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Abstract 

Macrophages suppress anti-tumour immunity in metastatic 

pancreatic cancer. 

Pancreatic cancer is a highly aggressive metastatic disease with unmet 

needs. The presence of an immunosuppressive tumour microenvironment 

(TME) at the primary tumour site is known to be essential for pancreatic 

cancer progression and it is proposed to be a critical obstacle for 

programmed cell death protein 1 (PD-1) immune checkpoint blockade 

therapy to succeed. However, whether an immunomodulatory TME also 

exists at the metastatic site, and how this would affect the response to PD-1 

blockade remains unknown. Here we show that metastatic pancreatic cancer 

progression is accompanied by the loss of CD8+ T cells infiltration and 

function, a mechanism that is critically dependent on the accumulation of 

immunosuppressive metastasis associated macrophages (MAMs) and the 

generation of a dense fibrotic stroma, which acts as barrier for T cell 

infiltration. Mechanistically, we demonstrated that disseminated pancreatic 

cancer cell-derived Colony stimulating factor 1 (CSF-1) polarizes MAMs 

toward an M2-like phenotype and induces the expression of granulin in 

MAMs. Macrophage-secreted granulin is a key factor for hepatic stellate cells 

(HSCs) activation and fibrosis formation during pancreatic cancer metastasis 

to the liver. We found that blockade of CSF-1 / CSF-1 receptor axis or 

genetic depletion of granulin strongly reduces fibrosis and enhances CD8+ T 

cells infiltration, thus rendering metastatic pancreatic cancer sensible to PD-1 

blockade. Interestingly, granulin depletion in combination with anti-PD-1 

(αPD-1) therapy rewires the immunosuppressive metastatic TME towards a 
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pro-inflammatory TME by increasing CD8+ T cells cytotoxic activity and 

favouring M1-like phenotype in MAMs. We observed that re-education of the 

metastatic TME induced by granulin depletion in combination with PD-1 

inhibition provides a better anti-metastatic effect compared to the 

combination of αPD-1 therapy with a MAM-depletion approach, though CSF-

1 / CSF-1R blockade. Thus, our results identify granulin as potential 

therapeutic target to restore CD8+ T cell infiltration, thereby sensitising 

metastatic pancreatic cancer to immune checkpoint inhibition therapy.
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Abbreviations 

ADEX: aberrantly differentiated endocrine exocrine  

APC: antigen presenting cell  

AT: adoptively transferred  

ATRA: all-trans retinoic acid  

bFGF: basic fibroblast growth factor  

BLI: bioluminescence imaging 

BM: bone marrow  

BMM: bone marrow derived macrophage  

BSA: Bovine Serum Albumin  

CAE: carcinoembryonic antigen  

CAF: cancer associated fibroblast  

CAV1: caveolin 1  

CCL: chemokine (C-C motif) ligand  

CK: cytokeratin  

CM: conditioned media  

COX-2: cyclooxygenase-2  

CSF-1R: CSF-1 receptor  

CT: computer tomography  

CTC: circulating tumour cell  

CTGF: connective growth factor  

CTL: cytotoxic T lymphocyte  

CTLA-4: Cytotoxic T-Lymphocyte Antigen 4  

CTR: control 

CXCL: chemokine (C-X-C motif) ligand  
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DC: dendritic cell  

DDR2: discoidin-containing receptor 2  

DMEM: Dulbecco Modified Eagle Medium  

DTC: disseminating cancer cells  

ECM: extracellular matrix  

EGF: epidermal growth factor  

EMT: Epithelial to mesenchymal transition process  

FAK: focal adhesion kinase  

FAPα: fibroblast-activation protein α  

FasL: Fas ligand  

FBS: Fetal Bovine Serum  

FDA: Food and Drug Administration  

FOLFIRINOX: combination of folinic acid (leucovorin), 5-fluorouracil, 

irinotecan and oxaliplatin  

FOXP3: forkhead box 3  

GM-CSF: granulocyte-macrophage colony-stimulating factor  

GRN/Grn: Granulin  

GzmB: Granzyme B  

H&E: Haematoxylin and eosin  

HA: hyaluronic acid  

HGF: hepatocyte growth factor  

HSC: Hepatic Stellate Cells   

i.p.: Intraperitoneal injection  

i.v.: Intravenous injection  

IDO: indoleamine 2,3-dioxygenase  
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IF: immunofluorescence  

IFN: interferon gamma 

IGF: insulin-like growth factor  

IHC: immunohistochemistry  

iNOS: inducible nitric oxide synthase  

LOX: Lysyl oxidase  

LPA: lysophosphatidic acid  

LPS: lipopolysaccharide molecule  

LSL: Lox-STOP-Lox construct  

M-CSF or only CSF-1: macrophage colony stimulating factor-1  

MDSC: myeloid-derived suppressor cell  

MHC: major histocompatibility complex  

MMP: metalloproteinase  

MR: magnetic resonance  

NET: neutrophil extracellular trap  

NGF: nerve growth factor  

NK: natural killer  

NSCLC: non-small-cell lung cancer  

O/N: over night 

OCT: Optimal Cutting Temperature  

OD: optical density  

PanIN: Pancreatic intraepithelial neoplasia  

PBS: phosphate buffered saline  

PD-1: Programmed cell death-1  

PD-L1: programmend cell death 1 ligand 1  
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PDAC: Pancreatic ductal adenocarcinoma 

PDGF: platelet derived growth factor 

PDGFR: platelet derived growth factor receptor  

PEGPH20: PEG-fused hyaluronidase  

PGE2: Prostaglandin E2  

PGRN: progranulin  

PI3K: gamma isoform of phosphoinoside 3-kinase 

Prf: Perforine  

qPCR: quantitative PCR 

RT: Reverse transcription 

Shh: sonic hedgehog pathway 

TAM: tumour associated macrophage  

TGFβ: transforming growth factor β  

TH: CD4+ helper T cell  

TME: tumour microenvironment  

TNF: tumour necrosis factor  

TNFR: tumour necrosis factor receptor  

Treg: regulatory T cells  

TSP-1: thrombospondin-1  

VEGF-A: vascular endothelial growth factor A  

αCD8: anti-CD8 

αCSF-1: anti-CSF-1 

αCTLA-4: anti-CTLA-4 

αPD-1: anti-PD-1 
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1 Chapter 1: Introduction 

 

1.1 Cancer, metastasis and tumour microenvironment 

 
1.1.1 The nature of cancer 

 
The process by which normal cells evolve into a neoplastic state is initiated 

by an incipient cell and it is accompanied by acquisition of specific traits that 

enable the altered cell to became tumorigenic and then malignant. Cancer 

development is a phenomenon that requires many years and is driven by 

somatic mutations and natural selection among cells [1]. In fact, cancer is 

generally accompanied by alteration of the cancer cell genome which leads 

to certain growth advantages for certain cell sub-clones, thereby allowing 

their outgrowth and dominance in the local tissue microenvironment. In the 

same way, tumour progression is a consequence of the expansion of 

successful clones [2]. Cancer cells are defined by the presence of two 

fundamental properties: uncontrolled growth and ability to invade and 

colonize territories normally reserved to other cell types. Cancer invasion 

includes the ability of cancer cells to break loose, enter into the bloodstream 

or lymphatic circulation and form secondary tumours, named metastases, in 

other parts of the body [2].  

 
1.1.2 Metastatic steps 

 
Metastasis is the main cause of death in people with cancer [3] and it is a 

process that involves the succession of multiple steps [4] (Figure 1.1). 
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Figure 1.1 The metastatic steps.  

The process of invasion and metastasis is a succession of discrete steps that 

start with cancer cell local invasion and intravasation, it is followed by transit 

of cancer cells in the near blood and lymphatic circulation and proceeds with 

subsequent extravasation of cancer cells into the parenchyma of distant 

tissues. Circulatory patterns (i.e. venous circulation) tend to move the blood 

and, in consequence, circulating tumour cells (CTCs) preferentially to the 

lungs and then on, to other organs. In addition to that, the capillary structure 

of different organs can dictate the extravasation ability of CTCs, thereby 

influencing their metastatic dissemination. For example, liver and bone 

marrow endothelium is composed by fenestrated endothelial cells (sinusoids), 

which might facilitate extravasation; on contrary endothelium of lung or brain 

capillaries have tight junctions, basement membrane and reinforcement 

provided by other cell types, thereby generating a barrier for metastatic 

dissemination instead. The final stage of colonization consists of the 

formation of small nodules of cancer cells (micrometastasis) that can outgrow 

and form macroscopic tumours [4] 
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Cancer cells with invasive abilities disseminate at the primary site and then 

intravasate into the tumour vasculature as single cells or as a cluster. During 

this phase, cancer cells undergo cytoskeletal reorganization, lose their cell-

to-cell interaction and start to secrete cathepsins and extracellular matrix 

(ECM) degrading metalloproteinases (MMPs) that allow them to move and 

migrate through the surrounding stroma. Once in the blood stream, 

circulating tumour cells (CTCs) are exposed to shear forces, immune system 

and oxidative stresses. To protect themselves during this process, CTCs 

associate with platelets and undergo reversible metabolic changes. Once 

that CTCs arrest on capillaries at distant metastatic sites, they extravasate 

into the parenchyma of target organs and initiate the colonization process. In 

this process, CTCs must develop resistance to immunity and host-tissue 

defences in order to survive [4].  

Interestingly, the main rate-limiting step for metastasis formation seems to 

occur during the colonization of distant organs. Indeed, when disseminating 

cancer cells (DTCs) reach the new challenging microenvironment of the 

distant organ they are vulnerable to immune surveillance and host-tissue 

defence [5].  

DTCs settlement into distant organs depends also on the formation of a 

supportive niche that provides the favourable microenvironment for them to 

outgrowth [6]. Pre-metastatic niche formation can occur before the arrival of 

cancer cells through secretion of systemic signals from the primary tumour 

that induce recruitment of pro-tumourigenic stroma cells at the metastatic site 

[7]. After initial seeding, cancer cells enter in a latent state as single cells or 

as a cluster forming micrometastasis. The phase of latency can last months 



                                                                                                               Chapter1: Introduction 

24 
 

or decades and this phenomenon explains why months or years after the 

resection of the primary tumour, patients have a metastatic relapse of the 

disease [8]. Breaking down latency and/or evasion from anti-tumour immune 

barriers can be sufficient to initiate the metastatic outgrowth of DTCs [4]. 

Surgical removal of a malignant tumour is often complemented with 

radiotherapy and systemic chemotherapy in order to avoid relapse of the 

tumour. The clinical course of metastatic tumour progression can vary among 

tumour types and also between patients. For example, locally invasive 

cancers, such as glioblastoma, form metastasis that only rarely become 

clinically detectable [9]. Pancreatic cancer, instead is frequently associated 

with metastasis at the time of diagnosis [10]. If metastasis becomes clinically 

manifested, systemic therapy such as classic chemotherapy, targeted 

therapy against oncogenic drivers, immunotherapeutic agents and often a 

combination of all these is then used. However, despite the advances, 

therapy usually achieves just a partial reduction of the metastatic tumour [11].  

1.1.3 Tumour Microenvironment 

 
Cancer cannot be considered as an aggregate of proliferating cancer cells 

only. Cancer is a complex tissue formed by multiple distinct cell types that 

interact with one another. Indeed, cancer cells are able to corrupt and recruit 

normal cell types, referred as cancer-associate stroma [12]. 

Stroma cells, including endothelial cells, fibroblasts, pericytes, lymphocytes 

and myeloid cells are responsible for the formation of the tumour 

microenvironment (TME) that is the cellular environment in which solid 

tumour exists. The traditional view for cancer development has portrayed 

mutated malignant cancer cells as the driving force. However, the TME has 



                                                                                                               Chapter1: Introduction 

25 
 

emerged as an equally important determinant in tumour behaviour. The 

systemic communication between cancer cells and the rich TME sustains the 

overall tumour growth, homeostasis and progression [13] (Figure 1.2).  

 

Figure 1.2 The tumour microenvironment. 
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The figure represents a list of the main cell components of the tumour 

microenvironment (TME).  Tumours do not only consist of cancer cells 

(orange cells). Normal cell types, which collectively form the tumour stroma, 

play a key role in either promoting tumourigenesis or in antagonizing it. 

Tumour stroma includes infiltrating immune cells, cancer associated 

fibroblatsts (CAFs) and angiogenic vascular cells. Different subtypes for each 

of these cellular components have been identified and pro- (red) or anti- 

(green) tumorigenic functions have been associated to the different subtypes. 

Schematic adapted from [14]. 

 

1.1.4 Endothelial cells 

 
Endothelial cells are the stroma cells responsible for the formation of the 

tumour-associated vasculature in the process of angiogenesis. During the 

process of angiogenesis, tumour growth is sustained by an ‘angiogenic 

switch’ that directs the sprout of new vessels from quiescent existing 

vasculature [15]. During the angiogenetic process cells deriving from the 

bone marrow also play a crucial role. Cells like macrophages, neutrophils, 

mast cells and myeloid progenitors can help the angiogenic switch in 

previous quiescent tissue. They can infiltrate malignant tumours and 

assemble at the margin of them, thus facilitating tumour local invasion and 

protecting the vasculature from drugs targeting endothelial cells [16]. 

Together with endothelial cells, pericytes are a specialized mesenchymal 

cells type (related with smooth muscle cells) with finger-like projections that 

wrap around the endothelial tubing of blood vessels. Tumour associated 

vasculature integrity and function are highly compromised if pericyte 

recruitment is impaired, suggesting that pericytes play an important role in 

promoting angiogenesis and tumour dissemination [17].  
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1.1.5 Immune inflammatory cells 

 
The long standing knowledge of the role of the immune system in 

tumorigenesis proposed that immune cells are responsible for recognising 

and eliminating the majority of nascent tumours [18]. However, today is well 

accepted that cells of both innate and adaptive immune response can 

operate in conflicting ways: they can both antagonise and enhance tumour 

development and progression (Figure 1.2) [19].  

The tumour killing action of the immune system is mainly executed by 

lymphocytes of both innate and adaptive immune response: CD8+ T cells 

(also known as cytotoxic T lymphocytes (CTLs)), CD4+ helper T (TH) cells of 

type-1 (TH1) and Natural Killer (NK) cells. The implication of these cells in 

tumour eradication was demonstrated by the fact that tumour arose more 

frequently and grew more rapidly in immune-deficient mice in comparison 

with control mice, and that immunodeficiency in the T, NK or both lymphocyte 

lineages led to increased tumour incidence [20].  

Other immune system components are instead pro-tumorigenic. CD4+ TH 

cells of type 1, 2, 9, 10, 17 and 22 participate to tumorigenesis in different 

ways, depending on the type of cytokines they secrete [21]. TH cells of type-2 

(TH2) cells have tumour promoting capabilities: breast cancer growth has 

been shown to be accelerated by TH2 cells via Interleukin (IL)-13 production 

[22]; TH2 cells also accelerate the formation of lung metastasis by IL-4 

mediated activation of macrophages, which in turn sustain tumour 

progression via growth factor production [23]. TH17 cells, depending on the 

tumour environment they reside, can both exert a pro-tumorigenic role, by 

sustaining angiogenesis and recruiting myeloid cells, and an anti-
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tumourigenic role, by inducing recruitment of CD8+ T cells [24]. Regulatory T 

cells (Treg) are an immunosuppressive set of TH cells characterized by the 

expression of IL-2 receptor α-chain (also known as CD25) and the 

transcription factor forkhead box 3 (FOXP3). Treg can prevent tumour 

elimination by inhibiting CD8+ T cells [25]; Treg have been also involved in 

protecting metastatic mammary tumour cells from immune destruction by 

secretion of RANKL, which activate its receptor on cancer cells and promotes 

metastasis [26]. Neutrophils, a class of granulocytic myeloid cells, has been 

shown to play opposite functions in regulating tumour progression [27]. 

Indeed, if neutrophil depletion has been shown to induce increase of breast 

cancer spontaneous metastasis [28]; other reports show that neutrophils can 

promote metastasis by enhancing entrapment and retention of tumour cells 

at the metastatic site through production of unique structures called 

neutrophil extracellular trap (NET), which are composed of extruded DNA 

and antimicrobial proteins [29]. A type of immature myeloid cells that express 

CD11b and Gr1 (which comprise Ly6C and Ly6G) molecules is also found in 

the tumour microenvironment. These cells are referred to as myeloid-derived 

suppressor cells (MDSCs) and it has been reported that MDSCs suppress 

immune cytotoxic functions by expressing inducible nitric oxide synthase 

(iNOS) and arginase 1 at different levels [30]. In a pancreatic tumour mouse 

model, tumour derived granulocyte-macrophage colony-stimulating factor 

(GM-CSF) has been shown to recruit MDSCs, leading to the suppression of 

CD8+ T lymphocytes [31].  

B lymphocytes are immunoglobulin (Ig) producer cells. In skin cancer, B cells 

foster pro-angiogenic and immunosuppressive gene expression programs 
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and they can activate pro-tumorigenic programs by secreting IL-10 and 

tumour necrosis factor (TNF) α [32], [33]. A specific subset of B cells, named 

Breg has been shown to convert CD4+ T cells into Treg cells via transforming 

growth factor β (TGFβ) secretion [34]. However, the role of B cells in cancer 

is still under intense examination. 

 
1.1.6 Macrophages  

 
Macrophages constitute the first line of defence of our immune system 

against invading pathogens. Macrophages are phagocytes and express 

receptors on their surface that enable them to detect signals that are not 

normally found in healthy cells [35]. Three different coexisting populations of 

macrophages can be distinguished in tissues based on their progenitors, 

development, turnover and mechanism of maintenance. Bone marrow 

hematopoietic stem cell- derived macrophage precursors are released into 

the circulation as monocytes and they differentiate in macrophages or 

dendritic cells upon extravasation into tissues [36]. On the contrary, tissue 

resident macrophages originate from either the fetal liver or the yolk sac and 

they develop and persist in adult tissues independently of bone marrow 

derived hematopoietic stem cells [37]. Tissue resident macrophages include 

bone osteoclasts, epidermal Langerhans cells, peritoneal macrophages, lung 

alveolar macrophages, spleen red-pulp macrophages, and liver Kupffer cells. 

Resident macrophages function as sentinels in order to ensure tissue 

homeostasis by removing dead cells, toxic materials and pathogens. They 

can be locally activated, persist in tissue and return quiescent following 

remission [37]. Infiltrating monocytes derived from bone marrow 

hematopoietic stem cells are the main source of macrophage replenishment 
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into inflamed and remodelling tissues, and this process is driven by cytokines 

and chemokines, such as chemokine (C-C motif) ligand (CCL) -2, CCL5 and 

macrophage colony stimulating factor-1 (M-CSF-1, or only CSF-1) [38]. 

There are different markers by which is possible to identify monocyte-

macrophages diversity in human and mouse. In human, circulating 

monocytes, which originate from the bone morrow, can be classified in two 

subsets: CD14+ CD16- ‘inflammatory’ or ‘classical’ and CD14+ CD16+ 

‘patrolling’ or ‘non-classical’ monocytes. In the same way, mouse 

‘inflammatory’ monocytes are classified as CD11b+ Ly6Chigh CCR2high 

CX3CR1low, in contrast ‘patrolling’ monocytes are CD11b+ Ly6Glow CCR2low 

CXCR3high [39]. A protective role has been associated to ‘patrolling’ 

monocytes, for example they seems to monitor the lung microvasculature 

under steady-state conditions and rarely extravasate into tissue [40]. 

Macrophages are a population of heterogeneous and plastic cells [41]. Once 

resident in tissues, macrophages acquire a distinctive phenotype in response 

to different signals present in the microenvironment (Figure 1.3). 

Environmental stimuli, like interferon gamma (IFN) or microbial products, 

like lipopolysaccharide molecule (LPS) induce a classical activation of 

macrophages and skew them toward a M1-like or ‘classically activated’ 

macrophage phenotype. M1-like macrophages mediate anti-microbial and 

tumoricidal response by secreting inflammatory cytokines, such as TNFα, IL-

12, reactive oxygen species and nitric oxide (NO), by up-regulating the 

expression of major histocompatibility complex (MHC II) and by promoting a 

TH1-type of response. Alternatively, if the microenvironment becomes 

populated by different types of cytokines and growth factors, like the TH type-
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2 cytokines IL-4 and IL-13, macrophages are stimulated to acquire an 

alternative activation state, resulting in an M2-like subtype. M2-like polarized 

macrophages are characterized by expression of anti-inflammatory 

cytokines, such as IL-10, lower expression of pro-inflammatory cytokines, up-

regulation of scavenger receptors, such as mannose receptors 

(MRC1/CD206 and CD163) and reduced ability to activate adaptive immune 

response. As such, M2-like macrophages may facilitate resolution of 

inflammation and promote tissue repair after acute inflammation phase. The 

M1-like and M2-like phenotypes are anyhow considered as extreme ends of 

a continuum of activation states which depend on the signals present in the 

microenvironment in a given moment [42], [43].  
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During cancer progression, tumours recruit a variety of immature myeloid 

cells that include Ly6C+/CCR2+ inflammatory monocytes and MDSCs [44]. 

MDSCs comprise precursors of both the mononuclear monocyte/ dendritic 

cell (DC) lineage and precursors of the neutrophils, granulocytes lineage. 

Figure 1.3 Macrophage polarization. 

Schematic representation of M1-like and M2-like macrophage 

phenotypes and common markers used for their identification. 

Depending on the cytokine milieu in tissue microenvironment, 

macrophages can acquire a M1-like (or classical) or M2-like (or 

alternative) activation phenotype. M1-like macrophages are considered 

anti-tumorigenic, have antigen presenting ability (CD86; MHC II), 

express pro-inflammatory cytokines (IFN; CXCL10; IL-12) and 

inflammatory factors (Ciclooxigenase-2, COX-2; iNOS). In contrast, M2-

like macrophages are pro-tumorigenic, express high level of scavenger 

receptors (CD206), anti-inflammatory proteins (Chitinase-like protein 3, 

Ym-1; Resistin-like molecule alpha, Relmα; Arginase) and secrete 

immunosuppressive factors (IL-10 and TGFβ).  
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Inflammatory monocyte and monocyte-related-mononuclear M-MDSC can 

infiltrate into neoplastic tissues, upon recruitment, and differentiate into 

tumour associated macrophages (TAMs) [30], [45]. Recruitment of circulating 

cells is required to maintain TAMs population, instead whether tissue 

macrophages derived from embryonic precursors contribute to number, 

location and diversity of TAMs is not fully elucidated [46].  

Monocytes are recruited into the tumour site by chemokines secreted by 

tumour and stroma cells including vascular endothelial growth factor (VEGF), 

semaphoring 3A (SEMA3A), CCL2 and chemokine (C-X-C motif) ligand 

(CXCL) -12. In tumours, the signals that orchestrate macrophage function 

can vary between different tumour types, or even between different parts of 

the same tumour resulting in diverse TAM phenotypes [47]–[50]. TAMs with a 

relatively M1-like skewed phenotype are found to be associated with the 

early phases of tumour development or with regressing tumours. Classically 

activated M1-like macrophages can kill tumour cells and they mediate tissue-

destructive reactions by taking part in the early elimination phase of 

immunoediting orchestrated by CD8+ cytotoxic T lymphocytes and 

interferons. Tumour progression and change in the microenvironment 

dictated by TH2 cell-derived IL-4 and IL-13 induce a macrophage phenotypic 

switch and subversion of their functions toward an M2-like activation state 

[51]. Generally, TAM polarization toward an M2 phenotype seems to be a 

common feature for many cancers although their relative abundance 

depends on the tumour type. [52]–[54].  

TAMs are involved in all the step of cancer progression by supporting tumour 

cell invasion, angiogenesis, intravasation, motility, extravasation and 



                                                                                                               Chapter1: Introduction 

34 
 

metastasis formation. Indeed, epidemiological evidences indicate that the 

presence of TAMs is often correlated with a poor disease prognosis in 

different forms of cancer, such as colon, breast and lung [55]. 

1.1.7 Fibroblasts  

 
Fibroblasts are the principal component of the connective tissue [56]. In 

particular, fibroblasts are embedded in the fibrillar ECM of the connective 

tissue and they are also involved in its synthesis. The ECM is a network of 

fibrous proteins such as collagens and fibronectins, which are nested in a 

viscoelastic gel of glycosaminoglycans, such as hyaluronic acid (HA), 

proteoglycans and glycoproteins. The ECM act as a reservoir of cytokines 

and growth factors, it provide the structural framework for all tissue and it is 

also involved in regulating the interstitial fluid volume and pressure [57].  

Fibroblasts play a crucial role in maintaining ECM homeostasis and in 

regulating ECM turnover. Fibroblasts synthesize many of the ECM 

components such as type I, III, V collagens and fibronectins [58] as well as 

they are an important source of ECM degrading proteases such as MMPs 

[59]. Fibroblasts have a prominent role in the wound healing process: when 

tissue damage occurs, fibroblasts invade lesions and enhance the synthesis 

of ECM contractile fibres including α-smooth muscle actin (αSMA) that 

function as a scaffold for other cells [57]. In a site of wound healing, 

fibroblasts are highly proliferative in comparison to fibroblasts present in 

normal tissues [60]–[62]. Increased activity of fibroblasts results in the 

deposition of a reactive stroma, referred as desmoplastic reaction. 

Fibroblasts that mediate this process are said to be ‘activated’ and are 

referred to as myofibroblasts [63]. Once the wound healing process is 
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terminated, it is still unclear whether activated fibroblasts revert to a resting 

phenotype or undergo a particular type of apoptosis called nemosis 

(programmed necrosis), or are removed by tissue granulation [57], [64]. 

 
Fibroblasts in tumours are often referred as CAFs and they are key players in 

the process of tumorigenesis. CAFs can have multiple origins and they are a 

heterogeneous population of cells that have the common capacity to alter the 

tumour microenvironment and change the fate of neoplastic cells [65]. 

The most predominant source of CAFs consists of resident tissue fibroblasts 

and mesenchymal stem cells, but several studies have also reported the 

recruitment of a type of bone-marrow derived precursor cells named 

fibrocytes to the tumour lesion followed by their differentiation into 

myofibroblasts and fibroblasts [60], [66]–[68]. Although stellate cells are a 

different cell type, they share many of the functions of fibroblasts. Stellate 

cells in a quiescent state are vitamin A storing and lipid droplet containing 

cells that can be found in the liver, pancreas, kidney, intestine, lung and skin 

[69]. Upon activation, stellate cells express high levels of αSMA and acquire 

a myofibroblast like phenotype. Furthermore, in pancreatitis, pancreatic 

cancer and liver fibrosis, stellate cells are found to be the major responsible 

for the induction of desmoplastic reaction and thereby are classified as CAFs 

[70].  

An unique consensus has not yet been found for the molecular definition of 

CAFs since heterogeneous cell populations are involved in generating CAF 

populations [56]. Several markers have been suggested to define CAFs; so 

far αSMA has been considered as commonly recognized strong marker to 

identify CAFs [71]. However, αSMA expression has been detected in other 
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cell types such as pericytes, smooth muscle cells surrounding the 

vasculature, visceral smooth muscle cells and cardiomyocytes [72]. Other 

markers commonly used for CAFs identification in breast, lung, ovarian and 

pancreatic cancers are fibroblast-activation protein α (FAPα), vimentin, 

fibroblast specific protein (FSP-1/also known as S100A4), caveolin 1 (CAV1), 

platelet derived growth factor receptor (PDGFR) -α or β, desmin and 

discoidin-containing receptor 2 (DDR2) [73], [74]. However, it is important to 

note that none of these markers are completely specific for CAFs, thus 

rendering their study more complicated.  

Due to the intrinsic role of fibroblasts in maintaining epithelial homeostasis 

and proliferative quiescence [75], it has been shown that normal tissue-

associated fibroblasts (NAFs) isolated from different organs can inhibit the 

growth of neoplastic cells [76]. Therefore, neoplastic cells must acquire the 

capacity to recruit fibroblasts from the different sources listed before and/or 

re-programme normal resident fibroblast population to benefit from their 

tumour supportive role. Several ways exist by which tumours can influence 

their microenvironment and educate it to promote their growth and 

progression. Neoplastic cells can drive the production of oncogenic signals 

by secreting fibroblast-activating factors which promote fibroblast activation in 

a way that mimic the microenvironment characteristics of the wound healing 

process [74]. TGFβ is the major regulator of fibrosis and is one of the most 

studied cancer derived growth factor affecting CAF activation [77].  

Tumour cells are also known to express PDGF, which is considered to be an 

important initiator of desmoplastic reaction in tumours. It binds to its cognate 

receptors on the surface of fibroblasts, thereby stimulating CAFs proliferation 
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[78]. In addition, basic fibroblast growth factor (bFGF) [79], secreted 

cytokines such as IL-6 [80], or lysophosphatidic acid (LPA) [81] are 

neoplastic cell secreted mitogens involved in stimulating fibroblast activation 

and proliferation. Beside production of growth factors and cytokines, other 

mechanisms have been reported to be associated with CAF activation: 

cancer derived exosomes can transfer proteins and RNAs from one cell to 

another and mediate the recruitment and activation of fibroblasts within 

tumours [82]. Hypoxia and reactive oxygen species (ROS) induce activation 

of CAFs through the accumulation of hypoxia inducible factor (HIF)-1α [83].  

If tumour cells reprogram the tumour microenvironment in a beneficial milieu 

for their development, CAFs in turn orchestrate the main processes 

underlying cancer progression and invasion through the secretion of different 

hormones, growth factors and cytokines, such as hepatocyte growth factor 

(HGF), connective growth factor (CTGF), epidermal growth factor (EGF), 

insulin-like growth factor (IGF), nerve growth factor (NGF), bFGF as well as 

cytokines such as CCL7 and CXC12 [56]. The cross-talk between neoplastic 

cells and CAFs has been shown to influence tumour development in different 

ways starting from its initiation to the promotion of invasiveness and 

metastasis.  

CAFs are also involved in the recruitment of other cell types to the tumour, 

promote migration and facilitate invasiveness of cancer cells by regulating 

ECM remodelling. CAFs induce ECM remodelling by producing Lysyl oxidase 

(LOX), an enzyme responsible for alteration of collagen crosslinking that 

confer tumour stiffness and facilitate tumour growth [84].  
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While the majority of the literature associates CAFs with a tumour-promoting 

role, some studies suggest that certain fibroblast subsets may also have a 

tumour restraining activity. It has been shown that CAFs have a restraining 

role for pancreatic cancer progression, as generation of tumour bearing 

transgenic mice deficient for αSMA+ cells enhanced hypoxia, epithelial to 

mesenchymal transition (EMT) in tumour cells and lead to increased Treg 

cells accumulation, thereby reducing animal survival [85]. A report showed 

evidence that CAFs can be also implicated in promoting anti- tumour host 

defence by modulating the innate and adaptive immunity through secretion of 

cytokines such as TNFα, IFN and IL-6, which help to recruit and polarize 

macrophages, T lymphocytes and NKs [86]. Although it was initially 

postulated that targeting of sonic hedgehog (Shh) pathway leads to stroma 

collapse and increased vascularity together with enhanced response to 

gemcitabine treatment in a pancreatic cancer pre-clinic mouse model [87], 

the same authors, a few years later showed that this was only a short-term 

effect. Indeed, they observed that genetic or pharmacological inhibition of 

Shh signalling reduced desmoplasia, but it also induced acceleration in 

tumour growth, increased metastasis and ultimately induced rapid death of 

tumour bearing mice [88]. 

 
1.1.8 Role of macrophages in fibrosis 

 
Inflammation is a hallmark of cancer and macrophages are one of the main 

immune cell infiltrates. During the wound healing process, macrophages 

have been shown to exhibit critical regulatory capacities in all the stages of 

repair and fibrosis. Indeed, macrophages are important sources of 

chemokines, MMPs and other inflammatory mediators that drive cellular 
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response following injury [89]. Similarly, macrophage derived factors have 

also been linked to cancer [90]. Thus, because macrophages as well as 

fibroblasts critically modulate cancer progression and metastasis, 

understanding macrophage contribution to fibrosis may open new 

opportunities to the discovery of anti-cancer targets able to dampen in 

parallel both the fibrotic and immune pro-tumorigenic functions of the tumour 

stroma. 

Although it is not generally accepted, many studies involved in understanding 

the fibrotic regulative role of macrophages indicated that anti-inflammatory, 

IL-4-induced macrophages are the main macrophage subset involved in 

modulating tissue repair and fibrosis. Indeed, it has been shown that 

macrophages are involved in development of (bleomycin) pulmonary fibrosis, 

as depletion of Ly6Chi population was associated with reduction in fibrosis 

and decrease expression of several M2-like markers such as Ym-1 and 

arginase-1 [91]. Macrophage secreted TGFβ also has pro-fibrotic functions 

as reported in the case of idiopathic pulmonary fibrosis [92]. Liver Kupffer 

cells also secrete TGFβ upon uptake of pancreatic cancer cell-derived 

exosomes, thereby triggering the generation of a fibrotic microenvironment 

responsible for establishing a pre-metastatic niche in pancreatic cancer [7]. In 

addition, it has been shown that hepatic macrophages can induce survival of 

activated Hepatic Stellate Cells  (HSCs) by stimulation of nuclear factor 

kappa B (NF-kB) activity, which is then responsible for fibrosis formation in to 

the liver [93] . Macrophages are also important producers of MMPs, enzyme 

that degrade all kind of ECM proteins. In the case of pancreatic cancer, 

delivery of CD40 agonist stimulated the systemic release of IFN and CCL2, 
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thereby promoting intra-tumoural infiltration of anti-fibrotic 

monocytes/macrophages. The anti-fibrotic role of monocytes / macrophages 

was mediated by increased MMP13 secretion and led to reduction in 

desmoplasia and enhanced chemotherapy delivery. The latter study 

demonstrated that rewiring of macrophage phenotype induced by CD40 and 

mediated by IFN may be a beneficial strategy to target tumour-associated 

fibrosis [94]. 

 
1.1.9 Granulin 

  
The Granulin (GRN) gene encodes for progranulin (PGRN) protein, which is 

also known under the names of acrogranin, granulin/epithelin precursor 

(GEP), proepithelin (PEI) or PC cell-derived growth factor (PCDGF). Different 

research groups identified independently the parent protein or its derivatives 

in specific tissues or cells. Indeed, as the nomenclature suggests, 

progranulin has been found in association with granulocytes and cells of the 

innate immune response but also with epithelial cells [95]. PGRN is a highly 

glycosylated protein that comprises seven full and one half conserved 

granulin domain connected by a short linker region [96]. PGRN can be 

proteolytically cleaved to release individual granulin peptides, which possess 

independent functions, sometimes in contrast to the function of the full-length 

precursor. Multiple proteases are involved in the cleavage of PGRN such as 

neutrophil elastase, proteinase 3 and MMP9, MMP12 and MMP14 [97]–[100]. 

PGRN and granulin peptides can regulate different biological functions even 

though a unique cell surface receptor has not been identified yet. Up to now, 

PGRN has been shown to interact with different binding proteins depending 

on the cell type. PGRN binding with the transmembrane protein sortilin 
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regulates PGRN levels in the brain by endocytosis [101]. PGRN and 

granulins interaction with tumour necrosis factor receptor (TNFR) 1 and 2 can 

induce anti—inflammatory effect [101]. Instead interaction of PRGN with 

EphA2, a member of receptor tyrosine kinase (RTKs) has been shown to be 

involved in human urinary bladder cancer cell line through MAPK and Akt 

signalling pathway [102]. In vitro and in vivo studies have demonstrated the 

importance of the role of PGRN in diverse physiological processes such as 

early embryogenesis [103], wound healing [104], inflammation [99], [105] and 

angiogenesis [106]. Moreover PGRN is a neurotropic and neuroprotective 

factor that shields neural tissue from inflammation and degeneration. Indeed 

loss of function mutations in the GRN gene has been associated with 

neurological and neurodegenerative disease such as in frontotemporal 

dementia, Alzheimer’s disease and Parkinson’s disease [107], [108]. 

