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Abstract

Toll-like receptor (TLR) agonism in combination with the activation of type I NKT
(iNKT) cells through systemic administration of their respective agonists has been shown to have
a cooperative effect on activating antigen-presenting cells, stimulating cytokine production, and
inducing adaptive immune responses to co-administered antigens. Here, it was hypothesised that
it might be possible to harness these activities to treat solid tumours locally via intratumoural
treatment to combat tumour growth while reducing toxicity to other organs.
An intratumoural treatment model combining the stimulatory activity of unmethylated
DNA oligonucleotides consisting of synthetic cytosine-guanine motifs (CpG), a TLR9 agonist,
with activation of iNKT cells through administration of the CD1d-binding iNKT agonist αgalactosylceramide (-GalCer) intratumourally was shown to have significant anti-tumour
activity. The treatment regimen showed superior efficacy to that achieved with either agent alone
in several in vivo models representing different types of cancer. In some models, the combination
of -GalCer and CpG was effective at inducing the complete rejection of both treated and
untreated tumours through the induction of a systemic adaptive immune response. Post tumour
rejection, a memory response protected against rechallenge with the same, or similar, tumours.
Intratumoural administration of the agents was associated with increases in IFN- in the tumour
(rather than the serum), and blockade or removal of the IFN- receptor abrogated the antitumour response.
The importance of the draining lymph node and spleen in anti-tumour activity (as shown
by the excision of these organs), and liver enzyme responses, suggested that some of the
agonists/antigens may have dispersed into the lymphoid organs and liver to support the response.
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Nonetheless, the anti-tumour effect was dependent on local effects of the intratumoural
administration on the tumour microenvironment, as subcutaneous and peritumoural routes of
administration only minimally affected tumour growth despite the reagents potentially having
greater exposure to lymphoid organs.
Through the use of various techniques including knockout mice, neutralising monoclonal
antibodies, confocal microscopy and flow cytometry, it was shown that the combination of GalCer and CpG was dependent on the effector activity of CD8+ cells. However, optimal activity
was associated with changes in other immune cell types, notably recruitment of iNKT cells into
the tumour bed, and was also associated with induction of serum antibodies that could transfer
some protection to naïve hosts. Induction of a successful response was dependent on
conventional dendritic cells (DCs) of the “cDC1” phenotype, which are known to be effective at
antigen cross-presentation to CD8+ T cells, while full tumour rejection also required the activity
of plasmacytoid DCs, which are significant producers of IFN-. In less immunogenic tumour
models, the addition of relevant tumour associated antigens (TAAs) improved the anti-tumour
response. The TAAs could be added as part of an admix, but improved responses were obtained
when TAAs were chemically conjugated to -GalCer via an enzymatically cleavable linker.
Alternatively, intratumoural administration of -GalCer and CpG as free agents could be
combined effectively with low dose systemic chemotherapy to induce curative responses,
potentially through a mechanism involving immunogenic cell death to improve the
immunogenicity of TAAs in situ.
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Chapter 1
Introduction

1.1 Overview
Vaccination has revolutionised modern medicine by harnessing the immune system to
prevent and eradicate infectious diseases, saving millions of lives in the process. For centuries,
people lived under the constant threat of deadly infectious diseases, like smallpox, polio, and
hepatitis. Edward Jenner developed the world’s first standardised vaccine in 1796 by
experimentally validating a well-known countryside folklore, where milkmaids who suffered the
mild disease of cowpox never contracted smallpox, which was as prevalent as it was deadly
during that period, especially among children. He discovered that he could protect people from
the devastating disease by inoculating people with matter from a fresh lesion from a milkmaid
with the related, though relatively benign, cowpox virus. This ushered the beginning of modern
vaccinology: the use of attenuated, killed pathogens or a component of the whole pathogen to
induce adaptive immunity and protect against illness and death following a future exposure to
that pathogen. For many centuries before this experiment, the much less safe technique of
variolation was used to protect against death from smallpox infection, which involved exposing
healthy individuals to pus from a smallpox-infected individual to induce a mild infection 1.
Vaccination developed further during the nineteenth century when Pasteur created the first
attenuated bacterial vaccine against cholera in chickens, and further developed vaccines against
rabies, cholera, and typhoid plague that would eventually be used in humans 2.
There are several FDA-approved vaccines for cancer prevention such as the hepatitis B
vaccine and the human papillomavirus (HPV) vaccines, which work by preventing infection
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from cancer-causing viruses. By preventing the viral infection, these vaccines block processes
that may eventually result in runaway cancer cell growth; however, most cancers are not caused
by viruses 3. On the other hand, therapeutic vaccines are used as a method of treatment. Similar
to regular vaccines, therapeutic vaccines work by stimulating the immune system in order to
target an infection or cancer cells. However, a therapeutic cancer vaccine would be used to treat
existing cancers by alerting the immune system to recognise and destroy cancer cells, or by
boosting weak responses that may have been induced naturally 4.
Just like any other effective immunisation approaches, therapeutic cancer vaccines need
to focus responses against antigens, substances that cause an immune response, expressed
explicitly in the target tissue. These antigens need to be injected and then acquired in vivo by
antigen-presenting cells (APCs) to provoke an adaptive immune response. It is now clear that
responses mediated by antigen-specific T cells can induce tumour regression; hence, APCs need
to be programmed with the capacity to stimulate T cell activation. T cells are a type of white
blood cell that develop in the thymus gland and play a central role in the immune response. This
can be achieved by injecting vaccines with adjuvants, which are immunostimulatory compounds
that directly, or indirectly, modulate APC function. The tumour-associated antigens targeted by
T cells arise as a consequence of the mutational load associated with disease progression (which
could include virus-derived antigens), resulting in a dysregulated or mutated protein profile.
Since this profile is generally patient-specific and even shows diversity between cancer lesions,
there is a paucity of universal tumour-associated antigens for a vaccine design of general utility.
Also, defining and preparing individualised vaccines remains technically challenging (although
progress is being made), so the development of cancer vaccines has been slow 5. In addition, the
immunosuppressive nature of the tumour microenvironment generally renders otherwise

18

promising vaccines ineffective. Thus, the first and only therapeutic vaccine approved for any
cancer remains an autologous cell-based vaccine sipuleucel-T. Sipuleucel-T consists of activated
autologous APCs loaded with prostatic acid phosphatase, an enzyme produced by the prostate
whose level proportionally increases with prostate cancer progression. In a pivotal phase III trial,
sipuleucel-T gave a median overall survival of 25.8 months compared with 21.7 months for
placebo-treated patients. In addition, it also resulted in a 22% relative reduction in the risk of
death 6. However, due to the high cost and the small efficacy advantage, sipuleucel-T was not
widely used.
Although cancer vaccine design has been progressing, notably with recent advances in
developing personalised vaccines based on bioinformatic analysis of the mutational load in a
patient’s tumour 7,8, more straightforward approaches are needed. The major hurdles in the
development of cancer vaccines are: 1) the identification of universal antigens that can be used in
‘off‐the‐shelf’ vaccines for common cancers, 2) the bioinformatic and manufacturing bottleneck
associated with the use of personalised synthetic vaccines, 3) the manufacturing and logistical
hurdles associated with alternative ways to make individualised vaccines based on resected
tumour or biopsy material, 4) tumour-induced immunosuppression limiting efficacy, and 5) the
production of an immune response of sufficient quality and magnitude. “In situ vaccination”, the
topic of this thesis, represents an alternative approach in which the cancer tissue is modified
through treatment in vivo so that it acts like a vaccine to promote tumour-associated antigen
(TAA)-specific adaptive immune responses. The treatment may also overturn some of the
immunosuppressive networks that limit on-going immunity. Importantly, this can be done
without the need to identify and isolate the TAAs previously. The strategy relies on improving
the immunogenicity of TAA released by stressed, dying, or dead tumour cells that are processed
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and presented by APCs. This kind of approach allows for the development of “vaccines” in
patients themselves, without the requirement for many of the ex vivo processing steps or
synthetic pathways required to prepare typical parenterally injected vaccines. In addition, this
strategy can take advantage of the complete antigenic repertoire of a tumour and not be limited to
pre-selected TAA’s that may exclude undetectable or uncharacterized antigens. The efficiency of
in situ vaccination can potentially be enhanced by boosting specific steps, such as using
conventional therapies to stimulate tumour cell death to release TAAs in an immunogenic
manner (“immunogenic cell death”), involving enhanced antigen uptake and presentation by
APCs 9,10. Ideally, an in situ vaccine should be able to induce anti‐tumour T cell responses that
will result in systemic anti‐tumour immunity.
The induction of T cell responses requires specialised APCs. The most important are
dendritic cells (DCs), which have a high capacity for acquiring, processing, and presenting
antigens via major histocompatibility complex (MHC) molecules to antigen-specific T cells. The
main function of MHC molecules is to present peptide fragments from foreign antigens on the
cell surface for recognition by the appropriate T cells. The function of DCs, and hence their
ability to stimulate T cells, can be modulated through multiple signals. These signals include
recognition of pathogen-associated molecular patterns (PAMPs) via innate pattern recognition
receptors, of which the Toll-like receptors (TLRs) are prominent examples (to be discussed in
more detail below). Another way to stimulate DCs is via signals provided by rapidly activated
leukocytes in the local environment, including T cells themselves. In this context, within the
lymphoid tissues are subpopulations of “innate-like” T cells that respond to a limited range of
defined antigens that can be rapidly activated to perform this function. For example, invariant
natural killer T (iNKT) cells, otherwise known as type I NKT cells, are specific for a small range
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of glycolipids, and administration of these glycolipids in vivo can induce rapid iNKT cell
activation, which subsequently leads to activation of DCs (more detail on this series of events
will follow). At the outset of this PhD study, our group had already shown that activation of
iNKT cells could condition multiple different DC subsets to respond more effectively to TLR
ligation. Depending on the TLR agonist used, among the effects observed were the activation of
plasmacytoid DCs (pDCs), a cell type associated with the release of the immunostimulatory
cytokine interferon  (IFN), and enhanced activation of conventional DCs (cDCs). Activated
cDCs increase expression of molecules required for T cell stimulation (including MHC
molecules), and increase production of cytokines, notably the T cell differentiation cytokine IL12. Ultimately, the combination of signals from iNKT cells and TLR ligation “conditioned” the
cDCs to induce stronger T cell responses to injected antigens 11. Given that some TLR ligands
have been approved for clinical use (e.g. the TLR7 agonist imiquimod) and newer ones are being
tested as potential cancer treatments, we speculated that the addition of an iNKT cell-activating
glycolipid to a TLR agonist could enhance therapeutic effects in a cancer setting.
The main focus of this work, therefore, was to test the hypothesis that “harnessing the
immune-stimulating activities generated by the activation of iNKT cells, together with TLR
ligation in situ, will drive superior anti-tumour immune responses”. To achieve this, compounds
that drive these two activities were administered intratumourally (directly into the tumours). The
local administration was also anticipated to reduce the systemic release of cytokines, which can
be dose-limiting by systemic administration routes. Intratumoural delivery of immunostimulatory
compounds should induce a local effect, including increased pro-inflammatory cytokines that
may enhance immune infiltration and antitumour activity. The intratumoural approach should,
therefore, provide a superior therapeutic index (the ratio between the dose that gives efficacy
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versus the dose that causes side effects) compared to other routes, particularly intravenous
administration where numerous tissues are unnecessarily exposed to damaging pro-inflammatory
cytokines.
If a tumour can be accessed to inject, why not simply remove it? If the primary tumour is
easily accessible, or is not dangerously near vital organs and has not metastasised, resectioning
of the tumour would be the first line of treatment of choice. However, in cases where tumours
are near a vital organ, or they have metastasised making resection impractical, intratumoural
injection offers an alternative route. Intratumoural injections can be considered for any tumour
where the primary lesion or its metastatic lesions are accessible either percutaneously via direct
injection or specific procedures such as colonoscopy, cystoscopy, bronchoscopy, thoracoscopy,
coelioscopy, or even surgery 12. Injection at some tumour sites might require the support of the
use of imaging such as ultrasound, computed tomography (CT) and magnetic resonance for
guidance. In addition, direct injection into the tumour might not only reduce systemic exposure,
off-target toxicities, and the amounts of drugs required, but may also induce systemic antitumour activities that have a clinical impact on distant non-injected tumour lesions. This is the
so-called “abscopal effect” (‘ab’—away from, ‘scopus’—target) and obviates the need to inject
into every tumour.
In order to provide the background necessary to understand the experiments conducted in
this thesis concerning in situ vaccination, the sections that follow will cover important
immunological concepts and the cell-types involved. A primary focus is on the concept that TLR
agonists can enhance adaptive immunity, specifically mediated by T cells. The other arm of
adaptive immunity involves antibody-producing B cells, which do not feature significantly in
this study and are thus only described briefly. In both mice (the principal tool used here) and
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humans, there are two major T cell populations defined by expression of CD4 or CD8. Activated
CD4+ T cells function as “helper” cells (Th) that release cytokines when an antigen is recognised
and can be sub-grouped further based on the cytokines they produce. In certain situations, some
may even be suppressive, and play a role in supporting tumour growth; these cells, known as
regulatory T cells (Treg), are defined by expression of the transcription marker FOXP3 13. On the
other hand, activated CD8+ T cells can differentiate into cytotoxic T lymphocytes (CTL) with the
capacity to kill cellular targets that express a target antigen. These T cells have been commonly
regarded as the most critical anti-tumour effectors, although it is becoming increasingly apparent
that CD4+ T cells can also play a significant role 14–16. CD4+ T-cells are considered "helper" cells
because they provide signals to support adaptive immunity. This “help” is required to activate B
cells to secrete antibodies, to stimulate macrophages to destroy ingested microbes, and to help
stimulate CD8 T cells to differentiate into CTLs capable of killing target cells 17. Importantly,
activated T cell populations clonally proliferate in order to exert their activities, but then reduce
upon resolution of disease, leaving behind a population of “memory” cells that are highly active
when the same antigen is encountered at a later date; this is the basis of prophylactic vaccination.
Most T cells recognise antigens in the form of peptide fragments presented on the target cell’s
surface by MHC molecules, so the capacity of a target cell to present such peptides is critical to
clinical impact.
As already noted, this thesis will bring significant focus to a less known population of T
cells, known as iNKT cells 18, which recognise glycolipids presented via the MHC-like molecule
CD1d. iNKT cells are distinct from natural killer (NK) cells; although these two cell-types share
many features, such as rapid production of cytokines and expression of certain cell-surface
markers, iNKT cells (like all T cells) express a T cell receptor (TCR) to recognise antigen, while
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NK cells do not (although they can recognise and kill cells that show features of stress).
However, the activities of iNKT cells and NK cells are linked, as will be described later.
Several concepts and cell populations are a significant feature of in situ vaccination, and
these concepts will be discussed in more detail below. Briefly, an essential feature of in situ
vaccination is the acquisition of antigen and its presentation to T cells. The quality of immune
responses is often defined by the APCs involved in antigen-presentation to T cells. A description
of the critical APCs, with a focus on different DC populations, is therefore provided below.
Finally, the tumour microenvironment is often highly resistant to adaptive immunity. This
concept, and cell populations involved, will be explored in detail below, as well as how the
microenvironment needs to be altered for in situ vaccination to work.
Ultimately, this introduction will give background on cancer therapy with TLR agonists,
providing the reasons why treatment with the TLR9 agonist CpG (defined below) is a significant
feature of this thesis, and why it was important to combine this approach with the activation of
iNKT cells.
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1.2 Immune System: Host defence
The immune system is a complex network of immune cells and organs designed to
defend the host from pathogens and for regulating the host’s cells to prevent dysregulation. By
understanding the interplay between immune cells, we can design strategies that harness the
immune response to treat various diseases.
In adult mammals, immune cells develop in the bone marrow and thymus, and then
migrate and reside within peripheral tissues and secondary lymphoid tissues (lymph nodes and
spleen) 19,20. Innate immune cells can defend against a wide variety of pathogens via patternrecognition receptors (PRRs), which can recognise pathogen-associated molecular patterns
(PAMPs) such as bacterial cell wall components or viral capsids. Upon stimulation, innate
immune cells respond quickly by phagocytosing the pathogen or by releasing pro-inflammatory
cytokines to induce inflammatory responses and kill the pathogen 21,22. Adaptive immune cells
on the other hand, such as B lymphocytes and CD4+ and CD8+ T lymphocytes, have randomly
generated receptors, and undergo a process of clonal selection after antigen exposure that
involves amplifying clones that recognise epitopes within specific antigen structures. Thus, upon
recognition of antigen through the B cell receptor (BCR) on B cells, or via presentation by APCs
via MHC molecules to the T cell receptor (TCR) on T cells, the adaptive immune cells are
activated against that particular antigen, proliferate extensively, and elicit effector functions to
fight the disease. After clearing the disease, memory cells are left behind so that an effector
response can be mounted at an increased rate when re-encountering an antigen 23. The adaptive
immune response is vital for providing a significant, highly specific response that directly targets
and eliminates pathogens while providing long-term protection against reinfection.
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Activated B cells produce antibodies that recognise and bind to specific pathogenassociated structures expressed on the surface of pathogen-derived molecules, which prevents the
pathogen from infecting host cells 24. Antibodies can also bind to pathogens to cause
opsonisation, targeting the pathogen for elimination by phagocytic cells that recognise the
constant region of the antibody structure (Fc) 25. Similarly, Fc region recognition-mediated
antibody binding to surface-expressed pathogen-associated target antigens on a host cell can also
trigger direct cytotoxicity by natural killer (NK) cells, macrophages, neutrophils or eosinophils in
a process called antibody-dependent cell-mediated cytotoxicity (ADCC). However, antibodies
cannot bind to intracellular antigens associated with infection, precipitating the need for T cells

1.2.1 T cell activation
T progenitor cells are formed in the bone marrow and migrate to the thymus (hence the
name “T cell”) to mature. In the thymus, the developing T cells start to express randomly
generated TCRs and CD4 and CD8 receptors. All T cells express TCRs, and CD4 or CD8 or a
combination thereof. Since there are fewer than 30,000 genes in the human body, it is impossible
to have specific genes encoding receptors for all possible antigens. Instead, the DNA of the
developing T cells residing in the bone marrow is shuffled to create cells with unique receptors
23

. The TCR genes undergo rearrangement, giving rise to almost limitless potential combinations

which allow for binding diversity. While this binding diversity shapes the immune response
against pathogens, it could potentially lead to accidental binding against self-molecules, which
could cause autoimmunity. Under optimal conditions, mature T cells should only recognise
foreign antigens combined with self-MHC molecules in order to mount an appropriate immune
response. In order to achieve this, T cells undergo positive and negative selection. In positive
selection, T cells in the thymus with TCRs that have moderate binding avidity to MHC
26

complexes receive survival signals. In negative selection, T cells with TCRs that bind too
strongly to MHC complexes, and will likely be self-reactive, undergo arrest and entry into the
death programme known as apoptosis. Likewise, T cells with TCRs that do not bind to MHC
complexes at all also undergo apoptosis 23. These two selection processes are designed to protect
host cells and tissues from being a target of an immune response, and without these selection
processes, autoimmune diseases would likely kill the host. Cells that survive the selection
process then differentiate into either naïve CD4+ or CD8+ T cells depending on whether their
TCR recognises an MHC class I-presented antigen (CD8+ T cell) or an MHC class II-presented
antigen (CD4+ T cell). From here, they move into the blood and populate the lymphoid organs,
with constant recirculation. At this stage, they are referred to as mature, having completed the T
cell differentiation process. Some of the CD8+ T cells will go on to become cytotoxic T cells
(CTL) following their activation with an MHC class I-restricted antigen 23. CD4+ T cells become
activated by a specific peptide antigen that is presented by MHC class II molecules expressed on
the surface of APCs. Once activated, they divide rapidly and secrete cytokines that regulate or
assist the active immune response, including maturation of B cells into plasma cells and memory
B cells 26. At least four distinct CD4 T-cell subsets have been shown to exist, Th1, Th2, Th17,
and Treg cells. Th1 cells, driven by transcription factors STAT4 and T-bet, mainly secrete IL-12
and IFN-γ; whereas Th2 cells, which are modulated by transcription factors STAT6 and GATA3,
secrete IL-4, IL-5, IL-9, IL-10, IL-13, and IL-25 27. Functionally, Th1 cells predominantly
promote cell-mediated immunity and help in clearance of intracellular pathogens, while Th2
cells are responsible for humoural immunity protecting against extracellular invaders, notably
helminths. The balance between exposure to the T cell polarising cytokine IL-12, favouring Th1
responses, or IL-4, favouring Th2 responses, determines the bias expressed by the immune
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response 27. The formation of Th17 cells is controlled by the transcription factors STAT3, ROR
and ROR in combination with a milieu of cytokines including TGF-, IL6, IL-21 and IL-23.
Th17 cells are pro-inflammatory and play an important role in host defense against infection by
recruiting neutrophils and macrophages to infected tissues. In contrast, Tregs, defined by
expression of the transcription factor FOXP3, suppress immune responses, thereby maintaining
homeostasis and self-tolerance.
T cells require at least two receptor-mediated signals and soluble factors to become
activated. The first signal is provided by antigen presentation where a peptide is presented to the
TCR via MHC molecules. The second involves stimulation from co-stimulatory molecules
expressed by T cells such as CD28, which interacts with CD80 (B7.1) and CD86 (B7.2) on the
membrane of APCs 28. This T cell co-stimulation is necessary for T cell proliferation,
differentiation, and survival. Activation of T cells without co-stimulation may lead to T cell
anergy (a period of exhaustion where cells are not responsive to further stimulation), T cell
deletion, or the development of immune tolerance 29. Once activated, the CD8+ and CD4+ T cells
undergo clonal expansion with the help of the cytokine IL-2, a growth and differentiation factor
for T cells, and other pro-inflammatory cytokines, such as IL-12 and type I IFN. These factors
increase the number of antigen-specific cells that can then travel throughout the body in search
of somatic cells that express the targeted antigen 30,31. When exposed to infected or dysfunctional
cells such as cancer (the focus of this thesis), CD8+ T cells release the cytotoxins such as perforin
and granzymes. Perforin creates pores in the cell membrane of a target cell, allowing granzymes
to enter the cytoplasm and use their serine protease function to trigger a caspase cascade, a series
of cysteine proteases that eventually result in apoptosis (programmed cell death) 32.
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1.2.2 Major histocompatibility complex (MHC)
The MHC is a set of genes that code for cell-surface proteins that are essential for T cells
to recognise foreign molecules in vertebrates. Because the genes are highly polymorphic, there is
considerable diversity in the structure of MHC molecules between individuals. In a transplant
setting, a recipient's T cells will become activated via foreign MHC molecules on the donor
tissue, triggering a rejection reaction; hence MHC determines histocompatibility (tissue
compatibility). The primary function of MHC molecules is to present processed peptides from
antigens derived from pathogens and display them on the cell surface for recognition by the
appropriate T-cells 33. Of the three MHC classes identified, attention commonly focuses on
classes I and II, with class III molecules being poorly defined structurally and functionally. All
nucleated cells express MHC class I molecules, which present peptide fragments derived from
proteins that are endogenous to the cell, which in the case of infected or malignant host cells,
includes pathogen-derived antigens or tumour-associated antigens. Only CD8+ T cells recognise
antigenic peptides in the context of MHC class I molecules. If CD8+ T cells have been activated
in the context of infection or any other form of “danger” to the host, and have differentiated into
antigen-specific CTL, these cells can kill infected or neoplastic cells presenting relevant
MHC/peptide complexes on their cell surface. Activated CD8+ T cells also release a variety of
cytokines that serve to limit infection or malignancy 34 On the other hand, MHC class II
molecules are only expressed by APCs (with the expression of these molecules being a defining
feature of this cell type). All APCs can acquire antigens from the local environment for
presentation on MHC class II – again in the form of processed peptide – which can be recognised
only by antigen-specific CD4+ T cells 35. If activated in the context of danger to the host, CD4+ T
cells differentiate into effectors cells that limit infection, in this case by either producing
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cytokines in the affected tissues, or by causing activation of other cells types including
phagocytes that have acquired foreign antigens. Another vital function of CD4+ T cells is to
provide “help” in the form of CD40 signalling to antigen-specific B cells, thereby signalling
antibody isotype switching and differentiation into antibody-producing plasma cells. A similar
CD40-mediated helper function can be provided by CD4+ T cells to antigen-bearing DCs, which
effectively license these potent APCs to stimulate priming of antigen-specific CD8+ T cells to
become CTL 34. Adaptive T cell responses therefore commonly involve the coordinated activity
of CD4+ and CD8+ T cells, restricted by their respective MHC molecules, although there are
situations in which one or the other cell-type dominates.
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1.3 The role of antigen-presenting cells in adaptive immune responses

1.3.1 Antigen-presenting cells
Antigen-presenting cells (APCs) are a heterogeneous group of immune cells that mediate
the cellular immune response by processing and presenting antigens for recognition by
lymphocytes such as T cells. Classical APCs include DCs, macrophages, and B cells. APCs are
vital to the production of adaptive immunity, as they can acquire and process exogenous antigens
found in the extracellular environment 36,37. Before loading MHC class I and II molecules with
antigens, large-molecular weight proteins must be degraded to a length between 8 to 30 amino
acids 36. Once processed, these antigens are presented on MHC class II molecules to CD4+ T
cells, or MHC class I molecules to CD8+ T cells 37.
APCs are also are capable of providing surface-bound and soluble (cytokines) costimulatory molecules to prime antigen-specific T cells. These molecules and MHC itself are
upregulated upon activation via interactions with pathogenic molecules by pattern-recognition
receptors (PRRs) 38, or through helper interactions with other lymphocytes. In the absence of this
co-stimulation, T cells that are specific against the antigen presented on MHC molecules become
unresponsive to further stimulation (anergic) or are deleted through apoptosis 29. Another costimulatory molecule present on APCs besides CD80 and CD86 is CD40, which binds to the
CD40L (CD154) on T cells. The binding of CD40L to CD40 enhances the activation potential of
APCs via increased CD80/86 expression and IL-12 production, further augmenting T cell
responses 39,40. Interleukin 12 (termed IL-12p70 in its active form and commonly designated IL12) is an important immune-regulatory cytokine that is produced mainly by APCs 41. The
expression of IL-12 during infection regulates innate responses and determines the type of
adaptive immune response that occurs. IL-12 induces IFN-γ production and triggers CD4+ T
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cells to differentiate into Th1 cells. Studies have suggested that IL-12 plays a vital role in
responses to many diseases, such as viral and bacterial infections and cancers 41. IL-12 produced
by iNKT cell-matured DCs stimulates natural killer (NK), iNKT, and MHC-restricted T cells to
produce more IFN-γ which can secondarily activate other anti-tumour-promoting effector
lymphocytes 42. As IL-12 has multiple biological activities, it is important in the treatment of
many diseases, including cancer, where a Th1 response is desirable.
DCs, macrophages and B cells are regarded as professional APCs that specialise in
presenting antigens to T cells. Of these, DCs are specialised in priming naive T cells. They are
deployed in all tissues of the body and lymphoid organs, acting as part of an immune
surveillance system 43. Most DCs are lymphoid residents where they survey circulating
lymphatics and blood for pathogens. DCs are phagocytes that can detect, rapidly engulf, and
digest pathogens and foreign cells to form many different fragments of the antigen. These
fragments will then be transported to the surface of the APC, where they can be presented to
cells of the adaptive immune system 44,45. These cells then migrate into the T cell zones of the
lymphoid tissues (primarily draining lymph nodes and spleen) where they report to T cells what
antigens are present in the tissues. This is the obligatory pathway for the immune surveillance of
antigens that are not endogenously expressed in professional APCs. In addition to releasing their
antigens, dying cells also release factors, such as heat-shock proteins, uric acid, the high mobility
group box 1 protein (HMGB1), double-stranded genomic DNA (dsDNA), into their cytoplasm
that selectively stimulate this surveillance process and enhance the generation of CD4 and CD8
T cell responses 46. DCs are critical orchestrators of immune responses that are adept at
presenting exogenous and endogenous antigens to T cells and regulating T cell proliferation,
survival, and effector functions. Macrophages, on the other hand, are highly proficient at
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phagocytosis 47, though they are also capable of presenting antigen to T cells. The presentation of
antigen by macrophages is thought to be critical for the effector phase of immune responses (i.e.,
T-cell dependent activation of macrophages) rather than in the afferent phase of responses
(stimulating naive T cells) 37,48. B cells can also function as APCs before activation and
differentiation. However, B cells have a limited capacity to present some antigens due to their
inherent difficulties in internalising large particulate materials; in such instances, B cells may
interact with the solubilised proteins released by the macrophages 49.

1.3.2 Antigen-presenting pathways
Most nucleated cells are capable of presenting antigen; however, it is a crucial
characteristic of APCs and can occur via different pathways. There are two classical pathways of
presentation to T cells, to be described in detail below, as well as antigen cross-presentation
pathways, that are relevant for the stimulation of CD8+ T cell responses.
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1.3.2.1 Presentation of acquired antigens via MHC class II to CD4+ T cells
APCs require multiple cellular machinery processes in order to present acquired antigen
via MHC class II to stimulate CD4+ T cells 50. The processes of phagocytosis, pinocytosis, or
receptor-mediated endocytosis are required to bring proteins into the APC. Internalised proteins
are then degraded by resident proteases in the lysosome, generating peptides between
approximately 15 to 24 amino acids long as potential antigenic peptide MHC class II ligands,
with the peptides of the appropriate physical characteristics then binding to the MHC class II
binding pocket 37,50–52. The MHC class II molecules themselves are initially generated as α- and
β-chains in the ER, which form a heterodimer that is stabilised by an invariant chain peptide
inserted into the binding groove formed. The MHC class II:invariant chain peptide complexes
are then transported from the ER through the Golgi into the MHC class II compartment (MIIC);
they then merge with lysosomes where they are digested by proteases, leaving class II-associated
invariant chain peptide (CLIP) in the peptide-binding groove of the MHC class II heterodimer.
The CLIP is then exchanged for antigenic peptide by the dedicated chaperone HLA-DM (H-2-M
in mice). At this point, the peptide-loaded MHC II molecules are transported to the plasma
membrane 53,54, where they are available to stimulate antigen-specific CD4+ T cells with cognate
receptors 55.
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Figure 1: The basic MHC class II antigen presentation pathway. MHC class II proteins are assembled in ER and form a complex
with the invariant chain. The MHC:peptide heterotrimer is transported through the Golgi to the MHC class II compartment
(MIIC), either directly and/or via the plasma membrane. Endocytosed proteins are degraded by resident proteases in the MIIC.
The class II-associated invariant chain peptide (CLIP) fragment remains in the peptide-binding groove of the MHC class II
dimer and is exchanged for an antigenic peptide by the dedicated chaperone HLA-DM (known as H2-M in mice). MHC class II
molecules are then transported to the plasma membrane to present antigenic peptides to CD4 +T cells.
(Adapted from Towards a systems understanding of MHC class I and MHC class II antigen presentation, Nature Reviews
Immunology volume 11, pages 823–836 (2011) 56
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1.3.2.2 Presentation of endogenous antigens via MHC class I to CD8+ T cells by the
classical pathway
As noted above, MHC class I molecules are expressed by all nucleated cells and present
peptides that are typically derived from protein antigens in the cytosol that arise from
conventional as well as cryptic translational reading frames 56–58. These endogenous proteins
include proteins derived from viruses and bacteria that may have infected the cells 59,60.
Cytosolic and nuclear proteasomes degrade these proteins into short peptides (~8 to 10 amino
acids long) and these peptides are translocated into the endoplasmic reticulum (ER) by the
transporter associated with antigen presentation (TAP) to access MHC class I molecules. TAP
consists of two parts, TAP1 and TAP2, which are members of the ABC transporter superfamily.
The characteristic feature of ABC transporters is their organisation into two transmembrane
domains (TMDs) and two nucleotide-binding domains (NBDs). These two intramolecular
domains are coupled to each other, and ATP binding induces conformational changes in the
TMDs, allowing products that have been degraded by proteasomes to move across the
membrane. TAP recognises and transports the peptides produced in the cytosol straight into the
ER where they are chaperoned by the calnexin-calreticulin system, while tapasin recognises
peptides that can form stable complexes with MHC class I in a process known as peptide
proofreading or editing. Peptides selected through proofreading 61 improve MHC class I
stability; tapasin also contributes to the editing of immunogenic peptide epitopes. The catalytic
mechanism of peptide proofreading is performed by tapasin and TAPBPR (TAP-binding proteinrelated, a tapasin homologue) 62.
The vesicles containing the peptide-MHC class I complexes separate from the ER and
travel through the Golgi to the cell surface, where they can be presented to CD8+ T cells with the
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appropriate antigen-specific TCR 55,63. Peptides and MHC class I molecules that fail to associate
in the ER are returned to the cytosol for degradation 64,65.

37

Figure 2: The basic MHC class I antigen presentation pathway.
The presentation of intracellular antigenic peptides by MHC class I molecules starts with antigens being degraded by the
proteasome. Then, the resulting peptides are translocated via transporter associated with antigen presentation (TAP) into the ER
lumen and loaded onto MHC class I molecules. The peptide:MHC class I complexes are then released from the ER and
transported via the Golgi to the plasma membrane for antigen presentation to CD8 + T cells.
(Adapted from Towards a systems understanding of MHC class I and MHC class II antigen presentation, Nature Reviews
Immunology volume 11, pages 823–836 (2011) 56
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1.3.2.3 Presentation of exogenous antigens via MHC class I to CD8+ T cells by crosspresentation pathways
In 1976, Bevan had noted that a cytotoxic CD8+ T response could be induced against
antigens introduced exogenously from adoptively transferred allogeneic cells 66,67. This process
was not accounted for in the classical pathway described above where only endogenous antigens
could be presented on MHC class I molecules to CD8+ T cells. It was hypothesised that antigens
could be presented in a process that involved uptake of exogenous antigens into APCs followed
by crossover into the MHC class I presentation pathway. This process, termed “crosspresentation” allowed for exogenous antigens to be presented on MHC class I molecules to CD8+
T cells. The process of activating CD8+ T cells via this pathway is called “cross-priming”. Crosspriming of CTL is useful for addressing intracellular infections that do not specifically infect
APCs. Furthermore, this process is a prerequisite for vaccination strategies using exogenous
antigens to induce cytotoxic CD8+ T cell responses to be possible, including against cancer 28.
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Figure 3: Models of phagosomal antigen cross-presentation by MHC-I. There are two main models of intracellular pathways
leading to antigen cross-presentation in DCs.
Left: TAP- and proteasome-dependent cytosolic pathway. Antigens on phagocytosed particles are transported to the cytosol by
an ERAD-associated retrotranslocon, where they are ubiquitylated and sent to the proteasome for degradation. The generated
peptides are then either translocated back into the phagosome by TAP and loaded onto MHC-I or sent into the TAP-dependent
MHC-I antigen presentation pathway in the ER.
Right: TAP- and proteasome-independent vacuolar pathway. Peptides are generated from antigens on phagocytosed particles
within phagosomes by cathepsins. These peptides are then loaded onto MHC-I molecules within the phagosome. 68
(Adapted from Presentation of phagocytosed antigens by MHC class I and II, Mantegazza et al., Traffic. 2013 Feb; 14(2): 135–
152)68
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Shown in Fig 3 above are the two main proposed models for intracellular pathways
leading to cross-presentation of exogenous antigens in DCs. Illustrated on the left is the TAPand proteasome-dependent cytosolic pathway. In this scenario, antigens present on phagocytosed
material are transferred to the cytosol by an ERAD-associated retrotranslocon, ubiquitylated, and
directed to the proteasome for degradation 68. The generated peptides are then either translocated
back into the phagosome by TAP and loaded onto MHC-I or fed into the classical TAPdependent MHC-I antigen presentation pathway in the ER.
On the right is the TAP-and proteasome-independent vacuolar pathway. In this pathway,
peptides are generated from antigens on phagocytosed particles within phagosomes by
proteolysis mediated by cathepsins. These peptides are then loaded onto MHC-I molecules
within the phagosome 68. The composition of the phagocytosed material determines the pathway
that is used for antigen cross-presentation. For example, iron oxide beads containing chicken
ovalbumin protein (OVA) are heavily dependent on TAP, whereas poly-lactide poly-glycolide
microspheres containing OVA are cross-presented in a TAP-deficient model 69. This difference
led to the development of TAP-independent vacuolar pathway theory described above.

