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Abstract

Dendritic cell (DC) activation underpins the patient immune response in
multiple cancers, including ovarian cancer. While DCs are detected within the margins
of ovarian tumours, DC populations are maintained in an immature state, displaying
low levels of co-stimulatory receptor expression and cytokine production, with
impaired antigen presentation capacity.

Engagement of the DC surface receptor CD40 (CD40R) is required for efficient
immune activation. This thesis investigated the potential of a Monovalent Targeted
Peptide targeting CD40R (MTP40) to bind the CD40R of a murine DC cell line (tsDC),
and whether the interaction could be enhanced by multivalent presentation.

This work aimed to demonstrate the suitability of two potential scaffolds for
multivalent presentation. The first system investigated the activity of MTP40 presented
on streptavidin as a tetramer (Tet40), which improved the binding kinetics of MTP40
(Kp 1.32uM) when presented as Tet40 (Kp 0.072uM). Binding capacity was confirmed
as MTP40 conjugated to streptavidin Dynabeads successfully isolated the CD40R by
pull down assay. The second system explored MTP40 attached to the surface of gold
nanoparticles through thiol-Au bonds, to produce targeted polyvalent gold
nanoparticles (TPN40) presenting up to 2000 peptide units per molecule, which
demonstrated binding to CD40R by coomassie stain.

Changes in outputs associated with tsDC activation were observed in response
to CD40R targeted treatments. Surface expression of CD40R was upregulated in
response to Tet40 or TPN40, while TPN40 induced increased expression of activating
receptors CD86 and CD54. tsDC upregulated expression of IL-2 and IL-12, with a
corresponding down-regulation of IL-10, in response to Tet40 or TPN40. TPN40
treatments also stimulated uptake of the model antigen FITC-Ova by tsDC.

After confirming the tsDC cell line induced functional changes in response to
CD40R targeted activation, second goal was to determine whether the “activated” tsDCs
were able to induce priming of effector T cells in an antigen specific manner. T cell lines
significantly upregulated production of IL-2 and IL-12 in response to TPN40, while the
cytotoxic T cell line specifically upregulated IFN-y. T cell induced cytotoxicity and
proliferation were not significantly affected by the addition of ID8 tumour cell lysates,
suggesting further optimizations are needed to produce an antigen-specific response.

This study provided evidence that multivalent engagement of CD40R is required
to induce effective tsDC maturation, highlighting the importance of ligand presentation
in immunity. The work also provides a multistep model of immune activation as
stimulated tsDCs were capable of inducing changes in T cell lines. This demonstrates
proof-of-principle that multivalent activation at the DC level is sufficient to prime an
effector T cell response.

These conclusions have wider significance in the field of immunology, where
they suggest multivalent interactions can produce optimised immune responses. Gold
nanoparticles provided a stable, well-tolerated platform for multivalent drug delivery.
Future work should investigate the bimodal application of gold nanoparticles for
targeted drug delivery with tumour imaging.
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ACT Adoptive cell transfer

APC Antigen presenting cell

APS Ammonium persulphate

ASR Age standardised rate

BCA Bicinchoninic acid assay

BIOT-MTP40 Biotinylated MTP40

BSA Bovine serum albumin
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DCs Dendritic cells; generic term used as per the literature
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ER Endoplasmic reticulum
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MHCII
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MTS

MTT

MW
MWCO
NCI
NFkB
NHS-ester
NIH
NK cell
NO

NP
NSCLC
0C
OVA
PAP
PBS
PBST
PDAC
pDC
PD-1
PD-L1
PE
PGLA
PHA
PMA
PVDF

vii|Page

Major histocompatibility complex class |
Major histocompatibility complex class I
Matrix metalloproteinase

Monocyte derived dendritic cell
Monovalent CD40R targeted peptide

3-(4,5-dimethyliazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2 H-tetrazolium inner salt
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National institute of health

Natural killer cell
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Phosphate buffered saline
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Programmed cell death receptor 1
Programmed cell death receptor 1 ligand
Phycoerythrin
Peptidyl-glycine-leucine-carboxyamide
Phytohaemagglutinin P
Phorbol-12-myristate-13-acetate
Polyvinylidene fluoride

RAS oncogene family protein



Res
RMA
ROS
RPMI
SCFV
SCLC
SDS-PAGE
STAT
STREP
TAA
TAP
TBS
TBST
TCEP
TEMED
TET40
TGF
Th
TIFF
TIL
TIM
TLR
TMB
TNF
TPN40
TRAF
Treg
Tris

tsDC

UK
UPN
VEGF
WHO

viii|Page

Reticuloendothelial system

Murine CD4+* helper T cell line (Th1 type)
Reactive oxygen species

Roswell park memorial institute medium
Single chain variable fragment

Small cell lung cancer

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
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Toll like receptor
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Chapter 1: General introduction
The present chapter provides an overview to the changing demographics of cancer

prevalence, the established treatment methods and recent developments in the field
of immunotherapy. Reviewing this background information aims to highlight the
need for improved treatment modalities, and thus introduce the potential for
nanoparticle based dendritic cell (DC) therapies to improve the existing therapeutic

landscape.

1.1 Changing cancer demographics in the United Kingdom

The growth rate of the United Kingdom (UK) population continues to rise as a result
of increased life expectancy (Office for National Statistics [ONS], 2017). Cancer
accounts for 39% of the annual preventable deaths across England and Wales
(Laudicella et al., 2016) and cancer patients now live 10 times longer following
diagnosis compared to the 1970’s, meaning an estimated 2.5 million patients are

living with a cancer diagnosis in the UK today (Siegel et al.,, 2012).

In the field of cancer research, it is relevant to point out that the age bracket
showing the greatest increase is in citizens aged 85 years and older (Kaur & Poole,,
2017); in 1982, only 1% of the population fell in this age bracket, which now
accounts for 2.6% of the population (Kaur & Poole., 2017). An increasingly aged
population correlates with cancer diagnosis since for the majority of new cases
occur in the 70+ age group, with 50% of all new diagnoses being made in this
population (Kaur & Poole., 2017). In the last decade alone, total incidence rates of
all cancers in the UK have increased by 7% (Kaur & Poole., 2017). If current trends
in population aging and cancer development continue, cancer prevalence in the UK
is expected to increase by approximately 1 million survivors per decade from 2010

to 2040 (Maddams et al., 2012).

In a pioneering quantitative analysis, Doll & Peto proposed that 75% of all
preventable cancers in western populations could be attributed to three primary
factors: tobacco smoking, diet and obesity, and infectious agents (Doll & Peto, 1981).
This figure has recently been amended, and recent publications suggest these three
risk factor categories now account for approximately only 23% of western cancers
(Okada, 2014; Brown et al, 2018), indicating the changing demographics of

malignant disease. Improved scientific understanding and public awareness of risk
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factors associated with cancer development is likely to influence prevalence and
disease prognosis and as such, figure 1.1 outlines the changing mortality rates of

common cancers in the UK to date (WHO Mortality Database, 2017).

Trends in Cancer Mortality (UK)
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Figure 1-1: Trends in UK cancer mortality rates from 1983 to present

Trends in cancer mortality rates for 6 of the most common cancers observed in the
UK between 1983 and 2013. Data sets marked (*) refer to cancers primarily
affecting one gender only. Data represent the age-standardised rate (ASR) per
100,000 individuals. Data compiled from the WHO Cancer Mortality Database (most
recent data available in online database 2013, next publication update due 2018).
Authors own.

The most striking observation from this data is the decrease in mortality from lung
cancers. The causal relationship between smoking and lung cancer was identified
following the lung cancer epidemic in the 1940’s and 1950’s (Berenblum., 1944;
Levin et al,, 1950), and it is presently accepted that accumulated somatic mutations
induced by cigarette smoking results in cancer development (CDC General

Surgeon’s Report, 2010).
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Since public awareness of the risks of smoking increased and populations began to
reduce their tobacco intake, the mortality rates resulting from lung cancer in the UK
has continued to fall since the 1970’s (figure 1.1), while incidence rates have also
decreased from 63 to 39 new diagnoses per 100,000 between 2004 and 2014 alone
(figure 1.2). Notably, these figures correlate with a decline in the number of UK
smokers. When UK smoking statistics were first recorded in 1974, 46% of the
population identified as active smokers. By 2016, this statistic had decreased to 15.8%
of the UK population, highlighting the correlation between smoking and lung cancer

incidences.
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Figure 1-2: Comparison of the most common cancers in the U.K. by gender
between 2004 and 2014

The pictograph compares the 5 most common cancers in males and females in the
UK between 2004 and 2014 (2004 data adapted from the Office of National
Statistics, 2014 data adapted from the International Association of Cancer
Registries). Data represent ASR per 100,000 individuals. Authors own figure.

The body of evidence for causal relationships between lifestyle and environment
and cancer risk continues to grow. Most recently, the role of meat consumption in
cancer development has been investigated following a meta-analysis suggesting
that consuming 100g of red meat daily, and 50g of processed meats daily increases
an individual’s risk of developing colorectal cancer by 17% and 18%, respectively

(Bouvard et al., 2015). In 2015, the International Agency for Research on Cancer
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(IARC) published a monograph evaluating this data among 800 other
epidemiological studies. The report concluded that red meats are to be categorised
as a Class 2A carcinogen—'probably carcinogenic to humans’—and processed

meats as a Class 1 carcinogen—'carcinogenic to humans’.

The third most prevalent, preventable risk factor for cancer development is
infection and related inflammation. It is currently estimated that approximately 20%
of global cancers result from one of seven infectious agents; Helicobacter pylori,
Hepatitis B or C, Human Papilloma Virus (HPV) strains 16 or 18, Human
Immunodeficiency Virus (HIV), or Kaposi’'s Sarcoma-Associated Herpesvirus (KSHV)
(figure 1.3). While acute inflammatory responses promote healing of injured or
infected tissue, chronic inflammation causes DNA damage through production of
mutagenic factors including reactive oxygen species (ROS) and nitric oxide (NO)
which cause mutations such as deamination of DNA bases and oxidative
modifications. Repeated damage and repair of DNA in the presence of highly
mutagenic species results in genomic alterations which accumulate over time; for
example, p53 gene mutations occur at similar frequencies in inflammatory diseases

as is seen in the tumour environment (Coussens & Werb., 2002).
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Figure 1-3: Causal pathogens associated with common preventable cancers

Infection and inflammation result in chronic immune stimulation and damage to
host tissues. Specific have been identified as causal factors in various cancer types.
Two strains of HPV virus, types 16 and 18, are responsible for 70% of all cervical
cancer cases, while chronic hepatitis B and C infections are causal factors in 60-70%
of hepatocellular carcinomas worldwide. Authors own figure adapted from multiple
primary sources (Coussens & Werb., 2002; De Flora & Bonanni, 2011; Oh &
Weiderpass., 2014).
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A recent study investigating the impact of high doses (600mg/day) aspirin in
patients genetically predisposed to developing Lynch Syndrome correlated with a
63% reduction in the relative risk of cancer development after two years, compared
to placebo treatment (Beck et al., 2012). Cohort studies since have supported these
data, correlating long-term aspirin use with a 19% reduction in colorectal cancer
and a 15% reduction in all gastrointestinal cancers (Chao et al., 2016; Huang et al.,

2017).

Despite encouraging successes in some cancer types, others disease sites show
much more limited treatment options. Ovarian cancer is one of the most common
cancers in females (figure 1.2), which has particularly poor prognostic outcomes.
This occurs as a result of asymptomatic progression contributing to late stage
diagnosis, and the standard of care consists of invasive surgery required to de-bulk
the tumour mass, followed by aggressive chemotherapy regimens derived from
platinum based therapies (Vergote et al,, 2011). The prognosis of ovarian cancer
patients deteriorates as a result of the frequent re-occurrence rate of the disease,
expected to occur in 70% of patients. In light of such poor statistics, the landscape of
ovarian tumours clearly demonstrates the need for new modalities in cancer
treatments (Armstrong., 2002). Most recently, studies have identified increased
levels of vascular endothelial growth factor a (VEGF-a) and IL-6 in the ascitic fluid of
patients with epithelial ovarian cancer, which correlated with significantly shorter
progression free survival (Dalal et al.,, 2018). This presents the potential for VEGF-a
and IL-6 to be developed as a much needed biomarker for diagnosis. Despite
improved understanding of cancer risk factors, the total number of cancer
incidences across all sites has continued to increase sharply over consecutive years,

summarised in figure 1.4.
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Figure 1-4: Annual reported cancer incidences in the UK for all disease sites

The data in figure 1.4 illustrates the number of cancer cases registered annually. Figure
taken from Kaur & Poole., 2015, Cancer Statistics Bulletin showing data for 2013, the most
recent data publication all neoplasms combined. Data is shown as ASR in thousands.While
surgery, radiotherapy and chemotherapy have traditionally been considered the pillars of
cancer therapy, the continued rise in cancer prevalence presents need for new and
improved treatments. In the past decade, immunotherapy has entered the arena of cancer
research to bridge this niche.

1.2  Cellular biology of the tumour

In order to develop novel treatments capable of effectively priming an immune
response against neoplastic cells, it is useful to provide a brief overview of cellular
components within the tumour. Metastatic growths are composed of two basic
components, the parenchyma of transformed cells, which largely determine the
characteristic behaviour of the tumour, and the surrounding stromal cells of the
host which alter how the neoplasm develops (Fukumura et al., 2007). As the tumour
continues to grow and disturb local homeostasis, host cells are recruited to the area
where they develop dysfunctional roles. Immune cells, connective tissues,
vasculature, and the lymphatic system all demonstrate unique characteristics in the
tumour. This section will present a summary of the cell components relevant to
immunotherapy (as summarised in figure 1.5). As the tumour microenvironment as
a whole has been extensively studied, the reader is directed to read the
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comprehensive review by Balkwill and colleagues for further information (Balkwill

etal, 2012).

Red Blood
Cell

Neoplastic NK . T Adi) _ e i)
: ? pocyte (88 i
@ Cell Cell & Lymphocyte Eﬁﬁomm

#7 <= Hypoxic B 5 o Cancer e==_.. Extracellular
[({/F7" Neoplastic - g Macrophage Lymphocyte * «  Dendritic m | Associated T :
@ Cell @ e Cell Fibroblast M

Figure 1-5: Cellular components of the tumour microenvironment

Alongside transformed cells, supporting tissues from the host are also sequestered to the
tumour microenvironment where they promote tumour growth and metastasis. The above
diagram indicates the cell subsets most relevant to the field of immunotherapy (adapted
from Kerkar & Restifo., 2012; Goubran et al., 2014).

1.2.1 Tumour vasculature and cancer associated fibroblasts

In the initial stages of tumour development, mutated cells can sequester enough
oxygen and nutrients to sustain growth of a mass up to 2Zmm in diameter
(Muthukkaruppan et al., 1982). As neoplastic cells continue to divide at an
uncontrolled rate, cells furthest from the tumour vasculature receive inadequate
oxygen and nutrients from the blood, at which point angiogenesis is induced to
promote development of new blood vessels to meet such requirements (Yadav et al,,
2015). To this end, nutrient deprived hypoxic cells in the tumour secrete hypoxia-
inducible-factors (HIFs) to regulate gene expression involved in angiogenesis and
extracellular matrix (ECM) remodelling to facilitate invasion and metastasis of the

tumour (Potente et al.,, 2011). One factor produced in response to HIF secretion is
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VEGF, which induces differentiation and proliferation of vascular endothelial cells
lining blood vessels of the tumour, allowing more effective delivery of nutrients
(Bernatchez et al., 1999). In addition, tumour cells may synchronously express
VEGF-receptors (VEGF-R) which enables the neoplastic cells to respond directly to
autocrine and paracrine signalling, thus allowing tumours greater potential to
control their own development (Goel & Mercurio., 2014). The induction of HIF
associated proteins demonstrates how adaptations in tumour vasculature aid
tumour progression by stimulating angiogenesis outside of normal physiological
requirements. Therapies targeting neo-angiogenesis in the tumour have continued
to develop since the approval of Bevacizumab (a monoclonal antibody targeting
VEGF-a) by the Food and Drug Administration (FDA) in 2004 and many show
clinical benefit. The primary limitation of anti-angiogenic therapies is that
resistance mechanisms can develop as a result of the hypoxic conditions they
induce (Dey et al.,, 2015), which has been correlated with tumour metastasis and

relapse (de Groot et al., 2010).

Fibroblasts in the tumour environment switch to an activated phenotype during
cancer progression, at which point they are defined as cancer associated fibroblasts
(CAFs) which make up the most abundant stromal cells in the tumour, responsible
for synthesis of collagen and other proteins of the ECM (Madar, 2013). Established
roles of CAFs in the tumour include upregulation of matrix metalloproteinases
(MMPs) which degrade the local ECM to allow tumour invasion and metastasis
(Karagiannis et al., 2012), and production of HIFs, VEGF and other factors (Ostman
& Augsten., 2009). During tumour progression, CAFs also induce gene expression
changes which promote the recruitment of specific immune cell subsets to pre-
metastatic environments. For example, VEGF produced by dysregulated signal
transducer and activator of transcription 3 (STAT3) dependent signalling attracts
immune subsets expressing cluster of differentiation 11b (CD11b) (Servais & Erez.,
2013). Fibronectin and integrin avp3 have recently been associated with tumour
invasion; conversely, it has been shown that the invasive capacity of tumours is
diminished in the absence of fibronectin, illustrating the bi-modal function of

soluble factors in tumour development (Attieh et al.,, 2017).

1.2.2 Immune cell subsets and functions in the tumour
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The host immune system actively shapes tumour development and outcome, during
the three-phase process known as immuno-editing (Dunn et al,, 2002). During the
initial phase of elimination, the competent immune system can eliminate
spontaneously occurring transformed cells. If a small number of the neoplastic cells
do not encounter the immune system, the surviving cells may enter the equilibrium
phase in which immuno-editing takes place (Schreiber et al, 2011). During
equilibrium, the number of tumour cells displaying a non-immunogenic phenotype
increases due to selective pressure applied by the immune system. Variants with
beneficial mutations increase in number and confer additional resistance to
immune detection. During the final phase of immuno-editing, mutated variants are
no longer controlled by the immune system and escape, allowing tumour cells to
grow in an uncontrolled manner and resulting in established malignancies (Mittal et

al, 2014).

Cellular immunity is a protective process that involves the activation of multiple
cell subsets including phagocytes, lymphocytes and antigen presenting cells (APCs).
B and T lymphocytes are the functional effectors of cellular immunity responsible
for eliminating pathogens, the functions of which are strongly influenced by DCs.
The role of DCs in T cell development has been intensively studied since pioneering
work by Banchereau & Steinman in 1998 (reviewed more recently by Benvenuti in
2016). More recently, the role for DCs in determining the functional outputs of other
immune subsets such as B cell response to microbial infection (Sprokholt et al.,
2017) and natural killer (NK) subsets function have been established, showing the
diverse role of DCs in controlling immunity (Bottcher et al., 2018). Differentiation
pathways of immune cells which are commonly observed within tumour margins
are outlined in figure 1.6, and their role in tumour immunity will be discussed in

this chapter.
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Figure 1-6: Differentiation and function of immune cell subsets under

physiological conditions

Haematopoietic stem cells may follow one of two progenitor pathways. Myeloid
progenitors generate cells of the innate immune system (left of dashed line) while
lymphoid progenitors generate cells involved in adaptive immunity (right of dashed
line). The primary function of cell subsets during physiological conditions is
annotated below each subset in green (representing immunostimulatory function)
or red (representing immunosuppressive function. Authors own, adapted from
various sources (Murphy et al., 2012; Abbas & Lichtman., 2017).
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1.2.2.1 Macrophages, NK cells and B lymphocytes in the tumour
Several innate immune subsets can be identified within tumour margins.

Macrophages differentiate within peripheral tissues and are primarily responsible
for phagocytosis of compromised cells. Macrophage populations within growing
tumours are divided into two distinct subsets; those which modulate tumour
development, primarily through abundant production of ROS and NO (Mills., 2016),
and those which promote tumour growth, primarily through dysregulated
production of VEGF and EGF (Li et al,, 2016). Macrophage secreted factors in the
established tumour are therefore associated with tumour angiogenesis and
increased mutagenesis.

NK cells identify target cells based on the absence of major histocompatibility
complex (MHC) ligands at the cell surface including MHCI, MHC class-1 like, and co-
recognition proteins, which induces secretion of interferon gamma (IFN-y) and
direct killing of tumour cells (Cauwels et al.,, 2018). NK cell infiltrates are associated
with good prognosis in early stage cancers (Palucka and Coussens, 2016), although
NK function appears to be downregulated in advanced tumours since resident NK
cells are detected within tumour margins, but fail to eliminate most tumours
(Bottcher et al,, 2018). Advanced tumours demonstrate abnormal signalling and
expression of c-kit/SCF, c-myc, and STAT3 which have been suggested to drive
tumour progression, (Zakiryanova et al.,, 2017). Recent data investigating murine
melanoma demonstrated that depletion of NK cells correlates with decreased
peripheral and intra-tumoural helper T cells and increased tumour growth (Paul &

Lal., 2018).

B lymphocyte functions include antibody production, presentation of pathogen-
derived antigens to T cells, and cytokine production. While the majority of
immunotherapy research has focused on tumour infiltrating T cells, recent work
suggests a modest increase in B cell numbers within the tumour compared to
healthy surrounding tissues (Deng et al.,, 2016), while separate research groups
have proposed a role for tumour infiltrating B cells as immune suppressors in the
tumour (Xiao et al.,, 2016). Tumour infiltrating B cells have been categorised into
three phenotypes; activated, antigen-associated, or non-responsive (Bruno et al,
2017), of which the activated and antigen-associated cells have been linked to
effector T cell development in vitro, while exhausted B cell subsets are associated

with regulatory T cell development (Bruno et al., 2017).
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1.2.2.2 DCs in the tumour
The central role of DCs is to endocytose foreign antigens, process to the required

format within the DC cytoplasm and express the antigenic peptides produced at the
cell surface in the context of MHCI or MHCII receptors, for presentation to CD8* or
CD4+* T cells, respectively (Murphy et al., 2012). Within this role, DCs are the only
APC subset able to stimulate naive T cells to produce an antigen directed immune
response. DCs are a desirable candidate for immunotherapies, since stimulating
adaptive cellular immunity could allow the host immune system to determine the
extent of an immune response, and maintain effector functions for extended periods
after a tumour has been eliminated. Despite these attractive characteristics, tumour
associated DCs are often suppressed in an immature state, displaying low levels of
MHC and the co-stimulatory molecules which should be upregulated during normal
maturation (Tan & O’Neill, 2005). Studies have demonstrated functional
impairment of DC populations within multiple tumour types, including multiple
myeloma (Brimnes et al.,, 2006), oral squamous cell carcinoma (Han et al., 2017),
ovarian cancer (Krempski et al,, 2011), and melanoma (Lopez et al., 2009), amongst
others.

As illustrated in figure 1.6, DCs differentiate in the bone marrow via sequential
progression through myeloid or lymphoid derived pathways. In steady state
conditions, DC populations are composed primarily of myeloid derived subsets
(Fogg et al., 2006), while dysregulated transcription factor (TF) production in
cancer pathogenesis drives differentiation of monocyte derived DCs (Segura &
Amigorena., 2013). Although the exact mechanisms remain poorly defined; studies
have demonstrated tumour induced dysregulation of TFs including 1d2, IRF8 and
Batf3 (Satpathy et al.,, 2011). More recent studies suggest IRF8 is dispensable for
survival of differentiated monocytic DCs, but plays a role in survival of conventional
and plasmacytoid subsets (cDC and pDC, respectively) (Sichien et al.,, 2016). Only a
small fraction of DCs localised at the tumour lymph node are characterised as pDC,
which are much more prevalent in peripheral tissues (Swiecki & Colonna., 2015),
and recent data has suggested that infiltration of this particular DC subset may
correlate with poor prognostic outcomes in some tumours (Han et al.,, 2017).

Mouse models lacking lymph nodes demonstrated that cDCs were still capable of
activating T cells, suggesting this takes place despite the presence of

immunosuppressive mechanisms (Thompson et al., 2010). Separate groups have
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shown cDCs are capable of infiltrating tumour lesions and directly presenting
tumour associated antigen (TAAs) to T cells in the local environment, without prior
migration to the draining lymph node (Liu & Cao., 2015), and that priming within
the tumour is particularly associated with cross presentation by Batf3/IRF8 cDCs
(Sanchez-Paulete et al,, 2017). As such, DC subsets in the tumour microenvironment
can directly influence the functions of effector T cell subsets to initiate tumour
cytotoxicity (Sluiter et al., 2015), which may explain why higher DC numbers in the
tumour correlate with positive outcomes in some cancer types. The myeloid DC
subset will be referred to as DCs throughout the current review.

As a result of the heterogeneous differentiation of the DC lineage, not all DC subsets
produce the same outputs in response to activating stimuli; for example mature DCs
generated from peripheral blood monocytes using granulocyte-macrophage colony
stimulating factor (GM-CSF) and IL-4 are capable of inducing IL-12 in response to
CD40R activation, while pDCs generated by culture with IL-3 are not (Gilliet et al.,
2002). Other groups have identified a cDC subset which expresses high levels of co-
stimulatory receptors (CD40R, CD80, CD86 and MHCII) in response to stimulation
with CD40R antibodies or lipopolysaccharide (LPS) and demonstrates successful
antigen presentation capacity but is unable to induce IL-12 production even after
antigen activation with co-stimulatory factors (Lutz., 2012). While specific DC
subsets hold potential to control tumour development, such studies illustrate that

their functions remain inhibited in the local microenvironment.

The production of immunosuppressive factors such as IL-10, IL-6, and transforming
growth factor-f (TGF-[) also affect DC development in a tumour-specific manner,
resulting in decreased expression of co-stimulatory receptors (Michielsen et al.,
2011). DC maturation and function is also tumour-type specific; for instance, high
numbers of DCs are detected in ovarian cancer, however abundant production of
VEGF-a in this environment induces transformation in arriving DCs to pro-
angiogenic and pro-inflammatory phenotypes, enabling tumour expansion (Conejo-
Garcia et al., 2004). This situation is in direct contrast with colorectal cancers where
infiltration of mature DCs is inhibited, and ranges between three and six times
lower in primary or metastatic tumours versus the normal colonic mucosa,
respectively (Schwaab et al,, 2001; Pryczynicz et al., 2016). Recent studies have also
demonstrated that DC conditioning by lactate, which is produced by many tumours,

correlates with impaired cross-presentation and increased rate of antigen
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degradation at the APC surface, impairing antigen presentation efficacy in lung
cancers (Caronni et al., 2018). Such data highlight a range of factors which
contribute to ineffective DC maturation and function in the tumour
microenvironment.

In other cancers, DC numbers within tumour margins are limited as a result of poor
infiltration and reduced survival times (Mullins & Engelhard., 2017), and in many
cases increased DC numbers have been associated with improved patient survival
(Nagorsen et al., 2007; Tran-Janco et al,, 2015). The potency of DC-T cell interaction
has been correlated with expression of CD80/CD86 on the DC surface, and
abrogating this signal by blocking antibodies results in weakened intercellular
interactions and decreased T cell activation (Dilioglou et al.,, 2003). CD80/86
binding interaction with CD28 on the T cell surface induces signal transduction in
DC, responsible for DC production of T cell activating cytokines IFN-y and IL-6

associated with complete T cell priming (Koorella et al., 2014).

The dampened expression of surface receptors on immature DCs in the tumour also
influences the DC ability to produce cytokines. In the tumour, DC cytokine
production is insufficient to produce optimal T cell priming, resulting in anergic T
cell clones (Benencia et al., 2012). In particular, immature DC populations in tumour
margins show a shift toward inhibitory cytokine profiles, including increased
secretion and sensitivity to IL-10 and reduced production of IL-2 (Ma et al,, 2015).
This shift occurred alongside progressive upregulation of programmed cell death
receptor 1 ligand (PD-L1) at the DC surface (Ma et al.,, 2015), which correlates with
reduced capacity for CD8* stimulation (Lim et al., 2015).

During APC-T cell encounters, a specific molecular complex is assembled at the
immunological synapse between the APC and T cell surfaces (Monks et al., 1998). In
the central supramolecular activation cluster (c-SMAC), APC:T cell interactions
predominantly occur through interactions between MHC and TCR molecules,
assisted by co-stimulatory molecules CD28 and CD80/86 and stabilised by the
adhesion molecule CD54 in the periphery as shown in figure 1.7 (Friedl et al., 2005).
Increased surface expression of c-SMAC receptors improves the chances of
interaction with the cognate receptor on interacting T cells, leading to more efficient
T cell priming and reciprocal DC licensing. Seminal work by Caux et al in 1994

identified the role of CD40R activation in upregulating MHCII at the DC surface,
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along with accessory molecules CD80 and CD86 (Caux et al., 1994). Subsequent
ligation of CD80/86 to CD28 on the T cell surface initiates effective T cell priming,
while alternate binding to cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
dampens the T cell response (Tivol et al., 1995). Expression of the surface molecule
CD70 is particularly associated with DCs in the licenced state, and it has been
suggested that inhibition of this receptor enables tumour escape from immune

detection (Summers DeLuca & Gommerman., 2012).
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Figure 1-7: Receptors of interest involved in cell-cell interactions at the
immunological synapse between DC and T cells

The process of T cell activation can be simplified as a two-signal process. Signal 1 is
delivered through the TCR in response to MHC-peptide complex engagement
whereas signal 2 provides co-stimulation generated by multiple surface receptors
binding to their complementary partners. Authors own, adapted from Caux et al,,
1994., Dustin et al., 2010 & de Luca & Gommerman, 2012.

1.2.2.3 T Lymphocytes
T lymphocytes are the primary effector cell type asosciated with tumour immunity.

Immature T lymphocytes develop and proliferate in the thymus to create a
repertoire of T cell receptor (TCR) proteins through gene recombination. The
resulting cells can be further divided into two categories based on the expression of
surface molecules CD4 or CD8 (figure 1.8). CD4* T lymphocytes opimise antigen
presentation by APC subsets through receptor interactions at the cell surface, and
steer cytotoxic effector cell activity through the secretion of cytokines (Murphy et al,,
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2012). CD8* T lymphocytes induce direct cytotoxicity of infected cells through the
release of perforin and granzyme proteins from cytotoxic granules which disturb

the membrane integrity of target cells to induce apoptosis in response to interaction

Receptor selection in
cortex

Lymphoid progenitor
cells mature from
CD34+ cells to TCR
expressing cells in the
sub-capsular region of
the thymic cortex.

Positive Selection

Cells expressing
abTCRs interact with
thymic epithelial cells
expressing peptides
bound to MHC.

MHCT binding produces
CD8+ T cells.

MHCII binding
produces CDd+ T cells.

Negative Selection

In the cortico-medullary
area, T cells interact
with DC presenting self-
peptide bound to MHC.
T cells with high avidity
TCRs are programmed
for cell death.

Entry to circulation

Mature, naive, self-
tolerant T cells exit
through venules to the
medulla

Figure 1-8: Stages of early T cell development and selection in the thymus

with antigenic peptide at the APC surface.

T cells undergo a rigorous process of positive and negative selection during
development in the thymus. Immune checkpoints aim to prevent T cell reactivity to
host tissues by dampening the immune response to self-proteins and chronic
infections. The same mechanisms also prevent detection of transformed cells, which
express a similar array of surface receptors and thus potential antigen to the
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progenitor cell (Korman et al., 2006). Image adapted from Korman et al., 2006 and
Murphy et al., 2012.

Considering that the primary role of CTLs is to directly eliminate foreign or
compromised host cells through antigen recognition and that tumours express
specific forms of TAA, various factors must modulate the function of CD8* cells in
the tumour environment to allow neoplastic cells to divide unregulated. The failure
of CTLs to eliminate tumours can be explained as patient tumour infiltrating
lymphocytes (TILs) are deficient in several outputs, including proliferation,
cytokine production, and cytolysis, (Vazquez-Cintron et al.,, 2010) and are unable to
induce tumour cell lysis in situ. As such, the factors mediating T cell function in the

tumour have been extensively studied, and are outlined below.

1.2.2.4 Regulatory immune cell subsets
Regulatory cells affect the development of effector subsets in the tumour, including

myeloid derived suppressor cells (MDSCs) which expand in pathological conditions
into a heterogeneous cell population. MDSCs appear to suppress T cell function due
to their aberrant production of inflammatory mediators IL-10 and TGF-$, and
complete loss of CD28 on the T cell surface has been identified in tumours
expressing MDSCs in high numbers (Spaulding et al.,, 1999). Alternatively activated
MDSC and macrophages appear to accumulate at the tumour periphery in response
to dysfunctional cytokine signalling in the tumour, particularly VEGF, GM-CSF, HIF-
la and IL-10, amongst others (Nagaraj et al, 2013; Shojaei et al., 2008). This
phenomenon is particularly evident in melanoma lesions, suggesting that these
subtypes are recruited to the site by immunosuppressive factors produced by the
tumour, rather than developing as a result of conversion of existing immune subsets
within the tumour (Umansky & Sevko, 2013). At the tumor site, MDSCs undergo
activation (via TNF-q, IL-10, IL-1f, IL-6, IFN-y, COX-2 and HIF-1a, amongst others)
and strongly inhibit anti-tumor reactivity of DC, T and NK cells. Elimination of the
immunosuppressive cytokine TNF-a in murine models correlated with drastically
reduced accumulation of MDSCs, suggesting TNFR signalling promotes MDSC

survival and therefore tumour evasion (Zhao et al., 2012).

The differentiation of effector T cells depends on the nature of the activation signal
received, which produces distinct subsets of T helper or T regulatory (Treg) cells
characterised by their surface markers and cytokine profiles (figure 1.9). Treg cells

are required to dampen the immune response once a pathogen has been eliminated,
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but in cancers these subtypes can suppress the anti-tumour response, aiding

immune evasion and escape.

In the tumour microenvironment, effector T cell production is skewed toward an
immunosuppressive effector phenotype (Shevach., 2009). It is well documented
that Tregs inhibit the cytokine production and cytotoxic outputs of effector T cells in
the tumour, and several groups have shown that this dynamic remains unaltered
following stimulation by ex vivo peptide pulsed DCs (Celluzzi et al., 1996; Curiel et
al, 2004), although DCs have shown success in relieving Treg induced
immunosuppression in model systems (Dissanayake et al., 2014). High ratios of
Treg cells (particularly those with the CD4+CD25+FoxP3* phenotype) compared to
helper T effector cells are associated with poor prognosis in many cancers (Lee et al.,
2005). Treg accumulation is particularly prevalent in ovarian cancer, due to
dysregulated chemokine production in this tumour type. The chemokine ligand
(CCL) CCL22 involved in lymphocyte trafficking is upregulated by macrophages in
the tumour microenvironment, which induces Treg infiltration (Curiel et al., 2004).
In addition to recruitment of new Treg cells, CD4+ cells also undergo conversion into
Treg subsets as a result of aberrant IL-10, TGF-f, and adenosine production in the
microenvironment, which appear to adopt similar profiles of cytokine production
(Liu & Cao, 2005; Zarek et al., 2008). Treg cells expressing this regulatory cytokine
profile appear to exert enhanced suppressive functions in the tumour compared to

normal homeostasis (Gasparoto et al.,, 2010; Facciabene et al., 2011).

1.2.2.5 The influence of cytokines on immune cell development
Immune cell populations secrete and respond to different cytokines, which are

largely responsible for inducing different subpopulations with stimulatory or
suppressive phenotypes. The current understanding of which cytokines determine

the differentiation of T cell subsets is outlined in figure 1.9 below.
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Figure1-9: Polarisation of naive CD4+* T cells into differentiated effector
subsets

Naive CD4* T cells may differentiate into one of several subsets depending on the
mechanism of TCR activation and local cytokine milieu. This figure uses a “traffic
light” colour coding method to indicate immunostimulatory (green),
immunosuppressive (red) or intermediate (or poorly defined) (amber) cytokine
profiles. Compiled from the current literature regarding immunomodulatory
cytokines. Authors own.

Of the cytokines outlined in this diagram, IL-2, IL-12, IL-10 and IFN-y are
particularly well recognised for their role in DC and T cell interaction, as DC priming
in normal homeostasis induces increased calcium mobilisation and production of
cytokines IL-2 and IFN-y (Lim et al., 2012). These cytokines will now be discussed in

more detail.

1.2.3 IL-2

The first interleukin (IL) deemed essential for T cell growth in vitro was IL-2, over
30 years ago (Morgan et al.,, 1976). IL-2 has remained one of the most intensively
studied cytokines due to its extensive role in regulating immune activation and
homeostasis. IL-2 is a 15.5kDa cytokine predominately secreted by antigen
stimulated CD4+* cells, but also by activated DC, NK, and CD8* cells (Zelante et al,,
2012). DCs produce IL-2 in response to various activation stimuli, the most effective
being microbial products which induce activation through calcineurin/NFAT

signalling (Granucci et al., 2001). Secretion by DC is marginal compared to the levels
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produced by primed T cells, which suggests a role of maintaining T cell expansion
rather than initiating the process (D'Souza & Lefrancois, 2003). IL-2 signalling
occurs rapidly after TCR activation, inducing antigen-specific effector T cells and
promoting long-term lymphocyte survival via proto-oncogenic and anti-apoptotic

signalling (Boyman & Sprent, 2012).

IL-2 is predominantly produced by T cells in response to mitogenic stimuli (Theze.,
1998). Over the past two decades, the production of IL-2 by DC subsets has been
identified and appears to be induced by activation of the calcineurin/NFAT pathway
in response to microbe exposure including treatment with LPS (Granucci et al,, 2003;
Zelante et al,, 2012). Although DC are therefore capable of IL-2 production, other
research groups have suggested that this feature is dispensible for T cell stimulation
and abolishing IL-2 production by DCs does not negate the ability to induce effector
and memory T cell responses or NK cell proliferation in lymph nodes (Schartz et al.,
2005). While microbial cell components including LPS can trigger IL-2 induction to
variable extents, DC stimulation by cytokines failed to induce any changes,
illustrating that the activation output is largely dependent on the type of activating

stimulus.