PGRN overexpression has been observed in many different types of cancer 

such as breast, liver, renal and colorectal cancer and high PGRN expression 

has been correlated with many of the tumour progression steps [101]. Both in 

vivo and in vitro studies suggested a mitogenic role for PGRN in stimulating 

the proliferation of epithelial cells and several cancer cell lines [101].  PGRN 

has been also found to promote migration and invasion by multiple 

mechanisms, among which EMT, activation of different MMPs and focal 

adhesion kinase (FAK) pathway [101]. PGRN function has also been 

reported to renders hepatocellular carcinoma resistant to NK cell-mediated 

cytotoxicity thereby suggesting PGRN involvement in mediating tumour-

immune evasion [109]. A correlation between high expression of PRGN in 

tissues, serum or urine from malignant tumour and short overall survival has 
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been observed in the case of epithelial ovarian cancer [110]–[112], breast 

cancer [113], bladder [114] and prostate cancer [115], thus suggesting that 

PGRN can be an useful biomarker for some type of tumours and that its 

expression can be monitored to predict patient prognosis.  

PGRN is often expressed under conditions of tissue remodelling where cells 

are proliferating and actively migrating; for adult epithelia, it is abundant in 

regions characterized by high turnover such as epidermal keratinocytes. 

Fibroblasts and endothelial cells, which are normally quiescent show low 

level of PGRN, however PGRN expression on these cells increase 

dramatically during the phase of wound healing as fibroblasts increase their 

proliferation and migration. Evidences have led to the association between 

PGRN and tissue repair process. Induced skin wound in mice has been 

proposed to enhance increased expression of PGRN. PGRN responds to 

injury both as paracrine mediator from inflammatory cells (macrophages and 

neutrophils) and also as a locally induced growth factor from dermal 

fibroblasts and endothelial cells thereby stimulating inflammation, fibroblast 

accumulation and new blood vessels formation, each of which is essential for 

tissue repair [104]. In accordance to this, another report identified granulin 

(GRN) as a protein secreted from a subtype of hematopoietic myeloid cells 

activated in the bone marrow and recruited in response to breast tumour 

induction. In this case, GRN has been associated with activation of pro-

inflammatory and matrix-remodelling gene expression in fibroblasts, thus 

inducing tumour stroma desmoplasia and cancer progression [116]. In our 

group, it has been shown that bone marrow derived macrophages are 

recruited into the liver in response to pancreatic cancer metastasis 
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development. Macrophage secretion of PGRN led to the activation of liver 

resident hepatic stellate cells, which were responsible of fibrotic stroma 

formation and metastatic growth progression (Figure 1.4) [117]. The precise 

signalling pathways by which GRN activate tumour fibroblasts are still 

unknown, and the cognate cell-surface receptor for GRN has been not yet 

identified. 
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Figure 1.4 Macrophage-secreted granulin supports pancreatic cancer                                                               

metastasis by inducing liver fibrosis.  

Schematic representation of mechanisms by which macrophage-secreted 

granulin promotes liver metastasis in pancreatic cancer. Bone marrow 

derived inflammatory monocytes are recruited into the liver and differentiate 

into metastasis associated macrophages (MAMs). MAM secreted granulin 

activates liver resident hepatic stellate cells (HSCs), which in turn secrete 

periostin resulting in a fibrotic microenvironment that sustain metastatic 

growth [117]. Schematic adapted from [118]. 
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1.2 Immunoncology and Immunotherapy  

 
1.2.1 Immunoediting 

 
Tumour immunoediting is a dynamic process that occurs in cancer and 

encompasses three sequential phases: elimination, equilibrium and escape 

(Figure 1.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Immunoediting. 

Schematic representation of the three phases of tumour immunoediting. 

The elimination phase involves the anti-tumour immune response against 

tumour development. In this phase, natural killer cells (NKs), CD8+ T cells, 

dendritic cells (DCs) and M1-like macrophages are involved in tumour cell 

killing. Many cancer cells die during this phase, but the ones who escape 

or have a non-immunogenic phenotype, initiate the next phase, which is 

the one of equilibrium. During equilibrium phase, immune system and 

tumour cells enter in a dynamic equilibrium in which the anti-tumorigenic 

pressure exerted by the immune system is enough to contain but not 

eliminate cancer cells. In this phase, in the cancer cell population new 

variants arise, thus further increasing overall resistance to immune 

attacks. In the escape phase, tumour cells resistant to immune killing 

continue to grow and expand leading to malignancy formation. Schematic 

adapted from [119]. 
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It relies on the constant interaction between tumour cells, immune cells and 

tumour microenvironment, and it takes both the tumour protective and the 

tumour promoting role of the host immune system into account. As previously 

mentioned, to grow and form metastasis tumours need to circumvent the 

barriers posed by the host natural immunity. Elimination of the tumour 

depends on immunosurveillance mechanisms and it is based on the concept 

that cancer cells represent an “altered self” and express “non-self” antigens, 

thereby are subjected to activated T and NK cell mediated killing. When the 

elimination of the developing tumour is successful, it represents the complete 

elimination process of tumours, without any further progression into the 

successive phases. In the Equilibrium phase, the host immune system and 

tumour cells enter into a dynamic equilibrium. The pressure exerted by T 

lymphocytes and the IFN response on the tumour cells is enough to contain 

but not completely eradicate tumours that at this point contain many 

genetically unstable and highly mutating cell clones. During this process, 

many cancer cells are destroyed but many others arise by Darwinian 

selection of tumour cell clones able to resist immune attacks and/or by 

generation of non-immunogenic tumour variants. This phase is the longest, it 

can last many years and it could terminate either with complete 

extinguishment of the tumour or with escape of the resistant cancer cells 

from immunologic detection and elimination with subsequent expansion of 

the tumour in an uncontrolled manner [119].  

 
In 2013, the journal “Science” named cancer immunotherapy its 

“Breakthrough of the Year” on the basis of the therapeutic benefit obtained by 

the use of immune check point blockers and T lymphocyte engineered to 
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express chimeric antigen receptor (CAR) specific for recognizing tumour 

antigens. Cancer immunotherapy treatment focuses on targeting the host 

immune system rather than the tumour itself in order to enhance cancer cells 

recognition and to amplify the endogenous anti-tumour response with the aim 

of tumour eradication [120].  

The revolution of cancer immunotherapy is represented by the durability of 

the therapy response, most likely due to the ability of T cell mediated 

adaptive immunity to maintain memory of their target, which then translates 

into long-term survival for a subset of cancer patients. Indeed, in patients 

treated with cancer immunotherapy the rate of relapse remain low as 

opposed to patients treated with targeted oncogene therapies, in which 

tumour responses last until the cancer develops a way to bypass oncogene 

blockade.  

However, resistance to immune checkpoint blockade therapy is still a major 

problem, both for cancer types that do not respond at all to the treatment, as 

well as for the types of cancer that have only an initial response to the 

therapy [121].   
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1.2.2 Role of CD8+ T cells  

 
Cytotoxic T cells typically express the molecule CD8 on their surface and 

exert a cytotoxic cell-mediated function that depends on direct interaction 

between T cell antigen receptor (TCR) on the surface of CD8+ T lymphocytes 

and cells bearing the foreign antigen (pathogen infected cells or tumour 

cells). Tumour antigens can be derived from oncogenic viruses, 

differentiation antigens or from mutations that occur during the process of 

carcinogenesis [122]. Antigens are presented as a complex formed by 

(tumour)-derived peptide bound to the MHC molecule and are exposed on 

the surface of tumour cells. However, CD8+ T cells recognition of cancer cells 

can occur only if CD8+ T cells are activated to recognise a specific antigen. 

Activation of naïve CD8+ T cells does not depend only on TCR binding with 

tumour antigen, but it needs the presence of additional co-stimulatory signals 

[123]. Engagement of CD28 on CD8+ T cell surface with B7 molecules (CD80 

and CD86) on the surface of antigen presenting cells (APC) leads to 

activation of naïve CD8+ T cells at the level of tumour draining lymph nodes.  

B7 molecules are exclusively expressed in a subset of hematopoietic cells, 

especially DC, which are cells specialized in antigen presentation [124]. 

Killing of cancer cells mediated by inflammatory processes or by anti-cancer 

treatments, including chemotherapy for example, enables APCs, such as 

DCs, to recognize and take up cancer released antigens. APCs process 

tumour derived peptides and present them as part of the antigen-MHC 

complex alongside with B7 molecules, to naïve CD8+ T cells, thereby priming 

their activation. Upon activation, CD8+ T cells acquire effector functions 

against cancer specific antigen; they are released into the circulation and 
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infiltrate into the tumour site where they mount an attack against tumour cells 

that express the specific antigen for which they are activated to. Killing of 

cancer cells is mediated by CD8+ T cell derived cytotoxic cytokines such as 

IFN, and T cell secreted granules including perforines and granzymes. 

Cancer cell killing results in the release of new additional cancer cell derived 

antigens which burst and strengthen the anti-tumour response in subsequent 

revolutions of anti-cancer immunity cycle [122] (Figure 1.6).  

 

 

 

 

 

 

 

 

 

Figure 1.6 Tumour-immunity cycle. 

Schematic illustration of the host immune response against 

tumour formation. Tumour antigens are recognized as “non-self” 

molecules by antigen presenting cells (APCs), which are 

responsible of the activation of naïve CD8+ T cells at the level of 

lymph nodes. Active CD8+ T cells are the effector cells of anti-

tumour immune response; they are released into the circulation 

and reach the tumour site. Upon recognition of tumour cells by T 

cell receptor (TCR)-MHC molecule interaction, CD8+ T cells 

promote tumour cells killing by releasing cytolytic factors and 

inflammatory cytokines. Cancer cell death, in turn, leads to the 

release of additional antigens that further boost CD8+ T activation 

and activity. Schematic adapted from [122] 
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1.2.3 Immune Checkpoints and T cell exhaustion 

 
Regulation of the T cell response is a complex process consisting of both 

stimulatory and inhibitory cell intrinsic pathways. The process of CD8+ T cell 

activation not only leads to initiation of T cell proliferation and differentiation, 

but also involves the induction of inhibitory pathways that can attenuate and 

terminate T cell responses. The expression of T cell inhibitory pathways is a 

physiological response to limit CD8+ T activity and prevent the insurgence of 

autoimmune diseases [125]. In the same way, tumours can exploit T cell 

inhibitory pathways for their own benefit, thus promoting escape from tumour 

eradication.  

Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) is expressed upon T cell 

activation and it has very high homology to CD28, and as CD28, it binds B7 

molecules. CTLA-4 accumulates in T cells at the T cell-APC interface until it 

reaches a level sufficient to block co-stimulation of CD28 by competitively 

binding to B7 molecules, thereby abrogating T cell activation and response. 

Based on this knowledge, Allison’s group proposed that blockade of CTLA-4 

could allow a sufficient T cell stimulation to activate the T cell response and 

achieve tumour eradication. The group tested in several mouse experiments 

the use of anti-CTLA-4 (αCTLA-4) antibody in combination with cancer cell 

killing agents in order to prime antigen release and activation of T cells 

before CTLA-4 blockade [126]–[129]. The successfully obtained data led to 

the development and successive approval in 2011 of Ipilimumab, an antibody 

against human CTLA-4. It considerably improved the overall survival in 

patients with metastatic melanoma [130], [131], renal cell carcinoma [132], 
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prostate cancer [133], urothelial carcinoma [134] and mammary carcinoma 

[129].   

In 2000, Programmed cell death-1 (PD-1) emerged as another dominant 

immune check-point receptor that limits the response of activated T cells 

[135]. PD-1 has two ligands, PD-L1 (also known as B7H1 or CD274), which 

is broadly expressed by many cell types mainly upon exposure to pro-

inflammatory cytokines, and PD-L2 (also known as CD273 or B7-DC) which 

instead has more restricted expression on antigen presenting cells [125]. The 

function of PD-1 is different from the one of CTLA-4. CTLA-4 interferes with 

co-stimulation of T cells, it is involved in the regulation of the amplitude of T 

cells activation at the early stages and it acts at the level of lymphatic organs. 

In contrast, the major role of PD-1 is in peripheral tissues where it limits the 

activity of T cells during inflammation [125]. 

CD8+ T cells repetitively recognize cognate antigens as the tumour develops 

and form metastases. Triggering of TCR results in the production of 

inflammatory cytokines, including IFN, which is the main stimulator of PD-L1 

expression in targeted cells. Chronic PD-L1 engagement by PD-1 results in 

continuous PD-1 signalling in T cells and induction of epigenetic programs 

that lead to T cell exhaustion [125], [136]. T cell exhaustion is a state of T cell 

dysfunction in a chronic inflamed environment (Figure 1.7). 
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During an effective immune response, naïve CD8+ T cells rapidly differentiate 

into effector T cells with unique metabolic, functional and migratory properties 

that promote cellular proliferation and infiltration into peripheral tissues. 

Following antigen recognition, T effectors rapidly express cytokines and lytic 

molecules that mediate specific killing of pathogenic or transformed cells. 

The majority of T effector cells undergo apoptosis following antigen 

clearance, a minor fraction instead differentiate into long lasting T memory 

cells that will rapidly respond if the same antigen is again encountered [137]. 

During chronic infections and in the setting of many progressing tumours, the 

Figure 1.7 CD8+ T cell exhaustion. 

Naïve CD8+ T cells differentiate and activate into effector CD8+ T cells 

upon antigen recognition and co-stimulation mediated by antigen 

presenting cells (APC). Once at the tumour site, active CD8+ T cells 

recognise the tumour by T cell receptor (TCR)-tumour antigen 

interaction and direct their effector anti-tumour activity through 

secretion of cytokines and lytic molecules such as IFN, TNFα, 

Granzyme B (GzmB) and perforin (Prf). However, within the tumour 

microenvironment, CD8+ T cells can acquire a dysfunctional or 

exhausted phenotype characterized by a progressive loss in effector 

cytolytic factors and increased expression of inhibitory receptors, 

including PD-1 [138]. 
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functional capacity of T effectors cells is compromised. The principal 

characteristic of exhausted T cells is the progressive loss of effector 

functions, which generally occurs in a hierarchical manner and includes loss 

of IL-2, TNFα, IFN, Granzyme B (GzmB) and Perforine (Prf) production. 

Moreover, exhausted T cells express high level of inhibitory receptors in 

addition to PD-1, such as LAG-3, CD244, TIM-3, CTLA-4; and it has been 

observed that the pattern of inhibitory receptors that are co-expressed by the 

same CD8+ T cell can substantially affect the severity of dysfunction. The 

phenotype acquired by dysfunctional T cells affects their survival, 

proliferation and cytotoxic function and although exhaustion is not a terminal 

state, it can lead to T cell apoptosis [138].  

 
PD-1 is therefore a negative regulator of a pre-existing immune response and 

its blockade has become relevant in cancer therapy because of its potential 

to reverse T cell exhaustion with subsequent stimulation of anti-tumour 

immunity. Furthermore, the induction of the PD-1 pathway during chronic 

stimulation and its specific action on anti-tumour T cell immunity renders the 

therapeutic activity of its blockade restricted toward cancer cells, with limited 

toxicity for patients in comparison to αCTLA-4 inhibitory antibody therapy 

[139] [140].  

Antibodies targeting the PD-1 /PD-L1 axis have shown clinical durable 

response in multiple tumour types. The first anti-PD-1 (αPD-1) inhibitory 

antibodies (Pembrolizumab and Nivolumab) received the Food and Drug 

Administration (FDA) approval in 2014 and since then, a total of eleven anti-

PD-1 / PD-L1 inhibitory antibodies are under development and/or have been 

approved for treatment of melanoma, metastatic non-small cell lung cancer, 
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head and neck cancer, renal cell carcinoma, Hodgkin’s lymphoma and 

gastroesophageal, bladder and urothelial cancers [140]. Also, CTLA-4 and 

PD-1 regulate distinct inhibitory pathways and have non-overlapping 

mechanisms of action, thus suggesting that the use of combinatorial 

treatment could improve the efficacy of single treatment [141]. Clinical trials 

have reported increased survival advantages after the combinatorial 

treatment in more than 80 % of advanced melanoma patients with almost 50 

% in tumour reduction [140], [142].  

However, despite the enormous clinical benefits given by the use of immune 

checkpoint therapy, only a small fraction of patients and only certain tumour 

types respond positively to this kind of therapy. Therefore, there are ongoing 

attempts to identify predictive biomarkers that could be used to select 

patients for treatment. 

Because PD-1 ligand can be expressed on tumour cells but also on 

epithelial, endothelial, fibroblasts and immune infiltrate cells, there have been 

efforts to use expression of PD-L1 as a criterion for selecting suitable 

patients for treatments with antibodies targeting the PD-1 / PD-L1 pathway. 

However, it is now become clear that PD-L1 expression in tumour tissue 

could not be used a predictive biomarker since it was noticed that PD-L1 

negative tumours, although at a lower response rate than PD-L1 positive 

tumour, were responsive to αPD-1 treatment [120], [143], [144]. Moreover, it 

was also reported that PD-L1 expression was discordant between primary 

and metastatic tumours in patients with metastatic melanoma and that 

patients with PD-L1 positive tumours together with high infiltration of CD8+ T 

cells had an overall increased survival in comparison to tumours that had 
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only one of these features [145]. These data suggest that the presence of an 

active T cell response within the tumour is the key factor for prediction of anti- 

PD-1 / PD-L1 therapeutic benefits. Indeed, the therapeutic potential of PD-1 / 

PD-L1 therapy is determined by a pre-existing anti-tumour T cell response. In 

such a response, recognition of tumour antigens by TCR on CD8+ T cells 

triggers the expression of PD-1 on the T cell surface and release of IFN, 

which in turn induces expression of PD-L1 by cancer cells [146]. This 

process, named adaptive immune resistance is the mechanisms by which 

PD-L1 expressing tumour cells are able to evade immunosurveillance 

mechanisms and it can be reversed by blockade of PD-1 - PD-L1 interaction 

[147]. 

 
1.2.4 Obstacles to anti-tumour immunity  

 
The plethora of mechanisms by which tumours evade immunity is currently 

the subject of intense investigation and comprises tumour cell-intrinsic and 

extrinsic mechanisms. Understanding anti-tumour immunity resistance is 

crucial because it can also determine the response of cancer treatment to 

immune checkpoint blockade. 

The induction of CD8+ T cells mediated anti-tumour response depends on the 

ability of the immune system to recognize cancer cells from normal cells. The 

most common mechanism for this differential recognition is related to cancer 

mutational load [148]. High number of mutations, with subsequent increase of 

antigen release is correlated with enhanced αPD-1 treatment response due 

to increased infiltration of CD8+ T cells [149]. Indeed, multiple components 

within the tumour microenvironment allow distinguishing immunogenic (hot) 

tumour that are characterized by high infiltration of T cells, high expression of 
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inflammatory cytokines and PD-L1, versus non immunogenic (cold) tumour 

that instead lack these components. Patients whose tumours are 

immunogenic have a positive response to immune checkpoint blockade 

therapy with durable clinical benefits. Instead, for patients with non-

immunogenic disease, the use of combinational therapy aimed at priming T 

cells infiltration and function first would need prior treatment with checkpoint 

inhibitors to obtain clinical benefit. Moreover, not all mutations seem to have 

the necessary quality to mount an anti-tumour immune response. Mutations 

that appear in founder cancer cells and are carried on by most of the progeny 

cells (clonal mutations) are favourable to trigger an immune response, 

whereas mutations that appear later in disease progression and may vary 

among the different cancer cells (subclonal mutations) are refractory to T cell 

recognition, thus resulting to be insensitive to immune checkpoint blockade 

[121]. There are some mutations that are able to modulate the TME and 

interfere with T cell immunity, as in the case of mutations in KRAS, common 

in pancreatic and ovarian cancer [150], [151]. KRAS mutation induces GM-

CSF expression, which it has been shown to be responsible for the 

recruitment of myeloid cells and neutrophils, which have immunosuppressive 

activity into pancreatic tumour for example [152]. Similarly, KRAS mutation is 

also responsible for inducing increase in Hedgehog ligands Ahh and Ihh 

expression [87] or IL-6 secretion, both involved in CAFs activation, fibrotic 

stroma formation and T cell exclusion [153]. 

Other than cell intrinsic pathways, the CD8+ T cell response depends also 

from extrinsic, environmental factors. Activation and recruitment of T cells 

into the tumour is crucial for an effective anti-tumour response to occur. 
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However, once in the TME, the success of anti-tumour defence is determined 

by the ability of CD8+ T cells to overcome additional barriers that they may 

encounter by tumour cells, fibrotic stroma, Treg cells, MDSCs, inhibitory 

cytokines and any other components of the tumour microenvironment that act 

to mitigate the anti-tumour response (Figure 1.8). 

 

 

 

Schematic illustration of the contribution of tumour microenvironment 

(TME) to T cell dysfunction. T cell dysfunction (or exhaustion) can be 

caused by the presence of an immunosuppressive TME generated by 

cancer-associated fibroblasts (CAFs), macrophages (specifically the one 

with a M2-like phenotype), myeloid derived suppressor cells (MDSCs), T 

regulatory (Treg) cells and neutrophils. IL-10 and TGFβ are the main 

secreted factors that have been associated with immunosuppressive 

functions. Another cause of T cell dysfunction is determined by altered 

CD8+ T cell trafficking within the tumour site: the presence of dense 

Figure 1.8 Tumour microenvironment induced CD8+ T cell 

dysfunction. 
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fibrotic stroma and ECM stiffness can generate a barrier that imped T 

cell entry within the tumour site. T cell dysfunction is also caused by 

engagement of T cell inhibitory receptors such as PD-1. Binding of PD-1 

with its ligand, PD-L1, expressed by different cell types, induces CD8+ T 

cell exhaustion, which is accompanied by loss of T cells killing activity. 

Schematic adapted from [150]. 

 

The dominant effect of the TME in inducing T cell suppression has been 

identified upon examination of the relationship between CD8+ T cells and 

cancer cells in tissues of tumours that do not respond to anti PD-1 / PD-L1 

therapy, including colorectal, ovarian, and pancreatic cancer. Exclusion of 

CD8+T cells from the tumour nest in colorectal cancer has been associated 

with poor prognosis [154], and exclusion of T cells from the vicinity of cancer 

cells has been also observed in the case of ovarian [155] and pancreatic 

cancer [156]. Overcoming the restrictions posed by the immunosuppressive 

TME is necessary to overcome tumour resistance to single agent Immune 

checkpoint antagonists. 

The heterogeneous cell populations within the TME contribute to T cell 

suppression through both direct contact and by secretion of soluble factors. 

Stromal cells can limit T cell trafficking within the TME, promote CD4+ Treg 

development and inhibit T effector cells proliferation [157]. Endothelial cells 

can directly prevent T cell trafficking and promote T cell apoptosis by Fas 

ligand (FasL) expression, for example [158]. Myeloid cells, including TAM, 

granulocytes and inflammatory monocytes can mediate CD8+ T cell 

suppression by PD-L1 expression or by production and/or induction of anti-

inflammatory cytokines such as IL-10 and TGFβ, which are considered to be 

mediators of T cell exhaustion [138], [157]. Regulatory B cells interfere with 

anti-tumour T cell immunity by promoting Treg development, by secreting 
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suppressive cytokines such as IL-10 and by stimulating suppressive myeloid 

cells [159]. Other immunesuppressive T cell subtypes, including γδ T cells 

can produce IL-10 and TGFβ and express inhibitory ligands such as PD-L1 

[160], [161].  

In the light of these observations, the intensive study of cellular and 

molecular mechanisms mediating the resistance to an anti-tumour immune 

response had revealed an opportunity to design combinatorial treatment 

aimed at targeting the immunosuppressive role of the TME together with 

Immune checkpoint antagonists, at least in the setting of low pre-existing 

level of T cells infiltration into the tumour. Furthermore, it is worth mentioning 

that other modes of cancer therapy, such as radiotherapy, chemotherapy or 

oncogene-targeted therapy have been shown to change the 

immunosuppressive TME and successfully increase the response of immune 

checkpoint blockade therapies [121]. 
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1.2.5 Immunoregulatory role of macrophages  

Macrophages, and in particular TAMs, critically affect anti-tumour immunity 

and response to immunotherapy (Figure 1.9).  

 

Tumour associated macrophages (TAMs) promote immunosuppressive 

activities by different mechanisms. TAMs can express PD-L1 and PD-

L2, which bind the T cell inhibitory receptor PD-1, thereby inducing T cell 

exhaustion. TAMs expression of B7 family molecules, such as B7-H4 

can have similar function. TAMs secrete immunosuppressive cytokines 

such as IL-10 and TGFβ, which can have direct suppressive function on 

CD8+ T cells, or can induce recruitment of CD4+ T regulatory (Treg) 

cells with immunosuppressive functions. TAM secreted IL-10 can impair 

T cells effector functions indirectly either by inhibit dendritic cells (DCs) 

anti-tumorigenic role or by inducing DCs expression of PD-L1. Moreover, 

amino acid metabolism in TAMs results in production of arginase and 

immunosuppressive metabolites via the indoleamine 2,3-dioxygenase 

(IDO) pathway, which are responsible of metabolic starvation in T cells. 

Schematic adapted from [51]. 

 

Macrophages can express PD-1 ligands PD-L1 and PD-L2, as wells as 

CTLA-4 ligands CD80 and CD86 and the protein B7-H4 (which interacts with 

unidentified inhibitory receptor on T cells). PD-L1 and PD-L2 are up-

regulated in macrophages in response to different stimuli including cytokines 

Figure 1.9 Immunosuppressive role of TAM. 
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and hypoxia [162], [163]. High level of PD-L1 expression in TAMs has been 

found in different types of cancer such as hepatocellular carcinoma [164], 

glioblastoma [165], pancreatic cancer [166]. Interestingly, in pre-clinical 

model of pancreatic cancer it has been found that macrophages are the main 

source of PD-L1 within the TME [167]. In addition, TAMs suppress T cell 

activation and proliferation by producing suppressive mediators, including IL-

10 and TGFβ.  TAMs secreted TGFβ directly exerts suppressive functions on 

CD8+ T cells by transcriptional repression of genes encoding functional 

cytokines such as perforin, granzyme and cytotoxines [168], [169]; TAM 

derived TGFβ [170]  and IL-10 [171] can act indirectly by stimulating the 

differentiation of Treg cells.  IL-10 can mediate stimulation of PD-L1 

expression on DCs [172] or it can suppress DCs anti-tumour function by 

inhibiting their secretion of IL-12 [173]. In addition, amino acid metabolism 

induced in M2-like macrophages or TAM is responsible for arginase activity 

and/or production of immunosuppressive metabolites via indoleamine 2,3-

dioxygenase (IDO) pathway, resulting in metabolic starvation of T cells [174], 

as such, prostaglandine production by TAM has an immunosuppressive 

effect [175].  

Considering the high immunomodulatory effects of macrophages, their 

targeting has become one of the most promising approaches to enhance 

anti-cancer immunity.  

1.2.6 Targeting the immunosuppressive role of macrophages 

 
The signalling processes involved in macrophage recruitment and/or 

activation are important targets for anti-cancer therapies. CSF-1 is a 

monocyte attractant as well as the major growth and differentiation factor for 
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monocyte-macrophage lineage, it leads to TAM polarization toward an 

immunosuppressive, tumour promoting M2-like phenotype and it is 

abundantly expressed by several tumour types [176].  Therefore, CSF-1 / 

CSF-1 receptor (CSF-1R) axis has been extensively investigated and it is 

considered as an obvious target to interfere with TAM functions. High level of 

CSF-1 or CSF-1R expression in the tumour or peritumoral tissue have been 

associated with poor patient survival in different malignancies such as 

lymphoma, breast cancer and hepatocellular carcinoma [177]–[181]. CSF-1R 

is a receptor tyrosine kinase and a number of small molecules and antibody 

antagonists have been developed and tested in pre-clinical models. For 

example, mice treatment with the humanized mAb Emactuzumab, which bind 

CSF-1R, prevents receptor dimerization thereby abrogating CSF-1 receptor 

binding and activation of downstream signalling. In this study, CSF-1R 

inhibition reduced TAMs and circulating monocytes numbers and increased 

CD8+ : CD4+ T cell ratio compared with mice treated with control antibody 

[182]. The use of combinational therapies has been developed to potentiate 

the effect of CSF-1 / CSF-1R inhibitors. For example, radiotherapy has been 

demonstrated to increase CSF-1 expression and myeloid cell infiltration in 

preclinical mouse xenograft models of human glioblastomas and 

combinational treatment of radiotherapy with CSF-1R small molecule 

inhibitors has shown to potentiate radiotherapy efficacy [183]. Another small 

molecule inhibitor, BLZ945, has shown to decrease glioma progression and 

improved survival in preclinical models. Interestingly, CSF-1R blockade, in 

this model, did not induced decrease in TAMs number, but instead generated 

phenotypic changes in macrophage population from a M2-like pro-tumoral to 
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anti-tumoral M1-like cell types [184]. In a mouse model of ovarian cancer, 

CSF-1R inhibitor, GW2580, decreased the numbers of tumoral infiltrating M2-

like macrophages when administered at late stage of the disease [185]. The 

same inhibitor has been shown to enhance the activity of gemcitabine in a 

transgenic mouse model of gemcitabine-resistant pancreatic ductal 

adenocarcinoma (PDAC) [186]. Along this line, in a transgenic mouse model 

of mammary adenocarcinoma, paclitaxel-based chemotherapy led to 

increased production of CSF-1 and IL-34 (another cytokine involved in CSF-

1R mediated signalling). Inhibition of CSF-1R enhanced chemotherapy 

effectiveness, reduced primary tumour development, metastasis formation 

and increased CD8+ T cell numbers [187]. This was one of the first studies 

that demonstrated the inverse correlation between CD68+ macrophages and 

CD8+ T cells in tumour. Pharmacological blockade of CSF-1 / CSF-1R 

targeted specifically breast cancer CD11b+ Ly6Gneg Ly6Clow F4/80+ TAM and 

induced an increase in anti-tumour immunity mediated by enhanced CD8+ 

lymphocyte infiltration, thereby highlighting the immune suppressive capacity 

of TAMs [187]. Accordingly with the immunosuppressive role of TAMs, the 

same authors identify macrophages as a primary source of IL-10 and that 

inhibition of IL-10 receptor induced reduction of breast cancer tumour if 

combined with chemotherapy, with an equivalent effect caused by blockade 

of CSF-1R. Also in this case, tumour reduction was associated with 

increased CD8+T cell mediated anti-tumour activity. Mechanistically it was 

observed that the immune suppressive activity of IL-10 was not directly 

interfering with CD8+ T cells function, but it was mediated by suppression of 

IL-12 production by intra-tumoral DCs, which in turn limited CD8+ T cell 
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cytotoxic activity [173]. Similar results have been obtained in the case of 

pancreatic cancer. Blockade of CSF-1R or CCR2 resulted in altered 

infiltration of MDSCs both by reducing mature 

CD11b+Ly6GnegLy6ClowMHCIIhighF480+ macrophages, in the case of CSF-1R 

blockade and by affecting CD11b+Ly6GnegLy6ChighMHCII+F480+ monocytes, 

in the case of CCR2 blockade. CSF-1R or CCR2 inhibition in combination 

with chemotherapy resulted in restored CD8+ T cells anti-tumoral activity 

[188]. The enhanced anti-tumoral effect of CD8+ T cells as consequence of 

pharmacological inhibition of CSF-1 / CSF-1R axis has been also exploited 

for combinational therapy with immune checkpoint blockade, especially for 

tumours resistant to single-agents immunotherapy. In PDAC, 

CD11b+Ly6GnegLy6ClowF480+CD206high M2-like polarized macrophages have 

been observed to be more sensitive to CSF-1 / CSF-1R blockade, thereby 

revealing the effect of CSF-1 / CSF-1R inhibition in rewiring TAM polarization 

toward a pro-inflammatory, antigen stimulating phenotype. In this model, 

CSF-1 / CSF-1R targeting resulted in increased expression of immune 

checkpoint molecule on tumour cells, including PD-L1 and CTLA-4, thus 

resulting in only modest increase of CD8+ T cell anti-tumour ability. 

Combination of αPD1 or αCTLA-4 checkpoint immunotherapy with CSF-1 / 

CSF-1R blockade improved anti-tumour immunity and led to the regression 

of even established primary pancreatic tumours [189]. However, targeting 

CSF-1 / CSF1-R axis could lead also to compensatory effects, which 

translate to enhanced tumour progression. For instance, in a series of mouse 

tumour models, it has been shown that CSF1-R is also expressed on CAFs. 

Interestingly, in this study the inhibition of CSF-1R increased the production 
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of chemokines in CAFs including CXCL1, thereby provoking the recruitment 

of immunosuppressive Ly6G+ granulocytes/neutrophils. Inhibition of CXCR2, 

which is the receptor for most of the up-regulated cytokines in CAFs in 

response to CSF-1R inhibitor, alongside with CSF-1R resulted in significant 

delay in cancer progression [190].   

Combination of immune checkpoint blockade with myeloid cells targeting 

agents has been also used in pancreatic cancer; in this case 

pharmacological selective targeting of the gamma isoform of PI3K (PI3K), 

highly expressed in myeloid cells, reshaped TME and induced T cell 

mediated cytotoxic activity [191], [192]. 

Other approaches have been based on re-directing the function of 

macrophages with the aim of re-educating macrophages rather than simply 

targeting them for depletion or destruction. IFN is a classical inducer of M1-

like polarization and its administration in women with ovarian cancer resulted 

in increased activation of tumour cytotoxicity and clinical response [193]. 

Another approach to targeting macrophages has been provided by 

administration of agonistic anti-CD40 antibody to mice with pancreatic 

cancer. CD40 agonist treatment resulted in re-education of M2-like 

macrophages toward an M1-like type with increased antigen presentation 

capabilities which led to re-establishment of pro-inflammatory 

microenvironment and a reduction in tumour mass [194]. Translation of the 

obtained results into clinical trials using a fully humanized antibody CD40 

agonist in combination with chemotherapy in patients with advanced stage 

pancreatic cancer achieved partial response and improved patient survival 

[195]. Interestingly, a combination of anti-CD40 agonist and inhibition of CSF-
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1R induced macrophage pro-inflammatory phenotype prior CSF-1R mediated 

elimination, which was sufficient to reinvigorate T cell response in 

transplanted tumours that are either resistant or sensitive to immune 

checkpoint blockade [196]. Another example is given by a study performed in 

a preclinical mouse model of pancreatic cancer in which crosstalk between B 

cells and FcRγ+ TAMs via Bruton tyrosine kinase (BTK)-PI3K signalling 

promoted M2-like macrophage phenotype. Administration of PI3K inhibitor 

or BTK inhibitor induced M1-like macrophage phenotypic switch and 

promoted CD8+ T cell cytotoxicity resulting in a decrease in tumour growth 

[159]. Clinical strategies using this approach in combination with 

chemotherapy are in evaluation for patients with pancreatic cancer.  

1.2.7 Immunoregulatory role of fibroblasts  

 
Of recent increasing interest is the investigation of the immuno-modulatory 

functions of CAFs within the TME. As described before, CAFs can adopt a 

secretory phenotype, which enable the synthesis of ECM proteins, 

expression of ECM-remodelling enzymes and production of a plethora of 

cytokines and chemokine. The secretome of CAFs not only contributes to 

fibrosis-associated tissue remodelling during tumour progression, but it can 

also differently influence tumour immunity [74] .  

