst the cell lines investigated. The proportion
of PD-L2-expressing PC3 cells was variable between experiments ranging from low
to moderate (5.25% + 29.8).

SW480 primary colorectal cancer cells expressed consistently low levels of PD-L2 at
MRNA and protein levels, with only a small proportion of cells expressing PD-L2 on
their cell surface (2.07% + 4.44). Meanwhile, SW620 metastatic colorectal cancer

cells did not express detectable levels of PD-L2 at mRNA or protein levels.

2.3.3.3 HLA-ABC is expressed in a high proportion of breast, prostate, and
colorectal cancer cells

So far, this study has shown that cancer cells express one or more immune inhibitory
molecules, including PD-L1, PD-L2 and/or PD-1 at mRNA and protein levels,
therefore it was next determined whether cancer cells expressed immune co-
stimulatory molecules HLA-A, HLA-B and HLA-C (HLA-ABC) antigens. All cancer
cells investigated here displayed a high proportion (>80%) of cells expressing HLA-
ABC (Figure 2.5A and B).

MDA-MB-231 breast cancer cells expressed the highest level of HLA-ABC. 97.4% (+
4.1) of the cell population expressed HLA-ABC at a substantially high level. Likewise,
a high proportion of HLA-ABC-expressing cells were seen in MCF-7 (96.27% =
10.39), LNCaP (82.7% + 7.14), PC3 (95.27% + 10.24), SW480 (91.2% +14.48) and
SW620 (94.6% =+ 8.09) cancer cell lines. However, these cancer cell lines
demonstrated only low to moderate MFI for HLA-ABC expression.
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Figure 2.4 Human breast, prostate, and colorectal cancer cell lines express
differential levels of PD-L2. PD-L2 (CD273) (A) gene and (B) protein expression
was measured by RT-gPCR and flow cytometry, respectively, for MDA-MB-231,
MCF-7, LNCaP, PC3, SW480 and SW620 cancer cell lines. The percentage of PD-
1 expression is shown (left) alongside the MFI (right). (C) Representative flow
cytometry histograms show the isotype control (grey) relative to the PD-L2 positive
populations (pink). Data is presented as median = range. n=3 independent
experiments each with 3 technical repeats. ND indicates gene and/or protein

expression was not detected.
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Figure 2.5 Human breast, prostate, and colorectal cancer cell lines express
relatively high levels of cell surface HLA-ABC. (A) Flow cytometric analysis was
used to measure the cell surface HLA-ABC expression by MDA-MB-231, MCF-7,
LNCaP, PC3, SW480 and SW620 cancer cell lines. The percentage of HLA-ABC
expression is shown (left) alongside the MFI (right). (B) Representative flow
cytometry histograms show the isotype control (grey) relative to the HLA-ABC
positive populations (pink). Data is presented as median + range. n=3 independent

experiments each with 3 technical repeats.
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2.3.3.4 Death receptors are expressed at differential levels by human cancer

cell lines

To further characterise cancer cells in standard monolayer cell culture and determine
their immunogenic status, mMRNA and protein expression measurements of DR4
(Figure 2.6A-C), DR5 (Figure 2.7A-C) and Fas (Figure 2.8A-C) were taken and were
found to be differentially expressed amongst the different cancer cell lines.

2.3.34.1 DR4 expression by cancer cell lines

MDA-MB-231 and MCF-7 breast cancer cells expressed low levels of DR4 at mRNA
and protein levels; with only 15.5% (+ 4.77) and 4.5% (+ 8.22) of cells, respectively,
expressing DR4 in the whole cell population. In contrast, 61.1% (+ 13.47) of LNCaP
and 52.4% (+ 15.9) of PC3 prostate cancer cells expressed moderate levels of DR4
protein. LNCaP cells also displayed a higher level of DR4 mRNA expression than
PC3 cells. SW480 and SW620 colorectal cancer cells expressed similar levels of
DR4 mRNA and protein. Accordingly, the frequency of DR4-expressing cells was
also similar amongst SW480 and SW620 cells, expressing 41.8% (x 10.6) and
62.75% (+ 12.94) of DR4, respectively.

2.3.3.4.2 DR5 expression by cancer cell lines

MDA-MB-231 breast cancer cells displayed moderate levels of DR5 mRNA and
protein expression, and this was found in 89.64% (+ 10.99) of the cell population.
MCF-7 breast cancer cells expressed a lower level of DR5 mRNA and protein in
55.29% (x 13.3) of the cell population.

DR5 mRNA and protein expression was found to be the highest in LNCaP prostate
cancer cells. This was also the case for the proportion of LNCaP cells expressing
DR5 (97.1% + 3.21). PC3 prostate cancer cells also expressed high levels of DR5
MRNA and protein on 92.56% (z+ 4.12) of its cell population.

Likewise, SW480 and SW620 colorectal cancer cells were shown to express similar
levels of DR5 expression at mMRNA and protein level. SW480 cells expressed DR5
in 89.76% (x 26.8) of the cell population. Similarly, SW620 cells displayed a high
proportion of cells expressing DR5 (95.04% + 0.43).
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Figure 2.6 Human breast, prostate, and colorectal cancer cell lines express low

to moderate levels of DR4 expression at mRNA and protein levels. DR4 (CD261)

(A) gene and (B) protein expression was measured by RT-gPCR and flow cytometry,

respectively, for MDA-MB-231, MCF-7, LNCaP, PC3, SW480 and SW620 cancer

cell lines. The percentage of DR4 expression is shown (left) alongside the MFI (right).

(C) Representative flow cytometry histograms show the isotype control (grey) relative

to the DR4 positive populations (pink). Data is presented as median + range. n=3

independent experiments each with 3 technical repeats.
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Figure 2.7 Human breast, prostate, and colorectal cancer cell lines express
high proportions of cell surface DR5 at a moderate to high mRNA and protein
levels. DR5 (CD262) (A) gene and (B) protein expression was measured by RT-
gPCR and flow cytometry, respectively, for MDA-MB-231, MCF-7, LNCaP, PC3,
SW480 and SW620 cancer cell lines. The percentage of DR5 expression is shown
(left) alongside the MFI (right). (C) Representative flow cytometry histograms show
the isotype control (grey) relative to the DR5 positive populations (pink). Data is
presented as median + range. n=3 independent experiments each with 3 technical

repeats.
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2.3.34.3 Fas expression by cancer cell lines

MDA-MB-231 and MCF-7 breast cancer cells were found to express Fas mRNA and
protein at relatively low levels. Only 14.7% (+ 8.81) of MDA-MB-231 cells expressed
Fas protein and MCF-7 cells expressed a similar proportion of Fas protein (23.3% *
9.21).

LNCaP prostate cancer cells displayed the second highest level of Fas mRNA and
the highest level of Fas protein, although only 47.5% (+ 18.88) of LNCaP cells
expressed this higher level of Fas expression. In contrast, PC3 prostate cancer cells
showed low levels of Fas mRNA and protein expression in a small proportion of cells
(20.1% + 15.89).

Interestingly, SW480 colorectal cancer cells displayed the highest level of Fas mMRNA
and the highest proportion of cells expressing Fas on their cell surface (60.99% +
24.13). SW480 cells also showed the second highest expression of Fas protein.
Oppositely, SW620 colorectal cancer cells expressed the lowest levels of Fas mRNA
and protein, and this low expression was only found on 19.5% (£ 5.62) of the SW620

cell population.

2.3.3.5 Tumorigenic marker, CD44 is expressed at relatively high levels by
cancer cell lines

Human breast, prostate and colorectal cancer cell lines were further investigated for

their expression of the tumorigenic maker, CD44, a cell surface adhesion molecule.

The expression of standard CD44 and variant isoforms of CD44 by cancer cells

cultured in monolayer were measured at mMRNA (Figure 2.9A) and protein (Figure

2.9B and C) levels.

MDA-MB-231 breast cancer cells expressed the highest level of CD44 at mRNA and
protein level and displayed the highest proportion of cells expressing CD44 (99.26%
+ 1.07). MCF-7 breast, PC3 prostate, SW480 and SW620 colorectal cancer cells,
also expressed high levels of CD44 at mRNA and protein level and the proportion of
cells expressing CD44 were higher than 80% for all these cancer cells (94.8% * 8.25,
98.86% + 1.02, 82.71% + 29.15, 92.1% =+ 8.85, respectively). Interestingly, CD44
MRNA expression by LNCaP prostate cancer cells was detected at low levels, and

CD44 protein expression was not detectable on the surface of these cells.
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Figure 2.8 Human breast, prostate and colorectal cancer cell lines express low
levels of Fas mRNA and protein in 2D cell culture. Fas (CD95) (A) gene and (B)
protein expression was measured by RT-gPCR and flow cytometry, respectively, for
MDA-MB-231, MCF-7, LNCaP, PC3, SW480 and SW620 cancer cell lines. The
percentage of Fas expression is shown (left) alongside the MFI (right). (C)
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Figure 2.9 Human breast, PC3 prostate and colorectal cancer cells express
relatively high levels of CD44 at mRNA and/or protein level. CD44 (CD44) (A)
gene and (B) protein expression was measured by RT-qgPCR and flow cytometry,
respectively, for MDA-MB-231, MCF-7, LNCaP, PC3, SW480 and SW620 cancer
cell lines. The percentage of CD44 expression is shown (left) alongside the MFI
(right). (C) Representative flow cytometry histograms show the isotype control (grey)
relative to the CD44 positive populations (pink). Data is presented as median +

range. n=3 independent experiments each with 3 technical repeats.
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2.3.3.6 Tumorigenic marker, HIF1a is expressed differentially by cancer cell

lines

Since our study was interested in utilising 3D cell culture models in subsequent
experiments to mimic solid tumour physiology more closely in that a hypoxic
environment was generated, baseline HIF1a mRNA (Figure 2.10A) and protein
(Figure 2.10B) was assessed in cancer cells cultured in 2D monolayer. Interestingly,
baseline HIF1a mRNA expression was detected in all cancer cell lines investigated
at relatively high levels despite being grown in normoxic conditions. In all the cancer
cells, over 80% of the cell populations were HIF1a positive, but expressed HIF1a
protein at low levels. MDA-MB-231 breast cancer cells expressed the highest level
of HIF1a mRNA and protein expression. MDA-MB-231 cells also displayed the
highest proportion of cells expressing HIF1a (97.4% £ 6.92). In contrast, MCF-7
breast cancer cells displayed the lowest proportion of cells expressing HIF1a (80.4%
1+ 14.51). In LNCaP prostate cancer cells 89.6% (£ 19.51) of cells expressed HIF1a
protein. Similarly, 94.7% (x 15.1) of PC3 prostate cancer cells expressed HIF1a
protein. Furthermore, SW480 colorectal cancer cells expressed the lowest level of
HIF1a mRNA and protein, but this low level of expression was found in 86.6% (z
36.19) of the cell population. Likewise, SW620 cells also displayed a high percentage

of cells expressing HIF1a (93.7% + 1.27) and a low MFI for HIF1a protein expression.
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Figure 2.10 Human breast, prostate and colorectal cancer cells cultured in 2D
monolayer under normoxic conditions express differential levels of HIF1a at
MRNA and/or protein level. HIF1a (HIF1A) (A) gene and (B) protein expression
was measured by RT-gPCR and flow cytometry, respectively, for MDA-MB-231,
MCF-7, LNCaP, PC3, SW480 and SW620 cancer cell lines. The percentage of HIF1a
expression is shown (left) alongside the MFI (right). (C) Representative flow

cytometry histograms show the isotype control (grey) relative to the HIF1a positive

+

populations (pink). Data is presented as median range. n=3 independent

experiments each with 3 technical repeats.
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2.4 Discussion

Cancer cell lines are invaluable in vitro model systems heavily used for preclinical
research to gain mechanistic and therapeutic insight (Mirabelli et al., 2019). In order
to select the most appropriate cancer cell line when designing an experiment, it is
vital to know the molecular and cellular alterations featured in each cell line such as
their mutational status and gene and protein expression profiles which can be
predictive of their response to treatment and interactions with specific cell types
within the tumour microenvironment. Although the Cancer Cell line Encyclopaedia is
a widely available source encompassing the characterisation of 947 cancer cell lines
(Barretina et al., 2012; Garnett et al., 2012), the extent to which it covers gene and
protein expression profiles of specific immunological and tumorigenic markers is
limited (Nusinow et al., 2020). However, regardless of whether the expression data
required is publicly available, it is necessary to verify gene and protein expression
before commencing studies due to the possibility that cancer cell lines can become
cross contaminated or mycoplasma positive affecting their biological phenotypes.
Here, we characterised six mycoplasma free human cancer cell lines for their
expression of immunological and tumorigenic markers including PD-L1, PD-1, PD-
L2, HLA-ABC, DR4, DR5, Fas, CD44 and HIF1a at mRNA and protein levels to aid

in our downstream application of each cell line.

The basal expression levels of PD-L1 by human cancer cell lines were found to be
in accordance with the published literature, in that, MDA-MB-231 breast and PC3
prostate cancer cells expressed high levels of PD-L1 (Soliman et al., 2014; Martin et
al., 2015). Whilst LNCaP prostate and SW480 colorectal cancer cells expressed low
to moderate levels of PD-L1 (Song et al.,, 2013; Martin et al., 2015); and MCF-7
breast and SW620 colorectal cancer cells expressed low levels of PD-L1 (Song et
al., 2013; Soliman et al., 2014).

Cytokine driven PD-L1 upregulation on the surface of cancer cells is a well-
documented mechanism that occurs in the tumour microenvironment during the
development of the adaptive immune response to prevent cancer cells being
recognised and destroyed by tumour-specific CD8+ T cells (Lee et al., 2006; Pardoll,
2012). IFNy in particular, is a potent modulator of PD-L1 expression. The
endogenous expression of transcription factor, IRF-1, has been found responsible
for constitutive PD-L1 expression and induction of PD-L1 following IFNy stimulation
(Lee et al., 2006). Our data confirms that human breast, prostate and colorectal
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cancer cells investigated here have the potential to demonstrate adaptive immune
resistance. Pro-inflammatory cytokines, IFNy and TNFa, were able to individually
increase cell surface PD-L1 expression on cancer cells and work synergistically
together in some of the cancer cell lines to further increase cell surface PD-L1
expression. This synergistic effect was only previously observed in human dermal
lymphatic endothelial cells (Yee et al., 2017). TNFa-mediated induction of miR-155
expression was reported to be responsible for driving PD-L1 expression in these cells

which was then shown to be enhanced by the addition of IFNy (Yee et al., 2017).

PD-1 and PD-L2 expression was found amongst the human cancer cell lines
investigated, further illustrating the extent of cancer cells to express immune
inhibitory molecules in order to survive within the tumour microenvironment. Whilst
PD-1 expression on melanoma, ovarian, liver and bladder cancer cells has been
reported to elicit an anti-tumour role in response to anti-PD-1 therapy (Kleffel et al.,
2015; Li et al., 2017; Osta et al., 2018), in NSCLC and colorectal cancer cells anti-
PD-1 therapy has been shown to promote tumour progression via activating PI3K
and MAPK pathways (Du et al., 2018; Wang et al., 2020). This tumour-suppressive
role of PD-1 in these cancer types could be responsible for the hyperprogressive
disease observed in a minority of patients with NSCLC following treatment with anti-
PD-1 therapy (Kocikowski et al., 2020). Consistent with our study, Wang et al., (2020)
showed that SW480 colorectal cancer cells expressed cell surface PD-1 and as a
result they were able to show that anti-PD-1 therapy enhanced SW480 cell

proliferation.

So far, compared to PD-L1, the functional role of PD-L2 in cancer cells remains
largely unknown (Qin et al., 2019). Here, we showed 4 out of 6 cancer cell lines
expressed PD-L2 which may suggest its expression has some survival advantage
towards the tumour. Indeed, a meta-analysis of solid tumour patients revealed that
high PD-L2 expression may promote metastasis and predict unfavourable prognosis,
particularly in hepatocellular carcinoma (Yang et al., 2019). Similarly, Marinelli et al.,
(2020) showed that PD-L2 positive endometrial cancer cell lines displayed a high
migratory capacity, increased AKT pathway activation and reduced sensitivity to
chemotherapy compared to PD-L2 negative control cells. Nevertheless, the
presence of PD-L2 expression, similar to PD-L1, on tumour and stromal cells in the
tumour microenvironment has been shown to positively correlate with

immunotherapy response in some cancers (Yang et al., 2019).
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The presentation of tumour-associated neo-antigens in MHC molecules by APCs or
tumour cells is necessary for T cell activation and immune-mediated killing of cancer
cells, as well as predicting immunotherapy response (Bai et al., 2017; Yi et al., 2018).
MHC class 1 molecules (HLA-ABC) were expressed at moderate to high levels
amongst the human cancer cell lines investigated here, suggesting that these cell
lines may demonstrate sufficient antigen presentation with the ability to elicit an

immune response in the tumour microenvironment (Garrido et al., 2016).

Importantly, cancer cells can also undergo death receptor-mediated apoptosis by
TRAIL and FasL binding to DR4/DR5 and Fas, respectively (Shin et al., 2001). Anti-
cancer agents targeting these death receptors are currently under preclinical and
clinical investigation because of their specificity to induce apoptosis in cancer cells
(Ashkenazi et al., 2008; Herbst et al., 2010; Villa-Morales and Fernandez-Piqueras,
2012; Hendricks et al., 2016). In our study, cancer cell lines displayed low to
moderate DR4 expression and higher expression of DR5. The lower expression of
DR4 by cancer cells compared to DR5 could be a survival mechanism. For example,
although DR5 has a higher affinity for TRAIL, TRAIL binding does not correlate with
DISC formation which is necessary for cancer cell apoptosis. However, TRAIL does
bind to DR4, and this has been shown to be more effective at inducing apoptosis
than TRAIL binding to DR5 (Thorburn, 2007; Tur et al., 2008); which could in part
explain why cancer cells express lower levels of DR4 and high levels of DRS5.
Furthermore, cancer cells were shown to express moderate to high levels of death
receptor Fas, suggesting that these cancer cells may be susceptible to Fas/FasL-
mediated apoptosis. This expression data suggests that the cancer cells investigated

in this study may be sensitive to TRAIL and FasL receptor agonists.

In solid tumours, hypoxia develops due to deficiencies in oxygen throughout the
tumour tissue, with HIF-1o expression playing a vital role in the regulation of many
genes involved in cellular metabolic and survival pathways in response to hypoxia
(Noman et al., 2015). HIF1a is continuously synthesised but rapidly degraded under
normoxic conditions. HIF1a only becomes stable in reduced oxygen concentrations
resulting in its translocation to the nucleus, heterodimerization with arylhydrocarbon
receptor nuclear translocator, DNA binding and promotion of target gene
transcription (Kallio et al., 1997). Overexpression of HIF1la is well established in
cancer cells to facilitate tumour progression (Shi et al., 2010). Here, in all six human

cancer cell lines cultured under normoxic conditions, we demonstrated HIF1a mRNA
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expression as expected, but also showed that almost 100% of the cells expressed
low but detectable levels of HIFla protein. Whilst we would expect HIF1a
degradation under normoxic conditions, hence, not to detect HIF1a protein via
intracellular staining, normoxic activation of HIF by oncogenes (Chan et al., 2003),
growth factors and cytokines (Hellwig-Burgel et al., 1999; Zhou et al., 2003), and
small signalling molecules such as nitric oxide (Metzen et al., 2003) has been
reported previously. Additionally, Shi et al., (2010) showed that MDA-MB-231 breast
cancer cells expressed the highest level of HIF1la compared to other breast cancer
cells, including MCF-7 cells also investigated here, which was accompanied by a
faster growth rate. Whilst abrogating HIFla expression in MDA-MB-231 cells,
significantly suppressed cell proliferation and increased apoptosis (Shi et al., 2010).
Overall, these findings illustrate the importance of HIF1la in tumour growth and
survival and demonstrates that HIF1a may become stabilised in cancer cell lines by

other factors other than hypoxia.

Lastly, in this study the expression of CD44, a cell surface adhesion protein and
cancer stem cell marker (Senbanjo and Chellaiah, 2017), was also assessed
amongst human cancer cell lines due to its previously reported association with PD-
L1 expression (Zhi et al., 2015; Nishino et al., 2017; Kong et al., 2019). CD44 was
found to be expressed amongst all cell lines at mMRNA and protein levels, except for
LNCaP prostate cancer cells. Although in LNCaP cells CD44 was expressed at
MRNA level this was not translated to protein levels, this correlates with previous
findings on CD44 expression in LNCaP cells (Tai et al.,, 2011; Li et al., 2017).
Importantly, cell lines expressing high levels of PD-L1 mRNA or protein (MDA-MB-
231 and PC3 cells) displayed the highest levels of CD44 expression. CD44
expression on cancer cells is associated with increased invasive potential, drug
resistance and may indicate a cancer stem cell phenotype when co-expressed with
CD133 and other cancer stem cell markers (zZhi et al., 2015; Nishino et al., 2017,
Senbanjo and Chellaiah, 2017).

All together this expression data shown here validates what has already been shown
in the literature or provides new insight into different immunological and tumorigenic
markers expressed in a panel of diverse cancer types cultured in 2D monolayer cell
culture, and acts as a basic platform for future cancer immunology research to aid in

experimental design.
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3. Characterisation of 3D cell culture models of human breast,

prostate, and colorectal cancer

3.1 Introduction

Whilst human cancer cell lines cultured in 2D monolayer cell culture provide high
throughput in vitro systems that have been instrumental to the advancements of
cancer immunology research. They fail to fully recapitulate in vivo human solid
tumours due to their lack of heterogeneity (Boucherit et al., 2020). Scaffold-free and
scaffold-based 3D cell culture models created with human cancer cells are
advantageous alternatives to standard 2D monolayer cell culture (Figure 3.1)
(Hudson et al., 2020; Boucherit et al., 2020).

2D in vitro monolayer 3D in vitro spheroid 3D in vitro alginate hydrogel
spheroid colonies

0 >E
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wucg
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adhesion molecules *  ECM deposition by cancer *  Model matrix stiffness
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Figure 3.1 In vitro model complexity and physiological relevance of 3D versus

2D cancer models for oncology and immuno-oncology research.

Importantly, 3D in vitro and ex vivo (patient-derived) models, have similar biological
characteristics to native tumour tissue; having a comparable 3D architecture with a
nutrient gradient compromising a proliferative outer layer, a quiescent inner layer and
a necrotic core; a hypoxic microenvironment; cell-cell and cell-extracellular matrix
signalling; genomic and protein alterations; and a predictive response to treatment
(Breslin and O'Driscoll, 2013; Knight and Przybors, 2015; Lazzari et al., 2017;
Hoarau-Véchot et al., 2018; Di Modugno et al., 2019; Boucherit et al., 2020). These
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3D cell culture models also allow the opportunity to alter the cell composition in order
to study different aspects of the tumour microenvironment (Boucherit et al., 2020).
Indeed, these 3D models could be used to study PD-1/PD-L1-targeted therapies and

their interplay within the tumour microenvironment.

PD-1/PD-L1-targeted therapies have yielded remarkable anti-tumour immune
responses in select patients with advanced cancers, but the majority of patients have
been shown to be unresponsive, hyperprogressive or develop resistance
(Fehrenbacher et al., 2016; Rosenberg et al., 2016; Balar et al., 2017; Chen et al.,
2017). The exact mechanisms for this are still unclear. The new and emerging roles
of both PD-L1 and its receptor PD-1 to send pro-survival signals in tumour cells may
be in part responsible for the lack of response to PD-1/PD-L1-targeted therapies, and
requires further investigation (Hudson et al., 2020). Hence, there is urgent need for
more relevant in vitro oncology models, capable of closely mimicking the
heterogeneity of the tumour microenvironment during in vivo conditions. This could
allow a more predictive in vitro evaluation of the tumour-intrinsic role of PD-L1 and
PD-1, and their response to PD-1/PD-L1-targeted therapy, plus enable the
evaluation of potential combination strategies and cancer cell-immune cell

interactions.

3.1.1 Aims

The aims of this chapter were to characterise two 3D cell culture models (hanging
drop and alginate hydrogel beads) of human breast, prostate, and colorectal cancers
and compare them to their 2D monolayer counterparts. Assessment was made of
cell growth and viability and the spheroid diameter. Using immunofluorescence and
immunohistochemistry, assessment was made of the hypoxic area and PD-L1
expression, respectively, in the 3D tumour models. Immunological (PD-L1, PD-1,
PD-L1, HLA-ABC, DR4, DR5 and Fas) and tumorigenic (CD44 and HIF1a) marker
expression was also assessed at the mRNA and protein levels using RT-gPCR and
flow cytometry, respectively, in the 3D models compared to their 2D monolayer

counterparts.

3.1.2 Hypotheses
It was hypothesised that human breast, prostate, and colorectal cancer cell lines
would grow successfully in 3D cell culture models to form viable 3D cancer spheroids

that would display a hypoxic core and mimic more closely the architecture and
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heterogeneity of solid tumours. It was also hypothesised that PD-L1 expression
within 3D cancer spheroids would be localised to the hypoxic core and that its
expression by cancer cells would be significantly altered in a 3D cell culture
environment compared to 2D-cultured cells. Similarly for PD-1, PD-L2, HLA-ABC,
DR4, DR5, Fas, CD44 and HIF1a expression, it was hypothesised that a 3D cell
culture environment would alter the levels at which they were expressed by cancer

cells compared to when they were cultured in monolayer.
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3.2 Materials and Methods

3.2.1 Establishing 2D and 3D cultures

All human breast, prostate and colorectal cancer cell lines were cultured as described
in Chapter 2, Section 2.2.1. For experiments, monolayer 2D cell cultures were
established in flat-bottom 6-well plates at a seeding density of 5 x 10° cells/well. 3D
cell cultures were established using the hanging drop method to form 3D spheroid
aggregates (Knight and Przybors, 2015) and alginate hydrogel beads to generate 3D
spheroid monoclonal colonies (Arhoma et al., 2017).

3.2.1.1 Hanging drop method

To generate 3D spheroids using the hanging drop method the lid of a Petri dish was
inverted and 10 pL of cell suspension containing 10,000 cells was pipetted drop-by-
drop onto the lid. The bottom of the petri dish was filled with PBS to act as a hydration
chamber to which the inverted lid was placed on top. The droplets were monitored
daily for spheroid formation via microscopy and were harvested for downstream
analysis at day 3 by pipetting 10 mL of complete medium gently onto the lid and

collecting all the spheroids, with a single spheroid being generated per droplet.