The value of IL-2 as an immunotherapeutic agent is illustrated by the case study of a
33-year-old female patient who presented with metastatic melanoma in November
1984. Following multiple alternative prior treatments, the patient was the first to
receive aggressive recombinant IL-2 (rIL-2) infusion. This patient remained disease
free for the following three decades (Rosenberg, 2014). Complete remissions have
also been seen in cutaneous metastatic melanoma patients treated with IL-2 in
combination with topical retinoid treatment. For example, combination therapy has
induced 100% complete local response rates in all 11 patients involved in the trial
(Shi et al., 2015). Conclusions are limited by the small number of patients involved
in this trial but indicate promising prospects for IL-2 therapies, which can produce

objective and durable responses in metastatic melanoma.

1.2.4 1IL-10

IL-10 is produced by Treg and T helper CD4+* subsets, B cells, and macrophages to
down-regulate the Th1l response once an infection is resolved. Knockout mice
unable to produce IL-10 experience collateral damage to the surrounding tissues
through uncontrolled activity of effector Th1 cells and their cytokines, including
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inflammatory bowel disease (IBD) driven by unrestricted reactivity of effector CD4+*

T cells (Sellon et al., 1998).

However, circulating IL-10 has been correlated with poor patient prognosis in
multiple cancers in which upregulation of this cytokine inhibits production of pro-
inflammatory cytokines IL-12, IFN-y, and TNF-a (Mannino et al., 2015; Sato et al,,
2011). IL-10 dampens the antigen-presenting function of DC through suppression of
PI3K and Akt pathways (Bhattacharyya et al, 2004) and thereby reducing
expression of MHC and co-stimulatory molecules required for maturation (Sato et
al, 2011). Despite the abundance of literature defining the role of IL-10 as an
immune-dampening cytokine, recent data also indicate an anti-tumour effect of IL-
10. In a recent study of pegylated IL-10 administration in patients with advanced
solid tumours, serum levels of pro-inflammatory cytokines increased, which
correlated with an overall response rate of 21%, suggesting a potential opportunity
for IL-10 administration in tumour immunotherapy (Naing et al., 2016).

Research using a murine model of ovarian cancer demonstrated that DCs extracted
from the established tumour showed poor response to danger signals and were
insufficient at inducing T cell priming ex vivo. Recovered DC populations retained
expression of CD11c and CD11b at the cell surface, however loss of function was
associated with aberrant IL-10 production, which increased from less than
250pg/ml to more than 750pg/ml (Krempski et al., 2011), showing the direct

inhibitory effects of IL-10 on DC maturation and function.

1.2.5 IL-12

IL-12 is produced as a heterodimeric mature protein (IL-12p70) consisting of two
covalently linked subunits (p35 and p40). The IL-12p40 homodimer competitively
suppresses activity of IL-12p70. Production of the active p70 heterodimer is
increased in response to danger signals received via the toll like receptor (TLR) and
CD40R-CD40L interactions (Lasek et al., 2014). IL-12 acts as an orchestrating agent
determining the Th1-type immune response against tumours and promotes T cells
to induce IFN-y in response to priming (Pegram et al., 2012), and as such has come
into focus as an adjuvant therapy to guide primary immunotherapies. Early work
demonstrated that ligation of CD40R on the DC surface by T helper cell ligand was
sufficient to induce biologically active levels of IL-12 in the range of 260-4000pg/ml,

while other groups have suggested that production in response to CD40R is
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dependent on the presence of microbial stimuli (Koch et al., 1996, Schulz et al,,
2000). More recent research has shown that CD40R antibodies conjugated to the
surface of peptidyl-glycine-leucine-carboxyamide (PGLA) NPs induces dramatic IL-
12 production by CD8* T cells on a nanomolar scale (Rosalia et al., 2015), providing
encouraging data to support the potential for multivalent drug therapies to induce T

cell activation via CD40R.

The key challenge for current research is to develop novel methods of inducing and
delivering cytokines directly to the tumour environment where effector
lymphocytes are likely to encounter TAAs. Pre-clinical trials of intra-tumoural
injections with plasmid vectors containing the IL-12 gene have resulted in systemic
anti-tumour immunity and regression. However, these results did not translate to
the clinic due to low gene transfer efficacy (Heinzerling et al., 2005). In addition,
long-term treatment with IL-12 may have detrimental effects on anti-tumour
responses, as observed in follicular B cell non-Hodgkin’s lymphoma. In this setting,
long-term IL-12 administration correlates with upregulation of checkpoint inhibitor
TIM-3, leading to T cell exhaustion (Yang et al., 2012).

Production of IL-12 by DCs drives T cells toward a Th1 response (Kelsall et al,,
1996), and simultaneously supports DC survival post-activation (Koch et al., 1996).
Furthermore, IL-12 production by DCs is significantly repressed in the tumour
environment, and has been correlated with impaired DC maturation and poor

antigen presentation capacity (Scarlett et al., 2009).

1.2.6 IFN-y

IFNs are broadly categorised as soluble factors capable of protecting the host cell
from viral infection, while the IFN-y form is only produced by lymphocytes (Boehm
et al.,, 1997). Secretion of IFNs inhibits the proliferation of infected cells and recruits
inflammatory mediators including NK cells and cytotoxic T cells to the site of

inflammation.

In cancer cells, the alterations in gene expression that are attributed to IFN-y are
associated with increased immunogenicity, which thereby induces immune
stimulation, primarily by upregulation of MHC class I molecules on the cell surface
(Martini et al., 2010). IFN-y induced MHC class I expression has been shown to
activate a tumour-specific immune response in a mouse model of prostate cancer,

while sarcoma cells engineered to secrete IFN-y acquire sensitization to cytotoxic
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killing by CTLs. Furthermore, retrovirally mediated gene transfer of human IFN-y
upregulates MHC antigen expression in human breast cancer and leukaemia cell
lines (Zimmerman et al,, 2010), and the inclusion of IFN-y in combination with
platinum based therapies for the first-line treatment of ovarian cancer has resulted
in an improvement in progression-free survival (Marth et al,, 2006). Importantly,
significant increases in T-helper cells, T-cytotoxic cells, NK cells, and total
leukocytes have been observed following IFN-y treatment (Giannopoulos et al.,
2003), demonstrating the potential to stimulate immune effector cells. IFN-y has
also shown potential to directly recover DC function following tumour induced
suppression. DC extracted from peripheral blood and ascites of ovarian cancer
patients presented an immature phenotype (characterised by low expression of
CD40R and co-stimulatory receptors). Recovered cells were cultured for 5-7 days in
vitro with IFN-y and GM-CSF, which was sufficient to recover expression of CD40R
and CD80 at the cell surface, demonstrating that these cells retained the capacity for
maturation once the immunosuppressive stimulus was removed (Marth et al., 2006).
Re-stimulated cells were investigated for the capacity to induce a mixed lymphocyte
reaction, and found that IFN-y recovered DCs from ovarian tumours induced
immunosuppression and increased production of IL-12 by allogeneic T (Zavadova.,

2001).

1.2.7 Cytokine interactions in immune function

Although select cytokines influence the effector function of immune cells, these
factors do not act in isolation, but form a complex soluble network between immune
cells. Within the CD4* T cell lineage, Tregs express IL-2R, and require IL-2 in the
local environment to survive (Seddiki et al.,, 2006). IFN-y is primarily secreted by
activated T, NK and NKT cells, and plays a fundamental role in systemic and local
immunity. IFN-y secretion by NK cells and DCs in response to tissue injury and
antigen exposure induces production of IL-12 and IFN-y by effector cells, and
thereby induces a Th1 response (Zhou et al,, 2009). Th1 cytokines including IL-2,
IFN- v, and the functionally active heterodimer IL-12p70 (IL-12) help prime T cells
to cytotoxic effector cells expressing IFN-y and cytolytic molecules such as perforin
and granzymes, able to initiate apoptosis of cellular targets including malignant
tumours (Ebert, 2004; Pintaric et al., 2008). Repeated exposure of naive CD4* T
cells to IL-10 in the presence of antigen induces APC to develop immunosuppressive

phenotypes characterised by production of IL-10 and TGF-f which prevent APC
23| Page



activation (Groux., 2003; Shachar & Karin.,, 2013). IFN-y with IL-12 activates
macrophages to more efficiently produce tumour necrosis factor-a (TNF-a) and NO
(Hall et al., 1984), outlining how cytokines form a complex network of pleiotropic

signals in the tumour environment illustrated in figure 1.10.
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Figure 1-10: Infiltrating immune cell interactions with the tumour via soluble
factors. Authors own, adapted from Hall et al., 1984; Ebert., 2004 & Pintaric et
al,, 2008

As cancers become established over time, immune cells contribute to the tumour
stroma where they form a complex network enabling tumour growth. Many
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immune cells display dual roles in tumour development depending on the cytokine
profile in the tumour. Additionally, tumour-induced factors such as CCL22, CCL5,
and CCL28 promote Treg recruitment and expansion.

1.3 Mechanisms of evading cellular immunity

Section 1.2 highlights the diverse roles of immune cell types in the tumour, and their
association with DC based immunity to varying degrees. CTL priming requires
synergistic signalling from both MHC and co-stimulatory molecules to induce
activation and clonal expansion. First, an antigen specific signal is received as a
short TAA peptide presented in the context of MHCI on the tumour cell. This signal
is accompanied by co-stimulatory signals induced by interaction of CD80/86 with
their cognate receptor (CD28). Finally, a T cell response requires further

stimulation by the presence of immunostimulatory polarizing cytokines.

Since pioneering work by Boon et al. uncovered genes encoding antigens by
screening transfected tumour DNA libraries (Boon et al., 1994), antigenic peptides
are predicted to be expressed by most, if not all, tumours. As such, tumour cells
expressing high mutational loads are associated with stronger immunogenicity and
a more potent immune response (Blankenstein et al., 2012). Considering the
discovery of TAAs and the increased risk of cancer incidence in immune-
compromised populations (as described in section 1.1), tumours must demonstrate
innate or acquired capacity to manipulate immune responses to avoid immune

elimination during the initial phases of tumour development.

The Hallmarks of Cancer by Hanahan & Weinberg provides an organised framework
in which to categorise the acquired characteristics of neoplastic diseases, illustrated
in figure 1.11. Acquisition of these characteristics provides a selective advantage
over the normal cell population, enabling tumour cells to become dominant in the
microenvironment. As normal cells progressively evolve into the neoplastic state,
abnormal activity in critical functions such as DNA repair and replication lead to
increased frequency of somatic mutations; for example mutations in DNA
polymerase genes can result in high tumour mutational load because the efficacy of
DNA proof-reading is decreased. In another example, mutations affecting the DNA
damage checkpoint P53 through somatic mutation, copy number loss, or epigenetic
silencing increase cell tolerance to DNA damage, which also results in increased

frequency of mutations (Palucka & Coussens., 2016).
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Figure 1-11: The hallmarks of cancer, from Hanahan & Weinberg, 2011

Over the past decade, the Hallmarks of Cancer framework has been updated to
include the acquired capacity of tumour cells to evade immune detection and
elimination (Hanahan & Weinberg, 2011).

The most recent addition to the Hallmarks of Cancer is the ability of tumour cells to
avoid immune destruction, influenced by the activation profile if infiltrating
immune cells (Hanahan & Coussens, 2012). The ability of tumours to escape

immune recognition will be discussed here.

1.3.1 Defective antigen presentation via MHCI

As discussed in chapter 1.2.2.3 the TCR, unlike antibody, does not directly bind to
unprocessed antigen. Instead, recognition of antigen by effector T cells requires
presentation at the APC surface in the context of MHC molecules, making this
protein an essential component in the initiation of an immune response. Some of the
most common mutations identified in tumour populations affect the structure and

function of MHC associated proteins, illustrated in figure 1.12.

Prior to their presentation on the APC surface, cytosolic and nuclear proteins are
degraded by the proteasome in the cell cytoplasm into peptide subunits. The heavy
chain of MHC class I is stabilised by B2 microglobulin, initiating the peptide loading

complex with transporter associated with antigen processing (TAP) proteins,
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calreticulin and tapasin. Peptide delivery through TAP1/2 proteins forms the
mature MHC molecule, which dissociates from the peptide loading complex and is

exported to the plasma membrane to present a short peptide of 8-10 amino acids to

the immune system (Murphy et al., 2012).

Ubiquitinated
proteins

Figure 1-12: MHCI subunit assembly required for antigen presentation

TAP proteins are responsible for translocation of peptides into the lumen of the
endoplasmic reticulum (ER), where they induce specific folding of MHCI. Image
adapted from Murphy et al., 2012.

Mutations in the 2 microglobulin gene are associated with loss of heterozygosity
and ultimately failure to express MHCI at the tumour cell surface. Gene mutations in
2 are observed in melanoma, colorectal carcinoma, prostate adenocarcinoma, and
breast carcinoma (Algarra et al., 1997). MHC downregulation can occur from defects
in other MHC genes primarily involved in synthesis of TAP1/2 proteins. TAP genes
function as tumour suppressors, and mutations in this family correlate with
significantly reduced subcutaneous tumour growth and pulmonary metastasis in
B16 mouse models (Agrawal et al, 2004). Immunosuppression resulting from
mutations in TAP1/2 genes has shown potential to be counteracted using treatment
with IFN-y and TNF-a (Seliger et al, 2001), which upregulate TAP1/2 at the

transcriptional level.

Disruptions to the proteins and enzymes involved in effective MHC assembly and
loading affect tumour recognition. Another enzyme which shows dysregulated
function in tumours is the endoplasmic reticulum aminopeptidase associated with
antigen processing (ERAP1/2) (Stratikos., 2014). ERAP1 is induced in response to
IFN-y and modifies the peptide repertoire available for T cell recognition by
trimming peptides received from the proteasome to the antigenic peptides
presented by MHCI (Murphy et al., 2012). Interestingly, downregulation of this
enzyme appears to act differentially depending on the cancer type. For example,
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downregulation of ERAP1 has shown potential to induce cytotoxic activity of NK
cells against murine lymphoma, which may result from lack of MHC expressed at the
cell surface (Nagarajan et al., 2012). This finding was followed by additional studies
demonstrating that ERAP1 downregulation is also capable of inducing CTL
responses to TAAs in colorectal cancer which are normally eliminated by ERAP

processing (James et al., 2013).

Defective antigen presentation in the tumour prevents cytotoxic T cells from
recognising TAAs presented in the context of appropriate MHC molecules.
Secondary analysis of human tumours derived from tissues which were identified
as MHCI* at primary testing has demonstrated that between 40-90% are
subsequently identified as MHCI- upon re-testing, illustrating the evolving dynamic
of the tumour (Haworth et al., 2015). A summary of MHC expression profiles in

various tumours is provided in table 1.1.
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Table 1-1: Prognostic indications of cancer subsets with demonstrable MHCI down-regulation

Adult tumour type Prognostic indications References

Downregulation associates with poor survival Bijen etal., 2010
Hanagiri et al.,2013
Nilsman et al., 2013

Endometrial carcinoma
Lung carcinoma
Tonsillar squamous cell carcinoma

Lechner etal., 2013
Paulson et al., 2014
Lechner etal,, 2013

Melanoma High expression predicts positive response to immunotherapy in vitro
Merkel cell carcinoma

Renal cortical adenocarcinoma
Head and neck carcinomas

Downregulation correlates with increased regional lymph node metastasis Duray etal., 2010

Prostate carcinoma Downregulation associates with high Gleason grade and early reoccurrence Bubenik., 2004

Bladder carcinoma

Breast adenocarcinoma

Colorectal carcinoma

Cervical carcinoma

Ovarian carcinoma

Downregulation associates with relapse in BCG associated cases

Expression inversely correlates with human epidermal growth receptor (HER2)
expression; Expression predicts immunotherapy response in vitro

High expression correlates with improved survival;
Expression predicts immunotherapy response in vitro

Low expression correlates with improved prognosis in HPV+ cases;
Normal expression correlates with improved prognosis in HPV- cases

Low expression correlates characterises high risk serous carcinoma

Carretero etal., 2016

Inoue etal,, 2012 ;
Lechner etal.,2013

Simpson et al., 2010;
Lechner etal.,, 2013

Bubenik., 2004;
Ashrafi etal., 2015

Yoshihara et al., 2012.

MHC associated proteins control peptide generation, trimming, and editing prior to MHCI loading. Altered expression of processing machinery
molecules affects MHC expression in the tumour and correlates with poor prognosis in various tumour. Original table, data compiled from primary
publications (cited).

29| Page



1.3.2 Induction of immune checkpoints

Throughout the lifetime of an activated T cell, these effectors of immunity also
express multiple co-inhibitory receptors known as immune checkpoints. Checkpoint
receptors monitor the immune landscape and prevent overt or uncontrolled
immune responses to pathogens or self-antigens, which could cause inflammation
or autoimmune type reactions (Korman et al.,, 2014). Proteins responsible for this
function include lymphocyte-activation gene 3 (LAG-3), Programmed cell death
receptor 1 (PD-1) and CTLA-4 (Nirschl & Drake 2013), which also modulate T cell
responses to self-proteins, including TAA (Topalian 2012).

In resting naive T cells CTLA-4 is located primarily in the intracellular compartment
and is upregulated at the cell surface in response to complimentary TCR and CD28
signalling (Linsley., 1996). Oppositely, Tregs constitutively express CTLA-4, and this
is thought to be important for their suppressive functions (Takahashi., 2000).
CTLA-4 binds the B7 family with higher avidity than stimulatory CD28,
demonstrating 500-fold binding affinity to CD83 and 2500-fold to CD86 (Parry et al.,
2005). CD28 provides one of the key activating signals for T cell activation, which
displaces CD28 as a result of its greater affinity, to dampen the immune response
once an inflammatory stimulus has been dealt with. In CTLA-4 knockout mice,
extensive lymphoproliferative disease resulted in death by age 3-4 weeks from un-
restrained CD28-induced T cell activation (Pentcheva-Hoang et al, 2004).
Susceptibility of CTLA-4 knockout mice to fatal unregulated immune responses
illustrates the importance of the CTLA-4 pathway in maintaining normal
homeostasis at the end of an immune reaction. CTLA-4 is the first of several immune
checkpoints encountered by T cells during development, and is responsible for
eliminating potentially autoreactive T cells at the first stage of naive T cell activation
in lymph nodes. Ligand-receptor interaction of CTLA-4 dampens effector T cell
proliferation and IL-2 production, applying a physiologic brake to immune system

activation (Egen & Allison., 2002).

A second well-defined immune checkpoint is the PD-1 pathway, an inhibitory
receptor also present on the activated T cell surface, which is generally expressed
by T cell populations within tumours as opposed to in lymphoid organs (Topalian et
al, 2012). PD-1 suppresses T cells later in the immune response than CTLA-4,
primarily in peripheral tissues, and binds two cognate ligands: PD-L1 and PD-L2.
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PD-L2 is expressed on APC populations, suggesting a role in regulating T cell
priming. PD-L1 displays more homogenous expression and is detected on immune
subsets and by some tumours. PD-1 expression is a hallmark of “exhausted” T cells -
seemingly incapable of initiating effector functions — which are induced by exposure
to suboptimal antigen presentation or reduced CD4* T-cell help (Wherry., 2011). A
final example of altered immune checkpoint expression is LAG-3; a homolog of CD4
which binds MHCII on the APC surface, providing an alternative pathway for T cell
inhibition. LAG-3 specifically inhibits CD8* effector T cell functions by enhancing the
suppressive activity of Tregs (Grosso et al., 2007). Under inflammatory conditions,
the receptor is expressed in vivo on the surface of activated CD4+, CD8* and NK cells
and is also upregulated on anergic T cells (Topalian et al,, 2012). Recent studies in
murine ovarian cancer models have investigated the potential for LAG3 as
combination therapy with PD1, where the synergistic activity of these pathways has

shown encouraging results in dampening anti-tumour immunity (Huang et al,

2015).

1.4 Current immunotherapies

Immunotherapies aim to harness the patient’s immune system to specifically target
malignant cells. The goal is to utilise the unique attributes of the immune system for
cellular memory and unmatched specificity to induce complete and durable
remissions with few or no side effects compared to traditional therapies. As a result
of these desirable traits, immunotherapies have been hailed by Cancer Research UK
as “the most promising new cancer treatment approach since the first
chemotherapies” (Stanculeanu et al., 2016). In particular, cellular immunotherapies
present the opportunity to induce extraordinarily long-term responses. In some
cases, patient responses to immunotherapy have been detected for more than 10
years after treatment, as has been observed in melanoma patients treated with
[pilimumab. One study recorded patient survival for over 10 years following
therapy, including some patients who were no longer receiving treatment,
indicating that treatment free survival is possible in some cancers (McDermott et al.,
2014). Unfortunately, the persistence and durability of the cellular response also
extends the timeline over which potential toxicities can result far beyond that seen
using conventional chemotherapies (Weber et al., 2016). The consistent need for

improvement in the field of immunotherapy drives continued research for new
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treatments with higher specificity and lower toxicities. This section details the most

relevant advances in immunotherapies currently under investigation.

1.4.1 Immune checkpoint blockade
Targeting immune checkpoint pathways in the tumour has demonstrated promising
potential to re-stimulate the suppressed local immune system driven largely by two

key pathways: CTLA-4 and PD-1 (figure 1.13).
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Figure 1-13: Dynamics of immune checkpoint proteins PD-1 and CTLA-4 with examples of FDA approved checkpoint
blockade antibodies

The CD28/CTLA-4 receptor family of immune checkpoints are expressed on T lymphocytes at the end of an immune response and
competitively bind to conjugate ligands of the B7 family at the APC surface to dampen activation. The PD-1 receptor family is expressed on T
lymphocytes under normal conditions, while tumour cells induce expression of PD-L1 to induce T cell death. Authors own, adapted from
multiple primary references (Das et al,, 2015; Parry et al., 2005; Peggs et al.,, 2006).
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14.1.1 CD28/cytotoxic T lymphocyte antigen-4
Anti-CTLA-4 therapy is one of the first treatments to demonstrate definite clinical

benefit through direct T-cell activation, and is currently in clinical use for treatment
of stage IV melanoma (Weber, 2007). Although CTLA-4 therapy has demonstrated
significant success in melanoma, this response has not yet been reproducible in the
wider context of cancer treatment, potentially due to the specific immunogenicity of
tumours. Tissue studies suggest that melanoma samples display a particularly high
number of somatic mutations (Snyder et al., 2014), which may result in a more
accessible source of TAA to utilise as immune stimulators alongside checkpoint
inhibitor immunotherapies. Pigment differentiation proteins for example are
expressed by most melanoma samples throughout all stages of disease development
and display incomplete immune-tolerance (Snyder et al, 2014), providing a

uniquely accessible target for immunotherapies.

The ability of CTLA-4 to inhibit T cell activation is dependent upon a number of
factors, including the strength of the TCR signal and the activation state of the APC.
CTLA-4 inhibits both CD4+* and CD8* T-cell responses and CTLA-4 localization at the
immunological synapse is favored under conditions of stronger TCR signalling
(Egen & Allison., 2002). Clinical trials evaluating anti-CTLA-4 monotherapy were
based on preclinical data that showed that, when used alone, this treatment
regimen induced rejection of several tumor types, including colon carcinoma,
fibrosarcoma, prostatic carcinoma, lymphoma, and renal carcinoma (Peggs et al,,
2006). However, anti-CTLA-4 monoclonal antibody monotherapy failed in less
immunogenic tumors such as B16 melanoma, which may result from the ability of
CTLA-4 blockade to induce general immunity sufficient to eliminate highly
immunogenic tumours, rather than initiating a highly selective tumor-specific

response (Tivol et al,, 1995).

1.4.1.2 Programmed cell death 1 receptor
The pro-inflammatory tumour environment upregulates PD-L1 expression at the

tumour surface in response to pro-inflammatory molecules TNF-a, LPS, GM-CSF,
VEGF, and IL-10 (Sznol & Chen, 2013). In this system, although T cells in the tumour
may receive the necessary interactions via CD28 and MHC-bound peptide, PD-1/PD-
L1 binding down-modulates the ability of the activated T cells to produce an
effective immune response by forming a barrier between the cancer cells and the

immune system (Philips & Atkins, 2015). Exhausted TIL populations have shown a
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correlation with PD-1 expression on tumour cells, suggesting that PD-1 interaction
not only prevents T cells from recognising the tumour, but that these immune cells

are prevented from launching a subsequent immune reaction.

In clinical trials, antibodies Nivolumab and Pembrolizumab directed against PD-1
and its ligand have demonstrated potential to restore or augment anti-tumour
immunity. Clinical activity has now been demonstrated in several cancers, including
melanoma, lung cancer, and renal cell carcinoma (Carbognin et al., 2015). The
efficacy of anti-PD1 monoclonal antibodies has also been investigated in
combination with adjuvant therapies GVAX and FVAX, cell lines modified to produce
either granulocyte macrophage GM-CSF or FMS like tyrosine kinase 3 ligand (FLT3),
respectively (Duraiswamy et al., 2013). When combined with GVAX vaccination
therapies, antibody mediated PD-1 or PD-L1 blockades have triggered rejection of
ID8 tumours in 75% of mouse subjects. Rejection was associated with increased
proliferation and function of tumour specific effector CD8* T cells, resulting in

enhanced cancer control (Duraiswamy et al., 2013).

While robust and significant regressions have been reported in selected tumours
following immunotherapy treatment, the overall rate of patient responders requires
further improvements. As recently as 2017, it has been recorded that 20% of
Hodgkin’s lymphoma patients and 60% of melanoma patients failed to show any

response to PD-1 therapies (Ott et al., 2017).

1.4.1.3 Checkpoint blockade combination therapies
Hoping to improve the percentage of patient responders to checkpoint inhibitor

therapies, the number of clinical trials investigating a combination of PD-1 or PL-L1
alongside at least one additional therapy has risen annually over the past six years,
from just 13 trials in 2011 to 467 trials in 2017, with the majority of the latter
focusing on combination therapies with CTLA-4 (Tang., 2018). Checkpoint blockade
of either CTLA-4 or PD-1 display separate mechanisms of action. Blocking CTLA-4
binding to enhance T cell priming cannot be fully effective if tumour cells can avoid
recognition by primed immune cells through PD-L1 interaction (Das et al.,, 2015),
therefore combinations therapies have primarily targeted the PD-1 and CTLA-4
pathways, since the two follow distinct mechanisms of action by acting at different

points in the immune response. PD-1 is thought to predominantly regulate effector
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T-cell activity at the antigen recognition stage within tissue and tumours, whereas

CTLA-4 regulates T-cell activation in the priming phase in the lymph node.

As of September 2017, 251 trials investigating combination therapies of CTLA-4
with PD-1 were underway according to the CRI Annual Review. Overall,
combinations of anti-CTLA-4 therapies with treatments targeting other aspects of
tumour immunity demonstrated higher clinical efficacies than CTLA-4
monotherapies alone. Of the areas investigated, combination treatments
simultaneously targeting antigen presentation and tumour killing have revealed the

greatest improvement (Swart et al., 2016).

The combination of CTLA-4 and PD1 blocking antibodies have demonstrated a
higher level of anti-cancer activity than either treatment in monotherapy. Figure
1.14, taken from Swart, Verbrugge & Beltman., 2016, succinctly illustrates the
efficacy of CTLA-4 immune blockade in combination with various other
immunotherapies affecting separate stages in the cancer-immune cycle, and shows
that with PD-1/PD-L1 have shown the most robust response, demonstrating an
increased clinical efficacy of 60% in the overall survival of melanoma patients.
Recently, combination therapy of low-dose antibodies against CD137, 0X40, and
CTLA4 have demonstrated clinical efficacy which was able to induce systemic
tumour regressions in murine models of colon cancer and B cell lymphoma (Hebb et
al, 2018). In other cancers such as non-small cell lung cancer (NSCLC), PD-L1
membranous expression appears to serve as a potential marker for the patients
who are potentially most sensitive to anti-PD-1 therapies (Reck et al., 2016).
However this indication is not absolute, as not all patients whose tumours express
membranous PD-L1 respond to anti-PD-1 or anti-PD-L1 therapy, and other immune
parameters such as the infiltration of CD8 cells also appear to be important for the

sensitivity to immune checkpoint inhibitors (Taube et al., 2014).

The interaction of secondary immune parameters alongside checkpoint blockade
therapies has been demonstrated in murine models of pancreatic cancer. Pancreatic
ductal adenocarcinoma (PDAC) typically shows a low response rate to
immunotherapy, with a 5 year survival rate of only 6% (Zheng, 2017). Murine
studies have shown antibodies for CD40R improves responses to PD-L1 blockade in
patients with pancreatic cancer (Luheshi et al, 2016), providing encouraging

prospects for combination immunotherapies in difficult to treat cancer types.
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Figure 1-14: Clinical efficacy of various immune stimulating therapies when
used in combination with CTLA-4 blockade

The efficacy of anti-CTLA-4 therapies has been tested in combination with primary
therapies targeting different categories of cancer-immune interactions. Arrow size
indicates the increase in immune response compared to anti-CTLA-4 monotherapy.
Image taken from Swart et al.,, 2016.

Application of combined immunotherapies are primarily limited by the increased
risk of adverse events. Grade 4 (life threatening) adverse events have been reported
in 54% of patients receiving more than one immunotherapy treatment in
combination, while only 20% of monotherapy patients experienced similar
reactions (Weber et al, 2016). Although progress continues to be made in
understanding of disease pathology and resultantly immunotherapy, these figures
illustrate the need for improvement in treatment specificity. Recent studies
investigating the efficacy of Ipilimumab treatment in metastatic melanoma
following primary treatment with anti-PD1 therapy induced responses in patients

who previously failed monotherapy. However, addition of Ipilimumab was also
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associated with high-grade, immune-related adverse events in this cohort, with
three patients (7%) developing severe pneumonitis, which resulted in the death of
one patient (Zhang et al., 2017). In this case, the immunological profile induced by
PD-1 pre-treatment was hypothesised to promote T cells with increased
autoimmune potential, reacting aggressively against non-target host cells (Swart et

al, 2016).

Encouragingly, complete regression and long-term survival has been observed in
patients treated with checkpoint blockade combinations, particularly in melanoma.
However, there is still a large proportion of patients who remain non-responsive to
checkpoint blockade. This field has developed rapidly since Ipilimumab was
approved as the first checkpoint inhibitor by the FDA for treatment of melanoma in
2011. Considering the infacncy of this field, many of the mechanisms of tumour

resistance to checkpoint blockade therapies have yet to be elucidated.

1.4.2 Adoptive cell transfer

Adoptive cell transfer (ACT) involves engineering cells from individual patients to
recognise and attack tumours, particularly in late-stage cancers with limited
alternative treatments. ACT currently involves a complex procedure in which
patients undergo lymphodepletion by chemotherapy or whole-body radiation prior
to ACT infusion. This phase is followed by a high dose IL-2 infusion (which is
associated with high toxicity) to aid survival of the transplanted T cells, before re-

introducing the patient’s lymphocytes (Muranski & Restifo., 2009).

Pioneering work in ACT by Dr Steven Rosenberg at the National Cancer Institute
(NCI) involving three small cohort clinical trials in melanoma clearly demonstrated
efficacy of ACT-modified TILs. Infused cells were able to induce anti-tumour effects
when infused as a single-dose treatment alongside adjuvant IL-2 therapy to support
T cell survival post infusion. The first trial investigated the half-life and
immunologic effects of IL-2 derived from Jurkat cells in a 12-patient cohort (Lotze et
al,, 1985). Further studies by the same group showed objective remissions in 3 of 6
patients lasting up to several months without additional treatments, establishing
that IL-2 therapy could mediate the regression of established cancer in select
patients (Lotze et al., 1986). Of the 93 melanoma patients participating in the initial
three trials, 20 demonstrated complete response. A further 19 subjects

demonstrated tumour-free survival five years after treatment; this result is
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especially encouraging as this cohort had previously been non-responsive to
alternative immunotherapies. Therefore, ACT therapy has been deemed one of the
most important treatments in melanoma prior to checkpoint blockade. However, it
is crucial to reiterate the unique context of the immune environment in melanoma,
which may not provide a representative model for the general tumour response to

this treatment.

Infusion of an exponential number of T cells in the manner required for ACT has
demonstrated a risk of inducing severe immune responses, including cytokine
storm, with potentially fatal outcomes. As a result, clinical trials have investigated
the efficacy of ACT using lower doses of enriched T cells, and reduced
lymphodepletion (Hunder et al., 2008). Recent clinical trials investigating low dose
IFN-a for pre-treatment sensitisation combined with low dose IL-2 post treatment
resulted in persistence of infused T cells with substantially diminished toxicity
(Khammari et al., 2009). Considering the lifetime of the TIL and potential for clonal
expansion, as well as the individual clone’s recognition of allogeneic or autologous
tumour cells, has optimised cell selection for ACT. As such, it is now recognised that
TIL populations with longer telomeres persist in circulation for an extended
duration and therefore, require lower initial infusion numbers, reducing associated
side effects (Zhou et al., 2005). Continued continued developments in the field
alongside improved understanding of molecular mechanisms in immunology

continues to enhance specificity of ACT treatments.

1.4.3 Chimeric Antigen Receptor T cell therapy

One form of ACT, Chimeric Antigen Receptor T cell technology (CART), was first
investigated in the 1980’s by Zelig Eshhar’s group at the Weizmann Institute of
Science in Israel (Gross et al., 1989). This research group replaced the TCR variable
region with variable regions derived from monoclonal antibodies, providing a
mechanism to induce tumour specificity into ACT. In this procedure, target cells are
removed from the donor, genetically engineered to express specific targeting
moieties, expanded ex vivo, and then re-introduced into the patient. Re-infused cells
contain the extracellular, transmembrane, and cytoplasmic domains of normal TCRs
with binding specificity of engineered antibodies. These cells also produced
functional activation of T cells including proliferation, interleukin production, and

target cell lysis (Gross et al., 1989).
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CART is now in clinical practise and CART therapies have specific advantages over
transgenic expression of the T cell receptor. For example, CARs recognise antigen
independently of human leukocyte antigen (HLA) and typically interact with larger
epitopes than the small peptides recognised by transgenic methods, thereby
reducing the risk of cross reactivity. CAR-T cells overcome some of the limitations of
conventional T cell therapies, which may be rendered ineffective by resistance
mechanisms of the tumour, and have demonstrated benefits in tumours where

downregulation of MHC is induced to evade immune detection.

The structural components of CART receptors are outlined in figure 1.15, adapted
from Dotti et al.,, 2014. Since initial design in the 1980s (Gross et al., 1989), CART
structures have been modified to improve specificity by attaching co-stimulatory
signalling domains required for effective activation. The function and specificity of
CART therapies is defined by the affinity of the single chain variable fragment (scFv)
and location of the target epitope on the antigen; for example, CART therapies
which bound an epitope on CD22 at the B cell plasma membrane have
demonstrated greater efficacy in leukaemia than CAR-T therapies targeted against
an epitope located deep in the cell membrane (Fry et al., 2018). The hinge region
connects the antigen binding ectodomain to the transmembrane domain and
changes in length and flexibility of the hinge also affect CART function (Dotti et al,,
2014). The transmembrane domain is commonly derived from CD3, CD4, CD8, or
CD28; the choice of protein for the base of a CART affects stability at the cell surface
while the endodomains communicate activating and co-stimulatory signals to the T
cells (Dotti et al,, 2014). Proteins including CD28 and LFA-1 have been incorporated
into the receptor endodomain, helping to initiate robust T cell priming with

specificity to avoid T cell anergy through incomplete activation signalling.

Most recently, the fourth generation of CART therapies have incorporated
transgenic gene vectors for inducible cytokine production, referred to as T cell
redirected universal cytokine Kkilling “TRUCK” CARTs. Synchronous delivery of
cytokine therapy alongside targeted CART therapy provides a bimodal attack, with
potential for therapeutic benefit since not all cells within a tumour may express the
target epitope for CART therapy due to phenotypic heterogeneity in an established
tumour. Inducible expression of stimulatory cytokines such as IL-2 and IL-12 could

potentiate the benefit of CART efficacy in this patient cohort by inducing non-
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specific immune activation in the microenvironment. To date, CART trials
incorporating TRUCK moieties have demonstrated the most effective increase in
tumour immunity, as IL-12 exerts direct pleiotropic effects on stromal and
infiltrating immune cells, as well as recruiting additional immune cells to the area

(Pegram et al,, 2012; Klingemann, 2014).
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Figure 1-15: Evolution of CART structural components across four generations

CART therapy efficacy depends on a suitable epitope location, scFv affinity, hinge
and transmembrane domains, and a number of signalling domains. Novel CART
engineering has continued to optimise therapies by incorporating new elements to
enhance efficacy. Authors own, adapted from Dotti et al., 2014 & Hartmann et al,,
2017.