Generally, CAFs are considered to have an immunosuppressive function 

[197], [198]. CAFs can impair CD8+ T cell activation, cytokine production and 

cytotoxicity through the direct secretion of soluble factors such as IL-10, 

TGFβ or VEGF as well as through metabolic reprogramming via 

Prostaglandin E2 (PGE2), IDO and arginase [199], [200]. Additionally, FAP+ 

CAF-secreted CXCL12 mediates exclusion of CD8+ T cells in pancreatic 
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cancer [201]. In this regard, two independent studies revealed that targeting 

FAP+ CAFs in immunocompetent tumour bearing mice resulted in intra-

tumoural recruitment of CD8+ T cells and T cell mediated killing of tumours in 

both colon [202] and pancreatic cancer [203]. Cultured fibroblasts from 

normal human colons have been reported to express the negative co-

regulator signals PD-L1 and PD-L2 with a potential impact on T cell activity 

[204]. PD-L1 and PD-L2 expression has also been found in a subset of CAFs 

derived from patients with lung cancer with ex-vivo immunosuppressive 

capacity on T cell activation [205]. In addition to directly inactivating a CD8+ T 

cell response, CAFs can also suppress anti-tumour immunity in an indirect 

way, by affecting T helper (TH) cell response. Indeed, fibrosis has been 

associated with TH2 and TH17 responses. The TH2 cytokines IL-4 and IL-13 

can induce both fibroblasts proliferation and fibroblast ECM deposition, while 

TH17 cells are involved in regulating inflammatory pathways during 

pulmonary fibrosis [206]. In the case of pancreatic cancer, one of the 

activated pancreatic stellate cell subtypes, the inflammatory CAF (iCAFs), 

have been shown to be characterized by a secretory phenotype mainly 

mediated by IL-6 [65]. IL-6 has been shown to have an immunosuppressive 

role by acting in a paracrine manner on cancer cells and other stroma cells, 

for example by driving monocyte precursors toward a MDSC phenotype via 

STAT3 signalling pathway [207], [208]. In addition, CAF production of 

CCL17, IL-15 and TGFβ can also regulate Treg cells recruitment and 

differentiation, in accordance with this, deletion of FAP+ CAF shifted tumour 

immunity toward a TH1 –type with subsequent increase of cytotoxic 

lymphocytes, decrease in Treg cells and reduction of mammary tumours 
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[209].  Recently, in the triple negative subtype of breast cancer, four different 

subsets of CAFs have been identified, with one of them being associated 

with an immunosuppressive role. CAF-S1 subset of CAFs has been found to 

be highly associated with IL-17F, IL-1β, IL-10 and IL-6 expression and with 

high Treg cells infiltration, while the presence of CD8+ T cells was low. The 

same authors also found that CXCL12 was the main responsible for Treg cells 

recruitment, whereas the CAF-S1 expression of T cell ligands such as 

OX40L, PD-L2 and adhesion molecule JAM was responsible of Treg retention 

at the tumour site. CD73, DPP4 and B7H3 CAF-expressed molecules were 

able of promoting Treg survival and differentiation in to CD25high FOXP3high 

cells instead [210]. 

CAFs can also indirectly mediate T cell immunosuppression by affecting 

recruitment and modulating the function of TAMs, MDSCs / neutrophils and 

DCs. Also in this case, IL-6 secreted by CAFs has been shown to be 

associated with inducing monocyte differentiation program toward the M2-like 

phenotype of macrophages [211]. Other in vitro studies have shown that 

CAFs isolated from different tumour models secrete a wide range of 

cytokines such as GM-CSF, CSF-1, CCL2, CCL7, CXCL1, CXCL2 and 

CXCL8 all involved in MDSC recruitment and M2 macrophage phenotype 

switch [212]–[214].  

In addition to the direct and indirect mechanisms by which the CAF 

secretome can influence T cell immunity, the dense and collagen rich ECM 

can also affect T cell infiltration and function [215].  

Extensive fibrosis can induce the phenomenon of T cell exclusion (     Figure 

1.10). For example, high desmoplastic stroma deposition, as in the case of 
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pancreatic cancer, and ECM stiffness can act as physical barrier for CTLs 

trafficking. Indeed, different studies in pancreatic cancer and lung cancer pre-

clinical models have reported that the ability of T cells to infiltrate and to 

migrate from the stroma to close proximity to the tumour nest is impaired in 

the presence of dense stroma compartment [216]–[218]. In this regard, the 

presence of ECM stiffness, other than limiting T cells infiltration, is likely to be 

also involved in regulating T cell functionality. However, ECM stiffness not 

only can influence T cell trafficking, but also it can affects the trafficking and 

functions of myeloid cells: dense ECM structure, ECM components, such as 

HA can alter differentiation, polarization and function of macrophages in 

different tumour models [219], [220].  

Tumour associated fibrosis can also induce hypoxia. Indeed, the presence of 

an extensive fibrosis can lead to poorly innervated tumour with scarce 

presence of blood vessels necessary for nutrient and oxygen supply. The 

presence of an hypoxic microenvironment can also be a modulator of tumour 

immunity: the release of hypoxia induced chemo-attractant within the TME 

can promote accumulation of TAMs and MDSCs [221]. Hypoxia has been 

associated with regulating the function of MDSCs through HIF1α mediated 

expression of PD-L1 [222].  

The molecular mechanisms that regulate CAF immune-modulatory 

processes, as well as the clinical impact of targeting CAFs on anti-tumour 

immune response are still not well elucidated. It is also unclear whether 

different origin of CAFs and the presence of different tumour associated CAF 

subsets can affect differently anti-tumour immunity. 
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     Figure 1.10 Fibrotic impact on CD8+ T cells infiltration. 

Schematic representation of a poor (right) and highly (left) fibrotic tumour 

microenvironment (TME). One of the mechanisms by which cancer 

associated fibroblasts (CAFs) impact immune cell functions is the formation of 

a highly fibrotic microenvironment characterized by a dense and collagen-rich 

ECM, which act as barrier against T cell infiltration. Moreover, ECM 

components can retain and sequester cytokines and influence macrophage 

polarization toward an M2-like phenotype with immunosuppressive functions. 

CAFs secreted factors can inhibit anti-tumour CD8+ T cells functions directly; 

alternatively, CAFs can also play an immunosuppressive function indirectly 

either by reprogramming CD4+ T helper (TH) response toward a pro-

tumourigenic TH2-type of response or by the recruitment of T regulatory (Treg) 

cells. Tumour associated fibrosis can also generate hypoxia, which, in turn 

promotes accumulation of immunosuppressive M2-like macrophages. 

Schematic adapted from [215]. 
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1.2.8 Targeting the immunosuppressive role of fibroblasts.  

 
Abundant collagen deposition is one of the key features of tumour stroma. 

For this reason, several strategies have been developed to target collagen 

synthesis, as in the case of Halofuginone, which has been used to target type 

I collagen in pancreas and liver fibrosis [223]. Alteration of collagen cross-

linking by LOX inhibition has been revealed effective in targeting fibrosis and 

reducing tumour growth in the case of mammary tumour; and in the case of 

pancreatic cancer, LOX inhibition resulted in increased drug delivery [84], 

[224], [225]. Similarly, all-trans retinoic acid (ATRA) has been shown to be a 

potential target to regulate ECM remodelling and inhibit activation of 

pancreatic stellate cells [226]. Another ECM component is HA, which is 

abundant in different types of cancer. Accumulation of HA has been shown to 

increase tumour interstitial pressure and impair drug delivery; thereby it 

became an attractive drug target. Inhibition of pre-existent HA using PEG-

fused hyaluronidase (PEGPH20) has been shown to down-regulate HA level 

and increase efficacy of chemotherapy in pancreatic cancer. Therefore, this 

has been translated into successful clinical trials in combination with 

gemcitabine and nab-paclitaxel [227]. Recent studies have demonstrated that 

reprogramming pancreatic stellate cells derived CAFs into quiescent 

fibroblasts using Calcipotriol, a Vitamin D analogue, can reduce fibrosis and 

inflammation in pancreatic cancer [228]. Similarly, recently approved 

Pirfenidone for treatment of pulmonary fibrosis is based on targeting 

fibroblast activation and secretory functions [229].  

Another approach that is being in use is the modulation of CAF mediated 

immune regulation. Examples are the adoptive transfer of FAP-specific T cell, 
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DNA vaccines against FAP, as well as FAP peptides that lead to FAP+ CAF 

targeting, decrease in collagen deposition and increased T cell activity [202], 

[230], [231].  

Targeting of pathways involved in fibrosis formation has also been 

considered as a valuable approach to enhance immunotherapy efficiency. In 

the genetic engineered pancreatic cancer mouse model, inhibition of CXCR4, 

which is the receptor for CAF-secreted CXCL12, by using AMD3100 

improved short-term response to immune checkpoint blockade [201]. Other 

groups have focused on targeting FAK signalling, which has been associated 

with pathological fibrosis and with regulation of immunesurveillance [232]. 

Loss of FAK signalling resulted in decreased FOXP3+ Treg recruitment in 

squamous carcinoma models [233]; in pancreatic cancer mouse model, 

inhibition of FAK resulted in reduced collagen, reduced immune suppressive 

cells recruitment (TAMs, MDSCs, Treg cells) and increased CD8+ T cell 

infiltration, thereby enhancing sensitivity to PD-1 checkpoint antagonist [218]. 

In pancreatic cancer, CAF mediated immunosuppression has been shown to 

be reduced by IL-6 targeting and its combination with PD-L1 substantially led 

to anti-tumour immunity and tumour regression [234]. 

 
Despite CAF targeting offering a powerful new tool for anticancer treatment, 

the function heterogeneity and dynamic polarization of CAFs may require the 

identification of more specific targets and more detailed understanding of 

CAF mediated immunomodulation. However, together these data show that 

CAF-targeted therapies can be useful to improve the therapeutic benefits of 

checkpoint blockers and sensitize cancer types usually resistant to these 

single agent therapies.  
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1.3 Pancreatic Ductal Adenocarcinoma  

 
1.3.1 Tumour pathology  

 
Pancreatic Ductal Adenocarcinoma (PDAC, or simply referred here as 

pancreatic cancer) is the most common form of pancreatic cancer and it is 

considered one of the higher causes of cancer death in developed countries 

[235]. This type of cancer is rarely diagnosed in people younger than 40 

years and less than 20 % of patients present with localized, potentially 

curable surgically resectable tumours. The overall 5-year survival rate is <5 

% with the highest survival rate for patients who undergo surgical resection. 

The causes of pancreatic cancer remain unknown, however risk factors are 

tobacco smoke, intake of alcohol and coffee, high fat and high cholesterol 

diet. Some studies have shown that an increased incidence of pancreatic 

cancer is observed in people with history of diabetes or chronic cirrhosis. 

Moreover, in around 5 to 10 % of pancreatic cancer patients there is a family 

history of the disease [236], [237].  

Pancreatic cancer results from successive accumulation of gene mutations 

[238], which dictate the origin of the cancer in the ductal epithelium and its 

progression from pre-malignant lesions to fully invasive cancer. Pancreatic 

intraepithelial neoplasia (PanIN) is the best histologically characterized 

precursor of pancreatic cancer [238].  

Genomic analysis of pancreatic cancer reveals that KRAS, TP53, SMAD4 

and CDKN2 mutations are the most common oncogenic events, among a 

milieu of mutated genes at low prevalence. The 90 % of tumours have 

activating mutations in KRAS, whereas inactivating mutations in TP53, 

CDKN2A and SMAD4 occur in 50-80 % of tumour cases [239]. Recently, 
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genomic analysis of 456 PDAC using whole-genome and deep-exosome 

sequencing identified 32 recurrently mutated genes that aggregate into 10 

common pathways: KRAS, TGFβ, WNT, NOTCH, ROBO/SLIT signalling, 

G1/S transition, chromatin remodelling, DNA repair and RNA processing. The 

unbiased expression analysis allowed researchers to identify four subtypes of 

pancreatic cancer: squamous, pancreatic progenitor, immunogenic and 

aberrantly differentiated endocrine exocrine (ADEX). The clustering was 

based on the differential expression of transcription factors and downstream 

targets important in defining lineage specification and differentiation during 

pancreas development; moreover, each of the subtypes was found to be 

associated with specific histological characteristics [240] . The squamous 

subtype of pancreatic cancer is associated with gene networks involved in 

inflammation, hypoxia, metabolic reprogramming, TGFβ signalling, up-

regulation of TP53, KDM6A and TP63ΔN transcriptional networks. Analysis 

of transcriptome data of the squamous subtype also identified key factors 

involved in increased metastatic potential such as PDGFRβ [241] and LOX 

[224].  Factors involved in determining the cell-fate of pancreatic endoderm 

define the pancreatic progenitor subtype. An example is PDX1, that is 

expressed in embryonic progenitor cells and is critical for development of 

pancreas with ductal, exocrine and endocrine cells [242]. ADEX subtype 

displays up-regulation of transcriptional networks that are important in later 

stages of pancreatic development and differentiation. This subtype, for 

instance, is characterized by up-regulation of genes associated with both 

exocrine and endocrine differentiation pathways at the same time, rather than 

one or the other as in the case of normal pancreas development. The 
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immunogenic subtype is associated with a significant immune cell infiltration. 

Immune gene-associated pathways that are up-regulated in this subtype 

include B cell signalling, antigen presentation, CD4+ T cells, CD8+ T cells and 

Toll-like receptor associated signalling pathways. Interestingly, the 

expression profile of genes related with B and T cells, including both 

cytotoxic CD8+ T and Treg cells, were found to be predominant [240]. 

1.3.2 Tumour microenvironment in pancreatic cancer  

 
A striking pathological feature of this disease is the presence of an extensive 

stroma compartment termed desmoplastic reaction that in some cases 

dominates up to the 90 % of the entire tumour mass. The stroma in 

pancreatic cancer does not constitute only a mechanical barrier that may 

prevent the efficient delivery of anticancer drugs, but it also represents a 

dynamic structure that is regulated by cancer cells into a favourable 

environment critical for tumour formation, progression and metastasis. The 

dense stroma consists of proliferating myofibroblasts (pancreatic stellate 

cells), deposition of ECM proteins such as type I collagen, fibronectin, 

laminin, hyaluronic acid, as well as multiple types of infiltrated inflammatory 

cells, including macrophages, MDSCs and T cells (the majority of which are 

CD4+ Treg cells). Pancreatic adenocarcinomas are also characterized by low 

microvascular density, leaky vasculature and limited perfusion, with 

consequent generation of a hypoxic microenvironment. The presence of 

fibrotic stroma also leads to a reduced blood flow and increases interstitial 

pressure, which results in impaired drug delivery [243].  Recently, a study of 

145 early stage pancreatic cancer patients revealed a correlation between 

moderate to strong αSMA expression and poorer clinical outcome in terms of 
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overall tumour progression and patient survival [244].  Interaction between 

pancreatic stellate cells and cancer cells has been demonstrated both by in 

vitro and in vivo data, thus supporting the role of pancreatic myofibroblasts in 

stimulating proliferation, migration of cancer cells and subsequent 

development of pancreatic cancer [245]. It has also been shown that stellate 

cells are involved in inhibiting cancer cell apoptosis and development of a 

cancer stem niche, thereby promoting chemoresistance [246]. Pancreatic 

stellate cells have also the ability to migrate together with pancreatic cancer 

cells at the metastatic site and cancer cells secreted PDGF to mediate this 

process [247]. Interaction of pancreatic stellate cells with other stroma cells 

has been also reported: VEGF secreted by stellate cells can influence 

endothelial cell proliferation and angiogenesis [248]. In addition, fibrotic 

stroma is also responsible for immune evasion by reducing the trafficking of 

CD8+ T cells [249] and by inducing CD8+ T cell apoptosis via galectin 1 [250] 

and by stimulating the infiltration of myeloid derived suppressor cells [207].  

Another hallmark of pancreatic cancer microenvironment is the restriction of 

the immune surveillance and generation of an inflammatory 

microenvironment that supports tumorigenesis [251]. Treg cells and myeloid 

cells are the main mediator of anti- tumour immunity and they are recruited 

since the early stages of pancreatic cancer development by GM-CSF 

secreted by cancer cells [152]. Macrophages are a key driver of pancreatic 

tumour progression and their recruitment requires interleukin 6- Janus 

kinase- signal transduction and activation of transcription 3 (STAT3) 

signalling pathway [252], but also cancer cells secretion of CSF-1 [167]. 
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LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre mice (KPC mice) mice 

[253] have been extensively used to shed light on biological processes 

involving interaction between neoplastic cells and their microenvironment.  

In KPC mice Kras coding sequence has been engineered to contain a G to A 

transition in codon 12 [254], [255]. The G12D mutation introduced in the 

KRAS coding sequence is common in many cases of human PDAC and 

results in an amino acid change from glycine to aspartic acid in the protein. 

The mutation compromises Ras GTPase activities and results in constitutive 

signalling of the Ras pathway. KPC mice recapitulate the pre-invasive stages 

of the invasive carcinoma, but also develop advanced staged and metastatic 

PDAC typical of human, conserving the principal clinical, histopathological 

and genomic features of the cognate human condition. Interestingly, also the 

metastatic dissemination recall the human one, with liver metastasis present 

in almost 80 % of cases, followed by lung in 50 % of cases, adrenals and 

peritoneum with lower frequency [253]. 

Analysis of the TME in KPC mice allowed an identification of the changes in 

tumour immunity from inception of pre-invasive lesions to establishment of 

invasive cancer. Infiltration of immunosuppressive TAMs, MDSCs and Treg 

cells dominates the early immune response from the lowest grade of pre-

invasive neoplasia to invasive pancreatic cancer. Interestingly, in the study 

performed by Clark et al., it has been found that in KPC mice pre-invasive 

lesions are scarcely infiltrated by effector T cells (with exception of a subset 

of advanced cancer) and that CD8+ T cells also show little evidence of 

activation potential. Interestingly this was inversely correlated with the high 

infiltration of MDSCs with immunosuppressive potential [256]. In a recent 
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study, RNA sequencing allowed the identification of the presence of elements 

of all four pancreatic cancer subtypes in KPC mouse tumours. Interestingly, 

the same authors identified that CSF-1R inhibition in KPC mice induced 

tumour regression and increased T cell activation but also importantly, it 

altered tumour architecture both at transcriptional and histological level. 

Indeed, gene expression programs typical of the squamous pancreatic 

cancer subtype, including those associated with hypoxia, ECM and TGFβ 

signalling were down-regulated upon CSF-1R blockade, with subsequent up-

regulation of the ADEX and immunogenic subtypes related gene programs 

[167]. 

Analysis of KPC autochthonous model using linage tracing has allowed an 

examination of the evolution of disseminating cancer cells and their 

associated microenvironment. It has been observed that metastatic 

development of pancreatic cancer into the liver is accompanied by cancer 

cell shift from mesenchymal to epithelial phenotype, hypovascularization of 

the TME, formation of a dense fibrotic reaction [117], [257], and high 

infiltration of myeloid cells, in particular macrophages [117], thereby 

recapitulating the primary tumour microenvironment from which they arise.  

KPC mice have been used to test different strategies to enhance intratumoral 

perfusion and drug delivery. Targeting the fibrotic stroma, including use of 

Hedgehog signalling inhibitors [87], use of pegylated hyaluronidase [227], 

[258], synthetic D analogues [228] and collagen cross linker enzyme LOX 

inhibitor [224], are still under investigation and clinical evaluation. Also, early 

detection strategies for pancreatic cancer have been pioneered in KPC mice, 

including imaging of the potential imaging biomarkers plectin 1 [259] and 
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claudin 4 [260], as well as use of blood biomarker panels [261] and use of 

circulating exosomes containing glypican 1 [262]. Many of these markers 

have been also validated in human samples and clinical assessments are still 

on going. 

1.3.3 Diagnosis and therapeutic opportunities for pancreatic cancer  

 
Pancreatic cancers are located for the 60 to 70 % of the cases in the head of 

the pancreas, in the 20 % of the cases instead, it is possible to find tumour in 

the body and the tail of the organ. The signs and symptoms of the tumour are 

related to its location, however the most common are usually associated with 

abdominal pain, weight loss, asthenia and anorexia [263]. Abdominal 

computer tomography (CT) is usually used to detect the pancreatic mass and 

to determine the initial steps of treatment. Pancreatic cancer is associated 

with poor prognosis and it is usually diagnosed at advanced stages, most 

likely because the symptoms are not specific or sometime they are 

completely absent. There are no available diagnostic markers that are 

sensitive and specific enough to detect the disease. The current markers 

including carcinoembryonic antigen (CAE) and carbohydrate antigen 19-9 

(CA19-9), if elevated, are used just to follow patients with known disease 

[237]. The majority of patients, approximately 90 % of those diagnosed with 

pancreatic cancer, die from it. Around 70 % of patients die because of the 

presence of metastasis, usually localised to the liver, lung or abdomen; the 

other 30 % of patients have limited metastatic disease at the time of death, 

but they have extended primary tumours [237].  

Surgical resection is the only potential curative therapy for pancreatic cancer. 

Localized tumours, accordingly on their involvement of the local vessels, can 
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be resected or not, but usually only 15 to 20 % of patients are considered to 

be suitable candidates for surgical resection. Pancreatic duodenectomy is 

usually performed as a surgical procedure for pancreatic cancer that develop 

in the head or neck of the pancreas. Instead for tumours that develop in the 

tail of the organ, the most used procedure is distal pancreatectomy, which 

most often includes removal of the spleen [264].  

Considering the poor outcome obtained by surgery alone, the use of adjuvant 

therapy, especially chemotherapy, is necessary to reduce the risk of distant 

metastases and regional failure after surgery. In 1997, gemcitabine, a 

nucleoside analogue, was approved by FDA for the therapy of pancreatic 

cancer based on a randomized clinical trial that revealed clinical benefits in 

terms of symptoms control and relative modest survival advantages [264]. In 

2001, a combination of folinic acid (leucovorin), 5-fluorouracil, irinotecan and 

oxaliplatin (FOLFIRINOX) demonstrated increased activity in comparison 

with gemcitabine monotherapy. However, this regimen has significant 

toxicities such as diarrhoea, nausea, neurophaty, thus FOLFIRINOX 

treatment is usually restricted to patients with less than 76 years of age and 

with good performance [265]. In 2012, the combination of gemcitabine and 

albumin-bound paclitaxel (nab-paclitaxel) was introduced and FDA approved, 

as it showed improved efficacy in comparison with gemcitabine alone. Also in 

this case, toxicities are considerable, however the treatment is considered to 

be safe for older patients with poor performance status [266]. The use of 

multi-agent combinations administered both pre- and post- surgery has 

acquired increasing interest, also in the case of patients with locally 

advanced or metastatic form of the disease. The use of radiotherapy instead, 
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seems to be controversial. Indeed, for some trials the use of radiation therapy 

in combination with gemcitabine improved survival of patients [267], other 

trials aimed at evaluating the response of locally advanced, unresectable 

disease with gemcitabine followed by chemoradiation or continued 

chemotherapy, failed to show an increased benefit induced by inclusion of 

radiation therapy [268]. For patients with metastatic disease, gemcitabine 

alone or its combination with FOLFIRINOX or nab-paclitaxel is considered 

standard treatment and in 10 % of treated patients the survival time can 

increase up to 2 years [265].  

Despite advances that have been achieved for the treatment of pancreatic 

cancer, the disease remains one of the most deadly. New approaches are 

now in use for treatment of pancreatic cancer and are based on targeting 

and/or reprogramming the cancer stroma through modulation of interaction 

between tumour cells, myofibroblasts (pancreatic stellate cells), endothelial 

cells, and immune infiltrates. Example of fibrotic stroma targeting therapies 

are represented by clinical trials that inhibit Hedgehog pathway, identified by 

genetic studies as the core pathway in the development of pancreatic cancer 

[266]; although the use of Hedgehog inhibitors as neo-adjuvant before 

chemotherapy did not result in increased drug delivery (ClinicalTrials.gov ID: 

NCT01064622) [269]. Other therapeutic agents are based on targeting the 

HA component of the ECM stroma surrounding the primary tumour or on 

targeting the physical barrier presented by stromal cells. Clinical trials are 

ongoing for the evaluation of PEGPH20 (a PEGylated form of a recombinant 

human hyaluronidase) in combination with nab-paclitaxel and gemcitabine 

(ClinicalTrials.gov ID: NCT01839487) or in combination with FOLFIRINOX 
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(ClinicalTrials.gov ID: NCT01959139). Another example of stroma targeting 

approach is represented by the use of CSF-1R blocker to dampen TAMs pro-

tumourigenic functions together with gemcitabine [270]. 

The majority of pancreatic cancer patients are completely refractory to the 

use of single agent Checkpoint blocker mediated Immunotherapy (αPD-1 or 

αCTLA-4 inhibitors). The only exception appears to be in <1 % of PDAC 

patients with high microsatellite instability [271]. One of the main reasons of 

pancreatic cancer resistance to checkpoint blockade may be associated with 

the presence of abundant tumour associated stroma with 

immunosuppressive functions. Indeed, therapeutic strategies that disrupt the 

immune suppressive network and promote immune mediated tumoricidal 

activities are under evaluation. Example is AMD3100, a FDA approved 

inhibitor of CXCR4 that have been used in combination with PD-L1 inhibitor. 

The aim is to target FAP+ CAFs in the tumour stroma that exert 

immunosuppressive activity by secretion of CXCL12 (a ligand for CXCR4) 

[201]. Moreover, another approach of targeting CAF in pancreatic cancer is 

constituted by use of fibrosis targeting FAK inhibitor in combination with PD-

1, also recently tested in clinical trials (ClinicalTrials.gov ID: NCT02546531 

and NCT02758587). Several clinical trials are ongoing to validate the effect 

of targeting the immune suppressive function of macrophages through 

targeting CSF-1 / CSF-1R axis in combination with anti-PD-L1 (αPD-L1) or 

αPD-1 (ClinicalTrials.gov ID: NCT03153410, NCT02777710). A different 

approach is represented by enhancement of anti-tumour immunity through 

the activation of CD40 molecule expressed in myeloid cells, in particular 

macrophages. Anti-CD40 analogue therapy aims to promote accumulation of 
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tumoricidal macrophages and decrease in stroma stiffness. As mentioned 

before, CD40 agonist are in trial evaluation in combination with gemcitabine 

(ClinicalTrials.gov ID: NCT00711191) [195].
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1.4 Aim and Objective 

 
Therapeutic options for pancreatic cancer patients remain limited, especially 

for those patients with advanced metastatic form of the disease. Single agent 

PD-1 immune-checkpoint blockade is revealing to be an effective treatment 

strategy for multiple types of cancers, but pancreatic cancer still remains 

refractory. 

The therapeutic efficacy of PD-1 blockade has been reported to be strictly 

associated with CD8+ T cell infiltration into the tumour. Pancreatic cancer 

was initially considered poorly immunogenic, but recent evidence suggests 

that CD8+ T cell mediated anti-tumour immunity is also triggered in this type 

of disease. Pancreatic cancer metastasis is characterized by the presence of 

a dense desmoplastic reaction and strong infiltration of immune cells, among 

which macrophages represent one of the dominant populations.  Thus, the 

aim of this research work is to understand whether the tumour 

microenvironment in pancreatic cancer metastasis plays an 

immunosuppressive role and whether its targeting would sensitize pancreatic 

cancer metastasis to PD-1 blockade. 

Experimentally, the main objectives are to:  

 Characterize CD8+ T cell infiltration and activity in metastatic lesions of 

pancreatic cancer, in both patients and pre-clinical mouse models; 

 Investigate both in vivo and in vitro whether some components of the 

tumour microenvironment, such as macrophages and/or 

myofibroblasts, could play  an immunosuppressive role; 

 Identify potential macrophage and/or myofibroblast derived 

immunosuppressive factors; 
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 Validate whether in vivo targeting of the immunosuppressive 

microenvironment components and/or identified factors could be 

beneficial for sensitizing metastatic pancreatic cancer to PD-1 

immuno-checkpoint blockade.   
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2 Chapter 2: Material and Methods 

 

2.1 Cells  

Murine pancreatic cancer cells KPC FC1199, from here on referred as KPC, 

were generated in the Tuveson lab (Cold Spring Harbor Laboratory, New 

York, USA) isolated from PDA tumour tissues obtained from KrasG12D/+; 

p53R17H/+; Pdx1-Cre mice of a pure C57BL/6 background and authenticated 

as previously reported [253]. The murine C57BL/6 Panc02 pancreatic ductal 

carcinoma cell line was obtained from the NCI DCTD Tumor Repository, NIH. 

Panc02luc/zsGreen or KPCluc/zsGreen cells were generated by using pHIV Luc-

zsGreen (gift from B. Welm, University of Utah, USA, Addgene plasmid 

no.39196) lentiviral particle infection. Infected cells were selected for high 

zsGreen expression levels using flow cytometry cell sorter (ARIA, BD, and 

Method 2.11).  All cells were maintained at a minimal passage number 

(<p8) to allow initial expansion prior to use for in vitro and in vivo 

experiments. All cells, unless differently stated, were cultured in Dulbecco 

Modified Eagle Medium (DMEM; Gibco Thermo Fisher Scientific), 

supplemented with 10 % of Fetal Bovine Serum (FBS; Sigma-Aldrich) and 

containing Penicillin-Streptomycin (10 ml / L; Sigma-Aldrich) and 

Amphotericin B solution (2.5 mg / L; Sigma-Aldrich); from here on refereed 

as complete DMEM. All cells were cultured at 37 °C with 5 % CO2 and ~18 

% O2.  All cells were routinely tested negative for the presence of 

mycoplasma contamination. None of the cell lines used in this study is listed 

in the ICLAC and NCBI Biosample database of misidentified cell lines.  
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2.2 Mice 

6-8 weeks old female C57BL/6 mice were purchased from Charles River. 

Transgenic mice lacking PI3-kinase γ expression (p110γ-/-) on the C57BL/6 

background were obtained from Dr. Emilio Hirsch, Institute of Molecular 

Biotechnology Centre, University of Torino, Italy. Grn-/- mice (B6(Cg)-

Grntm1.1Aidi/J) and tdTomatoRed mice (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J)  both on the C57BL/6 genetic background were purchased 

from The Jackson Laboratory. KrasG12D/+; p53R172H/+; Pdx1-Cre mice (KPC 

mice) were purchased from CRUK, Cambridge Research Institute, 

Cambridge. 

All animal experiments were performed in accordance with current UK 

legislation under an approved project licence PPL 40/3725 (Dr M Schmid). 

Mice were housed under specific pathogen-free conditions at the Biomedical 

Science Unit at the University of Liverpool. In general, for animal studies the 

group size was calculated by power analysis using a significance level kept 

at 5 % and the power at 80 % (according to approved corresponding Home 

Office Project License Application). For tumour studies, female animals of 6-8 

weeks were used. Animals were randomly assigned to experimental groups. 

The investigators were not blinded to allocation during experiments and 

outcome assessments. 

 

 

 

 

http://jaxmice.jax.org/strain/013175.html
http://jaxmice.jax.org/strain/013175.html
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2.3 In vivo animal studies  

 
2.3.1 Liver experimental metastasis 

Liver experimental metastasis was induced by implantation of cancer cells 

into mouse spleen. On the day of surgery, cultured KPC luc/zsGreen  or Panc02 

luc/zsGreen  cancer cells were harvested and resuspended in phosphate 

buffered saline (PBS). Cells were kept on ice until implantation into mice. For 

each mouse, 1 x 106 cancer cells resuspended in 25 μl of PBS were used. 

Surgical implantation of cancer cells was performed in the Biomedical 

Service Unit (BSU) at Liverpool University, under sterile conditions. Mice 

were anaesthetised using Isoflurane vaporizer before surgical procedure. 

The surgical area of the mice was shaved to avoid contamination and the 

area of incision was prepared by using 70 % ethanol and then iodine. In 

proximity to an area where the spleen is located, an incision was performed 

though the skin and the peritoneum using aseptic scissors. Spleen was 

extract and slightly curved, cancer cells were injected using a Hamilton 29 G 

syringe. After injection, pressure was applied to the spleen in the site of 

injection with a cotton swap to avoid bleeding. Successively, the spleen was 

re-placed inside the mouse and peritoneum and skin were closed using a 6.0 

stitch. Mice were placed on a heating pad for recovery until they were mobile 

and with a regular breathing pattern. Animals were returned to the cage and 

monitored daily for weight loss and presence of adverse condition. Liver 

metastatic dissemination of cancer cells, in this model, occurs shortly after 

intrasplenic implantation [7]. For our experiments, we allowed metastatic 

growth for a maximum of 24 days and mice did not experience any 

insurgence of severe adverse effects. At the end point, mice were euthanized 
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by cervical dislocation and livers were harvested by performing an incision 

through the skin and peritoneum using scissors. Forceps and scissors were 

then used to cut the liver out of the exposed abdomen. 

2.3.2 Mouse treatments 

For selected experiments, macrophages were depleted using CSF-1 

neutralizing antibody (BioXCell, clone 5A1) or CSF-1R inhibitor 

(Selleckchem, BLZ945). Anti-CSF-1 (αCSF-1) antibody was administered via 

intraperitoneal (i.p.) injection every 5 days with the first injection containing 1 

mg and subsequent injections containing 0.5 mg for a total of 3 injections in 

14 days (early time point treatment, d7) and 2 injections in 10 days (late time 

point treatment, d14). At the early time point, injections were started 7 days 

after intrasplenic implantation of cancer cells; for late time point treatment, 

treatment was started 14 days later intrasplenic implantation. Rat IgG1 

(BioXCell, clone HRPN) was used as isotype control.  

CSF-1R inhibitor BLZ945 was administered daily at a concentration of 200 

mg / kg in 20 % Captisol (Ligand Pharmaceuticals) by oral gavage. 20 % 

Captisol was used as vehicle control. Treatment was started 7 days after 

intrasplenic implantation of cancer cells and carried out for 7 days until day 

14, the day prior the end point. 

For immune checkpoint blockade, PD-1 antagonist (BioXCell, clone RMP-1) 

or Rat IgG2 (BioXCell, clone 2A3) isotype control were administered every 3 

days by i.p. injection at 250 µg / dose for a total of 4 injections in 14 days 

(early time point treatment, d7) and  3 injections in 10 days (late time point  

treatment, d14). In the experiments in which CSF-1 and PD-1 inhibitory 
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antibodies have been used in combination, αPD-1 treatment was started 3 

days after the first dose of CSF-1 inhibitor.  

For T-cell depletion study, anti-CD8 (αCD8) (BioXCell, clone 2.43, 200 µg / 

dose) was injected by i.p. 2 days prior intrasplenic implantation of 

KPCluc/zsGreen cells into mice; at the day of KPCluc/zsGreen implantation, and 

followed by injections every 4 days for a total of 14 days. As isotype control, 

Rat IgG2 (BioXCell, clone LTF-2; 200 μg / dose) was used.  

To target fibrosis, Calcipotriol (Tocris Bioscience) was administered daily by 

i.p. injection at a concentration of 60 μg / kg for a total of 10 days starting 14 

days after intrasplenic implantation of cancer cells. PD-1 antagonist 

(BioXCell, clone RMP-1, 250 μg / dose) treatment regimen was started after 

3 days of Calcipotriol injections and was performed for 10 days with an 

injection every 3 days.  

Treatment trials were initiated when transplanted tumours reached a mean 

volume of approximately 40 mm3 and 180 mm3, 7 and 14 days after 

implantation, respectively. Time points for treatment analysis were 

preselected based on the expected window of efficacy (after 1-2 weeks of 

treatment).  

 i.p., i.v. and oral gavage administration of substances in mice were 

performed accordingly to the Home Office guidelines. Mice were manually 

restrained for i.p. injection and oral gavage procedures. For i.v. injection, 

mice were placed for 15 minutes in a warming box at 37 °C. A restraining 

device was used to perform tail vein injection. In vivo antibodies were 

resuspended in PBS or saline in a maximum volume of 200 μl for both i.p. 
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and i.v. injections. For oral gavage a maximum volume of 200 μl was 

administered. 

2.4 Metastatic tumour burden quantification 

 
2.4.1 Measurement of metastatic burden by bioluminescence  

Liver metastatic tumour burden was assessed, both in vivo and ex-vivo, by 

measuring bioluminescence signal (IVIS, Perkin Elmer) generated by 

KPCluc/zsGreen or Panc02 luc/zsGreen cancer cells. In vivo bioluminescence signal 

was detected in the mice by i.p. injection of Beetle luciferin (Promega; 3 mg / 

mouse, administered in a volume of 100 μl of PBS). After injection mice were 

anesthetised using isoflurane vaporizer and placed inside the camera box of 

the IVIS spectrum imager with the abdomen facing up. Images were taken 10 

minutes after luciferin injection. Ex-vivo bioluminescence signal was instead 

detected in resected livers by adding luciferin (3 mg / liver) all over the liver 

surface. Livers were then introduced into the camera box of the IVIS 

spectrum on a plate. Images were acquired 5 minutes after luciferin was 

added. The IVIS spectrum imager expresses the bioluminescence signal as 

radiance (photons per second) and displays it as intensity map. The 

luminescence is generated by the photons flux emitted by cells expressing 

luciferase and it correlates with the size of the tumour. Luminescence 

generated by metastatic pancreatic cancer cells was measured in the liver 

using the Living Image 
©

 imaging software. Liver tumour was defined by 

using a region of interest (ROI) tool and the optical emission image was 

normalized to acquisition time and presented as total flux (photons / second).  
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2.4.2 Measurement of metastatic burden by Magnetic Resonance 

Imaging (MRI) 

For some experiments, change in tumour volume in response to inhibitory 

Abs or drug treatment (Method 2.3.2) was assessed by 9.4 Tesla (T) 

horizontal bore Biospec Magnetic Resonance (MR) Imaging scanning 

(Bruker Biospin, Inc.).  