3.2.1.2 Alginate hydrogel beads

To form 3D spheroid colonies using alginate hydrogel beads, cell lines were
suspended in 1.2% w/v sterile sodium alginate (Merck) in 0.15 M sodium chloride at
optimised seeding densities ranging from 6 x 105 cells/ml to 1.2 x 108 cells/ml
depending on the cell line (Table 4). The alginate-cell mixture was extruded out of a
21G needle (Merck) into 0.2 M calcium chloride to polymerise the alginate into beads
and encapsulate the cells. Following 10 minutes incubation at 37°C alginate hydrogel
beads were washed twice with 0.15 M sodium chloride and once with complete
medium before culturing for 3, 6 and 10 days. For long term cultures media was
changed every 72 hours. Alginate hydrogel beads were monitored daily for spheroid
colony formation via microscopy and harvested at day 3, 6 and 10 for downstream
analysis. To release the spheroid colonies into solution, alginate hydrogel beads
were immersed in sterile alginate dissolving buffer (55 mM sodium citrate, 30 mM
EDTA and 0.15 M sodium chloride) for 10 minutes at 37°C. Spheroid colonies were

then washed with PBS in preparation for downstream analysis.
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Table 3.1 Optimised cell seeding densities for the optimal formation of 3D
spheroid colonies within alginate hydrogel beads.

Cell line Optimised cell seeding density per 1 mL of alginate
MDA-MB-231 1.0 x 106
MCF-7 1.2 x 108
LNCaP 0.6 x 108
PC3 0.6 x 108
SW480 0.6 x 108
SW620 0.6 x 108

Table 3.1 The number of cells used to form 3D alginate spheroid colonies

cultures was dependent on the cancer cell line utilised.

3.2.2 Fluorescent Microscopy

3.2.2.1 Monitoring cell viability in 3D cell culture models

A single spheroid or a whole alginate hydrogel bead for each cell line was harvested
and placed in a 96-well plate and stained with Hoechst 33342 (10 pg/mL)
(ThermoFisher Scientific) and Propidium lodide (PI) (10 pg/mL) (Merck) for 20
minutes at 37°C. Fluorescent images were obtained using the Olympus 1X81
microscope (Olympus Corporation) and multi-fluorescent images were captured by
multiple image alignment (MIA) using the 10X objective lens and the Olympus
cellSens Imaging Software (Olympus Corporation). After capturing the image, the full
spheroid or alginate hydrogel bead was selected, and the surface area of Hoechst
33342 and Pl was measured concurrently. The percentage viability for each spheroid
and alginate hydrogel bead was calculated by dividing the surface area of Hoechst
33342 stained cells by the total surface area of Hoechst 33342 and PI stained cells
then multiplying by 100. Data acquisition was carried out for 3D spheroids over a
time course from day 3 to day 7 to determine the optimal time for 3D spheroids to be
used for downstream experiments. At day 3, the spheroid cell viability was quantified
for each cell line. For alginate hydrogel beads, data was acquired at day 3, 6 and 10
and cell viability was quantified at each time point. For cell viability of 3D cultures, 4

independent experiments were carried out each with 3 technical repeats.

3.2.2.2 Detecting hypoxiain 3D cell culture models

A single spheroid at day 3 or a whole alginate hydrogel bead at day 10 for each cell

line was harvested and placed in a 96-well plate. Subsequently, Image-iT™ Hypoxia
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Reagent (ThermoFisher Scientific) was added at a final concentration of 5 uM to
each well and incubated at 37°C in a CO2 incubator for 1 hour. After 40 minutes of
the incubation period, Hoechst 33342 was added to each well at a final concentration
of 10 pg/mL. 3D-cultures were then visualised using the Olympus IX81 microscope
(Olympus Corporation) and multi-fluorescent images were captured by MIA using
10X objective lens and the Olympus cellSens Imaging Software (Olympus
Corporation). Some alginate-derived spheroid colonies were dissociated from the
alginate using alginate dissolving buffer and cultured in 96-well ultra-low attachment
microplates overnight to form 3D spheroid colony aggregates, named aggregoids
(Flint et al., 2020). These aggregoids were also assessed for hypoxia as described
above. 2D-cultured cells were used as negative controls for hypoxia detection. 2D-
cultured cells were seeded at 3 x 10* cells/well in 96-well plates, cultured overnight
in a CO2 incubator at 37°C and then treated the same as described above, except
cells were only cultured with the Image-iT™ Hypoxia Reagent for 30 minutes to which

Hoechst 33342 was added after the initial 10 minutes of the incubation.

3.2.2.3 Measuring 3D spheroid diameter

The diameter of 3D spheroids and 3D spheroid colonies was measured for each cell
line using the diameter measurement option in the cellSens Imaging Software
(Olympus Corporation). Diameter was measured in micrometres (uM). For 3D
spheroids the diameter was assessed at day 3 for all cell lines. For 3D spheroid
colonies the diameter was assessed at day 10 for all cell lines. For a non-biased
approach to measuring the diameter of 3D spheroid colonies within the alginate
bead, 3 spheroid colonies were measured from 5 different areas of the bead including
from the 4 corners and centre of the bead. For diameter measurements, 4

independent experiments were carried out each with 3 technical repeats.

3.2.3 RNA extraction and quantification, cDNA synthesis and real-time

guantitative polymerase chain reaction

Monolayer cultured cells were harvested and lysed from cell culture T25 flasks at
90% confluency as described in Chapter 2 Section 2.2.2. For 3D spheroids, five Petri
dish lids were prepared for each cell line and cultured for 3 days. At day 3, 3D
spheroids were flushed from the Petri dish lid, spun down using a benchtop
centrifuge at 400 g and the supernatant was removed. For 3D spheroid colonies,
approximately 60 alginate beads were prepared for each cell line. The 3D spheroid
colonies were released from the alginate using alginate dissolving buffer at day 3, 6
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and 10, spun down using a benchtop centrifuge at 400 g and the supernatant was
removed. To facilitate cell lysis of 3D cultures, 500 pL BL-TG buffer was added to
the pellets. Subsequently, total RNA extraction, cDNA synthesis and RT-qPCR to
measure mMRNA was performed as described in Chapter 2, Section 2.2.2.

3.2.4 Flow Cytometry

Monolayer cells for each cell line were seeded at 5 x 10° cells/well in 6-well plates
and cultured for 3 days before being harvested by trypsinisation, placed into
Eppendorf tubes and subsequently stained for flow cytometry (as described in
Chapter 2, Section 2.2.3.1). 3D-cultures were prepared for flow cytometry as follows:
1 Petri dish of 3D spheroids grown for 3 days provided enough cells to stain 3
samples for flow cytometry. An appropriate number of Petri dishes were prepared for
each experiment for each cell line. For 3D spheroid colonies, 12-well plates were
prepared, each with 10 beads/well for each sample. Enough beads were generated
for each cell line to prepare plates for harvesting cells at day 3, 6 and 10. 2D-cultured
cells were plated timely to run concurrently with these timepoints so that 2D cell, 3D
spheroid and 3D spheroid colony expression was comparable. 3D-cultures were
dissociated into single cell suspensions by treating cells with Trypsin-EDTA 0.25%
(ThermoFisher Scientific) for 5 minutes. Once cells were harvested, cells were
stained for cell surface and intracellular antigens, and data was acquired as
described in Chapter 2 Section 2.2.3.1 Appropriate gating strategies were carried out
for each independent experiment including gating on 2D and 3D isotype controls,
single cells and live cells. For MDA-MB-231 cells, isotype controls for 2D-cultured
cells and 3D alginate spheroid colonies are both displayed on representative flow
cytometry plots for DR5 and Fas due to differences in background signal in unstained
cells between culture methods. A PE-conjugated isotype control that was a different
clone (clone P3.6.2.8.1; eBiosciences) to the original isotype clone used in
conjugation with DR5 and Fas antibodies was investigated in 2D-cultured and 3D
alginate-cultured cells to exclude non-specific binding as a factor for increased
background in 3D isotype controls compared to 2D.

3.2.5 Immunohistochemistry

3.2.5.1 Sample preparation

Hanging drop 3D spheroids for each cell line were carefully transferred into moulds
containing a layer of optimal cutting temperature (OCT) compound (VWR) using

Axygen 200 pL Wide-Bore pipette tips (Corning). For 3D spheroid colonies, either
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whole alginate beads for each cell line at day 10 were transferred into moulds
containing OCT, or the 3D spheroid colonies were dissociated from the alginate at
day 10. These 3D spheroid colonies in suspension were centrifuged using a
benchtop centrifuge at 700 g for 3 minutes and washed twice with PBS before the
pellets from each cell line were placed into moulds containing a layer of OCT. Once
3D cultures were located centrally in the moulds they were covered with a layer of
OCT and immediately flash frozen in liquid nitrogen before being stored at -80°C until
cryostat sectioning.

3.2.5.2 Cryostat sectioning

Sections for immunocytochemistry were warmed to -20°C before being cut using the
Leica 1950 UV cryostat (Leica Biosystems), set to -20°C, at a 5 and 10 pym thickness
and mounted on a positively charged X-tra® adhesive slide (Leica Biosystems). The
slides were fixed in ice cold methanol and then stored at -80°C in an airtight container

until stained.

3.2.5.3 Optimisation and controls

MDA-MB-231 breast cancer cells known to express high levels of PD-L1 were used
as a positive control for PD-L1 staining. Whilst MCF-7 breast cancer cells known to
express negligible levels of PD-L1 were used as a negative control. Cytospins of 2D-
cultured breast cancer cells were prepared on positively charged X-tra® adhesive
slides and fixed in ice cold methanol for anti-PD-L1 (clone 29E.2A3; Biolegend)
antibody optimisation. The following antibody dilutions were investigated: 1:25, 1:50,
1:100, 1:200, 1:400, 1:800. Cytospins for antibody-matched isotype controls and
secondary antibody controls were also prepared for each experiment. After the
antibody concentration was optimised, the need for a hydration step within the
staining protocol was investigated by comparing stained samples that were stained
and processed with and without a hydration step in the staining procedure. It was
found that the inclusion of the hydration step improved the quality of the staining and

was incorporated into the protocol.

3.2.5.4 PD-L1 staining
Sections were stained for PD-L1 expression according to the manufacturer's protocol

(Mouse specific HRP/DAB (ABC) Detection Kit, Abcam). 5 and 10 puM sections were
rehydrated in 1x Tris Buffered Saline (TBS) for 10 minutes before being treated with
a hydrogen peroxide block for 10 minutes. The sections were washed with 1x TBS

and further incubated for 10 minutes with a protein block applied. Sections were
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washed 3 times with 1x TBS before being incubated for 1 hour with the anti-PD-L1
primary antibody (clone 29E.2A3; Biolegend) diluted 1 in 100 in 1x TBS containing
1% bovine serum albumin (BSA). After 4 washes in 1x TBS the sections were
incubated for 10 minutes with biotinylated goat anti-mouse secondary antibody,
followed by a further 10 minute incubation with streptavidin peroxidase and 5-minute
incubation with 3,3-Diaminobenzidine (DAB). The latter incubation period is followed
by 4 washes with 1X TBS and an additional wash step with deionised water, before
performing a counterstain with haematoxylin. Sections were immersed in Mayer's
haematoxylin (Leica Biosystems) for 1 minute and run under slow running tap water
for 30 seconds. The sections were dehydrated in increasing concentrations of
alcohol (75% ethanol twice for 5 minutes, 95% ethanol twice for 5 minutes, 100%
ethanol twice for 5 minutes) and twice in xylene for 5 minutes before being mounted
with a coverslip using DPX mounting medium (Sigma) and allowed to dry. Sections
were visualised using an Olympus BX60 Microscope (Olympus). Images were

captured using cellSens Imaging Software (Olympus Corporation).

3.2.6  Statistical analysis

Statistical analysis was performed using Prism version 7.03 (GraphPad Software,
Inc.). A Shapiro-Wilk normality test was used to determine whether data had a
parametric or non-parametric distribution. As the data was non-parametric, for data
with 2 groups a Mann-Whitney U test was performed, otherwise, a Kruskal-Wallis
with a Dunn’s multiple comparisons test was utilised. Data was represented as
median + range. P-values less than 0.05 were considered significant (*P<0.05,
**P<0.01, **P<0.001 and ****P<0.0001). Each independent experiment has 3

technical repeats (n=3).
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3.3 Results

3.3.1 Human breast, prostate and colorectal cancer cell lines form viable
spheroids using the hanging drop method

Human breast, prostate and colorectal cancer cell lines were investigated to
determine whether they could form 3D spheroids using the hanging drop method.
Single hanging drop spheroids were harvested at day 3, 4, 5, 6 and 7 and then
stained with Hoechst 33342/PI to assess cell viability on each day using fluorescence
microscopy. All six cancer cell lines formed viable and intact spheroids from day 3 to
day 7 (Figure 3.2). No necrotic core was observed in any of the hanging drop
spheroids at each of the time points. Day 3 of culture when the spheroids had fully

formed was the time point taken forwarded for investigating 3D spheroids.

At day 3, the 3D hanging drop spheroids of each cell line were highly viable (Figure
3.3A), and percentage viability was quantified (Figure 3.3B). MDA-MB-231, MCF-7,
LNCaP, PC3, SW480 and SW620 cancer cell lines displayed a 99.56% (+ 0.78),
99.61% (+ 2.22), 99.5% (+ 1.19), 99.85% (+ 0.61), 99.82% (+ 2.41) and 99.79% (+
0.5) viability, respectively. At day 3, the diameter of each spheroid was measured
concurrently (Figure 3.3C). All cell lines formed hanging drop spheroids with a
diameter between 500-1000 pm. The MCF-7 breast cancer cells formed the smallest
spheroid diameter of 525.6 um (+ 116.5), whereas the other cancer cell lines formed
spheroids of a similar diameter: MDA-MB-231 (830.1 um + 118), LNCaP (754.5 um
+193.5), PC3 (766.5 um + 210), SW480 (808.1 um * 148) and SW620 (889.3 pm +
199.2).
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Figure 3.2 Human breast, prostate and colorectal cancer cell lines form viable

hanging drop 3D spheroids. Hoechst 33342/Pl staining and fluorescent
microscopy was used to assess cell viability of hanging drop 3D spheroids from day
3 to 7. Blue Hoechst 33342 staining indicates viable cells, and red PI staining
indicates dead cells. Scale bar represents 100 um. n=4 independent experiments

each with 3 technical repeats.
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3D in vitro spheroid viability
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Figure 3.3 Each cancer cell line forms highly viable 3D spheroids of similar size
at day 3 of culture. (A) Single hanging drop 3D spheroids were harvested at day 3
of culture and assessment was made of: cell viability using fluorescence microscopy
following Hoechst 33342/PI staining (Scale bar represents 100 um), (B) percentage
of viable cells and (C) spheroid diameter. Data was presented as median * range,
n=4 independent experiments each with 3 technical repeats.
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3.3.2 Human breast, prostate and colorectal cancer cell lines grow
successfully in alginate hydrogel beads to form monoclonal spheroid

colonies

After successfully being able to grow 3D cancer spheroids using a scaffold free-
based method, it was next determined whether the six cancer cell lines would grow
in scaffold-based alginate hydrogel beads. The ability of the cancer cells to proliferate
from a single cell to form monoclonal 3D spheroid colonies was monitored at day 3,
6 and 10 by Hoechst 33342/PI staining via fluorescence microscopy (Figure 3.4).
Here, all cancer cell lines grew successfully in the alginate hydrogel beads and
remained highly viable over the 10 days in culture. Hoechst 33342/PI staining did not
reveal areas of pronounced cell death caused by the fabrication procedure. The
viability of cancer cell lines grown in alginate was quantified. Each cancer cell line
displayed a median viability greater than 90% at day 3, 6 and 10 (Figure 3.5). Also,
alginate hydrogel beads facilitated the formation of 3D spheroid colonies that
reached a diameter of approximately 100-150 um at day 10 for each cancer cell line
(Figure 3.6). MCF-7 breast cancer cells demonstrated the smallest 3D spheroid
colony diameter at day 10 (107.9 ym + 26.7), followed by LNCaP (112.4 uym + 41.82),
SW620 (120.9 um + 26), MDA-MB-231 (121.7 ym + 28.3), SW480 (126.7 um % 30.9),
and finally PC3 cells which demonstrated the largest 3D spheroid colony diameter of
143.9 um (+ 53.8) at day 10.
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3D in vitro alginate hydrogel bead viability
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Figure 3.4 Human breast, prostate and colorectal cancer cell lines grow in
alginate hydrogel beads to form viable monoclonal 3D spheroid colonies at
day 10. Human cancer cells encapsulated in alginate hydrogel were grown in culture
for 10 days. Cell viability was assessed by Hoechst 33342/PI staining of cancer cells
growing in alginate hydrogel at day 3, 6 and 10. Scale bar represents 500 um. The
white boxes represent spheroid colonies within the alginate at day 10 with a diameter

greater than 100 ym. n=4 independent experiments each with 3 technical repeats.
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Figure 3.5 Human breast, prostate, and colorectal cancer cell lines are highly
viable in alginate hydrogel beads at day 3, 6 and 10. Hoechst 33342/PIl and
fluorescent microscopy were used to quantify the viability of cancer cells grown in
alginate hydrogel beads for 3, 6 and 10 days. Data is presented as median + range.

n=4 independent experiments each with 3 technical repeats.
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Figure 3.6 Human breast, prostate, and colorectal cancer 3D alginate spheroid
colony diameters are greater than 100 ym at day 10. The diameters of individual
3D alginate spheroid colonies were measured after 10 days in culture. Data is

presented as median + range. n=4 independent experiments each with 3 technical
repeats.
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3.3.3 Hypoxiawas detected in some cancer cell lines cultured in 3D hanging

drop spheroids at day 3 and 3D alginate spheroid colonies at day 10
To determine whether 3D hanging drop spheroids at day 3 and 3D alginate spheroid

colonies at day 10 developed a hypoxic environment, both 3D cultures were treated
with a fluorogenic compound (Image-iT™ Hypoxia Reagent) that fluoresces in the
presence of low oxygen concentrations. 3D cultures were stained concurrently with
Hoechst 33342. 2D-cultured cells plated in 6-well plates for each cancer cell line
were used as a negative control that represented normal oxygen concentrations and

therefore no fluorescence was detected by these 2D-cultured cells (Figure 3.7).

In some 3D hanging drop spheroids however, fluorescence was detected
demonstrating a hypoxic environment developing within these cultures at day 3
(Figure 3.8). MDA-MB-231 breast, PC3 prostate and SW480 and SW620 colorectal
cancer cell 3D hanging drop spheroids all demonstrated a strong signal for low
oxygen concentrations which was predominantly localised to the core of each of the
3D spheroids. For MCF-7 breast 3D hanging drop spheroids low oxygen levels were
detected, located centrally to the core of the spheroid, but the signal was much
weaker. In contrast, LNCaP prostate 3D hanging drop spheroids displayed normal

levels of oxygen comparable to that of 2D-cultured LNCaP cells.

In 3D alginate spheroid colonies, fluorescent signals for low oxygen concentration
were not detectable for each of the cancer cell lines, and therefore showed similar
results to that of their 2D monolayer counterparts (Figure 3.9). To determine whether
3D spheroid colonies can display low oxygen concentrations and to exclude the
alginate from acting as a barrier to entry of the fluorogenic compound used, 3D
spheroid colonies were dissociated from the alginate, cultured overnight in 96-well
ultra-low attachment plates, and assessed for low oxygen concentrations. When 3D
spheroid colonies aggregated together forming aggregoids, low oxygen
concentrations were detected in all cancer cell lines after less than 24 hours of being
cultured (Figure 3.10).
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Hoechst 33342 (A) Green Hypoxia Reagent (B) Combined (C)
MDA-MB-231 MDA-MB-231 MDA-MB-231

MCF-7 MCF-7 MCF-7

100 um 100 um 100 pm
LNCaP LNCaP

100 um 100 um

PC3

100 um 100 pm 100 pm
SW480 SW480 SW480

100 pm 100 pm 100 pm
SW620 SW620 SW620
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Figure 3.7 Normal oxygen concentrations were detected in 2D monolayer

cultures of human breast, prostate, and colorectal cancer cells. (A) Hoechst
33342 (blue) and (B) hypoxia reagent (green) staining and fluorescent microscopy
was used to assess cell viability and hypoxia, respectively. (C) Hoechst 33342 and
hypoxia reagent-stained cells were shown combined. Scale bar represents 100 pm.

n=1 independent experiment with 3 technical repeats.
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Hoechst 33342 (A) Green Hypoxia Reagent (B) Combined (C)
MDA-MB-231 MDA-MB-231 MDA-MB-231
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Figure 3.8 Hypoxia detected in most cancer cell lines cultured in 3D hanging

drop spheroids at day 3. (A) Hoechst 33342 (blue) and (B) hypoxia reagent (green)
staining and fluorescent microscopy was used to measure cell viability and hypoxia,
respectively. (C) Hoechst 33342 and hypoxia reagent combined images show MDA-
MB-231, MCF-7, PC3, SW480 and SW620 3D hanging drop spheroids had a hypoxic
core. Scale bar represents 100 um. n=1 independent experiment with 3 technical

repeats.
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3D Spheroid Colonies in Alginate Hydrogel Beads
Hoechst 33342/Hypoxia Reagent

MDA-MB-231

2000 pm 2000 pm

Figure 3.9 Hypoxia was not detected in images taken of whole alginate

hydrogel beads at day 10. Hoechst 33342 (blue) and hypoxia reagent (green)
staining and fluorescent microscopy was used to measure cell viability and hypoxia,
respectively, in cancer cells grown in alginate hydrogel beads. No green
fluorescence indicative of hypoxia was detected in any of the cell lines. Scale bar

represents 100 um. n=1 independent experiment with 3 technical repeats.
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3D Spheroid Colony Aggregates (Aggregoids)
Hoechst 33342/Hypoxia Reagent

MDA-MB-231

1000 pm 1000 pm

1000 pm

Figure 3.10 Hypoxia was detected in all cancer cell lines cultured in 3D
spheroid colony aggregates. 3D spheroid colonies dissociated from the alginate
hydrogel beads for each cancer cell line were cultured overnight before being stained
with Hoechst 33342 (blue) and hypoxia reagent (green) and visualised by fluorescent
microscopy. Each cell line showed a hypoxic region (green) within the aggregoids.

Scale bar represents 100 um. n=1 independent experiment with 3 technical repeats.
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3.3.4 Hanging drop 3D cancer spheroids display altered PD-L1 expression

when compared to cancer cell lines in 2D cell culture

The expression of PD-L1 at mRNA and protein levels was determined by RT-qPCR
and flow cytometry, respectively, for all six human cancer cell lines grown in standard
2D cell culture and 3D hanging drop spheroids. Our data revealed that PD-L1 mRNA
and/or protein expression altered in all human cancer cell lines grown in 3D
spheroids compared to their 2D counterparts (Figure 3.11A-M and Table 3.2).
Appropriate gating strategies were performed including single cell and live cell gating
for each experiment (Figure 3.11A).

MDA-MB-231 breast cancer cells exhibited a significant decrease in the level of PD-
L1 mRNA (p=0.05) (Figure 3.11B) and protein (p=0.05) (Figure 3.11C) expression in
hanging drop 3D cell culture, compared to 2D-cultured cells. Meanwhile, in MCF-7
breast cancer cells displayed a significant increase (p=0.05) in the frequency of cells
expressing PD-L1 in 3D cell culture, but the level of PD-L1 mRNA (p=0.1) (Figure
3.11D) and protein (p=0.35)(Figure 3.11E) expression was similar to 2D-cultured

cells.

In the LNCaP prostate cancer cells they showed no difference in PD-L1 expression
at mRNA level (p=0.1) (Figure 3.11F) but did display a significant increase (p=0.05)
in the proportion of cells expressing PD-L1, and the level of PD-L1 protein on their
cell surface in 3D cell culture compared to 2D (Figure 3.11G). PC3 prostate cancer
cells demonstrated a significant decrease (p=0.05) in the level of PD-L1 expression
at mRNA (Figure 3.11H) level and in the percentage of cells expressing cell surface
PD-L1 (Figure 3.111).

In the SW480 colorectal cancer cells they exhibited a significant decrease (p=0.05)
in the mRNA level of PD-L1 (Figure 3.11J). Interestingly, the frequency of SW480
cells expressing PD-L1 and the level of PD-L1 protein on the cell surface significantly
increased (p=0.05) in 3D cell culture (Figure 3.11K). SW620 colorectal cancer cells
exhibit a significant increase (p=0.05) in the proportion of cells expressing PD-L1 and
the level of PD-L1 protein on the cell surface in 3D (Figure 3.11M), but the level of
PD-L1 mRNA expression was similar to 2D-cultured cells (p=0.5) (Figure 3.11L).
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Figure 3.11 3D cancer hanging drop spheroids show altered PD-L1 mRNA and
protein expression when compared to cancer cells cultured in 2D monolayers.
PD-L1 mRNA and cell surface protein expression was measured by RT-gPCR and
flow cytometry, respectively, in 2D-cultured cells and 3D hanging drop spheroids at
day 3. (A) For flow cytometry, appropriate gating strategies including single cell and
live cell gating were performed for each experiment. PD-L1 mRNA and cell surface
protein expression was measured for MDA-MB-231 (B, C), MCF-7 (D, E), LNCaP (F,
G), PC3 (H, ), SW480 (J, K) and SW620 (L, M) at day 3. Representative flow
cytometry histograms are displayed for each cell line showing the isotype control
(grey) relative to the PD-L1 positive populations for cells grown in 2D (orange) and
3D (pink) cell culture. The percentage of PD-L1 positive cells (left) is shown alongside
the normalised MFI (right) for each cell line. Data is presented as median + range.
n=3 independent experiments each with 3 technical repeats. Data was analysed by
a Mann-Whitney U test (*P<0.05).
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3.3.5 Cancer 3D spheroid colonies generated in alginate hydrogel beads
exhibit altered PD-L1 expression compared to cancer cell lines in 2D

cell culture

To evaluate whether the alterations observed in PD-L1 expression were consistent
across different in vitro 3D cell culture models, we investigated the expression of PD-
L1 at mRNA and protein levels in a second, more complex alginate hydrogel bead
3D cell culture model that incorporates a biologically inert scaffold and relies on
clonal growth rather than aggregation of cells. For 3D spheroid colonies formed in
alginate, PD-L1 expression at mRNA and protein level was assessed at day 3, 6 and
10 using RT-gPCR and flow cytometry, respectively (Figure 3.12A-M). PD-L1
expression in day 10 3D alginate spheroid colonies is summarised in Table 5. For
flow cytometry experiments appropriate gating strategies were performed including

single cell and live cell gating for each experiment (Figure 3.12A).

MDA-MB-231 breast cancer 3D spheroid colonies displayed a significant decrease
in the frequency of cells expressing PD-L1 and the level of PD-L1 expressed at
MRNA (Figure 3.12B) and protein (Figure 3.12C) levels over time, when compared
to cells in standard 2D cell culture. MCF-7 breast cancer 3D spheroid colonies
showed a significant decrease in the mRNA expression of PD-L1 at each time point
(Figure 3.12D). However, they displayed a significant increase in the frequency of
cells expressing cell surface PD-L1 at all time points in 3D in comparison to 2D-

cultured cells (Figure 3.12E).