CART therapy has demonstrated potential for treatment of haematological
malignancies including Non-Hodgkin Lymphoma (NHL), Chronic Lymphocytic
Leukaemia (CLL), and, with notable success, Acute Lymphoblastic Leukemia (ALL).
As the B cell lineage marker CD19 is expressed throughout development, targeting
this protein allows targeting of nearly all B cell malignancies including those
present in CLL, ALL, and NHL (Rosenberg et al.,, 2008). Encouraging early trial
results have demonstrated high in vivo expansion of CD19-targeted T cells,
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designated CTLO19 in relapsed or refractory ALL. One notable trial yielded six-
month survival rates of 67% and continued remissions up to 24 months in some
cases (Maude et al, 2015). More recent studies have shown a 90% treatment
success rate in childhood ALL (Maude et al,, 2015), which highlights the continued
progress in this area. While childhood survival now demonstrates encouraging
trends, survival for adult ALL remains between 30-40%, while relapse in ALL still
presents a challenging target in both age groups. As of 2017, Kymriah by Novartis
(Tisagenleceucel) became the first FDA approved CART therapy, targeting CD19 in
young patients (under 25 years) with refractory or relapsed B cell precursor ALL
(Novartis Press Release, 2017). At time of writing, an additional 76 active clinical

trials related to CART therapies are ongoing (ClinicalTrials.gov, 2018).

The success of CD19 targeted CART therapies is hampered by cell-mediated adverse
events which continue to pose a concern in CART therapy, the most common of
which is cytokine release syndrome (CRS) (Breslin., 2007). A phase 1 clinical trial of
TGN1412 (an anti-CD28 monoclonal antibody) tested on six healthy male
volunteers reported severe induction of CRS within 90 minutes of a single
intravenous dose of the drug. All six volunteers experienced symptoms of a systemic
inflammatory response, which progressed within twelve hours post infusion, by
which point all patients became critically ill. After 24 hours, severe depletion of
lymphocytes and monocytes occurred, requiring patients to be transferred to
intensive care for cardiopulmonary support (Suntharalingam et al., 2006). While no
fatalities occurred, this incident lead to two patients requiring intensive care for 8
and 18 days, respectively. Severity of CRS in response to CART depends on the
therapeutic agents used for lymphodepletion and is more severe in patients with
high tumour burdens (Lee et al., 2014), and is a key consideration in new treatment

developments.

1.4.4 DCs as immunotherapeutic agents

Targeting DCs provides an attractive route for immunotherapy since DCs are highly
efficient at generating robust immune responses, demonstrating the unique ability
to prime naive T cells into functional effectors (Banchereau & Steinman., 1998;
Palucka & Banchereau. 2012). Stimulating DCs to produce an antigen-specific
immune response holds the potential to produce novel therapies with high

specificity, reducing the toxicities observed in several of the immunotherapies
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discussed in earlier sections (see chapters 1.4.1-1.4.3), which result from off-target
activation. Despite this unique potential, DCs are maintained in the immature state
by immunosuppressive factors in the tumour microenvironment, where tolerogenic
populations with reduced antigen capture and presentation capacities are observed
(Pinzon-Charry et al., 2005). Re-stimulating suppressed DCs in the tumour holds the

potential to initiate a robust immune response.

DCs drew rapid attention as potential immunotherapy agents following the FDA
approval of the autologous cellular immunotherapy Sipuleucel-T for the treatment
of asymptomatic or minimally symptomatic metastatic castration-resistant prostate
cancer in 2010 (Kantoff et al, 2010). Sipuleucel-T is a personalised, targeted
therapy in which DCs are incubated with a recombinant fusion protein containing
prostatic acid phosphatase (PAP) antigen to target cells to the tumour, alongside
GM-CSF that aids DC maturation. Late-stage randomised trials observed an overall
extended survival of at least 4.1 months and reduced risk of death by 22.5%
compared to the control group. These trials demonstrated the potential of DC
immunotherapies, and were closely followed by the approval of the monoclonal
antibody Ipilimumab (targeted against CTLA-4) for melanoma the following year in
2011. Interestingly, the mechanism of action of Sipuleucel-T is still presently not
clearly defined, and to date, a consensus has not been agreed on the most
appropriate maturation stimulus to generate DCs with strong immunostimulatory
capacities.

Early work investigating the role of the CD54 receptor in immunity demonstrated a
complimentary role between CD54 and CD40R in B cell activation. Cross-linking of
CD54 receptors on Th1 cells induced upregulation of MHCII and CD54 on target B
cells, which was abolished in the presence of blocking antibodies for CD54 (Poudier
& Owens, 1994). Recent research investigating the mechanism of action of
Sipuleucel T identified that antigen presentation and T cell priming induced by this
cellular agent was exclusively attributed to APC subsets expressing CD54, indicating
that the receptor could represent a “surrogate” marker for DC activation (Sheikh &
Jones., 2008). As such, the receptor is currently being investigated as a potential
target for antibody based treatment of metastatic melanoma, after Fc-engineered
human CD54 antibodies recently demonstrated the ablility to inhibit tumour growth

in animal models (Klausz et al., 2017).
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Multiple combinations of maturation stimuli have been tested, including cytokine
stimulation and treatments engaging TLR agonists (Sabado & Bhardwaj, 2010).
Maturation of DCs is required to initiate an effective anti-tumour response since
mature DCs show enhanced expression of costimulatory molecules and increased
production of cytokines and chemokines, while immature DCs fail to prime antigen
specific T cells (Scarlett et al.,, 2009). Distinct DC vaccine loading approaches have
been tested in clinical trials including loading of DCs with peptides, proteins, and
tumour lysates; mRNA transfection, delivery of DNA and the use of viral vectors,
which have translated to clinical trials at various stages.

During the last decade, novel methods have been developed for loading DCs with
TAAs aimed to generate tumour specific anti-cancer vaccines. DCs loaded with cell
lysates from various tumour types have been investigated in phase I/II trials and
have shown encouraging results regarding safety, while a select few also
demonstrated efficacy against target cells (Galluzzi et al., 2012). One case which
particularly emphasises the potential of DC in immunotherapy vaccinated
melanoma patients with allogeneic cell lysates derived from melanoma cell lines,
which induced a hypersensitivity type reaction in 50% of patients and correlated
with increased survival and reduced disease progression (Lopez. 2009). TAAs
presented either as full-length proteins or short peptides have induced protective
and therapeutic anti-cancer immune responses in other pilot studies, where three of
four follicular B cell lymphoma patients showed improved clinical outcomes
(Baskar et al., 2004). In this case, two patients showed complete regression while
the third responder showed partial regression (Hsu et al.,, 2013). The accumulation
of successful early trials such as these demonstrates the potential for DC targeted
cancer therapies.

Upon detection of foreign antigen, DCs require secondary activation stimuli in the
form of CD40 ligand (CD40L) expressed by CD4+* T cells to prime effector CD8* T
cells. CD40L interacts with CD40R expressed by DCs, which in turn upregulate
CD40R at the DC surface (Murphy et al,, 2012). The binding and upregulation of
CD40R signals DCs to enhance surface expression of co-stimulatory receptors and
cytokines involved in T cell priming, leading to subsequent activation of CD8* T cells
(van Kooten & Banchereau., 2000). The interaction between CD40R and CD40L can
also increase antigenic cross-presentation mediated by DCs (Elgueta et al., 2009).

The importance of this interaction has been demonstrated as blocking CD40R-
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CD40L interactions prevents primary and memory T cell responses in either CD4+
or CD8* subsets. This process results in a subdued immune response to allogenic
peptides in which clonal proliferation is aborted and replaced by induction of

regulatory T cell functions (Quezada et al., 2008).

1.5 CD4o0R anatomy and physiology

The CD40R/CD40L system plays an important role in the pathophysiology of
diseases such as respiratory diseases, autoimmune disorders, atherothrombosis,
and cancers. Efficient immunotherapies are likely to benefit from the ability to
stimulate both the innate and adaptive arms of the immune system. A key molecule
involved in bridging innate and adaptive immunity is CD40R, which is expressed on
APCs including subsets of monocytes, macrophages, and DCs. CD40R is also
expressed by B cells and platelets in addition to some non-haematopoietic cell types
including fibroblasts, endothelial cells, and smooth muscle cells. Further, ligation of
CD40R in vivo has the potential to elicit an array of outcomes from activation of
APCs to induction of tumour cell death (Ridge et al., 1998). CD40R is therefore of
particular interest in tumour immunotherapy due to its ability to form a central link

between both arms of immunity.

A member of the tumour necrosis factor receptor (TNFR) superfamily, CD40R has
diverse functions in mammalian biology, including the maintenance and survival of
leukocytes. CD40R mediated signalling is essential to induce the priming
environment required for effective T cell-DC crosstalk. The CD40L has similar
widespread expression but is primarily detected on the surface of antigen-primed T
helper cells. CD40R binding to its natural ligand induces DC activation and enhances

immune response.

1.5.1 Receptor structure and ligand interaction

The CD40R is a 48-kDa typel transmembrane protein of 193 amino acid residues
which are highly conserved between species. CD40R is widely expressed among
immune cell subsets with an extracellular domain containing 22 cysteine residues
that are conserved between members of the TNFR family. The CD40L is a 30.6kDa
transmembrane receptor on the surface of CD4* helper cells. Crystallographic
studies of the CD40R-CD40L interaction determined the extracellular structure and

binding of CD40R using the pre-existing crystallographic structure of CD40L as a
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search probe (An et al,, 2011; Karpusas et al., 1995). These works revealed that the
CD40L trimer is bound by two CD40R receptor molecules, while the third
interaction site remains empty in both crystallographic and molar ratio studies (An
et al,, 2011), suggesting that at least bivalent binding is required for physiological
interactions between CD40R and CD40L.

The TNF family of receptors are known to contain several cysteine rich domains
(CRD) forming elongated ladder structures, including CD40R which displays three
CRD in the extracellular domain. This structure has been determined by sequence
alignment, which revealed that each CRD is composed of two structural molecules
critically stabilised by 1-3 disulphide bridges (Naismith & Sprang, 1998). The
extracellular domain of CD40R binds in a crevice between CD40L subunit pairs,
interacting with both in an asymmetric manner determined by unequal binding of
CRD to CD40L subunits. Binding is strongly influenced by hydrophilic and charge
interactions, with only one third of interaction interfaces occurring at nonpolar
amino acids. The charge interaction between CD40R and CD40L displays
complementarity as CD40R contains predominantly negatively charged residues,
while CD40L is oppositely positive. Mutations at charged residues lead to inhibited
binding and activity; individual residue substitutions can prevent receptor-ligand
interactions, illustrating that CD40R-CD40L complementarity is predominantly
influenced by charge interactions (Singh et al., 1998).

Mutagenesis experiments investigating the essential structure sequences in CD40R
binding and activation have identified a critical loop structure required for DC
activation via CD40R. Mutations affecting CD40L binding occur in residues involved
in direct contact with the CD40R, including E129G and T134W, while mutations in
non-contact residues such as S132W do not affect the binding affinity in comparison

to wild-type mice (An etal.,, 2011).

1.5.2 Downstream responses of CD40R binding

Upon ligand binding, the CD40R can initiate downstream signalling via TNF
Receptor Associated Factor (TRAF) pathways or through Janus Kinase/Signal
Transducers and Activators of Transcription (JAK/STAT) pathways, as outlined in
figure 1.16. JAK/STAT in mammals is the principle signalling pathway for cytokine
and growth factor stimulation. Activation of the TRAF and JAK/STAT pathways via

CD40R engagement results in proliferation, differentiation, migration, and
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apoptosis, which contributes to the critical regulation of homeostasis of immune

functioning (Hanissian & Geha., 1997).

47 |Page



1)V

Cell
Survival

deg@@da‘tion

o

Expression

- \\

Figure 1-16: Downstream signalling pathways induced upon CD40R
stimulation at the DC surface by CD40L expressed on CD4+ T cells

A schematic diagram illustrating the key signalling pathways stimulated by CD40R-
ligand binding. Ligand binding to CD40R induces receptor dimerisation and the
recruitment of adapter molecules that couple the CD40R to downstream mediators.

It has been suggested that JAK3 and STAT3/5 are activated in response to CD40R
signalling as activation of JAK3 is observed following CD40R ligation. This
relationship is indicated by immunoprecipitation of phosphorylated proteins from

cell lysates following cross-linked CD40R activation treatments, which were
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observed early in activation and peaked at 10 minutes post-activation. STAT5
undergoes dimerisation upon phosphorylation to begin translocation to the nucleus
where it initiates transcription through promoters. This cycle all occurs within 15

minutes of treatment with CD40R targeted antibodies (Hanissian & Geha., 1997).

The cytoplasmic domain of CD40R also contains binding sites for TRAFs, consisting
of six structurally similar proteins initially identified as adaptor proteins, coupling
the TNF family to signalling pathways. The TRAF family of receptors function as a
signalling cascade which, upon binding the cytoplasmic domain of cellular receptors,
recruit secondary TRAF proteins (Bradley & Pober. 2001). TRAF1, 2, 3, 5, and 6
have been demonstrated to mediate induction of intracellular signalling pathways
including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), the
mitogen associated pathway kinase (MAPK) p38, and C-Jun N-terminal kinase (JNK)
(Bradley & Pober., 2001). Ligand binding to CD40R induces conformational changes
in receptor structure, which exposes the cytoplasmic docking site for TRAF2 at the
canonical motif, driving rapid signalling through adapter and kinase proteins.
Induction of TRAF2 signalling induces degradation of TRAF3, initiating downstream
pathways.

The independent roles of TRAF proteins in DC maturation and signalling have been
identified through mutation of distinct binding sites for TRAF2, 3, 5, and 6 in the
cytoplasmic domain of CD40R. TRAF6 functions as a key inducer of CD80/86
expression (Kobayashi et al., 2004), and blockade of CD40R interaction with TRAF2,
3, and 6 showed that TRAF6 blockade alone was sufficient to inhibit pro-
inflammatory responses including IL12-p40 production in non-haematopoietic cells
(Portillo et al., 2015), while a separate study suggested disruption of TRAF6
uniquely decreased p39/JNK signalling and abrogated IL-12 production in response
to CD40L stimulation (Mackey et al., 2003). In the latter study, disruptions in TRAF2,
3, and 5 did not affect downstream signalling pathways to the same extent,
suggesting a predominant role of TRAF6 in the production of DC activation
following CD40R ligation. Induction of p38 leads to transcription of pro-
inflammatory cytokine synthesis, while JNK signalling promotes transcription of
genes promoting apoptosis. Signalling by these MAPK pathways is affected by
environmental stimuli to integrate signals involved in proliferation, differentiation,

survival, and migration.
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The impact of CD40R signalling in DC maturation has been extensively studied in
the past two decades. Early work confirmed that CD40R ligation was essential for
complete DC maturation inducing functional IL-12 secretion (Kelsall et al., 1996),
while later groups have suggested that CD40R signalling plays a role in
desensitising DC to antigen; populations stimulated by CD40R produced much
higher levels of IL-10 compared to those stimulated by cytokine exposure, which
resulted in reduced INF-y production in corresponding CD8* T cells (Tuettenberg et

al, 2010).

1.5.3 Current immunotherapies targeting CD40R in the clinic

CD40R signalling can induce primary and memory cytotoxic T cells in conditions
which are otherwise tolerogenic. This finding was reported following observations
that the adoptive transfer of FITC-OVA specific T cells promoted lytic activity and
clonal expansion in the presence of agonistic CD40R antibodies in an adoptive T cell
transfer system, which was abolished in the presence of CD40R blocking antibodies.
FITC-OVA is a poorly immunogenic, soluble antigen which alone does not elicit
cytotoxicity and the induction of memory T cells. This illustrates the significance of
CD40R signalling, which induced a response to an otherwise tolerogenic stimulus
(Lefrancois et al., 2000). Many approaches aiming to activate the CD40R pathway
have been investigated in the current literature, including recombinant CD40L,

CD40L gene therapy, and agonistic antibodies.

1.5.4 Agonistic antibodies for CD40R

Pre-clinical models investigating CD40R targeted antibodies have produced
exceptional therapeutic success in murine models of CD40* B cell lymphoma
showing 80-100% eradication and immunity to subsequent re-challenge in a CD8*-
dependent manner (French et al., 1999). The encouraging early success of targeting
the CD40R pathway for immune stimulation in vitro and in animal models prompted
high anticipation for the efficacy of therapies targeting the CD40R pathway in the
clinic. An outline of monoclonal antibodies targeted towards CD40R which have

been investigated in cancer immunotherapy clinical trials is provided in table 1.2.
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Table 1-2: Monoclonal antibody therapies targeting the CD40 pathway in cancer immunotherapy in clinical trials

Antibody Name Binding Particulars Development Phase Primary
Affinity Reference

ADC-1013 High; Binding is stable under acidic conditions to pH5.4, activity ~ Phase I: Solid tumours (various) Mangsbo etal., 2015
1x10-11M is dependent on FcR binding and cross linking

APX005M High; Activity is enhanced in response to CD40R cross linking Phase II trials: Gastric, oesophageal, NSCLC, pancreatic cancer Zhang et al,, 2014
1x10-1'1M Phase I trials: Malignant melanoma, NSCLC, pancreatic

cancer, brain cancer, glioma

CDX-1140 Moderate;  Reduces but does not block CD40L binding, potential for Phase 1; Advanced solid tumours (various); lymphoma. He et al, 2016.
8.13x10M CD40L synergy at local level.

CP-870,893 Low; Humanised IgG2 agnostic antibody, mediates CD40L Discontinued treatment: Mesothelioma, pancreatic cancer, Bedian et al., 2008
4x10-10M binding in the absence of cross linking solid tumours (various)

Chi/Lob 7/4 Moderate Chimeric IgG1 antibody, requires CD40R cross linking for Phase I: Solid tumours (various) Johnson et al., 2010
2x10-10M CD40R stimulation in APCs

Dacetuzumab Low; Weak stimulator of B cell proliferation; potent anti- Phase I: Solid tumours (various) Burington et al,,
1x10-°M proliferative and pro-apoptotic properties against B cell 2011;

lymphoma; enhances CD40L binding Francisco etal., 2000

Lucatumumab Low; Does not display agonistic activity; induces tumour cell Discontinued treatment: Follicular lymphoma, lipoma, Chowdhury et al,,

5x10-SM death via antibody dependent opsonisation and cell- multiple myeloma 2013
mediated cytotoxicity

SEA-CD40 Low; Derived from dacetuzumab with improved KD resulting Phase I: Lipoma, solid tumours (various) Gardai etal, 2015
5x10-°M from enhanced FcyRllla binding

Selicrelumab Moderate;  Human IgG2 agnostic antibody, development in Phase 1: Pancreatic cancer (USA only); various advanced Mompo & Gonzalez-
2x10-10M combination with combination therapies (Tecentriq). local/metastatic tumours adverse to standard therapy. Fernandez, 2018.

Table of CD40 antibody therapies currently in clicical trials. Antibodies listed are universally humanised IgG1 structure unless otherwise
stated. Data sourced from ClinicalTrials.gov website (December 2017), details compiled from primary references (cited in table). Authors own.
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The antibody therapies targeting the CD40 pathway listed in table 1.2 display
distinctly separate mechanisms of action that vary from strong agonistic antibodies
such as CP-870,893 which induces T cell immunity in highly aggressive,
immunosuppressive cancers such as pancreatic ductal adenocarcinoma
(Vonderheide et al., 2013) to antagonistic therapies including lucatumumab, the
mechanism of action of which is poorly characterised. The examples presented
illustrate the diverse potential of CD40R therapies in various pathological contexts.
The reason for such a broad spectrum of responses is still not satisfactorily
characterised and it is therefore critical that understanding of the mechanisms by
which CD40R therapies induce their effects is investigated further.

The administration of CD40R agonists as cancer immunotherapies has largely been
limited in the clinic by toxicities associated with antibody therapies. For example,
treatment with CP-870,893 induces CRS in the majority of patients, a condition
characterized by fever, rigors, and chills, in addition to thromboembolic events in
some patients. Separate research groups have also reported infusion reactions, non-
infectious inflammatory eye disorders and immune mediated liver damage, anaemia,
thrombocytopenia, and pleural effusion (Medina-Echeverz et al., 2014; Remer et al,,

2017).

1.5.5 CD4O0R targeted therapies in adjuvant and combination therapies

Therapies targeting CD40R present potential for synergistic effects when delivered
with chemotherapeutic agents, which has demonstrated effective tumour
regressions in clinical trials. This complementarity occurs as the destruction of
tumour cells by chemotherapies releases TAAs, while CD40R agonists prime DCs to
process the newly available antigen (Boon et al., 1994; Bruno et al., 2017). The
amount of antigenic constituents released from the tumour cell by chemotherapy
has been suggested to be akin to that produced by conventional viral vaccinations,
providing readily available tumour derived targets for DCs primed by co-

stimulation via CD40R exposure.

In pre-clinical studies, co-administration of CD40R antibodies with gemcitabine in
the Pdx1-Cre; K-Ras*/LSLG12D; p53R172H/* (KPC) mouse model has induced rapid
regression in tumours, mediated by T cell-independent infiltration of macrophages
(Beatty et al, 2011). Administration of CD-870,893 in combination with

gemcitabine in pancreatic cancer has demonstrated objective tumour regressions in
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approximately 20% of patients (Vonderheide et al, 2013). These findings
demonstrate significant improvement considering the standard response rate with
gemcitabine alone as standard of care therapy for pancreatic cancer is only 5%. CD-
870,893 combination with gemcitabine also demonstrated lower toxicity levels than
immune checkpoint inhibitor therapies or CD-870,893 delivered as monotherapy
(Beatty et al., 2011), providing rationale for the delivery of CD40R agonists as
adjuvants in cancer therapy. The existing literature therefore demonstrates the
diverse roles of CD40R interaction in immune function, which is likely to be affected

by the sequence and duration of exposure to antigen and effector cells.

Combinations of CD40R antibodies with TLR3 agonists have also induced
maturation in tumour infiltrating DCs and stimulated resultant DC-antigen
complexes to migrate to the lymph node in ovarian cancer models (Scarlett et al,
2009). One study concluded that tumour regressions following CD40R activation of
DCs occurred from macrophage stimulation, suggesting a more prevalent role for
innate immune components in CD40R adjuvant therapies than was previously

expected (Beatty et al., 2011).

The existing literature surrounding therapeutic agents targeting CD40R therefore
shows clear potential for these agents in the setting of immunotherapy, but has also
demonstrated a niche for improved antibody specificity in order to reduce toxicity
and obtain optimal clinical benefits. As such, strategies to ameliorate toxicity
associated with CD40R agonists are under investigation. One approach involves
direct administration in the tumour, and peritumoural injection of an agonistic
CD40R antibody in an immunogenic model of bladder cancer was found to
effectively elicit a tumour-specific T cell response at reduced doses compared to
interleukin injection (Sandin et al., 2014). In addition, the group demonstrated that
bio-distribution of CD40R antibodies to the liver was decreased following local
administration compared to systemic injection (Sandin et al., 2014).

As interest in CD40-based immunotherapies continues to grow, many outstanding
questions remain regarding the delivery of CD40R therapies, including dose, route
of administration, formulation, and whether they should be used alone or as

adjuvant therapies.
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1.6 Parameters influencing CD40R stimulation

Multivalent interactions are common in the context of immunity, as it is often
necessary to engage multiple receptors to reach an activation threshold, including
antibody mediated activation of the complement system (Xu and Shaw; 2016;
Skehej & Wiley.,, 2000). This activation requires clustering of cell surface
immunoglobulin G (IgG) molecules to activate C1 through increased binding affinity,
functioning as a regulatory mechanism against non-specific immunity (Burton,,
1985). Other examples of multivalent interactions in immunity include
transmigration of immunological cells to sites of inflammation (Luster et al., 2005)
and T cell priming (Stone & Stern., 2006), where multivalent interactions improve
the strength and specificity of cellular interactions. Multivalent interactions play a
role in the induction of effective T cell stimulation, where antigen binding to TCR
can either activate or inhibit T cells depending on the avidity of antigen and ligand

interactions (Schneck et al,, 2001).

A defining characteristic of the antibody response is its polyclonality; antibodies
have the capacity to target an array of antigens through almost unlimited
diversification of their fragment antigen-binding (F(ab)) domains by somatic
recombination and mutation. However, it is becoming increasingly clear that
polyclonality of the antibody response also applies to the effector molecules
engaged by the antibody-antigen complex (Stuart et al., 2005). Specific interactions
of the IgG fragment constant (Fc) domain with receptors expressed by leukocyte cell
types result in pleiotropic effector functions for IgG, including the clearance of
pathogens and toxins, lysis and removal of infected or malignant cells and
modulation of the innate and adaptive branches of immunity to shape an immune
response (Bournazos et al., 2009). It has been suggested that CD40R signalling via
targeting antibodies requires presentation by fragment crystalisable gamma
receptor (FcyR)-expressing cells to present a sufficient number of ligands capable of
inducing CD40R clustering, resulting in effective signal transduction (Banchereau et
al, 1998). As such, interactions between FcR and TFNR stimulation has been

studied intensely over the past decade.

FcRs for IgG were identified over 35 years ago, in early studies which determined
the properties of cells binding IgG antibodies was independent of the F(ab) region
of the antibody and required only Fc interactions (Berken & Benacerraf, 1966).
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Activation of CTLs by APCs which did not directly express the antigen was coined
cross-priming by M. Bevan in the 1970s, and the process of APCs internalizing and
presenting antigens to CD8+ T cells via MHCI rather than MHCII was coined cross-
presentation (Bevan, 1976). Considering that DCs cross present antigen more
effectively than any other APC (Théry & Amigorena, 2001), antigen internalization
by DCs presents a critical step in cross-priming. On the basis of the two dominant
conformational states that the Fc domain can adopt, two structurally distinct classes
of FcRs which bind IgG are now recognized. Type I FcRs belong to the
immunoglobulin receptor superfamily and comprise canonical Fcy receptors,
including the activating receptors FcyRI, FcyRlIla, FcyRllc, FcyRIlla and FcyRIIIb and
the inhibitory receptor FcyRIIb. Each of these receptors binds Fc domains in the
open conformation near the hinge-proximal region6 in a complex with a
stoichiometry of 1:1 (receptor/antibody) (Bournazos et al., 2009). On the other
hand, type Il FcRs, represented by the family of C-type lectin receptors (including
CD209 and CD23) specifically bind Fc domains in the closed conformation at the
interface of the constant domains of the immunoglobulin heavy chains in a complex

with a stoichiometry of 2:1 (receptor/antibody) (Sondermann et al., 2013).

Engagement of activating type I FcRs results in uptake of immune complexes by
endocytosis or phagocytosis (Stuart et al, 2005). DCs internalize immune
complexes through type I FcR-mediated pathways, and DCs and subsequent T cell
priming are substantially enhanced when antigen is internalized as an immune
complex through activating type I FcR compared to lectin or mannose receptor
induced activation pathways (Yin et al., 2016). The process of cross-presentation to
CD8* T cells is significantly increased by targeting in vitro antigens to FcyR
receptors of IgG molecules, a reaction which is specific to multivalent antigen
interactions (Théry & Amigorena, 2001). Within this receptor class, FcyRII (CD32)
and FcyRIII (CD16) bind monomeric IgG inefficiently, but demonstrate high affinity
binding for immune complexes. FcyRI (CD64), in contrast, binds monomeric IgG
with high affinity, but does not signal unless IgGs are cross-linked by their specific
polymeric ligands (Amigorena, 2002). Given the ability of individual receptor types
to initiate distinct effector and immunomodulatory pathways, the conformational
diversity of the IgG Fc domain serves as a general strategy for shifting receptor

specificity to actively effect different immunological outcomes.
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FcyRIlb is involved in abrogating the signalling and function delivered from other
receptors; archetypally those initiated by activatory FcyR and the B cell receptor
(BCR) for antigen. Engagement of these receptors on DCs negatively regulates
antigen presentation, and DCs derived from FcyRIIb-deficient mice are more potent
inducers of T cell activation both in vitro and in vivo (Kalergis & Ravetch., 2002). The
activation of type I FcyR pathways on other immune subsets including granulocytes,
monocytes and macrophages triggers degradation of antigens in lysosomal
compartments and production of proinflammatory chemokines and cytokines
(Mantovani et al., 2004). This activity, as with DCs, is in turn moderated by FcyRIIb.
Controlling the ability of antibodies to engage activating versus inhibitory type I
FcRs on effector cells (either through genetic deletion of the inhibitory FcyRIIb or
engineering of the IgG Fc to selectively engage activating type I FcRs) modulates the
cytotoxic potential of antitumour antibodies for enhanced ADCC and tumour
clearance (Smith et al., 2012). A striking example of antitumour antibody therapies
engaging type I FcRs is Obinutuzumab, an FDA approved monoclonal antibody to
CD20. Obinutuzumab demonstrates enhanced binding of FcyRIlla, and in trials has
extended CLL patient survival by one year, relative to the survival afforded by
Rituximab, an unmodified CD20-specific antibody (Goede et al, 2014).
Immunomodulatory mAb directed against various members of the TNFR super-
family show the ability of FcyRIIb to regulate immune responses and
immunotherapy (White et al, 2014). In summary, numerous agonistic and
antitumour antibodies require interactions with activating type I FcRs on innate
effector cells to effectively mediate their therapeutic effects on malignant cells.
Several Fc engineering approaches discovered recently can augment the anti-
tumour or immunostimulatory activities of TNFR antibodies by enhancing their
agonistic activities and/or effector functions. In a study investigating the impact of
FcR binding on 0X40 activation, mutations facilitated enhanced binding to FcyRIIb
and thus increased FcyRIIb cross-linking mediated agonist activity (Zhang et al,,
2016). However, both mutations abrogated the binding to FcyRIlla and thus
decreased the antibody-dependent cellular cytotoxicity. In contrast, mutations
which promote antibody multimerization upon receptor binding facilitated anti-
0X40 antibody agonism by promoting the clustering of 0X40 receptors without the
dependence on FcyRIIb cross-linking (White et al., 2014; Zhang et al., 2016). The

antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity
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of the mutated anti-OX40 antibody were affected by the choice of IgG subtypes,
suggesting Fc engineering can guide the design of engineered antibodies to 0X40

and other TNFR members (Zhang et al., 2016).

Studies in mice have shown that anti-CD40R antibodies require engagement of FcR
to activate antitumour immunity (Wilson et al., 2011). Crosslinking of the activation
receptor FcyRlIla domain results in tyrosine phosphorylation of ITAM containing
receptors including the TCR (Weiss & Littman, 1994), and targeting antigens to
FcyR promotes cross-presentation by several orders of magnitude in mouse bone
marrow-derived DCs (Amigorena, 2002). This hold relevance to the current study,
as analysis of a number of immunomodulatory antibodies have revealed a critical
yet variable role for Fcy receptors. It has generally been accepted that agonistic
anti-CD40R mAbs require cross-linking by FcyRIlb, which has been shown in
treatment of systematic treatment of lymphoma, where therapeutic efficacy is lost

when using murine IgG2a mAbs without FcyRIIb crosslinking (White et al., 2014).

However, further data showed that co-administration of anti-CD40R antibodies
with TLR3 agonists recovered activation outputs through FcR cross linking (White
et al,, 2014). Clinical trials investigating CP-870,893, a fully human IgG2 molecule,
have shown the antibody does not require FcR crosslinking for potency (Richman &
Vonderheide, 2014). CP-870,893 is a fully human CD40 selective agonist mAb that
was designed with minimal Fc receptor binding activity based on its IgG2 isotype
(Vonderheide et al., 2007), which demonstrated the first-in-human study of a CD40
agonist in patients with advanced cancer. The most common adverse event with CP-
870,893 treatment was grade 1-2 cytokine release syndrome manifested by chills,
fever and rigors within minutes to hours after infusion, although overall the
antibody demonstrated relative safety as well as promising clinical activity with a
response rate of 14% (Beatty et al.,, 2016). IgG2 has a low affinity for Fc receptors,
and is presumably minimally crosslinked via FcR-Fc interactions in vivo
(Vonderheide & Glennie, 2013). APC activation by CP-870,893 occurs independently
of FcR crosslinking in vitro, as no statistically significant difference was observed in
the ability of F(ab)’2 CP-870,893 vs. intact CP-870,893 to stimulate B cells in culture.
Artificial crosslinking by an FcyRII expressing cell line or anti-Fc antibodies did not
enhance B cell activation (Richman & Vonderheide., 2014). In contrast, an anti-

mouse CD40 agonist mAb, FGK45 (rat IgG2a), does require FcR crosslinking, a
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necessary component both in vitro and in vivo to induce APC activation (White et al,
2013). It has thus been suggested that the requirement for Fc engagement is specific

to murine models of CD40R engagement.

Since the first clinical report of an anti-CD40R agonist, several other agonists have
now been developed and are under active investigation in patients with advanced
malignancies. These second generation CD40R agonists have been engineered with
an IgG1 Fc domain to facilitate enhanced FcyR interactions based on findings that
increased Fc binding affinity to FcyRIIB enhances the potency of a CD40R agonist in
murine models through crosslinking (White et al., 2011). These agonists contrast
CP-870,893, which has an IgG2 Fc domain, and thus a low binding affinity to human
FcyRs. Recently, antibodies with an IgG2 Fc domain have been found to mediate
FcyR-independent agonistic activity that is conferred by the unique hinge
properties of this isotype (Beatty et al.,, 2016). However, for CP-870,893, the Fc
domain of the antibody and FcR crosslinking are not be required for CD40R
stimulation (Richman & Vonderheide, 2014). The conflicting mechanisms shown
here are demonstrated by three crosslinking-dependent anti-CD40R mAbs (FGK45,
1C10, 3/23), which all compete with CD40L for binding to CD40R on the surface of
murine B cells. In contrast, CP-870,893, recognizes an epitope independent of the
human CD40L binding site (Richman & Vonderheide., 2014). These results suggest
that the fine specificity of epitope binding is key in dictating the agonist potency of
CD40R mAb, and that targeting the right epitope can bypass the need for FcR-

mediated crosslinking.

Using a mouse model humanized for its FcyRs and CD40R, Dahan et al (2016)
demonstrated that FcyRIIB engagement is essential for the activity of human anti-
CD40R therapies, but that engagement of the activating FcyRIIA inhibits this activity.
By engineering Fc variants with selective enhanced binding to FcyRIIB, but not to
FcyRIIA, the group showed significantly improved antitumor immunity, supporting
the suggestion that IgG1 is more potent for CD40R stimulation than IgG2, and that
this activity is FcyR dependent (Dahan et al, 2016). These findings highlight the
need to optimise the Fc domain for this class of therapeutic antibodies by using
appropriate preclinical models that accurately reflect the affinities and cellular
expression of human FcyR. Alternative strategies beyond Fc engineering for

enhancing anti-CD40R efficacy, such as chemical crosslinking of CD40R antibodies,
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have also shown Fc-independent activity in murine models, as can be found in the

recent review by Beatty et al (2016).

Other parameters influencing crosslinking include the valency of stimulating
molecules; monovalent constructs have proven insufficient to reach the threshold
for activation and cross priming, and appear to prevent the immune system from
forming a durable anti-tumour response (Wilson et al., 2011). This is supported by
studies which demonstrated that although presentation of a single CD40L was not
able to stimulate activation outputs in B cells, molecules expressing trimeric CD40L

exhibited significantly greater stimulatory capacity (Haswell et al., 2001).

This observation was supported by data which showed presentation of hexameric
soluble CD40L effectively reinstated IL-12 and TNF-a production in Sézary
syndrome, an advanced form of T cell lymphoma characterised by impaired cellular
immunity and deficiency in the production of these cytokines resulting from
defective CD40L expression (French et al., 2005). Other groups have demonstrated
that NFkB signalling in the cytosol requires engagement of dimeric CD40L, while
monomeric CD40L alone is not sufficient to generate a signal through CD40R
(Werneburg et al, 2001). Taken together, these observations show optimised
CD40R signalling can be induced by multivalent stimulation, suggesting multivalent
interactions induce functionally robust CD40R-based immunotherapies.
Understanding the fundamental nature of multivalent interactions in stimulating
immunity is therefore likely to be valuable in designing effective platforms with

improved specificity and stimulation of CD40R for effective DC activation.

1.7 Limitations of antibody therapies for CD40 stimulation

Toxicities associated with CD40R-antibodies for cancer immunotherapy have been a
major limitation in the progression of this field, as is eluded to in the discussion of
the role of FcRs in mediating antibody toxicity. Anti-CD40R therapies are commonly
accompanied by increased thrombocytopenia and transaminitis, which are the
primary drivers of the dose limiting toxicities. Such adverse events are observed as
a result of non-specific antibody induced activation of CD40R expressed on platelets,
a result of off-target activation (Knorr et al., 2018). Enhancing the Fc binding
capacities of anti-CD40R antibodies showed improved in vivo activity compared to
equivalent antibodies without Fc modulation which are currently under clinical

observation (Dahan et al., 2016). Toxicity tests dosing a murine model expressing
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humanised CD40R and FcyRs with increasing concentrations of Fc-enhanced
antibody showed that transaminitis and hepatotoxicity continued to produce dose-
limiting adverse reactions when delivered at doses greater than 0.125mg/kg,
despite Fc-enhancement. This was attributed to the high levels of FcyRIIB
expression on liver sinusoids, considering the liver acts as a primary site of immune
complex clearance (Stegner et al, 2016). In summary, this demonstrated that
although Fc enhancement improved antitumour activity of agonistic anti-CD40R,
this negatively affected mechanism-based liver toxicities. This finding supports the
rational design of immune modulating antibodies and the prospect for antibody
engineering to improve tumour specificity, however does not yet provide a solution
for the obstacle of off-target receptor binding. Monotherapy treatment with anti-
CD40R antibodies alone have shown success in select mouse models such as MC38,
where tumours show enhanced activation of T cells in the local microenvironment
and draining lymph nodes. In comparison, B16 melanoma models are less
immunogenic and failed to respond to single-agent therapy, potentially because of
the increased expression of PD-L1 in this tumour (Juneja et al., 2017), meaning
combination therapy may be required to overcome immunosuppression in this case.
In order to overcome issues with toxicity, recent research has focused on optimising
the dose and delivery regimen to minimise toxicity and optimise antitumour
efficacy, for example through intra-tumoural injection of antibody therapies in

accessible tumours (Knorr et al.,, 2018).