During the MR scanning procedure, mice were anaesthetized with isoflurane 

vaporizer and heartbeat monitored. Mouse livers were scanned in vivo before 

and after treatment using a T2-TurboRARE acquisition protocol. MRI images 

were acquired in coronal plane with 0.5 mm thickness and 0.1 mm spacing 

between each slice. A set of 23 slices was acquired to monitor the entire liver 

volume. Metastatic tumour volume was quantified by Image J software. 

Percentage change in metastatic tumour burden (before and after treatment) 

was obtained by calculating the sum of tumour area of all slices spanning the 

liver and multiplying it by 0.6 mm (inter-slice distance). The MRI acquisition 

used the following parameters: 2500 ms TR; 24 ms TE; 30 x 30 mm FOV; 

240 x 240 image size.  

2.4.3 Measurement of metastatic burden by haematoxylin and eosin 

(H&E) staining. 

For some experiments, liver metastatic lesions (Method 2.3) size and 

frequency were quantified based on haematoxylin and eosin (H&E) staining 

of paraffin-embedded liver sections. H&E staining was performed by 

Liverpool Tissue Bank, University of Liverpool. 

Zeiss microscope and ZEN imaging software was used for images 

acquisition and for quantification of metastatic area, respectively. The area 



                                                                                            Chapter2: Materials and Methods 

94 
 

measurement tool provided by ZEN imaging software was used to quantify 

metastatic area for all acquired metastatic tissue images.  

2.5 RNA extraction and quantitative reverse transcription 

PCR (RT-qPCR)  

 
2.5.1 RNA extraction 

 
Total RNA purification was performed by the RNeasy mini kit (Qiagen). Cells 

were lysed in RLT buffer (Qiagen) + β-Mercaptoethanol (1:100, Sigma-

Aldrich). For < 5 x 106 cells, 350 μl of RLT buffer + β-Mercaptoethanol were 

used; alternatively for 5 x 106 – 1 x 107 cells, 600 μl of lysis buffer were used. 

After lysis, one volume of 70 % ethanol was added to the homogenized 

lysates. Samples were then transferred into RNeasy spin columns and 

centrifuged 15 seconds at 8000 x g. Columns were processed according to 

the manufacturer protocol (Qiagen RNAeasy Cat. No. 74104). At the end, 

RNA was eluted from the columns by adding 30 μl of RNase-free water. RNA 

concentration was measured with a Nanodrop (Thermo Fisher Scientific). 

2.5.2 Reverse transcription (RT) and quantitative PCR (qPCR) 

From total RNA, complementary DNA (cDNA) was obtained using QuantiTect 

Reverse Transcription kit (Qiagen). Between 500 ng and 1 μg of total RNA 

was used to perform the reverse transcription (RT) reaction. First, a reaction 

mix of total 14 μl was obtained by mixing Wipe-out Buffer (Qiagen, provided 

with the kit) and total RNA. The mixing reaction was incubated for 2 minutes 

at 42 °C. After incubation, a mix composed of RT buffer 5x, RT primer mix 

and RT enzyme (all provided by the kit) was added to the reaction 

suspension to reach a total volume of 20 μl. The prepared reaction mix was 
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then incubated for 20 minutes at 42 °C and 3 minutes at 95 °C for reverse-

transcription to occur. 

The obtained cDNA was diluted 1:5 in RNase-free water before its use for 

quantitative PCR (qPCR) reaction, thus a total of 5 μl cDNA per reaction mix 

was used.   For each qPCR reaction, a total of 20 μl mix containing 3 μl of 

water, 2 μl PCR primer (QuantiTect Primers Assays, Qiagen) and 10 μl 5x 

HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Biodyne) and 5 μl 

cDNA was used. The reaction was performed on an MX3005P instrument 

(Stratagene). Three-step amplification was performed (95 °C for 15 seconds, 

60 °C for 20 seconds, 72 °C for 30 seconds) for 45 cycles. Relative 

expression levels were normalized to Gapdh expression according to the 

formula 2^− (Ct gene of interest – Ct Gapdh). Fold increase in expression 

levels were calculated by the comparative Ct method 2^- (ddCt). 

The list of QuantiTect Primers Assays that were used to assess genes 

mRNA levels is provided in Table 1. All primers were purchased from 

Qiagen.  

2.6 Immunofluorescence  

 
Murine liver tissues were fixed using a sucrose gradient method to preserve 

the zsGreen fluorescence. Briefly, livers were fixed in 4 % Formaldehyde + 

10 % sucrose in PBS for 4 hours and then transferred to 20 % sucrose in 

PBS for 8-10 hours. Tissues were transferred into 30 % sucrose for an 

additional 8-10 hours, embedded in Optimal Cutting Temperature (OCT) 

medium and stored at -80 °C.  

For immunofluorescence staining, 5 μm liver sections were permeabilized by 

0.1 % Triton X-100 (Sigma-Aldrich) for 10 minutes. Unspecific binding was 
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prevented by using PBS + 8 % Normal goat serum for 1 hour at room 

temperature. Tissue sections were incubated overnight at 4 °C with primary 

antibodies. The next day, tissue sections were washed in PBS and stained 

with the secondary antibody goat anti-rabbit conjugated to AlexaFluor594 

(Abcam, 1:500) and DAPI (Life Technologies, 1:500) for 1 hour at room 

temperature. Luciferase / ZsGreen transfected cells were detected using their 

intrinsic signal. Sections were finally mounted using Dako Fluorescent 

Mounting Medium. 

Immunofluorescence staining was also performed, in some cases, on tissue 

sections obtained from livers directly embedded in OCT. In this case, tissue 

sections were fixed in ice-cold acetone for 2 minutes and permeabilized with 

0.1 % Triton X-100. Sections were washed and incubated overnight at 4 °C 

with the primary antibodies. The next day, tissue sections were washed in 

PBS and stained with the secondary antibody goat anti-rabbit conjugated to 

AlexaFluor594 (Abcam, 1:500); goat anti-rat conjugated to AlexaFluor488 

(Abcam, 1:500) and DAPI (Life Technologies, 1:500) for 1 hour at room 

temperature. All tissue sections were imaged using an Axio Observer Light 

Microscope with the Apotome.2 (Zeiss) and quantified using the Zen 

Software (Zeiss). Quantification of intrametastatic (IM) and peripheral (P) 

CD8+ T cells was performed using Nis Elements, Advanced Research 

software (Nikon). Peripheral area of metastatic lesions was defined as the 

outer 40 % of the total lesion area. For quantification of IF staining, the 

number of positive stained cells per metastatic lesion area was calculated. 

The list of primary antibodies that were used is provided in Table 2.  
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2.7 Immunohistochemistry (IHC) analysis  

Deparaffinization and antigen retrieval was performed using an automated 

DAKO PT-link. Paraffin-embedded human and mouse liver metastatic 

sections were immunostained using the DAKO envision+system-HRP. After 

antigen retrieval, peroxidase block (Dako) was added for 20 minutes, 

followed by three washes in Tris Buffered Saline with Tween 20 (TBST). 

Tissue sections were then incubated overnight at 4 °C with primary 

antibodies. After washes were performed, Secondary-HRP conjugated 

antibodies (Peroxisade labelled Polymere, Dako) were incubated for 30 

minutes at room temperature. Staining was developed using 

diaminobenzidine (Dako) and counterstained with hematoxylin (Dako). 

Sections were immersed in Scott’s Tap Water (Sigma-Aldrich) and 

subsequently dehydrated progressively through alcohol steps (from 70 % to 

100 %). Sections were fixed in Xylene (Sigma-Aldrich) and slides were 

mounted using DPX mounting medium (Sigma-Aldrich). All tissue sections 

were imaged using an Axio Observer Light Microscope and quantified using 

the Zen Software (Zeiss) or with Image J in the case of quantification of 

αSMA and PD-L1 staining. For quantification of IHC staining, the number of 

positive stained cells or positive stained area per metastatic lesion was 

calculated. 

List of primary antibodies that were used is provided in Table 2.  

 

For CD8 staining VECTASTAIN® Elite® ABC-HRP Kit (Peroxidase, Rat IgG) 

(Vector laboratories) was used. After deparaffinization and antigen retrieval, 

peroxidase activity was blocked with Peroxidase blocker (Dako). To avoid 
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unspecific staining, normal blocking serum was used for 20 minutes at room 

temperature. Primary CD8 antibody (clone 53.7, Biolegend) was incubated 

for 30 minutes at room temperature. After washing steps were performed, a 

biotinylated secondary antibody was added for 30 minutes. An Avidin / 

biotinylated VECTASTAIN ABC reagent was then added for 30 minutes. 

Staining was developed using diaminobenzidine (Dako) and counterstained 

with hematoxylin (Dako). Sections were immersed in Scott’s Tap Water 

(Sigma-Aldrich) and subsequently dehydrated progressively through alcohol 

steps (from 70 % to 100 %). Sections were fixed in Xylene (Sigma-Aldrich) 

and slides were mounted using DPX mounting medium (Sigma-Aldrich). 

2.8 Picrosirius red staining 

Paraffin embedded murine liver sections were de-waxed using Xylene 

(Sigma-Aldrich) and hydrated using a graded ethanol series (100 %, 75 %, 

65 %). Tissue sections were then treated with 0.2 % phosphomolybdic acid 

and subsequently stained with 0.1 % Sirius red F3B (Direct red 80)(Sigma-

Aldrich) in saturated picric acid solution for 90 minutes at room temperature. 

Tissues were then rinsed twice in acidified water (0.5 % glacial acetic acid) 

(Sigma-Aldrich) before and after the staining with 0.033 % fast green FCF 

(Sigma-Aldrich). Finally, tissues were dehydrated in three changes of 100 % 

ethanol, cleared in Xylene (Sigma-Aldrich) and mounted with DPX mounting 

medium (Sigma-Aldrich). Picrosirius red staining was quantified using Image 

J software. For quantification, the positive picrosirius red stained area per 

metastatic lesion was calculated.  
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2.9 Liver digestion and preparation of single cell 

suspension. 

Resected livers were processed by mechanical disruption using scalpels. 

When livers were reduced into little pieces, enzymatic digestion was 

performed by using 1 mg / mL Collagenase P (Roche) in Hanks Balanced 

Salt Solution (HBSS; Sigma-Aldrich) for 20 minutes at 37 °C. The digestion 

reaction was stopped by adding HBSS supplemented with 5 % FBS. Cell 

suspensions were centrifuged for 5 minutes at 270 x g, resuspended in 

HBSS and filtered through a 500 m polypropylene mesh (Spectrum 

Laboratories). Cell suspensions were resuspended in 1 ml 0.05 % trypsin 

(Sigma-Aldrich) and incubated at 37 °C for 5 minutes. Cells were filtered 

through a 70 m cell strainer and centrifuged again for 5 minutes at 270 x g. 

Cell pellets were resuspended in 5 ml of Red Blood Cell (RBC) Lysis buffer 

(1x concentration; BD Pharm Lyse™) for 5 minutes to eliminate red blood 

cells. Lysis was stopped by adding PBS and another centrifugation step for 5 

minutes at 270 x g was performed. Cells were finally resuspended in PBS + 

0.5 % BSA (Bovine Serum Albumin) for further use. 

2.10 Mouse blood collection and preparation 

Mice were euthanized using carbon dioxide (CO2) and cardiac puncture was 

performed to collect blood. Blood was harvested into EDTA tubes 

(Microvette, Sarstedt) and successively used for flow cytometry application.  

Red blood cell lysis was performed using 1 ml of Red Blood Cell (RBC) Lysis 

buffer (1x concentration; BD Pharm Lyse™) for 5 minutes. Lysis reaction was 

stopped using PBS. Next, the cell suspension was centrifuged 270 x g for 10 
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minutes at room temperature and further processed for flow cytometry 

analysis. 

2.11 Flow cytometry and cells sorting 

Cell suspensions in PBS + 0.5 % BSA were blocked for 10 minutes on ice 

with FC block (BD Pharmingen, Clone 2.4 G2) prior to antibody staining. For 

cell-surface marker staining, cells were stained with Sytox-blue dead cells 

marker (Life Technologies) and incubated with antibodies directly conjugated 

to a fluorophore (Table 2) for 45 minutes at 4 °C in the dark. Three washing 

steps in PBS + 0.5 % BSA followed by cells centrifugation for 5 minutes at 

270 x g were performed prior to sample analysis by flow cytometry. 

If intracellular markers staining was also required in addition to cell-surface 

markers staining, cells were first fixed (eBioscience, IC fixation buffer) for 20 

minutes at room temperature in the dark, washed using PBS + 0.5 % BSA 

and then permeabilized (eBioscience, 1x permeabilization buffer) for 10 

minutes. Successively, antibodies against intracellular marker were added 

and cells were incubated for 45 minutes at 4 °C in the dark. Three washing 

steps in PBS + 0.5 % BSA followed by cell centrifugation for 5 minutes at 270 

x g were performed prior to sample analysis by flow cytometry. When 

intracellular marker staining was performed, Sytox-blue viability marker was 

not used. List of fluorophore-conjugated antibodies that were used is 

provided in Table 2. 

To assess IFN expression levels in metastasis derived CD8+ T cells, 

magnetically isolated CD8a+ T cells from metastatic livers (Methods 2.9 and 

2.13.1) were stimulated with 50 ng / ml phorbol 12-myristate 13- acetate 

(PMA) (Sigma-Aldrich) and 1 g / ml of Ionomycin (Sigma-Aldrich) for 5 
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hours at 37 °C in the presence of Brefeldin A (eBioscience, 1:100) and 

subsequently stained for IFN. 

 

Flow cytometry was performed on a FACS Canto II (BD Bioscience) and 

FACS cell sorting was carried out using FACS Aria (BD Bioscience). Cells 

were sorted directly in RLT buffer (Qiagen) + β-Mercaptoethanol (1:100, 

Sigma-Aldrich) and processed for RNA extraction using RNeasy mini kit 

(Method 2.5). For each cell sorting experiment, the purity of sorted cells was 

tested by performing ARIA post-sort analysis. Basically, cells were sorted in 1 

ml of DMEM and processed again by the ARIA cell sorter to assess the 

purity. In average, in the case of ARIA sorted CD8+ T and F4/80+ cells the 

assessed purity was of around the 94 % and 96 %, respectively. 

For data acquisition on both FACS Canto II and FACS Aria, spectra overlap 

between different fluorophores was removed by compensation of fluorophore 

spectra using single staining of cell samples for each of the fluorophore being 

used. 

2.12 Splenocyte isolation 

Splenocytes were isolated from spleens of 6-8 weeks old female C57BL/6 

mice. Spleens were destroyed with a syringe plunger and cells were 

collected in MAC buffer (PBS without Calcium/ Magnesium plus 2mM 

Ethylenediaminetetraacetic acid (EDTA) and 0.5 % BSA). Cell suspensions 

were passed through a 70 μm strainer and centrifuged at 400 x g for 10 

minutes at room temperature. Cell pellets were resuspended in 5 ml of Red 

Blood Cell (RBC) Lysis buffer (1x concentration; BD Pharm Lyse™) for 5 

minutes to eliminate red blood cells. Lysis was stopped by adding PBS and 



                                                                                            Chapter2: Materials and Methods 

102 
 

an additional centrifugation step at 400 x g for 10 minutes at room 

temperature was performed. Cells were resuspended and cultured in RPMI 

1640 (Gibco, Thermo Fisher Scientific) supplemented with 10 % FBS and 

containing Penicillin-Streptomycin (10 ml / L; Sigma-Aldrich) and 

Amphotericin B solution (2.5 mg / L; Sigma-Aldrich); from here on refereed 

as complete RPMI.  

2.13 Magnetic beads isolation of cells  

 
Magnetic beads isolation kits (Miltenyi) were used to perform isolation of 

CD8+ T cells or F4/80+ cells from cell suspensions obtained from mouse 

livers.  

 

2.13.1 Isolation of CD8+ T cells 

 
CD8+ T cells were isolated by negative selection using a CD8a+ T cells 

isolation kit (Miltenyi, Cat. No. 130-104-075). First, cells (from Method 2.9 or 

2.12) were resuspended in MAC buffer and filtered through a 30 μm filter to 

avoid cells clumping. Successively, cell suspensions were processed for 

manual magnetic labelling. From liver, around 2 x 107 cells were obtained. 

Accordingly with the number of cells, 20 μl of Biotin-Antibody Cocktail was 

added to cells suspension and incubated for 5 minutes at 4 °C. The Biotin-

Antibody Cocktail is a cocktail of biotin-conjugated monoclonal antibodies 

against CD4, CD11b, CD11c, CD19, CD45R (B220), CD49b (DX5), CD105, 

MHC Class II, Ter-119, and TCRγ/δ, which allow to magnetic label the 

majority of cells in the cell suspensions with the exception of CD8+ T that in 

this way remained unstimulated. Successively, 60 μl of MAC buffer were 

added to the cell suspension, followed by 40 μl of Anti-Biotin MicroBeads. 
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Cells were incubated with MicroBeads for 10 minutes at 4 °C and magnetic 

cells separation was performed straight after. For separation, LS MACS 

Columns (Miltenyi) were used. Columns were placed in the magnetic field of 

a MACS Separator (Miltenyi) and washed with MAC buffer prior use. Cell 

suspension was applied onto the columns and the flow-through containing 

unlabelled cells, representing the enriched CD8a+ T cells, was collected. 

Isolated CD8a+ T cells were centrifuged and resuspended in the suitable 

media for further use. For each experiment, the purity of isolated CD8a+ T 

cells was assessed by flow cytometry using anti- CD8 antibody (Biolegend, 

clone 53-6.7) (Method 2.11). Approximately 89 % of isolated cells were 

CD8+. 

2.13.2 Isolation of F4/80+ macrophages 

 
For F4/80+ cells isolation, single cell suspensions were first generated from 

liver tumour (Method 2.9). Next cells were resuspended in MAC buffer and 

filtered through 30 μm filter to avoid cells clumping. Successively, cell 

suspensions were processed for manual magnetic labelling. Around 2 x 107 

cell suspensions were centrifuged at 400 x g for 10 minutes and 

resuspended in 200 μl MAC buffer, and 20 μl of F4/80+ PE conjugated 

antibody (Miltenyi, Cat. No. 130-102-422) was added for 10 minutes, in the 

dark, at 4 °C. A washing step was performed and cells were successively 

centrifuged at 400 x g for 10 minutes. Cells were resuspended in 160 μl of 

MAC buffer and 40 μl of Anti-PE MicroBeads (Miltenyi, Cat. No. 130-048-

801) were added for 15 minutes at 4 °C. Cells were washed, centrifuged and 

resuspended in 500 μl MAC buffer for magnetic separation. For separation, 

LS MACS Columns (Miltenyi) were used. Columns were placed in the 
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magnetic field of a MACS Separator (Miltenyi) and washed with MAC buffer 

prior use. Cell suspension was applied onto the columns and three washing 

steps were performed to eliminate the unlabelled cell fraction. After last 

wash, columns were removed from the magnetic separator, placed in 

suitable tubes and magnetic labelled cells were flushed out. Eluted cells were 

centrifuged and resuspended in the suitable media for further use. For each 

experiment, the purity of isolated F4/80+ cells was assessed by flow 

cytometry using anti- F4/80 antibody (Biolegend, clone BM8) (Method 2.11). 

Approximately 92 % of isolated cells were F4/80+. 

 

2.14  T cells activation using Dynabeads Mouse T- Activator 

CD3/CD28 

Activation of T cells from splenocyte cell suspension (Method 2.12) or 

activation of bead-isolated CD8+ T cells (Method 2.14) was performed using 

Dynabeads Mouse T- Activator CD3/CD28 (Thermo Fisher Scientific). 1 x 

106 cells were plated in 250 μl of complete RPMI medium in a well of a 96 

well plate. 25 μl of pre-washed and resuspended Dynabeads magnetic beads 

were added to obtain a bead to cell ratio of 1:1. Activated T cells were then 

incubated at 37 °C, accordingly with the specific experiment requirements.  

For flow cytometry applications (Method 2.11), once cells were harvested, 

beads were removed from the cell suspension. Cells were transferred from 

the plate into an eppendorf tube and the tube was placed into a magnet for 1-

2 minutes to separate the beads from the solution. The supernatant was then 

transferred into a new tube to proceed into further flow cytometry cell 

preparation steps.  
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2.15 Adoptive transfer experiments 

 
For T cell adoptive transfer, experimental metastasis was induced by 

intrasplenic implantation of 1x106 KPCluc/zsGreen cells into tdTomatoRed+, WT, 

and Grn-/- mice (Method 2.3.1).  After 13 days, tumour bearing 

tdTomatoRed+ mice were euthanized and spleens were dissected to isolate 

CD8+ T cells (Miltenyi, CD8a+ T cell isolation Kit, Method 2.13.1). Isolated 

CD8+ T cells were stimulated with Dynabeads Mouse T- Activator CD3/CD28 

(Thermo Fisher Scientific, Method 2.14) and incubated for 24 hours at 37 

°C. The next day, 1.5 x 106  tdTomoatoRed+ CD8+ T cells were injected into 

the tail vein of tumours within WT and Grn-/- mice. After 24 hours, mice were 

sacrificed and livers were collected and embedded in OCT medium. 5 μm 

liver sections were stained for DAPI (Life Technology, 1:500) and spatial 

localization of adoptive transferred dtTomatoRed+ CD8+ T cells was 

assessed by fluorescence microscopy measuring dtTomato Red+ signal 

(Quantification as described in Method 2.6).  

For MAMs adoptive transfer, experimental metastasis was induced by 

intrasplenic implantation of 1 x 106 KPCluc/zsGreen cancer cells (Method 2.3.1). 

Mice were treated with CSF-1 and PD-1 inhibitory Abs starting 7 or 14 days 

after cancer cell implantation (Method 2.3.2). At day 24, metastatic livers 

from sacrificed mice were dissected to isolate F4/80+ cells (Miltenyi, F4/80+ 

isolation Kit, Method 2.13.2). 1 x 106 F4/80+ isolated cells were then injected 

into the tail vein of mice bearing experimental metastasis at day 7. After 5 

days, injected mice were euthanized and livers were harvested and analysed 

further.  
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2.16 Generation of bone marrow derived macrophages 

(BMMs)  

 
Primary murine macrophages were generated by flushing the bone marrow 

with a 5 ml syringe and 25 G needle from the femur and tibia of C57BL/6 

naïve mice, previously euthanized by cervical dislocation. Bone marrow was 

collected in ice-cold MAC buffer. Cells were centrifuged at 270 x g, 10 

minutes at room temperature and resuspended in 5 ml of Red Blood Cell 

(RBC) Lysis buffer (1x concentration; BD Pharm Lyse™) for 5 minutes at 

room temperature to eliminate red blood cells. After stopping the lysis 

reaction with PBS, cells were centrifuged and then resuspended in MAC 

buffer; cell suspension was successively layered on top of Histopaque 1083 

(Sigma- Aldrich) and centrifuged for 25 minutes at 270 x g without brakes 

and without acceleration for isolation of monocyte population by density 

gradient. After centrifugation, the monocyte- containing layer was transferred 

in to PBS solution, centrifuged (270 x g, 10 minutes at room temperature) 

and resuspended in complete DMEM medium supplemented with 10 ng / ml 

murine M-CSF (Peprotech) for differentiation in BMMs. Monocytes were 

plated and cultured at 37 °C for a total 5 days to obtain full macrophage 

differentiation. Medium was changed 2 days after cells were plated. After 5 

days BMMs were used for further experiments.  The purity of BMMs was 

assessed for each isolation procedure by flow cytometry (Method 2.11) using 

F4/80 antibody (Biolegend, BM8). Approximately 94 % of isolated BM cells 

were F480+ after 5 days. 
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2.17 Preparation of conditioned media (CM) 

Conditioned medium from Panc02, KPC cancer cells and bone marrow 

derived macrophages (BMMs) was generated. Panc02 and KPC cells were 

cultured in complete DMEM medium and regularly passaged every two days 

prior to CM preparation. Murine bone marrow derived cells were cultured and 

allowed to differentiate into BMMs in complete DMEM medium containing 

recombinant mouse CSF-1 for five days prior to CM preparation (Method 

2.16). 

To obtain CM, cell medium was removed from 70 % confluent cells and 

cells were then washed three times with PBS before addition of serum-free 

DMEM medium. Cells were incubated for 18-24 hours in serum-free 

medium and then medium was collected and filtered through 0.45 µm filters 

before use. 

2.18 Granulin expression in BMMs 

BMMs were generated as in Method 2.16. BMMs were subsequently 

stimulated with DMEM containing 2 % serum in the presence or absence of 

murine recombinant M-CSF-1 (Peprotech) for 24 hours. Alternatively, BMM 

were stimulated with KPC or Panc02 CM for 24 hours in the presence of 

absence of αCSF-1 inhibitory antibody (BioXCell; [2.5 g / ml]). BMMs were 

finally lysed in RLT buffer (Qiagen) + β-Mercaptoethanol (Sigma-Aldrich) and 

Granulin expression was assessed by quantitative PCR (qPCR, primer: 

Mm_Grn_1_SG; QT01061634) (Method 2.5). 
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2.19  ELISA 

 
Assessment of Granulin secretion: BMMs were generated as described in 

Method 2.16 and subsequently stimulated with DMEM containing 2 % serum 

in the presence of murine recombinant M-CSF ([20 ng / ml]; Peprotech), IFN 

[20 ng / ml] and LPS ([100 ng / ml];Peprotech and Sigma-Aldrich, 

respectively), IL-10 ([20 ng / ml] ; Peprotech), IL-13([20 ng / ml]), IL-4 ([20 ng 

/ ml] ; Peprotech) for 24 hours. The supernatant was collected to assess 

Granulin protein level by ELISA kit (LifeSpan BioScience, LSBio).  

Assessment of M-CSF-1 secretion: CM from Panc02, KPC cancer cells and 

BMMs was obtained to measure the production of murine M-CSF by 

Quantikine ELISA kit (R&D System). 

The performed assays are based on the sandwich ELISA principle. Briefly, 

each well of the supplied microtiter plate was pre-coated with the target 

capture antibody (anti-Granulin or M-CSF-1). Standards (provided with the 

kit) or samples were added to the wells to allow antigen binding to the 

capture antibody. Washing steps were performed to wash away unbound 

Standards or samples. A biotin- conjugated detection antibody, which 

recognizes and binds the captured antigen, was then added. Washing steps 

were performed to wash the unbound detection antibody. An Avidin-

Horseradish Peroxidase (HRP) conjugate was added to bind the biotin. Other 

washing steps were performed to remove unbound Avidin-HRP conjugates. 

A TMB substrate was then added to react with the HRP enzyme resulting in 

colour development. A sulphuric acid stop solution was added to stop the 

colour development reaction and optical density (OD) of the well was 

measured at the wavelength of 450 nm ± 2 nm. An OD standard curve was 
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generated using known antigen concentrations (Standards were used); the 

OD of the unknown samples was then compared to the standard curve in 

order to determine its antigen concentration. For each sample, three 

biological replicates were used. Different dilutions of the samples were tested 

to obtain the OD.  

2.20 In vitro T-cell activation assay 

Primary splenocytes were obtained from spleens of naïve C57BL/6 mice 

(Method 2.12). Splenocytes were cultured in complete RPMI. For T cell 

activation assays, splenocytes were stimulated using Dynabeads Mouse T- 

Activator CD3/CD28 (Thermo Fisher Scientific, Method 2.14). Usually, 1 x 

106 activated splenocytes (S) were then co-cultured with BMMs from WT and 

Grn-/- mice or with macrophages (M) magnetically isolated (Method 2.13.2) 

from day 6 and day 14 metastasis bearing livers (4:1 ratio, S: M). Cells were 

plated in 96 well plates and incubated at 37 °C for 24 hours. Subsequently, 

Brefeldin A (eBioscience, 1:100) was added to the cells for 5 hours. Cells 

were then harvested and stained with CD8 (Biolegend, clone 53-6.7) and 

IFN (Biolegend, Clone XMG1.2) antibodies and analysed by flow cytometry 

(Method 2.11). For some experiments, recombinant mouse Progranulin 

protein (recGrn) (R&D systems; [1 µg / ml]) was used. 

2.21 In vitro T- cell proliferation Assay  

For the T cell proliferation assay, splenocytes derived from naïve C57BL/6 

mice (Method 2.12) were resuspended in PBS and incubated with 5 μM 

Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) (Biolegend) for 10 

minutes at 37 °C in the dark. Successively, the staining was quenched by 
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adding 5 times the CFSE staining volume using complete RPMI 1640. Cells 

were centrifuged and resuspended in complete warm RPMI 1640. Labelled 

splenocytes were then stimulated with Dynabeads Mouse T-Activator 

CD3/CD28 (Thermo Fisher Scientific, Method 2.14). 1 x 106 activated 

splenocytes (S) were then co-cultured with BMMs from WT and Grn-/- mice or 

with macrophages (M) magnetically isolated (Method 2.13.2)  from day 6 and 

day 14 metastasis bearing livers (4:1 ratio, S: M). Cells were plated in 96 well 

plates and incubated at 37 °C for 72 hours. Subsequently, cells were 

harvested and stained with CD8 antibody (Biolegend, clone 53-6.7). 

Proliferating CD8+ T cells were tracked by flow cytometry (Method 2.11). For 

some experiments, recombinant mouse Progranulin protein (R&D systems; 

[1 µg / ml]) was used. 

2.22 Bone marrow transplantation  

Bone marrow (BM) transplantation was performed by reconstituting the bone 

marrow of lethally irradiated (10 Gy) female, 6-week-old C57BL6 mice by tail 

vein injection of 5 × 106 total bone marrow cells isolated from Grn−/− mice or 

WT mice. After 4 weeks, engraftment of Grn−/− bone marrow was assessed 

by genomic DNA PCR (5’ to 3’; Primer 11080: AGA GGG TGA GCT GCA 

ATG TT; 11081: AAG GGC ATT AGC CAA GTG TG; 11082: TCT CCC AGG 

TAG CCC CTA CT) according to The Jackson Laboratory protocol on 

peripheral blood cells from fully recovered bone-marrow-transplanted mice. 

WT or Grn−/− transgene were separated by agarose gel electrophoresis. PCR 

products specific for WT (468 bp) were exclusively detected in mice 

transplanted with WT BM, while PCR products specific for Grn−/−  transgene 

(211bp) were only detected in mice transplanted with Grn−/− bone marrow 
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(data not shown). After confirmation of successful bone marrow 

reconstitution, mice were enrolled in tumour studies (Method 2.3.1). Bone 

marrow transplantation and subsequent validation of granulin depletion were 

performed by Sebastian Nielsen, University of Liverpool. 

2.23 Nanostring analysis 

 
For nanostring analysis, 30 mg of liver from naïve mice and from mice with 

liver metastasis generated 6 (Day 6) and 14 (Day 14) days after intrasplenic 

implantation of cancer cells was used (Method 2.3.1). Three biological 

replicates for each group (Naïve, Day 6 and Day 14) were used. After 

resection, livers were stored in RNA later (Qiagen) overnight (O/N) at 4 °C 

and successively transferred at -80 °C until further analysis was performed. 

RNA was successively extracted from livers using the RNeasy mini kit 

(Method 2.5.1). For Nanostring analysis, 100 ng of total extracted RNA, for 

each liver sample, was used. NanoString assay was performed according to 

the procedure indicated in the nCounter Gene Expression Assay User 

Manual and it was performed under the specialized technical supervision of 

the Centre of Genomic Research at Liverpool University [272]. To validate 

the expression of specific genes involved in pancreatic cancer metastasis 

immune response, the nCounter XT mouse Immunology Code set was used. 

Each nCounter Gene Expression Assay was performed using a single 

nCounter Cartridge containing 12 samples. Nanostring’s nCounter 

technology is based on digital detection and direct molecular barcoding of 

individual target molecules identified by the use of a unique probe pair for 

each of the target of interest. The probe pair consists of a color-coded Report 

probe, which carries the visible signal on its 5’ end, and a Capture probe, 
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which carries a biotin moiety on the 3’ end. The first step of the nCounter 

Gene Expression Assay consists in the hybridization of the probe pair with 

the specific target. In each reaction, probes are generally used in massive 

excess to ensure that each target finds a probe pair. Sample preparation for 

the hybridization reaction was carried out at room temperature. For each 

sample, 3 µl of Reporter CodeSet, 5 µl of hybridization buffer, up to 5 µl 

(100ng) of sample RNA, and 2 µl of Capture ProbeSet were used (all 

reagents were provided by nCounter Master Kit). Reaction tubes were then 

incubated for 24 hours in the thermal cycler (Bio-Rad Laboratories) at 65 °C 

to allow hybridization to occur. After hybridization, samples were placed in 

the Prep Station.  The Prep Station is a multi-channel pipetting robot that 

processes hybridized samples and prepares them for data collection on the 

Digital Analyzer. The Prep Station performs liquid transfers, magnetic bead 

separation to wash out excess of probes, and immobilization of molecular 

labels on the sample cartridge surface. For sample processing in the Prep 

Station consumable components, including the cartridge, and reagents were 

all provided by the nCounter Master Kit and loaded onto the Prep Station 

deck prior to use. The Prep Station was set up to initiate a new run under the 

‘High Sensitivity’ protocol. Instructions appearing on Prep Station screen 

were followed. At the end of the automated reactions performed by the Prep 

Station, the cartridge was taken, sealed and inserted into the nCounter 

Digital Analyzer. The Digital Analyzer is a multi-channel epifluorescence 

scanner that collects data by taking images of the immobilized fluorescence 

reporters in the sample cartridge with a CCD camera through a microscope 

objective lens. The number of images taken corresponds to the number of 
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reporters counted. Images were processed internally into the Digital Analyzer 

and a Reporter Code Count (RCC) file containing reporter counts was 

produced. The RCC file was downloaded via USB flash drive (provided in the 

nCounter Master Kit) and imported into the nSolverAnalysisSoftware for 

quality control analysis. Data were also exported as a comma separated 

value (CSV) format for convenient data analysis using 

nSolverAnalysisSoftware. 

The data were analysed in accordance with nCounter expression data 

analysis guide using the nSolverAnalysisSoftware. Negative probes were 

used for background substraction and the data set was normalized to the 

geometric mean of the samples. The software allowed the identification of 

genes that were more than two-folds differently expressed at Day 6 in 

comparison to Day 14 in metastatic livers. A heat map generated by the 

software was used to represent the differential expression of the selected 

genes in Naïve, Day 6 and Day 14 liver samples. The identified genes were 

also subjected to a Gene Ontology Pathway analysis using Reactome 

Pathway Database, which enabled the association of differently expressed 

genes with immune-related pathways. Gene Ontology Pathway analysis was 

performed with the support of Dr. Dean Hammond from the University of 

Liverpool. 

  

2.24 Assessment of PD-L1 expression in vitro 

 
KPC pancreatic cancer cells were plated in complete DMEM culture media 

and allowed to adhere overnight at 37 °C. The next day, cells were washed 

and incubated for 48 hours in DMEM supplemented with 2 % FBS and 50 ng 
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/ ml of murine recombinant IFN (Peprotech). Cells were then collected and 

stained with PD-L1 antibody (Biolegend, 10F.9G2).  PD-L1 expression was 

assessed by flow cytometry (Method 2.11). 

 

2.25 Human tissue samples 

Paraffin embedded human tissue sections from control healthy subjects, 

primary PDAC tumours, and PDAC liver metastasis were obtained from the 

Liverpool Tissue Bank, University of Liverpool, UK and approved by NRES 

Committee North West Cheshire REC15/NW/0477. All samples were 

pathologically confirmed.  