Similarly, LNCaP prostate cancer 3D spheroid colonies grown in alginate showed a
significant decrease in PD-L1 mRNA (Figure 3.12F) and exhibited a significant
increase in the frequency of cells expressing PD-L1 at each time point in 3D
compared to 2D cell culture (Figure 3.12G). PC3 prostate cancer cells displayed a
significant decrease in PD-L1 mRNA expression when grown in 3D spheroid colonies
compared to 2D-cultured cells at all time points (Figure 3.12H). The proportion of
cells expressing PD-L1 and the level at which PD-L1 protein was expressed in 3D

spheroid colonies was comparable to that of 2D-cultured cells (Figure 3.12I).

Likewise, SW480 colorectal cancer cells grown in alginate displayed a significant
decrease in PD-L1 mRNA expression compared to 2D-cultured cells at all time points
(Figure 3.12J). The frequency of PD-L1 protein and MFI was similar to 2D-cultured
cells when SW480 cells were grown in alginate (Figure 3.12K). Furthermore, SW620

colorectal cancer cells grown in 3D spheroid colonies exhibited a significant
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decrease in PD-L1 mRNA expression at day 3 and 6 which was followed by a
significant increase at day 10 compared to mRNA levels in 2D-cultured cells (Figure
3.12L). SW620 3D spheroid colonies also showed a significant increase in the
frequency of cells expressing PD-L1 compared to 2D-cultured cells at day 10 (Figure
3.12M).

3.3.6 Immunohistochemical PD-L1 localisation within 3D hanging drop
spheroids and 3D alginate spheroid colonies

To investigate the localisation of PD-L1 expression in 3D cultures, first the anti-PD-
L1 antibody and staining method required optimisation. Different antibody
concentrations were investigated (Appendix Figure 9.4) followed by the need for a
hydration step in the staining protocol (Appendix Figure 9.5) using cytospins of MDA-
MB-231 breast cancer cells expressing high levels of PD-L1 (positive control) and
MCF-7 breast cancer cells expressing low levels of PD-L1 (negative control).
Importantly, only haematoxylin stain was observed in the isotype control and
secondary antibody control samples, indicating that the observed brown staining in
these samples was due to the anti-human PD-L1 antibody binding specifically to PD-
L1 on MDA-MB-231 breast cancer cells. The optimal PD-L1 antibody concentration
was determined to be 1:100 dilution, and PD-L1 staining was improved with the

incorporation of a hydration step.

Subsequently, cytospins of cancer cells and cryostat sections of 3D cultures were
prepared and stained with anti-human PD-L1 antibody and Haematoxylin.
Appropriate controls were used for each cell culture model investigated (Appendix
Figure 9.6A-F) and 2D monolayer cells were stained concurrently (Appendix Figure
9.7A-F).

3.3.6.1 PD-L1 staining of 3D hanging drop spheroids

MDA-MB-231 3D hanging drop spheroids were too fragile to isolate intact spheroids
for flash freezing, and to allow cryostat sections to be prepared and subsequent
staining for PD-L1 expression. However, all the other cell lines formed individual 3D
hanging drop spheroids, which could be harvested intact for downstream PD-L1
staining (Figure 3.13A-E).

MCF-7 (Figure 3.13A) and PC3 (Figure 3.13C) 3D hanging drop spheroids did not
display detectable levels of PD-L1 via immunohistochemistry, comparable to their 2D

monolayer counterparts. PD-L1 expression was detected on LNCaP (Figure 3.13B),
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SW480 (Figure 3.13D) and SW620 (Figure 3.13E) cells cultured in 3D hanging drop
spheroids. PD-L1 was detected throughout the 3D spheroids and not localised to a

particular area.

3.3.6.2 PD-L1 staining of 3D alginate spheroid colonies

To assess PD-L1 staining within 3D alginate spheroid colonies, whole alginate beads
were frozen, cryostat sectioned and assessed for PD-L1 expression and localisation
via immunohistochemistry (Figure 3.14A-F). MDA-MB-231 3D spheroid colonies
displayed the highest level of PD-L1 protein amongst all the cancer cell lines (Figure
3.14A).

A strong brown stain for PD-L1 was also found in PC3 3D spheroid colonies (Figure
3.14D), although this was not consistent throughout the alginate beads (Data not
shown). In LNCaP (Figure 3.14C) and SW620 (Figure 3.14F) 3D spheroid colonies,
the stain for PD-L1 was found to be the weakest amongst those found positive for
PD-L1 via immunohistochemistry. PD-L1 expression by immunohistochemistry was
not detected in MCF-7 (Figure 3.14B) and SW480 (Figure 3.14E) 3D spheroid
colonies. Furthermore, in those cell lines that exhibited PD-L1 positivity by
immunohistochemistry, they did not show any particular localisation of PD-L1 within
the 3D spheroid colonies formed in alginate.
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Figure 3.12 Cancer cell PD-L1 mRNA and protein expression in 3D alginate
spheroid colonies was altered compared to cancer cells cultured in 2D
monolayers. 3D alginate spheroid colonies and 2D-cultured cells were harvested at
day 3, 6 and 10 and assessed for PD-L1 mRNA and cell surface protein expression
using RT-gPCR and flow cytometry, respectively. (A) For flow cytometry, appropriate
gating strategies including single cell and live cell gating were performed for each
experiment. PD-L1 mRNA and cell surface protein expression was measured for
MDA-MB-231 (B, C), MCF-7 (D, E), LNCaP (F, G), PC3 (H, 1), SW480 (J, K) and
SW620 (L, M) at day 3, 6 and 10. Representative flow cytometry histograms are
displayed for each cell line showing the isotype control (grey) relative to the PD-L1
positive populations for cells grown in 2D (orange) and 3D (pink) cell culture. The
percentage of cells expressing PD-L1 (left) is shown alongside the normalised MFI
(right) for each cell line. Data is presented as median + range. n=3 independent
experiments each with 3 technical repeats. Data was analysed by a Kruskal-Wallis
followed by Dunn’s multiple comparisons test (*P<0.05, **P<0.01, ***P<0.001 and
***P<(0.0001).
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3D Hanging Drop Spheroids
Haematoxylin/PD-L1

Figure 3.13 PD-L1 expression can be detected throughout LNCaP, SW480 and
SW620 3D hanging drop spheroids. Immunohistochemical staining of PD-L1 was
performed on MCF-7 (A), LNCaP (B), PC3 (C), SW480 (D) and SW620 (E) cancer
cells cultured in 3D hanging drop spheroids for 3 days to assess PD-L1 localisation.
Scale bar represents 100 um. n=3 independent experiments, each with 3 technical
repeats.
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Figure 3.14 PD-L1 expression can be detected throughout MDA-MB-231,
LNCaP, PC3, and SW620 3D alginate spheroid colonies. Immunohistochemical
staining of PD-L1 was performed on MDA-MB-231 (A), MCF-7 (B), LNCaP (C), PC3
(D), SW480 (E) and SW620 (F) cancer cells cultured in 3D alginate spheroid colonies

for 10 days to assess PD-L1 localisation. Images of whole alginate bead sections

were captured. Single 3D spheroid colonies in the black box were taken using the

40X objective. Scale bar represents 100 um. n=3 independent experiments each

with 3 technical repeats.
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3.3.7 Human breast, prostate, and colorectal cancer cell lines express
altered levels of immunological and tumorigenic markers in 3D cell

culture models compared to their 2D monolayer counterparts

Since PD-L1 mRNA and protein expression by cancer cell lines altered in 3D cell
culture models when compared to their 2D monolayer counterparts, it was next
determined whether the expression of other immunological (PD-1, PD-L2, HLA-ABC,
DR4, DR5 and Fas) and tumorigenic (CD44 and HIF1a) markers at mRNA and/or
protein levels changed in a 3D cell culture environment compared to 2D-cultured
cells.

For 3D spheroids formed by hanging drop, the expression of immunological and
tumorigenic markers was assessed and compared to 2D-cultured cells at day 3,
whereas for 3D spheroid colonies formed in alginate, the expression of these
markers was assessed and compared to 2D-cultured cells at day 10. Single cell
gating was performed for all flow cytometry experiments as shown above (Section
3.3.4 and 3.5.5).

3.3.7.1 PD-1expression was found in a higher proportion of SW480 colorectal
cancer cells cultured in 3D spheroid colonies compared to 2D
As observed in Chapter 2 Figure 2.3, colorectal cancer cell lines, SW480 and
SW620, were the only cells found to express PD-1 in 2D cell culture at mRNA level
(Figure 3.15A and Table 3.2). Also, the level of PD-1 mRNA expressed by SW480
and SW620 cells in 3D cell culture models was comparable to that of 2D-cultured
cells. SW620 cells were found not to express detectable levels of cell surface PD-1
in 2D cell culture and neither did cells in either 3D cell culture models (Figure 3.15B
and C). Interestingly, SW480 cells displayed a significant increase in the frequency
and MFI of PD-1 expression when cultured in 3D spheroid colonies formed in alginate
compared to their 2D monolayer counterparts. However, in 3D hanging drop
spheroids, SW480 cells no longer displayed detectable levels of cell surface PD-1
compared to 2D-cultured cells. Representative flow cytometry plots showing the
expression of PD-1 in 3D hanging drop spheroids and alginate 3D spheroid colonies

compared to 2D-cultured cells are found in Figure 3.16A and B, respectively.
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Figure 3.15 SW480 cells express an increased frequency and MFI of PD-1
protein expression in 3D spheroid colonies compared to 2D-cultured cells. PD-
1 (A) gene and (B, C) protein expression was measured in cancer cells cultured in
2D monolayer, 3D hanging drop spheroids and 3D alginate spheroid colonies. (B)
Shows the percentage of PD-1 expression and (C) shows the MFI for each cell line.
Data is presented as median = range. n=3 independent experiments each with 3
technical repeats. Data was analysed by a Kruskal-Wallis followed by Dunn’s
multiple comparisons test (*P<0.05). ND indicates gene or protein expression not
detected.
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Figure 3.16 Representative flow cytometry plots display PD-1 expression
amongst cancer cell lines in 2D and 3D cell culture models. Representative flow
cytometry histograms are displayed for (A) 3D hanging drop spheroids (pink) and (B)
3D alginate spheroid colonies (pink) to show PD-1 positive populations relative to the
isotype control (grey) and 2D monolayer cells (orange). Histograms for MDA-MB-231
3D cultures are presented with both 2D and 3D (light grey) isotype controls. n=3

independent experiments each with 3 technical repeats.
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3.3.7.2 PD-L2 expression was significantly decreased in MDA-MB-231 and
PC3 cancer cells cultured in 3D cell culture models compared to 2D

cell culture

Human breast, prostate and colorectal cancer cell lines displayed differential
expression of PD-L2 at mRNA (Figure 3.17A) and protein (Figure 3.17B and C) levels
in 2D cell culture compared to in 3D cell culture models (Table 5). Representative
flow cytometry histograms illustrate the expression of PD-L2 in 3D hanging drop
spheroids (Figure 3.18A) and alginate 3D spheroid colonies (Figure 3.18B)
compared to 2D-cultured cells.

MDA-MB-231 breast cancer cells displayed a significant reduction in the level of PD-
L2 mRNA and in the proportion of cells expressing cell surface PD-L2 in both 3D cell
culture models compared to 2D-cultured cells. In 3D spheroids formed by hanging
drop, MDA-MB-231 cells displayed a greater decrease in PD-L2 mRNA compared to
2D-cultured cells than 3D spheroid colonies formed in alginate. In terms of the
percentage of cells expressing PD-L2 and the MFI of PD-L2 protein expression, the
variability in its expression between experiments in 3D hanging drop spheroids is

less than that of 3D alginate spheroid colonies.

In contrast, PC3 prostate cancer cells showed a greater decrease in PD-L2 mRNA
when cultured in 3D alginate spheroid colonies when compared to 3D hanging drop
spheroids and 2D-cultured cells, although PD-L2 mRNA expression was still
significantly reduced in 3D hanging drop spheroids compared to 2D-cultured cells.
Additionally, PC3 cells did not display any significant changes in cell surface PD-L2

expression.

MCF-7 breast, and SW480 colorectal cancer cells displayed comparable levels of
PD-L2 expression at mRNA and protein levels in 2D and 3D cell culture models.
Similar to findings in Chapter 2 Figure 2.4, LNCaP prostate, and SW620 colorectal
cancer cells exhibited no detectable levels of PD-L2 expression at mRNA and protein
levels in 2D cell culture which was also found to be the case when these cancer cells

were cultured in 3D cell culture models.
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Figure 3.17 MDA-MB-231 and PC3 cells display decreased PD-L2 mRNA and/or
protein expression in 3D cell culture models compared to 2D-cultured cells.
PD-L2 (A) gene and (B, C) protein expression was measured in cancer cells cultured
in 2D monolayer, 3D hanging drop spheroids and 3D alginate spheroid colonies. (B)
Shows the percentage of PD-L2 expression and (C) shows the MFI for each cell line.

Data is presented as median = range. n=3 independent experiments each with 3

technical repeats. Data was analysed by a Kruskal-Wallis followed by Dunn’s

expression was not detectable.
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Figure 3.18 Representative flow cytometry plots display PD-L2 expression
amongst cancer cell lines in 2D and 3D cell culture models. Representative flow
cytometry histograms are displayed for (A) 3D hanging drop spheroids (pink) and (B)
3D alginate spheroid colonies (pink) to show PD-L2 positive populations relative to
the isotype control (grey) and 2D monolayer cells (orange). n=3 independent

experiments each with 3 technical repeats.
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3.3.7.3 Human MCF-7 breast cancer cells cultured in 3D cell culture models
display reduced HLA-ABC protein expression compared to 2D-
cultured cells

Human MCF-7 breast cancer cells displayed a significant reduction in the proportion
of cells expressing HLA-ABC protein in both 3D cell culture models compared to their
2D monolayer counterparts (Figure 3.19A and Table 3.2). The proportion of HLA-
ABC-expressing cells was lower in MCF-7 cells cultured in 3D hanging drop

spheroids than 3D alginate spheroid colonies.

For LNCaP prostate and SW480 colorectal cancer cells, the proportion of HLA-ABC
expressing cells was reduced in both 3D cell culture models but due to variation in
HLA-ABC protein expression between independent experiments no statistically

significant alterations could be observed for these cells.

For MDA-MB-231 breast, PC3 prostate and SW620 colorectal cancer cell lines the
proportion of HLA-ABC expressing cells was comparable to that of 2D-cultured cells.
The MFI of HLA-ABC expression in 3D-cultured cells was comparable to that of 2D-
cultured cells for all cancer cell lines (Figure 3.19B and Table 3.2). Representative
flow cytometry histograms illustrate the expression of HLA-ABC protein in 3D
hanging drop spheroids (Figure 3.20A) and alginate 3D spheroid colonies (Figure
3.20B) compared to 2D-cultured cells.
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Figure 3.19 The frequency of HLA-ABC expression on MCF-7 cells is
significantly reduced in 3D cell culture models compared to 2D-cultured cells.
HLA-ABC protein expression was measured on cancer cells cultured in 2D cell
culture, 3D hanging drop spheroids and 3D alginate spheroid colonies. (A) Shows
the percentage of HLA-ABC expression and (B) shows the MFI for each cell line.
Data is presented as median = range. n=3 independent experiments each with 3
technical repeats. Data was analysed by a Kruskal-Wallis followed by Dunn’s

multiple comparisons test (*P<0.05 and **P<0.01).
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Figure 3.20 Representative flow cytometry plots display cell surface HLA-ABC

expression amongst cancer cell lines in 2D and 3D cell culture models.

Representative flow cytometry histograms are displayed for (A) 3D hanging drop
spheroids (pink) and (B) 3D alginate spheroid colonies (pink) to show HLA-ABC

positive populations relative to the isotype control (grey) and 2D monolayer cells

(orange). n=3 independent experiments each with 3 technical repeats.
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3.3.7.4 Some cancer cells expressed altered levels of death receptors in 3D

cell culture models compared to their 2D monolayer counterparts

To further characterise cancer cells in 3D cell culture models and determine whether
their immunogenic status alters in a 3D environment compared to in 2D monolayer
cell culture, the expression of DR4, DR5, and Fas by cancer cell lines was measured
following culture in 3D hanging drop spheroids for 3 days and 3D alginate spheroid

colonies for 10 days.

3.3.7.4.1 DR4 expression in 3D cell culture models compared to 2D-cultured

cells

The altered expression of DR4 mRNA and protein by cancer cell lines observed in
3D cell culture models compared to 2D-cultured cells differs depending on the 3D
cell culture model used and cancer cell lineage (Figure 3.21A-C and Table 3.2).
MDA-MB-231 breast cancer cells displayed a significant increase in DR4 mRNA
expression when cultured in 3D hanging drop spheroids compared to 2D-cultured
cells, but when cultured in 3D alginate spheroid colonies DR4 mRNA expression was
found to be significantly reduced compared to 2D-cultured cells (Figure 3.21A). In
contrast, MCF-7 breast cancer cells showed similar significant alterations to
downregulate DR4 mRNA expression in each of the 3D cell culture models compared
to their 2D monolayer counterparts. MDA-MB-231 and MCF-7 cells did not however

show any significant alterations to DR4 protein expression (Figure 3.21B and 3.21C).

LNCaP prostate cancer cells demonstrated a significant decrease in DR4 mRNA
expression when cultured in 3D hanging drop spheroids compared to 2D-cultured
cells, whereas DR4 mRNA expression was shown to be significantly increased in 3D
alginate spheroid colonies compared to 2D-cultured cells. However, LNCaP DR4
protein expression did not alter in either 3D cell culture model. Whilst PC3 prostate
cancer cells demonstrated no statistically significant change to DR4 mRNA
expression in 3D cell culture models. They were the only cancer cells that showed a
significantly reduced proportion of cells expressing DR4 protein compared to 2D-

cultured cells.

Finally, the SW480 and SW60 colorectal cancer cells cultured in 3D cell culture
models displayed comparable DR4 expression at mRNA and protein levels
compared to 2D-cultured cells. Representative flow cytometry histograms illustrating
the expression of DR4 in 3D hanging drop spheroids and alginate 3D spheroid

colonies compared to 2D-cultured cells are shown in Figure 3.22A and B.
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Figure 3.21 DR4 mRNA and/or protein expression is significantly altered in

some cancer cell lines cultured in 3D cell culture models compared to their 2D
monolayer counterparts. DR4 (A) gene and (B, C) protein expression was
measured in cancer cells cultured in 2D cell culture, 3D hanging drop spheroids and
3D alginate spheroid colonies. (B) Shows the percentage of DR4 expression and (C)
shows the MFI for each cell line. Data is presented as median + range. n=3
independent experiments each with 3 technical repeats. Data was analysed by a
Kruskal-Wallis followed by Dunn’s multiple comparisons test (*P<0.05, **P<0.01 and
#*P<(0.001).
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Figure 3.22 Representative flow cytometry plots display DR4 protein
expression amongst cancer cell lines in 2D and 3D cell culture models.
Representative flow cytometry histograms are displayed for (A) 3D hanging drop
spheroids (pink) and (B) 3D alginate spheroid colonies (pink) to show DR4 positive
populations relative to the isotype control (grey) and 2D monolayer cells (orange).

n=3 independent experiments each with 3 technical repeats.
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3.3.7.4.2 DR5 expression in 3D cell culture models compared to 2D-cultured
cells
DR5 expression was only found to be significantly altered in MDA-MB-231 breast

cancer cells cultured in 3D cell culture models compared to 2D-cultured cells at
MRNA (Figure 3.23A) and protein (Figure 3.23B and C) levels out of all the six cancer

cell lines investigated (Table 3.2).

MDA-MB-231 cells in 3D hanging drop spheroids demonstrated a significant
increase in DR5 mMRNA expression compared to 2D-cultured cells, whereas in 3D
alginate spheroid colonies DR5 mRNA expression was significantly decreased
compared to 2D-cultured cells. Interestingly, the proportion of MDA-MB-231 cells
expressing DR5 protein was significantly decreased in both 3D cell culture models,
although more so when the cells were cultured in the 3D alginate spheroid colonies.
Representative flow cytometry histograms illustrate the expression of DR5 in 3D
hanging drop spheroids (Figure 3.24A) and alginate 3D spheroid colonies (Figure
3.24B) compared to 2D-cultured cells for all cancer cell lines.
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Figure 3.23 MDA-MB-231 cells display altered DR5 expression in 3D cell culture

models compared to their monolayer counterparts. DR5 (A) gene and (B, C)
protein expression was measured in cancer cells cultured in 2D cell culture, 3D
hanging drop spheroids and 3D alginate spheroid colonies. (B) Shows the
percentage of DR4 expression and (C) the MFI for each cell line. Data is presented
as median * range. n=3 independent experiments each with 3 technical repeats.
Data was analysed by a Kruskal-Wallis followed by Dunn’s multiple comparisons test
(*P<0.05 and ****P<0.0001).
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Figure 3.24 Representative flow cytometry plots display DR5

protein

expression amongst cancer cell lines in 2D and 3D cell culture models.

Representative flow cytometry histograms are displayed for (A) 3D hanging drop

spheroids (pink) and (B) 3D alginate spheroid colonies (pink) to show DR5 positive

populations relative to the isotype control (grey) and 2D monolayer cells (orange).
Histograms for MDA-MB-231 3D cultures are presented with both 2D and 3D (light

grey) isotype controls. n=3 independent experiments, each with 3 technical repeats.
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3.3.7.4.3 Fas expression in 3D cell culture models compared to 2D-cultured

cells

In four out of the six cancer cell lines investigated, Fas mRNA expression was found
to be significantly altered when cells were cultured in 3D cell culture models

compared to their 2D monolayer counterparts (Figure 3.25A and Table 3.2).

MCF-7 breast, LNCaP prostate and SW480 colorectal cancer cells all demonstrated
a significant reduction in Fas mRNA expression when cultured in 3D cell culture
models compared to 2D-cultured cells. For MCF-7 and LNCaP cells, Fas mRNA
expression was found to be expressed at the lowest levels in 3D hanging drop
spheroids compared to 3D alginate spheroid colonies and 2D-cultured cells. For
SW480 cells, Fas mRNA was found to be expressed at the lowest levels in 3D
alginate spheroid colonies compared to 3D hanging drop spheroids and 2D-cultured
cells. Whilst PC3 prostate cancer cells demonstrated a significant decrease in Fas
MRNA expression when cultured in 3D hanging drop spheroids like the three other
cancer cell lines mentioned above, PC3 cells showed a significant increase in Fas
MRNA expression when cultured in 3D alginate spheroid colonies compared to 2D-

cultured cells.

In terms of protein expression, only SW480 cells demonstrated significantly altered
levels of Fas (Figure 3.25B and C and Table 3.2). The proportion of SW480 cells
expressing Fas protein on their cell surface was found to be significantly reduced in
3D alginate spheroid colonies compared to 3D hanging drop spheroids and 2D-
cultured cells which demonstrated a similar percentage of Fas-expressing cells
within the cell population. Representative flow cytometry histograms illustrating the
expression of Fas in 3D hanging drop spheroids and 3D alginate spheroid colonies

compared to 2D-cultured cells can be found in Figure 3.26A and B).

146



Fas (CD95) expression
* kK =3 2D cells

*

0.3

% B3 Hanging drop 3D spheroids
§ mm Alginate 3D spheroid colonies
< 02
F4
['4
£
Lo1
k<t
3
0.0
P 5 % 3 g S
8 S 3] g
@ g 2 & = =
s ] » 2]
<
a
=
B
Fas expression Fas Normalised MFI
100~ 2 20— = 2D cells
-] B3 Hanging drop 3D spheroids
3 [}
2 804 il £ 154 mm Alginate 3D spheroid colonies
g o E
= 4
» o
L 3 107
2 404 ]
w 3
" w 54
© 20-] c
w =
°
0- 2 o-
= & 8 § 8§ "% 3 8 8§
u © u o 3 ©
o 2 = = = 0 2 & L H
3 7] 7 | » n

MDA-MB-231
MDA-MB-231

Figure 3.25 Some cancer cells display altered Fas expression at mRNA and/or
protein level in 3D cell culture models compared to their monolayer
counterparts. Fas (A) gene and (B, C) protein expression was measured in cancer
cells cultured in 2D cell culture, 3D hanging drop spheroids and 3D alginate spheroid
colonies. (B) Shows the percentage of Fas expression and (C) shows the MFI for
each cell line. Data is presented as median * range. n=3 independent experiments
each with 3 technical repeats. Data was analysed by a Kruskal-Wallis followed by
Dunn’s multiple comparisons test (*P<0.05, **P<0.01, ***P<0.001).
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Figure 3.26 Representative flow cytometry plots display Fas protein
expression amongst cancer cell lines in 2D and 3D cell culture models.
Representative flow cytometry histograms are displayed for (A) 3D hanging drop
spheroids (pink) and (B) 3D alginate spheroid colonies (pink) to show Fas positive
populations relative to the isotype control (grey) and 2D monolayer cells (orange).
Histograms for MDA-MB-231 3D cultures are presented with both 2D and 3D (light

grey) isotype controls. n=3 independent experiments, each with 3 technical repeats.
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3.3.7.5 Tumorigenic marker, CD44 was expressed at significantly altered in
some cancer cell lines cultured in 3D cell culture models compared to

2D-cultured cells

Human breast, prostate and colorectal cancer cell lines were further investigated for
their expression of tumorigenic marker, CD44, in 3D cell culture models compared
to their 2D monolayer counterparts. Only MDA-MB-231 breast cancer cells
demonstrated a significant decrease in CD44 mRNA expression when cultured in 3D
cell culture models compared to their 2D monolayer counterparts (Figure 3.27A and
Table 3.2).

In contrast, MCF-7 breast and SW480 and SW620 colorectal cancer cell lines
demonstrated a significant increase in the level of CD44 mRNA expression in 3D cell
culture models compared to 2D-cultured cells. Interestingly, prostate cancer cell lines
(LNCaP and PC3) in 3D cell culture models expressed comparable levels of CD44
MRNA expression to their 2D-cultured cells. As shown in Chapter 2 Figure 2.9, CD44
protein was found not to be expressed at detectable levels in 2D-cultured LNCaP
cells which was also found to be the case for CD44 protein expression by LNCaP
cells cultured in 3D cell culture models (Figure 3.27B and C). Furthermore, out of the
six cancer cell lines only SW620 demonstrated altered CD44 protein expression in
3D cell culture models compared to 2D-cultured cells (Table 3.2). SW620 colorectal
cancer cells displayed a significantly lower proportion of CD44 expressing cells in 3D
hanging drop spheroids, which was found to be even lower in 3D alginate spheroid
colonies, compared to 2D-cultured cells, which was the opposite effect observed for
these cells at MRNA levels. Representative flow cytometry histograms illustrating the
expression of cell surface CD44 protein in 3D hanging drop spheroids and 3D
alginate spheroid colonies compared to 2D-cultured cells can be found in Figure
3.28A and B.
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Figure 3.27 Most cancer cells display altered CD44 expression at mRNA and/or
protein level in 3D cell culture models compared to their monolayer
counterparts. CD44 (A) gene and (B, C) protein expression was measured in
cancer cells cultured in 2D cell culture, 3D hanging drop spheroids and 3D alginate
spheroid colonies. (B) Shows the percentage of CD44 and (C) shows the MFI for
each cell line. Data is presented as median * range. n=3 independent experiments
each with 3 technical repeats. Data was analysed by a Kruskal-Wallis followed by
Dunn’s multiple comparisons test (*P<0.05, **P<0.01 and ***P<0.001). ND indicates

that protein expression was not detectable.
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Figure 2.28 Representative flow cytometry plots display cell surface CD44

protein expression amongst cancer cell lines in 2D and 3D cell culture models.