The work described by Knorr et al. was conducted using a macaque model of
nonhuman primate immune activation. Despite this being the preferred preclinical
toxicology model for immunological studies, previous research of agonistic
antibodies has shown human Fc receptors show suboptimal crosslinking of Fc
receptors in this model, resulting in underestimation of toxicity and efficacy of Fc-
engineered antibodies (Hussain et al,, 2015). Unaffiliated research groups have
further established an alternative method of CD40R activation independent of Fc
interaction. The human IgG2 antibody CDX-1140 was recently described to induce
activation through F(ab’)2 fragment binding, and interacts at a distinct epitope
away from the CD40L binding site, which when used in combination with CD40L at
low-doses (below the threshold capable of producing a clinical response
individually) produced potent effects on B cell proliferation and IL-12 production

by DCs, as well as activation markers on the cell surface, with no indication of
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cytokine storm events (Vitale et al., 2018). Such data demonstrates the potential for
CD40 targeted therapies to induce specific immune stimulation, focusing on unique

binding characteristics and rational antibody design.

Recent data describing the injection of an ECM-binding variant of anti-CD40R also
showed higher anti-tumour activity compared to the unmodified form, with lower
adverse events. Improved tolerance was achieved by conjugating the antibody to a
placenta growth factor derived peptide, which allowed interaction with the tumour
stroma and acted as a depot for antibody retention, which improved efficacy and
safety profiles upon intra-tumoural injection. Pre-clinical results from this work
showed lower levels of anti-CD40R were detected in systemic circulation, while
cytokine release syndrome and liver toxicity were also reduced, alongside in
improved T cell infiltration and prolonged survival overall (Ishihara et al., 2018).
Cumulatively, work by groups such as Ishihara, Vitale, and Knorre amongst others
demonstrate the ongoing efforts to optimise CD40 Rantibody therapies, in order to
overcome the dose limiting adverse events of antibody therapies, and provide more

effective treatment modalities.

1.8 Advantages and limitations of peptide based immunotherapies

Immuno-oncology commonly utilises monoclonal antibodies or protein-based
scaffolds that bind with high affinity to cancer cells and can generate an immune
response. Peptides are recognized for being highly selective and efficacious and, at
the same time, relatively safe and well tolerated. Consequently, there is an increased
interest in peptides in pharmaceutical research and development. Peptides can
bind with high affinity to cancer cells, with an intermediate size range between
antibodies and small molecules. Peptides have received attention as defined-
antigen cancer vaccines, as small peptides specific for antigenic epitopes of the
tumour provide one of the most immunogenic vaccine treatments. This approach
has shown particular success in melanoma, where CTL responses have been
observed with a large number of peptide epitopes (Novellino et al., 2005). They are
also synthetically accessible and therefore easily modified to optimize their
stability, binding affinity and selectivity, however existing peptide vaccines have
had limited success at inducing clinical tumor regressions, despite reliable
induction of T cell responses in the majority of patients (Slingluff et al.,, 2007). A
summary of the advantages and limitations of peptide vaccines against TAAs is
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provided in table 1.3 below, adapted from Slingluff, 2011 and Fosgerau & Hoffmann,
2015.
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Table 1-3: Limitations of peptide based therapies

Advantages

Readily synthesized and purified
at low cost

Stable in many  storage
conditions; allows off-the-shelf
reagent composition

Predictable metabolism means
shorter time to market

High selectivity and potenty

Very effective at inducing CD8*
or CD4+* T cell responses in vivo
in humans

Enables direct monitoring of T
cell responses induced by the
vaccine.

Safety in many studies, good
efficacy and tolerability

Using defined epitopes avoids
use of uncharacterized antigens
that may have nontherapeutic
autoimmune activity

vaccines

Repeated  booster

feasible

Limitations

Class I MHC restriction limits
relevance of individual peptides
to certain HLA types.

Short peptides may bind directly
to MHC on non-professional

APC’, which may induce
tolerance
Rapidly degraded by

serum/tissue peptidases
Low membrane permeability

Patients have variable
repertoires  for = melanoma
antigens: a peptide vaccine may
have to include a large number
of peptides to be useful across a
wide range of patients.

Immune responses may be
transient and/or of low
magnitude

Limited effectiveness as

monotherapies due to narrow
spectrum of immune response

Chemically and  physically

unstable; prone to hydrolysis
and oxidation

Tendency for aggregation

Short half-life
elimination

with fast

Table 1.3 summarises the advantages and limitations of peptide treatments in
immunotherapy. Combined data from reviews by Slingluff, 2011 and Fosgerau &
Hoffmann, 2015.

Currently, most peptide drugs are administered by the parenteral route and

approximately 75%

are given as
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administration forms are gaining increasing traction, including oral, intranasal, and
transdermal delivery routes, according to the respective technology developments
(Transparency Market Research., 2012). One example of an alternative
administration route evaluated for application in peptide delivery is the transbuccal
delivery via the conujugation of peptides to gold nanoparticles (Midatech). Although
peptide therapies can provide highly potent signal transduction molecules with
potent physiological effects, they are generally characterised by a relatively short
circulating plasma half-life. Rational peptide design methods including alanine scan
analysis and amino acid substitution aim to overcome these limitations (Manning et
al., 2010). Rational design can start with a known crystal structure of the peptide
giving the secondary and tertiary structure. Then, input from various analyses, such
as alanine substitutions (Ala-scan) followed by small focused libraries determines
the structure-activity relationship of a given peptide. A second important aspect in
peptide design is to improve the physiochemical properties of peptides, for example
by reducing the tendency to form aggregates through disulphide bridge formations

or to improve water solubility (Hamley., 2007).

In general, natural peptides have a relatively short circulating plasma half-life; the
vast majority are cleared in under 10 hours (Mathur et al., 2016; PEPLife database),
compared to antibody therapies which can persist in circulation for up to 20 days
with modification (Mathur et al, 2016). Thus, several techniques have been
investigated to extend half-life of peptide therapies to a comparable duration. The
first line approach is to limit the enzymatic degradation of the peptide through
identification of possible molecular cleavage sites followed by substitution of the
relevant amino acids (Manning et al.,, 2010). Alternative methods include binding
peptides to the circulating protein albumin as a vehicle, which has in some cases
obtained half-life extensions which require treatment to be made less frequent, in
some cases up to once weekly (Knudsen, 2010). The leuprolide acetate implant
(Viadur™) for the palliative treatment of advanced prostate cancer allows automatic
dose regulation of 120 micrograms of leuprolide acetate per day over 12 months
(Fowler et al.,, 2000), demonstrating the new and innovates approaches being

developed to optimise the delivery of peptides as medicines.

A popular direction for peptide therapies over the past decade has been to directly

target components of the immune system for activation, rather than targeting
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epitopes on the tumour cell surface. DCs have been deemed nature’s adjuvant
because of their high potency to initiate and support innate and adaptive immune
responses (Banchereau & Steinman, 1998). DCs have been investigated as cancer
vaccines by two means; by directly targeting antigens to DC receptors in vivo and by
ex vivo generation of antigen-loaded DCs, with particular interest in ex vivo methods
of DC maturation via utilisation of co-stimulatory receptor engagement (Palucka &

Banchereau, 2012).

DCs are easily manipulated before administration, can be loaded with any tumor
antigen and are optimally activated with a plethora of adjuvants. Nevertheless, ex
vivo production of DCs is labor intensive and costly, and limited numbers thereof
are often available. Thus, an attractive alternative is to specifically target DCs in vivo,
i.e.,, load them with the appropriate tumor antigens and activate them to produce
pro-inflammatory cytokines. Although in this case, less control over quality and
magnitude of induced responses is offered, proof of efficacy was robustly
demonstrated when Sipuleucel-T became the first DC based anti-cancer vaccine
achieving FDA approval for prostate cancer in 2010 (Anassi & Ndefo, 2011). More
recent work in the arena of DC vaccinations in phase II/III trials has demonstrated
improved clinical outcomes in patients with melanoma, glioma and glioblastoma,

ovarian cancer, renal cell carcinoma and multiple myeloma (Ophir et al.,, 2016).

1.9 Drug delivery via nanoparticles

Based on studies outlining the importance of multivalent interactions in immunity,
novel scaffolds continue to be investigated. Nanoparticles present a potential
scaffold for multivalent therapies, and offer potential to optimise delivery of peptide
therapies, overcoming traditional shortcomings by improving receptor affinity and
providing a stable scaffold. The use of nanoparticles is one of the most novel and
rapidly progressing strategies for delivering therapeutic molecules in cancer
therapy. Nanoparticles provide a particularly attractive system for drug delivery
due to the plasticity of their characteristics. Namely, surface charge and size can be
manipulated to optimise circulation time in the blood stream and uptake or evasion
of local immune components (Moghimi et al., 2001). Research is currently focused
on implementing nanoparticle therapy to address several common limitations in

conventional chemotherapeutic delivery systems, including nonspecific bio-
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distribution, lack of water solubility, poor oral bioavailability, and low therapeutic
treatment indices (Yeshchenko et al., 2013).

Non-specific bio-distribution of traditional chemotherapeutic agents leads to
undesirable effects on non-cancerous cells and limits the dose obtainable within the
tumour, which results in sub-optimal treatments and excessive toxicities (Larsen et
al,, 2000). Molecularly targeted therapies are emerging as an approach to overcome
this lack of specificity, which could potentially be overcome through the attachment

of targeting molecules to nanoparticles as multivalent scaffolds.

1.9.1 Nanoparticulate therapies targeting CD40R on DCs

Recent studies have also investigated the potential of nanoparticle therapies in the
activation of DC. One notable study investigated PGLA-based nanoparticles carrying
model antigen and TLR3 molecules. PGLA nanoparticles were targeted to either
CD40R, CD11c, or the DC marker DC-205 via monoclonal antibodies conjugated to
the nanoparticle surface. Results indicated that nanoparticle binding and
internalisation lead to similar induction of DC maturation in vitro; however, CD40R
targeting resulted in slightly more efficient CD8* T cell responses in vivo (Cruz et al,,
2014). DCs incubated with PGLA nanoparticles for 72 hours and analysed by MTS
display average viability of 80%, while activation with LPS over the same period
shows much lower cell survival (20% after 72 hours), which declined sharply after
24-hour incubation (Song et al, 2015; Schwiebs et al, 2016). This suggests
nanoparticle therapies may be particularly well tolerated by DCs in vivo compared
to alternative activating treatments. Related work using a CD40R-targeted
adenoviral tumour vaccine induced stronger anti-tumour responses when
compared with non-targeted vectors, lending support to the theory that DC-
expressed CD40R is a suitable target for the delivery of various particulate vaccines

(Hangalapura et al., 2011).

Current research investigating the combined use of monoclonal CD40R antibodies
with nanoparticle therapy has produced mixed results. As highlighted previously,
CD40R therapies alone may have significant potential for tumour therapeutics, if the
limitations in antibody associated toxicity can be overcome. Therefore, a logical
hypothesis could be that coupling monoclonal antibodies to nanoparticles could
improve cross-linking of CD40R on the DC surface and thereby enhancing the

therapeutic effects of targeting agents. However, recent data have not supported
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this claim. For example, a recent study demonstrated no enhancement in DC
activation when monoclonal antibodies were coupled to PGLA nanoparticles
compared to the free-circulating antibody, although specific DC targeting in vivo
following subcutaneous injection was greatly improved by CD40R targeting (Rosalia
et al, 2015). Earlier research had demonstrated that CD40R antibodies immobilised
on the surface of 4.5um carboxylated polystyrene particles induced upregulation of
CD86 and CD83 (Kempf et al., 2003), an alternative marker of functional DC
maturation which plays a role in antigen presentation which is able to directly bind
T cells, inducing activation (Ju et al, 2016). Small CD40R coated particles also
demonstrated detectable but low-level, production of IL-12 (Kempf et al., 2003).
Recent studies investigating the influence of multivalent presentation of a CD40R-
targeting antibody on the surface of silicon nanoparticles demonstrated that
multivalent presentation induced activation of B cells characterised by upregulation
of surface receptors CD86 and MHCII, while equivalent doses of free peptide fail to
demonstrate an activation response (Gu et al, 2012). Inconsistent outputs
demonstrated by CD40R-targeted antibody coupled nanoparticles illustrates
potential for DC targeting which requires further optimisation. Delivery of CD40R
targeted therapies stand to benefit significantly from delivery platforms based on
nanoparticle conjugation, as these systems could help avoid some of the treatment
limiting side effects induced by traditional CD40L delivery systems, which have
been highlighted in section 1.5.4.

1.10 Gold nanoparticles for targeted immunotherapy

Merging well-established principles of immunology with novel approaches in
biotechnology such as nanoparticle development could enable more effective and
safer immunotherapies. Within this arena, gold nanoparticles are attracting interest
as potential biological adjuvants as a result of several unique characteristics.
Initially, gold nanoparticles provide an attractive scaffold for small molecule
conjugation as biological molecules can be attached to the particles by more than
one method. The most well-utilised method is to conjugate the functional groups of
biological molecules (such as thiols, common in peptides and proteins) to the
surface of the gold nanoparticle, as the molecules can take the place of stabilizer

molecules when they are added directly to gold nanoparticles in solution and bind
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to the surface by formation of gold-sulphur bonds. Thiol-modified ligands are

frequently used for this purpose (Kim et al., 2018).

Although gold nanoparticles are composed of an inert material, biocompatibility
issues have to be considered as cells exposed to gold nanoparticles will incorporate
the particles (similar to nanoparticles of other materials). Gold nanopariticles are
regarded as biocompatible, and initial studies have shown positive biocompatibility
assessments so far, in direct opposition to treatments involving cadmium-based
nanoparticles which show much lower tolerance (Kumar et al, 2017). In
immunological studies, human monocyte-derived DC samples displayed no change
in morphology, viability, or cytokine profile, along with a low level increase in
surface receptor expression following treatment with gold nanoparticles 6nm in
diameter for 6 and 24 hours (Bastus et al., 2009). More recent research investigated
the impact of 10nm gold nanoparticles on murine-derived DC cultures via apoptosis,
activation markers, and cytokine secretion over periods ranging from 4 hours to 48
hours, and showed no detrimental cell responses, supporting the biocompatibility

for DC targeting (Bastus et al.,, 2011).

As well as presenting improved biocompatibility profiles compared to existing
methods, the metallic properties of gold nanoparticles also make them a very
effective contrast agent which can be visualized through various different
techniques (Kim et al., 2018). The most prominent detection techniques are based
on the interaction between the nanoparticles and light, whereby gold strongly
absorbs and scatter visible light to produce the so-called surface plasmon
(Yeshchenko et al., 2013). Besides the interaction with visible light, interaction with
both electron waves and X-rays can also be used for visualization of gold
nanoparticles, particularly in medical applications. The high atomic weight of gold
provides excellent contrast in transmission electron microscopy (TEM), and
scatters X-rays efficiently, providing effective contrast agents for X-ray imaging

(Huang et al., 2010).

Gold nanoparticles are also being actively investigated in combination with
radiotherapy regimens due to their high atomic number (high-Z), which has been
shown to increase the dose deposited during photon irradiation (Letchman et al.,
2013). One of the first studies demonstrating this effect was carried out using gold

nanoparticles in mice, where a one-year survival rate of 86% was demonstrated in
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the cohort treated with a combination of radiotherapy and 1.9nm nanoparticles,
versus only 20% survival radiotherapy alone (Hainfield et al, 2004). Similarly
dramatic results corroborated this work as administration of larger (11nm) gold
nanoparticles were administered to mice with imminently lethal intracerebral
gliomas; animals receiving gold nanoparticle injection 15 hours prior to irradiation
demonstrated 50% survival after 1 year, whereas all mice receiving radiotherapy
alone died within 5 months (Hainfield et al., 2013). Such work succinctly illustrates
the potential for encoroparting gold nanoparticles to improve the efficacy of

existing cancer therapies.

In summary, this means that in addition to their potential as imaging contrast
agents and proven efficacy as adjuvants in radiotherapy, gold nanoparticles provide
the added appeal that they can be readily modified due to their surface plasticity,

presenting an ideal platform for bimodal cancer therapeutics.

1.11  Aims of the current study

DCs are a key initiator of the cellular immune response and CD40R has a prominent
role in optimising activation of these cells in response to antigen exposure.
Activation stimulates priming of T cells, determining the adaptive cellular immune
response toward a tumour. Because effector lymphocyte functions requires DC
activation, and considering DC activation is suboptimal in the immature phenotype
of DCs in the tumour, DC based immunotherapies aim to relieve
immunosuppression by providing activating stimuli to induce antigen specific T cell
priming. The ultimate goal therein is to stimulate a tumour specific cytotoxic T cell

response from the DC activation level.

Previous work has developed a synthetic peptide ligand for the CD40R, isolated via
selective phage display (Yu et al,, 2013). This ligand specifically targets the CD40R
and has the potential to regulate DC activation and signalling. This research aims to
produce an optimised sequence of the CD40R-targeting peptide which could be
conjugated to multivalent scaffolds to induce DC activation through CD40R binding.

The first step is to modify the original cyclical peptide sequence (NP31) to ensure
linear presentation, and to then confirm specific binding capacity for the linear

sequence to the CD40R. The next goal is to determine whether presentation of the
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linear peptide on different multivalent scaffolds enhances binding avidity toward
CD40R and whether enhanced binding could affect DC activation parameters. To
investigate the efficacy of multivalent presentation, two platforms for multivalent
presentation are investigated. The first platform uses streptavidin as a semi-flexible
scaffold to present ~4 peptides per molecule. The second platform investigates gold
nanoparticles as a rigid support with the potential to present ~2000 peptides per

targeting molecule.

The pivotal role of DCs in immunotherapy is the ability to prime naive T cells into
functional effector types. The secondary aim of this work is therefore to assess the
capacity of CD40R stimulated DCs to induce T cell priming following a period of co-
culture incubation. To this end, T cell lines will be grown alongside DCs in a single
dish, with additional activating treatments. In the current work, T cell priming is
detected through changes in T cell cytokine signalling profiles, while also
determining the biocompatibility of CD40R targeting constructs. These “Primed” T
cells are introduced to allogenic tumour cells in culture to investigate whether
primed cells can induce cytotoxicity. Ultimately, this two-step method of analysis
aims to demonstrate a proof of principle concept that robust immune activation can
be induced by targeting the CD40R on immature DCs, capable of stimulating effector

cell outputs.
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Chapter 2: Methods and materials
2.1 List of suppliers

Unless stated otherwise, general chemicals were supplied by Thermo Fisher

Scientific and cell culture reagents were supplied by Sarstedt.

Becton Dickinson, New Jersey, USA

Beckman Coulter, High Wycombe, United Kingdom
Bio-Rad, Hercules, California, USA

Dako, Glostrup, Denmark

ECACC, Porton Down, Salisbury, UK

[Iford Imaging UK Limited, Cheshire, UK

Invitrogen, Paisley, UK

Millipore, Watford, Hertfordshire, UK

New England Biolabs, Hertfordshire, UK

Peptide Synthetics (Peptide Protein Research) Hampshire, UK
Pierce Biotechnology, Cramlington, UK

Sigma, Sigma-Aldrich Company Ltd, Poole, Dorset, UK

Statagene, Amsterdam, the Netherlands
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2.2 General suppliers

Unless specified otherwise, reagents used for this research were analytical grade

and solutes were dissolved in H20 (MilliQ Type 1 UltraPure water).

2.3 Glassware and consumables

Unless specified otherwise, glassware was purchased from Fisher Scientific and cell
culture pipettes, and plastics were purchased from Sarstedt. All pipettes were

manufactured by Gilson.

2.4 Reagents

B-mercaptoethanol, Fisher Scientific

30% w/w Acrylamide/bis-acrylamide solution, Sigma Aldrich
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) salt, Thermo Fisher
Scientific

Bovine serum albumin (Fraction V, Heat shock treated), Sigma Aldrich
Ammonium persulfate (APS), Sigma Aldrich

Bicinchoninic acid assay kit, Thermo Fisher Scientific

Biotinylated 200kDa protein ladder detection pack, Cell Signalling
Bromophenol blue, Sigma Aldrich

Calcium chloride (CaClz), Sigma Aldrich

Cyanine (Cy5) Labelled Streptavidin, AbD

Cytofix 1% Paraformaldehyde (PFA) Solution, BD

Coomassie Brilliant Blue (R-250) Stain, Thermo Fisher Scientific
Concanavalin A, Sigma Aldrich

Dimethyl sulfoxide (DMSO), Sigma Aldrich

Dulbecco’s Modified Eagle’s Medium (DMEM), Gibco

Dylight 488 Amine Reactive Dyes, Thermo Fisher Scientific Scientific

Dylight 488 Labelled Streptavidin, Thermo Fisher Scientific Scientific
ChemiLuminescence Enhancer and Peroxide Solutions, Thermo Fisher Scientific
Ethylenediaminetetraacetic acid (EDTA), Thermo Fisher Scientific

Foetal Calf Serum, Gibco Invitrogen

Glycerol, Sigma Aldrich

Glucose, Sigma Aldrich

Goat Anti-CD40 Horseradish Peroxidase Conjugated Antibody, Cell Signalling
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Interleukin 2 (IL-2) ELISA Murine Antibodies, R&D Systems
Interleukin 10 (IL-10) ELISA Murine Antibodies, R&D Systems
Interleukin 12p70 (IL-12) ELISA Murine Antibodies, R&D Systems
Iscove’s Modified Dulbecco’s Medium (IMDM), Gibco

L-glutamine, Fisher Scientific

Lipopolysaccharide (LPS), Sigma Aldrich

Magnesium Chloride (MgClz), Sigma Aldrich

Novex Sharp Pre-Stained Protein Ladder, Invitrogen

N,N,N',N'- Tetramethylethylenediamine (TEMED), Sigma Aldrich
Penicillin Streptomycin, Lonza

Phosphate Buffered Saline, Fisher Scientific

Phycoerythrin (PE) labelled Antibodies for FACS, BioLegend
Pierce Protease and Phosphatase Inhibitor Mini Tablets, Thermo Fisher Scientific
Polyvinylidene fluoride (PVDF) transfer membrane, GE Healthcare
Rabbit Anti-Goat Biotinylated IgG Antibody, R&D Systems

Rabbit Anti-HSP Biotinylated IgG Antibody, Cell Signalling

Sodium Chloride (NaCl), Sigma Aldrich

Sodium Dodecyl Sulfate (SDS), Thermo Fisher Scientific

Sodium phyruvate, Thermo Fisher Scientific

Streptavidin Dynabeads M270, Invitrogen
Tris(2-carboxyethyl)phosphine (TCEP), Sigma Aldrich

Tris base, Sigma Aldrich

Tris HCl, Sigma Aldrich

Triton X-100, Thermo Fisher Scientific

Tris Base, Thermo Fisher Scientific

Trypan Blue, Gibco

TryplE Express, Gibco

Tween-20, Thermo Fisher Scientific
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2.5 Generating a CD4o0-targeting peptide

2.5.1 MTP40 Characterisation by Peptide Synthetics

The linear CD40R-targeting peptide (MTP40) used in this research was developed
based on original work by Yu et al., 2013, who investigated the binding affinity of
the NP31 peptide to target inflamed joints based on specificity for CD40R in a
murine model for rheumatoid arthritis. The original peptide sequence
(CMSYEGSWRKWVMWGGCG) was identified by selective phage display.

The original CD40R-targeting peptide sequence was modified as illustrated in figure
2.1. The primary cysteine residue in the sequence was replaced by alanine to
prevent intra-peptide disulphide bond formation between the two cysteine residues,
which could result in a cyclic structure of the peptide sequence. This decision was
made considering that linear MTP40 structures would protrude more prominently
from the multivalent scaffold in a flexible manner, increasing the likelihood of target
interactions and simultaneous binding of multiple target receptors. The lysine
residue was also substituted from the original sequence for alanine, which allowed
for MTP40 labelling with NHS esters at a 1:1 ratio. In summary, the particle used in
the current work was based on an existing sequence which had been shown to
effectively bind CD40R. Modifications to this sequence were intended to improve
the affinity and avidity of the peptide for receptor binding.

The MTP40 was synthesised externally by Peptide Protein Research (Hampshire,
UK). This modified version of the targeting sequence was designated as a
Monomeric-Targeting Peptide for the CD40R of DCs (MTP40). During synthesis,
MTP40 was purified and eluted in acetonitrile and H20 containing 0.1% ammonium
hydroxide. MTP40 was supplied as 1mg lyophilised aliquots, while analysis was
conducted by the supplier using high pressure liquid chromatography (HPLC) with
an injection volume of 20pl into a 100A 4.6 x 50mm column using a flow rate of

1.5ml/min over a 10%-90% acetonitrile gradient in 8 minutes at 60°C.
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CMSYEGSWRKWVMWGGCG

Y
AMSYEGSWRAWVMWGGCG

Figure 2-1: Modifications to the original CD40R targeting peptide sequence
(NP31) produced by Yu et al.,, 2013

The original sequence by Yu et al was modified to produce Monomeric Targeted
Peptide for CD40R (MTP40) by substituting cysteine and lysine residues at
positions 1 and 10, respectively (theoretical pI 6.04).

2.5.2 Mass spectrometry analysis of MTP40

API electrospray (API-ES) is useful for analysing samples which may acquire
multiple charges, such as proteins, peptides, and oligonucleotides. API-ES is
commonly used for rapid confirmation of the molecular weight (MW) of synthetic
peptides. The process involves three basic phases. First, the liquid sample is passed
through a nebulizing needle at ground potential. The sample then passes through a
cylindrical electrode at high potential, resulting in a strong electrical field from the
difference in potential. This phase charges the surface of the liquid to form a spray
of charged droplets. Next, the charged droplets are attracted toward the capillary
sampling orifice; here, the counter flow of heated nitrogen gas dries and shrinks the
droplets and removes uncharged materials. As the droplets reduce, they approach a
point where the electrostatic forces exceed the cohesive forces until the analyte ions
become desorbed into the gas phase. The gas-phase ions can pass through the
capillary sampling orifice into the low-pressure region of the ion source and the
mass analyser. Mass spectrometry data for MTP40 samples were provided by the

manufacturer.
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2.5.3 MTP40 re-solubilisation
Two batches of MTP40 peptide were purchased to investigate the impact of

multivalent presentation on different scaffold backbones. The first was the
inmodified sequence as described in 2.5.1 above. This sequence was additionally
purchased with a biotin molecule attached to the amine terminus. Solubilisation of
the lyophilised MTP40 was conducted as described in the following sections (2.5.3.1
and 2.5.3.2).

2.5.3.1 MTP40 solubilisation (Method A)
Lyophilised MTP40 1mg aliquots were solubilised directly in H20 to produce a

working concentration of 1mg/ml. The addition of H20 produced a cloudy solution
so 1M sodium hydroxide (NaOH) was added in 1pl increments to gradually adjust
the solution to pH11 and remove protein precipitates. Once the solution cleared,
Trisaminomethane (Tris)(2-carboxyethyl)phosphine (TCEP) solution (0.5M in H20)
was added in 0.2l increments to return the solution to pH8 while simultaneously

reducing intermolecular disulphide bonds.

2.5.3.2 Biotinylated MTP40 solubilisation (Method B)
Lyophilised 1mg aliquots of biotinylated MTP40 were solubilised directly into 200ul

dimethyl sulphoxide (DMSO) and diluted to a working concentration of 1mg/ml
with phosphate buffered saline (PBS). NaOH 1M solution was added in 1ul
increments until pH11 was reached to remove MTP40 precipitates. TCEP solution
(0.5M in PBS) was then added in 0.2pl increments until the solution returned to

pHS8.
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2.5.4 Peptide concentration measurements

The concentration of MTP40 and BiotMTP40 in solution were determined based on
absorbance values at 280nm and calculated based on Beer’s Law (Equation 1). This
calculation relies on the molar absorption coefficient of a peptide or protein
resulting from the composition of aromatic amino acids tryptophan (W), tyrosine
(Y), and cysteine (C) (Equation 2). Absorbance at 280nm was measured by
spectrophotometer (Evo300 UV Vis, Thermo Fisher Scientific) blanked with the
corresponding solvent used for peptide solubilisation. Absorbance values were
based on the average of three measurements per run multiplied by the dilution
factor of the sample and divided by the molar extinction coefficient (¢ 18470) of the
peptide.

Ay=ecL

Equation 1: Beer’s Law

A =absorbance at specified wavelength; € = the extinction coefficient of the protein
of interest; ¢ = concentration; L = length of light path.

€=(nWx5500) + (nY x 1490) + (nCx 125)
Equation 2: Peptide extinction coefficient

The calculation of the extinction coefficient of a protein or peptide based on amino
acid aromatic side chain composition.

2.5.5 MTP40 labelling with NHS DyLight for saturation assay

For receptor saturation analysis, MTP40 was conjugated to fluorescently labelled
DyLight 488 NHS Ester reagent as per the manufacturer’s guidelines (Thermo
Fisher Scientific). The dye molecule contained an N-hydroxysuccinimide (NHS)
ester moiety which reacts with primary amines of proteins (in this case, the N-
terminal a-amino group of MTP40) to form a stable, covalent amide bond and

releasing the NHS group.

DyLight aliquots were equilibrated to room temperature for 30 minutes before use
to avoid condensation. For MTP40 labelling with Dylight NHS, 1mg of lyophilised
MTP40 (MW 2034) solubilised directly in 200ul DMSO was added to 1mg of
lyophilised NHS-DyLight (MW 1011) to provide a 2x molar excess, as per the

manufacturer’s recommendations (Thermo Fisher Scientific). NHS Ester Dylight
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was left to solubilise in the MTP40-DMSO solution for 5 minutes before adjusting to

a final working concentration of 20% DMSO with 0.1M sodium bicarbonate buffer.

The MTP40 NHS reaction was incubated for 1 hour at room temperature with
agitation. The NHS-labelled MTP40 product was purified using dialysis by adding
100pl of the reacted sample to a 0.1ml Slide-A-Lyzer Mini Dialysis cassette with a
molecular weight cut-off (MWCO) of 2kDa (Thermo Fisher Scientific). Dialysis was
performed against 1L of PBS as the dialysis exchange buffer with agitation at 4°C.
The dialysis buffer was changed after 30 and 120 minute intervals before being left
to dialyse overnight at 4°C with agitation to remove unreacted MTP40 from the

solution and exchange buffer.

After dialysis, samples were concentrated in a Millipore Centricon filter unit (MWCO
3kDa) by centrifugation at 10,000xg for 5 minutes. The solution containing the
labelled MTP40 was transferred into a glass vial for storage. Absorbance of the
DyLight-labelled MTP40 was read in a UV cuvette at wavelengths of 280nm and
493nm, respectively. The concentration of the fluorescent product was calculated
based on the observed absorbance of the product at 280nm corrected for the
absorbance at 493nm produced by the NHS dylight label as per the manufacturer’s
recommendations (outlined in equation 3 below).

, , [A280 — (A493 xCF)]
Protein concentration(M) = - x dilution factor
E(peptide)

Equation 3: Molar concentration of NHS-labelled MTP40 peptide

2.6 Development of a flexible multivalent construct

2.6.1 Unlabelled Tet40 synthesis

Biotinylated MTP40 (Biot-MTP40) was purchased pre-conjugated from the
manufacturer (Peptide Synthetics). The BiotMTP40 was reacted in solution with
streptavidin to produce the Tetrameric peptide construct targeting CD40R (Tet40).
Reaction volumes were calculated based on molar ratios; 1mg/ml stock solution of
unlabelled streptavidin (Sigma) provided a stock solution with a theoretical molar
concentration of 19uM (based on the published MW for streptavidin of 53kDa). To
produce a tetrameric construct, streptavidin and MTP40 were reacted at a molar
ratio of 1:4, respectively, for 45 minutes at room temperature with agitation.

Following incubation, light absorbance was measured at 280nm wavelength (A2s0)
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and the obtained value was converted into molar concentration to confirm the
theoretical values (equation 4). As exact molar ratios of streptavidin:MTP40 were

used, purification was not required.

A280
(MW Streptavidin+[MW MTP40+4 binding sites per tetramer])

:= Concentration of Tetramer (M)

Equation 4: Molar concentration of tetramer

Calculation of the molar concentration of Tet40 based on the absorbance of solution at

280nm.

2.6.2 Fluorescent tetramer synthesis for saturation assay

Alexa-Fluor 488-labelled streptavidin was purchased from Thermo Fisher Scientific
in solution at a concentration of 1mg/ml (19uM). Solubilised BiotMTP40 was added
to streptavidin at a molar ratio of 1:4 (streptavidin:BiotMTP40) and incubated at
room temperature for 1 hour. Dialysis and concentration were carried out as
described in section 2.5.5. Post-dialysis, fluorescent Tet40 concentration was
calculated based on absorbance values at 493nm wavelength. Unbound DyLight

(MW 1011) and Biot-MTP40 (MW 2034) were removed using 3kDa MWCO filters.

MTP40 binding to the streptavidin scaffold was quantified based on absorbance
produced by streptavidin labelled with FITC fluorophore at 280nm and 493nm.
Absorbance measurements were recorded in triplicate from both the stock
streptavidin substrate and Tet40 product. FITC-labelled streptavidin was provided
as a 19uM stock solution by Thermo Fisher Scientific. MTP40 was solubilised as
described in section 3.4.3 to 1mg/ml and incubated with FITC-labelled streptavidin
to produce a Tet40 as detailed in section 2.6.1. Fresh Tet40 was synthesised prior to

each experiment.

Following substrate reaction and purification, the absorbance of the Tet40 product
was recorded at 280nm and 493nm. The concentration of streptavidin in the Tet40
product was calculated based on the observed absorbance of the product at 493nm.
This approach provided a logical method to calculate streptavidin concentration in
the reacted product because absorbance at 493nm could only result from the FITC-
labelled streptavidin as no absorbance was observed from MTP40. Once the
concentration of streptavidin molecules was determined for the sample, this value
was then divided by four, to account for the four Biot-MTP40 molecules bound to

each streptavidin scaffold.
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2.7 Development of the rigid targeting construct

2.7.1 MTP40 conjugation to gold nanoparticles

Untargeted Polyvalent gold Nanoparticles (UPN) with an average diameter of 25nm
suspended in PBS were purchased from Sigma Aldrich. Nanoparticle concentration
and diameter were provided by Sigma and used to characterise MTP40 binding by

gold nanoparticles.

The MTP40 was solubilised at 4mg/ml and molar concentration was calculated
based by absorbance at 280nm. The concentration of UPN in 500ul (provided by the
manufacturer) was 3x1011. Based on the surface area volume of UPN, this value was
multiplied by 2000 to calculate the final number of MTP40 molecules required to
saturate the surface of 500ul of UPN.

Solubilised MTP40 and UPN were added to 1.5ml centrifuge microtubes and
incubated at 4°C with rotation for 48 hours to allow the MTP40 to assemble on the
gold surface via the available cysteine-producing disulphide bonds. An additional
1.5ml centrifuge microtube was set to rotate containing UPN and TCEP only as
controls. After the reaction period, both samples were removed and transferred to
10,000 MWCO Pall Centricon Units (VWR). This step allowed purification based on
separation of reactants and products by size. Samples were concentrated by
centrifugation at 12,000xg for 5 minutes at room temperature to reduce the final

volume of sample retained by approximately 40%.

Following incubation, successful conjugation of MTP40 with UPN to produce
Targeted Polyvalent Nanoparticles against CD40R (TPN-40) was characterised by
absorbance characteristics of the resultant particles. A Thermo Evo300 UV Vis
Spectrophotometer was first blanked using PBS and wavelength absorption
scanning of UPN from 400-600nm provided a baseline for nanoparticle absorption
peak. Calibration of the spectrophotometer for nanoparticle characterisations is
outlined in figure 2.2. MTP40 conjugation to the UPN surface was indicated by a
slight but significant shift in absorption peak, resulting from modification of the

nanoparticle surface.

The resulting TPN40 were characterised by spectrophotometry using a Thermo

Scientific Evolution 300 UV-Visible Spectrophotometer and analysed with VISION-
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pro software. The machine was first blanked with 100ul PBS followed by running of

a 100pl sample in quarts micro cuvette (Fisher Scientific).

- =

L} Scan Methed - (Untitled)* ||| |
[0
Scan Method
Method Parameters Diisplay Parameters
Data Mode |J'-".|:|SDF|IIE|I'|I:E j Clear Graph Between Batches j
(Graph High 2.000 A
Stat Wavelength [400.00  nm Graph Low 0.000 A
Stop Wavelength B00.00  nm v Ao Scale
Bandwidth 20 "’| nm Smoothing |N|:une j
Scan Speed 240 * | nm./min Results Table |DH j
Data Interval |'|.|3' j nm
Lamp Change ¥enon - | |
Cycles 1 Auto Save Parameters
Cycle Time ALk hh:mmss Auto Save  |Off
Samples 2 File Mame =can 003
Baseline Comection. .. | Description Lock

Figure 2-2: Evolution 300 UV-Visible Spectrophotometer settings used for the
characterisation of gold nanoparticles

To characterise the shift in absorbance peak, the software was programmed to
acquire the absorbance spectra of samples over a defined interval of 200nm with
bandwidth measurements of 2nm and standard speed and data intervals of
240nm/min and 1.0nm (figure 2.2). To quantify the amount of MTP40 bound to
TPN40, the software was set to acquire the absorbance value at 280nm.