Dendritic cells
As mentioned above, DCs are superior APCs due to their ability to efficiently present
antigen and their strong co-stimulatory capacities. However, there is a high level of
heterogeneity (Fig 3) within the DC population, with different subsets possessing a higher
capacity for different functions. The DC populations have been widely studied and characterised
in mice. DCs originate from monocyte and dendritic precursors in the bone marrow, which then
convert into either the common DC precursor or monocytes 70,71. The monocytes can then be
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differentiated into monocyte-derived inflammatory DCs in response to inflammation, including
infections and auto-immune disease 72–76. At the same time, the common dendritic precursor can
be differentiated into either the plasmacytoid DC (pDC) or conventional DC (cDC) 70,71. pDCs
are identified as SiglecH+ B220+ CD11clow cells and have some antigen cross-presentation ability
in humans and mice, but this is still up for debate 77,78. However, while pDCs are somewhat
capable of these other functions, such as cross-presentation, the most identifiable function of this
subset is their high responsiveness to nucleic acid molecules (like unmethylated 5' cytosinephosphate-guanine 3' – “CpG” - motifs from prokaryotic DNA), resulting in significant type I
IFN production by these cells 79,80.
cDCs can be further divided into two major subsets recently renamed cDC1s and
cDC2s 81. cDCs express the integrin CD11c, and MHC class II and each subset can be
distinguished by additional markers 82,83. While various markers have historically been used to
identify cDC subsets, a recent analysis suggests that a more consistent and straightforward
identification of these cells across most tissues is possible by gating cDCs as CD11c+MHC class
II+CD26+CD64-F4/80-, and within this population are cDC1s as XCR1+ and cDC2s as Sirp+ 84.
pDCs (defined by the transcription factors E2-2, ZEB2, and IRF8) also express CD11c and MHC
class II but can be segregated by their additional expression of B220, Siglec-H, and BST2 78,85.
cDC1s (defined by the transcription factors, IRF4, ID2, IRF8, and BATF3) excel in the
activation of CTLs, through a heightened propensity for cross-priming, and also activate NK
cells, and iNKT cells, which are all critical effector cell types in anti-tumour immunity. cDC2s
on the other hand (defined by the transcription factors ID2, ZEB2, IRF4, Notch2 and KLF4),
have a lower capacity for cross-priming but are efficient stimulators of CD4+ T cells, including
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Th2 cells and Th17 cells 86–88. In this way, each cDC subset responds to a specific type of threat
and activates both the innate and adaptive defences best suited for overcoming it.
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1.3.3 CD8+ T cell responses
1.3.3.1 Induction of CD8+ T cell responses
The induction of CD8+ T cell responses is vital for addressing intracellular infections and
presents an opportunity to be utilised by vaccines for the treatment of diseases, including cancer
immunotherapy. To this end, vaccines would harness the cytotoxic killing function of activated
CD8+ T cells to eliminate infected cells or neoplastic tissue 60. There are several factors involved
in the activation of CD8+ T cells including DCs presenting MHC class I-peptide complexes to
the TCR, co-stimulatory molecule interactions such as CD40L/CD40 which in turn regulate the
costimulatory activity of APCs, with upregulated expression of CD80 (B7.1) and CD86 (B7.2),
integrins such as CD54, and a “third signal” mediated by IL-12 binding to the IL-12R 89–91. All
these processes together result in the activation of CD8+ T cells with increased capacity for IFNproduction 92. These cells can, in turn, activate and recruit other immune cells; for example,
macrophages can be recruited for protection against bacterial infection 93. The CD8+ T cells are
converted into CTLs with increased expression of perforin and granzymes that degrade cellular
components within targeted tissues 32. For example, perforin targets the lamins that maintain the
integrity of the nuclear membrane, while granzymes cause DNA fragmentation, and induce the
caspase pathways for apoptosis 94–98. CTLs are also able to induce apoptosis in target cells via
the Fas/FasL pathway of caspase induction 99,100, which is compounded by IFN- mediated
upregulation of Fas on target cells, thus enhancing Fas-mediated killing by CTLs 101.
The understanding of how the host immune system mounts an immunological response to
bacterial infections and viral infections will contribute to therapies for diseases such as cancer
59,102,103

. Since DCs are the most efficient APC, ex vivo loaded and stimulated DCs were initially

used to present antigens to effector cells in order to eradicate primary and metastasised cancer
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cells. However, the ex vivo generation and modification of DCs turned out to be a labourintensive, time- and money-consuming procedure. Constructing an effective, reliable, tolerable,
and safe cancer vaccine is the core principle of cancer immunotherapy. Novel methods are being
investigated for specifically targeting DCs by vaccination in order to induce strong antigenspecific CTL responses 104.
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1.4 Toll-Like Receptors (TLRs)

Perhaps the most encouraging preclinical data on anti-tumour vaccines have been
generated with agonists that engage TLRs. These receptors are type 1 transmembrane
glycoproteins that are a critical component in the immune response to microbial agents. They are
classified as either pathogen-associated molecular patterns (PAMPs) if derived from microbes
and danger-associated molecular patterns (DAMPs) if derived from damaged tissues 105. Ligation
of these agonists to TLRs causes DCs to produce cytokines as well as increasing the expression
of MHC and co-stimulatory molecules. In humans, ten genes encode for different TLRs.
Downstream of TLR signalling molecules are nuclear factor-kB (NF-B), mitogen-activated
protein (MAP) kinases and interferon-regulatory factors (IRFs) involved in the expression of
cytokine genes relevant to inflammation 106 such as tumour necrosis factor-alpha (TNF), IL-1,
and IL-12 they are expressed on the cell surface (TLR1, 2, 4, 5, 6) and type 1 IFN if they are
endosomal (TLR3, 7, 8, 9) 11. TLRs regulate essential processes for initiating T-cell immunity,
including antigen uptake, processing and presentation of antigen by APCs, as well as inducing
expression of molecules required for T-cell activation 107. As such, TLR agonists demonstrate
therapeutic promise as immunological adjuvants for anticancer immunotherapy. To date, two
TLR agonists have been approved by the FDA for use in cancer patients 108: monophosphoryl
lipid A (MPL) derived from the lipopolysaccharide of Salmonella Minnesota is included in the
formulation of Cervarix, a vaccine against human papillomavirus-16 and -18, and Imiquimod (a
synthetic imidazoquinoline) that is routinely employed for actinic keratosis, superficial basal cell
carcinoma, and external genital warts (condylomata acuminata) 108. Different TLR agonists are
derived from different foreign materials (or synthetic mimetics thereof): TLR1 and 2 are
stimulated by the lipidated bacterial components of gram-positive bacteria, TLR3 is stimulated
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by viral double-stranded RNA, TLR4 by lipopolysaccharide (LPS) from bacterial cell wall
components, TLR5 by the flagella of bacteria, TLR7 and 8 by purine-rich viral single-stranded
RNA, and TLR9 by unmethylated CpG motifs from prokaryotic DNA 109,110.
There are two primary TLR signalling pathways, the myeloid differentiation primary
response 88 (MyD88) pathway, and the Toll/interferon response factor (TRIF) pathway. The
majority of TLRs utilise the MyD88 pathway, while TLR3 utilises TRIF, and TLR4 can utilise
both 109,110.

1.4.1 MyD88 Pathway
The TLR signalling pathway to the downstream nuclear factor κ-light-chain-enhancer of
activated B cells (NF-κB) transcription factor, which controls cytokine production and cell
survival, is complex. The adaptor protein MyD88 is composed of two parts, a Toll/interleukin-1
receptor (TIR) domain and a death domain. Upon stimulation with ligands, MyD88 recruits IL-1
receptor-associated kinase-4 (IRAK-4) to TLRs through the interaction of the death domains of
both molecules. IRAK4 is initially activated, which in turn phosphorylates and activates IRAK1.
After IRAK4 and IRAK1 have been sequentially phosphorylated, they dissociate from MyD88
and interact with tumour necrosis factor receptor (TNFR)-associated factor 6 (TRAF6). TRAF6
is an E3 ubiquitin ligase. Ubiquitinated TRAF6 subsequently recruits a protein kinase complex
involving transforming growth factor--activated kinase-1 (TAK1) which then activates the IκB
kinase (IKK) complex, leading to activation of mitogen-activated protein kinase (MAP) kinases
c-Jun N-terminal kinases (JNK), p38 and MAP kinase (MAPK) and eventually NF-κB. This
IKK complex is composed of two kinase subunits (IKKα and IKKβ) and IKK, a regulatory
subunit which is also known as NFκB essential modulator (NEMO) (Fig 4A). The activation of

47

NF-κB is important for eliciting innate immune responses as well as for the subsequent
development of adaptive immune responses 110,111.

1.4.2 TRIF Pathway
As for the TRIF pathway: upon TLR3 or TLR4 (if endocytosed) ligand binding, TRIF is
recruited to their TIR domains. However, in the case of TLR4, TRIF-adaptor molecule (TRAM)
is also recruited to its TIR domain. Subsequently, inducible IKK (IKKi; IKKε), TANK-binding
kinase 1 (TBK1) and TRAF3 are recruited to the TRIF-TIR or TRAM-TRIF-TIR complexes.
TBK1 phosphorylates interferon regulatory factors (IRF) 3 and 7, which, in conjunction with
p300 and CREB binding protein (CBP) upregulate the expression of interferon-inducible genes
IP-10 and RANTES. TRAF6 binding to TRIF also induces the release of pro-inflammatory
cytokines via NFB again eliciting innate immune responses 105 (Fig 4B).

48

Figure 4: TLRs and their signalling pathways
A) MyD88 signalling pathway. After ligand binding (except TLR3), TLRs recruit the adaptor molecule MyD88 (brown) to their
TIR domains. Upon stimulation, IRAK-4, IRAK-1, and TRAF6 are recruited to the receptor, which induces the association of
IRAK-1 and MyD88 via the death domains. IRAK-4 then phosphorylates IRAK-1. Phosphorylated IRAK-1, together with TRAF6,
dissociates from the receptor and then TRAF6 interacts with TAK1, TAB1, and TAB2 to form a larger complex, which induces
the activation of TAK1. Activated TAK1 induces the activation of the transcription factors NF- kB.
B) TRIF signalling pathway. After activation of TLR4 and TLR3, TRIF is recruited to their TIR domains. TRAM (TRIF-adaptor
molecule) is another adaptor recruited to the TIR domain of TLR4. Through a series of phosphorylations, IRF3 is activated.
Phosphorylated IRF3 forms homodimers and heterodimers with IRF7 and translocates to the nucleus. The dimer complex of IRFs
binds to DNA target sequences to transcribe IFN and IFN‐inducible genes
(Adapted from Toll-like receptors and breast cancer, Sun et al., Integr Cancer Sci Therap, 2016, Volume 3(2): 432-436; doi:
10.15761/ICST.1000183)110
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1.5 Properties of Invariant Natural Killer T (iNKT) cells and their role in the activation of
dendritic cells
As already noted in this introduction, a significant focus of this thesis is on utilising the
capacity of activated iNKT cells to activate DCs and enhance T cell immunity. An overview of
this cell-type is provided in the following sections.

1.5.1 iNKT Cell Biology
iNKT cells are a subpopulation of T lymphocytes with phenotypic properties of both T
and NK cells and display a wide range of immune effector properties against pathogens, tumours
allergens, and self-antigens 112,113. A subset of these cells, known as type I NKT cells, or
“invariant” NKT cells (iNKT cells,) express a TCR structure that is largely invariant and can,
therefore, recognise only a limited range of antigens. A clear preferred structural pattern of the
recognised antigens has emerged which consists of a glycolipid with six-membered ring sugar,
linked to a lipid backbone that can either be based on a ceramide, a diacylglycerol, or potentially
a cholesterol moiety 114. These innate-like T cells are CD3+ T cells, and they exhibit many
features of NK cells, including an innate cytotoxic function. These innate and innate-like cells
can augment CD8+ T cell responses against a variety of infections. For example, NK cells
increase CD8+ T cell responses to herpes simplex virus 115 and iNKT cells aid in the CD8+ T cell
responses to West Nile virus 116. The role of iNKT cells in providing help to CD8+ T cells 117 will
be described below in some detail.
iNKT cells are defined by their expression of a unique invariant TCRα chain (Vα14Jα18
in mice and Vα24Jα18 in humans) paired with a limited repertoire of TCRβ chains (highly
enriched for Vβ8, Vβ7, Vβ2 in mice and Vβ11 in humans) 118. The TCRs of iNKT cells are
selected for recognition of a variety of lipid and glycolipid antigens bound to the non50

polymorphic MHC class I-like molecule CD1d 118,119, which controls the thymic selection of
iNKT cells, as well as their activation in many situations during immune responses 120. They
reside in several locations, including the spleen, liver, lymph nodes, and thymus 121. Upon
activation, iNKT cells rapidly secrete a wide array of cytokines that enhance immune responses
122

,

including IFN-and IL-4, which support the proliferation and activation of different T cells

119,123

and are capable of cytotoxic activity 119 against pathogens and tumour cells 124. This

suggests a potential immunotherapeutic use for iNKT cell activation for the treatment of cancer.
The V14-expressing iNKT cells constitute a major population of all NKT cells in mice. In the
adult mouse, iNKT cell frequency is highest in the liver (12-30% of liver lymphocytes), with
lower frequencies in the spleen (1-3%), lungs (5-10%), thymus (0.5-1%), bone marrow (0.4-8%),
lymph nodes (0.2-1%), intestines (0.05-0.6%) and blood (0.2%) 125,126. The frequency of iNKT
cells in humans is approximately ten-times lower in studied tissues, and the frequency in
peripheral blood shows substantial variation between different individuals with a mean value of
approximately 0.1% 127. Although human and mouse iNKT cells display conserved phenotypic
and functional features, this significant difference in frequency has challenged the extrapolation
of iNKT cell-based immunotherapy from mice to humans. However, a study in pigs found that
the frequency of iNKT cells in peripheral blood prior to treatment was a poor predictor of how
an animal would respond to iNKT cell therapy; despite significant variation in iNKT cell
frequency between individual pigs it was still possible to harness iNKT cells to protect against
infectious diseases 128.
The glycolipid-Galactosylceramide (GalCer), derived from extracts of the marine
sponge Agelas Mauritianus, was found to activate virtually all iNKT cells potently. The
subsequent development of a synthetic version of GalCer designated KRN7000 (hereafter the
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version referred to as GalCer in this thesis) allowed for the ability to induce a robust
activation of iNKT cells both in vitro and in vivo 129. Since GalCer binds to CD1d to form a
complex with very high affinity for the TCRs of mouse and human iNKT cells, this compound
also enabled an accurate detection and quantification of iNKT cells by using fluorescentlylabelled GalCer-loaded CD1d tetramers for flow cytometry 130. Interestingly, the CD1d
receptor is highly conserved among humans, non-human primates, and mice as well as a few
other species, making it a highly translatable therapeutic target 131–133. The crystal structure of
human CD1d in complex with α-GalCer has been elucidated 134, which facilitated the
understanding of the binding mode between the ligand and the receptor which involves the lipid
tails of α-GalCer binding to the A’ and F’ pockets of CD1d and the galactose ring being
presented to the TCR of iNKT cells as a result (see Fig 6). This understanding further helped in
the design of more potent ligands.
Several studies have shown that α-GalCer can serve as an adjuvant for various vaccines,
including viral, parasite, DNA, RNA, and protein vaccines 132. However, the efficacy of the
vaccine can be improved when α-GalCer is used as an adjuvant with peptide antigens, including
TAAs 135–138. Similarly, the addition of α-GalCer enhanced the anti-tumour activity of irradiated
tumour cells 135–138. Furthermore, the use of GalCer as a single agent has been shown to be
protective against multiple tumour types in preclinical models of liver metastasis, including in
Colon26 adenocarcinoma and B16 melanoma 139. Mice that had been challenged with an
intrasplenic dose of Colon26 adenocarcinoma were protected against liver metastases when a
large dose of GalCer, 100 g/kg, was injected intravenously 140. Similarly, for mice with B16
melanoma liver metastases,GalCer significantly inhibited tumour growth in the liver with
similar potency as IL-2 139. Mice that had been given -GalCer were significantly more likely to
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be cured and acquired tumour-specific immunity. This suggests that GalCer and by extension
iNKT cell activation may be useful for controlling liver metastases 139. Following the injection of
α-GalCer in vivo, DCs upregulate costimulatory molecules such as CD40, CD80, and CD86, and
secrete proinflammatory cytokines such as IL-12 and TNF-α. These changes constitute an
adjuvant cascade that increases the activation of peptide antigen-specific CD4+ and CD8+ T cells
141–143

. The adjuvant effects of α-GalCer are dependent on iNKT cells and require the interaction

between CD40 on DCs with CD40L on the surface of iNKT cells 141,142,144 (Fig 5). This
amplification of T cell responses is particularly pronounced in the cross-priming of CD8+ T cell
responses in both mouse and non-human primate models 140.
In addition, -GalCer administration results in NK cells being transactivated by IL-12p70
released from activated APCs leading to a significant release of IFN-and increased capacity for
cytotoxicity (Fig 5), whichcan lead directly to tumour cell killing or through blocking
angiogenesis 145. The observed anti-tumour effects seen in early studies with -GalCer could,
therefore, be due to iNKT cells releasing a significant volume of IFN- and increased
cytotoxicity 119,146–148.
In addition to the effects on T cells, the activation of iNKT cells also enhances antibody
production by B cells (Fig 5). This phenomenon is not restricted to mouse models, as the
stimulation of human peripheral blood in culture with α-GalCer induces antibody production 149.
This is consistent with the observation that the expression of CD1d by B cells is required for
iNKT cell-induced antibody enhancement 150, which suggests the potential for iNKT mediated
antibodies contributing to anti-tumour activity.

53

Figure 5: Invariant NKT cells and their role in immunity. iNKT cells express a characteristic antigen receptor that includes an
invariant TCRα chain. These TCRs recognize specific glycolipid ligands bound to CD1d molecules, which are expressed mainly
on APCs such as dendritic cells and B lymphocytes. After TCR ligation, iNKT cells rapidly secrete multiple Th1 and Th2 type
cytokines, such as IFNγ and IL-4. These cytokines, along with surface molecules expressed on activated iNKT cells, influence the
activity of many other cells in the immune system, and contribute to transactivation of NK cells, maturation of DCs and
enhancement of specific T-cell and B-cell responses and memory 151.
(Adapted from Synthetic glycolipid activators of natural killer T cells as immunotherapeutic agents, Carreno et al., Clinical &
Translational Immunology, 2016, Volume 5: e69; doi:10.1038/cti.2016.14) 152

54

In most clinical trials, α-GalCer as a single agent did not show robust clinical efficacy
either as an anti-tumour or an antiviral agent 153. However, one report of responses to α-GalCer
loaded DC in cancer patients did show enhanced CTL responses to both a chronic viral infection
and also to an influenza vaccine received by one subject during the trial period 154, suggesting
that activated iNKT cells enhanced the function of resident DCs in these patients (in this case
harbouring viral antigens). A phase I study found that DCs loaded with α-GalCer and the cancertestis antigen NY-ESO-1 was a safe and immunologically effective therapy. The therapy led to
increases in NY-ESO-1 specific T cells in circulation in the majority of patients. Also, iNKT cell
proliferation and associated cytokine secretion were detected in most patients, while in vitro restimulation showed that the therapy increased the number of CD4+ and CD8+ T cells that could
produce multiple cytokines simultaneously 137. For the most part, α-GalCer was well tolerated in
clinical studies, with only mild adverse events, including fatigue, myalgia, back pain, headache,
rhinitis, fever, chills, and dizziness 155,156. In a Phase1 study, α-GalCer has been safely
administered intravenously to patients given weekly for three consecutive weeks to patients with
refractory solid tumours over a wide dose range up to 4,800 ug/M2 or ~130 g/Kg without
serious adverse events 155. In a trial using ABX196, an α-GalCer analogue with stronger agonist
activity, there was a strong adjuvant effect when combined with HBV antigens, with a single
dose being sufficient to generate immunity. However, administration of this ligand did result in a
number of mild to moderate adverse events (headache and asthenia), that became more severe in
a handful of subjects when combined with antigen (increased systemic IFN- and a transitory
increased ALT/AST) 157. Overall, it appears that α-GalCer is safe and efficacious in both
preclinical and clinical models.
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It is well established that DCs are the primary cell population responsible for deciding
between immunity or immune tolerance, depending on the stimuli that they receive 158,159. For
example, the development of tolerogenic DCs will lead to antigen tolerance through the
expansion of regulatory T cells (Tregs). On the other hand, TLR agonists such as CpG can
significantly promote the maturation of pro-inflammatory DCs, which favours type 1 T cell
responses while restricting the expansion of Tregs 160. Recently, several studies have
demonstrated that combining TLR ligation with iNKT cell activation has a cooperative effect on
DC maturation, resulting in highly pro-inflammatory DCs, as seen by enhanced expression of
activation markers 161,162. However, similar to the systemic administration of chemotherapy
drugs, the administration of the combination of TLR agonist and iNKT cell activator will result
in significant off-target toxicities as a result of significant systemic cytokine release 11. To
address this, in this thesis intratumoural delivery was adopted as the method of choice, with the
aim of lowering the amount of drug in circulation to minimise the amount of cytokines in the
blood, while maximising the amount of cytokines at the site of injection, the tumour.
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Figure 6: Top, The chemical structure of a CD1d ligand: α-galactosylceramide (α-GalCer); Lower left, a pictorial
representation of how the lipophilic tails of α-GalCer are anchored in the CD1d receptor (through pocket A’ and F’) presenting
the galactose moiety to the TCR of iNKT cell. Lower right, actual X-ray structure showing the binding of α-GalCer (and other
analogues) to CD1d and TCR of iNKT cells 114
(Adapted from Recognition of microbial glycolipids by natural killer T cells DM Zajonc and E Girardi, Front Immunol. 2015
Aug 4;6:400. doi: 10.3389/fimmu.2015.00400. eCollection 2015) 114
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1.6 Challenges posed by immune evasion

The role of therapeutic vaccines is to enlarge the pool of tumour-specific T cells from
both the naive pool as well as reactivating existing tumour-specific T cells that may be in a
dormant state. In addition, these T cells have to home to tumours to exert their effector functions
within the tumour microenvironment. However, these tumour-specific T cells face an immuneregulatory environment that has physiologically evolved to dampen acute inflammatory
responses or to stimulate wound healing in otherwise healthy individuals 36,163. Tumour cells can
exploit these immune-suppressive mechanisms to avoid immune recognition and elimination.
Although much remains to be done to elucidate the mechanisms of immune evasion fully,
research is beginning to unravel the mechanism of resistance. There are tumour cell-intrinsic
mechanisms, such as avoidance of immune recognition, and tumour cell-extrinsic mechanisms,
such as the creation of an immune-suppressive microenvironment. Some of the major
mechanisms are outlined below.


Defects in major histocompatibility complex (MHC) class I proteins: MHC class I
proteins are essential for immune detection by CD8+ T cells. Short TAA bind in the
grooves of MHC class I molecules and are displayed at the cell surface for surveillance
by T cells. A defect in, a decrease in, or loss of MHC class I expression will allow
tumour cells to avoid detection 164,165.



Loss of expression of antigen-processing machinery components: is observed in a
wide variety of human tumour types. Silencing of the antigen processing machinery (for
example, transporter associated with antigen processing (TAP) and endoplasmic
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reticulum aminopeptidases (ERAPs) is strongly correlated with disease progression and
metastasis 58,166.


Loss of TAA through de-differentiation: for example, de-differentiation of melanoma
cells results in antigen-deficient tumour cell variants and the induction of T-cell
tolerance 167.



Increasing resistance to cell death by immune cells: Cellular FLICE (FADD-like IL1β-converting enzyme)-inhibitory protein (c-FLIP; also known as CFLAR or inhibitor of
apoptosis proteins (IAPs)) is a major anti-apoptotic protein. Upregulation of c-FLIP has
been correlated with a poor clinical outcome through the prevention of apoptosis 168.



Expression of ligands for inhibitory receptors: Programmed cell death protein 1
ligand 1 (PD-L1), the ligand for PD-1, is highly expressed in several cancers. PD-L1
expression is an immune evasion mechanism exploited by various malignancies and is
generally associated with poorer prognosis 169.



Infiltration of immune suppressive cells: Cells such as regulatory T cells,
macrophages and myeloid-derived suppressor cells (MDSCs) play an important role in
normal physiology by moderating immune destruction and preventing autoimmune
disease, but in solid tumours, they promote immunosuppression by several mechanisms
including secretion of immunosuppressive cytokines such as transforming growth factorβ (TGFβ), interleukin-10 (IL-10) and vascular endothelial growth factor (VEGF) 170.



Deprivation of nutrients and oxygen: Rapidly growing tumour cells outgrow their
blood supply resulting in a microenvironment with reduced oxygen and nutrients.
Tumour cells can adapt to this stressful environment by inducing angiogenesis and
altering metabolic strategies, thus ensuring survival and proliferation through the
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upregulation of various enzymes and factors such as indoleamine 2,3-dioxygenase
(IDO), and Hypoxia-Inducible Factor (HIF-1). The generated hypoxic stress has a
substantial impact on tumour cell biology. For example, it may contribute to increased
tumour heterogeneity by selecting for certain cell subpopulations, thereby facilitating the
emergence of therapeutic resistant cancer clones 171.
Cancer's ability to induce tumour tolerance is incredibly complex as these immune escape
mechanisms do not act in isolation. Together, the overlap between various signalling pathways
and the interactions between several immunosuppressive molecules leads to resistance.
Combinations of different therapies will likely be more effective than single-agent therapies for
the treatment of a given patient. However, determining which of these combinations is most
effective remains a challenge 172.
Combining TLR ligation with iNKT cells activation may provide a potential remedy for
overcoming immune evasion. Treatment with CpG, or iNKT cell activators such as α-GalCer,
have been the subject of a large number of clinical trials, and while safe, the magnitude of the
immunity induced appears to be inadequate to control the spread of established cancers 153.
However, preclinical studies have shown additive or even synergistic effects upon combining
iNKT activators and TLR agonists 173. The enhanced innate and adaptive immune responses
result in stronger tumour inhibition in animal models that correlates with increased numbers of
antigen-specific CTLs at the tumour site. Thus a combination of iNKT cell activation and TLR
ligation may overcome tumour immune evasion by resetting the immunosuppressive tumour
microenvironment. This could occur via the activation local APCs, shifting the cytokine milieu
away from a pro-tumourigenic towards an anti-tumour focus. Secondly, stimuli through TLR
would promote the egress of these APCs to lymphoid organs to stimulate T cells as well as
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enhancing chemokine and adhesion expression to attract these T cells towards the tumour. This
effect would be compounded by iNKT cells, also releasing factors that further promote APC
activation, as well as providing direct anti-tumour cytotoxic activity.
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1.7 Use of TLR ligands clinically
Mycobacterium Bovis Bacillus Calmette-Guérin (BCG) was initially used as a vaccine
against tuberculosis but is now FDA-approved for the treatment of non-invasive transitional cell
carcinoma of the bladder 174. It is an attenuated form of the bacteria Mycobacterium Bovis, which
is immunologically related to M. tuberculosis. Although the mechanism of action of BCG is not
entirely understood, signalling via TLR2, TLR4, and TLR9 have all been implicated in the host
response to this agent leading to an anti-tumour response 175. Guanosine or uridine-rich ssRNA is
a ligand for TLR7, and this suggests that cells of the innate immune system can detect RNA
virus infection by sensing viral ssRNA in endosomes 176. The successful use of BCG clinically
has provided much of the impetus to investigate specific TLR agonists in the cancer setting.
The first clinically approved specific TLR agonist was Imiquimod, also called Aldara®
(imiquimod 5% cream is commercially available) or R-837, which is a TLR7 agonist used for the
treatment of actinic keratosis, external genital/perianal warts (condylomata acuminata), and
superficial basal cell skin cancers (BCCs) 174. It works by releasing cytokines such as IFNs.
Another approved TLR agonist, MPL, is a detoxified derivative of Salmonella Minnesota
lipopolysaccharide (LPS) that is employed as an adjuvant in Cervarix, a human papillomavirus
(HPV) bivalent (Types 16 and 18) vaccine that is used to induce adaptive responses as
prophylaxis against infection 177. MPL is thought to signal through TLR4 binding on dendritic
cells leading to increased T-helper cells. MPL forms part of the so-called “Adjuvant System 04”
(AS04) together with aluminium salt used for treating or protecting against HPV infection and
associated pre-cancerous lesions 177,178.
Additionally, several experimental TLR ligands have been investigated over the past few
years for their ability to mediate clinically beneficial immunostimulatory effects 179. For example,
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it was shown that TLR7/TLR8 agonism, compared to TLR3 and TLR9 agonism, drives an NK
cell-dependent immune response that can eradicate tumours in animal models that have escaped
immunosurveillance following MHC class I downregulation 15, which is in line with data from
other groups demonstrating the ability of TLR7 ligands to trigger NK cell-dependent tumour
control 180,181. A small-molecule agonist of TLRs 7/8 (NKTR-262) in combination with
pegylated IL-2 (NKTR-214) is in a phase 1 trial for the treatment of solid tumours. NKTR-262 is
given intratumourally and is designed to be retained in the tumour microenvironment (being
lipophilic) in order to activate APCs, such as dendritic cells, to create new antigen-specific
cytotoxic T cells (trial NCT03435640).
The stabilized double-stranded RNA polyinosinic-polycytidylic acid stabilized with
polylysine and carboxymethylcellulose (Poly-ICLC) is a viral mimic that serves as a TLR3
agonist. It was evaluated in a phase 1 trial for the treatment of acute myeloid leukaemia as an
adjuvant for the fusion protein DEC-205/NY-ESO-1 (trial NCT01834248), which is a fully
human monoclonal antibody directed against the endocytic DC receptor, DEC-205, linked to
NY-ESO-1. The tumour antigen NY-ESO-1 is cancer-testis antigen 182, meaning it is expressed
in human tumours of different histological origin, but not in normal tissues except for testis and
placenta. The trial found that the treatment-induced immunity to NY-ESO-1 in patients with
tumours expressing NY-ESO-1. This immune response lead to the stabilisation of disease in 13
patients and tumour regression in 2 patients. This suggests that protein vaccines targeting DCs
are potentially viable and efficacious.
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1.8 Use of unmethylated CpG ODN to stimulate TLR9
Perhaps the most promising preclinical data going into the clinic involves TLR9 agonists.
SD-101, a proprietary unmethylated CpG oligodinucleotide, is being evaluated in multiple
clinical trials in a variety of cancer indications intratumourally. Since the unmethylated CpG
sequence is characteristic of bacterial DNA, it can be detected by TLR9 while methylated CpG is
not a ligand for TLR9. SD-101 activates the two principal TLR9 signalling pathways; one
pathway leads to rapid interferon-α (IFN-α) production, which in turn stimulates many critical
activities including activating NK cells, blocking tumour-mediated immune suppression, and
promoting T cell homing into the tumour. The second pathway complements TCR-induced
signals to enhance effector T cell proliferation, survival and cytokine production 183. SD-101 in
combination with anti-OX40 antibody (BMS 986178), an agonistic antibody for a co-stimulatory
molecule that helps drive T cell responses, is being evaluated for the treatment of lymphoma and
solid malignancies (NCT03831295; NCT03410901). Agonistic anti-OX40 monoclonal antibody
selectively binds to and activates the OX40 receptor, which induces proliferation of memory and
effector T lymphocytes. SD-101 is also being explored in combination with Ibrutinib, a Bruton's
tyrosine kinase (BTK) inhibitor, and radiation therapy for patients with relapsed or refractory
follicular lymphoma (NCT02927964). The rationale for this combination is because Bruton's
tyrosine kinase (BTK) is crucial in B-cell development and survival, and as a result is a critical
factor in the pathogenesis of B-cell malignancies where it is over-expressed.
TLR9 agonists are generally well tolerated in cancer patients with the most common
adverse events observed with the administration of TLR9 agonists being local injection-site
reactions (for example, erythema, oedema, inflammation, and pain). However, unlike other
therapeutic immunotherapies, TLR9 agonist therapy has not been associated with clinically
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significant autoimmune diseases 184. A distinguishing characteristic of TLR9 agonists, such as
CpG-ODNs, is their ability to induce strong CD4+ and CD8+ T-cell responses and as well as
rapidly produce antigen-specific antibodies when used as a vaccine adjuvant 185.
At present, the use of TLR9 as adjuvants in tumour vaccination has been assessed
clinically. The most advanced cancer vaccine program was a phase III, randomised, controlled,
clinical trial of the tumour antigen MAGE-A3 combined with clinical-grade CpG (CpG7909) in
resected stage III melanoma 186. Unfortunately, the treated arm did not fare any better than the
placebo arm in terms of the time for disease-free survival. However, this may not be the fault of
CpG as used, as MAGE-A3 may not be have been a good antigen.
Treatment with the CpG has also been combined with chemotherapy. A phase 2 clinical
trial, where treatment with the CpG7909 was used in combination with taxane/platinum
chemotherapy, for advanced-stage non-small-cell initially showed promising results. The
primary endpoint was the objective response rate, which was 38% in the CPG7909 and
chemotherapy arm (n = 74) and 19% in the chemotherapy-alone arm (n = 37). The median
overall survival (OS) times were 12.3 months in the CPG7909 and chemotherapy arm and 6.8
months in the chemotherapy-alone arm, and the 1-year survival rates were 50% and 33%,
respectively 187. Unfortunately, the phase 3 trial was stopped after the interim analysis indicated
the lack of benefit from the addition of CPG7909. Grade 3–4 neutropenia, thrombocytopenia,
and anaemia were all reported more commonly for patients in the CPG7909 arm, which was
administered subcutaneously. Therefore, the true therapeutic potential of TLR9 agonists as a
cancer treatment remains to be determined, although there are close to 80 entries registering CpG
for the treatment of cancer at clinicaltrials.gov website. Most of these, however, are completed or
terminated some time ago without publication of the results. However, there was an encouraging
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study where CpG7909 was administered intratumourally in combination with local low-dose
radiotherapy. Fifteen patients with relapsed, low-grade lymphoma had low-dose radiotherapy
applied to one of the tumour sites with the combined injection of CpG7909 at the same site.
Tumour regression was observed in several patients with an objective response rate of 27% 188.
There are three major classes of stimulatory CpG ODNs (Fig 7) that have been defined
based on molecular structure and activity in human peripheral blood mononuclear cells
(PBMCs), in particular, B cells and pDCs 189–191. Class A CpG ODNs (CpG-A ODN) induce
high IFN-α production from pDCs but are weak stimulators of TLR9-dependent NF-κB
signalling and pro-inflammatory cytokine (e.g. IL-6) production. Class B CpG-B ODNs (CpG-B
ODN) are potent stimulators of B cells and TLR9-dependent NF-κB signalling but weakly
stimulate IFN-α secretion. Class C ODNs (CpG-C ODN) combines features of both classes A
and B, inducing strong IFN-α production from pDCs as well as B cell stimulation. The clinical
grade CPG7909 is a human-specific CpG-B ODN. For the preclinical work in this thesis, the
agonist CpG-ODN 1826 was used. While CpG-ODN 1826 is mouse-specific, it is in the same
class as CPG7909. This should minimise any unforeseen complications or potential lack of
translation when going from mice to humans. At the outset of this thesis, it was known that CpGB ODN induces rapid IFN-α production, which in turn, activates NK cells, blocks tumourmediated immune suppression, and leads to efficient generation and activation of tumourspecific cytotoxic CD8+ T cells 189–191.
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Figure 7: Three main classes of CpG ODN. Top. CpG-A ODNs induce high IFN-α production from pDCs but are weak
stimulators of TLR9-dependent NF-κB signalling and pro-inflammatory cytokine (e.g. IL-6) production. Middle. CpG-B ODNs
are potent stimulators of B cells and TLR9-dependent NF-κB signalling but weakly stimulate IFN-α secretion. Bottom. CpG-C
ODNs combine features of both classes A and B. They induce strong IFN-α production from pDCs as well as B cell stimulation.
Adapted from invivogen.com.

Overall, from multiple clinical trials ranging from hepatitis B virus 192 to cancer 193, the
clinical data indicates that CpG ODNs are safe. Also, in mice, CpG-ODNs improve humoral
responses in addition to cellular immune responses, accelerating the production of protective
antibodies at higher and more persistent titres when combined with protein-based vaccines.
Based on data gathered from clinicaltrials.gov discussed above, when used as a single agent or in
combination with known antigens, CpG-ODNs show some potential for clinical efficacy in
cancer. However, the magnitude of the induced immunity does not appear sufficient to control
the spread of established cancers 194,195.
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1.9 Intratumoural Delivery of TLR and iNKT cell agonists as a therapy?
Our group observed enhanced activation of APCs when a TLR agonist was coadministered intravenously with -GalCer to stimulate iNKT cells, which when also combined
with co-delivery of antigen, resulted in enhanced priming of CD8+ T cell responses 11. This was
seen for a range of TLR agonists targeting different TLRs, except for agonists targeting TLR7.
The latter may be explained because, in mice, TLR7 is not expressed on DCs of the conventional
“cDC1” phenotype that have a high propensity for stimulating CD8+ T cells. Interestingly, for all
TLR agonists, when administered up to 24 h after -GalCer, significant increases in cytokine
release were observed, including TNF and IL-12p70. Depending on agonist used, and the
timing between the different agents, in some cases a cytokine “storm” was induced that severely
incapacitated the animals. These results indicate that APCs that have been exposed to activated
iNKT cells are particularly sensitive to further stimulation via TLR agonists 11. While the
production of these cytokines could ultimately have anti-tumour activity, it is likely that this
dosing arrangement would not be well tolerated by the subjects in a systemic treatment setting.
We, therefore, hypothesised that an intratumourally delivered combination of iNKT cells
agonist (-GalCer) and a TLR agonist such as CpG (up to 24 h apart) might minimise systemic
cytokine release, while still create changes to the local tissue and draining lymphoid tissues that
help drive an antigen-specific response. An additional advantage of delivering the drugs
intratumourally is that it could permit high local intratumoural concentrations to be achieved,
with a corresponding low systemic concentration, thus minimising potential side effects
associated with high doses 196.
Furthermore, there are multiple examples where intratumoural treatment can induce antitumour responses at distal sites, the abscopal effect. For example, in patients with metastatic
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melanoma, intratumoural injections of BCG induced regressions in about 90% of the injected
tumour sites and approximately 20% of distant, uninjected tumour sites 197. In another study,
local delivery of the TLR7 agonist imiquimod coupled with intralesional BCG was able to
induce complete remission in 5 out of 9 cutaneous melanoma patients 198. Finally, a recent report
of intratumoural administration of CpG and an anti-OX40 mAb produced an impressive immune
response against established and distal tumours in mice 189. At the time of this writing, according
to ClinicalTrials.Gov, there are/have been over 500 clinical trials that use intratumoural delivery
for the treatment of cancers which implies that this is a clinically acceptable delivery technique.
While iNKT cells can mediate lysis of tumour cells, their anti-tumour effects likely depend in
large part on their ability to activate other immune cells, such as NK and DCs, and initiate
adaptive immunity. The ability of CpG to prime DCs via TLR9 leading to DC maturation and
activation makes CpG an ideal combination partner to α-GalCer, an iNKT cell activator, bridging
innate and adaptive immunity.
To address the hypothesis that an intratumourally administered combination of iNKT cell
agonist and TLR9 agonist will induce powerful antitumour responses, this thesis started from
baseline knowledge that intratumoural CpG had been shown to have some anti-tumour activity
on its own in animal models of cancer 199–201. The intention here was to investigate whether
introducing -GalCer to activate iNKT cells could improve on this activity, to uncover the
molecular and cellular activities involved, and to explore further approaches to improving the
therapy. The thesis, therefore, had the following aims:
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Aims
1. To assess whether the outcome to intratumoural TLR9 ligation with CpG can be
improved by harnessing the activity of iNKT cells.
2. Determine if the intratumoral administration of combination therapy provided a larger
therapeutic window i.e. efficacy with concomitant reduction in safety signals such as
liver toxicity and systemic cytokine release as compared to systemic administration.
3. To determine the cellular mechanisms involved in the anti-tumour response to the
combination of TLR9 ligation and activation of iNKT cells.
4. To determine whether the efficacy of combination therapy can be enhanced by
intratumoral administration of peptide from tumour-associated antigens
5. Determine if the efficacy of combination therapy can be enhanced by combination with
other cancer therapies.

