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Abstract: Myeloid Derived Suppressor Cells (MDSCs) are a heterogeneous immune
population found within the tumour microenvironment (TME). We sought to explore
the potential role of microenvironment components on the suppressive behaviour,
development and maintenance of MDSCs, focusing mainly on the role of the SIRPa-
CDA47 signalling axis. In an orthotopic melanoma model, we observed an increase in
Ly6C-expressing myeloid cells (indicating monocytic-myeloid derived suppressor cells
(M-MDSCs) and monocytic dendritic cells (moDC)) as tumours developed. These cells
were suppressive, able to block T CD8* cell proliferation. To model the effect of
tumour-derived factors on M-MDSCs and moDCs development and function, we
developed a culture system using hematopoietic stem cells cultured with GM-CSF and
melanoma tumour condition media (TCM). Similar to the in vivo setting, exposure to
TCM skewed the myeloid compartment towards an M-MDSC and moDC phenotype
(based on Ly6C expression) that potently suppressed CD8* T cell proliferation to a
greater extent than GM-CSF induced MDSCs.

Further characterisation of the TME by single-cell RNA sequencing and flow cytometry
revealed specific expression of the signal-regulatory protein alpha (SIRPa) in M-MDSC
and moDC cells fraction and elevated expression of its cognate ligand, CD47 by other
immune cells. Thus, we investigated the impact of CD47-SIRPa interaction on MDSC
function. Engagement of SIRPa on moDCs and M-MDSCs by recombinant CD47 in
vitro induced intracellular signalling via SHP2, and inhibited the phagocytic capability
of these cells. Moreover, persistent activation of this programme translated to an
increase in their suppressive phenotype quantified by elevated expression of immune
checkpoint molecules, inhibitory factors and reactive oxygen species. Knowing this axis
promoted a pro-tumour, suppressive phenotype, we then investigated the

consequence of its disruption on tumour growth in vivo.

Neutralization of SIRPa on moDCs and M-MDSCs in established tumours resulted in a
significant decrease in growth, which was driven by a reprogramming of moDCs and
M-MDSCs. Disruption of the CD47-SIRPa axis was sufficient to rescue their phagocytic
capability, which in turn enhanced their ability to process and present antigen to



tumour infiltrating T cells. These functional changes were accompanied by metabolic
adaptations.

In summary, we report the CD47-SIRPa axis functions as a mechanism used to support
moDC and M-MDSC suppressive function in the TME, and its disruption in early
tumour-infiltrating monocyte progenitors shows potential to restore anti-tumour
features of myeloid cells and in turn promote the T cell mediated anti-tumour immune
response.
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Abbreviations

MDSCs: Myeloid Derived Suppressor Cells

TME: Tumour Microenvironment

Ly6C: Lymphocyte antigen 6 complex, locus C1

Ly6G: Lymphocyte antigen 6 complex, locus G

M-MDSCs: Monocytic Myeloid Derived Suppressor Cell
moDCs: monocytic dendritic cells

G-MDSC: Granulocytic Myeloid Derived Suppressor Cells
CD8: Cluster of Differentiation 8

SIRPa: Signal-Regulatory Protein Alpha

CDA47: Cluster of Differentiation 47

APC: Antigen Presenting Cells

CD4: Cluster of Differentiation 4

DC: Dendritic Cell

VISTA: V-domain Ig Suppressor of T cell Activation

GR1: granulocyte receptor-1 antigen

CD11B: Cluster of Differentiation 11B, integrin-M (ITGAM)
CD11C: Cluster of Differentiation 11C, integrin, alpha X (ITGAX)
GM-CSF: Granulocyte-macrophage colony-stimulating factor
G-CSF: Granulocyte Colony- Stimulating Factor

M-CSF: Macrophage Colony- Stimulating Factor

IMC: Immature Myeloid Cells

BM: Bone Marrow

IL-(X): Interleukin

STAT3: Signal Transducer and Activator of Transcription 3
NFkB: Nuclear Factor kappa-light-chain-enhancer of activated B cells
RORC1: Retinoic-Acid-Related Orphan receptor C1

C/EBPB-a. (CCAAT-enhancer-binding protein-B-a) and SOCS3 (suppressor of cytokine signalling
3)

S100A8: S100 Calcium Binding Protein A8
S100A9: S100 Calcium Binding Protein A9
VEGF: Vascular Endothelial Growth Factor

COX-2: Cyclooxygenase 2
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PGE2: Prostaglandin E2

TAM: Tumour Associated Macrophage

TLR: Toll Like Receptor

ARG1: Arginase 1

TCR: T Cell Receptor

IDO: Indoleamine 2,3-Dioxygenase

ROS: Reactive Oxygen Species

Treg: T Regulatory Cell

CD62L: L-selectin

ADAM17: metalloendopeptidases 17

NK: Natural Killer

TGF-B1: Transforming growth factor beta 1

NKG2D: Natural-Killer Group 2, member D

NKp30: Natural-Killer p 30

CD40/CD40L: Cluster of Differentiation 40 and Ligand

IFN-y: Interferon Gamma

TCM: Tumour Condition Media

CCR2/CCL2: C-C chemokine receptor type 2 and Ligand

MHCII-I: Major Histocompatibility Complex -1

CD80: Cluster of differentiation 80, T-lymphocyte activation antigen
CD86: Cluster of differentiation 86, T-lymphocyte activation antigen
eNOS: Endothelial Nitric Oxide Synthase

iINOS: Inducible Nitric Oxide Synthase

NOX2: NADPH oxidase 2

TNF-o: Tumour Necrosis Factor Alpha

TSP1: Thrombospondin-1

SIRPa: Signal Regulatory Protein a, CD172a

CDA47: Cluster of Differentiation 47, integrin associated protein (IAP)
ER: Endoplasmic Reticulum

CRT: Calreticulin

CD91: Cluster of Differentiation 91, also known as Low density lipoprotein receptor-related
protein 1 (LRP1)

SHP-1/2: src homology /2 domain
VISTA, PD-1H: V-domain Ig suppressor of T cell activation
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Foxp3: Forkhead box P3

NO: Nitric Oxide

CTLAA4: Cytotoxic T-Lymphocyte Associated Protein 4

PD-1/PD-L1: Programmed Death Receptor/Ligand 1

SCA-1: Stem cells antigen-1

HSC: Hematopoietic Stem Cell

MPP: Multipotent Stem Cells

CDA45: Cluster of Differentiation 45, Protein tyrosine phosphatise C (PTPRC)
MACS: Magnetic-Activated Cell Sorting

F4/80: EGF-like module-containing mucin-like hormone receptor-like 1
CD206: Cluster of Differentiation 206, mannose receptor (MR)
FAS/FASL: First apoptosis signal, Ligand

CXCL: Chemokine (C-X-C motif) Ligand

CCL: Chemokine (C-C motif) Ligand

PTGS2: Prostaglandin 2b

NADPH: Nicotinamide Adenine Dinucleotide Phosphate

CSF-1R: Colony Stimulating Factor 1 Receptor

13



CHAPTER 1

INTRODUCTION

14



1.1 The Tumour microenvironment

The complex ecosystem of the tumour microenvironment (TME) is produced by the
interaction between malignant and non-malignant cells which to create an
environment favourable to its growth and later, dissemination. Because of the types of
cells and inflammation observed in the tumour ecosystem, they are often likened to
wounds that never heal’. The TME is characterised by a dynamic interaction between
tumour cells and a diverse array of host cells known as the stroma. The outcome of
these intricate interactions is a continuous remodelling in which the tumour cells, the
host cells, and the ECM acquire altered phenotypes. These phenotypes exert their
functions, either positively or negatively, by regulating tumour survival, propagation

and progression? (figure 1.1).

The dynamism in populations recruited to the TME can be exemplified by the type of
T cell found, which can determine tumour fate. Early tumours are enriched in type 1
CD4"T cells (TH1) aid CD8*T cells to promote tumour control and clearance3*°. In
contrast, in later more established lesions, type 2 CD4*T cells (TH2) and CD4*T
regulatory cells (Tregs) block the activation of CD8*T cells to suppress tumour
immunity, and promote disease progression®’8° These cells are just one of the
protagonists orchestrating the cancer immune response but, other immune and
stromal cell types are implicated in the regulation and tumour progression. These
include endothelial cells, which comprise the blood and lymphatic circulatory systems,
fibroblasts and various bone marrow derived cells (BMDCs), including macrophages,
neutrophils, and myeloid cell-derived suppressor cells (MDSCs). The TME is also

characterised by specific environmental conditions such as hypoxia'™®'""2, low

H13,14,15,16 217,18

p and high interstitial pressure
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Figure 1.1. The tumour microenvironment. The tumour mass is composed by a
heterogeneous population of cancer cells and a supporting niche of secreted factors,
extracellular matrix proteins and resident and infiltrating host cells. These include both blood
and lymphatic endothelial cells, fibroblasts and an assortment of immune cells such as
dendritic cells, macrophage/monocyte, neutrophils, MDSC, natural killer and T cells.
Collectively they determine the fate of cancer rejection or progression.

These contribute to the induction of angiogenesis which is crucial for tumour growth,
and eventual metastasis. A growing number of cell types contribute to tumour
angiogenesis'®?%21 through their production of growth factors, cytokines and
proteases, such as, vascular endothelial growth factor (VEGF), fibroblast growth factor
(FGF), tumour necrosis factor-alpha (TNF-a), transforming growth factor-beta (TGF-p),

angiopoietins (Ang) and matrix metalloproteinases (MMPs)?2,

The major components of TME play diverse roles to support disease. Here we
introduce the ECM, cancer associated fibroblasts (CAFs) and endothelial cells. Immune

cells will be discussed in more detail later?3.
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1.1.1 The extracellular matrix (ECM)

The extracellular matrix (ECM) is defined as the non-cellular component (mostly fibrillar
proteins and proteoglycans) of tissue that provides both biochemical and essential
structural support for its cellular constituents, additionally it has a critical role in cell
signalling and tissue homeostasis®*. In tumours, ECM deposition and remodelling
increases the stiffness compared to the surrounding normal tissue?>?%%7. CAFs?® are

largely responsible for this remodelling?®, although macrophages can also exhibit

30,31

remodelling properties>>'. This process involves increased deposition of collagens,

fibronectin and proteoglycans, as well changes in their bio-mechanical

32,3334

properties Newly deposited and remodelled collagen and elastin fibres

assemble and cross-link via the enzyme Lysyl Oxidase (LOX) which induces an increase

35,36,37

in matrix stiffness . The cross-talk between the fibrotic stroma and the tumour is

characterised by cytoskeletal tension which causes the disruption of adherent
junctions and tissue polarity perturbation resulting in tumour invasion and

25,38

metastasis=>>°. Indeed, reducing cytoskeletal tension, or disruption to the ECM

surrounding in cancer cell has been reported to suppress their malignant

3940 Besides direct effects on tumour cell behaviour, the ECM acts as a

behaviour
reservoir for growth factors and cytokines which when cleaved, are released into the
TME to exert their effects. Tumour cells, fibroblasts and some immune populations
such as MDSC#14243 gver-express matrix metalloproteinases (MMPs)* remodel ECM
release matrix bound VEGF that forms a gradient concentration for new angiogenic

45,46

sprouting in the tumour niche®™“°, whereas release of TGF- can go on to activate

fibroblasts and induce phenotypic behaviour changes infiltrating immune cells*’.

ECM components can regulate immune cell recruitment and influence their
phenotype. For instance, cleavage products of Collagen-1 and Elastin, as well as

48,49,50

Hyaluronan (HA), act as chemotactic stimuli for myeloid cells while Tenascin-C

and Heparan Sulphate activate macrophages to produce inflammatory cytokines and

17



induce dendritic cells (DC) maturation®?. Furthermore, the increased deposition of
matrix has been reported to create a physical barrier for the infiltration of T cells as
shown in pancreatic tumours®3, and T cell proliferation was significantly reduced in
high density matrix favouring the formation of Tregs by TGF-B signaling®. Thus, the
physical environment surrounding cells of a tumour can influence their behaviour

dramatically.

1.1.2 Cancer associated fibroblasts (CAFs)

Fibroblasts are one of the most abundant cell types in local connective tissues and
contribute to the maintenance of cellular homeostasis of the surrounding
tissues. When tissues undergo pathological insult, the fibroblasts become activated
and differentiate into myofibroblasts a-Smooth Muscle Actin (aSMA), which contract
by actively producing ECM proteins to facilitate wound closure®. Once the wound is
resolved, these cells undergo programmed cell death®.

However, in cancer, this chronic wound healing response is hijacked. For instance, TGF3
family ligands and the lipid mediator lysophosphatidic acid promotes the expression
of serum response factor (SRF) which drives activation and expression of aSMA>7>8,
Moreover, various inflammatory modulators can promote CAF activation such as
interleukin-1 (IL-1) acting through the NF-kB pathway (nuclear factor kappa-light-
chain-enhancer of activated B cells), and IL-6 acting primarily on signal transducer and
activator of transcription (STAT) transcription factors®06’,

CAFs are extremely heterogeneous and can be recognised diverse markers including
Fibroblast-Specific Protein-1 (FSP-1), Fibroblast Activation Protein (FAP), the Platelet
Derived Growth Factor Receptors a (PDGFRa) and B (PDGFRp), Podoplanin (PDPN) and
THY-1%263 QOur increasing understanding of CAF diversity thanks to single cell
sequencing is beginning to help us understand the many pro-tumour functions the
possess®*6>66; including production of growth factors that stimulate tumour growth,

18



development of angiogenesis, ECM remodelling, invasion and metastasis, and

regulation of immune infiltrates®”68

. CAFs can attract monocytes through the
upregulation of vascular cell adhesion protein 1 (VCAM1) and induce their polarisation
towards M2 tumour associated macrophages (TAM) releasing IL-8, thus suppressing
Natural Killer (NK) cell function®. Similarly, the CAFs recruit myeloid derived cells such
as monocytes, macrophages, MDSCs via secretion of CCL27° and contribute to their
suppressive development by releasing CX-C motif chemokine 12 (CXCL12) and IL67""2
to support T-cell dysfunction and tumour immune escape’®. Besides this indirect
mechanism, CAFs were shown to directly inhibit T cells through multiple mechanisms
such as decreasing antigen presentation, expressing co-inhibition programmed death
ligand 2 (PD-L2), and inducing activation of cell death by Fas Ligand (FasL)"“.

In addition, CAFs secrete a number of pro-angiogenic factors such as VEGF which is a
potent inducer of neovascularisation’. The release of VEGF is facilitated by the
production of ECM remodelling enzymes such as matrix metalloproteinases (MMPs)

and LOX’®"7 thus fibroblasts enzymatically and physically alter the ECM via contracting

and stiffening matrix fibres’®.

1.1.3 Endothelial cells (ECs)

The lymphatic and blood vessel endothelium operate in parallel to control the
distribution of nutrients and oxygen into tissue, maintain the flow of blood, and
regulates the trafficking of immune cells”*®. The normal vasculature is hierarchical,
arteries become arterioles which form into thin capillaries. The smooth muscle cells
(SMCs) encapsulate the larger vessels to provide vessel stability, contractility and
paracrine cues to the underlying endothelial cells. Small capillaries are sustained by
pericytes regulated by PDGFB grow factor which, when genetically depleted causes
vessel leakage and haemorrhages®!82. All vessels are embedded in the ECM, which as

previously stated is rich in collagens, laminin and fibronectin®,
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In tumours, angiogenesis ultimately induces tumour cells intravasation and
metastasis®8>. Newly formed blood vessels are abnormally tortuous, poorly perfused,
and display altered endothelial morphology which results in intercellular gaps or holes,
which leak fluid, blood, and fibrin into the surrounding tissue®®’. Angiogenesis is
driven by hypoxia which upregulates VEGF. However, the poor vessel functionality
leads to more hypoxia and more angiogenesis. In addition to VEGF, other angiogenic
factors present in the TME include basic fibroblast growth factor (bFGF), angiopoietins
(Ang), hepatocyte growth factor, epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), and placental-derived growth factor®®. These factors disrupt
endothelial integrity and contribute to the endothelial-mesenchymal transition
(EndoMT) as characterised by the replacement of E-cadherin by VE-cadherin which in
turn induces motility and invasive behaviours®®. Furthermore, the EndoMT transition
indicated enzyme labelled endothelial cells as possible source of CAFs®. ECs isolated
from tumours expressed CD31°1, ICAM-2°2 and CD146°3 markers which are shared by
normal ECs, and more recently were added more tumour specific CD276°* and high
mobility group box 1 protein HMBG1%®. Unfortunately, this phenotype was not
expressed under cell culture conditions thus, there aren’t any known specific markers
to identify the tumour associated endothelial cells. The ECs reshape the dynamics of
nutrient distribution by creating immature blood vessels and accumulation of

interstitial exudate which is advantageous to tumour growth.

The endothelium also recruits and provides immune cell entry via upregulation of
adhesion molecules which allows their extravasation®®®’. However, TME released
angiogenic growth factors were shown to suppress the ECs expression of adhesion
molecules involved in leukocyte binding (e.g., ICAM-1/2, VCAM-1, E-selectin and
CD34)%899700  thus preventing immune cell entry, thereby creating a ‘immune
privileged site’ with few infiltrating immune cell’®'. Indeed, the tumour vasculature

actively regulate immune populations they encounter and contribute to tumour

20



immune escape. Blood endothelium have been reported to present antigens to local

leukocytes 02103104,

Moreover, they have been shown to express co-inhibitory
molecules FASL and PDL1'% to regulate immune cell entry into the tumour. Similar to
blood endothelium, the lymphatic system is also expanded in the tumour stroma and
provides a crucial link to tumour draining lymph nodes, in which immune responses
are orchestrated'®'%7 and a common site of metastasis. Like blood vessels, lymphatics

108,109,110

also actively regulate immune function via expression of PDL-1 and regulating

trafficking of immune cell to the draining lymph node.

The non-immune components of the TME exhibit a diverse array of functions, that
adapt in response to local cues to help shape tumour development. The other
protagonists within the TME are the immune cells comprising of lymphoid and myeloid
cells which will be discussed later in this introduction. This project has focussed on the
myeloid derived suppressor cells in melanoma and utilizes a syngeneic B16F10 mouse

model.

1.2 Malignant melanoma

Malignant melanoma is one of the most common types of cancer and is associated
with poor clinical outcome. Melanoma incidence in the EU reaches 90,000 new cases
annually and melanoma of the skin is considered one of the fastest rising forms of
cancer''!. Melanoma accounts for 4% of all diagnosed forms of skin cancers, but it is

responsible for more than 70% of deaths from such cancers'"

. Melanoma aggressively
metastasize and the prognosis remains poor even with treatment using
immunotherapeutics such as Ipilimumab (anti-CTLA-4), life expectancy remains an
average between 10 to 17 months'™314115 " The rising incidence is connected to the
decreased photoprotection from reduced melanin''®. Diagnosis stage and prevention
to UV exposure are critical in determining the therapy success and improve the

chances of survival''’.
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Cutaneous melanoma originates from melanocytes in a multistep process called
melanomagenesis. The initial stages are known as radial growth phase (RGP), where
melanocytes cluster forming a nevus and losing contact with the surrounding
keratinocytes. This is followed by a vertical growth phase (VGP); the cells bypass
senescence and actively proliferate, crossing the basement membrane and ultimately

entering the bloodstream or lymphatic vessels to metastasize in the body'®.

Depending on the stage of the disease, different but limited, therapeutic approaches
can be used, such as surgical resection, chemotherapy, radiotherapy, immunotherapy,
or targeted therapy''. The combination of different chemotherapeutics was evaluated
but the overall survival (OS) did not show improvement and is now mostly used as a
palliative treatment’?®. This approach is associated to development of melanoma
resistance to apoptosis as caused by chemotherapy''. Subsequently, a different
approach was developed to target melanoma with small molecules inhibitors or
antibodies targeting an oncogenic mutation affliated with melanoma. The BRAF
(V60OE or V600k) mutation is a key serine-threonine kinase from the mitogen-
activated protein kinase (MAPK) pathway, which is a mutation occuring in 50% of
cutaneous melanoma cases'?>'23, Targeting the tyrosine kinases improved the overall
survival, however, the rapid development of multiple mechanisms of resistance made
the benefits very limited'?4. In the attempt to reduce resistance mechanisms, the MEK
dowstream signalling effectors of BRAF were also targeted'?>. Tremantinib is currently
being tested against such targets in several clinical trials, both alone and in
combination with other therapies'’®. For melanoma patients that are not presenting
with the BRAF mutation the development of immunotheraphies represented a
significant breakthrough. Checkpoint inhibitor antibodies such as anti-CTLA4
(Ipilimumab) and anti-PD-1 (Nivolumab and Pembrolizumab) were developed to
harness the activation of the immune system against cancer'?®'?’. However, even in

responsive cancers, the immune checkpoint inhibitor success rate is often less than
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50%'28, Subsequently, a synergistic approach by combining the two inhibitors was
tested but still alarge portion of patients didn’t respond’?. As stated previously, there
is still the need to overcome resistance mechanisms or identify new biomarkers to be

exploited to further increase patient survival and cancer remission.

1.2.1 The melanoma microenvironment

An increasing body of evidence suggests that the melanoma microenvironment plays
a significant role in limiting the efficacy of therapies. Melanoma is characterised by
the prouction of specific antigens such as those expressed by the cancer germline
genes MAGE, NY-ESO'3? and Tyrosinase . These are normally presented through MHCI

131 However, tumour cells tend to reduce

to T cells which mount an immune response
the surface presentation of the antigen by downregulating MHC|'32133134135
Therefore, the T cells left unable to recognise cells as abnormal. The balance between
co-stimulatory and co-inhibitory mechanimsms define the fate of this activation'3®.
Melanoma is characterised by the expression of PD-L1 and PD-L2 which are associated
with poor prognosis and greater disease progression’3”138 In addition, the expression

of Fas ligand (FasL) and PD-L1 in melanomas causes the apoptosis of effector T cells

via Fas receptor and PD-1"3%,

As melanoma progesses, there is an accumulation of Treg and MDSCs suppressive
cells which in turn impairs T cells responses'®,'1. Tregs are is frequently recorded in
melanoma, and the ratio of CD8-positive T cells to Tregs is predictive of patient
survival'2, Their recruitment is suported by the CCR4-mediated interaction with the
secretion of CCL2 from the tumour cells'3, whilst locally-produced TGF-B and IL-10
contributes to Treg expansion'4 14> In parallel, myeloid suppressive cells are drawn in
to the melanoma TME through chemokines and inflammatory mediators such as
CCL2™e, CXCL12™" and GM-CSF'8, G-CSF', IL-1b™°, IL-6">", and prostaglandin

E2152153 and their presence associated with poor pronosis; high numbers of MDSCs
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were found in patients with metastatic melanoma but not their healthy counterparts'>*.
Furthermore, CCL2 (MCP-1) is a potent chemoattractant for monocyte derived cells
which differentiate into MDSCs and TAM'™>. The latter reported to promote
angiogenesis by secretion of IL-8'°® and VEGFA'’, which is amplifed by release of
ECM-bound protein by the MDSCs expression of MMPs*3. CAFs in the melanoma TME
are also rich sources of MMP1, MMP2 and MMP1377158159 and at the same time
increase deposition of matrix proteins such as osteopontin, SPARC and tenascin to
remodel the physical environment'®%1®1 The number of lymphatics in the melanoma
TME are expanded, and as well as immune regulatry properties (described earlier)

support the formation of the pre metatsic niche and lymph node metastasis'6%163,

1.2.2 Melanoma syngeneic model

Syngeneic models represent a versatile, tractable tool that allows studies of events
within a rapidly changing niche. They have been useful to describe fundamental
mechanisms, identifying potential theraputic targets, and testing new therapies whilst
assessing the mechanisms of therapeutic resistance. Murine melanoma cell lines are
subcutaneously injected into the strain of mice from which they were initially isolated.
The B16 cell lines were derived from chemically induced spontaneous murine
melanoma obtained in the C57BL/6 mice strain. The cell lines were denomitated from
FO to F10 and obtained by successive injections and isolations of cells from the
tumour'®. The F number corresponds to the level of aggressivity by which the tumour
is able to colonise lungs and kill the host'®>. The major advantange of B16-F10 derived
tumours is its rapid growth in vivo, leading to tumor-induced death within 2 to 4
weeks. This makes it a suitable model to study immune changes in a relatively short

amount of time.

Another advange of using the melanoma syngeneic model is that the mouse strain is

immunocompetent, thus is particularly suitable for studies involving immunotherapy.
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For example, CTLA-4 blockade was shown to induce tumour rejection dependent on
CD8* and NK1.1* cells'®. Moreover, CTLA-4 was used in combination with PD-1
blockade which synergistically increased tumour rejection from 10% to 65%'°".
However, B16 cells ability to induce adaptive immune response has been questioned
because they express relatively low amount of MHCI molecules'®'%°_ Additionally, the
B16F10 melanoma express tumour-associated antigens such as melanosomal protein
TRP2 and gp100 sufficient for T cells recognition and activation'’®, Being lowly
immunogenic and characterised by suppressive MDSCs infiltration"1172, this model is
suitable to successfully identify immune responses in immune checkpoint modulation
studies'’3. The disadvantage of using this model is that the B16 cells don't present the
BRAF mutation which is present in the 50% of the human melanomas'’. Moreover,
they express PTEN which is frequently lost in human disease'’>. Finally, while the rapid
growth of B16 tumours does not fully re-capitulate the human disease it is still suitable

to study immune responses to external stimulations.

1.3 The tumourimmune microenvironment

1.3.1 Brief history of cancer immunology

“There is something unique about cancer that distinguishes it from normal cells, and
that this difference can be recognised by the body’s immune system”'76. This was the
foreseeing citation from Professor Lloyd J. Old postulated more than forty years ago,
where he addressed the concept of cancer immunogenicity in biological context. In
reality, cancer and cancer inflammation reports dated back to ancient Egypt;
describing how a concomitant infection or fever was making tumours gradually
disappear. Thus, itwas the early recognition that inflammation could affect the tumour

growth. In ancient Greece a recording showed that a persistent inflammatory lesion
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could be ground for tumour formations, showing that even in the ancient world,

analogies were being made between cancer and inflammation'’’.

A long time passed between these observations and 1868, when the immune system
was shown to directly modulate tumour growth. The German physicians, Busch'’® and
Fehleisen, accidentally infected cancer patients with Streptococcus pyogenes, which is
responsible of a common bacterial infection of the superficial layers of the skin. They

duly noted a shrinkage of the tumour mass'’°.

Towards the end of the nineteenth century, Elias Metchnikoff'8 stipulated the concept
of phagocytosis which provided the basis for the study of humoral immunity. Almost
simultaneously, Emil Behring and Shibasaburo Kitasato recognised that cell-free serum
isolated from an immunised animal and injected in an infected one was curative 818,
This brought Behring to the discovery of neutralizing antibodies and opened the field
to the identification of the cooperation between acquired and innate immunity '8, This

work led to the assignment of the first ever Nobel Prize in Medicine awarded in 1901

to Emil Behring “for serum therapy in therapeutic medical science”.

Further contributions to this field was added by the work of William Bradley Coley,
who tested the concept of immune infiltration in cancer by injecting different mixtures
of inactivated bacteria in patients and ultimately achieving tumour remission'®*, His
work was highly contested but in opening the debate this contributed to the
identification of the mechanism behind his work and the therapeutic achievement'8>,
Advances in understanding the immune system started to increase in frequency, with
Ruth and Graham discovering the interferon'8 and the very first cancer vaccine'®, and
the concept of cancer immunology as developed by Burnet and Thomas'®'8, Their
hypothesis of Cancer Immunosurveillance described the continuous patrolling of the
immune cells which are able to discern different surface antigenic structure from
normal cells and use this to eliminate the cancerous cells'. Furthermore in 1967, the

existence of T cells and their crucial role in orchestrating the immune response was
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published in “Nature” by Jacques Miller'!. Subsequently, the dendritic cells were
characterised by Ralph Steinman in 1973°2and the description of MHC restriction was
elucidated in the work of Zinkernagel and Doherty in 197493, Almost coinciding with
the publication on natural killer (NK) cell activity by Eva Klein in 19754 All these
elements combined, produced the first evidence of the immunosurveillance concept

at the end of the last century.

Shankaran et al'® created lymphocyte specific immunodeficient mice by disrupting
the recombination-activating gene-2 (RAG2) to generate The RAG”" mice, which
developed tumours earlier than wild-type mice and with greater frequency. This work
showed that lymphocyte release of IFN-y and Perforin was essential to prevent the
development of sarcomas and epithelial tumours. However, as the tumours developed
in the presence of an intact immune system, the immunogenicity reduced and
paradoxically favoured the eventual outgrowth of tumours that were more capable of
escaping immune detection. This concept was well summarised by the work of
Schreiber, Dunn, Old and their teams that truly introduced the concept of immune

surveillance and cancer immunoediting'%®.

1.3.2 Cancer immunoediting

The Cancer Immunoediting hypothesis refines the earlier cancer immunosurveillance
hypothesis. The immune system wasn't only preventing the development of tumours
but instead, it was directly shaping the neoplastic evolution™’. As such, it was
presented as a testable model composed by three distinct phases known as the “three
E's”: Elimination, Equilibrium and Escape'®®. The elimination phase was partially based
on the early work of Paul Ehrlich, who conceived the idea that without the immune
system the “overwhelming frequency” of cancerous cells couldn't be repressed'”.
Therefore, cancer cells are eliminated before they become clinically evident?%; often
without the requirement for immune cell patrolling and elimination, otherwise we

would see a far higher frequency of malignancies. Thus, cancer cells circumvent their
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intrinsic tumour-suppressor mechanisms?%! and increase in volume via angiogenesis?%?
and tissue invasive-growth?®3 mechanisms. This tissue remodelling induces the release
of proinflammatory molecules and chemokines?%4, which leads to the activation of the
innate immune system and its recruitment to the dangerous lesion. Natural Killer cells
(NK) present the NKG2D receptor which detects the increase in MHC class I-like self-
molecules (MICA) as overexpressed by damaged cells and induces cytolysis causing
the release of tumour associated antigens (TAAs)2%>2%_ |FN-y release is critical for the
progression of the antitumor response®”’, its secretion induces the production of Nitric
Oxide (NO)2°® and Reactive Oxygen Species (ROS) by macrophages®®®, which when
combined with the NK TRAIL?" or Perforin®" dependent mechanisms induces
apoptosis of the cancer cells. The TAAs released are detected by activated dendritic
cells that migrate to the lymph node and subsequently activate naive tumour-specific
Th1 CD4* T cells?'?. These and the antigen cross-presentation via the DC-MHCI create
tumour-specific CD8* Cytotoxic T cells?’32™ These cells infiltrate the tumour site

215

recognise and kill the cancerous cells=> a response sustained by CD4* T-cell IL-2

production. This series of events constitutes the elimination phase.

The equilibrium phase is perhaps the longest phase because highly genetically
instable cancerous cells fail to be eliminated, and stay in a dynamic balance with IFN-
y production and the lymphocyte population. This phase is estimated to stand for
nearly 20 years in the case of solid tumours?'®. The immune system actively prevents
the tumour growth but also provides an evolutionary stimulus promoting the cancer
cells in accumulating nucleotide-excision repair instability (NIN), microsatellite
instability (MIN), and chromosomal instability (CIN)2'. This results in a selective
pressure towards the survival of the fittest, or in this case, those cells which can
establish favourable conditions within the tumour microenvironment for the tumour

to escape?'®.
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The escape phase is characterised by the rise of the selected cancer cells into active
growth and expansion. To overcome the stationary state, tumour cells actively produce
cytokines associated with immunosuppression such as transforming growth factor 8
(TGF-B) and interleukin-10 (IL-10). For example, TGF-p promotes the recruitment of

)219

suppressive T regulatory cells (Tregs and myeloid derived suppressor cells

(MDSC)?%°. Whereas, IL-10 promotes the polarisation of macrophages towards an M2

221 Those cells are all associated with the promotion of an

phenotype
immunosuppressive environment. Gradually the tumour cells can also down-regulate
the MHCI antigens and evade NK cell killing and also, assume a defective death
receptor signalling (FasLand TRAIL)??%. All those factors ultimately reduce the activated
T cell infiltration and function, consequently, reducing the pressure on the selected

tumour cells allowing tumour escape.

1.3.3 The “"Cancer Immunity Cycle”.

The Cancer Immunity cycle was proposed as a model to explain the necessary steps
taken by the immune system to kill cancer cells??3. This can be briefly summarised in
a series of steps. The first stage is a consequence of the initial response to tumour
escape when the NK cells instigate the production TAAs. Tolerance and immunity to
necrotic and apoptotic cells is finely regulated by DCs. The phosphatidylserine cell
membrane exposure triggers the release of inflammatory cytokines such as IL-10
and TGF-B, combined with the release of cell death degradation products (high
mobility group box 1 (HMGB1), uric acid, heat shock proteins) stimulates the DC

activation and subsequent TAAs processing?242%>,

This triggers the second step, characterised by the DCs activation of the T cells
through MHCI and MHCII antigen presentation. The lymphoid organs host this event;
the antigen presenting cells (APCs), which primed the Th1 CD4" T cells into producing

proinflammatory IL-2 and IFN-y, cross-present the antigen to the naive T cells that
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continuously traffic through secondary lymphoid organs. Both mature DC and naive
T cells express CCR7, allowing homing and colocalization in response chemokine (C-C
motif) CCL9 and CCL21%? and consequent antigen primed T cell expansion. The first
characteristic of T cell maturation is the downregulation of CCR7 and the upregulation
expression of receptors specific to chemokines expressed in target tissues, examples

including CCR1, CCR2, CCR3, CCR5, and CXCR3%?/,

At this stage, the matured antigen specific CD8" cytotoxic T cells traffic back to the
tumour site following chemotactic cues. Optimal T cell recruitment was firstly
associated with the production of CCR5 or CCL3 by the tumour in mice models??8,
However, the role of chemokines remains controversial because of variation between
tumours and the content of immunosuppressive cells in the TME, indicating other
factors also contribute to this axis. The primary chemoattractant for effector cells
appears to be CXCR3 ligands, CXCL10 and CXCL9%2%23% The latter was specifically
described as inducing a potent infiltration in malignant melanoma by CD8" T cells and
improvement in patient survival®®'. The balance between suppression and
inflammation often produces chemokine levels which are sub-optimal for the full
attraction of the T cell population. Recruited T cells must then infiltrate the tumour bed
via interacting with the APCs expressing the cognate agonist peptide-MHC (pMHC).
This interaction may depend upon upregulation of integrins molecules such
as leukocyte function-associated antigen (LFA)-1%32 by the T cells and parallel binding

on the DCs ICAM-1233 to form the immunological synapse®3.

This integrin dependent rolling and infiltration brings the T cells to specifically
recognise and bind to cancer cells via T cell receptor (TCR). This interaction triggers
the recognition of the pathogenic cell. Some tumours may select a reduced pMHC
expression phenotype to escape but, if successful the granule content and the IFN-y
release by the CTL should kill the tumour cells releasing more TAAs and repeating the

CyC|6235’236.
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1.4 Innate and adaptive immune compartmentin cancer

Our bodies are capable of inducing significant inflammation to destroy threats to its
integrity, it has also developed potent suppressive mechanisms by which it returns to
the normal status quo, evolving inhibitory receptor/ligand pairs, or immune
checkpoints to avoid collateral damage. In cancer, these suppressive mechanisms are

exploited causing inhibition of the immune system.

1.4.1 T lymphocytes

As described previously, the CD8" T cell response is due to activation by the TCR
binding to the MHC molecules on the APCs. To achieve an inflammatory polarisation,
the co-stimulatory interaction of CD28 with the DCs co-stimulatory molecules CD80
(B7-1) and CD86 (B7-2)2% have to reinforce the signal, thus surpassing the threshold
of activation. In the TME, T cell dysfunction can develop, a phrase commonly termed
as T-cell exhaustion, which typically occurs as a result of a physiological protective
mechanism against chronic inflammation?38, The balance between costimulatory and
immune checkpoint molecules results in either activation or inhibition of the T cell
polarisation. The most well studied inhibitory checkpoints are the cytotoxic

lymphocyte antigen-4 (CTLA-4) and the programmed cell death protein 1 (PD-1).

TCR stimulation promotes the membrane exposure of CTLA-423° which is also
constitutively expressed by Tregs?4?. The inhibitory molecule competes with CD28 for
binding to the B7 protein and causes inhibition of T cell proliferation and reduced IL-
2 secretion®*!, PD-1 however, does not compete with CD28, but when engaged
prevents the phosphorylation activation cascade required by the T cells. PD-1 is
engaged by PD-L1 which is broadly expressed by both professional and non-

242

professional APCs?*? including MDSCs, and several type of tumour cells?4324424,
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Another ligand, PD-L2, is primarily expressed on DCs and monocytes its expression

can also be induced different cells including CAFs 74246,

Growing numbers of potential immune checkpoint molecules are being discovered,
highlighting an intricate network of signals that regulates the balance between
inflammation and suppression. Within the category of co-inhibitory molecules much
interest was generated by LAG-3, TIM-3 and TIGIT?*". They respectively bind on MHCI,
Gal-9 and CD155 expressed by APCs and they are all involved in the regulation of T
cell activation. For instance, lymphocyte-activated gene-3 (LAG-3) shares similar
structure to CD4 but it has a strong affinity for MHCII. This competition causes the T
cells to lose the CD4 co-stimulation and causes inhibition through LAG-3
signalling®*®. Since these checkpoint molecules are upregulated in suppressed T-cells,

they can also be used as markers of “T-cell exhaustion”?4°,

CD8* T cells receive support from the variety of CD4* T cell phenotypes that are present
in the TME. The CD4* T helper 1 (Th1) cells sustain the proliferation of the CD8" cells
by releasing IL-2 and IFN-y, the production of which strongly correlate with good
prognosis®>’. The contribution of CD4* Th2 and CD4* Th17 is less evident in the
elimination of cancer. However, CD4* Th2 are important to achieve B cells responses
through the release of IL-4, IL-5 and IL-13 and Th17 cells are favourable in fighting
microbial insults by IL-17A, IL-17F,1L-21 and IL-22 release?>%?>!. Generally, the cytokine
signature of these populations correlate with a worse prognosis®>%2>! but exceptions

exist for Th2 in breast cancer?? and Th17 in oesophageal cancer?>.

Most commonly associated with tumour progression and the inhibition of T cell
inflammatory responses are the Tregs. Their specific marker phenotype comprise of
the expression of CD4, forkhead box P3 (FOXP3) and CD25%>* Their depletion has been

5

correlated with the insurgence of auto-immune diseases®>> and in cancer, often

correlates with poor prognosis, particularly when combined with reduced numbers of
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cytotoxic lymphocytes 220256257 Tregs constitutively express CTLA-4 and bind the
CD80/86 on APCs impairing their maturation®>8, Moreover, they are even able to
physically remove the co-stimulatory molecules from the APC through trogocytosis®>,
hence inhibiting the activation of CD8 T cells and APCs. Furthermore, Tregs induce
immune suppression through the production of TGF-B, a potent regulator of the CTL
function®®®, and IL-10, which is involved in macrophage suppression and MDSCs

increase?®’.

1.4.2 Obstacles posed by the TME to the T cells activity

As we saw in the cancer immunity cycle, there are many points at which an immune
response can be hindered, contributing to the progression of disease. Defects in
antigen release and tumour cell death may impair the uptake and antigen presentation
by DCs and macrophages to T cells. These mechanisms are associated with DC
activation impairment due to the correlation between tumour mutation burden (TMB)
and decreased expression of tumour neoantigens on the MHCI?®?.  Another
mechanism of impairment has been associated with molecules that inhibit DC
maturation such as IL-62%3, IL-10%%4, IL-35, lipids®®> and tumours exosomes®®®. For
instance, IL-6 has been shown to suppress the expression of MHCIlI and CD86 through
activation of the STAT3 pathway, thus reducing T cell stimulation®®’. Due to the
plasticity of immature DCs, stimulation of these pathways skew their maturation

268

towards suppressive myeloid cells=*® and consequently dampen the T cell anti-tumour

response.

T cell migration towards inflammatory sites is mainly driven by CX3CR1, CXCL9 and
CXCL10. The abundant expression of these cytokines correlates with T cell recruitment
and tumour infiltration?®®. However, it has been reported that melanoma metastases
downregulate the secretion of these cytokines thus limiting the effectiveness of
antitumor immunity?’%. Moreover, infiltration of T cells into tumours was reported to

be affected by aberrant angiogenesis®’'?72273, new blood vessels can act as a physical
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barrier to the extravasation of T cells?’4, while VEGF also affects T cell adhesion by
reducing the expression of VCAM-1 and ICAM-1 on the surface of endothelial
cells?’>276 Additionally, the tumour endothelium barrier upregulates FASL as a result
of VEGF, IL-10 and prostaglandin E2 (PGE;) stimulation, thus inducing CD8* T cell death

by Fas receptor engagement?’’.

Another emerging growth factor that acts
synergistically with VEGF in cancer is Angiopoietin-2 (ANGPT2). This is also partially
contributes to the vasculature barrier formation?’®. A further barrier that prevents and
traps T cells away from their targets is the dense matrix in which cancer-associated

fibroblasts (CAFs) may also play a role®”°.

1.4.3 NK cells

Natural killer cells (NK) are part of the innate lymphoid cell (ILC) family and their
phenotype is characterised by the markers CD3~ NK1.1* in mice®®®, and CD3°CD56" in
humans?81282_Unlike ILC, NKs secrete IFN-y and have cytosolic ability to counteract
pathogens or pathologic insults?®. In healthy individuals, NKs are “educated” in self-
tolerance through the engagement of inhibitory receptors like CD94/NKG2A31 and
Ly49 (or Killer cell immunoglobulin-like receptors in humans) with MHC-I. The latter is
lost by damaged cells which also express stress ligands recognised by NKs, therefore
NKs activate cytotoxic functions to destroy the cell and subsequently contribute to
inflammation2®4. A common activating receptor in mice and humans is NKG2D, which
binds with strong affinity to polymorphic MHC-I homologous ligands?®>?%. Once the
activation is triggered, NKs can exploit several cytotoxic mechanisms such as the
release of cytolytic granules into a target cell, induction of death ligand expression, or

antibody dependent cell cytotoxicity (ADCC)?%’.

Depletion of NKs correlates with higher tumour growth and metastasis, while reports
indicate that infiltration correlates with good prognosis, at least in clear cell renal cell

cancer (CCRCC) and in response to neoadjuvant treatment in breast cancer?®,
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However, tumour cells can evade detection by upregulating ligands for inhibitory
receptors, such as non-classical MHCI molecule Human Leukocyte Antigen (HLA) G?%,
as well as shedding ligands that bind the activating receptor NKG2D?%. Contributing
to this evasion mechanism, stromal cells or MDSCs in the TME can secrete
immunosuppressive mediators or can express NKG2DLs, which drive a chronic
interaction with NKG2D on NK cells leading to a down-modulation of the

receptor.29‘l,287,292

. Tumours can also express immunoregulatory factors, such as
transforming growth factor-B (TGFB)? or release of glucocorticoid-induced TNFR-

related (GITR) ligand which binds on NKs GITR receptor inducing tolerance®®.

1.4.4 Neutrophils

Neutrophils are polymorphonucleated cells and are the most abundant circulating
leukocyte population, functioning as early responders to inflammatory insult?®>. When
activated, they use mechanisms to destroy the pathogen such as phagocytosis®®,
degranulation, the release of ROS through NADPH oxidase?®’ and Neutrophil
Extracellular Traps (NETs) 2°°. In the tumour their role remains controversial.
Neutrophils were reported to exert both anti- and pro-tumorigenic responses. For
instance, TGFP induced accumulation of neutrophils with protumour function while its
blockade favoured an antitumour phenotype®®®4’.  However, tumour-derived
granulocyte-colony  stimulating factor G-CSF  induced maturation into

299

immunosuppressive neutrophils Depending on the cues they engage with,

neutrophils adopt an N1-inflammatory or N2-suppressive phenotype*’3%,

Neutrophils also promote tumour angiogenesis3°'3%2, In the cancer setting, neutrophils
are often associated with a granulocytic population of myeloid-derived suppressor
cells (G-MDSCs). The latter share similar morphology and expression of cell surface
markers with mature neutrophils, but the difference lies in the ability to suppress T-

lymphocytes3®3. G-MDSC cells can promote tumour angiogenesis by remodelling the
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ECM via MMP9 expression3%4'2. Even the recruitment of these cells through IL-
8/CXCR2 as expressed by the tumour causes the release of elastase which contributes

305306 |0 addition, cancer associated

to structural support for cancer invasion
neutrophils can express PD-L1 and promote T cells suppression via the PDL1/PD1
axis3%’. Neutrophils increase ROS production when in contact with T cells which can

induce epithelial damage and antigen-specific tolerance3%83%°, Therefore, these cells

310 311,312,313

are associated with poor prognosis in melanoma*"” and several others cancers
Neutrophils can also undergo the process of NETosis, where the release of DNA and
chromatin decorated factors such as neutrophil elastase and MMP9 can capture
circulating tumour cells to promote metastasis®'* or induce thrombosis through a G-
CSF dependent mechanism3'>. In a breast cancer model, DNase digestion of NETs ,
reduced the number of metastatic lesions3'®. In addition, CAF-secreted Amyloid B was
found to drive NETosis through a CD11b and ROS-dependent mechanism both within

the TME and at systemic levels3"’.

As stated, neutrophils remain a very plastic
population dependent on the surrounding cues which can promote inflammatory or

suppressive functions, thus are often denominated G-MDSCs.

1.4.5 Dendritic cells

The DCs have an important role in the initiation of antigen-specific immunity and
tolerance by providing immunomodulatory signals through cell-cell contacts and
cytokines3'®. Historically DCs have been divided by location, with resident DCs in the
lymphoid organs and migratory DCs moving through the lymphatics. The resident DCs
were also termed conventional DC (cDC) to distinguish from plasmacytoid DC (pDC),
which were known to release high quantities of type | interferon in response to viral
infection3™®. cDCs originate from DC precursors present in the bone marrow (BM) with
maturation dependent upon stimulation of the growth factor fms-like tyrosine kinase
3 ligand (FLT3L) and its receptor FLT33%, as well as GM-CSF and its receptor GM-

CSFR32™, This is important because they share similarities with monocytic-derived (MC)
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cells which may fall under the moDC and M-MDSC definitions. Both the cDC and MCs
present an overlapping phenotype, however, the inflammatory MC arise independent
of both FLT3 and GM-CSFR3?" thus making them a distinct population of highly plastic

cells.