The concentration of TPN40 was calculated based on absorbance at 280nm by
subtracting the absorbance of UPN from total absorbance of TPN40, assuming that
remaining absorbance occurred from bound MTP40. The resulting absorbance was
divided by the MW of the MTP40 to calculate concentration. A schematic diagram
summarising the formation of the two multivalent scaffolds is illustrated in figure

2.3. UPN were used as the negative control for comparison against TPN4O0.
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Figure 2-3: A schematic diagram of multivalent construct formation

Panel A) Streptavidin backbone was incubated with BiotMPT40 at a molar ratio of 1:4 for 1 hour at room temperature to allow
biotinylated MTP40 to bind with streptavidin backbone. As the exact concentration of MTP40 was added to saturate the biotin
binding sites of streptavidin, no purification step was carried out. Panel B) UPN were incubated with an excess ratio of MTP40 at
5,000:1 for 48 hours at 4°C to ensure saturation of the UPN surface. Resulting TPN40 product was concentrated by centrifugation at
12,000xg for 5 minutes in 10,000 MWCO filter units (Pall) to remove excess unbound MTP4O0.
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2.8 Cell culture

For routine subculture, adherent cells cultured in T75 flasks were washed three
times with 10ml PBS and incubated at 37°C with TryplE dissociation enzyme. Cells
were aspirated and transferred into a 50ml falcon tube before washing the base of
the flask with an additional 10ml PBS by 10ml sterile pipette transferred into the
same tube.

For suspension cultures, 10ml of cells in suspension were aspirated from the
culture vessel, collected by centrifugation at 200xg for 5 minutes to form a pellet,
and then gently re-suspended in 1ml media by p1000. Cells were collected by
centrifugation at 200xg for 5 minutes and re-seeded at the densities specified for
individual cell lines (sections 2.8.1-2.8.5) after cell counting by haemocytometer.
For cell counts, a 100ul aliquot was taken from each culture sample and diluted 1:1
with Trypan Blue live cell exclusion dye to determine cell viability. All seeding
densities specified are for the T75 flask for general culture maintenance. All
cultures were incubated at 37°C in a humidified atmosphere with 5% COzin an
ESCO AirstreamClass Il BSC and routinely tested for mycoplasma contamination at
three-month intervals. A summary of characteristics for the cell lines investigated

in this study are outlined in table 2.1 below.
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Table 2-1: Summary of cell lines investigated in this study

Cell Line
tsDC
ECACC

CTLL-2
ECACC

D10-N4M
ATCC

RMA

ID8

Summary of the five cell lines used in this project, including primary references.
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Origin & Type
CBA (H-2k) mice

Dendritic cell

C57b1/6 mice
Cytotoxic T cell

AKR/J mice
Helper T cell Th2

C57BL/6 mice
Cytotoxic T cell

C57BL/6 mice

Ovarian tumour

Morphology

Semi-adherent

Suspension line

Suspension line

Suspension line

Adherent cell line

Culture medium

IMDM

RPMI

DMEM

DMEM

IMDM

Function & Primary Reference
Constitutive MHCII expressing, Differentiates in contact

with T cells & their cytokines; Volkmann et al., 1996

Long term culture of tumour-specific cytotoxic T cells,

IL-2 dependent; Gillis & Smith, 1977

Antigen responsive helper T cells, IL-1 responsive;

Watson, 1979

Co-stimulatory lymphoma derived T cell line; Nieland &

Kruisbeek 1995, Gays et al., 2000

Syngeneic mouse model for human ovarian cancer;

Roby et al., 2000



2.8.1 tsDCcell line

The murine bone marrow derived dendritic cell line tsDC was purchased from the
European Collection of Cell Cultures (ECACC) and cultured in complete Iscove’s
Modified Dulbecco’s Media (IMDM) containing 10% v/v fetal bovine serum (FBS) +
1% v/v penicillin/streptomycin. tsDC were seeded at 2.5x10% cells per cm? for
maintenance and sub-cultured at 80% flask confluence at approximately seven-day
intervals. For receptor analysis experiments, PBS containing 15mM EDTA was
substituted in place of TryplE enzyme to minimise disruption to cell surface

receptor expression.

2.8.2 CTLL-2 cell line

Cells of the murine cell line cytotoxic T lymphocyte-IL-2 dependent (CTLLZ2) were
seeded at 1x10%cells/ml in complete Roswell park memorial institute medium
(RPMI) media supplemented with the following reagents: 2ZmM L-glutamine, 1mM
sodium pyruvate, 10mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffer solution, 2000uM glucose, 5% growth factor supplement (prepared in-
house; described in section 2.8.3), in addition to standard supplementation with 10%
FBS v/v and 1% penicillin streptomycin v/v. Cells were seeded at 1x10% and sub-

cultured at 5x105cells/ml approximately every 4 days.

2.8.21 Preparation of IL-2 growth factor in-house
To prepare rat growth factor, spleens were removed from female Sprague-Dawley

rats weighing 200g. Spleens from two rats were coarsely minced before being
passed through a No. 60 sieve (Sigma). Cells were washed three times with RPMI
1640 medium by centrifugation for 10 minutes at 1000xg and gently re-suspending
the pellet in fresh RPMI by pipetting. Cells were re-suspended at 1-1.5x10° viable
cells/ml in 150cm? flasks containing 100ml RPMI 1640 supplemented with
1% heat-inactivated FBS, 0.05mM (3-mercaptoethanol, 15mM HEPES, 100units/mL
penicillin, 100mg/mL streptomycin, and 1.0pg/mL Concanavalin A (Con-A). Cells
were incubated at 37°C in a CO2 incubator for 48 hours for IL-2 enrichment of media.
Supernatant was harvested following centrifugation at 4,000xg for 20 minutes.
Media was sterilised by filtration through a 0.22uM membrane and stored at -80°C

until use.
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2.8.3 RMA cell line

The RMA T cell line was kindly donated by Dr Frances Davison from the University
of Newcastle. Cells were cultured in Dulbecco’s modified eagle medium (DMEM)
media, supplemented with 10% FBS and 1% penicillin/streptomycin with an
addition of 1% pre-prepared MEM non-essential amino acids (Sigma). Cells were
seeded in T75 suspension flasks at 1x103 cells/ml and sub-cultured approximately

every three days.

2.8.4 D10-N4M cell line

The D10-N4M T cell line (D10) was also kindly donated by Frances Davison from
the University of Newcastle. Cells were cultured in complete DMEM media
supplemented with 10% FBS, 1% penicillin/streptomycin, 2% MEM non-essential
amino acid supplement (Sigma), and 5uM [-mercaptoethanol. Cells were seeded at

1x105 cells/ml and sub-cultured at seven-day intervals.

2.8.5 ID8 cell line

The murine ovarian cancer cell line ID8 was generously provided by Dr Kathryn
Roby, University of Kansas Medical Centre. The ID8 cell line was investigated as a
representative cancer line since ovarian cancer currently has poor response rates to
existing chemotherapy regimens and also represents a unique setting whereby the
tumour is contained within the intraperitoneal cavity in the early stages (see section
1.1), presenting the opportunity for direct intra-tumoural delivery and potential for
imaging agents, such as gold nanoparticles (see section 1.9 and 1.10). ID8 cells
were seeded at 1x10> cells/ml for two days in IMDM supplemented with 4% v/v
FBS and 5pg/ml insulin, 5pg/ml transferrin, and 5ng/ml sodium selenite
(Invitrogen). Suspension cells were re-suspended using a 10ml sterile pipette
before centrifugation and counting. T75 flasks were seeded with 1x10%cells/ml.
Cells were routinely sub-cultured at five-day intervals and showed approximately

80% confluence.
2.9 Characterising tsDC response to LPS as a positive control for
DC activation

LPS was used as a stimulating factor to confirm that the tsDC population used for
this work demonstrated activation outputs in a similar manner to DC populations

described in current literature. LPS induces an innate immune response in a broad
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range of cell types through interaction with TLR4 at the cell surface, and has been
well characterised in scientific literature (Dunzendorfer et al, 2004; Wang et al,,
2008). The primary objective here was to demonstrate that the immature tsDC
population being investigated was able to undergo functional changes associated
with immune activation in a time and cost effective manner. LPS provided a reliable
means of cell activation as this was commercially available as a quality controlled
product, with an extensive shelf life at a more economical price than CD40R
antibodies. Although LPS acts by binding a distinct receptor to CD40R binding (LPS
binds Toll-like receptors as opposed to members of the TNF family), there is overlap
in the down-stream signalling of the two pathways, which ultimately both result in
the activation of transcription factors NF-kB, p38 MPAK and JNK, unlike other
activating factors such as IFN which do not result in NF-kB signalling (Abdi et al,,
2012; Castiello et al.,, 2011). Furthermore, current literature suggests that exposure
to either LPS or CD40L induce DC maturation over a similar time scale of 24-48
hours (Baltathakis et al., 2001; Matsunaga et al, 2002). This is compared to
alternative DC activators such as TNF-a which requires up to 7 days incubation to
induce maturation (Le-Naur et al., 2001), versus culture with IFN for DC maturation
which is recommended to be incubated for less than 24 hours, with various groups

suggesting 8 hour incubation is optimal (Schlaak et al., 2002).

To provide a baseline for tsDC maturation, tsDC were seeded at 2x104 per well in a
96 well flask and incubated with varying concentrations of LPS for 24 hours to
establish whether the established changes in morphology and phenotype associated
with activation via LPS binding were obsserved. Changes in cell morphology
observed by light microscopy can be used as an initial indicator of cell maturation
status before proceeding with further analysis (including FACS and western blott),
as this provided an immediate indicator of successful maturation, as established by
Granucci et al,, 1999. This therefore provided a primary indictor of tsDC response to
activating treatments. Because LPS only provides an indirect positive control and
does not target the CD40R pathway, LPS activation was supported by conducting a
pull down assay (method described in section 2.15; results in section 3.3) to
confirm that functional changes induced by MTP40 resulted from specific binding
between MTP40 and the CD40R. This was visualised by anti-CD40R antibody

binding using western blot.
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2.10 Scaffold backbones as negative control treatments

To confirm that any changes observed throughout this project occurred as a result
of successful multivalent presentation of MTP40, control samples treated with
either PBS buffer (used for treatment solubilisation), MTP40, streptavidin backbone
or UPN were included where appropriate, illustrated in tables 2.2 and 2.3. This
confirmed whether any changes in phenotype or effector function were specific to
the multivalent treatment, or whether this resulted from non-specific binding and

interaction with other components.

2.11 tsDC activation by CD40R targeted treatments

For tsDC activations, cells were cultured to 80% confluence and media were
changed immediately before treatments. IMDM was adjusted to pH8 prior to
treatments to maximise construct and MTP40 solubility. Constructs were added to
cell media at a working concentration of 2.5uM of either construct or control and
incubated at 37°C for 24 hours with 5% CO2. After 24 hours, cell media was
transferred to 15ml falcon tubes and non-adherent cells were collected by
centrifugation at 1000xg. Treatment media was stored at -20°C. Adherent cells were
washed with 5ml PBS and incubated with 5ml PBS + 15mM EDTA for 5 minutes to
detach. Cells were counted and proceeded to downstream analysis. The treatment

conditions investigated for tsDC activation are shown in table 2.2.
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Table 2-2: tsDC activation treatments

Sample Treatment

tsDC in IMDM, no treatment

tsDC in IMDM + 2.5uM Streptavidin (neg control)

tsDC in IMDM + 2.5uM monomeric CD40R peptide (MTP40)

tsDC in IMDM + 2.5uM CD40R targeted streptavidin (Tet40)

tsDC in IMDM + 2.5uM untargeted nanoparticle control (UPN)

| DO | >

tsDC in IMDM + 2.5uM CD40R targeted nanoparticles
(TPN40)

G tsDC in IMDM + 10pg LPS (positive control)

Table 2.2 summarises the treatments added to cell culture flasks containing tsDC in
complete culture media. Test treatments are highlighted in red.

2.12 DC co-culture with T cell lines

To determine the capacity of CD40R stimulated tsDC to initiate a priming response
in T cell populations, activated tsDCs and naive T cell lines were simultaneously
cultured in a single flask. T cell outputs were investigated for three separate cell
lines in response to co-culture, with six treatment conditions for each T cell line.

For co-culture experiments, 1x105 tsDC were seeded in T25 flasks as described in
section 2.8.1 and left to adhere to the flasks overnight. This period allowed tsDC to
adhere to the base of the flask (aiding separation from T cell lines, which remained
in suspension) and provided opportunity for tsDC to enrich the culture media with
stimulating cytokines required for T cell growth. After the initial 12 hours tsDC
culture, treatment media containing 2.5uM of activating treatment in addition 1x10°¢
cells from CTLL-2, RMA, or D10 cell lines to provide a 1:10 ratio of tsDC:T cells (as
detailed in table 2.3). IMDM was adopted as the basic media for co-culture
incubations as the T cell media required additional media supplementation to
support growth, which may have altered the baseline activity of tsDCs. Co-culture
flasks were incubated for 48 hours before harvest and analysis by FACS. This time
frame was selected to allow time for cell-cell interactions to occur and tsDC to
adhere to the base of T25 flasks while T cell lines formed non-adherent clusters. T
cell cultures in suspension were removed via aspiration. tsDC were then washed
once with fresh media to remove remaining T cells. Adherent cells assumed to be
tsDC were detached for analysis by flow cytometry to confirm expression of tsDC

markers.
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Table 2-3: Co-culture activation experiment treatments

Sample Treatment
A tsDCin IMDM, no treatment
B tsDCin IMDM + T cell line in IMDM, no treatment
C tsDC in IMDM + T cell line + Streptavidin (-)
D tsDCin IMDM + T cell line + MTP40 (-)
E tsDCin IMDM + T cell line + Tet40
F tsDCin IMDM + T cell line + UPN
G tsDCin IMDM + T cell line + TPN40
H tsDC in IMDM + T cell line + LPS (+)
I tsDCin IMDM + T cell line + ID8 tumour lysate
J tsDCin IMDM + T cell line + ID8 tumour lysate + Streptavidin (-)
K tsDCin IMDM + T cell line + ID8 tumour lysate + MTP40
L tsDC in IMDM + T cell line + ID8 tumour lysate + Tet40
M tsDCin IMDM + T cell line + ID8 tumour lysate + UPN
N tsDC in IMDM + T cell line + ID8 tumour lysate + TPN40
0] tsDC in IMDM + T cell line + ID8 tumour lysate + LPS (+)

Table 2.3 shows the treatment conditions and controls flasks prepared for co-
culture experiments. The experimental layout was repeated three times, using
either CTLL-2, D10, and RMA as the “T cell line”. For each experimental run,
treatment flasks, negative controls, and untreated cells were run in parallel to
minimise variation between runs. Test treatments are highlighted in red.

2.13 Fluorescence activated cell sorting

Fluorescence activated cell sorting (FACS) allows the measurement of internal and
external characteristics of individual cells within a fluid suspension. The first
fluorescence-based flow cytometer was developed by Wolfgang Ghorde at the
University of Munster in 1968 (Thaer & Sernetz., 1973). The flow cytometer allows
high-throughput automated quantification of cell populations and consists of three
main components: the fluidics, optics, and electronics, which allow simultaneous

measurement and analysis of multiple physical properties (figure 2.4).
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Figure 2.4: Fluidics system and optical components of the flow cytometer; adapted
from BD website

The fluorescent light emitted by labelled cells travels along the same path as side
scatter signals but is filtered by dichroic filters and mirrors which direct the correct
wavelengths to the specific detectors.

The fluidics system applies hydro-dynamic force to produce a single cell suspension.
When the single cell suspension passes through the laser light source at the
interrogation point, the light is scattered by the cell, producing profiles of the cells
size, granularity, and phenotype determined by fluorescent labels. The
interrogation point is where the laser and sample intersect and optics collect the
resulting scattered light and fluorescence. Forward and side scatter result from the
physical size and complexity of a cell, respectively (figure 2.5). These optical signals

are then converted to proportional electronic signals in the form of voltage pulses.
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Figure 2.5: Forward and side scatter profiles produced by cell size and
granularity
Forward scatter produced by a cell is directly proportional to the diameter of a cell
and occurs primarily from light diffraction around the cell. Side scatter provides
information relating to internal cell complexity as the interface between the laser
and internal structures such as granules and the nucleus cause the light to refract.
Authors own.
Fluorescence describes the excitation of a fluorophore by an external source of
energy to a higher energy level, followed by the return of the fluorophore to its
ground state, with the emission of light. The amount of emitted light is determined
by how strongly the fluorophore is excited by a specific wavelength and colour.

When laser light of the correct wavelength strikes the fluorophore, the fluorescent

signal emitted is detected by the flow cytometer.

2.13.1 Surface receptor analysis via FACS

To investigate cell surface receptor expression levels, cells were washed three times
with PBS before detaching from the flask using PBS + 15mM EDTA. Detached cells
were counted with trypan blue and re-suspended to a working concentration of
1x105 cells in 100pL IMDM + 1% bovine serum albumin (BSA) in 1.5ml centrifuge
microtubes. Samples were kept on ice throughout FACS preparation and analysis to
slow cellular metabolism and thus minimise basal changes in receptor expression.
All FACS antibodies were purchased from Biolegend and diluted as per the
manufacturer’s recommendations. Phycoerythrin (PE) or fluorescein (FITC)
conjugated antibodies were added to samples as instructed and incubated in the
dark for 1 hour at 4°C with rotation. Following incubation, the cells were collected

by centrifugation at 1000xg for 5 minutes at 4°C and washed three times with
92 |Page



complete IMDM + 1% BSA to reduce non-specific labelling. Cells were fixed in 100uL
PBS + 1% paraformaldehyde (BD Biosciences) for 15 minutes on ice before an
additional three washes in PBS + 1% BSA. At the final wash step, cells were
transferred to FACS tubes for acquisition on the cytometer. Unlabelled cells without
antibody were washed and fixed alongside stained samples as a control for auto-
fluorescence. Cells labelled with isotype control were prepared alongside samples

as a negative control for non-specific immunoglobin binding on the cell surface.

2.13.2 tsDC preparation for FACS saturation assay

A saturation curve was generated to determine the binding capacity of MTP40 for
the CD40R by FACS. Flasks containing tsDC were cultured prepared as described in
section 2.8.1. Aliquots containing 2x10> tsDC were incubated with FITC-labelled
Tet40 or an equivalent concentration of NHS Dylight-488-labelled MTP40. The stock
concentration of MTP40 and Tet40 were diluted 1.5 fold in IMDM + 1% BSA to
produce a range of treatment concentrations ranging from 60-0.1uM for MTP40 and

17.6uM-0.1uM for Tet40 construct.

tsDC samples were incubated with Tet40 or MTP40 treatments diluted in 100uL
binding media (IMDM supplemented with 10% FBS, 3% BSA, 100 units/ml
Penicillin/Streptomycin, and 0.01% Tween-20) for 1 hour at 4°C over a 10-point
concentration range. Unlabelled cells in complete binding media were used as
negative controls for auto-fluorescence. After incubation, cells were collected by
centrifugation at 200xg and the medium aspirated by p200 pipette. Samples were
washed five times to remove unbound and non-specific labelling before being fixed
in 1% PFA for 15 minutes on ice in the dark. Cells were analysed as described for

receptor analysis using the FL1 FACS channel for detection of NHS Dylight-488.

2.13.3 FACS Analysis

Cells were acquired and analysed using a FACSCalibur Flow Cytometer with
CellQuestPro Software (BD Biosciences). A minimum threshold of 1x104 cells was
acquired from each sample. Forward scatter and side scatter plots were acquired to
observe trends in the whole cell population and fluorescence from antibody labels
was detected on either the FL1 or FL2 acquisition channel for FITC and PE labels,

respectively.

93 |Page



Geometric mean of fluorescence intensity (GM) was used to analyse surface
receptor expression under different treatment conditions. The GM value accounts
for the log-normalised value of the data and is therefore less susceptible to skewing
by anomalous signal from individual cells within a population. This value is useful

when the behaviour of a whole heterogeneous population is of interest.

Samples containing 1x10> tsDC in 200ul PBS + 1% BSA were transferred to FACS
tubes. An unlabelled test tube was first acquired to determine acquisition forward
scatter and side scatter laser intensity settings for the cell population of interest. A
manual gate was defined to contain the major cell population excluding outlier

populations resulting from cell debris or antibody clusters (figure 2.6).

The histograms of unlabelled tsDC and untreated tsDC labelled with anti-CD40R PE
fluorophores were analysed at the start of each individual experiment to avoid
erroneous results by re-aligning the GM value of the isotype control with previous
experiments where necessary to account for fluctuations which may occur

depending on the stage of the cell cycle during analysis (BD BioSciences Protocols).
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Figure 2.6: Gating populations of interest for analysis by flow cytometry

The representative scatter plot depicts the tsDC population following a 1-hour
incubation with FITC-Tet40. A gated region was manually set to measure the
population of interest and eliminate cellular debris.
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2.14 Fluorescent microscopy of CD40R binding

Fluorescent microscopy was used to visualise binding of constructs to the tsDC
surface. tsDC were seeded at 2x104with 200uL. IMDM complete mediain 96 well
plates and left to adhere overnight at 37°C+5% CO2. After 12 hours of incubation,
supernatants were removed and replaced with fresh media containing either 2.5uM
FITC-Tet40 or 2.5uM FITC-streptavidin +5% BSA for blocking. Samples were
incubated for 1 hour at 4°C in the dark before washing three times with 200pL
complete IMDM warmed to 37°C. After an additional wash with 200uL PBS + 1%
BSA, PBS without blocking reagent was added to each well for fluorescent imaging.
Images were acquired using an Olympus IX 71 inverted microscope at 400x total

magnification.

2.15 CD4oR isolation by pull down assay

Pull down assays were conducted to confirm the binding capacity of MTP40 for
CD40R. Streptavidin-coated magnetic Dynabeads were conjugated to BiotMTP40
and the resulting CD40R-targeted beads were incubated with whole tsDC lysate
containing the CD40R (figure 2.7).
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Figure 2.7: Stages of the CD40R-MTP40 pull down assay using Streptavidin
Dynabeads

tsDCs seeded in T75 flasks at 2x10> cells per cm? were left to adhere overnight in
10ml IMDM. After 12 hours of incubation, flasks were treated with 10pg/ml LPS for
24 hours to induce upregulation of the CD40R. Following activation, tsDC lysates
were prepared (to be described in section 2.15.2) and protein concentration was
determined by BCA. Lysates were kept on ice during the BCA assay to reduce

degradation, before proceeding directly to the pull down protocol.

For the pull down assay, 200ul 10mg/ml streptavidin-labelled M-280 magnetic
Dynabeads (Thermo Fisher Scientific) were transferred into a 1.5ml microtube and
washed three times with 500ul wash buffer (PBS + 0.1% BSA + 0.1% Tween-20)
and re-suspended directly into 180pul of 250pM BiotMTP40. An excess of
biotinylated MTP40 (biot-MTP40) was conjugated to pre-washed streptavidin-
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coated magnetic Dynabeads (Thermo Fisher Scientific) to ensure saturation of the
bead surface as mass spectrometry revealed incomplete biotinylation of the sample.
The total reaction volume was adjusted to 500uL with wash buffer and incubated
for 45 minutes at room temperature with rotation. After incubation, magnetic beads
assumed to have bound biot-MTP40 were held against a neodymium earth magnet
for 2 minutes until nanoparticles had visibly adhered to the side of the microtube
before the supernatant was removed. The pellet was washed by re-suspension in a
500ul wash buffer and gentle pipetting up and down. This step was repeated four
times to remove any unbound MTP40 from the solution.

Following the final wash, the magnetic beads were collected against the magnet for
2 minutes before removing the supernatant. The remining beads were then re-
suspended directly into 700pg of whole tsDC lysate (containing CD40R) and the
sample volume was adjusted to 500ul with wash buffer. The sample was incubated
for a further 45 minutes at room temperature with rotation. Following incubation,
the beads were collected against the magnet for 2 minutes. Once the beads had
cleared from the solution, the supernatant containing excess tsDC lysate (flow
through) was aspirated and stored on ice to determine the presence of CD40R by

western blot.

After removing the supernatant from the beads, the sample was washed an
additional three times. After the final wash, the magnetic beads were re-suspended
directly into 15pl PBS. The sample was added to an equal volume (15pul) pre-mixed
sample buffer (Invitrogen) + 20% p-mercaptoethanol and boiled at 95°C for 5
minutes on a hot plate to disassociate bound CD40R from the MTP40 and
streptavidin beads. Dissociated samples were loaded into Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) gels containing 10% acrylamide
and subject to electrophoresis for 2 hours at 110V in a BioRad Mini Protean
Electrophoresis tank. Running gels for increased time at lower voltage allowed for a
higher resolution of protein bands with similar MWs as the epitope for CD40R is
expected to visualise around 38kDa, while streptavidin bands is expected around
60kDa. Gels were then transferred to a polyvinylidene fluoride (PVDF) membrane
for 1 hour at 100V with an ice pack positioned in the tank to maintain temperature.
Following transfer, the membrane was probed with anti-CD40R (Abcam ab140043)

as described for western blot in section 2.15.
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After antibody probing, the PVDF membrane was incubated with a 15ml stripping
buffer (Thermo-Fisher-Scientific) for 15 minutes at room temperature with
agitation. After incubation with the stripping buffer, the PVDF membrane was
saturated with ECL reagents and re-imaged to ensure no horseradish peroxidase
(HRP)-bound antibodies remained on the membrane. Data were acquired using a

Biorad Chemidoc imaging system.

2.16 Western Blot

Western blots allow identification of specific proteins of interest from a complicated
mixture by separation based on MW and charge. In this method, proteins of various
sizes and weights are migrated through a sodium-dodecyl-sulphate polyacrylamide
gel matrix under the influence of electrophoresis (SDS-PAGE). Once proteins have
migrated, the gel is placed on a PVDF membrane to transfer the proteins to a solid
support and prevent uncontrolled protein movement. The membrane can then be
probed with antibodies specific for the target of interest and visualised via

secondary antibodies and detection reagents.

2.16.1 Gel casting and recipes

SDS-PAGE gels were cast in-house using the recipes described in table 2.2. Gels
were cast in bulk and stored at 4°C for up to 4 weeks in PBS-soaked cloth before use.
A Biorad gel casting apparatus was assembled as per the manufacturer’s guidelines.
Gel components for gel resolution and stacking were added to 15ml tubes, following
the recipes outlined in table 2.1. Then, 10% ammonium persuphate (APS) and
N,N,N',N'- Tetramethylethylenediamine (TEMED) solutions were added directly
before transfer to 1mm plates to catalyse polymerisation. The resolving gel was
added to the casting plate and overlaid with 300ul propanol to remove air bubbles.
Resolving gels were left to set for half an hour before propanol was removed. APS
and TEMED were then added to the stacking gel mixture to catalyse cross linking
before immediate transfer into the casting plates and inserting well place holders

into the plate.
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SDS Gel Volume per 5ml gel

components 10% Resolving 15% Resolving Stacking
H20 1.9 1.1 3.4
30% Acrylamide mix 1.7 2.5 0.83
1.5M Tris pH 8.8 1.3 1.3 -

0.5M Tris pH 6.8 - - 0.63
10% SDS 0.05 0.05 0.05
10% APS 0.05 0.05 0.05
TEMED 0.002 0.002 0.005

Table 2-4: SDS gel recipes for 10% and 15% acrylamide gels

Standard SDS-PAGE gel recipes were taken from Cold Spring Harbour Protocols
(Sambrook & Russell, 2006).

2.16.2 Lysate preparation

tsDCs were seeded at 2x10° cells in T75cm? flasks and cultured for approximately 7
days until 80% confluent. Flasks were washed with 4°C PBS before incubating for
10 minutes with 10ml PBS + 15mM EDTA. Cells were counted and collected by
centrifugation at 1000xg for 5 minutes at room temperature before re-suspension
of approximately 7x10¢ cells in 300uL lysis buffer (50mM Tris-HCI pH 7.4, 150mM
NaCl, 100ul/ml Pierce protease and phosphatase inhibitors, 100ul 1% Triton x-100
(v/v)) using a p200 pipette. Samples were incubated in lysis buffer at 4°C for 2
hours with rotation. Cellular debris were separated from the lysate supernatant by
centrifugation at 14,000xg for 15 minutes. Supernatants were transferred to a fresh
1.5ml centrifuge microtube for storage prior to quantification using a Pierce
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) and
absorbance values recorded using an EIX800 plate reader set to a wavelength of

562nm. Protein concentrations were calculated as per the BCA kit protocol.

2.16.3 Preparing heat-shocked ID8 cultures lysates

To induce upregulation of antigenic proteins within the ID8 cell line, cells were
subjected to heat shock treatment prior to lysis. ID8 cells cultured to 70%
confluence in T175 flasks were incubated for 30 minutes at 42°C in a pre-set water
bath. Following heat shock treatment, the media were discarded from the flasks and
replaced with fresh media before cells were returned to incubate at 37°C + 5% CO?2
for a further 24 hours to allow protein expression changes. Cells were then
harvested by scraping from the base of the flask and prepared for BCA analysis
using an EIX800 plate reader set to a wavelength of 562nm.
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2.16.4 Protein quantification and gel loading

Protein lysate concentrations were quantified using the Thermo Fisher Scientific
Pierce BCA Protein Assay for colorimetric detection and quantification of total
protein. Plates containing 96 wells were incubated for 30 minutes at 37°C before
absorbance was measured on an ELX800 microplate reader at 562nm. A standard
curve was prepared by plotting the absorbance of the protein standard titration at
562nm versus concentration in pg/ml. The standard curve was used to calculate the
protein concentration for each unknown sample based on linear regression. For
detection of CD40R by western blot analysis, 60ug of whole cell lysate was loaded
per well. Samples were mixed at a 1:1 ratio with sample loading buffer containing
20% B-mercaptoethanol and denatured by heating to 95°C for 5 minutes. Samples
were loaded into 10 lane 1.0mm gels and run at 120V for 90 minutes in a Biorad
Mini Protean gel electrophoresis tank. The gel was then assembled into a transfer
cassette and run at 110V for 60 minutes to transfer to polyvinylidene fluoride PVDF

membranes (Millipore, Livingston, UK).

2.16.5 Antibody probing

Following transfer, the PVDF membrane was blocked in TBST (Tris-Buffered Saline
+ 0.05% (v/v) Tween-20) with 5% BSA for 60 minutes at room temperature to
reduce non-specific protein binding. After blocking, the membrane was washed
three times with TBST and incubated overnight at 4°C with primary polyclonal
antibodies against CD40R antibody (Abcam ab140043) diluted 1:1000 in TBS + 3%
BSA.

After a minimum of 12 hours incubation, the primary antibody solution was
removed and the membrane was washed three times with 20ml TBS + 3% BSA.
Following these washes, HRP conjugated anti-rabbit secondary antibody (R&D) was
added to the membrane for 1 hour at room temperature with shaking. Membranes
were then washed a further three times before Pierce enhanced chemiluminescence
(ECL) reagents were added (premixed at a 1:1 ratio immediately before
visualisation). The membrane was visualised using a ChemiDoc XRS+ Molecular
Imager (Bio-Rad, Hertfordshire, UK) and quantified using Image] software (National
Institute of Health).

Following antibody probing for the protein of interest, blots were stripped of the

original antibody by incubation with 15ml stripping buffer (Thermo-Fisher-

100 | Page



Scientific) for 15 minutes at room temperature with agitation. After incubation with
stripping buffer, the PVDF membrane was saturated with ECL reagents and re-
imaged to ensure no HRP-bound antibodies remained on the membrane. Clean
membranes were stripped once more to remove ECL reagents, washed three times
with TBST buffer before blocking for 1 hour with PBS + 1% BSA. Membranes were
washed and re-probed with 15ml anti-B-actin (Cell Signalling) diluted at 1:1000 in
PBS + 3% BSA overnight at 4°C with agitation. Following incubation with primary
antibody, membranes were washed three times with PBS + 3% BSA and incubated
with anti-rabbit secondary antibody for 1 hour at 4°C before repeating the wash,

ECL and imaging steps to assess the consistency of well loading.

2.17 MTP4o0 peptide imaging by Coomassie Stain

MTP40 was incubated with UPN to produce TPN40 constructs, purified, and
characterised as described in section 2.6.1. After removing unbound MTP40 by
centrifugation and determining the concentration by absorbance, samples of UPN or
TPN40 were added to sample buffer containing f-mercaptoethanol at a 1:1 ratio
and boiled for 5 minutes at 95°C to reduce thiol bonds. Samples (maximum volume
60pul) and Novex Sharp Pre-stained protein ladder (Invitrogen) were loaded into

wells of a 1Imm SDS-PAGE containing 20% acrylamide and run for 1 hour at 100V.

Gels were removed from the running tanks and submerged in Coomassie Brilliant
Blue staining solution (Thermo Fisher Scientific) consisting of 40% H20, 40%
methanol, and 20% acetic acid with 0.1% coomassie dye for 1 hour at room
temperature with agitation. Following staining, samples were transferred to de-
staining solution (40% H20, 40% methanol, and 20% acetic acid, without coomassie
dye) at room temperature overnight. Gels were rehydrated in H,0 for 1 hour and

imaged on a BioRad Chemidoc.

2.18 Enzyme -linked immunosorbent assay

Enzyme-Linked ImmunoSorbent Assays (ELISA) are commonly used for the
detection and analysis of soluble antigens including proteins, peptides, and
cytokines thanks to its high sensitivity and specificity. Sandwich ELISA involves
preparing the surface of a 96 well plate with a defined quantity of capture antibody
and blocking any non-specific binding sites with BSA. The antigen of interest is then

immobilised on the plate before adding primary antibodies specific to the protein of
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interest, followed by secondary enzyme-linked antibodies which interact with the

colorimetric substrate solution. This principle is outlined in figure 2.8.

Assay carried out in 96 well Antigen specific capture BSA is added to block Samples or standards
treated ELISA plate antibody is coated to non-specific protein containing analyte are
surface of plate added and immobilised

Biotinylated detection Streptavidin Horseradish- Tetramethylbenzidine (TMB) Colour development is
antibodies specific for Peroxidase (HRP) binds substrate is added, blue stopped turning the
analyte are added biotinylated antibody colour develops proportional solution in wells yellow.
to amount of analyte Absorbance of the colour is

measured at 450nm

Figure 2.8 : Stages of the ELISA sandwich assay protocol

ELISA Duoset assays from R&D biosystems were set up as described for analysis of
IL-2, IL-10, IL-12 and IFN-y production by DCs.

2.19 Cytokine analysis by ELISA assay

Following a 24-hour incubation with activation treatments as described in section
2.10, culture media were removed from tsDC samples. Non-adherent cells and
debris were removed by centrifugation at 5000xg for 5 minutes at 4°C and the
resulting supernatants were frozen at -20°C for 24 hours before transfer to -80°C
for long-term storage until analysis to prevent sample degradation. Storing
supernatants at -80°C minimises degradation to allow for simultaneous analysis of
supernatants acquired on different dates to be analysed in parallel and minimises

variation.

For murine IL-2, IL-10, and IL-12, ELISA DuoSet Development Systems from R&D
Systems were used. Capture antibody was prepared by diluting to the working
concentration in PBS as per the manufacturer’s recommendations. Capture

antibodies were added to 96 well ELISA plates at 100ul per well, sealed, and left to
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incubate at room temperature overnight with agitation to ensure thorough coating

of the plate surface.

Following overnight incubation, capture antibody was aspirated by multichannel
pipette and the plate was washed three times with 200uL wash buffer (0.05%
Tween 20 in PBS, pH 7.2-7.4). Wash buffer was discarded manually over the sink
and the plate was blotted dry on fresh paper towels after the final wash to ensure
liquid was completely removed. Plates were blocked for 90 minutes by adding
300uL blocking reagent (1% BSA in PBS, pH7.2-7.4 0.2uM filtered) with agitation.

Aspiration and wash steps were repeated to prepare plates for samples.

Samples were diluted 1:1 with diluent (1% BSA in PBS, pH 7.2-7.4) before adding
100pl of unknown sample or pre-prepared standard to each well. Plates were re-
sealed and incubated for 2 hours at room temperature with agitation. Samples were
aspirated and washed with 200ul wash buffer before blotting dry. Detection
antibodies were diluted as per the manufacturer’s recommendations before adding
100pl to each well. Plates were sealed and left to incubate for a further 2 hours at
room temperature. Following aspiration and washes, 100ul of streptavidin-HRP
(diluted 1:40 in PBS) was added to each well and allowed to incubate for 20 minutes

at room temperature. The wells were sealed with tinfoil to protect them from light.

Plates were aspirated and washed before 100ul of substrate solution containing a
1:1 mixture of Colour Reagent A (H202) and Colour Reagent B
(Tetramethylbenzidine (TMB) was added to each well. Plates were incubated for 20
minutes at room temperature and sealed with tinfoil to protect them from light.
TMB forms a blue-green liquid in solution when oxidised in the presence of
peroxidase-labelled conjugate (HRP-bound antibody); 50uL of Stop Solution (2N
H2S04) was added directly into each well (without removal of colorimetric substrate
solution) to provide the acidic conditions necessary to convert blue substrate
solution to end-point yellow product to be determined by reading absorbance at
450nm. Wavelength correction was set to 540nm to correct for optical
imperfections in the plate. A standard curve was produced by plotting the mean
absorbance for each standard in triplicate on the y-axis against the concentration on
the x-axis and a line of best fit was plotted through the data points. Sample

concentrations were determined by taking the 450nm absorbance (corrected for
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540nm) plus the intercept value of the standard curve divided by the graph

coefficient.

For analysis of the T cell cytokine profile, 5x10> tsDC were seeded in T25 flasks and
incubated with IMDM media containing activating treatments for co-culture
experiments, as described in section 2.11. At the end of the incubation period, non-
adherent T cells were collected by centrifugation at 1000xg for 5 minutes at room
temperature and sample media were stored at -80°C until use. For IFN-y, 96 well
ELISA plates pre-coated with murine IFN-y capture antibody were used as per the

manufacturer’s guidelines.