2.26 Statistical analysis 

Statistical analysis of experiments with two groups was performed using a 

two-tailed unpaired Student’s t-test with 95 % confidence interval. Statistical 

analysis of experiments with more than two groups was performed using 

nonparametric analysis of variance (ANOVA) test with comparisons between 

groups using Bonferroni’s multiple comparison test. All statistical analysis 

were performed using GraphPad Prism software, p<0.05 was considered 

significant. Statistical significance is indicated in the figures as follows: ***, 

p<0.001; **, p< 0.01; *, p< 0.05; n.s., not significant. Quantification of results 

is expressed as mean ± SEM unless stated otherwise. Number of patients, 

healthy subjects and mice used for in vivo experiments is reported in the 

figure legend.  
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2.27 List of qPCR primers and antibodies  

 
 

Primers for qPCR 

Gene 
Primer and 

catalogue number 

Gapdh 
Mm_Gapdh_3_SG; 

QT01658692 

Cxcl10 
Mm_Cxcl10_1_SG; 

QT00093436 

Cd86 
Mm_Cd86_1_SG; 

QT01055250 

Ifng 
Mm_Ifng_1_SG; 

QT01038821 

Il12 
Mm_Il12b_1_SG; 

QT00153643 

H2-Aa 
Mm_H2-Aa_1_SG; 

QT01061858 

Retnla 
Mm_Retnla_1_SG; 

QT00254359 

Tgfb 
Mm_Tgfb1_1_SG; 

QT00145250 

Il10 
Mm_Il10_1_SG; 

QT00106169 

Arginase 
Mm_Arg1_1_SG; 

QT00134288 

Gzmb 
Mm_Gzmb_1_SG; 

QT00114590 

Tnf 
Mm_Tnf_1_SG; 

QT00104006 

Prf1 
Mm_Prf1_1_SG; 

QT00282002 

Mrc1 
Mm_Mrc1_SG; 
QT00103012 

Granulin 
Mm_Grn_1_SG; 

QT01061634 

 
 

Table 1. Primers used for quantitative PCR. 

List of QuantiTect Primers Assays (Qiagen) used for qPCR application. 
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Antibodies for flow cytometry 

Target protein 
Clone 

(F: Fluorophore) 
Species and Dilution Source 

CD45 
30F-11 

(F: PE-Cy7; 
APC-Cy7) 

Rat anti- mouse; 1:100 Biolegend 

F4/80 
BM8 

(F: APC; 
PerCp-Cy5.5) 

Rat anti- mouse; 1:100 Biolegend 

CD8 
53-6.7 

(F: PerCp-Cy5.5) 
Rat anti- mouse; 1:100 Biolegend 

CD206 
C068C2 

(F: PerCp-Cy5.5) 
Rat anti- mouse; 1:100 Biolegend 

PD-1 
29F.1A12 

(F: PE; APC) 
Rat anti- mouse; 1:100 Biolegend 

CD69 
H1.2F3 
(F: PE) 

Hamster anti- mouse; 
1:100 

Biolegend 

CD11b 
M1/70 

(F: PE-Cy7) 
Rat anti- mouse; 1:100 Biolegend 

Ly6C 
HK 1.4 

(F: FITC) 
Rat anti- mouse; 1:100 Biolegend 

Ly6G 
1A8 

(F: PE) 
Rat anti- mouse; 1:100 Biolegend 

IFN 
XMG1.2 
(F: PE) 

Rat anti- mouse; 1:100 eBioscience 

Ki67 
16A8 

(F: APC) 
Rat anti- mouse; 1:100 Biolegend 

Granzyme B 
NGZB 
(F: PE) 

Rat anti- mouse; 1:100 eBioscience 

PD-L1 
10F.9G2 
(F: PE) 

Rat anti- mouse; 1:100 Biolegend 

Antibodies for Immunofluorescence 

αSMA polyclonal 
Rabbit anti- mouse and 

human; 1:100 
Abcam, ab5694 

Relm-α polyclonal Rabbit anti- mouse; 1:100 Abcam, 39626 

Cleaved- Caspase 
3 

polyclonal Rabbit anti- mouse; 1:100 
Cell Signalling, 

9661 
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CSF1R c-20 
Rabbit anti- mouse and 

human; 1:100 
SantaCruz 

Biotechnology 

CD8 53-6.7 Rat anti- mouse; 1:100 
Biolegend, 

100701 

F480 BM8 Rat anti- mouse; 1:100 
Biolegend, 

123101 

Cytokeratin 19 polyclonal 
Rabbit anti- mouse and 

human; 1:100 
Abcam, 
ab53119 

Granzyme B GrB-7 Mouse anti- human; 1:50 
Dako, M7235 

PD-1 NAT105 Mouse anti- human; 1:100 
Abcam, 
ab52587 

CD8 144b Mouse anti- human; 1:100 Dako, M7103 

Antibodies for Immunohistochemistry 

αSMA polyclonal 
Rabbit anti- mouse and 

human; 1:200 
Abcam, ab5694 

CD8 144b Mouse anti- human; 1:100 Dako, M7103 

Cytokeratin 19 polyclonal 
Rabbit anti- mouse and 

human; 1:100 
Abcam, 
ab53119 

CD3 SP7 Rabbit anti- mouse; 1:100 
Abcam, 
ab16669 

Granulin 3337313 Rat anti- mouse; 1:50 
R&D Systems, 

MAB25571 

iNOS polyclonal Rabbit anti- mouse; 1:100 
Abcam, 
ab15323 

MHC II NIMR-4 Rat anti- mouse; 1:100 
Abcam, 
ab25333 

COX-2 polyclonal Rabbit anti- mouse; 1:100 
Cambridge 
bioscience, 
aa570-598 

Ym-1 polyclonal Rabbit anti- mouse; 1:200 
Stem Cell 

Technology, 
60130 

CD206 15-2 Mouse anti- mouse; 1:100 Abcam, ab8918 

Ly6G A18 Rat anti- mouse; 1:100 
Biolegend, 

127601 
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Table 2. Antibodies list. 

List of fluorophore-conjugated antibodies used for flow cytometry analysis 

and primary antibodies used for Immunofluorescence and 

Immunohistochemistry applications. F= fluorophores that have been used. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B220 
RA3-6B2 

 
Rat anti- mouse; 1:50 

103201 

Biolegend, 
103201 

PD-L1 E1L3N Rabbit anti- human; 1:50 
Cell 

Signalling,13684 
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3 Chapter 3: Tumour immunity in pancreatic cancer 

metastasis 

CD8+ T cells mediated recognition and killing of tumour cells is the main 

mechanism of defence that our body has against cancer [122]. The presence 

of intra-tumoural CD8+ T cells is associated with a good clinical outcome in 

many tumour types [273], including pancreatic cancer [274]. However, 

tumours can hide themselves from immune system attacks by exploiting a 

series of resistance mechanisms [122]. Generation of a immunosuppressive 

microenvironment that surrounds and protects tumour is one of the main 

means by which tumours escape anti-tumour immunity [157] . The main aim 

in this study is to understand whether anti-tumour immunity exists to restrain 

pancreatic cancer metastasis formation to the liver and whether, instead, the 

formation of an immunosuppressive microenvironment may overcome the 

anti-tumour immune defence and lead to establishment of the metastatic 

lesion.  

 

3.1 CD8+ T cells are infiltrated and activated in small but not 

in large metastatic pancreatic cancer lesions 

Disseminating pancreatic cancer cells mainly generate metastasis into the 

liver [236], [237]. To investigate CD8+ T cell mediated anti-tumour immunity 

in pancreatic cancer metastasis, liver biopsies from pancreatic cancer 

patients with advanced metastasis and healthy livers were first interrogated 

by IHC and IF techniques. IHC staining revealed that in healthy livers CD8+ T 

cells were evenly distributed, at a low density (Figure 3.1 a). In human 

metastatic livers, lesions composed by low number of cytokeratin positive 

(CK+) cancer cells and lesions instead composed by high number of CK+ 
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cancer cells were identified. Thus, within metastatic tissues CK+ poor and rich 

lesions (Figure 3.1 a) were discriminated. Interestingly, it was found that an 

inverse relationship existed between number of CK+ cancer cells and CD8+ T 

cells. Indeed, CK+ poor lesions were highly infiltrated by CD8+ T cells, 

whereas in CK+ rich lesions only few CD8+ T cells were found (Figure 3.1 a 

and b). 
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Figure 3.1 Metastasis progression is accompanied by loss of CD8+ T 

cell infiltration.  

a) Representative immunohistochemistry (IHC) images and quantification of 

cytokeratin positive (CK+) metastatic cancer cells and infiltrating CD8+ T cells 

in human liver serial sections. Each metastatic pancreatic cancer liver 

section contained multiple lesions. Individual lesions were captured in one 

field of view (FoV). Three individual lesions were analysed for each patient. 

b) Dots represent the relationship between CD8+ T cell and CK+ cell number 

in each lesion. N = 10 pancreatic cancer metastatic livers and n = 5 healthy 

livers; n = 3 FoV / section were analysed. Scale bar = 100 μm. Black arrows 

point to CD8+ T cells; asterisks indicate CK+ metastatic lesions. 
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The ability of CD8+ T cells to kill cancer cells depends on their activation 

state. Upon activation, CD8+ T cells trigger an effector response against 

tumours through secretion of cytotoxic factors and inflammatory cytokines (i.e 

TNFα, IFN, GzmB) [275]. However, tumours are able to respond to this 

attack by the engagement of T cell inhibitory receptors. PD-L1 - PD-1 binding 

is one of the main mechanisms of tumour-acquired resistance against CD8+ 

T cell cytotoxicity since it induces loss of CD8+ T cell function. Indeed, PD-1 

positive CD8+ T cells tend to lose their ability to secrete cytotoxic factors and 

are usually associated with an exhausted or dysfunctional phenotype [276].  

To evaluate whether CD8+ T cells in human metastatic lesions were active or 

not, CK+ poor and rich metastatic lesions were first identified by IF staining 

(Figure 3.2 a). The expression of the cytolytic marker GzmB and the 

inhibitory receptor PD-1 in CD8+ T cells was then assessed by IF staining of 

serial tissue sections in both CK+ poor and rich metastatic lesions (Figure 3.2 

b). CD8+ T cells expressed GzmB at lower level in comparison to PD-1, but 

CD8+ T cells infiltrating in CK+ poor metastatic deposits had a higher 

expression of GzmB (~16 %) compared to large metastatic deposit (~5 %). 

The majority of CD8+ T cells were PD-1 positive, resulting in ~87 % of CD8+ 

T cells positive for the expression of the inhibitory receptor in CK+ rich, large 

lesion and ~55 % of PD-1 positive CD8+ T cells in small deposits. These 

results suggested that PD-1 is highly expressed in human metastatic 

pancreatic cancer; however in small deposits T cells still retain some 

cytotoxic activity, which is almost completely lost as the metastatic disease 

progresses (Figure 3.2 c). 
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Similarly, spontaneous liver metastasis generated in the genetically 

engineered mouse model of pancreatic cancer (KrasG12D; Trp53R172H; Pdx1-

Cre mice, KPC) were analysed. Tumour lesions were identified by IHC 

staining for CK (Figure 3.3 a). It was found that the number of CK+ cells 

inversely correlated with that of CD8+ T cells, since higher numbers of 

effector T cells were found in CK+ poor but not rich lesions (Figure 3.3 a and 

b).  

 

 

 

 

 

 

 

 

Figure 3.2 A CD8+ T cell dysfunctional phenotype is 

characteristic for large metastatic liver tumour.   

a) Immunofluorescence (IF) representative images of metastatic 

lesions poor and rich in cytokeratin positive (CK+) cancer cells 

found in liver biopsies of metastatic pancreatic cancer patients. b) 

Representative IF images of either inhibitory receptor PD-1 or 

Granzyme B (GzmB) (in green) and CD8 (in red) co-staining in 

sequential sections of CK+ poor and rich metastatic liver. Images 

for single markers staining and markers co-staining are shown. c) 

Quantification of the staining. Nuclei were counterstained with 

DAPI. N = 10 pancreatic cancer metastatic livers, n = 3 field of 

view (FoV) / patient. Mean ± SEM. Scale bar = 100 μm. P<0.001; 

**, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test. 
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Figure 3.3 CD8+ T cells poorly infiltrate spontaneous large 

metastatic lesions of KPC mice.  

Identification of cytokeratin (CK)+ metastatic cancer cells and 

CD8+ T cells by immunohistochemistry (IHC) analysis in serial 

tissue sections derived from KPC spontaneous metastatic lesions 

showing inverse correlation of CD8+ T cells and CK+ cancer cells 

numbers. a) Representative micrographs and b) quantification of 

data is shown. Each dot represents the relationship between CD8+ 

T cells number and CK+ cells number in each metastatic lesion 

assessed by staining of serial tissue sections. One metastatic 

lesion was captured in one field of view (FoV). N = 5 KPC mice, n 

= 3 FoV / mouse; Scale bar = 100 μm. Black arrows point to CD8+ 

T cells. 
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KPC derived metastatic liver tissues were also analysed for PD-1 expression 

by IHC staining (Figure 3.4). It was found that CK+ rich lesions were highly 

infiltrated by PD-1+ cells in comparison to CK+ poor lesions, thus suggesting 

the presence of dysfunctional T cells at the metastatic site in KPC mice and 

recapitulating the finding obtained from human sample.  

 
 

 

 

 

 

 

 

 

Figure 3.4 PD-1 is expressed in spontaneous metastatic 

lesions generated in KPC mice.  

Representative micrographs and relative quantification of PD-1 

expression obtained by immunohistochemistry staining in 

cytokeratin (CK)+ poor and rich metastatic lesions originated in KPC 

mice. N = 5 mice, n = 3 field of view / mouse; mean ± SEM. Scale 

bar = 100 μm. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant 

by unpaired t-test. 
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3.2 CD8+ T cell effector functions are lost during metastatic 

progression 

 

So far it has been observed that in both human and KPC mice, small liver 

metastatic lesions with low numbers of cancer cells were highly infiltrated by 

cytotoxic CD8+ T cells, whereas large metastatic lesions, rich in cancer cells, 

presented only few infiltrating CD8+ T, highly positive for PD-1 expression. 

Therefore, it was hypothesised that in the early phases of metastatic 

dissemination into the liver, CD8+ T cells fight tumour insurgence, however 

tumours are successively able to escape from CD8+ T cell attacks as anti-

tumour immunity becomes suppressed. To test this hypothesis, pancreatic 

cancer metastatic progression and the changes in its microenvironment were 

studied by using a murine experimental liver metastatic model. This model 

allowed tracking of metastatic growth in the liver over time. 

The experimental metastasis model used in our lab was developed by the 

intrasplenic injection of KPC-derived pancreatic cancer cells expressing the 

dual reporter genes zsGreen and firefly luciferase (KPCluc/zsGreen). In this 

model, tumour cells seed the liver via the portal circulation (a common way of 

metastasis occurring in humans), and generate metastasis restricted to the 

liver. H&E staining of livers resected from mice 6 and 14 days after 

implantation of cancer cells revealed the presence of small metastatic 

deposits at day 6, which then progress to form large metastatic deposits with 

evident ductal structure, typical of pancreatic cancer, after 14 days (Figure 

3.5).  

 

 



                                                                                                                         Chapter 3: Results 

129 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.5 Experimental liver metastasis mouse model. 

1x106 KPCluc/zsGreen cancer cells were injected into naïve mice spleen to 

obtain cancer cells dissemination into the liver via portal vein circulation. 

In this model, KPCluc/zsGreen cancer cells form small metastatic deposits into 

the liver after 6 days (Day 6); whereas cancer cells metastatic progression 

lead to the formation of larger metastatic lesions after 14 days (Day 14). 

Schematic illustration of the model and representative images of 

haematoxylin and eosin (H&E) stained tissue sections of naïve liver and 

livers with experimental metastasis after 6 and 14 days.  N = 4 mice, n = 5 

field of view / mouse. Scale bar = 100 μm.   
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The expression of genes involved in immune response in both naïve and 

metastatic livers was first validated.  For this purpose, livers from naïve mice 

and from mice with metastasis formed 6 and 14 days after implantation of 

KPCluc/zsGreen cancer cells were resected. Total RNA was extracted from 

whole tissues and transcript copy numbers for certain immune-related genes 

were obtained by Nanostring technology. The main interest was to 

understand whether the immune composition at the metastatic site varied 

between small and advanced metastatic lesions. Therefore, genes with more 

than 2-fold change in expression at Day 6 in comparison to Day 14 were 

analysed.  Gene ontology (GO) pathway analysis for the selected genes 

allowed association of genes with specific immune-related pathways. 

Interestingly, genes correlated with TH1 type and inflammatory responses 

were up-regulated at day 6 in comparison to day 14. Particularly, cytotoxic 

effector T cell- related genes, like Cd8b1, Prf1, Gzmb, Cd69, Eomes were 

higher expressed at the early stages of metastatic progression, thus 

suggesting that a pro-inflammatory and anti-tumourigenic microenvironment 

characterized small lesions at day 6. On the contrary, expression of genes 

such as Tgfb, Pdgf and Vcam, related with extracellular remodelling 

pathways and typical of a fibrotic tumour microenvironment, were up-

regulated in advanced metastatic lesion at day 14, rather than at day 6 

(Figure 3.6). 
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Figure 3.6 Early metastatic dissemination of cancer cells triggers anti-

tumour immunity.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Mice were euthanized 6 and 14 days after and livers were 

harvested. Livers were also resected from naïve mice. Total RNA was 

extracted from whole naïve and metastatic livers at day 6 and day 14 and 

subsequently processed using Nanostring technology. Analysis of obtained 

data, using nSover Analysis Software, identify genes that were up- or down- 

regulated by more than 2-fold in livers at day 6 compared to day 14. Data 

were reported in a heat map diagram. Subsequent Gene Ontology (GO) 

Pathway analysis enabled to associate differently expressed genes with 

immune-related pathways.  Some of the genes up- or down- regulated at day 

6 compared to day 14 were found to be associated with TH1-type, 

inflammatory, T cytotoxic responses and with extracellular matrix remodelling 

pathways. N= 3 mice / group were analysed. 

 

To further characterize the anti-tumour immune response against pancreatic 

cancer metastasis, IF staining of naïve, Day 6 and Day 14 KPCluc/zsGreen 

cancer cells derived metastatic lesions were analysed for CD8 expression. It 

was found that metastatic infiltration of CD8+ T cells was dependent on the 

number of cancer cells forming metastatic deposits in the liver. Small 

metastatic lesions mainly found at the early stage of metastatic progression 

(6 days post intrasplenic implantation) and characterized by low numbers of 

KPC cancer cells (zsGreen+), showed high infiltration of CD8+ T cells in 

comparison to tumour free livers. In contrast, large metastatic lesions with 

abundant cancer cell numbers, mainly found at a later stage of metastasis 

progression (14 days post intrasplenic injection), showed a significant loss of 

CD8+ T cells (Figure 3.7 a and b).
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Figure 1.2.3: CD8+ T cells number decreases in large experimental metastatic 

lesions.  

 

 

 

 

 

 

 

point; n = 5 FoV / mouse. Scale bar = 100 μm.   

 

 

 

 

Figure 3.7 CD8+ T cells number decreases in large experimental 

metastatic lesions.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Naïve and metastasis bearing mice 6 and 14 days after cancer 

cells implantation, were euthanized and livers were harvested. a) 

Immunofluorescence staining representative images of serial section of 

naïve, Day 6 and Day 14 metastatic livers displaying CD8+ T cells (upper 

panels) and cancer cells (zsGreen+, lower panels). Individual lesions were 

captured by one field of view (FoV). b) Dots represent the relationship 

between CD8+ T cells and KPCluc/zsGreen cancer cells numbers in each lesion. 

Nuclei were counterstained with DAPI. N = 4 mice / time point; n = 5 FoV / 

mouse. Scale bar = 100 μm.  White arrows point to CD8+ T cells (in red). 
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To further investigate the CD8+ T cell population, multi-colour flow cytometry 

analysis of disaggregated murine naïve and metastatic livers was performed. 

Resected livers were mechanically and enzymatically digested with 

collagenase to obtain a suspension of single cells. Cellular staining using 

multiple fluorophore-conjugated antibodies allowed discrimination of different 

cell populations within the liver. Upon acquisition of the samples, data were 

analysed with Diva FACS software, which allowed the acquired cells to be 

displayed as dot plots. Hematopoietic cells were recognized among all liver 

cells for the expression of CD45 marker; subsequent gating of CD45+ cell 

population for CD8 expression enabled us to identify the CD8+ T cells. A 

significant increase in CD45+ CD8+ T cells was found in the liver 6 days after 

cancer cell intrasplenic injection in comparison to naïve livers; reduction in 

CD8+ T cells number in larger tumours formed after 14 days was instead 

observed (Figure 3.8 a and b). We next questioned whether the infiltrated 

CD8+ T cells had an active effector phenotype or if they were instead 

exhausted. Therefore, we looked at CD69 activation marker and PD-1 

expression among CD8+ T cells. Interestingly, CD8+ T cells from small 

tumours (Day 6) expressed high levels of CD69, while few cells were found 

to be positive for PD-1; on contrary, CD8+ T cells from large metastatic 

tumours (Day 14) were highly positive for PD-1, whereas fewer cells 

expressed the activation marker CD69 (Figure 3.8  a, c, d). 
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Figure 3.8 CD8+ T cells effector activity is lost during metastasis 

progression.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Naïve and metastasis bearing mice 6 and 14 days after cancer 

cells injection, were euthanized. Livers were harvested and digested for multi-

colour flow cytometer analysis. a) Representative dot plot gating strategy 

used to identify CD45+CD8+ T cells positive or negative for CD69 or PD-1. 

Percentage of b) CD8+ T cells, c) CD69+ CD8+ T cells and d) PD-1+ CD8+ T 

cells over time. N = 4 mice / group; individual data points, horizontal line 

represents mean ± SEM; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison. 
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To confirm the exhausted phenotype of CD8+ PD-1+ T cells in large 

metastatic deposits found 14 days after intrasplenic implantation of cancer 

cells, quantitative PCR analysis was performed to validate the expression of 

the cytolytic genes Tnfa and Gzmb in liver isolated metastasis infiltrating 

CD8+ T cells positive and negative for PD-1 expression. The reduced 

cytotoxic capability of CD8+ PD-1+ T cells was confirmed by loss of Tnfa and 

Gzmb expression, which was instead absent in PD-1 negative T cells (CD8+ 

PD-1neg) (Figure 3.9 a and b).  

 

 

 

 

 

 

 

 

 

  

Figure 3.9 CD8+ PD-1+ T cells have a dysfunctional phenotype.   

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. After 14 days livers were harvested from metastatic mice and 

digested for flow cytometry analysis. a) Representative flow cytometry dot 

plot gating strategy used to identify CD8+ PD-1 negative (PD-1neg) or positive 

(PD-1+) T cells among all metastatic liver cells in the liver. b) CD8+ PD-1neg 

and CD8+ PD-1+ T cells were isolated by flow cytometry ARIA cell sorter and 

tested for Tnfa and Gzmb expression by qPCR. N = 4 mice / group; mean ± 

SEM; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test. 
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Collectively, these results indicate that CD8+ T cells are able to infiltrate small 

metastatic tumours, but that during metastatic progression CD8+ T cells 

infiltration and cytotoxic function are lost. 

 

3.3 Immunosuppressive M2-like MAMs accumulate during 

pancreatic cancer metastatic progression. 

 
Our group has previously shown that macrophages accumulate in metastatic 

livers of pancreatic cancer [117]. In addition, several evidences are in support 

of the immunosuppressive role that macrophages may play in tumour [277]. 

Thus, it was decided to investigate whether macrophage accumulation at the 

metastatic site is responsible for the generation of an immunosuppressive 

microenvironment that acts to dampen CD8+ T cells mediated anti-tumour 

immunity. 

First, liver-infiltrating macrophages were identified by flow cytometry as the 

CD45+CD11b+Ly6gnegLy6Cdim/neg F4/80+ population, which from here on it 

was considered as the MAM population (Figure 3.10).  
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Flow cytometry analysis of MAM population showed increased infiltration of 

macrophages in metastatic livers in comparison to naïve one, but no 

differences were detected in infiltration of macrophages between livers 

containing small lesions at day 6 and large metastatic deposits at day 14 

(Figure 3.11 a). However, gene expression analysis of M1-like and M2-like 

macrophage associated genes revealed that MAMs isolated from small 

metastatic tumours (Day 6) had significantly up-regulated levels of  immune 

stimulatory genes (Cxcl10; Il12; Ifng) and genes associated with antigen 

presentation (H2Aa; Cd86), resembling a pro-inflammatory M1-like 

phenotype. In contrast, macrophages isolated from large metastatic tumours 

Figure 3.10 Characterization of metastasis associated 

macrophages (MAMs) population in the liver.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Livers from naïve and metastatic mice 

6 and 14 days after cancer cells injection were isolated and 

analysed by multi-colour flow cytometry. Representative flow 

cytometry gating strategy used to identify Sytox-

bluenegCD45+Cd11b+Ly6GnegLy6Cdim/negF4/80+ MAM population 

in metastatic lesions after 6 and 14 days. N = 4 mice / group. 
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(Day 14) had significantly up-regulated expression of immunosuppressive 

(Tgfb; Arginase; Il10) and anti-inflammatory, M2-like, markers (mannose 

receptor C-type 1, Mrc1; resistin-like-α, Retnla) (Figure 3.11 b). Other 

macrophage markers were also tested by qPCR, including Chi3l3 (M2-like 

macrophage marker), Tnfa and Il1b (genes associated with M1-like 

inflammatory response). However, several unspecific amplification products 

were detected as results of the qPCR run; thereby obtained data were not 

considered and not reported in this thesis. 
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Figure 3.11 Metastatic progression of pancreatic cancer is 

accompanied by increase in M2-like macrophage 

accumulation.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Livers from naïve and metastatic mice 

6 and 14 days after cancer cells injection were isolated and 

analysed by multi-colour flow cytometry. a) Flow cytometry 

quantification of F4/80+ MAMs in naive and metastatic resected 

livers. b) F4/80+ MAMs were isolated by flow cytometer ARIA cell 

sorter from day 6 and day 14 metastatic livers. RNA was 

extracted from isolated MAMs and quantitative PCR analysis for 

M1-like and M2-like macrophage-associated markers was 

performed. N = 4 mice / group. For a) individual data point are 

shown, horizontal line represents mean ± SEM. b) Data are 

represented as mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; 

n.s. not significant by Bonferroni multiple comparison and 

unpaired t-test, respectively. 
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IHC staining was used to validate the presence of M1- or M2- like 

macrophage populations within metastatic livers. The analysis confirmed that 

in liver metastasis formed 6 days after intrasplenic injection of pancreatic 

cancer cells (Day 6), a significantly higher number of cells expressed typical 

pro-inflammatory macrophage markers, including iNOS, MHC-II and 

cyclooxygenase-2 (COX-2). In contrast, larger established metastatic 

tumours formed 14 days after cancer cells injection (Day 14), contained a 

higher number of cells expressing M2-like alternative activation markers, 

such as macrophage mannose receptor 1 (CD206) and Ym-1 (Figure 3.12).  
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In addition, IF staining of Day 6 and Day 14 metastatic liver tissues for the 

M2-like macrophage marker RELMfurther confirmed the accumulation of 

M2-like RELM
+ MAMs in close proximity to disseminated cancer cells 

(zsGreen+) in large metastatic lesions but not in small lesions (Figure 3.13).  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.12 Small and large metastatic lesions are infiltrated by 

M1- and M2- like MAMs, respectively.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Livers from metastatic mice were isolated 

after 6 and 14 days and analysed by immunohystochemistry (IHC). 

Representative IHC staining micrographs and quantification of M1-

like and M2-like macrophage associated markers in Day 6 and Day 

14 metastatic liver tissues. N = 4 mice/ group; n = 5 field of view / 

mouse; mean ± SEM. Scale bar = 100 μm. P<0.001; **, P < 0.01; *, 

P < 0.05; n.s. not significant by unpaired t-test.  In each IHC 

micrograph black arrows point to positively stained cells.  
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It is well known that M2-like macrophages can execute potent inhibitory 

effects on cytotoxic CD8+ T cell function [51], [278], thus CD8+ T cell function 

was interrogated in response to the switch of MAM phenotype from a M1-like 

to M2-like during metastatic progression. First, numbers of apoptotic 

(Cleaved Caspase 3+ cells, CC3+) disseminating pancreatic cancer cells 

(zsGreen+) were analysed in metastatic lesions at Day 6 and Day 14. As 

Figure 3.13 Relmα+ M2-like macrophages infiltrate large 

metastatic lesions.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Livers from metastatic mice were 

isolated after 6 and 14 days and analysed by immunofluorencence (IF). 

Representative IF images and relative quantification of Relmα+ cells in 

close proximity with metastatic pancreatic cancer cells (zsGreen+). 

Nuclei were counterstained with DAPI. N = 4 mice / group, n = 5 field of 

views / mouse; mean ± SEM. Scale bar = 100 μm. P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by unpaired t-test. White arrows 

point to Relmα+ cells (in red). 
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expected, it was observed a higher apoptotic rate of cancer cells in small 

metastatic lesions (Day 6) compared to large metastatic lesions (Day 14) 

(Figure 3.14).

 

Figure 3.14 Disseminating pancreatic cancer cells are highly apoptotic 

in small but not in large lesions.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Livers from metastatic mice were isolated after 6 and 14 days 

and analysed by immunofluorescence (IF). Representative IF staining of 

cleaved caspase 3 (CC3) in metastatic KPCluc/zsGreen (zsGreen+) cells. Graph: 

Quantification of CC3+ cells among KPC cells in livers during the course of 

metastasis formation. Nuclei were counterstained with DAPI. N = 4 mice / 

group, n = 5 field of views / mouse; mean ± SEM. Scale bar = 100 μm. 

P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test.  .  

White arrows point to CC3+ cells (in red). 
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Finally, the ability of MAMs to suppress CD8+ T cell proliferation and 

activation during metastatic progression was assessed.  MAMs were isolated 

by flow cytometry from metastatic livers 6 or 14 days post intrasplenic 

injection of KPCluc/zsGreen cancer cells. MAMs were then co-cultured with 

CD3/CD28 dynabeads (DB) pre-activated splenic CD8+ T cells isolated from 

naive mice. Day 6 and Day 14 MAMs were tested for their capacity to impair 

T cell proliferation (measured by Carboxyfluorescein Diacetate Succinimidyl 

Ester, CFSE, dilution signal) and IFN secretion. The results obtained 

indicated that MAM isolated from established metastatic lesions, most likely 

with an M2-like phenotype, significantly suppressed CD8+ T cell proliferation 

(Figure 3.15 a) and activation ex vivo ( Figure 3.15 b), compared to MAMs 

isolated from small metastatic lesions.  
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Together, these data suggest that metastatic progression in pancreatic 

cancer is accompanied by the reprogramming of MAMs towards an M2-like 

immunosuppressive phenotype that can inhibit cytotoxic CD8+ T cell 

functions.  

 

 

 

Figure 3.15 MAMs acquire immunosuppressive abilities during 

metastatic pancreatic cancer growth.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Livers from metastatic mice were resected 

after 6 and 14 days and digested for MAMs identification and 

isolation. MAMs were isolated using ARIA flow cytometer cell sorter. 

Isolated MAMs were cultured and assessed for their ability to 

suppress splenic CD8+ T cell a) proliferation (CSFE dilution) and b) 

activation (IFN expression level) following CD3/CD28 Dynabeads 

(DB) stimulation. N = 4 mice / group; mean ± SEM. P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by Bonferroni multiple 

comparison.   
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3.4 Discussion 

 

Tumours that progress and form metastasis need to evade immune defences 

[4]. Pancreatic cancer is a highly metastatic disease [279] and whether an 

anti-tumour immune response is triggered to fight pancreatic cancer 

metastatic formation into the liver, remains undiscovered.  

Recognition of tumour antigens is the prerequisite for the activation of a CD8+ 

T cell mediated anti-tumour response. Studies performed on the KPC mouse 

model have reported the presence of low mutational burden and poor T cell 

infiltration not only in the primary tumour, but also at the secondary site, 

thereby classifying pancreatic cancer as a cold tumour [256], [280]. Although 

a similar phenotype has been also observed in human pancreatic cancer 

[281], [282], there are evidences showing that pancreatic cancer can be 

infiltrated by CD8+ T cells and that anti-tumour immunity is also triggered in 

this type of cancer [240], [283], [284]. Moreover, in a recent study it has been 

found that human pancreatic tumours express a range of non-synonymous 

mutations that are predictive to function as new epitopes. The study also 

correlated the presence of tumour CD8+ T cell infiltrates together with high 

neo-antigen numbers and with the longest patients survival, thus 

emphasizing the critical role of CD8+ T cell in inhibiting pancreatic cancer 

progression [274], [285].  

In this study, CD8+ T cell population in human pancreatic cancer liver 

metastasis was investigated and it was found that within the same metastatic 

liver tissue, deposits with high or low number of cancer cells could be 

discriminated. Metastatic cancer cells in the liver were identified with a CK 

marker, thus the terms CK+ rich or CK+ poor lesions were used to describe 
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lesions with high and low number of cancer cells, respectively. Interestingly, 

CD8+ T cells infiltration inversely correlated with CK+ cells numbers. In 

accordance, CK+ poor lesions were strongly infiltrated by CD8+ T cells, 

whereas in lesions rich of CK+ cells, T cells infiltration was lost. Importantly, 

CD8+ T cells in both CK+ poor and rich human metastatic lesions were highly 

positive for the PD-1 inhibitory receptor, suggesting that the effector CD8+ T 

cells response is counteracted by progressive induction of the PD-1 inhibitory 

pathway. In fact, in CK+ poor lesions CD8+ T cells still conserved their 

cytotoxic function as suggested by higher numbers of GzmB+ CD8+ T 

infiltrating cells, whereas in CK+ rich lesions very low numbers of GzmB+ 

CD8+ T cells were found, as the majority of CD8+ T cells population was 

PD1+ with dysfunctional phenotype. Similarly, CK+ poor lesions, found in 

spontaneous metastatic liver of KPC mice, presented high infiltration of CD8+ 

T cells, which also had low expression of PD-1, whereas large metastatic, 

CK+ rich, deposits were correlated with low numbers of effector T cells highly 

positive for PD-1.  

These results suggest that in the early phases of metastatic progression, 

when still few cells disseminate into the liver, cancer cells are recognized and 

attacked by active CD8+ T cells. However anti-tumour immunity appears to 

be lost at later stages and success of metastatic progression is the net result.  

The use of a pre-clinical mouse model enabled to better elucidate the change 

in anti-tumour immunity during metastatic growth. Analysis of immune cell 

composition of naïve mouse livers and of livers containing small metastatic 

lesions or large metastatic deposits formed, respectively, 6 or 14 days after 

intrasplenic implantation of pancreatic cancer cells, confirmed that an anti-
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tumour immune response, mainly mediated by cytotoxic CD8+ T cells, do 

exist at the early stages of metastatic progression.  Indeed, a TH1 type / pro-

inflammatory, signature was found in metastatic lesions after 6 days of 

metastatic dissemination of cancer cells but not at a later time point. CD8+ T 

cells populated the liver in response to metastasis formation and their anti-

tumour activity was reflected by high expression of CD8+ T cell activation 

marker (CD69), low level of expression of PD-1 inhibitory receptor and high 

numbers of apoptotic cancer cells.  On the contrary, at a later stage of 

metastatic progression, at day 14, cancer cells were less exposed to 

apoptotic pressure, survived immune attacks and formed large tumour 

deposits. In established metastasis, CD8+ T cell infiltration drastically 

decreased and the cytotoxic activity of the few infiltrating lymphocytes was 

also lost as suggested by high level of PD-1 expression and low expression 

of the effector cytokine and cytolytic factors TNFα and GzmB.  

A typical feature of pancreatic cancer is the presence of immune infiltrates 

with pro-tumorigenic role [237] [240].  