DCs in cancer are composed of different subsets distinct by developmental,
phenotypical and functional criteria3??. The ¢cDC are typically divided in to CD11c¢* ¢cDC1
and CD11b* , which is more heterogeneous than cDC2. The former originates from
precursor DC by the expression of basic leucine zipper ATF-like transcription factor 3
(BATF3) and are associated with anti-tumour cytotoxic immunity demonstrated in
BATF3-/- mice®?3. Moreover, the cDC1 expresses surface molecules XCR1 and Clec9a
(DNGR1) in both mouse and human. XCR1 is crucial in the functional cross-talk for
activation of CD8+ T cells and NK cells3** while Clec9a has a role as a receptor for
necrotic material®?>. Therefore, cDC1 cells are considered to induce cellular immunity
against tumours due to their efficient processing and cross-presentation of exogenous
antigens on MHCI molecules to activate CD8* T cells3263%7, A study which supports this
showed that mouse cDC1, when loaded with dead tumour cell antigen, proved to be
a potent vaccine by using the same mechanisms mentioned before3?8. Abundance of
cDC1 cells in tumour tissue is also associated with survival and responsiveness to

immune checkpoint blockade3?®.

The origin of cDC2 remains enigmatic, but they are distinguished from cDC1 by the
expression of CD11b integrin and signal regulatory protein alpha (SIRPa)3?°. They are
potent inducers of CD4* T cell mediated immunity in cancer33? 33" However, within the
CD11b* DC there is a high grade context dependent plasticity and their function may
differ>32. Human cDC2s can induce the polarization of diverse subsets of CD4* Th cells

and activate CD8* T cells through MHCII333334,
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Monocytic derived moDCs are predominantly generated in response to inflammation
and promote context-dependent differentiation of CD4* T cells towards a Th1, Th2, or
IL-17-producing T helper (TH17) phenotype3*. In mice, the lymphocyte antigen 6
complex locus C1 (Ly6C) is associated as a specific marker for the moDCs
identification3®. However, confusion on moDC origin and markers caused a gradual
reinterpretation of these cells as ‘'moDC-like’ cells generated during inflammation and

are often classified as highly plastic or ‘non- classical’ monocytes rather than DCs337318,

1.4.6 DCs and APCs tolerancein the TME

Cues within the TME induce the development of tolerogenic DCs33833% This can be
driven via presentation of TAAs in absence of co-stimulatory molecules which
promotes T cell anergy instead of activation. A vast network of co-stimulatory and co-
inhibitory signals make the APCs dialog with the T cells through immune checkpoint
receptor-ligand interaction. The removal of the CD80/CD86 by CTLA-4 on the T cells
is one of the limiting factors for immune activation®**°. PD-L1 and PD-L2, both
expressed by DCs and other cells in the TME, add further inhibitory signals to the PD-

341 Another important inhibitory molecule is V-domain

1 expressing T cells
immunoglobulin suppressor of T cell activation (VISTA) which is part of the PD-1 family
but expressed by APCs. It negatively regulates CD4* T cell proliferation and also
decreases the production of inflammatory cytokines such as IL-2 and IFNy3%.
Additionally the T cells and APCs co-expressing and co-interacting via CD31 induce a
tolerogenic phenotype favouring T cell priming towards Tregs through the increased

secretion of IL-10 and TGF-p 343.

Those immune checkpoints contribute in creating a permissive environment for the
tumour and limit the recruitment of inflammatory DCs. Indeed, few cDC1 cells are

found in the TME due to factors which limit their recruitment, infiltration, and
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maturation. This is associated with worst prognosis3?®. It was well characterised in both
human and mouse, how tumours rich in active B-catenin were reducing CC-chemokine
ligand 4 (CCL4) expression, which resulted in diminished cDC1 infiltration and
consequently enhanced tumour growth3*. Moreover, the tumour decreases the
recruitment and maturation of the ¢cDC1 via eliciting NKs by release of prostaglandin
E> (PGE,). The NK recruits cDC1 through CCL5 and XC- chemokine ligand 1 (XCL1) and,
are main producer of the cDC1 soluble FLT3L molecule which drive their survival. In
addition to NK depletion, FLT3L is negatively modulated by VEGF released in the TME.

Those factors highly impair the recruitment and survival of cDCT1.

The maturation of cDC1 cells is also impacted by IL-6, one of the major cytokines in
the TME3#®, which preferentially differentiates the myeloid cells towards an MDSC
suppressive phenotype34®. IL-6 and the IL-10 produced by macrophages in the TME
facilitate signalling through signal transducer and activator of transcription 3 (STAT3)

which polarises the APCs towards immune-suppression34’.

Together the mechanisms described, select for tolerogenic DCs or MDSCs that are
characterised by molecules which affect T cell phenotype and function. Furthermore,
APCs within the TME display impaired activation and phagocytic function as
demonstrated by the sequestration of the alarmin high mobility group protein B1
(HMGB1) through high expression of TIM3348, This protein sequesters HMGB1 which
normally mediates the innate detection of nucleic acids released by dead tumour cells.
Some tumours also express the phagocytosis inhibitory molecule, CD47, that engages
the signal- regulatory protein-a (SIRPa) on the APCs and blocks the engulfment of
TAAS34,
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1.4.7 Tumour Associated Macrophage (TAM)

Tumour associated macrophages, as with the other myeloid cell types, share the same
plasticity, adapting to localised cues in a context dependent manner. Generally, they
are defined at two extremes, classically activated M1 and alternatively activated M2

cells3°0

, although in reality cells exist along a spectrum of phenotypes 332 A third
class exists of non-polarised macrophages named MO or monocytic macrophages>>3.
The M1 type are more pro-inflammatory and associated with anti-tumour activity,
whilst M2 macrophages display immunosuppressive features which contribute to

tumour progression>

. Accumulation of macrophages is associated with poor
prognosis in breast, prostate, ovarian, cervical, lung cancer, follicular lymphoma as well

as uveal and cutaneous melanoma3>>.

In vitro, Lipopolysaccharide (LPS), IFN-y and GM-CSF have been shown to polarize
macrophages towards the M1 phenotype, as characterized by the expression of TLR-
2, TLR-4, CD80, CD86, iINOS, and MHC-II surface molecules®>®3>". Through the release
of cytokines such as TNF-q, IL-1q, IL-1(3, IL-6, IL-12, CXCL9, and CXCL10, they produce
a positive feedback loop maintaining an M1 pheontype3*83>, The pathways of NF-kB
and STAT1 are strongly activated in the process of M1 polarisation which results in
tumoricidal functions360361,

In contrast, M2 macrophages are directly induced by IL-4 and IL-1, and are
characterised by the surface expression of CD206, CD163, CD209 and cytosolic
proteins FIZZ1 and Ym1/2362363 They upregulate and use IL-10 and TGF-B as a
paracrine polarisation signal®®4. STAT 6 is considered the transcriptional pathway
involved in their formation3®®,

TAMs are pro-tumour. They support angiogenesis®%3¢” and ECM?3°3! remodelling.
They represent a dominant immunosuppressive population and are highly influenced

by local cytokines such as TGF-B2?%, which is produced by M2 cells and induces their

differentiation. Furthermore, macrophage-derived TGF-f inhibits the cytosolic activity
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of NK cells*®® and inhibits DCs3%° . IL-10 is another interleukin secreted by the TAMs,

261 and induces

where it impairs DC maturation by favouring the formation of MDSCs
the reduction of antigen presentation®®*. The M2 macrophages are also characterised
by the expression of Arginase-1 (ARG-1) which metabolizes L-arginine into polyamine
and proline, causing arginine depletion. This is turn is important for the correct TCR
formation on the CD8* T cells37%371 The latter are also affected by TAM expression of
PD-L1 which sparks inhibition through PD-1 engagement®’?. Additional PD-L1
signalling is caused by the Tregs which are recruited by the TAMs3’3through the

secretion of CCL22 . All these mechanisms contribute in polarising the TAMs towards

immunosuppression’4 and highlight their high similarity to MDSCs.

1.4.8 Monocyte-Derived cells

As a consequence of their plasticity, monocytes entering a tumour can become
different types of cells depending by the molecular milieu they encounter. Their
plasticity was highlighted by supplementing in vitro cultures with GM-CSF which
induced the monocytes to acquire a DC-like phenotype, long been referred to as
moDC cells37>376377 |n contrast, cultures supplemented with macrophage-colony
stimulating factor (M-CSF) alone caused cells to devolve into a more monocytic
macrophage (moM®) which could be polarised towards the classic M1 or alternatively
activated M2 phenotype via addition of IL-4 and IFN-y*>°. Much confusion arose by
the alternative maturation and intermediate states that these cells can assume. The
lack of a clear definition makes it crucial to not only identify them by phenotype but
also by function. In an attempt to create a classification system for monocytic-derived
cells, they were grown in contact with a vast array of cytokines and TLR ligands, and
tested for gene-expression3’8. This study used bioinformatics to reveal a complex array
of different cells lying on the phenotype spectrum model*’®. The phenotypes were

dependent on medium cues. Supporting this, further work indirectly inferred that
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moDCs could be a direct maturation lineage originating from monocytic-derived cells

dependent upon the stimulation with GM-CSF334,

Monocytes mobilised in the bone marrow enter into the circulation and express high
levels of the chemokine receptor CCR2. These cells are considered classic monocytes,
which in mice express Ly6C" and corresponds in humans to CD14MCD16'°37%, When
they extravasate in to a tissue a small percentage becomes similar to tissue-resident
macrophages or forms a local monocyte reservoir3®. Tissue resident monocytes and
patrolling monocytes which remainin the blood are biologically intertwined. It remains
unclear if this is a final differentiation or if they can interchange their phenotype38".
This transition was partially addressed by studying the myeloid-determining interferon
regulatory factor 8 (IRF8), and the downstream Kruppel-like factor (KLF4). Knock out
mice for these molecules resulted in a significant reduction of inflammatory tissue

resident monocytes, but had little effect on patrolling populations38

. The patrolling
format expresses the chemokine receptor CX3CR1 and low levels of Ly6C expression
in mice, and in human the phenotype is CD14'°CD16". In normal physiological
conditions they check the vessels by engagement of LFA/ICAM molecules with

endothelial cells383.

In pathological conditions, such as cancer, myeloid cells are rapidly recruited to the
injured site causing "emergency” myelopoiesis, resulting in mobilisation and
consequent entry into circulation® (figure 1.2). In this scenario, hematopoietic stem
cells (HSCs) differentiate into common myeloid progenitors (CMPs). These can then
differentiate into granulocyte-monocyte progenitors (GMP) leading to the creation of
monocytes/macrophages, as well as the DC precursors (MDPs) which develop into
monocytes and neutrophils®®>. Lineage determining factor PU.1, CCAAT/enhancer -
binding protein beta (C/EBPB) and C/EBPa are involved in the differentiation of
monocytes. PU.1-/- mice were found to be a lethal phenotype and the transfer of PU.1
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mutated stem cell resulted in altered myelopoiesis38¢38’. Therefore, PU.1 is a master
regulator for the formation of monocytes and DCs that works in combination with the
monocyte associated IRF8 and KLF4 transcriptional factors®® Moreover, PU.1
synergistically cooperates with C/EBP-0/B3° to promote the production of the
alternative monocyte phenotypes3®. C/EBPB-driven programs are also activated in
cancer-educated MDSCs*'. In the primary tumour. TME-derived factors such as
CCL23%? act as chemoattractant for monocytes expressing CCL3, CCL4, CCL5, CXCL12,
and growth factors such as colony stimulating factor-1 (CSF1)3%. CSF1 is secreted in
both human and murine tumours, and it is involved in monocyte survival and
differentiation into TAMs3% or MDSC3%. Altering this axis can induce tumour
reduction®. VEGF is also implicated in educating monocytes, through enhancing
proangiogenic capabilities3®’, by acquiring immunosuppressive features, and
generating M-MDSCs by upregulating both ARG1 and iNOS through hypoxia response

elements and NF-kB398,
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Figure 1.2. Steady state myelopoiesis and ‘emergency myelopoiesis’ and development of
MDSC cells. MDSCs arise from immature myeloid cells (IMC) in the presence of several growth
factors and cytokines during emergency myelopoiesis under inflammatory conditions. Growth

43



factors drive the expansion of myeloid cell progenitors. Then, a persistent second inflammatory
signal composed of molecular cues from the TME induce  progenitors to develop
immunosuppressive function to generate M-MDSCs, and G-MDSCs3%. Recently, it was found that
GMP and MDP yielded distinct monocyte-committed progenitors which differentiated into
different monocyte subsets at steady-state®®, respectively. Both monocyte progenitors can
generate functional M-MDSCs and further acquire the ability to differentiate into G-MDSCs. Most
common phenotype markers of MDSC subsets are illustrated here. HSC, hematopoietic stem cells;
IMC, immature myeloid cells; GMP, granulocyte-monocyte progenitor; MDP, monocyte-dendritic
cell progenitor; MP, monocyte-committed progenitor; cMoP, common monocyte progenitor; GP,
granulocyte-committed progenitor; G-mono, GMP-derived monocyte; M-mono, MDP-derived
monocyte.

1.5 The Myeloid Derived Suppressor Cells (MDSCs)

1.5.1 History of Myeloid Derived Suppressor Cells.

MDSCs are described as an immature myeloid population that undergo a
transformation which contributes to subverting, inhibiting, and downregulating the
immune response to cancer, rather than the conventional differentiation route.
Originally it was described as an increase in the extramedullary haematopoiesis and

neutrophilia®®’

typically associated with the host macro environment; a colony
stimulating activity resulting in an increased serum haematopoiesis and a general state
of immune suppression?®?. It quickly became clear that MDSCs had a role in immune
evasion. Initially, MDSCs were identified as "null cells” due to the lack of typical

membrane markers for mature lymphoid and macrophage cells*%,

Their existence has been highly debated following much difficulty in characterising
their phenotype. This is due to the high plasticity consistent with tumour heterogeneity
and the varied tumour-dependent secreted cytokine-effects exercised on them*%,
However, over the years, the MDSC population has been extensively studied and a
panel of markers are now accepted by the scientific community*®> Unfortunately, an

obstacle encountered by those studying them is the different repertoire of markers
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between human and mice®®. Despite this, they share the same immunosuppressive
behaviour. Thus, it is crucial to characterise them not only by phenotype but also by

function, and the suppressive effect they exert on other cells of the immune system“®,

In mice, MDSCs were characterised by cell membrane protein markers, glutathione
reductase (GR1) and the integrin-M (CD11b). Two subpopulations were later described
as Ly6C and Ly6G, each of which have been investigated for specific phenotype and
functions. Furthermore, MDSCs have been sub-divided as monocyte M-MDSC and
granulocytic polymorphonuclear G-MDSCs populations by the opposed expression of
the Ly6C and Ly6G integrins. This led to the classifications of CD11b*CD11C
Ly6CMLy6G™ and CD11b*CD11C Ly6C'*"Ly6G* cells respectively, each of which have
been investigated for specific functionality*°’4%4% |n humans, G-MDSC are described

as CD14°CD11B*CD15*(or CD66*) and M-MDSC CD11b*CD14*HLA-DR!°"- CD15"

410,405

1.5.2 Origins of Myeloid Derived Suppressor Cells.

All MDSCs derive from a common myeloid progenitor, and their development is most
likely driven by the same growth factors that control normal myelopoiesis. The
combination of GM-CSF, G-CSF, and M-CSF#1'412 plus persistent pathological signals
from the tumour and tumour exudate result in MDSC maturation*®?#13_ In cancer,
elevated levels of CSFs induce emergency myelopoiesis that increases the survival,
recruitment, proliferation and maturation of myeloid cells thus replacing the peripheral
myeloid cells. Pathological conditions expose these cells to a prolonged signal marking
the expansion in the bone marrow (BM) of immature myeloid cells (IMCs), which
eventually migrate into the blood stream and become functionally active

MDSCs#*14415416 (figure 1.2).
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The most accepted hypothesis for their activation is the “two signal model” that relies
mainly on the activation of STAT3 transcription factor by CSFs and IL-6 to mobilise the
IMCs from the BM*17418 This is followed by a second activation signal mediated by the
pro-inflammatory transcription factor NFkB which is activated by both cytokines and
TLR engagement®?®. Recently, it has been shown that RORC1 (retinoic-acid-related
orphan receptor C1) was also involved in driving emergency myelopoiesis by acting
on other crucial regulatory transcription factors such as C/EBPP and SOCS3 (suppressor
of cytokine signalling 3) the downstream regulators of the CSFs signals*'. It is likely
that both RORC1 and STAT3, together with NFkB, are critical inducers of MDSC
generation and expansion??®. Another study has also demonstrated that tumour-
secreted IL-1f stimulated IMC migration from the BM to the periphery, where they
proliferated and developed their suppressive phenotype, indicating that

extramedullary myelopoiesis could be also responsible for MDSC maturation9421,

It is accepted that the IMCs arrest their maturation once subjected to inflammatory
mediators such as ST00A8, ST00A9, VEGF, IL-10, and COX-2/PGE2 which are primarily
linked to the activation of STAT3422423424425 |t also should be noted that the
dissimilarities in phenotype could suggest that M-MDSC and G-MDSC have different
origins*?%42> Monocytes could undergo a reprogramming led by TLRs and PGE2 to
generate M-MDSCs. Regardless the commonality that all the MDSCs share is the

immune suppression directed at other cells of the immune system.

1.5.3 Mechanisms of suppression of MDSCs

MDSCs exercise their disruptive effects from the early stages of tumour
development?*?’428 In combination with the tumour microenvironment, MDSCs
unbalance the equilibrium stage in favour of tumour survival and spread*?9413 430431,
Cytokine and chemokine gradients at the tumour directly contribute to the recruitment

and activation of myeloid cells in the tumour microenvironment*2. Here, the
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continuous remodelling and cellular crosstalk shapes their differentiation and
suppressive behaviour, the main feature of which, is their notable inhibition towards T

cells.
MDSCs can exercise this inhibition through a variety of mechanisms 42°,

Checkpoint molecules: MDSC express inhibitory immune checkpoint molecules. In
various works, MDSC have been associated with PD-L1 expression, which, as explained
previously engages PD-1 on the T cells to induce T cell anergy**3434. Patients that
received ipilimumab immune therapy demonstrated G-MDSC cells in circulation, and
higher PD-L1 expression by MDSCs was detected in the non-responders suggesting

that they were selecting for a more suppressive MDSC population3>.

Altering metabolites: MDSCs also impact the availability of metabolites required by
lymphocytes to perform their immunologic function. Specifically, L-arginine depletion
through ARG1-dependent consumption**® and L-cysteine deprivation via its

consumption and sequestration*?’

impact T cell receptor complex formation. This
prevents the TCR from pairing with the {-chain which is downregulated, thus resulting
in suppression of TCR signalling*38. L-arginine is the substrate for enzymes expressed
in MDSCs such as isoforms of nitric oxide synthases (NOS1, NOS2, and NOS3) and
arginases (ARG-1 and ARG-2). NOS catalyse the conversion of L-arginine to NO and
L-citrulline, whereas arginases support the reaction of L-arginine to L-ornithine and

urea®??

. It was reported that L-ornithine is further metabolised to L-proline which is
important for collagen synthesis, and it may have a role in tissue remodelling and

tumour growth*3?,

Another depleted metabolite that impacts the T cells is cysteine. This is considered an
essential metabolite because T cells lack the enzyme cystathionine y-lyase, which
synthetizes cysteine from intracellular methionine*49441442. T cells are dependent upon

macrophages and DCs that can gather cystine through their SLC7A11 transporters.
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Intracellularly they reduce it to cysteine, and release cysteine into the extracellular
space using the alanine-serine—cysteine (ASC) transporters*43. The ASC is possessed
by T cells to integrate the amino acid and, thus produce proteins**4. MDSCs have been
reported to express SLC7A11 but not the ASC transporter, causing a cysteine depletion
in the intracellular space. This reduces the ability of T cells to produce proteins which

are critical for proliferation and activation*3’,

Reactive oxygen species: A further mechanism resulting in suppression includes the
production of free radicals such as reactive oxygen species (ROS), which can drive
several molecular changes in the T cell population. A state of oxidative stress occurs
when the anti-oxidant system is overwhelmed by the oxidative burst causing a toxic
insult*®. The main source of ROS in MDSCs comes from intracellular mitochondria
respiration and NADPH oxidases (NOX)**¢, where NADPH transfers electrons to
oxygen, creating superoxide radicals**’. The NOX expression was found to be
regulated by STAT3 in MDSCs, which, once extracted from NOX2-/- mice, produced
lower amounts of ROS and failed to inhibit IFN-y secretion and proliferation of
antigen-specific CD8* T cells**®. The ER and peroxisome (organelle that metabolizes
long chain fatty acids) also contribute to the generation of ROS**. Despite the high
levels of ROS, MDSCs survive through activation of NF erythroid 2-related factor 2
(Nrf2), which is linked to oxidative stress attenuation. Using Nrf2(+/+) and Nrf2(-/-)
mammary carcinoma bearing mice, it was found that MDSCs survived and infiltrated
more tumours, and also increased suppressive activity by H,O, production®®. The
latter is formed from MDSC-derived superoxide, and impacts T cell activation by
decreasing T cellular CD3 expression*'4>?, This also reduces the TCRs ability to bind
the MHC-I3%, Such interference, modifies signalling from the IL-2 receptor#>3 and IFN-
y reduction resulting in TCR desensitization***. The homing of MDSCs is also enhanced
by ROS, by inducing VEGF expression which, in a spontaneous melanoma mouse

model was dependent on inducible NO synthesis**°. In the same paper, mice injected
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with tumour conditioned media boosted the production of VEGF in MDSCs, strongly
indicating that NO produced by these cells acted as a positive feedback for VEGF

driven MDSCs tumour infiltration.

As mentioned, MDSCs express a high level of inducible nitric oxide synthase (NOS2),
which produces NO. NO was shown to inhibit antigen presentation by DCs and
recognition by T cell receptor transgenic OT-Il cells, consequently inhibiting
proliferation via STAT1 nitration*>®. Moreover, Jak3/STAT5 required for T cell activation,
was reversibly down-regulated by NO through inhibition of tyrosine
phosphorylation**’. CD11b* myeloid cells producing NO were also shown to induce T
cell apoptosis, as detected by annexin V expression, which was prevented by blocking
with NOS inhibitors#*8. Accumulating levels of NO induced increased expression
of cyclooxygenase 2 (COX-2) and HIF-1a**°, and together with COX-1 modulated the
production of PGE2. The latter was responsible for upregulating IDO, IL-10 and ARG1

expression, and inducing suppression in ex-vivo generated MDSCs 4¢°,

Cytokine secretion: MDSCs also support the expansion of other immunosuppressive
cells. FoxP3™ Tregs have been expanded in vivo via IFN-y and IL-10 secretion from
MDSCs, but the expansion was independent from NO*¢'. PBMC extracted MDSCs from
patients with hepatocellular carcinoma (HCC) were also shown to induce the
expression of FoxP3* when co-cultured with CD4* T cells*®2. This relation was also
highlighted in ret melanoma mice where the dependence between MDSCs and Tregs
was determined''. The presence of T regs increased MDSC expression of B7 family
immune-regulatory ligands (B7-H1 (PD-L1), B7-H3 and B7-H4) and IL-10 and then,
boosted suppression’™'. Moreover, MDSCs from B16 melanoma and from skin
tumour-bearing ret transgenic mice greatly increased levels of the CCR5 ligands CCL3,
CCL4, and CCL5 and promoted the recruitment of CCR5* Tregs to the tumour site*®3,
In addition, there was an interdependence among TGF-B induced M-MDSCs and the

464

increase in IL-10 and NOS2 expression, hence suppressive phenotype®®®. In other
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studies the agonistic signal between CD40-CD40L*®> combined with the production of
soluble factors such as IFN-y, IL-10, TGF- and ARG1 skewed pathways contributing to
a differentiation towards Treg mediated immune suppression?®®47  Another
suppressive  mechanism involves indoleamine 2,3-dioxygenase (IDO), an
immunomodulatory enzyme that catalyses the breakdown of tryptophan to
kynurenine. This enzyme was directly correlated with MDSC recruitment and
maturation in mice in addition to associated Treg induction and consequent effector
T cells inhibition*®8, MDSCs reduce the levels of tryptophan in the external environment

by inducing IDO, which catabolizes this essential amino acid to N- formylkynurenine*®°,

Other mechanisms: While the MDSCs are involved in formation of Tregs, the homing
of activated lymphocytes is also impaired. Tumour induced MDSCs inhibited the
expression of L-selectin (CD62L) on the naive T and B cells reducing their ability to
home to lymph nodes 47°. The concentration of MDSCs correlated with decreased L-
selectin expression by a cell to cell contact mechanism due to the metalloprotease
ADAM 17 (TACE) cleavage*’". Supporting this mechanism, splenic M-MDSCs
downregulated CD44, a receptor for the extracellular matrix component hyaluronic
acid, and CD62L on CD8* T cells via a partial or total NO dependent mechanism*”,

Combined this impairs T cells extravasation and tissue infiltration.

Another example is the inhibition of NK cells through a membrane-contact dependent
mechanism. Membrane-bound TGF-B1 on MDSCs is responsible for MDSC-mediated

suppression and even blockade of the activating receptors, NKG2D and NKp30, which

ultimately induces NK cell anergy*’31°0,

More detailed analysis of the surface repertoires of MDSCs by surface mass

spectrometry has identified 93 N-linked glycoproteins*’4. Among these were the

leukocyte surface antigen (CD47) and its binding partners thrombospondin-1 (TSP1)#>

)476

and the signal regulatory protein a (SIRPa or CD172a)*®, all of which are key proteins
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involved in the “don’t eat me signal”’’. Expression of such signals function to prevent

cells being phagocytosed by macrophages, MDSCs and phagocytes in general.

All these mechanisms highlight the severe impact that MDSCs have on immune

evasion. Combined with their unclear origin and presence at the early tumour stage,

they are a feasible candidate for research and new therapeutics.

1.5.4 Signalling pathways mediating immunosuppression

Intracellular signalling pathways are associated with the development and function of
the suppressive behaviour of MDSCs. Of most relevance, the Janus kinase (JAK)-STAT
signalling pathway is stimulated by the binding of several cytokines, chemokines and

growth factors, resulting in the activation of the STAT protein.

MDSCs were characterised by the presence of activated STAT1 and 3. MDSC and Treg
IL-10 production correlates with STAT3 activation in the MDSCs and consequent
upregulation of PD-L1, driving T cells suppression*’8. In patients with chronic hepatitis
C, M-MDSCs have higher levels of phosphorylated STAT3 and IL-10. Blocking the
STAT3 signalling reduced M-MDSC expansion and IL-10 expression*’®. As previously
mentioned, in cancer, the MDSC tend to increase their VEGF expression by an activated
STAT3 dependency, allowing increased tumour infiltration and thereby support

tumour growth and angiogenesis*89481,

Moreover, the calcium-binding pro-inflammatory proteins ST00A9 and S100A8 and
NOX2 were proven to be directly regulated by STAT3423482 These proteins are
connected to the production of ROS and PGE2 increase in MDSCs, and both are
involved in the mechanisms of T cell suppression*®. In concomitance, STAT1 was
showed to be activated by an IFN-y-dependent signalling path, inducing expansion
and activation of MDSCs via the anti-apoptotic molecule Bcl2a1484. Similarly, IL-6
produced in various tumours also reduced expression of the SOCS3 protein, leading
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to phosphorylation of JAK1, JAK2, TYK2, STAT1 and STAT3 proteins*®>. Therefore,
MDSCs expansion and suppressive ability is intertwined with the activation of

phosphorylated STAT3.

1.5.5 Macrophage and MDSCs bidirectional crosstalk.

Tumours create a widespread tolerogenic environment by altering normal immune
function through a constant and progressive release of tumour-derived factors.
Indeed, the composition and concentration of these factors strongly perturb the
normal steady state condition. In the tumour microenvironment, myeloid cells play a
critical role in this disruption. TAMs infiltrate and exhibit many pro-tumour functions
sharing similar activation features to macrophages involved in tissue repair. Mirroring
these cells, MDSCs have myeloid origins and in tumours likely exist in various
differentiation phases from monocytes/ M-MDSCs towards TAM. Molecularly, this
process is accompanied by the upregulation of anti-apoptotic molecules cFLIP#8 and
A1%87 TAM can be distinguished from M-MDSCs by increased relative expression of
F4/80%88, |ow-to-intermediate expression of Ly6C*° and low or undetectable

expression of ST00A9 protein®,

Although these population of cells are treated as separate entities, many features are
shared; for example, the two populations exhibit immunosuppressive mechanisms and
phenotypic markers. The altered myelopoiesis driven by metabolites, cytokines and
chemokines lead to the recruitment of circulating Ly6C*CCR2* inflammatory
monocytes that accumulate and mature as TAMs. Interestingly MDSCs with monocytic
features traffic from the BM to the tumour using the same CCR2/CCL2 pathway. Here,

| will highlight the crosstalk characterising the two populations®?™.

Macrophage composition differs depending on their location within a tumour, in

response to localised cues, and the balance between recruitment and tissue-resident

52



turnover#?2493 As with MDSC maturation, they require two types of signals; those that
stimulate myeloid expansion followed by those that activate immune regulatory
programmes. Both types of signal can be provided by the tumour. As for MDSCs, CSF1
is typical for macrophage maturation, G-CSF and GM-CSF induces their expansion.
However, activated MDSCs within the tumour produce IL-10, which can impair
macrophage antigen presentation capacity by MHC class I, CD80, and CD86%*.
Moreover, the ability of macrophages to directly clear tumour cells are also affected
via enhanced eNOS and iNOS activity and depletion of 1I-12 and TNF-o, further
supporting an IL-6 and IL-10 MDSC expansion and M2  suppressive
macrophage?®4%, MDSC-macrophage-tumour cell crosstalk involves activation of
STAT3 via IL-6 and IL-10. The relative amounts of these cytokines differ depending on
the type of tumour, and are likely to contribute to the differential effects of IL-10 on
tumour progression*®’. The most accepted theory is that there is a bidirectional
crosstalk that comprises of a vast number of myeloid intermediate states which
contribute to immunosuppression. This presents researchers with a significant
advantage, as, due to their plasticity MDSCs represent strong therapeutic candidates.
As targets they could impact multiple cell types and induce a strong phenotype-
functional change towards tumoricidal action. Reducing MDSC number or function is
also likely to increase T cell activation by macrophages since macrophage levels of
MHC Il will be restored. Antigen presentation by DC could also have the potential to
improve since reduced numbers of MDSCs will eliminate the competition between

MDSC and DC, promoting the expansion and maturation of immunocompetent DC4%,

1.5.6 Glucose metabolismimpairmentin MDSCs

Rapidly dividing mammalian cells such as cancer cells and immune cells require high
glucose uptake. This enables cells to proliferate and mature, thus, they compete to
acquire nutrients including glucose. Indeed, cancer cells and T cells upregulate the
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glucose transporter GLUT1 via activation of glucose metabolism genes driven by
hypoxia and oncogenic signalling*®®. In renal carcinoma, cancer cells outcompeted
CD87 T cells, the overexpression of GLUT1 by the carcinoma correlated with low CD8*
T infiltration®°%%". GLUT1 overexpression was also associated with poor prognosis in
melanoma patients®®. Low concentrations of glucose in the TME impacted the T cells
by reducing proliferation capacity, cytokine production and TCR signalling®3. Notably,
the Tregs rely less on glycolysis and more on the oxidative mitochondrial pathway to

produce energy, which may be an advantage to their accumulation in the TME>%4,

The maturation and activation of MDSCs is characterised by an increase in glycolysis,
the pentose phosphate pathway and tricarboxylic acid cycle during their differentiation
and activation®%. Consumption of carbon sources derived from high glycolytic flux was
speculated to be a further mechanism of suppression against the T cells. This is
supported by an increased uptake of glucose and glutamine needed for their
maturation®. The upregulation of the glycolysis pathway was proved to protect
against the damage caused by ROS producing MDSCs via antioxidant activity>%’.
Moreover, in two triple-negative breast cancer (TNBC) mouse models, glycolysis
restriction inhibited the release of G-CSF and GM-CSF reducing MDSC prevalence, and
enhancing T cell cytotoxic activity®®®. Under glucose-restricted conditions, which may
occur in TMEs, G-MDSC engage in oxidative mitochondrial metabolism and fatty acid
oxidation (FAO) to support NADPH oxidase-dependent ROS production®®. In vivo,
tumour infiltrating MDSCs were reported to display unique phenotypes with increased
mitochondrial mass and preferential use of FAO over glycolysis as a primary source of
energy, unlike the peripheral MDSCs'°. In contrast, M-MDSCs isolated from tumour
tissue of patients with hepatocellular carcinoma had a dormant metabolic phenotype.
These cells accumulated dicarbonil radical methylglyoxal in the cytosol which was

transferred to CD8" T cells causing paralysis.
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The majority of published data described the association between augmented
glycolysis flux and the development of the MDSCs. Only the last paper cited was
associating a dormant metabolic toxic phenotype to these cells. It is possible that
glycolysis and metabolic disfunctions may be associated with MDSCs stage

development and TME immersion.

1.6 Cancer immunotherapy

1.6.1 Conventional T cell approaches

Since the introduction of therapeutic immune-checkpoint inhibitors (ICls), patient
outcome for some tumour types has improved. Harnessing the immune response
against the tumour focused on the activation of the potent CD8* cytotoxic T cells>™".
The blockade of CTLA-4 (ipilimumab), PD-1 (pembrolizumab and nivolumab) and PD-
L1(atezolizumab, avelumab and durvalumab) acts to remove the inhibition on the T
cells, shifting their phenotype from tolerogenic to inflammatory. These T-cell-targeted
immunomodulators are now widely prescribed anticancer therapies, either alone or in
combination, as afirst or second line for treatment. This type of therapy has supported
an extension in survival for patients previously considered terminal with
melanoma>'?127 NSCLC>'3, renal®'4, urothelial®' and head and neck’'®. Despite this, a
suboptimal efficacy was seen and correlated to the development of resistance

mechanisms®'” and ultimately in cancer recurrence'8,

Resistance has various possible explanations. For instance, insufficient tumour
antigenicity could affect the activation of the T cells. It was demonstrated that high
tumour cell mutational burden correlated with greater TAAs generation and,
consequently improved the response to immune checkpoints blockade®'®%°,
Moreover, anti-CTLA-4 therapy induced clonal expansion of TAA-specific T cells which

were previously anergic in patients with melanoma®'. From this research we
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understand how poor antigenicity could impact the sensitivity to immune checkpoint

blockade.

The loss of the IFN-y receptor and impaired IFN-y signalling was another mechanism
associated with resistance to ICl, and cancer therapies in general®?2. In melanoma
patients it was revealed how the mutation of proteins involved in IFN-y signalling
activity, JAK1/2, was selected for and consequently made the ICI therapy ineffective
because it relied on IFN-y T cell activation®?. Instead of selecting a resistant IFN-y
tumour cell, another study highlighted how long exposure to IFN-y was inducing
epigenomic changes through STATT, resulting in the upregulation of alternative T cell

inhibitory receptors thus, exhaustion>?4,

Normally, IFN-y increases the expression of TAAs by MHCI and MHCII. Through these
molecules, antigen presentation was modulated using anti-PD-1 and anti-CTLA-4

therapies>>.

CTLA-4 resistant patients were shown to have a decreased MHCI
expression and the response to anti-PD-1 highlighted a T cell activation dependency
upon MHCIl expression. This bridges the importance of stimulating the innate
immunity to obtain a full response. Defects in antigen processing was caused by
B2-microglobulin (B2M) loss of function, hence the reduction of MHCI expression, in
immunotherapy treated melanoma patients>?®. Also the gene MEX3B that encodes a

post-transcriptional negative regulator of HLA-A, was reported to gain function in

melanoma cells to evade T cells response®?’.

These are just a few examples of resistance mechanisms to immunotherapy. In
addition, the immune checkpoint inhibition, as with many other mechanisms in nature,
is redundant. This means resident lymphocytes may upregulate other checkpoint
inhibitors if one is blocked therapeutically®?®. The high heterogeneity of cells in the
TME and their ability to exclude, suppress and exhaust the cytotoxic T cell responses
requires a drug to shift the balance above a certain threshold, thus obtaining a potent

therapeutic effect®®®. As such, most of the efforts to date have focused on boosting
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the adaptive antitumor immune responses but it is equally important to understand

and harness the power of innate immunity to overcome immunotherapy resistance.

1.6.2 Immune Checkpoint Inhibitors targeting myeloid cells

Patients respond to the T cell focused ICls differently, however, cancer immunotherapy
has improved the disease outcome for many forms of cancer, particularly melanoma®3°.
Despite these advances, some patients present an inherent primary (never and non-
responders) or acquired resistance after a period of response®’. As previously
mentioned, the suppressive impact of the myeloid cells contributes to the resistance
against ICls. Combinatorial approaches targeting both the innate and adaptive
immune system offers a good strategy to improve therapeutic response rates>3%°3,

Different strategies are being exploited and can be divided into two therapeutic

categories: myeloid antagonist and agonist.
Therapies aiming to deplete myeloid suppressive accumulation

Colony-stimulating factor 1 (CSF-1R) is a member of the receptor protein tyrosine
kinase family of growth factor receptors. It is expressed by myeloid cells and its
activation is achieved by binding to the CSF-1 ligand>34, the expression of which has
been correlated with poor prognosis in many cancer types including breast
cancer>3>°3¢_ The CSF-1/CSF-1Rinteraction stimulates proliferation, differentiation and
recruitment of M2 TAMs and MDSCs in the TME®34. CSF-1/CSF-1R blockade as a
monotherapy resulted in the delay of tumour progression by reducing the suppressive
myeloid phenotype and promoting M1 TAM and T cell responses at the tumour site®3’.
Due to these encouraging results, CSF-1R blockade was used in combination the PD-
1 blockade (Cabiralizumab and Nivolumab)>38. This combination is currently tested in
537 539

clinical trials>>/,>>? with advanced pancreatic cancer patients, working by stabilising the

tumour growth through depletion of monocytes in circulation and simultaneous
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increase in CD8* T cell activation/proliferation®*°. This promising approach is still under
evaluation.

Blockers of the molecule Semaphorin 4D (CD100 or SEMA4D) are another promising
approach to reduce the suppression caused by myeloid cells. The glycoprotein binds
plexin receptors and is involved in immune regulation®. It is highly expressed in
activated T and B cells, and APCs. When Semaphorin 4D binds to Plexin-B1 it inhibits
the migration of monocytic and B-cell lineage cells. Moreover, when it acts as a
receptor it modulates T cell activation and is involved in the terminal stages of B cell
activation®*?>. SEMA4D expression positively correlates with TME exclusion of CD8* T
cells and the infiltration of immunosuppressive M2-polarized TAMs and MDSCs>43>%,
Its blockade in preclinical models has been shown to reduce CD206 M2-polarised
macrophages favouring instead the CD11c*F4/80" APC phenotype. When used in
combination with anti-CTLA4 in colon26 tumour—bearing Balb/c mice, a dramatic
reduction of tumour volume was associated with enhanced T cell activity supported
by increases in IFN-y, TNFa, and IL-6 and decrease of IL-10 and MCP-1°%, Currently, a
SEMA4D monoclonal antibody is being tested in combination with anti-PD-1 and anti-
CTLA-4 in melanoma patients>®.

One of the first therapies tested for its ability to modulate MDSCs and monocytes
towards a mature DC phenotype is called the all trans retinoic acid (ATRA). ATRA
causes a glutathione synthase (GSS) increase, thus glutathione (GSH) accumulation in
the MDSCs although, the precise mechanism of action remain elusive®*’. ATRA has
been used in the clinic in combination with anti-CTLA4 for the treatment of melanoma,

showing an increase in circulating HLA-DR™ myeloid cells over time in together with

CD8* T cells**8.

Additional therapies which modulate MDSCs include VEGF and angiopoitin-2
therapies. VEGF has a role in inhibiting DC maturation, antigen presentation and

lymphocyte infiltration, whilst promoting Treg and MDSC expansion in the TME>42°>0,
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Pre-clinical models and a phase 1 study suggest that an anti-VEGF therapy combined
with anti-PD-1 or anti-CTLA4 aided tumour reduction via MHCI upregulation and

reduction of myeloid immunosuppressors.

Therapies aiming to reprogram myeloid suppressive cells towards inflammation

Another emerging therapy which targets the myeloid cells ability to create an
immunosuppressive environment is CD73. Extracellular ATP or ADP is hydrolysed by
CD39 (nucleoside triphosphate diphosphohydrolase) into AMP, which is in turn
cleaved by CD73 (ecto-5'-nucleotidase) into adenosine. TGF-f was found to be
responsible for inducing the expression of both enzymes by MDCSs in the TME>>!. The
accumulation of adenosine in the extracellular space of melanoma tumours led to their
absorption by T cells through surface G-protein-linked receptors: A1, A2A, A2B and
A3°>2, Activation of A2A adenosine receptor inhibits IFN-y production and cytotoxic

553 Moreover, adenosis

killing by CD8* T cells and promotes the accumulation of Tregs
reduces the ability of T-cells to home to tumours through the downregulation of
adhesion proteins such as ICAM-1, VCAM-1 or P-selectin®>>*. Small molecule blockers
of the A2A receptor (CPI-444) are currently being tested in clinical trials in combination
with anti-PD-L1. Promising results showed that the blockade induced CD8* T cell

infiltration in the tumour and Th1 inflammatory signatures>>.

As discussed previously, IDO can be constitutively expressed by tumour cells or by
macrophages, MDSCs and DCs at the tumour or in lymph nodes. Its expression
negatively correlates with good prognosis®>®.1DO inhibition combined with anti-CTLA4
in a B16 murine model attenuated Treg and MDSC tumour infiltration, instead
favouring T cell responses>’. An oral inhibitor has been successfully tested in a Phase
1/2 study with advanced solid tumours>® but unfortunately was disappointing in
phase 3, possibly due to poor dosage. IDO blockade still remains a very attractive

target to modulate myeloid cells and induce tumour toxicity.
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The PI3-kinase y was found to be expressed in myeloid cells and controls a critical
switch between immune stimulation and suppression during inflammation and cancer.
PI3Ky signalling through Akt and mTOR inhibits NFkB activation while stimulating
C/EBPP activation, thus inducing an MDSC phenotype®>°. In pre-clinical models, PI3Ky
blockade was shown to reprogram myeloid cells towards inflammation>®. The oral
inhibitor IPI-549 combined with anti-PD1 was well tolerated by patients and resulted

in a more inflammatory T cell phenotype as driven by the upregulation of IFN- y°¢',

Instead of blockade, an agonist approach is utilised to enhance and boost the antigen
presentation and T cells activation which is obtained through CD40 stimulation. This is
a costimulatory molecule expressed by myeloid cells that acts as an activator of APCs,
T cells and B cells®®?. Once the antigen is presented in the lymph node via MHCII to
the T cells, the CD40-CD40L interaction serves as effectively as CD28 in co-stimulating
TCR-mediated activation®®®. A correlation between CD40 expression and colorectal
cancer patient survival was reported. This was mediated via a reduction in suppressive
myeloids and increasing TNF°%4. In a clinical trial, an increase in PD-L1 and PD-1
expression was detected following CD40 agonist therapy. This information was used
to the patients advantage by using anti-PD-1 therapy to obtain a synergistic effect for

tumour reduction?®.

Another agonist used in the clinic is the Stimulator of Interferon Genes protein (STING
or transmembrane protein TMEM173)°%. Nucleic acid released by cancer cells is
detected by this protein. Upon detection, this mediates type | interferon production
via STAT1 and 2 for activating the immune response®’. Before STING identification as
a binder, a chemotherapeutic agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA)
was shown to induce CD8" T cell activation in lung cancer and mesothelioma tumour

bearing mice>®®. The STING signalling cascade remodels the tumour microenvironment
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by antagonizing myeloid-derived suppressor cell expansion®®®. The production of
interferon was also a direct effect of this therapy which was later correlated to the
stimulation of STING. DMXAA also produced a reduction in tumour vasculature and
consequent hypoxia resulting in tumour shrinkage of breast cancer models. This was
achieved by a first wave of neutrophil activation followed by monocytes and finally,
infiltration of CD8* T cells 7%, Unfortunately, DMXAA doesn't activate the human

counterpart of STING but several specific human agonists are in development.

1.7 Phagocytosis checkpoints for cancer immunotherapy

The monocytes, macrophages and DCs, function as professional APCs. Their role is to
bridge innate immune responses and activate adaptive immunity in pathogenic

conditions®”"

. Phagocytosis is the mechanisms by which the APCs acquire antigens
which are processed and finally, presented on the cell surface by the MHCs. In cancer
the process of phagocytosis is counter-balanced by anti-phagocytic signals or “do not

eat me signals” (figure 1.3).

‘Eat me signals’

Pro-phagocytic signals such as calreticulin, signalling lymphocytic activation molecule
family member 7 (SLAMF7) and tumour-associated neoantigens induce antigen
processing and presentation. Calreticulin is a chaperone molecule present in the
endoplasmic reticulum that assists the correct folding of newly synthetized
protein®’2°73, Apoptotic cells expose this at the membrane surface allowing its
interaction with the prolow-density lipoprotein receptor-related protein 1 (LRP1or
CD91) which is expressed by APCs to initiate phagocytosis®>’4>">, This interaction with
concomitant release of ATP and HMGB1 defines the damage-associated molecular
patterns (DAMPs) that result in cancer immunogenicity®’®. Macrophages can also
cause translocation of calreticulin to the cell surface after the activation and

phosphorylation of expressed TLR such as TLR3, TLR4 and TLR7. Other proteins
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participating in the activation of phagocytosis include the molecules SLAM7 and
macrophage-1 antigen (MAC1). SLAM7 knockout mice demonstrated impaired
phagocytosis activation against cancer cells lines®’’. In cancer this protein interacts
with the macrophage-1 antigen (MACT1), a heterodimeric complement receptor
composed of integrins CD11b and CD18 found on ¢DC2, moDC, MDCSs and
macrophages. The heterodimer FcRy and DAP12, proteins containing two ITAM motifs
which elicit signalling via the SRC kinase, spleen tyrosine kinase (SYK) and BTK. The

outcome of this pathway is the activation of phagocytic machinery>’’.