2.20 Nanoparticle imaging by Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used to provide high resolution
intracellular images for nanoparticle binding to tsDCs. tsDCs were cultured to 80%
confluence and treated with UPN or TPNs as described in section 2.10. Detached
cells were collected by centrifugation at 300xg in 1.5ml microtubes and transferred
to the TEM unit. Briefly, cells underwent primary fixation in glutaraldehyde for 1
hour at room temperature followed by a 5 minute wash in cacodylate buffer (0.2M
in H20) for 5 minutes. Samples were then additionally fixed in 1% osmium tetra-
oxide in cacodylate buffer (2.5ml 2% osmium tetraoxide stock in 2.5ml cacodylate
buffer) overnight at 4°C in order to further crosslink cellular structures into a
matrix to preserve cellular structure during treatments and electron scanning.
Samples were 4 washed four times (each 5 minutes) in cacodylate wash buffer,
followed by 30 minutes incubation in 1% uranyl acetate (2ml 2.5% uranyl acetate
filtered stock +2.5ml H20) to provide negative cell staining. The stained samples
were then dehydrated via centrifugation and the pellet was re-suspended through a
series of 3 washes in ethanol for 15 minutes with increasing concentration (30%, 50%
and 70%, respectively) followed by overnight incubation in 70% ethanol. Following
overnight incubation, samples were sub and re-suspended through further ethanol
dilutions of 90% and 100% for 15 minutes, before embedding in propylene oxide
(two cycles, 15 minutes each). Samples were then transferred to a 1:1 mixture of
propylene oxide and full resin for 1 hour, before transferring to full resin for 60
minutes. Full resin was replaced fresh three times for 1 hour, before embedding in
fresh araldite for 48 hours at 60°C. Samples were then removed from the oven and
allowed to stand for a further 48 hours before sectioning. Sectioning was carried out
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by Mrs Ann Lowry using a Leica EM UC6 ultramicrotome and imaged on JEOL 2010

High Resolution Transmission Electron Microscope.

2.21 Assessing antigen uptake using FITC-OVA model antigen

Antigen uptake capability was determined using FITC-labelled ovalbumin (FITC-Ova)
as an established model antigen. tsDC were seeded in 1.2ml treatment media at
2x10° in 24 well plates and left to adhere overnight. Once adhered, well contents
were aspirated before 800pl fresh media containing 2.5uM of activating treatments
were added (as outlined in figure 2.4). Positive control wells were treated with
10pg/ml LPS. After 20 hours incubation at 37°C + 5% CO2, FITC-Ova was added to
all wells to a final concentration of 500pg/ml and incubated for a further 4 hours
protected from light. For the final 10 minutes, PE-labelled CD86 (Biolegend) was
added to each well to a final concentration of 4ug/ml and incubated at room
temperature protected from light. After 10 minutes, labelling media was removed
from the cells and four wash cycles were carried out with 1ml PBS + 0.05% Tween.
Live cells were incubated in 800ul Fluorobrite media (Thermo Fisher Scientific) and
imaged on the ImageXpress fluorescent microscope (Molecular Devices). Images

were analysed using Image] analytical software.

2.21.1 Antigen uptake image analysis

NIH freeware Image] was used for the quantitative analysis of fluorescent images.
JPEG images of each wavelength acquired were opened individually and converted
to 8bit greyscale images. Colour overlays were added corresponding to fluorophore
labels. CD86-labelled images were overlaid with FITC images using 40%
transparency (figure 2.9).

Figure 2.9: False colour overlay of MTP40 activated tsDC
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tsDC FITC-Ova antigen uptake (green overlay) with PE-labelled CD86 (red) imaged
under 100x and 400x total magnification.

2.22 Cell viability

Cellular viability was analysed in response to activation treatments for both tsDC
and T cell lines. Activation experiments were set up as described in section 2.10 and
2.11, respectively. Following 24-hour incubation, activation media were aspirated
and 100ul fresh IMDM media containing 2x10# T cells in suspension were added per
well. DC were co-cultured with T cells at a 1:10 ratio for 24 hours before adding
20ul CellTiter Aqueous reagent (Promega) per well. Plates were incubated at 37°C
and absorbance at 490nm resulting from formazan product formation was recorded
at 6-hour, 8-hour, and 24-hour time points post reagent addition (figure 2.10). T
cells stimulated with 10nM phorbol-12-myristate (PMA) + 2uM ionomysin were
used as a non-specific positive control population to identify changes in T cell

metabolism following DC-induced priming.
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Figure 2.10 : MTS tetrazolium substrate conversion to formazan product
Reduction of the aqueous tetrazolium substrate during cellular metabolism results

in the purple coloured formazan product detected at 490nm in the Promega
CellTitre assay.
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Chapter 3: Characterisation of a CD40R-targeting peptide
(MTP40) and its conjugation to multivalent scaffolds

As discussed in section 1.2.2.2, CD40R stimulation has shown excellent potential to
induce immune activation in the tumour environment of in vitro and in vivo models,
but has as yet achieved limited translation into the clinic due to the limitations
imposed by tolerance and cytotoxicity. Based on the potential for peptide therapies
to provide improved therapeutic benefit compared to antibody based systems, the
current chapter aims to investigate the capacity of a CD40R targeting peptide

(MTP40) to induce outputs associated with activation in a the DC line tsDC.

Synthetic peptides are used in structure and function studies of biomimetic
modelling and in the development of new drugs and vaccines. These peptides are
involved in diverse aspects of human physiology from hormone function to anti-
infective therapeutics, growth factor signalling, and ion channel binding. Peptide
therapies are recognised for their high selectivity, and are commonly regarded as a
safe and well-tolerated treatment option, with 140 clinical trials involving peptide

therapeutics being launched in 2015 alone (Fosgerau & Hoffman, 2015).

The CD40R-targeting peptide used in the present research was based on previous
work by Yu et al,, 2013 in which the CD40L analogue (NP31) was developed by
selective phage display. The original study demonstrated that the synthetic cyclic
peptide NP31 could competitively inhibit binding of an enriched phage pool to
human CD40R with an IC50 of 440nM in a dose-dependent manner. Furthermore,
the work by Yu et al.,, 2013, suggests that binding to the CD40R could be enhanced

through multivalent presentation of NP31.
This chapter aims to address the following:

e Confirming the chemical composition of MTP40

e Determining the specificity of MTP40 for the CD40R

e Determining the dissociation constant and binding affinity of MTP40

e Demonstrating whether multivalent presentation of MTP40 alters its

capacity for receptor binding
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3.1 Theoretical sequence of MTP40

Building on the original work by Yu et al., 2013, NP31 was linearised by substituting one of the two cysteine residues for alanine to
prevent intramolecular disulphide bridge formation while retaining similar hydrophobic properties. Based on the new linear

sequence (illustrated schematically in figure 3.1), MTP40 had a theoretical mass of 2034Da.

H:N

A M S YE G S WU R A WUVMW G G C G
Ala Met Ser Tyr Glu Gly Ser Tip Arg Ala Tp Val Met Tp Gly Gly Cys Gly

Figure 3-1: Hypothetical structure of MTP40 generated using the Tulane University Peptide Characterisation Tool

Expected characteristics of the MTP40 peptide included a predicted pl of 6.17, hydrophobicity of +11.06 Kcal and extinction

coefficient of 17990M-1. The amino acid sequence correlated with atomic structure Co1H124N24024S3 and had an expected mass of
2034Da.
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3.2 Chemical analysis of MTP40 via mass spectrometry

Chemical analysis was required to support the theoretical composition of MTP40.
Mass spectrometry (MS) in proteomics enables the user to determine protein
structure and interactions and identify specific proteins and peptides based on the
mass of their fragments. As an analytical technique, MS ionises chemical species and
sorts the ions based on a mass to charge ratio (m/z). lonised fragments are analysed
by the intensity of the current generated by ions deflected into the detector within a
specific range. MS allows the user to accurately determine the purity of a sample,
measure MW, and where appropriate, determine de novo characterisation of a
peptide or protein (Chowdhury et al., 1990). The chromatogram for MTP40 was
provided by Peptide Synthetics (figure 3.2).
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Figure 3-2: API-ES analysis of the MTP40 sample using a 130A 4.6x50mm
column on 10-90% acetonitrile gradient for 8 minutes at 80°C

Two peaks were identified at 1018.2m/z and 679.2m/z during the chemical
analysis of MTP40 by mass spectrophotometry.
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The analysis from Peptide Synthetics revealed two characteristic peaks at 1018.2(*2)
and 679.2(*3). For singly charged species, the observed mass should correspond to
the expected monoisotopic mass of the analyte, which was expected to be 2034m/z
for MTP40. Larger molecules have a greater chance of ion collisions in the mass
spectrometer and as such, acquire multiple electrostatic charges per molecule.
Doubly charged molecules presented a peak at 1018.2m/z, exactly half the mass of
the singly charged molecular ion. The second peak represents fragments from the

triply charged ion, equating to one third of the original peptide mass at 679.2m/z.

3.3 MTP4o0 specificity for the CD40R determined by in vitro pull

down assay

As the original NP31 sequence was modified, an in vitro pull down assay was used
to determine whether the MTP40 had retained the ability to bind to the CD40R. Pull
down assays allow selective isolation of a certain protein or peptide from a complex
solution and relies on specific protein-protein interactions. Pull down assays most
commonly involve the use of protein-specific antibodies associated with a matrix
material bead. Common pull down supports include avidin biotin matrices,
glutathione-S-transferase (GST) tag systems, and histidine-tagged protein selection.
Streptavidin matrices are a popular choice for pull down assays due to the high
affinity of the interaction. To prepare MTP40 for analysis by pull down assay,
MTP40 was biotinylated at the primary amine through N-hydroxysuccinimide (NHS)
ester reaction and analysed by Kevin Welham from the University of Hull by MALDI-
MS (figure 3.3).
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Figure 3-3: Low-resolution MALDI-MS chromatogram of biotinylated MTP40

Mass spectrometry of the biotinylated MTP40 revealed a major peak at 2034m/z
and a second peak at 2260m/z.

Based on the MW of MTP40 (2034Da) plus EZ-Link NHS-Biotin (MW 341.38Da), the
estimated mass of the reacted product was initially expected to occur at
2375.88m/z. Instead, a clear peak was observed at 2260m/z, which can be
explained by the loss of the N-hydroxyl-succinimide (MW 115.09Da) from the biotin
molecule during electron spray in the MS. Mass spectrometry findings suggest
incomplete biotinylation because a substantial amount of the MTP40 was not bound

to NHS-biotin, as demonstrated by the peak observed at 2034m/z.
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Figure 3-4: Pull down assay of the CD40R probed with Abcam anti-CD40R

Pull down assay of the CD40R from LPS-treated DC lysates incubated with 10ug/ml
LPS for 24 hours at 37°C + 5% CO3. Lane contents from left to right: 1) Novex Sharp
Pre-stained MW ladder; 2) CD40R pull down eluate n1; 3) CD40R pull down eluate
n2; 4) Empty spacer well; 5) Flow through from CD40R pull down n1; 6) Flow
through CD40R n2; 7) Whole cell extract. Panel A) Membrane probed with 1ug/ml
Anti-CD40R from Abcam (ab140043) overnight at 4°C in TBS + 3% BSA. Following
three washes, membrane was incubated with secondary anti-rabbit HRP (1:10,000)
for 1 hour at 4°C. Panel B) Membrane re-probed with 1ug/ml anti-f-actin in TBS +
3% BSA overnight after stripping with Thermo Scientific stripping buffer for 15
minutes at room temperature.

When probed with anti-CD40R antibody from Abcam, bands at ~38kDa were
detected, confirming the receptor had been successfully isolated from whole cell
lysates. The CD40R from tsDC lysates was therefore assumed to have successfully
bound to the Streptavidin Dynabeads coated with MTP40 peptide. The receptor
must have remained bound through repeated wash steps. Bands were only
observed when probed with anti-CD40R, and did not demonstrate a signal when the
same membrane was subsequently incubated with stripping buffer and re-probed
with anti-actin antibody (shown in panel B). This suggests that the protein band
visualised by western blot was specific for CD40R as opposed to non-specific
interaction between streptavidin or MTP40 and other proteins in the whole cell
lysate. This observation confirmed that streptavidin beads successfully bound
biotinylated MTP40, which in turn retained the capacity to specifically bind the
CD40R from tsDC lysates. Bands were observed at the same MW in the flow through
volume of both samples, which is likely to be caused by surplus CD40R remaining in
the whole cell lysate after the MTP40 became saturated. These bands were expected
as a high lysate volume was added from tsDC which had been pre-stimulated by
10pg LPS for 24 hours to upregulate CD40R expression, to ensure bead saturation.
Lane 7 contained whole cell lysate from tsDC incubated with 10pg/ml LPS for 24
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hours. This was included as a positive control to the confirm presence of CD40R in

the tsDC sample.
3.4 Characterising MTP40 bound to flexible multivalent scaffolds

3.4.1 Quantifying MTP40 conjugation to streptavidin

Peptides alone are often too small to elicit a sufficient immune response and may
therefore be conjugated to a carrier scaffold molecule to elicit effective immune
priming. Presentation of multiple peptide units per scaffold allows multiple
receptors to be engaged synchronously, increasing the strength of interaction and
therefore, the potentiation of downstream signals. The ability for multivalent
delivery systems to specifically engage multiple receptors on the immune cell
surface, has been demonstrated in vaccine therapies (Smith., 2010) and more

recently, in tumour-specific vaccinations (Valkenberg., 2014; Oh et al., 2016).

Before investigating the biological activity of MTP40, it was essential to confirm that
MTP40 could be quantifiably conjugated to a multivalent scaffold. In the original
study by Yu et al, 2013, conjugation of NP31 peptide to tetrameric streptavidin
molecules resulted in enhanced binding affinity. Yu et al demonstrated that while
monomeric NP31 displayed an IC50 of 84nmol/L, NP31 bound to tetrameric
streptavidin construct demonstrated an IC50 of 215nmol/L, equating to 2.5 fold
higher affinity. Multimeric presentation is hypothesised to improve binding stability
as interaction between CD40R and CD40L in vivo takes place in a trimeric
conformation, and may therefore require multivalent presentation. Streptavidin
also provides an attractive model system as the streptavidin-biotin complex is the
strongest known non-covalent interaction between a protein and ligand (Kp = 10-
15M). The strength of the interaction renders it unaffected by fluctuations in pH,
temperature, organic solvents, and other denaturing conditions. Consequently,
streptavidin is well utilised across an array of immunological applications, including

ELISA, immuno-histochemistry (IHC), western blotting, and cell surface labelling.

MTP40 binding to the streptavidin scaffold was quantified based on absorbance of
streptavidin labelled with FITC fluorophore at 280nm and 493nm. Absorbance
measurements were recorded in triplicate from both the stock streptavidin
substrate and Tet40 product. FITC-labelled streptavidin was provided as a 19uM

stock solution by Thermo Fisher Scientific. MTP40 was solubilised as described in
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section 3.4.3 to 1mg/ml and incubated with FITC-labelled streptavidin to produce a
Tet40 as detailed in section 2.6.2. Fresh Tet40 was synthesised prior to each

experiment.

Following substrate reaction and purification, the absorbance of the Tet40 product
was recorded at 280nm and 493nm. The concentration of streptavidin in the Tet40
product was calculated based on the observed absorbance of the product at 493nm.
This approach provided a logical method to calculate streptavidin concentration in
the reacted product because absorbance at 493nm could only result from the FITC-
labelled streptavidin as no absorbance was observed from MTP40. Once the
concentration of streptavidin molecules was determined for the sample, this value
was then divided by four, to account for the four MTP40 molecules bound to each
streptavidin scaffold. The method for calculating tetramer concentration is outlined

in figure 3.5, overleaf.
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Concentration Observed Observed
(un) Azeo Agss

Stock MTP40 2465 0.46 0.02

Observed values:

Stock Streptavidin 19 15.75 5.83

Tetramer 12 4.08
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Figure 3-5: Excel file format for calculations determining the concentration of
Tet40 reactions based on absorbance.

A) The theoretical concentration of streptavidin in the Tet40 was calculated by
multiplying the stock concentration of streptavidin by the observed A493 of the
Tet40 and divided by the observed A493 of the stock solution. B) The Azgo of the
Tet40, which resulted from streptavidin, was calculated based on concentration of
streptavidin in the Tet40. This value was calculated by multiplying the Tet40 Azso
from streptavidin by the Azso of stock streptavidin and divided by the stock
concentration of streptavidin. C) The Azgo of the Tet40, which resulted from MTP40,
was calculated by subtracting the Azgp produced by streptavidin stock from the
observed Azgo of the Tet40 product. D) Peptide Az80 was converted into a molar
concentration by dividing the remaining absorbance by the extinction co-efficient of
MTP40 and multiplied by four to compensate for the tetrameric presentation of
MTP40 molecules on each streptavidin backbone.

This calculation was generated in-house to provide a novel method of

characterising the concentration of MTP40 solutions conjugated to a streptavidin

backbone.
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3.4.2 Characterising the binding affinity of MTP40 presented as monomer
versus tetramer to CD40R

The pull down assay preliminarily confirmed binding of MTP40 to the CD40R and
confirmed that MTP40 could successfully be conjugated to a streptavidin scaffold.
The next question was whether this multivalent presentation had the potential to
increase the binding affinity and specificity of MTP40 for the target CD40R. Flow
cytometry allows internal and external characteristics of individual cells within a
fluid suspension to be measured. This method also provides a tool for analysing the

number of fluorescent particles bound to the cell surface.

Saturation assays allow the user to determine the affinity or dissociation constant
(Kp) of a ligand to a receptor. The Kp is equal to the ligand concentration required to
occupy 50% of available target receptors. Saturation assays are commonly used to
determine and characterise protein-protein interactions (Pollard., 2010), while
fluorescence-based ligands present a viable and accessible alternative for the use of
radio ligands for protein-protein studies (Stoddart et al, 2016). Recent studies
comparing the effect of multivalent presentation of folic acid on dendrimer scaffolds
by SPR versus FACS analysis have revealed a close correlation between the two
methods. Therefore FACS analysis was able to determine surface concentration in a

range representative to that determined by SPR (Hong et al,, 2007).

This approach allowed direct comparison of the binding efficacy monomeric MTP40
versus that of tetrameric Tet40 construct by treating samples with identical
concentrations under the same conditions. Increasing concentrations of FITC-
labelled MTP40 or FITC-labelled Tet40 were reacted for 1 hour until steady state
conditions were reached. Once the population had been successfully gated on the
flow cytometer to select the main cell population (eliminating cell debris or
precipitated fluorescent conjugates), a histogram plot was set to include only
fluorescent signal detected from cells in the gated population. At the setup of each
new experiment, negative controls were adjusted to fall within the 10-°¢ and 10-!
boundary of the log scale. Once controls were set within an acceptable range,
marker regions were applied to differentiate between negative and positive
populations. Binding of fluorescent constructs to the cell surface caused the
histogram to shift to the right as intensity increases. Notably, increased fluorescent

labelling was observed in tsDC incubated with fluorescent MTP40 compared to
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fluorescent Tet40 across the entire range of treatment concentrations (figures 3.6

and 3.7).
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Figure 3-6: Histogram overlay of fluorescently labelled MTP40 titrations to CD40R on the tsDC surface

Wells containing 1x105 LPS activated tsDC were incubated with serial dilutions of MTP40 labelled with NHS-Dylight488 for 1 hour
at 4°C. After gating the primary cell population, geometric means of individual sample histograms were taken to determine the
geometric mean values of cells positive for fluorescence under FL1 excitation. Overlay of the geometric mean fluorescence (GMF) is
provided to visually illustrate the shift in binding correlated with treatment concentration. Two fluorescent peaks were observed in
response to monomer treatment at high concentrations, as indicated by arrows in the figure. Figure illustrates a representative
histogram display chosen at random out of n=5 replicates.
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Figure 3-7: Histogram overlay of fluorescently labelled Tet40 titrations to CD40R on the tsDC surface

Wells containing 1x105 LPS activated DC were incubated with serial dilutions of Tet40 labelled with NHS-Dylight488 for 1 hour at
40C. After gating the primary cell population, geometric means of individual sample histograms were taken to determine the
geometric mean values of cells positive for fluorescence under FL1 excitation. Overlay of the geometric mean fluorescence (GMF) is
provided to visually illustrate the shift in binding correlated with treatment concentration. Figure illustrates a representative
histogram display chosen at random out of n=3 replicates.
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Analysis of CD40R binding by FITC labelled MTP40 showed that two fluorescent
peaks were observed in response to treatment with high concentrations of MTP40.
This observation suggests that receptor binding by MTP40 was inconsistent
because a large portion of the cell population displayed no fluorescent labelling, as
indicated by the major peak overlaying the negative control for auto-fluorescence. A
small number of cells from each sample exhibited a positive shift to the right, which
may have resulted from MTP40 aggregation at the cell surface through disulphide
bonds, or from heterogeneous expression patterns of the CD40R in the tsDC
population following activation with LPS. In the latter case, tsDC expressing a high
number of CD40R would need a greater concentration of MTP40 to saturate the cell

surface in this subset of the tsDC population.

tsDC incubated with FITC labelled Tet40 revealed a single peak with decreased
fluorescence compared to MTP40. This may result from Tet40 occupying multiple
receptors simultaneously, meaning fewer fluorescent Tet40 molecules are required
to saturate the equivalent number of receptors (1:4 binding) compared to

monomeric presentation (1:1 binding).

The representative overlay in figure 3.8 demonstrates the shift in fluorescence peak
between MTP40 and Tet40 binding across a range of concentrations. To illustrate
this shift more clearly, figure 3.8 isolates the fluorescence peak observed in a

representative image of DC incubated with MTP40 versus Tet40.
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Figure 3-8: Comparison of MTP40 versus Tet40 binding patterns acquired by
flow cytometry

Histograms illustrate the binding patterns of fluorescently labelled MTP40 versus
Tet40 at comparable concentrations. Panel A) tsDC treated with 7.5uM FITC-MTP40.
Panel B) tsDC treated with 7.8uM FITC-Tetramer.

Differential binding peaks were observed in DC treated with FITC-MTP40 versus
FITC-Tet40. Aligning the histograms of comparable concentrations of MTP40 and

Tet40 treatments highlights the differential fluorescent peaks between the two
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treatments (figure 3.8). Treatment with fluorescently labelled MTP40 continued to
show increased binding to the DC surface with treatment concentrations up to
60uM, while Tet40 treated cells demonstrated negligible shift in the fluorescent

peak in populations treated with concentrations above 7.8uM.

This finding suggests that CD40Rs on the DC surface became saturated by Tet40
constructs at a lower concentration than the equivalent MTP40. Subsequently, the
geometric mean values from n=3 replicates were transferred to Graphpad for
quantitative analysis. Quantitative analysis demonstrated that the concentration
required to reach the Kp with MTP40 (1.32uM) was significantly reduced when
conjugated to the tetrameric streptavidin scaffold (0.07uM), showing increased
affinity in the region of log102 (figure 3.9). For example, higher Kp values equate to a
greater amount of substrates A and B being required to form the product AB and
therefore, a lower binding affinity of the substrates. The significant reduction in Kp
value of the Tet40 compared to MTP40 illustrates increased binding by multivalent

presentation.

The original CD40R targeting peptide sequence extracted from the NP31 phage by
Yu and colleagues in 2013 demonstrated micromolar affinity for the CD40R
(0.44pM). The binding affinity of the original construct was initially reduced by
modification by substituting cysteine residues to produce the linear sequence of
MTP40 (Kp 1.32 puM). In the present research however, the binding affinity was
recovered and in fact improved through multivalent presentation on the
streptavidin scaffold (Kp 0.07uM) , suggesting that tetrameric presentation of
MTP40 increased binding affinity beyond that of the original targeting sequence.
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Figure 3-9 Kinetics of CD40R binding specificity of MTP40 and Tet40 analysed by flow cytometry

CD40R saturation data was acquired by flow cytometry across a range of concentrations. Panel A) The saturation curve of MTP40
binding to DCs. Panel B) The saturation curve of Tet40 binding to DCs. MTP40 labelled with Dylight 488. Data are representative of
n=5 experiments. Tet40 containing FITC-labelled streptavidin data represent n=3 experiments. Data are depicted as Mean
Fluorescence Intensity (MFI). Saturation curve was fit using a single-site model of receptor binding with Graphpad Prism version 5

software.

123 |Page



3.4.3 Visualisation of Tet40 binding to tsDC by fluorescent microscopy
Fluorescent microscopy was used to determine the extent of non-specific

streptavidin binding versus specific Tet40 binding following incubation with tsDCs.

tsDC treated with FITC-MTP40 or FITC-Tet40 were visualised by microscopy (figure
3.10).

Figure 3-10: Fluorescent binding images of F11 C-MTP40 and FITC-Tetramer to
CD40R at the tsDC surface

Panels A & B) tsDC were treated with 2.5uM of FITC-labelled streptavidin (green)
for 1 hour at 4°C. Panels C & D) tsDC were treated with 2.5uM of FITC-labelled
tetramer (green) for 1 hour at 4°C. All wells were counterstained with NucBlue
(blue) for 10 minutes at room temperature prior to image acquisition at 400x total
magnification.
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Panels A and B illustrate a cytosolic binding pattern which suggests streptavidin
may have interacted with tsDCs non-specifically by phagocytosis. When bound to
MTP40, non-specific binding was no longer apparent and was replaced by intense
staining around the extracellular surface, suggesting that MTP40 bound to
streptavidin as Tet40 prevented non-specific uptake of streptavidin by tsDCs due to

a specific interaction with the CD40R at the cell surface.
3.5 Characterising MTP40 bound to rigid multivalent scaffolds

3.5.1 Quantification of MTP40 conjugation to gold nanoparticles by optical
properties

Following the observation that tetrameric presentation of MTP40 resulted in
significantly higher binding avidity for the CD40R, it was considered that increasing
the number of ligands presented on the scaffold and the characteristics of the
scaffold itself, may also impact the avidity and specificity of binding. Gold
nanoparticles possess several unique characteristics which make them a strong
candidate for drug delivery platforms, which are discussed in section 1.8. Therefore,
Untargeted Polyvalent gold Nanoparticles (UPNs) were investigated as an
additional multivalent platform to investigate how multivalent presentation affects

the activating potential of MTP40.

Following incubation with 25nm UPN for 48 hours, MTP40 binding to the surface of
gold dots was confirmed by absorbance at 280nm and total absorbance spectra.
Also, following incubation with MTP40, a specific increase in absorbance was
observed in targeted samples compared to untargeted controls. Total absorbance
increased on average by 5nm, with a range between 4-6nm. UPN demonstrate peak
absorbance around 520nm in the visible region, which is affected by particle size
and therefore, MTP40 binding. As such, reactions demonstrating a shift in
absorbance peak less than 4nm and greater than 6nm were discarded. As the
particle diameter increased, the absorbance band visibly widened as illustrated in
figure 3.11likely to result from the increased light scattering associated with

increased surface size and complexity.

The inherent interaction between the thiol side chain of cysteine residues and gold
is commonly used to conjugate peptides to the surface of UPN, with incubation
times varying from 30 minutes at room temperature to 72 hours at 4°C. Following

incubation, samples are commonly purified by dialysis or centrifugation with
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MWCO filter units suited to the application and size of the nanoparticles and peptide
under investigation. Conjugation is almost universally confirmed based on a shift in
the UV absorption spectra of UPN (Bastus et al, 2009; Parker et al, 2007).
Additional confirmation is often provided by dynamic light scattering or ramen

spectroscopy profiles of the sample.

After separation by centrifugation at 12,000xg for 5 minutes, the UPN controls
displayed absorbance at 280nm between 0.7 and 0.9 absorbance units (AU). This
increases to between the range of 1.7-1.9 AU following MTP40 conjugation from
tryptophan, tyrosine, and cysteine residues present in the amino acid sequence. A
representative example of absorbance increase at 280nm following MTP40
conjugation is presented in figure 3.11. The specific shift in absorbance spectra and

increased absorption at 280nm confirmed that the MTP40 had successfully

adsorbed to the
surface of Absorbance at 280nm UPN.
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Figure 3-11: Characteristics of gold nanoparticles determined by absorbance

Panel A) Representative absorbance measurements of UPN and TPN40. Panel B)
Absorbance spectra of UPN following MTP40 conjugation. A shift in absorbance was
observed as a result of MTP40 conjugation to the surface of UPN. 500ul UPN (black
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line) were incubated at 4°C with 50ul MTP40 for 48 hours with rotation to product
TPN40 (red line). Reacted products were characterised by absorbance spectra
immediately before cellular treatments, to ensure product quality.

3.5.2 Visualisation of MTP40 conjugation to gold nanoparticles by coomassie
stain

Coomassie Brilliant Blue (Thermo Scientific) is commonly prepared in acidic
solutions containing 25-50% methanol for the detection of proteins in gel
electrophoresis. Acidic conditions permit the dye to bind basic amino acids, with the
number of dye ligands being proportional to the number of positive charges found
on the protein or peptide. This process allows direct visualisation of peptides and
proteins in SDS-polyacrylamide gels, including MTP40 peptide conjugated to the

surface of gold nanoparticles as TPN40, shown in figure 3.12.

A B C D E A B C D E

10kDa—p

~2kDa—» .

Figure 3-12: UPN and TPN40 incubated with Coomassie Brilliant Blue dye for
visualisation on SDS-PAGE gels

Washed samples containing either UPN or TPN40 were mixed at a 1:1 ratio with
loading buffer containing 20% (-mercaptoethanol. The samples were boiled for 5
minutes at 95°C to reduce thiol bonds and then 60pul was loaded into wells of 20%
acrylamide SDS-PAGE gels for separation by gel electrophoresis. Well contents from
left to right: A) Novex Sharp pre-stained MW ladder. B) Empty spacer well. C)
TPN40. D) Empty spacer well. E) UPN.

To confirm that biotinylated MTP40 retained the ability to bind CD40R from tsDC
when conjugated to streptavidin, it was possible to use streptavidin Dynabeads in
place of the backbone to extract the receptor, dissociate by boiling under reducing
conditions, and probe the product for anti-CD40R by western blot. To indicate

whether the MTP40 was successfully bound to the surface of gold nanoparticles (via
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innate interactions between cysteine and the gold surface), wells were loaded with

UPN or TPN40, and probed with coomassie blue dye.

The maximum sample volume (60pl) was loaded into each well for coomassie
staining because the characteristics of UPN in SDS gel electrophoresis were not well
characterised, therefore high volumes were loaded to ensure a high enough volume
of MTP40 would be present to be visualised in SDS gel. As shown in figure 3.12,
wells containing MTP40-TPNs stained strongly with coomassie dye, whereas no
staining was observed in the control well containing the UPN samples. Coomassie
dye was expected to bind to the amino acids of TPN40 samples, while no direct
interaction was expected between coomassie dye and the UPN gold nanoparticles.
Gels were run for 1 hour at 100V due to the low MW (2034kDa) of linear MTP40
under reducing conditions. Novex-sharp pre-stained ladder was visible in the lane A
of each gel, which indicates that the band was visualised around 2kDa. Visualisation
of bands by coomassie staining indicate that MTP40 was successfully bound to TPN
and retained following purification by centrifugation through Pall 10,000Da MWCO

filter units.

3.6 General Discussion

Biotherapeutics including antibodies and peptides are attractive candidates for anti-
cancer therapies because of their higher specificity and reduced toxicity compared
to synthetic small molecules. Peptide therapies confer additional advantages over
antibodies in terms of small size, potential for modification, and improved
biocompatibility. As such, the main objective of the initial segment of this work was
to establish that a MTP40 targeting the CD40R could bind the CD40R isolated from

tsDC in culture.

To characterise MTP40, a variety of established methods were used. In summary,
the data presented in the current chapter met the aim of confirming the chemical
composition of MTP40 by mass spectrometry and hypothetical chemical structure.
Mass spectrometry has been used as a definitive method of peptide characterisation,
both for MW and amino acid sequence, for many decades (Carr et al., 1991). Here,
mass spectrometry provided a reliable method to confirm the MW of MTP40.
Furthermore, MTP40 was demonstrated to show specific binding for the CD40R,

which was confirmed by multiple complementary methods. First, binding to CD40R
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was indicated by anti-CD40R staining in pull down assay, which determined CD40R
was present in wells containing MTP40.The ability of MTP40 to bind and retain
CD40R from DC directly during in vitro pull down assay demonstrated a direct
interaction between MTP40 and CD40R which is therefore not likely to be

dependent on co-factors or interacting protein molecules.

Interactions between MTP40 and multivalent scaffolds were also assessed. Specific
calculations were developed in house during this study to produce a theoretical
method for quantifying the concentration of MTP40 present in a solution of Tet40
molecules. The second method used to infer binding used fluorescent microscopy to
visualise the binding pattern of Tet40 to the surface of tsDC and therefore CD40R,
which showed differential staining by Tet40 compared to fluorescent streptavidin
control. Third, the saturation curve of MTP40 and Tet40 were produced via FACS,
which confirmed that multivalent presentation via Tet40 lead to enhanced binding

of CD40R, shown by a shift in KD from 1.32uM to 0.072uM.

The specificity and strength of MTP40 binding to the CD40R was determined by
saturation assay. The greater avidity of Tet40 for the CD40R of DCs versus affinity of
MTP40 (KD 1.32 = 0.03uM versus KD 0.072 = 0.04uM) suggests that enhanced
receptor binding is induced in response to multivalent presentation of MTP4O0,
which may optimise DC activation. The potential for CD40R targeted antibodies to
induce anti-tumour immunity has been shown by many other research groups
(Beatty et al, 2011; Vonderheide et al., 2007), however the doses required to
produce clinical benefits also induce severe side effects (Nelson., 2012). Reducing
the treatment concentration required to saturate CD40R at the DC surface has the
potential to eliminate side effects associated with high-dose antibody treatments.
Importantly, the data presented in this research indicate that the MTP40 used is
indeed a potential ligand for the CD40R. Furthermore, the avidity of CD40R binding

was improved by presentation on multivalent scaffolds.

The binding between MTP40 and gold nanoparticles was verified by a shift in
absorbance spectra, respectively. Finally, MTP40 conjugation to GNP was confirmed
by imaging on polyacrylamide gels, as the peptide was visualised by coomassie stain
in wells containing TPN40, but not UPN alone. As nanoparticles continue to
demonstrate potential as cancer therapies, characterising optical properties has
been established as a standard method of characterising gold nanoparticles. The
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changes in absorbance spectra observed in the present study were in line with
observations made by other groups, based on the highly specific absorbance of gold
nanoparticles at 520nm which results from particle size and surface complexity

(Huang & Sayed., 2010).

Peptide drug conjugates offer select advantages compared to antibody therapies,
including rapid distribution, reduced immunogenicity, ease and scalability of
synthesis and affordable labelling (Reubi & Maecke., 2008). This represents some of
the characteristics which make peptide drug conjugates an attractive modality for
cancer immunotherapies. The data presented in this chapter outlines the
conjugation of MTP40 peptide to two multivalent scaffolds, and supports the ability
of MTP40 to bind CD40R from tsDC samples when presented in this manner.
Successful production of multivalent targeting constructs able to bind CD40R
presents a viable construct to induce and study the outputs of tsDC activation in

response to CD40R stimulation.
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Chapter 4: Analysis of tsDC outputs in response to CD40R
Activation via a flexible multivalent construct

Data from the previous chapter demonstrated that MTP40 successfully bound to
the surface of tsDC and that the kinetics of the interaction were vastly improved by
tetrameric presentation compared to monovalent presentation. Specifically,
saturation assay showed that the modified Tet40 showed improved affinity
compared to the original NP31 sequence (Yu et al., 2013). Tet40 binding to CD40R
showed significantly greater affinity than several of the monovalent antibodies
currently involved in phase I and II clinical trials as immunotherapies, as outlined

in chapter 1.5.4.

In light of the findings in the previous chapter, the work in the current chapter
intended to determine whether the observed interaction between CD40R and the
modified MTP40 peptide was capable of inducing phenotypic and functional

changes associated with activation in the tsDC cell line.

Independent groups have shown CD40R signalling capable of triggering an
immune cascade requires multivalent interactions between CD40R and CD40L at
the DC surface (as discussed in section 1.6). As a result, we hypothesised activation
of tsDC would produce more potent phenotypic changes when MTP40 molecules
were presented via a multivalent scaffold than when presented as monomers, due
to the ability to induce simultaneous binding of several CD40R proteins.
Streptavidin presents a well-established scaffold for molecular, immunological,
and cellular assays as its tetrameric structure can intensify staining detection of
specific populations or interactions with, for example, low affinity T cell receptors
(Wooldridge et al., 2009), and so was investigated as a model system for studying
multivalent interactions, due to its innate ability to bind up to four biotinylated

peptides.

Investigations in this chapter focus on identifying changes in well-known
parameters associated with the DC maturation process. The innate DC function of
antigen presentation relies on the DCs ability to process antigen, express co-
stimulatory molecules at the cell surface required for T cell activation, and secrete
co-stimulatory cytokines to shape the local environment. This rationale provided a
framework to suggest outputs of tsDC which would be used to infer activation in

response to CD40R targeted treatments.
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The findings detailed in this chapter intend to address the following research aims:

e Characterising a positive response for tsDC activation using LPS to identify
phenotypic changes induced in response to a known immune stimulating
agent

e Analysing changes in tsDC receptor expression profiles following treatment
with monomeric and tetrameric CD40R targeted treatments

e Assessing whether tsDC alter cytokine production in reponse to treatment
with monomeric and tetrameric CD40R targeted treatments

e Evaluating the impact of CD40R targeting treatments on tsDC viability in

vitro
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4.1 Establishing a baseline for tsDC activation by activation using
the known stimulator LPS

Before initiating DC treatments with activating compounds, a baseline for the
expected changes in receptor expression following DC activation was established
using LPS from the cell wall of E. coli. LPS was chosen as a model system to
produce a known output as it is a potent, well-established immune stimulant. In its
biological role, LPS is localised in the outer layer of cell membrane in gram
negative bacteria, contributing to the integrity of the outer membrane and
protecting the bacteria against degradation (Raetz & Whitfield, 2002). The
structure of LPS consists of hydrophobic Lipid “A”, which contributes to the
toxicity of the molecule alongside a core polysaccharide chain and an O-antigenic

polysaccharide side chain.