Representative flow cytometry histograms are displayed for (A) 3D hanging drop

spheroids (pink) and (B) 3D alginate spheroid colonies (pink) to show CD44 positive

populations relative to the isotype control (grey) and 2D monolayer cells (orange).

n=3 independent experiments each with 3 technical repeats.
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3.3.7.6 Tumorigenic HIF1a expression levels by most cancer cell lines
cultured in 3D cell culture models were comparable to that of 2D-

cultured cells

Next, HIF1a mRNA and protein expression by cancer cell lines was measured to
determine whether the low oxygen concentrations that may develop within 3D cell
culture models could trigger any changes to its expression. Surprisingly, MDA-MB-
231 breast cancer cells showed significantly reduced levels of HIF1a mRNA
expression in 3D hanging drop spheroids compared to 2D-cultured cells (Figure
3.29A and Table 3.2). However, MDA-MB-231 cells cultured in 3D alginate spheroid
colonies demonstrated no changes to HIF1a mRNA expression compared to 2D-

cultured cells.

LNCaP prostate cancer cells was the only cancer cell line to demonstrate significantly
increased HIF1a mRNA expression in both 3D cell culture models compared to 2D
cultured cells. In LNCaP cells, the HIF1a mRNA levels were higher in 3D hanging
drop spheroids than in 3D alginate spheroid colonies compared to 2D-cutlured
LNCaP cells. In terms of the proportion of HIF1a protein expressed within the
different cell line populations and the level by which it is expressed at protein level,
remained unchanged in all cancer cell lines investigated in 3D cell culture models
compared to 2D (Figure 3.29B and C and Table 3.2). Representative flow cytometry
histograms illustrating the expression of HIF1a protein in 3D hanging drop spheroids
and 3D alginate spheroid colonies compared to 2D-cultured cells can be found in
Figure 3.30A and B, respectively. In both colorectal cancer cell lines cultured in 3D
alginate spheroid colonies, flow cytometry histograms showed a small percentage of
the cell populations expressed higher level of HIF1a protein compared to the rest of

the population.

152



HIF1a (HIF1A) expression
60 *xx* =3 2D cells

% T B3 Hanging drop 3D spheroids
2 mEm Alginate 3D spheroid colonies
< 40
4
4
E *
_“3’ 20 * %
= —
©
o
o
= T & 3 8 8
3 5 o a g @
o 2 z = =
= | » »
<
a
=
B . c .
HIF1a expression HIF1a Normalised MFI
100 %‘ 20+ =3 2Dcells
9 5 E3 Hanging drop 3D spheroids
< 2
g 80 £ 15 mEm Alginate 3D spheroid colonies
@ 60 3
= g 104
X 40 S
3 T 5]
L 20 <
T k-]
0 § 0
5 % 3§ § T % 8 8§ §
s g == = = s g = = =
= = » ® = 3 @ [

MDA-MB-231
MDA-MB-231

Figure 3.29 Cancer cells display comparable levels of HIF1a protein expression
in 3D cell culture models compared to their monolayer counterparts. HIF1a (A)
gene and (B, C) protein expression was measured in cancer cells cultured in 2D cell
culture, 3D hanging drop spheroids and 3D alginate spheroid colonies. (B) Shows
the percentage of HIF1a and (C) shows the MFI for each cell line. Data is presented
as median * range. n=3 independent experiments each with 3 technical repeats.
Data was analysed by a Kruskal-Wallis followed by Dunn’s multiple comparisons test
(*P<0.05 and **P<0.01).
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Figure 3.30 Representative flow cytometry histograms display HIF1a protein
expression amongst cancer cell lines in 2D and 3D cell culture models.
Representative flow cytometry histograms are displayed for (A) 3D hanging drop
spheroids (pink) and (B) 3D alginate spheroid colonies (pink) to show HIF1a positive
populations relative to the isotype control (grey) and 2D monolayer cells (orange).

n=3 independent experiments each with 3 technical repeats.
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Table 3.2 Summary table of immunological and tumorigenic markers expressed by human cancer cell lines cultured in 3D cell
culture models compared to their 2D monolayer counterparts.

Cell lines Hanging drop 3D spheroids versus 2D cultures at Alginate 3D spheroid colonies versus 2D cultures at day
day 3 10
MRNA Protein MRNA Protein
% MFI % MFI
PD-L1 expression
MDA-MB-231 |P<0.05 NS P>0.05 |P<0.05 1P<0.01 |P<0.001 1P<0.01
MCF-7 1|P<0.05 1P<0.05 NS P>0.05 1P<0.01 1P<0.01 NS P>0.05
LNCaP NS P>0.05 1P<0.05 1P<0.05 1P<0.01 1P<0.01 NS P>0.05
PC3 |P<0.05 1P<0.05 NS P>0.05 1P<0.01 NS P>0.05 NS P>0.05
SW480 1P<0.01 1P<0.05 1P<0.05 1P<0.0001 NS P>0.05 NS P>0.05
SW620 NS P>0.05 1P<0.05 1P<0.05 1P<0.01 1P<0.05 NS P>0.05
PD-1 expression
MDA-MB-231 ND ND ND ND ND ND
MCFE-7 ND ND ND ND ND ND
LNCaP ND ND ND ND ND ND
PC3 ND ND ND ND ND ND
SW480 NS P>0.05 ND ND NS P>0.05 1P<0.05 1P<0.05
SW620 NS P>0.05 ND ND NS P>0.05 ND ND
PD-L2 expression
MDA-MB-231 1P<0.001 NS P>0.05 NS P>0.05 P<0.05 NS P>0.05 NS P>0.05
MCF-7 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
LNCaP ND ND ND ND ND ND
PC3 |P<0.05 NS P>0.05 NS P>0.05 |P<0.001 NS P>0.05 NS P>0.05
SW480 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW620 ND ND ND ND ND ND
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Table 3.2. Continued...

Cell lines Hanging drop 3D spheroids versus 2D cultures at Alginate 3D spheroid colonies versus 2D cultures at day
day 3 10
MRNA Protein MRNA Protein
% | MFI % | MFI
HLA-ABC expression
MDA-MB-231 - NS P>0.05 NS P>0.05 - NS P>0.05 NS P>0.05
MCF-7 - 1P<0.05 NS P>0.05 - 1P<0.05 NS P>0.05
LNCaP - NS P>0.05 NS P>0.05 - NS P>0.05 NS P>0.05
PC3 - NS P>0.05 NS P>0.05 - NS P>0.05 NS P>0.05
SW480 - NS P>0.05 NS P>0.05 - NS P>0.05 NS P>0.05
SW620 - NS P>0.05 NS P>0.05 - NS P>0.05 NS P>0.05
DR4 expression
MDA-MB-231 1P<0.05 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
MCEF-7 |P<0.05 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
LNCaP |P<0.05 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
PC3 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05
SW480 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW620 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
DR5 expression
MDA-MB-231 1P<0.05 1P<0.05 NS P>0.05 NS P>0.05 1P<0.0001 NS P>0.05
MCF-7 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
LNCaP NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
PC3 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW480 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW620 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05




LSGT

Table 3.2. Continued...

Cell lines Hanging drop 3D spheroids versus 2D cultures at Alginate 3D spheroid colonies versus 2D cultures at day
day 3 10
MRNA Protein MRNA Protein
% | MFI % | MFI
Fas expression
MDA-MB-231 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
MCF-7 1P<0.001 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
LNCaP 1P<0.001 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
PC3 |P<0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW480 |P<0.05 NS P>0.05 NS P>0.05 |P<0.001 1P<0.01 NS P>0.05
SW620 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
CD44

MDA-MB-231 1P<0.001 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
MCEF-7 1P<0.001 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
LNCaP NS P>0.05 ND ND NS P>0.05 ND ND

PC3 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW480 1P<0.001 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
SW620 1P<0.05 1P<0.05 NS P>0.05 1P<0.001 1P<0.01 NS P>0.05

HIF1la
MDA-MB-231 1P<0.001 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
MCF-7 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
LNCaP 1P<0.001 NS P>0.05 NS P>0.05 1P<0.05 NS P>0.05 NS P>0.05
PC3 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW480 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
SW620 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05 NS P>0.05
Colour Key: Black shows NS (no significant) change, red shows a significant decrease, green shows a significant increase,
blue shows genes/proteins ND (not detected)




3.4 Discussion

There is currently heightened interest in understanding the role of PD-L1 in the
tumour and the tumour microenvironment, since targeting the PD-1/PD-L1 signalling
axis has revolutionised the cancer therapy landscape, yet challenges remain, and
need addressing to improve patient response and overcome resistance mechanisms
in all cancers. Over recent years 3D cell culture models have been reported to have
more physiological relevant functions for oncology and immune-oncology studies
than standard 2D monolayer cell culture in terms of defence response to treatment
and immune system modulation. Additionally, whilst the use of in vivo mouse models
is paramount to testing the efficacy and systemic effects of therapeutic drugs before
human clinical trials, unless humanised mouse models are utilised, they are
problematic for investigating the PD-1/PD-L1 signalling axis in a human context and
hence for the testing of human anti-PD-1/PD-L1 monoclonal antibody therapies.
Indeed, the expression of immune checkpoint molecules by tumours in vivo have
been reported to differ from their expression in 2D monolayer cell culture models
(Rom-Jurek et al., 2018; Boucherit et al., 2020). This highlights the importance of
utilising more robust human 3D cell culture models to mimic characteristics of the
tumour more closely to measure immunotherapy and tumour responses (Hudson et
al., 2020). To this end, here we investigated whether PD-L1 expression by six human
cancer cell lines could be modulated at mMRNA and protein level when grown in two
different 3D cell culture models of varying in vitro complexity as opposed to standard
2D cell culture. Other immunological and tumorigenic markers (PD-1, PD-L2, HLA-
ABC, DR4, DR5, Fas, CD44 and HIFa) were also investigated alongside PD-L1.

Whilst 2D cell culture provides opportunities to explore the biological functions of
cancer cells in an easy and high throughput manner, cancer cells display aberrant
characteristics when grown in monolayer, which fails to mimic those observed in in
vivo human tumours. Many studies have shown that PD-L1 expression by human
cancer cells differs in vivo compared to their in vitro monolayer counterparts (Gatalica
et al., 2014; Rom-Jurek et al., 2018). In the present study, we utilised a scaffold-free
(hanging drop method) and a scaffold-based (alginate hydrogel bead) system to form
3D spheroids and 3D spheroid colonies, respectively, to assess PD-L1 expression
by human cancer cells compared to their 2D monolayer counterparts. These 3D cell
culture models have previously been reported to sustain an oxygen and nutrient

gradient (Muller-Klieser and Sutherland, 1982; Alessandri et al., 2013; Nunes et al.,
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2019), encourage increased extracellular matrix deposition (Lee and Mooney, 2012;
Rios de la Rosa et al., 2018), facilitate genomic and protein alterations (Souza et al.,
2017; Souza et al., 2018) and demonstrate increased resistance to anti-cancer
therapies (Luca et al., 2013; Riedl et al., 2017; Takahashi et al., 2020; Boucherit et

al., 2020), similar to that observed in in vivo human tumours.

We have demonstrated here it was possible to grow all six cell lines using both 3D
cell culture methods. However, it is important to note that there were technical
difficulties maintaining hanging drop cultures of MDA-MB-231 cells for subsequent
immunohistochemical analysis, although analysis by flow cytometry from 3D hanging
drop spheroids was straight forward. In contrast, the use of the 3D alginate model
was more amenable for subsequent immunohistochemistry, but cells needed a
longer culture period for single cells to form colonies. Furthermore, the release of
cells from alginate was required prior to flow cytometry analysis, however here we
have shown that this was possible without adversely effecting cell viability.
Importantly, our 3D models show the development of hypoxic regions, particularly in
hanging drop spheroids which is a key feature of tumours that requires modelling in
vitro (Noman et al., 2014; Barsoum et al., 2014; Scharping et al., 2017). Both 3D cell
culture models have great potential in recreating the cancer tumour
microenvironment, its variation in cellular composition, molecular microenvironment
and 3D architecture and stiffness, and thus create a more realistic model of in vivo
cancer tumours. Hence, this will enable us to elucidate the intrinsic role of PD-L1 in

cancer.

Using these models, we found that PD-L1 expression was altered in a 3D
environment compared to cells cultured in monolayer. Additionally, the expression of
other immunological and tumorigenic markers (PD-1, PD-L2, HLA-ABC, DR4, DR5,
Fas, CD44 and HIFa) were also found to change in cancer cells grown in 3D cell

culture models compared to their 2D monolayer counterparts.

Here, we show new data that PD-L1 mRNA expression was reduced in breast,
prostate and colorectal cancer cells grown in both 3D cell culture models compared
to their 2D monolayer counterparts. This reduced PD-L1 expression in 3D culture
was also observed on the cell surface of MDA-MB-231 breast and PC3 prostate
cancer cells. It is well documented that TNBCs have the highest PD-L1 expression
among all breast cancer subtypes (Soliman et al., 2014; Gatalica et al., 2014).
Consistent with this, MDA-MB-231 TNBC cells in 3D cultures still expressed the
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highest level of PD-L1 compared to MCF-7 luminal A breast cancer 3D cultures,
despite their reduced expression. A study analysing PD-L1 expression on human
tumour samples demonstrated that 59% of TNBCs expressed PD-L1 compared to
33% of the luminal A subtypes (Gatalica et al., 2014). In the same study, out of 20
prostate and 87 colon tumour samples only 25% and 21% were shown to express
PD-L1, respectively. This study indicates that PD-L1 is heterogeneously expressed
among human cancers in vivo and that PD-L1 expression is only found in a small
percentage of tumour samples. Martin et al., (2015) also demonstrated the paucity
of PD-L1 expression in human prostate cancer cell lines (including LNCaP and PC3
cancer cells) and human prostate samples to find that PD-L1 was expressed at very
low levels across all samples (Martin et al., 2015). In line with our study, it was
recently reported that human breast cancer cell lines (BT-474, MDA-MB-231, SK-
BR-3, and JIMT-1) that had been implemented into immunodeficient and humanized
mouse models developed tumours that displayed diminished PD-L1 expression
compared to their 2D in vitro counterparts (Rom-Jerek et al., 2018). The
downregulation of PD-L1 expression by cancer cells in vivo was thought to be
associated with the cell density and compactness of the tumour, and the lower
proliferative rate of the cancer cells, as opposed to the aberrantly reduced cell-cell
contact and higher proliferative rate cancer cells exhibit in 2D culture, respectively
(Satelli et al., 2016; Clark et al., 2016; Rom-Jerek et al., 2018). With the increased
cell-cell contact and the reduced proliferative status of cancer cells that is observed
in 3D cell culture, we can postulate that this may in part explain our observations and
implies that our 3D cancer models may be able to recapitulate PD-L1 expression to
that of an in vivo tumour for the first time. To further support our data, more recently,
substrate stiffness has been reported to modulate PD-L1 expression in lung
(Miyazawa et al., 2018) and breast (Azadi et al., 2019) cancer cells, highlighting how
mechanical cues in the tumour microenvironment can also influence PD-L1
expression. These studies showed that softer substrates facilitated a decrease in
PD-L1 expression. Therefore, considering monolayer cells are cultured on hard
plastic with stiffness in the gigapascal range which is not comparable to human soft
tissues, either healthy or pathological, therefore it is not unexpected that in 3D
cultures where cancer cells are in suspension (hanging drop 3D spheroids, elastic
moduli <0.1Kilopascal, KPa) or in 1.2% alginate (3D spheroid colonies, elastic moduli
of ~5-10KPa) that PD-L1 expression was reduced, where the stiffness is more

physiologically relevant to in vivo tumour tissue.
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Furthermore, Rom-Jerek et al., (2018) also found that PD-L1 was not expressed
ubiquitously across the tumour. Similarly in in vivo human tumours not all cancer
cells show uniform PD-L1 expression and their PD-L1 status is likely to vary from any
one time given the influence of the tumour microenvironment (Tumeh et al., 2014;
Ribas and Hu-Lieskovan, 2016). In the present study, we attempted to assess the
localisation of PD-L1 expression within our 3D cell culture models to determine
whether PD-L1 expression was ubiquitously expressed amongst the human cancer
cell lines investigated here in 3D. We found that for most cancer cell lines this was
possible and that PD-L1 expression was located throughout both 3D cultures but that
its expression was not found expressed on every cell. Additionally, PD-L1 expression
detected was variable amongst independent experimental repeats for each cancer
cell line cultured in both 3D models, indicating heterogeneity within each cancer cell
line population over the period of investigation. Furthermore, PD-L1 localisation
within the 3D models was not localised to the hypoxic core which we originally
hypothesised. This could be a result of the wrong time point assessed has 3D
cultures may require an extended time course under hypoxic conditions to alter PD-
L1 distribution. Further work would be required to refine the staining procedure and
a larger sample size would allow conclusive assumptions to be made regarding PD-

L1 localising within our 3D cultures.

Although cancer cells in this study present with reduced PD-L1 expression at mMRNA
level in a 3D culture environment compared to their 2D counterparts, some cancer
cells including MCF-7 breast, LNCaP prostate, SW480 and SW620 colorectal cancer
cells displayed an increased proportion of cells expressing cell surface PD-L1 at a
higher MFI in 3D in at least one or both of the 3D cell culture models compared to
2D-cultured cells. This could suggest that other intrinsic and extrinsic factors that
regulate PD-L1 are playing a role in the 3D environment to promote PD-L1 protein
expression on a higher proportion of the cancer cells (Hudson et al., 2020). Within
the literature, only one previous publication has investigated PD-L1 expression in 2D
versus 3D cell culture (Lanuza et al., 2018). In this study, only colorectal cancer cell
lines (HCT116, HT29 and Caco-2) were assessed; none of which we studied here
and only one 3D model was used. They showed HT26 and Caco-2 colorectal cancer
cells displayed increased MFI of PD-L1 expression in 3D cell culture, whilst the
HCT116 displayed similar MFI to 2D-cultured cells. These results, along with ours,
may suggest that PD-L1 regulation in a 3D environment is dependent on the cancer
cells being implemented and highlights the heterogeneity among different cancer
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types. Many factors that have been shown to positively correlate with PD-L1
expression in native human tumours exist in 3D spheroids and potentially could
account for the increases in cell surface PD-L1 we observe in this study. Some of
these include: increased expression of HIFs (HIF-1a and HIF-2a) (Noman et al.,
2014; Barsoum et al., 2014; Scharping et al., 2017); increased expression of GLUT-
1 (Young et al., 2011); increased activation of oncogenic signalling pathways such
as phosphatidylinositol 3-kinase (PI3K)/AKT and mitogen-activated protein kinase
(MAPK) pathways (Riedl et al., 2017; Dong et al., 2018) and increased pro-
inflammatory cytokine secretion such as IFN-y and interleukin 10 (Mahon et al.,
2015).

Alternatively, the prevalence of PD-L1 expression in patient tumours has been
reported to be higher in metastatic tumours compared to primary tumours in some
cancers (Wang et al., 2016). In 3D culture, MCF-7, LNCaP and SW620 cancer cells
derived from metastatic tumours displayed increased PD-L1 protein expression
which could potentially reflect their metastatic phenotype in vivo. However, SW480
cancer cells derived from a primary tumour also displayed increased PD-L1 protein
expression in 3D culture to similar levels of its metastatic counterpart SW620 cancer
cells. This once again highlights tumour heterogeneity and demonstrates how PD-
L1 expression can vary, particularly amongst primary and metastatic tumours. In
some cancers including breast (Tawfik et al., 2018) and urothelial carcinomas
(Burgess et al., 2019), primary- and secondary-derived tumours have been shown to
express similar levels of PD-L1. In colorectal cancer specifically, the status of PD-L1
positivity and how this reflects the tumour stage remains to be elucidated.

A consistency in the expression pattern of PD-L1 was observed across both 3D cell
culture models in this study which was also the case PD-L2 expression. PD-L2
expression was either found to be unaltered in a 3D cell culture environment or
significantly downregulated. Interestingly, MDA-MB-231 and PC3 cells that exhibited
a significant decrease in PD-L2 expression in both 3D cell culture models, also
displayed a significant decrease in PD-L1 expression in 3D compared to 2D
monolayer cultured cells. This may imply that there is interplay between these
immune-inhibitory molecules to modulate each other’s expression in these cancer

cell lines.

However, the other immunological markers investigated here demonstrated

differences in their expression patterns depending on the 3D cell culture model
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implemented. Indeed, the different 3D cancer models used have distinctive
characteristics in that the hanging drop method facilitates heterogeneous
aggregation of cancer cells (Knight and Przybors, 2015), whereas the alginate
hydrogel beads simulate the formation of clonal spheroids, whereby cancer cells are
being selected for survival characteristics and their ability to self-renew and
proliferate from a single cell (Florczyk et al., 2016). Recently, transcription factor
NRF2 has been shown to be a prerequisite for clonal formation in order to protect
cancer cells from oxidative stress that develops during tumorigenesis (Takahashi et
al., 2020). If NRF2 expressing cells are being selected for in the alginate model, this
could subsequently alter the level of genes and proteins expressed, and therefore
may be responsible for the differences we observe in this study when comparing the
expression data from the alginate model to the 3D hanging drop model and 2D cell
culture. The changes in the expression of PD-1 protein by colorectal SW480 cells
and in the expression of DR4 and DR5 mRNA expression by MDA-MB-231 breast
and LNCaP prostate cells in this study illustrate how different 3D models can
influence different cancer cell characteristics depending on the cancer type. In the
alginate model, PD-1 was upregulated on the surface of SW480 cells compared to
2D-cultured cells and 3D spheroids. Conversely, DR4 and DR5 were downregulated
by MDA-MB-231 cells in the alginate model whereas they were upregulated in the
hanging drop model compared to 2D-cultured cells. Collectively, these findings could
indicate that these specific cancer cell lines are being selected for clonal expansion
in the alginate model to ultimately increase the expression of genes and proteins that
would likely be advantageous for cancer cell survival (i.e. tumour-PD-1 expression
could intrinsically promote cancer cell survival (Hudson et al., 2020)), as well as
decrease the expression of immunological markers that would otherwise increase
their susceptibility to immune-mediated cell death in the tumour microenvironment
(i.e. downregulating death receptors could make cancer cells less susceptible to
immune-mediated killing and resistant to drugs that target death receptors (Shin et
al., 2001; Martinez-Lostao et al., 2015; Chandrasekaran et al., 2014). Reduced
expression of death receptor Fas and HLA-ABC was also observed in our study,
suggesting the possibility that cancer cells have the tendency to reduce their
immunogenic status when cultured in a 3D environment which more closely mimics
that of an in vivo human tumour (Ashkenazi et al., 2008; de Carvalho-Neto et al.,
2013; Peter et al., 2015; Dhatchinamoorthy et al., 2021). In support of this statement,
Chandrasekaran et al., (2014) demonstrated how breast cancer (BT20 and MCF-7)
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3D tumour spheroids were more resistant to TNF-alpha-related-apoptosis-inducing-
ligand (TRAIL)-mediated apoptosis than 2D-cultured cells due to their
downregulation of DR4 and DR5. Restoring DR4 and DR5 expression via COX-2
inhibition increased TRAIL-mediated apoptosis in 3D cultures (Chandrasekaran et
al., 2014). In the same study, cells in 3D culture were shown to exhibit high CD44
expression, a cancer stem cell-like characteristic that facilitates tumorigenic
processes such as proliferation, invasion and metastasis (Senbanjo and Chellaiah,
2017). In our study 4 out of the 6 cancer cell lines upregulate CD44 mRNA in 3D cell
culture models compared to 2D, once again this highlights the need for using 3D cell

culture over 2D cell culture to mimic in vivo tumour characteristics.

Hypoxic conditions are well-known to promote HIF1a expression by cancer cells in
that it prevents HIF 1a degradation (Noman et al., 2015). Whilst hypoxic regions were
detected in our 3D cell culture models for most cancer cell lines, to our surprise, only
LNCaP prostate cancer cells demonstrated an increase in HIF1a mRNA expression.
Although our data may seem to contradict the literature in that hypoxic conditions
should upregulate HIF1a expression, it has been reported that during prolonged
exposure to hypoxia, cancer cells may exhibit reduced levels of HIF1a expression
thought to be caused by a feedback mechanism that augments HIF-1a degradation
under hypoxic conditions (Marxsen et al., 2004). This could imply that HIF1a
expression may have been increased at some point of the cancer cells culture period
in 3D, but at the time expression was assessed it could have returned to basal levels.
Alternatively, low oxygen concentrations detected in this study by the hypoxia
reagent used may not be indicative of very low oxygen levels as what may be induced
by using a hypoxic chamber. For example, Doublier et al., 2012 demonstrated that
MCF-7 cells cultured in monolayer under hypoxic conditions (1% oxygen) expressed
higher levels of HIF1a protein compared MCF-7 cells cultured in monolayer and 3D
spheroids under normoxic conditions (17% oxygen). This may suggest that the
extent to which our 3D models may induce hypoxia may not be sufficient to

upregulate HIF1a in all cancer cell lines investigated here.

In summary, there are several key regulators of PD-L1 expression that have
previously been reported (Hudson et al., 2020) and many of these regulators can be
influenced by growing cancer cells in 3D (Riedl et al., 2017; Souza et al., 2018), and
thus may contribute to the changes in PD-L1 observed in this study. Further

investigations are required to determine the exact mechanism of PD-L1 up- or down-
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regulation in each cancer cell line in 3D, compared to conventional 2D monolayer.
Importantly, the alterations to PD-L1 expression by cancer cells that we observed
were consistent across two different 3D cell culture models, which suggests that the
mechanisms for regulating PD-L1 expression in 3D cell culture is intrinsic to these
cancer cells. Both 3D models explored in this study present with advantages over
2D monolayer culture, allowing better mimicking of in vivo conditions for the
investigation of PD-L1. The further characterisation performed in this study to assess
other immunological markers expressed by human cancer cells in 3D cell culture
models compared to 2D-cultured cells provides a platform for future oncology and
immuno-oncology studies investigating anti-cancer therapies which may target these

markers either alone or in combination with PD-L1-targeted therapy.
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4. Investigating the effects of the anti-PD-L1 immunotherapy

drug Atezolizumab on 2D- and 3D-cultured breast cancer cells

4.1 Introduction

Atezolizumab was the first anti-PD-L1 immunotherapy drug to be approved for the
treatment of advanced NSCLC and metastatic urothelial carcinoma in 2016
(Fehrenbacher et al., 2016; Rosenberg et al., 2016) and has since gained approval
for the treatment of extensive-stage small cell lung cancer (Horn et al., 2018),
melanoma (Gutzmer et al., 2020) and TNBC (Schmid et al., 2018), either as single
agents or in combination with other anti-cancer therapies. Atezolizumab is an Fc-
engineered, humanised immunoglobulin monoclonal antibody that directly binds to
PD-L1 and provides dual blockade of the PD-1 and B7.1 receptors found on T cells
and antigen presenting cells; to ultimately reactivate the immune system without
inducing antibody-dependent cellular cytotoxicity (Markham et al., 2016). This unique
design of Atezolizumab prevents effector immune cells that express PD-L1 from
being targeted for destruction once bound by Atezolizumab by active immune cells,
and therefore promotes maximal opportunity for establishment of the immune system

in its fight against the cancer cells.