Fc receptors are also involved in initiating phagocytosis through APCs. The FcyR
comprises of the family members FcyRI, FcyRIIA, FcyRC, FcyRINIA, and FcyRIIIB. The
latter is the only receptor which transduces an inhibitory signal via phosphorylation of
SHP1 and SHP2 proteins®’3>7°_ Fcy receptors recognise and bind to the Fc domain of
immunoglobulins. This generates an anti-tumour effect via ADCC and also, in
mediating antibody-dependent cellular phagocytosis (ADCP)°8°. When engaged, the

stimulatory ITAMs-SYC®®1°82 signal transduction initiates the response.
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Figure 1.3. Regulation of tumour cell phagocytosis. Phagocytosis of tumour cells by phagocytes
is regulated by pro-phagocytosis and anti-phagocytosis (‘'don't eat me’). The ‘eat me’ signals

include tumour-associated antigens bound to and antibody and recognised by Fc receptors (FcRs)
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on phagocytes; the endoplasmic reticulum chaperone protein calreticulin which binds the prolow -
density lipoprotein receptor-related protein 1 (LRP1) receptor; the glycoprotein signalling
lymphocytic activation molecule family member 7 (SLAMF7) which together with the macrophage-
1 antigen (MAC1) are crucial to induce phagocytosis. In opposition, the ‘don’t eat me’ signal
includes CD47/SIRPa axes; the programmed cell death 1 ligand 1 (PD-L1); B2-microglobulin (B2M)
which binds to the leukocyte immunoglobulin-like receptor 1 (LILRB1).

‘Do not eat me signals’

MHC-I is a heterodimer composed by a heavy a-chain and B2-microglobulin (B2M).
The a1-2 domains bind to the peptide and the a-3 domain to B2M, and this complex
connects to the CD8 co-receptor to allow TCR docking for T cell activation83. MHC-I
expressed by cancer cells was reported to interact with the leukocyte immunoglobulin-
like receptor LILRBI on the APCs causing a reduction in phagocytosis. The B2M protein
was responsible for this specific LILRBI-MHC-I interaction. The genetic disruption of
MHC-I and CD47 in the tumour cells lead to a synergistic inhibition of tumour
growth>84, Despite the fact that the MHC-I dependent activation of the T cells is
required for an immune response and a deletion of it causes tumour resistance®®>. A
novel role for PD1-PD-L1 interaction as an inhibitor of TAM phagocytosis has also been
highlighted. Here, TAMs displaying an M2-phenotype exhibited increased PD-1
expression correlated to tumour growth>®, and in this model, PD-1 negative TAMs
showed better phagocytosis than PD-1* These findings were supported by tumour
reduction in PD-L1 knock out mice which were lacking T, NK and B cells. These findings
might support that PD1-PD-L1 blockade not only induce T cell-mediated anti-tumour

immunity but also phagocyte mediated>®’.

Finally, the CD47-SIRPa phagocytic inhibition is the best studied of these mechanisms.

1.7.1 Physiological function of the CD47-SIRPa axis in differenttissues.
The role of CD47 in inhibiting phagocytosis was discovered when red blood cells
(RBCs) derived from CD47 knockout mice were rapidly cleared by macrophages when
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transferred into wild-type (WT) recipient mice*’®. Moreover, the WT-RBCs triggered
SIRPa phosphorylation in macrophages preventing phagocytosis. Phagocytosis was
reactivated upon SIRPa blockade*’®. This was the first indication that the CD47-SIRPa
axis was having a critical role in phagocytosis modulation. The SIRPa molecule is
expressed by DC, macrophages and neutrophils but is barely expressed in NK and T
cells>88589590 |n contrast, CD47 is expressed widely across immune cells®91°92°93 and
its expression helps to ensure that self-tissues are not to be destroyed by the immune

system, thus contributing to regulating normal tissue homeostasis.

For instance, the normal development of DCs in the spleen was found to be modulated
by SIRPa. The spleen harbours two major categories of DCs; CD11c"9" conventional
DC and CD11c¢™B220* plasmacitoid DCs. The former is further subdivided into
CD47CD8°, CD4CD8* and double negative cDCs. The CD8 and CD8" ¢DCs are
important for the priming of CD4* helper T (Th) and cytotoxic CD8* T cells respectively
>94 Indeed, in both SIRPamutant and CD47-/- mice, a reduction in the number of CD8
and in particular CD4* cDCs indicated the importance of CD47-SIRPa interaction for

their survival and trafficking®9>°96°97

. Moreover, this interaction is thought to be
important for T cell homeostasis in the spleen. In the SIRPa mutant mice, the T cell
zone and the number of CD4* T cells was also reduced, in addition to CCL19 and CCL21
chemokines which are involved in their recruitment and circulation into the

spleens97:5%,

Another tissue where the CD47-SIRPa interaction was found to be important was the
bone. Derived from the same monocyte-macrophage lineage, osteoclasts mediate
bone resorption, development and regeneration®%. These and bone marrow stromal
cells expressed CD47 and SIRPa ,and their development was markedly impaired by
depletion of CD47 or disruption of the CD47-SIRPa interaction®%91, The stromal cells
and osteoblasts support the formation of giant osteoclasts. This was impaired in CD47

deficient bone marrow cultures and mediated by the downregulation of M-CSF as well
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as receptor activator of nuclear factor kB ligand (RANKL), both of which are important
for osteoclastogenesis®®. In addition, SIRPa mutant mice showed comparable effects

on osteoclastogenesis to the CD47-/- mice®.

1.7.2 Role of the CD47-SIRPa phagocytosis axes in cancer.

The CD47-SIRPa mechanism is exploited by tumour cells to avoid clearance by APCs.
A large number of tumours were reported to overexpress CD47 including myeloma®®,
leiomyosarcoma®®, acute lymphocytic leukaemia®®®, non-Hodgkin's lymphoma®®,
breast cancer®%’, osteosarcoma®®®, and head and neck squamous cell carcinoma®®. The
first paper that associated CD47-SIRPa disruption and phagocytosis enhancement
used acute myeloid leukemia (AML) and Leukemia stem cells (LSC). A CD47-blocking
antibody used on AML LSC-human engrafted mice supported an increase in
phagocytosis®'?, resulting in depletion of the cancerous cells. Subsequently, several

studies demonstrated the same concept in different tumours®'6%7,

CD47 expression in cancer cells was linked to the stimulation of transcription factor
constituent enhancers. One of them was the tumour necrosis factor (TNF)
inflammatory pathway that activates NF-«B, which bound directly on the enhancer®'.
In primary breast cancers, Hypoxia-inducible factor 1 (HIF1) showed binding on the
CD47 promoter, correlating hypoxia with CD47 expression®'3. Moreover, in human and
mouse leukaemia and lymphoma cells the MYC oncoprotein was also linked to the
activation of the CD47 promoter. This case proved that depleting the MYC signal was
sufficient to reduce the amount of CD47 expressed by the tumour, resulting in
increased macrophage and CD4* T cell infiltration®'®. This research highlights the

importance of the CD47-SIRPa axis involvement in tumour evasion.

As described, phagocytosis begins when the endoplasmic reticulum (ER) chaperone

protein, calreticulin, is exposed on the cell surface due to an ER stress response. This
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molecule is constitutively expressed in many cancers as a consequence of cellular
stresses in the tumour microenvironment. The calreticulin ligand, CD91, is present on
phagocytic cells including MDSCs, macrophages and dendritic cells®’>616 As
introduced earlier, CD47 is the signalling molecule that blocks and regulates this
pathway, and it is the combination of calreticulin-CD47 that controls the balance

between pro-and anti-phagocytic signal®'®. When CD47 binds its cognate inhibitory

immunoreceptor SIRPa on myeloid cells, the anti-phagocytic signal is triggered.

Signal regulatory protein o (SIRPa) is a transmembrane protein also known as CD1723,
SHPS-1, p84 (mouse homologue), or PTPNS1. The protein is formed from three
immunoglobulin (Ig)-like domains in its extracellular region and four putative tyrosine
phosphorylation sites in its cytoplasmic region®'’. When engaged, the tyrosine sites
are phosphorylated followed by activation of the src homology-2 (SH2)-domain-
containing protein tyrosine phosphatases; SHP-1 and SHP-2°'8. The former is
predominantly expressed in haematopoietic cells and negatively regulates multiple
functions of these cells. Instead, SHP-2 is expressed in most cell types modulated
by the small guanosine triphosphate (GTP)-binding proteins Ras and Rho which
contribute to cell growth and migration®'®. SHP-2 phosphorylation was associated with
juvenile leukaemia where it was defined as a proto-oncogene and the product of

tumour mutation®,

CD47-SIRPa engagement via binding of the N-terminal IgV domain of SIRPaand the
extracellular Ig-domain of CD47 promotes the phosphorylation of immunoreceptor
tyrosine-based inhibitory motifs (ITIM) and consequent SHP-1-SHP-2 recruitment,
triggering their enzymatic activity®?!. The signalling cascade leads to the
dephosphorylation of myosin [IA. The resulting inhibition of cytoskeletal
622

rearrangement consequently blocks the ability of macrophages to phagocytose

(figure 1.4).This activity was also correlated with the STAT3 pathway which was driving
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IL-10 expression. In turn IL-10,regulates APC and in particular, MDSC maturation and

function®23,

SHP-1 and 2 Phagocytosis

I'4 Signal

Signal

Dephosporilation of myosin Il

P

Figure 1.4. The CD47-SIRPa signalling system. CD47 is a member of the Ig superfamily,
possessing a V-type Ig-like extracellular domain, five membrane-spanning segments and a short
cytoplasmic tail. The extracellular domain interacts with SIRPq, also a transmembrane protein,
which contains three Ig-like domains in its extracellular region and two tyrosine phosphorylation
sites in its C-terminal cytoplasmic region. The tyrosine-phosphorylated sites of SIRPa (ITIM) bind
to the protein tyrosine phosphatases SHP-1 and SHP-2 and activate signalling which induces
myosin |l dephosphorylation and consequent phagocytosis blockade. The binding of CD47 to
SIRPa promotes tyrosine phosphorylation of SIRPa.

1.7.3 Targeting the phagocytosis checkpoint CD47-SIRPa

CDA47- SIRPa blockade can be achieved by using antibodies directed either to one or
the other molecule. Other methods include epitope competition with recombinant
proteins comprising of the extra-cellular regions of CD47 or SIRPq; or targeting the
pathways related to CD47 transcription-trafficking to the cell surface of cancer cells.
Using those mechanisms the inhibitory signal on APCs is removed and the threshold
of phagocytosis activation rendered more sensitive®®*. The use of such therapeutic
antibodies increases the antibody-dependent cellular phagocytosis (ADCP) in pre-

clinical patient-derived xenograft models®10607,625626,627,628
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In particular, anti-CD47 treatment in human glioblastoma cells grown in mouse
xenografts induced an increase in infiltration of CD80MI"CD206'*" M1-like myeloid
cells, suggesting that the CD47-SIRPa interaction may be important in myeloid

629

homeostasis®~. In addition, blocking the axis was able to promote neutrophil-

mediated breast cancer cell clearance when used in combination with trastuzumab®3.
In a similar study a SIRPa blocker was used to target MDSCs, which were allowing
long-term kidney allograft tolerance, induced graft dysfunction and rejection. As a
result, MDSCs numbers decreased and M1-like (MHCII*CD103%) cells increased in this
model®3'. Further, the anti-SIRPa blockade promoted the infiltration of neutrophils and

macrophages in a lymphoma xenograft mouse model®3?,

Ongoing clinical trials are exploiting the potential of targeting the CD47-SIRPa axis for
cancer therapy. The majority of trials are focused on the targeting of CD47
overexpression by the cancer cells to obtain ADCP. Primary AML patients were given
an anti-CD47 antibody that unfortunately decreased AML cells in the spleen without
reducing the overall burden of leukemia®3. Despite this discouraging result, other
drugs have reached clinical trials including Hu5F9-G4 (Forty-Seven), CC-90002
(Celgene), IBI188 (Innovent Biologics), SRF231 (Surface Oncology) and SHR-1603
(Hengrui) representing the anti-CD47 antibody class; and TTI-621 (Trillium), and

ALX148 (Alexo Therapeutics) in the format of Fc-SIRPa fused proteins.

All those therapies are focused on the blockade of the CD47 overexpression by the
tumour cells but, as we know CD47 is widely expressed by the majority of normal cells
which increases the chance of unwanted off-target effects. In normal tissues CD47 is
highly expressed in the bladder, prostate, fallopian tubes, mediumly in bronchus tissue,
salivary glands, sex organs and lowly in a variety of other tissues of which skin, kidneys

and stomach (source, the Human Protein Atlas, https://www.proteinatlas.ora/ ).

Further, we should bear in mind that this is a self-antigen marking the health status
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and age of the cells. CD47 is expressed to avoid phagocytosis and re-cycle before time,

thus allowing cells to exert their function before exhaustion.

Indeed, in trials, off-target binding induced anemia®3*

and thrombocytopenia as side
effects®®>. Nonetheless, the anti-CD47 therapeutic efficacy may be tumour-specific
depending on drug compartmentalisation, stage of cancer progression, immune
system responsiveness and acquired drug resistance®3®. Possible strategies to address
the side effects may require anti-CD47 pre-loaded nanoparticles or vesicles to
specifically deliver the payload to the tumour site or, as in the clinical trial HuU5F9-G4,

give an initial low dose of CD47 antibody to induce transient anaemia followed by the

therapeutic dose as shown to reduce RBCs depletion®?’.

Because of this variability and the off-target effect, therapies targeting SIRPa
expressed by the myeloid cells may be more advantageous. SIRPa is highly expressed
in the bone marrow, placenta, the appendix, mediumly in the lung, stomach and colon
and lowly on the skin, pancreas, vagina, endometrium, breast and prostate (source, the

Human Protein Atlas, https://www.proteinatlas.org/ ). Generally, the expression is more

localised compared to CD47 and we can assume that by blocking it, it won't affect the
normal self-antigen and recycling cycle of the cells, while more probably it would lower

the threshold to activate phagocytic and inflammation mechanisms.

Furthermore, although CD47-SIRPa targeting drugs have been assessed in preclinical
models, the therapeutic benefit of selectively blocking SIRPa in humans remains
unknown. An anti-SIRPa antibody which has reached the clinical trial stage is Bl 765063
(OSE-172). This drug was shown to remodel the TME when used in combination with
immune checkpoint blockade. The TME became enriched with M1-like inflammatory
macrophage and demonstrated reduced T cell exclusion, ultimately causing tumour
reduction®3®, The study of SIRPa blockade could be the solution to ensure targeting
on myeloid cells, thus reducing off target effects, dimming inhibition from the CD47

binding and inducing a more inflammatory phenotype.
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1.7.4 The P84 and MY-1 anti-mouse SIRPa antibodies.

In this study we will use the antibody anti-SIRPa-P84. This was initially discovered as a
neural membrane glycoprotein but analysis of the cDNA sequence lead to the
discovery that the P84 adhesion molecule was homologous of the human SIRPa®¥,
P84 was later characterised to predominantly bind the integrin-associated protein
(IAP/CD47)%%°, The monoclonal anti-SIRPa (clone P84)antibody was generated against
this target and it has been used to characterise the phagocytic negative regulation of
murine macrophages via SIRPa crosslinking with Src kinase family member®#'.
Utilization of the P84 antibody was used to show the SIRPa-CD47 interaction was

476

associated with phagocytosis inhibition®’®, and also that SIRPa has a role in regulating

the migration of tissue resident dendritic cells from the epidermis to draining lymph

nodes®4?

Its therapeutic potential was previously studied in comparison with the antibody
created by Miyasaka et al. called MY-1. The antibody was created by immunisation of
rats with an eosinophil-enriched cell fraction, obtained from the mouse small intestinal
lamina propria. The popliteal lymph nodes were used to generate hybridomas
following standard methods, the culture supernatants were screened for Abs. From
this process the MY-1 was generated and showed to inhibit eosinophil degranulation
regulating their homeostasis and survival®43. The therapeutic potential of this antibody
and the P84 clone was described in solid tumours. Syngeneic mice were inoculated
with CD47 high expressing renal cells carcinoma. An immunogenic effect was detected
when the P84 antibody was injected in concomitance with the tumour cells but not
when the tumour was established. The tumour growth curve showed that the P84
therapy was effective in reducing growth by one-third compared to control while MY-
1 was effective in both cases. The latter was also shown to be better in increasing
phagocytosis in a live cells microscopy experiments®4. The anti-SIRPa (P84) was used

for this research due to commercial availability and accessibility.
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1.9 Project aims

Myeloid cells infiltration of the TME have been strongly associated with cancer
progression and metastasis®*>. The plasticity of this highly heterogeneous group,
particularly MDSCs, remains a debated topic because they share their principal markers
with other populations of more mature myeloid cells. Nevertheless, whether they
represent a myeloid specific lineage per se, or an intermediate differentiation state,
they display potent pro-tumour properties*®®. Thus, to achieve tumour remission, there
is the need to remodel the TME myeloid landscape back towards an inflammatory
phenotype. Understanding the TME dynamic relation in determining the myeloid
suppressive phenotype is crucial in order to act in moving the balance of

inflammation/suppression towards therapy®4.

Embracing the activation of innate immunity against cancer has emerged as a possible
approach to enhance the partial responses obtained by T cell-focussed checkpoint
inhinibitors®¥’. The identification of pathways involved in the regulation of
phagocytosis and antigen presentation may prove an effective way to harness this
potential and boost immune responses in a tolerogenic tumour®4. One of the earliest
to be discovered was the CD47-SIRPa dependent ‘don’t eat me’ signal. Much work was
done in blocking this interaction by occluding the access of CD47%4°. Despite the
successes obtained, side effects were caused by off-target binding and antigen sinking.
The CDA47 is expressed in many tissues while the SIRPa is more limited, in particular

myeloid cells®*°.

Therefore, the goals of this PhD project are to define the myeloid remodelling towards
suppression by interaction with a CD47 rich TME and, by blocking SIRPq, induce a

myeloid response against cancer progression highlighting the mechanisms.

We will address the following specific aims:
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1. Identify and characterise the myeloid suppressive cells remodelling in the
melanoma TME.
e Determine the evolution and remodelling of myeloid populations, defining the
MDSCs phenotype in B16-F10 tumour bearing mice.
e Measure the suppressive behaviour of ex vivo extracted moDC and M-MDSC cells
towards T cells proliferation.
e Develop an in vitro model that recapitulates in vivo observations to measure the

suppressive function and phenotype of myeloid populations.

2. Determine the functional implications of the CD47-SIRPainteraction and disruption
on myeloid cell suppressive phenotype and function.
e Characterise the expression of CD47 receptor in the TME cells.
e Determine the functional and phenotypic effects of CD47-SIRPa engagement on
in vitro generated moDCs and M-MDSCs.

¢ In parallel, determine impact of SIRPa blockade on myeloid characteristics.

3. Identify the impact of SIRPa blockade on tumour biology, determining the
mechanism of action and associated immune changes.
e Determine the therapeutic strategy and measure tumour responses with SIRPa
blockade.
e Quantify the changes in myeloid populations in the TME following therapy, and
downstream inflammatory function.

Determine the mechanism of action by which the SIRPa blockade supports reduced
tumour growth.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Cell Culture

2.1.1 Cell lines and cell maintenance

The C57BL/6 B16-F10 melanoma cell line was purchased from American Type Culture
Collection (ATCC, Cat: CRL-6475). The cell line was maintained in Dulbecco’s Modified
Eagle Medium (DMEM, Life Technologies) with glucose and L-glutamine (Gibco, Cat:
41966-029) supplemented with 10% Foetal Bovine Serum (FBS) and 1%

penicillin/streptomycin (p/s). FBS and p/s were supplied by the in-house media facility.

The B16-F10-OVA cell line was derived by B16-F10 melanoma cells. It was previously
plasmid transfected to expresses a cytoplasmic form of full length chicken ovalbumin
protein’. The cell line was maintained in DMEM (Life Technologies) with glucose and
L-glutamine (Gibco, Cat: 41966-029) supplemented with 10% Foetal Bovine Serum
(FBS) and 1% penicillin/streptomycin (p/s) and in the selective agent 50ug/ml
Geneticin (Sigma-Aldrich, cat. A1720). FBS and p/s were supplied by the in-house

media facility.

The B16-F10-GFP was generated by pLenti6/V5-DEST (ThermoFisher, cat. V49610)
lentiviral transduction in the B16.F10 melanoma cells by a previous member of the
laboratory. The cells line stably expresses the Green Fluorescent Protein (GFP). The cell
line was maintained in DMEM (Life Technologies) with glucose and L-glutamine (Gibco,
Cat: 41966-029) supplemented with 10% Foetal Bovine Serum (FBS) and 1%
penicillin/streptomycin (p/s) and in the selective agent 8 ug/ml Blasticidin (Sigma-

Aldrich, cat. 15205). FBS and p/s were supplied by the in-house media facility.

Cancer Associated Fibroblasts (CAFs) were isolated as previously described’®. They
were maintained in RPMI-1640, supplemented with 10% FBS, 1% penicillin-
streptomycin, 10 mM HEPES and 15uM B-mercaptoethanol (B-ME, Sigma).
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Primary T cell populations were isolated from murine spleens and cultured in Iscove's
Modified Dulbecco's Medium (IMDM, Gibco, Cat: 12440053) supplemented with 5%
fetal bovine serum (both Life Technologies), 1% penicillin-streptomycin and 15uM (-

mercaptoethanol (both Sigma-Aldrich).

All cells in culture were routinely tested for mycoplasma contamination (MycoAlert

Detection Kit, Lonza).

2.1.2 Cell passage

Cell lines were cultured in T75 or T175 cm? flasks (Thermo) and incubated at 37°Cin a
5% CO, environment. At 80% confluency, media was removed, and the flasks washed
with cell grade PBS. Cells were detached with 0.25%trypsin (Gibco) or Cell Dissociation
Buffer Enzyme-Free PBS-based (Gibco, Cat:13151-014), which was neutralised by
adding the appropriate culture media. The cells were counted by trypan blue exclusion
and passage into separate T75 or T175 cm? flasks. All cell lines were used until passage

40 (P40), at which point an early passage stock was thawed.

2.1.3 Cryopreservation

1 and 1.5 x 10° cells were re-suspended in freezing media (90% FBS, 10% DMSO) and
placed ina Nunc cryovial. Cryovials were transferred to a CoolCell® Freezing Container
(Biocision) and stored at -80°C overnight before long-term storage in liquid nitrogen.
For cell recovery, the cryovials were thawed at 37°C and the toxic freezing medium
removed. The cells were resuspended in the appropriate culture medium and placed

in a T75 flask for growth under standard conditions (37°C, 5% CQO?2).

2.2 Isolation of primary murine cells

2.2.1. Isolation of bone marrow murine cells

Wild-type age-matched male and female C57BL/6 mice were euthanized by cervical

dislocation (MRC ARES, Cambridge). Femurs and tibias were removed and cleaned
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from tissue residues. After, the bone edges were cut with surgical scissors and the bone
marrow was flushed out with a syringe (25-gauge needle, 0.5mm x 25mm) injected
PBS. The cells were collected in a 6 cm? petri dish (Thermo, Cat:150288) and
resuspended to obtain a single cells solution. Then, the solution was passaged twice
in clean 6 cm? petri dishes in order to sank and remove bone debris. At this point, the
cells were collected in a 15 ml Eppendorf tube and washed with PBS. The single cell
suspension was lysed in Red Blood Cell Lysis Buffer (RBC Buffer; 155 mM NH4CI, 12
mM NaHCO3 and 0.1 mM EDTA in ddH20) for 5 minutes, at room temperature (RT),

before neutralisation with media.

2.2.2 Dissociation of murine spleens

Spleens were isolated from age-matched wildtype (WT) C57BL/6 mice (MRC ARES,
Cambridge) and broken apart using a 25-gauge needle (0.5mm x 25mm). Broken
tissues were passed through a 70um strainer (Thermo), using a TmL syringe plunger
(Soft-Ject), to create a single-cell suspension. Remnant tissues was flushed through
with PBS. For splenic tissues, the single cell suspension was lysed in Red Blood Cell
Lysis Buffer (RBC Buffer; 155 mM NH4Cl, 12 mM NaHCO3 and 0.1 mM EDTA in ddH20)
for 5 minutes, at room temperature (RT), before neutralisation with media. RBC lysis

was not conducted on LN samples.

2.2.3 MACS isolation of Sca-1" HSCs cell population.

The femur and tibia of the mouse were processed until a single-cell suspension was
obtained as described in Section 2.2.1. The cells were counted with a haemocytometer
and re-suspended at a density of 1 x 108 cells in 420pL of MACS Buffer (0.5% v/v BSA
and 2mM EDTA in PBS). 80uL of mouse SCA-1-Biotin-Antibody (Miltenyi Biotec Cat:
130-101-885) was added to the suspension and incubated for 10 minutes at 4°C. 2 ml
of MACS Buffer was added, and the cells were spun at 300 g for 2 minutes and the
supernatant containing the antibody excess removed. The cells were re-suspended in
80 uL of anti-biotin MicroBeads and 420puL of MACS buffer and left for 10 minutes at
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4°C. After, the MACS sorting apparatus was combined. A metal stand was used to
support the QuadroMACSTM Separator (Miltenyi Biotec, Cat: 130-091-051). The LS
Column were loaded into the magnet and primed with the MACS Buffer. Successively,
the cells were loaded at the top of the column and flowed through using gravity. Other
3 ml of MACS buffer were used to wash the cells trapped by the magnetic field. After,
the column was removed from the magnet and 4 ml of MACS buffer added. The plunge

of the LS column was used to flush the SCA-1* cells in a collection tube.

2.2.4 MACS isolation of CD3" T cell populations.

Spleens were processed until a single-cell suspension was obtained as described in
Section 2.2.2. Toisolate CD3" T cells the magnetic activated cell sorting (MACS® Cell
Separation) technology was used with the Pan T cell Isolation Kit Il (Miltenyi Biotec,
130-095-130). The RBC" extracted splenocytes were counted with a haemocytometer
and re-suspended at a density of 1 x 108 cells in 400uL of MACS Buffer (0.5% v/v BSA
and 2mM EDTA in PBS). 50uL of Pan T cell Biotin-Antibody Cocktail (Miltenyi Biotec
Cat: 130-095-130) was added to the suspension and incubated for 5 minutes at 4°C.
The cells were re-suspended in 100pL of anti-biotin MicroBeads and 300uL of MACS
buffer and left for 10 minutes at 4°C. After, the MACS sorting apparatus was combined.
A metal stand was used to support the QuadroMACSTM Separator (Miltenyi Biotec,
Cat: 130-091-051). The LS Column were loaded into the magnet and primed with the
MACS Buffer. Successively, the cells were loaded at the top of the column and flowed
through using gravity. The column was washed with 3mL of MACS buffer to collect
the unlabelled CD3* T cells. Flow cytometry was performed to confirm purity. Viable
cells were counted using a haemocytometer and re-suspended at the desired

concentration for in vitro assays.

77



2.2.5 MACS isolation of CD11b*ly6C™ cell population grown in vitro.

After in vitro HSC cell culture differentiation (Section 2.6.2), the CD11b*Ly6C" were
isolated. Initially, the grown myeloid cells were gently resuspended and collected to
limit the presence of highly differentiated adherent cells. The wells were washed twice
with MACS Buffer (0.5% v/v BSA and 2mM EDTA in PBS) and the solution added to the
non-adherent myeloid. Those were counted with a haemocytometer spun at 300 g for
5 minutes and resuspended at a density of 1 x 107-108 cells in 450uL of MACS Buffer
(0.5%v/v BSAand 2mM EDTA in PBS). 50uL of mouse CD11b-Biotin-Antibody (Miltenyi
Biotec Cat: 130-113-233) was added to the suspension and incubated for 10 minutes
at 4°C. 2 ml of MACS Buffer was added, and the cells were spun at 300 g for 2 minutes
and the supernatant containing the antibody excess removed. The cells were re-
suspended in 80 pL of anti-biotin MicroBeads and 420 uL of MACS buffer and left for
10 minutes at 4°C. After, the MACS sorting apparatus was combined. A metal stand
was used to support the QuadroMACSTM Separator (Miltenyi Biotec, Cat: 130-091-
051). The LS Column were loaded into the magnet and primed with the MACS Buffer.
Successively, the cells were loaded at the top of the column and flowed through using
gravity. Other 3 ml of MACS buffer were used to wash the cells trapped by the
magnetic field. After, the column was removed from the magnet and 4 ml of MACS
buffer added. The plunge of the LS column was used to flush the CD11b* cells in a
collection tube. Those were spun and resuspended in 420 pL of MACS Buffer and 80puL
of mouse Ly6C-Biotin-Antibody (Miltenyi Biotec Cat: 130-111-776) was added to the
suspension and incubated for 10 minutes at 4°C. Same as for the CD11b separation
from this point the same protocol was used. The plunge was used to flush and collect
the positive Ly6C cells. Flow cytometry was performed to confirm purity. Viable cells
were counted using a haemocytometer and re-suspended at the desired concentration

for in vitro assays.
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2.2.6 MACS isolation of CD11b"ly6C" cell population from in vivo TME.

The tumour tissue was processed until a single-cell suspension was obtained as
described in section 2.4.1. The cells were counted with a haemocytometer and re-
suspended at a density of 1 x 108 cells in 420uL of MACS Buffer (0.5% v/v BSA and
2mM EDTA in PBS). 80uL of mouse CD11b-Biotin-Antibody (Miltenyi Biotec Cat: 130-
113-233) was added to the suspension and incubated for 10 minutes at 4°C. 2 ml of
MACS Buffer was added and the cells were spun at 300 g for 2 minutes and the
supernatant containing the antibody excess removed. The cells were re-suspended in
80 uL of anti-biotin MicroBeads and 420 pL of MACS buffer and left for 10 minutes at
4°C. After, the MACS sorting apparatus was combined. A metal stand was used to
support the QuadroMACSTM Separator (Miltenyi Biotec, Cat: 130-091-051). The LS
Column were loaded into the magnet and primed with the MACS Buffer. Successively,
the cells were loaded at the top of the column and flowed through using gravity. Other
3 ml of MACS buffer were used to wash the cells trapped by the magnetic field. After,
the column was removed from the magnet and 4 ml of MACS buffer added. The plunge
of the LS column was used to flush the CD11b™ cells in a collection tube. Those were
spun and resuspended in 420 pL of MACS Buffer and 80uL of mouse Ly6C-Biotin-
Antibody (Miltenyi Biotec Cat: 130-111-776) was added to the suspension and
incubated for 10 minutes at 4°C. Same as for the CD11b separation from this point the
same protocol was used. The plunge was used to flush and collect the positive Ly6C
cells. Flow cytometry was performed on an LSR Fortessa to confirm purity. Viable cells
were counted using a haemocytometer and re-suspended at the desired concentration
for in vitro assays. All these steps were made in accordance with manufacturer

protocols.
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2.2.7 Isolation of M-MDSC and moDC cell population by sorting in vivo
TME.

Cells were sorted using the BD influx or BD Melody flow cytometer system. WT B16-
F10 melanoma cells were injected into WT C57BL/6 mice and sacrificed after 11 days.
Tumours were collected, processed and stained as described in section 2.4. Cells were
sorted using the BD influx flow cytometer directly into Dulbecco’s Modified Eagle
Medium (DMEM, Life Technologies) with glucose and L-glutamine (Gibco, Cat: 41966-
029) supplemented with 10% Foetal Bovine Serum (FBS) and 1%
penicillin/streptomycin (p/s). Immune cells were selected using CD45 and separated

into different populations based on expression of CD11¢, CD11b, Ly6 and Ly6C.

2.3 In vivo Mouse models

2.3.1 Mouse strains

Animals were housed in accordance with UK regulations and experiments were
performed under Project Licences P88378375 and Personal Licence I16BF82559. The
mouse experiments were conducted at the MRC Ares Animal Facility (Cambridge, UK).
The syngeneic tumour models, wildtype C57BL/6 mice were obtained from the in-
house breeding facility and used for experimentation. All mice were house socially in
individually ventilated cages with enrichment. Mice aged between 8 to 16 weeks of
age upon tumour injection and female mice were used for experiments whilst male
mice were used for bone marrow collection. Tumour inoculation, drugs preparation,
culling and sample collection was conducted by me. Non-invasive tumour
measurements and intraperitoneal (I.P.) drug injections were performed by trained

animal technicians at Ares. Where possible technicians were blinded.

80



2.3.2 B16-F10 murine melanoma model

B16-F10, or B16-F10 OVA or B16-F10-GFP cells were passaged following standard
protocol (Section 2.1.1) and counted by trypan blue exclusion. Cells were re-suspended
at a density of 2.5x10° or 4x10° cells in 50pL of sterile PBS and transported to the Ares
facility on ice. Mice were anesthetised by isoflurane inhalation and the right shoulder
or both shoulders of the mice were shaved allowing a visual of the injection area.
2.5x10° or 4x10° cells were injected subcutaneously into the right shoulder or both
shoulders depending on the experiment. Then, the mice were returned the to their
cages for recovery. Once, the mice fully regain consciousness were moved in their
assigned rack. At this point, the mice were continually monitored by the Ares staff and
the mice were sacrificed after 5,9 or 11 days; if the tumours were exceeding the 12mm
in diameter which is the maximum permitted under the project license, the mice were
culled before the end of the experiment and samples analysed. In a normal tumour
development, the mice were culled at the end of the experiment by exposure to carbon
dioxide, followed by neck dislocation or cardiac puncture exsanguination, if blood
samples were required. Post-mortem the tumours were measured again on the skin

and internally with Vernier callipers after extraction.

2.3.3 Mouse anti-SIRPaimmunotherapy

The B16-F10 cells line was injected, and the tumour developed as described above
(Section 2.3.2). The immunotherapy was administered twice along the 11 days long
experiment. For each injection, the mice received 125ug (5 mg/Kg) of Ultra-LEAF™
Purified anti-mouse CD172a (SIRPa) Antibody or a rat IgG1 isotype control by I.P.
injection (Table 2.1; Stock concentration of Tmg/ml, 125ul given per injection, resulting
in a final concentration of 125ug of ICI or control). The first dose was administered
once tumours reached 3mm in size (normally at Day 5). Three days later mice received
a second dose of immunotherapy or isotype control, and a further three days later

mice were killed by exposure to carbon dioxide, followed by neck dislocation or cardiac
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puncture exsanguination. Tumours and blood were harvested and used for analysis.

644,632

Dosing concentrations and regimes were based on current literature and research

purpose.

2.3.4 B16-F10-GFP cellsand mouse anti-SIRPaimmunotherapy for

phagocytosis detection

4x10° B16-F10-GFP cells were injected, and the tumour developed as described above
(Section 2.3.2). The immunotherapy was administered twice along the 9 days long
experiment. For each injection the mice received 125pug (5 mg/Kg) of Ultra-LEAF™
Purified anti-mouse CD172a (SIRPa) Antibody or a rat IgG1 isotype control by I.P.
injection (Table 2.1; Stock concentration of Tmg/ml, 125pl given per injection, resulting
in a final concentration of 125ug of ICI or control). The first dose was administered
once tumours reached 3mm in size (normally at Day 5). Three days later mice received
a second dose of immunotherapy or isotype control, and the next day the mice were
killed by exposure to carbon dioxide, followed by neck dislocation or cardiac puncture
exsanguination. Tumours were harvested and used for analysis. Dosing concentrations

and regimes were suggested by the experiments performed in vitro.

2.3.5 B16-F10-OVA cells and mouse anti-SIRPa immunotherapy for

myeloid antigen presentation detection

4x10° B16-F10-OVA cells were injected, and the tumour developed as described above
(Section 2.3.2). The immunotherapy was administered twice along the 9 days long
experiment. For each injection the mice received 125ug (5 mg/Kg) of Ultra-LEAF™
Purified anti-mouse CD172a (SIRPa) Antibody or a rat IgG1 isotype control by I.P.
injection (Table 2.1); Stock concentration of 1mg/ml, 125ul given per injection,
resulting in a final concentration of 125ug of ICI or control). The first dose was
administered once tumours reached 3mm in size (normally at Day 5). Three days later
mice received a second dose of immunotherapy or isotype control, and the next day

the mice were killed by exposure to carbon dioxide, followed by neck dislocation or
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cardiac puncture exsanguination. Tumours were harvested and used for analysis.
Dosing concentrations and regimes were suggested by the experiments performed in

vitro.

2.3.6 Mouse anti-SIRPa.and mouse anti-C3a immunotherapy

The B16-F10 cells line was injected, and the tumour developed for 11 days as described
above (Section 2.3.2). Four mice groups were IP injected respectively 1) 125ugrat IgGT1
and 20ug IgG2a isotype control, 2) 125ug (5 mg/Kg) anti-SIRPq, 3) 25ug (0.5 mg/Kg)
anti-C3a and 4) anti-SIRPa plus and anti-C3a per injection (table 2.1). The first dose
was administered once tumours reached 3mm in size (normally at Day 5). For group 2
anti-SIRPa immunotherapy was administered twice at day 5 and day 8. For group 3
anti-C3a was administered thrice at day 5, day 7 and day 9. For group 4 the drugs were
combined at day 5 and after followed the respective patterns for a total of four
injections. The same was for the isotype controls. The mice were killed at day 11 by
exposure to carbon dioxide, followed by neck dislocation or cardiac puncture
exsanguination. Tumours and blood were harvested and used for analysis. The anti-

C3a dosing concentrations and regimes were based Davidson et al®’.

Antibody Isotype Clone Species Company Cat No:

Ultra-LEAF™ Purified

anti-mouse CD172a IlgG1, k P84 rat Biolegend 144037
(SIRPa)
C3a, Mouse, mAb 3/11 lgG2a 3/11 rat HycultBiotech HM1072
LEAF™ Purified Rat IgGT1,
IgG1, k RTK2071 rat Biolegend 400427
Kk isotype Ctrl
InVivoPlus IgG2a, k
lgG2a 2A3 rat Bio X Cell BP0089

Isotype Control

Table 2.1. Monoclonal Antibodies. Table detailing the isotype, clone, species, company, and
catalogue number for the monoclonal and isotype control antibodies injected into experimental
mice.
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2.4 Flow cytometry

2.4.1 Processing of tumours and blood samples

Tumours were resected from the shoulder using surgical scissors maintaining the
structural integrity. After, all tumours were mechanically dissociated using a blade and
digested in 1Tmg/ml collagenase D (Roche), Tmg/ml collagenase A (Roche) and
0.4mg/ml DNase (Roche) in PBS, at 37°C for 45 minutes. Then, to neutralise
collagenase activity Ethylenediaminetetraacetic Acid (EDTA), was placed at a final
concentration of 5mM at the top of a 70um cell strainer (Falcon) just before to add all
the samples. The digested tissues were gently passed through the filter using a 1 mL
syringe plunger to further dissociate the cells and remaining tissue debris. PBS was
used to wash, and the flow throw was collected in a 50 mL falcon tube. The single cells
suspension was pelleted at 300g for 5 minutes, resuspended in sterile PBS and re-
filtered using a second cells strainer (CellTrics, Cat: 04-0042-2317) to remove eventual
fat residues obtaining a clean single cells solution. At this point the samples were

distributed to a round-bottomed 96-well plates (Corning) ready for staining.

The blood samples were collected by cardiac puncture in an EDTA anti-coagulant tube
to avoid blood clotting. The samples were transferred to a 15 mL Eppendorf tube and
incubated in 5 mL of red blood cell lysis buffer (RBS, 150mM NH4CI, TmM KHCO3,
0.1mM EDTA in dH20) at RT for 5mins. Then, the samples were pelleted at 300g for 5
minutes and re-suspended a second time in RBC buffer and incubated further 5
minutes at RT. After this second incubation the RBC buffer was neutralised using 45ml
of PBS and centrifuged at 300g for 5 mins to remove debris. At this point the samples

were distributed to a round-bottomed 96-well plates (Corning) reading for staining.

2.4.2 Staining samples for flow cytometry
Samples were washed with PBS and spun 2 minutes at 300g. The supernatant was

discarded, and the cells were resuspended in PBS with viability dye, diluted 1:1000, for
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15 minutes, to label dead cells. Live/Dead Fixable Violet (Thermo, Cat: 62248)was used
depending on the flow cytometry panel. While the cells were being Live/Dead stained,
the fluorophore-conjugated primary antibodies were prepared at 1:300 dilution in
FACS buffer (0.5% Bovine Serum Albumin or ‘BSA’in PBS). Cells were washed once with
PBS before to add the primary antibodies, then they were incubated with the samples,
for 40 minutes, at 4°C to avoid internalisation (Table 2.2). To mitigate non-specific
binding of immunoglobulins to surface Fc receptors, FACS buffer was supplemented

1:1 with Fc blocker (generated in house from a rat 2.4G2 hybridoma cell line).

After surface membrane molecules staining, and if intracellular epitope detection was
required, samples were fixed and stained in accordance with the FoxP3/ Transcription
Factor Staining Kit (eBioscience, Cat: 00- 5523). The samples were washed once with
PBS to eliminate the unbound primary antibody and resuspended in the
fixation/permeabilization buffer for 1 hour, at RT. Then, cells were pelleted at 300g for
5 minutes and washed 3 times in permeabilization buffer. Cells were incubated with
fluorophore-conjugated primary antibodies, diluted 1:300 in permeabilization buffer,
for 30 minutes at RT. Finally, cells were washed with FACS buffer, to remove non-
specific antibody, and transferred into polystyrene tubes (Corning), ready for flow
cytometry. Samples were run on an LSR Fortessa cell analyzer (BD, Biosciences) and

analysed using FlowJo version 10. (FlowJo, BD Biosciences).
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Target Clone Species Company Dilution Conjugate
Myeloid cells Markers
CD45 30-F11 Rat Biolegend 1:300 PerCP-Cy5.5, BV-785
CD11b M1/70 Rat Biolegend 1:300 PE, BV-785
CD11c N418 Armenian Hamster Biolegend 1:300 PE-Cy7
Ly6C AL-21 Rat BDBiOZCience 1:300 AF488, APC, APC-Cy7
Ly6G 1A8 Rat Biolegend 1:300 AF488, APC
SIRPax P84 Rat Biolegend 1:300 PE, APC
PD-L1 10F.9G2 Rat Biolegend 1:300 PE
MHC I (I-Ab) KH74 Mouse Biolegend 1:300 PE
FasL MFL3 Armenian Hamster Biolegend 1:300 PE
CDb47 miap301 Rat Biolegend 1:300 APC, PE
VISTA MIH63 Rat Biolegend 1:300 PE
F4/80 BM8 Rat Biolegend 1:300 FITC
CX3CR1 SAO11F11 Rat Biolegend 1:300 APC
XCR1 ZET Rat Biolegend 1:300 APC
ARG1 AlexF5 Rat eBioscience 1:300 APC
NOS2 5CB52 Mouse Biolegend 1:300 AF488
IDO mIDO-48 Rat Biolegend 1:300 PE
H-2K" bound )
to SIINEEKL 25-D1.16 Mouse IgG1 Biolegend 1:300 APC
Stromal and Immune cells Markers
Thy1 G7 Rat Biolegend 1:300 APC-Cy7
Pdfra APA5 Rat Biolegend 1:300 PE-Cy7
Pdfrp APB5 Rat Biolegend 1:300 PE
CD31 MEC13.3 Rat Biolegend 1:300 FITC
NK1.1 PK136 Mouse Biolegend 1:300 BV-421
T cells Markers
CD3e 145-2C11 Armenian Hamster Biolegend 1:300 BV-421
CD8a 53-5.8 Rat Biolegend 1:300 BV-785
CD4 GK1.5 Rat Biolegend 1:300 PE-Cy7
FoxP3 FJK-16s Rat Thermo 1:300 PerCP- Cy5.5
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Thy1 G7 Rat Biolegend 1:300 APC-Cy7

Table 2.2. Flow Cytometry Antibodies. Table detailing the clone, species, company, dilution and
conjugates for each of the primary antibodies used for flow cytometric studies.

2.5 Immunofluorescent staining (IF)

2.5.1 Tissue sectioning

Tumours were placed in cryomolds, embedded in Optimal Cutting Temperature
medium (VWR) and snap frozen on dry ice. Blocks were stored at -80°C for long-term
storage and transferred to -20°C, 24 hours before sectioning to allow the blocks to
acclimate to the cryostat temperature. Tumours were cut into 10pm sections, using a
Leica CM1900 cryostat, and mounted onto superfrost-plus lysine coated slides

(Thermo). The slides were stored at -80°C until use.

2.5.2 Immunofluorescentstaining

Sections were air dried and fixed in a 1:1 mix of acetone (Fisher) and methanol (Fisher),
for 2 minutes, at -20°C. Next, the sections were washed in PBS, for 10 minutes. To
minimise non- specific binding, slides were incubated in a blocking solution containing
10% chicken or donkey serum (Alpha Diagnostics) and 2% BSA (Thermo) for 1 hour, at
RT. The sections were then placed in a humidified chamber and incubated with primary
antibodies, diluted in blocking buffer, at 4°C, overnight (Table 2.3). The following day,
the antibodies were removed by 3 x 5 min washes in PBST (PBS with 0.1% Tween (NBS
Biologics)) and the sections incubated with secondary antibodies for 1 hour, at RT
(Table 2.4). If biotinylated primary antibodies were used, streptavidin conjugates were
also added. After 3 further washes in PBST, the sections were counterstained with
Tug/ml of 4',6-diamidino-2-phenylindole (DAPI, Thermo, D1306), for 10 minutes, and
mounted with 22 x 50 mm glass coverslips and SlowFade Gold Antifade Mountant (Life
Technologies; Cat: S36936). The completed slides were imaged on a Zeiss 880 laser

scanning confocal microscope using a 40x oil objective.