To confirm that the DC population used for this work reacted to LPS in a similar
manner as populations described in current literature, 2x104 tsDC were seeded in
a 96 well flask and incubated with varying concentrations of LPS to establish
whether LPS-induced changes in morphology and phenotype occurred. Changes in
cell morphology observed by light microscopy provided a primary indictor of tsDC

response to activating treatments (figure 4.1).

Changes in tsDC morphology were observed by light microscopy at 200x total

> 4

Figure 4-1: Morphology of tsDC following 24 hour activation with 10ug/ml LPS

magnification. Following 24 hour activation with LPS, activated DC samples were
characterised by the development of spindle-like protrusions of the cell cytoplasm.
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Following incubation with LPS for 24 hours, tsDC began to detach from the surface
of the culture plate. The non-adherent cells retained viability when stained by
trypan blue, suggesting changes in morphology occurred as a result of cellular
activation rather than cell death. The proportion of tsDCs considered activated
following 24-hour incubation with varying concentrations of LPS is detailed in
figure 4.2. LPS induced activation was identified based on the appearance of the
typical spindle-like projections of the tsDC cytoplasm. Rounded cells without
spindle-like projections were considered non-activated. The percent activation

calculated by microscopy was based on the adherent cell population only at this

stage.

Activation of tsDC in response to 24 hour treatment
with varying concentration of LPS
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Figure 4-2: Percent activation of tsDC in response to LPS activation

Following activation with LPS across several concentrations, the highest
proportion of tsDC demonstrating an “activated” morphology was observed
following incubation with 10ug/ml LPS. Concentrations ranging 0.3-100pg/ml
were tested, representative of n=2 individual experiments.

Figrue 4.2 shows that the greatest percentage of cells demonstrating the “activated”
phenotype (characterised by spindle-like projections) was observed in response to
treatment with 10pg/ml LPS. Although it could be expected that higher
concentrations would result in more efficient activation, at very high
concentrations of 30 and 100ug/ml, cells in culture began to detach from the
culture dish rapidly, showed dysmorphic cell membranes and appeared to be
undergoing apoptotic. It may therefore be that high concentrations of LPS were too
toxic and not well tolerated, therefore activated cells detached from the cell
membrane and could not be counted. The concentration of 10ug/ml was selected
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for experiments moving forward. Following the observation that incubation with
10pg/ml LPS for 24 hours induced the spindle-like phenotype associated with
activation, it was next necessary to determine an optimal time point to investigate
the outputs of tsDC activation. Therefore, tsDC were incubated with 10ug/ml over
various time points before detaching with 15mM EDTA in PBS and analysing
expression of CD40R by FACS. This process was carried out to determine which
time point induced the greatest change in the expression of surface receptors

associated with activation, illustrated in figure 4.3.
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Figure 4-3: tsDC Expression of CD40R in response to time point activations
with LPS

DC were seeded in 6 well plates at 1x10¢ cells/well. Cells were cultured for a total
of 72 hours, and 10pg/ml LPS added to each well at the corresponding time point.
Cells were harvested by EDTA and 1x10°¢ cells were labelled with PE anti-CD40R
antibody prior to fixation and analysis.

Following 24-hour incubation with 10ug/ml LPS, tsDC demonstrated identifiable
changes in morphology, which could be observed by light microscopy. These
changes corresponded with changes in CD40R expression at the cell surface, which
the current literature indicates commonly serves as a marker of DC activation as
discussed in section 1.6. As receptor expression profiles indicated an activated
phenotype after 24 hours of stimulation, the DCs were incubated with activating

treatments for 24 hours in all experiments. This approach was also taken because
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some literature suggests that DCs become over-stimulated or “exhausted” between
24-48 hours exposure to LPS in the absence of co-stimulatory signals (Abdi et al,,
2012). Exhausted DC populations maintain the capacity to respond to T cell
populations through cytokine signalling but exhibit no further changes in response

to re-challenge with LPS (Abdi et al., 2012).

Once a 24-hour time point had been established for effective DC activation based
on cell morphology and CD40R expression, the receptor profile of tsDC was further
characterised. Representative histograms of receptor expression patterns for a

selection of receptors of interest following treatment with LPS are presented in

figure 4.4.
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Figure 4-4: Histogram overlay of tsDC activation receptor changes in response to
LPS activation. expression on DCs following 24 hour incubation period with
10pg/ml LPS at 37°C

After demonstrating that the tsDC cell line responded to LPS treatment by
monitoring changes in the CD40R, tsDC surface receptors associated with
activation were investigated following 24 hour activation with 10pg/ml LPS at
37°C. Analysis of receptor expression is illustrated in figures 4.5 and 4.6.
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Figure 4-5: Expression changes in c-SMAC receptors at the tsDC surface in response to 24 hour treatment with 10ug/ml LPS.

Flasks containing 1x106 tsDC were incubated for 12 hours to allow cells to adhere to the flask prior to addition of 10pg/ml LPS
treatment for 24 hours. Data are expressed as geometric mean of fluorescence intensity (GMF) + SD of three independent
experiments. Statistical significance was determined by paired T test where *<0.05 **<0.005 and *** <0.001.
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Figure 4-6: Expression changes in integrin receptors at the tsDC surface in response to treatment with 10ug/ml LPS for 24
hours

Flasks containing 1x10¢ tsDC were incubated for 12 hours to allow cells to adhere to the flask prior to addition of 10ug/ml LPS
treatment for 24 hours. Data are expressed as geometric mean of fluorescence intensity (GMF) * SD of three independent
experiments. Statistical significance was determined by paired T test where *<0.05 **<0.005 and *** <0.001.
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Treatment with LPS induced changes in the expression of several tsDC surface
receptors. Several markers associated with activation showed upregulation with
statistical significance, in particular, CD40, CD54, CD83, and CD86 (figure 4.5).
These observations determined that tsDC responded to stimulation by LPS as per
the altered morphology and induced changes in the expression levels of receptors

involved in maturation and activation at the cell surface.

These changes in receptor expression confirmed the capacity of the tsDC cell line to
respond to a known inducer of activation, and provided phenotypic markers by
which to identify tsDC activation. Cell phenotype was checked by light microscopy
before each activation experiment to provide an initial indicator of general tsDC

health and activation status.

4.2 Characterising the effect of CD40R targeted peptide on tsDC
surface receptor expression when presented as a tetrameric

conjugate

Following the observations that LPS activation induced changes in tsDC receptor
profile, cell surface receptor expressions were analysed by flow cytometry, to
determine whether stimulation with MTP40 or Tet40 had the potential to induce
activation of tsDC. Flow cytometry which provides a rapid, low cost method of
assessing direct changes in the DC phenotype and was therefore used as the

primary means of detecting DC activation.

Receptors associated with c-SMAC interactions (as detailed in section 1.2.2.2) and
therefore with DC activation were selected for analysis via flow cytometry, shown in
figure 4.7. In addition, several receptors commonly expressed on the DC surface, but
which are not typically associated with activation, were included to ensure that any
changes could be rationally attributed to a specific activation response, shown in

figure 4.8.
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Figure 4-7: Expression of cSMAC associated proteins at the tsDC surface following 24-hour incubation with
streptavidin-based activating treatments
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To determine whether CD40R-targeted activation induced changes in the receptor expression profile of tsDCs, 1x10¢ DC were
seeded in T25 flasks and incubated with 2.5uM MTP40, Tet40 or streptavidin control for 24 hours at 37°C. For flow cytometry,
washed cells were incubated for 1 hour at 4°C with PE-labelled antibodies for the cell surface proteins indicated. Samples were
acquired using a BD FACSCalibur and analysed with GraphPad Prism software. Histograms depict fluorescence units while
accompanying graphs present geometric mean of fluorescence intensity + SD of three independent experiments. Significant
difference in receptor expression was identified by one-way ANOVA followed by Tukey post-hoc analysis, where *p < 0.05, **p =
<0.005, or ***p <0.001.
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Figure 4-8 Expression of receptors not associated with activation at the tsDC surface following 24-hour incubation with
streptavidin-based activating treatments
Treatment conditions and analysis methods used were identical to those described in figure 4.6.
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The only treatment to induce a significant change in tsDC receptor expression was
Tet40, to which statistically significant increases in CD11a and CD40R at the cell
surface. Importantly, significant changes were not observed in any receptors
following incubation with MTP40 compared to untreated cells. This finding suggests
that MTP40 alone is not sufficient to stimulate effector outputs in the tsDC cell line,
however this can be overcome by multivalent presentation of MTP40, which was

sufficient to induce a stimulatory effect in some receptors.

A trend toward an activated profile was revealed by CD54, CD68, and CD86, which
all displayed upregulated expression in response to Tet40, however the changes in
these receptors failed to reach statistical significance. Other receptors, including
CD11b and CXCR4, trended towards decreased expression following treatment with
streptavidin or Tet40. The expression patterns of other receptors which were not
specific to activation status of tsDC remained unchanged, suggesting that the
responses observed occurred specifically in response to CD40R signalling. One
receptor which did not conform to the expected changes associated with activation
was CD83. This receptor showed slight, non-significant down regulation in all
treatment samples, compared to the untreated control. Howerver, this may not be
representative of the true shift in expression in response to activation, as the
untreated population shows greater standard deviation than the rest of the samples.
This change may therefore be a result of anomalous data in the untreated
population, suggesting this result dataset may need repeating to draw condclusions

about the regulation of this receptor.

The changes observed by flow cytometry generally support the hypothesis that
activating tsDCs via CD40R can induce phenotypic changes associated with DC
maturation activation when presented in a multivalent manner. This is illustrated in
the current section by observed changes in receptor expression which are

associated with DC maturation.

4.3 Cytokine profile changes in response to Tet40, analysed by
ELISA

Having established that multivalent Tet40 can induce specific changes in tsDC
receptor expression, the next aim was to determine whether the observed changes

translated to differences in the soluble cytokine profile of the tsDC population.
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While receptor mediated cell surface interactions have a direct impact on
neighbouring cells, cytokine changes more widely influence the cellular
environment. Cytokine signalling varies depending on the different stages of DC
development and maturation, and as such, is correlated with changes in production
levels depending on the maturation status of DCs. To broadly categorise the
cytokine milieu of tsDC in response to activation, a selection of pro-inflammatory

and anti-inflammatory cytokines were investigated, shown in figure 4.9.
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Figure 4-9: Cytokine changes observed by ELISA following 24-hour incubation with MTP40 presented on flexible multivalent
scaffolds

To determine whether CD40R-targeted activation induced changes in cytokine production by tsDCs, 5x10> DC were seeded in T25
flasks and incubated with 2.5uM MTP40, Tet40, or streptavidin control for 24 hours at 37°C. At the end of the incubation period,
supernatants were transferred to a 15ml falcon tube and subject to centrifugation at 1000xg to remove cell debris before being
transferred to -80°C for storage. ELISA plates and reagents were prepared as per the manufacturers recommendations (see section
2.17, ELISA DuoSet, R&D Systems). Immediately prior to analysis, samples were thawed on ice and diluted 1:1 with diluent.
Absorbance was recorded on an EIX800 plate reader at 540nm with 450nm correction. These data represent the mean value of
three independent experiments with samples tested in triplicate. Significant difference was identified by one-way ANOVA followed
by Tukey post-hoc analysis, where *p <0.05, *p = <0.005, or D <0.001.
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Data revealed that incubation with CD40R targeting constructs influenced the
cytokine profile of tsDCs (figure 4.8). tsDC response was characterised by a slight
but significant increase in Thl cytokines IL-2 and IL-12, and complementary

downregulation of the Th2 type suppressive cytokine IL-10.

Treatment with MTP40 or Tet40 constructs resulted in slight changes in IL-2
production, however it is difficult to draw conclusions based on this data since the
streptavidin control initiated a strong non-specific change in cytokine production.
Analysis of IL-12 production demonstrated a small but highly reproducible change,
where incubation with streptavidin control slightly affected IL-12 production,
however the most significant upregulation was seen in response to Tet40 treatment,
which increased production by 35.6%. Interestingly treatment with Tet40
downregulated IL-10 production by 47.6%, while streptavidin or MTP40 controls

showed only modest changes (reductions of 12.5% and 12.9%), respectively).

In general, the changes induced in cytokine production following activation
treatments were slight but with high reproducibility, suggesting cytokine

production is more tightly regulated than surface receptor expression.
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4.4 Analysis of streptavidin construct toxicity by MTS assay

Cell Titre from Promega was used to evaluate whether tsDC viability and
proliferation were affected by exposure to MTP40, streptavidin, or Tet40. While
proliferation is not a major output associated with DC maturation, it is necessary to
determine a dose response curve for cytotoxicity for the construct to have potential

to translate to in vivo applications, shown in figure 4.10.
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Figure 4-10: tsDC Viability assessed by MTS assay following activation with
flexible multivalent scaffolds

tsDC were seeded in 96 well plates (2x10# cells per well) and incubated with
varying concentrations of MTP40, strep or Tet40 for 72 hours at 37°C. Coloured
product formation was detected by absorbance at 490nm wavelength. Data
represents the mean values of n=3 individual repeats in triplicate, error bars
represent + SD.

All treatments were well tolerated by tsDCs following 72 hours incubation and did
not establish a lethal concentration (LD-50) capable of inducing 50% cell death after
72 hours incubation. These data suggest that MTP40 is well-tolerated as a biological
molecule. At the end of the incubation period, cellular viability was 89% in samples
treated with MTP40, suggesting that the MTP40 peptide alone was well tolerated.
Treatment with streptavidin and Tet40 reduced viability to 72% and 73%,

respectively, and was therefore less well tolerated. Treatment with either
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streptavidin or Tet40 produced highly comparable survival curves, suggesting

toxicity was more influenced by the incorporation of streptavidin than by MTP40.

4.5 General Discussion

In summary, the data presented in the current chapter met the specified aims. First,
activation of tsDC by LPS demonstrated the ability of this cell line to show
phenotypic changes in response to a known activation stimuli, as shown by
phenotypic changes observed by light microscopy, and changes in receptor
expression shown by FACS. This chapter also demonstrated that the tsDC line
induce changes in surface receptor expression in response to multivalent
stimulation of the surface receptor CD40R. When incubated with Tet40 treatment,
tsDC induced statistically significant changes in CD40R and CD11a, analysed by
FACS. Incubation with Tet40 also induced changes in cytokine production, causing
down-regulation of IL-10 in favour of IL-12 analysed by ELISA. Finally, MTS assay
confirmed that treatment with MTP40 and Tet40 were well tolerated in vitro,

supporting further investigation.

By investigating the capacity of MTP40 to induce outputs associated with activation
in the naive tsDC population and examining how this capacity was affected by its
presentation on a multivalent scaffold, it was revealed that multivalent presentation
of MTP40 as tetrameric Tet40 induced greater changes in receptor expression and

cytokine secretion than when delivered as linear monomer.

To ensure the changes observed were specific to multivalent presentation of MTP40,
two controls were investigated: MTP40 to identify monomer-induced activation,

and untargeted streptavidin to identify non-specific activation.

DC maturation is associated with expression of chemokine receptors which mediate
DC migration from peripheral tissues to draining lymph nodes where they present
antigenic peptides to specific T cells. This process also relies on expression of co-
stimulatory molecules on the DC surface to promote cell-cell interaction and antigen

presentation to T cells, capable of mounting an anti-tumour immune response.

Effective CD40R signalling is initiated by clustering of the CD40R in response to
trimeric CD40L (Grassme et al., 2002), discussed in detail in section 1.5.2. It is
therefore likely that multivalent presentation of CD40R-targeting molecules

produces a signal more representative of the in vivo environment than delivery of
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monomeric ligands, which may explain the increased changes induced by
multivalent presentation. The data presented in the current research demonstrate a

modest increase in CD40R following activation.

The data described in the current study support these findings of other groups who
similarly observed changes in tsDC receptor expression associated with activation,
in response to CD40R stimulation via multivalent targeting systems, as discussed in
section 1.7.1. The upregulation of activating receptors at the tsDC surface re-
enforces the observations made by other groups, that multivalent receptor

engagement optimises immune stimulation.

The results detailed in this chapter also demonstrate substantial upregulation of
CD54 on the tsDC surface in response to Tet40. This is encouraging as observations
by other groups have shown that CD54 has the potential to act as a surrogate
marker for immune activation, and may potentiate an immune response in the
absence of classical activation receptors as discussed in section 1.2.2.2, suggesting

that Tet40 signalling prepared tsDCs for further activation.

The phenotypic changes observed in tsDC receptor expression provide preliminary
data to support the activation of tsDCs via the CD40R pathway in response to Tet40
treatment. This was supported by the shift in cytokine profile toward a Thl

response, characterised primarily by downregulation of IL-10.

Finally, tsDC incubation with MTP40 and Tet40 constructs did not induce sufficient
levels of cell death to determine a LD-50 concentration. Although some reduction in
viability was determined across all activation treatments, this confirmed that

CD40R targeting treatments were relatively well tolerated over a period of 72 hours.
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Chapter 5: Analysis of tsDC outputs in response to CD40R

Activation via a rigid multivalent construct

The previous chapter showed that presentation of MTP40 using a streptavidin
scaffold to produce a tetrameric targeting molecule (Tet40) induced changes in
tsDC outputs associated with activation. A potential limitation of this system was
identified however, as the streptavidin backbone of the construct resulted in non-
specific stimulation of the tsDC cell line both in receptor expression patterns and
cytokine production. This intrinsic stimulation of the immune system may limit the
potential of Tet40 as an immunotherapy due to off-target stimulation of DCs by
streptavidin irrespective of antigen targeting, reducing the specificity of tsDC

activation.

The strength and specificity of multivalent interactions are significantly influenced
by the type of scaffold the biomolecule of interest is conjugated to. As streptavidin is
a biologically active molecule derived from the surface of Streptomyces avidinii, it
was unsurprising that the scaffold alone displayed some influence on tsDC
activation outputs. The current chapter aimed to identify whether the stimulatory
effects of multivalent MPT40 presentation could be preserved when conjugated to a
different multivalent scaffold, and whether the use of an inorganic, biologically inert
scaffold could reduce the extent of non-specific tsDC stimulation as was observed in
response to streptavidin. UPN (Untargeted Polyvalent gold Nanoparticles) were
selected as an alternative delivery scaffold due to the specific characteristics which
make them attractive candidates for applications in tumour targeting, drug delivery
and molecular imaging, as discussed in section 1.8. This system also provided
additional benefits as it was possible to take advantage of the inherent high affinity
binding between the thiol moieties of MTP40 with the surface of UPNs to produce
multivalent TPN40 (Targeted Polyvalent gold Nanoparticles for CD40R).

The findings detailed in this chapter are presented to address the following

research aims:

e Determining whether multivalent binding of CD40R via biologically inert
gold scaffolds could increase the potency and specificity of tsDC activation,

compared to activation by streptavidin based (Tet40) platforms.
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5.1 tsDC receptor changes in response to nanoparticle platform

MTP40 was conjugated to the surface of UPNs as described in section 3.2.2 based on
the inherent cysteine bond formation between MTP40 and the UPN surface. TPN40
treatment and controls were incubated with tsDC following the same protocol as
was used for streptavidin constructs to compare the effect of multivalent
presentation on a rigid, biologically inert scaffold. Changes in surface receptor
expression patterns following treatments were analysed as a primary indicator of
activation. As was previously described for activation via flexible streptavidin
scaffolds in section 4.2, surface receptors associated with tsDC activation and non-

specific tsDC receptors were analysed (figures 5.1 and 5.2, respectively).
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Figure 5-1 Expression of cSMAC associated proteins at the tsDC surface following 24-hour incubation with
nanoparticle based activating treatments
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To determine whether CD40R-targeted activation induced changes in the receptor expression profile of tsDCs, 1x10¢ tsDC were
seeded in T25 flasks and incubated with 2.5uM either TPN40 or UPN control for 24 hours at 37°C. For flow cytometry, washed cells
were detached with EDTA for 10 minutes at 37°C before incubating for 1 hour at 4°C in PBS + 1% BSA containing the PE-labelled
antibodies for the cell surface proteins indicated in figure 4.1. Samples were acquired using a BD FACSCalibur and analysed with
GraphPad Prism software. Histograms depict fluorescence units while accompanying graphs present geometric mean * SD of three
independent experiments. Significant difference in receptor expression was identified by one-way ANOVA followed by Tukey post-
hoc analysis, where *p < 0.05, **p = <0.005, or ***p <0.001.
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Figure 5-2: Expression of generic receptors not associated with activation at the tsDC surface following 24-hour
incubation with nanoparticle-based activating treatments

Treatment conditions and analysis methods used were identical to those described in figure 5.1.
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Identical treatment conditions were used to analyse tsDC receptor profile changes
in response to TPN40 activation as had been used to analyse Tet40 activation.
Similar trends were observed in surface receptor expression patterns when tsDCs
were incubated with TPN40 as was observed following incubation with Tet40.
Unlike the streptavidin platform, UPN-treated tsDCs displayed no significant

changes in expression of any of the receptors analysed.

Statistically significant changes were observed in the expression of CD40R, CD54,
CD86, and MHCII following incubation with TPN40, while minimal changes were
observed in response to the untargeted UPN control. While the Tet40 platform also
induced changes in CD40R, CD54, and CD86, this result could not be confidently
attributed to CD40R signalling due to the significant changes observed when tsDC
were incubated in streptavidin scaffold alone. This finding produces two important
implications. First, the use of a biologically inert scaffold reduces non-specific
activation of tsDC and second, transferring MTP40 onto an inert construct had no
detrimental effect on the upregulation of activation receptors, suggesting that
multivalent presentation is the key parameter to induce specific, potent activation

through CD40R binding.

Incubation with TPN40 demonstrated expression changes in a greater number of
tsDC surface receptors than was observed in response to Tet40 treatment. Also,
UPN controls demonstrated lower immunogenicity than streptavidin control,

determined by the absence of non-specific changes.

Significant changes in MHC expression at the tsDC surface were not induced
following CD40R targeted activation. The capacity for mature DC to induce tumour
regression and tumour-free survival through MHC interactions at the CTL surface
was first established in murine models over two decades ago (Mayordomo et al,,
1995). During the past 20 years, evidence has supported the theory efficient
immune stimulation is dependent on several parameters in addition to interaction
between the APC and T cell surfaces; including the cytokine environment and
antigen expression at the cell surface (Duraiswamy et al., 2013). Considering that
MHC plays a fundamental role in stimulating effective immunity, the activating
treatments investigated in the current study did not induce the expected response
in MHC expression. An explanation for this could be that the tsDC line has
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previously been characterised to have weak T cell priming properties. Early work
investigating tsDCs established that cell line was able to induce changes in surface
markers associated with activation but were not able to prime activation of naive T
cells expressing a TCR variant specific for the serum protein C5 when presented
with the model antigen (Volkmann et al., 1996). In contrast, bone-marrow-derived
DCs matured with GM-CSF have successfully presented C5 to naive transgenic T
cells (Volkmann et al., 1996). Collectively, these data suggest that tsDC are able to
induce various responses required to prime an immune response, but that these
cells may not be as functionally robust as DCs matured in culture. This cell line
therefore provided an adequate starting point to confirm the therapeutic potential
of CD40R targeted activation in vitro, which provided a platform to generate
reproducible conditions to confidently replicate activation experiments. Future
research should therefore aim to investigate how the outputs here translate to an

alternative cell line.
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5.2 Cytokine profile changes in response to TPN40, analysed by
ELISA

Considering that a greater number of changes were observed in tsDC receptor
expression with lower non-specific changes using the TPN40 platform, the
production of IL-2, IL-10, and IL-12 was therefore re-analysed following tsDC
activation with TPN40 to determine whether a differential response could also be
observed in cytokine production. Figure 5.3 illustrates the changes in cytokine

production.
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Figure 5-3: tsDC cytokine expression profile detected by ELISA following 24-hour incubation with MTP40 presented on
rigid multivalent scaffolds.

Supernatants from treated DC were thawed on ice and diluted 1:1 with ELISA diluent before analysis as per the manufacturer’s
recommendations. Data presented represent three independent experiments ran in triplicate + SD. Significant difference was
identified by one-way ANOVA followed by Tukey post-hoc analysis, where *p < 0.05, **p = <0.005, or ***p <0.001.

Stimulating CD40R activation using TPN40 resulted in a similar cytokine trends as was induced by Tet40. UPN treatments showed
no significant change in any of the investigated cytokines in comparison to baseline levels produced by tsDC, and showed greater
changes in IL-10 profile of tsDC, which was decreased by 56.0% following TPN40 treatment, whereas UPN treatment induced a

negligible change of 1.2% reduction. This indicates much greater specificity than was observed in response to Tet40.
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5.3 Analysis of nanoparticle construct toxicity by MTS assay

Following analysis of DC activation outputs by FACS and ELISA, cell viability assays
were conducted to analyse to the impact of UPN and TPN40, compared to MTP40 on
tsDC proliferation and viability under identical conditions as was used for Tet40

analysis (described in section 4.4).
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Figure 5-4: tsDC Viability assessed by MTS assay following activation with
rigid multivalent scaffolds.

tsDC were seeded in 96 well plates (2x10% cells per well) and incubated with
varying concentrations of MTP40, UPN or TPN40 for 72 hours at 37°C. Data
represents the mean values of n=3 individual repeats, error bars represent * SD.

Nanoparticle treatments were well tolerated by tsDC following 72 hours in culture.
At the highest concentration of 50uM, cellular viability following incubation with
TPN-40 remained above 80%. Incubation with MTP40 and UPN controls was well
tolerated throughout the concentration range. Treatment with nanoparticle
conjugates induced greater variability in the datasets than was observed with
streptavidin based conjugates. Based on this data, the 2.5uM concentration used
throughout this work appears to be sufficiently well tolerated to allow in vitro
analysis of tsDC activation, and supports the potential for TPN40 to be further

investigated by in vivo methods in future.
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5.4 Antigen uptake by tsDC

Because of the improved activation profiles of tsDC in response to treatment with
MTP40 conjugated to the nanoparticle platform (as opposed to streptavidin
conjugation), the next step was to determine whether this construct could induce
antigen uptake in tsDCs. The ability to acquire antigen and present it on the cell
surface is an essential function of DCs for eliciting an effective T cell response. It was

therefore necessary to investigate this activity to fully characterise tsDC activation.

FITC-OVA is commonly used as a model system to detect antigen uptake by APCs.
tsDCs were counterstained with CD86 in the present work to visualise the cell
membrane, since this receptor is expressed at high levels in unstimulated tsDCs, and
increased expression was also observed in response to activating treatments (as
shown in figures 4.7 and 5.1). Outputs of tsDC response to model antigen are

illustrated in figure 5.5.
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Panel A

Figure 5-5: tsDC capacity for antigen uptake determined by phagocytosis of FITC-OVA post-activation.

tsDC were incubated for 20 hours with activating treatments (described in section 2.9). After 20 hours, 500pg/ml FITC-OVA (green)
solubilised in PBS was added per well and returned to incubate at 37°C for a further 4 hours. Cells were counterstained for an

additional 10 minutes with PE-labelled anti-CD86 (red). Panel A) tsDC under 100x total magnification. Panel B) tsDC under 400x
total magnification.
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tsDC cultures activated using either LPS or TPN40 displayed intense presentation of
FITC-OVA (green) by fluorescent microscopy; there appears to be relatively
homogenous uptake by all tsDC in response to these treatments. In contrast, PBS
controls only showed anti-CD86 staining (red), which is highly expressed in tsDC
regardless of maturation status. Thus, unstimulated tsDC do not appear to
internalise FITC-OVA antigen. Cultures treated with MTP40 or UPN controls also
demonstrated no uptake into cells. Effective antigen uptake was mediated by the
positive LPS control as well as TPN40, suggesting that this change was induced

specifically in response to activation.
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5.5 Conclusions

The data presented in this chapter investigated the ability of MTP40 to induce
outputs associated with tsDC activation when presented as a monomer versus
multivalent presentation delivered on the surface of rigid gold nanoparticles
(TPN40), compared to presentation on Tet40. In summary, the data presented in
the current chapter met the aim of determining wheter multivalent binding of
CD40R via gold nanoparticle scaffolds could increase the potency and specificity of
tsDC activation, compared to streptavidin based activation shown in chapter 4.
During FACS analysis, a greater number of activation specific surface receptors
showed significant changes in responst to TPN40, including CD40, CD54, CD86 and
MHCII. The cytokine profile of TPN40 activated tsDC remained similar to that of
Tet40 activated tsDC when analysed by ELISA, and finally MTS assay showed that
TPN40 treatments were better tolerated by tsDC than treatment with Tet40. TPN40
activated tsDC also showed enhanced antigen uptake potential compared to control

treatments, shown by fluorescent microscopy.

Raw data initially suggested that similar changes were induced in receptor
expression following presentation as Tet40 or TPN40, however activation in
response to Tet40 was strongly influenced by non-specific activation by the
streptavidin scaffold rather than by CD40R specific interaction. Of the receptors
which demonstrated a significant change in expression, presentation as TPN40
induced changes in receptors specifically associated with activation (particularly c-
SMAC associated receptors) compared to the streptavidin construct which induced
non-specific changes in other receptors not associated with primary DC activation
(for example changes in CD11 family receptors) which were not affected by TPN40.
This could indicate that TPN40 induced an activation profile specific to CD40R
activation since increased expression of c-SMAC associated receptors was observed
(which as discussed in scapter 1.2.2.2 correlates with more efficient T cell priming).
LPS and Tet40 treatments induced changes in a number of non-specific receptors,
which may suggest this response occurred as a result of non-specific, phagocytic

activation.

Although a Th1 skewed cytokine response was observed following treatment with
each of the multivalent scaffolds, the streptavidin control again had significant

influence on production levels, while treatment with UPN controls produced
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negligible changes. The data in this chapter also suggest that tsDCs activated by
TPN40 are capable of phagocytising antigen in a similar manner to cells which have
been activated with LPS. This capacity was unique to activated cells, and was
distinctly absent from cultures treated with negative controls. Although TPN40 was
less well tolerated than Tet40, cell viability remained within an acceptable range,

suggesting that TPN40 should be tolerated at therapeutic doses.

The work presented in the current chapter suggests the specificity of multivalent
CD40R targeted activation was improved by presentation on rigid, biologically inert
activators (TPN40), compared to flexible biologically active activators (Tet40),

which induced non-specific changes in receptor display and cytokine production.
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Chapter 6: Monitoring T cell effector outputs following
incubation with TPN40-activated tsDCs

Data from chapters four and five demonstrate that multivalent presentation of
MTP40 induces changes in tsDC associated with an activated phenotype. Increased
expression of activation receptors and cytokine production by tsDC activated by
Tet40 and TPN40 suggests that multivalent presentation optimises CD40R
interactions compared to MTP40. The ability of both Tet40 and TPN40 constructs to
induce similar changes in activation associated receptors and cytokine profiles
suggest that the changes result from specific CD40R targeted stimulation rather
than the supporting scaffold.

Furthermore, TPN40 induced more specific responses than Tet40. This could be
accounted for by the fact UPN negative controls induced minimal non-specific
activation; receptor expression, cytokine production, and antigen uptake remained
unchanged in response to this treatment. Therefore, the current chapter aimed to
investigate whether TPN40-activated tsDCs were capable of stimulating a
downstream T cell priming response in vitro, and whether this could ultimately
support tumour cell lysis.

In the current chapter, “activated” tsDCs stimulated by TPN40 were introduced to T
cell cultures alongside simultaneous exposure to antigen (in the form of tumour

lysates), aimed to provide activation stimuli to investigate T cell priming.

The findings detailed in this chapter are presented to address the following

research aims:

e Evaluating whether changes in cytokine profiles are induced by T cell lines in
response to stimulation with TPN40-tsDC

e Assessing the impact of TPN40-tsDC on T cell line viability

e Identifying whether TPN40-tsDC induces T cell cytotoxicity against an

autologous tumour cell line (ID8)
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6.1 Cytokine production induced by three T cell lines, following co-
culture with TPN4o treated tsDC

Changes in T cell cytokine production is perhaps the most well known response to
APC activation and is considered an essential step in to priming an effective immune
response. Cell cultures from the three independent T cell lines were removed from
their respective culture flasks and 2x107 cells were re-suspended in 2ml IMDM
media in individual 15ml polypropylene tubes. Cells were transferred to IMDM
media to prevent tsDC from becoming activated by the additional supplements
required for T cell maintenance in culture. This aimed to provide an unbias,
comparable baseline between treatments. Following 24-hour incubation of tsDC
with activating treatments, 200ul/well of media containing 2x106 T cells was added

to each well. Cells were returned to the incubator for 48 hours.

At the end of incubation, cells were collected by centrifugation at 1000xg for 10
minutes at 4°C to clear the supernatant of debris. Treatment media (500ul) was
collected from each well and transferred to 1.5ml microfuge tubes for storage at -
20°C before analysing by ELISA. Samples were prepared as described in section 2.17.
Figures 6.1-6.4 overleaf each illustrate the production of one cytokine, comparing

production by the three T cell lines CTLL-2, RMA and D10.

Figure 6.1 illustrates the production of IL-2 of the three independent T cell lines, in
response to incubation with activation treatments and controls (as shown in the
figure key). The datasets shown here depict the production of IL-2 in response to
treatment with MTP40, UPN, or TPN40. As a positive control for T cell activation,
additional wells were treated with 10nM PMA + 2pM ionomycin, to determine a
positive response to activation for each cell line. Each dataset (MTP40, UPN, TPN40
and PMA-IONO) have been normalised by subtracting the baseline levels of cytokine
produced by tsDC+T cells+ID8 lysate, without treatment. Figures 6.2-6.4 represent

identical experimental layouts, for the cytokines indicated in the figure title.
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Figure 6-1: IL-2 production by T cell lines CTLL2, D10 and RMA following co-culture with “activated” tsDCs

tsDCs were incubated with activating treatments for 24 hours before adding T cell lines at a 1:10 ratio of DC:T cells for a further
48 hours before analysis. Each treatment value shown has been normalised by subtracting the baseline cytokine production by
T cells incubated with untreated tsDC and 100pg/ml ID8 tumour lysates. Data represent two independent experiments
containing samples ran in duplicate * SD analysed by ANOVA with Tukey’s post-hoc test to define significance between samples
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*=0.05, **=0.01, and ***=0.005. Treatment with 10nM PMA + 2uM ionomycin was used as a positive control to indicate the
capacity of cell lines to respond to non-activation only and was therefore not subject to statistical analysis.
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Figure 6-2: IL-12 production by T cell lines CTLL2, D10 and RMA following co-culture with “activated” tsDCs
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Identical parameters were applied for the investigation of IL-12 as described for IL-2 analysis in figure 6.1
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Figure 6-3: IFN-y production by T cell lines CTLL2, D10 and RMA following co-culture with “activated” tsDCs

Identical parameters were applied for the investigation of IFN-y as described for IL-2 analysis in figure 6.1
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Figure 6-4: IL-10 production by T cell lines CTLL2, D10 and RMA following co-culture with “activated” tsDCs

Identical parameters were applied for the investigation of IL-10 as described for IL-2 analysis in figure 6.1

171 |Page



Table 6-1: Table summarising changes in cytokine production by T cell lines

IL-2 IL-10 IL-12 IFN-y
CTLL-2 * R sk Fokok
D10-N4M * - Kok )
RMA kK - *kk _

Table 6.1 summarises the statistically significant changes in cytokine production by
CTLL-2, RMA, and D10 T cell lines in response to TPN-40 treatment compared to
MTP40 or UPN controls. Tukey’s post-hoc test was used to define significance
between samples *=0.05, **=0.01, and ***=0.005.

6.1.1 CTLL-2 cell line induced IL-12 and IFN-y production in response to
TPN40-DCs

CTLL-2 is an established IL-2-dependent cell line derived from C57BL/6 mice and
expresses markers for DC interaction, including B7 ligands, CD28, and the IL-2
receptor. This cell line was investigated to indicate whether TPN40-activated tsDCs
produced IL-2 at sufficient levels to sustain T cell growth, and were able to elicit a

cytokine response in CD8* cytotoxic T cells.

In response to TPN40 activation, CTLL-2 displayed a statistically significant increase
in IL-2, IL-12, and IFN-y. Statistical significance was specifically observed in
response to treatment with ID8 lysate and TPN40-DCs. This observation supports
the hypothesis that antigen and co-stimulatory signals are required in parallel to

induce T cell priming and cytokine production.

Investigation of the Th2 type cytokine IL-10 revealed negligible production with no
statistical significance following any of the applied treatments. Data obtained with
the CTLL-2 thus suggest that CD8* cells can mount a Th1-skewed cytokine response
to antigen following activation with TPN40 in the presence of an appropriate source

of antigen.
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6.1.2 D10 cell line induced IL-12 production in response to TPN40-DCs

D10-N4M is an IL-1-dependent cell line derived from AKR/] mice. In the present
work, D10 cells were investigated to determine the response of Th2 cells to TPN40
DC targeting as these cells are known to produce IL-10, amongst other
immunomodulatory cytokines including IL-4, IL-5, and IL-13 (Kupper et al.,, 1987;
Kaye et al, 1984). D10 cells treated with TPN40-DC revealed significant
upregulation of IL-2 and IL-12. The D10 cell line also displayed strong upregulation
in IFN-y in response to TPN40-DC. However this finding had poor reproducibility
between replicates. No upregulation was observed in IL-10 production in response

to TPN40 treatment,

Taken together, these data suggests TPN40-DCs induced negligible changes in Th2
cells in culture. In fact, treatment with TPN40-DC induced upregulation of Th1 type
cytokines in this typically Th2 cell line; although, the levels of production were
lower than in the Th1 and cytotoxic cell lines. Treatment with PMA and ionomycin
as a positive control revealed a significant upregulation in IL-10, confirming that

D10 cells can induce Th2 cytokines when non-specifically activated.