Whilst the role of PD-L1 to inhibit the immune system is well established and that
blocking PD-L1 inhibitory activity with monoclonal antibodies such as Atezolizumab
can induce immune-mediated tumour eradication (Shah et al., 2018; Hudson et al.,
2020), more recently the role of PD-L1 to send pro-survival signals is emerging in
some cancer types (Figure 4.1) (Dong et al., 2018; Hudson et al., 2020); however,
this role remains to be fully characterised in all cancers. Importantly, it is unclear
whether monoclonal antibodies targeting the PD-1/PD-L1 signalling axis work
sufficiently to block this new and emerging role of PD-L1, and whether this intrinsic
role is contributing significantly to drug resistance, relapse to treatment, and
hyperprogressive responses observed in cancer patients (Yi et al., 2018; Wang et
al., 2019).
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Figure 4.1 The proposed mechanism of action of PD-L1 in tumour cell
signalling. In select cancer types, there is an emerging role of PD-L1 to send pro-
survival signals in tumour cells. PD-L1 signalling in some tumour cells has been
shown to promote cancer initiation, epithelial to mesenchymal transition (EMT),
invasion and metastasis, regulate glucose metabolism, and contribute to drug

resistance. TAA; Tumour-associated antigen.

There are currently a limited number of reports investigating how immunotherapeutic
drugs potentially modulate the intrinsic pathway of PD-L1 (Hudson et al, 2020). Four
studies identified to investigate the tumorigenic role of PD-L1 by treatment of cancer
cells with Atezolizumab have used 2D cell culture models which poorly recapitulate
the characteristics of an in vivo solid tumour, and therefore are less likely to provide
predictive responses to what would be observed in vivo (Saleh et al., 2019; Ali et al.,
2019; Wang et al., 2020; Chen et al., 2021). Investigating intrinsic PD-L1 signalling
and responses to anti-PD-L1 immunotherapy drugs in diverse cancer types and in
more heterogeneous tumour models could provide further important insight into the

mechanism of immunotherapy treatment.

41.1 Aims
In this chapter, the aims were to investigate the direct agonistic biological effects of

the anti-PD-L1 immunotherapy drug, Atezolizumab on human breast cancer cells
cultured in 2D monolayer and 3D cell culture models. Firstly, the effects of
Atezolizumab on PD-L1 mRNA and protein expression were examined. Secondly,
the effects of Atezolizumab on the growth, proliferation, and cell viability of breast
cancer cells in 2D and 3D cell culture models were investigated. In addition, the
effect of Atezolizumab on the phosphorylation levels of several kinases was also

explored as an indicator of how it may influence intracellular signalling in breast
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cancer cells. Lastly, the cell viability of 2D- and 3D-cultured breast cancer cells was
assessed following treatment with Atezolizumab alone or in combination with

modulatory cytokines.

4.1.2 Hypotheses
It was hypothesised that Atezolizumab binding to PD-L1 on the surface of 2D- and

3D-cultured human breast cancer cells would ultimately influence the growth,
proliferative capacity, and viability of breast cancer cells, and in turn affect
intracellular signalling via influencing kinase activity. Additionally, through combining
Atezolizumab treatment with cytokine modulation of PD-L1 expression, it was
hypothesised that there may be an increase in cell death in 2D and 3D cell culture

models of human breast cancer.
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4.2 Materials and Methods

4.2.1 Celllines and cell culture methods

MDA-MB-231 and MCF-7 breast cancer cell lines were used for all subsequent
experiments due to their PD-L1 expression status being high and low, respectively.
Monolayer cells were cultured and maintained as described in Chapter 2 Section
2.2.1. 3D hanging drop spheroids and 3D alginate spheroid colonies were generated
as described in Chapter 3 Section 3.2.1.1 and 3.2.1.2.

4.2.2 Atezolizumab dose response curve for 2D and 3D cultures

MDA-MB-231 breast cancer cells known to express high baseline levels of PD-L1
were treated with Atezolizumab (Selleckchem) in 2D monolayer and 3D cell culture
models. Monolayer MDA-MB-231 cells were seeded in 6-well plates at 5 x 10°
cells/well and incubated overnight to allow cells to adhere before being treated with
Atezolizumab at concentrations between 0 to 10 nM for 1 hour (Table 4.1). Following
the preparation and culture of 3D spheroids for 3 days and 3D spheroid colonies for
10 days they were treated with 0 to 40 nM concentrations of Atezolizumab for 1 hour
(Table 4.1). PD-L1 expression was assessed by flow cytometry with or without
Atezolizumab treatment as described in Chapter 2 Section 2.2.3.1. Isotype controls
were prepared for each of the different concentrations of Atezolizumab investigated

for both 2D monolayer and 3D cultures.

Table 4.1 Atezolizumab concentrations used to generate dose response curves

for the different cell culture methods.

Cell culture method Concentrations of Atezolizumab (nM)

2D monolayer 0, 0.003125, 0.00625, 0.0125, 0.025, 0.05, 0.1, 0.2,
04,1,5,10

3D hanging drop spheroids | 0, 0.025, 0.05, 0.1, 0.2, 0.4, 1, 5, 10, 20

3D alginate spheroid 0, 0.025, 0.05,0.1,0.2,0.4, 1, 5, 10, 20, 40

colonies

Table 4.1 Concentrations of Atezolizumab used to generate a dose response
curve in 2D monolayer and 3D cell cultures. Concentrations ranging between 0-
40 nM of Atezolizumab were used to assess the dose response of MDA-MB-231

cells cultured in 2D and 3D cell culture models.
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4.2.3 Atezolizumab effects on PD-L1 mRNA expression in 2D and 3D

cultures

MDA-MB-231 cells were grown to 90% confluency in two T25 flasks for 3 days. Cells
in one T25 flask were treated with 10 nM Atezolizumab for 1 hour or 3 days before
being lysed for RNA extraction as described in Chapter 2 Section 2.2.2. For
assessment of 3D cultures, 10 Petri dish lids were prepared with 3D spheroids by
the hanging drop method and 120 alginate beads were made for 3D spheroid colony
formation. 3D spheroids cultured for 3 days, and 3D spheroid colonies cultured for
10 days were treated with 10 nM Atezolizumab for 1 hour before being harvested
and lysed for RNA extraction as described in Chapter 3 Section 3.2.3. Subsequently,
total RNA extraction, cDNA synthesis and RT-qPCR were performed to detect PD-
L1 mRNA as described in Chapter 2, Section 2.2.2. A comparison was made of the
effects of Atezolizumab treatment on PD-L1 mRNA compared to untreated 2D
monolayer and 3D cultures and PD-L1 expression was calculated using the AACT
method. The AACT method considers gene expression levels relative to the HKGs

in treated vs untreated conditions.

4.2.4 Effects of Atezolizumab on growth and proliferation of breast cancer

cells in 2D and 3D cell culture models

4.2.4.1 Fluorescent microscope images of 2D and 3D cultures

For monolayer cell culture, cells were seeded at 3 x 10 cells/well in a 96-well plate
and cultured with or without 10 nM Atezolizumab for 3 and 6 days. 3D spheroids
were generated by seeding 100 pL of 10,000 cells/well in 96-well ultra-low
attachment plates and cultured with or without 10 nM Atezolizumab for 3 and 6 days.
Alginate hydrogel beads were prepared, and one bead was seeded with 100 puL of
medium per well in a 96-well plate. Alginate hydrogel beads were cultured with or
without 10 nM Atezolizumab for 3, 6 and 10 days. At each time point to be assessed,
2D and 3D cultures were stained with Hoechst 33342 (10 pg/mL) and PI (10 pg/mL)
for 20 minutes at 37°C before being visualised using the BioTek Cytation 5 Cell
Imaging Multimode Reader (Agilent). Multi-colour fluorescent images using DAPI
and Texas Red filters were captured using the Gen5 software (Agilent). The Gen5
software was set up to take images of 2D and 3D cultures using Z-stack and montage
modes. For cells cultured in 2D monolayer only, the surface area of the wells in a 96-
well plate covered by Hoechst 33342/PI positive cells was determined using the
image processing software ImageJ 1.5i (Java) to compare the wells of untreated and
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Atezolizumab-treated cells after 3 and 6 days of culture. The data was expressed as
a percentage of the untreated control cells.

4.2.4.2 Diameter measurements of 3D cultures

The diameter of 3D spheroids and 3D spheroid colonies was measured for untreated
and Atezolizumab-treated cultures using the diameter measurement option in the

cellSens Imaging Software as described in Chapter 3 Section 3.2.2.3.

4.2.4.3 Intracellular staining of cell proliferation marker Ki67 in 2D and 3D

cultures

Single cell suspensions were made from 2D- and 3D-cultured cells treated with or
without 10 nM Atezolizumab via trypsinisation. Subsequently, cells were washed with
cell staining buffer (Biolegend) and slowly resuspended in 70% ethanol for 1 hour at
4°C to fix and permeabilise the cells. Cells were then washed with cell staining buffer
twice and resuspended in 100 pL Fc block for 10 minutes before labelling with 4 pL
of PerCP-Cy™5.5 mouse anti-human Ki-67 antibody (1:25 dilution) (Clone B56; BD
Biosciences) or PerCP-Cy™5.5 Mouse IgG1 k isotype control (BD Biosciences). The
optimised antibody concentration was determined by titrating the antibody prior to
experiments (Appendix Figure 9.1). After 30 minutes incubating, cells were washed
twice with cell staining buffer and resuspended in cell staining buffer for flow
cytometric analysis. Data was acquired using the FACSCalibur (Becton Dickson)
with CellQuest Pro Software v.5.2.1 and analysed as described in Chapter 2 Section
2.2.3.1.

4.2.5 Effects of Atezolizumab on breast cancer cell viability and metabolic

activity in 2D and 3D cell culture models

4.2.5.1 Assessment of apoptosis using Annexin V/PI staining

MDA-MB-231 cells were seeded in 24-well plates at 1x10° cells/well for 2D
monolayer cell culture, 3D spheroids were formed by seeding 100 uL of 10,000
cells/well in 96-well ultra-low attachment plates, and 10 freshly made alginate
hydrogel beads were seeded in each well of 12-well plates for 3D spheroid colony
formation. 2D-cultured cells and 3D spheroids were maintained and treated in culture
before being harvested at day 3 and 6 of culture for downstream analysis, whereas
3D spheroid colonies were maintained and treated in culture before being harvested
for downstream analysis after 3, 6 and 10 days. 2D and 3D cell culture models were

untreated or treated with 10 nM Atezolizumab with or without IFNy and/or TNFa. Two
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Atezolizumab treatment strategies were used (Figure 4.2A and B). In treatment
strategy 1, cultures were either seeded in untreated medium or medium containing
10 nM Atezolizumab from day O (day of seeding) (Figure 4.2A). In these cultures,
medium with or without 10 nM Atezolizumab was replaced every 3-4 days. In
treatment strategy 2, some cultures left untreated were later treated with 10 nM
Atezolizumab for 1 hour before harvesting at each time point (Figure 4.2B). In these
cultures, medium was also replaced every 3-4 days. Prior to the Atezolizumab
treatment for 1 hour, some cultures were treated with IFNy and/or TNFa for 48 hours
to modulate PD-L1 expression. MCF-7 breast cancer cells cultured in 2D and 3D
alginate spheroid colonies were treated in the same way as MDA-MB-231 breast

cancer cultures for the assessment of apoptosis via Annexin V/PI staining.

After 3, 6 (2D cells, 3D spheroids and 3D spheroid colonies) and 10 (3D spheroid
colonies only) days of culture, cells in single cell suspension were stained with
Annexin V (FITC) and PI (Biolegend), according to the manufacturer’s protocol. A
titration experiment was performed on the Annexin V stain to determine the optimal
volume. The volume of Annexin V used to stain all samples in each experiment was
3 pL Annexin V in 100uL Annexin V binding buffer supplied with the kit. Data was
acquired using the FACSCalibur (Becton Dickson) with CellQuest Pro Software
v.5.2.1 (Becton Dickson). Data was analysed using FlowJo software v.9.9.6
(Treestar). Appropriate gating of single cell populations was carried out for each
sample run in each independent experiment. The percentage of non-apoptotic/viable
(AV-/PI-), early apoptotic (AV+/PI-), late apoptotic (AV+/Pl+) and necrotic (AV-/Pl+)
cells was determined for each sample run in each independent experiment after
applying appropriate compensation using single colour controls that were run
alongside each experiment. Cell surface staining of PD-L1 as described in Chapter
2 Section 2.2.3.1 was performed simultaneously alongside Annexin V and PI staining
to determine the degree of PD-L1 blockade in Atezolizumab-treated 2D and 3D

cultures treated with or without IFNy and/or TNFa.
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Figure 4.2 Timeline of Atezolizumab treatment strategies with or without IFNy
and/or TNFa for 2D- and 3D-cultured breast cancer cells. (A) Breast cancer cells
in 2D monolayer and 3D cultures were treated with or without 10 nM Atezolizumab
at day 0 and were cultured for 3, 6 or 10 days before being harvested for analysis.
(B) 2D and 3D cultures were treated with 10 nM Atezolizumab for 1 hour before being
harvested on day 3, 6 or 10. Some cultures were treated with IFNy and/or TNFa 48
hours prior to dosing with 10 nM Atezolizumab for 1 hour at each time point before
harvesting for analysis. Untreated or Atezolizumab-treated medium was replaced

every 3 to 4 days for all cultures.

4.2.5.2 Assessment of cellular activity using CellTiter-Glo in 2D and 3D

cultures

Monolayer MDA-MB-231 cells were seeded at 3 x 10° cells/well in white opaque 96-
well plates (ThermoFisher Scientific) and cultured for 3 and 6 days. For 3D spheroids,
cells were seeded at 10,000 cells/well in 100 pL of medium in white opaque 96-well
plates that were pre-coated with 30 pL 1% agarose (Merck) and allowed to dry. 3D
spheroids were also cultured for 3 and 6 days. For 3D spheroid colonies, 1 whole
bead was placed in each well of a white opaque 96-well plate in 100 puL of medium
and cultured for 3, 6 and 10 days with regular medium changes every 3-4 days. 2D

and 3D cultures were untreated or treated with 10 nM Atezolizumab with or without

173



IFNy and/or TNFa as described above. Following culture of untreated and treated
2D-cultured cells, the CellTiter-Glo® Cell Viability Assay (Promega) was used to
measure ATP levels via luminescent detection, according to the manufacturer’s
protocol. For 3D-cultured cells, the CellTiter-Glo® 3D Cell Viability Assay (Promega)
was used to measure ATP levels in untreated and treated 3D cultures, according to
the manufacturer’s protocol. Standard curves were generated immediately prior to
adding the CellTiter-Glo® reagent to samples of interest using ATP disodium salt
(Promega) to ensure ATP levels of the 2D and 3D cultures were kept below the 10
MM limit of the assay linearity. A concentration range of 0-10 uM ATP was used for
the standard curve. The luminescent signal was read using the CLARIOstar
Microplate Reader (BMG LABTECH). The luminescent signal given from 2D, and 3D
cultures was normalised to the luminescent signal from wells that contained culture
medium and CellTiter-Glo® reagent only and is presented in relative luminescent
units (RLU).

4.2.5.3 Assessment of caspase 3 activity in 3D alginate spheroid colonies

3D alginate spheroid colonies were left untreated or treated with 10 nM Atezolizumab
for 1 hour with or without IFNy and/or TNFa 48 hours previous as described above.
These were then harvested after 6 and 10 days of culture, prepared into single cell
suspensions for detecting caspase 3 activity via flow cytometry using the NucView®
488 Caspase-3 Substrate staining protocol (Biotium). Some 3D alginate spheroid
colonies were treated with 10% DMSO for 24 hours before being harvested for
analysis to generate a positive control for apoptosis. For staining, 2 x 10* cells in
200 puL medium was transferred into pre-labelled flow cytometry tubes, stained with
5 pM Casapse-3 substrate solution, mixed well and then incubated at room
temperature for 30 minutes. The samples were then analysed by flow cytometry as
described in Chapter 2 Section 2.2.3.1.

4.2.6 Effects of Atezolizumab on cellular signalling using a protein profiler
array
MDA-MB-231 cells were passaged into four T175 flasks and grown to 90%
confluency. Two of these T175 flasks were treated with 10 nM Atezolizumab for 6
days. Cells were harvested, counted and 1 x 107 cells were solubilised in 1 mL lysis
buffer supplied with the Human Phospho-Kinase Array Kit (Bio-Techné). The lysis
buffer was supplemented with 10 pg/mL Pepstatin (Bio-Techné), 10 pg/mL Aprotinin
(Bio-Techné) and 10 pug/mL Leupeptin (Bio-Techné). The cell lysates were mixed by
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pipetting before being rocked gently on ice for 30 minutes. Cell lysates were then
centrifuged at 14,000 g for 5 minutes and the resulting supernatant was transferred
into a clean labelled Eppendorf tube. To determine the amount of protein isolated
from the untreated and Atezolizumab-treated cells, the Coomassie Plus (Bradford)
Assay was performed according to the manufacturer’s protocol (ThermoFisher). A
protein standard curve was generated using albumin standards (ThermoFisher)
prepared to concentrations ranging from 0 pg/mL to 2000 pg/mL. The unknown
protein samples were assessed undiluted, diluted 1 in 5 and 1 in 10 with dH20 to
ensure that they would fit within the linear range of the assay so that the protein
concentration could be determined. In a 96-well plate, 5 puL of each standard and
each sample was added to the wells in triplicate followed by 250 pL of Coomassie
Plus Reagent (ThermoFisher). The plate was placed onto a plate shaker to mix the
contents of the wells for 30 seconds before being incubated for 10 minutes at room
temperature. The absorbance was then measured at a wavelength of 595 nm using
a CLARIOstar Microplate Reader (BMG LABTECH). Each absorbance value was
normalised to the average of the blank (0O pg/mL). A standard curve was generated,

and protein concentrations of samples were extrapolated.

For the array, 250 ug of protein was used per assay set (membranes A and B) and
the array was carried out as stated in the manufacturer’s protocol. The Array was
adapted to be detected by infrared imaging rather than X-ray and this was done by
substituting the Streptavidin-HRP for IRDye 800CW Streptavidin (LI-COR). Array
images were captured using the LI-COR Oddyssey Imaging System (LI-COR) and
processed using the Image Studio Lite Software (LI-COR). The intensity for each
spot was determined and normalised by subtracting the intensity of the background
control. Graphs of spot intensities were prepared for untreated and Atezolizumab-

treated cells.

4.2.7 Statistical analysis
Statistical analysis was performed using Prism version 7.03 (GraphPad Software,

Inc.) as described in Chapter 2 and 3. Data shown here was determined to be non-
parametric and hence was represented as median + range. P-values less than 0.05
were considered significant (*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001). Each
independent experiment has 3-6 technical repeats which are indicated in the figure

legends.
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4.3 Results

4.3.1 Atezolizumab blocks PD-L1 on the cell surface of breast cancer cells

in a dose-dependent manner in both 2D and 3D cell culture models

In order to assess the effects of Atezolizumab on cancer cell viability in 2D and 3D
cell culture models and determine its mechanism of action in MDA-MB-231 breast
cancer cells, first, the optimal dose sufficient to block PD-L1 on the surface of cancer
cells cultured in 2D monolayer and 3D cell culture was determined by flow cytometry.
As already shown in Chapter 2 Figure 2.1, almost 100% of MDA-MB-231 cells
expressed PD-L1 on their cell surface when cultured in monolayer. However, the
ability to detect PD-L1 on MDA-MB-231 cells by flow cytometry was specifically
prevented by 1 hour of Atezolizumab treatment in a dose-dependent manner (Figure
4.3A and B). Treating cells with 10 nM Atezolizumab was able to completely block
detection of PD-L1 on the surface of MDA-MB-231 cells using the anti-human PD-
L1 antibody in 2D cell culture (Figure 4.3C).

For 3D hanging drop spheroids, 10 nM Atezolizumab was able to block almost all
detectable levels of PD-L1 on the cell surface of MDA-MB-231 cells with only 8.81%
(x 5.318) of cells being detected for PD-L1 expression (Figure 4.4A-C). A higher
concentration of 20 nM Atezolizumab was used to treat 3D hanging drop spheroids
to determine whether a higher dose would achieve complete blockade of cell surface

PD-L1, but similar levels were still detected by flow cytometry (Figure 4.2A and B).

Similarly, for 3D alginate spheroid colonies treated with 10 nM Atezolizumab, PD-L1
expression in 21.7% (x 6.95) of the cells remained detectable by flow cytometry
(Figure 4.5A-C). Even when increased concentrations of Atezolizumab (20 nM and
40 nM) were investigated, PD-L1 on the cell surface of MDA-MB-231 cells remained
only partially blocked by Atezolizumab in 3D alginate spheroid colonies (Figure 4.5A
and B).
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Figure 4.3 Atezolizumab completely blocks PD-L1 detection on the cell surface
of MDA-MB-231 cells cultured in monolayer in a dose-dependent manner. The
degree of PD-L1 blockade after 1 hour of Atezolizumab treatment at different
concentrations (0 to 10 nM) on MDA-MB-231 cells cultured in monolayer was
determined by flow cytometry. (A) The percentage of cells expressing PD-L1 and (B)
the MFI of detectable PD-L1 expression is shown for each concentration
investigated. (C) Representative flow cytometry histograms of 0 and 10 nM
concentrations are shown to demonstrate the degree of PD-L1 blockade by
Atezolizumab. Data is presented as median * range. n=3 independent experiments
each with 3 technical repeats. Data was analysed by a Kruskal-Wallis followed by

Dunn’s multiple comparisons test (*P<0.05).
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Figure 4.4 Atezolizumab almost completely blocks PD-L1 detection on the cell
surface of MDA-MB-231 cells cultured in 3D hanging drop spheroids in adose-
dependent manner. The degree of PD-L1 blockade after 1 hour of Atezolizumab
treatment at different concentrations (0 to 20 nM) on MDA-MB-231 cells cultured in
3D hanging drop spheroids was determined by flow cytometry. (A) The percentage
of cells expressing PD-L1 and (B) the MFI of detectable PD-L1 expression is shown
for each concentration investigated. (C) Representative flow cytometry histograms
of 0 and 10 nM concentrations are shown to demonstrate the degree of PD-L1
blockade by Atezolizumab. Data is presented as median + range. n=3 independent
experiments each with 3 technical repeats. Data was analysed by a Kruskal-Wallis

followed by Dunn’s multiple comparisons test (*P<0.05).
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Figure 4.5 Atezolizumab partially blocks PD-L1 detection on the cell surface of
MDA-MB-231 cells cultured in 3D alginate spheroid colonies in a dose-
dependent manner. The degree of PD-L1 blockade after 1 hour of Atezolizumab
treatment at different concentrations (0 to 40 nM) on MDA-MB-231 cells cultured in
3D alginate spheroid colonies was determined by flow cytometry. (A) The percentage
of cells expressing PD-L1 and (B) the MFI of detectable PD-L1 expression is shown
for each concentration investigated. (C) Representative flow cytometry histograms
of 0 and 10 nM concentrations are shown to demonstrate the partial blockade of PD-
L1 by Atezolizumab. Data is presented as median = range. n=3 independent
experiments each with 3 technical repeats. Data was analysed by a Kruskal-Wallis

followed by Dunn’s multiple comparisons test (*P<0.05).
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4.3.2 Atezolizumab does not affect PD-L1 mRNA expression levels by breast

cancer cells in 2D and 3D cell culture models

Next, it was determined whether blocking PD-L1 with 10 nM Atezolizumab on the cell
surface of MDA-MB-231 cells influenced PD-L1 mRNA levels when cells were grown
in monolayer and 3D cultures. RT-gPCR experiments to measure PD-L1 mRNA
levels showed that 10 nM of Atezolizumab treatment for 1 hour did not significantly
affect PD-L1 mRNA levels in monolayer or 3D cell cultures (Figure 4.6). Importantly,
this experiment also verified the differential levels of PD-L1 mRNA observed
amongst the different cell culture models observed in Chapter 3 Figures 3.11 and
3.12.

4.3.3 Atezolizumab has no significant effect on the growth and proliferation

of MDA-MB-231 cells cultured in 2D monolayer cell culture

To determine whether Atezolizumab treatment could influence the growth and
proliferation of MDA-MB-231 cells cultured in 2D monolayer, firstly cells seeded into
96-well plates were cultured with or without Atezolizumab for 3 or 6 days before being
stained with Hoechst 33342/Pl. Hoechst 33342/P1 images showed that
Atezolizumab-treated cells seeded at the same cell density as untreated cells
appeared to be less confluent after 3 and 6 days (Figure 4.7). To verify this
observation, the surface area covered by Hoechst 33342/PI positive cells was
calculated for untreated and Atezolizumab-treated cells and expressed as a
percentage of the control (untreated cells). However, the percentage surface area
covered by untreated and Atezolizumab-treated cells was found not to be statistically

significantly different after 3 (Figure 4.8A) or 6 (Figure 4.8B) days of culture.