Target Clone Species Company Dilution Conjugate
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SIRPa P84 rat Biolegend 1:50 -

CD11b M1/70 rat eBioscience 1:100 biotin

Ly6C AL-21 rat BD pharmigen 1:60 AF 488

Table 2.3. Immunofluorescence Microscopy Primary Antibodies. Table detailing the clone, species,
company, dilutions and conjugates for each of the primary antibodies used for IF studies.

Target Company Cat: Dilution
Chicken anti-Rat Conjugated AF594 Life Technology A21471 1:300
Streptavidin conjugated AF 647 Life Technology S32357 1:300

Table 2.4. Immunofluorescence Microscopy Secondary Antibodies. Table detailing the company,
catalogue number and dilution for each of the secondary antibodies used for IF studies.

2.6 Myeloid - T cell culture and co-culture assays

2.6.1 Generation of Tumour Conditioned Media

For tumour cell conditioned medium (TCM); B16.F10 cells were thawed from the same
passage frozen batch and seeded at a density of 1.5x10° cells in a T75 flask. They were
left to recover and grown until 90% confluency and passaged once again and seeded
in four T175 cm? flasks at a density of 3.5x10° cells. Cells were grown until 60-70%
confluent in full growth medium, successively the medium was changed with
Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies) containing 10% FBS
and p/s. After 24 hours it was harvested and centrifuged at 500 g for 10 minutes to kill
eventual live cells and remove cellular debris. Then, the media was filter-sterilised using
SteriFlip® vacuum filters (Merck, Cat: SCGP00525). The media collected was promptly

aliquoted, snap frozen in dry ice to prevent protein degradation and stored at -80 °C.

2.6.2 In vitro conditioning of HSCs to obtain a myeloid cells culture
The HSCs were isolated as described in Section 2.2.3 Half of the total cells were
resuspended in RPMI media, supplemented with 20ng/mL GM-CSF (Peprotech, Cat:

315-03) to generate our control. The other half was resuspended in 50% TCM (Section
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2.5.1) and 50% RPMI media, supplemented with 20ng/mL GM-CSF full growth media.
Cells were seeded in the respective cell culture media in a 12-wells plates. Each well
containing a density of 2.5x10° cells. Those were matured for five days changing the
respective media each day. The culture media refreshment was obtained by inclining
the plate of 45 degree and slowly removing the 95% of it, transferred in a 15 mL
Eppendorf tube and centrifuged 5 minutes at 300 g. The supernatant was removed,
and the eventual pellet resuspended in fresh media which was transferred back to the
12-wells plate in the respective slots. After 5 days the MDSC were harvested by gentle

pipetting and isolated using the protocol in Section 2.2.50r 2.2.7.

2.6.3 Coating with CD47 active protein

The recombinant mouse CD47 protein (Active) (cat: ab231160) was prepared in PBS at
5 pg/ml concentration. Then, 50ul of solution was used to coat the well in a 96 non-
pyrogenic polystyrene flat or round (for T cell proliferation assay) bottom well plate.
Plates were sealed with parafilm and kept overnight at 4°C to allow passive coating.

The next day plates were washed with PBS and used for experiments.

2.6.4 Myeloid cells in vitro SIRPa blockade

The Ultra-LEAF™ Purified anti-mouse CD172a (SIRPa) Antibody (Cat: 144037) was
prepared in the appropriate media and incubated with myeloid cells obtained as in
Section 2.6.2, and Ly6C™ cells isolated as in section 2.2.5, in ice for 30 minutes allowing
SIRPa blockade. The antibody was used at the concentration of 115nM and in case of
the phagocytosis experiment at 1nM or titrated 1:10 from 200nM. This incubation was

made prior to contact with wells coated with CD47.

2.6.5 In vitro conditioning of myeloid cells culture with CD47 protein

The myeloid cells were obtained as in section 2.6.2. After 5 days of maturation in
presence of GM-CSF or GM-CSF-TCM cells were washed with PBS and resuspended

their respective media in a new plate were some of the wells were coated with CD47
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protein (section 2.6.3). The cells were incubated for 2 days more at standard cell culture
conditions (37°C + 5% CO2). At the end of the incubation cells were washed with PBS

and stained according with the protocol described in Section 2.4.

2.6.8 CFSE and cell trace far red staining

For experiments assessing proliferation, T cells were stained with Cell-Trace CFSE
(Thermo, Cat: C34554). For experiments assessing phagocytosis, B16.F10 and CAFs
cells were stained with Cell-Trace Far red (Thermo, Cat: C345664). T cells were obtained
as described in Section 2.2.4 and B16.F10 and CAFs were obtained as in Section 2.2.1.
Cells were re-suspended at a density of 0.5-10 x 10° cells/ml in 1 mL of IMDM + 5%
FCS + 0.5ul of B-mercaptoethanol (Sigma, Cat: M7522) + P/S and placed in a 15mL
falcon tube. The tube was laid on its side and 110uL of PBS was placed near the top of
the tube. 1.1uL of 5mM CFSE was added directly to the PBS droplet and the tube was
closed and vortexed upside down for 5 seconds, flipped and vortexed again for 5
seconds. This process was made to evenly distribute the CFSE staining by the cells.
Then, the tube was covered in aluminium foil to prevent UV light degradation and
incubated for 7 minutes, at RT. After 5 minutes the cells were washed for a total of 3
times with a solution of 10mL of PBS + 5% FBS. Each time cells were centrifuged at
3009 for 5 minutes and the supernatant discarded. After the last wash, the cells were
resuspended in IMDM + 5% FCS + 0.5ul of B-mercaptoethanol (Sigma, Cat: M7522) +
P/S, or RPMI + 10% FCS + P/S in case of B16.F10 and CAFS, and let rest for 20 minutes

recovery at 37°C + 5% CO2. At this point the cells were stained and ready to be used.

2.6.9 T cell stimulation

A working concentration of 2.5mg/mL LEAF purified anti-mouse CD3e antibody

(Biolegend, Clone: 145-2C11, Cat:14-0031) was prepared in PBS and added to a 96 flat-

bottomed 96-well cell culture plate, then incubated for 2 hours at 37°C to allow the

antibody passive coating. After this initial incubation, the plates were washed twice

with PBS, to remove non-bound antibody. The CFSE-stained T cells (Section 2.6.3) were
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re-suspended in IMDM + 5% FCS + 0.5ul of B-mercaptoethanol (Sigma, Cat: M7522)
+ P/S supplemented with 1ug/mL of soluble anti-CD28 antibody (Biolegend, Clone
37.51, Cat: 16-0281).2x 10° T cells were seeded per well and stimulated for 24 hours
under standard culture conditions (37°Cin a 5% CO2 environment). The next day the

T cell proliferation was active and ready to be tested in experimental conditions.

2.6.10 In vitro MDSCT cells proliferation suppression

The MDSCs in vitro (Section 2.6.2) or in vivo (Section 2.4.1) were isolated following the
protocols in section 2.2.5 or 2.2.6 or 2.2.7. The obtained myeloid cells were washed
with PBS and resuspended at a density of 5x10% cells per 50ul of GM-CSF or GM-CSF-
TCM media or treaded for SIRPa blockade (Section 2.6.4). 50ul were added to each
well of a polystyrene clear round-bottomed 96-well cell culture plate with or without
CD47 coating (Section 2.6.3) and incubated for recovery (20 minutes). In the meantime,
the T cells CFSE stained (Section 2.6.8), seeded at a density of 2x10° cells per well and
activated (Section 2.6.9) were also washed with PBS, resuspended in 50ul GM-CSF or
GM-CSF-TCM media and transferred topping the myeloid in the same round-
bottomed 96-well plate. In this manner a 1:4 ratio was obtained in each well (5x10*
myeloid with 2x10° T cells). Then, the mixed cells were incubated at standard cell
culture condition (37°Cin a 5% CO2) for a total of 48 hours with the media replaced
after 24 hours. At the end of the incubation cells were washed with PBS and stained
according with the protocol described in section 2.4. After cells were washed twice and
run on an LSR Fortessa cell analyzer (BD, Biosciences) and analysed using FlowJo

version 10. (FlowJo, BD Biosciences).

2.6.11 Detection of Reactive Oxygen Species (ROS)

The myeloid cells were cultured (section 2.6.2) and Ly6C" cells were isolated (Section
2.2.5). Prior to the experiment, part of the cells was used to check the phenotype of
the isolated cells by flow cytometry as control (Section 2.4). The rest of the cells were
plated at 6x10* cells per well in a 96 nonpyrogenic flat bottom well plate where some
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wells were CD47 coated (Section 2.6.3). Prior to CD47 contact some of the cells were
treated for SIRPa blockade (Section 2.6.4). The cells were incubated 4 hours in GM-CSF
control, GM-CSF-TCM, GM-CSF-TCM-CD47 and GM-CSF-TCM-CD47 media with prior
SIRPa blockade of the cells. After the incubation cells were washed with PBS and
treated with 10uM 2',7"-Dichlorodihydrofluorescein diacetate (DCFDA; Sigma-Aldrich)
in DMEM only for 25 minutes. Immediately after cells were washed twice with PBS and
transferred inice. Then, they were resuspended in PBS with viability dye, diluted 1:1000,
for 3 minutes, to label dead cells. Live/Dead Fixable Violet (Thermo, Cat: 62248) was
used. Immediately cells were washed once with PBS and run on an LSR Fortessa cell

analyzer (BD, Biosciences).
2.6.12 T proliferation assay with transwell plates

The in vitro MDSC T cells proliferation suppression was performed as described in
section 2.6.10 but cells were instead, plated in an HTS Transwell-96 well plate (Cat:
3381, Corning, 0.4 um polycarbonate membrane) adding the MDSCs at the bottom
and the T cells at the top of the well. the mixed cells were incubated at standard cell
culture condition (37°Cin a 5% CO2) for a total of 48 hours with the media replaced
after 24 hours. At the end of the incubation cells were washed with PBS and stained
according with the protocol described in section 2.4. After cells were washed twice and
run on an LSR Fortessa cell analyzer (BD, Biosciences) and analysed using FlowJo

version 10. (FlowJo, BD Biosciences).
2.6.13 Mass Spectrometry

The myeloid cells were cultured (section 2.6.2) and CD45*CD3"NK1.1CD11c
CD11b*Ly6G Ly6C* cells (M-MDSC from GM-CSF or GM-CSF-TCM culture) were sorted
(Section 2.2.7) directly in lysis Pierce-RIPA buffer (Thermo Scientific) supplemented
with protease-inhibitor cocktail (Roche), TmM PMSF and TmM Na3VO4 at 4°C. The

protein fraction was quantified with Pierce BCA protein assay kit (Cat:SA244533) and
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10ug of proteins from lysed cells were run on a 10% SDS page. Gel was divided in 12
sections and LC MS/MS was performed on each section and spectral analysis was
performed. Data were analysed comparing the data from cells grown in GM-CSF and

GM-CSF-TCM using Scaffold 4 software.

2.7 Phagocytosis and antigen processing

2.7.1 CD47 expressing cellsand debris preparation for phagocytosis
assay

The B16.F10 (CD47 low) cells and CAFs (CD47 high) cell cultures (Section 2.1.1) were
stained using Cell Trace Far red (Thermo, Cat: C345664) using the same protocol in
Section 2.6.3. The stained cells were resuspended to a concentration of 3x107 cells/ml
in 50% TCM (Section 2.6.1) and 50% RPMI media, supplemented with 20ng/mL GM-
CSF (Peprotech, Cat: 315-03). Half of them were killed by heat induction in a
thermomixer for 5 minutes at 98°C. The dead cells part was chilled in ice and mixed
again with the live cells. With this method we obtained a mixture of live cells and

debris.

2.7.2 Phagocytosis assay protocol

The moDC and MDSCs cultured in vitro (Section 2.6.2) were isolated following the
protocols in section 2.2.5. Cells were seeded at 5x10* cells per well in a 96
nonpyrogenic flat bottom well plate and kept in 100ul of 50% TCM (Section 2.5.1) and
50% RPMI media, supplemented with 20ng/mL GM-CSF (Peprotech, Cat: 315-03) for
experimental condition. Cells were let recover overnight at standard cell culture
condition (37°Cin a 5% CO2). The next day, moDC and MDSC cells were washed and
prepared according to condition: part of them were SIRPa blocked following the
protocol in section 2.6.4, the others were resuspended in GM-CSF-TCM media (Section

2.6.1)and added to the CD47 coated plate (Section 2.6.3).In the meantime, the B16.F10
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(CD47 low) cells and CAFs (CD47 high) were prepared (Section 2.7.1). Then, 50ul
containing 7.5x10% live cells and 7.5x10% dead cells were added at top of the moDC
and MDSC cells and incubated 4 hours at standard cell culture condition (37°Cina 5%
CO2) to allow phagocytosis. At the end of the incubation cells were washed with PBS
put in ice to block phagocytosis and stained according with the protocol described in
Section 2.4.2. After cells were washed twice and run on an LSR Fortessa cell analyzer

(BD, Biosciences) and analysed using FlowJo version 10. (FlowJo, BD Biosciences).

2.7.3 Processing of ova into peptide

The myeloid cells were generated as described in section 2.6.2. Cells were collected
and washed in PBS. After, they were resuspended in GM-CSF-TCM media; if it was the
case they were SIRPa blocked with 250nM antibody (Section 2.6.4) and after, plated at
2x10° cells per well with or without CD47 coating (Section 2.6.3). The cells were
incubated 3 hours in their respective conditions. Then, the cells were pulsed with DQ-
Ovalbumin (Cat: D-12053, Thermo) at 100pg/ml for 10 min at 37°C and then washed
3 times with ice cold PBS, 5% FBS. After, cells were resuspended in pre-warmed full
culture GM-CSF-TCM media and transferred to 37°C for 35 minutes. Immediately after,
cells were washed twice with PBS and transferred in ice. Then, they were resuspended
in PBS with viability dye, diluted 1:1000, for 3 minutes, to label dead cells. Live/Dead
Fixable Violet (Thermo, Cat: 62248) was used. After this, cells were washed and stained
for 15 minutes with fluorophore conjugated primary antibodies (Section 2.4).
Immediately after, cells were washed once with PBS and run on an LSR Fortessa cell

analyzer (BD, Biosciences).
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2.8 Anti-SIRPa antibody study

2.8.1 The ultra-LEAF™ purified anti-mouse CD172a (SIRPa) antibody

binding curve

The extracted bone marrow cells (Section 2.2.1) were resuspended at 5x10* cells per
well in PBS with viability dye, diluted 1:1000, for 15 minutes, to label dead cells.
Live/Dead Fixable Violet (Thermo, Cat: 62248) was used. While the cells were being
Live/Dead stained, the primary Ultra-LEAF™ purified anti-mouse CD172a (SIRPo)
antibody (Cat: 144037) was titrated 1:20 starting from 500nM in FACS buffer (0.5%
Bovine Serum Albumin or ‘BSA’ in PBS). Cells were washed once with PBS before to
add the primary antibody, then they were incubated with the samples, for 40 minutes,
at 4°C to avoid internalisation. Cells were washed once and incubated 20 minutes at
4°C with a secondary Alexa Fluor 647 chicken anti-rat IgG1 antibody (Cat: A21472)in
FACS buffer. After cells were washed twice and run on an LSR Fortessa cell analyzer

(BD, Biosciences) and analysed using FlowJo version 10. (FlowJo, BD Biosciences).

2.8.2 Competition between the PE conjugated and the unconjugated
anti-mouse CD172a (SIRPa) clone p84

Bone marrow cells were extracted as described in section 2.2.1 and grown as described
2.6.2. Cells were washed twice and plated at 5x104 cells per well in PBS with viability
dye, diluted 1:1000, for 15 minutes, to label dead cells. Live/Dead Fixable Violet
(Thermo, Cat: 62248) was used. Cells were washed and incubated with the
unconjugated version of the anti-mouse CD172a (SIRPa) clone P84 Antibody
(Biolegend, Cat: 144037) titrated 1:2 starting from a concentration of 100nM in FACS
buffer (0.5% Bovine Serum Albumin or ‘BSA’ in PBS) for 40 minutes at 4°C. After, cells
were washed with PBS and incubated with a secondary Alexa Fluor 647 chicken anti-
rat IgG1 antibody (Cat: A21472) or, with PE anti-mouse CD172a (SIRPa) clone P84
antibody (Biolegend, Cat:144011) in FACS buffer for 30 minutes at 4°C. Unspecific
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binding was washed away with 3 washes in PBS. Samples were run on an LSR Fortessa
cell analyzer (BD, Biosciences) and analysed using FlowJo version 10. (FlowJo, BD

Biosciences).

2.9 Immunoblotting

2.9.1 Myeloid cells preparation forimmunoblotting

Myeloid cells were grown as in section 2.6.2 and Ly6C* cells isolated as in section 2.2.5.
The cells obtained cells were resuspended in 50% TCM (Section 2.5.1) and 50% RPMI
media, supplemented with 20ng/mL GM-CSF (Peprotech, Cat: 315-03) and seeded at
2x10° cells per well. After, cells were incubated in the respective conditions for 4 hours
at standard cell culture condition (37°Cin a 5% CO2). Then cells were washed in PBS
and pelleted to be lysed 30 minutes in Pierce-RIPA buffer (Thermo Scientific)
supplemented with protease-inhibitor cocktail (Roche), TmM PMSF and 1TmM Na3VvVO4

at 4°C. Then, they were stored in the freezer (-20°C).

2.9.2 Immunoblotting to detect SHP2 and STAT3

Samples were defrosted (Section 2.9.1) boiled at 99°C for 5 min in protein loading
buffer and loaded. Samples were then separated by a 10% SDS-PAGE and transferred
onto a Nitrocellulose membrane (Millipore). The membranes were blocked with
Odyssey blocking buffer (Li-Cor) for 1 hour and then incubated with a recombinant
Anti-SHP2 antibody (Cat: ab187040, clone EPR17829-9, 68 kDa) or anti-SHP2 (phospho
Y542) antibody (Cat: ab62322, clone EP508(2)Y, 60 kDa) or phospho-Stat3 (Tyr705)
(D3A7) (Cat: 9145T, Cell Signaling, 80 kDa) or Stat3 (79D7) (Cat: 4904T, Cell Signaling,
80 kDa) and a-tubulin (Cat: T6074, clone B-5-1-2, Sigma, 50-55kDa) primary antibodies
overnight at 4°Cin 5% BSA(w/v) in PBS and 0.1% Tween 20. After washing with PBS,

membranes were incubated with the appropriate fluorescent-conjugated secondary
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antibody (IRDye680RD Donkey anti-Mouse —-925-68072; IRDye 800CW Donkey anti-
Rabbit -925-32213) for 1 hour. Detection was performed using Odyssey CLx (Li-Cor).

2.10 Measure of specific metabolites

2.10.1 Cells glucose depletion

Myeloid cells were grown as in section 2.6.2 and Ly6C™ cells isolated as in section 2.2.5.
Cells were treated for SIRPa blockade (Section 2.6.4) and after, plated at 1x10° cells per
well in a CD47 coated (Section 2.6.3) 96 nonpyrogenic flat bottom well plate. GM-CSF
or GM-CSF-TCM grown cells were resuspended respectively in RPMI-1640 (Gibco, Cat:
41879-020), supplemented with 1% penicillin/streptomycin (p/s) or Dulbecco’s
Modified Eagle Medium (DMEM, Life Technologies) (Gibco, Cat: 41966-025) and 1%
penicillin/streptomycin (p/s) in absence of Glucose and Foetal Bovine Serum (FBS).
Cells were seeded at 2x10° cells per well incubated for 4 hours at standard cell culture

condition (37°Cina 5% CO?2).

2.10.2 Glucose uptake and GLUT-1

Cells were prepared as in section 2.10.1 (glucose depletion). 2-NBDG (2-(N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose) (Invitrogen, cat: N13195)
was added in the well at 200 uM and incubated for 20 minutes at 37°C. In the
meantime, the GLUT1 (Novus Biologicals, Cat: NB110-39113) antibody was
preincubated with an Alexa-fluor-647 chicken anti-rabbit APC (Life technology, Cat:
A21443)and after used at 35nM. Immediately after, cells were extensively washed and,
once in ice, stained (Section 2.4) reducing the incubation time at 3 minutes for
live/dead and 15 minutes for fluorophore-conjugated antibodies. Cells were washed

once with PBS and run on an LSR Fortessa cell analyser (BD, Biosciences).
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2.10.3 ATP assay

Cells were prepared and cultures in glucose deprived media as in section 2.10.1. Cells
were washed with PBS and resuspended in full RPMI media, supplemented with
20ng/mL GM-CSF (Peprotech, Cat: 315-03) or in 50% TCM (Section 2.6.1) and 50%
RPMI media, supplemented with 20ng/mL GM-CSF and incubated for 20 minutes at
standard cell culture condition (37°Cin a 5% CO2). The ATP level of cells was analysed

using an ATP Assay Kit (Merck, Cat: 119107), according to the manufacturer’s protocol.

2.10.4 NADH assay (hexokinase colorimetric assay)

Cells were prepared and cultures in glucose deprived media as in section 2.10.1. Cells
were washed with PBS and resuspended in full RPMI media, supplemented with
20ng/mL GM-CSF (Peprotech, Cat: 315-03) or in 50% TCM (Section 2.6.1) and 50%
RPMI media, supplemented with 20ng/mL GM-CSF and incubated for 20 minutes at
standard cell culture condition (37°Cina 5% CO2). The activity of hexokinase in cellular
lysates was analysed by measuring the NADH production per time in a colorimetric

assay, according to the manufacturer’s protocol (Sigma-Aldrich, Cat: MAK037).

2.11 Statistics

To evaluate statistical significance between two samples a T-test was performed. For
multiple comparisons, a one way or 2-way ANOVA was employed with a Dunnett or
Tukey post- hoc test. For growth curves 2-way ANOVA with Sidak correction was
performed. Data are expressed as mean + SEM, where a different cell isolates and
batch of TCM was used for each experiment. Multi-variant data were analysed using
analysis of variance (ANOVA), followed by Dunnett or Tukey post-hoc tests. The t-test
was used to compare individual treatment conditions. p < 0.05 was considered
statistically significant, giving a 95% confidence level. Data were analysed using

Graphpad Prism 9 Software packages.
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CHAPTER3

PHENOTYPE CHARACTERISATION OF
MYELOID DERIVED CELLS FROM
ESTABLISHED MELANOMA TUMOUR

10C



3.1 Introduction

A wide range of pathologies induce emergency myelopoiesis, an immune response
against threats which results in rapid expansion of monocytes and neutrophils. When
the insult is resolved and the tissue returns to aresting state, the myeloid cells go back
to a normal level of myelopoiesis. This is not the case in pathologies such as cancer,
where a persistent insult induces a continuous state of emergency myelopoiesis,
expansion and accumulation of highly suppressive and highly diverse myeloid

population3%,

This abnormal differentiation and function of myeloid cells exert its function by
accumulating at the tumour site. These pathologically activated MDSC with potent
immunosuppressive activity is common in tumours. MDSC have the ability to support
tumour progression by promoting tumour cell survival, angiogenesis, invasion of

652

healthy tissue by tumour cells®>?, and metastases®>3.

Myeloid derived suppressor cells play a key role from early stages of the primary
tumour evolution, via immune modulation, angiogenesis, EMT and formation of the
pre metastatic niche®>46>5656657.658 Theijr defining role is the contribution to tumour
cell immune escape via the formation and maintenance of an immunosuppressive
microenvironment. An increase of MDSCs correlates with poor prognosis and patient
survival®®®. There is strong evidence that a higher circulating MDSC level is a potential
prognostic parameter in patients with solid cancer, independent of MDSC subtype,
cancer type, and cancer stage®®. An increase in MDSCs was correlated to poor
prognosis as the myeloid cells were suppressing the immune response in several solid
tumours (melanoma®®, gastric®®’, head and neck®®? and non-small cell lung®®® cancer
and hematologic malignancies®®?). Furthermore, reducing the level of MDSCs could
benefit clinical outcome in cancer therapy as elevated MDSC levels lead to resistance

666,667
1

to hormone  therapy®®, chemotherapy radiotherapy®©® and
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immunotherapy®2670. Thus, in light of their crucial role in cancer evolution, there
remains a need to understand the evolving role of MDSCs alongside cancer

progression.

In mice, MDSCs were initially characterised by cell membrane protein markers, the
granulocyte receptor-1 antigen (GR1) and the integrin-M (CD11b, ITGAM)*%. Later,
two subpopulations were identified by expression of lymphocyte antigen 6 comple,
locus C1 (Ly6C) and lymphocyte antigen 6, locus G (Ly6G) proteins. This lead to the
division of MDSCs into monocyte M-MDSC and polymorphonuclear G-MDSCs
displaying the marker profiles CD11b*CD11cLy6C*Ly6G" and CD11b*CD11C
Ly6C'°Ly6G* respectively, each of which have been investigated by specific
functionality®®®71 In humans, the G-MDSC are described as CD14 CD11b*CD15*(or
CD66*) and M-MDSC CD11b*CD14*HLA-DR®W/-CD15 410405,

To examine the role of myeloid populations in tumour development, we used the well-
characterised, syngeneic B16-F10 model that was originally obtained from a
spontaneous chemical-induced tumour in a C57BL/6 mouse®’?. This model is
characterised by a highly immunosuppressive environment, enriched in MDSCs 171172,
In this first chapter, we sought to characterise the presence and changes in time of the
myeloid landscape towards a suppressive phenotype able to block T cells proliferation.

Furthermore, create an in vitro myeloid cells model to use for elucidating mechanism

that could resemble and be correlated to the in vivo findings.
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3.2 Results

3.2.1 Characterising the evolution of myeloid population as tumours

develop.

To assess the prevalence of myeloid derived suppressor cells (MDSCs) in primary
tumour, B16-F10 melanoma cells were orthotopically injected into wild type C57BL/6
mice and the tumours were grown for 11 days (figure 3.1 A). Tumours were then
prepared for flow cytometry as described in section 2.4. Within the immune cell
compartment (CD45%), the lymphoid and natural killer cells were excluded (CD3"and
NK1.1" cells respectively), and the proportion Ly6G™ (polymorphonuclear MDSCs; G-
MDSCs) and Ly6C* (monocytic MDSCs; M-MDSCs) within the CD11b* myeloid
compartment was assessed (figure 3.1 B). The myeloid compartment (CD11b+ cells)
composed about 40-50% of the total immune infiltrate within the tumour (Figure 3.10),
and of this, 60% were CD11b*Ly6C* while only 3-5% were CD11b*Ly6G* expressing
(figure 3.1 C). Therefore, in established primary B16-F10 tumours, the predominant
myeloid cell fraction were M-MDSCs (CD11b*Ly6C™), which have previously been

shown to represent a suppressive population that dampens the anti-tumour immune

response*®>,
A '0. : | » Day 11 end of
Day 0: procedure
2 B16F10 cells
CS57BL/6 injection
B C
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Figure 3.1. Ly6C-expressing cells are the dominant myeloid population in established B16-
F10 melanoma. (A) Schematic of the in vivo experiment, B16-F10 cells were injected at day 0 and
melanoma tumours collected the eleventh day. (B) Representative FACS plots showing the gating
strategy, live cells were gated on CD45*CD11b*Ly6C* and CD45*CD11b*Ly6G* immune cells while
T CD3* cells were excluded (C) Quantification of the myeloid cells as percentage of CD45* cells.
Data are mean + SEM; **** = p<0.0001 using ordinary one-way ANOVA with Tukey’s post hoc test.
Assays n=3 mice in each group, 3 independent experiment.

After determining that Ly6C expressing cells comprised the majority of the myeloid
compartment in established tumours, we then determined whether these cells were
present from an early stage of tumour development or appeared later. We thus
examined composition in small day 5 tumours, intermediate day 9, or late stage day
11 tumours. Moreover, as CD11b is a generic marker for myeloid populations and
contains cell types besides MDSCs, we also included CD11c. From this, 3 main clusters
were identified and defined based on the expression of CD11b and CD11c and then

by Ly6G and Ly6C (Figure 3.2 A). Based on this classification, we observed that in early
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tumours, approximately 5% of the total immune infiltrate were CD11c*CD11b", 50%
were CD11c¢*CD11b* and 30% were CD11c’CD11b* (figure 3.2 B). Focusing within the
CD11cCD11b* fraction, cells expressing Ly6G were almost completely absent whilst
Ly6C accounted for 5% of all immune cells (figure 3.2 C). We defined these cells as M-
MDSCs. Additionally, we observed that 7% CD11c"CD11b" cells also expressed Ly6C.

We defined these cells as monocytic dendritic cells, moDCs.

At the intermediate stage of development, day 9 tumours presented with a shift in the
distribution of myeloid populations. We observed a drastic drop in CD11c*CD11b*
from 50% to 25%, whilst the CD11cCD11b* showed a slight increase to approximately
35% (figure 3.2 B). Within this population, the moDCs remained constant at 7% of total
infiltrates and G-MDSC remained rare. However, M-MDSCs increased significantly
from 5% to almost 20% to be the dominant population (figure 3.2 C). By day 11, late
stage tumours contained approximately 5% CD11c*CD11b", while CD11c*CD11b* and
CD11cCD11b* equilibrated to each comprise approximately 35% of the total immune
infiltrate (figure 3.2 B). Consistent with earlier time points, G-MDSCs formed a
negligible proportion of infiltrating immune cells while M-MDSCs comprised
approximately 20% of the immune infiltrate, and moDCs formed 15% of the total

infiltrate (Figure 3.2 C).
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Figure 3.2. The composition of myeloid derived suppressive cells in B16-F10 tumours shifts
as tumours develop. (A) Representative FACS plots of a day 11 tumours showing the staining
strategy to identify MDSCs according to literature. Live cells were gated and CD3 * and NK1.1* cells
excluded. Within CD11¢*CD11b* and CD11c"CD11b* gates, Ly6G (G-MDSC) and Ly6C (M-MDSCQ)
markers identified CD11c*CD11b*Ly6C*, CD11c'CD11b*Ly6C* and CD11c¢'CD11b*Ly6G*. (B)
Percentage of myeloid populations within CD45* cells. (C) Quantification of MDSCs populations
expressing CD11b and CD11c¢ (shown as % of CD45). (B-C) Data are mean + SEM; * = p < 0.05, **
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=p < 0.01,** =p < 0.001, **** = p<0.0001 using one-way ANOVA with a Tukey's post hoc test.
For day 5 and 9 n=5 mice in quadruplicate, for day 11 assays n=6 in quadruplicates.

Thus, an increase in Ly6C™ cell populations was observed as tumours progressed, and
while infiltration of Ly6G* cells was less, it remained constant along the time course.
Indeed, although total myeloid infiltration decreased as tumours progressed, a
concurrent expansion in Ly6C* M-MDSC and moDC fractions, which play a critical role
in suppressing the anti-tumour immune response®’® likely contribute to the

development of a suppressive environment during early tumour development.

3.2.2 Examining remodelled ¢cDC1, cDC2, moDC, M-MDSC and G-MDSC

landscape in melanoma

In order to determine the contribution of these cells to tumour progression, we then
sought to characterise the components of the myeloid compartment in more detail at
day 5 and day 11 post-tumour induction, where we previously observed the biggest

changes in myeloid populations.

To classify myeloid components in more depth, we again divided cells based on CD11c
and CD11b, confirming that the myeloid clusters remodel with time, dominated by a

switch between CD11c*CD11b* and CD11cCD11b™* over time (figure 3.3).

In addition to M-MDSCs (CD11cCD11b*Ly6C*), G-MDSC (CD11cCD11b*Ly6G™) and
moDCs (CD11c*CD11b*Ly6C") that are associated with immune-suppressive

behaviors330322

, conventional dendritic cells 1 (cDC1; CD11c*XCR1") that play a role in
activating cytotoxic T cells®”* 329, and conventional dendritic cells 2 (cDC2;
CD11c*CD11b*Ly6C) whichare key for induction of antitumor CD4* T cell immunity3%
were examined (figure 3.4 A). While cDC1-expressing cells were scarce at both time
points examined (figure 3.4 B), the anti-tumour ¢DC2 fraction significantly reduced as

tumours developed, dropping from 50% at day 5, to 20% at day 11 of the total immune
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cells, and was replaced by moDCs and M-MDSCs which doubled (5% to 10% for
moDCs and 5% to 20% for M-MDSCs) as tumours progressed (figure 3.4B). It is
possible that moDCs may be a matured, more suppressive M-MDSC population

developing in response to local cytokine cues.
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Figure 3.3. Analysis of the myeloid landscape remodeling along tumour evolution. (B) Flow
cytometric quantification of infiltrating myeloid cells in day 5 and day 11 tumours subdivided
according to the CD11c and CD11b markers. Expressed as % of CD45*. Data are mean + SEM; * =
p < 0.05 * =p < 0.01,** = p <0.001, *** = p<0.0001 using two-way ANOVA with a Sidak’s
multiple comparison post hoc test. For day 5 n=4 mice and for day 11 mice n=3, in duplicates.

Collectively, these data show that there is a distinct remodeling of the myeloid
compartment along tumour growth from anti- to pro-tumour phenotypes. Although
there was an overall stability in the proportion of myeloid cells in the tumour, we
detected a clear expansion of M-MDSC and moDC fractions and a concurrent

reduction of inflammatory DCs.
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Figure 3.4. The myeloid landscape remodels from anti- to pro-tumour as tumours progress.
(A) Representative FACS plots showing the gating to identify the myeloid populations;
CD11¢*CD11b"XCR1* (cDC1), CD11c*CD11b*Ly6C (cDC2) and CD11c*CD11b*Ly6C* (moDCQ),
CD11c’CD11b*Ly6C* (M-MDSC), and CD11c*CD11b*Ly6G* (G-MDSC). (B) Flow cytometry
quantification of myeloid phenotypes in day 5 and day 11 tumours. Populations shown as

percentage of CD45*. Data are mean = SEM; * = p < 0.05,** = p < 0.01,*** = p < 0.001, **** =
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p<0.0001 using two-way ANOVA with a Sidak’s multiple comparison post hoc test. For day 5 n=4
mice and for day 11 mice n=3, in duplicates.

Having observed a switch in myeloid phenotype as tumours grow, we then sought to
understand the contribution of the expanding myeloid components (M-MDSCs and
moDCs) to the loss of a functional anti-tumour immune response. The signal-
regulatory protein alpha (SIRPa) is generally used to define dendritic cells3?? and
MDSCs®'. SIRPa is the receptor for the protein CD47, and their interaction negatively

influences phagocytosis and is known as “do not eat me signal”®'’.

We therefore examined its expression to provide a snapshot of its distribution in early
and late tumours. Nearly all cDC2, moDC and M-MDSC cell clusters expressed SIRPa
at both time points examined, in contrast to only 10% of ¢cDC1 and 25% of G-MDSCs
(figure 3.5A). However, we did note an increase in expression in G-MDSCs at day 11,

consistent with the development of a less functional, suppressive phenotype.
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Figure 3.5. SIRPa expression identifies myeloid populations in the evolving TME.
Quantification of (A) The prevalence and (B) expression levels of SIRPa, characterizing a mature
myeloid phenotype, in cDC1, cDC2, moDC, M-MDSC and G-MDSC in day 5 and 11 tumours. Data
are mean + SEM; * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p<0.0001 using two-way
ANOVA with a Sidak’s multiple comparison post hoc test. Mice n=4 (day5) and n=4(day11) from
two and three independent experiments.

Interestingly, although almost all M-MDSCs were positive for SIRPa, analysis of
geometric mean fluorescence intensity (gMFI) showed that the level of expression was
significantly lower than cDC2 and moDC (Figure 3.5B). Here it is important to note that
the gMFI of SIRPa on the G-MDSCs and cDC1 was not reliable due to the scarcity of

cells.

The presence of the myeloid cells expressing CD11b, Ly6C and SIRPa were also
identified using a confocal microscope (figure 3.6A-D). The melanoma tumor
microenvironment resulted infiltrated of CD11b cells which were also presenting Ly6C

and SIRPa but also highlighted the myeloid heterogeneity as we saw in the FACS data.
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Figure 3.6. Confocal imaging of CD11b, Ly6C and SIRPa myeloid markers in B16F10
syngeneic C57BL/6 at day 11 of tumour development. Representative confocal image of a day
11 B16-F10 melanoma tumour showing myeloid cells. The arrows point to CD11b+Ly6C+SIRPa+
cells. (A) Image showing the combination of DAPI (Grey), CD11b (red), Ly6C (green), SIRPa (Blue).
The image is shown for each single marker (B) CD11b, (C) Ly6C and (D) SIRPa.

After identifying the myeloid heterogeneity, we also measured CX3CR1 which marks
monocytes and monocyte precursors, and F4/80 for mature macrophages®’>676,
Similar to SIRPa, CX3CR1 was widely expressed by the myeloid cells and again cDC2,
moDC and M-MDSCs were most prevalent (Figure 3.7A), however, the proportion
varied depending on tumour stage. Fewer CX3CR1" moDCs and M-MDSCs were
present at day 11 compared to day 5 of tumour development, and conversely, a

significant increase in G-MDSCs expressing CX3CR1 were detected at day 11 (figure

3.7A). Moreover, for most populations the gMFI of CX3CR1 tended to increase while
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the opposing effect was observed on moDC cells (Figure 3.7B). Interaction between
CX3CL1 and CX3CR1mediates chemotaxis of immune cells to the tumour site®’’” and
moDCs expressing CX3CR1 were reported to induce T-cell-dependent antitumor
immunity®’®. In addition, in a human hepatocellular carcinoma model, migration of
suppressive MDSC into the hypoxia region was mediated through CCL26/CX3CR1and
correlated with poor prognosis®’®. Taken together, these results explain what we
observed, inflammatory moDC-CX3CR1* decrease whilst M-MDSCs-CX3CR1*

suppressive increase.

F4/80 is reported to distinguish macrophages from DCs®°. As expected, negligible
F4/80" cDC1 were detected. However, almost all cDC2 and moDC were positive for
F4/80 in day 5 tumours, but this proportion significantly decreased by day 11 (Figure
3.7 C). The proportion of MDSC expressing F4/80 at day 5 was low in comparison
(between 10 and 25%). However, while the prevalence of F4/80" M-MDSCs further
decreased by day eleven, G-MDSC showed a robust increase with almost 50%
expressing this marker (figure 3.7 C). Interestingly, while the frequency of F4/80* cells
was reduced, the level expression determined by gMFI was increased on all remaining
positive cells in each subset by day 11 (figure 3.7 D). Since levels of F4/80 have been

681

correlated with induction of regulatory T cells in peripheral tolerance®' and associated

682

with tumour associated macrophages®®<, its upregulation may be a further indicator

in the switch to a more suppressive microenvironment.
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Figure 3.7. Analysis of the myeloid phenotypes associated with “mature” markers in the
evolving TME. Quantification of (A) the prevalence and (B) expression levels of CX3CRT1
(monocytes), and (C) the prevalence and (D) expression levels of F4/80 (macrophage) to
characterize a mature myeloid phenotype, in cDC1, cDC2, moDC, M-MDSC and G-MDSC of day 5
and 11 tumours. Data are mean + SEM; * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p<0.0001
using two-way ANOVA with a Sidak’s multiple comparison post hoc test. Mice n=4 (day5) and n=3
(Day 11)in two independent experiments.
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Together, these data showed that cDC2 maintained high expression of SIRPa and the
monocytic marker CX3CR1, while the prevalence of F4/80 + cells was markedly reduced
by day 11. In SIRPa+ moDCs, loss of the CX3CR1 monocytic marker and concurrent
increase in F4/80 by day eleven, indicates that this population lost its undifferentiated
monocytic phenotype to become more macrophage like as tumour progress. M-
MDSCs, characterised by a strong Ly6C expression also frequently expressed SIRPa
and CX3CR1 but as tumours progressed cells expressing CX3CR1 halved. Coupled with
low F4/80, which was almost absent, these data suggested that the M-MDSCs were
less differentiated than others myeloid populations, and because they shared the
expression of the Ly6C it is possible that moDCs may be their precursor. Thus, as
tumours grew, we measured a shift in the myeloid landscape and high levels of
phenotypic plasticity towards pro-tumour populations, however SIRPa remained a

common denominator.

3.2.3 Increased expression of immune modulatory molecules

accompanies changesin myeloid populations

Having observed a significant shift in the composition of myeloid cells present as
tumours progressed, we next began to examine if they were capable of suppressing
the anti-tumour immune response. We first looked at markers that have previously
been associated with T cell suppression. The programmed death-ligand 1 (PD-L1),
when bound to PD-1 on activated T cells inhibits anti-tumour immunity by
counteracting T cell-activating signal®®3. PD-L1 expression by myeloid cells has been
associated with establishment of an immunosuppressive environment in pancreatic

cancer® and as a predictive biomarker for immune checkpoint blockade®®.

In all populations examined, with the exception of cDC1, the gMFI of PD-L1
significantly increased by day 11 (Figure 3.8 A). Indeed, the cDC2 doubled the

expression intensity from day 5 to day 11 while moDC and M-MDSCs increased by a
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third. However, it should also be noted that PDL1*cDC1 and G-MDSC cells only made
up a very small proportion of the total myeloid infiltrate (appendix 8.1 A), thus data

may not accurately reflect protein levels.

Similarly, the Fas-FasL axis is implicated in myeloid cell-mediated immunosuppression
and tumour progression®6687686 \where engagement of FasL with Fas triggers
apoptosis®®® and reduces T cell cytotoxic activity. As for PDL-1, the gMFI of FasL*
myeloid cells showed a similar pattern of increasing expression (Figure 3.8 B).
Importantly, the number of FasL* cells also increased from day 5 to day 11 post-
tumour inductions (Appendix 8.1 B). The cDC2, moDC and M-MDSCs clusters exhibited
more than doubled expression of the FasL (figure 3.8 B) but the positive M-MDSCs

were low proportion (Appendix 8.1 B).

This higher expression of both PDL-1 and FASL over time confirms that myeloid cells
shift towards a suppressive state as tumours progress and suggests a potential role in

myeloid-mediated suppression of T cell function via activation of the apoptotic signal.

PD-L1 and FasL both induce suppression and apoptosis via cell-to-cell contact.
However, this is not the only mechanism to induce suppression. T cell differentiation
and activation also depends on nutrients availability and oxidation®896%0445> |n cancer,
Arginase 1 (ARGT1) which is a critical regulator of amino acid metabolism that uses L-
arginine to produce ornithine, has been shown to be involved in L-arginine depletion
and nitric oxide production and this plays a critical role in progression. Myeloid cells
have been shown to express ARG1, contributing to the suppression of T cells by

decreasing inflammatory cytokine production, blocking the TCR formation and
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eventually causing cell cycle and proliferation arrest®®. Based on these reports, its

correlation with myeloid-mediated immunosuppression was investigated.

With the exception of cDC1, ARG1 was almost undetectable in day 5 tumours. By day
11, expression increased by three-fold on cDC2 and moDCs and two-fold on M-MDSCs
(figure 3.8 C). L-arginine depletion is also an important regulator of nitric oxide
production. The catalysing enzyme, nitric oxide synthase 2 (NOS2) uses L-arginine to
produce nitric oxide which in turn affects T helper cell differentiation and the effector
functions of CD8* cytotoxic T cells®®'. These effects have previously been correlated

with MDSC recruitment and NOS2, ARG1 and ROS upregulation>64692,
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Figure 3.8. Analysis of function associated markers in the evolving myeloid cells increases
along tumour evolution. Myeloid cells were extracted at the fifth and eleventh day of tumour
development and markers associated with immunosuppression quantified by flow cytometry. The
MFI geometric mean for (A) PD-L1 expression, (B) FasL expression, (€) ARG1 expression and (D)
NOS2 expression in each myeloid cluster is shown. Data are mean + SEM; * = p < 0.05,** = p <
0.01,*** = p < 0.001, **** = p<0.0001 using two-way ANOVA with a Sidak’s multiple comparison
post hoc test. Mice n=4 (day5) and n=3 (Day 11) in two independent experiments.

Our flow cytometric analysis of the myeloid populations revealed that for moDC and
M-MDSCs, only a small proportion of each myeloid subset was responsible for NO
production, with NOS2* cells almost absent at day 5, however the proportion did
increase at day 11 (appendix 8 .1 D). However, the gMFI of NOS2 expression was low
on the majority of myeloid cell types, and it remained unchanged as tumours
progressed with the exception of the moDCs, which presented with a 3-fold increase

over time (figure 3.8 D).

These data indicate that NO production by most myeloid cells may not be an
important contributing factor in this model for suppressing anti-tumour immunity but
moDCs may provide a source of NO that contributes to the suppressive
microenvironment. Thus, alongside direct interactions via PD-L1 and FaslL, we
confirmed that L-arginine depletion via ARG1 increase could be correlated with the

myeloid cell’'s suppressive behaviour along tumour development.
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3.3 Tumour associated myeloid cells inhibit proliferation

During tumour progression the myeloid compartment, particularly the Ly6C*
populations, increased expression of immunosuppressive molecules. This observation
made necessary to validate that the cells were in fact capable of suppressing T cell
function. The gold standard method for determining the immunosuppressive
capability of cells is to measure their capacity to suppress the proliferation of activated
T cells. To perform this assay, we first extracted T cells from a spleen of a wild type
C57BL/6 mouse. The cells were labelled with carboxyfluorescein succinimidyl ester
(CFSE), a fluorescent compound able to permeate the cells and bind to intracellular
lysine residues and other amine sources in the cytosol (figure 3.9 A). The covalently
bound dye was used to monitor proliferation of CD3, CD28-stimulated T cells because
the dye is divided equally between daughter cells and therefore the signal diminishes
by half with each cellular division®®. Gating on the T cells population and plotting the
histogram of CFSE intensity will give a read out of picks that corresponds to the
proliferative mitotic cycles. After the staining, the T cells were activated via TCR co-
stimulatory molecules stimulation. The anti-CD3 antibody was coated on a well and
successively an anti-CD28 was added in solution and incubated (figure 3.9 B). The
procedure triggered the T cells proliferation that was measured over three days. The
gating was set on the live CFSE positive cells and within, the T cells were detected using

CD4 and CD8. Each T cell population was analysed by gMFI CFSE fluorescence.