70

Chapter 2
Materials and Methods

2.1 Materials

2.2.1 Labware

Supplier/Manufacturer

Axygen Scientific,

Product



Inc., Union City CA USA.

0.5-20 L, 200 L, 1000 L Tips
Racked and Pre- sterilised



0.6, 1.7 and 2.0 mL MAXYmum
Recovery™ Microtubes
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Becton Dickson Pty, Ltd



Mountain View, CA, USA.




















BD Ultra-Fine™& Ultra-Fine™II
Insulin Syringes - Bulk Packaged Box/100 15mL, 50mL high-clarity
polypropylene conical centrifuge
tube
5mL, 10mL, 25mL polystyrene
serological pipet.
12x75 mm, 5 mL polystyrene round
bottom test tube. No cap. Nonsterile.
2
BD Falcon™ 175 cm Cell Culture
Flask, 750 mL, tissue culture treated,
straight neck, black lined phenolic
screw cap.
2
BD Falcon™ 75 cm Cell Culture
Flask, 250 mL, tissue culture treated,
straight neck, black lined phenolic
screw cap
BD Falcon™ 25cm2 Cell culture
Flask 50 mL, tissue culture treated,
straight neck, black lined phenolic
screw cap
BD Falcon™ 6-well Multiwell Plate.
Tissue culture-treated polystyrene,
flat bottom, with low-evaporation
lid.
BD Falcon™ 12-well Multiwell
Plate. Tissue culture-treated
polystyrene, flat bottom, with lowevaporation lid.
BD Falcon™ 24-well Multiwell
Plate. Tissue culture-treated
polystyrene, flat bottom, with lowevaporation lid.
BD Falcon™ Clear 96-well
Microtest™ Plate. Tissue culturetreated polystyrene, flat bottom, with
low- evaporation lid.
BD Falcon™ Clear 96-well
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Microtest™ Plate. Tissue- culturetreated polystyrene, U-bottom, with
low- evaporation lid.
BD Plastipak™ Syringes 30 mL,
Luer- Lok™
BD Syringe 1mL, 2mL, 3mL, 5mL,
10mL Luer-Slip Tuberculin
Cell Strainer with 70 μm nylon
mesh, white frame colour. Sterile.
BD Veo™ insulin syringes with BD
Ultra-Fine™ 6mm x 31G needle

Millipore Sigma



Millipore Pure Express™ Plus
Stericup and Steritopp. 0.22µm nonpyrogenic pre-sterilized. Vacuum
driven.

Sefar Filter Specialist, Nelson, New Zealand




70μm nylon gauze
80μm stainless steel mesh

Sigma-Aldrich



Isofluorane

Thermo Fisher Scientific, Waltham, MA,
USA.



Nunc CryoTube 1.0mL 1.8mL PP
sterile Nunc-Immuno™ Plates
Polystyrene, without lids. 96 wells
per plate. MaxiSorp®.



Transfer pipette graduated 1mL
large bulb •SecureSeal™ Thermal
Adhesive Sealing Film for PCR
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application
Slide-A-Lyzer Dialysis Cassettes,
10000 MWCO
Glass Pasteur pipette 150mm
(p/1,000)
Nanodrop 1000 Spectrophotometer



Micromaster® electronic




TESA® Micromaster®

micrometer with digital display

Cortex Technology Smedevaenget



0-30mm



DermaLab USB Single Parameter

Hadsund, Denmark
Sarstedt

TEWL probe, SKINLABSoftware


Microvette® 200 Z-Gel tubes.
200L polypropylene tubes with
clotting activator for serum.

Thermo Scientific™,



New Zealand Ltd.

Tissue Loc™ histological tissue
embedding cassettes

Briscoes, Wellington, New Zealand



Breville Fast slow cooker

Thermo Scientific™



Citadal 2000 Carousel Tissue
processor

Olympus,Wellington, New Zealand



HistoSTar Embedding Center



HM 325 Rotary Microtome



Brightfield BX51 Microscope



Laser Scanning Confocal
Microscope FV1200®
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2.2 Reagents and buffers

2.2.1 Culture Media Reagents

Fetal bovine serum (FBS)
FBS was purchased from Invitrogen (Gibco, Auckland, New Zealand, 12203C) and stored in
25mL aliquots at -200C

Complete Iscove’s modified Dulbecco’s medium (cIMDM5)
IMDM was purchased from Invitrogen (Auckland, New Zealand, 31980-097) and supplemented
with 1% Penicillin-Streptomycin from Invitrogen (Gibco, Auckland New Zealand, 15140-122),
and 5% FBS. Media was filter sterilised and stored at 40C for a maximum of 14 days.

Complete RPMI (cRPMI10)
RPMI was purchased from Invitrogen (Auckland, New Zealand, 42401-018) and supplemented
with 1% Penicillin-Streptomycin from Invitrogen (Gibco, Auckland New Zealand, 15140-122),
10% FBS, 1% Glutamax, and 1% sodium pyruvate. Media was filter sterilised and stored at 40C
for a maximum of 14 days.
Complete Dulbecco’s Modified Eagle’s Medium (cDMEM10)
DMEM was purchased from Invitrogen (Auckland, New Zealand, 42401-018) and supplemented
with 1% penicillin-streptomycin, 2 mM Glutamax, 10% fetal bovine serum, and 100g/mL
normocin.

75

Ethylene-diamine-tetra-acetic acid (EDTA)
Diluted EDTA (0.5M) was purchased from Invitrogen (Auckland, New Zealand, 15575-020) and
stored at room temperature.

Trypsin-EDTA
Trypsin containing 0.05% Ethylenediaminetetraacetic acid (EDTA) and phenol red was
purchased from Invitrogen (Gibco, Auckland, New Zealand, 25300062) and stored in 25mL
aliquots at -200C.

Blasticidin
Blasticidin selective antibiotic was purchased from Invivogen (San Diego, California, USA, antbl-1) and stored at -200C.

Geneticin
Geneticin was purchased from Invitrogen (Gibco, Auckland, New Zealand, 10131027) and
stored in 5mL aliquots at -200C.

Normocin
Normocin was purchased from Invivogen (San Diego, California, USA, ant-nr-1) and stored at 200C.
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Zeocin
Zeocin selective antibiotics were purchased from Invivogen (San Diego, California, USA, antzn-1) and stored at -200C.

HEK-Blue Detection medium

HEK-Blue Detection medium was purchased from Invivogen (San Diego, California, USA, hbdet2) and stored at 40C until used. For usage, the medium was reconstituted in 50mL of
endotoxin-free water and frozen at -200C. The assay was performed. HEK-Blue™ Detection
detects SEAP (Secreted embryonic alkaline phosphatase) reporter proteins secreted by the cells.
The hydrolysis of the substrate by SEAP produces a blue colour that can be seen with the naked
eye or measured with a spectrophotometer.

2.2.2 Enzyme and tissue processing
Bicinchoninic acid (BCA)™ protein assay kit
BCA™ protein assay kit was purchased from Thermo Scientific Ltd (Auckland, New Zealand)
and stored at room temperature.

Cell Lysis Buffer
Cell Signalling™ Cell Lysis Buffer (10X) was purchased from Life Technologies Ltd (Auckland,
New Zealand, 78430) and stored at -200C.
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Dulbecco’s phosphate-buffered saline (dPBS)
dPBS is a powder containing no calcium or magnesium was purchased from Invitrogen (Gibco,
Auckland, New Zealand, 21600-069) and dissolved in deionised water (dH20).

Liberase TL
Liberase TL was purchased from Roche Diagnostics New Zealand Ltd (Auckland, New Zealand,
5401020001). The lyophilised powder was reconstituted in IMDM to a concentration of 1mg/mL
and stored in aliquots at -200C for up to three months.

DNase 1
DNase 1 was purchased from Roche Diagnostics New Zealand Ltd (Auckland, New Zealand,
10104159001) as a lyophilised powder and dissolved in cIMDM to a concentration of 10mg/mL
and stored at 20 0C.

Tissue digestion buffer
Liberase TL at a final concentration of 2.5mg/mL is made from a stock of 50mg/mL and DNAse
1 at 120g/mL from a stock of 10mg/mL were made up in IMDM to the required volume.

Protease inhibitor
Halt™ Protease Inhibitor Cocktail (100X) was purchased from Life Technologies Ltd (Auckland,
New Zealand, 78430) and stored at 40C.

Red blood cell lysis buffer
Red blood cell lysis buffer was purchased from Sigma-Aldrich, New Zealand Ltd (Auckland,
New Zealand, R7757) and stored at room temperature.
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2.2.3 Flow cytometry reagents

4,6-Diamidino-2-Phenlinodole dihydrochloride (DAPI)
DAPI was purchased as a lyophilised powder from Invitrogen (Auckland, New Zealand D1306)
and dissolved in sterile dH20 to a concentration of 5mg/mL and stored at -700C. The stock was
further diluted in flow cytometry buffer to a concentration of 200mg/mL in FC buffer and stored
at 40C.
Live/Dead

®

fixable dead cell staining kit

Live/Dead kit was purchased from Life Technologies New Zealand Ltd, Molecular Probes
(Auckland, New Zealand L23105) and stored at -200C. The lyophilised powder was dissolved in
50L anhydrous DMSO (components of the kit) per vial before use and stored at -200C for a
maximum of 6 weeks.

Compensation beads
OneComp beads were purchased from eBioscience (San Diego, CA, USA, 0111142) and were
stored at 40C. These beads react with antibodies of mouse, rat and hamster origin.

Flow cytometry (FC) buffer
NaN3, FBS and EDTA were added to IL dPBS to give final concentration of 0.01% NaN3, 1%
FBS and 1mM of EDTA. FC buffer was stored at 40C.

79

2.2.4 Monoclonal antibodies used for in vivo studies
Rat anti-mouse CD8 (Clone 2.43)
Anti-mouse CD8 was purchased from Bio X cell (West Lebanon, New Hampshire USA,
BE0061). It was stored at shipping concentration at 40C.
Rat anti-mouse IFNaR1 (Clone MAR1-5A3)
Anti-mouse IFNaR1 was purchased from Bio X cell (West Lebanon, New Hampshire USA,
BE00241). It was stored at shipping concentration at 40C.
Rat anti-mouse CD1d (Clone 19G11)
Anti-mouse CD1d was purchased from Bio X cell (West Lebanon, New Hampshire USA,
BE0000). It was stored at shipping concentration at 40C.

Rat anti-mouse IgG1 Isotype Control, unknown specificity (MOPC-21)
Anti-mouse IgG1 Isotype Control, unknown specificity was purchased from Bio X cell (West
Lebanon, New Hampshire USA, BE0083). It was stored at shipping concentration at 40C.

2.2.5 Fluorescently conjugated antibodies

Table 2.1 – Flow cytometry antibodies
Specificity

Fluorophore

Clone

Company

B220

PerCP

RA3-6B2

BioLegend

CD1d Tetramer

BV421

CD3

BV510

17A2

BD Pharmingen

CD4

APCH7

GK1.5

BioLegend

NIH
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CD8a

FITC/BV421/AF700

53-6.7

BioLegend

CD11b

APC-Cy7/BUV737

M1/70

BioLegend

CD11c

PE-Cy7/APC/BV786

N418

BioLegend

CD44

BV711

IM7

BioLegend

CD45

BV786

30-F11

BD Pharmingen

CD62L

FITC

MEL-14

BioLegend

CD69

PerCP-Cy5.5

H1.2F3

Biolegend

CD80

APC

16-10A1

Biolegend

CD86

PE

GL-1

BD Pharmingen

CD103

PE/FITC

2E7

BioLegend

CD127

PE Cy7

A7R34

Biolegend

CD317 (BST2)

APC

927

BioLegend

DAPI

DAPI

F4/80

PerCP

BM8

BioLegend

KLRG1

APC

KLRG1

BioLegend

Ly6C

PE-Cy7

HK1.4

BioLegend

MHC II (I-A/I-E)

A488/BV421

M5/114.15.2

BioLegend

NK1.1

BV650

PK136

BioLegend

PD-1 (CD279)

AF647

RMP1-30

BioLegend

PD-L1 (CD274)

BV711

10F.9G2

BioLegend

PD-L2 (CD273)

BV421

TY25

BioLegend

H-2Kb/SIINFEKL

PE

25.D1.16

eBioscience

Biolegend

Pentamer
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Siglec-H

PE

551

BioLegend

XCR1

FITC

ZET

BioLegend

2.2.6 Immunohistochemistry (IHC) antibodies
Rat anti-mouse CD4 (Clone GK1.5)
anti-mouse CD4 was purchased from BioLegend, (Auckland, New Zealand, 100437) and stored
at 40C
Rat anti-mouse CD8a (IL9R) (Clone 53-6.7)
CD8a monoclonal antibody was purchased from BD Biosciences. (San Jose CA, USA, 564459)
and stored at 40C.

Mouse anti-mouse CD64 (FcgRI) (Clone X54-5/7.1)
anti-mouse CD64 was purchased from the BioLegend (Auckland, New Zealand) and stored at
40C.

2.2.7 Enzyme-Linked Immunosorbent Assay (ELISA)
ELISAs were all performed to detect cytokine production in either serum samples and or in tissue
lysate samples. ELISA kits were purchased from either BD Pharmingen (Auckland New Zealand),
R & D Systems (Minneapolis Minnesota, USA) or eBioscience (San Diego, CA, USA). Reagents
were all stored as per manufacturers’ specifications.
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Table 2.2 ELISA Kits for cytokine detection
Species

ELISA kit

Cat NO

Company

Mouse

Invitrogen eBioscience

BMS6027

Invitrogen

Mouse IFN alpha
Platinum ELISA kit

2.2.8 Drugs and Reagents

Anaesthetic
10x stock solution was diluted in sterile dPBS to 8.6mg/mL ketamine and 0.26mg/mL xylazine
working solution.

Diptheria Toxin (DT)
DT was purchased as a lyophilised powder from Sigma-Aldrich, New Zealand Ltd, (Auckland,
New Zealand, D2918). DT was reconstituted in dH20 at a stock concentration of 2mg/mL. Stock
aliquots of DT were further diluted in 1ML of sterile dPBS to obtain a 20ng/g working solution.

Ethanol (EtOH)
Absolute ethanol was purchased from Pure Science (Porirua, New Zealand, N1034705).

-Galactosylceramide (a-GalCer) and Conjugates
-GalCer, peptides and α-GalCer-peptide conjugates were all synthesised and provided by the
Ferrier Research Institute Victoria University of Wellington (Gracefield, Wellington, NZ).
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Doxorubicin Hydrochloride
Doxorubicin hydrochloride was originally purchased from Sapphire Bioscience (Redfern,
Australia, 15007).

CpG Oligonucleotides
Class B CpG 1826 (5' TCC ATG ACG TTC CTG ACG TT 3') was custom synthesised by
Trilink Biotechnologies (San Diego, California, USA, O-4100).

2.2.9 Cell Lines
B16-F1 (CRL-6323)
The B16-F1 cell line was originally acquired from ATCC and maintained in house using
cIMDM5.

B16-F10 (CRL-6475)
The B16.F10 was originally acquired from ATCC and maintained in house using cIMD5.

B16.OVA (CRL-6322)
The B16.OVA cell line was originally acquired from ATCC and maintained in house using
cIMDM5. B16.OVA cells were generated from B16.F10 cells that were transfected with the
plasmid pAc-neo-OVA, which carries a complete copy of chicken ovalbumin (OVA) mRNA and
the neomycin (G418) resistance gene via electroporation.
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CT26
The CT26 cell line was originally purchased from the American Type Culture Collection
(ATCC; Manassas, Virginia, USA) and maintained in house using cIMD5 (5% FBS, 1% P/S).
CT26 is an N-nitroso-N-methylurethane-(NNMU) induced, undifferentiated colon carcinoma
cell line. It was cloned to generate the cell line designated CT26.WT
EL4.LA (TIB-39)
The original EL4 murine lymphoma was purchased from the American Type Culture Collection
(ATCC; Manassas, Virginia, USA) and maintained in house using cIMDM5. The EL4 cell line
was established from a lymphoma induced in a C57BL mouse by 9,10-dimethyl-1,2benzanthracene. Extended passage resulted in genetic drift and increased immunogenicity as
determined via sequencing and tumour experiments.

EG7.OVA (CRL-2113)
EG7.OVA lymphoma was originally purchased from ATCC. EG7.OVA and maintained using
cIMDM5. EG7.OVA cells were derived from EL4 cells that were transfected with the plasmid
pAc-neo-OVA, which carries a complete copy of chicken ovalbumin (OVA) mRNA and the
neomycin (G418) resistance gene via electroporation.

HEK-Blue mTLR9
HEK-Blue mTLR9 cells were originally purchased from Invivogen (San Diego, California, USA,
hkb-mtlr9) and maintained using cDMEM10. After 2 passages, selective antibiotics were added
(30ug/mL of blasticidin and 100 ug/mL of zeocin). Cells were maintained and SEAP activity
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determined in the manner described in the HEK-Blue mTLR9 technical data sheet with parental
cell line HEK-Blue Null1 cells being used as controls.

HEK-Blue Null1
HEK-Blue Null1 cells were originally purchased from Invivogen (San Diego, California, USA,
hkb-null1) and maintained using cDMEM10. After 2 passages, selective antibiotics were added
(30g/mL of blasticidin and 100 g/mL of zeocin). Cells were maintained and SEAP activity
determined in the manner described in the HEK-Blue Null1 technical datasheet.

TC1
The TC1 murine lung epithelial cancer cell line was kindly provided by T-C. Wu (Inje
University, Seoul, Republic of Korea). The cell line was generated by transfecting lung epithelial
cancer cells with the HPV E6 and E7 proteins via electroporation. The TC1 cell line was
maintained in cRPMI10 (10% FBS, 1% Penicillin/streptomycin, 1% glutamax and 1% sodium
pyruvate).
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2.3 Mouse strains
Mice were bred and housed within the Biomedical Research Unit of the Malaghan Institute of
Medical Research, under specific pathogen-free conditions. Majority of the experiments involved
mice between 6 - 8 weeks of age and mice were sex-matched as best as possible. Experimental
procedures were approved by the Animal Ethics Committee at Victoria University and carried
out in accordance with guidelines of Victoria University of Wellington, New Zealand,
The mouse experiments in this thesis were under the following ethics protocols:

23784: Synthetic Vaccines That Exploit the Innate Immune Response
26384: Preventing Metastasis by Vaccination
26774: Maurice Wilkins Centre: Reducing immunosuppression and banishing hypoxia from the
tumour microenvironment to improve immunotherapy
C57BL/6J

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, MA, USA) and
maintained as an in house strain.

BalB/ByJ
Balbc/ByJ mice were obtained from The Jackson Laboratory (Bar Harbor, MA, USA) and
maintained as an in house strain.

Balb/c x C57 mouse strain
Balb/c and C57BL/6 breeding pairs obtained from Jackson Laboratory (Bar Harbour, Maine,
USA) and were crossed in house.
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CD1d Knockout
CD1d knockout breeding pairs were obtained from Jackson Laboratory (Bar Harbour, Maine,
USA) and maintained as an inbred strain. CD1 deficient mice were knocked out of both copies of
the CD1 glycoprotein. CD1 is a glycoprotein expressed on the surface of various antigenpresenting cells and is involved in activating iNKT cells which in turn produce cytokines such as
IFN and IL-4. Therefore mice deficient in both copies do not have an iNKT cell subset. The
Th2 response is normal however, in knockouts.
Traj18 Knockout
Traj18 (T cell receptor joining 18) knockout breeding pairs were obtained from Jackson
Laboratory (Bar Harbour, Maine, USA), backcrossed onto Malaghan C57BL/6J mice and
maintained as an inbred strain. Traj18 knockout mice cannot form the iNKT cell receptor α-chain
and consequently lack iNKT cells. Rearrangements of T cell receptor J α regions upstream or
downstream of Traj18 are not affected.

2.3.1 Dendritic cell specific knockouts
Siglec-H Diphtheria Toxin Receptor (DTR) Mice
Siglec-H-DTR mice, by Christiane Ruedl (Nanyang Technological University, Singapore) and
maintained as an in house strain. F1 crosses of Siglec-H DTR and C57BL/6J mice were used for
experiments.
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Clec9a Diphtheria Toxin Receptor (DTR) Mice
Clec9a-DTR mice were kindly provided by Christiane Ruedl (Nanyang Technological
University, Singapore) and maintained as an in-house strain. F1 crosses of Clec9a-DTR and
C57BL/6J mice were used for experiments.

Itgaxcre mice
Itgaxcre mice express Cre recombinase under the control of the Itgax (CD11c) promotor within a
BAC transgene. CD11ccre mice can be crossed with mice containing a loxP flanked (“floxed”)
gene of interest. This results in the deletion of that gene sequence in CD11c/Cre expressing
cells by Cre-mediated recombination. Breeding pairs were obtained from QIMR
Berghofer Medical Research Institute (Brisbane, QLD, Australia).

IFNaRfl/fl mice
Ifnarfl/fl mice have loxP sequences flanking exon 3 of the gene encoding for the type I
interferon-αβ receptor (IFNaR). Crossing IFNaRfl/fl mice to CD11ccre mice deletes
IFNR from all CD11c expressing cells, rendering them unresponsive to IFN-I signalling.
Itgaxcre-neg.Ifnarfl/fl (IFNARWT) littermates were used as controls for Itgaxcre-pos.Ifnarfl/fl
(IFNARΔCD11c) mice. Breeding pairs were obtained from QIMR Berghofer Medical Research
Institute (Brisbane, QLD, Australia).
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2.4 Methods

2.4.1 Mouse manipulations
Tumour Size Measurement
Tumour size is measured (with a digital calliper) every 1-2 days.

Intraperitoneal (i.p.) administration
Solutions were administered to mice in volume of 100-250 µL via using a 1ml insulin syringe.

Intraperitoneal administration of anti – CD1d (19G11)
Treatment of 250 g of anti – CD1d and the isotype control antibody was administered by i.p.
every alternate day from the day 8 to day 19.

Intraperitoneal administration of anti – CD8 (2.43)
Treatment of 250 g of anti–CD8 antibody was administered by i.p. on day -2, day -1 before
tumour rechallenge. For depletion during treatment, 250 g of anti-CD8 antibody was
administered on days 8, 9, and 12 post tumour inoculation.
Intraperitoneal administration of anti – PK136
Treatment of 250 g of anti – PK136 antibody was administered by i.p. on day 4 and 5 post tumour
inoculation

Intraperitoneal administration of anti – IFNR (MAR1-5A3)
Treatment of 250 g of anti - IFNaR and the isotype control antibody was administered by i.p. on
days 4, 5 and 8
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Intraperitoneal administration of Diphtheria Toxin
Treatment of 15ng/g of DT was diluted to a working solution in dPBS and administered by i.p. on
days 4, 5, and 8 post tumour inoculation

Subcutaneous injection of tumour cells
For tumour challenge, EL4 and EG7.OVA were washed 3× in medium, and 106 tumour cells
were injected s.c. into the flank of mice. For B16-F1/F10/OVA, 3x105 cells were injected
subcutaneously into the right flank. TC1 tumours were initiated by injecting 105 cells
subcutaneously into the right flank. Finally for CT26, 2x105 cells were injected into the flank(s).
Tumour size was measured using callipers and mice were culled when tumour sizes reached 200
mm2.

2.4.2 Intratumoural Administration Models
Intratumoural application of-GalCer
All mice were between 6 - 8 weeks of age, and were sex matched. Once the tumour size reached
36 mm2-42 mm2 mice are anaesthetized using isofluorane. Once under sedation 40L of the 58.25
uM -GalCer working solution was injected intratumourally using a 300L insulin needle. The
control group was treated with PBS. Treatment with GalCer was conducted once on the first day
of treatment only.

Intratumoural CpG administration
All mice were between 6 - 8 weeks of age, and were sex matched. Once the tumour size reached
36 mm2-42 mm2 mice are anaesthetized using isofluorane. Once under sedation 40L of the
98.2071uM CpG working solution was injected intratumourally using a 300L insulin needle.
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The control group was treated with PBS. CpG was given for 6 doses in the following example
schedule: days 6, 7, 10, 11, 14, and 15.

Admixed intratumoural-GalCer and CpG administration
Full treatment involved 1 injection of α-GalCer and CpG delivered intratumourally starting when
tumour size reached 36 mm2-42 mm2 (Day 5-9) followed by an intratumoural injection of CpG.
Mice are rested for 2 days and then receive intratumoural CpG 2 times over the course of 2 days.
Mice are again rested for 2 days and the CpG regimen is repeated. For example, mice could
receive treatment on (assuming treatment starts on day 6): days 6, 7, 10, 11, 14, and 15.

Splenectomy
Mice were anaesthetised with 100 mg/kg Ketamine and 10 mg/kg Xylazine i.p., followed by s.c.
administration of 0.1 mg/kg Buprenorphine for perioperative analgesia. Lacrilube (Allergan New
Zealand Ltd, NZ) was applied to corneas to prevent desiccation. The surgical area was sterilised
with ethanol, followed by an incision on the left flank to access the spleen. The primary artery
and vein were tied to sever blood flow to the spleen, which was followed quickly by cutting off
the blood vessels to release the spleen. In the sham controls, an incision was made into the
peritoneum, but no other manipulation was made. The incisions were then sutured and mice
recovered on a heating pad. The mice were monitored every hour post-op until they woke up
from the anaesthetic, in addition, daily monitoring health monitoring was also done for an
additional 5 days. Subcutaneous administration of 5 mg/kg Carprofen was used for the two days
following surgery for postoperative analgesia.
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Endpoint procedures
Experimental endpoint for flow cytometry was typically day 8 and/or day 11. Typical endpoint for
a tumour experiment was once the tumour reached 200 mm2.

Euthanasia
Mice were euthanized by CO2 asphyxiation or cervical dislocation.

Tumour and lymph node collection for histology
At experimental endpoint, tumour and lymph node was carefully removed with a forceps and
scissors, for histological analysis, and placed in a 6 well plate. The sample was then transferred
into moulds and covered in OCT and frozen using the GentleJane Freezing system.

Tumour collection for ELISA
At experimental endpoint, the tumour was carefully removed with a forceps and scissors, for
ELISA analysis. The tissue was then placed in ice cold PBS and homogenised as stated below.
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2.4.3 Tissue preparation
Blood
Mice were restrained by hand, and a puncture into the cheek was made, blood was collected (4-6
drops) into 1.5 ml Eppendorf tubes containing 200 μl PBS (+ 10 mM EDTA). For larger blood
volumes the mice were euthanized by asphyxiation with CO2 and a 27gauge needle inserted into
the left ventricle, the blood was then extracted into placed in Eppendorf tubes as above. One ml
of red blood cell lysis solution (Qiagen, CA, USA) was added to each tube and incubated at 37°C
for 30 min. The white blood cells were pelleted by centrifugation at 706 x g for 5 min in a
Biofuge Fresco (Heraeus, ThermoFisher Scientific, New Zealand), the supernatant removed, and
the cells resuspended in 200μl FACS buffer for flow cytometric analysis.

Serum
Mice were restrained by hand, and a puncture into the cheek was made, Blood was collected (810 drops) into 1.5 ml Eppendorf tubes, stored at 4°C overnight, and centrifuged at 13,250 x g for
10 min. The top serum layer within the tube after centrifugation was transferred into new tubes
and stored at -20°C until analysis.

Spleen
Mice were culled by asphyxiation, followed by cervical dislocation. Spleens were collected and
placed into IMDM resting on ice. Spleens were injected with 0.5ml Liberase/DNase digestion
buffer and incubated at 37°C for 30 min. Spleens were then dissociated by mulching through 70
μm filters (Becton Dickinson), washed with IMDM, then the cells were pelleted by
centrifugation at 645 x g for 4 min in a Megafuge 4 KR (Heraeus, ThermoFisher Scientific). The
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supernatant was discarded, and red blood cells were lysed by brief vortexing with 3 ml red blood
cell lysis solution. Cells were pelleted again by centrifugation, the supernatant was discarded,
and cells were washed with DPBS. For extraction of T or B cells from spleens, the tissue was
dissociated immediately after extraction, without incubating with Liberase/DNase digestion
buffer.

Lymph nodes
Mice were culled by asphyxiation, followed by cervical dislocation. The outer skin layer was cut
and peeled away for collection of the Inguinal, Auxiliary and Brachial lymph nodes with
tweezers. The muscle wall was cut and spread for access to the mesenteric lymph node. All
lymph nodes were collected in IMDM on ice, mulched through a 70 μm filter and then washed
with IMDM. Cells were pelleted by centrifugation at 645 Å~ g for 4 min, the supernatant
discarded, and the cells were washed with DPBS.

Viable cell counts
An aliquot of 10 L of cells was added to 190 L 0.4% trypan blue (Gibco, Life Technologies)
at a known dilution. A small volume of the mix was placed onto a haemocytometer. Under the
microscope, the viable cells were identified as white cells, whereas the dead cells were blue. The
cells were counted and the total cell count calculated using the following formula:

Total cell number = (Average cell count per ninth area) x (dilution factor) x (104) =
(total volume)
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2.4.4 Flow cytometry staining
Cell surface staining
Cells were resuspended, into 5mL polystyrene round-bottom tubes, at a volume of 2mL and
filtered through a 70µm gauze. Thereafter, cells are pelleted at 419 X g for 4 minutes. Following
this, cells were resuspended in 50µL of mouse Fc Block ™ (Clone 2.4G2) and incubated for 10
minutes at 40C. At this stage, 50L of fluorophore bound antibody cocktail was added to the
tubes and incubated for another 30 minutes at 40C. Staining was halted by the addition of 4mL of
flow cytometry buffer and spun at 419 Χ g for 4 minutes. Finally, samples were resuspended in
125µL of flow cytometry buffer, and 125µL of DAPI solution was added. DAPI was added to
the final cell suspension just prior to acquisition on the cytometer.

Fluorescence-activated cell sorting
Cells were stained for cell surface markers, and single stain controls were prepared as described
in 2.2.5.2. After staining the cells were resuspended in sterile flow buffer with viability dye
(DAPI) at a volume of 4 x106 cell/mL. The voltages of each channel were set up, compensation
adjusted using unstained cells and single stains.
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Acquisition of flow cytometry data
All FACS data was acquired on LSRFortessa SORP™ or LSRII SORP™ flow cytometer with
FACS DIVA software (Becton Dickinson, San Jose, CA, USA). The staff of the HGCC at
MIMR performed daily cytometer setup and recorded the cytometer performance to ensure
calibration of the cytometers was maintained. Photomultiplier tube (PMT) voltages and
compensation was set for each experiment. To do this, both unstained cells and OneComp
eBeads (eBioscience, CA, USA) were stained with each fluorophore. Compensation was verified
manually using fluorescence minus one (FMO) controls prior to sample acquisition.

Analysis of flow cytometry data
FACS data was analysed using FlowJo software (version 9.9; Treestar, Inc, CA, USA). Doublets
were excluded based on forward, and side scatter properties and with the use of viability dye;
dead cells were excluded. Cells were gated based on fluorescence minus one (FMO) controls and
or isotype controls where appropriate.

FACS data visualization and display
FACS data were visualized by utilizing plots generated from FlowJo software (version 9.9;
Treestar Inc, CA, USA). All graphical representation was done using Graph Pad Prism software
(version 5 for Mac OS X; Graph Pad Software, CA, USA).
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2.4.5 ELISA
Serum alanine transferase
Measurement of serum ALT levels was performed with a modular analyzer (Roche/Hitachi
Modular P800, Roche Diagnostics, Indianapolis, IN) by Gribbles Veterinary Clinic (Hamilton,
New Zealand) according to a standard operating procedure approved by International
Accreditation New Zealand.

Tumour Lysate for ELISA
Homogenization buffer was made up of Halt™ protease inhibitor in 1x Cell Lysis Buffer and
kept at on ice. Several 50ml Falcon tubes are filled with 20ml cold dPBS. The tubes of dPBS
were used to wash the homogenizer between samples and groups. Tumour tissue is placed in
1.5mL of homogenizing buffer and homogenized. Homogenate samples were transferred to
1.5mL Eppendorf tubes using a pipette. Samples are then centrifuged at 15000g for 10minutes at
40C. The aqueous phase was pipetted into a new Eppendorf tube and spun as above. After the
second spin, the aqueous phase was aliquoted into 0.6ml tubes and stored at -700C until ELISAs
were performed.

Total protein quantification
Total protein concentrations were quantified using Bicinchoninic acid BCA™ protein assay kits
according to manufactures’’ specifications.

ΕLISA Kits
ELISAs were all performed to detect cytokine production in either serum samples and or in tissue
lysate samples. Manufactures’ protocols were followed for IFN-. Samples were either serially
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diluted to get optimal readings or 100L of neat sample was loaded. The absorbance was read on
a VersaMax™ plate reader according to the protocol, and concentration was determined using the
standard curve and dilution factors.

2.4.6 Histopathology
Histology processing
Tissue was immersed in 4% PFA for fixation, immediately after removal from the mouse. After
24 hours in PFA, it was then placed in histological cassettes in 70% EtOH for a maximum of 14
days. Following this, samples were processed in a tissue processor overnight and then embedded
in paraffin wax. The tissue processor involves 10 dehydration steps from 70% EtOH to Xylene,
and the final two steps ensure the tissue is fixed and infiltrated with paraffin wax. Tissue sections
were serially sectioned on a microtome at 3-4µm onto adhesive microscope slides. Slides were dewaxed in xylene and then rehydrated using an ethanol concentration gradient from 100% to 70%
prior to staining.

2.4.7 Histology Staining, Analysis & Microscopy
Confocal microscopy staining
Whole-mount staining was utilized to stain ear tissue with fluorescent antibodies that were detected
on the Olympus Laser Scanning Confocal microscope. Briefly, whole tumour tissue was excised
from the mouse and snap frozen using the GentleJane freezing system in OCT. The tissue was then
sectioned and placed on slides. Tumour tissue was then blocked with 10% of the appropriate serum
(i.e. rat, goat and or rabbit) in dPBS for one hour at room temperature. Block was flicked off the
tissue and tissue stained with 100L of antibody, overnight at 40C. The following day ear tissue
was rinsed in dPBS three times and mounted onto a slide using Faramount aqueous mounting
media.
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Table 2.3 Antibodies for confocal microscopy
Specificity

Flurophore

Clone

Company

CD4

BV421

GK1.5

BioLegend

CD8

BB515

53-6.7

BD Biosciences

CD64

AF647

X54-5/7.1

BioLegend

Imaging and analysis
All data collected from confocal microscopy were analysed using Image J software. 3D
reconstructions were recorded of the co-stained whole ear tissue, along the Z-axis between 1750µm. Z- stacks were recorded from bottom-top and assessed. Images in the results section
(chapter 6) were a depiction of both the first 4µm and the last 4µm that was recorded. 6 slides of
tissue were imaged per group in each experiment.