The expression of the cell proliferation marker, Ki67 was also investigated in MDA-
MB-231 cells treated with or without Atezolizumab in monolayer cell culture to further
assess whether Atezolizumab has any effect on cell proliferation. Atezolizumab-
treated cells demonstrated a similar frequency and level of Ki67 protein expression
compared to untreated cells after 3 (Figure 4.9A) and 6 (Figure 4.9B) days of culture.
At day 6 however, the median MFI for Ki67 expression by Atezolizumab-treated cells

was lower than that observed in untreated cells, but this was not significant.
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Figure 4.6 Atezolizumab does not affect PD-L1 mRNA levels in MDA-MB-231
cells cultured in 2D monolayer and 3D cell culture models. RT-gPCR was used
to determine the level of PD-L1 mRNA expressed by untreated and Atezolizumab-
treated cells cultured in 2D monolayer, 3D hanging drop spheroids and 3D alginate
spheroid colonies, relative to HKGs. Data is presented as median + range. n=3
independent experiments each with 3 technical repeats. Statistical analysis was

undertaken using a Mann-Whitney U-test on each cell culture method.
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Figure 4.7 MDA-MB-231 cells treated with Atezolizumab for 3 or 6 days appear
to be less confluent than untreated cells. Low magnification images of wells
containing untreated and Atezolizumab-treated cells were captured using the 4X
objective lens at day 3 and 6 of culture after being stained with Hoechst 33342/PI.
Scale bar represents 2000 um. n=3 independent experiments each with 3 technical

repeats.
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Figure 4.8 Atezolizumab treatment does not significantly affect the percentage
surface area of the wells covered by MDA-MB-231 cells after 3 or 6 days of
culture. The surface area of the wells covered with untreated and Atezolizumab-
treated cells stained with Hoechst 33342/P1 was determined at (A) day 3 and (B) day
6 of culture. Data is expressed as a percentage of the untreated control cells and is
presented as median + range. n=3 independent experiments each with 3 technical

repeats. Data was analysed by a Mann-Whitney U-test.
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Figure 4.9 Atezolizumab treatment had no significant effect on the expression
of Ki67 by MDA-MB-231 cells cultured in monolayer. Ki67 protein expression was
measured by untreated and Atezolizumab-treated cells at (A) day 3 and (B) day 6 of
culture. The percentage of cells expressing Ki67 protein is displayed (left) alongside
the MFI (right). Representative flow cytometry histograms illustrate the isotype
control (grey) relative to the Ki67 positive population for untreated (orange) and
Atezolizumab-treated (pink) cells. Data is presented as median * range. n=3
independent experiments each with 3 technical repeats. Data was analysed by a
Mann-Whitney U-test.
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4.3.4 Atezolizumab treatment for 6 days shows signs to induce some cell

death of MDA-MB-231 cells cultured in 2D monolayer cell culture

Despite Atezolizumab having no significant effect on confluence and Ki67 expression
of MDA-MB-231 cells cultured in monolayer, it was still of interest to determine
whether Atezolizumab influenced the viability of MDA-MB-231 cells. Parallel with
investigating the cell viability of MDA-MB-231 cells, the expression of PD-L1 was
assessed by flow cytometry to ensure that Atezolizumab was blocking PD-L1
detection on the surface of cancer cells for all cell viability experiments so that it could
be assumed that any changes to cell viability would likely be a result of the
Atezolizumab treatment (Appendix Figure 9.8). As described previously in this
Chapter, Section 4.3.1, 1 hour of 10 nM Atezolizumab treatment was sufficient to
block PD-L1 on the surface of MDA-MB-231 cells cultured in monolayer. Because of
this, the effects of Atezolizumab on cell viability was assessed following 3 and 6 days
of Atezolizumab treatment, as well as at day 3 and day 6 after 1 hour of Atezolizumab
treatment to determine whether prolonged exposure to Atezolizumab had any

pronounced effects on breast cancer cell viability.

MDA-MB-231 cells treated with or without Atezolizumab as described above were
subsequently stained with Annexin V/PI to assess cellular apoptosis and necrosis.
Only MDA-MB-231 cells treated with Atezolizumab for 6 days showed signs of
necrosis, but this was not significant compared to untreated cells (Figure 4.10A and
B). The percentage of necrotic cells doubled in cells treated with Atezolizumab for 6

days compared to untreated cells.

4.3.5 Atezolizumab treatment for 6 days affects the cellular activity of MDA-
MB-231 breast cancer cells cultured in monolayer
In order to validate the effects observed by Atezolizumab on the viability of MDA-MB-
231 cells, cellular ATP production was measured as an indicator of cell viability
following 3 and 6 days of treatment. As expected from the data above, ATP levels
after 3 days of Atezolizumab treatment were comparable to that of the ATP levels of
untreated cells (Figure 4.11A). However, following 6 days of Atezolizumab treatment,
cells exhibited significantly lower levels of ATP compared to untreated cells (p=0.05)

(Figure 4.11B), which correlated with the Annexin V/PI cell viability data.
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Figure 4.10 Atezolizumab-mediated blockade of PD-L1 has minimal effect on
the viability of MDA-MB-231 cells at day 3 and 6 of culture. Annexin V/PI staining
was used to assess the viability of untreated MDA-MB-231 cells compared to (A)
cells treated with Atezolizumab for 3 days or 1 hour at day 3 of culture, and (B) cells
treated with Atezolizumab for 6 days or 1 hour at day 6 of culture. Representative
flow cytometry plots show the effects of Atezolizumab on cancer cell viability at day
3 and 6 of culture compared to untreated cells. Data is presented as median + range.
n=3 independent experiments each with 3 technical repeats. Data was analysed by
a Kruskal-Wallis comparing the percentage of non-viable cells in untreated versus
Atezolizumab-treated cells.
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Figure 4.11 Atezolizumab significantly decreases the level of ATP produced by
MDA-MB-231 cells after 6 days. The cellular activity by untreated and
Atezolizumab-treated MDA-MB-231 cells was measured as an indicator of viability
after (A) 3 and (B) 6 days of culture. Data is presented as median + range. n=3
independent experiments each with 6 technical repeats. Data was analysed by a
Mann-Whitney U test (*P<0.05).
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4.3.6 Atezolizumab has minimal effect on the growth and proliferation of
MDA-MB-231 breast cancer cells cultured in hanging drop 3D

spheroids

Although Atezolizumab treatment had no significant effects on the growth and
proliferation of 2D monolayer MDA-MB-231 cells, it was next determined whether
Atezolizumab could affect the growth and proliferation of MDA-MB-231 cells cultured
in 3D hanging drop spheroids. It was first determined whether Atezolizumab
treatment affected the diameter of 3D hanging drop spheroids over a 7-day period
by comparing Atezolizumab-treated to untreated 3D spheroids. However, whether
3D spheroids were treated with or without Atezolizumab, they displayed comparable

diameters at each time point investigated (Figure 4.12).

Representative images of 3D spheroids stained with Hoechst 33342/PI not only
further demonstrated the similarity in the diameter between those treated and
untreated, but importantly highlighted apparent differences in staining patterns at day
3 and 6 of culture (Figure 4.13). After 3 days of culture, 3D spheroids treated with or
without Atezolizumab exhibited similar staining patterns throughout the spheroids,
however after 6 days untreated 3D spheroids displayed a higher density of cells
stained with Hoechst 33342 throughout the 3D spheroid, which could only be

observed in the outermost layer of those spheroids treated with Atezolizumab.

To further investigate the growth of MDA-MB-231 cells in 3D spheroids formed by
hanging drop, the expression of Ki67 was measured to determine whether
Atezolizumab affects their proliferative capacity. Atezolizumab-treated 3D spheroids
displayed similar expression levels of Ki67 protein compared to untreated 3D
spheroids after 3 (Figure 4.14A) and 6 (Figure 4.14B) days, however it is important
to note a great deal of heterogeneity in the Atezolizumab-treated hanging drop

spheroids at 3 or 6 days.
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Figure 4.12 MDA-MB-231 cells form 3D hanging drop spheroids of similar
diameter whether treated with or without Atezolizumab. The diameter of 3D
hanging drop spheroids untreated or treated with Atezolizumab was measured from
day 3 to day 7. Data is presented as median * range. n=4 independent experiments
each with 3 technical repeats. Statistical analysis was undertaken using Mann-
Whitney U-tests to compare untreated and treated 3D spheroid diameters at each

time point.
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Figure 4.13 Untreated 3D hanging drop spheroids visually display a higher
density of Hoechst 33342 positive cells throughout the spheroid after 6 days
of culture. Z-stack images of untreated and Atezolizumab-treated 3D hanging drop
spheroids stained with Hoechst 33342/PI were captured by fluorescent microscopy
after 3 and 6 days of culture. Scale bar represents 1000 um. n=3 independent

experiments, each with 3 technical repeats.
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Figure 4.14 Atezolizumab has no effect on the frequency and level of Ki67
expressed by cells cultured in 3D hanging drop spheroids for 3 or 6 days. Flow
cytometry was used to measure Ki67 protein expressed by untreated and
Atezolizumab-treated cells cultured in 3D hanging drop spheroids for (A) 3 and (B)
6 days. The percentage of cells expressing Ki67 protein is displayed (left) alongside
the MFI (right). Representative flow cytometry histograms illustrate the isotype
control (grey) relative to the Ki67 positive population for untreated (orange) and
Atezolizumab-treated (pink) 3D hanging drop spheroids. Data is presented as
median + range. n=3 independent experiments each with 3 technical repeats. Data

was analysed using a Mann-Whitney U-test.
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4.3.7 Atezolizumab does not significantly affect the viability of MDA-MB-231
3D hanging drop spheroids after 6 days of culture

MDA-MB-231 3D hanging drop spheroids were treated with Atezolizumab for 3 and
6 days, or for 1 hour at day 3 and 6 of culture before the cell viability was assessed.
PD-L1 blockade by Atezolizumab was verified by flow cytometry (Appendix Figure
9.8). Annexin V/PI staining of 3D spheroids showed a small proportion of cells were
undergoing all forms of cell death, this was observed in both untreated and
Atezolizumab treated cells, at all treatment regimens and time points, and there were
no significant differences in their proportion of cells in the difference stages of cell
death (Figure 4.15A and B). However, in Atezolizumab-treated 3D spheroids more
apoptotic cell death was observed after 1 hour of treatment at both timepoints and

after 6 days of treatment.

4.3.8 Atezolizumab treatment for 6 days affects the cellular activity of MDA-
MB-231 cells cultured in 3D hanging drop spheroids
To further investigate the effects of Atezolizumab treatment on MDA-MB-231 3D
hanging drop spheroid viability, ATP levels were measured in untreated and
Atezolizumab-treated 3D spheroids at 3 and 6 days. Atezolizumab-treated 3D
spheroids did not display a statistically significant difference in ATP levels compared
to those untreated after 3 days of culture (Figure 4.16A), but after 6 days of culture
with Atezolizumab treatment, 3D spheroids showed significantly reduced ATP levels

compared to those untreated (p=0.05) (Figure 4.16B).
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Figure 4.15 Atezolizumab-mediated blockade of PD-L1 does not significantly
induce apoptotic cell death in cells cultured in 3D hanging drop spheroids after
3 and 6 of culture. Annexin V/PI staining was used to assess the viability of
untreated cells cultured in 3D hanging drop spheroids compared to (A) cells treated
with Atezolizumab for 3 days or for 1 hour at day 3 of culture and (B) cells treated for
6 days or for 1 hour at day 6 of culture. Representative flow cytometry plots
demonstrate the effects of Atezolizumab on cancer cell viability in 3D hanging drop
spheroids. Data is presented as median * range. n=3 independent experiments each
with 3 technical repeats. Data was analysed by a Kruskal-Wallis test comparing the

percentage of non-viable untreated cells versus Atezolizumab-treated cells.
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Figure 4.16 Atezolizumab significantly reduced the level of ATP produced by
3D hanging drop spheroids after 6 days. The cellular activity of cells cultured in
3D hanging drop spheroids treated with or without Atezolizumab for (A) 3 and (B) 6
days was assessed by measuring ATP levels as an indicator of cell viability. Data is
presented as median + range. n=3 independent experiments each with 6 technical
repeats. Data was analysed by a Mann-Whitney U test (*P<0.05).
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4.3.9 Atezolizumab does not affect the growth of MDA-MB-231 3D spheroids
colonies that form in alginate hydrogel beads

Next, it was determined whether Atezolizumab treatment had any effect on the
growth and proliferation of MDA-MB-231 3D spheroid colonies grown in alginate
hydrogel beads. Firstly, the diameters of untreated and Atezolizumab-treated 3D
alginate spheroid colonies were measured over a time course of 10 days (Figure
4.17). It was shown that the colonies grew from single cells (approximately 20 pum)
from day O over 10 days to form colonies with a diameter of approximately 100 pm.
Atezolizumab treatment did not affect the diameter of colonies that formed in alginate
as the diameters were comparable to those untreated at each time point assessed.
Representative images of whole alginate hydrogel beads stained with Hoechst
33342/PI after 3, 6 and 10 days of culture also demonstrated the similarities in the
growth of untreated and Atezolizumab-treated 3D spheroid colonies over the time

course investigated (Figure 4.18).

Ki67 protein expression by untreated and Atezolizumab-treated 3D alginate spheroid
colonies was also assessed to evaluate whether Atezolizumab treatment could affect
cell proliferation of MDA-MB-231 cells. However, Atezolizumab treatment had no
effect on the expression of Ki67 protein by cells cultured in 3D alginate spheroid
colonies for 3 (Figure 4.19A), 6 (Figure 4.19B) or 10 (Figure 4.19C) days compared

to those untreated.
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Figure 4.17 MDA-MB-231 cells form 3D spheroid colonies in alginate hydrogel
beads of similar diameter whether treated with or without Atezolizumab. The
diameter of 3D alginate spheroid colonies untreated or treated with Atezolizumab
was measured over a time course of 10 days. Data is presented as median £ range.
n=3 independent experiments each with 3 technical repeats. Data was analysed by
performing Mann-Whitney U-tests for each time point assessed comparing untreated

and treated 3D alginate spheroid colony diameters.
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Figure 4.18 MDA-MB-231 cells grow similarly in alginate hydrogel beads to
form 3D spheroid colonies whether treated with or without Atezolizumab. Z-
stack images of whole alginate hydrogel beads were captured after they were stained
with Hoechst 33342/PI at day 3, 6 and 10 of culture to demonstrate the growth of 3D
spheroid colonies within the alginate beads treated with or without Atezolizumab.
Scale bar represents 2000 um. n=3 independent experiments, each with 3 technical

repeats.
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Figure 4.19 Atezolizumab has no effect on the frequency and level of Ki67
expressed by MDA-MB-231 cells after being cultured in 3D alginate spheroid
colonies for 3, 6 and 10 days. Flow cytometry was used to measure Ki67 protein
expressed by untreated and Atezolizumab-treated cells cultured in 3D alginate
spheroid colonies for (A) 3, (B) 6 and (C) 10 days. The percentage of cells expressing
Ki67 protein is displayed (left) alongside the MFI (right). Representative flow
cytometry histograms illustrate the isotype control (grey) relative to the Ki67 positive
population for untreated (orange) and Atezolizumab-treated (pink) 3D alginate
spheroid colonies. Data is presented as median + range. n=3 independent
experiments each with 3 technical repeats. Data was analysed using a Mann-

Whitney U-test.
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4.3.10 Atezolizumab shows signs to induce some cell death in 3D alginate

spheroid colonies after 3, 6 and 10 days of culture

The effects of Atezolizumab on the viability of MDA-MB-231 3D spheroids colonies
grown in alginate hydrogel beads after 3, 6 or 10 days of culture was next
investigated. PD-L1 blockade was once again verified by flow cytometry (Appendix
Figure 9.8).

Atezolizumab treatment of alginate spheroid colonies did induce some apoptotic cell
death in 3D spheroid colonies in comparison to those untreated at day 3 (Figure
4.20A), 6 (Figure 4.20B) and 10 (Figure 4.20C) of culture. The highest levels of cell
death were observed after 3 days of culture in Atezolizumab-treated 3D alginate
spheroid colonies. 44.4% of cells treated with Atezolizumab for 3 days and 46.8% of
cells treated with Atezolizumab for 1 hour at day 3 of culture were found to be
apoptotic or necrotic, compared to only 26.1% of cells found in those untreated.
However, these levels of total cell death were not significantly different from the

untreated control cells at all timepoints assessed.

4.3.11 Atezolizumab treatment for 6 or 10 days affects the cellular activity of
MDA-MB-231 breast cancer cells cultured in 3D alginate spheroid
colonies

To further validate the effects of Atezolizumab treatment on the viability of 3D

alginate spheroid colonies, ATP measurements were taken after 3, 6 and 10 days of

culture. Interestingly, no significant effects on the ATP levels were found for

Atezolizumab-treated 3D alginate spheroid colonies after 3 days of culture compared

to those untreated (Figure 4.21A), despite observing the highest amount of cell death

via Annexin V/PI staining at day 3. However, the levels of ATP produced by

Atezolizumab-treated 3D alginate spheroid colonies after 6 (Figure 4.21B) and 10

(Figure 4.21C) days of culture were significantly reduced compared to those

untreated (p=0.05).
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Figure 4.20 Treatment of 3D alginate spheroid colonies with Atezolizumab
does not significantly induce apoptotic cell death at day 3, 6 or 10 of culture.
Annexin V/PI staining was used to assess the viability of MDA-MB-231 cells cultured
in 3D alginate spheroid colonies untreated or treated with Atezolizumab for (A) 3, (B)
6 and (C) 10 days or for 1 hour at (A) day 3, (B) day 6 and (C) day 10 of culture.
Representative flow cytometry plots are displayed for each timepoint assessed and
demonstrate the effects of Atezolizumab on the viability of cells cultured in 3D
alginate spheroid colonies. Data is presented as median + range. n=3 independent
experiments each with 3 technical repeats. Data was analysed using a Kruskal-
Wallis comparing the percentage of non-viable cells in untreated versus

Atezolizumab-treated cells.
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Figure 4.21 Atezolizumab significantly reduces the level of ATP produced by
cells cultured in 3D alginate spheroid colonies for 6 and 10 days. The cellular
activity of MDA-MB-231 cells cultured in 3D alginate spheroid colonies treated with
or without Atezolizumab was assessed by measuring ATP levels at (A) day 3, (B) 6,
and (C)10 of culture. Data is presented as median * range. n=3 independent
experiments each with 6 technical repeats. Data was analysed by a Mann-Whitney
U test (*P<0.05).

202



4.3.12 MDA-MB-231 breast cancer cells exhibit altered levels of kinase
phosphorylation following Atezolizumab treatment

To determine whether Atezolizumab influences tumour-intrinsic signalling and further
understand the mechanism of action of Atezolizumab in MDA-MB-231 breast cancer
cells, the relative levels of phosphorylation at 37 kinase phosphorylation sites and 2
related total proteins were measured using a Human Phospho-Kinase Array. Out of
the 37 kinase phosphorylation sites and 2 total proteins assessed, MDA-MB-231
cells treated with Atezolizumab demonstrated 21 main alterations to kinase
phosphorylation in comparison to untreated cells (Figure 4.22). Figure 4.22 highlights
using numbers the main differences observed in kinase phosphorylation between
untreated and Atezolizumab-treated cells. These annotated numbers displayed on
the membrane correspond to the annotated numbers displayed on the graphs in
Figure 4.25, 4.26, 4.27, 4.28 and 4.29. Kinase phosphorylation sites in MDA-MB-231
cells that remained unchanged or showed similar levels of phosphorylation following
Atezolizumab treatment can be found in the Appendix (Appendix Figure 9.9).
Appendix Table 9.1 displays the coordinates of each target and control on the protein

profiler array membranes A and B.

MDA-MB-231 cells treated with Atezolizumab displayed an increase in the p53
isoforms phosphorylated at S15 which was accompanied by a decrease in the p53
isoforms phosphorylated at S46 compared to untreated cells (Figure 4.23A).
Likewise, the phosphorylation of 5 Signal Transducer and Activator of
Transcription (STAT) molecules was also assessed, although only STAT3 (Y705,
S727) and STAT1 (Y701) phosphorylation was found to be substantially altered
following Atezolizumab treatment (Figure 4.23B). STAT3 phosphorylation was
substantially reduced, whereas STAT1 phosphorylation was substantially increased
in Atezolizumab-treated cells compared to those untreated. Similarly, Src family
kinases, Src and Yes were shown to exhibit increased phosphorylation at sites Y419
and Y412, respectively in cells treated with Atezolizumab (Figure 4.23C). Lck, also a
Src family kinase, however, was found to display reduced phosphorylation levels in
cells treated with Atezolizumab compared to those untreated.

The phosphorylation of molecules associated with P13K/AKT/mTOR signalling was
also affected by Atezolizumab treatment in MDA-MB-231 cells (Figure 4.24A).
Phosphorylation sites of AKT (T308), p70 S6 kinase (T389, T421/S424), Chk-2
(T68), PLC-y1 (Y783), GSKP (S9) and GSKa/p (S21/S9) displayed reduced levels of
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phosphorylation in cells treated with Atezolizumab compared to untreated cells.
Additionally, Atezolizumab treatment was also shown to reduce the phosphorylation
of molecules involved in ERK signalling (Figure 4.24B). Phosphorylated ERK1/2
(T202/Y204, T185/Y187) was substantially reduced in cells treated with
Atezolizumab compared to those untreated. Reduced ERK1/2 phosphorylation was
accompanied by a reduction in MSK1/2 (S376/S360), RSK1/2 (S221/S227),
RSK1/2/3 (S380/S386/S377), and p38a (T180/Y182) phosphorylation.
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Figure 4.22 MDA-MB-231 cells treated with Atezolizumab demonstrated 21
main differences in kinase phosphorylation compared to untreated cells. The
Human Phospho-Kinase Array was utilised to measure relative levels of
phosphorylation of 37 kinase phosphorylation sites and 2 related total proteins in
MDA-MB-231 cells treated with or without Atezolizumab. Array membranes A and B
that had been treated with cell lysate from untreated and Atezolizumab-treated cells
were scanned with LI-COR Odyssey® Infrared Imaging System. The annotated
numbers (pink) displayed on membranes A and B highlight the 21 main changes in
phosphorylation levels detected in Atezolizumab-treated cells compared to untreated

cells. Each number is located to the left of the target spots that are in duplicate.
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Figure 4.23 The phosphorylation of p53 isoforms, STAT molecules and Src
family kinases were affected by Atezolizumab treatment in MDA-MB-231 cells.
The effects of Atezolizumab on the phosphorylation levels of (A) p53 isoforms, (B)
STAT molecules and (C) Src family kinases was assessed in MDA-MB-231 cells by
performing a Human Phospho-Kinase Array. The annotated numbers displayed on
the graph correspond to annotated numbers on the array membrane in Figure 4.22.

Data represents n=1 independent experiment with 2 technical repeats shown as the

mean pixel intensity.
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Figure 4.24 Atezolizumab altered the phosphorylation levels of several kinases
associated with the PISK/AKT/mTOR and MAPK/ERK signalling pathway in
MDA-MB-231 cells. The effects of Atezolizumab on the phosphorylation levels of
different kinases involved in the (A) PISK/AKT/mTOR and (B) MAPK/ERK signalling
pathways were assessed in MDA-MB-231 cells by performing a Human Phospho-
Kinase Array. The annotated numbers displayed on the graph correspond to
annotated numbers on the array membrane in Figure 4.22. Data represents n=1

independent experiment with 2 technical repeats shown as the mean pixel intensity.
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4.3.13 Investigating the effects of Atezolizumab in combination with IFNy

and/or TNFa on cell viability of 2D- and 3D-cultured breast cancer cells

Since Atezolizumab treatment alone was shown to have no statistically significant
effects on the cell viability of 2D- and 3D-cultured MDA-MB-231 cells, combining
Atezolizumab treatment with modulatory cytokines was next investigated to
determine whether there could be an enhanced effect to induce cancer cell death in
2D monolayer and 3D breast cancer models. MDA-MB-231 and MCF-7 breast
cancer cells cultured in monolayer and 3D cell culture models were treated with
cytokines, IFNy and/or TNFa, 48 hours prior to Atezolizumab treatment for 1 hour
before assessing the cell viability. PD-L1 blockade by Atezolizumab with or without
cytokine modulation was verified for both cell lines in 2D and 3D cell culture models
(Appendix Figure 9.10 and 9.11).

4.3.13.1 Atezolizumab in combination with modulatory cytokines has no
effect on the viability of 2D-cultured MDA-MB-231 cells

Atezolizumab treatment alone for 1 hour was shown not to induce significant
amounts of cell death in cells cultured in 2D monolayer as shown previously in Figure
4.10 (p=0.99) (Figure 4.25A). However, a high percentage of necrosis was observed
in cells treated with IFNy and TNFa compared to untreated cells (Figure 4.25B and
C). When Atezolizumab was combined with both cytokines, the median percentage
of necrotic cells was higher (8.95% * 7.4) compared to both cytokines alone (3.9% +

7.95), but this was not statistically significant (p=0.99).

4.3.13.2 Atezolizumab in combination with modulatory cytokines has no
effect on the viability of MDA-MB-231 3D hanging drop spheroids
The effects of cytokine modulation for 48 hours prior to treatment with Atezolizumab
for 1 hour on cancer cell viability was next assessed in MDA-MB-231 3D hanging
drop spheroids. As shown previously in Figure 4.15, Atezolizumab treatment alone
for 1 hour was shown to induce more apoptotic cell death in 3D spheroids, than
observed in those untreated although this was found not to be significant (Figure
4.26A and C). Also, there was no significant enhanced effect on cell viability
observed in 3D spheroids when cytokines were combined with Atezolizumab as
opposed to cytokines alone. Similar to the effects observed in 2D-cultured cells, IFNy
and TNFa combined induced significant amounts of apoptotic cell death in 3D
spheroids (0.034), as did TNFa alone (0.045), compared to untreated 3D spheroids
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which was not significantly affected by the addition of Atezolizumab (Figure 4.26B
and C).
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Annexin V

Figure 4.25 Atezolizumab in combination with modulatory cytokines has no
significant effect on the viability of MDA-MB-231 cells cultured in 2D
monolayer. Monolayer-cultured MDA-MB-231 cells were treated with Atezolizumab
for 1 hour with or without cytokine modulation for 48 hours previous. (A) Cellular
viability was then assessed by Annexin V/PI staining. (B) The percentage of necrotic
cells (AV-/PI+) is shown separately for statistical analysis. (C) Representative flow
cytometry plots demonstrate the effects of Atezolizumab on cell viability with or
without prior cytokine modulation compared to those untreated and treated with
cytokines alone. Data is presented as median + range. n=3 independent experiments
each with 3 technical repeats. Data was analysed by a Kruskal-Wallis followed by

Dunn’s multiple comparisons test (**P<0.01 and ***P<0.001).
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Figure 4.26 Atezolizumab in combination with modulatory cytokines has no
significant effect on the viability of MDA-MB-231 3D hanging drop spheroids.
(A) Cell viability was assessed by staining MDA-MB-231 cells in 3D hanging drop
spheroids using Annexin V/PI following treatment with Atezolizumab for 1 hour, with
or without cytokine modulation for 48 hours previous. (B) The percentage of late
apoptotic cells (AV+/Pl+) is shown separately for statistical analysis. (C)
Representative flow cytometry plots demonstrate the effect of Atezolizumab with or
without prior cytokine modulation on the viability of 3D spheroids compared to those
untreated or treated with cytokines alone. Data is presented as median + range. n=3
independent experiments each with 3 technical repeats. Data was analysed by a

Kruskal-Wallis followed by Dunn’s multiple comparisons test (*P<0.05).
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4.3.13.3 Atezolizumab treatment combined with TNFa * IFNy may enhance
cancer cell death in MDA-MB-231 3D alginate spheroid colonies

The effects of cytokine modulation for 48 hours prior to treatment with Atezolizumab

for 1 hour on cellular viability and cellular activity was lastly assessed in MDA-MB-

231 3D alginate spheroid colonies after 3, 6 and 10 days of culture.