Indeed, after 24h of stimulation, the signal produced by the CFSE labelled CD8* T cells
was high and gradually diminished by 60hwhen they had undergone 4-5 mitotic cycles
(figure 3.9 Q). Interestingly, the CD4* T cells appeared to undergo fewer mitotic cycles
over the 60h period, but the pattern of proliferation mirrored that observed with the
CD8" T cells (Figure 3.9 C). This initial characterisation was used to determine the
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experimental window for performing co-culture assays with the tumour-derived
myeloid cells. Based on these proliferation optimisation studies we determined that an
initial24h istimulation was needed to activate the T cells, followed by a further 48h in
presence of the other cell type, to be compared to the proliferation of T cells alone.

Thus, the experiment window was three days total.
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Figure 3.9 T cells CFSE staining and activation via TCR co-stimulatory receptors. (A) Image of
T cells CFSE florescent cells (400um resolution). (B) Representation of a T cells activation via
stimulation of TCR co-stimulatory molecules with antibodies anti-CD3 and anti-CD28. (C)
Representative T cells proliferation time course plots after stimulation at 20 hours, 40 hours and 60
hours.
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3.3.1 Tumour-derived moDCs and M-MDSCs suppress t cells

proliferation

Following optimisation, T cells were stimulated for 24h and subsequently mixed with
M-MDSCs or moDCs isolated from day 11 tumours by MACS positive selection based
on the expression of CD11b and Ly6C (figure 3.10 A). T cell suppression was then
evaluated after 2 days by flow cytometry. MDSCs and moDCs were distinguished from
T cells based on CD11b marker expression and absence of CFSE staining (Figure 3.10
B and C). The CFSE*CD11b™ T cell fraction was further subdivided into CD4* and CD8*
fractions (Figure 3.10 D). Both CD4 and CD8 T cells propagated efficiently when
cultured alone (Figure 3.10 E). However, In the myeloid cell co-cultures, only one bright
peak of CFSE labelling was observed (Figure 3.10 E) indicating that isolated MDSCs
were functionally suppressive. Indeed, when quantified, MDSCs induced almost
complete inhibition of proliferation for both CD4 and CD8 cells (figure 3.10 F-G). The
CD11bLy6C fraction had no impact on the capacity of T cells to proliferate (Figure
3.10 F-G). Of note, while the survival of CD11b*Ly6C" cells isolated from tumours was
low, suggesting that the process of extraction and incubation affected cell survival
(Figure 3.10 H), the suppressive effect of isolated MDSCs was still exerted on both
CD4* and CD8" cells.

Collectively, these data show that all Ly6C-expressing cells derived from melanoma
express an array of immunosuppressive molecules that adapt as tumours develop, and
are potent in their ability to functionally suppress the proliferation of activated T cells.
Therefore, Ly6C expressing myeloid cells within tumours can be classed as MDSCs with

potential to suppress T cells through various mechanisms.
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Figure 3.10. Tumour-derived moDC and M-MDSC inhibit proliferation of activated T cells.
(A) Schematic representation of the experiment. (B-E) Representative FACS plots depicting gating
strategy; light blue, T cell only control; dark blue, T cells from co-culture highlighting the myeloid
population (C), The CFSE* CD4 and CD8 (D) and CFSE plots of CFSE proliferation histograms
compared to control (E). (F-G) Quantification of the percentage of proliferated CD8 and CD4 cells
alone, with CD11b*Ly6C or CD11b*Ly6C*. (H) Percentage of CD11b*Ly6C* cells live and dead in
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the T cell proliferation assay. Data are mean = SEM; * = p < 0.05,** = p < 0.01, *** = p < 0.001,
***+* = p<0.0001 using ordinary one-way ANOVA with a Dunnett’s multiple comparison post hoc
test. Assay n=3 in duplicate.

3.3.2 Ex vivo sorted CD11b*ly6C* cells block T cells proliferation

To try and improve the survival of the Ly6C* myeloid cells isolated from the day 11
tumours, instead of using the MACS extraction method, cells were flow sorted based
on the expression of the moDC and M-MDSC markers. This was potentially beneficial
as it allowed further specificity for subset characterisation and isolation. Cells were
stained and sorted based on their Ly6C* expression. Then, the CD45*CD11c
CD11b*Ly6C* (M-MDSC) and CD457CD11c*CD11b*Ly6C" (moDCs) clusters were
separated and added to cultures of CFSE-labelled activated T cells. After co-culture for

48h, the data were analysed separating populations as before (figure 3.11 A and B).

When examining at the CD8™ cells proliferation, a noticeable suppressive effect was
exercised with different potency by the two groups of myeloid cells. Interestingly, the
M-MDSCs suppressed proliferation to a greater extent than the moDCs (figure 3.11 C-
F). This was unexpected given the level of immunosuppressive molecules shown earlier
to be expressed by the moDCs (Figure 3.8). One of the reasons could be the lower
viability. Indeed again, the viability of CD11b*Ly6c* cells were also affected by the
sorting process, only 10% of M-MDSCs and 5% the moDCs were live by the end,

despite an equal number of live cells being sorted in the wells (Appendix 8.2).

When co-cultured, moDCs suppressed CD8* T cells proliferation to slightly lesser
extent than the M-MDSCs indicating, that the latter were more potent in delaying the
T cells proliferation (figure 3.11E). This difference was not detected regarding the CD4*
cells which were equally suppressed when in contact with the two different myeloid

cells populations (figure 3.11 F). This could have two explanations, the first could be
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that effectively M-MDSCs are more suppressive despite having less suppressive
molecules or the moDCs were more sensitive to the process of extraction. Overall, both
clusters of cells were fragile and that translated in a milder suppression on the T cells
proliferation compared to the MACS isolated cells shown in figure 3.10. As explained
before, the inhibition of the mitotic cycle was equally propagated by both the myeloid
cell clusters, hypothetically supporting a CD8* specific effect brought by the MDSCs

higher suppressive potency.
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Figure 3.11. Tumour-derived sorted M-MDSCs are more suppressive than moDC. (A)
Representative plots of the previously sorted moDCs and M-MDSCs expressing CD11band (B) T
cells present in the co-culture. (C-D) Representative proliferation histograms comparing T cells
proliferation under the influence of moDC and M-MDSC. (E-F) Quantification of percentage of CD8
and CD4 of cells that proliferated when cultured with moDCs and M-MDCS cells compared to T
cells only control. Data are mean + SEM; * = p < 0.05,** = p < 0.01, analyzed with one-way ANOVA
with a Dunnett's multiple comparison post hoc test. Mice n=2 in duplicate from two different
experiments.

With the data from two different myeloid isolation methods, we know that
CD11b*Ly6C" cells suppressed T cells proliferation and defined myeloid derived
suppressor cells, MDSCs. It is not clear, however, which of the CD11c* or CD11c
myeloid cells suppresses more due to technical issues mentioned before. Due to the
difficulties associated with the myeloid cell extraction process and potential impact on
data analysis from poor viability, we set out to design an in vitro model system to

model myeloid cells detected in the tumour.

3.4 Recapitulating tumour MDSCs in vitro.

Growing tumours strongly alter physiological myelopoiesis leading to the
differentiation and expansion of MDSCs. Mature myeloid cells differentiate from
hematopoietic progenitors, and based on the stimuli they encounter develop a
suppressive nature. The most accepted theory is that immature myeloid cells (IMCs)
from the bone marrow are mobilised by GM-CSF followed by a persistent second
stimulus coming directly from the tumour that blocks their maturation inducing the

immunosuppressive behaviour®,
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In vitro generation of MDSCs has been reported in many different protocols, however,
the majority follow a three to five-day bone marrow cell culture in GM-CSF, IL-6 and
IL-10 enriched media®’%4%* To simulate the soluble environment surrounding the B16
tumour, tumour conditioning media was generated and mixed in one to one ratio with
complete culture media supplemented with GM-CSF to supply the growth and specific
differentiation stimuli needed to generate the cells. Thus, to create a more solid
tumour conditioning model, hematopoietic progenitors were extracted and cultured

with TCM as described.

3.4.1 HSCs bone marrow isolation

Under the right stimuli, hematopoietic stem cells from the bone marrow differentiate
to mature immune cells. HSCs are identified based on the marker SCA-1 in the bone
marrow®%>6% thuswe isolated bone marrow from femurs and tibias of healthy C57BL/6
mice and sorted using magnetic activated cell sorting (MACS) specific for the SCA-1
antibody. Flow cytometry confirmed that 60% of live cells extracted from the bone
marrow had Sca-1 expressed on the surface, indicating that the isolation of HSCs was

successful (figure 3.12 A and B).
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Figure 3.12. Successful isolation of SCA-1* hematopoietic stem cells from C57BL/6 bone
marrow. (A) flow cytometry quantification of efficiency of extraction of SCA-1* HSCs as a
percentage of live cells. (B) Representative plot of the SCA-1* extracted cells compared to the
negative portion. Quantification of myeloid cells based on CD11c and CD11bcells in (C) SCA-1*
and (D) SCA-1 negative fractions. Quantification of moDCs, M-MDSCs and G-MDSCs in (E) the
SCA-1 positive fraction and (F) the negative fraction of extracted cells. Data are mean + SEM; * =
p < 0.05 * =p <0.01, ** = p < 0.001, **** = p<0.0001 (A) unpaired t test and C-F) one-way
ANOVA with a Dunnett and Tukey's multiple comparison post hoc test. Total read out (A) n=3, (C)
n=8, (D) n=7, (E) n=8, (F) n=5 at least in duplicates.

Further characterisation with the panel of myeloid cells markers was carried out to
determine the starting point and purity of the cell culture system. The majority of SCA-
1* samples were CD11cCD11b" indicating that the mature myeloid cells were not
isolated (figure3.12 C). To notice that we couldn't deplete the entirety of the
differentiated cells, between 10 and 20 % were still presenting a CD11b or CD11c¢

phenotype while others were not identified by our panel.
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However, the SCA-1 negative fraction contained significantly more CD11b and CD11c
expressing cells (figure 3.12 D). The same results were recapitulated when looking at
the previous markers plus the Ly6C and Ly6G. The SCA-1 positive fraction was scarcely
populated with monocytes and neutrophils, and together composed only 7% of the
total population after sorting (figure 3.12 E) while in the SCA-1 negative fraction they
comprised almost 40% of the total (figure 3.12 F). This demonstrated that the SCA-1
positive sorting achieved the goal of isolating the HSCs rather than differentiated

populations.

Subsequently, HSCs were maturated in the presence of GM-CSF that resemble the
bone marrow mobilisation stimuli and a second persistent signal coming from tumour
represented by the treatment with tumour condition media (TCM). With this system
we aimed to obtain the same phenotype observed in vivo, and with the ability of
suppressing T cells. As control the myeloid cells were grown in GM-CSF alone. The
GM-CSF-TCM grown cells were supposed to have the closest phenotype to the M-
MDSCs and moDCs described by the in vivo characterisation. The cells were treated
for 5d to induce differentiation towards the cell types of interest. Due to the plastic
nature of myeloid cells particularly during differentiation from HSCs, cell culture
evolution was monitored over the differentiation period to assess the percentages of

the various cells forming myeloid clusters.

3.4.2 HSCs differentiation into myeloid cells
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The evolution of the cell cultures treated with GM-CSF alone or with GM-CSF and TCM
was monitored and myeloid markers were analysed to explore how the cells
differentiated at day 3 and day 5. At day 3, and compared with baseline isolates (figure
3.13), we observed the undifferentiated HSCs started to express CD11b. The shift was
visible in the FACS plots but no major differences were detected when GM-CSF was
compared to GM-CSF-TCM culture (figure 3.13 A and F). The three major myeloid
clusters identified by CD11b and CD11cwere similarin both cases, the undifferentiated
CD11b"CD11c population went from 80-90% of the initial SCA-1 positive extraction to
30% after 3 days (figure 3.13 D and I). This reduction reflected the gain of more
differentiated myeloid cells, 5% CD11c*CD11b", 10% CD11c*CD11b* and 50% CD11c
CD11b* (figure 3.13 D and I). The expression of markers such as CD11b and CD11c
increased gradually and may be already indicating a shift towards suppressive myeloid

populations®?’.

Furthermore, examination of the CD11c*CD11b* and CD11cCD11b* compartments
showed how the moDCs, M-MDSCs and G-MDSCs populations were starting to
develop after day 3. The moDC increased from 0% to 10%, the M-MDSC from 2% to
more than 25%and the G-MDSC remained fairly constant (figure 13 D-E and I-L). Three
days in contact with GM-CSF and GM-CSF-TCM drove the expansion of the HSCs
towards mainly moDCs and M-MDSCs. Indeed, the total 5-8 % of CD11c*CD11b* were
almost all moDCs (figure 13 D-E and I-L) and the 50% of CD11c"CD11c* was mainly
composed by M-MDSC (figure 13 D-E and I-L). Thus, by day 3 of maturation, in terms
of population distribution, the cells seemed to start resembling the myeloid
compartment detected in vivo, but there weren't any differences between the two
culture conditions. Therefore, cultures were further expanded until day 5 post-isolation

based on previous reports.
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Figure 3.13. SCA-1* HSCs start to differentiate after 3 days with GM-CSF, or GM-CSF-TCM.
(A-B-C) Representatie plots showing the CD11b and CD11c populations and moDCs, M-MDSC
and G-MDSCs at day 3 of GM-CSF exposure. (D-E) Quantification of live cells of CD11b and CD11c
popluations, and moDCs, M-MDSC and G-MDSCs. (F-G-H) Representatie plots in GM-CSF-TCM.
(I-L) Quantification of CD11b and CD11c¢ populations and moDCs, M-MDSC and G-MDSCs at day
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3 of cuture in GM-CSF-TCM. Dataare mean + SEM; * = p < 0.05,** = p < 0.01, *** = p < 0.001,
***+* = p<0.0001 using one-way ANOVA with a Dunnett and Tukey's multiple comparison post hoc
test. Assay n=3 in triplicates.

At day 5 post-isolation, the myeloid cells further matured, with an obvious
reorganisation of CD11b and CD11cdistribution compared to day 3 (figure 3.14 A and
F). All the cells clearly differentiated in the two main clusters of CD11c*CD11b* and
CD11cCD11b* (figure 3.14 A and F), with CD11b°CD11c¢" cells barely detectable in both
GM-CSF and GM-CSF-TCM cultures. In TCM cultures, 40% cells were CD11c*CD11b*
and 60% were CD11cCD11b* while for the GM-CSF cultures, they were 30% and 70%,
respectively (figure 3.14 D and 1), suggesting that the cells grown in TCM differentiated
more towards a CD11c*CD11b* expressing phenotype which contains ¢cDC2 and

moDCs.

Further examination showed that moDCs, M-MDSCs and G-MDSCs were more defined
compared to day 3 of cell culture in both treatment conditions. Following the kinetics
of HSC maturation, we observed that CD11b was first upregulated by day 3 followed

by expression of CD11c by day 5 to form the CD11c*CD11b* population.

Interestingly, the composition of the myeloid compartment was similar between the
two culture conditions (Figure 3.14 E and L). Nevertheless, the main cell population
emerging in these cultures were the M-MDSCs which composed 40%, of the total

population compared to 20% moDCs and only 5% G-MDSCs (figure 14 E and L).

Together, these data showed that cell culture systems were able to form myeloid
matured populations from HSCs a predominantly moDCs and M-MDCSs composition,
consistent with those that were detected in the tumour microenvironment. Further
analysis was needed to understand if these represented suppressive myeloid cells
differed in composition between GM-CSF and GM-CSF-TCM and, whether the addition

of TCM influenced their suppressive nature in any way.
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Figure 3.14. GM-CSF-TCM induces differentiation of SCA-1* HSCs towards CD11b*CD11c*
phenotype. (A-F) Representative plots depicting distribution of CD11b and CD11c cells after 5
days of GM-CSF and GM-CSF-TCM cell culture. (B-C and G-H) Plots showing the moDC
(CD11c*CD11b*Ly6C*), M-MDSC (CD11cCD11b*Ly6C*) and G-MDSC (CD11c CD11b*Ly6g*)
populations. (D-E and I-L) Quantification of myeloid populations after 5 days (percentage of live
cells). Data are mean + SEM; * = p < 0.05,** = p < 0.01,*** = p < 0.001, **** = p<0.0001 using
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one-way ANOVA with a Dunnett and Tukey's multiple comparison post hoc test. Assay n=2 for
GM-CSF and n=2 for GM-CSF-TCM for eight independent experiments.

Directly comparing each population grown either in GM-CSF or GM-CSF-TCM, we
observed an increasing trend for CD11¢*CD11b™ (cDC1) and CD11c*CD11b* (¢DC2 and
moDC) (figure 3.15 A-B), but there was a 10% reduction in GM-CSF-TCM CD11c
CD11b* cluster that contains G-MDSC and M-MDSC (figure 3.15 C).

moDCs formed the majority of the CD11c*CD11b* cluster but didn't change in
presence of GM-CSF-TCM (figure 3.15 D), neither did the M-MDSCs resulted to cover
around the 40% of the CD11b"CD11b" (figure 3.15 E). However, a significant reduction
in G-MDSCs was detected following TCM, explaining why we could see a reduction in
the percentage of CD11b'CD11b* cluster (figure 3.15 F). Since granulocytes are fast
inflammatory cells, this effect we saw could mean that the GM-CSF-TCM would
dampen the more reactive G-MDSC described in the literature®®, to further select the

highly suppressive G-MDSC.

Having observed similar proportions of moDCs and M-MDSCs after TCM treatment,
the key question then was to identify if TCM could drive any functional changes in the
cells and enhance their suppressive nature. To test this, we tested the capacity of the
in vitro myeloid cells to suppress T cell proliferation (as described earlier). From the
HSC differentiated cultures, Ly6C* cells were isolated by MACS and co-cultured with T

cells. These cells were therefore a mixed population of M-MDSCs and moDCs.
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Figure 3.15. TCM induces a decrease in G-MDSC in vitro. Quantification of (A) CD11c*CD11b,
(B) CD11c¢*CD11b* and (C) CD11c*CD11b  myeloid clusters after treatment with GM-CSF or GM-
CSF-TCM. Quantification of (D) moDC, (E) M-MDSC and (F) G-MDSC cells after treatment. The
data shown in this figure a different visualisation of the figure 3.14 to highlight differences between

GM-CSF and GM-CSF-TCM grown cells. Data are mean + SEM; * = p < 0.05,** = p < 0.01,*** =p
< 0.001, **** = p<0.0001 using unpaired t test. Assay n=2 for GM-CSF and n=2 for GM-CSF-TCM

for eight independent experiments.
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3.44 TCM induced ly6C* cells suppressed T cells proliferation in vitro

To measure the suppressive capacity of the different myeloid populations in vitro, we

isolated the Ly6C* population from the differentiated HSC cell culture. The process of

extraction generated three different samples the Ly6G Ly6C", the Ly6G*Ly6C'"and the

Ly6GLy6C* population (figure 3.16 A-C), but as G-MDSCs, weren't the focus of this

work, these cells were excluded from analysis by positively selecting for Ly6C highly

expressing cells.
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Figure 3.16. In vitro generated myeloid cells can be separated into moDCs, M-MDSC and G-
MDSC populations. After five days cells culture Ly6C cells were isolated to be used in further
experiments. Dark blue identifies the Ly6C* cells that were used for the in vitro experiments. Light
blue identifies the depleted Ly6G cells and in grey the double negative cells. (A) Representative
gating of CD11b and CD11c populations and (B-C), expression of Ly6G and Ly6C within Q2 (B)
and Q3 (C) to identify the moDCs, M-MDSC and G-MDSC populations.

With the Ly6C™ cells purified from the in vitro cultures, a T cell proliferation assay was
used to determine whether the different culture conditions drive changes in the
immunosuppressive capacity of isolated cells. Based on the myeloid suppressor cells
origin described in literature we supposed that the biochemistry of the TCM would
induce a stronger suppressive phenotype when compared to the cells grown in the
GM-CSF only. T cells were extracted and activated as described earlier and mixed with
the MACS isolated Ly6C* cells from the GM-CSF or GM—%ﬁﬁ%@Mécultures. The

experiment was incubated in the respective media where they were grown and

incubated for two days. Then, the proliferation of CD4 and CD8 T cells was analysed.

It was clear from the CFSE levels proliferation charts that both CD4* and CD8* T cells
proliferation were suppressed compared to T cell only controls (figure 3.16 A). Firstly,
the CD11b*Ly6C* cells were quantified as percentage of CD45* to assess how many
live cells were actively contributing to the suppressive effect for both GM-CSF and GM-
CSF-TCM cultures. The CD11b*Ly6C*" number was consistent throughout the several
experiments covering around the 25% of CD45 cells for both cells isolated by the two
cell cultures. This meant consistency when assessing the effect observed on the T cells
(figure 3.16 B). Quantification of CD8" T cell proliferation showed that compared to a
90% proliferation observed in the control, 60% of T cells proliferated in response to
CD11b*Ly6C* GM-CSF compared to just 40% co-cultured in the presence of GM-CSF-

TCM cells (figure 3.16 C). A similar effect was measured with CD4* T cells (figure3.16
138



D). These experiments showed that the myeloid cells derived from HSCs of our culture
system developed the ability to suppress T cells, but MDSCs from TCM treated cultures
showed a marked increase in suppressive potency. This confirms that tumours
condition the myeloid cells to a more suppressive phenotype, a feature that we can

recapitulate in vitro.
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Figure 3.16. TCM-treated CD11b*Ly6C"* are more suppressive in vitro. (A) Representative FACs
plots showing proliferation traces of the CD8* or CD4* in presence of the CD11b*Ly6C* compared
to T cells only control. T cell only light blue; GM-CSF mid blue; GM-CSF dark blue. (B) Quantification
of live myeloid cells during the experiment. Quantification of (C) CD8 and (D) CD4 proliferation by
GM-CSF or GM-CSF-TCM treated CD11b*Ly6C* cells. (C-D) Data are mean * SEM; * = p < 0.05, **
= p < 0.01, using ordinary one-way ANOVA with a Tukey's post hoc test. Experiments n=7 in
triplicate.
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3.5 TCM increases expression of immunomodulatory molecules

In the melanoma tumour microenvironment, immune cells are characterised by
molecules involved in suppressive and inflammatory functions. At the beginning of
this chapter we characterised the myeloid cells present in this niche for expression of

molecules involved in immune escape.

Here we sought to explore if the in vitro myeloid derived cells grown in presence of
GM-CSF and GM-CSF-TCM also expressed such molecules to mediate their
suppressive effects. Based on the different potency in suppressing T cell proliferation,
we supposed that the TCM grown cells would express more of these
immunomodulators. MDSCs were grown with the methods described before and
stained for their phenotype markers and additional suppressive molecules; SIRPa, PD-

L1, FasL, VISTA, ARG1 and IDO.

Initially, to test if those molecules were indeed being expressed in the in vitro cell
culture, we studied the expression levels of the molecules associated with immune
suppression by measuring the gMFI on the GM-CSF-TCM grown moDCs and M-
MDSCs. For both populations, SIRPa, PD-L1 and ARG1 were the most expressed
molecules although signal levels were significantly higher in moDC gMFI when
compared to the M-MDSCs (figure 3.17). FasL, IDO and VISTA were expressed at lower

levels in both populations.

This showed that both myeloid population frequencies and patterns of
immunosuppressive molecules expression were similar in both in vivo and in vitro
conditions, thus in vitro could be used to model events in vivo. It should be noted that
only Fasl was different, which could be a consequence of the absence of other type of

cells in the surroundings.
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Figure 3.17. GM-CSF-TCM grown moDCs present higher level of expression of immune
modulator molecules compared to M-MDSCs. (A) The moDC and M-MDSC cells grown for five
days in contact with GM-CSF-TCM expressed SIRPq, PD-L1, FasL, VISTA, ARG1 and IDO. Data are
mean + SEM; * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p<0.0001 using 2 -way ANOVA test
with a Sidak’s multiple comparison post hoc test. Experiments n=3 in triplicates.

When previously looking at the progression of immune modulator expression in vivo
from day 5 to day 11, we assumed that a maturation of the M-MDSC towards moDCs

was possible and hypothesised that tumour exudate could induce this progression.

We sought to verify if a similar pattern in the in vitro system following contact with
GM-CSF-TCM. This was assessed by comparing the GM-CSF normalised expression
profiles and percentage of marker positive between the two cell cultures. Interestingly,
when comparing cells differentiated in presence of GM-CSF and GM-CSF-TCM, the
latter showed an increasing trend of suppressive molecules expression as explained

below.
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Focusing first on moDC, SIRPa and PD-L1 expression were high (figure 3.17) and shared
among all the cells (Appendix 8.3 A and B), but TCM treatment had no effect on the levels
(figure 3.18 A and B). The T cell activator antagonist VISTA and FasL were significantly
upregulated in the presence of the tumour condition media (figure 3.18 C and D) which
increased also, both the percentage of positive cells of around 10% (appendix 8.3 C

and D).

Other important MDSC suppressive mechanisms of the TME involve nutrient depletion,
thus ARG1 and IDO were analysed. The latter is involved in the mechanism of tumour
escape by reducing tryptophan and kynurenine production which effectively blocks T
cell maturation in the TME. ARG1 instead reduces arginine that impairs T cells
maturation. Contrary to expectation, IDO was reduced following exposure to TCM,
whilst ARG1 showed a tendency to increase (figure 3.18 E and F), both didn’t increase
in percentage of positive cells which were respectively 50 and 60% (appendix 8.3 E and

F).

Collectively, moDCs were characterised by a high expression of SIRPa and PD-LT,
indicating they were prone to be affected by the “do not eat me signal” and that they
would strongly engage PD1 to inhibit T cells inflammation. The TCM didn't seem to
have a significant effect on the molecules involved in nutrient depletion but it did
increase the expression of FasL and VISTA. That suggested the moDCs were already

matured myeloid suppressive cells.
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Figure 3.18. Modulation of suppressive molecules expression in moDCs
(CD11c*CD11b*Ly6C*) by GM-CSF-TCM. Flow cytometric quantification of the expression levels
(geometric mean) of moDCs cultured in GM-CSF vs GM-CSF-TCM for (A) signal-regulatory protein
alpha, SIRPq, (B) programmed death-ligand 1, PD-L1, (C) type-Il transmembrane protein Fas
Ligand, (D) V-domain Ig suppressor of T cell activation VISTA, (E) arginase 1, ARG1 and (F)
indoleamine 2,3-dioxygenase, IDO. Data normalised by GM-CSF samples and are mean + SEM; * =
p <0.05 * =p <0.01,**=p <0.001, **** = p<0.0001 using unpaired t test. Experiments n=3 in
triplicates.

We then examined the suppressive repertoire on in vitro generated M-MDSC. In vivo
data implied that the M-MDSCs were less differentiated than the moDCs cells because
of lower levels of suppressive molecules expressed. In vitro following GM-CSF-TCM
exposure, the M-MDSCs were 100% SIRPat, PD-L1* and 35% ARG1™ (appendix 8.4 A-
B and E) however, the gMFI was lower than seen on moDCs (Figure 3.17), Consistent
with this notion, when focusing on the effects of GM-CSF alone or with TCM on M-
MDSC s, a significant increase in SIRPa and PD-L1 was detected (figure 3.19 A and B)
when in presence of TCM unlike moDC, indicating a greater sensitivity of M-MDSC to
TCM.

The increase in SIRPa and PD-L1 receptors has the potential to render them more
suppressive by impairing phagocytic function and altered T cell signaling. VISTA, also
a negative T cell regulatior, was upregulated by the TCM, itincresed the relative gMFI
(figure 3.19 D) and percentage of positive (appendix 8.4 D), but its expression was far
less than PDL1 (figure 3.17). FasL gMFI of M-MDSC wasn't presenting increase in

contrast to moDC (figure 3.19 C), but the percentage of positive cells augmented in
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presence of TCM (appendix 8.4 C) suggesting that in vitro, this axis may create a
disadvantageous environemnt for the survival of T cells. ARG1 levels increased (figure
3.19 E) and the percentage of positive remained the same (appendix 8.4 E), no

differences were detected in the case of IDO (figure 3.19 F).

While M-MDSCs expressed lower levels of suppressive molecules compared to the
examined moDCs, they were influenced more by the contact with TCM, boosting the
expression of suppressive mediators becoming effectively closer to the levels detected
on the moDC. Together, these data suggest that although some of the
immunosuppressive signatures in the moDCs and M-MDSCs (based on markers of
suppression) vary slightly between the in vitro and in vivo situations, the in vitro model
mimics the myeloid compartment in melanoma, and can be used to study the
behaviour of myeloid cells. Moreover, data indicate that M-MDSCs could be a

precursor of moDC cells.
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Figure 3.19. Modulation of suppressive molecules expression in M-MDSCs (CD11c
CD11b*Ly6C*) by GM-CSF-TCM. Flow cytometric quantification of the expression levels
(geometric mean) of M-MDSCs cultured in GM-CSF vs GM-CSF-TCM for (A) signal-regulatory
protein alpha, SIRPq, (B) programmed death-ligand 1, PD-L1, (C) type-Il transmembrane protein
Fas Ligand, (D) V-domain Ig suppressor of T cell activation, VISTA, (E) arginase 1, ARG1 and (F)
indoleamine 2,3-dioxygenase, IDO. Data are mean + SEM; * = p < 0.05, ** = p < 0.01, ** = p <
0.001, **** = p<0.0001 using unpaired t test. Experiments n=3 in triplicates.

3.6 Summary

Here we performed an initial analysis of myeloid derived suppressor populations at
different points of murine melanoma tumour growth. We observed a gradual increase

in CD11b* cells as tumours established , and within this population Ly6C™" cells were
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the most represented, indicating the infiltration of monocytic myeloid cells,
particularly moDCs and M-MDSCs*3. Within the remodelling environment, SIRPa
expression remained stable at the time points examined and thus used as a reliable
marker to distinguish monocytic-DCs (CD11c*CD11b*Ly6c*SIRPa*) from Monocytic-
MDSCs (CD11cCD11b*Ly6C*SIRPa*) consistent with the nomenclature defined in the
literature®99405322 Ex vivo proliferation assays confirmed both M-MDSC and moDC
suppressive capacity towards T cell proliferation, and function as myeloid derived
suppressor cells. Examination of suppressive mediators supported the notion of a
switch to immune suppression, and indicated that enhanced suppression observed in
MDSC of established tumours may be mediated via PD-L 1684700433 FAS| as previously
reported?’” 791 The presence of Arginase1 and IDO imply that the Ly6C* may also exert

their suppressive actions via nutrient depletion and production of toxic molecules’*

703,469, 704

It should be noted however, that we experinced diffculties with in vivo cells isolation,
and after optimization, MACS technology resulted in the best viability but couldn’t
distinguish between the two populations. Neverthless, based on the immune
modulator marker expression detected in vivo, the M-MDSC were less specialised
moDCs. The latter expressed an higher concentration of the molecules involved in
immunoescape compared to the M-MDSCs but by day 11, their numbers and
expression levels increased to similar levels. As, M-MDSCs and moDCs may be part of
the same family resulting’%>7%67%7 in the same TME effect, we must continue to study

both.

Indeed, to better study MDSCs cells we created an in vitro system. Haematopoietic
stem cells extracted from the bone marrow were matured to myeloid cells by contact
with GM-CSF, as a first stimuli, and TCM to better simulate melanoma-derived cues.
This cell culture generated mature myeloid cells, dominated by Ly6C™ cells which

expressed similar molecules, pattern of expression detected in the TME and T cell
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suppressive functions. Exposure to TCM drove a decrease of CD11c’CD11b* and an
increase in CD11c*CD11b* cells. However, while the proportion of Ly6C*
subpopulations weren't significantly different, cells exposed to TCM exhibited more
potent suppression of both CD4 and CD8 T cell proliferation, indicating an effect of
TCM on functional rather than differentiation status. In line with this, baseline levels of
suppressive mediators were lower in M-MDSC, but these cells were more highly
responsive to TCM, upregulating PD-L1, SIRPa, VISTA and ARG1. Thus, our in vitro
system, successfully and reliably generated functional MDSCs to be used in further
studies, which resembled in vivo phenotypes and were plastic towards tumour derived

cues.

Critically, SIRPa, which was used to identify moDC and M-MDSCs also plays a key role
in their function. When activated by the CD47 ligand, SIRPa suppresses phagocytosis
in the antigen presenting cells#’® 476 Reports have suggested that once this path is
triggered the reduction on phagocytosis is accompanied by inhibition of their
inflammatory activities’%8638, Thus, is it possible that this axis is key to the effects we
have observed. Its role in MDSC function and potential as a therapeutic target will be

investigated in the next chapters.
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CHAPTER4

CD47 INDUCES AN IMMUNOSUPPRESSIVE
PHENOTYPEIN MYELOID CELLS

15C



4.1 Introduction

In the previous chapter we saw that myeloid suppressor cells were present in the
melanoma TME, and were enriched for Ly6C-expressing cells as tumour developed.
Ly6C expression was spread between M-MDSC and moDCs, indicating that both may
be part of the same family. This was supported by the fact that the expression of
molecules involved in suppression was higher in moDCs than M-MDSC. This was
recapitulated in vitro, where data showed that M-MDSC, when immersed in tumour
condition media became more like moDCs. The difference between these two clusters
resided in the level of CD11cwhich, as seen in HSC maturation, developed in response
to molecular cues present in the media. Indeed, CD11b and Ly6C expressing cells were
able to suppress the T cell proliferation, and contact with TCM induced a similar
myeloid phenotype to indicate that both clusters were related. Similarly in human
monocyte cultures, grown in the presence of GM-CSF, IL-4 and IL-10 for seven days
generated a mix of moDCs and M-MDSC, and one affected the maturation and
suppressive capacity of the other’%. Thus, it is likely that depending on local cues, M-
MDSC and moDC cell phenotype and functions would also interchange in vivo, based

on their plastic nature.

Both moDCs and M-MDSC showed the expression of common immune modulators,
PD-L1 and SIRPa. The SIRPa receptor has been associated with the regulation of
dendritic cell homeostasis in lymphoid organs’'?, the spleen and the bone marrow’".
It is a common phenotypical denominator in several myeloid families and was
demonstrated to be spread across our defined ¢cDC2, moDC and M-MDSC. The ligand
of SIRPais the signal regulatory protein CD47, and their interaction was established to
prevent phagocytosis of RBCs or platelets by macrophages’'>7'3714 Hence, it is part of
the so called “do not eat me signal” repertoire that controls the clearance of old cells

or non-self-antigen presenting cells’’>. The SIRPa-CD47 axes has been reported to
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contribute to tumour development and drug resistance by inhibition of phagocyte-
dependent clearance’"®. Therapeutic blockade of CD47 lead to an activation of an anti-
tumour cytotoxic T lymphocyte (CTL) responses. This effect was dependent on DCs but

not by macrophage in cross-priming T cell responses 717,

Thus, the SIRPa-CD47 interaction may serve as one of the ‘persistent signals’
underlying the regulation of myeloid development and function in the TME. Because
of its implication in dendritic cell maintenance and impact on phagocytosis of antigen
presenting cells we hypothesized that SIRPa-CD47 interactions represent an alternate
immune modulatory signalling axis within the TME, regulating the suppressive
phenotype that characterises M-MDSC and moDC cells. In the following chapter we
sought to characterize CD47 expression in the TME and determine its functional impact

on myeloid cells.

4.1.2 Widespread CD47 expression, but myeloid restricted SIRPa within
the TME.

ScRNAseq data previously generated in our laboratory characterised cell populations
composing the microenvironment and tumour draining lymph node (TDLN) of B16-
F10 tumours®’ (figure 4.1 A). The analysis was made with the methods described in
the just aforementioned paper. To give a brief explanation, the tSNE plot and Principal
Component Analysis (PCA) are unsupervised non-linear dimensionality reduction and
data visualization techniques which use different mathematical methods to graphically
plot the overall relatedness of several data stores. The strongest signal is picked up
and weighted by sets of probes which best separate the data in Principal Components
(PCs). Those can be plot against each other to obtain a view of clusters that shares
signal similarities between PCs. Also, the tSNE method is a dimensionally reduction

technique to simplify the view of large data set. It differs from the PCA because it
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produces a 2D separation reducing the number of components forming the clusters
and it is also non-deterministic meaning that every time is run will create a probabilistic
distribution, hence won’t create always an equal output but similar. This is an
advantage with non-linear signals like the one generated by mRNA sequencing, the
outliers tend to have a smaller effect on the final analysis and separation between

relevant groups is improved (https://www.bioinformatics.babraham.ac.uk).

Here, phagocytes and dendritic cells were identified by Itgam (CD11b) and Itgax
(CD11¢) markers respectively. Within these clusters, a complex myeloid landscape was
evident, with adgre1 (F4/80)-expressing macrophage observed in concomitancy with
Ly6G and Ly6C positive cells, possibly neutrophils and monocytes. Furthermore, the
dendritic cells were clustered into ¢cDC1 (Clec9a, Tlr3, TIr11, Ly75, and XCR1), cDC2
(CD11b, Fcyr1 and SIRPa) and pDCs (Bst2 and SiglecH). This characterisation, based on
MRNA expression strongly correlated observations at the protein level in the current

project.

A great work using single cells sequencing indeed, depicted the complicated scenery
of the myeloid composing the lung TME. An unbiased comparison between the human
and mouse samples uncovered more than 25 states of the tumour-infiltrating myeloid
cells (TIMs). These were reproducible between patients and across species identifying
a near-complete congruence of population structures among dendritic cells and
monocytes, conserved neutrophil subsets, and species differences among
macrophages’'®. The pathological relevance of all these distinct subsets will certainly

improve our understanding of the TIMs.

Thus, having shown that Ly6C expressing cells functionally suppressed T cells, we
exploited the consistency between studies to interrogate the distribution of immune
modulatory molecules across myeloid populations in more detail. With the
observation that SIRPa was a common denominator between cDC2, moDC and M-

MDSC and with roles in myeloid cell homeostasis and ability to exert phagocytic and
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cross-presentation functions, we focused on the pattern of expression of the CD47-
SIRPa axis. Single cell data was reanalysed for the presence of CD47 ligand and SIRPa
receptort’®. This highlighted the widespread expression of CD47 ligand across all cell
types in the TME (figure 4.1 B and D). In contrast, the distribution of SIRPa was much
more restricted, with expression limited to myeloid cells, and lymphatic and CAF
subpopulations (also reported to scavenge and cross-present antigen’*7"?) (figure 4.1
C and E). With these patterns of expression, it indicates that CD47 presence isn't purely
a mechanism by which tumour cells evade clearance, but a persistent anti-phagocytic,
inhibitory signal from across the TME which could affect the homeostasis of the

myeloid towards suppression.
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Figure 4.1. Opposing distribution of CD47 and SIRPa across components of the TME. (A)
tSNE plots generated by Sarah Davidson, display all populations isolated from B16 melanoma
(4627 cells) and lymph nodes (LN), coloured according to their cell type (B-C) tSNE plots showing
the expression of CD47 and SIRPa. (D-E) Violin plots showing the expression of CD47 and SIRPx
in each TME cell population.

We next confirmed CD47 expression patterns in day 11 tumours at the protein level
using general markers to identify immune cells (CD45), endothelial (CD31) and
fibroblast (Pdgfra, Pdgfrg and Thy1). The immune cells were also stained for CD11b,
CD4 and CD8 with an antibody cocktail due to panel restrictions. However, as Thy1 is
also expressed by T cells’?, this allowed us to distinguish lymphoid from CD11b

positive myeloid cells.

To better visualise the distribution of the markers at the protein level, we utilized the
tSNE analysis plugin in Flowjo, which applies the same principles used for single cell
RNA sequencing to cluster cells based on gMFIl. The software shows the median
expression comparing the signal between each live cell and visualises by a range of
colours, blue indicated low expression, green basal expression and yellow-red high
expression. This type of visualisation gave a defined idea of how a protein was
expressed between all the live cells in a sample without any gating. CD45" cells were
dominant (figure 4.2 A); this was likely a consequence of tumour cell death after
processing and staining. Within CD457 clusters, myeloid cells identified by CD11b were
the major group while the other were T cells (figure 4.2 B and C), identified by the co-
expression of Thy1 (figure 4.2 C). Consistent with RNA data, CD47 was widespread

across clusters composing the TME (figure 4.2 D).

Levels of CD47 expression were then quantified in the different clusters as described
above, with the addition of lineage negative cells considered as tumour cells. The CD45
positive cells were gated and CD11b*CD4*CD8* analysed by the expression of Thy1 to
distinguish the T cells from the CD11b cells. This allowed to quantify CD47 expression
on these two immune cells populations. The CD45 negative cells were separated by

CD31 positive and negative expression. The CD31" were endothelial cells. Then CD45"
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CD31" double negative cells but positive for Pdgfra, Pdgfrp and Thyl identified as two
families of fibroblasts. Finally, the lineage negative cells were considered tumour cells.
The gating made in this manner allowed us to quantify the CD47 expression by the
single clusters. However, while RNA showed diffuse expression across populations,
the protein levels expressed varied. CD47 wasn't expressed by endothelial and the
fibroblast-Thy 1~ cells while tumour and myeloid cells expressed it lowly and fibroblast-

Thy1* and T cells expressed it at higher level (figure 4.2 E).
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Figure 4.2. CD47 protein is widespread across constituents of the TME. Representative tSNE
FACS plots obtained from B16-F10 melanoma TME populations highlighting (A) CD45, (B) CD11b,
CD4, CD8 (€C) Thy1 and (D) CD47. (E) Quantification of CD47 expression as MFI geometric mean
of T (CD45*CD4*CD8*Thy1*), fibroblast 1 (Pdgfra*Pdgfrf*Thy1*), fibroblast 2 (Pdgfra*
PdgfrB*Thy1-), myeloid (CD45*CD11b*Thy1-), endothelial (CD31*) and tumour (marker-) cells. (F)
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Correlation between CD47 and Pdgfra expression. (G) Correlation between CD47 and Thy1
expression. (E-G) Data are mean + SEM; * = p <0.05,** = p <0.01,*** = p < 0.001, **** = p<0.0001
using ordinary one-way ANOVA with a Dunnett post hoc test. Assays mice=3 in two independent
experiments.
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Interestingly, CD47 expression levels correlated with Thy1 and Pdgfra expression
(figure 4.2 F and G) marking T cells and fibroblasts, and potentially, could be used as
biomarkers to study the CD47 presence in the TME. Furthermore, CD47 expression by
T cells in the TME was correlated with reduced type 1 immune responses and a
suppressed phenotype®®!. The data may indicate that these populations have a key
role in modulating myeloid phagocytic capacity and downstream immune function in
remodelling the TME?". In this tumour set up, the lower expression by lin- tumour cells
is important to note as could indicates that tumour cells may contribute less to the
CD47-SIRPa engagement, with the major signals brought by CD47 instead coming
from the tumour stromal cells, in particular T cells and fibroblasts. This indicates a
potential role for stroma in immune modulation and function of SIRPa expressing

myeloid populations, possibly via phagocytosis inhibition.

4.1.3 CD47 binding SIRPa enhances expression of immunosuppressive

moleculesin moDCs and M-MDSCs.

Looking at the inhibitory nature of the SIRPa-CD47 signalling and at the dynamic
distribution in the TME we hypothesised that this signal persistency could further
contribute in modulating the myeloid cells suppressive phenotype and function. Thus,
to test if CD47 signalling indeed modulated myeloid cell function, we utilized our in
vitro models described in chapter 3, which showed maturation of HSCs towards moDC
and M-MDSC, and increased expression of suppressive molecules with TCM. We also
used this approach to determine if the CD47 pathway further enhanced the

suppressive effects of TCM.

After five days of HSC maturation towards myeloid cells in the presence of GM-CSF
and GM-CSF-TCM, cells were then put in contact with a passively coated active CD47

plate and incubated two days. The CD47 active protein used was the ectodomain
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fragment able to bind human SIRPa. Samples were then stained with the panel of
markers used previously to characterise immunomodulators (SIRPa, PD-L1, VISTA,
FasL, ARGT, IDO). Again, both the Ly6C positive moDC and M-MDSC populations were

analysed.

In moDC, the 100% of cells expressed SIRPa (appendix 8.5 A) which wasn't affected by
TCM, but addition of CD47 induced a slight increase (p value 0.05014) (figure 4.3 A).
As discussed earlier, SIRPa was one of the molecules with the highest expression on
the moDCs and it may have reached the highest possible expression on the cell surface,

making impossible any further increase of the molecule and then, its detection.

T cells inhibitors PD-L1 and VISTA presented a clear increase upon CD47 stimuli. PD-
L1, unaffected by TCM, was specifically upregulated following CD47 exposure (figure
4.3 B and C). But, being VISTA far less expressed, as we saw in figure 3.17, it may have
a minor role in the regulation of T cells. Still, the gMFI levels further augmented in

TCM-CD47 conditions compared to GM-CSF stimuli only (figure 4.3 C).

Similarly, FasL was increased upon CD47 stimulation compared with GM-CSF (figure
4.3 D) and passed from 30 to 50% of population expressing it (appendix 8.5 C).
Interestingly, T cells expressing FasL have been reported to induce apoptosis in

687

myeloid suppressive cells*’. But our data suggested that possibly the moDCs could

induce apoptosis of T cells presenting Fas.