Data visualization and statistical analysis
All graphical representation of data was done using Graph Pad Prism software (version 5 for Mac
OS X; Graph Pad Software, CA, USA). Statistical analyses used were stated in each figure legend,
and p<0.05 was considered significant. For comparison between two similarly-sized groups,
Student’s t-test was used. A log-rank Mantel-Cox test was used to compare survival distributions
of two samples. Analysis examining a single parameter of three or more groups were compared
with one-way ANOVA with Tukey’s post-tests. For experiments examining two or more groups,
Two-way ANOVA with Holm-Bonferroni’s post-test was used. Repeated measures tests were
used in the experiments that compared the same biological sample. Unless specifically stated,
symbols represent individual samples, and errors bars represent mean ± the standard error of the
mean (S.E.M.).
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Chapter 3
Antitumour effect of combining iNKT cell activation with intratumoural CpG
administration in murine tumour models

3.1 Introduction
The tumour microenvironment can limit the impact of immunotherapy through multiple
mechanisms, generally driven by hypoxia, that exclude or suppress the activity of immune
effector cells. The majority of immune suppression is due to the presence of normal immune
regulatory cells and molecules within the tumour that inhibit T cell priming or suppress cytotoxic
T cell function. One way to overcome the immunosuppressive tumour microenvironment is to
deliver immunostimulatory compounds intratumourally, thereby stimulating cells of the infiltrate
and encouraging appropriate cross-talk with draining lymphoid tissues. Studies have shown that
intratumoural targeting of pattern recognition receptors, most notably TLRs, not only enhance
endogenous adaptive anti-tumour responses that have been constrained locally but can unleash
responses that act on tumours at distant locations in the so-called “abscopal effect”. Ideally, for
intratumoural delivery, the treatment needs to be conveniently administered into a single tumour
to treat existing cancer and eradicate cancer cells at both the treatment site, as well as distal
tumours. As already discussed in the Introduction chapter, the most clinically advanced
intratumoural treatment involving TLR ligation is stimulation via TLR9 with synthetic
oligodeoxynucleotides containing unmethylated cytosine-guanine motifs (CpG). Multiple studies
have looked into the intratumoural therapeutic potential of CpG in murine models often in
combination with other agents such as an anti-4-1BB (CD137) agonistic antibody, OX40L, and
checkpoint blockade (anti-PD1) 189,202,203. The results from some of these murine models are
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currently being validated in patients in the clinic 204–206. However, there is a dearth of published
data regarding the combination of iNKT cell agonism and TLR9 mediated immune stimulation.
One study showed that the combined iNKT cell agonism and CpG-based immunisation, given
systemically, led to the expansion of NK and antigen-specific CTLs, likely resulting from the
maturation of highly pro-inflammatory DCs as seen by a cooperative increase in serum IL-12 173.
The enhanced innate and adaptive immune responses resulted in higher tumour inhibition that
correlated with increased numbers of antigen-specific CTLs at the tumour site. Antibodymediated depletion experiments further demonstrated that CTLs rather than NK cells were
essential for the enhanced tumour inhibition 173. While the cooperative action between TLR
stimulation and iNKT cell activation on DC function is exhibited by different TLR ligands, in
both mouse and human systems 162, CpG was shown to be more suitable in inducing specific
CD8+ T cell proliferation and pro-inflammatory cytokines when the antigen was targeted to
CD8α+ DCs (cDC1s). TLR9 signalling was essential for this response, whereas TLR5 signalling,
for example, did not seem to play a significant role 207.
In other published work, the combination of -GalCer with CpG gave the most robust
CD8+ T cell proliferation over combinations with other TLRs such as flagellin (TLR5) or poly
I:C (TLR3) 162. Human DCs exposed to TLR ligands and activated iNKT cells in vitro had
enhanced expression of maturation markers, suggesting that a cooperative action of TLR ligands
and iNKT cells on DC function is a generalisable phenomenon across species. Interestingly,
depletion of pDCs or myeloid DCs revealed that both DC subsets were necessary for the
activation of iNKT cells by -GalCer and CpG. While pDCs were responsible for the stimulation
of iNKT cells with CpG, myeloid DCs presented -GalCer via CD1d 208. Overall, these studies
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highlight the potential for manipulating the interactions between TLR ligands and iNKT cell
activation in the design of effective vaccine adjuvants 162.
It is known that when TLR agonists and an iNKT cell agonist are administered
intravenously into mice, they can cooperate to increase the number of antigen-specific CD8+ T
cells and the release of cytokines such as IFN-and TNF-that may help in driving anti-tumour
responses 209. The activated iNKT cells appeared to provide a potent immune adjuvant effect.
Furthermore, it is known that this cooperative activity can be increased by delaying the
administration of the TLR agonist after activating the iNKT cells with -GalCer, however, this
could be counterproductive in that it produces a significant cytokine release syndrome (CRS,
“cytokine storm”) which can result in the death of the mice 11. In order to circumvent this issue,
in this thesis, intratumoural delivery was therefore explored as a potentially safer route of
administration. It was hypothesised that the localised nature of the injection would sequester the
initial innate immune response primarily to the injected tumour, thereby limiting the toxicity of
the compounds, while still maintaining high drug concentrations in the tumour
microenvironment which in principle should manifest in superior efficacy as compared to
systemic i.v. administration due to the higher therapeutic index. This, of course, is predicated on
the hypothesis that the reagents have minimal leakage as free agents into the systemic circulation
and that their drainage to the lymphoid tissues, perhaps in the context of cellular debris, reduces
the risk of toxicity. Importantly, leakage into the systemic circulation could be monitored by
measuring the production of cytokines and other biomarkers such as liver enzymes in the blood,
which was conducted as part of the overall exercise.
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3.2 Aims
The hypothesis addressed in this chapter is that “iNKT cell activation via intratumoural
administration of the iNKT cell agonist -GalCer together with intratumoural administration of
the TLR9 agonist CpG will have a cooperative effect, eliciting stronger anti-tumour responses
than either agent on it own”. If applicable across multiple tumour types, this could form the
foundation for a general strategy of in situ vaccination.
To address this hypothesis, the following Aims were pursued:
1. To identify an intratumoural dosing regimen of -GalCer to facilitate iNKT cellmediated improvement to an established CpG treatment schedule
2. To determine if intratumoural route of administration of the two agents is superior
to systemic delivery and displays a larger therapeutic index
3. To determine if the combined treatment can improve the abscopal effect of
intratumoural CpG
4. To determine whether the induced response is associated with immunological
memory
5. To establish whether the combined treatment is effective in multiple tumour types
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3.3 Results

3.3.1 Effect of combining iNKT cell activation with intratumoural CpG administration in a
murine lymphoma model
To evaluate whether the anti-tumour activity of TLR agonism with intratumoural CpG
combined effectively with contemporaneous iNKT cell activation with -GalCer, a tumour
experiment was designed whereby -GalCer and CpG as single agents were compared to an
admix combination of -GalCer and CpG. To this end, C57BL/6J mice were inoculated with
1x106 EG7.OVA lymphoma cells into the flank and treatment started when the tumours reached
approximately 36 mm2 (day 6). The EG7.OVA cell line was used because it is transfected with
ovalbumin protein (OVA) as a model of a tumour-associated neoantigen, and tools are available
for evaluating OVA-specific T cell responses via flow cytometry. Anti-tumour effects of
intratumoural CpG have been reported in mice using a dosing regimen consisting of three
treatments four days apart, where each treatment consisted of 50 µg was injected directly into
established tumours on two consecutive days (S.R. Mattarollo and S. Chisholm, personal
communication, 2016). Others have used 30µg of CpG per tumour and demonstrated a tumour
growth delay suggesting a lowered amount is adequate 210. A lower dose of 25 µg was ultimately
chosen. This was still assumed to be well in excess of the dose required for agonism, based on
the initial analysis of CpG activity in vitro using a HEK cell-line transfected with a TLR9
reporter. In this assay, the concentration of CpG that gave half-maximal response (EC50) was ~
0.4µM, (the response plateaued at ~2 µM) (Supplementary fig 1). With a starting tumour size of
~100 mm3 (bisecting diameters of ~6 mm each), 25µg of CpG could reach ~ 40µM, which is
~100 times greater than the EC50 and ~20 times greater than maximal activity in the in vitro
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assay. Using this modified regimen, the impact of including an additional single intratumoural
injection of α-GalCer in the repeated CpG dosing schedule was examined. A dose of 2 µg of αGalCer was used, which was known to induce activation of DCs when injected intravenously 11.
Previous experiments from our group had shown that the order in which TLR ligation and iNKT
cell activation take place significantly increased the production of Th1 cytokines; however, this
had not been specifically investigated in combination with CpG, and nor had it been investigated
in the context of potentially enhancing an anti-tumour response 11. The possibility that the
combination of CpG and -GalCer would display a similar temporal effect that could affect the
anti-tumour response against EG7.OVA lymphoma cells was therefore assessed by having an
additional treatment group where the first CpG treatment was delayed until after α-GalCer.
Tumours were allowed to reach an average of ~ 6 mm x 6mm in size (hereafter referred to as 36
mm2 as a product of bisecting diameters) before intratumoural treatment was initiated (day 6).
The different treatment groups were: CpG alone, where three treatments (25 µg CpG on two
consecutive days) were given four days apart; -GalCer alone, where a single 2 µg dose was
followed by vehicle (PBS) to the same schedule as CpG; an admix of -GalCer and CpG where
the -GalCer and first CpG dose were delivered together and then subsequent CpG doses
delivered alone; a similar admix where the first CpG treatment was delayed until 6 hours after αGalCer; and a control group injected with PBS according to the same regimen as CpG to control
for injection effects (Fig 8a).
Intratumourally administered CpG alone trended towards a modest anti-tumour response
in terms of reduced tumour growth (Fig 8b) and increased survival (Fig 8c) which was improved
when combined with α-GalCer, and there was a slight further improvement when CpG
administration was delayed by 6 hours after α-GalCer administration (Fig 8b). While the
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combination therapies were significantly improved over single treatments (which was seen in
repeated experiments), the impact of delaying CpG was small but consistent. In aggregating data
from four separate experiments together and comparing survival, delaying CpG by 6 hours led to
significantly improved survival over simultaneously delivered admix (Fig 8d, p = 0.0258, logrank Mantel-Cox test). Treated mice appeared normal in terms of weight gain as well as their
behaviour, unlike previous experiences in our laboratory of using TLR agonists after iNKT cell
activation via intravenous administration 11,209.
Following up on this experiment, there were two important questions to answer: 1) is the
anti-tumour effect observed durable and 2) if it is durable, whether the anti-tumour memory is
OVA-dependent, and hence the antitumour response could be evaluated by focusing on the
OVA-specific response. To this end, mice whose tumours had been eradicated by the combined
treatment were re-challenged in the opposite flank with 1x106 lab-adapted EL4 lymphoma cells
(EL4.LA). This cell line is derived from the parental EL4 cell line used to generate EG7.OVA,
but without the OVA model antigen. Genetic analysis with microsatellite markers (IDEXX
BioResearch, Columbia MO, USA) had shown that this version had undergone some genetic
drift from the original EL4 cell line, and our laboratory had shown it also has increased
immunogenicity. However, the cell line otherwise maintains many of the same features as
classical EL4 cells, including morphology, growth rate and phenotype by flow cytometry (e.g.
CD45.2 expression). The EL4.LA tumours initially grafted to the mice and began to grow, but in
the end, tumours in the vast majority of the re-challenged mice ended up regressing and were
cleared without the need for intervention (Fig 9). This result showed that the mice developed
immunity to antigens other than OVA (which we had assumed may be a dominant antigen),
presumably targeted at shared epitopes between EL4.LA and EG7.OVA derived from TAAs
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expressed in common. It remained to be established whether OVA was a rejection antigen at all
in EG7.OVA; this work is described in a later chapter.
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Figure 8 Intratumoural treatment of EG7.OVA tumours with -GalCer and CpG lead to tumour regression. A) Treatment
protocol. Treatment was with either with a single dose of 2 µg α-GalCer (shown as arrows in green), repeated doses of 25 µg
CpG (red arrows), or a combination of both where the single dose of -Galcer was either given at the time of the first dose of
CpG, or 6h prior to the first dose of CpG. PBS was injected as a vehicle control for all injections (blue arrows). B) Tumour
growth curves plotted for each mouse. Numbers of animals that rejected tumour per group are indicated. The experiment is
representative of 5 similar experiments C) Survival curves for the different treatment groups (scored as tumour free), with
statistical differences indicated (log-rank Mantel-Cox test). D) Survival of aggregated EG7.OVA experiments comparing admix
to delayed CpG administration with statistics indicated (log-rank Mantel-Cox test).
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Figure 9 EG7.OVA cured mice can successfully reject rechallenge with EL4.LA tumour cells. Treatment was as in Fig 8. All mice
that rejected EG7.OVA were rechallenged with 1x106 EL4.LA cells in the opposite flank A) Tumour growth curves for EL4.LA
plotted for each mouse. Numbers of animals that rejected tumour per group are indicted B) Survival curve with statistics
indicated (log-rank Mantel-Cox test).
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3.3.2 In situ vaccination with a CpG and -GalCer administration in established EL4
Tumours
Next, it was investigated whether the intratumoural combination of -GalCer and CpG
could induce regression in mice bearing a tumour not expressing an immunodominant epitope
such as potentially provided by OVA. To this end, we utilised a similar experimental design as
above and treated EL4.LA tumours.
Treatment with repeated CpG, or a single dose of -GalCer, as single agents did not
cause tumours to regress completely. Intratumoural CpG as a single agent has been shown by
others to, at best, delay tumour growth with the occasional, rare tumour regression 211. However,
the combination treatment with admix -GalCer and CpG resulted in the majority of mice
showing complete regression, while all mice ultimately rejected tumours when CpG
administration was delayed by 6 hours (Fig 10). Overall these data suggest that combining TLR
ligation and iNKT cell activation through the intratumoural combination of CpG and -GalCer is
an effective therapy that involves targeting of antigens shared by the two T cell lymphoma lines,
and that while it remains possible that OVA may be targeted (to be explored later), expression of
this antigen is not necessary for rejection to occur. In general, this combination therapy is further
improved by delaying the first administration of CpG by 6 hours after α-GalCer.
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Figure 10 Intratumoural treatment of EL4.LA tumours with -GalCer and CpG leads to tumour regression. A) Tumour growth
curves plotted for each mouse. Treatment was with either with a single dose of a-GalCer (2g), repeated doses of CpG (25g per
dose), or a combination of both where a single dose of -Galcer (2g) was either given at the time of the first dose of CpG
(25g), or 6h prior to the first dose of CpG. Scheduling was as shown in figure 8A. The experiment shown is representative of 2
repeated experiments B) Survival curves for the different treatment groups, with statistical differences indicated (log-rank
Mantel-Cox test).
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3.3.3 Inducing abscopal effect in EL4 tumours
Next, it was investigated whether the treatment of a single tumour could result in the
regression of a distal untreated tumour. This is an essential question since intratumoural delivery
for cancer will not be a viable approach if every single tumour has to be injected as this is not
practical. To ensure that any weak abscopal effect was not missed, in initial experiments, the
distal tumour was engrafted later so that these tumours were smaller at the time of treatment. In
subsequent experiments, tumours were generated at the same time, and the same conclusions
were drawn. Thus, in the initial experiments, C57BL/6J mice were injected with 1 x 106 EL4
tumour cells into the right flank on day 0, and then two days later, 1 x 106 EL4 cells were
injected into the opposite flank. Treatment was initiated when the “treated” tumour reached
approximately 36 mm2 (day 5), and the distal tumour reached approximately 12 mm2. Mice were
injected intratumourally with the same dosing schedules used in earlier experiments.
Single-agent treatment was mostly ineffective; however, CpG alone treatment resulted in
regression in both tumours in one mouse. Throughout this thesis, on occasions, CpG as a single
agent occasionally eradicated tumours in a low percentage of mice. On the other hand, both the
admix of -GalCer and CpG and -GalCer with 6 hours delayed CpG resulted in a significantly
superior response, with the complete rejection of both treated and distal tumours, highlighting an
effective abscopal effect (Fig 11).
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Figure 11 Intratumoural treatment of EL4.LA tumours with a-GalCer and CpG leads to tumour regression and abscopal effect
A) Tumour growth curves plotted for each mouse, with graphs for injected tumours on the left, and untreated contralateral
tumours on the right. Treatment was with either with a single dose of a-GalCer (2g), repeated doses of CpG (25g per dose), or
a combination of both where a single dose of -GalCer (2g) was either given at the time of the first dose of CpG (25g), or 6h
prior to the first dose of CpG. Scheduling was as shown in the schema in Figure 8A. B) Survival curves for the different
treatment groups, with statistical differences indicated (log-rank Mantel-Cox test). The experiment shown is representative of 2
repeated experiments
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3.3.4 Inducing abscopal effect in EG7.OVA tumours
Following from the previous experiment, it was investigated whether regression could be
induced in bilaterally implanted EG7.OVA tumours. To do this, C57BL/6J mice were inoculated
with 1x106 EG7.OVA subcutaneously into both flanks at the same time on day 0. Unlike the
previous experiment, both tumours were roughly the same size. When tumours reached
approximately 36 mm2, treatment of the tumour on the right flank was initiated as described
previously in Fig 8a.
Again, single agents offered little protection against tumour challenge, while admixes of
-GalCer and CpG induced complete regression in some of the mice. Consistent with previous
observations, -GalCer with 6 hours delayed CpG induced complete regression in the majority
of mice of both their treated and untreated tumours (Fig 12). The regression rate in EG7.OVA
tumours was slightly lower than EL4.LA tumours, suggesting that the latter cell line may be
more immunogenic than the former (in line with earlier observations in the laboratory).
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Figure 12 Intratumoural treatment of EG7.OVA tumours with -GalCer and CpG leads to tumour regression and abscopal
effect. A) Tumour growth curves plotted for each mouse, with graphs for injected tumours on the left, and for untreated
contralateral tumours on the right. Treatment was with either with a single dose of a-GalCer (2g), repeated doses of CpG
(25g per dose), or a combination of both where a single dose of -GalCer (2g) was either given at the time of the first dose of
CpG (25g), or 6h prior to the first dose of CpG. Scheduling was as shown in the schema in Figure 8A. B) Survival curves for
the different treatment groups, with statistical differences indicated (log-rank Mantel-Cox test). The experiment shown is
representative of 2 repeated experiments
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3.3.5 Comparing the efficacy of different routes of administration
A pertinent question was whether the combination of -GalCer and CpG had to be
administered intratumourally to achieve a high cure rate. Would other routes of administration,
such as subcutaneous or peritumoural, be similarly effective at the same dose? To assess
subcutaneous treatment, therapy was injected into the forelimb of the mouse that was most distal
from the tumour (i.e. the left forelimb). The aim was to determine whether having the
compounds drain to a non-tumour draining lymph node (and potentially some systemic
circulation) would affect how the treatment performs. Peritumoural, on the other hand, involved
injecting the compounds around the tumour but not puncturing the tumour itself; this was to
address whether administering therapy near the tumour draining lymph node is sufficient, or was
the therapy required to be injected directly, potentially bypassing the fibrotic tissues surrounding
the tumours, to alter the tumour microenvironment.
For this experiment, C57BL/6J mice were inoculated with 1x106 EG7.OVA tumour cells
and treatment started when the tumours reached approximately 6x6 mm. The groups were as
follows: intratumourally administered PBS, intratumourally administered -GalCer with 6 hours
delayed CpG, subcutaneous -GalCer with 6 hours delayed CpG, and peritumoural -GalCer
with 6 h delayed CpG. The number of administrations was the same for all treatments and
followed the regimen as described in Fig 8a.
Of the three routes of administration, intratumourally administering -GalCer with 6
hours delayed CpG was the most effective at inducing tumour regression, with the majority of
the mice completely rejecting the tumours. On the other hand, peritumoural was dramatically
less effective with significantly reduced survival, and most mice just experiencing tumour
growth delay, while subcutaneous administration into the distal forelimb only induced tumour
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growth delay, and all animals ultimately succumbed to unchecked tumour growth (Fig 13). This
suggests that in order for the therapy to be maximally effective, the combination has to be
administered intratumourally. This result also lends credence to the fact that the systemic
circulation of the reagents via leakage from the injection site is not the primary cause of the
antitumour effect. If this were true, the subcutaneous administration would have been
efficacious. The reagents have to be in the tumour microenvironment to affect the immune
changes associated with the improved activity as evidenced by the low regression rate with the
peritumoural route.
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Figure 13 Intratumoural therapy is the most effective route of administration for -GalCer and CpG. Dosing schedule for the
combined was as in earlier experiments, with the first CpG delayed by 6 h, except that reagents were either administered
intratumourally (IT), subcutaneously (SC) or peritumorally (PT). A) Tumour growth curves plotted for each mouse (Scored as
tumour free). B) Survival curves for the different treatment groups, with statistical differences indicated (log-rank Mantel-Cox
test).
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3.3.6 In situ vaccination with a CpG and -GalCer administration in established B16-F1
tumours
Next, it was determined whether the therapeutic efficacy observed in the lymphoma
models translated over to different tumour types, particularly in less immunogenic solid tumours.
Mice engrafted with the murine melanoma cell line B16-F1 do not respond to immunotherapy
with immune checkpoint blockade (anti-PD-1 or anti-CTLA-4) in our hands (C.W. Tang,
personal communication, 2017), so this was considered to be a tumour of limited
immunogenicity. Others have also reported that the B16 tumour lines (B16-F1 and the more
metastatic version B16-F10) are poorly immunogenic

212,213

. However, the antigenicity is not

totally compromised, as the tumours could respond to strategies that enhance immunogenicity
214

. To assess intratumoural CpG and α-GalCer administration in B16-F1, C57BL/6J mice were

inoculated with 3.5 x 105 cells into the flank on day 0, and then once the tumours reached
approximately 36 mm2 (day 9), mice were treated with the single agents or combined therapy in
groups as described in Fig 8A. Intratumourally administered -GalCer with 6 hours delayed
CpG led to complete regression in some mice while admixing -GalCer and CpG, as well as
single agents, only led to a growth delay relative to PBS (Fig 14). The relatively low level of
tumour eradication with B16-F1 tumour is consistent with it being less immunogenic than the
lymphoma cell lines.
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Figure 14 In situ vaccination with α-GalCer and CpG in the B16-F1 tumour model. Dosing schedules were as in earlier
experiments A) Tumour growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with
statistical differences indicated (log-rank Mantel-Cox test). The experiment shown is representative of 2 repeated experiments.
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3.3.7 In situ vaccination with a CpG and -GalCer administration in established TC1
Tumours
Another poorly immunogenic tumour is TC1. The TC1 tumour cell line is a transformed
murine lung epithelial cancer cell line co-transfected with human papillomavirus (HPV)-16 E6
and E7 genes and the activated human Ha-ras (G12V) oncogene 215. Established TC1 derived
tumours are refractory to treatment by anti–4-1BB mAb and anti-PDL-1 mAb 216,217. To test
responses to the combined treatment C57BL/6J mice were inoculated with 1 x 105 TC1 tumour
cells into the flank on day 0, and when the tumours reached approximately 36 mm2 (day 9) mice
were treated intratumourally as before.
Unlike previously used tumour types, the intratumoural combination of -GalCer and
CpG, both as an admix and with delayed CpG, only resulted in a tumour growth delay relative to
PBS with no full regressions achieved (Fig 15). The combination of -GalCer and CpG is
therefore ineffective at eradicating a tumour of such low immunogenicity.
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Figure 15 In situ vaccination with α-GalCer and CpG in TC1 tumour model. Dosing schedules were as in earlier experiments A)
Tumour growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with statistical differences
indicated (log-rank Mantel-Cox test). Experiment shown is representative of 2 repeated experiments.
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3.3.8 Evaluation of liver toxicity of intratumoural delivery -GalCer + CpG
The systemic administration of-GalCer to induce activation of iNKT cells is known to
cause a transient elevation of liver function enzymes such as alanine transferase (ALT) when
given systemically in rodents 218, reflecting a phase of hepatotoxicity caused by activation of
liver-resident iNKT cells that peaks by 18 hours and resolves by 72 hours 219. It was anticipated
that intratumoural delivery of -GalCer should cause less of an increase in ALT since it is
primarily localised at the tumour and is not expected to be significantly exposed to the liver. In
order to test this, serum was collected 18 hours after mice were treated intratumourally with the
one dose of either PBS, CpG (25 g), -GalCer (2 g), or an admix -GalCer and CpG. In
addition, a group was treated with -GalCer followed 6 hours later with a single dose of CpG; in
this case, serum was collected 12 hours after CpG treatment. Serum was also collected from
mice that had been treated 18 hours prior with intravenous (i.v.) -GalCer (2 g), which is
known to induce an ALT rise, as a point of comparison. The serum was sent to Gribbles
Veterinary Services to analyse for ALT levels using an approved standard operating procedure. It
was found that while intratumourally delivered -GalCer, CpG or the combinations did increase
serum ALT levels slightly beyond the normal range seen in PBS (but not in a statistically
significant manner), the ALT levels were significantly lower than those mice that were
administered 2 g of -GalCer intravenously as a single agent (Fig 16) where one expects the
liver to be fully exposed to the reagents. This suggests that the intratumoural route of delivery is
resulting in less liver toxicity, and this is consistent with lower systemic exposure compared to
intravenous delivery. Although the differences in mean ALTs after the intratumoural treatments
were not significant compared to the mean of the vehicle-treated group, some of the individual
increases exceeded a 3-4 fold increase from normal range (range:14-56 IU/L representing 2.5th
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and 97.5th percentiles ) 220. Some limited leakage of reagents into circulation (and to the liver)
may, therefore, have occurred in these animals.

Figure 16 Intratumoural delivery of 2 gof -GalCer and 25 g of CpG results in lower alanine transaminase (ALT) levels
than intravenous delivery of -GalCer in the serum of mice collected via cheek bleeding 18 hours after the first treatment or 6
hours after CpG treatment in the case of -GalCer + CpG (6h). Statistically significant differences are indicated, + SEM,
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test, mean + SEM). The dotted line
represents the upper normal limit of ALT (reference range 14 – 56 IU/L for the 2.5 to 97.5 interval 220).
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3.4 Discussion
This chapter describes the development and optimisation of an intratumoural combination
of an iNKT cell agonist (-GalCer) and a TLR9 agonist (CpG) treatment strategy for the
treatment of various cancers. It has been shown that the local intratumoural administration of
CpG together with -GalCer was very effective in inducing the rejection of the tumours at both
the treated and distant sites in syngeneic lymphoma models. The success of this combination has
prompted the generation of multiple hypotheses regarding the mechanism of action which will be
explored further in later chapters using neutralising antibodies and knockout mice.
The intratumoural administration of the combination of -GalCer and CpG leads to an
effective, systemic and durable anti-tumour response. This anti-tumour response can eradicate
large established tumours in a subcutaneous lymphoma model, and induce memory. It was
notable that mice that were previously cured of genetically modified tumours expressing OVA
did not develop new tumours upon re-challenge with either the same tumour or the parental,
unmodified, cell line. This suggests that the immune system had been trained to recognise
antigen(s) endogenously expressed within the tumour, and not just through the artificial
introduction of a model antigen.
An interesting finding was that the anti-tumour response was improved when the
administration of CpG was delayed by 6 hours, highlighting the importance of time and order of
administration. It has previously been demonstrated that CD80 and CD86 were expressed at
higher levels when CpG was intravenously combined with α-GalCer and are likely to contribute
to the stronger proliferative responses and increased cytokine induction of the responder T cells
209

. Cell surface interactions are not the only factors however, as CpG was able to induce

significant levels of IL-12p70 in the absence of iNKT cell stimulation, and this was enhanced
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when combined with -GalCer 162. The variability in IL-12 responses supports the hypothesis
that plasticity in DC cytokine responses is modulated by pattern recognition 221,222. It has been
reported that IL-12p70 release requires a CD40 signal in the context of combined TLR and GalCer agonism 223, as CD40L-deficient animals were unable to demonstrate increases in IL12p70 after -GalCer administration 162. Thus, one of the critical signals provided by activated
iNKT cells to DCs is likely to be CD40L. Therefore, in the context of the delayed CpG
treatment, it is possible that iNKT cells needed to be activated first to license DCs to prime a T
cell response and induce CD40 ligation 224. Subsequent TLR9 activation of the “sensitised” DCs
then releases an abundance of IL-12 while pDCs concomitantly release type 1 IFN, as has been
reported with systemic administration of other TLR agonists after α-GalCer. This would be
supplemented with iNKT cells producing cytokines such as IFN- to help in the cytotoxic
response 11.
Previous data has shown that iNKT cell-dependent DC maturation is enhanced by the
cooperative action of TLRs on DCs in both murine and human systems 162. The increased
costimulatory capacity correlated with the induction of more potent T cell responses both in vitro
and in vivo. The antigen-specific T cell populations detected in the blood had a more substantial
proportion of cells with an effector phenotype (TE) when induced in the presence of both iNKT
cell and TLR stimulation 225,226. Furthermore, the provision of IL-12 at priming is closely
associated with improved intrinsic survival properties of memory CD8+ T cells 30,227.
Interestingly, combining TLR ligation with iNKT cell stimulation with co-administered OVA
antigen also results in high OVA-specific IgG responses 162. The data presented in this chapter
show that the combined treatment was associated with immunological memory, implying
involvement of adaptive immune cells. It remained to be established whether T cells, antibodies
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or perhaps both, contribute to the anti-tumour responses seen here. Applying the above
mechanistic rationale to the phenomena of delaying TLR agonism after iNKT cell stimulation, it
would seem that iNKT cell agonism is sensitising APCs to TLR stimulation leading to an
increased release of IL-12p70 as well as increasing CD80/86 expression. This could lead to
greater antigen cross-priming potential and thus better initiate a CD8+ T cell response, which
may be a key effector mechanism in the anti-tumour activity observed. This will be covered in a
later chapter.
Delineating the presence of a systemic immune response, mice that had bilateral tumours,
but only received intratumoural treatment into one of their tumours were able to successfully
reject both tumours in the form of the abscopal effect. The eradication of the contralateral tumour
may have been affected in multiple possible ways. First, the abscopal effect relies on the priming
of adaptive immune responses that then recirculate to the distal tumour. As noted, the fact that
memory responses are generated suggests that adaptive responses are indeed initiated. As the
priming of adaptive responses occurs in the lymphoid tissues, this process would rely on antigen
being transferred to the lymphoid tissues, either as free material, or loaded onto local APCs that
migrate to these tissues. It also possible that it is incorporated into dead or dying cells that access
lymphoid tissues. While CpG injected into the treated tumour could possibly stimulate tumourresident APCs to make the journey to the lymphoid tissues, the adjuvant effect of α-GalCer relies
on iNKT cells, which reside primarily in lymphoid tissues. Therefore, the α-GalCer also has to
be transferred to the lymphoid tissues, either as free material or loaded onto trafficking APCs. If
the abscopal effect involves priming of T cells, then the antigen and α-GalCer have to ultimately
be presented on the same DCs in the lymphoid tissues to receive the licensing signals from iNKT
cells that form the basis of the adjuvant effect of this compound. Second, it could rely on priming
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of adaptive immune responses locally in the tumour that then recirculate to the distal tumour.
This goes against the dogma that adaptive responses are initiated in lymphoid tissues, and would
potentially have to rely on there being established tertiary lymphoid tissues (lymph node-like
structures that form near the sites of chronic inflammation) in the tumour. iNKT cells would also
have to be in the tumour to invoke their cellular adjuvant properties, which is unlikely based on
other data from our lab, with few iNKT cells seen at baseline in any of our tumour models.
Third, it could rely on boosting of existing adaptive immune responses that have already made it
to the tumour. There was only limited time for an endogenous response to have developed, but it
is possible that this was enhanced in both the tumour and lymphoid tissues. Finally, it is possible
that the whole process is mediated by an innate response, perhaps involving iNKT cells and NK
cells, although this would require the formation of “innate-memory” cells, which has been
described for NK cells 228 and iNKT cells 229. Similar to the previous points above, in order to
involve iNKT cells, the α-GalCer would ultimately have to be presented on DCs in the lymphoid
tissues, so leakage from the tumour, or transfer on the APCs would need to be involved. It may
also be a mixture of these hypotheses with adaptive responses initiated within the lymphoid
tissues and sustained (and potentially boosted) through repeated CpG administration, which may
also favour the infiltration and activity of iNKT cells and NK cells.
As several of these concepts are reliant on α-GalCer reaching lymphoid-resident iNKT
cells, it was notable that there was not a statistically significant increase in average ALT rise
typical of activation of resident iNKT cells; this was interpreted to mean α-GalCer did not leach
from the tumour to access the liver via the blood. However, in some individual animals, ALT
increases were observed with intratumoural treatment that were well above the normal range,
suggesting that liver iNKT cells can be accessed with the intratumoural treatment. Given that the
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kinetics of any α-GalCer release from the tumour are unknown, it is possible that a measurable
peak in the process was missed, or that only very low quantities are involved that don’t always
cause hepatotoxicity. Although the transient hepatotoxicity associated with α-GalCer is
heightened in rodents because of the high number of iNKT cells in the liver, this was not seen
with intravenous α-GalCer in a human safety study 155. Nonetheless, a reduced toxicity profile
with intratumoural treatment would be an advantage to this approach.
In immunogenic tumours such as EL4.LA and EG7.OVA lymphoma models, the
combination is highly effective as an in situ vaccine leading to complete eradication of tumours
in the majority of mice. On the other hand, with less immunogenic tumours such as the TC1 or
B16 tumour models, the use of the combination of iNKT cells agonist and TLR9 agonist was not
as effective. Only growth delay was observed with TC1, and only a small fraction of B16 mice
achieved full regression. Chapter 7 will outline approaches to successfully overcoming this
limitation.
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Chapter 4
Delineating the role of different immune cell subsets in -GalCer + CpG
treatment strategy

4.1 Introduction
It is well known that both activation of iNKT cells with -GalCer, and stimulation of
TLR9 with CpG, can recruit a plethora of innate and adaptive immune cells including CD8+ T
cells, pDCs, iNKT cells, cDC1s and stimulate B cells to produce antibodies. Having established
that the combination of -GalCer and CpG administered intratumourally is an effective antitumour therapy in the mouse, it was next determined what cell types were implicated in the
efficacy of the combination therapy. Given that memory responses were observed, the
differentiation of CD8+ T cells into CTLs could be critical. Several studies have suggested that
direct lysis of tumour cells by CTLs through contact 230,231 as well as indirect effects of cytokine
signalling by activated T cells, in particular, IFN are important in tumour control 232,233.
Mechanistically, to stimulate T cell responses including CTL, it is thought that DCs within the
tissue take-up antigen and migrate to a draining LN via afferent lymphatic vessels or that
antigens that are released into the lymph or circulation are acquired by lymphoid-resident DCs.
In general, DCs can be subdivided into conventional (cDC), plasmacytoid (pDC) or monocytederived (MoDC) subsets 234. Of relevance here, pDCs (identified in mice by expression of Siglec
H) are major producers of type I IFN, while cDC are regarded as the most efficient activators of
naïve T cells. The latter can be delineated into two major subsets; cDC1 (which express Clec9a),
which are known to have a strong capacity for cross-presentation to CD8+ T cells and produce
IL-12 to aid in the differentiation of naïve T cells 84,234–236, and cDC2, which have a strong
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capacity to promote the CD4+ T cell effectors required for a variety of anti-viral, anti-fungal or
anti-helminth responses, as well as the production of IL-23 which mobilises T helper 17 cells
responsible for immunity against pathogens 84,236,237. Here, T cells were hypothesised to be
involved in the response to intratumoural CpG and α-GalCer, with CD8+ T cells in particular
previously shown to be effectively stimulated via iNKT cell-mediated adjuvancy 142,143,238
leading to peptide-peptide specific memory generation. If true, specific removal of CD8+ T cells
would abrogate the anti-tumour response and anti-tumour memory. As CD8+ T cells require
antigen to be cross-presented to them in order to differentiate and mount an immune response, it
stands to reason that cDC1s may also be involved; thus their removal could also strongly hamper
the anti-tumour response.
Administration of CpG is known to activate pDCs, which through the production of type
I IFN can potentially induce activation of cDC 239. The CpG treatment could also activate other
key effectors such as neutrophils 210, macrophages 240, B cells 241 and NK cells 242. Therefore, it
was hypothesized that removal of pDCs would negatively impact the anti-tumour response via a
reduction in the production of type I IFN. As the effective intratumoural treatment used here
required α-GalCer in addition to CpG, the effector properties of iNKT cells must have been
involved, either as anti-tumour effectors in their own right 243 or indirectly by facilitating
licensing of APCs to prime T cells 243. Interestingly, activated iNKT cells also provoke systemic
responses that mediate increased DC migration to draining lymph nodes 244. Again, a way to test
for the involvement of iNKT cells is to examine responses in animals where these cells are
ablated or severely reduced.
As CpG is known to stimulate B cells and the combination therapy has been
demonstrated to generate an immunological memory against cancers in remission, it was
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possible that antibodies produced by plasma B cells might play a role in the anti-tumour
response. If true, one way to test this is to establish whether antibodies found in the serum of
mice that had undergone remission could protect naïve animals from tumour challenge.
The role of various cell types could also be elucidated by depletion through various
means. The first two methods involve conditional ablation of specific cell types and to study the
effects of removing these cells in otherwise healthy mice. First, mice can be treated with
antibodies against a defined marker of a target cell (CD8, CD1d, etc.), which would tag cells
expressing that marker for removal from circulation via induction of antibody-dependent cell
cytotoxicity (ADCC), phagocytosis, or complement-dependent cytotoxicity (CDC) 245. The
second method of depletion is to use diphtheria toxin receptor (DTR)-guided ablation of specific
cell types in transgenic mice. Mice are known to be resistant to diphtheria toxin, so transgenic
mice have been generated that express the human DTR on specific cell types, making the cells
sensitive to the toxin. In this way, upon administration of diphtheria toxin, the cells expressing
the DTR will be depleted, while the mice will remain relatively healthy and normal 246. The final
method involves genetically knocking-out specific cell types, making the animals deficient from
birth. While this method guarantees complete removal of a cell type, results do have to be
considered carefully as there are examples where the immune system compensates for the
absence of this cell type, altering the immune environment and its cell populations from what
they would normally be 247,248.
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4.2 Aims
The goal of the studies in this chapter was to identify what cells were involved in the
anti-tumour response of the combination of -GalCer and CpG. To do this a number of different
approaches to depletion of specific cell-types were used. Specifically, the aims were to:


Determine the role of CD8+ Cells



Determine the role of Clec9a+ cells (cDC1 cells)



Determine the role of Siglec-H+ cells (pDC)



Determine the role of iNKT cells



Determine the protective effect of serum produced as a result of treatment
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4.3 Results