4.3.13.1.1 Effects of Atezolizumab combined with TNFa * IFNy on the viability
of 3D alginate spheroid colonies after 3 days of culture
Whether 3D alginate spheroid colonies were treated with cytokines alone,
Atezolizumab alone or the combinations, cell death was found not to be significantly
affected compared to those untreated after 3 days of culture (Figure 4.27A and B).
Interestingly, 3D alginate spheroid colonies treated with Atezolizumab and TNFa
displayed a higher median percentage of late apoptotic cells (31.7% £ 22.45)
compared to those untreated (12.2% + 8.84) or treated with Atezolizumab (11.7% +
18.13) or TNFa (6.22% + 32.3) alone (Figure 4.27C). Additionally, 3D alginate
spheroid colonies treated with Atezolizumab and both cytokines demonstrated a
trend increase in the percentage of necrotic cells, compared to those untreated or
treated with Atezolizumab or both cytokines alone (Figure 4.27D). Although both

these data sets were found not to be significant.
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Figure 4.27 Atezolizumab in combination with modulatory cytokines does not
induce a significant amount of cell death in MDA-MB-231 3D alginate spheroid
colonies at day 3. (A) Cell viability was assessed by staining MDA-MB-231 cells
with Annexin V/PI that had been cultured in 3D alginate spheroid colonies and treated
with Atezolizumab for 1 hour with or without cytokine modulation 48 hours prior. (B)
Representative flow cytometry plots demonstrate the effect of Atezolizumab with or
without prior cytokine modulation on the viability of 3D alginate spheroid colonies
compared to those untreated. (C) The percentage of late apoptotic cells (AV+/PI+) is
shown separately to compare cells untreated or treated with TNFa alone,
Atezolizumab alone, and the combination. (D) The percentage of necrotic cells (AV-
/PI+) is also shown separately to compare cells untreated or treated with both
cytokines alone, Atezolizumab alone, and the combination. Data is presented as
median + range. n=3 independent experiments each with 3 technical repeats. Data

was analysed by a Kruskal-Wallis test and Dunn’s multiple comparisons test.
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4.3.13.1.2 Effects of Atezolizumab combined with TNFa on the viability and
cellular activity of 3D alginate spheroid colonies after 6 days of

culture

At day 6 of culture, Atezolizumab-treated 3D alginate spheroid colonies displayed
more cell death than those untreated (Figure 4.28A and B). Although, TNFa alone
did not induce cell death in 3D alginate spheroid colonies at day 6 of culture, the
percentage of late apoptotic cells was enhanced when TNFa was combined with
Atezolizumab (13.8% + 10.8), compared to those untreated (4.97% * 2.98), treated
with Atezolizumab alone (12% % 10.45) and TNFa alone (5.28% + 4.59) (Figure
4.28C). However, the viability effects of this combined treatment were highly variable

amongst alginate cultures and hence found to be not significant.

The effect that Atezolizumab and TNFa had on 3D alginate spheroid colony viability
alone and combined was further investigated by assessing apoptosis via measuring
caspase 3 positivity (Figure 4.29A), as well as cellular metabolic activity via
measuring ATP levels after 6 days of culture (Figure 4.29B). Caspase 3 positivity
was significantly increased in 3D alginate spheroid colonies treated with TNFa alone
(p=0.0036), Atezolizumab alone (0.039) and Atezolizumab and TNFa combined
(p=0.017) compared to those untreated. However, caspase 3 positivity did not differ
significantly between 3D alginate spheroid colonies treated with Atezolizumab and
TNFa combined compared to TNFa alone. Similarly, Atezolizumab-treated 3D
alginate spheroid colonies with or without TNFa showed a trend decrease in ATP
production compared to those untreated and treated with TNFa alone. Also, ATP
levels were comparable between Atezolizumab-treated 3D alginate spheroid
colonies and those treated with the combination.
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Figure 4.28 Combining Atezolizumab with TNFa may show signs to induce
apoptotic cell death in MDA-MB-231 3D alginate spheroid colonies after 6 days
of culture. MDA-MB-231 cells cultured in 3D alginate spheroid colonies were treated
with Atezolizumab for 1 hour with or without cytokine modulation for 48 hours
previous at day 6 of culture. (A) Cellular viability was then assessed by Annexin V/PI
staining. (B) Representative flow cytometry plots demonstrate the effect of
Atezolizumab with or without prior cytokine modulation on cell viability compared to
cells untreated or treated with cytokines alone. (C) The percentage of late apoptotic
cells (AV+/Pl+) is shown separately to compare cells untreated or treated with TNFa
alone, Atezolizumab alone, or combined. Data is presented as median + range. n=3
independent experiments each with 3 technical repeats. Data was analysed by a

Kruskal-Wallis test and a Dunn’s multiple comparisons test.
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Figure 4.29 Atezolizumab and TNFa alone or combined increases caspase 3
positive cells in 3D alginate spheroid colonies at day 6 of culture but has no
significant effect on ATP production. To assess whether Atezolizumab treatment
with or without TNFa influenced cellular caspase 3 or metabolic activity in MDA-MB-
231 3D alginate spheroid colonies at day 6 of culture, (A) caspase 3 positivity and
(B) ATP levels were measured, respectively. Data is presented as median + range.
n=3 independent experiments each with 2 technical repeats. Data was analysed by
a Kruskal-Wallis followed by Dunn’s multiple comparisons test (*P<0.05 and
**P<0.01).
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4.3.13.1.3 Effects of Atezolizumab combined with TNFa * IFNy on the viability
and cellular activity of 3D alginate spheroid colonies after 10 days

of culture

The Annexin V/PI viability data at day 10 for untreated and treated 3D spheroid
colonies was comparable to that of the viability data at day 3 and 6 for untreated and
treated 3D alginate spheroid colonies. Atezolizumab-treated 3D spheroid colonies in
combination with TNFa alone or IFNy and TNFa combined displayed a trend
increase in apoptotic cell death in comparison to 3D alginate spheroid colonies
untreated and treated with Atezolizumab or cytokines alone at day 10 of culture
(Figure 4.30A and B). In 3D alginate spheroid colonies at day 10 of culture however,
it was Atezolizumab in combination with IFNy and TNFa that demonstrated the
greatest effect to induce cell death compared to Atezolizumab in combination with
TNFa alone (Figure 4.30B and C).

The effects of Atezolizumab treatment in combination with cytokines on the viability
of 3D alginate spheroid colonies was further investigated by measuring apoptosis via
caspase 3 positivity and cellular metabolic activity via ATP levels at day 10 of culture.
Caspase 3 positivity in 3D alginate spheroid colonies treated with Atezolizumab in
combination with both cytokines was significantly increased compared to those
untreated (p=0.0079), treated with Atezolizumab alone (p=0.0477) and the cytokine
combination alone (p=0.0342) after 10 days of culture (Figure 4.31A). Similarly, ATP
levels in 3D alginate spheroid colonies treated with Atezolizumab and both cytokine
modulations were significantly reduced after 10 days of culture compared to those
untreated (p=0.027) (Figure 4.31B). Importantly, 3D alginate spheroid colonies
treated with Atezolizumab and both cytokines displayed significantly reduced levels
of ATP compared to those treated with both cytokines alone (p=0.042). Moreover,
3D alginate spheroid colonies treated with Atezolizumab and both cytokines showed
slightly reduced ATP levels in comparison to those treated with Atezolizumab alone,
although this was not found to be statistically significant. Conclusively, these results
correlate with the Annexin V/PI staining of 3D alginate spheroid colonies showing
that Atezolizumab in combination with cytokines may induce cell death in MDA-MB-

231 cells cultured in alginate cultures.

To determine whether these significant changes observed in the cell viability and
metabolic activity of MDA-MB-231 3D alginate spheroid colonies were likely due to

PD-L1 upregulation following cytokine modulation, mRNA levels of PD-L1 were
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measured in untreated, IFNy-treated, TNFa-treated and IFNy-/TNFa-treated 3D
spheroid colonies at day 10 of culture with or without Atezolizumab treatment (Figure
4.31C). 3D alginate spheroid colonies displayed significantly upregulated PD-L1
MRNA following treatment with IFNy and TNFa combined (p=0.0006). The levels of
PD-L1 modulation were comparable following the addition Atezolizumab treatment
at mRNA level.
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Annexin V
Figure 4.30 Atezolizumab alone and in combination with cytokines may show
signs to induce cell death in MDA-MB-231 3D alginate spheroid colonies at day
10 of culture. MDA-MB-231 cells cultured in 3D alginate spheroid colonies were
treated with Atezolizumab for 1 hour with or without cytokine modulation for 48 hours
previous at day 10 of culture. (A) Cellular viability was assessed by Annexin V/PI
staining. (B) Representative flow cytometry plots demonstrate the effects of
Atezolizumab with or without cytokine treatment on the viability of cells cultured in
3D alginate spheroid colonies. (C) The percentage of non-viable cells (AV+/PI-,
AV+/Pl+, AV-/Pl+) is shown separately to compare cell death amongst the different
treatment groups. Data is presented as median + range. n=3 independent
experiments each with 3 technical repeats. Data was analysed by a Kruskal-Wallis

test and a Dunn’s multiple comparisons test.
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Figure 4.31 Atezolizumab in combination with IFNy and TNFa induces
significant apoptotic cell death and reduces ATP production in MDA-MB-231
3D alginate spheroid colonies at day 10 of culture which is likely due to
increased PD-L1 mRNA expression. To assess cellular apoptosis and metabolic
activity and determine whether the changes in both these biological process may be
due to PD-L1 upregulation in response to treatment, (A) caspase 3 positivity, (B)
ATP production and (C) PD-L1 mRNA levels were measured in day 10 3D alginate
spheroid colonies treated with or without Atezolizumab in combination with cytokine
modulation. Data is presented as median + range. n=3 independent experiments
each with 3 technical repeats. Data was analysed by a Kruskal-Wallis followed by
Dunn’s multiple comparisons test (*P<0.05, **P<0.01 and ***P<0.001). Only

significant values which are relevant to the most important findings are displayed.
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4.3.13.4 Atezolizumab treatment in combination with modulatory cytokines
may induce a similar cell death phenotype in low PD-L1 expressing

MCEF-7 breast cancer cells

It was next determined whether Atezolizumab alone or in combination with
modulatory cytokines was able to bind PD-L1 and effect the cell viability of low PD-
L1 expressing MCF-7 breast cancer cells cultured in 2D monolayer and 3D alginate
spheroid. Indeed, 2D-cultured and 3D-cultured MCF-7 breast cancer cells treated
with Atezolizumab with or without cytokines demonstrated reduced detectable levels
of PD-L1 expression by flow cytometry compared to cells untreated or treated with
cytokines alone (Appendix Figure 9.11). As observed in monolayer MDA-MB-231
cells (Figure 4.10), Atezolizumab was shown to have no effect on MCF-7 cell viability
despite complete blockade of PD-L1 (Figure 4.32A and B), which may be due to low
expression of PD-L1. However, TNFa treatment alone or combined with IFNy
induced cell death compared to untreated cells more so than when combined with

Atezolizumab.

Because Atezolizumab treatment combined with TNFa or both cytokines combined
showed signs to affect the viability and activity of MDA-MB-231 3D alginate spheroid
colonies after 10 days of culture, the effects of these treatment combination were
assessed in MCF-7 3D spheroid colonies after 10 days of culture to determine
whether a similar phenotype could be observed. Untreated MCF-7 3D alginate
spheroid colonies after 10 days of culture displayed a high percentage of cell death
(Figure 4.33A). Despite this, the percentage of cell death was greater in MCF-7 3D
alginate spheroid colonies treated Atezolizumab and both cytokines compared to
those untreated or treated with Atezolizumab alone and both cytokines alone (Figure
4.33B and C).
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Figure 4.32 Atezolizumab with or without cytokine treatment has no effect on
the viability of MCF-7 cells cultured in 2D monolayer. (A) The viability of MCF-7
cells cultured in 2D monolayer was assessed using Annexin V/PI staining following
treatment with Atezolizumab for 1 hour with or without cytokine modulation 48 hours
previous. (B) Representative flow cytometry plots showing the effects of treatment
on cell viability. Data is presented as median + range. n=3 independent experiments
each with 3 technical repeats. Data was analysed by a Kruskal-Wallis comparing all
treatment groups.
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Figure 4.33 MCF-7 cells cultured in 3D alginate spheroid colonies for 10 days
display the highest percentage of cell death following treatment with
Atezolizumab in combination with IFNy and TNFa. (A) MCF-7 3D alginate
spheroid colonies were stained with Annexin V/PI to assess cell viability following
treatment with Atezolizumab with or without cytokines 48 hours previous. (B)
Representative flow cytometry plots demonstrate the effect of Atezolizumab with or
without cytokines on the viability of 3D alginate spheroid colonies. (C) The
percentage of non-viable cells (AV+/PI-, AV+/Pl+, AV-/Pl+) is shown separately to
compare cell death amongst the different treatment groups. Data is presented as
median + range. n=3 independent experiments each with 3 technical repeats. Data

was analysed by a Kruskal-Wallis comparing all the treatments.
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4.4 Discussion

It is well regarded in the literature that the growth of human cancer cell lines in 3D
cell culture models is a more stringent and representative approach to perform in
vitro drug screening. 3D cell cultures possess several in vivo features of tumours that
would influence treatment responses such as, cell-cell interaction,
production/deposition of extracellular matrix, hypoxia, drug penetration and
resistance; that 2D monolayer cell cultures cannot reproduce. In Chapter 3 of this
thesis, we have already demonstrated that gene and protein expression profiles are
altered in 3D cell culture models, which would also influence the tumours response
to treatment. In this chapter, we show that the capability of anti-PD-L1
immunomodulatory drug, Atezolizumab, to block PD-L1 on the surface of cancer
cells and the subsequent phenotypic effects it has intrinsically on the cancer cells

differs in 2D and 3D cell culture models of breast cancer.

To assess the ability of Atezolizumab to block PD-L1 on the surface of cancer cells
by flow cytometry, it was first necessary to understand the binding sites of
Atezolizumab to PD-L1 to select a detection antibody that binds to the same epitope.
Zhang et al., (2017) demonstrated through crystallisation that Atezolizumab binds
the front B-sheet of the PD-L1 IgV domain through three complementary determining
region (CDR) loops from the heavy chain and one CDR loop from the light chain
(Zhang et al., 2017). Whilst it is well understood that the binding of Atezolizumab to
PD-L1 blocks its interaction with PD-1, more recently, it has been reported to prevent
PD-L1 forming heterodimers with CD80 in cis (Chaudhri et al., 2018; Sansom and
Walker, 2019). The antibody clone, 29E.2A3, used to detect PD-L1 in this study has
been shown to recognise an epitope on PD-L1 within the PD-L1-CD80 binding region
(Haile et al., 2011).

Consequently, we were able to observe a dose-response to Atezolizumab treatment
in our MDA-MB-231 2D and 3D cell culture models. Importantly, the efficiency of
Atezolizumab to bind PD-L1 on MDA-MB-231 cells cultured in monolayer was higher
than on MDA-MB-231 cells cultured in 3D hanging drop spheroids and 3D alginate
spheroid colonies despite their reduced cell surface PD-L1 expression already in a
3D environment. Out of the two 3D models, Atezolizumab was less efficient at
blocking PD-L1 on MDA-MB-231 cells cultured in alginate. Previous studies have
reported that culturing cancer cells in 3D alters the spatial organisation of cell surface

proteins that makes them less accessible to being targeted, and that the size of the
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3D structures influences drug diffusion (Edmondson et al., 2014). Additionally, the
loose aggregation of MDA-MB-231 cells that form in hanging drop spheroids could
make them more susceptible to being bound by Atezolizumab than those cultured in
alginate (Imamura et al., 2015). Imamura et al., (2015) showed that breast cancer
cell lines that developed dense 3D spheroids (BT-549, BT-474 and T47D)
demonstrated greater resistance to chemotherapies, paclitaxel and doxorubicin,
compared to those that formed loose 3D spheroids (MDA-MB-231, HCC-1954 and
MCF-7). This was likely due to the increased accessibility of the chemotherapy drugs

to the cancer cells.

Regardless, it was clear from our data that Atezolizumab was able to penetrate the
3D structures to an extent where only a small percentage of cells were being
detected for PD-L1 expression, in which otherwise would be approximately 90% of
the cells. To note, we also showed that Atezolizumab binding to the epitope of PD-
L1 did not affect PD-L1 mRNA levels in MDA-MB-231 breast cancer cells which is in
accordance with the published literature (Saleh et al., 2019; Ali et al., 2019). A recent
study used Fourier Transform Infrared spectroscopy analysis to reveal stress-
induced chemical alterations in both protein and lipid structure of MDA-MB-231 cells
following Atezolizumab treatment (Ali et al., 2019). Authors showed Atezolizumab
altered the conformation of PD-L1 affecting its structure and function and prevented
any further ability for it to bind PD-1, leading to sustained T cell activation (Ali et al.,
2019). Another study demonstrated that Avelumab, an approved anti-PD-L1
monoclonal antibody with a native Fc region, was internalised short after binding to
PD-L1 and FcyR in vitro and in vivo (Jin et al., 2021). Jin et al., (2021) also showed
that Atezolizumab was internalised but at a slower rate in comparison to Avelumab.
Their studies in vivo using mice and cynomolgus monkeys showed that PD-L1
binding played the dominant role that led to Avelumab and Atezolizumab
internalisation (Jin et al., 2021). Additionally, an anti-PD-L1 monoclonal antibodies
targeting glycosylated PD-L1 demonstrated the ability to induce PD-L1 internalisation
due to N-linked glycosylation being a necessary post-translational modification for
PD-L1 to maintain its stability (Li et al., 2016; Park et al., 2021). Very recently,
Hodgins et al., (2022) demonstrated the capability of Atezolizumab to enhance
oncolytic virus infections in mouse prostate cancer cells in vitro and in vivo via
intrinsic signalling mechanisms. Whilst Atezolizumab is thought to be an antagonist,

merely acting as a blocking agent, the above studies support the notation that
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Atezolizumab and other therapeutic monoclonal antibodies may have potential to

signal intrinsically to the cancer cells.

Several recent studies have investigated the possibility of an intrinsic role of PD-L1
in cancer cells across diverse cancer types (reviewed: Hudson et al., 2020) Indeed,
from the current literature it is becoming apparent that PD-L1 may be capable of
sending pro-survival or anti-tumour signals within cancer cells to promote or inhibit
tumour progression, respectively, through studies using predominantly RNA
interference approaches in 2D-cultured mouse or human cancer cell lines and
immunocompromised mouse models. However, the effect of intrinsic PD-L1
signalling is not fully conclusive in any cancer and the evidence is limited to whether
approved therapeutic monoclonal antibodies affect PD-L1 signalling intrinsically. It is
imperative that the role of PD-L1 is elucidated in all cancer types to aid in the correct

selection of patients to treat with therapeutic anti-PD-L1 monoclonal antibodies.

To our knowledge, only 5 studies have investigated the effects of anti-PD-L1
monoclonal antibodies on intrinsic PD-L1 signalling. Saleh et al., (2019) was the first
to report the ability of Atezolizumab to bind PD-L1 on monolayer-cultured MDA-MB-
231 breast cancer cells and induce cell death and transcriptomic changes,
independent of the immune system. In our study, we were unable to detect any
significant changes to cell viability in Atezolizumab-treated monolayer-cultured MDA-
MB-231 cells compared to untreated cells, but there were signs of necrosis induced
by Atezolizumab after 6 days as well as significantly reduced ATP levels in
accordance with Saleh et al., (2019) findings that Atezolizumab may reduce MDA-
MB-231 cell viability. Indeed, this study showed that Atezolizumab could
downregulate genes involved in ATP synthesis (Saleh et al., 2019). To support these
findings, here by performing Phospho-Kinase array we showed that Atezolizumab-
treated cells had increased phosphorylation of p53 at S15 that has been shown to
occur in response to metabolic stress via AMPK protein kinase activation (Jones et
al., 2005; Loughery et al., 2014). Whilst phosphorylation of p53 at S15 has also be
found to trigger transcription of apoptosis-related genes, the phosphorylation of p53
at S46 and S392 was reduced in Atezolizumab-treated cells. Phosphorylated S46
and S392 has been shown to correlate with apoptosis induction (Oda et al., 2000;
Castrogiovanni et al., 2018). This data may suggest that Atezolizumab may elicit

metabolic changes to the cells via mechanisms that avoids effecting cancer cell
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viability to a degree that cannot be significantly detected by performing phenotypical

functional assays.

Importantly, here we were able to show for the first time that Atezolizumab was able
to induce signs of reduced viability and significant reductions in ATP synthesis in 3D
hanging drop spheroids and 3D alginate spheroid colonies. The effect of
Atezolizumab to induce apoptotic and necrotic cell death in MDA-MB-231 cells grown
in alginate was most noticeable at day 3 and reduced over the time course of 10
days, which could suggest at the earlier timepoints cells were most vulnerable as
single cells and once they became more established into 3D spheroid colonies, they
appeared more resistant to Atezolizumab-induced cell death. Moreover, whilst in
Saleh et al., (2019) study Atezolizumab-treated cells showed significantly higher cell
death compared to untreated cells, they did not display significantly higher cell death
compared to cells treated with an IgG control. This could suggest indirect antibody
toxicity towards the cells as opposed to direct effect of PD-L1 binding and inducing

cell death intrinsically.

Atezolizumab effects on growth of MDA-MB-231 cells assessed by fluorescent
staining and Ki67 expression analysis were lacking in this study in both 2D and 3D
cell culture models. Mohan et al., (2019) also showed that Atezolizumab was unable
to inhibit the growth of TNBC cell lines (MDA-MB-231 and BT20) but was able
supress invasion and motility through the inhibition of focal adhesion kinase
phosphorylation which was not assessed in this study. In contrast, other studies have
shown contradictory evidence of PD-L1 blockade effecting cell growth and
proliferation. Saleh et al., (2019) demonstrated a reduction in cell proliferation
following Atezolizumab treatment. Controversially, Calu-1 lung cancer cells exhibited
increased proliferation via increased AKT and ERK phosphorylation in an in vivo
immunocompromised mouse model following treatment with Atezolizumab (Wang et
al., 2020).

Using RNA-Seq, Saleh et al., (2019) illustrated that genes involved in promoting cell
migration, metastasis, EMT, cell growth and hypoxia were downregulated whilst
apoptosis genes were upregulated after MDA-MB-231 cells were treated with
Atezolizumab. Chen et al., 2021 showed that PD-L1 intrinsically promotes EMT via
suppressing p38-MAPK activity and the destruction of EMT transcription factor Snail
through using homemade anti-PD-L1 antibodies that promote degradation of PD-L1

in an immunocompetent TNBC mouse model. Antibody treatment suppressed
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tumour metastasis to the lungs by increasing E-cadherin expression and reducing
p38-MAPK activity and Snail expression (Chen et al., 2021). Similarly, here using a
Phospho-Kinase array, we demonstrated that Atezolizumab treatment reduced the
phosphorylation of molecules involved PI3K/AKT and MAPK/ERK signalling
pathways responsible for cell proliferation, survival, migration, and invasion (Guo et
al., 2020; Rascio et al., 2021). Phosphorylated ERK1/2 in MDA-MB-231 cells was
the most reduced kinase following Atezolizumab treatment. In colorectal cancer cells,
phosphorylated ERK was also shown to be substantially reduced following PD-L1
blockade in a colon CT26 tumour in vivo mouse model (Passariello et al., 2019). PD-
L1 positive tumour cell lines have been shown to have a constitutively high degree
of phosphorylation of ERK1/2 and P38 compared to PD-L1 negative tumour cells
leading to aggressive and invasive phenotypes (Massi et al., 2014) which could
explain why blocking PD-L1 on MDA-MB-231 cells resulted in a reduction of both
phosphorylated ERK1/2 and P38.

Collectively, the above data suggests that Atezolizumab may be able to modulate
the signalling of PD-L1 in MDA-MB-231 breast cancer cells to some extent at the
level of gene expression and post-translational modifications; in favour of preventing

tumour progression which may not be limited to breast cancer.

Since the degree of cell death induced by Atezolizumab was limited in this study, we
next wanted to determine whether the upregulation of PD-L1 with cytokine
modulation could enhance the cell death phenotype observed by breast cancer cells
cultured in 2D and 3D models. Indeed, chemotherapeutic agents such as cisplatin,
doxorubicin and gemcitabine have been shown to induce PD-L1 expression on
tumour cells and work synergistically with anti-PD-L1 monoclonal antibodies to
reduce tumour growth and progression (Ghebeh et al., 2010; Ng et al., 2018; Fournel
et al.,, 2019; Del Re et al.,, 2021). In this study we used IFNy and/or TNFa to
upregulate PD-L1 expression at mMRNA and protein level before treating the cells with
Atezolizumab. However, these cytokines have previously shown their ability to
induce cancer cell apoptosis themselves (Cruceriu et al., 2012; Kotredes and
Gamero, 2013), and therefore were also investigated alone alongside them being

combined with Atezolizumab.

In MDA-MB-231 2D cells and 3D alginate spheroid colonies, IFNy and TNFa
combined induced cell death. In MDA-MB-231 3D hanging drop spheroids TNFa

alone was able to induce cell death. Previously, MDA-MB-231 cells along with other
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TNBC cells have shown to be resistant TNFa-mediated apoptosis via NFkB
activation and Bcl-2 overexpression (Wang et al., 2012). This suggests that MDA-
MB-231 cultured in 3D hanging drop spheroids may change their molecular
phenotype that makes them more vulnerable to TNFa-mediated apoptosis. It has
been reported that the action of TNFa, whether it elicits a pro-tumour or anti-tumour
role, is heavily dependent on the cellular context and specific molecular traits of the
cancer cells (Cruceriu et al., 2012). In this study we also investigated 2D- and 3D-
cultured ER+ MCF-7 breast cancer cells and they did display sensitivity to TNFa
treatment alone, which was in accordance with the literature (Simstein et al., 2003;
Donato et al., 2004). Interestingly, when Atezolizumab treatment was added to MDA-
MB-231 cells modulated with TNFa, cells displayed the highest amount of cell death

amongst the treatment groups in 2D cells and 3D alginate spheroid colonies.

It has recently been shown that TNFa plays a major role in maintaining the stability
of PD-L1 on the surface of tumour cells (Lim et al., 2016). TNFa-mediated signalling
via the TNF receptor on tumour cells leads to the transcription of CSN5 which
stabilises PD-L1 by direct deubiquitination or by inhibiting ubiquitination of PD-L1.
This in part could explain why TNFa was able to induce cancer cell death in
combination with Atezolizumab as TNFa is maintaining PD-L1 expression in order
for Atezolizumab to bind and elicit its anti-tumour role. Here we also showed that the
cell death phenotype was the same in MCF-7 breast cancer cells cultured in 3D
alginate spheroid colonies suggesting that targeting of PD-L1 in combination with an
apoptosis-inducing drug like TNFa could also be beneficial for tumours expressing
low PD-L1.