6.1.3 RMA cell line induced IL-2 and IL-12 production in response to TPN40-
DCs

The RMA cell line derived from C57BL/6 mice T lymphoma which stably transfected
to express B7 costimulatory molecules was used to investigate the response of Thl
CD4+ cells. The RMA cell line demonstrated the greatest upregulation in IL-2
compared with other cell lines, in agreement with the fundamental role of Th1l
helper cell types, to induce and propagate effector cell responses through cytokine
signalling. Statistically significant upregulation of IL-12 was also observed in this
cell line. Notably, IFN-y and IL-10 production were not altered in response to

TPN40-DC incubation in this cell line.

The results from this section indicate that TPN40-DCs had the capacity to enhance
cytokine signalling in both CD4+ and CD8+* subsets. CD4* Th1 cells induced abundant
production of IL-12 and IL-2, while the Th2 cell line D10 also induced IL-12
production. CD8* cells responded to treatment by upregulating production of IL-12
and IFN-y.
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6.2 T cell viability following treatment with TPN40-DC co-culture

Following the observation that T cells cultured with TPN40-DC and ID8 lysates
induced a significant upregulation in cytokines associated with enhanced
proliferation and survival, the next step was to investigate the proliferation rates of
T cell lines in response to treatment. The results of these analyses are presented in

figures 6.5-6.7.

T cell lines were cultured in the presence of tsDC stimulated with TPN40 and ID8
tumour cell lysates, using the same treatments as outlined in table 2.3. This
approach aimed to induce efficient T cell priming in the presence of activated tsDC,
which are expected to induce expression of the co-stimulatory receptors and
antigen presentation required for T cell interaction, as indicated by earlier data (see
section 5.1 and 5.4). Identical conditions for activation were used as described for
analysis of T cell cytokines, described in section 2.11. Heat shocked ID8 tumour cell
lysates were additionally included to provide an appropriate source of antigen to

generating a tumour specific T cell response.
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Figure 6-5: Cellular viability of the CD8* T cell line CTLL2 following culture with TPN40-activated tsDC.

tsDC were seeded at 1x103 and incubated with activating treatments for 24 hours before adding T cell lines (indicated above)
using a 1:10 ratio of DC:T cells. Mixed cell cultures were incubated for an additional 24 hours prior to the addition of MTS
reagent. Production of formazan metabolite absorbance at 490nm was measured at various intervals up to 24 hours. Figures
reveal per cent cell growth compared to the untreated DC:T cell co-culture as the baseline. Data represent two independent
experiments containing samples ran in duplicate * SD.
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Figure 6-6: Cellular viability of the CD4+ Th2 cell line D10 following culture with TPN40-activated tsDC.

Identical treatment conditions and analysis methods were applied as described for figure 6.5.
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Figure 6-7: Cellular viability of the CD8* T cell line CTLL2 following culture with TPN40-activated tsDC.

Identical treatment conditions and analysis methods were applied as described for figure 6.5.

177 |Page



Summary of T cell viability following activation treatments

Statistically significant changes were not observed in T cell lines in response to
culture with TPN40-DC, although two interesting trends were observed. The
changes in T cell proliferation in response to TNP40 is summarised in table 6.2
below.

Table 6-2: Summary of changes in T cell line viability in response to activation
treatments

Endpoint T cell proliferation (%)
Treatment CTLL-2 D10 RMA
MTP40 & 111 112 123
UPN Q 96 123 116
92 98 120
TPN40 O
& 96 105 116
ID8 Lysate
N Mo 120 109 137
ID8 + UPN Q4
N 122 94 137
ID8 + TPN40 O 3

As summarised in table 6.2, the three T cell lines investigated responded differently
to co-culture treatments. Interestingly, CTLL-2 and RMA cell lines (representative of
CD8* and Th1 effector cells, respectively) both showed a trend toward increased
survival after 48 hour co-culture compared to the untreated baseline co-cultured
with tsDC alone. Th1l helper and CD8* effector cells both revealed a trend of
increased survival following incubation with TPN40-DC compared to baseline, while
the Th2 cell line D10 did not show increased survival following activation treatment.
This finding suggests that TPN40-DC are well tolerated in vitro, and that further
investigations using extended incubation periods will be required to determine
whether this may have an effect on cellular proliferation as several treatments

showed growth above 100%.
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6.3 Determining the cytotoxic function of CTLL-2 cells in response

to DC activation

Effector CD8* cells induce direct cytotoxicity of target cells resulting in apoptosis, as
discussed in section 1.2. The fluorescent dye used in the CellTox assay binds to the
target cell DNA which is exposed following lysis, providing a direct measure of
cytotoxicity. In this case, lysis buffer represents maximum cell lysis in response to
treatment. The effects of TPN40-DC priming on the ability of CTLL-2 cells to initiate

a cytotoxic response to target ID8 tumour cells is illustrated in figure 6.8.
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Figure 6-8: CTLL-2 induced cytotoxicity of ID8 murine tumour cells following
incubation with TPN40 activated tsDCs

tsDC were seeded at 1x103 and incubated with activating treatments containing
UPN, TPN40 or MTP40 with or without ID8 tumour cell lysates for 24 hours. After
24 hours, effector CTLL-2 CD8* T cells were added at a 1:10 tsDC: CTLL2 cells.
Mixed cell cultures were incubated for an additional 24 hours prior to addition of
CellTox reagent. After CellTox label was added, wells were incubated for a further
48 hours before fluorescence was measured at 520nmFigures show per cent cell
death normalised by the untreated DC:T cell co-culture as baseline. Data represent
three independent experiments containing samples ran in triplicate + SD analysed
by ANOVA with Bonferoni post-test analyses. Lysis buffer supplied by the
manufacturer supplemented with 0.05% Triton-X was used as a positive control
representing maximum cell death, and was therefore not compared against
treatments for statistical analysis. P values: *=0.05, **=0.01, and ***=0.005.
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Figure 6.8 shows that TPN40-DC treatment increases the cytotoxic capacity of the
CTLL-2 T cell line. CTLL-2 cell lines showed increased cytotoxicity against the ID8
tumour cell line following treatment with TPN40 alone compared to CTLL-2
cultures treated with UPN or MTP40 controls. This response was further enhanced

by the inclusion of ID8 cell lysates,

This data suggests that MTP40 presented on multivalent scaffolds induced higher
rates of cell death than untargeted control treatments, to a statistically significant
level. The percent cytotoxicity was calculated based on the release of LDH from
experimental test samples compared to maximum LDH release induced by lysis
buffer. The results collected showed a substantial amount of variation, however this
could be expected as the cells in assay was incubated for over 72 hours in total,
whereas the CellTox assay is generally used for short term culture of less than 24

hours.

As discussed in section 1.2.1.2, efficient T cell priming in the in vivo environment
requires input from Th1 helper T cells to induce effective activation. Because of this,
the next experiment aimed to determine whether the effects of TPN40 activated
tsDCs could be potentiated by inclusion of a Th1 cell line. Following the observation
in section 6.1 that RMA cells produced significantly greater amounts of stimulatory
Th1 associated cytokines in response to TPN40 activation, the cytotoxicity assay
described in section in section 2.22 was therefore repeated in the presence of RMA
cells. The current section aimed to determine whether including cells capable of Th1

cytokine production could potentiate ID8 cell killing by CTLL2Z T cells.
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Figure 6-9: CTLL-2 induced cytotoxicity of ID8 murine tumour cells following
incubation with TPN-40 activated tsDCs in the presence of the Th1l cell line
RMA

DC were seeded at 1x103 and incubated with activating treatments containing UPN,
TPN40 or MTP40 with or without ID8 tumour cell lysates for 24 hours. After 24
hours, effector CTLL-2 CD8* T cells plus Th1 type RMA cells were added at a 1:1:10
ratio of tsDC:RMA:CTLL-2 cells. Mixed cell cultures were incubated for an additional
24 hours prior to addition of CellTox reagent. Fluorescence was measured at 520nm
following an additional 48-hour incubation. Figures show per cent cell death
compared to the untreated DC:T cell co-culture as baseline. Data represent three
independent experiments containing samples ran in triplicate + SD analysed by
ANOVA with Bonferoni post-test analyses. A Lysis buffer provided by the kit
manufacturer (Promega) was included as a positive control for maximum cell death,
and was therefore not compared against treatments for statistical analysis. P values:
*=0.05, **=0.01, and ***=0.005.

The capacity of CTLL-2 cells to induce cytotoxicity in target cell populations was not

improved by the inclusion of the T helper cell line RMA. The Th1 type helper cells
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were included in co-culture experiments investigating ID8 cytotoxicity, to determine
whether the additional cytokines produced by T helper cells could potentiate CTLL-2
cell cytotoxicity following priming by TPN40 activated tsDCs in the presence of ID8
lysates. CTLL-2 cytotoxicity was not significantly improved by the addition of Thl
type RMA cells.

The ability of CTLL-2 cells to induce cytotoxicity in the allogeneic murine tumour cell
line ID8 supports the proof-of-principle concept that TPN40 activation of tsDCs can
produce immune cascade. Ideally, future studies should investigate T cell survival
over longer time frames (more than 72-hour to the end point of experiemtns) to
determine whether the data observed here representing early changes in T cell

outputs could result in effective clonal expansion during long term analysis.

6.4 Conclusions

The current research chapter addressed several aims. First, cytokine analysis by
ELISA assay showed that T cell lines induced cytokine production in response to
activating treatment with TPN40. All three T cell lines upregulated IL-2 and IL-12 in
response to TPN40; CD8* cell lines (but not CD4+ cell lines) induced IFN-y, while IL-
10 was not produced in response to TPN40. T cell cultures tolerated treatment with
TPN40, however clonal expansion was not detected in any cell lines. The cytotoxic T
cell line CTLLZ induced greater cell death in response to TPN40 than control
treatments, however this did not show significant improvement when ID8 cell
lysates were included in experimental setup as a source of antigen, and therefore

was unlikely to indicate a tumour specific response.
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Chapter 7: General discussion & limitations of the
study

7.1 General Discussion

Utilising the power of the patient’'s immune response to produce specific tumour
rejection is an ongoing goal in cancer therapy. The main goal of DC
immunotherapies is to stimulate tumour antigen specific cytotoxic T cells to initiate
an immune response directed specifically against the tumour, with minimum impact
on surrounding host tissues. In this manner, immunotherapies aim to preserve and

extend the quality of life in cancer patients.

The original research presented here shows that multivalent presentation
significantly improved the binding capacity of MTP40. The modified sequence was
conjugated to two multivalent scaffolds to investigate their tolerability and
stimulatory capacity; Tet40 which is able to present four MTP40 ligands per
structure, and TPN40 which are expected to display 2x103 binding sites per
nanoparticle, representing a significant increase in binding epitopes compared to
the two binding sites presented by IgG. This may also account for the improved
binding affinity identified in the current study, compared to other work
investigating CD40R targeted antibodies. As discussed in section 1.5.4, CD40R
targeted antibodies currently being investigated in the clinic show varied affinities
for the CD40R, ranging from 1x10-> to 5x10-11. Which correlates with the antibodies
mechanism of interaction as immunotherapies. In comparison, the binding affinity
of MTP40 showed baseline affinity of 1x10-¢ when in the unmodified monomeric
form, which was increased to 8x10-8 upon presentation as Tet40. As various earlier
publications have suggested a role for multivalent engagement of the CD40R in
initiating an effective downstream response, the improved binding affinity of
MTP40 for CD40R when attached to multivalent scaffolds may account for the
greater functional outputs observed, compared against monovalent targeting.
Importantly, inducing potent immunity by multivalent targeting may enable more
effective treatment and reduce systemic toxicity as lower doses were required to

induce an equivalent output response compared to monomeric peptide treatment.

The current study investigated the impact of multivalent targeting systems on tsDC
maturation at two levels: the phenotypic level (indicated by surface receptors) and

the functional level (primarily antigen uptake and cytokine expression). Antigen
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presentation by APC subsets activates helper T cells, stimulating them to express
CD40L which, in turn, activates CD40* DCs to prime effector T cells (Roy et al., 1993).
The data presented in the current study suggests that multivalent receptor ligand
interactions may potentiate the activation response associated with CD40R
signalling by more efficiently engaging with the upregulated CD40R. Importantly,
this work presents a novel method for delivering targeting peptides to the tumour
microenvironment by determining the suitability of gold nanoparticles as scaffolds
for multivalent immune targeting. This could present future potential in both
targeted drug delivery, and improvidng traceability of treatment in vivo as gold

nanoparticles have the capacity to be directly images via X-ray or CT imaging.

The current research suggests that stimulation of CD40R through multivalent
surface receptor interactions induces greater functional responses in the tsDC cell
line compared to its monomeric stimulation. This was supported as greater changes
were observed in surface receptor expression, cytokine production, and antigen
uptake capacity when MTP40 was presented either on Tet40 or TPN40 scaffolds. As
such, changes in the tsDC outputs investigated here suggest that multivalent peptide

presentation enhances immune stimulation at the DC level.

In this study, we optimised the sequence of an 18-residue peptide targeted toward
the CD40R to produce a linear sequence for delivery via multivalent platforms. The
findings presented are consistent with other groups investigating DC activation via
CD40R antibodies and has further developed the field by investigating the use of
alternative peptide therapies to confer advantages against the traditional antibody
targeting method. First, peptides are commonly recognised as highly selective
targeting compounds typically well tolerated in vivo (Slingluff et al.,, 2011). Peptides
function as efficacious signalling molecules that bind specific cell surface receptors
such as G protein coupled receptors, initiating intracellular events. Second,
application of small molecules such as peptides leads to high penetration rates
across leaky tumour vasculature (Fosgerau & Hoffmann. 2015). The multivalent
constructs developed here are expected to possess a diameter of 10-15nm which
equates to approximately half of the diameter compared to a typical IgG antibody
with dimensions of 30 x 24nm (Saber et al, 2011). The reduction in size may
improve potential for therapy to penetrate tumour vasculature and access target

DCs specifically in the tumour where immunosuppressive phenotypes are observed.
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Earlier work investigating the events required for efficient T cell priming has
indicated that clustered presentation of CD40L at the T helper cell surface is a
prerequisite for the formation of a functional immunological synapse and
downstream signalling of the CD40R (Grassmé et al, 2002). As such, effective
upregulation of the CD40R as was observed in response to multivalent CD40R
activation presents great potential to induce a T cell response. Importantly, this
finding is in line with recent results published by several other groups in which the
activation of DCs using nanoparticles conjugated to agonistic antibodies for CD40,
demonstrating upregulation of CD40R and CD86 on the DC surface, which induced
down-stream priming of CD8* T cells (Cruz et al,, 2014; Rosalia et al.,, 2015), as
described in sections 1.5.5 and 1.8. As discussed in section 1.2.2.2, substantial
disparity has been reported in the upregulation of surface receptors in response to
DC activation, depending on the DC subset involved (Gilliet et al., 2002; Lutz., 2012).
The receptor profile affected in the current study may therefore be specific to the
immortalised tsDC line, and so it would be interesting to investigate the activation
potential in DCs extracted from patient blood samples to determine whether the

changes are consistent.

Functionally, the cytokine profiles of tsDC showed slight shifts, however, this finding
was not as significant as described by other groups, particularly in reference to IL-
12, which is typically produced by APC populations in response to antigen exposure
(Trinchieri., 1995; Demangel et al., 2001). This observation is contextually relevant
because the DC data collected in the current study was produced to determine if DC
outputs in response to CD40R ligation rather than in response to antigen exposure.
It could therefore be argued that upregulated IL-12 production would be more
likely to occur following combination treatments with targeting peptide alongside
an appropriate source of antigen. Alternatively, the slight but tightly controlled
upregulation of cytokines may be an encouraging finding because cytokine storm is
one of the most common side effects of immunotherapy. Perhaps by utilising DCs
mediators to launch a modest, highly specific immune response rather than
stimulating T cells directly which may induce excessive immunity (via secretion of
cytokines which are prone to inducing CRS as discussed in chapter 1.4.3), this side

effect can be reduced.
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Despite contrasting data regarding the ability of tsDC to induce changes associated
with robust activation, the second major observation of the present research was
that the tsDC line induced downstream changes in effector T cell lines, an output
which was isolated to cultures activated by TPN40 in the presence of allogeneic
tumour antigen. In terms of cytokine production, CD8* T cells presenting exogenous
pathogen via the MHCI pathway are characterised by production of IFN-y, TGF-f3
and TNF-a. Th1 and Th2 subsets of CD4+* T cells are generally associated with IL-2
and IL-10, respectively (Murphy et al, 2001; Llopiz et al, 2017). Notably, the
current study observed changes in cytokine production associated with CD8* and

CD4* Th1 cell priming.

The results of this study provide strong indications that TPN40-DC were capable of
interacting with T cells of both CD4+ and CD8+* subsets. This finding is interesting
considering the complex interplay between multiple immune cells required to
initiate effective immunity. In vivo studies are required to further characterise the
repertoire of immune cell interactions involved in shaping DC maturation. As such,
the data presented here demonstrate encouraging markers for DC activation but

can only suggest limited applicability as a stand-alone, ex-vivo observation.

Analysis of tsDC receptor and cytokine profiles in response to TPN40 activation
demonstrated greater changes associated with DC maturation than tsDC activated
with Tet40. There was no indication of non-specific activation resulting from the
nanoparticle scaffold, suggesting that this scaffold reduces non-specific
reactogenicity of the treatments. Importantly, the specific responses elicited by
TPN40 in comparison to Tet40 presented potential for TPN40 to meet the needs for

highly specific targeting constructs.

The primary goal achieved by the present research was the production of a
modified peptide and characterisation that the molecule successfully targeted the
CD40R. The importance of this finding can be explained in the context that
development of tumour progression coincides with a phenotypic switch in intra-
tumoural DCs, whereby compromised maturation is observed and prevents effector
T cell priming (Ma et al, 2012; Tran-Janco et al,, 2015). Interestingly, depleting
resident DC populations in advanced stage tumours has revealed improved survival

and delayed tumour progression (Ma et al, 2012), suggesting DCs adopt
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immunosuppressive functions over time and that eliminating late-stage DCs

alleviates immunosuppression.

The results presented in this section indicate that TPN40-activated tsDCs have the
capacity to induce both upregulation of IFN-y production in CD8* T cell subsets and
prompt IL-2 production in a Th1 cell line. The universal downregulation of tsDC
produced IL-10 in response to both Tet40 and TPN40 targeted treatments is of
particular interest, considering IL-10 is strongly correlated with the induction of
Treg cells in the tumour microenvironment. This universal reduction in IL-10
suggests tsDC activation with multivalent CD40R targeted treatments may reduce

production of immunosuppressive cytokines commonly observed in the tumour.

7.2  Limitations of the study

While the results of the current work indicate the potential for CD40R activation of
tsDCs through multivalent peptide treatments, several protocols were additionally
tested which did not yield successful results, and should be considered for further
optimisations. Other experiments which could have provided further insights into
the mechanism of action of MTP40 were unable to be carried out due to limited time
and resources available. Areas of work that hold potential for future investigations

are outlined in the following section.
7.3 Experiments requiring further optimisation

7.3.1 Collection and enrichment of DC precursors from human blood

In order to investigate the impact of CD40R activation on human DCs, cell
enrichment was initially investigated using a MACS Cell Separation for magnetic cell
isolation from patient blood samples. Patient samples were collected by
centrifugation followed by buffy coat isolation, and aimed to isolate DCs based on
retrieval of cells expressing CD14 which were then returned to culture under
optimal media conditions. Unfortunately, low volume of patient sample resulted in

very low cell yields which were not able to be maintained in culture.

7.3.2 Alternative outputs of DC activation
Migration capacity of DC serves as a marker of activation, as DCs alter surface
receptor expression including ICAM1 in order to migrate to the draining lymph

node following antigen exposure. This would be an interesting study to compare
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whether the migratory capacity of tsDC changed following activation, but was not
successfully optimised during the current work as tsDC line was highly affected by
seeding density; seeding at too high volumes caused cells to detach from the base of
the plate affecting the output, while seeding at too low density stunted cell growth
and did not produce clear boundaries. Western blots were also conducted
throughout the course of this study to investigate the activation of STAT3 and JAKS3,
which are phosphorylated following ligation of CD40R on the tsDC surface, however
the membranes from these experiments were damaged and unable to be quantified.
Downstream signalling cascades should therefore be investigated in future
experiments to characterise the effects of CD40R ligation. Considering MHC
expression did not show significant upregulation in response to any treatment in
tsDC cultures, it may be necessary to repeat the current work with another DC line.
A viable alternative may be to use the DC line D1, which other groups have used to
demonstrate significant upregulation of MHCII, CD40R and CD86 (Trouche et al,
2007).

While the surface markers investigated in the current study provided an indication
that TPN40 was capable of inducing changes associated with activation, it would be
interesting to investigate the impact on a wider range of receptors, to further
characterise the response. For example, CD70 and 41BB receptors were not
included in the current work, and would provide interesting candidates for future
research considering their proposed roles in tumour escape from immune detection

(de Luca & Gommerman., 2012).

7.3.3 Protocol for T cell activation

Although there are many other avenues which could be explored to further
characterise the impact of CD40R activation in tsDC, it may be more prevalent to
focus on optimising the co-culture conditions between tsDC and T cell lines. In this
case, a high number of variables likely to influence the level of activation, including
whether DC are activated in the presence of tumour antigen alongside CD40R
stimulation (and if so which treatment is applied first), how long to incubate for, the
ratio of T cells to DC and whether the cell lines used here were optimal for this
study. To provide the most robust data in this setting, it would be optimal to work
with autologous cells of T, DC and tumour lineage from the same individual to

increase the likelihood of TCR-MHC interactions. The use of autologous cell types
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may optimise T cell activation outputs, particularly considering the universally low-
level of MHC expression at the tsDC surface even after CD40R and tumour lysate
activation, which may prevent this cell line from inducing effective T cell priming.
Ideally, DC from healthy patient cohorts would be compared with DCs isolated from
tumour samples, allowing characterisation of the response in healthy and

immunosuppressed DCs.
7.4 Future directions

7.4.1 Alternative methods to assess T cell response

In the current work, T cell responses were investigated using routine cell lines, by
relatively non-specific assays to provide an indication of T cell priming as part of a
multi-step sequence of activation, from tsDC activation through to T cell priming, In
order to characterise the specific nature of the T cell response more accurately,
more specific techniques for T cell analysis could be used. One such example would
be to perform flow cytometric analysis of intracellular T cell cytokine production. In
this setting, T cells are treated with inhibitors of secretion such as monensin or
brefeldin A, which cause cytokines to accumulate within the cytoplasm upon
antigen activation. After fixation and permeabilization of the lymphocytes,
intracellular cytokines can be quantified by cytometry, which would allow
quantification of the number of T cells actively secreting the cytokine of interest,
and the amount of cytokine produced per cell (Lechner et al., 2000). This could be
further combined with cell surface markers to determine the phenotype of effector
T cells, and would be most beneficial in combination with mixed patient samples, as

opposed to homogenous cell lines.

7.4.2 Investigating efficacy of TPN40 in 3d models and in vivo

Initially, the work carried out here only investigated cell-cell interactions in routine
cell culture. The current study investigated how tsDCs responded to activating
treatments in 2D culture based on a murine cell line, and how this activation
impacted the activity of T cell lines; providing a clear picture of direct cell-cell
interactions. Currently, in drug discovery, the standard procedure of screening
compounds starts with the 2D cell culture-based tests, followed by animal model
tests, to clinical trials (DiMasi et al., 2007). Only about 10% of the compounds

progress successfully through clinical development, largely due to lack of clinical
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efficacy or unacceptable toxicity, which would ideally be eliminated before

progressing to in vivo models.

Limitations of the current study are therefore associated with the animal model
system used, and the ex vivo nature of experimental setup. Although animal cell
cultures provide a controlled microenvironment to study cell-cell interactions in a
homogenous population, providing clear advantages for routine characterisations
and pharmacology studies, It would have been more relevant to investigate the
impact of CD40R activation in a human model, before moving to in vivo work. This is
particularly relevant due to the high specificity of interaction between peptides and
their epitopes, which is unlikely to provide a representative response in an ex vivo

mouse model system.

This becomes particularly complicated when studying tumour-immunology, where
interactions occur at many levels. Epithelial ovarian cancer is characterized by
periods of remission and relapse of sequentially shortening duration until
chemoresistance occurs (Markman et al, 2004). Such patients are the best
candidates for immunological studies, since T cells' presence can be utilized as
markers for disease progress and can be evaluated at different stages of the disease
(Schmielau & Finn., 2001). The progression of cancer in the peritoneal cavity and
the frequent formation of ascites, which characterize advanced stages of ovarian
cancer, mainly stage IV, make this tumor a model for the study of different
lymphocytic populations. Furthermore, the composition of lymphocytic populations
in blood, ascites and tumors is regulated by various cytokines and chemokines
produced by the tumors or the components of the immune system; replicating this
complex dynamic is beyond the scope of single cell monolayers. Since almost all
cells in the in vivo environment are surrounded by other cells and extracellular
matrix (ECM) in a three-dimensional (3D) fashion, 2D cell culture does not
adequately take into account the natural 3D environment of cells (Birgersdotter et

al,, 2005).

Future work could consider the use of spheroid cultures before venturing into in
vivo models. Spheroid matrices grow cells naturally in a 3D environment, allowing
cells to interact with each other, the ECM, and their microenvironment. In turn,
these interactions in such 3D spatial arrangement affect a range of cellular functions,

including cell proliferation, differentiation, morphology, gene and protein
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expression, and cellular responses to external stimuli (Rimann & Graf-Hausner.,,
2012). Spheropid studies therefore present an interesting future direction for the
current research to provide a more robust investigation of the multi-level cell

interactions observed in the tumour-immune dynamic.

In the current study, three T cell lines were investigated to demonstrate the T cell
response to activated DCs in culture. Although this represented a broad spectrum of
T cell subtypes within the limited scope available, this cannot compensate for the in
vivo repertoire of T cell receptors and MHC combinations. In addition, co-culture
overrides microanatomical factors that may constrain the probability of in-vivo
contact between DCs and T cells within the T cell zones of lymphoid organs. For
example, the majority of splenic CD11b* cDCs are located outside the T cell zone in
the steady state and would contact T cells only after Toll-like receptor (TLR)-
dependent signals drive their relocation into the T cell zone, yet they may still
present antigen to activate T cells in vitro, further illustrating the limitations of such
studies. If in vivo investigations were able to be conducted, it would also be
interesting to characterise the half-life of MTP40 as free peptide versus the half life

of Tet40 and TPN40, which has implications for clearance and treatment regimens.

While the ID8 cell line provided a representative model to study ovarian cancer, this
was utilised as an initial investigatory system based on the repertoire of literature
suggesting DC activation is particularly dysregulated in this tumour type. This is not
to say ovarian cancer provides the only or optimum setting for DC investigations,
and it may be interesting to investigate other associated tumour models. For
example, DC activation and function is also dysregulated in breast cancer and has
been related to cell clustering in the draining lymph node (Chang et al, 2013),
which may provide an alternative model system where treatment could be
delivered through percutaneous injection to DCs localised in the lymph node

directly.

The pro-inflammatory cytokine IL-12 is required to induce the upregulation of IFN-y
in situ immune response, and so the upregulation of IL-12 by both tsDC and T cell
lines suggests T cell activation occurred, which is supported since activated T cells
also demonstrated production of IFN-y, which characteristically occurs following IL-

12 stimulation. In vivo, this may induce recruitment of immune cells to the tumour

191 |Page



site, enhanced tumour surveillance, and regression across multiple tumour types in

vitro and in vivo (Muranski et al., 2009; Castro et al,, 2018).

Recent in vitro studies of the immune environment in breast cancer have
demonstrated that naive T cells develop into Treg phenotypes in the presence of
plasmacytoid DC (pDC) alone and that this phenomenon is significantly greater
when naive T cells are exposed to pDCs in addition to tumour conditioned media
(Su et al, 2017). Other groups have reported similar data in vivo, where DC
activation by recombinant IL-33 have induced significant upregulation of surface
CD40R and antigen cross-presentation, CD8* expansion, and IFN-y production in the
tumour mass, demonstrating that DC function can be recovered in a malignancy to
induce a tumour specific CD8* response (Dominguez et al., 2017). The outputs of DC
activation observed in the present study are therefore in line with those reported by
other research groups. This finding suggests that the immunosuppressive
phenotype of DCs in the tumour shapes the resulting effector lymphocyte response.
Alleviating DC suppression has also been reported to lead to demonstrable
improvements in T cell functions by other groups, which was similarly observed in
the present work. DCs stimulated through the gold nanoparticle platform were able
to induce priming in allogeneic T cell cultures, suggesting that multivalent
interactions can propagate effective downstream signalling induction, which would

be interesting to observe in vivo.

7.4.3 Prospects for in vivo delivery and imaging of TPN40

Considering the wider perspective, the outputs reported in this work are valuable
when considering the repertoire of cancers which demonstrate deficiencies in DC
phenotype or infiltration. In this respect, ovarian cancer presents a unique niche for
therapeutic drug delivery via distribution to the intraperitoneal cavity. For example,
direct administration into the peritoneal cavity via injection requires minimum time
and trained expertise and could be administered in close proximity to the tumour.
This treatment method has shown superior treatment efficacy for the delivery of
cisplatin plus paclitaxel in ovarian cancer, although in this this case, the associated
cost of increased risk of site-specific reactions was observed due to cytotoxicity of
the chemotherapies involved (Gonzalez et al., 2011). As such, immunotherapies may
be advantageous over chemotherapies in this setting, due to lower cytotoxicity to

surrounding tissues when delivered in the local tumour environment.
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Several studies have discussed the lack of immune infiltrates in various tumours,
which could account for the disappointing results of targeted cancer vaccines to
elicit an immune response in solid tumours, compared to their haematological
counterparts. Lymphoid tumours have closer proximity for interaction with the
circulation, which may provide an optimal setting for lymphocyte infiltration,
explaining the more potent responses in haematological malignancies to date (as
discussed in section 1.5.4). The application of TPN40 in in vivo studies would be
particularly interesting due to the potential to directly visualise the localisation of
gold nanoparticles X-ray or CT imaging or via TEM, which could provide insight into

distribution and retention properties in a minimally invasive setting.

Considering the wider perspective, the outputs reported in this work suggest
TPN40 could provide a viable therapeutic option for cancers demonstrating
deficiencies in DC phenotype or infiltration. Ovarian cancer presents a unique niche
for delivery of therapeutic agents by injection to the intraperitoneal (IP) cavity,
particularly in the early stages of disease progression whereby the tumour has not
spread to any distal metastatic sites. Direct administration in this manner requires
minimum time and trained expertise and allows treatments to be delivered in close
proximity to the tumour. IP administration has shown superior efficacy for the
delivery of cisplatin plus paclitaxel in ovarian cancer, at the associated cost of
increased risk of site-specific reactions which were observed due to cytotoxicity of
the chemotherapeutic agents (Gonzalez et al, 2011). As such, immunotherapies
such as TPN40 may be advantageous over chemotherapies in this setting, due to
lower non-specific cytotoxicity to surrounding tissues when delivered to the local

tumour environment.

Studies demonstrating that intra-tumoural delivery of IL-12 induces DC maturation
in vivo (van Mierlo et al, 2004) support the theory that tumours prevent DC
progression from the immature state, but also that the suppression can be reversed
following direct administration of immunostimulatory agents at the tumour site.
Other groups in parallel have demonstrated enhanced maturation of tumour-
infiltrating DCs following dissociation from the tumour and transfer to ex vivo
culture (Preynat-Seauve et al., 2006). Taken together, these findings strongly

indicate that the impaired DC maturation observed in the tumour can be alleviated
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by DC targeting, through direct delivery of targeting agents which have shown

potential to reverse immunosuppression directly at the tumour site.

7.4.4 Combination prospects for TPN40 with other immunotherapies

As discussed in chapter 1.4.1.2, immunotherapies have shown encouraging results
in some malignancies. Anti-CD40R antibodies alone have been described to have
some efficacy as a single treatment against various tumors, however it is generally
recognized that treatment with one immune modulating antibody or cytokine is not
efficient (Liu et al.,, 2012). In relation to this, anti-CD40R in combination with IL-2
has recently been tested against tumors in murine models. In an in vivo study of
mice with melanoma tumors, the group of Liu et al. showed that anti-CD40R in
combination with IL-2 was able to enhance the expansion of adoptively transferred
T cells in a 5-10-fold manner and increase their anti-tumor activity by various
mechanisms, including increased secretion of IL-12 and a higher expression of
costimulatory molecules (CD80 and CD86) on APCs (Liu et al.,, 2012). Combination
therapy of TPN40 with IL-2 would therefore present a viable avenue for future
investigation, and is particularly exciting considering treatment with recombinant
human IL-2 is FDA approved for the treatment of renal cell carcinoma, lymphoma,

and melanoma patients (Waldmann et al., 2003).

Alternatively, intra-tumoural delivery in combination with checkpoint inhibitors
may enhance the synergistic potential of existing therapies. Future research should
investigate the potential for combination regimens of TPN40 alongside checkpoint
inhibitor therapies, particularly in respect to PD-1 or PD-L1 antagonists. This could
lead to the development of new combination therapies with particular relevance for
cancers with poor disease prognosis influenced by the immune climate. In vivo
models of colorectal adenocarcinoma and melanoma have demonstrated PD-L1 is
sufficient to suppress anti-tumour immunity, where both tumour and host derived
PD-L1 influenced immunosuppression and reduced cytotoxicity (Juneja et al., 2017),
and DC vaccines have shown durable long term responses in melanoma therapy
(Alvarez-Dominguez et al., 2017). Scarlett and colleagues demonstrated significant
upregulation of PD-L1 by DCs recovered from murine ovarian cancer tumours.
Expression was associated with a switch toward an immunosuppressive phenotype
and aggressive disease progression detected by palpable tumour development

(Scarlett et al., 2009). Upregulated PD-L1 on the APC surface interacts with PD-1 on
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the T cell surface, inducing inhibition of the CD28 kinase signalling pathway in the
target cell, which prevents transcription of proteins essential for maintenance and

growth (Dong et al., 1999).

Considering that PD-L1 is upregulated by immunosuppressed DCs, and that
previous groups have shown encouraging data regarding the application of
checkpoint blockade therapies in the ovarian cancer setting (Scarlett et al., 2009
discussed in chapter 1.5), an interesting direction for future studies would be to
investigate whether combinations of TPN40 with checkpoint inhibitors could
produce an enhanced tumour-immune response. It was not possible to investigate
the potential for interactions in the current study due to time and funding
limitations, but would be interesting for future studies to investigate checkpoint
inhibitors for combination with therapies targeting CD40R, since the two pathways
exert their effects at different stages of the immune response, allowing synergistic

activation T cell stimulation and survival alongside enhanced tumour cell killing.

Future work should therefore investigate the potential for combination regimens of
TPN40 alongside checkpoint inhibitor therapies, particularly in respect to PD-1 or
PD-L1 antagonists. This direction could lead to the development of new

combination therapies.

7.4.5 Arole for FcYR studies in optimising TPN40 delivery

In the current literature, antibodies blocking inhibitory checkpoints on T cells have
been a major advance in cancer treatment, while agonistic antibodies for CD40R
have had less success due to toxicity concerns. As agonistic antibodies require FcR
interactions, models carrying human CD40R and FcRs simultaneously may provide
a more representative study of the toxicities observed in vivo, leading to more
robust toxicology data and improved therapeutic success.The additional
requirement for Fc engineering was unmanageable in the time scale of this project,
however it would be an interesting avenue for future studies to investigate the

efficacy of TPN40 in combination with FcY adjuvant therapies.

7.5 Concluding remarks

In conclusion, peptide targeting of the CD40R via a multivalent delivery system
successfully initiated maturation responses in the tsDC population, which translated

to functional changes in effector T cell populations. This work supports the use of
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gold nanoparticles as a multivalent drug delivery platform for enhanced immune

stimulation and reduced toxicities in the tumour microenvironment.

This result is significant, not only in the primary context of CD40R activation, but
also on the wider scale of nanoparticulate drug delivery. The observation that both
multivalent platforms investigated could produce much more robust DC activation,
which translated to downstream priming in T cell cultures, presents a prospective
mechanism of optimised targeted drug delivery in a broader context. Of the two
potential platforms investigated, both have wide applicability. Delivery via gold
nanoparticles holds particular advantages due to the robust prospects for peptide
conjugation through the innate attraction between the thiol side chains in cysteine
residues to the surface of gold, meaning this method of drug delivery could have
potential to deliver a vast range of other bio-therapeutic drugs in other research

areas.

The current research was concerned with producing a proof-of-principle system to
demonstrate whether multivalent presentation of ligands targeted to the CD40R of
tsDCs improved the dynamics of receptor binding, and whether this was able to
optimise downstream binding and elicit T cell priming. The final data chapter of this
study showed that T cells in culture successfully demonstrated functional changes
including cytokine profile and cytotoxicity outputs, following culture with tsDCs
treated with targeting peptides. T cell outputs were specifically induced in response
to tsDCs which had been treated with CD40R targeted, multivalent stimulation,
suggesting this provides a more durable cascade of activation than monomeric or

control treatments.
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