4.3.1 Determining the impact of -GalCer and CpG on peptide-specific T cell responses.
The syngeneic EG7.OVA model is convenient as it enables the analysis of immune
responses a tumour-associated antigen, albeit an artificially introduced one. As noted earlier,
EG7.OVA cells are mouse thymoma EL4 cells stably transfected with the complementary DNA
encoding full OVA protein and thus express OVA epitopes as unique antigens modelling a
tumour-associated neoantigen. This cell line is a model system for studying antigen-specific
immune responses of cytotoxic T lymphocytes in mice, as the dominant CD8+ T cell epitope for
OVA in C57BL/6 mice (an H-2 Kb-binding peptide, OVA257–264) is known, and fluorescent
MHC/peptide pentamers (“OVA pentamers”) are available for analysis by flow cytometry. It was
therefore determined whether intratumoural -GalCer and CpG could induce an OVA-specific
immune response in this model. Cohorts of tumour-bearing mice were separately treated with
vehicle (PBS), -GalCer, CpG, a combination of -GalCer and CpG, or a combination where the
first CpG dose was delayed by 6 hours. The dosing regimen was as in previously presented
experiments.
Blood was collected for analysis of immune cells by flow cytometry 7 days after the
beginning of treatment, when all tumours are typically still progressing (but before the start of
regression which usually begins around day 11). To detect OVA-specific T cells, fluorescent
MHC/peptide pentamers were used in combination with antibodies for CD8, and the activation
markers CD44 (which is upregulated on activated cells), KLRG1 is upregulated on effector T
cells, and CD62L is upregulated on central memory T cells. The gating strategy, with
fluorophores used for each antibody, is provided in Fig 17. For each antibody, titrations were
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performed to optimise staining. An example titration is provided in Supplementary Fig 2. From
the flow cytometry analysis, the percentage of OVA-specific T cells, defined as CD8+ OVA
pentamer+ cells, was not significantly different between groups and there were too few cells
detected to reliably infer activation status (Fig 18a). When looking at the overall percentages of
CD8+ T cells, irrespective of TCR-specificity, there was some variation, with no consistent
significant trends associated with treatment (Fig 18b). When focusing on activated CD8+ T cells,
again irrespective of specificity, the percentage of CD44+KLRG1+ T cells had an increased trend
with all treatment groups as compared to the untreated arm, indicating a potential switch to an
effector phenotype (Fig 18c), although this did not reach statistical significance. This suggests
that OVA may not be involved in the immune response to EG7.OVA in this treatment model.
However, it remained possible that OVA-specific responses were sequestered to the tumour or
lymph node. Analysis of the tumour infiltrating lymphocytes, as well as cells in the tumour
draining lymph nodes and other lymphoid tissues was therefore required to shed better light on
the cells involved, rather than simply evaluating the percentage of these cells in the blood.
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Figure 17 Gating strategy for CD8+ T cells with OVA-pentamer+, CD44+, CD62L+, and KLRG1+ subsets. Antibodies (CD1d
tetramer-BV421, LY6c-eF450, Ki67-BV480, CD3-BV510, CD11b-BV570, NK1.1-BV650, CD127-BV711, CD44-BV750, CD45BV786, CD19-FITC, FoxP3-AF532, OVA pentamer-PE, SCA-1-PE-CF594, CD69-PerCP-Cy5.5, PD-1-PE-Cy7, CD62L-AF647,
KLRG1-APC, CD4-APC-H7, CD8-AF700)
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Figure 18 The combination of -GalCer and CpG does not increase OVA-specific CD8+ T cells in the blood collected 7 days
after the start of treatment. A) Analysis of OVA-pentamer+ CD8+ T cells showed that treatment did not induce an increase in
OVA-specific CD8+ T cells in the blood compared to vehicle. B) Treatment did not induce changes in the overall CD8+ T cell
population. C) The administration of a-GalCer (as a single agent or in combination with CpG) had a trend towards increasing
the frequency of CD44+ KLRG1+ CD8+ T cells in the blood, but not in a significant manner. Statistically significant differences
are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test). Gating
strategies and antibodies in figure 17.
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-GalCer and CpG induce changes in CD8 and iNKT cell populations in the tumours,
spleen and draining lymph node
To follow up on the previous experiment, it was next determined whether increases in
OVA-specific T cells could be detected in the tumour, spleen or draining lymph node (dLN) in
animals bearing EG7.OVA tumours subjected to treatment. In addition, to further elucidate what
other lymphocytes were being modulated by treatment, particularly CD4+ T cells, regulatory T
cells, iNKT cells and B cells, a broader panel of antibodies was used to examine the anti-tumour
response to intratumoural -GalCer and CpG in the tumours and lymphoid tissues harvested 7
days post-treatment. This time point was chosen when tumours were still progressing
immediately before the start of regression with effective treatment, which was when phenotypic
changes in keys effectors, such as the T-cell population, might be expected to peak. The tumours,
spleen, and dLN were processed into a single cell suspension and analysed via flow cytometry.
The experiment was conducted in hosts on a C57BL/6 background with congenic expression of
the CD45.2 isoform (whereas C57BL/6 express CD45.1) so that the immune infiltrate could be
distinguished from the EG7.OVA tumour cells themselves, which are a T cell lymphoma derived
from C57BL/6 animals and therefore express CD45.1. Also, importantly, each animal was
challenged with two tumours, with only one treated, so that analysis of both tumours might
define the lymphocytes associated with the induced abscopal effect. A series of antibody panels
were used, with the expression of CD45.2 used to define immune cells. Of T cells, it was
possible to delineate OVA-specific T cells (CD45.2+ CD8+ OVA pentamer+), all T cells
(CD45.2+ CD3+), CD4+ T cells (CD45.2+ CD3+ CD4+), and CD8 T cells (CD45.2+ CD3+ CD8+)
and regulatory T cells (CD45.2+ CD3+ CD4+ FoxP3+). The use of antibodies to activation
markers enabled the T cell populations to be further broken down into CD4+ naïve T cells

139

(CD45.2+ CD3+ CD4+CD62L+), CD4+ central memory T cells (CD45.2+ CD3+
CD4+CD44+CD62L+), CD4+ effector memory T cells (CD45.2+ CD3+ CD4+CD44+KLRG1-),
CD4+ short lived effector T cells (CD45.2+ CD3+ CD4+CD44+KLRG1+), and CD8+ naïve T cells
(CD45.2+ CD3+ CD8+CD62L+), CD8 central memory T cells (CD45.2+ CD3+
CD4+CD44+CD62L+), CD8+ effector memory T cells (CD45.2+ CD3+ CD8+CD44+KLRG1-),
CD8+ short-lived effector T cells (CD45.2+ CD3+ CD8+CD44+KLRG1+). For analysis of iNKT
cells, fluorescent α-GalCer-loaded CD1d tetramers (“CD1d tetramers”) were used to define
iNKT cells among the T cell population (CD45.2+CD1d tetramer+ CD3+). The iNKT cell
population could be broken down further into the recognised phenotypes CD4- NK1.1- iNKT
cells (CD45.2+CD1d tetramer+ CD3+CD4-NK1.1-), CD4+ iNKT cells (CD45.2+CD1d tetramer+
CD3+CD4+), NK1.1+ iNKT cells (CD45.2+CD1d tetramer+ CD3+NK1.1+) CD4+ NK1.1+ iNKT
cells (CD45.2+CD1d tetramer+ CD3+CD4+NK1.1+ ) and B cells (CD45+CD19+). The gating
strategy for each cell-type, with each fluorophore used, is presented in fig 19.
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Figure 19 Gating strategies for B cells, Tregs, CD4+, CD8+ and iNKT cells. Antibodies (CD1d tetramer-BV421, LY6c-eF450,
Ki67-BV480, CD3-BV510, CCD11b-BV570, NK1.1-BV650, CD127-BV711, CD44-BV750, CD45-BV786, CD19-FITC, FoxP3AF532, OVA pentamer-PE, SCA-1-PE-CF594, CD69-PerCP-Cy5.5, PD-1-PE-Cy7, CD62L-AF647, KLRG1-APC, CD4-APCH7, CD8-AF700). Panel design and flow cytometry analysis was conducted in collaboration with Laura Ferrer-Front and
Phoebe Harmos.
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4.3.2.1 Immune profile of the tumour
In the tumour, there were no significant changes detected in the frequency of OVAspecific T cells (Fig 20). Perhaps surprisingly, there were very few changes in all conventional T
cell populations. Tregs were reduced in tumours treated with either CpG or the combination of
CpG and -GalCer (Fig 21A), though only CpG treatment as a single agent induced a reduction
in the frequency of Tregs in treated tumours compared to untreated (contralateral) tumours (Fig
21B). There were no notable changes in the CD4+ T cell populations (Fig 22). As for the CD8+ T
cell population, there was no significant difference in the overall population (Fig 23A), but when
broken down into different phenotypes, there was a trend towards the increased frequency of
short-lived effector CD8+ T cells with treatment, but this was only significant in the treated
tumours of CpG treated mice (Fig 23G).
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Figure 20 Intratumoural combination therapy of GalCer and CpG does not increase the frequency of OVA-specific CD8+ T
cells in tumours. A) Both treated and untreated (contralateral) tumours exhibited no change in OVA-specific T cells as a result of
treatment. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA
with Tukey’s Post-Hoc Test). B) -GalCer and CpG combination therapy does not induce differences between treated and
untreated tumours. Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).
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Figure 21 Intratumoural combination therapy of -GalCer and CpG decreases the proportion of regulatory T cells (Tregs) in
treated tumours relative to -GalCer and vehicle. A) Tumours treated with the combination saw a significant reduction in Tregs
relative to either vehicle or -GalCer as a single agent. Untreated tumours saw no statistically significant differences between
groups. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA
with Tukey’s Post-Hoc Test). B) -GalCer and CpG combination therapy does not induce differences between treated and
untreated tumours, however, CpG treated tumours saw a significant reduction in Tregs compared to untreated tumours.
Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).
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Figure 22 Intratumoural combination therapy of -GalCer and CpG does not induce significant changes in the CD4+ T cell
populations in tumours. A) Treated and untreated tumours saw no changes in the overall CD4 + T cell population. B) Treated
tumours showed no significant differences to untreated (contralateral tumours) in terms of the overall CD4+ T cell population. C)
Treated and untreated tumours saw no changes in the CD4 + T cell central memory population. D) Treated tumours showed no
significant differences to untreated (contralateral tumours) in the CD4+ T cell central memory population. E) Combination
therapy did not induce changes in the effector memory population. F) Treated tumours did not show significant differences to
untreated tumours in the effector memory population. G) Treatment did not induce significant changes in the short lived effector
population. H) Treated tumours did not show significant differences to untreated (contralateral tumours) for the short lived
effector population. I) Combination therapy did not induce changes in the naïve CD4 + T cell population in both treated and
untreated tumours. J) Treated tumours showed no differences in the naïve CD4 + T cell population compared to untreated,
contralateral tumours. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (OneWay ANOVA with Tukey’s Post-Hoc Test). Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).
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Figure 23 Intratumoural combination therapy of -GalCer and CpG does not induce significant changes in the CD8+ T cell
populations in tumours. A) Treated and untreated tumours saw no changes in the overall CD8 + T cell population. B) Treated
tumours showed no significant differences to untreated (contralateral tumours) in terms of the overall CD8+ T cell population. C)
Treated and untreated tumours saw no changes in the CD8 + T cell central memory population. D) Treated tumours showed no
significant differences to untreated (contralateral tumours) in the CD8+ T cell central memory population. E) Combination
therapy did not induce changes in the effector memory population. F) Treated tumours did not show significant differences to
untreated tumours in the effector memory population. G) CpG induced a significant increase in short lived effectors over vehicle.
H) Treated tumours did not show significant differences to untreated (contralateral tumours) for the short lived effector
population. I) Combination therapy did not induce changes in the naïve CD8 + T cell population in both treated and untreated
tumours. J) Treated tumours showed no differences in the naïve CD8+ T cell population compared to untreated, contralateral
tumours. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA
with Tukey’s Post-Hoc Test). Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).

Of particular note, there was an increase in the frequency of iNKT cells with the
combined treatment over controls that was not seen with α-GalCer alone, suggesting the
additional CpG treatment facilitated this accumulation. This was seen in both the treated and
untreated tumours (Fig 24A). When broken down into the subpopulations, no strong conclusions

150

could be drawn, although there was an increase in CD4+ iNKT cells with the combined
treatment, which was significant in the untreated tumours, (Fig 24E), while there was a reduction
in NK1.1+ iNKT cells (Fig 24G). This reduction is possibly due to the downregulation of NK1.1
when iNKT cells are activated. When directly comparing untreated tumours to treated tumours
the only significant difference was when CpG alone was used, with an increase in the frequency
of NK1.1+ iNKT cells observed in treated tumours relative to untreated (Fig 24H). As for B cells,
there was no significant change to the population in the tumours associated with treatment (Fig
25).
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Figure 24 Intratumoural combination therapy of -GalCer and CpG induces significant changes to the iNKT cell populations in
tumours. A) Combination therapy treated tumours saw a significant increase in the frequency of iNKT cells compared to vehicle
and CpG treated tumours. In the untreated (contralateral) tumours, combination therapy also induced significant increases in
iNKT cell frequency compared to vehicle or CpG treated animals. B) Treated tumours showed no significant differences to
untreated (contralateral tumours) in terms of the overall iNKT cell population. C) Treated and untreated tumours saw no
changes in the CD4- NK1.1- iNKT cell population. D) Treated tumours showed no significant differences to untreated
(contralateral) tumours for the CD4- NK1.1- iNKT cell population. E) Combination therapy induced an increase in CD4 +iNKT
cell frequency in untreated tumours compared to untreated tumours on vehicle and CpG treated animals. F) Treated tumours did
not show significant differences to untreated tumours in the CD4 + iNKT cell population. G) CpG treatment induced a significant
increase in NK1.1+ iNKT cells compared to combination therapy in treated tumours. H) CpG treated tumours saw a significant
increase in NK1.1+ iNKT cells compared to untreated (contralateral tumours). I) Combination therapy did not induce significant
changes in CD4+NK1.1+ iNKT cell population in both treated and untreated tumours. J) Treated tumours showed no differences
in the CD4+NK1.1+ iNKT cell population compared to untreated, contralateral tumours. Statistically significant differences are
indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test). Statistically
significant differences are indicated (Wilcoxon Signed-Rank Test).
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Figure 25 Intratumoural combination therapy of GalCer and CpG does not increase the frequency of B cells in
tumours. A) Both treated and untreated (contralateral) tumours exhibited no change in B cell frequency as a result of treatment.
Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with
Tukey’s Post-Hoc Test). B) -GalCer and CpG combination therapy does not induce differences between treated and untreated
tumours. Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).

4.3.2.2 Immune profile of the tumour draining lymph node
In the tumour draining lymph node, flow cytometric analysis demonstrated that, as
observed in the blood and tumour, there was no significant change in the frequency of OVAspecific T cells between treatment groups (Fig 26A). Accordingly, there was also no significant
change in the frequency of OVA-specific T cells between lymph nodes draining from the treated
or untreated tumours for each of the treatments (Fig 26B).
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Figure 26 Intratumoural combination therapy of GalCer and CpG does not increase the frequency of OVA-specific CD8+ T
cells in the draining lymph node (dLN). A) Both dLNs near treated and untreated (contralateral) tumours exhibited no change in
OVA-specific T cells as a result of treatment. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test). B) -GalCer and CpG combination therapy does not induce
differences between dLNs near treated and untreated tumours. Statistically significant differences are indicated (Wilcoxon
Signed-Rank Test).

Interestingly, the combination induced a significant reduction in the frequency of
regulatory T cells in the treated tumour dLN compared to vehicle or α-GalCer-treatment alone;
however, this was not observed in the untreated tumours, suggesting it was a local effect related
to the treatment (Fig 27A and B). There was no significant difference in the CD4+ T cell
populations (Fig 28). For the CD8+ T cell population, the combination treatment induced an
increase in CD8+ T cell frequency in dLNs draining the treated tumours compared untreated
tumours in the group, perhaps reflecting a site of priming (Fig 29B). The dLN of treated tumours
of combination therapy treated mice saw an increase in the frequency of CD8+ central memory
cells compared to the dLN of the untreated tumours (Fig 29D). Similarly, there was an increase
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in the frequency of short-lived effector cells as a result of combination therapy in the dLN of
treated tumours compared to untreated tumours (Fig 29H).

Figure 27 Intratumoural combination therapy of -GalCer and CpG decreases the proportion of regulatory T cells (Tregs) in
dLN near treated tumours relative to -GalCer and vehicle. A) dLN near tumours treated with the combination saw a significant
reduction in Tregs relative to either vehicle or -GalCer as a single agent, CpG also induced a significant reduction in Tregs
compared to vehicle. Untreated tumours saw no statistically significant differences between groups. Statistically significant
differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test). B)
-GalCer and CpG combination therapy induced a reduction in Tregs in dLN near treated tumours compared to dLN near
untreated tumours. Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).
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Figure 28 Intratumoural combination therapy of -GalCer and CpG does not induce significant changes in the CD4 + T cell
populations in dLN. A) dLN near treated and untreated tumours saw no changes in the overall CD4 + T cell population. B) dLN
proximal to treated tumours showed no significant differences to dLN near untreated (contralateral tumours) in terms of the
overall CD4+ T cell population. C) Treated and untreated tumours saw no changes in the CD4 + T cell central memory
population. D) dLN near treated tumours showed no significant differences to dLN proximal to untreated (contralateral tumours)
in the CD4+ T cell central memory population. E) Combination therapy did not induce changes in the effector memory
population. F) dLN near treated tumours did not show significant differences to dLN near untreated tumours in the effector
memory population. G) Treatment did not induce significant changes in the short-lived effector population. H) CpG treatment
induced increases in CD4+ T cell short-lived effectors in the dLN of treated tumours compared to the dLN of untreated tumours..
I) Combination therapy did not induce changes in the naïve CD4+ T cell population in the dLN of both treated and untreated
tumours. J) Combination therapy increased the frequency of naïve CD4+ T cells in the dLN of treated tumours compared to the
dLN of untreated tumours. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
(One-Way ANOVA with Tukey’s Post-Hoc Test). Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).
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Figure 29 Intratumoural combination therapy of -GalCer and CpG does not induce significant changes in the CD8 + T cell
populations in dLN. A) dLN near treated and untreated tumours saw no changes in the overall CD8 + T cell population. B) dLN
near treated tumours showed significant increases in CD8+ T cells relative to dLN near untreated (contralateral tumours). C)
Combination therapy induced a reduction in central memory CD8 + T cells in dLN near untreated tumours compared to GalCer treated animals. D) dLN near combination therapy treated tumours showed a significant increase in central memory
CD8+ T cells compared to untreated (contralateral tumours). E) Combination therapy did not induce changes in the effector
memory population. F) dLN near treated tumours did not show significant differences to untreated tumours in the effector
memory population. G) Combination therapy did not induce changes in the short-lived effector population. H) Combination
therapy induced a significant increase in the frequency of short-lived effector CD8+ T cells in dLN near treated tumours
compared to dLN near untreated (contralateral tumours). I) Combination therapy did not induce changes in the naïve CD8 + T
cell population. J) dLN near treated tumours showed no differences in the naïve CD8+ T cell population compared to dLN near
untreated tumours. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (OneWay ANOVA with Tukey’s Post-Hoc Test). Statistically significant differences are indicated (Wilcoxon Signed-Rank Test).

The combination induced increases in the iNKT cell population in the dLN of treated
tumours compared to the dLN of either vehicle or CpG treated tumours (Fig 30A). Furthermore,
combination therapy treated mice saw an increase in iNKT cells in the dLN of the treated tumour
compared to their untreated tumours (Fig 30B). Of note, there were also associated increases in
CD4+ iNKT cells (Fig 30E) with increases also being seen when comparing untreated dLN to
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treated dLN of combination therapy, and CpG treated mice, perhaps indicating this increase is
due to CpG (Fig 30F). There was also a reduction in NK1.1+ iNKT cells compared to CpG alone
(Fig 30G), which seems to be -GalCer treatment mediated as there is a decrease in NK1.1+
iNKT cells in the dLN of tumours treated with either -GalCer or combination therapy (Fig
30H). This may be due to the downregulation of NK1.1 due to iNKT cells being activated. As for
the CD4+NK1.1+ iNKT cells, there was a significant decrease when the population of
CD4+NK1.1+ iNKT cells in the dLN of treated tumours compared to the dLN of untreated
tumours for -GalCer, and combination therapy treated mice (Fig 30J).
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Figure 30 Intratumoural combination therapy of -GalCer and CpG induces significant changes to the iNKT cell populations in
the draining lymph node. A) The dLN of combination therapy treated tumours saw a significant increase in the frequency of iNKT
cells compared to vehicle and CpG treated tumours. B) The dLN of combination therapy treated tumours showed a significant
increase in iNKT cells compared to the dLN of untreated tumours. C) The dLN of CpG treated tumours saw a significant increase
in the CD4- NK1.1- iNKT cell population compared to the dLN of -GalCer or combination therapy treated tumours. D) The dLN
of CPG treated tumours saw a significant decrease in CD4- NK1.1- iNKT cells compared to the dLN of untreated (contralateral)
tumours. E) Combination therapy and -GalCer mono-therapy induced an increase in CD4+ iNKT cell frequency in the dLN of
tumours compared to the dLN of treated tumours in CpG and vehicle-treated animals. F) The dLN of -GalCer and combination
therapy treated tumours had a significant increase in CD4+ iNKT cells compared to the dLN untreated (contralateral) tumours in
the CD4+ iNKT cell population. G) The dLN of combination therapy treated tumours induced a significant reduction in NK1.1 +
iNKT cells compared to the dLN of CpG treated tumours. H) ) The dLN of -GalCer and combination therapy treated tumours
had a significant decrease in NK1.1+ iNKT cells compared to untreated (contralateral tumours). I) Combination therapy did not
induce significant changes in CD4+NK1.1+ iNKT cell population in the dlN of both treated and untreated tumours. J) The dLN of
a-GalCer and combination therapy treated tumours showed decreases in the CD4 +NK1.1+ iNKT cell population compared to the
dLN of untreated (contralateral tumours). Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test). Statistically significant differences are indicated (Wilcoxon
Signed-Rank Test).
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Interestingly, the CpG treated groups had an increase in the frequency of B cells in the
dLN of treated tumours (Fig 31A). There were increases in the frequency of B cells in the dLN
of treated tumours in mice treated with -GalCer, CpG, or combination therapy treated mice,
compared to the dLN of untreated tumours (Fig 31B).

Figure 31 Intratumoural combination therapy of GalCer and CpG increases the frequency of B cells in the dLN of treated
tumours. A) In the dLN of treated tumours, combination therapy induced a significant increase in B cells compared to vehicle in
a similar manner as CpG; while CpG induced and increase in B cells over -GalCer and vehicle. In untreated tumours, CpG
induced an increase in B cells compared to vehicle. Statistically significant differences are indicated *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test). B) -GalCer and CpG combination therapy, as
well as CpG or -GalCer monotherapy, induce significant increases in B cells in the dLN of treated tumours and compared to
the dLN of untreated tumours. Statistically differences are indicated (Wilcoxon Signed-Rank Test).
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4.3.2.3 Immune profile of the spleen
In the spleen, there were also no significant changes in the frequency of OVA-specific T
cells (Fig 32). Similarly, there was also no change in the Treg population (Fig 33). The CD4+ T
cell population saw a reduction when treated with either the combination of -GalCer and CpG
or when treated with CpG alone (Fig 34A); however, there was no significant difference within
the CD4+ T cell subpopulations (Fig 34B-E). As for the CD8+ T cell population, the combination
of -GalCer and CpG induced an increase in the frequency of central memory CD8+ T cells (Fig
35B) compared to -GalCer alone, an increase in effector memory CD8+ T cells compared to
vehicle (Fig 35C), and a reduction in naïve CD8+ T cells compared to vehicle (Fig 35E). In
general, these data indicate activation of CD8+ T cells is a consequence of therapy, which tends
to be enhanced with the combined treatment.
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Figure 32 Intratumoural combination therapy of GalCer and CpG does not increase the frequency of OVA-specific CD8+ T
cells in the spleen. A) Treatment did not induce changes in OVA-specific T cells in the spleen. Statistically significant differences
are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test).
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Figure 33 Intratumoural combination therapy of -GalCer and CpG does not induce changes in the proportion of regulatory T
cells (Tregs) in the spleen. A) a-GalCer and CpG combination therapy did not induce significant changes in the Treg population
in the spleen. Statistically significant differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way
ANOVA with Tukey’s Post-Hoc Test).
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Figure 34 Intratumoural combination therapy of -GalCer and CpG induces a reduction in the CD4+ T cells in the spleen. A)
Treatment with CpG or combination therapy induced a significant reduction in the frequency of CD4 + T cells in the spleen. B)
Treatment induced no significant differences in the CD4+ T cell central memory population. C) Treatment induced no significant
differences in the CD4+ T cell effector memory population. D) Treatment induced no significant differences in the CD4+ T cell
short-lived effector population. E) Treatment induced no significant differences in the naïve CD4+ T cell Statistically significant
differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test).

175

Figure 35 Intratumoural combination therapy of -GalCer and CpG does not induce significant changes in the CD8 + T cell
subpopulations in the spleen. A) Treatment induced no changes in the overall CD8 + T cell population. B) Combination therapy
induced significant increases in central memory CD8+ T cells compared to -GalCer treated animals. C) Combination therapy
induced a significant increase in CD8+ effector memory T cells in the spleen relative to vehicle. D) Treatment induced no
significant changes in the CD8+ T cell short-lived effector population. E) Combination therapy induced a decrease in the naïve
CD8+ T cell population in the spleen relative to vehicle, with CpG showing a similar decrease. Statistically significant
differences are indicated *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test).
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Similarly to in the tumour, the combination led to a significant increase in the frequency
of splenic iNKT cells (Fig 36A). Within the iNKT cell subpopulations, there was an increased
frequency of CD4+ iNKT cells (Fig 36B) and CD4-NK1.1- iNKT cells (Fig 34C). However, there
was a reduction in CD4+NK1.1+ iNKT cells (Fig 36D) and NK1.1+ iNKT cells (Fig 36E), which
fits with the concept that iNKT cell activation is associated with downregulated expression of
NK1.1.
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Figure 36 Intratumoural combination therapy of -GalCer and CpG induces significant changes to the iNKT cell populations in
the spleen. A) Combination therapy significantly increased the frequency of iNKT cells in the spleen compared to CpG and
vehicle. -GalCer induced a statistically significant increase in iNKT cells over vehicle. B) Treatment with -GalCer, CpG or
combination therapy resulted in an increase in CD4+ iNKT cells in the spleen. C) Treatment with CpG and combination therapy
induced a significant increase in CD4-NK1.1- iNKT cells in the spleen. D) Treatment with a-GalCer, CpG or combination
therapy significantly reduced the frequency of CD4+NK1.1+ iNKT cells compared to vehicle. E) Treatment with -GalCer, CpG
or combination therapy significantly reduced the frequency of NK1.1+ iNKT cells compared to vehicle, in addition, combination
therapy induced a significant reduction relative to -GalCer. Statistically significant differences are indicated *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test).
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Unlike in the tumours and associated dLNs, there were no significant differences in the
frequency of B cells in the spleen between the treatment groups (Fig 37). This may suggest that
B cell priming by the treatments may be a localised phenomenon.
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Figure 37 Intratumoural combination therapy of GalCer and CpG does not increase the frequency of B cells in the spleen. The
spleen exhibited no change in B cell frequency as a result of treatment. Statistically significant differences are indicated
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-Way ANOVA with Tukey’s Post-Hoc Test).
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4.3.3 Influx of immune cells into the tumour microenvironment
To follow up on the flow cytometry findings, in a preliminary experiment, the immune
cells that were infiltrating the tumour were examined by immunohistochemistry on EG7.OVA
tumours that had been treated with either PBS (N = 1) or the combination of -GalCer and CpG
intratumourally 24 hours after the end of the last treatment cycle (N = 1) (day 16) so as to give
time from initial treatment for a T cell response to be initiated and home to the tumour. The
tumours were snap-frozen using liquid nitrogen and were sectioned on a cryostat and placed on
slides before immunohistochemistry was performed with antibodies to CD4 (BV421, Blue) and
CD8 (BB515, Green) to visualise T cells (although some myeloid cells can express these
markers), and to CD64 as a marker of the macrophage/monocyte lineage (AF647, Red).
The images generated are in Fig 38, with 100 m scale shown. These are randomly
selected sections. While this experiment was performed only once with 2 animals, the observed
difference between treated and untreated samples was dramatic. The control, a PBS treated
EG7.OVA tumour was largely devoid of immune cells (left panel). Compared to PBS vehicle,
the tumour treated with the combination of -GalCer and CpG had a major influx of immune
cells. This suggested that treatment with the combination induced immune infiltration of the
tumour, prompting a larger study.
To follow up, in a larger experiment, tumours were prepared as above, and
immunohistochemistry was performed by Professor Rod Dunbar’s lab (University of Auckland),
as they have expertise in this area. The tumours were harvested on day 11 after the start of
treatment so as to coincide with the flow cytometry data described previously (Fig 19-37). The 4
quadrants are the 4 experimental conditions marked, with each row being one of 3 sites randomly
selected in each tumour (to show any variability) and each column a different stain as marked
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(Fig 39). In the vehicle treated primary tumour (upper left quadrant), the untreated tumour cells
are cyan (blue + green) in columns 1 & 2, staining for CD45.2 and CD3, and blue/white in
column 3, staining for only DAPI and CD45.2. The bottom 2 rows show the tumour mass
(cyan). There appear to be no T cells (CD3+ CD45.2-) in these tumour masses. In addition, there
are no NK cells, iNKTs or B cells (NK1.1 and CD45R respectively) infiltrating the main tumour
body, although one segment of the edge of the tumour, shown in the bottom row, does have some
NK1.1 cells and the occasional T cell. There are plenty of F4/80+ macrophages in some parts of
the tumour mass which are CD206-. The upper row shows the non-tumour area. This has some
macrophages and NK1.1 cells, and the occasional T cell, but notably the macrophages are often
CD206+ F4/80+, so different from those in the tumour. Thus it appears that the vehicle-treated
tumour has an abundance of tumour cells, but lacks T cell infiltrates, NK cells or B cells (except
for NK1.1+ cells along one segment of the edge); however some zones are infiltrated by F4/80+
macrophages.
Looking at the lower left quadrant, the untreated contralateral tumour of vehicle-treated
mice looks mostly similar to what is described above. However, there is a large “slash” across
the tumour that has a large amount of NK1.1+CD3- cells and F4/80+ CD206- macrophages, as
well as some CD206+ macrophages mingled among the F4/80+ macrophages, but few were
double-positive within the tumours. As these were sequential sections, we are uncertain as to
whether they are the same cells or intermingled.
Next, looking at the -GalCer/CpG treated primary tumour in the upper right quadrant
there are massive changes relative to the vehicle-treated tumours. In the top 2 rows the tumour
cells are largely obliterated and replaced by T cells and NK1.1 cells (but not CD3+ NK1.1+
double-positives). These cells surround voids suggesting massive necrosis, and there is a mix of
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macrophages that are largely F4/80+ CD206+ cells, but there are also some F4/80+ CD206- cells.
The bottom row shows a zone where the CD3+ CD45.2+ tumour cells are surviving better, and
although there is not much in the way of inflammatory infiltrate, there are possibly voids opening
up, suggesting early necrosis.
Finally, looking at the treated contralateral tumour of the -GalCer/CpG treated mice
(lower right quadrant), there were similar changes as seen in the treated tumour but weaker and
less abundant. The bottom rows show areas where the tumour cells are largely untroubled, even
in the presence of F4/80+ macrophages. However, the top row shows areas that look more like
the treated tumour with T cell and NK1.1 infiltrates, CD206+ F4/80+ macrophages, and voids
opening up again, suggesting necrosis.
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Figure 38 Intratumoural combination of a-GalCer and CpG induces an influx of CD4+, CD8+, CD64+ and CD4+CD64+ cells.
Tumours from treated and vehicle-treated mice were harvested on day 16 and snap-frozen in liquid nitrogen. Sections were then
made and mounted on slides and stained with CD8-BB515, CD64-AF647, and CD4-BV421 antibodies. A) The vehicle-injected
tumour shows minimal immune cell infiltration. B) Intratumoural combination therapy induces immune cell infiltration. CD4
(BV421, Blue), CD8 (BB515, Green) and CD64 (AF647, Red). Representative of 2 randomly selected sections from 2 animals
(In collaboration with Alfonso Schmidt). The scale is 100m.
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Figure 39 Treatment with intratumourally administered a-GalCer and CpG induces infiltration by NK, T cells and macrophages
in treated tumours and to a lesser extent the untreated contralateral tumour. The 4 quadrants are the 4 experimental conditions
marked, with each row being one of 3 sites selected by Jennifer Chen in each tumour (to showing any variability) and each
column a different stain as marked. Upper left quadrant: In the vehicle-treated primary tumour (upper left quadrant), the There
appears to be no T cells (CD3+ CD45.2-) in these tumour masses. In addition, there are no NK cells, iNKTs or B cells (NK1.1
and CD45R respectively) infiltrating the main tumour body, although one segment of the edge of the tumour, shown in the bottom
row, does have some NK1.1 cells and the occasional T cell. There are plenty of F4/80+ macrophages in some parts of the tumour
mass, and they’re CD206-. The upper row shows the non-tumour area. This has some macrophages and NK1.1 cells, and the
occasional T cell - but notably the macrophages are often CD206+ F4/80+, so different from those in the tumour. Thus it appears
that the vehicle-treated tumour has an abundance of tumour cells, but lacks T cell infiltrates, NK cells or B cells (except for
NK1.1+ cells along one segment of the edge); however some zones are infiltrated by F4/80 + macrophages. Lower left quadrant:
the untreated contralateral tumour of vehicle-treated mice. Similar to the vehicle-treated tumour, however, there is a large
“slash” across the tumour that has a large amount of NK1.1 +CD3- cells and F4/80+ CD206- macrophages, as well as some
CD206+ macrophages mingled among the F4/80+ macrophages, but few were double-positive within the tumours. Upper right
quadrant: -GalCer and CpG treated primary tumour. There are massive changes relative to the vehicle-treated tumours. In the
top 2 rows the tumour cells are largely obliterated and replaced by T cells and NK1.1 cells (but not CD3 + NK1.1+ doublepositives). These cells surround voids suggesting massive necrosis, and there’s a mix of macrophages that are largely F4/80 +
CD206+ cells, but there are also some F4/80+ cells. The bottom row shows a zone where the CD3+ CD45.2+ tumour cells are
surviving better, and although there is not much in the way of inflammatory infiltrate, there are possibly voids opening up,
suggesting early necrosis. Lower right quadrant: untreated contralateral tumour of the -GalCer and CpG treated mice. There
were similar changes as seen in the treated tumour but much weaker and less abundant. The bottom rows show areas where the
tumour cells are largely untroubled, even in the presence of F4/80+ macrophages. However, the top row shows areas that look
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more like the treated tumour with T cell and NK1.1 infiltrates, CD206+ F4/80+ macrophages, and voids opening up again,
suggesting necrosis.

4.3.4 Exploring the role of CD8+ T cells
The flow cytometry data, perhaps surprisingly, did not reveal substantial changes in the
conventional T cell population with the combined treatment, with only slight trends towards
increased CD8+ T memory cells in tumour and spleen apparent. The preliminary histological
analysis did show an influx of T cells with the combined treatment, but this work needs further
validation. Therefore, to explore the role of T cells in combined treatment in more detail,
specifically, the activity of CD8+ T cells, the functional consequence of depleting these CD8
expressing cells was explored.
First, given that memory formation is a hallmark of adaptive immunity, and a memory
response was previously shown to be initiated in mice that had successfully rejected tumours, the
role of CD8+ T cells in this memory response was evaluated. Thus, mice that had rejected
EL4.LA tumours were assigned to either receive vehicle (PBS) or CD8 depleting antibody
intraperitoneally (i.p.) days -2 and -1 prior to rechallenge with 1x106 EL4 into the opposite flank.
Successful depletion of CD8+ cells was confirmed using flow cytometry (CD8-BV421, CD3FITC) on day 0 (Fig 40a). Naïve mice challenged with EL4.LA were used as controls for tumour
growth. Mice challenged with tumours that had fully regressed from multiple previous
experiments and were not subject to depletion of CD8+ cells, were able to reject the rechallenge,
while those that were depleted of their CD8+ cells lost their anti-tumour memory (Fig 40b/c).
This suggests that long term anti-tumour memory induced by the combination of -GalCer and
CpG is CD8+ cell-mediated 249.
Having established that CD8+ T cells were involved in the memory response to
successful treatment, it was next investigated whether CD8-expressing cells were also the main
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effectors in the immediate anti-tumour response to treatment. To this end, mice were challenged
with 1x106 EG7.OVA cells on both flanks and treatment was started once tumours reached 6x6
mm. The anti-CD8 antibody was given i.p. on days 8, 9, and 12 post tumour inoculation and
isotype antibody was used as control. The mice were given either vehicle, isotype mAb with GalCer and 6 hours delayed CpG or CD8 mAb with -GalCer 6 hours delayed CpG. The
depletion of CD8+ T cell was determined via flow cytometry analysis on day 11. The majority of
mice that receive -GalCer and CpG with isotype control mAb saw regression in both their
treated and untreated tumours, while all the mice that were depleted of their CD8+ T cells
succumbed to both tumours and did not see any form of abscopal effect (Fig 41). This suggests
that the anti-tumour response to both the treated and distal untreated tumour is CD8+ T cellmediated.
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Figure 40:Memory against EL4.LA is CD8 mediated as mice depleted of CD8 + cells lose memory against rechallenge. A) Flow
plots for CD8 depletion Left panel-cured mice with CD8+ cell; Right panel-Cured mice whose CD8+ cells were depleted with
CD8 mAb from Bioxcell. Antibodies (CD3-FITC, CD8-BV421). B) Tumour growth curves plotted for each mouse. C ) Survival
curves for the different treatment groups, with statistics indicated (log-rank Mantel-Cox test). N = 8-9 animals
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Figure 41 -GalCer/CpG combination therapy requires CD8+ cells. A) Tumour growth curves plotted for each mouse. B)
Survival curves for the different treatment groups, with statistics indicated (log-rank Mantel-Cox test).
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4.3.5 Exploring the role of iNKT cells
It was expected that iNKT cells should have some importance to the combination of GalCer and CpG, since -GalCer activates iNKT cells which leads to improved DC activation
and antigen-cross presentation. The flow cytometry data also showed an increase in the
frequency of iNKT cells in the tumour after treatment, which was significant with the combined
treatment, suggesting iNKT cells may have additional roles in the anti-tumour effect, perhaps as
effectors themselves, or to support on-going immunity. To assess whether iNKT cells were
indeed critical to the response, CD1d blocking antibody was administered i.p. to mice
undergoing treatment. Mice were challenged with 1x106 EG7.OVA cells on both flanks and
treatment began when the tumours reached approximately 6x6 mm in size (day 6). The mice
were given either vehicle, isotype mAb with -GalCer and CpG (6h) or CD1d mAb with GalCer and CpG (6h). Importantly, because iNKT cells were thought to be involved in licensing
DCs for T cell priming, anti-CD1d (or isotype) was given on days 8, 9 and 11 post tumour
challenge, which should block CD1d mediated activity after these initial activation events had
taken place; it was therefore aimed to establish whether iNKT cells were also required at the
effector phase of the response. Doses of antibody used were selected based on literature
precedent 250.
The majority of mice that were administered antibody to block interactions between
iNKT cells and CD1d were able to induce some regression in their -GalCer and CpG treated
tumours, as indicated by the slower individual growth curves in Fig 39. However, little
regression was observed in the untreated distal tumours, and the animals ultimately succumbed
to these tumours, so that overall survival was not improved with the combined treatment. This is

189

in contrast to the isotype where both treated and untreated tumours experienced a regression in
the majority of treated mice, and survival was significantly improved (Fig 42).
Similar results were obtained when using host mice that were devoid of iNKT cells
throughout treatment. Two strains of mice were used; CD1d-deficient animals (CD1d-/-), which
cannot support the positive selection of iNKT cells in the thymus, and mice without the ability to
form the TCR-α chain expressed by type I NKT cells (Traj18-/-). In either case, the treated
tumours in these mice saw some regression, but the mice eventually succumbed to their
untreated, contralateral tumours (Fig 42). Overall these data suggest that iNKT cells are
implicated in both the priming of local anti-tumour responses (which were weaker in the absence
of these cells throughout treatment) and for the abscopal effect, with interactions via CD1d
required in the effector phase for this effect.
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Figure 42-GalCer/CpG combination therapy requires iNKT cells. A) Tumour growth curves plotted for each mouse. B)
Survival curves for the different treatment groups, with statistics indicated (log-rank Mantel-Cox test).
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4.3.6 Exploring the role of DC subsets
The previous data point to a role of CD8+ T cells and iNKT cells in the anti-tumour
response induced with CpG and α-GalCer. Both of these cellular responses have previously been
reported to be dependent to some degree on cDC1 cells, which have a heightened capacity for
cross-priming CD8+ T cells, are involved in activating iNKT cells, and are the primary producers
of IL-12p70 when α-GalCer is administered 251. Also, given that CpG oligonucleotides are
known to induce the release of type 1 IFN, which can enhance adaptive immune responses
(including CD8+ T cells responses), and pDCs are the primary producers of type 1 IFN, it was
possible that pDCs were also involved in the anti-tumour response.
In order to delineate the role of these different DC subsets, we utilised Clec9a and SiglecH diphtheria toxin receptor (DTR) mice to deplete cDC1 or pDCs respectively. Clec9a is a group
V C-type-lectin-like receptor that is expressed on myeloid lineage cells and functions as an
activation receptor 252. Siglec-H, on the other hand, is a murine CD33-related siglec-like
molecule with 2 Ig-domains, which is explicitly expressed on BST2+ pDCs in bone marrow,
spleen, blood and lymph node, though it is not present on other leukocytes including cDC
subsets 253. Mice are known to be largely resistant to diphtheria toxin (DT), and thus these
transgenic mice have been modified to express the human DTR on specific cell subsets (on either
the Clec9a or Siglec-H+ promoters) 246. In this way, administering diphtheria toxin will result in
selected cell populations being knocked down while the rest of the mouse’s immune system
remains untouched.
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4.3.6.1 Effect of depletion of cDC1 cells
To test the involvement of cDC1 cells, Clec9a DTR mice were inoculated with 1x106
EG7.OVA subcutaneously into the right flank. On days 4 and 5 (days -2 and -1 prior to the start
of treatment), the mice were given 15ng of DT per gram of body weight or vehicle. A couple of
mice were set aside to determine the level of depletion via flow cytometry on the spleen, with a
reduction of 87% of CD11c+CD8+ cells observed relative to untreated controls (Supplementary
Fig 4). Once the tumours reached ~ 6x6 mm, mice were treated with vehicle (PBS), CpG, or GalCer with 6 hours delayed CpG, with or without DT.
When the mice were depleted of their Clec9a+ DCs there was a blunted anti-tumour
response to the combination therapy; although there was a statistically significant growth delay
compared to vehicle, no animals survived treatment. In contrast, most of the mice that retained
their Clec9a+ DCs had their tumours regress to the baseline as a result of intratumoural -GalCer
and CpG therapy (Fig 43). This suggests that Clec9a+ DCs are essential for an effective antitumour response, and by extension, that antigen presentation via this specialised DC subset is
likely to be highly important.
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Figure 43 -GalCer and CpG mediated anti-tumour response requires Clec9a+ DCs. A) Tumour growth curves plotted for each
mouse. B) Survival curves for the different treatment groups, with statistical differences indicated (log-rank Mantel-Cox test).
Representative of 2 separate experiments.
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4.3.6.2 Effect of depletion of pDCs
To investigate the role of pDCs in the combination treatment, Siglec-H DTR mice were
inoculated with 1x106 EG7.OVA subcutaneously into the right flank. On days 4 and 5 (days -2
and -1 before the start of treatment), the mice were given 15ng of DT per gram of body weight or
vehicle. A couple of mice were set aside to determine the level of depletion via flow cytometry
on the spleen, with a reduction of 79 % of Siglec-H+ cells observed relative to untreated controls
(Supplementary Fig 6). Once the tumours reached ~ 6x6 mm, mice were treated with vehicle
(PBS), CpG, or -GalCer with 6 hours delayed CpG with or without DT.
None of the mice that had their Siglec-H+ cells depleted underwent regression to baseline
after receiving an intratumoural combination of -GalCer and 6 hours delayed CpG, though
there was a statistically significant growth delay relative to vehicle; while treatment on the
Siglec-H DTR mice that retained their Siglec-H+ resulted in complete regression in the majority
of the mice (Fig 44). This demonstrates that Siglec-H+ cells (pDCs) are important for the
combination of -GalCer and CpG to function effectively, with their presence required to induce
responses capable of complete regression.
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Figure 44 -GalCer and CpG mediated anti-tumour response requires Siglec-H+ DCs. A) Tumour growth curves plotted for
each mouse. B) Survival curves for the different treatment groups, with statistics indicated (log-rank Mantel-Cox test).
Representative of 2 separate experiments.