Furthermore, apoptosis-inducing ligands, such as TNFa and TRAIL have
demonstrated their ability to improve immunotherapy responses. In a melanoma
mouse model, oncolytic viral delivery of TNFa and IL-2 improved the efficacy of anti-
PD-1 treatments (Cervera-Carrascon et al., 2018). TNFa coupled to a tissue-specific
peptide was also able to reduce tumour growth in murine melanoma and lymphoma
models (Curnis et al., 2000), as well as promote the efficacy of adoptive T cell therapy
combined with anti-PD-1 therapy in murine melanoma and prostate carcinoma
models (Calcinotto et al., 2012; Elia et al., 2018). One study explored the combination
of PD-L1 inhibition and TRAIL using a bi-functional fusion protein in melanoma cells
and demonstrated synergistic PD-L1-directed TRAIL-mediated tumour cell apoptosis

via increasing T cell activation (Hendricks et al., 2016). Whilst TNFa has limitations
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as a therapeutic agent due to its well-known systemic toxicity, TRAIL-mediated
apoptosis offers a novel approach to enhance the efficacy of PD-L1/PD-1 checkpoint

inhibition without affecting the toxicity profile with TRAIL being cancer cell specific.

In summary, this study provides new insight into the intrinsic role of PD-L1 through
using the approved anti-PD-L1 immunotherapy drug, Atezolizumab in MDA-MB-231
cells, not only in 2D monolayer-culture but for the first time reported in two different
3D cell culture models. Utilising functional assays, we were able to show that
blocking PD-L1 with Atezolizumab was able to manipulate the cancer cells
intrinsically resulting in a reduction in viability, ATP synthesis and phosphorylation of
a broad range of kinases. Lastly, we were able to demonstrate therapeutic potential
of Atezolizumab in combination with TNFa for the treatment of breast cancer in a 3D
alginate model that more closely recapitulates that of an in vivo human tumour
compared to standard 2D cell culture. Regardless, there is still ample research to be
done to fully understand the intrinsic role of PD-L1 in breast cancer cells and
determine the exact mechanistic actions of Atezolizumab in an immune-independent

context.
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5. Investigating the biological effects of miRNA-mediated PD-L1
knockdown on MDA-MB-231 breast cancer cells compared to
PD-L1 blockade with Atezolizumab

5.1 Introduction

Since most patients treated with immunotherapies targeting the PD-1/PD-L1
signalling pathway are shown to be unresponsive or develop resistance short after
treatment initiation, it is important to understand the mechanism of action of the
proteins in which they target. Recent scientific efforts have demonstrated the
potential of PD-L1 to send pro-survival signals in cancer cells to promote cancer
initiation, metastasis, development, and resistance to therapy (Dong et al., 2018;
Hudson et al., 2020). The investigations into PD-L1 intrinsic signalling have been
predominantly focused on cancer types such as melanoma and NSCLC where PD-
1/PD-L1-targeted monotherapies have demonstrated the most success in generating
complete patient responses (Larkin et al., 2015; Brahmer et al., 2015; Robert et al.,
2015; Fehrenbacher et al., 2016; Antonia et al., 2018). Whilst this research is
paramount to gain an understanding to how treatment efficacy can be improved in
these cancer types, limited research on PD-L1 intrinsic signalling has taken place on
cancer types where PD-1/PD-L1-targeted therapies have the potential to benefit
cancer patients. For example, cancer types that present with PD-L1 positivity,
circulating PD-1 positive/CD8+ T cells and/or high mutational burden (Yi et al., 2018).

Triple negative breast cancer (TNBC) is one of those cancer types that display high
PD-L1 expression shown to correlate with high CD8+ T cells presence in the tumour
microenvironment (Sabatier et al., 2015); key features which have prompted clinical
investigation of PD-1/PD-L1-targeted therapies alone and in combination with other
anti-cancer agents for TNBC patients. Table 5.1 illustrates the vast number of clinical
trials using anti-PD-L1 monoclonal antibodies alone or in combination with
chemotherapy and/or targeted therapy in TNBC patients (Table 5.1). Whilst several
clinical trials have shown objective tumour responses and durable long-term disease
control (Bertucci and Gongalves, 2017), only Atezolizumab in combination with nab-
paclitaxel has been approved for the treatment of TNBC patients to date (Schmid et
al., 2018), raising questions of why this may be the case. From the sparse literature
available to date in TNBC cells, PD-L1 intrinsic signalling has been reported to

promote cancer stem cell (CSC)-like characteristics (Almozyan et al., 2017), growth

232



(Chen et al., 2021) and chemotherapy resistance (Black et al., 2016; Liu et al., 2017).
These studies used small interfering RNA (SiRNA) to silence PD-L1 in mouse or
human 2D-cultured cells and immunocompromised mouse models. Importantly, the
tumorigenic role of PD-L1 in TNBC has not yet been investigated in 3D cancer
models and only one of the above studies compared the silencing of PD-L1 to their

homemade PD-L1 blocking monoclonal antibodies to determine the role of PD-L1

intrinsic signalling in TNBC cells (Chen et al., 2021).

Table 5.1 Clinical trials using anti-PD-L1 monoclonal antibodies in TNBC.

Anti-PD-L1 Combined drug (s) Study Name
Antibody (Identifier)

Atezolizumab - NCT01375842
Carboplatin and Paclitaxel NCT02883062
Paclitaxel NCT03125902
nab-paclitaxel NCT02425891
AKT inhibitor (Ipatasertib) and paclitaxel NCT04177108
BET inhibitor (RO) NCT03292172
HDAC inhibitor (Entinostat) NCT02708680
PARP inhibitor (Rucaparib) NCT03101280
PI13K-gamma inhibitor (IP1-549) NCT03961698
VEGEF inhibitor (Cabozantinib) NCT03170960

Durvalumab - NCT03356860
PARP inhibitor (Olaparib) NCT03544125
Nab-paclitaxel and Dose-dense NCT02489448
Doxorubicin/Cyclophosphamide
ATR inhibitor (AZD6738) and PARP inhibitor | NCT03740893
(Olaparib)
Paclitaxel NCT02628132
PTK7 inhibitor (PF-06647020) NCT02222922

Avelumab - NCT01772004
GITR inhibitor (TRX518) and NCT03861403
cyclophosphamide
PTKY inhibitor (PF-06647020) NCT02222922

Table 5.1. Clinical trials using anti-PD-L1 monoclonal antibodies alone or in
combination with chemotherapy and/or targeted therapy in TNBC patients.
Several clinical studies are ongoing or have been completed for the use of anti-PD-
L1 monoclonal antibodies in TNBC with or without other anti-cancer agents. Red
highlights the only approved anti-PD-L1 therapy for TNBC in combination with nab-

paclitaxel.
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It is possible that blocking PD-L1 using monoclonal antibodies may be insufficient in
TNBC to completely inhibit the intrinsic signalling mediated by PD-L1 and that other
therapeutic approaches to target PD-L1 intrinsically may offer more benefits to breast
cancer patients. Hence why the comparisons of PD-L1 knockdown to the effects of
therapeutically approved monoclonal antibodies that block PD-L1 at the cell surface
is imperative, not only to determining the role of PD-L1 in TNBC cells but to verify
the efficacy of monoclonal antibodies in an immune-independent setting for the
treatment of TNBC.

51.1 Aims

The following chapter aims to further elucidate the tumorigenic role of PD-L1 in
human breast cancer cells by utilising 3D cell culture models that are more
physiologically relevant to in vivo human solid tumours than standard 2D cell culture.
To do this, firstly PD-L1 was specifically knocked down in human MDA-MB-231
breast cancer cells by using a miRNA-mediated approach. The biological effects of
PD-L1 knockdown on breast cancer cell growth, proliferation, viability, spheroid
forming capabilities and intracellular signalling were then explored. With blocking PD-
L1 using an anti-PD-L1 immunotherapy drug being the approved therapeutic strategy
for targeting tumorigenic PD-L1, the biological effects of the anti-PD-L1
immunotherapy drug Atezolizumab on breast cancer cells were compared to the
biological effects of PD-L1 knockdown. Finally, PD-L1 knockdown cells were treated
with TNFa to determine whether reduced PD-L1 expression could enhance the cell
death induced by TNFa even more so than when TNFa was combined with

Atezolizumab as observed in Chapter 4 Section 4.3.13.

5.1.2 Hypotheses

It was hypothesised that PD-L1 knockdown would reduce the growth, proliferation,
viability, and spheroid forming capability of MDA-MB-231 breast cancer cells and that
this would be reflected in the downstream signalling pathways explored in this study.
It was also hypothesised that the biological effects of PD-L1 knockdown in breast
cancer cells would be more profound in comparison to blocking PD-L1 with the anti-
PD-L1 immunotherapy drug Atezolizumab on the cell surface of cancer cells.
Similarly, it was hypothesised that PD-L1 knockdown cells treated with TNFa would

exhibit more cell death than breast cancer cells treated with Atezolizumab and TNFa.
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5.2 Materials and Methods

5.2.1 Cell lines and culture conditions
Human MDA-MB-231 breast cancer cells were used for all subsequent experiments

due to their high PD-L1 expression status. Monolayer cells were cultured and
maintained as described in Chapter 2 Section 2.2.1. 3D hanging drop spheroids and
3D alginate spheroid colonies were generated as described in Chapter 3 Section
3.2.1.1and 3.2.1.2.

5.2.2 miRNA knockdown of PD-L1

5.2.2.1 Oligonucleotide annealing and ligation reaction

Single-oligonucleotides were designed specifically to wild-type PD-L1 (accession
number NM_014143) using the Invitrogen BLOCK-iT™ RNAIi Designer tool (Table
5.2) (ThermoFisher Scientific). Lyophilized single-oligonucleotides were
reconstituted in nuclease-free water to a final concentration of 200 pM.
Oligonucleotide annealing, and ligation reactions were carried out according to the
manufacturer’s protocol (BLOCK-iT™ Pol Il miR RNAi Expression Vector Kit with
Emerald Green Fluorescent Protein (EmGFP), ThermoFisher Scientific). The
pcDNA™6.2-GW/EmGFP-mIiR vector construct to which the resulting double-
stranded oligonucleotide primers was incorporated, and its key features are
illustrated in Figure 5.1 and Table 5.3, respectively. For oligonucleotide annealing, 5
ML top oligonucleotide, 5 pL bottom oligonucleotide, 2 yL 10x oligo buffer and 8 uL
nuclease-free water was added to 0.5 mL microcentrifuge tube at a final
concentration of 50 yuM, incubated at 95°C for 4 minutes and left to cool to room
temperature before being centrifuged and stored at -20°C. The resulting double-
stranded oligonucleotides and the double-stranded miR-lacZ positive control
oligonucleotide was diluted 5000-fold (10 nM). A 20 uL ligation reaction mixture was
prepared for each double-stranded oligonucleotide containing: 4 uL 5x ligation buffer,
2 uL vector (5 ng/ uL), 4 puL double-stranded oligonucleotide (10 nM), 9 uL nuclease-
free water and 1 pL T4 ligase. The mixture was incubated for 30 minutes at room
temperature and then placed on ice. A negative control was prepared substituting
the double-stranded oligonucleotide for nuclease-free water. A positive control was

prepared using the ds miR-lacZ oligonucleotide provided with the kit.
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Table 5.2 Top and bottom oligonucleotides designed specific to wild-type PD-L1 (NM_014143).

Name

Oligonucleotide Sequence

Top

Bottom

NM_014143_1045

5TGCTGTTAAGTCCCACATTGCCTGCAGTTTTGG
CCACTGACTGACTGCAGGCAGTGGGACTTAAZ’

5’CCTGTTAAGTCCCACTGCCTGCAGTCAGTCAG
TGGCCAAAACTGCAGGCAATGTGGGACTTAACY

NM_014143_1264

5TGCTGAAATTAGGGATTCTCAACCCGGTTTTGG
CCACTGACTGACCGGGTTGAATCCCTAATTTZ’

5’CCTGAAATTAGGGATTCAACCCGGTCAGTCAG
TGGCCAAAACCGGGTTGAGAATCCCTAATTTCY’

NM_014143_1319

5 TGCTGAACAAATTGAGGCATTGAGTGGTTTTGG
CCACTGACTGACCACTCAATCTCAATTTGTT3’

5 CCTGAACAAATTGAGATTGAGTGGTCAGTCAGT
GGCCAAAACCACTCAATGCCTCAATTTGTTC3’

NM_014143_1549

5 TGCTGAGACCAAGCACCTTACAAATAGTTTTGG
CCACTGACTGACTATTTGTAGTGCTTGGTCT3’

5’ CCTGAGACCAAGCACTACAAATAGTCAGTCAGT
GGCCAAAACTATTTGTAAGGTGCTTGGTCTC3

Table 5.2 Four different oligonucleotide primers to be ligated for incorporation into the vector construct. Columns illustrate the
name of each oligonucleotide primer and the sequences of the top and bottom oligonucleotide which were designed specifically to be ligated
into the BLOCK-IT miRNA vector system (pcDNA™6.2-GW/EmGFP-miR) for miRNA-mediated knockdown of PD-L1 in human MDA-MB-
231 breast cancer cells.



5 miR flanking GG 3" miR flanking
region region

Figure 5.1 The pcDNA™6.2-GW/EmGFP-miR vector construct. The figure
illustrates the pcDNA™6.2-GW/EmGFP-mIR vector construct to which double-

stranded oligonucleotides were incorporated.

5.2.2.2 Transformation of One Shot® TOP10 E. coli
One Shot® TOP10 E. coli (ThermoFisher) was transformed with the ligated plasmid

DNA. One vial of E. coli was used per transformation (4x double-stranded
oligonucleotides, 1x positive and 1x negative ligation reaction, and 1x positive and
1x negative transformation controls). Sterile Lennox broth (LB) agar was made by
adding 35 g LB agar powder (Merck) to a final volume 1 L of deionised water. The
LB agar was then dissolved using a heated stirrer and magnetic flea before being
sterilised via autoclaving. Subsequently, LB agar plates were prepared with 50 pg/mi
spectinomycin or 100 pg/ml ampicillin for the positive control plasmid. 2 pL of ligation
reaction was used per vial of E. coli which was incubated on ice for 15 minutes; heat
shocked at 42°C for 30 seconds and immediately placed back on ice before adding
250 pL of pre-warmed Super Optimal Broth Catabolite repression (SOC) medium
supplied with the E. coli to each vial and incubating for 1 hour at 37°C horizontally
shaking at 200 rpm. Transformed E. coli was then plated onto pre-warmed agar
plates containing the appropriate selective antibiotics using sterile inoculation loops
and incubated at 37°C overnight. The four double-stranded oligonucleotides that
form the four different vector constructs are named hereafter collectively as
constructs or individually as 1045, 1264, 1319, 1549 (the number given to each top

and bottom oligonucleotide, refer to Table 5.2 Section 5.2.2.1).
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Table 5.3. Key features of the pcDNA™6.2-GW/EmGFP-mIR vector.

Key Feature

Benefit

CMV promoter

Recognised by RNA Polymerase Il and controls high-level,

constitutive expression of miRNA.

miRNA forward

sequencing primer

Allows sequencing of the insert.

sequencing primer

EmGFP coding Allows visual detection of transfected mammalian cells
sequence using fluorescence microscopy.
EmGFP forward Allows sequencing of the insert.

5"and 3' miR flanking

regions

Allows formation of functional engineered pre-miRNA.

5' overhangs

Allows ligase-mediated directional cloning of the double-

stranded oligonucleotide of interest.

mMiRNA reverse

sequencing primer

Allows sequencing of the insert.

TK polyadenylation
signal

Allows transcription termination and polyadenylation of
mRNA.

f1 origin

Allows rescue of single-stranded DNA

SV40 early promoter

and origin

Allows high-level expression of the selection marker and
episomal replication in cells expressing the SV40 large T

antigen.

EM7 promoter

Synthetic prokaryotic promoter for expression of the

selection marker in Escherichia coli (E. coli).

Blasticidin resistance

gene

Permits selection of stably transfected mammalian cell

lines.

SV40 polyadenylation

signal

Allows transcription termination and polyadenylation of
MRNA.

pUC origin

Permits high-copy replication and maintenance in E. coli.

Spectinomycin

resistance gene and

promoter

Allows selection of the plasmid in E. coli. The promoter
allows expression of the spectinomycin resistance gene in

E. coli.

Table 5.3. The key features and benefits of using the pcDNA™6.2-GW/EmGFP-
miR vector for our study to knockdown PD-L1 in human MDA-MB-231 breast

cancer cells using a miRNA-mediated approach.
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5.2.2.3 Plasmid DNA isolation

Sterile LB was made up by adding 20 g LB powder (Merck) to a final volume of 1 L
of deionised water which was then autoclaved to sterilise. Five single colonies from
each construct (1045, 1264, 1319 and 1549), the negative control and the positive
control, were selected and grown up for 15 hours in 5 mL of sterile LB containing 50
Mg/ml spectinomycin or ampicillin (positive control), named hereafter as clones. The
bacteria-containing LB was centrifuged at 6800 g for 2 minutes to pellet the bacteria
and the plasmid DNA was isolated using the GeneJET Plasmid Miniprep Kit
(ThermoFisher Scientific), according to the manufacturer's protocol. DNA quantity
and purity was assessed by using a spectrophotometer (NanoDrop 1000,

ThermoFisher). Purified plasmid DNA was stored at -20°C until use.

5.2.2.4 Plasmid DNA sequencing

Out of each of the four vector constructs, one clone found to have high-quality
plasmid DNA was prepared to be sent off for Sanger Sequencing by the Sanger
Sequencing Services at Source Biosciences. The sequencing results were assessed
using the National Centre for Biotechnology Information (BLAST) software, to
determine whether the inserts were in the correct orientation and that no mutations
had occurred within the miRNA sequences during transformation so that they had

100% homology to the target sequence PD-L1.

5.2.2.5 Transfection of human MDA-MB-231 breast cancer cells and selection

of stable transfectants

A dose response curve with Blasticidin (0-10 pg/ml) (Fisher Scientific) was generated
for MDA-MB-231 breast cancer cells to determine the optimal concentration required
to kill non-transfected cells. Cells were cultured to ~80% confluency prior to
transfection with plasmid DNA using the Amaxa Cell Line Nucelofector Kit V (Lonza)
or Lipofectamine™ 3000 Transfection Reagent (ThermoFisher Scientific).
Appropriate controls were used during the transfection process including a negative
scrambled miRNA control (pcDNA™6.2-GW/+  EmGFPmIiR-neg control,
ThermoFisher Scientific), GFP positive control (Lonza), antibiotic control (cells minus
plasmid DNA treated with antibiotic) and transfection reagent/procedure control (cells

treated the same as transfected cells minus plasmid DNA).
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5.2.251 Nucleofection

Cells were harvested and 1 x 108 cells per reaction were centrifuged for 10 minutes
and resuspended in 100 yL Nucleofector solution supplied with the Amaxa Cell Line
Nucleofector Kit V. Plasmid DNA (2 ug) was added to the solution which was placed
into certified cuvettes in the Nucleofector Ilb device (Lonza) with the X-013
programme selected. Immediately after transfection the solution was diluted with 500
ML culture medium and transferred to 6-well plates with 900 uL of culture medium for
overnight incubation. Blasticidin (10 pg/ml) was added for mammalian selection 24
hours post-transfection and replaced with fresh selection medium every 3 days for
14 days to select for Blasticidin-resistant cells. Transfection efficacy through

visualising EmGFP positive cells was monitored daily using fluorescent microscopy.

5.2.25.2 Lipofection

Cells were harvested and 150,000 cells/well were seeded into a 24-well plate for
overnight culture. For transfection, 25 pL Opti-MEM™ | Reduced Serum Medium
(ThermoFisher Scientific) was prepared with 2 pL lipofectamine 3000 reagent.
Separately, 25 pyL Opti-MEM™ | Reduced Serum Medium was prepared with 0.25
pg of plasmid DNA and 0.5 uL P3000 reagent (ThermoFisher Scientific). The two
solutions were then mixed and incubated at room temperature for 15 minutes to form
lipid:DNA complexes before 50 pL was added to appropriate wells containing the
cells to be transfected, gently mixed by swirling and left to incubate for 24 hours.
Cells were then trypsinised and moved up to 6-well plates with fresh medium
containing Blasticidin (10 pg/ml) antibiotics for selection which was replaced every 3

days for 14 days to generate a stable cell line.

5.2.25.2.1 Selection of stable transfectants

Clonal discs (4.8 mm, ThermoFisher) soaked in Trypsin-EDTA 0.25% were used to
isolate individual resistant colonies (10 per construct) from each well that were also
identified to express homogenous EmGFP via fluorescent microscopy using the
Olympus 1X81 microscope. Fluorescent images were captured at 20X objective using
the Olympus cellSens Imaging Software and homogenous EmGFP colonies were
marked on the plate for removal using clonal discs. Each individual colony was
placed in a well of a 24-well plate in selection medium and grown to 90% confluency

before being moved to larger culture vessels.
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5.2.25.2.2 Assessment of PD-L1 knockdown efficacy by flow cytometry

PD-L1 knockdown efficacy for each of the selected colonies per vector construct
were assessed by PD-L1 staining via flow cytometry as described in Chapter 2
Section 2.2.3.1. Concurrently, EmMGFP expression was assessed by flow cytometry
as its expression level should correlate with PD-L1 knockdown efficacy with it being
located upstream of the miRNA. Appropriate controls were used for assessing PD-
L1 expression by EmGFP positive cells including single colour controls (APC only
and FITC only) as well as cells negative for EmMGFP. When analysing the data for
transfected cells using FlowJo EmGFP positive cells were gated first before PD-L1

expression was assessed.

5.2.2.5.2.3 Lipofection method optimisation

Once the vector construct that most effectively at reduced PD-L1 expression was
identified (measured by flow cytometry of PD-L1), the lipofection procedure was
optimised using the chosen vector construct to determine where it was possible to
yield a higher stable transfection efficacy. Firstly, the densities of cells seeded for the
transfection procedure were investigated by plating 100,000, 125,000, 150,000,
175,000 and 200,000 cells in a 24-well plate prior to transfection, whilst all the other
steps in the transfection procedure remained the same as above (Section 5.2.2.7).
Alongside investigating cell seeding densities, the amount of plasmid DNA used to
transfect cells was also investigated at the original seeding density (150,000 cells)
as stated above (Section 5.2.2.7) Cells were treated with 0.25 pg, 0.5 pg, 0.75 pg
and 1 pg of plasmid DNA, whilst the transfection procedure remained the same as
above (Section 5.2.2.7). Following transfection, the cells were monitored for EmMGFP
expression via fluorescent microscopy and were treated with blasticidin-containing
medium 24 hours post-transfection for 14 days in 6-well plates. After selection, cells
expressing EmMGFP were isolated, grown up and assessed for PD-L1 expression by
flow cytometry to assess whether stable transfection efficacy was improved by
altering the cell seeding density or the amount of plasmid DNA used in the lipofection

procedure.

5.2.2.5.2.4 Confirmation of stable PD-L1 knockdown efficacy using RT-gPCR
and Flow Cytometry
Clonal assays of cells that showed the lowest expression of PD-L1 by flow cytometry
following optimisation were prepared and monitored for homogenous EmGFP
positive colony formation to which 6 of these were then isolated and assessed for
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PD-L1 expression by RT-gPCR and flow cytometry. The colony that demonstrated
the highest degree of PD-L1 knockdown at mRNA and protein level was expanded
in culture, stocks were made, and these cells were used for subsequent experiments
to investigate the biological effects of PD-L1 knockdown in MDA-MB-231 cancer
cells.

5.2.2.5.25 Clonal assay using wild-type MDA-MB-231 cells

To confirm that reduced PD-L1 expression was a result of the miRNA-mediated
knockdown experiment and not due to clonal variation of PD-L1 expression in MDA-
MB-231 wild-type (WT) cells, a clonal assay using MDA-MB-231 WT cells was
performed by seeding 2 x 10* cells/well in a 6-well plate. Colony formation was
monitored daily using the Olympus 1X81 microscope until individual colonies were
ready to be marked for isolation using clonal discs as described above. Images of
established WT colonies were captured using the 20X objective lens and the
Olympus cellSens Imaging Software. Ten colonies were isolated in total (two from
each of the 5 wells of the 6-well plate). The remaining well was used to grow MDA-
MB-231 WT cells to 90% confluency to use as a control for heterogeneous PD-L1
expression. All clones were then expanded for assessment of PD-L1 expression by
flow cytometry as described in Chapter 2 Section 2.2.3.1. The expression of PD-L1
by each expanded clone was compared to MDA-MB-231 WT cells grown as a

heterogeneous population.

5.2.3 Effects of PD-L1 knockdown on cellular growth and proliferation in 2D

and 3D cultures

5.2.3.1 Fluorescent microscope images of 2D and 3D cultures

Monolayer-cultured cells and 3D cultures were prepared for MDA-MB-231 WT,
scrambled control and PD-L1 knockdown cells. WT cultures were either left
untreated or treated with Atezolizumab. Cultures were harvested, stained with
Hoechst 33342/Pl and images using the 4X objective lens were captured using the
BioTek Cytation 5 Cell Imaging Multimode Reader as described in Chapter 4 Section
4.2.4.1. Images of cells cultured in monolayer were analysed using ImageJ to
determine the surface area of the wells in a 96-well plate covered by Hoechst
33342/PI positive cells for untreated WT, Atezolizumab-treated WT, scrambled
control and PD-L1 knockdown cells after 3 and 6 days of culture. The data was

expressed as a percentage of the untreated WT control cells.
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5.2.3.2 Diameter measurements of 3D cultures

The diameter of 3D hanging drop spheroids and 3D alginate spheroid colonies was
measured for untreated WT, Atezolizumab-treated WT, scrambled control and PD-
L1 knockdown cultures using the diameter measurement option in the cellSens

Imaging Software as described in Chapter 3 Section 3.2.2.3.

5.2.3.3 Intracellular staining of cell proliferation marker Ki67 in 2D and 3D

cultures

Single cell suspensions were made from 2D- and 3D-cultured cells generated from
WT, Atezolizumab-treated WT, scrambled control and PD-L1 knockdown cultures via
trypsinisation. Subsequently, intracellular staining of Ki67 was performed on 2D- and
3D-cultured cells before being analysed by flow cytometry as described in Chapter 4
Section 4.2.4.3.

5.2.4  Effects of PD-L1 knockdown on cell viability and metabolic activity in
2D and 3D cultures

5.2.4.1 Assessment of apoptosis using Annexin V/Propidium lodide staining

MDA-MB-231 WT, Atezolizumab-treated WT, scrambled control and PD-L1
knockdown cells were cultured in 2D and 3D cultures, harvested from culture as
single cell suspensions, and subsequently labelled with Annexin V (APC) and PI
(Biolegend) as described in Chapter 4 Section 4.2.5.1. For scrambled control and
PD-L1 knockdown cells that expressed EmGFP, 3-colour flow cytometry was
performed whereby EMGFP was detected by the FITC channel, Pl was detected by
the PE channel, and Annexin V was detected by the APC channel. Single cell gating
and single colour controls were used for all experiments to allow appropriate
compensation. PD-L1 cell surface expression was assessed parallel to 