In contrast to surface molecules, ARG1 expression was not significantly impacted by
either TCM or TCM-CDA47 (figure 4.3 E). This was not unexpected since moDCs had a
subpopulation that constitutively expressed this molecule, thus to see further changes
in ARG1 modulation different conditions may be required. IDO was less visible but
while TCM did not impact its expression, an increase was observed in the presence of

CDA47 (figure 4.3 F) and the percentage of positive population passed from50 to 65%

161



(appendix 8.5 F). Like ARGT, its reliable detection may require different culture

conditions with another type of cell to provide a substrate.
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Figure 4.3. Expression of some immunosuppressive molecules by moDC increases or tend to
increase in presence of the CD47 protein. The graphs show the effect of GM-CSF, GM-CSF-TCM
and GM-CSF-TCM-CD47 on the moDC as MFI geometric mean of (A) SIRPa, (B) PD-L1, (C) VISTA,
(D) FasL, (E) ARG1 and (F) IDO immune modulators. The data were normalised for the GM-CSF
samples. (A to F) Data are mean + SEM; * = p < 0.05,** = p < 0.01,*** = p < 0.001,**** = p<0.0001
using ordinary one-way ANOVA with a Dunnett post hoc test. Assays n=3 in three independent
experiments.
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Thus, while TCM had limited impact on the moDC repertoires, engagement of these
cells by CD47 active protein induced upregulation of specific molecules, consistent
with an increasing suppressive phenotype. Interestingly, it is possible that engagement
of SIRPa by CD47 increases its concentration, which may represent an autologous
mechanism to block phagocytosis and inflammatory mechanisms associated with the

myeloid cells.

In a similar manner, the M-MDSC were analysed. Previously, this population showed
to express a lower level of the immune modulators tested when compared to moDCs
(figure 3.17), but were also able to strongly suppress T cells. Despite the lesser baseline
expression, they were susceptible to the influence of TCM, and increased immune

modulator molecules when in its presence.

Addition of CD47 to the already strong effect of TCM further increased the expression
of PD-L1, FasL and IDO. No further increases in SIRPaexpression were detected (figure
4.4 A) in contrast to moDCs. As we saw in figure 3.17-chapter 3, the SIRPa level was
lower in the M-MDSCs and we hypothesis that further suppressive engagement (for
example CD47) could push their maturation towards moDCs, indicating that CD47-
SIRPa may not regulate SIRPa expression in the M-MDSCs. The result wasn't in
support, however, PD-L1, which was already greatly affected by the TCM and despite
the entire population was positive (appendix 8.6 B), there was a clear tendency in
further boost it by CD47 engagement, as reported for moDC which supports our
hypothesis (figure 4.4 B). This indicates that for both cell types, PD-L1 could be

principal interaction responsible for blockade of T cell proliferation.

FasL and IDO showed only a slight increase to CD47 engagement (figure 4.4 D and F)
but the percentage of positive population was bigger, respectively from 20 to 30 and
40-50% (appendix 8.6 C and F) indicating the formation of more cells expressing those
molecules. The 35% of positive cells expressed ARG1 (appendix 8.6 E), which showed
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no further increase with TCM and CD47, likely as a consequence of the significant

variability in detection (figure 4.4 E).

While VISTA significantly increased in moDC, changes for M-MDSC were marginal

(figure 4.4 C). The ability to detect differences between conditions may be confounded

firstly by the low level of expression found within myeloid populations (figure 3.17 —

chapter 3), and secondly because VISTA is a pH-sensitive ligand’??> which could affect

its conformation in vitro, where levels of acidity are counter balanced by the buffer

present in the media.
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Figure 4.4. M-MDSC immunosuppressive molecules increase or tend to increase in response
to CD47. The graphs show the effect of GM-CSF, GM-CSF-TCM and GM-CSF-TCM-CD47 on the
M-MDSC cells as MFI geometric mean of (A) SIRPq, (B) PD-L1, (C) VISTA, (D) FasL, (E) ARG1 and
(F) IDO immune modulators. The data were normalised for the GM-CSF samples. (A to F) Data are
mean + SEM; * = p < 0.05,** = p < 0.01, *** = p < 0.001, **** = p<0.0001 using ordinary one-way
ANOVA with a Dunnett post hoc test. Assays n=3 in three independent experiments.

Overall, the ly6C positive moDCs or M-MDSCs, matured a variety of molecules involved
in mechanisms of immunosuppression. The addition of the persistent CD47 stimulus
played a role in further increasing this expression. This depicted a possible role of CD47
in strengthening the suppressive molecular milieu of the myeloid derived suppressor
cells. Thus, having verified how widespread the presence of CD47 in the TME was, and
how this may impact the phenotype of stimulated cells, the question now was to
determine if CD47-SIRPa engagement would translate in a stronger suppressive

function.
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4.4 Anti-SIRPaantibody blockade of CD47: A binding curve study.

We have seen that CD47 was able to induce an increase in molecules associated with
immunosuppression, and that SIRPa expressing myeloids were in contact with a CD47-
rich tumour microenvironment. Thus, we can think of them being mobilised from the
bone marrow and arriving in the TME where they encounter this inhibitory “do not eat
me signal”. This interaction would engage the SIRPa expressing cells, reducing their
activation and inducing an increase of the molecules involved in immunosuppression.
This should translate in a stronger suppression of the T cells and failed immune
clearance. However, if this axis indeed is in operation, how this would translate to
impact their interaction with other cells and functional consequences needs to be

assessed. To test this hypothesis, it would also be necessary to block the CD47-SIRPa.

CD47 has been a promising target for immunotherapy. Pre-clinical studies showed the
efficacy of an anti-CD47 in combination with anti-HER2 antibody for the treatment of
breast cancer’?3, ovarian cancer’?* and on human non-Hodgkin lymphoma cells by the
mechanism of antibody dependent cellular phagocytosis (ADPC) in vitro®?’. Based on
these studies human clinical trials proceeded using CD47 antagonist antibodies. Those
have been successful in affecting the tumour growth, however, gave severe side effects
including anaemia. Functional RBCs tends to express high levels of CD47 to avoid
opsonisation and recycling, but the antagonist antibodies affected this mechanism
inducing an antibody-dependent cellular cytotoxicity (ADCC)%33. In light of the off-
target effects reported for CD47, and our observations of widespread distribution
throughout the tumour we chose instead to disrupt the CD47-SIRPa interaction by

targeting SIRPa.

To do this we utilized the Biolegend Ultra-LEAF™ anti-SIRPa (clone P84) antibody. As

we mentioned in the introduction (section 1.7.4 in chapter 1) it had limited efficacy
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with established tumours but was commercially available and accessible. Thus, we tried

to optimise its concentration to obtain better results.

anti-SIRPa (P84)
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Figure 4.5. Anti-CD172a (SIRPa) P84 antibody binding curve. (A) Quantification of SIRPa
binding to bone marrow extracted cells. The binding curve was used to calculate the half maximal
effective concentration (EC50). Antibody concentration used was transformed logarithmic scale
(X=Log(X)) and the EC50 was calculated with a nonlinear fitting of log(agonist) vs. response (three
parameters) curve. Assays n=1 in triplicate.

We tested different antibody concentrations to determine the best concentration. We
generated an antibody binding curve to calculate the half maximal effective
concentration (EC50) which defines the drug concentration required to induce a 50%
engagement of the binding site. For us it was important to have an estimate of the
amount of antibody to use to have half of the receptors bound, hence translated to an
effect on the cells. Extracted bone marrow cells, depleted of red blood cells, were
seeded in equal number and the anti-SIRPa antibody was titrated starting from a
500nM concentration. Bound P84 antibody was then detected by the addition of a
fluorescent anti-rat IgG1 which wasn’t binding by itself. The MFI generated with each
antibody concentration was transformed to a logarithmic scale and the non-linear
fitting function was used to calculate the EC50. This reveal that the optimal starting
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concentration of P84 antibody to use in experiments was around 113.4nM (figure 4.5),

although for each study assay optimisations were performed.

4.5 CD47 strengthens the M-MDSC and moDC cells suppression over

the T cell proliferation.

Having observed the increased immunosuppressive repertoire induced by CD47 in
vitro, and having determined the optimal concentration of P84 anti SIRPa antibody,
we then added this to the in vitro culture system. Here we aimed to determine whether
the changes in myeloid cell behaviour induced by CD47 could augment the

suppression potency towards T cells and be reversed by blocking SIRPa.

The T cells only proliferation control was compared with the T cells in contact with
Ly6C*" myeloid cells grown respectively in GM-CSF, GM-CSF-TCM, GM-CSF-TCM with
CDA47 coating and GM-CSF-TCM CD47 coating but with myeloid pre-treatment with
the anti-SIRPa antibody. This last condition wasset in order to impede the CD47-SIRPa
interaction and obtain an equal suppression to the GM-CSF-TCM myeloid condition.
In other words, prove that by blocking SIRPa, the myeloid cells wouldn't be affected

by the CD47 addictive stimulus and limit their suppressive ability to the TCM effect.

Consistent with earlier data, Ly6C* myeloid cells suppressed CD8 and CD4
proliferation, and this effect was enhanced in the presence of TCM (figure 4.6 A and
B). The presence of CD47 further boosted the suppressive activity of moDCs and
MDSCs, from 70% proliferation down to 40%, indicating the stimulation of additional

or enhanced suppressive pathways in myeloid cells following its engagement.
169



To determine if this was in part modulated by SIRPa engagement, and whether
disruption of CD47-SIRPa could reverse suppression, myeloid cells were pre-incubated
with the anti-SIRPa antibody. This ensured SIRPasites were occupied prior to exposure
to CD47 and TCM effects. Importantly, the CD47 induced suppressive increment was
ablated when the myeloid were pre-incubated with the anti-SIRPa returning CD4 and

CD8 proliferation to levels equal to incubation with GM-CSF-TCM (figure 4.6 A and B).

While the anti-SIRPa antibody managed to revert the impact of CD47 presence, it was
not sufficient to overcome the suppressive GM-CSF-TCM driven effect. To have an
insight of which this may not be the sole effect we monitored two immune
modulators, PD-L1 protein and ARG1. For PD-L1, the samples containing CD47 showed
a tendential increase of PD-L1 expression that was in accord with the data generated
previously in the CD47 Ly6C* cells cultures. It is possible that this wasn't as much as
previously evident because the lower amount of myeloid on which the gMFI signals
were calculated. However, in the case where anti-SIRPa was bound to the cell-surface
SIRPa, preventing ligation by CD47 we appreciated a slight reduction that indirectly
confirms that CD47 binding support PD-L1 expression (figure 4.6 C). The cytosolic
arginasel enzyme was checked to address a possible anti-SIRPa driven effect in
reducing nutrient depletion. Consistent with the previous data, the addition of CD47
didn’t augment its expression compared to TCM. However, a reduction in ARGT1 levels

were visible when anti-SIRPa was bound to the myeloid cells (figure 4.6 D).

Together, these data allow us to speculate that the CD47-SIRPa axis plays a role in
inhibiting T cell proliferation, and it's blockade partly restores proliferative capacity.
Although here, we examine just two candidates, disruption to CD47-SIRPa may exert
its effects by rewiring internal cell signalling to induce a more inflammatory myeloid

cell phenotype; In the case of ARGT, reducing enzyme thereby avoiding nutrient
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depletion for T cells. It is likely that additional functional changes occur in myeloid

cells in response to engagement of SIRPa.
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Figure 4.6. SIRPa blockade cancels the effect of CD47 induced suppressive potency. (A and
B) Quantification of CD8* and CD4* T cell proliferation under the influence of CD11b*Ly6C* cells
grown in GM-CSF, GM-CSF-TCM, GM-CSF-TCM with CD47, and GM-CSF-TCM-CD47 with anti-
SIRPa. (€C) Quantification of MFI geometric mean of PD-L1 and (D) ARG1 expressed by
CD11b*Ly6C" cells present in the T cell proliferation assay. (A-D) Data are mean + SEM; * = p <
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0.05,** =p < 0.01,***=p < 0.001, **** = p<0.0001 using ordinary one-way ANOVAwith a Dunnett
post hoc test. (A-B-C) Assays n=6 in triplicate. (D) Assays n=3 in triplicate.

4.6 Phagocytosis is regulated by CD47 in moDC and M-MDSCs.

Having observed an impact on T cell behaviour we sought to examine in more detail
how the myeloid cells may exert their effects. As a major role of myeloid populations
is to sample and present material to tumours, and CD47-SIRPais a modulator of “do
not eat me” signals, we further explore functional changes brought via the CD47-SIRPa

interaction, focusing on their phagocytosis.

Knowing that the CD47-SIRPa axes directly modulates phagocytic mechanisms, we
measured if moDC and M-MDCSs were able to phagocytose, and secondly if this was
modulated by CD47 expression levels on the other components of the TME. We then
tested if SIRPa blockade had any capacity to reactivate this key feature of antigen

presenting cells, reinstating and enhancing phagocytic function.

To do this, we modified our in vitro system (figure 4.7 A). moDCs and MDSCs were
grown in GM-CSF-TCM for five days to induce suppressive states. These were co-
cultured with different fluorescently labelled cell types expressing varying levels of
CD47, highlighted in figure (figure B and C). Cell lines with low and high CD47 were
used as natural modulators of the CD47-SIRPa interaction. In addition, cell debris to
be phagocytosed, was obtained by killing a quarter of the CD47 expressing cells, then
the degree of phagocytosis was measured. In place of live cell microscopy to track

engulfment’?>, we took a quantifiable flow cytometry based approach.

Based on the previous in vivo characterisations which showed tumour cells had low
CD47 expression and tumour stroma were high, we first measured CD47 expression
levels at the protein level across a panel cell lines. Flow cytometry confirmed that
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indeed CD47 was lowly expressed on the B16-F10 melanoma and EO771 breast cancer
cells, whilst the cancer associated fibroblasts showed the highest levels (figure 4.7 B
and C). Therefore, B16-F10 melanoma cells and cancer associated fibroblast were

chosen based on their differentially expressed CD47.
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Figure 4.7. Development of an assay to evaluate CD47 modulation of moDC and M-MDSC
phagocytosis. (A) Assay schematic: M-MDSC and moDC were mixed with fluorescently labelled
high or low CD47 expressing cells. The high concentration of CD47 should prevent the
phagocytosis of stained debris whilst a low concentration should allow it. (B) Representative

175



histogram of the CD47 signal detected on cell lines tested. (C) Quantification of CD47 level on B16-
F10 melanoma, EQ771 breast cancer and fibroblasts. (D) Gating strategy used to analyse uptake of
red cell trace dye stained debris by moDC and M-MDSC cells. (C) Data are mean + SD; * = p < 0.05,
**=p < 0.01,** = p < 0.001, using ordinary one-way ANOVA with a Dunnett post hoc test. Assays
n=1in triplicate.

Because of the quick phagocytic response observed by phagocytes’?®, the assay was
performed for four hours. This time was a long enough window to detect differences
in uptake. The samples were stained according to previous strategy and gated
accordingly (figure 4.7 D). moDC and M-MDSC populations were then also analysed
for red cell trace dye fluorescence, demonstrating engulfment of the fluorescent debris
derived from labelled CD47-expressing cell lines. With this approach we expected to
detect a higher level of phagocytosis in the presence of CD47 low B16-F10 cells than
with CD47 high CAF cells, and an increase phagocytosis with anti-SIRPa following

disruption of the CD47-SIRPa “"do not eat me signal”.

Indeed, phagocytosis by M-MDSC was modulated by CD47.When in presence of CD47
high CAF cells, uptake of red cell trace dye labelled debris was low (figure 4.8 A). In
contrast, phagocytosis in the presence of CD47 low B16-F10 cells was approximately
six times higher. Once the modulation by different amount of CD47 was verified, the
same phagocytic signal was compared to the same condition but using anti- SIRPa
block the CD47-SIRPa interaction on the myeloid. When focusing on cells expressing
high levels of CD47, it was clear that the SIRPa blockade doubled the capacity to engulf
particles by the M-MDSCs (figure 4.8 B). Furthermore, when the focus was moved on
the samples containing low CD47-expressors we were still able to detect a similar
increase in phagocytosis after SIRPa blockade, even though the baseline levels of

debris uptake were significantly more (figure 4.8 C).
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These data indicate that M-MDCS cells were regulating phagocytosis based on CD47
levels and that disruption of its interaction with SIRPa was able to partially re-instate
this mechanism. It should be noted here however, that anti-SIRPa was utilised at a
1nM prior to titrations confirming its potency. Despite the low concentration used the
anti-SIRPa still produced the expected result. Thus, a higher concentration may be

required to overcome the “do not eat me signal” by saturating all the SIRPa molecules.
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Figure 4.8. Phagocytosis by M-MDSC and moDC cells is regulated by the CD47-SIRPa
interaction. (A) Flow cytometry quantification of uptake of labelled CD47-high-CAFs or CD47-
low-B16-F10 cell debris by M-MDSCs. (B) Quantification of M-MDSCs phagocytosis in presence of
CDA47 high CAFs expressing cells. (C) Quantification of M-MDSCs phagocytosis in presence of CD47
low B16-F10 expressing cells with or without anti-SIRPa. (D) Flow cytometry quantification of
uptake of labelled CD47-high-CAFs or CD47-low-B16-F10 cell debris by moDCs. (E) Quantification
of moDC phagocytosis in presence of CD47 high expressing cells with or without anti-SIRPa. (F)
Quantification of moDC phagocytosis in presence of CD47 low expressing B16-F10 cells with or
without anti-SIRPa. The data are shown as percentage of CD45 normalised by the samples
containing CD47 high expressing CAF cells. Data are mean + SEM; * = p < 0.05,** = p < 0.01, ***
= p < 0.001, **** = p<0.0001 using (A and D) ordinary one-way ANOVA with Dunnett's post hoc
test and (B-C and E-F) unpaired t test. Assays n=3 at least in duplicate.

The moDC cells were, similarly, affected by CD47 signalling (figure 4.8 D), where CD47-
low B16-F10 cells induced significantly more engulfment of debris compared to the
CDA47 high expressing CAF cells; around ten times more material was taken up. In
contrast to M-MDSCs however, anti- SIRPa addition had little impact on moDC
phagocytosis for either CD47 high or low conditions (figure 4.8 E and F). This may be
due to the fact that the moDC cells were presenting higher SIRPa surface density
(shown in figure 3.17), resulting in an insufficient concentration of the antibody to

prevent effective CD47-SIRPa signalling.

To notice, the gMFI signal just showed a tendential increase when CD47-SIRPa was
blocked and no difference between samples (appendix 8.7). The potential reason was
that after four hours of incubation the cells were reaching maximum engulfment, thus

we analysed the data by % of CD45 cells positive to phagocytosis.

Together these data confirm that phagocytic activity of moDC and MDSC was
modulated by the CD47-SIRPa interaction directed between myeloid cells and other

components of the TME. Furthermore, even at low concentrations, likely without
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saturating SIRPa sites, the antibody blockade was able to overcome the CD47 effect

on this mechanism in accord with our hypothesis.

4.6.1 Anti-SIRPainduces an antibody dose dependent cellular
phagocytosis (ADCP).

We observed that MDSCs and moDCs were able to engulf debris in a CD47-SIRPx
regulated manner, but 1nM anti-SIRPa could only overcome the “do not eat me signal”
and reinstate the phagocytic ability of M-MDSCs. The lack of response in moDCs to
blockade may be a consequence of higher expression of SIRPa, and just a problem of
receptor density rather a physical characteristic. To address this, and ascertain if this
was indeed due to expression levels and antibody concentration, phagocytosis
experiments were repeated titrating the anti-SIRPa. The experiments were set in the
same manner described in the previous section. Once matured, the Ly6C* cells were
incubated with a titration of the anti-SIRPa antibody (0.2, 2, 20 and 200nM) and co-

cultured with labelled high and low CD47 cells and cell debris.

As before, M-MDSCs were responsive to SIRPa blockade. Cells showed a dose
dependent increase in phagocytosis determined by the anti-SIRPa concentration used
(figure 4.9 A). M-MDSCs cultured with CD47 low expressing B16-F10 cells, when
phagocytosis was high, showed a clear increase in uptake, with two times more
material engulfed between control and 20nM antibody (figure 4.9 A). The data
matched the one where 1nM was used, the graphs showed the same trend at equal
concentration. As expected, the CD47 high CAF cells diminished the ability of the anti-
SIRPa to bring back the phagocytosis, however, a significant increase in uptake was

apparent with higher concentrations (figure 4.9 B).
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While moDCs didn’t show an increase in phagocytic capacity when 1nM of anti-SIRPa
was used, the titration showed a clear indication that phagocytic behaviour could be
re-activated adjusting the antibody concentration. Now, with increasing concentration,
responses mirrored those of M-MDSCs. Culture with CD47 low expressing B16-F10
cells showed a progressive increase in uptake with increasing antibody concentration
(figure 4.9 C). This indicated that previous data was indeed due to a lack of efficient
SIRPa blocking due to high levels of surface expression in moDCs. In a similar manner
and even in the most difficult situation with high CD47 CAF cells and high SIRPa

moDCs, the antibody proved to increase at higher concentrations (figure 4.9 D).

The CD47-SIRPa interaction resulted in strongly inhibiting phagocytosis and may be
because of its crucial function in preventing self-cells engulfment and recycling. Thus,
these data showed that to achieve an effective phagocytic boost, complete blockade

of the SIRPa regulatory protein was needed.
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Figure 4.9. SIRPa blockade restores phagocytosisin a dose dependentmanner. Quantification
of labelled debris uptake by (A and B) M-MDCSs or (C and D) moDCs in the presence of (A and
C) CD17-low-B16-F100r (B and D) high-CD47-CAF expressing cells. Data are shown as percentage
of CD45 cells normalised by the anti-SIRPa negative sample. Data are mean + SEM; * = p < 0.05,
**=p<0.01,***=p<0.001,*** =p<0.0001 using ordinary one-way ANOVAwith Dunnett’s post

hoc test. Assays n=3 from 3 independent experiments.
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4.7 Anti- SIRPa reduces SHP2 and STAT3 phosphorylation status.

To date, these results suggest that CD47-SIRPa signalling is important for the
suppressive phenotype and behaviour of myeloid cells towards T cells, and is
potentially initiated by reduced uptake of cellular debris. Blockade of anti-SIRPa
modulated phagocytosis by counteracting CD47 negative signals, and was
proportional to the antibody concentration used. To then test if blocking SIRPa
actually altered its downstream signalling, we examined the phosphorylation state of

associated accessory proteins.

Here, we focused on the phosphorylation state of the (SH2)-containing protein
tyrosine phosphatase-2 (SHP2) at the initiation of the phagocytosis inhibition signal
cascade. When CD47 and SIRPa engage, the SIRPa cytosolic portion that contains
tyrosine residues conform loosely to inhibitory immunoreceptor tyrosine-based
inhibition motifs (ITIMs)®'8727 which mediate its association with the phosphatase
SH2-domain-containing protein tyrosine phosphatase 2 (SHP2)72867  This initiates a
dephosphorylation cascade directed in part at phosphotyrosine in myosin, as well as
F-actin recruitment®®? and further, inhibits integrin activation in the macrophage,

reducing macrophage-target contact and suppressing phagocytosis’?°.

Downstream of SHP2, the signal transducer and activator of transcription 3 (STAT3)
was examined. It has been reported that activate, phosphorylated STAT3 was
constitutively present in cells of the TME, and was responsible for modulation of
immune mediator's towards promoting tumour escape’. Indeed, in M-MDSCs, a
STAT3 activated gene signature was correlated with monocyte reprogramming

1

towards immunosuppresision’?’ and in impairment of maturation and antigen

presentation in dendritic cells 732733,
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The Ly6C™ cells were matured in GM-CSF-TCM media, then incubated for four hours
in presence of CD47 or CD47-anti-SIRPa before protein was collected for western blot
analysis. Following a basic time course optimization, four hours incubation was chosen
to reflect the best signal detected in a time course experiment that defined a window
of sensitivity reflective of signalling post phagocytosis (appendix 8.8 A-B). Bands
generated were normalized to alpha-tubulin enabling wus to calculate
phosphorylated/dephosphorylated SHP2 and STAT3 ratios. The presence of CD47, did
not induce a significant increase in the ratio of SHP2-P/SHP2 compared to TCM alone.
However, when SIRPa was blocked, the ratio halved indicating the antibody impaired
SIRPa signalling activity (figure 4.10 A, C and E) and consequently diminished the

phagocytosis inhibition signal.
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Figure 4.10. CD47 and anti-SIRPa modulate the phosphorylation state of SHP2 and STAT3.
Quantification of the ratio of (A) SHP2-P/SHP2 and (B) STAT3-P/STAT3 proteins expressed in the
CD11b*Ly6C* (moDC and M-MDSC) cells grown in GM-CSF-TCM, GM-CSF-TCM-CD47 and GM-
CSF-TCM with anti-SIRPa. Representative western blots for (C) SHP2-P (D) STAT3-P (E) SHP2 and
(F) STAT3 for CD11b*Ly6C* cells in presence of GM-CSF-TCM, GM-CSF-TCM-CD47 and GM-CSF-
TCM-aSIRPa. (A-B) Data are mean + SEM; * = p < 0.05, ** = p < 0.01 using ordinary one-way
ANOVA with a Dunnett post hoc test. Assays n=6.

Different results were observed regarding the STAT3 state of phosphorylation. It was
evident that the persistent stimulation by the CD47-SIRPa engagement was correlated
with an increase of STAT3 phosphorylation, doubling compared to the baseline. When
SIRPa was blocked by the anti-SIRPa antibody, STAT3 phosphorylation was remained
at base line level. Hence, “do not eat me signal” signalling also utilized STAT3 activation

(figure 4.10B, D and F).

Thus, western blotting revealed that there was a cell signalling change following CD47 -
SIRPainteraction. Consistent with the onset of changing cell behaviours following anti
SIRPa treatment, phosphorylation of these intracellular signalling molecules decreased
by 4 hours. This indicates that SHP2 and STAT3 phosphorylation may be an early
response to SIRPa engagement operating by transmitting the “do not eat me” signals

within the cell, contributing to the development of the myeloid suppressive state.

4.8 CD47-SIRPaboost ROS productionin CD11b *ly6C* (moDC and
M-MDSC)
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STAT3 signalling in the MDSC cells has been associated with high production of ROS
via upregulation of NADPH oxidase (NOX2) and implicated in MDSC-mediated T cell
suppression and tumour escape*8. Within the TME, changing ROS levels have been
implicated in reduced capacity to induce nitric oxide signalling and angiogenesis’.
Furthermore, ROS increases the general oxidative stress reducing enzymatic functions
that in cancer, leads to a state of chronic inflammation which unbalance the immune

cells homeostasis allowing tumour escape and metastasization’3°,

Thus, having observed changes in signalling and behaviour of myeloid populations,
we next measured ROS production and the effects which CD47-SIRPainteraction and
disruption could have on the moDCs and M-MDSCs. Intracellular ROS was detected
using the cell-permeant 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA). The
compound is reduced upon cleavage of the acetate groups by intracellular esterases
and oxidation. This induces conversion of nonfluorescent H2DCFDA into the highly

fluorescent 2',7'-dichlorofluorescein (DCFDA), making it detectable by flow cytometry.

After maturation in TCM, the Ly6C* population was purified and re-plated and
recovered in the media for four hours, prior to DCFDA addition. This step was taken as
the reaction is fast and needs to be stopped promptly meaning that discrimination of
populations by staining wasn't possible after the DCFDA incubation without impacting
the reliability of readouts. After ten minutes in DCFDA, Ly6C™ cells were stained with
the live cell dye immediately prior to analysis, gating on live cells and the DCFDA signal

(figure 4.11 A).

Initially, we assessed if the Ly6C* myeloids grown in GM-CSF vs. GM-CSF-TCM
presented with differences in ROS production, however while ROS production was high
in both populations, a clear difference wasn’t observable. This indicates that these cells
are both producing high quantities of ROS which may contribute to their suppressive

capacity (figure 4.11B).
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Figure 4.11.CD47-SIRPa modulates ROS production by CD11b*Ly6C* cells. (A) Representative
flow cytometry histogram showing DCFDA signal in live cells. (B) Quantification of the DCFDA gMFI
signal detected for the CD11b*Ly6C* cells grown in GM-CSF vs. GM-CSF-TCM. (C) Quantification
of the DCFDA gMFI signal detected for the CD11b*Ly6C* cells grown in GM-CSF-TCM, GM-CSF-
TCM-CD47 and GM-CSF-TCM-CD47where CD11b*Ly6C* cells were pre-incubated with anti-SIRPo.
(B) Data were normalised by the GM-CSF samples. Data are mean + SEM; ns = p >0.05 using paired
t test. Assays n=4 in triplicate. (C) data were normalised by GM-CSF-TCM samples. Data are mean
+ SEM; * = p < 0.05, using matched data one-way ANOVA with a Dunnett’s post hoc test. Assays
n=3in triplicate.

We then sought to determine if contact with CD47 or CD47-SIRPa blockade altered
this production. CD47 induced a small, but significant increase in ROS levels compared
with GM-CSF-TCM grown cells, and SIRPa blockade cancelled this effect (figure 4.11C).
Together, these data suggested that the in vitro cultured Ly6C* myeloid were
presenting phenotypical characteristics described for suppressive MDSCs, consistent
with the established literature. Moreover, already high levels of ROS production were

increased by a CD47 rich environment, which could be reduced by blocking SIRPa.
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4.9 The CD47-SIRPainteraction affects the metabolism of the moDC
and M-MDSCs.

Recent work by Baumann and colleagues identified that human MDSCs displayed
strongly reduced metabolism that led to the accumulation, transfer of the metabolite
methylglyoxal and paralysis of T cells’36. Thus, with evidence to suggest that the CD47-
SIRPa interaction was contributing to the suppressive behaviour of the myeloid cells,
we then examined if this change was accompanied by a modification of metabolic

state.

We first tested molecules involved in the glycolysis function by using 2-NBDG, a
fluorescent analogue to monitor glucose uptake in live cells. GM-CSF-TCM induced
moDC and M-MDSCs of all treatment groups were incubated for four hours in glucose
depleted media prior to 2-NBDG. After 20 minutes exposure to 2-NBDG to allow the

uptake, cells were kept in ice and stained to distinguish the different populations.

The presence of active CD47 presence in the well induced a tendential reduction in
glucose uptake relative to untreated for both moDC (figure 4.12 A) and M-MDSCs
(figure 4.12 B). Importantly, this effect was reversed with SIRPa blockade, and glucose

uptake recovered.

GLUT-1, the main transporter mediating glucose uptake, also changed on both moDC
and M-MDSCs following perturbation of CD47-SIRPa interactions. Interestingly, and
opposite of what we expected CD47 induced an increase in expression levels of the
transporter in opposition to glucose uptake. This was augmented further following
SIRPa blockade, coincident with restoration of inflammatory functions including

phagocytosis and antigen processing (figure 4.12 C and D).

The discrepancy between uptake and glucose transporter, following CD47 stimulation

was suggesting that the glucose was utilised differently.
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Figure 4.12. CD47-SIRPa interactions modulate glucose uptake and GLUT-1 expression in
moDC and M-MDSCs. Quantification of uptake of the glucose analogue 2-NBDG by (A) M-MDSC
and (B) moDC cells generated by GM-CSF-TCM cell culture. Quantification of glucose transporter
GLUT-1 cell surface expression levels by the (C) M-MDSC and (D) moDC cells obtained by GM-
CSF-TCM cell culture. (A to D) The data were normalised by the signal detected in the GM-CSF-
TCM samples. Data are mean + SEM; * = p < 0.05,** = p < 0.01, **** = p<0.0001 using the ordinary
one-way ANOVA with a Dunnett’s post hoc test. Assays n=4 in triplicate.
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To understand if the glucose was entering the glycolysis cycle, we then investigated
the enzyme hexokinase. This enzyme converts the glucose in glucose-6-phospate
entering in the glycolysis cycle, and its activity can be measured by the total amount
of NADH produced. The CD11b*Ly6C™ cells were deprived of glucose before receiving
a short pulse before cell lysis. The total NADH was measured and normalised by the
concentration detected in the GM-CSF or GM-CSF-TCM control. We detected the
NADH in both GM-CSF and GM-CSF-TCM grown myeloid cells. Although a slight
increase was observed with CD47 stimulation in GM-CSF grown moDC and M-MDSC
(figure 4.13 A), changes were not significant, and we detected no significant
cancellation upon SIRPa blockade. Likewise, For the GM-CSF-TCM grown myeloids we
detected no significant variance with treatment (figure 4.13 B). Thus, although NADH
was produced in both cases wasn't possible to correlate with the increase or decrease

of glucose uptake.

Reports have suggested that in cancer, myeloid populations modulate their activation
state by increasing the synthesis and secretion of ATP in the tumour microenvironment
where is rapidly catabolised into adenosine’3”738, Its accumulation in solid tumours
then impairs antitumor T-cell responses’3®. We therefore looked further down the line
to a general metabolic energetic marker, measuring the total ATP production is an

indicator of the energetic state of cells.

Initially, we compared the ATP levels in CD11b+Ly6C+ cells grown in GM-CSF and GM-
CSF-TCM. Even though most ATP is produced by the electron transport chain and not
by glycolysis, deprivation of glucose was done to keep equal conditions between
experiments. Ly6C+ cells matured in GM-CSF grown produced ATP, but levels were
significantly lower than those from GM-CSF-TCM (figure 4.13 C) indicating the

presence of a shift in energetic state induced by TCM.
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Figure 4.13. CD47-SIRPa induced hexokinase activity and ATP in CD11b*Ly6C* cells.
Quantification of hexokinase activity in CD11b*Ly6C* cells grown in (A) GM-CSF and (B) GM-CSF-
TCM measured as total NADH production. (€) Luminescence detected for the ATP levels in
CD11b*Ly6C" cells grown in GM-CSF or GM-CSF-TCM. Quantification of ATP luminescence driven
by the CD47-SIRPa interactions for CD11b*Ly6C* cells grown in (D) GM-CSF-TCM and (E) GM-
CSF. (A and B) The data were normalised by the signal detected in the GM-CSF or GM-CSF-TCM
samples. Data are mean = SEM; using the ordinary one-way ANOVA test with Dunnett’s post hoc
test. Assays with GM-CSF n=4 in duplicate. (C) Data are mean + SEM; * = p < 0.05, using t test.
Assays n=6 at least in duplicate. (D and E) Data are mean = SEM; * = p < 0.05,** = p < 0.01, *** =
p < 0.001, using the one-way ANOVA test with Tukey's post hoc test. n=6 in duplicate.
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We then tested how the presence of CD47 and CD47/ anti-SIRPa may change these
baselines energetics. CD47 stimulation of GM-CSF grown cells induced a significant
increase in ATP, but the blockade failed to diminish effect (figure 4.13 E). Cells grown
in GM-CSF-TCM started with higher energetic levels, and they exhibited a greater
response to the CD47 protein to increase the ATP production. In contrast these cells
grown in TCM were highly responsive to the SIRPa blockade, and ATP levels returned
to baseline (figure 4.13 D). These data showed that the TCM grown moDC and M-
MDSC were more energetically active. The production of ATP was higher in the TCM

myeloid and the CD47-SIRPainteraction increased it.

Upon CD47 stimulus the cells were storing more ATP and the anti-SIRPa was
preventing it maybe indicating a different energy usage. We saw how the moDC and
M-MDSC upon anti-SIRPa blockade were more actively phagocyting and suppressing
less the T cells. This biological activity could correlate with ATP consumption and

maybe a possibility to interpret the lower level detected upon SIRPa blockade.

4.10 Summary

We previously saw that moDCs and M-MDSCs cells were implicated in T cell
suppression, and this was enhanced by TCM. In this chapter we examined this
suppressive function in the wider context of the TME focusing on the CD47-SIRPa
interaction; While SIRPa was a common denominator shared by moDCs and M-
MDSCs, and restricted largely to the myeloid compartment, we confirmed that CD47
was widely distribute throughout the TME at both the RNA and protein level. SIRPa
stimulation by CD47 sparks the “do not eat me signal” physically impeding

phagocytosis. Interestingly, we observed that tumour cells expressed only low levels
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of CD47 indicating that the myeloid would encounter this negative phagocytic cue

principally from stromal components of the TME.

Taking advantage of the in vitro system that closely resembled the myeloid cells
present in the TME we showed that addition of CD47 enhanced suppression of T cells
proliferation and resulted in increased expression of immunosuppressive molecules by
myeloid cells, especially PD-L1. Disruption of CD47-SIRPa signalling by an anti-SIRPa
antibody removed this suppression by the Ly6C*" myeloid towards the T cells.
Moreover, it contributed in damping down PD-L1 and ARG1 expression. CD47-SIRPa
axis has been shown to play a key role in avoiding unwanted chronic tissue
inflammation. Mouse models of autoimmunity displayed accelerated disease
development if SIRPa was knocked out’?. This is consistent with our results where
CD47-SIRPa signals may contribute chronic immunosuppressive signals within the

TME, and where its blockade may support active T cell function.

Besides impacting T cell proliferation, we observed a direct effect on myeloid function.
CDA47 levels regulated their capacity to engulf material, consistent with engagement
of the “do not eat me signal"’41742743717 \When the CD47-SIRPa axes was disrupted

623,744,745 and

using the anti-SIRPa (P84) antibody, intracellular signalling was altered
lead to a perturbation of the “"do not eat me signal” and an augmentation of
phagocytosis in M-MDSCs. However, based on these data, SIRPa blockade only
reduced the additional impact of CD47 stimulation rather than completely inhibiting
suppressive functions. As discussed in the results section, this could be a consequence
of insufficient antibody concentration and high levels of SIRPa on moDCs and to a
lesser extent M-MDSC. This, it is likely that to fully overcome suppression, complete

746,747

blockade of SIRPa will be required, or combination with other immune-oncology
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drugs targeting addition T cell functions will be needed to uplift the anti-tumour

immune response.

In summary we showed that CD47-SIRPa signalling modulated phagocytosis in
myeloid population, with reduced uptake in a TME rich in CD47 stromal cells. This
reduced capacity to sample debris was correlated with the acquisition of a suppressive
phenotype, in which immune checkpoints contributed to impaired T cell proliferation.
As innate immune cells are required to present antigen to T cells to stimulate or
suppress T cell activity’48749750 it remains to be determined if CD47-SIRPa modulation
of phagocytosis translates to less antigen presentation and poorer T cell stimulation

as an additional suppressive mechanism.

These observations could have implications for therapeutically targeting myeloid
populations phagocytosis via the CD47-SIRPa in vivo. Due to the breadth of
distribution, approaches to block CD47 induce unwanted side-effects®>07>1752,
however, targeting SIRPa instead would more specifically impact myeloid population,
avoiding off-target effects while still reprogramming them towards more phagocytic

inflammatory phenotype. We will investigate the mechanisms by which anti-SIRPa

contribute loss of immune suppression, and therapeutic potential in the next chapter.
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CHAPTERS

THE REMODELLING OF THE MYELOID CELLS
COMPARTMENT IN THE TME DRIVEN BY THE ANTI-

SIRPa ANTIBODY
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5.1 Introduction

In the previous chapters we characterised how the tumour exudate was able to induce
a suppressive phenotype in the myeloid cells. CD47 expression by cells of the TME
dictated the phagocytic capacity of myeloid cells, and its presence enhanced
suppressive phenotypes with coincident inhibition of T cell proliferation. This was
modulated via SIRPa engagement on moDC and M-MDSCs, downstream SHP2-STAT3
activation, and changes in cellular energetics. Preventing this interaction using a SIRPa
antibody reduced the suppressive effects against T cells, phagocytosis was enhanced

in a dose dependent manner and supported by increases in glucose uptake.

Having observed the potential therapeutic role of the SIRPa blockade by reduction of
suppression and phagocytosis activation in vitro, in this fifth chapter, we will explore
the effects of such a therapy in melanoma tumour bearing mice. Moreover, we will

elucidate the potential mechanism of action by which the therapy would work.

5.1.1 The potential of the SIRPa blockade.

Having observed the widespread distribution of CD47, and reported side effects of its
inhibition, our data indicate that disruption of SIRPa, which displays a more restricted

expression pattern, may prove a better approach offering less off target effects.

Studies have shown a potent effect on tumour growth by blocking SIRPa using a clone
called MY-1643644 (Section 1.7.4 Chapter 1). However, while we were able to obtain the
MY-1 hybridoma, and show it had the same response as P84 in vitro (data not shown),
we were unable to purify it for use in vivo. Thus, as in the previous chapter, we utilized
the Ultra-LEAF™ purified CD172a (clone P84) from Biolegend which has also been
shown to block SIRPa and have impact on tumour growth in vivo®3864 We first,
developed a control that could help determine if anti-SIRPa reaches the tumour and

thus, be bioavailable to the myeloid cells in the TME.

195



Here, the Ultra-LEAF™ purified CD172a (clone P84) and its fluorophore conjugated
twin were used. Both antibodies bind the same epitope, thereby blocking the other
interacting with the antigen. In the in vivo context, delivery of the Ultra-LEAF™ P84
anti-SIRPa to the tumour and effective binding to SIRPawould mean that, the epitope
already be occupied. As a consequence, SIRPa would be undetectable to the

fluorophore-conjugated twin upon FACS analysis.

GM-CSF-TCM induced Ly6C™ cells were incubated with the Ultra-LEAF™ anti-SIRPa
antibody that had a rat IgG1 backbone. Cells were then divided and incubated with
either the fluorophore conjugated anti-SIRPa or with an anti-ratlgG1 that should bind
to the IgG of the Ultra-LEAF™ version. As expected, the fluorophore conjugated anti-
SIRPa was unable to bind the SIRPa antigen already occupied by the Ultra-LEAF™
antibody. The antigen was completely undetectable apart from the positive control
where the LEAF antibody wasn't initially added (figure 5.1 A). Instead, the fluorescent
anti-rat-lgG1clearly bound to the rat antibody backbone proving that the LEAF anti-

SIRPa antibody reached its target avoiding internalisation (figure 5.1 B).
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Figure 5.1. Ultra-LEAF™ P84 blocks the SIRPa epitope to detection of fluorophore
conjugated P84 on Ly6C* GM-CSF-TCM cells. (A) Quantification of the gMFI signal detected for
fluorophore conjugated anti-SIRPa (P84) antibody after epitope blockade by Ultra-LEAF anti-SIRPa
(P84) antibody on isolated Ly6C* cells grown in GM-CSF-TCM. (B) Quantification of the gMFI
signal detected after incubation with the Ultra-LEAF anti-SIRPa (P84) antibody, and detected by a
fluorophore conjugated anti-ratlgG1 antibody. (A and B) The X axes with the concentration of the
antibody used were transformed in logarithmic scale (X=Log(X)). Assay n=1 in triplicate.

This confirmed that this method could be used to determine the in-situ bioavailability
of the anti-SIRPa antibody thus connecting the potential therapeutic effects to
successful delivery to the tumour site. Moreover, this should give indication that the
antibody concentration dose and the length of the in vivo experiments were functional

to allow tumour localisation and potential therapeutic effect.

5.2 CD47-SIRPa blockade slows tumour growth in vivo

B16-F10 melanoma bearing mice received the first dose of anti-SIRPa at day 5, when
tumours were palpable, followed second dose on day 8 at the concentration of 5mg/kg
(figure 5.2 A). Alongside mice receiving the therapy, one group of mice was injected

with PBS and the other with a rat-IgG1 control.

By day 11, we appreciated a significant reduction in tumour volume for the mice dosed
with anti-SIRPa (figure 5.2 B). We noted first that in this time frame the tumours growth
was stalling but were not regressing yet. It is possible, that we are at the peak immune
response and would see a greater regression if we take the experiment out further as
noted for other ICls used in the lab. Second, the rat-lgG1 was potentially inducing a

partial immune response highlighting the importance of comparing it to the therapy

group.
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Examining individual tumours for each cohort provided further evidence supporting
the anti-SIRPa therapeutic effect (figure5.2 C-E). While the tumours in the mice
injected with PBS and IgG showed exponential increase of their size, the mice receiving
therapy showed slower growth already after the first dose, which was strengthened by
the second injection to either maintain or support initial stages of shrinkage. We can
speculate that the dosage and the time between injections were capable of inducing
an inflammatory state and remodelling of the microenvironment sufficient to support

a tumour growth reduction.
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Figure 5.2. SIRPa blockade slows growth of established tumours in vivo. (A) Schematic
representation of the experiment treatment strategy in palpable tumours. (B) Tumour volume
growth curves (mm3) for mice injected with PBS (blue), rat-IgG1 (red) and anti-SIRPa-P84 (green).
(C) Tumour growth for each animal injected with (C) PBS, (D) rat-lgG1 or (E) anti-SIRPa-P84
antibody). (B) Data are mean + SEM; * = p < 0.05, = p < 0.001, **** = p<0.0001 using the ordinary
2way ANOVA with a Tukey’s post hoc test. Total mice n=9 from 3 independent experiments (PBS)
and n=14 (rat-1gG1) and n=15 (anti-SIRPa-P84) from 5 independent experiments.

5.2.1 Myeloid cells remodelling by SIRPa blockade in the TME.

Having observed that monoclonal anti-SIRPa therapy diminished tumour grow rate,
we then examined changes in the myeloid cells given the big role they play in
remodelling of the tumour microenvironment. Using the same marker panels as for
the initial characterisation of the melanoma, we obtained an overview of the myeloid
modification state related to the therapy. One of the main effects of blockade was on
the percentage of cDC1. After receiving anti-SIRPa their abundance almost doubled
compared to the PBS control, and was significantly higher compared to the rat-IgGT1
injected mice (figure 5.3 A). This suggested that this population, which is correlated to
inflammation and positive patient outcome was increased upon therapy and could

play a role in delaying the tumour growth.