196

4.3.7 Role of B-cells
Unlike Class A CpG ODNs which induce the production of large amounts of IFN-α from
pDCs but weakly stimulate TLR9-dependent NF-κB signalling and pro-inflammatory cytokine
(e.g. IL-6) production, CpG-B (1826) (which was used in these studies) strongly activates B cells
and TLR9-dependent NF-κB signalling but weakly stimulate IFN-α secretion 254. It was therefore
investigated how B cells were affected by the intratumoural combination of -GalCer and CpG.
The function of activated B cells is to secrete antibodies which are the final products of the
complex response to antigens. They specifically recognize their target antigen and have the
function to clear the tumour or pathogen and to prevent its recurrence 255. Therefore, we wanted
to test whether the antibodies in the serum of mice cured via intratumoural -GalCer and CpG
therapy would protect against tumour challenge. In order to do this, serum was collected from
the blood of intratumourally treated survivors from a previous experiment, where the blood was
collected via terminal cardiac puncture 2 weeks after the resolution of disease. This is a
procedure whereby the mice are culled using carbon dioxide, and then a 27 gauge needle is
inserted into the left ventricle, and the blood is aspirated through the heart to maximise the blood
collected. The blood was allowed to clot, and then serum was harvested, and 200L was then
transferred intravenously (i.v.) into naïve mice that were then challenged with 1x106 EG7.OVA
cells in the flank 24 hours later. Serum from naïve mice was also transferred as controls.
Mice that had been given serum from the previously successfully treated mice
experienced a tumour growth delay compared to vehicle, with a small proportion being
completely protected from tumour challenge and never developing a tumour (Fig 45). These data
suggest that circulating antibodies can contribute to the antitumour response.
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Figure 45 Transfer of serum from mice cured of EG7.OVA into naïve mice protects against EG7.OVA challenge. 200mL of serum
was transferred from naïve or previously cured mice into naïve mice i.v. These mice were challenged with EG7.OVA tumours 24
hours after serum transfer. A) Average tumour growth curves plotted. B) Survival curves for the different treatment groups, with
statistics indicated (log-rank Mantel-Cox test). Representative of 2 separate experiments (n = 7-8 per group per experiment).
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4.4 Discussion
All the cell types studied to date, including CD8+ T cells, cDC1s, pDCs, iNKT cells and
B cells are important for the treatment of cancer and the prevention of relapse. Each cell type
serves a different function in the sequence of the immune response, and as such, removal of any
of these can significantly hamper the efficacy of the anti-tumour response. Some cells appear to
be less critical than others in tumour control, and their removal only partially affect the antitumour activity while others are crucial.
In this chapter, the role of different immune cell subsets in the effectiveness of the
intratumourally administered combination of -GalCer and CpG was assessed. Through a
combination of flow cytometry, immunohistochemistry, and the utilisation of depleting
antibodies, efficacy was shown to be driven by CD8+ T cells, which in turn were likely to have
been stimulated primarily through the activity of cDC1 cells. Optimal efficacy, resulting in full
regressions with the abscopal effect, required additional contributions from iNKT cells, which
were found to be increased in the tumour after combined treatment. The response was also most
effective when pDCs were present, with these cells perhaps providing additional signals to shape
the adaptive response. The activity of T cells was not the only adaptive response induced, as
some anti-tumour activity could be transferred in the serum from treated animals, suggesting that
anti-tumour antibody responses were also contributing to the overall anti-tumour activity.
The combination of the efficacy data and the flow cytometry data demonstrated that
OVA-specific T cell responses were surprisingly not involved; however, this may be confounded
due to there being a small number of cells evaluated further making it difficult to establish
phenotype. There were small increases in the immune infiltrate, however most changes were
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only within CD8+ T cell subsets, which varied between the different organs that were being
analysed. A potential reason for not detecting too many immune changes is that we potentially
missed the window for detecting large changes based on the day we chose to harvest the organs,
as tumours were still progressing. The regression phase may more accurately represent immune
cell activity as the cells would potentially be present in order to induce regression via tumour cell
killing.
With flow cytometry, we observed a slight increase in CD8+ cells, but these were not
OVA-specific; this indicates that CD8+ cells are involved but that OVA is not the dominant
antigen. While the lack of an increase in OVA-specific T cell was initially unexpected, it is
consistent with a recent report which demonstrated that there were no CD8+ T cell responses to
SIINFEKL detected in C57BL/6J mice with growing EG7.OVA or mice immunised with the
tumour. They went on to show that the OVA-specific CD8+ T cells remained functional as they
expressed IFN-γ and upregulated CD44 when stimulated non-specifically with PMA and
ionomycin 256. In this case, the depletion of all CD8+ cells rendered the treatment ineffective,
which is similar to the situation here. In fact, the non-OVA-specific CD8+ T cell populations in
tumour and spleen were phenotypically different from those in vehicle, with small increases in
memory cells at the expense of naïve cells. The involvement of CD8+ T cells was further
confirmed in the antibody-mediated depletion experiments, where depleting CD8+ cells in
animals that have been cured, but before rechallenge with the same tumour, ablated the mice of
their anti-tumour memory. Similarly, knocking out CD8+ cells during therapy abrogated the antitumour efficacy of intratumoural GalCer and CpG, suggesting that CD8+ cells are an essential
cell type in mediating anti-tumour memory responses.
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Interestingly, we only observed a change in the CD4+ T cell population in the spleen
using flow cytometry, but not in any other organ. There was a decrease in CD4+ T cells in the
spleen of mice that had undergone either combination therapy or when CpG was given as a
single agent. This would suggest CD4+ T cell egress from the spleen, but there was no associated
increase in the other tested organs. This either suggests the CD4+ cells were lost in tissue
preparation (it was notable that immunohistochemistry did reveal them in the tumour), they
recirculated to other sites or potentially points towards activation-induced cell death. Similar to
the CD4+ T cell population, the regulatory T cell population also saw a decrease in the spleen as
a result of combination or CpG therapy as a single agent. This suggests that CpG may be
inducing a reduction in Tregs either through activation-induced cell death or egress.
One consistent change in the immune infiltrate was that the combination therapy resulted
in an increase in the frequency of iNKT cells with the CD4+ iNKT cell subpopulation also
increasing, while NK1.1+ iNKT cells decreased. The downregulation of NK1.1 is welldocumented to occur when iNKT cells are activated 257. Another finding was that either blocking
CD1d-iNKT cell interactions or knocking out iNKT cells resulted in the loss of control of the
untreated contralateral tumour, and to a lesser extent the treated tumour. This suggests that iNKT
cells play a significant role in the abscopal effect and, by definition, the adaptive immune
response. The fact that this was seen in Traj18-deficient animals suggests that this phenomenon
was mediated by iNKT cells, and not other CD1d-restricted cells. The response seen in the
treated tumours, as opposed to distal tumours, did not appear to be wholly dependent on the
presence of iNKT cells, which suggests that innate immunity plays a dominant role in the control
of the injected treated tumour, perhaps through the production of cytokines and stimulated
lymphocytes. The loss of the abscopal effect in the absence or blockade of iNKT cell interactions
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suggests the possibility that iNKT cells may help create a local environment that favours
infiltration of tumours and facilitates destruction as they are remarkable producers of both
cytokines and chemokines. In addition, they may be able to assist with T cell boosting at the
distal site, so long as the CD1d molecules are not blocked. This, in turn, may lead to the release
of more antigen to the tumour dLN which can be processed and presented by cDC1s to mount
CD8+ T cell responses that eliminate the abscopal tumour.
Knocking out cDC1 cells by ablating Clec9a+ cells before treatment abrogated the antitumour response during treatment; however, some residual activity was seen in the form of a
tumour growth delay. This indicates that antigen presentation by the specialised DC subset is
highly critical to the mechanism of action, with Clec9a+ cells known to be major antigen crosspresenters. Furthermore, it follows that a CD8+ T cell response would be hampered in the
absence of antigen cross-presentation. The residual activity potentially points to other DCs
compensating for the lack of Clec9a+ cells and participating in antigen-cross presentation. This
data is directionally consistent with the recently described importance of Clec9a+ cDC1s which
have been proposed to be the main human cross-presenting cDCs and may represent the human
homologue of murine CD8+ DCs (cDC1) 252. In addition to antigen cross-presentation, cDC1
cells also have higher basal levels of co-stimulatory molecules and these molecules are the main
producers of IL-12p70 which aids in the activation and differentiation of T cells 258. Furthermore,
this data suggests that it may be possible to increase the efficacy of the therapy in less
immunogenic tumours by the introduction of exogenous antigen or neoantigen into the system,
provided that the Clec9a+ DCs are intact.
Interestingly, partially knocking out pDCs via Siglec-H initially had minimal impact on
the anti-tumour response, but the mice eventually lost their anti-tumour response, and the
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tumours escaped. There was still some anti-tumour activity which resulted in a growth delay
relative to vehicle, which could be potentially explained by the incomplete knockdown of pDCs
when diphtheria toxin was administered. The reduced anti-tumour activity seen in the absence of
pDCs may be simply a reflection of reduced initial T cell burst size that is not maintained for a
substantial period of time. Another possible explanation is that pDCs, via type 1 IFN and
downstream cytokines, are essential for improving the longevity and activity of an induced
effector response 259. This suggests that type 1 IFN is an important component of the mechanism
for the effectiveness of the combination treatment and other cells that produce type 1 IFN may
also play a strong role.
The combined treatment increased B cells in the dLN, which requires further
investigation. Nonetheless, a role for B cells was indicated when serum from cured EG7.OVA
mice was shown to protect naive mice from EG7.OVA challenge, suggesting that anti-tumour
memory is in part an antibody-mediated response. By extension, B cells may be activated by the
combination of -GalCer and CpG. This would be consistent with the other works that found
that CpG mediated activation of B cells results in antibody production 255. The antibodies may be
specific to recognising tumour-specific antigens and induce antibody-dependent cell-mediated
cytotoxicity (ADCC) with the help of natural killer (NK) cells 260 or phagocytosis by
macrophages 261. It would be interesting to study the system further using CD19 knockout mice
as CD19 is expressed in all B lineage cells.
As mentioned above, all the cell types studied so far, including CD8+ T cells, cDC1s,
pDCs, iNKT cells and B cells are important in tumour control. Each cell type serves a different
role in the sequence of the immune response, and they co-ordinate to elicit the best result.
However, CD8+ T cells appear to be the pillar of the anti-tumour activity as their depletion show
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conclusively that they are a crucial effector and contributor to memory that will be necessary for
effective immunity in the clinic.
The preliminary immunohistochemistry data suggested that treatment with
intratumourally administered -GalCer and CpG induces immune infiltration of tumours. This
was further supported by the data generated from Professor Rod Dunbar’s lab which revealed
that treatment-induced infiltration is largely due to NK cells, T cells and macrophages in treated
tumours when compared to the tumours of vehicle-treated mice. These immune infiltrate
appeared to be associated with void formation, which suggests that treatment is inducing tumour
rejection via immune cell recruitment to the tumour sites to induce tumour cell killing.
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Chapter 5
The role of secondary lymphoid organs in the efficacy of intratumoural CpG
and α-GalCer

5.1 Introduction
The combination of -GalCer and CpG delivered intratumourally can eradicate both the
treated tumour as well as the untreated, distal tumour, suggesting that systemic responses are
initiated, with the response involving CD8+ T cells with immunological memory. Given that T
cell priming is generally regarded as taking place in lymphoid tissues, we wanted to determine
what lymphatic organs were required for this anti-tumour response to be effective. Looking both
locally near the tumour microenvironment and systemically, we hypothesised that the tumour
draining lymph node and spleen (which are secondary lymphoid organs found in the vertebrate
immune system) might be implicated in this therapy.
The lymph node (LN) provides a highly organised microarchitecture that supports
optimal immune surveillance of the contents of lymphatic fluid. Lymphatic fluid is derived from
the fluid that drains from body tissues into lymph vessels; this collected fluid, called lymph,
contains foreign material and cells, including APCs, and is transported to the draining lymph
node for analysis. It is known that the tumour draining LN is an important staging ground for
mounting an immune response against the proximal tumour when treated with CpG 262,263. If a
significant proportion of the antigen presentation and T-cell priming in response to -GalCer and
CpG is occurring in the tumour draining lymph node (dLN), this may be compromised if the
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most apparent LN to be involved in drainage from the tumour was removed before treatment. Of
course, distal LNs could be involved, but the efficiency will likely be lower.
On the other hand, the spleen is the primary filter for blood-borne pathogens and
antigens and is involved in the regulation of innate and adaptive immune responses against
pathogens locally and in the whole body. A diverse network of splenic APCs is capable of
trapping blood-borne antigens, either for their removal, or to initiate immunity. As opposed to in
LNs, DCs in the spleen are only resident DCs specialising in the antigen processing and
presentation required to initiate T cell immunity 264. On the other hand, the tolerogenic potential
of DCs has been proposed when there is an absence of the activation of DCs with
proinflammatory signals, with several studies reporting the role of DCs in the induction of
peripheral tolerance 251,265,266. This is supported by in vitro experiments that have demonstrated
that DCs with an immature phenotype induce the differentiation of anergic/suppressive T cells
267

. Upon the recognition of cognate antigens on activated DCs, CD4+ and CD8+ T cells in the

spleen are activated and relocate via the blood to tissues where they are needed to fight
pathogens or prevent the growth of malignant tissue. Of particular relevance to the treatment
being considered here, the spleen is home to a vast reservoir of iNKT cells and previous data
from our lab has demonstrated that -GalCer loses adjuvancy of i.v. injected soluble antigens in
the absence of the spleen 11. This points towards the idea that free -GalCer and antigen is
accessing the blood to traffic to the spleen. It is known that dying and apoptotic bodies end up in
the marginal zone (MZ) of the spleen, potentially leading to T cell tolerance 268. However, it has
been demonstrated that -GalCer can accompany these dying cells and the strong signalling to
iNKT cells can reverse this tolerance process 269,270. In addition, the spleen has been shown to be
required for robust T cell responses to viral infection, as it is a significant source of effectors that
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contribute to the response 271. Therefore, it was possible that the efficacy of the combination
therapy will be compromised by removing the spleen.
The experiments presented in this chapter were, therefore conducted to evaluate the role
of these lymphoid organs in -GalCer and CpG immunotherapy. Thus it was determined
whether their absence negatively impacts outcome.
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5.2 Aims


Determine the importance of different secondary lymphoid organs to -GalCer and
CpG therapy via surgical excision and post-surgery tumour challenge.

Specifically, we wanted to:


Determine the role of the tumour draining lymph node and spleen.
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5.3 Results

5.3.1 Importance of tumour draining lymph node
5.3.1.1 Intratumoural dye injection-identification of draining lymph node
In order to determine which lymph nodes drain from the tumour, 20 - 40 µL of black
calligraphy dye was injected into the tumours of mice inoculated with 1x106 EG7.OVA cells so
that the movement of the suspension of black particles could then be traced visually. This kind of
analysis has a long history of clinical use as an anatomic marker for surgery. When injecting 40
µL of calligraphy dye, the inguinal lymph node (groin) was the only node coloured 1-hour postinjection, suggesting that the inguinal lymph node is the primary draining lymph node for the
tumour that was implanted on the flank. It should be noted that the dye did not diffuse evenly
when less dye (20 µL) was used.
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Figure 46 Intratumoural injection of 40uL calligraphy dye drains that the inguinal lymph nodes within 1 hour of injection,
indicating the inguinal lymph node is the primary draining lymph node. C57BL/6J mice bearing EG7.OVA tumours were
intratumourally injected with 40uL of calligraphy dye. After 1 hour, and the mouse was culled and opened to determine
lymphatic drainage by visually tracking the dye. (With help from Johannes Mayer)
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5.3.1.2 Lymph Node Removal Surgery
In order to determine the importance of the tumour draining lymph node on the efficacy
of intratumourally delivered -GalCer and CpG, the inguinal lymph node was removed using a
keyhole surgery technique. In this surgery procedure, C57BL/6J mice were anaesthetised with
isoflurane, and then a keyhole incision made above the inguinal lymph node for the lymph node
to be removed gently using forceps. The incision was then sutured closed. In order to control the
potential side effects of the surgery on anti-tumour responses, control animals were subjected to
sham surgeries, where the incision was made and then sutured closed. Mice were monitored
daily for a week for pain, wound condition and general health and behaviour. After a week, the
mice were examined by an animal welfare technician, and upon approval were inoculated with
1x106 EG7.OVA subcutaneously into the same flank as the surgery where the lymph node was.
Once the tumours reached approximately 6x6 mm mice were intratumourally treated with either
PBS or -GalCer with 6 hours delayed CpG as previously.
Mice that had their draining lymph node (dLN) removed and received treatment
experienced a tumour growth delay and regression similar to sham surgeries in the first 35 days
or so. However, their tumours eventually escaped resulting in no cures. In contrast, some of the
mice that underwent sham surgeries and received treatment showed complete regression without
tumour rebound (Fig 47). While there was a trend, the difference in survival between the groups
was not statistically significant. Intriguingly, the efficacy of the treatment in the sham animals
was low compared to previous experiments in naïve animals. Typically, the rate of complete
regression of EG7.OVA tumours with the combination treatment is 60-70 %; the 40% complete
regression rate observed here could be due to surgery-induced immune suppression. To make
some allowances for the surgery-related immunosuppression, a similar experiment was
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conducted with the more immunogenic EL4.LA tumour cell line instead of EG7.OVA. In this
model, all of the mice that had their dLN removed lost their anti-tumour response, while the
majority of the mice that underwent sham surgery successfully rejected their tumours (Fig 48).
The regression rate was again low for this cell line, as previous experiments had shown close to
100% of treated animals completely rejected EL4.LA. In any event, this suggests that the tumour
dLN is important for a successful anti-tumour response.
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Figure 47 Removal of draining lymph node partially abolishes anti-tumour immunity in an EG7.OVA tumour model. A) Tumour
growth curves plotted for each mouse (1 sham -GalCer + CpG mouse sacrificed early due to tumour ulceration). B) Survival
plot with statistics indicated (log-rank Mantel-Cox test).
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Figure 48 Removal of the tumour draining lymph node diminishes the anti-tumour effect of intratumoural-GalCer and CpG in
the EL4.LA tumour model. A) Tumour growth curves plotted for each mouse. B) Survival plot with statistics indicated (log-rank
Mantel-Cox test).
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5.3.2 Requirement of the spleen for treatment efficacy
In order to elucidate the role of the spleen on the anti-tumour response elicited with CpG
and α-GalCer, spleens were removed from C57BL/6J mice by surgery before tumour challenge
and treatment. In the splenectomy procedure, the spleens were removed via an incision into the
peritoneum followed by suturing to close up the wound. Sham surgery was again used as a
control, whereby a wound was created and sutured up without removing the spleen.
The mice were given one week to recover from surgery and were inspected by an animal
welfare specialist before further manipulations were performed. Once approved, the mice were
challenged with 1x106 EG7.OVA tumours into the right flank (the opposite flank from the
spleen). Once the tumours were ~ 6x6 mm (day 6), the mice were treated intratumourally with
either PBS or -GalCer with 6 hours delayed CpG as conducted in earlier experiments. Most of
the mice that underwent sham surgery survived tumour challenge as a result of treatment in a
statistically significant manner (Fig 49). However, mice that underwent the splenectomy
procedure did not fare as well, though there was a slight statistically significant delay in tumour
growth. This suggests that the spleen is strongly implicated in mounting an effective immune
response against tumours.
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Figure 49 Intratumoural -GalCer and CpG is ineffective after the removal of the spleen compared to sham surgery. A) Tumour
growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with statistical differences indicated
(log-rank Mantel-Cox test).
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5.4 Discussion
In this chapter, it was examined how the anti-tumour response that is induced with CpG
and -GalCer treatment was affected by the removal of two critical lymphoid organs, spleen and
tumour draining lymph node, which were hypothesised to be essential sites for the immune
priming of the anti-tumour response.
In order to determine which lymph nodes the tumour drained to, we used intratumourally
injected calligraphy dye. Within 1 hour, only the inguinal lymph node adjacent to the tumour
was stained; no other lymph nodes were stained by waiting prolonged periods. This indicates that
the inguinal lymph node adjacent to the implanted tumour is the primary draining lymph node.
The next step was to excise the dLN and determine how the anti-tumour response would be
affected.
In this murine model, it was hypothesised that APCs enter the tumours, capture TAA, and
subsequently migrate to the dLN to present to T cells. After either excision of the tumour dLN or
sham surgery, with the EG7.OVA tumour line, it initially appeared that the rate of tumour
regression was similar for mice with and without dLN. However, with time, the tumours
eventually escaped control in mice whose dLN had been excised. The tumour escape is
consistent with the hypothesis that a weaker immune response is initiated in the absence of this
dLN. This is presumably because other remaining lymphoid tissues are unable to fully
compensate for the loss of this critical draining site, as the antigens will have to traverse further
to more distal, lymphoid tissues in order for them to be available for presentation.
With the faster growing EL4 tumour line, the importance of dLN is more dramatic, as all
mice lost the ability to eradicate tumours when dLNs were removed compared to the sham
group. A simple explanation for the observed weakened anti-tumour response is probably due to
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the speed at which tumours grew and overwhelmed any remaining immune response. This is in
addition to the fact that fewer antigens would be able to travel to other secondary lymphoid sites
in the shortened timeframe.
The spleen can be a site of innate and adaptive immune processes. The white pulp of the
spleen is structurally similar to a lymph node, containing T-cell and B-cell zones, and allows for
the generation of antigen-specific immune responses. Here it was shown that mice that had their
spleen removed before treatment significantly lost their anti-tumour response, indicating that the
anti-tumour response is dependent on systemic immune responses involving the spleen. The
spleen may be a significant source of immune effector cells for the anti-tumour response, and by
ablating this population, there are insufficient immune cells to clear the tumour. It is known that
splenectomy predisposes human patients to increased susceptibility to infection due to a loss of
effectors, as the spleen serves as a source of many immune cells including myeloid cells, T cells
and iNKT cells which can be recruited as effectors for anti-tumour immunity 272,273. The
mechanism involved in the recruitment of these cells, especially -GalCer-mediated recruitment
of iNKT cells, can be explained in two different ways. The first hypothesis posits that the antigen
and-GalCer arrived at the spleen as free agents through leakage into the circulation. The
second hypothesis is that these agents could be carried on certain cells, namely APCs. While
DCs do not migrate from the site of inflammation to the spleen, it has been reported that
monocytes can be recruited to the spleen and handoff antigen to resident professional APCs such
as cDC1s in the context of infection and inflammation 274. In light of this, it is possible that in
addition to -GalCer being transported on monocytes, phagocytosed antigens can also be
couriered by monocytes to the spleen and transferred to resident cDC1s for cross-priming to
occur. It is also possible that the repeated injection of CpG and its associated local inflammation
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increased the release of dead and dying cells into the bloodstream whereby they travel to MZ of
the spleen. Without the spleen, the dLN may compensate, but its overall efficiency in activating
the immune response to clear pathogens will be significantly lower, hence the inability to
eradicate established tumours.
An interesting observation in these lymphoid organ excision experiments was that the
regression rates for the treated sham control arms in both experiments are lower than that
observed in earlier experiments using the same cell lines where surgeries were not involved. A
point of discussion is whether the surgery caused immunosuppression in the vicinity of the
wound. There have been numerous reports in the literature that the wound healing process is
immune-suppressive 275. This immune-suppression could be driven by the immunosuppressive
cytokine such as TGF which is essential for the wound healing process . Of course, this
could also be the normal variation from experiment to experiment; however, it is not
inconceivable that implanting the tumour near the site of the lymph node removal surgery may
have subjected the tumour to surgery-induced immune suppression, so that the negative impact
of dLN removal per se may be exaggerated. Interestingly, treatment did not suffer similarly
when the spleen was removed. However, this may have been ameliorated by the use of two extra
doses of carprofen for pain control during that experiment (as a splenectomy is a more invasive
procedure). Carprofen is a non-steroidal anti-inflammatory drug (NSAID), and it inhibits the
production of the immunosuppressive prostaglandin E2 (PGE2). It has been reported that the use
of NSAIDs, and thus the inhibition of immunosuppressive PGE2, can abrogate the immune
suppression associated with surgery such that surgery-induced metastasis does not occur 277. This
suggests that surgery-induced immune suppression is localised to the site of surgery and may not
affect tumours growing far from the surgery site. This is consistent with the fact that PGE2 is
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relatively unstable and has a short half-life and therefore does not travel over long distance 278.
Therefore, consideration should be taken when utilising immunotherapy post-surgery near the
site of a tumour as localised immunotherapy may be hampered by the immunosuppressive
microenvironment generated as part of the wound healing process.
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Chapter 6
Role of type I IFN in -GalCer + CpG combination therapy

6.1 Introduction
Type I IFNs are hallmark cytokines produced in immune responses to pathogens. In the
literature, it is known that CpG can induce the release of type I IFN from pDCs 279,280. Type I
IFNs comprise a large family of cytokines that have been studied extensively in the context of
virus infections, but they are now also known as key drivers of inflammation within the tumour
microenvironment 281. Type I IFNs, including multiple IFN-α species, IFN-β, and certain other
IFNs, are potent regulators of both innate (direct tumour cell inhibition) and adaptive immunity
(indirect anti-tumour immune responses) 282. Type 1 IFN confers resistance to viral infections
and promotes NK cell, DC, T cell, and B cell functions 283. Moreover, IFN-α promotes the
production of antibodies

284

. While IFN-β is produced by most cells, IFN-α is primarily released

by pDCs in response to DNA or RNA viruses, but can also be induced by synthetic TLR agonists
such as CpG. 285 It is known that when pDCs are depleted (as seen in chapter 4, Siglec-H+ cells),
it negatively impacts treatment outcome. In addition to secreting IFN-α, pDCs produce IL-12,
IL-6, and chemokines that contribute to innate and adaptive immune responses 286. This broad
activation of the immune system is beneficial during infections but can be deleterious if the IFNα production is not adequately downregulated after clearance of pathogens. Prolonged exposure
of the immune system to IFN-α increases the risk for loss of self-tolerance. Development of
autoimmune diseases, including systemic lupus erythematosus (SLE), has been frequently
described in patients during long-term treatment with type I IFN 287. Type 1 IFN can also
exacerbate an existing autoimmune tendency 288.
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It has been observed that intratumoural cytokine concentration correlates with tumour
immune responses 289. Thus, the intratumoural delivery of CpG is equivalent to selectively
delivering type I IFNs to the tumour bed, increasing the intratumoural concentration of type I
IFNs, in a way that results in superior immunostimulatory effects but that avoids possibly
detrimental outcomes.
As we have previously demonstrated that pDCs were strongly implicated in the
maintenance of the anti-tumour response generated by the intratumoural combination of GalCer and CpG, we hypothesised that type I IFN would play a central role in our combination
therapy’s effectiveness. Therefore, we anticipated that the abrogation of IFNR receptor through
IFNR antibody, as well as IFNR conditional receptor knockout (KO), will negatively impact
the effectiveness of our combination treatment. Furthermore, we wanted to illuminate further
what cells would be affected by type 1 IFN.
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6.2 Aims
The goal for this section was to determine whether type 1 IFN played a role in the
effective intratumoral therapy. The aims were to:


Examine type 1 IFN release in the tumour and blood in response to therapy



Investigate the impact of blocking signalling via the type I IFN receptor



Determine whether type IFN signalling by DCs is essential for treatment efficacy
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6.3 Results

6.3.1 Determining levels of IFN-α in response to therapy
To determine whether the production of IFN- is a feature of the anti-tumour response to
intratumoural treatment, the levels of IFN- were determined in tumour and serum after
treatment of established EG7.OVA tumours was initiated. Once the tumours had reached ~10
x10 mm (in order to ensure there is enough tissue available to process) the mice were treated
once intratumourally with PBS, -GalCer, CpG, or an admix -GalCer and CpG; no further
intratumoural treatment given. Six hours later, the tumours were removed and homogenised in
the presence of a protease inhibitor to prevent degradation of protein. The rationale for collecting
tumours at 6 hours was because it is the optimum time point at which IFN-α production was
observed after -GalCer and a TLR7 agonist were injected systemically in mice 11. The material
was then centrifuged and the supernatant collected for analysis. Blood was collected at the same
time as tumour removal, and serum prepared; both tumour supernatant and serum were tested for
IFN-α levels by ELISA.
IFN- was detected in all tumour samples, treated and untreated, and the value for all
samples fell within the recommended range on the standard curve. Neither -GalCer nor CpG
alone demonstrated an increase in IFN- compared to untreated tumoursOn the other hand, the
anti-tumour combination showed a statistically significant increase in IFN-versus both
untreated tumours as well as -GalCer as a single agent. In addition, IFN-was absentin the
serum under all conditions, including the combination of -GalCer/CpG (Fig 50), indicating that
IFN-α did not significantly leak into circulation.
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Figure 50 Type 1 IFN detected by ELISA is increased in the tumour but not the serum 6 hours after intratumoural treatment. A)
IFN- ELISA of tumour lysate and serum 6 hours after intratumoural treatment with either PBS, CpG, -GalCer, CpG, or admix
combination of -GalCer and CpG, statistical significance indicated repeated twice *P<0.05 (One-Way ANOVA with Tukey’s
Post-Hoc Test; SEM for error). Experiment is representative of 2 separate experiments.
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6.3.2 Investigating impact of the blockade of type I IFN signalling
Next, it was determined how blocking the activity of IFN-α would affect intratumoural GalCer and CpG mediated therapy. The IFN-α/β receptor (IFNR) is a receptor which binds
type I IFNs including IFN-α and -β. It is a heteromeric cell surface receptor composed of one
chain with two subunits referred to as IFNAR1 and IFNAR2. Upon binding of type I IFNs,
IFNR activates the JAK-STAT signalling pathway. Therefore, to examine the role of type I
IFNs during intratumoural treatment, an antibody for the IFN-α receptor (IFNR) was
administered to block signalling. The dose used (250 g) was based on previous work done by
colleagues looking at the role of IFN- in atopic dermatitis (C. Pellefigues, personal
communication, 2018). For control, an IgG control antibody was administered to control for nonspecific effects of antibody binding.
Mice were inoculated with 1x106 EG7.OVA s.c into the right flank, on days 4 and 5 they
received 250 µg of either anti-IFNR or IgG control. On day 6, when the tumours were
approximately 6x6 mm, the mice were treated with either intratumourally delivered PBS or GalCer with 6 hours delayed CpG as previously described. All the mice that were given the antiIFNR antibody had their tumours grow unabated; in contrast, the majority of the mice that
received the IgG control had their tumours regress to baseline (Fig 51). Type I IFN signalling
was therefore critically involved in the treatment-induced anti-tumour response. An interesting
note is that the mice that were given anti-IFNR antibody had their tumours grow faster in a
statistically significant manner than ones that received just vehicle. This suggests that IFNR is
not only crucial for the efficacy of the combination of -GalCer and CpG but also plays an
essential role in naïve tumour immunity.
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Figure 51 IFNR blockade leads to complete abrogation of -GalCer and CpG mediated anti-tumour responses. A) Tumour
growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with statistical differences indicated
(log-rank Mantel-Cox test).
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6.3.3 Requirement for type I IFN signalling by DCs
Type 1 IFN is known to be capable of conditioning DCs to help prime T cell responses
203,254,280,290

. It was therefore hypothesised that a critical function of type I IFN was to improve