Also, an immunosuppressive role has been recognized for some of the 

immune cells present within the TME at the primary site in pancreatic cancer 

[189], [194], [286]–[288]. For instance, in KPC mice, infiltration of 

macrophages has been shown to be an early event and is responsible for the 

suppression of CD8+ T cell activity since the very beginning of the 

tumorigenic process, thereby preventing an anti-tumour immunity to happen 

even in the initial phases [256]. Macrophages, depending on the 

microenvironment cytokine milieu can acquire an M1-like or M2-like 

phenotype [289]. In the experimental model used in our lab, it was found that 
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macrophages highly infiltrate livers of pancreatic cancer metastasis, and 

although we did not find any difference in metastatic macrophages number, 

we observed that small lesions at day 6 were mainly populated by anti-

tumourigenic M1-like MAMs with high expression of pro-inflammatory 

cytokines such as Ifng, Il12 and high antigen-presenting capabilities. On the 

contrary, pro-tumorigenic M2-like MAMs populated large metastatic lesions at 

day 14. M2-like MAMs expressed high levels of immunosuppressive factors 

such as Il10 and Tgfb and were also able to negatively regulate CD8+ T cell 

activation and proliferation.  

Taken together, these results suggest that CD8+ T cell mediated anti-tumour 

immunity is initially built in response to metastatic dissemination of pancreatic 

cancer cells into the liver.  The immune system’s ability to fight the tumour is 

demonstrated by the presence of pro-inflammatory, antigen-presenting 

MAMs, which in turn can burst and sustain cytotoxic CD8+ T cell activation 

and function at the early stages of metastasis formation. However, at later 

stages, MAMs undergo a phenotypic switch toward an M2 alternative state, 

likely due to accumulation of tumour promoting cytokines and factors 

recruited by cancer cells within the tumour microenvironment. M2-like MAMs 

act to suppress anti-tumour immunity and this explains the loss of T cell 

infiltration and function together with establishment of large metastatic 

deposit of pancreatic cancer into the liver.  
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4 Chapter 4: Macrophage targeting restores anti-

tumour immune response in metastatic livers 

 
Strategies aimed at targeting macrophages are being extensively explored 

for cancer therapy. These strategies generally are focused on inhibiting 

macrophage recruitment at the tumour site, thus preventing their tumour-

promoting role; other strategies instead are focused at enhancing 

macrophage anti-tumour activities [51]. Macrophages can modulate the 

effects of conventional therapies such as chemotherapy and radiotherapy. 

Furthermore, macrophages contribute to the generation of an 

immunosuppressive microenvironment through different routes. Recently, 

great advances in cancer therapy have been accomplished by augmenting 

anti-tumour effector T cell functions and by depleting immunosuppressive 

cells, such as macrophages [290]. In the first part of my study, it was 

identified that MAMs with an immunosuppressive phenotype highly 

accumulates in metastatic liver of pancreatic cancer and that large 

established metastatic lesions are poorly infiltrated by cytotoxic T cells 

(Chapter 3). Based on these findings, it was reasoned that targeting MAMs 

could increase T cell infiltration and, subsequently favour an effective anti-

tumour immune response at the metastatic site. 
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4.1 Depletion of PI3K affects MAM recruitment and 

enhances T cell infiltration and function 

 
To understand whether a reduction in MAM recruitment could impair the 

formation of an immunosuppressive TME, intrasplenic implantation of 

KPCluc/zsGreen cancer cells into isogenic Phosphoinoside-3-kinase (PI3K)-

gamma deficient (PI3K
-/-) mice and control WT mice was performed. 

PI3Kis one the isoforms of Class I PI3Ks lipid enzymes and is highly 

expressed in myeloid cells [291]. Mice lacking the p110 catalytic subunit of 

PI3K show reduced myeloid cells recruitment in response to inflammatory 

mediators and tumour derived signals, including those deriving from 

pancreatic cancer [292]. Moreover, recent studies have shown that inhibition 

of PI3K ablates immunosuppressive functions of myeloid cells in pre-clinical 

melanoma and lung cancer models [293]. Here, the use of the experimental 

metastasis model enabled to identify that metastatic progression in PI3K 

deficient mice was markedly reduced in comparison to WT mice. Data were 

obtained by in vivo bioluminescence imaging (BLI) of metastatic liver in 

PI3K
-/- and WT mice 14 days after intrasplenic injection of cancer cells 

(Figure 4.1 a). Moreover, H&E staining also revealed that lack of 

PI3Kreduced the number of liver pancreatic cancer metastatic foci (Figure 

4.1 b). 
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Liver metastasis was induced by intrasplenic implantation of 1x106 

KPCluc/zsGreen cancer cells in WT and PI3K -/- mice. Entire livers 

were harvested and analysed 14 days later. a) In vivo bioluminescence 

imaging (BLI) was performed to quantify metastatic tumour burden in the 

liver. Representative images showing radiance in WT and 

PI3Kdeficient mice. Graph: quantification of radiance as total flux 

(photons/sec). Quantification of metastatic lesions frequency in WT and 

PI3K -/- mice by haematoxylin and eosin (H&E) staining of liver tissue 

Figure 4.1 Lack of PI3K reduces metastatic progression of 

pancreatic cancer.  
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sections. N = 5 mice / group, n = 5 field of views; individual data points, 

horizontal lines represent mean ± SEM . P<0.001; **, P < 0.01; *, P < 

0.05; n.s. not significant by unpaired t-test. Scale bar = 100 μm.

 

Flow cytometry analysis of digested metastatic livers coming from WT and 

PI3K
 deficient mice revealed that impaired F4/80+ MAM recruitment at the 

metastatic site in mice lacking PI3K
  (Figure 4.2 a) was accompanied by a 

higher infiltrating CD8+ T cells number (Figure 4.2 b).

Figure 4.2 PI3Kdeficient mice have enhanced CD8+ T cell 

infiltration at the metastatic site.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells in WT and PI3K -/- mice. Entire livers 

were harvested and analysed 14 days later. Flow cytometry 

analysis of WT and PI3K
-/- disaggregated mouse livers and 

quantification of a) F4/80+ MAM numbers and b) metastasis 

infiltrating CD8+ T cells. N = 5 mice / group; individual data points, 

horizontal lines represent mean ± SEM. P<0.001; **, P < 0.01; *, P 

< 0.05; n.s. not significant by unpaired t-test. 
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Furthermore, in accordance with the high numbers of CD8+ T cells found in 

the metastatic livers of PI3K
-/- mice, we also detected higher levels of dead 

cancer cells in metastatic livers of the knock-out mice in comparison to those 

present in WT mice, as suggested by increased number of apoptotic cleaved 

caspase 3 positive (CC3+) metastatic cancer cells (zsGreen+) identified by IF 

staining of PI3K
-/- mice liver tissues (Figure 4.3). 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Metast

increased apoptosis.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells in WT and PI3K -/- mice. Entire livers were 

harvested and analysed 14 days later by immunofluorescence (IF) staining. 

Representative images and quantification of cleaved caspase 3 (CC3, in 

red) staining in metastatic cancer cells (zsGreen+) in WT and PI3K-/- 

mice. Nuclei were counterstained with DAPI. N = 5 mice / group, n = 5 field 

of views / mouse;  mean ± SEM. Scale bar = 100 μm. P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by unpaired t-test. White arrows point 

to CC3+ cells (in red). 
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4.2 CSF-1 / CSF-1R expression within the tumour 

microenvironment. 

Signalling though CSF-1 and its cognate receptor, CSF-1R, promotes 

macrophage differentiation from myeloid progenitor and drives macrophage 

polarization toward an M2-like phenotype [294]. Indeed, CSF-1 and CSF-1R 

are among the most promising targets for inhibition of the tumour promoting 

functions of macrophages, and they are currently being tested in several 

early and advanced clinical trials [51], [295]. On this base, it was reasoned 

that impairment of CSF-1 / CSF1-R signalling axis could be a valuable 

strategy to target MAMs at the metastatic site and to study their effect on 

anti-tumour immunity. 

CSF-1 and CSF-1R expression in metastatic livers of pancreatic cancer was 

first characterized. Liver metastasis was induced by intrasplenic implantation 

of KPCluc/zsGreen cancer cells and, 14 days after, resected livers were 

processed for flow cytometry analysis. From metastatic lesions zsGreenneg / 

CD45neg immune depleted stroma cells, F4/80+ MAMs and zsGreen+ cancer 

cells were isolated. The three different cell types were then interrogated for 

quantitative Csf1 gene expression by PCR. It was found that cancer cells 

were the main source of CSF-1 within the tumour microenvironment (Figure 

4.4 a). Similarly, ELISA quantification of secreted CSF-1 (or also named M-

CSF1) in conditioned media (CM) from cultured BMMs, and from KPC and 

Panc02 pancreatic cancer cells, revealed that CSF-1 is strongly secreted by 

both cancer cell types but not by BMMs (Figure 4.4 b).  
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CSF-1R expression within the TME was successively validated by IF staining 

of serial tissue sections of murine metastatic livers experimentally derived 14 

days after KPCluc/zsGreen cancer cells implantation.  It was observed that the 

CSF1-R+ signal co-localized with F4/80+ stained cells but not with zsGreen+ 

signal of metastatic cancer cells, thus suggesting that in metastatic lesions, 

CSF1-R is mainly expressed by macrophages (Figure 4.5).   

Figure 4.4 Cancer cells are the main source of CSF-1.  

a) Quantification of Csf1 mRNA level in immune cell depleted stroma 

cells (CD45negzsGreenneg), MAMs (CD45+F480+zsGreenneg) and 

disseminated cancer cells (zsGreen+CD45neg) isolated by ARIA flow 

cytometer cell sorting from metastatic tumours. b) Quantification of 

CSF-1 protein level in conditioned medium (CM) generated from bone 

marrow derived macrophages (BMMs) and KPC and Panc02 

pancreatic cancer cells using ELISA. Data are representative of three 

independent experiments. N  = 3 mice / group; mean ± SD. P<0.001; 

**, P < 0.01; *, P < 0.05; n.s. not significant by Bonferroni multiple 

comparison. 
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Figure 4.5 CSF-1R is highly expressed by F4/80+ MAMs in experimental 

liver metastasis.  

Representative images of immunofluorescence staining (IF) for CSF-1R, 

F4/80, and zsGreen+ metastatic KPCluc/zsGreen cells. CSF-1-R expression was 

detected only on F4/80+ MAMs (upper panel), but not on zsGreen tumour 

cells (lower panel).  Nuclei were counterstained with DAPI. Quantification of 

percentage of CSF1-R positive cells among MAMs (F4/80+ cells) and 

KPCluc/zsGreen (zsGreen+) cancer cells. N = 4 mice; n = 5 field of views / mouse; 

mean ± SEM. Scale bar = 100 μm. .P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by unpaired t-test.  
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Similarly, IF co-staining for macrophage marker F4/80 and CSF-1R in liver 

metastatic tissues derived from the autochthonous KPC mouse model of 

pancreatic cancer reveals co-localization of CSF-1R signal with F4/80+ cells 

(Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.6 CSF-1R is highly expressed by F4/80+ MAMs in KPC mice 

spontaneous liver metastasis.  

Representative images of immunofluorescence staining for CSF-1R and 

F4/80+ MAMs in spontaneous liver metastatic lesions derived from KPC 

mice. N = 4 mice; Scale bar: 100μm. 
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4.3 Pharmacological blockade of the CSF-1 / CSF-1R axis 

reprograms MAMs towards an immune-stimulatory 

phenotype. 

Since CSF-1 and its receptor are highly expressed at the metastatic site, it 

was assessed whether the inhibition of CSF-1 / CSF-1R could affect MAM 

functions and in consequence, restore T cells infiltration and activation, 

thereby dampening metastatic pancreatic cancer progression. Intrasplenic 

implantation of KPCluc/zsGreen cancer cells was performed into WT mice. 

Starting at day 7, after initial seeding has occurred, BLZ945, a small 

molecule inhibitor of CSF-1 receptor, which has been previously 

experimented to target tumour-associated macrophages in cancer was 

administered [184]. Treatment was carried every day for one week and 

metastasis volume was assessed by in vivo MR imaging prior (Day 6) and 

after treatment (Day 14) (Figure 4.7 a). Quantification of percentage change 

in metastatic volume at the end point in comparison to starting treatment 

point in vehicle treated (CTR) and BLZ945 treated mice revealed that MAM 

targeting contributed to reduction in metastatic growth of pancreatic cancer 

(Figure 4.7 b, c and d).  
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Experimental liver metastasis treated with control vehicle (CTR) or BLZ945 

were processed at the end point (day 15) and multi-colour flow cytometer 

analysis was performed. Data obtained showed reduction in the F4/80+ MAM 

population upon CSF-1R blockade (Figure 4.8 a). Interestingly, BLZ945 

treatment diminished CD206+ M2-like macrophage population among the 

remaining F4/80+ cells (Figure 4.8 b); and together with this, it was also 

observed a loss of expression of M2-associated mannose receptor marker, 

Mrc,1 and of the immunosuppressive genes Tgfb and Il10 upon BLZ945 

treatment, as indicated by quantitative PCR analysis performed on RNA 

extracted from MAMs isolated from metastatic livers (Figure 4.8 c). 

 

 

 

Figure 4.7 CSF1-R blockade reduces metastatic progression of 

pancreatic cancer.  

Liver metastasis was induced by intrasplenic implantation of 1x106 

KPCluc/zsGreen cancer cells and initial tumour volume was quantified on 

day 6 by in vivo Magnetic Resonance (MR) imaging. Cohorts were 

treated with CSF-1R inhibitor (BLZ945) or control vehicle (CTR) for 7 

days. At day 14, tumour volume was assessed by MR imaging using T2-

weighted sequence and mice were sacrificed on day 15 and analysed. 

a) Schematic illustration of the experiment. b) Percentage average 

increase in metastatic tumour burden (tumour volume) in response to 

treatment assessed by in vivo MR imaging. c) Representative MR 

images of hepatic metastatic tumours prior treatment (day6) and post-

treatment (day14). Livers are delineated with full lines and metastatic 

tumours with dashed lines. d) Percentage increases in metastatic 

tumour burden (tumour volume) in response to treatment for each 

mouse (ID 1- 6 / group) assessed by in vivo MR imaging. N = 6 mice / 

group; mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by unpaired t-test. 
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Together with a reduction in total MAMs number and MAM 

immunosuppressive functions, BLZ945 treatment also augmented an anti-

tumour response at the metastatic site. Expansion of CD8+ T cell numbers 

(Figure 4.9 a) and increased cancer cell apoptosis (Figure 4.9 b) was 

observed in metastatic livers derived from treated mice compared to CTR 

mice.  

 

Figure 4.8 CSF-1R inhibition abrogates MAMs immunosuppressive 

phenotype.  

Liver metastasis was induced by intrasplenic implantation of 1x106 

KPCluc/zsGreen cancer cells. Cohorts were treated with CSF-1R inhibitor 

(BLZ945) or control vehicle (CTR). At the end point (day 15) livers were 

harvested and digested for flow cytometry analysis a) Quantification of 

total F4/80+ MAMs from tumour bearing livers. b) Quantification of 

F4/80+CD206+ MAMs in each treatment group. Individual data points, 

horizontal lines represent mean ± SEM. c) Quantification of Mrc1, Il10, 

and Tgfb mRNA levels in MAMs sorted from established metastatic 

lesions from mice of each treatment group (mean ± SEM). N = 6 mice / 

group. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-

test. 
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Figure 4.9 MAM targeting enhances anti-tumour immunity.  

Liver metastasis was induced by intrasplenic implantation of 1x106 

KPCluc/zsGreen cancer cells. Cohorts were treated with CSF-1R inhibitor 

(BLZ945) or control vehicle (CTR). At the end point (day 15) livers were 

harvested and analysed. a) Metastatic infiltration of CD8+ T cells evaluated by 

flow cytometry. Individual data point, horizontal lines represent mean ± SEM. 

b) Representative immunofluorescence staining and quantification of cleaved 

caspase 3 (CC3, red) in metastatic cancer cells (zsGreen+) in liver tissue 

sections of each treatment cohort. Nuclei were counterstained with DAPI. 

Mean ± SEM. N = 6 mice/group. n = 4 field of views / mouse. P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by unpaired t-test. Scale bar: 100μm. 

White arrows point to CC3+ cancer cells (in red). 
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Next it was questioned whether the blockade of CSF-1R ligand could lead to 

an alteration of MAM population and reinvigoration of anti-tumour immunity 

similarly to what was observed by blockade of the macrophage receptor 

CSF1-R. This time a neutralizing antibody targeting CSF-1 was used to treat 

metastatic mice 7 days after intrasplenic injection of KPCluc/zsGreen cells. 

Treatment was carried out for 2 weeks and, at the end point (day 20), H&E 

staining revealed a decrease in metastatic lesion area in response to αCSF-1 

inhibitor treatment in comparison to IgG control (CTR) treated mice (Figure 

4.10 a and b).  

 

 

 

 

 

 

Figure 4.10 Pancreatic cancer metastasis growth is impaired by CSF-1 

inhibition.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. After 7 days, metastasis bearing mice were treated either with IgG 

control isotype (CTR) or with neutralizing αCSF-1 antibody. Mice were 

sacrificed at day 20. a) Schematic representation of the experiment. b) 

Representative haematoxylin and eosin (H&E) images of metastatic liver tissue 

sections and quantification of the average of metastatic lesion area in both 

treatment cohorts. N = 6 mice / group, n = 4 field of view / mouse; mean ± SEM. 

P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test. Scale 

bar: 100μm. 
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In respect to MAMs, flow cytometry analysis of dissociated livers derived 

from the two treatment cohorts showed that αCSF-1 inhibitor reduced not 

only overall MAMs number (Figure 4.11 a), but markedly decreased the 

presence of M2-like F4/80+CD206+ MAMs (Figure 4.11 b).  

 

 

 

 

 

 

 

 

 

To further characterize MAM population upon CSF-1 inhibition, MAMs were 

sorted by flow cytometry and interrogated for the expression of M1-like and 

M2-like macrophage associated markers.  Quantitative PCR further 

confirmed that inhibition of CSF-1 induced a reprogramming of MAMs 

towards an immune-stimulatory M1-like phenotype. MAMs isolated from 

αCSF-1 treated mice showed increased expression of pro-inflammatory 

Figure 4.11 CSF-1 inhibition reduces MAM infiltration. 

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. After 7 days, metastasis bearing mice were 

treated either with IgG control isotype (CTR) or with neutralizing αCSF-

1 antibody. Mice were sacrificed at day 20 and livers digested for flow 

cytometry analysis. a) Quantification of total MAMs (F4/80+) and b) 

F4/80+ CD206+ M2-like MAMs in tumour bearing livers. N = 4 mice / 

group; Individual data point, horizontal lines represent mean ± SEM; 

P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test. 
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cytokines and markers (Cxcl10, Ifng, Il12, Cd86, H2Aa), whereas the levels 

of M2-like immunosuppressive factors (Tgfb, Il10, Arginase, Mrc, Relmα) 

were reduced (Figure 4.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.12 CSF-1 inhibition rewires MAMs toward an immune-

stimulatory phenotype.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. After 7 days metastasis bearing mice were 

treated either with IgG control isotype (CTR) or with neutralizing αCSF-

1 antibody. Mice were sacrificed at day 20 and livers digested for flow 

cytometry analysis. MAMs were isolated from both treatment cohorts by 

flow cytometry ARIA sorter and quantitative PCR was performed on 

MAMs extracted RNA. Quantification of M1-like (Cxcl10, Ifng, Il12, 

Cd86,H2Aa) and M2-like (Tgfb, Il10, Arginase, Mrc, Relma) gene 

expression in MAMs. N = 4 mice / group; mean ± SEM; P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by unpaired t-test. 



                                                                                                                        Chapter 4: Results 

170 
 

Consistent with a rewired pro-inflammatory metastatic microenvironment, 

CD8+ T cell number was increased in αCSF-1 inhibitor treated mice, and 

CD8+ T cells showed also enhanced activation. Metastatic livers from IgG 

control (CTR) and αCSF-1 inhibitor treated mice were analysed by flow 

cytometry for CD8+ T cell infiltration (Figure 4.13 a), CD8+ T cells production 

of IFNγ (Figure 4.13 b) and GzmB (Figure 4.13 c) and for CD8+ T cells 

expression of Ki67, a marker used to discriminate proliferating cells (Figure 

4.13 d and e).  It was found that MAM targeting highly potentiated CD8+ T 

cells cytotoxic activity and proliferation, thus resulting in increased numbers 

of total infiltrating T cells. In particular, the enhanced proliferation rate (Ki67+ 

cells) within PD-1+ CD8+ T cells, suggested a partial reinvigoration of 

exhausted PD-1+ T cells within the metastatic niche upon αCSF-1 treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                        Chapter 4: Results 

171 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 CSF-1 inhibition reinvigorates CD8+ T cell cytotoxicity. 

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. After 7 days, metastasis bearing mice were treated either with 

IgG control isotype (CTR) or with neutralizing αCSF-1 antibody. Mice were 

sacrificed at day 20 and livers digested for flow cytometry analysis. Dot plot 

representing quantification of a) metastasis infiltrating CD8+ T cells, b) IFNγ 

(n = 3 mice / group) and c) Granzyme B (GzmB) expression levels in 

metastasis infiltrating CD8+ T cells. d-e) Dot plot representing quantification of 

proliferating cells (Ki67+) among d) total CD8+ T cells and e) PD-1+ CD8+ T 

cells. N = 4 mice / group. Individual data point, horizontal lines represent 

mean ± SEM; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by 

unpaired t-test. 
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4.4 Reduction of metastatic progression induced by CSF-1 / 

CSF-1R axis blockade depends on CD8+ T cells 

Finally, it was investigated whether the reduction of pancreatic cancer 

metastasis progression observed upon CSF-1 / CSF1-R axis blockade was 

dependent on enhanced CD8+ T cells mediated anti-tumour activity. Thereby, 

a neutralizing antibody against CD8 was used to deplete the CD8+ T cell 

population and the effect of the depletion on liver metastatic tumour burden 

was analysed. Mice were treated with either IgG control (CTR) or αCD8 

inhibitory antibodies two days before intrasplenic implantation of KPCluc/zsGreen 

cancer cells, on the day of surgical implantation of tumour cells, and every 

four days until the end of the experiment. To validate the effects of CSF-1 

inhibition in the absence of CD8+ T cells, mice were treated either with αCSF-

1 inhibitor antibody alone or with a combination of αCSF-1 and αCD8 

inhibitory antibodies, starting two days after intrasplenic injection of cancer 

cells and for a total of ten days (Figure 4.14 a).  

 At the end point (day 14), ex-vivo BLI of metastatic livers revealed that CD8+ 

T cell depletion did not had any effect in terms of metastatic reduction in 

comparison to CTR mice and that the decrease in metastatic burden 

observed in mice upon CSF-1 inhibition was inhibited if blockade of CSF-1 

was accompanied by CD8+ T cell depletion (Figure 4.14 b). 
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Figure 4.14 Reduction of metastasis mediated by CSF-1 

blockade is CD8+ T cells dependent.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells in IgG control or αCD8 inhibitor treated 

mice. Cohorts were subsequently treated with αCSF-1 or control 

isotype antibodies starting at day 2 for a total of 10 days. Mice 

were sacrificed at day 14. a) Schematic representation of the 

experiment. b) Metastatic livers were analysed by ex-vivo 

bioluminescence imaging (BLI). Representative metastatic livers 

showing radiance for each treatment group are shown. 

Metastatic tumour radiance as total flux was quantified for all 

treatment cohorts. N = 3 mice / group; horizontal lines represent 

mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison. 



                                                                                                                        Chapter 4: Results 

174 
 

At the end point, blood and livers were harvested from IgG control (CTR) and 

CD8 depleted mice. CD8+ T cell depletion was confirmed by flow cytometry 

both in the liver (Figure 4.15 a) and in peripheral blood (Figure 4.15 b). 

 

 

 

 

 

 

 

 

 

 

Taken together, these findings show that reprogramming MAMs towards an 

immune-stimulatory phenotype using CSF-1 / CSF-1R- targeted therapies 

restores cytotoxic CD8+ T cell mediated anti-tumour immunity and inhibits 

pancreatic cancer metastasis. 

Figure 4.15 Confirmation of CD8+ T cell depletion upon αCD8 

inhibitory antibody treatment.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells in IgG control (CTR) or αCD8 inhibitory 

antibody treated mice. Mice were sacrificed at day 14. Representative 

flow cytometry dot plots and quantification showing effective CD8+ T 

cell depletion within the a) liver and b) peripheral blood of tumour 

bearing mice upon αCD8 mAb administration. N = 3 mice / group; 

horizontal lines represent mean ± SEM. P<0.001; **, P < 0.01; *, P < 

0.05; n.s. not significant by unpaired t-test. 
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4.5 Discussion 

Pancreatic cancer is characterized by an abundant infiltration of inflammatory 

cells, and macrophages are one of the major cell population types [237]. In 

this thesis, it has been previously shown (Chapter 3) that macrophages, in 

particular those associated with an M2-like phenotype, contribute to the 

establishment of an immunosuppressive microenvironment that dampens 

effective anti-tumour T cell response at metastatic site. So far, inhibition of 

myeloid cells trafficking or signalling transduction has been demonstrated to 

be an effective therapeutic route to reverse immunosuppression in pancreatic 

cancer [188], [189], [251], [296]. With the intent to validate MAM targeting 

impact on anti-tumour immunity different strategies to impair macrophages 

survival, differentiation and chemotaxis/recruitment were used. 

PI3K signalling is one of the most common deregulated pathways that drives 

cancer initiation and progression [12]. However, PI3K pathway is not only 

acting on cancer cells, but it also contributes to TME regulation. PI3K is one 

the isoforms of Class I PI3K enzymes and is activated in granulocytes and 

monocytes in response to tumour release cytokines and chemokines 

including IL-8, CXCL12, IL-1β, IL-6, TNFα and CSF-1 [297]. Upon activation, 

PI3K mediates myeloid cell adhesion to the vasculature and subsequent 

extravasation into the tumour site, thereby playing a crucial role in stimulating 

angiogenesis and tumour progression [291]. Recent studies further identified 

PI3K to be necessary for pancreatic cancer progression [292] and 

macrophage polarization towards an immunosuppressive phenotype [191], 

[192]. In our studies, we used PI3K
-/- mice as model system to validate the 

effect of reduced macrophage infiltration into the metastatic site; indeed, it 
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has been shown that macrophages derived from PI3K deficient mice have a 

reduced capacity to migrate toward a wide range of inflammatory chemo-

attractant stimuli [298], [299]. In respect to pancreatic cancer metastasis, 

here it was observed that lack of PI3K reduces MAM number at the 

metastatic site, increases CD8+ T cells infiltration and cancer cell apoptosis, 

thereby affecting metastasis formation into the liver. Thus, these findings 

support the notion that depletion of PI3K stimulates tumour immunity and 

they also suggest that the use of PI3K inhibitors might be of interest to 

target pancreatic cancer at the metastatic site. 

An alternative therapeutic approach to block the tumorigenic activity of 

macrophages is focused on inhibiting CSF-1 and its cognate receptor CSF-

1R. CSF-1R is prominently expressed by cells of the monocyte lineage and, 

therefore, has become a target to interfere with TAM functions [180]. CSF-1 

is the major growth and differentiation factor for cells of the monocytic-

macrophage lineage, and is abundantly expressed by several tumour types, 

including pancreatic cancer [300]. Thus, blockade of the CSF-1 / CSF-1R 

axis represents an attractive strategy to target the tumour promoting 

functions of macrophages and it has been tested in a variety of pre-clinical 

tumour models, with different outcomes [51], [295]. CSF-1R inhibition 

reduces TAM numbers in tumour models of colon, ovarian, breast, and 

pancreatic cancer [182]; while in glioblastoma mouse model, inhibition of 

CSF-1R did not deplete TAMs, but instead promoted the re-education of 

macrophages from a tumour promoting M2-like phenotype to an anti-

tumorigenic M1-like effector type [184]. In the study presented in this thesis, it 

was found that CSF-1 is highly expressed by disseminated pancreatic cancer 
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cells and that, within the hepatic metastatic site, CSF-1R is expressed by 

MAMs, and not by cancer cells. Pharmacological blockade of the CSF-1 / 

CSF-1R axis by using either CSF-1R small molecule inhibitor (BLZ945) or 

αCSF-1 inhibitory antibody reduced MAMs number, and reprogrammed 

remaining MAMs towards an immune-stimulatory phenotype, as suggested 

by high expression of the T cell attracting chemokine Cxcl10, T cell activating 

cytokines Ifng and Il12 and by increased antigen presenting abilities (H2Aa 

and Cd86 expression). In contrast, immune suppressive factors (Tgfb, Il10, 

Arginase), as well as expression of scavenger receptor (Mrc, CD206) were 

strongly down-regulated in MAMs in response to CSF-1 / CSF-1R inhibition. 

Reprogramming of MAMs was sufficient to elicit anti-tumour immunity, since 

it was observed increased infiltration of CD8+ T cells with reinvigorated 

activity, as suggested by high level of CD8+ T cell secretion of IFN and 

GzmB cytotoxic factors, as well as increased CD8+ T cell proliferation. 

Hence, CSF-1 / CSF-1R targeting increased effectively a CD8+ T cell 

cytotoxic response against the metastatic pancreatic cancer, thereby leading 

to a reduction of the metastatic burden in a T-effector cell dependent manner. 

All together, these results indicate that the presence of an 

immunosuppressive microenvironment at the metastatic site is one of the 

main regulators of pancreatic tumour escape from CD8+ T cell mediated 

elimination. Immunosuppressive macrophages are one of the principal 

immune cell infiltrates within the TME, thereby their targeting represents a 

very powerful strategy to re-establish a pro-inflammatory, cytotoxic T cell rich, 

anti-tumour response at the metastatic site in pancreatic cancer.
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5 Chapter 5: Macrophage-targeted therapies 

stimulate anti-tumour immunity and sensitize 

metastatic pancreatic cancer to PD-1 checkpoint 

blockade. 

 
Inhibitory pathways that regulate CD8+ T cell activity act physiologically to 

prevent chronic stimulation of T cells and insurgence of autoimmune 

diseases. The inhibitory receptor PD-1 is expressed on the surface of CD8+ T 

cells, upon antigen recognition, during the effector phase of the anti-tumour 

immune response. PD-1 engagement by its ligand, PD-L1, results in 

inhibition of CD8+ T cell proliferation and function, a process named T cell 

exhaustion [138], [140]. PD-1 mediated T cell exhaustion is one of the main 

mechanism by which tumours escape immune surveillance, thus therapeutic 

blockade of PD-1 has become one of the most important advances in the 

history of cancer treatment [301]. Despite the enormous clinical benefits 

derived from PD-1 inhibition for several cancer types [140], pancreatic cancer 

still remains refractory to a single agent therapy [280]. Immunosuppressive 

macrophages highly infiltrate metastatic pancreatic cancer (Chapter 3) and 

their targeting positively impact anti-tumour immunity (Chapter 4). In here, it 

was reasoned that re-activation of the CD8+ T cell cytotoxic response 

obtained by targeting MAMs might induce expression of PD-L1 on cancer 

cells leading to increased tumour resistance against CD8+ T cell mediated 

immune attacks. Blockade of PD-1 / PD-L1 axis can have a therapeutic 

potential only if T cells are involved in a pre-existing anti-tumour response 

and PD-1 and PD-L1 expression are induced. Thereby, it was examined i) 

whether PD-L1 is expressed on disseminated pancreatic cancer cells and/or 
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stroma cells at the metastatic site and ii) whether the combination of MAM 

targeted therapy together with PD-1 inhibition could offer a powerful 

approach to boost anti-tumour immunity and fight pancreatic cancer 

metastasis. 

5.1 PD-L1 expression is up-regulated in cancer cells in 

response to CSF-1 / CSF-1R inhibition. 

 
In the previous chapter (Chapter 3) it has been reported increased PD-1 

expression on CD8+ T cells during metastatic progression and it has been 

found that it correlated with the acquisition of a T cell dysfunctional 

phenotype. Here, PD-L1 expression within the TME in pancreatic cancer 

metastasis was characterized. The presence of PD-L1 has been mainly 

associated with a mechanism of acquired resistance induced in response to 

T cell release of IFN. To validate whether PD-L1 expression in metastatic 

pancreatic cancer cells is induced in response to active anti-tumour immune 

response, the presence of PD-L1 in KPC mice-derived cancer cells was 

tested in vitro. It was found that cultured KPC cancer cells did not express 

PD-L1, but PD-L1 expression was strongly induced by IFN stimulation 

(Figure 5.1). 

 

 

 

 

 

 

 

 

 



                                                                                                                         Chapter 5: Results 

181 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, the expression of PD-L1 in vivo at the liver metastatic site was 

assessed. Experimental liver metastasis was induced by implanting 

KPCluc/zsGreen cancer cells into mice spleen and PD-L1 expression in resected 

metastatic livers was analysed after 14 days. Flow cytometry analysis of the 

digested livers allowed us to identify the CD45negzsGreenneg immune cells 

depleted stroma population, F4/80+ MAMs and zsGreen+ cancer cells. It was 

found that within the three cell populations, PD-L1 was highly expressed by 

Figure 5.1 IFN induces the expression of PD-L1 in in vitro 

cultured pancreatic cancer cells. 

Representative flow cytometry dot plots showing in vitro PD-L1 

expression in KPC cancer cells in absence (unstimulated) or in 

presence of IFN stimulation (IFN stimulated). Murine 

recombinant IFN was used at a concentration of 50 ng / ml to 

stimulated cultured KPC cancer cells for 48 hours. Unstimulated 

cells were cultured for 48 hours in DMEM media supplemented 

with 2 % FBS. Percentage of PD-L1 positive cells is expressed 

as mean ± SD. Data are representative of 3 independent 

experiments.  



                                                                                                                         Chapter 5: Results 

182 
 

MAMs (Figure 5.2 a), and that MAMs were the main source of PD-L1 (Figure 

5.2 b) within the metastatic tumour.  

 

 

 

 

 

 

 

 

 

 

 

 

In Chapter 4, increase in IFN secretion by CD8+ T cells was described as a 

consequence of MAM inhibition. To analyse whether MAM-targeted therapies 

affect PD-L1 expression within the metastatic niche, metastatic liver tissues 

from mice injected with KPC mice derived cancer cells were analysed 

following treatment with control vehicle (CTR), BLZ945, or αCSF-1 inhibitory 

antibody starting after 6 days of cancer cells injection. At the end point, day 

20, flow cytometry analysis of the digested livers from all treatment cohorts of 

Figure 5.2 MAMs are the main source of PD-L1 in pancreatic 

cancer metastatic livers.  

Liver metastasis was induced by intrasplenic injection of KPCluc/zsGreen 

cancer cells. After 14 days metastatic livers were resected from 

euthanized mice and analysed. Quantification by flow cytometry of a) 

PD-L1 expression levels in F4/80+ MAMs, immune cell depleted 

stroma (CD45negzsGreenneg) and tumour cells (zsGreen+) at day 14; 

b) percentage of PD-L1 expressing cell types within the metastatic 

tumour. N = 4 mice; mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; 

n.s. not significant by Bonferroni multiple comparison. 
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mice, allowed identification of the CD45negzsGreenneg  immune depleted 

stroma cells, F4/80+ MAMs and zsGreen+ cancer cells.  PD-L1 expression 

was assessed in these three TME cell components. It was found that 

inhibition of CSF-1 / CSF-1R significantly increased PD-L1 expression in 

tumour cells (Figure 5.3 a and b), while PD-L1 expression on MAMs and 

immune depleted stroma cells remained unchanged (Figure 5.3 a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 MAM targeted therapies induce PD-L1 expression on 

metastatic cancer cells.  

Liver metastasis was induced by intrasplenic injection of KPCluc/zsGreen 

cancer cells. Metastatic tumours were treated with αCSF-1, isotype IgG 

control (CTR) or BLZ945 starting 6 days after cancer cells injection. At the 

end point (day 20) livers were resected and single cell suspension was 

analysed by flow cytometry. a) Percentage change in PD-L1 expression 

levels in F4/80+ MAMs, immune cell depleted stroma (CD45negzsGreenneg) 

and tumour cells (zsGreen+) in the different treatment cohorts and 

compared to CTR mice. b) Quantification of PD-L1 expression on 

metastatic cancer cells (zsGreen+) as Mean Fluorescence Intensity (MFI) in 

IgG antibody (CTR) and αCSF-1 antibody treated metastasis bearing mice. 