In chapter three, the cDC2 and monocytes derived myeloid cells showed an increase
in immunosuppressive markers between day 5 to day 11. In this period, the cDC2
decreased their presence whilst the monocytic myeloid cells increased and expressed

more PD-L1, FasL and ARG1.
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Anti-SIRPa therapy showed a clear trend to reduce the frequency of cDC2 cells when
comparing with IgG1 control whilst no difference was visible when compared with the
PBS treated mice (figure 5.3 B). moDCs also showed a reduction compared to the IgG
control and a reduction tendency compared to PBS (figure 5.3 C). In concomitance the
M-MDSCs tended to be lower when compared to PBS control but higher when
comparing to the IgG1 control (figure 5.3 D). In the previous chapters we noticed that
the M-MDSCs expressed less immunosuppressive molecules than the moDC, thus it
was possible that the moDCs number reduced because couldn’t develop from the less

mature M-MDSCs which, indeed tended to increase their number.
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Figure 5.3. SIRPa blockade induced remodelling of the myeloid compartment. Quantification
of (A) cDC1 (CD11c*XCR1%), (B) cDC2 (CD11c*CD11b*Ly6C), (C) moDC (CD11c*CD11b*Ly6C"),
(D) M-MDSC (CD11c'CD11b*Ly6C*) and (E) G-MDSC (CD11c¢"CD11b*Ly6G*) cells calculated as
percentage of total CD45* cells for PBS and rat-lgG1 controls, and anti-SIRPa-P84 antibody. (F)
SIRPa bioavailability at the tumour site. In black are represented excluded mice from the analysis
injected with anti-SIRPa. Violet describes mice injected with the rat-IgG1 control. In light blue are
represented mice included in the analysis injected with anti-SIRPa. (A to F) The data were
normalised by the signal detected for the rat-IgG1 injected mice samples. Data are mean * SEM; *
=p < 0.05 ** =p<0.01,** = p <0.001 using the ordinary one-way ANOVA with a Dunnett’s post
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hoc test. (A-E) Total mice n=8 from 3 independent experiments (PBS) and n=14 (rat-IgG1) and
n=15 (anti-SIRPa-P84) from 5 independent experiments.
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Another thing to notice was the amount of G-MDSCs. Even though they were
underrepresented in the tumour, they are also associated with immunosuppression.
Their quantity was generally low in our characterisation, but their number was sharply
increasing if new blood vessels were forming around the tumour (data not shown).
Indeed, G-MDSCs are associated with a systemic expansion in later stages of the

disease’?37>4

, thus are brought to the tumour site preferentially via the blood
stream’>>. Even though our system looked at the primary tumour lesion, the G-MDSC
were constantly present and importantly were more than halved when the anti-SIRPa
therapy was given (figure 5.3 E). As specified, this could be just an effect due to the
smaller tumour size, hence less blood vessels and then less G-MDSCs. Despite that,
SIRPa was expressed in a G-MDSCs subset, thus potentially making them sensitive to
the therapy. As we mentioned before, the anti-SIRPa bioavailability at the tumour site

was checked by the lack of staining and, the tumours where SIRPa was still detectable

were removed from the analysis (figure 5.3 F).

In summary, the anti-SIRPa therapy induced myeloid remodelling in the TME. While
the suppressive species generally were reduced, the ¢cDC1 that are associated with T
cells activation augmented. This double action could contribute to the growth

deceleration observed in the tumours.

5.2.3 Analysis of the CX3CR1 (monocyte) and F4/80 (macrophage)

markers expression in the myeloid clusters.

The remodelling observed after anti-SIRPa therapy indicated that suppressive cDC2,
moDC and G-MDSC cells tended to, or diminished and the M-MDSC which presented
lower expression of immunosuppressive molecules compared to moDCs, were less

than the PBS control but more than the rat-IgG1 control. This indicated that SIRPa
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blockade would stop M-MDSCs maturation towards moDCs while the inflammatory

cDC1, which correlate with good prognosis, increased.

In initial analyses, the abundance of F4/807-cDC2 decreased although expression
levels augmented, while CX3CR1 remained constant over tumour evolution. This might
indicate a selective pressure towards a smaller but more M1-like population. In
general, there was a reduction of the specialised populations expressing those

markers. We now sought to determine if SIRPa blockade altered this.

cDC2, moDC and M-MDSC were positive for CX3CR1 at 60, 70 and 30% respectively.
However, the monocyte marker didn't show any change in abundance between the
anti-SIRPa therapy to the IgG control. While the G-MDSCs seemed to increase this
could be a consequence of the low number of these cells detected in presence of the
therapy (figure 5.4 A). The gMFI geometric mean was also analysed but didn't show

any meaningful difference either (appendix 8.9 A).

e cDC1 e cDC2 e moDC e M-MDSC G-MDSC

A R
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Figure 5.4. Myeloid remodelling as for CX3CR1* monocyte and F4/80* macrophage markers
of melanoma tumour bearing mice induced by the therapeutic effect of CD47-SIRPa
blockade. The graphs show the percentage of cDC1, cDC2, moDC, M-MDSC and G-MDSC positive
for (A) CX3CR1and (B) F4/80 in mice groups injected with rat-lgG1 (control) and anti-SIRPa-P84
antibody. (A and B) Data are mean + SEM; * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** =
p<0.0001 using the 2way ANOVA with a Sidak’s post hoc test. Assays n=4 in duplicate.

Measurement of F4/80 was very similar to the CX3CR1. The abundance of cells
expressing this macrophage marker associated with an M1 inflammatory phenotype
didn't alter between conditions, although, we could observe a distribution between
clusters. G-MDSC again showed to increase F4/80 frequency but this could depend by
the low number of cells present in the samples. In this case too, the gMFI geometric
mean associated with each myeloid population didn’t reveal significant changes when

comparing therapy and control (appendix 8.9 B).

From this analysis we couldn’t conclude that the anti-SIRPa was remodelling the cells
expressing the markers associated with macrophage M1 and monocytes. The therapy
remodelled the entire landscape of myeloid cells in the TME, but this wasn't reflected

by these last two markers.
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5.2.4 Analysis of immune suppression associated markers expressionin

the myeloid clusters.

We next profiled immune modulatory molecules expressed following treatment, first
focusing on PD-L1 and ARG1 because of diminished expression upon SIRPa blockade
in vitro. It was very difficult to detect significant shifts between treatment groups.
Regarding PD-L1, cDC2 cells showed a decreasing tendency of expression upon SIRPa
blockade (figure 5.5 A) as did moDCs (figure 5.5 B). However, the M-MDSC didn’t show
any difference between the anti-SIRPa and rat-lgG1 samples but a decrease when
comparing with PBS (figure 5.5 C). As PD-L1 is one of the most represented molecules
expressed by myeloids it is possible that slight, but functionally significant variations

in expression would not be detected by flow cytometry.

Having previously observed increasing ARG1 expression during tumour evolution we
also measured expression upon SIRPa blockade. Expression across the populations
barely changed, although cDC2 cells showed some sensitivity in this regard, with a
decreasing trend of ARG1 after anti-SIRPa injection (figure 5.5 D). moDC cells showed
a very slight decrease (figure 5.5 E), but no differences were detected for M-MDSCs
(figure 5.5F).

— 5
~ 2 c £
:; El 2.0 g 4
115
SESTI S EY S
= o T
L 10 o 210 == = _}
o . 7
E 0.5 Eos Eq p—
] Zo [}
zZ =z
0.0 0.0 o
RPN Y < > CIRPS N
QQ ‘>9c’ 09% Qe Q" °§ QQ 0\\0? Qqﬁ
< &€ &
cDC2 moDC M-MDSC
D =, E " -
2.0+ ns ~20 i ~20 ns
~ - 5 [
O el @ 15 | & 1.5
% " == < S
= 104 T i 1.0 = F
P T Tz, T L 206
= =+ o @
o E 0.54 E 0.5
E 0.54 <] o
z z
[=]
=z 0.0 —T—T—1— 0.0-
0.0—7—7—"71T ) N b Gl N b
0('9 & o> Qq’ ‘_\t)o ng‘b Qq’ v\é’ Qﬁgtb
Q ‘?9 o-Q & {5\& & ;}(
N
@
cDC2 moDC M-MDSC

ns



Figure 5.5. Myeloid function-associated-markers remodelling in melanoma tumour bearing
mice induced by the therapeutic effect of CD47-SIRPa blockade. The graphs show (A to C)
PD-L1, (D to F) ARG1, (G to I) FasL and (L to N) NOS2 gMFI variation associated to cDC2, moDC
and M-MDSC cells in mice groups injected with PBS (control), rat-lgG1 (control) and anti-SIRPa-
P84 antibody. (A to I) The data were normalised by the signal detected in the rat-1gG1 injected
mice samples. Data are mean + SEM; * = p < 0.05, ** = p < 0.01, using the ordinary ANOVA with a
Dunnett’s post hoc test. Total mice n=8 from 3 independent experiments (PBS) and n=14 (rat-
IgG1) and n=15 (anti-SIRPa-P84) from 5 independent experiments. The data were normalised by
the signal detected in the rat-1gG1 injected mice samples. (L to N) Data are mean + SEM; ns = p >
0.05, using the unpaired t test. Mice n=4 for each group from two independent experiments.
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In chapter three we characterised other markers associated with potential
immunosuppressive mechanisms, the FasL and NOS2 which were also analysed in the
SIRPa blockade contest. As we characterised the expression of FasL by the myeloid
before, which was upregulated upon GM-CSF-TCM-CD47 contact, we sought to

analyse it in the context of SIRPa blockade.

FasL expression did not change in either cDC2 and moDC following treatment (figure
5.5 G and H) but, the M-MDSC were showing a tendential increase when SIRPa was
blocked (figure 5.5 I). Since it was reported that in cancer MDSCs induce T cells
apoptosis by FasL-Fas®®, this would be in contradiction with the observed tumour
reduction if MDSCs were to induce apoptosis in T cells using this mechanism. This
would need further investigation and might be associated with the regulation of the

immune response or killing of tumour Fas expressing cells.

We also analysed NOS2, which we previously showed to be expressed by moDC at day
11 of tumour development. Although its expression was observed in the three myeloid
populations, we were unable to detect any significative changes after anti-SIRPa

therapy (figure 5.5 L to N).

The suppressive molecules showed tendencies in being modulated, then we sought to

analyse MHCII to correlate the myeloid with activation of T cells.

5.2.5 The myeloid cells MHCII expression with SIRPa blockade.

Another interesting molecule that was expressed throughout the myeloid groups was
the major histocompatibility complex Il (MHCII). The latter loads extracellular peptides
previously engulfed and processed onto the complex which migrates on the cells
surface exposing the antigen to activate lymphocytes immune responses’>°. Because

of the action of CD47-SIRPa blockade we thought possible that the myeloid cells
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would increase the engulfed antigens coming from the tumour and consequently

increase their expression via MHCII.

The cDC2 showed a slight increase in the level of MHCII expression when comparing
the rat-IgG1 control with the anti-SIRPa therapy in accord with our hypothesis, but
much variability was detected in PBS injected mice (figure 5.6 A). For moDCs, a
trending increase was noted in comparison with the PBS samples but, the signal of the
rat-lgG1 control were higher than the therapy (figure 5.6 B), while the levels of MHCI
remained constant in M-MDSC irrespective of condition (figure 5.6 C). We then also
examined the abundance of MHCIll-expressing cells as a percentage of infiltrating
CD457 cells. cDC2 cells upregulating MHCII were more frequent in rat-IgG1 and the
therapy cohorts, however there was no significant difference between rat IgG and anti-
SIRPa (figure 5.6 D). moDC showed a lower MHCII prevalence with therapy provided
(figure 5.6 E) while the M-MDSC in contrast, showed to present more MHCII (figure 5.6
F).

Thus, when comparing rat-IgG1 and the therapy, the ¢cDC2 and moDC showed less
expression of MHCII whilst M-MDSC a tendential increase. This could be explained by
the overall remodelling of the CD45 myeloid compartment upon SIRPa blockade
which earlier showed a decrease in ¢cDC2 and moDC clusters while M-MDSCs

increased.

To resume, we saw reshuffle of myeloid composition and indications of a possible less
suppressive environment upon SIRPa blockade in vivo. This wasn’t as clear as we
thought but, it may also be the case that at the current doses, in vivo treatment may
impact localisation of infiltrating myeloid populations to modulate T cell proliferation.

Therefore, the T cells status will be analysed in the next section.
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Figure 5.7. Myeloid MHCIlI-associated-marker remodelling in melanoma tumour bearing
mice induced by the therapeutic effect of CD47-SIRPa blockade. The graphs show MHCII (A
to C) gMFI variation and (D to F) percentage of total CD45* cells variation associated to cDC2,
moDC and M-MDSC cells in mice groups injected with PBS (control), rat-IgG1 (control) and anti-
SIRPa-P84 antibody. (A to C) The data were normalised by the signal detected in the rat-1gG1

injected mice samples. (A-F) Data are mean + SEM; * = p < 0.05, using the ordinary one-way
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ANOVA with a Dunnett’s post hoc test. Total mice n=3 from one experiment (PBS), n=9 (rat-1gG1)
and n=11 (anti-SIRPa-P84) from 3 independent experiments.

5.2.6 Therapy effect on the CD8'T and Treg cellsin the TCM.

With anti-SIRPa treatments reducing tumour growth, remodelling the myeloid
compartment via the reduction of moDC, cDC2 and increasing inflammatory cDC1
cells, we next measured T cells. Here we focussed on the CD8* T cells and Tregs
associated with patient prognosis®>®’>"’>8  Melanoma infiltration by CD8* T cells
strongly correlated with an increased survival, while Tregs were associated with the
suppression of tumour-specific T cell immunity’>9760761 Thys, the ratio of CD8-
positive T cells versus Treg in the tumour microenvironment is predictive for survival

of patients with melanoma'#?.

Following SIRPa blockade, samples were stained CD8 and CD4 positive lymphocytes.
The CD4* T cells were further stained for the expression of the protein forkhead box
P3 (FOXP3) which is a master regulator of the regulatory pathway in the development
and function of regulatory T cells’®%763, Hence, we distinguished CD45*CD8* T cells
and CD457CD4*FOXP3* T regulatory cells (figure 5.7 A). SIRPa blockade resulted in a
1.5-fold increase in CD8 T cell infiltration (figure 5.7 B), but there was no significant
difference in Treg infiltration between the anti-SIRPa therapy and the rat-lgG1 control
(figure 5.7 C). Calculation of the ratio between the count of CD8* T cells and Tregs
enabled us to determine if the T cell balance would be in favour of clearance. Indeed,
SIRPa blockade shifted the ratio in favour of CD8 positive infiltrating lymphocytes,
which were approximately 1.5-fold more abundant than the T regulatory cells (figure

5.7D).

Overall, these data indicate changes in T cells infiltration related to the anti-SIRPa

therapy towards more infiltration and more potent T cell response. Together with
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earlier data on myeloid cells, it is possible that these observations are interconnected
by the phagocytosis boost effect reported in vitro. Here SIRPa blockade and disruption
of the “"do not eat me” signal would support the moDC and M-MDSC cells to engulf
more debris, more antigen processing and presentation and a greater immune

response activation. This will be clarified in the coming sections.
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Figure 5.7. SIRPa blockade supports T cell infiltration towards immune clearance. (A)
Representative FACS plots of the gating strategy used to calculate CD8* T and CD4*FOXP3*T cells.
Quantification of (B) CD8* T cells calculated as percentage of the total CD45* cells, (C)
CD4*FOXP3* T cells calculated as percentage of the total CD45* cells, (D) ratio of CD8*/
CD4*FOXP3*T cells. The data were obtained by mice groups injected with rat-lgG1 (control) and
anti-SIRPa-P84 antibody. (B to D) The data were normalised by the signal detected in the rat-1gGT1
injected mice samples. Data are mean + SEM; * = p < 0.05, ** = p < 0.01, using the unpaired t test.
Assays n=3 for each group from 3 independent experiments.
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Together, these trends suggest that the anti-SIRPa treatment may be influencing the
whole process of antigen presentation. Hence, the main mechanism to explain the
reduction in tumour growth could be found in the SIRPa blockade enhancement of

phagocytosis, antigen processing and presentation.

5.3. Phagocytosis increase due to anti-SIRPa therapy in tumour

bearing mice.

Having determined that remodelling of the myeloid cell clusters in the TME followed
anti-SIRPa therapy which coincided with an increase of T CD8* cells infiltration and
reduced tumour volume, we then sought to determine the underlying mechanism of
action. In vitro, we earlier saw how anti-SIRPa was able to boost the ability of moDCs
and M-MDSCs to engulf cellular debris overcoming the CD47 activated “do not eat
me” signal. This mechanism could be responsible of the effects seen on the myeloid
cells remodelling to explain the tumour reduction by anti-SIRPa therapy. However, we
demonstrated this in a setting where half of the cells to engulf were killed to artificially
generate debris to simulate the death cells coming from the tumour. Thus, it was

necessary to determine if the same mechanisms also occurred in an in vivo setting.

Using GFP-labelled B16-F10 to generate tumours (figure 5.8 A), we would be able to
detect if the fluorescent tumour cells were phagocytosed by myeloids to a greater
extent in an anti-SIRPa therapeutic setting. Tumour-bearing mice received two doses
of anti-SIRPa antibody at day 5 and day 8 as previously described. However, this time,
mice were culled twenty-four hours later (figure 5.8 B) to provide a window in which

we could detect enough engulfed dead green tumour cells in the myeloid populations.
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As before, there wasn't much difference between therapy and control until the second
injection, and by day 9 we started to observe a deceleration of growth in treated

animals (figure 5.8 C).
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Figure 5.8. Phagocytosis of myeloid cells in GFP-melanoma tumour bearing mice was
induced by CD47-SIRPa blockade. (A) Quantification of gMFI of the GFP fluorescent protein in
a stably transduced B16-F10 melanoma cell line. (B) Schematic representation of the therapeutic
strategy. (C) Tumour volume growth curves (mm3) for GFP-tumour bearing mice groups injected
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with rat-1gG1 (red) and anti-SIRPa-P84 antibody (green). (D-F) Representative FACS plots of the
gating strategy used to compare GFP* ¢DC2, moDC and M-MDSC cells between anti-SIRPa
injected mice and control. (A) Data are mean * SD; **** = p<0.0001 using the unpaired t test,
Assays n=1 in triplicate and (C) 2way ANOVA with a Sidak's post hoc test. Mice n=4, two
independent experiments.
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The mice were culled, and the tumours extracted to be analysed using flow cytometry.
Using the previous gating strategy, we selected ¢cDC2, moDC and M-MDSC from the
pool of CD45" live cells. Examination of tumours by flow cytometry confirmed that we
were indeed able to detect GFP™* signal within myeloid populations. Despite the

764765766 \na showed that in vivo we can detect

monocyte/ macrophage fast turnover
phagocytosis of tumour material as we did in vitro (figure 5.8 D-F). This provides a

direct readout of myeloid functionality in response to therapy.

We determined the phagocytic capacity of tumour infiltrating cDC2, moDCs and M-
MDSC. First, we used gMFI to measure the amount of ingested material by each of the
populations (figure 5.9 A-C). We detected a tendential increase in the level of uptake
by moDC following anti-SIRPa therapy, and the ¢DC2 and M-MDSC showed a
significant increase of phagocytosis amount (figure 5.9 A-C). We then examined if
more cells were becoming green following treatment as percentage of the total CD45*

cells.

This showed a clear and significant increase in the frequency ¢cDC2, moDC and M-
MDCS phagocytosing the GFP tumour cells when the anti-SIRPa therapy was
administered. Compared to rat-IgG1 control, cells phagocyted almost two times more
for moDCs and M-MDSCs and one and a half times for cDC2, demonstrating a certain

grade of sensitivity to the CD47-SIRPa blockade (figure 5.9 D to F).

Such an increase of the phagocytosis rates confirmed how interrupting the CD47 "do
not eat me signal” in vivowas able to boost the uptake of tumour-derived material as
a first step towards inflammatory function. Phagocytosis is then followed by digestion

and antigen processing in order to present the antigen on the surface of the
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membrane and activate innate and adaptive immunity against a pathogenic insult.
Hence, it was necessary to next demonstrate how the anti-SIRPa disruption, aside

increasing phagocytosis would also boost antigen processing and presentation.
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Figure 5.9. Myeloid cells phagocytosis of GFP*-melanoma cells from GFP*-tumour bearing
mice induced by the therapeutic effect of CD47-SIRPa blockade. The graphs show the cDC2,
moDC and M-MDSC that phagocyted the GFP*-tumour cells as (A to C) gMFI of GFP* myeloid
cells, (D to F) percentage of CD45*GFP* cells for each population, in mice groups injected with rat-
IgG1 (control) and anti-SIRPa-P84 antibody. (A to F) The data were normalised by the signal
detected in the rat-1gG1 injected mice samples. Data are mean + SEM; * = p < 0.05,** = p < 0.01,
*** = p < 0.001, **** = p<0.0001 using the unpaired t test. Mice n=4 in two independent
experiments.
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5.3.1 The antigen processing modulation of the cDC2, moDC and M-
MDSC cells by the CD47-SIRPa interaction.

Antigen processing is composed by protein internalization, denaturation, reduction,
and proteolysis, followed by association of the resulting peptides with MHC molecules
and surface expression. To determine if the myeloid cells were also able to increase
antigen proteolysis upon anti-SIRPa CD47 blockade we utilized DQ ovalbumin. This is
a model to study processing of soluble antigen and a suitable model to understand if
the suppressive myeloid we generated were able firstly, to utilise this mechanism and
secondly, if this could be modulated removing the CD47-SIRPa interaction. If an
increase would be confirmed, it may be an indicator that tumour debris would be
processed in a similar manner. More antigen proteolysis and accumulation in cellular
organelles may be associated with increased antigen presentation by APCs. Thus, we
looked at this intermediate step expecting that upon SIRPa blockade the myeloid cells
would process more antigen due to the higher phagocytosis. Ovalbumin (OVA) is one
of the major constituents of the egg white. This allergen is recognised as a non-self-
antigen and induces an immune response; hence it was widely utilized as a model
antigen to evaluate immune activation in experimental vaccine delivery or as a pseudo-
tumour antigen in transgenic cancer cell lines. While OVA has been successively
coupled to a fluorescent protein for studying the real-time kinetics of antigen uptake
in live cells, a drawback is its sensitivity to pH. Thus, we utilized DQ-OVA, which is a
self-quenched BODIPY conjugated form of OVA, emitting green fluorescence upon

proteolytic degradation. This substrate is designed especially for the study of antigen
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uptake’®” and processing’®8. DQ-OVA is non-fluorescent until is cleaved by proteases

inside, at which point fluorescence is proportional to the degree of processing.

Myeloid cells generated in GM-CSF-TCM in vitro were treated with CD47 active

protein, anti- SIRPa, or both as previously described. Samples were let recover for three

hours and then pulsed 10 minutes with with DQ-OVA, washed and incubated 35

minutes to allow processing, and then stained for myeloid markers and flow cytometric

analysis of DQ-OVA processing.
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Figure 5.10. GM-CSF-TCM grown cDC2, moDC and M-MDSC cells DQ-OVA antigen
processing induced by anti-SIRPa antibody. (A) Representative cytofluorimeter plots of the
gating strategy used to calculate DQ-OVA positive cells. (B) Representative cytofluorimeter plots
of DQ-OVA negative cells. (C to E) DQ-OVA* cells calculated as gMFI of cDC2, moDC and M-MDSC
cells. (F to H) DQ-OVA* cells calculated as percentage of cDC2, moDC and M-MDSC cells. The GM-
CSF-TCM grown myeloid cells were incubated with DQ-OVA in presence of GM-CSF-TCM media
(control), GM-CSF-TCM and anti-SIRPa-P84 antibody, GM-CSF-TCM-CD47, GM-CSF-TCM-CD47
and anti-SIRPa-P84 antibody. (I) Percentage of DQ-OVA positive cDC2, moDC and M-MDSC upon
SIRPa blockade. (C to H) The data were normalised by the signal detected in the GM-CSF-TCM
(control) samples. Data are mean + SEM; * = p < 0.05, ** = p < 0.01, using the ordinary one-way
ANOVAwith a Dunnett's post hoc test. (I) Dataare mean + SEM; **** = p<0.0001 using the ordinary
one-way ANOVA with a Tukey's post hoc test. Assays n=3 in triplicate.

The ¢DC2, moDCs and M-MDSC were clearly able to internalise and proteolyze DQ-
OVA as indicated by the green signal (figure 5.10 A and B), however cDCs and moDCs

were more efficient than M-MDSC.

Across treatments, the degree of antigen processing was quantified. cDC2 didn't show
a significant change in the amount of processing with any of the treatments (figure
5.10 C), but moDCs did show a significant shift when the anti- SIRPa was blocking the

interaction with the CD47 active protein which was coating the wells (figure 5.10 D).

A similar behaviour was observed for the M-MDSCs, the presence of the antibody
produced a slight decrease in antigen processing while there was any difference
between baseline and CD47 only. The increase was detected again when both proteins
were in the solution with the myeloid cells (figure 5.10 E). Examining an earlier time
point may have shown a greater difference in the rate of processing between

treatments.

We then measured, if the variation of the percentage of positive cells able to process

antigen was impacted by the treatments. Here, cDC2 cells showed a slight (10%)
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increase when the CD47 signal was disrupted by the anti-SIRPa antibody (figure 5.10
F). The moDCs variation was also effective upon SIRPa blockade but smaller when
compared to cDC2 (figure 5.10 G). The M-MDSCs enhanced the most in processing
DQ-OVA with CD47-SIRPa disruption (figure 5.10 H). To notice the percentage of
population positive for DQ-OVA varied between the myeloid populations. With
disrupted CD47-SIRPa the cDC2, moDC and M-MDSC were respectively positive at
50%, 80% and 25% (figure 5.10 1), thus the variation is related to the percentage of

cells capable of increasing processing.

Together, these data begin to show that the wider antigen processing pathway is
impacted by SIRPa blockade. However, whether this extended to impact the level of
antigen presentation in the surface of myeloid populations, thereby modulating T cell

responses remained to be determined.

5.3.2 The antigen presentation modulation due to anti-SIRPatherapyin

tumour bearing mice.

Now, having seen that cDC2, moDCs and M-MDSCs were modulated by the disruption
of the CD47-SIRPa interaction in terms of phagocytosis and antigen processing, we
wanted to determine if the phagocytised processed antigen was then also presented
on the surface of the myeloid cells. This is a crucial aspect of the activation of the

adaptive immune response by CD8* and CD4* T cells’®°.

We utilized an OVA transfected B16-F10 cell which expresses OVA as pseudo-tumour
antigen that is processed and presented to OVA- specific T cells’4. This was used to

verify if the SIRPa blockade would increase the antigen presentation by myeloid
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MHC-SIINFEKL +(CD45+)

populations within the TME. Antigen presentation was detected using and antibody

recognizing the ovalbumin Kb-binding peptide, SIINFEKL, when complex with MHCI

770

As before, B16-OVA cells were injected in C57BL/6 syngeneic mice and tumours were
treated with anti-SIRPa injected on the fifth and eighth day (figure 5.11 A). Mice were
culled twenty-four hours later. Consistent with earlier experiments, effect of SIRPa

blockade on growth could be seen after the second dose (figure 5.11 B).

Single cell suspensions were analysed by FACS, and an antibody recognising SIINFEKL
was used to quantify if OVA was presented on the surface of cDC2, moDC and M-
MDSC. moDCs were the more prone to present the OVA, but the peptide could be
detected in each population (figure 5.11 C). This signal was actually very close to what
we saw when the SIRPa was measured on the surface of the myeloid groups. As a
positive control we checked the binding of the SIINFEKL antibody on CD45 negative
cells representing the tumour formed by injecting B16-F10-OVA* cells (figure 5.11 D).
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Figure 5.11. OVA presentation by myeloid cells can be detected in myeloid populations in
vivo. (A) Schematic representation of the therapeutic strategy. (B) Tumour volume growth curve
(mm3) for OVA-expressing-tumours with rat-IgG1 (red) and anti-SIRPa-P84 antibody (green). (C)
Representative flow cytometry plots showing MHC-SIIFEKL positive ¢cDC2, moDC and M-MDSC
cells. (D) Representative flow cytometry plot showing MHC-SIIFEKL positive on CD45 negative cells
(tumour cells). (E and F) tSNE plots showing the expression of Ly6C and OVA positive cells of
CD45* cells. (B) Data are mean + SEM; **** = p<0.0001 using the 2way ANOVA with a Sidak’s post
hoc test. Mice n=4 for each group from 2 independent experiments.

To help confirm that the Ly6C positive myeloids were the population presenting the
majority of the OVA peptide, tSNE visualisation was used (figure 5.11 Eand F). Indeed,
of all immune cells within the TME, the Ly6C expressing cluster was the one to also

show a prominent SIINFEKL signal. The representative plots demonstrated a clear
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overlapping of the two signals, confirming that the Ly6C* cells were also the one
presenting the majority of the OVA peptide complexed with the MHCI evidenced by
the fluorophore conjugated anti-SIINFEKL specific binding.

Initially, the gMFI geometric mean of anti-SIINFEKL signal was quantified for each
myeloid population to determine the level of presentation and normalised by the rat-
lgG1 injected mice control. The moDCs demonstrated a significant increase in
expression levels whilst cDC2 and M-MDSCs showed little change (figure 5.12 A to C).
We then measured the frequency of SIINFEKL-expressing cells within each myeloid
group. ¢cDC2 and moDC exhibited a significant increase in OVA-peptide expressing
cells (doubling the signal) following SIRPa blockade and M-MDSC cells showed a
tendency to increase (figure 5.12 D to F). This result meant that while cells were not
presenting more, the frequency of cells presenting OVA-MHCI complex to incoming T

cells was enhanced.

In summary, these data confirmed that following SIRPa blockade therapy, antigen
uptake, processing and eventual presentation on the myeloid cell surface was
enhanced. This was correlated with increased CD8 infiltration and a reduction in

tumour size.
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Figure 5.12. Presentation of the OVA peptide acquired from uptake of OVA -expressing-
melanoma cells was enhanced after CD47-SIRPa blockade. The graphs show the cDC2, moDC
and M-MDSC presenting OVA peptide acquired phagocyting OVA-expressing-tumour cells as (A
to C) gMFI of OVA* cells, (D to F) percentage of myeloid population OVA* in mice groups injected
with rat-1gG1 (control) and anti-SIRPa-P84 antibody. Data were normalised by the signal detected
in the rat-IgG1 control. Data are mean + SEM; * = p < 0.05, ** = p < 0.01, using the unpaired t test.
Mice n=4 for each group from 2 independent experiments.

5.4 Summary
In this chapter we explored the changes occurring upon therapeutic SIRPa blockade

utilizing a protocol based on Matozaki et al.®* and showed that it's disruption was
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sufficient to slow growth, coincident antigen uptake, processing and presentation, and

improved T and c¢DC1 cell infiltration.

We developed a control method to check the bioavailability of the antibody at the
tumour site and confirmed if the antibody was reaching its target thereby associating
the therapeutic effects to SIRPa blockade. Consistent with Matozaki’ MY-1 antibody
clone®*, treatment with SIRPq, induced a reduction in tumours growth compared to
PBS and IgG controls. However, we noticed that the rat-lgG1 control was inducing a
small immune response, so, it was important to compare the data from the therapy
with the rat-IgG1 control to be certain that the therapeutic effects were induced by
SIRPa blockade. As tumours weren't going in complete remission, we were able to
study the response at the cellular level. Myeloid cell composition remodelled towards
inflammatory phenotypes following treatment’’"3%%, antigen presenting c¢DC1
augmented the infiltration of the tumour while the cDC2 and moDC which expressed

immunosuppressive molecules decreased.

Based on our previous observations, the M-MDSCs present seemed to be less
specialised, and less suppressive. From this observation when combined with therapy
data, we speculate that the SIRPa blockade impairs M-MDSCs developing a moDC
phenotype, thus the moDCs reduced and the M-MDSCs increased 79706707  This

myeloid remodelling could partially explain the tumour reduction.

Expression of immune modulatory molecules PD-L1 and ARG1, modulated by CD47-
SIRPainteraction were reduced by blockade in vitro, and slightly in vivo. However, the
reduced immune suppression may instead depend more on the decrease of
suppressive myeloid populations. The cDC1 associated with antigen presentation and
inflammation increased while the cDC2 expressing suppressive molecules tended to
reduce. Furthermore, we assisted to a reduction of moDCs that were intended as
mature highly suppressive M-MDSCs, the latter were tended to reduce when

compared to PBS control but increased when comparing with rat-IgG1 injected mice.
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This different myeloid landscape reflected in that is associated with good prognosis in
melanoma cancer patients’’2. However, we also unexpectedly observed changes in
percentage of moDC and M-MDSC expressing MHCIlI where moDCs decreased but M-
MDSCs increased. Together, these conflicting trends suggest that rather than changing
specific molecules, anti-SIRPa treatment may influence the whole process of antigen
presentation. Hence, the main mechanism to explain the reduction in tumour growth
could be mediated by an enhancement of phagocytosis, antigen processing and
presentation. Supporting this idea, we proved in vivo that mice treated with anti-SIRPa
overrode the inhibitory CD47 signal to induce an increase in phagocytic activity, and
antigen processing which resulted in an increase of antigen presentation on the

surface of the myeloid cells.

In these experiments though, the gMFI detection as measure of signal intensity may
be limited in revealing an increase for these experiments. It could have been that the
presence of the anti-SIRPa would not increase much the intensity but the proportion
of cells becoming positive. Because of it the second parameter to be analysed was the

positive percentage of cells expressing fluorescence within each myeloid population.

In chapter 3 we saw how the myeloid were characterised by the SIRPa expression, this
was the highest in the moDCs followed by the cDC2 to close with the M-MDSCs. This
correlates with the sensitivity in phagocytosis and processing and presenting OVA
antigen when the CD47-SIRPa axes was disrupted. Indeed, the antigen processing
baseline was different for the three groups analysed. The 40, 70 and 20% of cDC2,
moDC and M-MDSC cells respectively were able to elaborate the antigenic molecule.
Similarly, the ability to present antigen also, seemed proportional to SIRPa level of
expression and blockade directly causing a proportional phagocytic increase, antigen

processing and then, OVA presentation.

These results associated shed light on the differential thresholds that those cells need

to overcome to internalise and process the antigen. The sensitivity was associated with
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the amount of SIRPa expression but also may reflect the different states of maturation
in which those cells were. In fact, we detected very different concentrations of immune
modulator molecules that may be responsible of the responsiveness to antigen
phagocytosis and processing. The whole myeloid cluster though was affected by
modulating the CD47 interaction with SIRPainducing us to conclude that this process
is strongly associated with the TME remodelling towards more inflammatory

phenotypes.

Importantly while some changes were subtle, our data indicated that following
therapy, the number of cells changing phenotype, rather than expression level by

individual cells was a driver in the anti-tumour effect.

To strengthen this conclusion, we analysed the CD8" T and Tregs cells composition
upon SIRPa blockade. Consistent with immune checkpoint inhibitor studies’’377477,
the CD8" T cells were increasing the tumour infiltration while the suppressive Tregs
remained constant. This may indicate that anti SIRPa myeloid remodelling also
changes the cytokine milieu to impact either recruitment or differentiation of T cell
within the TME. Importantly, the ratio between the two species was in favour of the
CD87 T cells. This result associated with the increase of cDC1 showed how the immune

balance was tending towards inflammation associated with favourable outcome326776,

In summary, we have provided evidence that indicates a viable anti-tumour response
following SIRPa blockade. It would be interesting to determine if effects were
enhanced by combining this approach, which targets myeloid populations with

platforms that target adaptive immune populations.
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CHAPTER®6

DISCUSSION
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6.1 Project rationale and overview
Malignant melanoma is characterized by the development of chronic inflammation in
the tumour microenvironment. Chronic inflammation ultimately leads to strong

immunosuppression associated with rapid tumour progression’’’.

This tolerogenic
environment and T cell suppression can in part be attributed to the presence of
myeloid cells in the tumour microenvironment. Tumours recruit and modulate
endogenous myeloid cells, maturing them into tumour associated macrophages
(TAM), dendritic cells (DC), myeloid-derived suppressor cells (MDSC) and tumour
associated neutrophils (TAN), thus sustaining an immunosuppressive environment.
However, despite advances in determining specific phenotypes, functional

experiments remain a benchmark to define these populations as suppressive*'340>,

The TME directly augments MDSC function. The acquisition of suppressive phenotypes
is dictated by the tumour, other immune and stromal cells indicating the inherent
plasticity of MDSCs and therefore offers a biological niche which may be exploited.
Platforms to revert these tumour-induced changes are sought to achieve tumour
rejection. But to do this, and utilise these cells as a therapeutic target, it is critical to

understand which molecules contribute to the myeloid suppressive behaviour.

To elucidate the mechanisms behind MDSC development, we initially investigated the
changes caused by melanoma evolution in the myeloid compartment and established
their suppressive behaviour. Moreover, we recapitulated these changes and
investigated whether the CD47-SIRPa ‘do not eat me signal’ was involved in sustaining
the myeloid suppressive function. Finally, we studied the impact of SIRPa blockade on
the remodelling of the TME. With this approach we provided evidence that CD47-
SIRPa engagement increases the MDSCs suppressive potency which can be reverted

by blockade inducing increase in phagocytosis, antigen processing and presentation.
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6.2 MDSCs and moDCs develop a suppressive phenotype in the

melanoma TME

To assess changes in the myeloid composition in melanoma, we used a well-
established injectable murine melanoma model. Melanoma is a potentially fatal form
of skin cancer characterised by rapid progression and metastasis to regional lymph
nodes and distant organs. Moreover, melanoma is often associated with therapeutic
resistance’’®’’°. Melanoma and other progressive cancers establish the need to further
understand the interplay between mechanisms of immunosuppression and tumour
immunity. Researchers have described a strong correlation between the development
of chronic inflammatory conditions in the TME and the recruitment, enrichment and

activation of MDS(Cs780.781,782,783,784

Accordingly, we initially analysed the presence of MDSCs in the melanoma TME. We
noted an accumulation of CD11b*Ly6C* cells representing a quarter of the total CD45*
population. This increase over time, selected for two main populations;
CD11c*CD11b*Ly6C* (moDC) and CD11cCD11b*Ly6C* (M-MDSC), while CD11c
CD11b*Ly6G™ (G-MDSC) were represented to a lesser extent. This result contrasted in
comparison to a model of spontaneous melanoma in transgenic (Grm1)EPv mice which
showed preferential accumulation of G-MDSCs over M-MDSCs. However, both models
confirmed that the MDSCs suppressed melanoma antigen-specific T cells via ARG1,
NO, and TGF-B production’®. Similar results were obtained by Raber et al. who found
that in lung cancer and melanoma models more G-MDSCs were present compared to
M-MDSCs but found the opposite to be true in colon carcinoma’®®. However, this data
was obtained by positive magnetic isolation of Ly6G cells and the proportions were
calculated by comparing the fractions of the two cells types. Our work differed by
assessing the proportions of represented cell types through directly staining the

tumour cells and ensuring that the entire tumour was assessed. Our work defines the
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early evolution of a melanoma tumour before the maximum growth reaches 12mm.

Hence, we described the conditions observed within this parameter.

Between day 5 and day 11 of tumour growth, a gradual increase in CD11b* cells,
enriched for Ly6C* and indicated a switch from inflammatory cDC-type towards a more
immunosuppressive environment containing less mature myeloid infiltrates but
increasing moDCs and M-MDSCs. The gradual increase in CD11b* expression has also
been documented in sarcoma, mammary carcinoma and melanoma cancers, and is
attributed to the increased expression of CCL2, a monocyte chemoattractant’8’.788781,
These works corroborated the expansion we observed. However, our work was further
characterised by the TME myeloid populations expression of SIRPa which remained
consistent over time. This allowed the identification of monocytic-DCs
(CD11c*CD11b*Ly6c*SIRPa™) from monocytic-MDSCs (CD11c
CD11b*Ly6C*SIRPa*)699405322 These populations also expressed subsets of CX3CR1*
(monocytes) and F4/80* (macrophages) indicating the high complexity and plasticity
of myeloid cells, which remains under debate. In a mammary adenocarcinoma tumour
model, it was demonstrated that Ly6C*CX3CR1'©Y monocytes were the primary
precursors of all subsets of TAM. These cells can differentiate into an M2-like
suppressive phenotype which can also express F4/8078%7% The presence of these two
markers in our analysis depicted a complex interplay between monocytes,

macrophages and dendritic cells.

After demonstrating the presence of myeloid cells in the melanoma model, it became
important to correlate their presence with tumour remodelling. The hypothesis being
that with an increased myeloid population, there would be an increase in molecules
associated with immunosuppression, supporting tumour progression. Indeed, we
observed an increase in PD-L1 and ARG1 expression in both moDC and M-MDSC. The

M-MDSCs were associated with an increase in PD-L1 expression due to the tumour
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hypoxic environment, as facilitated by hypoxia-inducible factor 1-alpha (HIF-1-
alpha)’®. Moreover, myeloid expression of PD-L1 was required to activate the immune
checkpoint PD-1 to establish an immunosuppressive environment®®. In the TME of
colon cancer it was found that PD-L1 was highly expressed by tumour-infiltrating M-
MDSCs**3. ARG1 has also been associated with M-MDSCs immunosuppressive
function®'3689 An increase in our analysis confirmed that the myeloid cells were
contributing to both increased ARG1 and PD-L1 in the TME during tumour evolution.
Interestingly, it was also reported that ARG1 expression wasn't inducing the critical
MDSC-mediated inhibition toward T cells. On the contrary, inhibition was dependent
on direct cell contact’®!. Based on this, we utilised transwell plates in a T cell
proliferation assay to keep the M-MDSC separate from the T cells and found that no
suppression was obtained (appendix 8.10 A-B) regardless of ARG1 concentration when
the cells were physically separated (appendix 8.10 C). However, a caveat of this data
was that this study was preliminary, and the assay was affected because the media was
refreshed. Regardless, the overexpression of ARG1 correlates with poor prognosis in

794 and melanoma cancers’®. Overall, our analysis of

colorectal’®?, ovarian’®3, hepatic
PD-L1and ARGT1 could be associated with their mediation of T cell suppression through

both direct and indirect cell contact, respectively.

In addition to PD-L1 and ARG1, we also observed an increase in the expression of Fas
ligand (CD178). Fas-mediated apoptosis of T cells is a well-studied mechanism to
regulate T cell homeostasis and to prevent immunopathology. Triggering the
induction of Fas ligand (FasL) expression on T cells causes activation-induced cell death
(AICD) 7%, and qualifies the Fas-FasL interaction as an immune checkpoint
mechanism®. C57BL/6 FasL-/- mice showed an increased accumulation of potent
M-MDSCs that correlated with reduced survival of the tumour-bearing mice’®’. Recent
research indicated that other cells types in the tumour microenvironment can also

express FasL and trigger the apoptosis of tumour-infiltrating lymphocytes (TIL),
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including endothelial cells?’’, CAFs’#and myeloid-derived suppressor cells (MDSC) 2.
We identified that the myeloid cells in the melanoma TME were expressing FasL, and
this gradually increased with tumour progression. This indicates that myeloid cells
could be regulating the homeostasis of the T cells using FasL’?". However, it is not the
only mechanism used by myeloid cells and it is unlikely that these cells are solely

responsible for T cell suppression through this mechanism.

Lastly, we observed specific expression of inducible NOS2 by the moDC. It was proved
that the production of nitric oxide by MDSCs impaired the Fc receptor-mediated
cytotoxicity of NK cells’®® and that the CD11b* cells producing NO suppressed T-cell-

mediated antitumor immunity*>®

. moDCs expressing NOS2 produced NO which is
required to control both bacterial and viral infections in vivo. However, in vitro GM-
CSF and IL-4 differentiated monocyte-derived human DCs (moDCs) don't readily
express NOS27%°. This is in contrast to observation by Thwe and Amiel, suggesting that
the right environmental conditions in vitro are critical for NOS2 expression®°. Whilst
we didn't detect NOS2in the M-MDSCs at the time points we examined, work by Raber
et al, M-MDSC NO production strongly correlated with the impairment of T cell
response 8. This is not necessarily in contrast to what we found because in this work

CD11c wasn't used to distinguish moDC and M-MDSC which were instead identified
by CD11b*Ly6C*Ly6G".

6.2.1 moDCs and M-MDSCs are highly suppressive towards T cells

In the TME of melanoma tumour bearing mice, there was a selection for moDC and
M-MDSC cells as characterised by molecules associated with T cell suppression. Those
clues indicated that the myeloid cells were involved in creating a permissive
environment for cancer development. We confirmed that extracted myeloid could
effectively suppress activated T cells. Two methods of myeloid extraction were tested

but difficulties were encountered, and we opted for the methodology which allowed
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us to demonstrate that CD11b*Ly6C* myeloid cells were suppressive, but accepting
the limitation that this method can't distinguish between moDC and M-MDSC

populations.

The fact that MDSCs can inhibit different types of T cell response is widely
accepted?66801802 |n accordance with this work, Lesokhin et al. demonstrated that
CCR2*CD11b* M-MDSCs extracted from B16-F10 tumours, were able to suppress the
proliferation of CD3/CD28 activated CD8* T cells®%, It was also described that moDC
from the TME, were often skewed towards tolerance. This is observed in several cancer
models where the moDCs are sensitive to phagocytosis but poor at antigen
presentation®. In our findings, CD11b*Ly6C* moDC and M-MDSCs extracted from
the TME of melanoma tumour bearing mice were able to suppress T cells and, based
on the immune modulator marker expression detected in vivo, our data indicated that
the M-MDSCs were less specialised moDCs and may be part of the same family. In
humans, it has been observed that monocytes extracted from peripheral blood and
cultured with interleukin (IL)-10 differentiated into moDCs and M-MDSCs (CD14+HLA-
DR!°%) with reduced stimulatory capacity. A similarity shared with mouse MDSC’®.
Activation of the transcription factor IRF4 was responsible for differentiating the Ly6C*

monocytes into moDC7%707,

6.3.1 The in vitro model recapitulates MDSCs suppressive phenotype
Due to the difficulties in obtaining moDC and M-MDSC in vivo, we developed an
alternative in vitro system. Melanoma cells are reported to be able to produce a variety
of inflammatory mediators including GM-CSF, VEGF, TGF-B, TNF-a, IL-18, IL-6, IL-10
and multiple chemokines (CCL2, CCL5, CXCL1, CXCL2, CXCL8, CXCL10)’80.781.782.783784
Several papers matured M-MDSCs from bone marrow utilising cocktails of GM-CSF,
one of the main protagonists of ‘emergency’ myelopoiesis3’, interleukin 6 (IL-6)7° or

alternatively, tumour conditioned media (TCM)3"’. Others reported maturation of
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MDSCs from HSCs using bone marrow hematopoietic progenitor cells®. In our system
we wanted to generate myeloid cells as comparable as possible to those present in in
vivo. Therefore, we extracted HSCs and stimulated maturation utilising a combination
of GM-CSF and condition media obtained from a B16-F10 cell culture. As the cells
progressively matured, we noticed that the stem cells developed first into MDSCs

which later expressed the CD11c* marker, thus becoming moDCs.