DC function. To investigate this, mice that had IFNR deleted specifically on DCs were used.
To achieve this, a cross between IFNRfl/fl and CD11c-Cre+/- mice were generated. In these
mice, expression of Cre on the CD11c promoter ensures the deletion of exon 3 of the type I IFN receptor gene leading to a non-functional IFNR1 receptor on CD11c+ cells. These mice
have the IFNR receptor knocked out (KO) on CD11c+ cells. Mice expressing the IFNR KO
were inoculated with 1x106 EG7.OVA s.c. into the right flank, while littermates not expressing
the IFNR KO were also given tumours and used as controls.
When the tumours were ~ 6x6 mm in size, the mice were treated with either
intratumoural PBS or -GalCer with 6 hours delayed CpG, as previously described. Mice that
had IFNR deleted on their CD11c+ cells, and so IFN signalling was prevented in DCs,
completely lost their anti-tumour response, whereas those that retained the IFNR receptor on all
cells were able to induce full regression to baseline (Fig 52). This suggests that type 1 IFN is
essential to -GalCer with 6 hours delayed CpG mediated therapy and that the ability for type 1
IFN to act on DCs is an essential mechanism by which the therapy functions.
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Figure 52 IFNaR knockout on CD11c+ cells leads to loss of -GalCer and CpG mediated anti-tumour responses. A) Tumour
growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with statistical differences indicated
(log-rank Mantel-Cox test).
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6.4 Discussion
The work presented in this chapter addressed the role of type I IFN in the anti-tumour
efficacy of intratumoural -GalCer and CpG treatment. It is shown that effective treatment is
associated with an increase of IFN-α and that when IFN signalling is blocked, specifically on
DCs, the effective anti-tumour activity of the combined treatment is lost.
Initial experiments in this chapter showed that the combination of-GalCer and CpG
increased the amount of IFN- released in the tumour compared to that seen in untreated
tumours. In contrast, neither -GalCer nor CpG alone were able to induce significant increases
in production of IFN-However, a most striking result was that IFN- levels were already
detectable in tumours without treatment, this basal level of IFN- is likely being produced by
immune cells within the tumour and perhaps is indicative of the high level of immunogenicity
seen with EG7.OVA tumours in general. This may also indicate that tumour challenge itself can
induce an immune response. In contrast to the measurable levels detected in tumours, IFN- was
below the detection limit in the serum of any of the conditions tested, including the combination
treatment. This suggests that the source of IFN- is likely to be from cells within the tumour, and
despite the increased production when the combined intratumoural treatment was used, there was
minimal, if any, systemic exposure (below the level of detection). However, given that the
intratumoural combination of -GalCer/CpG induced lower serum ALT levels compared to
intravenous -GalCer (Chapter 3.3.8), intratumoural delivery may provide high local cytokine
concentrations within the tumour microenvironment that helps induce tumour regression without
much systemic leakage. Furthermore, it is also hard to attribute the abscopal effect to systemic
cytokines such as IFN- as there were no detectable circulating cytokines in the bloodstream.
This points to local activation of immune cells, such as APCs, that lay the foundation for a
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systemic cellular immune response, which the experiment in the DC-specific IFNR knockout
supports.
It is anticipated that type I IFNs produced by DCs and other immune cells within the
tumour microenvironment will not only offer superior efficacy (higher concentration at the site
of action) but also better tolerability as these IFNs are localised within the tumour
microenvironment rather than present mainly in the circulatory system. In this context, type I
IFN has been tested clinically for the potential treatment of breast cancer, melanoma and renal
carcinoma and have shown moderate success in terms of clinical responses. However, the side
effects associated with systemic administration of IFNs, such as nausea, fatigue, fever and
dizziness, were dose-limiting 291; therefore, there was an insufficient concentration of IFNs in the
tumour bed. Intratumoral induction of local type I IFN may get around these problems
A critical role for type I IFN in the anti-tumour response was established by blockade of
IFNR, which lead to a loss in anti-tumour response. Interestingly, administration of anti-IFNR
blocking antibody also slightly increased the tumour growth rate compared to that in mice treated
with vehicle only. This indicates that IFN- is not only crucial for our treatment to be effective
but is required at baseline to retard tumour growth. This is supported by the fact that untreated
tumours have a significant level of IFN-, suggesting that tumour challenge alone invokes an
immune response, and may explain why the EL4 thymomas used in this thesis were reasonably
immunogenic when compared to the other tumours tested.
Mice that had the IFNR receptor knocked out on their DCs completely lost their antitumour response to the -GalCer/CpG combination. Previous experiments in chapter 4 had
shown that ablation of pDCs, a significant producer of type I IFN, led to a weakened anti-tumour
response. Of note, preliminary interpretation of a CyTOF analysis conducted with 43 different
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antibodies for cell-surface markers on immune cells in this treatment model, conducted by a
colleague in the laboratory in association with the Sydney Cytometry Facility, demonstrated
increases in CD69 and SCA-1 on cDC1s, CD4+, and CD8+ T cells (L. Ferrer-Font, personal
communication, 2018). Upregulation of CD69 and SCA-1 has been associated with exposure to
type I IFN 285,292. It was demonstrated in Chapter 4 that ablation of cDC1s had a significant
negative impact on the anti-tumour response. Other laboratories have found that cDC1s exposed
to type I IFN become activated and matured 293. It is, therefore, possible that type IFN released
by pDCs acts on cDC1 cells, thereby promoting the specialist cross-priming activity of these
cells. It has been previously demonstrated that IFN- stimulation of cDC1s can lead to improved
IL-12 production for T cell priming 294. Supporting this, another study showed that cDC1s were
unable to enhance the production of IL-12p40 when pDCs were depleted, in this case in response
to -GalCer and delayed administration the TLR7 agonist resiquimod (which normally produces
copious amounts of IFN-). A follow-up on this experiment found that depleting mice of
langerin+ cDC1s prevented the induction of a CD8+ T cell response 11. As CpG also activates
pDCs in a similar manner as resiquimod (TLR9 and TLR7/8 agonists respectively), it suggests a
similar pathway whereby pDCs producing IFN- was associated with the enhanced capability
for cDC1s to cross-prime a T cell response. Thus, a potential mechanism may be presented: CpG
directly ligates pDCs, leading to the release of type I IFN. This type I IFN directly stimulates
cDC1s thereby increasing antigen cross-presentation and cross-priming of a CD8+ T cell
response. The type I IFN also acts upon CD8+ and CD4+ T cells directly leading to increased
cytotoxic capacity. There are multiple ways in which to test this hypothesis in the future. We
could deplete pDCs or block IFN- binding and see how it affects the induction of a CD8+ T cell
response. Another method, similar to what was described above, could be to measure IL-12p40
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responses in mice depleted of pDCs to see how the lack of pDCs affects IL-12p40 production by
cDC1s. The final method, would involve depleting cDC1s prior to treatment and measuring the
induction of CD8+ T cells after treatment to determine if cDC1s are responsible for crosspriming in this model.
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Chapter 7
Overcoming non-responsive tumours - developing rational combination
strategies

7.1 Introduction
As noted earlier in Chapter 3, unlike EL4.LA tumours, tumours such as B16 melanoma
and TC1 lung carcinoma (a mouse epithelial cancer cell line that expresses HPV-16 E6 and E7
proteins) proved to be more resistant to the therapeutic effects -GalCer and CpG combination
therapy. With B16 melanoma and TC1 lung carcinoma, while tumour growth delay was
observed, no animal achieved tumour eradication. Studies have shown that immune-related gene
expression is low in B16 melanoma, suggesting it is poorly immunogenic. Low levels of
immune-related genes were also seen in CT26 colon carcinoma in BALB/c mice, with B16
tumours being the most poorly immunogenic of the two models by this criterion 295. Other work
has demonstrated that the B16 melanoma cell line is depleted of costimulatory molecules such as
OX40L, CD40, CD137L (4-1BB) and others 295. In addition, TC1 and B16 lines have been
shown to have lower expression of MHC class I and II pathway genes through transcriptomic
analysis compared to naïve animals. It also has been shown that these two tumour models are
poorly infiltrated by immune cells 296 compared to other tumour types such as EL4 and MC38.
TC1 tumours are also known to contain large numbers of immunosuppressive Tregs, whose
systemic depletion can lead to immunotherapy being successful in the TC1 model 297.
Nonetheless, the tumours can respond to immunotherapy to some extent 139,202,203,217,254,298
suggesting that both B16 and TC1 tumours are antigenic (that is, they express TAAs) but are not
immunogenic due to the variety of immunosuppressive mechanisms outlined above.
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It has been shown that tumour sections harvested two weeks after the subcutaneous
implantation of TC1 cells into C57BL/6 mice were not a complete immune desert, but there were
a small amount of CD8+ T cells, and these T cells are within the tumours and not outside in the
margin 299. Therefore, it was possible that immune responses were either too weak to have an
effect or were effectively suppressed. If too weak, this may be due to a lack of TAAs presented
to the immune system in a stimulatory context for the initiation and maintenance of a robust
adaptive anti-tumour immune response in the TC1 model. Although the intratumoural
combination therapy stimulates activation and maturation of professional APCs, this alone is
insufficient to induce a powerful curative response. However, by increasing the visibility of
TAAs within the tumour, it could increase T cell activation, and perhaps also attract additional
antigen-specific T cells to the tumour tissue. Such a strategy to exogenously add antigen to the
treatment can only be used where TAA have been defined, such as the case for the HPV antigens
in TC1 300. This could be achieved by incorporating TAA into a suitably adjuvanted vaccine such
that higher antigen doses are loaded onto APCs in a stimulatory context, which is the basis for
several vaccine approaches 151,301 302–306. Of note, anti-tumour responses have been seen in
animal models by intratumourally injecting a peptide antigen in combination with a CpG
adjuvant, suggesting this strategy could work, and it was possible that this could be amplified if
iNKT cell activation was also incorporated into the regimen.

188,290

In this context, previous work in our laboratory had shown that covalently attaching
antigens to -GalCer improves immunogenicity by co-delivering antigen and adjuvant to the
same APCs 136,307. It is, therefore, possible that such peptide antigen/-GalCer conjugates
injected intratumourally will be delivered to APCs within the tumour (and also possibly drain to
lymphoid tissues). Such attached peptides can be cross-presented to stimulate antigen-specific
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CD8+ T cell responses by the same DCs that present -GalCer via CD1d to stimulate iNKT cell
help 307. Conjugation is achieved using a linker that is designed to self-immolate after enzymatic
cleavage by intracellular cathepsins, allowing the release of native peptide and α-GalCer
structures that can bind the relevant antigen-presenting molecules expressed by APCs 307. By
combining this form of vaccine treatment with CpG, it is, therefore, possible that responses of
sufficient magnitude and quality could be achieved that induce regression in models of low
immunogenicity where TAA are known.
Alternatively, low dose chemotherapy such as doxorubicin or cyclophosphamide can be
used to elicit immunogenic cell death (ICD) with the dead and dying cells containing TAAs that
are released to APCs in an immunostimulatory context 308. This is in contrast to high dose
chemotherapy, which is not only cytotoxic to tumour cells that divide quickly but can kill off fast
proliferating immune cells such as those in the bone marrow, wiping out any immunogenicity
boost 309. It is important to note that not all chemotherapeutic agents are ICD inducers, as those
that do are characterised by the exposure of “eat-me” signals on the cell surface through the
release of DAMPs. The crucial DAMPs, which can induce ICD, include calreticulin (CRT), high
mobility group box 1 (HMGB1), adenosine-5’-triphosphate (ATP) and heat shock protein (HSP)
70 and 90 308. Although not explored in this thesis, it has also been reported that radiation or
infection with oncolytic viruses can stimulate the release of tumour antigens and initiate an
immune response 302–306,310. In addition to doxorubicin, other chemotherapeutic ICD inducers are
mitoxantrone, bortezomib and cyclophosphamide 311.
Another main culprit for failed anti-tumour immune responses is that tumour cells learn
to evade host immune surveillance through the expression of ligands for inhibitory immune
checkpoints. In this scenario, it is anticipated that antagonists to these ligands such as anti-PD-1
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and anti-CTLA4 should prove useful. The PD-1/PD-L1 signalling pathway is crucial in
dampening tumour immunosurveillance via over-expression of PD-L1, which is known to
negatively regulate immune responses by interacting with PD-1 on T cells, essentially “turning
off” the T cells and allowing the tumours to escape host immune surveillance 312. Indeed, data
from clinical samples indicate that the high expression of PD-1 ligands on tumours correlated
with a poor prognosis 313. Under this scenario, responses to TAA have to have already been
initiated but have been constrained. Indeed the use of a PD-1 antagonist in combination with
standard of care has proven to be the new cornerstone of cancer treatment 314. It was possible,
therefore, that responses to TAA in TC1 and B16 were under this immunosuppressive constraint,
and CpG and α-GalCer were unable to reverse this. Therefore, it is possible that -GalCer/CpG
treatment would perform better in combination with a PD-1/PD-L1 antagonist as the immune
response may have been hampered by increased PD-L1 binding to PD-1 leading to exhaustion of
effectors. Other strategies to overcome low immunogenicity, but not tested in this chapter,
include depletion of immune suppressor cell populations such as Tregs, MDSCs, and TAMs to
reduce the hostility of the TME to immune attack.
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7.2 Aims
Can the addition of exogenous antigen enhance the efficacy of the treatment for tumours
that have known antigens such as EG7.OVA, TC1, and B16? Alternatively, can antagonism of
upregulated immunosuppressive proteins improve the efficacy of the treatment, such as in the
CT26 tumour model? The aims were therefore to:



Determine the efficacy of combining intratumoural CpG with intratumoural
administration of -GalCer with a peptide epitope from a TAA



Determine if combining intratumoural -GalCer and CpG therapy with anti-PD-1
can improve anti-tumour immunity



Determine if combining intratumoural -GalCer and CpG therapy with low dose
doxorubicin therapy can improve anti-tumour immunity
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7.3 Results

7.3.1 Impact of the addition of tumour associated antigens to -GalCer/CpG: Addition of
OVA peptide in EG7.OVA tumour model
To test whether intratumoural co-delivery of an antigenic peptide could improve the
efficacy of treatment involving iNKT cell activation and TLR9 agonism, a conjugate of αGalCer and OVA peptide containing both CD4+ and CD8+ T cell epitopes on an H-2b
background (-GalCer-OVA) was prepared so that analyses could be conducted initially in the
relatively immunogenic EG7.OVA model. This -GalCer-OVA conjugate was synthesized as
published 315, and those that follow, were made and supplied by our synthetic chemistry
collaborators in the laboratory of Prof Gavin Painter, Ferrier Research Institute. To accomplish
conjugation, a rearranged α-GalCer derivative with a free amino group was used to provide a
synthetically selective and stable point of attachment. A cathepsin-sensitive valine–citrulline–pamino-benzyl carbamate within the linker ensured intracellular enzymatic cleavage between the
valine and citrulline groups, followed by immolation of the surrounding linker to release the
glycolipid and peptide. The released migrated α-GalCer derivative then spontaneously rearranges
to form α-GalCer, to be presented via CD1d, while the peptide is processed to be presented via
MHC class I and class II 138. The initial aim was to determine whether conjugation of TAA
epitopes expressed by the tumour to -GalCer would be effective when administered alongside
intratumoural CpG. To do this, C57BL/6J mice were inoculated with 1x106 EG7.OVA s.c. into
the right flank, and then when the tumours reached about 6x6 mm the mice were treated
intratumourally with either PBS, -GalCer-OVA conjugate, CpG, admix -GalCer-OVA
conjugate and CpG, or -GalCer-OVA conjugate with 6 hours delayed CpG.
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Intratumoural administration of the -GalCer-OVA conjugate as a single agent induced
some growth delay and regression, while the administration of CpG alone, as usual, only induced
growth delay. For the combination therapy, the admix -GalCer-OVA conjugate and CpG
resulted in the majority of tumours regressing to baseline, while -GalCer-OVA conjugate with
6 hours delayed CpG resulted in all tumours regressing to baseline (Fig 53). The conjugation of
-GalCer to the OVA epitope appeared to enhance the anti-tumour response in EG7.OVA
tumour model when delivered 6 hours before CpG, as had been observed in experiments
presented in Chapter 3, although this was not significant; nonetheless, this regimen was included
in later studies. While this experiment was not performed side by side with the use of α-GalCer
and CpG, the conjugation certainly did not impair efficacy, justifying further experiments to
explore the use of conjugates in a less immunogenic model.
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Figure 53 Intratumoural administration of -GalCer-OVA conjugate and CpG combine to induce regression in EG7.OVA model.
A) Tumour growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with statistics indicated
(log-rank Mantel-Cox test).
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7.3.2 Impact of the addition of tumour associated antigens to -GalCer/CpG: Addition of
HPV E7 epitope in the TC1 tumour model
As mentioned in chapter 3, the TC1 tumour cell line is a transformed murine lung
epithelial cancer cell line co-transfected with HPV-16 E6/E7 genes and the activated human Haras (G12V) oncogene DNA 216,217. In this earlier chapter, it was demonstrated that the
intratumoural combination of -GalCer and CpG, both as an admix and with delayed CpG, only
resulted in a tumour growth delay relative to PBS, with no baseline regressions achieved.
The constitutively expressed HPV oncoproteins E6 and E7 are used as target antigens for
HPV therapeutic vaccines. These early (E) proteins are regarded as being crucial for HPV
immune escape and malignant progression; and are constitutively expressed in both premalignant
and advanced lesions, making them ideal targets for immunotherapeutic approaches for HPVinduced malignancies 316. Recently our group has shown that the α-GalCer-HPV E7 conjugate,
α-GalCer-E749-57 given intravenously exhibited a significant delay in tumour growth relative to
saline or unconjugated component-treated control animals in mice implanted with the TC1
tumour cell line. The anti-tumour activity only occurred when the tumour associated antigen was
covalently linked to α-GalCer, as injection of unconjugated components alone or as an admix did
not provide anti-tumour activity 136. This study showed that, as expected, the glycolipid-peptide
conjugate vaccine required cathepsin cleavage in vivo and induced CD1d-dependent iNKT cell
proliferation. The anti-tumour activity of α-GalCer-E749-57 was due to induction of peptidespecific CD8+ T cell activation with cytotoxic potential. However, while the anti-tumour
response was robust, it did not eradicate tumours at the doses tested 136.
In this study, the conjugate employed used a long peptide that incorporated the E749-57
(bolded) epitope (i.e. GQAEPDRAHYNIVTFCCKCDS) 317,318. To test the anti-tumour activity
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of intratumoural -GalCer-HPV E7 conjugate with CpG, 1x105 TC1 tumour cells were
inoculated into the right flank of C57BL/6J mice. Once the tumours reached approximately 6x6
mm the mice were treated intratumourally with either PBS, CpG, -GalCer-HPV E7 conjugate,
an admix -GalCer-HPV E7 conjugate and CpG, or with -GalCer-HPV E7 conjugate with 6
hours delayed CpG.
The intratumoural administration of -GalCer-HPV E7 conjugate alone induced a growth
delay relative to PBS with some mice regressing to baseline, while CpG did not induce any
baseline regressions. Admixed -GalCer-HPV E7 conjugate and CpG resulted in the majority of
mice undergoing regression, with similar results being achieved with -GalCer-HPV E7
conjugate combined with 6 hours delayed CpG (Fig 54). As regression was rare in earlier studies
using the -GalCer/CpG combination, this initial data was highly suggestive that the addition of
a tumour associated antigen as part of a conjugate enhances anti-tumour activity over iNKT cell
activation and TLR9 agonism alone in the TC1 model.
To confirm a role for an adaptive response with memory in this treatment, mice that
survived tumour challenge were rechallenged with a double inoculum (200,000) TC1 cells into
the opposite flank. Similar to our previous findings with α-GalCer and CpG, all of the cured
mice rejected their rechallenge tumours, whereas all of the naïve mice succumbed to their
tumours (Fig 55). This includes the lone mouse that was cured by the -GalCer-HPV E7
conjugate without CpG. Overall this supports our previous finding that the cures generated from
-GalCer/CpG therapy are durable, and suggests an adaptive response with memory was
initiated.
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Figure 54 Intatumoural combination of -GalCer-E6 conjugate and CpG induces regression and cure in TC1 tumours. A)
Treatment protocol. B) Tumour growth curves plotted for each mouse. C) Survival curves for the different treatment groups, with
statistics indicated (log-rank Mantel-Cox test).
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Figure 55 Mice cured of TC1 tumours are immune to rechallenge. A) Tumour growth curves plotted for each mouse. B) Survival
curves for the different treatment groups, with statistical differences indicated (log-rank Mantel-Cox test).
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7.3.3 Inducing abscopal effect of -GalCer-HPV conjugate + CpG in TC1 and comparison
of the conjugate with admix of individual components
Having shown regression in the TC1 model with α-GalCer-HPV conjugate plus CpG, it
needed to be established whether the peptide had to be conjugated, or indeed if peptide alone
could explain the enhanced activity. In addition, it remained to be established whether the
treatment resulted in an abscopal effect. To test this, C57BL/6J mice were inoculated with 1x105
TC1 cells into both the left and right flanks. Once the tumours reached approximately 6x6 mm in
size in both flanks, the mice were treated with PBS, HPV E7 epitope alone, an admix of GalCer with HPV E7 epitope, -GalCer with 6 hours delayed CpG, an admix of -GalCer and
HPV E7 epitope with 6 hours delayed CpG, or -GalCer-HPV E7 conjugate with 6 hours
delayed CpG.
Intratumoural administration of antigen alone in the form of HPV E7 epitope did not
produce a significant growth delay, and adding -GalCer to serve as an adjuvant to HPV E7
epitope did not improve activity significantly. As expected, -GalCer with 6 hours delayed CpG
induced a significant growth delay, but with no survivors. However, some of the mice underwent
regression when the HPV E7 epitope was added in the mix, leading to a significantly improved
therapeutic outcome (Fig 56). In cured mice, both primary and contralateral tumours fully
regressed, showing that the abscopal effect was induced. The use of the -GalCer-HPV E7
conjugate with 6 hours delayed CpG was superior to all of the other treatments, including the
addition of exogenous antigen, with almost all of the mice undergoing regression (Fig 56).
However, this improved activity with conjugation (as opposed to free antigen) did not reach
statistical significance when looking at overall survival.
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To confirm that complete responses were durable, and to show that activity was
dependent on CD8+ T cells, mice that had survived tumour challenge were either given PBS or
CD8 depleting antibody and rechallenged onto the back with 2x105 TC1 tumour cells. Depletion
of CD8+ cells was confirmed via flow cytometry, and naïve mice were used as growth controls.
As seen with our previous depletion experiments, the mice that had their CD8+ cells depleted
completely lost their anti-tumour response, whereas the mice that retained their CD8+ cells
rejected the tumour rechallenge (Fig 57).
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Figure 56 Intratumoural combination of -GalCer-E7 conjugate and CpG induces regression and cure in bilaterally implanted
TC1 tumours. A) Treatment protocol. B) Tumour growth curves plotted for each mouse. C) Survival curves for the different
treatment groups, with statistical differences indicated (log-rank Mantel-Cox test).
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Figure 57 TC1 anti-tumour memory is CD8 mediated. A) Tumour growth curve. C) Survival plot with statistics indicated (logrank Mantel-Cox test).

249

7.3.4 Impact of -GalCer-Neoepitope conjugate + CpG in B16.OVA tumours
In order to design a vaccine against a cancer, a TAA must be first identified to use as a
target for the immune response to home in on. While there have been a number of TAAs defined
that are often expressed in some malignancies, recent studies on people responding to checkpoint
blockade have highlighted the importance of patient-specific antigenic profiles, including
neoepitopes resulting from mutation. To define these TAA in the clinic, patient biopsies would
have to be sequenced, and MHC binding algorithms used to predict whether they are presented 7.
Alternatively, mass spectrometry can be used to establish the sequence of novel peptides eluted
from a patient’s tumour material 319. With this information, vaccines could be prepared for
treatment to initiate responses to ignored patient-specific antigens, or to boost weak responses.
Along this line, after the publication of Kreiter et al. (2015), 8 where they identified mutations in
B16 tumours that resulted in TAAs, it was hypothesised that if B16 melanoma TAA were
synthesised and conjugated to -GalCer, it might improve the anti-tumour efficacy against B16
tumours. A total of 21 different -GalCer-neoepitope conjugates were generated 317,318, and in
order to maximise the therapeutic potential by broadening the response, all were admixed for
treatment. A dose of 2.33 nmol per conjugate per mouse was used to keep the overall amount of
-GalCer consistent with previous experiments.
C57BL/6J mice were inoculated with 3.5x105 B16-OVA cells into the right flank and
when the tumours were approximately 6x6 mm on day 7 the mice were treated intratumourally
with PBS, -GalCer with 6 hours delayed CpG, and -GalCer-neoepitope conjugate with 6
hours delayed CpG. Intratumoural treatment with -GalCer with 6 hours delayed CpG was able
to induce a significant growth delay, with some full regressions, whereas the -GalCerneoepitope conjugate with 6 hours delayed CpG cured most of the mice (Fig 58). Although
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suggesting an advantage of supplementing exogenous TAAs to the treatment strategy, this did
not reach statistical significance.

Figure 58 Intatumoural combination of -GalCer-neoepitope conjugate and CpG induces regression and cure in B16.OVA
tumours. A) Tumour growth curves plotted for each mouse. B) Survival curves for the different treatment groups, with statistics
indicated (log-rank Mantel-Cox test).
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7.3.5 Taking the brake off: Impact of -GalCer + CpG + checkpoint blockade (PD-1) in
CT26 tumours
Next, it was investigated whether the anti-tumour activity of intratumoural iNKT cell
agonists and CpG combines with checkpoint blockade. To do this, the CT26 tumour model was
used because anti-PD-1 has previously been shown to only very weakly inhibit the growth of this
tumour, but this can be improved with combination therapies 203,217,320–322. As such, this is similar
to the clinic, where the vast majority of cancer patients do not respond to checkpoint blockade as
a standalone therapy. Treatment of CT26 with anti-PD-1 mAb has been shown to reduce the
number of Tregs and MDSCs in the dLNs and the spleen 323. Since CT26 colon cancer tumours
express high levels of PD-L1, and anti-PD-1 mAb was shown to reduce the number of
immunosuppressive cells, we anticipated that anti-PD-1 antagonist would be additive to GalCer and CpG, as the combination should increase the influx of immune cells into the TME, as
well as decreasing immunosuppressive cells such as Tregs and MDSCs, for the eradication of
CT26 tumours. It was therefore assessed firstly whether the combination of -GalCer and CpG
would be able to induce an anti-tumour response in the CT26 colorectal cancer model, as had
been seen with the other tumours tested, and importantly, whether treatment with anti-PD-1 mAb
could improve this.
For this experiment, 2x105 CT26 tumour cells were injected into the right flank of
BALB/CJ. When the tumours were approximately 6x6 mm on day 7 the mice were treated with
either intratumoural PBS, 200 µg anti-PD-1 given i.p. in 200 µL on the last day of every dosing
cycle, -GalCer alone as per standard dosing regimen, CpG, -GalCer with 6 hours delayed
CpG, or anti-PD-1 and -GalCer with 6 hours delayed CpG.
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Not surprisingly based on published reports, anti-PD-1 as a single agent was ineffective.
So too were -GalCer and CpG as single agents. However, the combination of -GalCer and 6
hours delayed CpG induced complete regression in some mice, while the addition of anti-PD-1
doubled the rate of full regressions. However, this improvement did not reach statistical
significance (Fig 59). As had been seen in earlier models, all mice that rejected the tumour were
able to reject a rechallenge of the double inoculum of CT26 cells, while those that had been
depleted of their CD8+ cells lost their anti-tumour memory (Fig 60). The anti-tumour memory
elicited by α-GalCer/CpG and anti-PD-1 is, therefore, CD8+ Τ cell-mediated.
A similar experiment performed using half the amount of anti-PD-1 mAb, not shown
here, also showed a similar trend in that the triple combination had a slightly better rate of cure.
Overall, this preliminary experiment suggests that intratumoural treatment using the combination
of -GalCer and CpG can be combined with anti-PD-1 treatment. The combined treatment is
safe, with no additional adverse events seen, and showed a trend towards additivity. However,
additional experiments, to increase the n value, are required to show that the additivity is
statistically significant.
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Figure 59 In situ vaccination with α-GalCer and CpG in a CT26 tumour model. A) Treatment protocol. B) Tumour growth curves
plotted for each mouse. C) Survival curves for the different treatment groups, with statistics indicated (log-rank Mantel-Cox test).
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Figure 60 in situ vaccination induced anti-tumour memory is CD8 mediated. A) Tumour Plots. B) Survival plots with statistics indicated (log-rank
Mantel-Cox test).
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7.3.6 Increasing immunogenicity by inducing immunogenic cell death
The pronounced increase in the effectiveness of the -GalCer/CpG treatment in less
immunogenic tumours with the addition of TAA is very encouraging. For example, the complete
response rate observed with TC1 tumours was significantly increased in the presence of the
antigen conjugated with -GalCer. However, a potential barrier to this strategy becoming a
universal practice is that currently few universal tumour antigens are known. Technological
advances such as next-generation sequencing and the development of algorithms for predicting
patient-specific TAA has the potential to allow for the development of personalised cancer
therapies and vaccines. However, these technologies are in their infancy, and for now,
computational prediction of neoantigens capable of eliciting effective anti-tumour responses in
patients remains a hit-or-miss affair. In addition, a critical challenge for the clinical application
of personalised vaccines is being able to manufacture and deliver individually tailored vaccines
in a quick and timely manner, without being cost-prohibitive 324. Despite these issues, the
successful use of TAA peptide conjugates did point to an advantage in increasing TAA dose to
improve efficacy. A simpler strategy, using chemotherapy to achieve increased release of TAA
in an immunogenic context in situ, was therefore explored.
The proof of concept strategy was, therefore, to use a low dose of the ICD-inducing agent
doxorubicin in order to liberate TAA along with DAMPs, which will help prime or boost an
adaptive immune response. Doxorubicin was used as the ICD agent because of its reported
efficiency as an ICD inducer in the poorly immunogenic B16.F10 model 325. The doxorubicin
dose chosen was adapted from a new modality of drug administration called “metronomic
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chemotherapy”. Such regimens involve the frequent administration of conventional
chemotherapeutic agents at very low doses (~1/10th of standard maximum tolerated dose) 311. The
advantages of this modality include minimal adverse effects to the host, notably reduced rate of
loss of immune cells 326 and a reduction in acquired drug resistance during the prolonged drugfree breaks required to recover from host toxicity 327. Previously it was thought that they act by
targeting angiogenesis, but recently additional immune-related mechanisms have been
discovered 328. However, rather than subject the host to chemotherapy continuously throughout
the treatment, we chose to give only two doses of doxorubicin to generate the release of enough
TAA to support adaptive immune responses without risking a significant loss of immune cells;
however, in principle, the low dose chemotherapy could potentially be continued throughout the
treatment. In the same experiment, the -GalCer-TAA conjugate strategy described earlier was
also used to see how the different approaches to increasing immunogenicity of TAAs compared.
Mice were inoculated with 1x105 B16.F10 tumours into the left flank. Relevant mice
were treated with doxorubicin on days 6 and 7, and when the tumours were approximate 6x6 mm
on day 8, they were treated intratumourally with either PBS, the admix of -GalCer-TAA
conjugates, CpG, -GalCer with 6 hours delayed CpG, or -GalCer-TAA conjugates with 6
hours delayed CpG. An additional group involved combining initial i.p. treatment with 0.3
mg/kg doxorubicin (1/10th of standard dose for preclinical models) on days 6 and 7 with
intratumoural -GalCer and 6 hours delayed CpG. A doxorubicin alone group was also used as a
control.
As single agents, the -GalCer-TAA conjugate, CpG, and doxorubicin did not produce
significant growth delays. As for combinations, intratumoural -GalCer with 6 hours delayed
CpG produced a growth delay, but ultimately no mice rejected their tumours. However, when -
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GalCer was substituted with the -GalCer-neoepitope conjugates, some mice did reject their
tumours, with statistically significant results showing that the addition of antigen in the form of a
conjugate can improve the anti-tumour response, as had been suggested by a trend in the
previous experiment in B16.OVA (Fig 58). Intriguingly, a statistically significant improvement
over -GalCer and 6 hours delayed CpG was also seen when it was combined with doxorubicin
treatment (Fig 61). This suggests that priming the tumours with doxorubicin to produce an
improved anti-tumour response is an effective combination strategy. While there was a trend, it
did not perform statistically better than utilising the -GalCer-TAA conjugate with CpG.
However, the ease of using an ICD agent makes this off-the-shelf treatment strategy simple and
highly attractive in the absence of well characterised TAA.
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Figure 61 Intatumoural combination of -GalCer and CpG with low dose doxorubicin induces regression and cure in B16.F10
tumours. A) Treatment protocol. B) Tumour growth curves plotted for each mouse. C) Survival curves for the different treatment
groups, with statistical differences indicated (log-rank Mantel-Cox test).
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7.4 Discussion
Despite the unprecedented durable response rates observed with cancer immunotherapies,
the majority of patients (80-85%) do not benefit from the treatment and some responders relapse
after a period of response. Several common cancer types such as breast, prostate, and colon have
shown very low frequencies of responses and heterogeneous responses have even been seen
between distinct tumours within the same patient 329. The lack of sufficient or suitable TAA,
impaired TAA processing, and impaired presentation of TAA can all lead to impaired formation
of tumour-reactive T cells. Whether a tumour is non-immunogenic or immunogenic likely
depends largely on the degree of immune cell infiltration 330. Non-immunogenic tumours have
been characterised by the sparse presence of immune cells in the TME, most notably cytotoxic T
cells, possibly due to an impaired ability to present tumour antigens to T cells 331,332. They also
may lack expression of key chemokines that recruit immune cells to the tumours and are thus
less able to promote tumour-specific T-cell infiltration 331. Together, these factors limit cytotoxic
T-cell activation and migration to the tumour, ultimately preventing tumour cell elimination.
Immunogenic tumours, on the other hand, are marked by the presence of immune cells and can
be an indicator of a pre-existing immune response, which is known to be positively associated
with survival in the clinic 333,334. These cancers have a high tumour mutational burden (TMB),
producing a plethora of tumour antigens, which can facilitate the recruitment of cytotoxic T cells.
Although the accumulation of mutations in tumour cells can provide a selective advantage by
increasing genetic diversity and adaptability, it also poses a tremendous risk for the tumour cells,
as they can become more easily recognised by the immune system 335. Unlike non-immunogenic
tumours, antigen presentation and T-cell activation, are active processes in immunogenic
tumours and are more likely to respond to checkpoint inhibition 336. As would be expected, some
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tumours exhibit features that are in-between these two extremes, displaying low immune cell
infiltration or immune cells failing to enter tumours due to being blocked at the invasive margin.
Different strategies are needed to tackle different types of tumours, for example, when treating
tumours that are devoid of immune cells, the initial strategy would require attracting immune
cells to the TME as checkpoint inhibition would be futile in this instance.
In the experiments presented in this chapter, it was shown that the addition of exogenous
intratumoural tumour antigen to help support the adaptive immune response increases the
effectiveness of the -GalCer/CpG combination in certain tumours, particularly when the
antigen is covalently linked to -GalCer. This perhaps suggests that the tumour associated
antigens expressed in situ are potentially weakly immunogenic in the TC1 tumour model and that
the induction of strong immunity required the addition of exogenous of antigen in close
proximity to adjuvant to initiate an effective adaptive immune response. For antigens like the
HPV oncoproteins, which are expressed in a broad range of tumours, it is possible to envisage an
off-the-shelf conjugate vaccine for this purpose in the clinic, perhaps one incorporating multiple
epitopes to give population-level coverage based on the diverse HLA background in the human
population. Other antigens that could be used in this context are the cancer-testis antigens that
are often expressed in a wide range of tumours. Conjugation is a useful strategy for increasing
tumour immunogenicity by allowing for adjuvant and antigen to be simultaneously processed by
APCs. A potential issue associated with injecting unconjugated minimal epitopes is that, without
processing steps required (which are heightened in professional APCs), they may end up being
presented by non-professional APCs to promote tolerance. On the other hand, conjugation should
enforce uptake of -GalCer and TAA into the same cell, and because uptake and processing is
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enhanced in APCs, presentation of the cleaved components should be favoured by the
professional cells most likely to promote T cell responses.
However, in the absence of useful “universal” antigens, the patient’s tumour would have
to be sequenced for TAA, which would then be synthesised and conjugated to -GalCer for use
in the patients’ treatment. Multiple TAAs will likely need to be used, increasing the complexity
of the process. The challenge with this approach is the difficulty in identifying the relevant
immunogenic TAAs and the synthesis of the complex conjugates. Here it is shown in B16
melanoma that -GalCer-neoepitope conjugates for several reported neoepitopes (C.W. Tang,
personal communication, 2019) can improve the anti-tumour response over adjuvanted, free
antigen with similar trends being seen in repeated experiments. However, significance was only
achieved in one experiment. It is important to note that twenty-one conjugates were used even
though at the time this work was done not all twenty-one antigens were shown to be
immunogenic in the model used in this laboratory. A colleague subsequently found that
significant anti-tumour was limited to only 3 of the epitopes used. This may reflect the fact that
the -GalCer-conjugates favour CD8+ T cell responses (I.F. Hermans, personal communication,
2019) and that the published TAA sequences are reported to induce CD4+ T cell responses
primarily 8. An assessment of the antitumour activity of combining the three active conjugates
with CpG intratumourally is therefore warranted.
The strategy of promoting ICD to liberate relevant immunogenic TAA in tumours with a
non-inflamed, immune cell poor TME in situ is very appealing and appears to be very effective
in our hands. In addition, the use of low dose chemotherapeutics will reduce the toxic side effects
and reduce depletion of immune cells through cytotoxicity, which is usually associated with
these molecules used at high doses. Based on the efficacy observed with -GalCer/CpG
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combination with low dose doxorubicin, it is possible that the ICD agent delivered the relevant
TAA into the TME where -GalCer/CpG was physically delivered, and subsequently supported
T cell immunity locally, or through drainage to lymphoid tissues. Since this was a proof of
concept study where doxorubicin was utilised only at the start of the experiment, it would be
interesting to see how effective the treatment would be if low dose doxorubicin were used
throughout the experiment to continually churn out TAAs as tumours age (true metronomic
treatment). However, even in a metronomic setting, the negative impact of chemotherapy on
immune cells number cannot always be avoided 337.
The proposed principal mechanism of doxorubicin cardiotoxicity is increased oxidative
stress, as evident from increased levels of reactive oxygen species and lipid peroxidation 338. In
the case of high dose doxorubicin, the most dangerous side effect clinically is dilated
cardiomyopathy, leading to congestive heart failure. The rate of cardiomyopathy is dependent on
its cumulative dose, which can be as high as 36% when the dose exceeds 600 mg/m². When
congestive heart failure develops, mortality is approximately 50% 339. A clinical strategy based
on low dose use, as used here, would, therefore, be favourable.
It would be interesting to see how effective other low dose ICD inducing agents such as
mitoxantrone, cyclophosphamide or radiation are since some of these have less severe side
effects compared to doxorubicin. In principle, these ICD agents can also be administered
intratumourally with -GalCer/CpG to avoid systemic toxicity, as well as the ease of
administering all reagents with a single needle. Moreover, the total amount of ICD agents can
further be reduced for intratumoural delivery.
Immune checkpoint inhibitors have revolutionised cancer treatment, but not all patients
benefit from monotherapy. To overcome this, combinations of immunotherapy are increasingly
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being explored as a strategy to improve outcomes. According to the Cancer Research Institute,
there are now over 1,500 clinical trials testing checkpoint inhibitors in combination with one or
more agents. However, with so many potential combinatorial strategies, identifying optimal
approaches and obtaining randomised data is paramount to maximise benefit and minimise
toxicity. Ideal combinations should have complementary, not overlapping mechanisms of
immune activation to maximise effectiveness.
Here, anti-PD-1 was used along with the -GalCer/CpG combination in the CT26 colon
cancer model. The CT26 tumour cell line is derived from an undifferentiated colorectal
carcinoma induced in a BALB/c mouse by repeated intrarectal instillations of N-nitroso-Nmethylurethan and shown to be modestly immunogenic 340,341. It was recently shown that three
weeks post-engraftment with the colon cancer line CT26, the macrophages in the tumour
expressed high levels of surface PD-1 (~50%), which correlates with decreased phagocytosis by
tumour-associated macrophages (TAM) 342. Thus it was logical to add anti-PD-1 mAb to the GalCer/CpG combination in the CT26. While combining anti-PD-1 mAb with -GalCer/CpG
did cause tumours in the majority of the mice to regress, this did not reach statistical significance
over -GalCer/CpG without checkpoint blockade, albeit there was a trend in the right direction.
Similarly, others have demonstrated that a combination of a TLR9 agonist (SD101) in
combination with anti-PD-1 mAb provided additivity in the tumour regression and survival of
CT26 and MC38 (another colon cell line) bearing mice in a statistically significant manner 203.
We did not observe a dramatic enhancement of the cure rate in a similar experiment. However,
the starting tumour sizes in their experiments were much smaller than those in our experiment. In
any event, the totality of the data suggests that the inclusion of -GalCer/CpG rendered a
checkpoint blockade-resistant tumour susceptible to immune attack. Thus there is a rationale for
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pursuing this combination clinically as checkpoint blockade is rapidly becoming the default
treatment for an increasing number of cancer conditions.
These promising preclinical results build a rationale for the clinical development of GalCer/CpG treatment in combination with a judicious choice of a third agent which has a
complementary, but not overlapping mechanism of immune activation to maximise therapeutic
impact while minimising toxicity. In this chapter, we have provided a preclinical rationale to
investigate novel approaches to the treatment of cancer in patients who are not responding to
treatment with checkpoint inhibitors, the emerging standard of care for cancer.
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Chapter 8
General Discussion