N = 4 mice / group; mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison and unpaired t-test. 
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The increase in PD-L1 expression upon treatment with neutralizing αCSF-1 

antibody was also confirmed in total metastatic tissues by IHC analysis. 

Interestingly, the majority of PD-L1 positive signal was found in cells forming 

ductal-like structures, suggesting high expression of PD-L1 on metastatic 

cancer cells (Figure 5.4).  

 

 

 

 

 

 

 

  

Figure 5.4 Inhibitory αCSF-1 therapy induces PD-L1 expression in 

metastatic livers of pancreatic cancer.  

Liver metastasis was induced by intrasplenic injection of KPCluc/zsGreen 

cancer cells. Metastatic tumours were treated with αCSF-1 or isotype IgG 

control (CTR) starting 6 days after cancer cells injection. 

Immunohistochemistry (IHC) representative images and relative 

quantification of PD-L1+ cells in metastatic tissues obtained from resected 

livers at the end point (day 20). N = 4 mice / group, n = 5 field of view / 

mouse; mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 

0.05; n.s. not significant by unpaired t-test. Black arrows point to PD-L1+ 

cells. 
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It was also decided to examine whether MAM targeted therapies differently 

affected PD-1 expression in CD8+ T cells. Flow cytometry analysis revealed 

that CSF-1 / CSF-1R inhibition increased PD-1 expression on cytotoxic T 

cells within the metastatic site, most likely as an effect of enhanced anti-

tumour immune effector response induced by immunosuppressive MAMs 

inhibition (Figure 5.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 MAM targeted therapies enhance PD-1 expression in 

CD8+ T cells.  

Liver metastasis was induced by intrasplenic injection of KPCluc/zsGreen 

cancer cells. Metastatic tumours were treated with αCSF-1, isotype IgG 

control (CTR) or BLZ945 6 days after cancer cells injection. At the end 

point (day 20), livers were resected and single cell suspension was 

analysed by flow cytometry. Percentage change in PD-1 expression in 

CD8+ T cells from metastatic tumours of the different mouse treatment 

cohorts, in comparison to CTR mice, is reported in the graph. N = 4 mice 

/ group; mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison. 
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Taken together, these results suggest that in established metastatic lesions, 

MAMs are the main source of PD-L1 expression, and that cancer cells 

respond to CSF-1 / CSF-1R blockade-mediated restoration of immune 

surveillance by up-regulating PD-L1.  

5.2 PD-1 blockade potentiates the anti-tumoral effect of CSF-

1 neutralization 

It was then reasoned that the observed increase 

 in PD-L1 expression on metastatic pancreatic cancer cells in response to 

CSF-1 / CSF-1R therapy, might dampen, at least in part, the efficacy of anti-

MAM therapy, and that blocking PD-1 / PD-L1 signalling could improve the 

anti-tumorigenic activity of CSF-1 inhibition. To address this question, liver 

metastasis in immunocompetent WT mice was induced by intrasplenic 

implantation of KPCluc/zsGreen cancer cells. Starting at day 7, after seeding of 

cancer cells to the liver, mice were treated with either αPD-1, αCSF-1 

inhibitory antibodies alone or with a combination of both (Figure 5.6 a).  

To assess the response of metastatic tumours to treatment, tumours volume 

was quantified by in vivo MR imaging technique, one day prior to antibody 

treatment (day 6) and one day before the endpoint (day 19). Strikingly, MR 

imaging revealed that metastatic tumour progression was significantly 

inhibited by both mono-therapies. However, the anti-tumorigenic effect of 

αCSF-1 treatment was further potentiated when administrated in combination 

with αPD-1 inhibitor (Figure 5.6 b and c).  
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Figure 5.6 PD-1 inhibition synergises with MAM targeting to 

inhibit metastasis progression.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells.  Initial tumour volume was quantified on 

day 6 by in vivo Magnetic Resonance (MR) imaging. Cohorts were 

treated with control IgG, αCSF-1, αPD-1 inhibitory antibodies alone 

or in combination. Treatment regimen for αCSF-1 and αPD-1 started 

at day 7 and day 9, respectively. At day 19 changes in tumour 

volume was quantified by in vivo MR imaging using T2-weighted 

sequence. Mice were sacrificed on day 20. a) Schematic 

representation of the experiment. b) Percentage change of 

metastatic volume in mice before (day 6) versus after (day 19) 

treatment. c) Representative MR images of metastatic livers. N = 5 

mice / group; individual data points, horizontal lines represent mean 

± SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by 

Bonferroni multiple comparison. 
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Next, the anti-tumour effects of αPD-1 and αCSF-1 blocking therapies were 

analysed either alone or in combination. At the endpoint, resected livers were 

analysed for T cell infiltration by IHC tissues staining (CD3+ T cells, Figure 

5.7 a) and by flow cytometry analysis (CD8+ T cells, Figure 5.7 b). Very few T 

cells were detected in metastatic pancreatic tumours of the isotype control 

treated mice cohort (CTR). In contrast, mice treated with either αPD-1 or 

αCSF-1, single inhibitor agents, revealed a significantly higher presence of 

intra-metastatic T cells number, which was further potentiated in the 

combination treatment. It is worth mentioning that anti-CD3 antibody was 

used to detect T cells infiltration by IHC because a valid anti-CD8 antibody 

for IHC was not available at the time in which the experiment was performed. 

This is the reason why IHC and flow cytometry analysis were combined to 

investigate T cells infiltration at the metastatic site. 
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Figure 5.7 PD-1 and CSF-1 inhibition, alone or in combination, enhance 

T cell number in metastatic livers.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Cohorts were treated with control IgG (CTR), αCSF-1, αPD-1 

antibodies alone or in combination. Mice were sacrificed on day 20 and livers 

harvested. a) Representative images and quantification of CD3+ T cells in 

each treatment cohort by immunohistochemistry analysis. b) Quantification of 

CD8+ T cells in tumour bearing livers in each treatment cohort by flow 

cytometry. N = 5 mice / group, n = 5 field of view / mouse; mean ± SEM. 

Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by 

Bonferroni multiple comparison. 
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Quantitative gene expression analysis by PCR for T cell activation markers 

(Gzmb, Tnfa, Ifng, Prf1) on RNA extracted from PD1+ CD8+ T cells isolated 

by flow cytometry showed a reinvigoration of CD8+ T cell activity in response 

to αCSF-1 and αPD-1 single therapies. Particularly, cytotoxicity was strongly 

increased in CD8+ T cells when combinatorial αCSF-1/αPD-1 treatment was 

administered (Figure 5.8)       

 

 

 

 

 

 

 

 

 

 

Figure 5.8 PD-1 and CSF-1 inhibition alone or in combination enhance 

CD8+ T cell function in metastatic livers. 

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Cohorts were treated with control IgG (CTR), αCSF-1, αPD-1 

antibodies alone or in combination. Mice were sacrificed on day 20 and single 

cells suspension was obtained from harvested liver. CD8+ PD1+ T cells were 

isolated from total metastatic liver cells by flow cytometry ARIA sorter. 

Quantification of Granzyme B (Gzmb), Perforin (Prf1), Tnfa, Ifng expression 

by quantitative PCR in metastasis CD8+ PD1+ T cells from all treatment 

cohorts. N = 5 mice / group; mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; 

n.s. not significant by Bonferroni multiple comparison.  
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At the end point, metastatic livers were also analysed by IF staining to 

determine the effects of the treatments on cancer cell death. Indeed, together 

with increased CD8+ T cell activity, cancer cell apoptosis in mice treated with 

αPD-1 and αCSF-1 inhibitory antibodies alone or in combination was also 

higher in comparison to mice treated with control IgG antibody (CTR). 

Apoptotic cancer cells were quantified by percentage of zsGreen+ metastatic 

cancer cells positive for cleaved caspase 3 (CC3) apoptotic marker (Figure 

5.9).  
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Figure 5.9 PD-1 and CSF-1 inhibition alone or in combination enhance 

metastatic pancreatic cells apoptosis.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Cohorts were treated with control IgG (CTR), αCSF-1, αPD-1 

antibodies alone or in combination. Mice were sacrificed on day 20 and livers 

harvested. Representative immunofluorescence staining and quantification of 

cleaved caspase 3 (CC3) positive signal in metastatic cancer cells 

(zsGreen+) in mouse livers of each treatment cohort. Nuclei were 

counterstained with DAPI. N = 5 mice / group; n = 5 field of view / mouse; 

mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s; not 

significant by Bonferroni multiple comparison. White arrows point to CC3+ 

cells (in red). 
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Taken together, these results suggest that in our experimental metastasis 

model single agent αPD-1 treatment improved CD8+ T cell cytotoxic activity 

and reduced pancreatic cancer metastatic progression, if it was administrated 

at an early metastatic dissemination stage (day 6), when metastatic tumours 

are highly infiltrated by cytotoxic CD8+ T cells and anti-tumorigenic M1-like 

macrophages (Chapter 3).  

 

5.3 CSF-1 inhibition reduces desmoplasia and sensitizes 

metastatic pancreatic cancer to αPD-1 treatment. 

 
Resistance of pancreatic cancer to PD-1 blockade as single agent therapy is 

well established [166], [189]. Thus, in here it was speculated that the 

observed positive therapeutic effect of αPD-1 blocking treatment was due to 

a poor establishment of immunosuppressive tumour microenvironment 

allowing unobstructed T cell infiltration at the time αPD-1 treatment was 

started (day 7). Indeed, stroma components, other than MAMs, in the tumour 

microenvironment can oppose T cell functions. In a previous report, our 

group has shown that activation of hepatic stellate cells critically promotes 

pancreatic cancer metastatic progression by inducing liver fibrosis [117]; 

other studies also suggest that myofibroblasts, as well as collagen deposition 

can impair T cell infiltration in the primary tumour [217], [218]. 

Thus, the localisation of CD8+ T cells within metastatic tumours was 

assessed. Advanced metastatic liver tissues deriving from pancreatic cancer 

patients showed only few CD8+ T cells within the tumour lesion, while the 

majority of CD8+ T cells localized mainly at the periphery of metastatic 

lesions, where high number of αSMA+ myofibroblasts accumulated (Figure 

5.10). 
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Figure 5.10 CD8+ T cells localize at the periphery of metastatic 

lesions. 

Representative immunohistochemistry (IHC) staining of CD8+ T cells and 

myofibroblasts (αSMA+) in human pancreatic cancer metastatic livers and 

quantification of peripheral (P) and intra-metastatic (IM) CD8+ T cells. 

Asterisks show metastatic pancreatic ducts. N = 10 patients, n = 4 field of 

view / patient; mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 0.01; *, 

P < 0.05; n.s. not significant by unpaired t-test. Arrows point to CD8+ T 

cells (upper panel) and to αSMA+ cells (lower panel). Asterisks indicate 

metastatic lesions.   
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Analysis of murine experimental metastatic liver tissues confirmed an 

accumulation of fibrotic stroma in metastatic lesions after 14 days (Day 14) of 

intrasplenic KPCluc/zsGreen cancer cells injection, but not after 6 days (Day6). 

Strikingly, pattern of fibrotic stroma formation was completely opposite to 

CD8+ T cell accumulation, since at Day 6 metastatic livers were fully 

infiltrated by T cells, while in large lesions, at day 14, T cell infiltration was 

lost (Figure 5.11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Large metastatic lesions at day 14 are highly fibrotic and 

poorly infiltrated by CD8+ T cells. 

Liver metastasis was induced by intrasplenic implantation of 1x106 

KPCluc/zsGreen cancer cells. Livers were resected from sacrificed mice 6 and 14 

days after tumour implantation. Tissue sections were analysed by 

Immunohistochemistry (IHC) and immunofluorescence (IF) staining for 

αSMA+ (myofibroblasts) and CD8+ T cells, respectively.  Collagen deposition 

was assessed in metastatic tissue sections by Picrosirius red staining. N = 4 

mice / group, n = 5 field of views / mouse; Scale bar = 100 μm. In each 

micrograph arrows point to positively stained cells. In picrosirius red stained 

micrographs arrows point to fibrotic area (in red). 
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Based on these observations, it was reasoned to repeat the treatment of 

metastasis bearing mice with αCSF-1 and αPD-1 inhibitory antibodies alone 

or in combination, this time starting the therapy at day 14, in the presence of 

high fibrotic stroma and poor CD8+ T cell infiltration. To assure that the 

observed response to αPD-1 treatment was not affected by a specific cell 

line, the experiment was performed using two different pancreatic cancer cell 

lines: the KPCluc/zsGreen and Panc02 luc/zsGreen cancer cells (Figure 5.12 a). 

Treatments were carried out for 10 days and at the end point (day 24), livers 

were harvested from euthanized mice and tumour was measured by ex-vivo 

BLI (Figure 5.12 b). Reduction in tumour burden followed by use of αPD-1 

inhibitor as single treatment was not observed, independently of the cell lines 

used to induce metastatic tumour formation. Interestingly, treatment with 

αCSF-1 inhibitor as mono-therapy induced only a modest reduction of tumour 

in comparison to CTR mice. Only combination of αPD1 and αCSF-1 

neutralizing antibodies together significantly impaired metastatic progression. 
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Next, KPCluc/zsGreen and Panc02 luc/zsGreen cancer cells derived metastatic 

lesions of the different treatment cohorts were interrogated for collagen 

deposition (Picrosirius red staining) (Figure 5.13 a and b) and myofibroblasts 

(αSMA+ cells) accumulation (Figure 5.14 a and b). It was observed that in 

IgG control (CTR) and in αPD-1 treated mice, metastatic lesions were 

characterized by dense fibrotic stroma, while αCSF-1 therapy either alone or 

in combination with αPD-1 was able to strongly reduce collagen deposition 

and hepatic stellate cell activation. Importantly, the observed phenotype was 

not cell line specific, as similar results were obtained for KPCluc/zsGreen   and 

Panc02 luc/zsGreen induced metastasis.  

 

 

Figure 5.12 PD-1 blockade impairs metastatic growth of pancreatic 

cancer only if administrated in combination with MAM target therapy. 

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen or Panc02 luc/zsGreen cancer cells. Cohorts were 

treated with control IgG (CTR), αCSF-1, αPD-1 inhibitory antibodies alone 

or in combination. Treatment with αCSF-1 and αPD-1 inhibitors started at 

day 14 and day 17, respectively. Tumour burden was quantified and 

analysed at the end point (day 24) a) Schematic representation of the 

experiment. b) Representative ex-vivo bioluminescence images (BLI) 

showing metastatic tumour burden in the liver as radiance (only for 

KPCluc/zsGreen derived metastatic lesions). Graph: Quantification of 

radiance (total flux). N = 4 mice / group, n = 5 mice CTR group for 

KPCluc/zsGreen, n = 5 mice / group for Panc02 luc/zsGreen cancer cells 

implanted mice. Individual data points, horizontal lines represent mean ± 

SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by Bonferroni 

multiple comparison. 
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Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen or 

Panc02 luc/zsGreen cancer cells. Cohorts were treated with control IgG (CTR), 

αCSF-1, αPD-1 antibodies alone or in combination. Livers were harvested at 

the end point (day 24) and analysed. Representative images and relative 

quantification of Hematoxylin and Eosin (H&E, left panels) and picrosirius red 

(right panels) staining of sequential liver sections of metastatic livers induced 

by a) KPCluc/zsGreen and b) Panc02 luc/zsGreen cancer cells implantation and 

treated with IgG control (CTR) or inhibitory antibodies. N = 4 mice / group, n = 

5 mice CTR group for KPCluc/zsGreen;. n = 5 mice / group for Panc02 luc/zsGreen 

cancer cells implanted mice. N = 5 fields of view / mouse; mean ± SEM.  

Figure 5.13 CSF-1 blockade reduces desmoplasia in pancreatic cancer 

metastatic lesions. 
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Scale bar = 100 μm. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by 

Bonferroni multiple comparison. In picrosirius red staining micrographs 

arrows point to fibrotic area (in red). 

 

 

 

 

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen or Panc02 luc/zsGreen cancer cells. Cohorts were treated with 

control IgG, αCSF-1, αPD-1 inhibitory antibodies alone or in 

combination. Liver were harvested at the end point (day 24) and 

Figure 5.14 Neutralizing αCSF-1 treatment impairs hepatic stellate 

activation in pancreatic cancer metastatic lesions.  



                                                                                                                         Chapter 5: Results 

201 
 

analysed. Representative immunofluorescence (IF) images and relative 

quantification of αSMA+ myofibroblasts in liver sections of metastatic 

livers induced by a) KPCluc/zsGreen and b) Panc02 luc/zsGreen cancer cells 

implantation and treated with IgG control or inhibitory antibodies. Nuclei 

were counterstained with DAPI. In KPC luc/zsGreen cancer cells induced 

metastatic liver section, zsGreen+ signal from cancer cells is also 

detected. N = 4 mice / group, n = 5 mice CTR group for KPCluc/zsGreen; 

n=5 mice / group for Panc02 luc/zsGreen cancer cells implanted mice. N = 5 

fields of view / mouse. Mean ± SEM. Scale bar = 100 μm. P<0.001; **, P 

< 0.01; *, P < 0.05; n.s. not significant by Bonferroni multiple 

comparison. 

 

Interestingly, analysis of fibrosis deposition (Picrosirius red staining) in mice 

treated at the early time point (day 7) with αPD-1 and αCSF-1 inhibitory 

antibodies alone or in combination (Figure 5.6), revealed that desmoplasia in 

metastatic lesions treated with αPD-1 was lower in comparison to control 

mice but also compared to late time point αPD-1 inhibitor treated metastatic 

lesions (Figure 5.13), thus giving a possible explanation for the inefficiency of 

αPD-1 therapy if administered at day 14. On contrary, αCSF-1 treatment 

administrated as single agent or combination with αPD-1 led to a marked 

fibrotic stromal reduction independent of the start of the treatment (early or 

late time point) (Figure 5.13 and Figure 5.15). 
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Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. Cohorts were treated with control IgG (CTR), αCSF-1, αPD-1 

antibodies alone or in combination starting at day 7. Mice were sacrificed on 

day 20 and livers harvested. Representative images and relative 

quantification of Hematoxylin and Eosin (H&E) and picrosirius red stainings of 

sequential metastatic liver tissue sections. N = 5 mice / group, n = 5 fields of 

view / mouse; mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 

0.05; n.s. not significant by Bonferroni multiple comparison.  

 

Figure 5.15 αCSF-1 inhibitor treatment reduces desmoplasia in 

pancreatic cancer metastatic lesions independently on treatment 

starting time.  
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Finally, to validate whether fibrosis was affecting CD8+ T cell accumulation 

and intra-metastatic infiltration, resected KPCluc/zsGreen (Figure 5.16 a) or 

Panc02 luc/zsGreen (Figure 5.16 b) cancer cell induced metastatic liver tissues 

were analysed by IF. Together with high fibrosis deposition, murine livers 

from CTR and αPD-1 inhibitors treated mice displayed few infiltrating CD8+ T 

cells. On contrary, lesions of αCSF-1 antibody treated mice were rich in intra-

metastatic CD8+ T cells, a characteristic that was even more potentiated by 

combinatorial  αPD-1 treatment.  

 



                                                                                                                         Chapter 5: Results 

204 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further confirm that the fibrosis reduction induced by αCSF-1 inhibitor 

treatment was improving CD8+ T cell infiltration into the metastatic lesion, 

thereby allowing CD8+ T cells to physically interact with disseminating cancer 

cells, the localization of CD8+ T cells in metastatic was investigated in mice of 

the treated cohorts. Indeed, it was found that CSF-1 inhibition highly induced 

CD8+ T cell entry into the metastatic lesion (Figure 5.17). 

 

 

 

 

 

 

 

 

Figure 5.16 Reduction in desmoplasia induced by CSF-1 blockade is 

accompanied by high infiltration of CD8+ T cells.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen or 

Panc02 luc/zsGreen cancer cells. Cohorts were treated with control IgG (CTR), 

αCSF-1, αPD-1 antibodies alone or in combination. Livers were harvested at 

the end point (day 24) and analysed. Representative immunofluorescence 

(IF) staining images and relative quantification of CD8+ T cells in liver 

metastatic tumours induced by a) KPCluc/zsGreen and b) Panc02 luc/zsGreen cancer 

cells implantation. Nuclei were counterstained with DAPI. N = 4 mice / group, 

n = 5 mice CTR group for KPCluc/zsGreen ; n = 5 mice / group for Panc02 

luc/zsGreen cancer cells implanted mice. N = 5 fields of view / mouse. Mean ± 

SEM. Scale bar = 100 μm. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison. White arrows point CD8+ T 

cells (in red). 
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Figure 5.17 CSF-1 blockade enhances CD8+ T cell entry into 

metastatic lesions.  

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Cohorts were treated with control IgG (CTR) 

or αCSF-1 inhibitory antibody starting 14 days after cancer cells 

implantation. Livers were harvested at the end point (day 24) and 

analysed. Representative immunohistochemistry (IHC) images and 

relative quantification of peripheral (P) and intra-metastatic (IM) CD8+ T 

cells in metastatic liver tissues. N = 4 mice / group, n = 5 mice CTR 

group; n = 5 fields of view / mouse. Mean ± SEM. Scale bar = 100 μm. 

P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test. 

Black arrows point CD8+ T cells. 
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To recapitulate the finding obtained so far, mice bearing KPCluc/zsGreen or 

Panc02 luc/zsGreen cancer cell derived metastatic lesions were treated with IgG 

control (CTR), αPD-1, αCSF-1 inhibitory antibodies alone or in combination 

starting at either early (day 7) or at later (day 14) time point, when T cell 

infiltration is lost and metastatic livers are highly fibrotic (Figure 5.18 a). To 

assess the therapeutic benefits of the different treatment regimens, the total 

area of metastatic lesions (identified by H&E staining) was measured in each 

treatment cohort, and the changes in metastatic area were compared to the 

control group. Similar as it was observed before, in response to early 

intervention (day 7) metastasis progression was inhibited by both αPD-1 and 

αCSF-1 delivered as mono-therapies (αPD-1 = 49 ±3 %; αCSF-1 = 50 ± 3 

%), but the anti-tumorigenic effect of αCSF-1 was highly potentiated when 

combined with αPD-1 (αCSF-1 / αPD-1= 80 ± 3 %) (Figure 5.18 b). In 

contrast, in response to a later intervention on advanced metastatic lesions 

(day 14), neither αPD-1 nor αCSF-1 alone were able to reduce metastatic 

tumour burden (KPC: αPD-1 = 3 ± 3 %; αCSF-1 = 22 ± 2 %; Panc02: αPD-1 

= 5 ± 3 %; αCSF-1 = 21 ± 4 %) (Figure 5.18 c). In the presence of large 

metastatic lesions, only combinatorial treatment of αCSF-1 / αPD-1 was able 

to severely decrease metastatic tumour burden by 61 ± 4 % (KPC) and 55 ± 

3 % (Panc02), respectively (Figure 5.18 c). However, it is worth noting that 

combinatorial treatment at early intervention showed a better response (20 ± 

8 % higher) in comparison with the same treatment administered at later time 

point (Figure 5.18 b and c).  
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Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen or Panc02 luc/zsGreen cancer cells. Cohorts were treated with 

control IgG (CTR), αCSF-1, αPD-1 antibodies alone or in combination. 

Early time point treatment started at day 7, prior to T cell exclusion, while 

late time point treatment started at day 14. Metastatic lesions were 

quantified at the end point. a) Schematic representations of the 

experiment. Percentage average change in metastatic lesion area 

compared to control in response to treatment started at b) early and c) 

late time points and quantified by haematoxylin and eosin (H&E) 

Figure 5.18 CSF-1 and PD-1 co-inhibition reduces liver 

metastatic progression into the liver.  
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staining. N = 4-5 mice / group; individual data points, horizontal lines 

represent mean ± SEM . P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison. 

 

To address whether a difference in the treatment regimen or impaired drug 

delivery might have caused the inferior response of αCSF-1 / αPD-1 inhibitor 

therapy at late intervention in comparison to early intervention, the anti-

tumoral activity of MAMs isolated from tumours exposed to combinatorial 

αCSF-1 and αPD-1 treatments started at early (day 7) versus late (day 14) 

intervention (Figure 5.19 a) was compared. KPCluc/zsGreen cancer cells were 

implanted into mice to generate liver metastasis and mice were 

simultaneously treated with αCSF-1 and αPD-1 inhibitors starting at early 

time point (day 7) or a late time point (day 14). αCSF1 / αPD-1 treatment was 

carried out for 10 days and at the end point (day 16 for early treatment and 

day 24 for late treatment), MAMs were isolated from treated metastatic livers 

and adoptively transferred (AT) into experimental metastasis bearing mice 

(Figure 5.19 b). Metastatic burden in mice receiving AT of MAMs was 

quantified by BLI after 5 days. In comparison to CTR mice, which were 

intravenously injected with PBS, mice receiving AT of MAMs from early or 

late αCSF-1 / αPD-1 treated tumours had reduced metastasis. However no 

difference in tumour size was found between mice receiving AT from day 7 

(d7) or day 14 (d14) treated animals (Figure 5.19 c).  

 

 

 

 

 



                                                                                                                         Chapter 5: Results 

209 
 

 

 

 

a) Liver metastasis was induced by intrasplenic implantation of 

KPCzsGreen/luc cancer cells and αCSF-1 and αPD-1 combination treatment 

was started after 7 or 14 days. F4/80+ MAMs were isolated at day 16 or 

day 24 from resected metastatic livers from each of the two treated 

cohorts (d7 and d14 αCSF-1 / αPD-1 treated mice) and adoptively 

transferred (AT) into experimental metastasis bearing mice at day 7. The 

Figure 5.19 MAMs isolated from tumours exposed to αCSF-

1/αPD-1 inhibitors co-treatment have anti-metastatic activity.  
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experiment was terminated after 5 days, at day 12. a and b) Schematic 

representation of the experiments. c) Representative in vivo 

bioluminescence (BLI) images of tumour burden as radiance in hepatic 

metastasis bearing mice, which received AT of MAMs or not (CTR 

mice). Quantification of the metastatic burden is expressed as fold 

change of total flux/sec, relative to CTR mice. N = 4 mice / group; 

individual data points, horizontal lines represent mean ± SEM . P<0.001; 

**, P < 0.01; *, P < 0.05; n.s. not significant by Bonferroni multiple 

comparison.  

 

Taken together these results show that CD8+ T cell entry into metastatic 

pancreatic cancer lesions is crucial for efficacy of αPD-1 therapy. At the 

metastatic site, together with immunosuppressive MAMs, fibrotic stroma 

represents an additional barrier that T cells need to overcome to penetrate 

into the tumour and exert their cytotoxic activity. Immune checkpoint 

blockade can only be beneficial if combined with therapeutic strategies that 

target the immunosuppressive barrier of TME.  
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5.4 Discussion 

Immune checkpoint blockade has become an attractive therapeutic strategy 

to treat multiple cancers, but resistance is common [301]. Binding of PD-L1 to 

its receptor, PD-1, suppresses T cell migration, proliferation, secretion of 

cytotoxic mediators, and restricts tumour cell killing [146]. Increasing 

evidence suggest that PD-L1 expression on cancer cells, which is induced by 

pro-inflammatory cytokines (i.e. IFN), is a mechanism of adapted immune 

resistance in response to an active immune surveillance [121].  

Beside its expression on tumour cells, PD-L1 is also expressed on tumour 

infiltrating immune cells, especially cells from the myeloid/macrophage 

lineage [302]. In agreement with a recent report on primary pancreatic 

tumour [167], this study also identify MAMs as the main source of PD-L1 

expression in advanced metastatic lesions, while disseminated tumour cells 

surprisingly express only low levels of PD-L1. The relative roles and functions 

of PD-L1 expression on tumour and stroma cells in limiting anti-tumour 

immunity is not yet fully understood, however this study provides a further 

characterization of PD-L1 expression within the pancreatic cancer metastatic 

niche. Here it has been shown that reprogramming of MAMs towards an 

immune-stimulatory phenotype did not alter their PD-L1 expression, but 

instead led to up-regulation of PD-L1 expression on tumour cells and to 

enhanced expression of PD-1 on CD8+ T cells. Recombinant IFN strongly 

induced in vitro expression of PD-L1 on KPC-derived pancreatic cancer cells, 

thereby suggesting that in response to a reduced immunosuppressive TME 

generated by CSF-1 / CSF-1R inhibition and associated increase of IFN 

levels (expressed by CD8+ T cells and inflammatory MAMs), disseminated 
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pancreatic cancer cells shield themselves from activated cytotoxic T cells by 

up-regulating PD-L1.  

Anti-tumour activity of PD-1 / PD-L1 pathway blockade has been observed in 

a variety of cancers such as Hodgkin’s lymphoma [303], desmoplastic 

melanoma [304], head and neck [305], non-small lung [306] and urothelial 

cancers [21],[22]. In pancreatic cancer, PD-1 blockade (as well as CTLA-4 

blockade) has been shown to be inefficient to reduce tumour burden both in 

murine models and patients [189], [280], [309]. The importance of targeting 

the immunosuppressive TME in pancreatic cancer to obtain clinical benefit 

from immunotherapy is becoming increasingly more evident [150]. Indeed, 

we (Chapter 3 and 4) and others [256] have demonstrated the crucial role of 

macrophages in dominating the immunosuppressive TME both at the primary 

and secondary metastatic site of pancreatic cancer. This immunosuppressive 

microenvironment is responsible for impairment of cytotoxic T cell function; 

thereby its targeting represents a powerful strategy to reinvigorate the 

effector immune response. PD-1 / PD-L1 blockade can offer therapeutic 

benefits only if both PD-1 and PD-L1 are expressed within the TME, and this 

is a consequence of both CD8+ T cells tumour infiltration and activation of the 

cytotoxic phase of T cell response [310]. Thus, a combination of stroma 

targeting agents that allow first a boost of anti-tumour immunity may be 

necessary for checkpoint-blockade therapy to work. In accordance with this, 

here it was found that αPD-1 inhibitor treatment was beneficial in enhancing 

CD8+ T cell response and in consequence, in reducing metastatic burden 

only if the treatment was started at day 6, when high numbers of CD8+ T cells 

and M1-like inflammatory macrophages were present in the metastatic 
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tumour. Moreover, the immunosuppressive TME also altered trafficking of T 

cells within metastatic tumours causing T cell dysfunction and dampening the 

efficacy of PD-1 immune checkpoint blockade. 

Fibrotic stroma is an hallmark of pancreatic cancer and T cell infiltration can 

be profoundly affected by this [218]. Interestingly, here it was observed that 

in large metastatic human pancreatic cancers, CD8+ T cells were located in 

proximity of SMA+ myofibroblasts rich regions, mainly found at the periphery 

of tumour lesions. 

Inhibitory αPD-1 treatment was found to be inefficient in suppressing 

metastatic cancer if it was administered at later stage of metastatic 

development, at the point in which immunosuppressive microenvironment 

and extensive fibrotic deposit were already formed at the metastatic site (day 

14). αPD-1 neutralizing treatment was able to induce a therapeutic benefit, 

independently on the time of treatment administration if it was combined with 

immunosuppressive MAM-targeted therapy. Interestingly, MAM-targeting 

strategies not only reprogrammed the TME towards an immune-stimulatory 

phenotype, but also strongly enhanced T cell intra-metastatic infiltration by 

reducing the dense fibrotic structure that surrounds and protects metastatic 

tumour lesions. The molecular mechanism by which T cells are excluded 

remains elusive and needs further investigation. However, in pancreatic 

cancer, fibrosis components, including CAFs, collagen deposition and ECM 

are now recognized as regulators of immune surveillance and 

immunotherapy efficacy for primary pancreatic tumours [215], [218]. In this 

regards, the secretion of CXCL12 by CAFs has been proposed as 

mechanism by which pancreatic tumour evade CD8+ T cell killing [201], [311]. 
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A similar mechanism has been also observed in breast cancer; CXCL12 

secreted by a subset of immunosuppressive CAFs has been shown to play 

an immunosuppressive function by recruitment of Treg cells, which survival 

and proliferation was further sustained by CAF expression of several 

receptors, including PD-L2 [210]. CAF-associated PD-L2 and Fas ligand 

have been shown to drive T cells dysfunction and death of tumour infiltrating 

T cells [312]. 

 

Taken together, these findings suggest that PD-1 blockade as anti-cancer 

therapy is limited by the presence of an immunosuppressive 

microenvironment and dense fibrotic stroma, which provides a barrier for 

intra-metastatic T cells infiltration and cytotoxic functions. This barrier can be 

overcome by using MAM-targeted therapy, thereby rendering fibrotic 

metastatic pancreatic cancer tumours responsive to immune checkpoint 

blockade therapy. 
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6 Chapter 6: Granulin drives resistance to PD-1 

blockade in metastatic pancreatic cancer 

Granulin is a secreted glycoprotein that has been associated with fibrosis 

formation in diverse pathological conditions and cancer [95], [117]. Our lab 

previously identified macrophage-derived granulin as a pro-metastatic key 

effector protein responsible for HSCs activation and fibrosis during pancreatic 

cancer metastatic outgrowth into the liver [117]. Here, it was validated 

whether the observed reduction of HSCs activation and fibrosis in response 

to CSF-1 inhibition (Chapter 5) was due to reduced granulin expression. 

Therefore the impact of CSF-1 on granulin expression in macrophages was 

assessed. 

6.1 CSF-1 inhibition reduces granulin expression in 

macrophages, both in vitro and in vivo. 

To test whether granulin expression in macrophages was dependent on 

CSF-1, bone marrow from naïve mice was isolated and monocytes were in 

vitro differentiated into macrophages. Primary BMMs were then exposed to 

recombinant CSF-1 (Rec. CSF-1) for 24 hours. RNA was extracted from the 

BMMs and subsequent quantitative PCR revealed that granulin expression in 

BMMs was strongly induced by CSF-1 (Figure 6.1). 
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Figure 6.1 CSF-1 stimulates granulin expression in BMMs.  

Quantification of granulin mRNA by quantitative PCR (qPCR) in primary 

unstimulated macrophages and macrophages exposed to 10 ng / ml 

recombinant CSF-1 (Rec. CSF-1) for 24 hours. Data are mean ± SD of 3 

independent experiments. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant, by unpaired t-test. 
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Previously in this thesis it has been reported that cancer cells express high 

levels of CSF-1 (Chapter 4). Here it was validated whether pancreatic cancer 

cell derived CSF-1 induced expression of granulin in macrophages. It was 

found that in vitro cultured primary BMMs exposed to KPC or Panc02 cancer 

cells conditioned media (CM) significantly down-regulated granulin 

expression in the presence of αCSF-1 neutralizing antibody (Figure 6.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.  

Figure 6.2 Pancreatic cancer cells induce granulin expression in 

a CSF-1 dependent manner. 

Quantification of granulin mRNA levels by quantitative PCR (qPCR) in 

primary macrophages exposed to KPC and Panc02 conditioned media 

(CM) in the presence of 2.5 μg / ml IgG control or αCSF-1 neutralizing 

antibodies for 24 hours. Data are mean ± SD of 3 independent 

experiments. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant, by 

unpaired t-test. 
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To further elucidate whether a specific subtype of macrophages contributed 

to granulin expression, granulin production was quantified by ELISA in in vitro 

derived BMMs stimulated with different cytokines generally recognized as 

M1-like (IFNγ and LPS) or M2-like (CSF-1, IL-4, IL-10 and IL-13) 

macrophage polarizing agents. Alternatively (M2-like) activated 

macrophages, especially those exposed to CSF-1 (or M-CSF-1) and IL-4 

correlated with higher granulin expression levels (Figure 6.3). 

 

 

 

 

 

 

Figure 6.3 M2-like macrophages express high level of granulin.  