At this point it wasn't clear whether our in vitro matured cells resembled those present
in vivo. In terms of percentages and myeloid markers the cell populations matched but
in comparison to cells grown only in GM-CSF media they couldn’t be distinguished as
different populations. However, multiple reports have demonstrated the effects of
TCM in inducing suppressive MDSC phenotypes. Condition media from a renal
carcinoma cell lineinduced monocytes to acquire a monocytic MDSC phenotype which
was characterised by a stronger suppression of T cells compared to the control®°.
Moreover, TCM obtained from an oropharyngeal squamous cell carcinoma was used
to generate MDSCs which acquired suppression’, and HNSCC cell line-derived
conditioned media was used to differentiate human PBMCs into suppressive cells®%,
Further studies demonstrated how the stimulation of myeloid cells with GM-CSF
induced a suppressive phenotype®®, and associated the accumulation of MDSC in the
progression of colitis to cancer®'®, With this in mind we treated in vitro cultures with
TCM. We expected that growing our cells in GM-CSF would cause them to develop a
certain grade of suppression, but this would be enhanced by TCM. Consistent with
these reports, Ly6C* myeloid cells grown in melanoma GM-CSF-TCM were more
suppressive towards T cell proliferation and survival than the control cells, and so, a
direct effect of the B16-F10 exudate stimulating MDSC maturation was proven. So, we
decided to use GM-CSF grown cells as the control to evaluate the potency of TCM as

a stimulator of MDSC maturation.
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6.3.2 In vitro generated moDCs and M-MDSCs express similar

suppressive mediators to tumours

We characterised the moDC and M-MDSC generated in TCM for suppressive
molecules. This was to corroborate functional data and to allow comparison to the
data obtained in vivo. The moDCs and M-MDSCs expressed molecules such as SIRPq,
PD-L1, ARG1 and FasL with similar levels to those detected in vivo. Again, we observed
that moDCs were expressing a higher concentration of these molecules, indicating a
possible common maturation from the MDSCs’9>796797 Sypporting this hypothesis,
peripheral blood monocytes were differentiated in moDCs within 7 days using IL- 4
and GM-CSF, however, the addition of IL-10 resulted in the generation of a MDSC
(CD14*HLA-DR'®") phenotype’®. This showed the intimate relation between these two
populations and highlights that their fundamental plasticity depends on their external

stimuli.

SIRPa expression confirmed the identity of moDCs and M-MDSCs and may indicate a
regulatory role in myeloid homeostasis. Indeed, SIRPa mutant mice manifested a
marked reduction in the number of splenic DCs compared to the wild type indicating
an important role in myeloid cell survival®®. We showed that CD47-SIRPa interaction
had profound effects on the function exerted by moDC and M-MDSC in the melanoma
TME. PD-L1 has also been reported several times to be upregulated in MDSCs

dependent upon different stimuli’9>81

and in different tumour types, including
breast®'?, to support our findings in melanoma . The third molecule we detected both
in vivo and in myeloid cell culture was ARG1, the inhibition of which blocks myeloid
cell-mediated immune suppression in the tumour microenvironment in multiple
mouse models’%. Another molecule we observed in vivo was FasL. When comparing
the expression levels, the concentration in vitro was most comparable to day 5 of the

in vivo melanoma evolution. FasL expression in T cells was reported to be enhanced

by IL-2 expression however its upregulation didn't correlate directly with increased
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activation of induced cell death (AICD)8"3 which may associate a low level of expression
with a potent Fas-FasL activation. It is now widely accepted that once cancer cells
acquire resistance to Fas-mediated apoptosis, further stimulation of Fas is
tumorigenic™. For instance, overexpression of Fas by lung cancer tumour cells was
correlated with the accumulation of MDSC through an increase in PGE(2) expression®'>.
We speculate that MDSCs could upregulate FasL under the influence of the TME
stimuli, and from one perspective induce T cells killing and the other stimulating the

self-recruitment of more myeloid suppressive cells to the tumour site.

Comparable to the level of FasL expression and IDO were detected in the myeloid cell
cultures. IDO exerts its suppressive effects via the reduction of local tryptophan
availability and the generation of kynurenine which blocks the initiation of an Ag-
specific immune response. IDO also reduces the antitumor cytotoxicity of activated T
cells, and increases Treg recruitment and infiltration%817818 Moreover, IDO was
found significantly upregulated in MDSCs isolated from fresh breast cancer tissues*
and PGE2 has been shown to induce the upregulation of IDO in ex vivo-generated
MDSCs*>. The suppressive effect of IDO is just one of the mechanisms that MDSCs

704

use to create an environment of tumour tolerance’””. Its detection in our culture

system strengthened the association of our moDC and MDSCs with a suppressive

phenotype.

Another molecule of the B7 family which includes the immunosuppressive PD-L1, is
V-domain Ig suppressor of T-cell activation (VISTA). VISTA, like PD-L1, is associated
with the inhibition of T cells and mediation of immune evasion in cancer®'. In our in
vitro cell culture system for moDCs and MDSCs, VISTA was detected but at a low level.
However, MDSCs have been reported to be responsible for T cell proliferation
blockade through VISTA which, if blocked, allowed for the restoration of a protective

820,821

anti-tumour response . Hypoxia (HIF)-1a binding promoted VISTA upregulation

822

on myeloid cells®< and its immune co-receptor engagement to the adhesion and co-

242



inhibitory receptor P-selectin glycoprotein ligand-1 (PSGL-1)is dependent on an acidic
pH 823 This makes it difficult to simulate optimum conditions for VISTA expression in
our cell culture system thus a difficult molecule to investigate in an in vitro context.
However, TCM grown myeloid cells showed to induce a partial upregulation of VISTA

which correlated with possible T cells inhibition.

The presence of these molecules, all associated with immunosuppressive mechanisms
used by MDSCs, confirm that our cell culture system was maturing MDSCs and moDCs
reflecting the phenotype observed in vivo. When compared against the same cells
grown in GM-CSF only media it was clear that TCM addition facilitated an increase in
the expression of these suppressive mediators. This may explain the major
immunosuppressive potency found in these cells. It was also the confirmation required

to show that we could use the cultured cells to further understand their cancer biology.

6.4.1 CD47 expressed in the TME cells engage SIRPa on the myeloid

The discussion in the previous section delineated the reduction of ¢DC and the
increase of moDCs and M-MDSCs in tandem with tumour progression. Both cell types
were expressing an array of immune modulator molecules associated with immune
suppression. Using TCM to provide an equivalent in vivo stimulus, we obtained the
same composition of myeloid cells found in the melanoma TME from bone marrow
derived HSCs. The myeloid cells shared similar patterns of modulators which exerted
their immunosuppressive function over activated T cells by reducing their proliferation.
The molecule which was consistently expressed and conserved was SIRPa. In the work
of Chauhan et al., mass spectrometry was used to characterise MDSCs (CD11b*GR1*)
harvested from mammary tumour bearing mice. The surface glycoproteins expressed
molecules typical of the “"don’t eat me” signal, such as CD47, and its binding partners
thrombospondin-1 (TSP1) and SIRPa*’4. The SIRPa expression they described matched

our observations, however, the role of the SIRPa-CD47 axis on MDSC function
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remained unclear. In 2019, Pengam et al. used a model of long-term kidney allograft
tolerance which was sustained by MDSCs. They observed that SIRPa or CD47 blockade
with monoclonal antibodies induced the MDSC differentiation towards a myeloid cell
overexpressing MHCII, with CD86 costimulatory molecule expression and increased
secretion of macrophage-recruiting chemokines (e.g. MCP-1). This blockade resulted
in an inflammatory environment which induced graft dysfunction and rejection®?'. We
can speculate that a SIRPa agonist could be used in transplant patients to obtain
immune tolerance. Our work was partially based on these publications, if MDSC SIRPa
blockade induced transplant rejection it meant that the SIRPa-CD47 axis was

regulating MDSC homeostasis, and could be exploited to “reject” tumours.

Based on our initial SIRPa rich myeloid characterization, we explored the expression of
its binder, CD47. CD47 was widely expressed by cells of the TME, both at the single
cell RNA and protein level. However, B16-F10 melanoma cells didn’'t show a high
expression of CD47 indicating that they may contribute less to the SIRPa engagement.
Despite this, B16-F10 cells with a CD47 knock out were targeted with a melanoma
specific antibody resulting in an increased amount of phagocytosis’'2. Furthermore,
patients with ovarian, breast, colon, bladder, glioblastoma, hepatocellular carcinoma,
and prostate tumours expressed CD473%°. Regardless of the cells expressing this
molecule, myeloid cells encounter a CD47-rich TME which contributes to SIRPa-CD47
engagement. We speculate that independently from tumour CD47 expression, this
molecule could always characterise the TME, thus having implications for therapy
efficacy and stratifying therapeutic intervention when based exclusively on the CD47
expression. Endogenous expression of CD47 on a variety of cell types, including
erythrocytes, creates a formidable antigen sink that may limit the efficacy of CD47-
targeting therapies®“. Conversely, SIRPachas a more restricted histological distribution
compared to CD47, which could lead to less toxicity and greater blockade when

therapeutically targeted®®>.
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6.4.2 CD47-SIRPa engagementenhances the suppressive immune

molecules

For these reasons, we used CD47 expression to assess functional changes in the
moDCs and M-MDSCs and blocked their SIRPa protein in order to understand myeloid
reactivation in the TME. Through this we established the contribution of CD47-SIRPa
engagement in the development of moDCs and M-MDSCs and their suppressive
phenotypes. PD-L1 slightly increased upon CD47 engagement. This correlates with
data found in mice vaccinated with CD47-/- or CD47+/+ melanoma cell line. Here,
suppressor cells, including the G and M-MDSCs, were highly downregulated in the
TME of CD47-/- vaccinated tumours. This was accompanied by reduced numbers of
NK cells, elevated levels regulatory T cells and 'M2-like’ macrophages which were
expressing high levels of PD-L1 indicating a link between CD47 and PD-LT

expression®2®,

We also observed an increase of FasL matching with the general suppressive
enhancement driven by CD47-SIRPa engagement. It was also demonstrated that Fas
(CD95) was identified as a lateral binding partner of CD47 in T cells. Activation of the
Fas receptor on T cells by an antibody or by Fas ligand binding induced death only in
cells that expressed CD47827828 This may be associated with the FasL increase we
observed on moDCs and M-MDSCs, which could induce CD47-expressing T-cell death
through Fas-FasL engagement®®. These findings made us consider that combinations
with the SIRPa in combination with Fas aand FasL blockade maybe beneficial in

increasing T cell survival and tumour regression.

The suppressive potency towards activated T cells of moDCs and M-MDSCs upon
CD47-SIRPa engagement was stronger than with myeloid cells in GM-CSF-TCM only.
This correlates with the increased expression of PD-L1 and FasL detected in the cell

culture phenotyping. We associated the anti-SIRPa treatment with the reduction of
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ARGT1 which could result in the availability of L-arginine for maturation of the T cell

receptor 829,

L-arginine supplementation to mammary tumour bearing mice
demonstrated an increase in their survival by inhibiting the tumour growth associated
with reduction of suppressive MDSCs’%3. Therefore, it would be a promising strategy
to combine SIRPa blockade with supplements of amino acids in order to strengthen

the T cell response.

6.4.3 CD47-SIRPa engagementand blockade modulate the phagocytosis
of moDCs and M-MDSC in the TME

Besides the regulation of CD47 expression in cancer cells, it is also responsible for the
regulation of other cell types. As we saw in our phagocytosis assays, moDCs and M-
MDSC uptake was inhibited by CAFs which expressed more CD47 than the melanoma
cells. Indeed, the ability of the myeloid cells to engulf debris directly correlated with
levels of CD47 expression. It has been speculated that CD47 up-regulation in
fibroblasts may be a consequence of exposure to the inflammatory cytokines TNF-a,
CXCL10, and IFN-a®°. In particular, fibrotic associated fibroblasts were found to
upregulate CD47 and PD-L1. The expression drove lung fibrosis development, which
was abrogated by the administration of anti-CD4783'. Research has also proved that
CDA47 up-regulation on vascular smooth muscle cells was caused by TNF-a, which
could also explain the impairment in macrophage phagocytosis within human
atherosclerotic plaques®3?. Furthermore, CD47 expression by T cells in the TME was
correlated with reduced type 1 immune responses and a suppressed phenotype®'. We
speculate that the chronic inflammation in the melanoma tumour could promote CD47
expression through the fibroblasts and T cells, promoting the engagement of SIRP«a
expressing myeloid cells and contributing to their suppressive development. For
instance, it was found that in hepatocellular carcinoma the associated fibroblast
derived IL6 was responsible for the STAT3 activation of neutrophils, which resulted in
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up-regulation of PD-L1 expression and a subsequent increase in suppression®33. This
suggests that fibroblasts may contribute to the regulation of phagocytic ability in
MDSCs in addition to their suppressive development. Also, we saw a correlation with
PDFRa, Thy1 and CD47 expression. PDGFRa and PDGF signalling has long been

associated with activation of fibroblasts®4 while Thy1 identifies active T cells’??, w

e
wonder if CD47-SIRPasignalling could be involved in regulating the functions of these

cells and may be involved in pathologies progression.

The myeloid cells were inhibited by CD47 expressing cells in the TME. Using SIRPa
blockade we abrogated this inhibition and increased the levels of phagocytosis,
showing a dose dependency between SIRPa blockade, its abrogation of CD47
engagement and increased phagocytosis. Therefore, when using an anti-SIRPa
therapy, the bioavailability of CD47 at the tumour site should be considered for an
informed dosage strategy which can overcome CD47 mediated inhibition. Research
by Hayes et al. determined that soluble SIRPa binding to human CD47 displayed on
Chinese hamster ovary (CHO) cells was blocked by SIRPa membrane surface co-
display. This means that SIRPa expressing cells can also express CD47, thus their
engagement could happen in cis 7. This research group presented a poster in 2021
with preliminary data which implied that full disruption of CD47 binding is necessary
to obtain a curative effect. This would be achieved through pro-phagocytic and
tumour-opsonizing IgG, therefore facilitating a ‘phagocytic feedback’. This could affect
the efficacy of SIRPa blockers and should be considered in drug development if
elimination of CD47-"self” inhibition added to an “"eat me"” signal wants to be

achieved®3>,

Several clinical trials encouraged by positive pre-clinical data using SIRPatargeting are
currently taking place®®. The design of these studies has started to consider
combination therapies using tumour-specific opsonizing antibodies. It has been

noticed that SIRPa blockade was lowering the threshold of phagocytosis activation but
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in addition to this, a positive ‘eat me signal’ may also be required. Nan Guo Ring et al,
developed the monoclonal antibody, KWAR23, which binds human SIRPa and disrupts
its binding to CD47. This antibody administered alone only had a small effect on the
tumour. However, when used in combination with tumour-opsonizing monoclonal
antibodies, it increased the myeloid-mediated killing towards human tumour-derived

cell lines®32,

Indeed, combinatorial approaches are being used in clinical trials involving the CD47
and SIRPa blockade. Examples include Hu5F9-G4 with rituximab (anti-CD20),
cetuximab (anti-EGFR) and Avelumab (anti-PD-L1), CC-90002 with rituximab, and
ALX148 with trastuzumab (anti-HER2) and rituximab. All these trials aim to combine
the advantages of the CD47-SIRPa blockade and simultaneously harness the
mechanisms targeting other pathways. A similar approach is used in the clinical trial of
BI-765063 which is an antagonist monoclonal antibody of SIRPa. This molecule is
being evaluated alone and in combination with anti-PD-1 which is also involved in the

“do not eat me signal” and of course, T cell activation (Section 7 of chapter 1).

6.4.4 CD47-SIRPa modulates intracellular signalling

Profound downstream changes were detected in the myeloid in their cell signalling.
SIRPa blockade reduced SHP2 while CD47-SIRPa engagement activated STAT3, this
could be associated with decrease in suppressive molecule expression and
downstream inhibition of T cell proliferation. The observation was corroborated by
work of Toledano et al. who reported that CD47-SIRPa triggers STAT3. In addition to
the formation of the ITIM-SHP-1-2 complex which transmits an anti-phagocytotic
signal It was also linked to the development of an immature APC phenotype and
peripheral tolerance. This phenotype was overcome by CD47 suppression using
specific siRNAs and shRNAs®23, We also observed that CD47 induced STAT3 activation

may play a role in ROS production. In hypoxia driven STAT3 activation, increased ROS
248



production was facilitated by Nox4 and positively correlated with tumour angiogenesis
and progression®’. This implies that the induction of STAT3 and subsequent ROS
production induced by CD47-SIRPa stimulation may be direct effects of tumour

progression and T cell suppression.

In addition to changing ROS production, disruption of CD47-SIRPa changed cellular
energetics, likely needed to support functional adaptations in the moDCs and MDSC.
CD47-SIRPa engagement caused an ATP accumulation and a glucose uptake
reduction, indicating that M-MDSCs and moDCs were energetically less active. Indeed,
MDSCs isolated from patients with hepatocellular carcinoma were characterised by
low levels of glucose and ATP when compared to monocytes from healthy patients’3®.
This weak energetic state was associated with the production of an intermediate
metabolite of glycolysis, metilglyoxal, which was passed and inhibited the T cell by
depleting L-arginine and lysine, both important for maturation and activation. This
inhibition was mediated by cell-to-cell contact between MDSCs and T cells causing T
cell paralysis. High CD47 expression in hepatocellular carcinoma correlates with poor

prognosis®® and we speculate that the SIRPa-CD47 interaction may be involved in

ATP related metabolic disruption.

In contrast, SIRPa blockade induced a faster uptake of glucose, which was associated
with an increase in the expression of surface glucose transporter GLUT1, while ATP was
being consumed. We speculate that the energy was being used to reactivate
phagocytosis or contribute to a metabolic reprogramming of the cells, back towards
an activated inflammatory state. The ATP consumption we observed could be
associated with the paracrine signalling utilised by myeloid cells to induce Ca**
signalling for efficient phagocytosis. Extracellular ATP is a signalling molecule exploited
by the immune cells for both autocrine regulation and paracrine communication®3.
This research was based on live calcium imaging experiments showing that

macrophages were able to activate phagocytosis in resting cells through calcium
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signalling which required the release of extracellular ATP. We observed that the CD47-
SIRPa interaction induced an intracellular accumulation of ATP and we speculate that
the interaction could be preventing its release. As implied above, this could be another

mechanism by which the SIRPa-CD47 interaction mediates inhibition of phagocytosis.

However, it is unknown whether the ATP accumulated in CD47 stimulated moDCs and
M-MDSCs could be released into the extracellular space. In the introduction we
explained that one of the possible therapies targeting myeloid derived suppression
involved targeting CD73, which when coupled with CD39 is responsible for ATP
hydrolysis into adenosine®¥®. Adenosine is absorbed by the T cells which, in turn
reduces IFN-y production and impairs membrane-proximal T-cell receptor signalling.
Differentiation of naive CD8" T cells into cytotoxic T cells is also affected by adenosine
as a consequence of IFNy availability®. CD73/CD39 molecules were found to be
upregulated on MDSCs via TGF-B-mTOR-HIF-1 signalling in patients with non-small
cell lung cancer®. It is unknown whether the CD47-SIRPa interaction could have a
role in providing ATP to these membrane enzymes. If so, it is possible that the
interaction could enrich the TME in adenosine, and perhaps SIRPa blockade could

reduce this via activation of inflammatory pathways and increased ATP consumption.

6.5.1 SIRPa blockade increases cDC1 (CD11c+XCR1+)and T (CD8+)

inflammatory cells

Having established that the CD47-SIRPa interaction is partially responsible for the
suppressive function of moDC and M-MDSCs towards T cells, we sought to explore
the potential of SIRPa blockade in melanoma bearing mice. Our in vitro data
elucidated the connection between a CD47 rich TME and inhibition of SIRPa* myeloid
cells which reduced their phagocytic ability. In general, we also observed the
expression of molecules involved in suppressive mechanisms, such as PD-L1, FasL, ROS

and STAT3. Using an anti-SIRPa antibody we prevented the suppressive effects
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mediated by CD47 and recovered the phagocytic ability of both moDCs and M-MDSCs.
This recovery was concentration dependent with the increase in phagocytosis being
directly proportional to the blockade of SIRPa. In this discussion we have highlighted
the importance of achieving a total blockade of SIRPaand how the use of an antibody
may not prevent CD47 cis binding therefore a full blockade of this pathway may require

a second stimulatory molecule to achieve tumour remission.

We sought to block SIRPa rather than CD47 to reduce any off-target effects and
antigen sink. The CD47 expression in normal tissues may create an ‘antigen sink’ that
could minimize the therapeutic efficacy of blocking CD47 by limiting its localisation in
solid tumours. We speculate that a valid approach should be the creation of bispecific
antibodies which combines the SIRPa blockade, activation of T cells and retain Fc
induced immune response. Indeed, bispecific antibodies are now being developed to
create therapies which should improve the bioavailability of anti-CD47 within the
tumour. One example is a bispecific antibody which targets both CD47 and CD20. It is
designed as a therapeutic target against non-Hodgkin lymphoma (NHL), and whilst
the molecule has a reduced affinity for CD47 (relative to the parental antibody), it
retains strong binding to CD20%3. Using this approach, they synergistically induced
selective phagocytosis of tumour cells using a bispecific. Another study coupled anti-
CDA47 to a tumour associated antigen (TAA) called glypcan-3 (GPC3) which is expressed
by hepatocellular carcinoma cells. The therapy specifically induced the phagocytosis
of these cells and it also caused an enhancement of Fc-mediated effector functions®4.
As demonstrated, there are efforts being made in this field to improve the tumour
bioavailability for anti-CD47 drugs. This approach aims to flag the tumour cells in situ

to the myeloid cells whilst removing the CD47 ‘do not eat me signal’.

The use of antibodies targeting SIRPa reduces the sink effect because its expression is
more limited in healthy tissues in comparison to CD47. The restriction in the

histological distribution of SIRPa offers the possibility for reduced toxicity and greater
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blockade when targeted therapeutically and makes SIRPa a more attractive
therapeutic target than CD47. However, in addition to myeloid immune cells, SIRPat is
also highly expressed on cells of the central and peripheral nervous systems84>. Whilst
this is a clear therapeutic risk, large protein-based therapeutics typically struggle to

penetrate the blood brain barrier84°,

In our research we observed that within the TME, SIRPa expression was restricted to
myeloid and endothelial cells. Moreover, we showed that the dosage of drug which
we injected was bioavailable at the tumour site, and was sufficient to translate to

delayed tumour growth. Yanagita et al.,%*

reported that anti-SIRPa therapy using the
same monoclonal antibody, produced tumour reduction when simultaneously injected
with renal adenocarcinoma cells. However, its administration didn’t show any effect in
the established tumour. In contrast, we observed effects in small, but established
tumours using a lower dosage and number of injections. We also observed a good
immune response. This differing outcome may be a consequence of tumour type and
the different dynamics of tumour development, or treatment regime. Unfortunately,
we also observed a partial immune response using the rat-lgG1 backbone control for

the anti-SIRPa antibody but there was a clear difference in tumour reduction between

these groups.

Depending on the controls used we saw different patterns of remodelling in the
myeloid compartment. We clearly observed an increase in ¢cDC1 (CD11c*XCR17) cells
upon SIRPa blockade. A cell type which plays a critical role in T cell priming and
is associated with patient survival in addition to rejection of immunogenic cancers3°,
The ¢DC1 cells stimulate de novo T cell responses and prime antigen-specific cytotoxic
T cells by presenting tumour antigens. They can also activate natural killer (NK) and
natural killer T (NKT) cells and secrete inflammatory cytokines, enhancing local
cytotoxic T cell function’’®. To our knowledge, the detection of an increased presence

of cDC1 cells in melanoma has not been associated with SIRPa blockade previously. It
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would be beneficial to understand why the blockade induced the development of the

cDC1 cells.

In comparison to the mice injected with the control antibody, we observed a decrease
in the cells we defined ¢cDC2 (Ly6C") and moDCs (Ly6C*). These cells were expressing
immunosuppressive molecules indicating that the SIRPa blockade either favoured a
phenotypic switch or promoted the accumulation of inflammatory cDC1 cells. Three-
dimensional, organotypic cultures proved how melanoma could induce ¢DC2s to
become CD14" expressing DCs, a marker typically associated with monocytes in
humans®4’. This may contrast with what we observed in vitro, where M-MDSC (CD11¢
) were becoming moDC (CD11c*). More characterisation may be required for this
system but importantly, we defined their depletion upon SIRPa blockade reduced
immunosuppressive pressure and allowed increased CD8* T cell infiltration. Strangely,
the M-MDSC (CD11c’Ly6C") showed a tendential increased accumulation compared
to rat-IgG1 injected mice but a reduction in comparison to mice injected with PBS. It
would be interesting to use mass spectrometry to deeply profile the activation of
inflammatory pathways and changes in metabolism. This could provide cues on

potential therapies to associate at SIRPa blockade.

Similarly, in research by Yanagita et al® a more potent anti-SIRPa monoclonal
antibody (MY-1) was injected. Here, the MDSCs (CD11b*Gr-17) population didn't vary,
but an increase in T cells and NK was seen. They also showed an increase in Tregs but
didn't calculate the ratio in comparison to CD8" cells which may have been more
informative. They also depleted CD8'T cells from tumours showing a markedly
reduced antitumor effect when using an anti-SIRPa mAb. Therefore, they suggested
CD8T cells, but not CD4* T cells, participate in the effects of SIRPa blockade on
tumour formation and growth, that macrophages tended to favour an M1
(F4/80*Ly6C" MHCIINCD206') inflammatory phenotype. While we didn't detect any

variation of the F4/80* expression in the myeloid populations, there was a slight
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increase in M-MDSCs however this data was inconclusive. Furthermore, the moDCs
were largely characterised by the expression of the monocytic marker CX3CR1 which
didn’t vary upon SIRPa blockade. One publication reported that moDC defined as
CX3CR17CD103 had a poor T cell stimulatory capacity, however, these DC effectively
took up OVA peptide in vivo*884%. We made a similar observation that moDC were
processing OVA and their efficiency was boosted upon SIRPa blockade as was their
capacity to present antigen making them more able to support T cell activation.
Another aspect that may be worth investigation was the reduction of G-MDSC. These
cells decreased upon SIRPa blockade which may indicate that SIRPa plays a novel role

in regulation of G-MDSCs.

We aimed to correlate tumour regression with the fluctuations of immunosuppressive
molecules as we had seen in vitro. We detected a tendency towards decreasing PD-L1
and ARG1 expression, however this wasn't significant. Increasing the number of mice
tested could have clarified this result. As we saw, CD47-SIRPa engagement potentially
increased PD-L1 expression which was reduced upon SIRPa blockade. Indeed, clinical
trials are exploiting the blockade of PD-1 and SIRPa in an attempt to synergise the
benefits of blocking these two connected molecules. In the Bl 765063 clinical trial, a
monoclonal antibody directed against SIRPais being tested in combination with anti-
PD-1. In another study, blockade of PD-1/PD-L1 in vivo increased macrophage
phagocytosis and reduced tumour growth®’. Despite this PD-L1 remained largely
expressed and using a combination (like the Bl 765063 clinical trial) to block both
pathways could provide a dual effect of removing suppression of the myeloid cells and

activating the T cells to induce phagocytosis.

Regarding ARG1, the slight general decrease observed following therapy could be
associated with an increase in nutrient availability for T cells maturation. We also need
to consider that ARG1 may be secreted in small extracellular vesicles capable of

affecting T cell function’?3. This could be also the case in melanoma and may be at the
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base of the difficulty encountered in assessing the ARG1 intensity. We also observed
a reduction in the MHCII expressing moDC population. This was unexpected given the
important role of MHCII for activation of CD4* T cell responses, and at the contrary,
we found that moDCs expressing MHCII were suppressive. In support of our findings,
Nagaraj et al.,, found that MDSCs had the ability to induce antigen-specific CD4™* T-cell
tolerance in vivo which was dependent on the expression of MHC class Il. They used
IAb7~ MC38 tumour-bearing mice which in contrast to their wild type counterpart,
showed reduction of MDSCs suppressive activity towards T cells. Their data indicated
that MDSCs in tumour bearing mice can induce antigen-specific CD4" T-cell
suppression, provided that the MDSCs express a sufficient level of MHCII. The cell-to-
cell contact formed upon MHCII engagement also led to upregulation of cox2 and
PGE2 both of which are implicated in MDSC-mediated immune suppression®°, We
speculate that the MHCII modulation observed upon SIRPa blockade could be in
accordance with a reduction in the suppression mediated by MDSCs and this

relationship should be further elucidated to establish the effects on CD4* T cells.

Our data demonstrated that CD47-SIRPa engagement was inducing a more
suppressive phenotype in the MDSCs. As expected, its blockade induced a reduction
in suppressive myeloid species and increased the proportion of cDC1 and CD8* T over
Treg cells homing to the TME, resulting in tumour reduction. The CD8" T cells were
associated with inflammation and with a good clinical outcome whilst the Tregs were
associated with worse prognosis®>°. Melanoma infiltration by CD8* T cells strongly
correlated with an increased survival. The latter directly correlates to the tumour
infiltrating lymphocytes (TILs): the greater the density of lymphocytes within the
tumour, the higher was the survival probability’>"’>8. On Tregs there is still some
uncertainty. Their presence was related to tumour regression in patients with head and
neck cancers®’, whereas in melanoma their infiltration was described to predict local

recurrence’®® and serve as an independent prognostic marker of poor survival’®'.
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However, the study of the suppressive molecules expressed on the cell surface of
moDC and M-MDSC did not explain the reduction in suppression. In vitro it was clear
that SIRPa blockade induced a dose dependent increase in phagocytosis. From this,
we correlated tumour reduction with reactivation of phagocytosis, antigen processing
and presentation. To our knowledge, we were the first to observe and document this
mechanism of action in melanoma tumour bearing mice upon SIRPa blockade. In a
mirrored way, it was shown that CD47 regulated antigen uptake by SIRPa™ dendritic
cells®>2. Mice immunised with CD47(-/-) RBCs-OVA were presenting proliferation of T
cells at the contrary of immunisation with WT RBCs-OVA demonstrating that DCs were
phagocyting and presenting antigen when the CD47 was removed. Moreover, It was
shown that the dendritic cells contributed to the in vivo efficacy of CD47-blocking

"7 as driven by the stimulation of

therapies in immunocompetent tumour models
antigen presentation by either macrophages or dendritic cells®°. Therefore, therapies
targeting the CD47-SIRPa axis may promote adaptive immune responses against
tumours. We observed similar results by blocking SIRPa as opposed to CD47. We
clearly show an enhancement of phagocytosis in vivo, indicating that the threshold to
activate phagocytosis was lowered. Furthermore, the increased phagocytosis
correlated with antigen processing, which was differential between the cDC2, moDC
and M-MDSCs cells. The moDCs appeared to be the most sensitive to SIRPa blockade
and the sensitivity was dependent on the amount of SIRPa protein expressed. An
alternative explanation is that their switch to inflammation was easier to obtain as their
threshold barrier was lower than the other cell types tested. In accordance with this,
the antigen presentation of engulfed antigen from OVA-expressing melanoma cells

was increased predominantly by the moDC population but in fact by all the SIRPa*

myeloid cells.

At this stage, we had all the elements to hypothesize that the changes observed were

dependent on the modification of antigen phagocytosis, processing and presentation
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on the myeloid cell surface. This mechanism of action was confirmed in vitro and in
vivo, and explained how the SIRPa blockade was reactivating the myeloid cells by
circumventing the “do not eat me signal”. This was very important because it was
overcoming the persistent CD47 signal in the TME. The CD47 positive cells were
partially responsible for the suppressive behaviour of moDC and M-MDSC cells. Thus,
we reactivated one of the fundamental mechanisms of innate immunity associated

with inflammation.

6.6.1 The complement pathway and its potential as therapeutic

target

The activated complement system recognizes and eliminates invading
microorganisms. However, it also contributes towards cellular homeostasis by
facilitating the elimination of dead or modified self-cells, including apoptotic particles
and cellular debris. The complement system has more than sixty components and has
multiple activation products. C3a is generated by the C3 convertase and is involved in
inflammation. It binds to the cell surface receptors for complement components, C3aR,
which is expressed on neutrophils, monocytes and in general APCs. Newly released
C3a recruits immune effector cells, whilst C3b or C3 activation fragments become
deposited on the foreign surfaces acting to flag cells and promote phagocytosis

through opsonization®>3,

In cancer, clinical studies report a negative correlation between complement activation
and patients survival in various human cancers®* C3 and C3a were found to be
elevated in cancer patients at either the primarylesion or the serum, and their presence
was associated with poor prognosis in ovarian cancer®. In tumour bearing C3-/- mice
it was indicated that C3 was produced by the host cells in melanoma, breast and
cervical cancer models and produced by the tumour itself in ovarian cancer8°687,
Similarto C3a, interaction between C5a and its receptor increased migration of MDSCs
into the tumour and enhanced the suppressive capacity of tumour-associated
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MDSCs®>. Both the C3aR and theC5aR engagement is implicated the regulation of
immune checkpoints molecules which affects T cell function and maturation of
myeloid populations8>88>9860  C33-C3aR interaction promoted melanoma growth
which was delayed in mice lacking C3aR®'. In this scenario, the TME was depleted of
suppressive macrophages and enriched in neutrophils which upregulated

861

inflammatory response genes®'. Thus, Reducing C3a engagement may reduce this

suppressive population which in turn could be activated by SIRPa blockade.

6.6.2 In vivo SIRPa and C3a combination blockade doesn’t synergise

In our work we observed that SIRPa blockade reduced the moDCs which were
expressing more immunosuppressive molecules, and Ly6C. The phagocytic activation
threshold was also lowered resulting in an increase of antigen engulfment, processing
and presentation. Additionally, SIRPa blockade also favoured CD8" T cell and ¢DC1
accumulation indicating a more inflammatory environment. Despite this
immunological response we did not observe complete remission but instead a

decrease in tumour growth.

Previous work from our lab showed that an immune regulating CAF subset (CD34 ")
produced the complement molecule C3 across a variety of cancer types®.
Furthermore, the interaction between this CAF population and the receptor, C3aR,
expressing macrophages was also conserved. It was demonstrated that blockade of
the C3 cleavage product C3a, reduced tumour macrophage populations while
boosting Ly6C expressing myeloid cells, in turn this may boost the number of CD8" T-
cells and decrease malignant growth. This suggests that C3a may represent a
therapeutic target in a range of cancers. Similar to C3a, C5a also acts on immune
populations, increasing MDSC accumulation in the tumour and promoting their

855,862

suppressive activity . Blocking C5a in combination with PD1 inhibitors was more
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effective than either monotherapy alone, suggesting that a combined approach may

improve clinical efficacy®®.

With this knowledge we saw an opportunity to combine the anti-C3a therapy with the
anti- SIRPa blockade. Both therapies produced a decrease of tumour growth but not
total remission. We hypothesised that the accumulation of Ly6C* myeloid cells
produced by the C3a therapy was preventing a full response of the immune cells
against the cancer. Whereas the SIRPa blockade produced activation of innate
immunity in terms of phagocytosis and antigen presentation. We hoped that
combining the therapies would reduce myeloid driven suppression and drive the cells

towards creating an inflammatory environment thus reducing cancer tolerance.

In an attempt to combine the anti-C3a therapy with the SIRPa blockade, we merged
the therapeutic strategies so tumour-bearing mice received either the rat-
IlgG1/mouse-lgG2a control, anti-SIRPa, anti-C3a®% or a combination (figure 6.1 A).
Whilst it was clear that the monotherapies and the combination reduced tumour
growth compared to the control, in these preliminary experiments, an additive effect
of the combination was difficult to spot (figure 6.1 B-G). The combination showed
mixed results, appearing that the therapy dynamics failed to synergise (figure 6.1 D to

G) indicating that other pathways may enter in conflict.
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Figure 6.1. Double blockade of SIRPa and C3a reduces tumour growth butdoesn’t synergize.
(A) Schematic representation of the therapeutic strategy. (B) Quantification of tumour weight
normalised to control (grams) and (C) the tumour growth at day 4 and final day, for each mouse
receiving (D) rat-1gG1 and mouse-lgG2a), (E) anti-SIRPa-P84 antibody, (F) anti-C3a antibody and
(G) with the combination of the two. Data are mean + SEM; * = p < 0.05, using the (B) ordinary
one-way ANOVA with a Dunnett’s post hoc test and (C) ordinary 2way ANOVA with a Tukey’s post
hoc test. Mice n=4 for each group in two independent experiments.

We speculate that removing the persistent C3a inflammation was beneficial in terms
of reducing suppressive macrophages but the moDCs and MDSCs stimulated by SIRPa
blockade didn’t synergise. C3-/- IL-10 reporter mice, showed that CD8" TILs were
increasing the expression of IL-10%%°. This interleukin was correlated with direct
activation and expansion of tumour-resident CD8* T cells and tumour regression®®.
Based on this we can justify the regression observed in the anti-C3a however,
depletion of the late components of complement (C3-9) was associated with the loss
of ability to clear IgM-sensitized cells and a marked macrophage deficit to clear IgG-
coated cells®®. This could be the reason why the double therapy didn't synergise.
Moreover, the macrophage phagocytic response is controlled by an integration of the
inhibitory SIRPa signal with prophagocytic signals derived from Fcy and complement
receptor activation. A significant signal from Fcy and/or complement receptors is
required to overcome the normal SIRPa signal’'3. It may be that the SIRPa blockade

reduces the phagocytic threshold which is not supported by a correct complement
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activation if C3ais inhibited. Therefore, the therapies singularly reduce tumour growth,

but they may conflict when used in combination.

Despite the failing to produce a synergistic effect we analysed the myeloid cell clusters
comparing cDC1, ¢cDC2, moDC, M-MDSC and G-MDSCs in order to explain the
decrease in tumour growth. The SIRPa blockade produced similar tendencies to those
described in chapter 5 which didn’t reach significance due to the lower number of mice
(appendix 8.11A to E). No significant changes in the composition of these populations
within the tumour was observed, nor were there significant changes in the expression
of suppressive modulators (appendix 8.12 A to F). If any change was seen in these
suppressive populations, it tended towards an increase of cDC2 and decrease of M-
MDSCs upon treatment, and may indicate a switch from suppression to inflammation
as we know that C3a/C3aR interaction was described in impairing dendritic cell
maturation and favoured an M2-like phenotype in macrophages®6>866. 867868
Moreover, mice lacking C3aR were having myeloid cells with activated inflammatory

genes profile®®l,

In a breast cancer study, cells which expressed C3a induced an
accumulation of immature low-density neutrophils in liver metastatic sites and its
perturbation favoured anti-metastatic mature high-density neutrophils®®. Therefore,
indicating that C3a blockade was reducing cancer growth by favouring inflammatory

neutrophils which may happened also in our case.

Interestingly, the M-MDSCs in the blood stream of the mice with combination therapy
reduced PD-L1 expression perhaps indicating a less suppressive systemic effect

(appendix 8.11 F).

Since changes in the myeloid compartment were not clear, CD8" T cell and the Treg
cell populations were also examined. Small changes in the number of infiltrating CD8*
and Tregs were noted (figure 6.2 A-B). On their own, these were not significant, but
when ratio of CD8:Treg was calculated, the double therapy skewed the T cells in favour

of CD8 phenotype (figure 6.2 C). These results were partially in contrast to the effects
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seen with tumour growth. The anti-C3a was the most effective therapy in reducing
tumour weight but the possible association with inflammatory myeloid or lymphoid
cells wasn't clear. A deep analysis should be carried out to assess the inflammatory

changes in specific populations.
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Figure 6.2. The C3a and SIRPa combination blockade favour the presence of T CD8* over the
Treg cells in the TME. (A) CD8* T cells calculated as percentage of the total CD45* cells. (C)
CD4*FOXP3* T cells calculated as percentage of the total CD45* cells. (C) Ratio of CD8*/
CD4*FoxP3* T cells. The data were obtained by mice groups injected with rat-IgG1 (control) and
anti-SIRPa-P84 antibody. (A to C) The data were normalised by the signal detected in the rat-1gGT1
injected mice. Data are mean + SEM; * = p < 0.05, using the one-way ANOVA with a Dunnett's
post hoc test. Assays mice n=4 for each group in two independent experiments.

It was recently reported that SIRPa expressed on CD8* T cells which were sorted from
chronically infected mice had greater in vitro cytotoxicity than the SIRPa™ cells
extracted from the same mice®’%. Even though this work didn’t show any SIRPa-CD47
dependent regulation of the T cells, the blockade might contribute in combination
with the C3aremoval to favour CD8* T cells as opposed to Tregs. Unfortunately, in the
panel used to identify the T cells we didn't include SIRPq, but it might be interesting
in the future to assess the presence and modulation of these SIRPa*CD8" T cells.
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The double therapy produced contrasting effects but it certainly didn't synergise
against tumour growth. C3a stimulation in cancer remains controversial but its
blockade appears to confer T cell stimulation which is characterised by an antagonistic
function towards tumour growth. Regarding SIRPa blockade which removes a break
to the myeloid activation, it may require an agonist of T cell activation to exploit its full

therapeutic potential.

6.7.1 Conclusions and future directions

In summary we have presented data to suggest that CD47-SIRPa axis contributes in
the development of suppressive moDCs and M-MDSCs in melanoma. This may be
perturbed by SIRPa blockade. SIRPa has a more restricted histological distribution and

is highly expressed on the myeloid cells®>°

which makes it a more favourable target,
and thereby may bypass potential side effects seen with approaches blocking CD47.
From these data we propose that SIRPa signalling mediates suppression via SHP-STAT
dependent changes in phagocytosis, antigen processing and presentation. This is
accompanied by changes in surface and soluble suppressive mediators, and is
supported by changes in cellular metabolism. Blockade of this pathways reactivates
antigen processing machinery and effective antigen presentation to T cells, which

together with less suppressive intermediates enables T cell mediated anti-tumour

effects (figure 6.3 A and B).

We have shown the potential of blocking CD47-SIRPa axis in a murine model of
melanoma. SIRPa blockade is a valid strategy to achieve tumour remission by (re)-
activating the phagocytic cornerstone between innate and adaptive immunity. Going
forwards, examining archived human tumour samples for SIRPa infiltration and
location would provide us with an indication of the prognostic/stratification
potential. It would also be necessary to determine if similar effects can be observed

in other tumour types rich in MDSC infiltration, and whether it functions by a similar
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mechanism to promote a therapeutic effect. We have models of breast and pancreas
in the lab that could be tested and also, we could acquire SIRPa deficient mice®® to
strengthen our findings. Approaches such as scRNAseq and mass spectrometry on
treated tumours would provide greater insight into the biological changes happening

with therapy.

MHCI-OVA

L4

. Antigen
.. Processing

Figure 6.3. The CD47-SIRPa interaction and disruption effects over the functionality of
myeloid cellsin the TME. Myeloid cells develop an immunosuppressive phenotype due to contact
with protein and cytokine rich tumour exudate. (A) In the TME, they enter in a CD47-rich
environment which, when binding with SIRPa, enhances STAT3 signalling and is involved in ROS
production and upregulation of suppressive molecules, such as PD-L1, FasL and VISTA. These
contribute to increased suppressive potency causing inhibition of T cell proliferation. (B) The
disruption of CD47-SIRPa interaction by blocking SIRPa on myeloid cells causes remodelling of
the myeloid compartment by decreasing suppressive species and increasing inflammatory c¢DC1.
Furthermore, it lowers the threshold of phagocytosis activation and consequently, antigen
processing and presentation via MHCI. Those changes results in an increase of T CD8* cells and
slows the tumour growth.

Having observed changes on myeloid phenotype and suppressive function in response

to tumour derived stimulus, we need to determine what in the TME supports these
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changes. This could be examined by mass spectrometry. We generated preliminary
data to compare the M-MDSCs obtained in the presence of GM-CSF and GM-CSF-
TCM (Supplementary 8.13 A). This process highlighted that lactoferrin may play a role
in promoting suppressive development. This molecule has been associated with
suppressive MDSCs transitory presence in neonates to control inflammation and allow

871 Moreover, Lactoferrin-/- mice infused with melanoma cells

gut microbial formation
intravenously developed more metastasis in the lung which was associated with a
suppressive state of the MDSCs®2. Our preliminary data suggested that MDSCs grown
in presence of lactoferrin (appendix 8.13 B) were more suppressive towards T cells
(appendix 8.13 C). This may be investigated in the future using Lactoferrin-/- mice®’3

to understand whether it drives the development of suppressive characteristics in

MDSCs in the TME.

We also started to elucidate potential metabolic changes involving glycolysis and ATP
consumption. Further studies would be required to assess these findings. This would
require further characterisation using sea horse technology to understand changes in
respiration to be associated with metabolic intermediates accumulation explored
using mass spectrometry. The ATP accumulation observed inthe CD47 stimulated cells
may play a role in adenosine accumulation in the TME. In this sense, regulation of
CD73/CD39 may be connected to the CD47-SIRPa axis and we would like to explore
the possibility. In general, metabolic changes due to SIRPa blockade may reveal

another potential adjuvant to increase the therapeutic efficacy.

Moreover, having seen a significant impact of monotherapy on tumour growth albeit
without complete regression, it would be worth investigating different treatment
regimens in tumour bearing mice; dosing schedule, concentration and examining local
vs. systemic delivery. A recent study demonstrated that local delivery of anti PD-1
improved therapy responses in mice compared to systemic dosage via i.p delivery®™

We would then also examine potential combination therapies. Targeting both innate
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and adaptive arms, it may be possible to reduce doses of T cell ICl's to reduce
associated toxicity, while still improving T cell infiltration in the face of augmented
antigen processing, presentation, and stimulatory cues. In a very long term, one
interesting approach would be to create a bispecific antibody to merge SIRPa
blockade and T cells agonist retaining Fc functionality to induce opsonisation. This

could fully embrace the therapeutic potential of the CD47-SIRPa disruption.
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