8.1 Summary:
In this thesis, an intratumoural treatment model was developed and optimised by
combining the stimulatory activity of the TLR9 agonist, CpG (a clinically promising
intratumoural agent), with the activation of iNKT cells through intratumoural administration of
-GalCer. The treatment regimen showed anti-tumour efficacy in several different in vivo
models representing different types of cancer. The combination of -GalCer and CpG was
highly effective in inducing the rejection of both treated and untreated tumours through the
induction of a systemic adaptive immune response with the associated abscopal effect. This
effect was shown to be critically dependent on the activation of CD8+ T cells, which were
capable of mounting a memory response against rechallenge with the same, or similar, tumours.
The evidence for a systemic adaptive immune response includes 1) The ablation of secondary
lymphoid organs results in significantly reduced treatment effect, probably since lymphoid
organs are home to a diverse population of lymphocytes and are where T and B cells encounter
antigens to generate effector cells. 2) The response was mediated by CD8+ T cells which are
known to recirculate around the body 3) Some anti-tumour activity could be transferred to
another host via serum, suggesting a systemic antibody response had been induced. 4) Evidence
for an abscopal effect, which is most likely caused by recirculation of cellular effectors and
antibody to the distal tumours. However, despite this evidence of the response being systemic, an
additional element is explicitly provided by the intratumoural administration, as subcutaneous
and peritumoural routes of administration minimally affected tumours even though lymphoid
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organs were perhaps even more likely to come into contact with the systemically injected
reagents than when the reagents were administered locally inside the tumours. It is likely,
therefore, that the repeated intratumoural administration of CpG creates an inflammatory context
that permits the induced anti-tumour response to flourish, both locally and distally. Intratumoural
administration of the agents was associated with increases in IFN- in the tumour (rather than
the serum) (Fig 50), and this may be one of the key signals.
The critical involvement of the dLN and spleen in anti-tumour activity (as shown by
excision of these organs), and residual ALT responses, suggests that some of the agonists and
antigens may have dispersed into the lymphoid organs and liver, perhaps as free agents or loaded
onto migratory APCs. This dispersal could potentially be through lymphatics (to reach the dLN)
and access to the blood. This must occur in sufficient quantities to activate iNKT cells and
promote activation of antigen-bearing APCs, thereby driving stimulation of antigen-specific T
cells. Through the use of various techniques such as knockout mice, neutralising mAb, confocal,
flow cytometry (and cyTOF data conducted by a colleague not presented here), we were able to
decipher that iNKT cells, CD8+ cells, pDCs and cDC1s were recruited by the combination of GalCer and CpG to mount the anti-tumour response within the tumour and in the systemic
circulation (spleen and blood). With less immunogenic tumours, we showed that the addition of
TAA improves the anti-tumour response. The added antigen can be added in the form of an
admix, but better responses were obtained when TAA was conjugated to -GalCer. Increasing
the release of TAA in situ in an immunostimulatory context by exploiting the concept of ICD
was shown to be another way to improve the response. Combining the treatment with anti-PD-1
mAb, particularly those tumours that have demonstrated an increased expression of PD-1 or PDL1, also requires further investigation as a simple way to improve efficacy. Provided below is a
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discussion on each of the above points, a proposed overall mechanism, and comparisons of the
approach with other approaches that are at the leading edge in the field and a summary of
potential logical future directions.
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8.2 The abscopal effect:
The abscopal effect is essential for the intratumoural treatment to be clinically
useful as it is not practical to inject into every tumour. When a tumour cell dies, it leads to the
liberation of neoantigens or tumour-associated antigens (TAAs). The diverse TAA can be taken
up by antigen-presenting cells (APCs), which travel to the draining lymph node where they are
presented to CD8+ and CD4+ T cells 343. It is also possible that dead or dying tumour cells
provide a source of TAAs that access APCs in the spleen via the blood. In these lymphoid
organs, TAA-specific CD8+ T cells, perhaps with help from TAA-specific CD4+ T cell, become
activated. However, this outcome is also dependent on the activation of the APCs. It is possible
that this is triggered directly by the CpG in the tumour before the APCs migrate, or that some
CpG drains with antigen to the tumour. Dying tumour cells may also release danger-associated
molecular patterns (DAMPs) and cytokines that enhance the trafficking of immune cells. For
iNKT cells to contribute to T cell activation as “cellular adjuvants”, some α-GalCer and antigen
must reach the APCs in lymphoid tissues concomitantly 344,345. Low serum ALT levels were
observed with intratumoural delivery compared to -GalCer given intravenously as a single
agent; nonetheless, some ALT elevation was still observed, with the simplest interpretation being
that some α-GalCer did reach the liver to activate iNKT cells, causing the characteristic transient
liver inflammation. Thus, some of the injected material is likely to have entered systemic
circulation. This may be crucial, as removal of distal lymphoid organs, the dLN and spleen,
significantly reduced the anti-tumour effect (with the spleen being particularly rich in the iNKT
cells required for an adjuvant effect on T cell activation). It is possible that this occurs by αGalCer inserting into the membranes of dead or dying tumour cells that enter the blood, and are
then trafficked to the spleen. Given that both dLN and spleen are required for optimal activity, it
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is likely that a combination of the events above ultimately promotes tumour cell elimination by
primed CD8+ T cells throughout the host.
Evidence of an abscopal effect was seen in all of the models tested, whereby mice
challenged with tumours on both flanks were able to successfully reject both tumours after
receiving intratumoural treatment into only one of their tumours. The most obvious explanation
for this abscopal effect was that systemic adaptive effectors recirculated to, and eliminated, the
distal tumour. However, another hypothesis was that the abscopal effect was due to systemic
leakage of the reagents to the distal site, and a similar process of anti-tumour activity was
initiated at both sites. This may be a possibility in a small animal with low blood volume, and
perhaps both hypotheses may be contributing to the observed anti-tumour response, rather than
just a single pathway. However, to test whether the combination was solely dependent on
“leakage” of the reagents, we compared the effectiveness of the -GalCer and CpG combination
administered via different routes. If the leakage out of the tumour to the lymphoid organs
(presumably with accompanying tumour antigens) was the only mechanism to induce the
systemic response observed, then peritumoural and subcutaneous administration should perform
equally as well as intratumoural treatment. However, since intratumoural delivery was
demonstrated to be far superior, this suggests that local effects shaped the induced systemic
responses and that this advantage translates to effective anti-tumour responses that could also
function at distal tumour sites. As noted above, the repeated nature of the intratumoural
treatment, notably the continued CpG administration, may serve to condition the immune
response, perhaps providing better and longer-lived effectors through local exposure to type 1
IFNs. Based on this notion, there may be some benefit to optimising the physical properties such
as the size and hydrophobicity of the active ingredients to allow for longer retention time in the
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tumour after intratumoural injection by making the molecule less soluble in water 346. Finding
the optimal balance between sufficient tumour retention, and allowing the agents to perform their
adjuvant function is likely to be a key to therapeutic success with minimal toxicity.
As already noted, mice that had their spleen removed completely lost their anti-tumour
response, and this organ is therefore likely to be involved in the abscopal effect, perhaps mainly
through facilitating the activation of iNKT cells, as iNKT cells were not present in large numbers
in the tumour before treatment. Interestingly, while depletion of iNKT cells understandably
reduced the anti-tumour effect of the combined treatment down to that of CpG alone, the
abscopal effect typically seen with CpG alone, although typically limited, was completely
abrogated in the absence of these cells. Therefore, even in the absence of α-GalCer, iNKT cells
may contribute to the abscopal effect, perhaps interacting with an endogenous agonist in the
TME. It has been demonstrated that mammalian cells contain endogenous lysosomal
glycosphingolipids, namely -linked monoglycosylceramides, that can stimulate iNKT cells 347.
The expression of these endogenous iNKT cell ligands by DCs can be induced via stimulation by
cytokines such as tumour necrosis factor (TNF) 347 or by TLR mediated stimulation associated
with bacterial infection 348–350. This suggests stimulating iNKT cells may be required to get the
response above the threshold for abscopal activity, and factors made by activated iNKT cells
may facilitate T cell entry and effector function, including the development of anti-tumour
memory. Notably, one of the few clear observations from the flow cytometry data was that the
-GalCer/CpG combination served to facilitate iNKT cell accumulation in the tumour, the site of
injection, whereas α-GalCer alone did not. This may be due to the combination of -GalCer and
CpG activating iNKT cells both via direct ligation and indirectly via TLR mediated stress,
leading to increased stimulation by endogenous iNKT cell ligands and cytokines.
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8.3 Tumour antigen-specific T cell responses with memory:
Intratumourally injecting -GalCer and CpG resulted in a robust, systemic anti-tumour
response that can eradicate large established tumours and provided a memory response against
rechallenge mediated by CD8+ T cells. In the EG7.OVA lymphoma model, it was expected that
the introduced OVA antigen would have been a major rejection antigen because it would not
have been subjected to immune tolerance, and it is readily expressed in a soluble form, so it is
very likely to be exposed to the immune system. However, there was no evidence that significant
responses to OVA were induced, and the rejection response was effective against rechallenge
with EL4.LA without OVA. Therefore there must have been at least one, or potentially multiple,
TAAs that were sufficiently immunogenic to elicit a targeted immune response and long-term
immune-memory. Perhaps, the effective rejection antigens may be those to which the host is
already showing some endogenous immunogenicity and an immunostimulatory boost was
required to get over the threshold for stronger anti-tumour immunity. It is possible that OVA was
immunologically ignored, as demonstrated by a lack of OVA-specific T cells, which has been
reported for a variety of TAAs in tumour models 11,142. Indeed, later in the thesis, it was shown
that OVA could be turned into a rejection antigen through manipulation via intratumoural
vaccination with an α-GalCer-OVA conjugate.
As type I IFN has been reported to assist in the formation of memory, the ablation of
pDCs in Siglec-H DTR mice may have resulted in decreased type I IFN which may account for
the reduction in the late anti-tumour effect. Reports have shown that pDCs produced higher
amounts of IFN- and IL-12p40 upon treatment with CpG 253,351. As previously noted, these
cytokines are essential for improving antigen-cross priming ability of cDC1 to CD8+ T cells.
This supports the observation that mice with depleted pDCs, while initially able to regress
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tumours to the baseline, eventually allowed tumours to escape, potentially due to a reduced
ability to prime CD8+ T cells efficiently. Thus, the reduction in type I IFN may, therefore, reduce
initial “burst size” of the response, or have a negative impact on differentiation into memory
cells; currently, it is difficult to differentiate the two. Additionally, pDCs have been reported to
enhance iNKT cell function via IFN- and cell to cell CD40-CD40L interactions 352. This may
be a potential explanation for the additivity of -GalCer and CpG, as well as the strong reliance
on iNKT cells for the therapy to have an anti-tumour response.
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8.4 Quality of T cells and other effector immune cells:

The most convincing evidence that CD8+ T cells were key effectors were the antibody
depletion studies. These demonstrated that they were strongly involved in both the immediate
anti-tumour activity in treated tumours and for memory. As CD8+ T cells likely require crosspriming, this data supports the observed loss of activity when cDC1s were depleted. Further, as
ablation of pDCs lowered the efficacy of the anti-tumour response, as stated above, it supports
the hypothesis that the lowered type 1 IFN levels resulted in a smaller T cell burst size and
potentially limited the differentiation of CD8+ T cells into a memory phenotype. Studies in the
literature have shown that intratumourally administered CpG is strongly reliant on a CD8+ T cell
response, with help from B cells and macrophages 353. Surprisingly, our flow cytometry data saw
only mild effects on the CD8+ T cell population; there were some phenotypic changes, with
increases in short-lived effector and effector memory CD8+ T cells being seen, with an
appropriate reduction in naïve CD8+ T cells. However, there were not any dramatic changes in
any of the tested organs. A potential reason for this was that the timing of tissue harvest missed
the window where we would have observed a large burst in T cell proliferation, processing time
may have also been a factor as the cells may die while waiting for each sample to be manually
processed, or cells may have also been lost during the CD45.2 selection process and may have
been aggregated with CD45.2- cells. In contrast to the flow data, the preliminary confocal data at
a slightly later timepoint showed a promising level of T cell infiltration, though further
investigations are warranted. It would be interesting to see the proportion of T cells to tumour
cells and see where they are geographically compared to myeloid populations. Furthermore,
looking at the level of B cell infiltration would also be informative. It would also be interesting
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to see if there are tertiary lymphoid structures present in the tumour that can provide an
important staging ground for the immune response.
The anti-tumour data also convincingly demonstrates that iNKT cells are not only
implicated in the anti-tumour response but are vital for the production of an abscopal effect. In
the flow cytometry data, iNKT cells were the only cell type to see consistent changes in the
tumour, further implicating them in the anti-tumour response. NK cells are also thought to be
involved as iNKT cells are known to transactivate these cells. NK cell activity could be explored
by using PK-136 or GM1 blocking antibody to deplete NK cells, or using E4BP4 knockout mice
(which are deficient in NK cells) 354 in the context of a tumour experiment.
Mice receiving serum from mice that had been in remission for over 2 weeks (ensuring that
cytokine levels had tapered off) were resistant to tumour challenge, implying that antibodies
have transferred protection. This data also implies that B cells may be key effectors. CpG is
known to activate B cells to produce antibodies and differentiate into a memory phenotype 355,356.
On the other hand, -GalCer can induce iNKT cells to license B cells to prime cytotoxic T
lymphocytes with peptide to generate anti-tumour immunity 357. iNKT cells can also boost the
production of antibodies by interacting with B cells presenting glycolipid antigens on CD1d,
though this can also occur in a non-cognate fashion whereby follicular helper T cells are
activated by cDC1s and provide help to B cells 355–357.
In addition, there was a massive influx of M1-type pro-inflammatory macrophages, as
seen in the preliminary confocal data. It is unclear if the macrophages were already present as
immunosuppressive TAMs and were repolarised by the treatment or if they were recruited to the
tumours as a result of the treatment. In any event, these macrophages can undoubtedly act as
additional APCs and, together with effector T cells, potentially cooperate to generate a large
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scale, effective immune responses. Macrophages and other APCs are known to be directly
stimulated by CpG 358 and can boost T cell responses via interaction with the TCR and
production of cytokines 359,360. However, a broader panel of antibodies is required to look
extensively at changes in the myeloid population with a different timeframe being necessary to
see optimal expansion. A potential way of investigating the myeloid population further would be
to deplete macrophages using clodronate liposomes and determine how the anti-tumour response
is affected.
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8.5 Treating non-immunogenic tumours:
The use of immunotherapy to treat cancer over the past decade has revolutionised the
way many cancers are treated, especially lung cancer and melanoma, as well as some blood
cancers, including leukaemia and lymphoma, drastically improving outcomes for many patients
with these diseases, even in the metastatic setting. However, for most common cancers, such as
colorectal and breast cancers, immunotherapy has been disappointing. These tumours are
considered to be non-immunogenic tumours; for various reasons, these cancers are not
recognised and do not provoke a strong response from the immune system, making them difficult
to treat with current immunotherapies. The challenge becomes determining how to enhance
immunotherapy and activate the immune system to destroy these cancer cells.
This conundrum may also depend on the circumstances surrounding the tumour in
question. As the intratumoural combination of -GalCer and CpG requires a T cell target, low
antigenicity or tumours with antigen-presenting problems will not benefit due to a lack of targets.
Tumours that have initiated responses that have been constrained by different forms of
immunosuppression may benefit from a “boost” via the combination. From this point of view, it
makes sense for the therapy to be additive to tumours that express high levels of to PD-1 or PDL1. However, combining the intratumoural combination of -GalCer and CpG with i.p. anti-PD1 mAb did not show significant additivity in the CT26 colon cancer model, which is known to
express a high level of PD-1 on the tumour surface, although there was a positive trend. This
suggests that other constraints may be involved such as Tregs, MDSCs, or CTLA-4 mediated T
cell suppression. Another scenario where the combination may work is when tumour antigen has
been recognised, but the response is insufficient for clearing the tumour due to too few effectors.
The use of the combination therapy may help to boost the current response by inducing the
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proliferation of more effectors or recruiting more effectors to help clear the tumour. In addition,
the combination therapy may prime new responses in tumours that have antigens that have been
entirely ignored by the endogenous immune response.
As noted before, tumours may contain useful but ignored antigens, but they still do not
get stimulated. ICD may “expose” these antigens to the immune system in an immunogenic
manner, thereby reversing ignorance. The intratumoural vaccine approach using an antigenconjugate vaccine can also be used to induce robust responses to ignored antigens if they are
known, as boosting antigen presentation by APCs can increase the visibility of the TAA. In
addition, significant vaccine-induced killing may also facilitate “epitope spreading” further
enhancing the anti-tumour response. Combining intratumoural vaccination and ICD approaches
may have the advantage of stimulating all of these different ways at once.
Inducing ICD to release relevant and immunogenic antigens in situ with tumours that
have a non-inflamed, immune cell poor TME is a potential workaround for this issue in the
absence of known TAA. Using low dose chemotherapeutics (metronomic dosing) will potentially
reduce the traditional toxic side effects of these compounds, notably on the immune system.
Furthermore, these ICD agents can potentially be administered intratumourally with GalCer/CpG to further avoid systemic toxicity and simplify the treatment strategy 361. In a proof
of concept experiment, in chapter 7, doxorubicin was used as an ICD inducing agent at 1/10th of
the standard efficacious dose used in preclinical tumour models. This supports the hypothesis
that making the relevant antigens available at the site of action, whether in the form of
exogenously supplied antigens or generation in situ allows the immune system to recognise the
tumours.
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The ease of using an ICD agent makes this off-the-shelf treatment strategy simple and
readily translatable in the clinic. It would be interesting to see the effectiveness of the treatment
if low dose doxorubicin was used throughout the experiment rather than just the beginning so
that TAAs are continually generated as tumours develop.
These promising early preclinical results provide a strong rationale for further exploration
of -GalCer/CpG combination alongside a third agent that has a complementary, but not
overlapping mechanism such that anti-tumour efficacy is maximised while toxicity is limited.
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8.6 Overall mechanism:
We can tailor and refine the mechanistic model of the anti-tumour activity of the -GalCer/CpG
combination as follows:
1. Tumours must be antigenic, and must have exhibited some limited immunogenicity for
activity to work; this may involve some limited influx of immune cells to the tumour, but
with these cells having limited effect on tumour growth.
2. Intratumoural CpG can activate local APCs, notably pDCs which produce type I IFN.
Local activation of B cells, macrophages and other myeloid cells may also occur, either
via CpG directly, or through type I IFN. Activated migratory APCs that have acquired
tumour antigens drain to the lymph nodes to initiate, or boost, an adaptive response.
Some limited CpG may simply leech to the lymphoid tissues with tumour antigens in
soluble form, or as dead or dying tumour cells. The injection process itself may account
for some extra cell death to induce this process. Antigen arriving in the lymphoid tissues
with CpG by these different routes can also lead to stimulation of an adaptive response.
Key APCs involved appear to be cDC1, which have a high propensity for cross-priming
of CD8+ T cells, which is reinforced by type I IFN.
3. Local stimulation by CpG may be sufficient to locally “reinvigorate” activated immune
cells that had already been in the tumour, perhaps by relieving immunosuppression
through activating local APCs.
4. Because there are few, if any, iNKT cells in the tumour before treatment, the local effect
of α-GalCer is likely to be weak, although only a few cells may be necessary to interact
with local APCs together with CpG to drive an increase in type I IFN. Throughout the
treatment, iNKT cells increase in the tumour, which appears to be supported by repeated

280

CpG. These cells may contribute to a local inflammatory environment to support the
ongoing anti-tumour response.
5. To access the main sources of iNKT cells, some α-GalCer must reach the lymphoid
tissues, possibly incorporated into dead or dying tumours that enter the blood and make it
to the spleen, though some limited α-GalCer can make it to the liver too. The arrival of αGalCer and antigen in lymphoid tissues can then lead to activation of lymphoid-resident
APCs and drive T cell responses. This process involves α-GalCer/CD1d complexes being
presented to iNKT cells which produce IFNandinduce maturation of DCs via CD40CD40L binding. Again, key APCs involved appear to be cDC1 (which have a known role
in activating iNKT cells to support cross-priming). Importantly, at the initiation of
treatment, this whole process could be happening concurrently with the impact of CpG on
APC function as described above.
6. B cells can be stimulated both by CpG and iNKT cells; where and how this helps
tumour-specific antibody production has not been explored in this thesis
7. The enhanced activation of T cells in lymphoid tissues leads to egress of tumour-specific
effector T cells into peripheral blood and trafficking to tumour tissues
8. Constant restimulation with CpG sustains T cell and iNKT cell homing to tumour sites,
with tumour recognition and tumour lysis; this benefits not only the impact on the
injected tumour but improves responses at distal tumours. The impact on distal tumours is
likely a reflection of the overall strength of response (i.e. T cell burst size), but also
appears to be facilitated by iNKT cells through an unknown mechanism. Although not
explored here, the ongoing tumour killing could potentially lead to the release of more
tumour antigen and epitope spreading to broaden the response.

281

9. The whole process results in the generation of tumour-specific memory T cells that can
reject rechallenge with tumours.

Figure 62 Simplified Mechanistic Model. 1) CpG binds to the TLR9 receptor on pDCs. 2) Type 1 IFN is released by pDCs. 3)
Type 1 IFN activates CD8+ DCs. 4)-GalCer binds to CD1d receptor and the galactose moiety is presented to iNKT cells
leading to their activation and production of IFN-. 5) iNKT cells induce the maturation of CD8+ DCs via CD40-CD40L
binding. 6) Improved cross-priming of a CD8+ T cell response occurs as a result of maturation of CD8+ DCs in concert with
type 1 IFN based activation. 7) B cells and other myeloid cells can be stimulated by both CpG, iNKT cells, and type 1 IFN. Type
1 IFN also induces the generation of CD8+ and CD4+ T cell memory populations. 8)Improved CD8+ T cell responses along with
the release of soluble factors by activated cells leads to tumour cell killing. Tumour cell killing coupled with type 1 IFN mediated
memory formation in the CD8+ and CD4+ T cell populations results in tumour-specific memory that can reject the rechallenge of
the same tumour type.

8.7 Comparison with closely related approaches:
There are a couple of recently published reports that are similar to what is described in
this thesis. The first used a combination of CpG and anti-OX40 agonist antibody (CD134) to
treat lymphoma and other tumour types with the anti-OX40 antibody enhancing the activation of
T cells 189. A salient point of comparison is the syngeneic lymphoma models used, where here
EG7.OVA was used in C57BL/6J, and in the published study, A20 was used in BALB/c. The
efficacy of both treatments and the starting tumour sizes (~ 6 mm in diameter) are comparable.
Much like what has been described here, the combination of CpG and anti-OX40 was very
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effective in eradicating primary tumours and displayed an abscopal effect with the distal
tumours. However, it turned out that in this model injection of CpG stimulated release of
cytokines by local myeloid cells that in turn induced the expression of OX40 on pre-existing
intratumoral CD4+ T cells; hence the effective combination of the reagents relies on stimulating
these OX40+ CD4+ T cells. It was concluded that the antigen-specific immune response elicited
by the intratumoural combination of CpG and OX40L was initiated at the site of the injected
tumour. This response was shown to be antigen-specific, and becomes systemic, as shown in an
experiment that involved implanting two A20 lymphoma tumours and one CT26 tumour in the
same mouse but injecting the agents into one of the A20 lymphoma tumours. They found that
regression occurred in both A20 tumours, but not the CT26 tumour. It is possible, in this case,
that the whole response was initiated (or boosted) within the tumour, with the CD4+ T cells
facilitating a response that recirculates to distal tumours. However, no investigation of the
involvement of lymphoid tissues was conducted by removing these tissues, as was done here.
Through the use of depleting antibodies, they showed that the final effector response involved
both CD4+ and CD8+ T cells. TIL analysis of tumours in the early phases of treatment (within 24
h) found that the combination was associated with an increase in myeloid cell infiltration
(macrophages), increased activation of CD8 (CD69) and NK (CD137) cells. These early changes
in the microenvironment only occurred in the treated tumour and were not reflected in distal
tumour sites. They also found that Treg inhibition by OX40L was required and that
neutralisation of IL-12, IFN-, and TNF- prevented CpG induced upregulation of OX40 on T
cells. This early response was not investigated in the experiments performed in this thesis, and
this should be investigated further. Given that the OX40 stimulation is acting on cells within the
tumour, whereas α-GalCer likely has to function through the activity of iNKT cells in the
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lymphoid tissues, it is possible that changes in immune profiles in the tumour will not be as
immediate. Finally, the CpG and anti-OX40 anti-tumour response was, as shown here, also
dependent on cDC1s, which may contribute to the CD8+ T cell involvement 189.
Another similar study was the use of a combination of -GalCer with 4-1BB agonist
antibody and E6/E7 peptide in the TC1 model, although this was not intratumoural 202. The
group used a triple combination of -GalCer, 4-1BB agonist antibody and HPV E6/E7 peptides
administered intranasally - similar to the triple combination of -GalCer/CpG with HPV E6/E7
intratumourally in chapter 7. It is known that 4-1BB agonists (CD137, TNF receptor superfamily
9) provide potent T cell co-stimulation, which can restore the effector functions of ligated T cells
362

. While CpG directly activates APCs, it is known that CpG also mediates co-stimulation of T

cells through TLR9 363, which explains part of the potent adjuvant effects of CpG-ODN in vivo
363

. Their combination of 4-1BB, -GalCer and HPV E6/E7 peptides was similarly efficacious as

our intratumoural combination of -GalCer and CpG with both combinations producing the
desired abscopal effect.
Another study found that intratumoural treatment of CT26 tumours with SD-101, a TLR9
agonist, and anti-PD-1 mAb correlated with increased T- and B-cell infiltration and IFN
expression. Furthermore, they found that combining intratumoural injection of SD-101 with antiPD-1 mAb in anti–PD-1 non-responders resulted in the rejection of most injected tumours and a
majority of uninjected, distal tumours 203. In contrast, when we injected -GalCer and CpG
intratumourally, the addition of i.p. anti-PD-1 mAb did not significantly improve anti-tumour
responses, though there was a trend. To an extent, this result can be explained by the fact that GalCer and CpG already induced improved anti-tumour responses compared to anti-PD-1 as a
single agent in CT26 tumours. Thus intratumoural -GalCer and CpG combination therapy
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appears to induce a similar quality of responses compared to intratumoural SD-101 and i.p. antiPD-1.
Therapeutic efficacy of the combination of SD-101 and anti-PD-1 was also observed with
the TSA mammary adenocarcinoma and MCA38 colon carcinoma tumour models that show
little response to PD-1 blockade alone. Intratumoural SD-101 substantially increased leukocyte
infiltration and IFN-regulated gene expression, and its activity was dependent on CD8+ T cells
and type I IFN signalling. Anti–PD-1 mAb with intratumoural SD-101 promoted infiltration of
activated, proliferating CD8+ T cells and led to an increase in the total and tumour antigenspecific CD8+ T cells expressing both IFN-γ and TNF-α. Additionally, PD-1 blockade could alter
the SD-101 mediated differentiation of tumour-specific CD8+ T cells into CD127lowKLRG1high
short-lived effector cells, preferentially expanding the CD127highKLRG1low long-lived memory
precursors. Tumour control and intratumoural T-cell proliferation in the combined treatment was
independent of T-cell trafficking from secondary lymphoid organs. These findings in preclinical
models suggest that a CpG oligonucleotide given intratumourally may increase the response of
cancer patients to PD-1 blockade in the clinic, increasing the quantity and the quality of tumourspecific CD8+ T cells 203. Similar to our experiments, they found that CpG treatment is
dependent on CD8+ T cells and type 1 IFN.
The density of endogenously presented antigen-derived peptides on tumour cells is
generally sparse, resulting in the inability of antigen-specific CTLs to work effectively 364–366.
Nobuoka et al. found that intratumoural injection of a peptide leads to the loading of additional
peptide onto MHC I molecules of tumour cells, which enhanced the recognition of tumour cells
by antigen-specific CTLs 365. Specifically, intratumoural injection of OVA257–264 peptide
(SIINFEKL) was sufficient for inducing tumour growth inhibition and survival against OVA-
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negative tumours without adverse reactions. Of note, this antigen-spreading effect was
demonstrated to have occurred after the injection of the peptide. Intratumoural peptide injection
appears to enhance tumour cell antigenicity and may potentially work by increasing antigen
density 365. This is a potential explanation for how the addition of exogenous antigen increases
the anti-tumour response to -GalCer/CpG therapy in that it increases tumour antigen density,
leading to improved CTL responses. It is possible that lipidating antigen (in a similar manner as
our conjugate vaccines) can protect the peptide and prolong the kinetics of this presentation.
Since ligation of CpG to APCs produced a large amount of type 1 IFN, it may be logical
to bypass the use of CpG and directly use IFN- The caveat is that the systemic use of IFN- is
dose-limiting (i.e. cytokine storm). Indeed, a combination of intratumoural injections of mouse
IFN- and intraperitoneal injections of anti-CD137 mAb induced tumour regression in MC38
colon carcinoma tumours, which are resistant to either treatment as a single agent. The
therapeutic activity was achieved against both directly injected tumours and distal concomitant
tumours. Similar effects of this combination were also seen in subcutaneous TC1 tumours that
had been established for 24 days before the start of treatment 298. However, using IFN- directly
instead of by ligating pDCs, through TLR9, will likely bypass and prevent the recruitment of
other cell types. Thus, using CpG instead of direct IFN- may lead to improved anti-tumour
effects because it modulates and recruits a broader range of immune cells through TLR9
agonism, which is upstream from IFN-.
Using these latest published examples as benchmarks, the treatment strategy developed in
this thesis compares very favourably with the latest from across the world. It would be
interesting to see how these approaches compare side by side in the same laboratory. The
limitation of all of these approaches is that some method of introducing or releasing more TAA
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will be required for the treatment of less immunogenic tumours, and if the tumours are not
antigenic to start with, these intratumoural therapies are unlikely to work. Intratumoural loading
of exogenous peptides onto tumour cells that do not express TAA, but have retained MHC
expression, may go some way to dealing with this issue, but further investigation is needed.
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8.8 Future Directions
The next logical step is to elucidate further the mechanism by which the combination of
-GalCer and CpG are additive. While CD8+ T cells are critical for the anti-tumour response,
this was hard to demonstrate by flow cytometry. This could have been due to a variety of reasons
including the timing of tissue harvesting, quality of the antibodies, and other reasons. Of
paramount importance is to get the timing of the flow analysis correct so that we can start
looking at the evolving immune response, starting with the early initiating events. Further work
is required on examining the influx of immune cells, including CD8+ T cells as well as
monocytes and macrophages, and their physical relationship to one another, by confocal
microscopy.
To further elucidate the mechanisms involved, we could test to see if treatment is affected
by IFN- blockade, as we have previously demonstrated that iNKT and CD8+ T cells are
essential to the treatment and one of the primary cytokines used for tumour cell killing is IFN-.
If this has a small impact, it may point to other cytokines such as TNF- having a more
significant role. We could also test for the potential role of the STING pathway using STING
knockout mice, which has been reported to be activated as DAMPs are released due to cell death.
As for other cell types, B cells could be depleted using an anti-CD20 antibody.
It would be interesting to see if the combination treatment produces a response in a
metastasis model. In this experiment, B16.OVA tumour would be subcutaneously implanted as
the primary tumour. Meanwhile, B16.OVA tumours cells would be injected intravenously into
the tail vein to generate tumours in the lung in the same animals, mimicking the extravasion
component of lung metastasis. Treatment would occur as usual by only injecting the primary
tumour, but the mice would be culled and the lungs examined for metastatic nodules at day 21
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post-tumour inoculation. As tumours typically have a heterogeneous antigen repertoire, another
approach would be to determine if the treatment was effective in tumours that spontaneously
developed in mice genetically predisposed to cancer such as mammary breast cancer 367,
pancreatic ductal adenocarcinoma and other models 368.
To help further elucidate where the immune response is initiated, we could look at the
different lymphoid organs and tumour much earlier using flow cytometry. It would be interesting
to see in which organs the iNKT cells and APCs get initially activated. Furthermore, we could
inject fluorescent -GalCer or CpG and determine where the compounds end up. Another
method may be to transfer CFSE-labelled OT-I cells at different times of treating an OVAexpressing tumour. While this was not observed to be a strong rejection antigen, nonetheless it
may be possible to use this technique to determine where tumour antigens distribute. The OT-I
cells would proliferate when they come into contact with OVA, irrespective of the level of APC
activation, although the proliferative response would be sustained if activated APCs are
encountered 11. Thus, the various lymphoid organs and tumour could be harvested at different
times to determine which location is the first site of OT-I cell proliferation, and hence the
presence of antigen.
Other experiments could be performed to see if the intratumoural combination of αGalCer and CpG could be combined with other therapies that have complementary, but not
overlapping mechanisms. A promising combination would be with OX40L as CpG increases the
expression of OX40 on T cells. Similarly, as 4-1BB has previously been demonstrated to be
complementary to α-GalCer, it would also make sense to combine with an agonistic 4-1BB
antibody. In a different vein, as tumour cell death can lead to the release of various DAMPs, it
would be interesting to see how combining α-GalCer with other PRR agonists performs. Given
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that tumours induce angiogenesis as a way of propagating and the subsequent rampant growth of
blood vessels becomes convoluted leading to the development of immunosuppressive hypoxic
zones it would be logical to see how intratumoural α-GalCer/CpG would combine with antiangiogenic agents or agents that were able to reduce hypoxia. In terms of combining with the
standard of care, a logical combination would be to see how intratumoural α-GalCer and CpG
therapy would perform in combination with low-dose radiation (which is known to cause ICD)
and with surgical tumour resection (treating residual disease). Along the same line, α-GalCer and
CpG could be combined with low dose chemotherapy, such as doxorubicin as we have
demonstrated above, but in a strategy where low dose doxorubicin is given throughout the
treatment.
The one area that could help minimise the risk of going into the clinic will be to explore
if this combination has a chance to work in humans by performing tumour studies in humanised
CD1d mice which have a similar number of iNKT cells as humans 369. This is a concern because
humans have less iNKT cells than mice, and, therefore, it remains an open question as to whether
iNKT cell-mediated maturation of APCs and cross-priming will be as efficient in humans.
Encouragingly, recent studies in our laboratory with α-GalCer-peptide conjugate vaccines have
shown that induced responses are not reduced in these animals (A. Mooney, personal
communication, 2020).
As for TLR agonists, both mice and humans express TLRs 1-9 370; therefore, the use of
TLR9 in humans should not present a problem so long as a human-specific CpG is used, though
it will be interesting to explore the efficacy of other TLRs such as TLR7. Our preliminary data
(not shown) suggested that it should work as well and is supported by the literature 181.
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While intratumoural injections should be feasible for any tumours that can be accessed by
the operator, a strategy to make this approach more convenient would be to explore how the
combination can be injected less frequently through the use of various formulation and delivery
techniques for slow release such as encapsulating nanoparticles to create a longer-lasting depot
of the reagents at the tumour 371,372. Creating a depot effect or having a slow release of the
reagents would make the intratumoural combination of -GalCer and CpG a more efficient and
clinically translatable therapy.
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Supplementary Figure 1 CpG dose titration shows an EC50 of approximately 0.4uM. HEK-Blue TLR9 cells were treated with 7
different doses (10 fold dilutions with 200M and 0.0002M being the highest and lowest doses). The HEK Null1 (not expressing
the TLR9 reporter) was used to control for false positives.
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Supplmentary Figure 2 Example titration with dilutions noted above each graph. Antibody (CD62-Alexa Fluor 647). Dilution
chosen would be based on equivalent staining with the use of less antibody (i.e. 1:1200).
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Supplementary Figure 3 Gating strategy for cDC1 cells (Clec9a+). Antibodies are noted in the methods section. Antibodies
(CD8-BV421, CD11c -APC, MHCII-A488, CD103-PE, B220-APC, CD11b-APC-Cy7).
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Supplementary Figure 4 Depletion of Clec9a+ cell using diptheria toxin. Left Panel: PBS control. Right panel: Diptheria toxin
administered i.p. days -2 and -1 prior to treatment. Antibodies (CD8-BV421, CD11c -APC, MHCII-A488, CD103-PE, B220-APC, CD11bAPC-Cy7).
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Supplementary Figure 5 Gating strategy for pDCs (siglec-H+). Antibodies (CD11c-BV786, MHCII-BV421, CD11b-BUV737,
Ly6C-PE-Cy7, CD317-APC, Siglec-H-PE, CD103-FITC).
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Supplementary Figure 6 Depletion of pDCs using diphtheria toxin. Left Panel: PBS control. Right panel: Diptheria toxin administered
i.p. days -2 and -1 prior to treatment. Antibodies (CD11c-BV786, MHCII-BV421, CD11b-BUV737, Ly6C-PE-Cy7, CD317-APC,
Siglec-H-PE, CD103-FITC).
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