ELISA quantification of granulin protein level in bone marrow macrophages 

(BMMs) stimulated with IFN/LPS (M1-like) or CSF-1, IL-4, IL10, IL-13 (M2-

like) macrophage polarizing agents for 24 hours. Data are mean ± SD of 3 

independent experiments. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant, by unpaired t-test 
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Next, experimental metastasis bearing mice were treated with αCSF-1 

inhibitor or IgG control (CTR) antibodies to validate granulin expression in 

vivo. Quantitative PCR on MAMs isolated from metastatic livers of mice 

treated cohorts revealed a decrease in granulin expression in MAMs derived 

from αCSF-1 treated mice (Figure 6.4 a). Similarly, IHC staining on tissues 

derived from KPCluc/zsGreen or Panc02luc/zsGreen cancer cells induced metastatic 

livers treated with αCSF-1 inhibitor or IgG control (CTR) antibodies, 

confirmed reduced granulin expression at protein level in αCSF-1 treated 

mice cohort (Figure 6.4 b). 

 

 

 

 

 

 

 

Figure 6.4 CSF-1 induces granulin expression in liver metastasis. 

Mice were implanted with KPCluc/zsGreen or Panc02luc/zsGreen cancer cells and 

treated with IgG control (CTR) or neutralizing αCSF-1 antibodies after 14 days. 

Livers were harvested from euthanized mice at the end point (day 24). a) 

Quantitative PCR analysis of granulin expression in MAMs isolated by flow 

cytometer ARIA sorter from metastatic lesions induced by KPCluc/zsGreen cancer 

cells (n = 4 mice / group; mean ± SEM). b) Representative 

immunohistochemistry images and quantification of Granulin in metastatic livers 

induced by KPCluc/zsGreen or Panc02luc/zsGreen cancer cells (n = 6 mice / group; 

mean ± SEM). P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant, by unpaired 

t-test. Black arrows point to cells positive for Granulin expression. 
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Taken together, these results demonstrate that CSF-1, abundantly expressed 

by pancreatic cancer cells, induces granulin expression in macrophages both 

in vitro and in vivo. 

 

6.2 Genetic depletion of granulin restores CD8+ T cell 

infiltration in metastatic tumours, but T cell dysfunction 

remains. 

 
Since granulin expression is triggered by CSF-1 and CSF-1 inhibition 

decreases fibrosis and increases CD8+ T cell infiltration in metastatic lesions 

of pancreatic cancer (Chapter 5), the effect of granulin depletion on effector T 

cell infiltration was interrogated. To address this question, a bone marrow 

transplantation experiment was first performed. Bone marrow (BM) derived 

from WT and Grn-/- mice was transplanted into WT naïve mice. In this way, 

granulin was depleted exclusively in bone marrow cells, including 

macrophages. Afterwards, intrasplenic injection of KPC-derived cells into 

chimeric mice WT or deficient for granulin (Grn-/-) in the BM compartment 

(WT + WT BM and WT + Grn-/- BM mice) was performed (Figure 6.5 a). First, 

the reduced activation of HSCs in WT + Grn-/- BM mice in comparison to 

control WT + WT BM mice was confirmed by quantifying IF staining of αSMA+ 

cells (Figure 6.5 b and d) [117]. Together with a reduction of αSMA+ 

myofibroblasts, intra-metastatic (IM) CD8+ T cell accumulation was markedly 

improved in mice with granulin deficient bone marrow. On contrary, CD8+ T 

cells appeared to confined at the periphery (P) of metastatic lesions rich in 

αSMA+ fibroblasts in WT + WT BM mice (Figure 6.5 b and c).  



                                                                                                                         Chapter 6: Results 

222 
 

 

 

 

Bone marrow (BM) from WT or granulin deficient mice (Grn-/-) was 

transplanted into WT mice to generate chimeric WT mice with WT BM or 

WT mice with Grn-/- BM. Transplantation of bone marrow allowed to 

have selective depletion of granulin in bone marrow derived cells. Liver 

metastasis was induced by intrasplenic implantation of 5x105 KPC cells 

into chimeric WT + WT BM and WT + Grn-/- BM mice. Entire livers were 

resected 14 days later and analysed. a) Schematic representing the WT 

Figure 6.5 Genetic depletion of granulin increases CD8+ T cell 

entry at the metastatic site. 
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+ WT BM and WT + Grn-/- BM chimeric mice. b) Representative 

immunofluorescence staining of CD8+ T cells and αSMA+ myofibroblasts 

in metastatic livers. Intra-metastatic (IM) and peripheral areas (P) are 

indicated. c) Quantification of peripheral (P) and intra-metastatic (IM) 

CD8+ T cells in metastatic livers. d) Quantification of αSMA+ cells in 

metastatic livers. αSMA+ cells are in green, CD8+ T cells are in red and 

nuclei were counter stained with DAPI. WT BM n = 5; Grn-/- BM n = 6, n= 

5 fields of view / mouse; mean ± SEM. Scale bar = 100 μm; P<0.001; **, 

P < 0.01; *, P < 0.05; n.s. not significant by unpaired t-test. White arrows 

point to P (upper panel) and IM (lower panel) CD8+ T cells. 

So far, reduction in CD8+ T cells infiltration within the metastatic site in 

response to the formation of a dense fibrotic stroma was observed. It was 

also found that granulin depletion could restore T cells entry at the metastatic 

site. To further investigate whether granulin deficiency could also drive 

changes in T cell functional status, the total number of CD8+ T cells and their 

activity mice were analysed in WT and granulin deficient.  

Interestingly, flow cytometry analysis of digested liver metastatic lesions, 

derived from WT and Grn-/- experimental metastasis bearing mice, revealed 

no difference in either total CD8+ T cell number or (Figure 6.6 a) CD8+ T cells 

activation status (measured as IFN expression) (Figure 6.6 b), suggesting 

that the main effect of granulin depletion is related to regulation of T cell 

trafficking. 
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Noteworthy is the observation that granulin depletion did not affect overall 

hematopoietic (CD45+), T (CD3+), neutrophil (Ly6G+), macrophage (F4/80+) 

and B (B220+) cells number in metastatic tumours (Figure 6.7 a-e). The 

analysis was performed by flow cytometry and IHC staining of metastatic 

tissue sections derived from WT and Grn-/- mice. 

 

 

 

Figure 6.6 CD8+ T cell number and activation remains the 

same in WT and Grn-/- mice.  

Flow cytometric quantification of a) CD8+ T cell total number and 

b) CD8+ T cell activation (IFN
+ CD8+ T cells) in WT and Grn-/- 

mice hepatic metastatic tumours resected 14 days after 

intrasplenic injection of KPC cells. N = 4 mice / group; mean ± 

SEM. For quantification of CD8+ T cell number: individual data 

point, horizontal lines represent mean ± SEM.  P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by unpaired t-test. 
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Figure 6.7 Granulin depletion does not affect numbers of 

immune cells infiltration at the metastatic site. 

Liver metastasis was induced by intrasplenic implantation of 

KPCzsGreen/luc  in WT or Grn-/- mice. Quantification of a) CD45+, 

b) CD3+, c) Ly6G+, d) F4-80+, e) B220+ immune cell populations by 

flow cytometric or immunohistochemical analysis. N = 4 WT and n = 

4 Grn-/- mice; for e, n = 5 fields of view / mouse were analysed. 

Mean ± SEM). Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 

0.05; n.s. not significant by unpaired t-test. In e, black arrows point 

to B220+ B cells. 
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Since a previous report of our lab reported that granulin depletion decreases 

metastatic tumour burden [117] and in this study it was observed that smaller 

metastatic lesions have higher infiltration of cytotoxic T cells (Chapter 3), one 

could think that the effect of granulin depletion on CD8+ T cell infiltration was 

a consequence of the reduction in the size of the metastatic lesions. To 

understand whether granulin depletion had a direct impact on CD8+ T cell 

infiltration, an adoptive transfer (AT) of tumour infiltrating CD8+ T cells 

(derived from tdTomatoRed metastasis bearing WT mice; tdTR) was 

performed into metastasis bearing WT and Grn-/- mice (Figure 6.8 a). The 

metastatic infiltration of adoptively transferred CD8+ T cell was compared in 

lesions of equal sizes found in WT and Grn-/- mice. Depletion of granulin 

caused a significant increase of intra-metastatic (IM) infiltration of tdTR CD8+ 

T cells compared to WT tumours. In Grn-/- mice the number of peripheral (P) 

CD8+ T cells decreased, while in WT mice T cells appeared mainly trapped at 

the tumour border (Figure 6.8 b).  
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Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen into dtTomatoRed WT mice (tdTR). At day 13, CD8+ T 

cells were isolated from tdTR mice and adoptively transferred into 14 

days metastatic bearing WT and Grn-/- mice. 24 hours later, livers were 

resected and analysed for tdTR CD8+ T cell infiltration a) Schematic of 

the experiment. b) Representative images of tdTR CD8+ T cell in liver 

tissues derived from WT and Grn-/- mice and relative quantification of 

data. Percentage of tdTR CD8+ T cell (in red) found in peripheral (P) 

and intra-metastatic (IM) regions upon adoptive transfer. Nuclei were 

Figure 6.8 Adoptively transferred CD8+ T cells infiltrate into the 

tumour in Grn-/- mice, while they stay at the periphery in WT mice.  
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counter stained with DAPI. N =3 mice / group; n = 6 fields of view / 

mouse; mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 

0.05; n.s. not significant by unpaired t-test. White arrows point to P (left 

panel) and IM (right panel) CD8+ T cells. 

 

It was then reasoned whether granulin could affect effector T cell functions in 

a direct mechanism other than influencing CD8+ T cell infiltration indirectly 

through the activation of HSCs. For this reason, CD3/CD28 dynabeads (BD) 

activated splenic CD8+ T cells were interrogated for IFN expression and 

proliferation upon stimulation with either recombinant granulin alone (rec. 

Grn) or in co-culture with BMMs derived from WT and Grn-/- mice. It was 

found that granulin did not have a direct effect on T cell function since 

recombinant granulin was unable to suppress CD8+ T cell proliferation 

(Figure 6.9 a) and activation (Figure 6.9 b), while macrophages retained their 

CD8+ T cell suppressive capacity in the absence of granulin.  
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Taken together, these results suggest that depletion of granulin does not 

change overall CD8+ T cells number nor their cytotoxic activity, but it 

significantly improves CD8+ T cell entry into metastatic tumours as a 

consequence of reduced fibrosis surrounding the liver metastatic site. 

  

Figure 6.9 Granulin does not directly affect ex-vivo CD8+ T cells 

activation and proliferation. 

Bone marrow isolated macrophages (BMMs) derived from WT and Grn-

/- mice and 1 μg / ml recombinant granulin (rec. Grn) were tested for the 

capacity of suppress splenic CD8+ T cell a) proliferation (CFSE dilution) 

and b) activation (IFN expression levels). Data are mean ± SEM of 3 

independent experiments. P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant, by Bonferroni multiple comparison. 
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6.3 Depletion of granulin restores the response of metastatic 

pancreatic cancer to αPD-1 inhibitor therapy. 

In Chapter 5, it was demonstrated that the presence of fibrosis at the 

metastatic site profoundly affects CD8+ T cells infiltration and induce 

resistance of metastatic pancreatic cancer to αPD-1 treatment. In this part of 

the study, it was investigated whether the observed increase in CD8+ T cell 

entry into granulin deficient metastatic tumours might also improve their 

response to αPD-1 therapy. To address this question, liver metastasis in WT 

and granulin deficient mice were induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. Starting at day 14, when WT metastatic lesions 

were large, poorly infiltrated by CD8+ T cells and rich in myofibroblasts and 

collagen deposition (Chapter 5, Figure 5.11), mice were treated with either 

αPD-1 or IgG control antibody. To assess the response of metastatic 

tumours to treatments, metastatic tumour burden was quantified by in vivo 

BLI technique at day 14, prior treatment, and at endpoint (day 24) (Figure 

6.10 a and b). Metastatic burden was quantified in radiance (total flux/sec) as 

percentage average increase of metastatic tumour after treatment in 

comparison to prior treatment. In agreement with previously made 

observations (Chapter 5), single agent PD-1 therapy did not reduce tumour 

burden in WT mice. Reduction in HSCs activation in granulin deficient mice 

caused decreased metastatic tumour burden [117], however PD-1 blockade 

in Grn-/- caused a dramatic decrease in metastatic progression, with even 

partial regression (Figure 6.10 c). 
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Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells. After 14 days, WT and Grn-/- mice were treated with αPD-1 or 

IgG isotype control antibodies. Metastatic burden was measured by in vivo 

bioluminescence imaging (BLI) before (day 14, d14) and after (day 24, d24) 

treatment. a) Schematic of the experiment. b) Representative 

bioluminescence images of metastatic bearing mice before (day 14) and after 

(day 24) treatment with αPD-1 inhibitor or IgG antibodies. c) Percentage of 

average change in metastatic tumour burden (total flux/sec) in response to 

Figure 6.10 Depletion of granulin restores response of metastatic 

pancreatic cancer to αPD-1 therapy.  



                                                                                                                         Chapter 6: Results 

232 
 

treatments and assessed by BLI. N = 3 mice / group; individual data points, 

horizontal lines represent mean ± SEM. P<0.001; **, P < 0.01; *, P < 0.05; n.s. 

not significant by Bonferroni multiple comparison.  

 

IF analysis of metastatic livers derived from WT and Grn-/- mice of the 

different treatment cohorts revealed, as expected, that lack of granulin 

resulted in a significant reduction of SMA+ myofibroblast accumulation, 

independently on PD-1 treatment (Figure 6.11 a and c). In WT tumours, few 

CD8+ T cells within metastatic lesions of control IgG treated tumours were 

found, and CD8+ T cell numbers remained unaffected by PD-1 

administration. In contrast, depletion of granulin caused a significant increase 

in metastasis infiltrating CD8+ T cell numbers in response to PD-1 treatment 

(Figure 6.11 a and b). 
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Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells. After 14 days, WT and Grn-/- mice were 

treated with αPD-1 or IgG isotype control antibodies. At the end point 

(day 24), livers were resected and analysed. a) Representative 

immunofluorescence images of myofibroblasts (αSMA+) and CD8 + T 

cells staining in sequential liver tissue sections from WT and Grn-/- mice 

treated with αPD-1. αSMA+ or CD8+ cells are stained in red. Nuclei were 

counter stained with DAPI. Quantification of b) CD8+ T cells infiltration 

and c) myofibroblasts (αSMA+) accumulation in all mouse treatment 

cohorts.  N = 3 mice / group, n = 6 fields of view / mouse. Mean ± SEM. 

Scale bar = 100 μm.  P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

Figure 6.11 αPD-1 treatment in granulin-depleted mice induces 

high infiltration of CD8+ T cells. 
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significant by Bonferroni multiple comparison. White arrows point to 

αSMA+ cells (upper panels) and CD8+ T cells (lower panels). 

The activation state of CD8+ T cells was next assessed by flow cytometry. 

GzmB and IFN expression levels were measured in CD8+ T cells isolated 

from metastatic tumours. While PD-1 treatment did not alter GzmB nor IFN 

expression in CD8+ T cells isolated from WT tumours, depletion of granulin 

led to a significant up-regulation of GzmB (Figure 6.12 a) and IFN 

expression (Figure 6.12 b) in CD8+ T cells in response to PD-1 

administration.  

 

 

Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells in WT and Grn-/- mice. After 14 days mice were 

treated with αPD-1 or IgG isotype control antibodies. At the end point 

(day 24), livers were resected and analysed. Flow cytometry 

quantification of a) Granzyme B+ (GzmB) and b) IFNγ+ cells among 

metastasis infiltrating CD8+ T cells. N = 3 mice / group, individual data 

Figure 6.12 CD8+ T cell cytotoxic activity is restored upon 

αPD-1 treatment in Grn-/- mice.  
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points, horizontal line represent mean ± SEM. P<0.001; **, P < 0.01; *, P 

< 0.05; n.s. not significant by Bonferroni multiple comparison. 

 

Macrophages are a very plastic cell population and depending of the cytokine 

milieu within the tumour microenvironment they can acquire pro- or anti- 

tumorigenic roles [51]. Thus, it was investigated whether the observed 

increase in IFNexpression by CD8+ T cells in PD-1 treated Grn-/- mice 

could promote an immune stimulatory M1-like MAM phenotype, allowing 

them to further fuel an anti-tumour immune attack. Indeed, in granulin 

deficient tumours treated with PD-1, an increased presence of immune 

stimulatory MAMs with high expression of the pro-inflammatory markers 

iNOS, MHC-II, and COX-2 was found. In contrary, these tumours displayed 

lower numbers of M2-like Ym-1+ and CD206+ MAM markers compared to 

untreated Grn-/- tumours (Figure 6.13 a). Interestingly, the total macrophage 

numbers remained the same in treated and untreated Grn-/- metastatic 

tumours (Figure 6.13 b). 
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So far it has been observed that both CSF-1 inhibition and granulin depletion 

were able to restore cytotoxic T cell infiltration in metastatic tumours and to 

sensitize metastatic pancreatic cancer to PD-1 blockade. Thereby, it was 

examined whether CSF-1 inhibition in Grn-/- mice could provide any 

additional benefit to PD-1 therapy. With this aim, experimental metastasis 

was induced into WT and Grn-/- mice and mice were treated with αPD-1 

inhibitory antibody alone or in combination with αCSF-1 antibody, starting 14 

days after pancreatic cancer cells implantation (Figure 6.14 a). The response 

of metastatic tumours to treatments was quantified by in vivo BLI techniques 

at day 14, prior treatments, and at the endpoint (day 24). Metastatic burden 

was quantified in radiance (total flux/sec) as percentage average increase in 

metastatic tumour after treatment in comparison to before treatment. As 

previously reported, αCSF-1 inhibition in combination with neutralizing αPD-1 

dampened metastatic outgrowth in WT mice (Chapter 5 Figure 5.18), while 

although not significant, it rather had a counteracting effect in granulin 

deficient mice (Figure 6.14 b).   

Figure 6.13 Neutralizing αPD-1 therapy in absence of granulin rewires 

macrophage toward a pro-inflammatory phenotype.  

Liver metastasis was induced by intrasplenic implantation of KPCluc/zsGreen 

cancer cells in Grn-/- mice. After 14 days of cancer cells injection, mice were 

treated with αPD-1 or IgG isotype control antibodies. At the end point (day 

24), resected livers were analysed. Representative immunohistochemistry 

(IHC) images and quantification of cells positive for a) M1-like MAM markers 

(iNOS, MHC-II, COX-2), M2-like MAM markers (Ym-1, CD206) and b) pan 

MAM marker (CD68) in hepatic metastatic tumours. N = 3 mice / group; n = 6 

fields of view / mouse. Mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by unpaired t-test. In each IHC 

micrograph arrows point to positively stained cells.  
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Liver metastasis was induced by intrasplenic implantation of 

KPCluc/zsGreen cancer cells in WT and Grn-/- mice. Initial tumor burden was 

quantified on day 14 by in vivo bioluminescence imaging (BLI). On the 

same day, treatment regimen with αPD-1 alone or in combination with 

αCSF-1 inhibitory antibody was started. At day 24, change in tumor 

burden was quantified by in vivo BLI imaging and livers were resected 

and analyzed. a) Schematic representation of the experiment. b) 

Percentage of average change in metastatic tumor burden in response 

to treatment assessed by BLI.  N = 3 WT and n= 4 Grn-/- mice / group. 

Individual data points, horizontal lines represent mean ± SEM. P<0.001; 

**, P < 0.01; *, P < 0.05; n.s. not significant by Bonferroni multiple 

comparison. 

 

The results obtained in the above experiment, which confirm the 

observations described in Chapter 5, brought our attention to the fact that 

PD-1 treatment was more effective in impairing metastatic growth when it 

was administered in granulin deficient mice (Figure 6.10 c and Figure 6.14 b) 

rather than when it was used in combination with CSF-1 in WT mice (Figure 

5.12 and Figure 5.18 and Figure 6.14 b). Thus, it was reasoned that CSF-1 / 

CSF-1R axis blockade could have other effects on the tumour 

Figure 6.14 In granulin deficient mice, αCSF-1 treatment reduces 

the anti-tumorigenic effect of PD-1 blockade.  
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microenvironment, thereby influencing differently the tumour response to 

checkpoint blockade. In accordance with this hypothesis, a recent study 

revealed that blockade of CSF-1R expressed on CAFs can induce the 

accumulation of immunosuppressive Ly6G+ cells (recognized as neutrophil 

population [190]), thereby counteracting the therapeutic benefit of CSF-1R 

and/or PD-1 inhibition [190]. To address whether a similar compensatory 

infiltration of Ly6G+ neutrophils in response to CSF-1 blockade could occur in 

the model used in this study, Ly6G+ cell numbers were quantified in 

metastatic tumours derived from WT mice treated with either IgG control or 

αCSF-1 antibodies. It was found that metastatic livers treated with CSF-1 

had increased infiltration of Ly6G+ neutophils compared to tumours treated 

with the IgG control. Interestingly, in tumours derived from granulin deficient 

mice Ly6G+ cell numbers were similar to the one found in WT control group 

but significantly less compared to αCSF-1 treated tumour. Thus, the 

observed marked increase of Ly6G+ neutrophils in response to αCSF-1 

treatment might explain the reduced effects of αPD-1 / αCSF-1 therapy in 

comparison to single PD-1 inhibition in Grn-/- mice (Figure 6.15).  
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Taken together, these findings demonstrated that depletion of granulin 

dramatically improved the response of metastatic pancreatic tumours to 

PD-1 inhibitor treatment and that targeting a macrophage secreted factor, 

Figure 6.15 Ly6G+ neutrophil infiltration is induced upon CSF-1 

blockade. 

Liver metastasis was induced by intrasplenic implantation of 1x106 

KPCzsGreen/luc cancer cells in WT and granulin deficient mice (Grn-/-) 

mice. WT mice were treated with IgG control (CTR) or αCSF-1 

antibody 14 days later. All mice were sacrificed at day 24 and 

resected livers were analysed.  Representative immunohistochemistry 

staining and quantification of Ly6G+ cells in WT mice treated with IgG 

control (CTR) and αCSF-1 antibodies and in Grn-/- mice. N = 4 mice / 

group; n = 5 fields of view / mouse. Data expressed as mean ± SEM. 

Scale bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not 

significant by Bonferroni multiple comparison. Black arrows point to 

Ly6G+ cells. 
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such as granulin, might be more effective than targeting depletion of the 

entire macrophage population. 

6.4 Reduction in liver fibrosis improves CD8+ T cell 

infiltration and enhances αPD-1 therapy in metastatic 

pancreatic cancer.  

To further confirm that the effect of granulin depletion on CD8+ T cell 

infiltration was dependent on reduced fibrosis, tumour bearing mice were 

treated with the Vitamin D analogue Calcipotriol (Cal), an agent which has 

previously been shown to revert activated stellate cells to quiescent cells, 

resulting in reduced fibrosis in pre-clinical mouse models [228].  

Metastasis bearing mice were treated with Calcipotriol and αPD-1 inhibitory 

antibody alone or in combination, starting 14 days after intrasplenic injection 

of pancreatic cancer cells, and in the presence of highly fibrotic metastatic 

tumour (Figure 6.16 a). At the end point (day 24), livers were harvested from 

euthanized mice and metastatic lesion area was analysed by H&E staining of 

liver tissues (Figure 6.17). Treatment with Calcipotriol alone reduced 

metastatic lesions area; and the anti-tumorigenic effect was further 

pronounced when Calcipotriol was administered in combination with 

neutralizing αPD-1 (Figure 6.16 b). 
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Figure 6.16 Calcipotriol attenuates metastatic fibrosis and 

increases αPD-1 therapeutic benefit.  

Liver metastasis was induced by intrasplenic implantation of 

KPCzsGreen/luc cancer cells. Metastatic mice were treated with PD-1 

inhibitor or Calcipotriol (Cal) alone or in combination, starting 14 

days after cancer cells injection. Saline and IgG antibody were used 

as vehicle control (CTR). At the end point, day 24, metastatic livers 

were resected and analysed. a) Schematic representation of the 

experiment. b) Percentage of average change in metastatic lesion 

area compared to control in response to treatment assessed by 

haematoxylin and eosin (H&E) staining at endpoint. N = 4 mice / 

group; n = 6 fields of view / mouse. Individual data points, horizontal 

lines represent mean ± SEM. Scale bar = 100 μm; P<0.001; **, P < 

0.01; *, P < 0.05; n.s. not significant by Bonferroni multiple 

comparison. 
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Picrosirius red staining of metastatic tissues from resected livers confirmed 

that tumours treated with Calcipotriol alone or in combination with αPD-1 had 

reduced fibrosis in comparison to untreated or αPD-1 single-therapy treated 

mice. Blockade of PD-1 as single agent did not affect fibrotic stroma 

deposition compared to control mice. Similarly, a further reduction of the 

fibrotic stroma in Calcipotriol treated mice was not observed when αPD-1 

was added (Figure 6.17). 

 

 

 

Figure 6.17 Calcipotriol reduces collagen deposition in metastatic 

livers of pancreatic cancer. 
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Liver metastasis was induced by intrasplenic implantation of KPCzsGreen/luc 

cancer cells. Metastatic mice were treated with αPD-1 or Calcipotriol (Cal) 

alone or in combination starting 14 days after cancer cells injection. Saline 

and IgG Ab were used as vehicle control (CTR). At the end point, day 24, 

metastatic livers were resected and analysed. Representative H&E (left 

panel) and picrosirius red staining (right panel) of sequential tumour sections 

showing area occupied by fibrotic stroma in all treatment cohorts. Change in 

liver fibrosis (assessed by collagen deposition) compared to CTR. N = 4 mice 

/ group, n = 6 fields of view / mouse; data represented as mean ± SEM. Scale 

bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by 

Bonferroni multiple comparison. In picrosirius red staining micrographs 

arrows point to fibrotic area (in red). 

 

In accordance with the above result, Calcipotriol or combinational Calcipotriol 

and αPD-1 treatment also impaired HSCs activation, as suggested by 

decreased number of αSMA+ myofibroblasts found in metastatic livers. In 

contrast, IHC staining of metastatic liver tissues for CD8 expression revealed 

only a modest increase in CD8+ T cell number in response to Calcipotriol 

treatment. However, Calcipotriol and αPD-1 co-treatment, highly enhanced 

CD8+ T cells infiltration at the metastatic site (Figure 6.18). 
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Figure 6.18 αPD-1 treatment in the presence of reduced 

fibrosis enhances CD8+ T cell infiltration. 
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Liver metastasis was induced by intrasplenic implantation of KPCzsGreen/luc 

cancer cells. Metastatic mice were treated with αPD-1 or Calcipotriol (Cal) 

alone or in combination starting 14 days after cancer cells injection. Saline 

and IgG antibody were used as vehicle control (CTR). At the end point, day 

24, metastatic livers were resected and analysed. Representative 

immunohistochemistry (IHC) images and quantification of myofibroblast 

(αSMA+, left panels) and CD8+ T cell (right panels) numbers.  N = 4 mice / 

group, n = 6 fields of view / mouse; data represented as mean ± SEM. Scale 

bar = 100 μm; P<0.001; **, P < 0.01; *, P < 0.05; n.s. not significant by 

Bonferroni multiple comparison. Arrows point CD8+ T cells. 

 

Taken together, these data suggest that granulin-induced fibrosis in 

metastatic pancreatic cancer impedes CD8+ T cell intra-metastatic infiltration 

and negatively affects the effectiveness of PD-1 blockade. Restoring CD8+ T 

cell infiltration by targeting granulin and/or other pro-fibrotic factors is a 

prerequisite for successful PD-1 therapy in metastatic pancreatic cancer. 
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6.5 Discussion 

Central to the efficacy of immune checkpoint blockade is the infiltration of 

CD8+ T cells into the tumour [121]. The presence of fibrotic stroma 

surrounding the tumour mass generates a barrier that impedes T cell 

trafficking, thereby preventing cytotoxic T cells to get in close contact with 

cancer cells (Chapter 5) [215]. 

In this chapter, it has been shown that reduced fibrosis increases intra-

metastatic CD8+ T cell numbers. Macrophage-derived granulin is a key 

protein responsible for HSCs transactivation into myofibroblasts in the 

metastatic liver of pancreatic cancer [117]. Our group and others have 

previously shown that hepatic myofibroblasts secrete high levels of ECM 

components promoting liver fibrosis [56], [117]. Here, it was showed that 

cancer cell derived CSF-1 is one of the main inducers of granulin secretion in 

macrophages and that M2-like macrophages are the main source of granulin. 

αCSF-1 treatment reprograms MAMs towards an immunostimulatory M1 

phenotype (Chapter 4), and at the same time, reduces the expression of the 

fibrosis-promoting protein granulin, thereby decreasing the formation of 

metastatic desmoplasia.  The contribution of macrophages, in particular 

those with an alternative M2-like phenotype, to fibrosis has been extensively 

reported [89]. In accordance with this, previous work in pancreatic cancer 

have shown that a change in the balance of MMPs expression by M1 

polarized macrophages can lead to reduced fibrosis at the primary tumour 

site [94]. Recently, the role of CSF-1 / CSF-1R axis in regulating tumour 

fibrosis has been shown in the autochthonous KPC mouse model of 

pancreatic cancer, although no molecular mechanisms have been elucidated 
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yet [167]. Here, macrophage-secreted granulin was proposed as a key factor 

in driving fibrotic stroma formation in liver metastatic pancreatic cancer. 

Granulin deficient mice had an altered spatial localization of CD8+ T cells at 

the metastatic site as result of the scarce desmoplastic reaction. However, 

overall cytotoxic T cell numbers and functions remain unchanged. It was 

found that lack of granulin enhanced CD8+ T cell entry into fibrotic-poor 

metastatic tumours, while in WT mice, T cells mainly accumulated in the 

peripheral fibrotic-rich regions. Restoration of T cell infiltration in metastatic 

lesions of granulin-depleted mice led these mice to having a superior 

response to αPD-1 treatment compared to WT mice. Importantly, αPD-1 

treatment correlated with a markedly increase in CD8+ T cell cytotoxicity and 

this was associated with metastatic tumour regression. Moreover, αPD-1 

therapy in granulin deficient mice, other than enhancing CD8+ T cells 

mediated anti-tumour activity, also rewired macrophages toward a pro-

inflammatory M1-like phenotype, thereby facilitating the mounting of an 

effective immune response against cancer. αPD-1 therapy in mice lacking 

granulin showed increased therapeutic efficacy in comparison to the 

combination of αPD-1 and αCSF-1 treatments in WT mice. In addition, in 

granulin deficient mice, the administration of αCSF-1 in combination with 

αPD-1 rather dampened the therapeutic benefits of αPD-1 treatment in these 

mice.  

Thus, the data showed in here suggest that in αCSF-1 treated tumours, the 

observed anti-tumorigenic immune response might still be in part dampened 

by a reduction of total MAM numbers, including those with an immune-

stimulatory phenotype, and by a compensatory infiltration of Ly6G+ 
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neutrophils. In contrast, we did not observe a reduction of MAM numbers, 

neither a compensatory infiltration of Ly6G+ neutrophils in granulin deficient 

tumours.  

In conclusion, this study shows that in metastatic pancreatic cancer, 

macrophage secretion of granulin is induced by cancer cell-derived CSF-1, 

and it prevents cytotoxic CD8+ T cell infiltration into metastatic lesions by 

promoting the formation of fibrotic stroma. Depletion of granulin restores 

CD8+ T cell infiltration and renders metastatic pancreatic cancer responsive 

to PD-1 therapy.  
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7 Chapter 7: Conclusions 

Pancreatic cancer is one of the most deadly cancer types and its treatment 

still remains an unmet clinical need. Surgical resection is currently the only 

potential curative therapy but, unfortunately, more than 60 % of patients who 

undergo resection suffer from tumour relapse within the first 24 months after 

surgery [236]. The reason for this is associated with the early metastatic 

dissemination of cancer cells during cancer progression [237]. Moreover, at 

the time of diagnosis, the majority of patients with pancreatic cancer present 

an advanced or metastatic form of the disease already. In the metastatic 

setting, treatments with nab-paclitaxel plus gemcitabine or FOLFIRINOX 

represent the standard of care, although only in 10 % of patients the survival 

has increased to two years [237]. Thus, there is an urgent need to find more 

effective strategies to fight pancreatic cancer. New therapeutic approaches 

are starting to emerge based on advances made in understanding the 

biology and genetics of pancreatic cancer, including new findings regarding 

pancreatic cancer mutational landscape, tumour metabolism and tumour 

immunology [313].  

Immune checkpoint blockade based immunotherapy is designed to amplify 

an endogenous anti-tumour T cell response. Nowadays, checkpoint 

blockade, in particular the targeting of PD-1 / PD-L1 pathway, is considered 

one of the most promising anti-cancer treatments and enormous therapeutic 

benefits have been reported for its use in different cancer types [140]. Central 

for immunotherapy to work is infiltration of CD8+ T cells at the tumour site 

and initial activation of the cytotoxic CD8+ T cell mediated anti-tumour 

response [122], [157]. CD8+ T cell accumulation at the site of tumour 
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formation is a characteristic that depends on tumour mutational load and 

presence of neo-epitopes; and this has been positively correlated with overall 

survival across many cancer types, including ovarian, colon and breast 

cancer [314]. Pancreatic cancer, for long, has been considered as a poor 

immunogenic (or ‘cold’) type of cancer compared to other cancers, such as 

melanoma or non-small-cell lung cancer (NSCLC) [315]. In accordance to 

this, studies performed using KPC pancreatic cancer mouse models have 

also reported the presence of low mutational burden and poor T cell 

infiltration not only in primary tumour, but also at the secondary site [256], 

[280]. Pancreatic cancer also remains almost completely refractory to 

immune checkpoint blockade therapy as single agent [150]; the exception is 

represented by patients with microsatellite instability, which indeed have high 

mutational burden, but these patients only represent >1 % of total pancreatic 

cancer patients [271]. 

More recently a study conducted by Balachandran et al. demonstrated that 

human pancreatic tumours express a range of non-synonymous mutations 

that are predictive to function as new epitopes. The study also correlated the 

presence of tumour infiltrated CD8+ T cells and high numbers of neo-antigens 

to patients with the longest survival, thus emphasizing the critical role of 

CD8+ T cell in inhibiting pancreatic cancer progression [274]. In this regards, 

a genomic analysis has divided pancreatic cancer into 4 different subtypes: 

squamous, ADEX, progenitor and immunogenic. Among them, it has been 

found that the immunogenic subtype has a predominant gene expression 

profile correlated with presence of immune cells, including CD8+ T cells. 

However, no improved prognosis has been linked with the immunogenic 
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subtype of pancreatic cancer [240]. In accordance to this, another study 

showed no correlation between overall CD8+ T cells number and patient 

survival, but the presence of moderate to high mutational burden has been 

associated with macrophage infiltration [316]. Importantly, macrophage-

related genes expression, in particular of those correlating with an M2-like 

macrophage phenotype, have been found to have a negative effect on 

patient survival, in both immunogenic and squamous subtypes of pancreatic 

cancer [240]. In agreement with these findings, the presence of TAMs has 

been associated with a worst cancer prognosis [90], [317]. 

The data showed in my thesis demonstrate that liver metastatic lesions of 

pancreatic cancer patients are infiltrated by CD8+ T cells, and that the 

number of cytotoxic T cells inversely correlated with the number of cancer 

cells forming metastatic deposits. A similar phenotype was observed in 

spontaneous metastatic tumours derived from KPC mice and in the 

experimental liver metastasis mouse model. The latter metastasis model 

enabled to follow the metastatic progression of cancer cells in the liver and to 

monitor the changes in the TME associated with it. It was found that during 

early stage of metastasis, metastatic lesions are highly infiltrated by CD8+ T 

cells. However, during metastatic progression CD8+ T cell infiltration and 

cytotoxic functions are lost, thereby suggesting that in the early phases of 

metastatic growth, disseminating cancer cells are able to trigger an anti-

tumour immune response mediated by CD8+ T cells, but tumours then 

acquire the ability to escape immune surveillance. 

A hallmark of pancreatic cancer is the presence of an extensive stroma 

compartment that can represent up to 80 % of the tumour mass [236]. An 
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extensive stroma compartment has been reported to be present not only at 

the primary site, but also at the metastatic site, which is mainly the liver. Our 

group and others have demonstrated that in both human and KPC mice, liver 

pancreatic cancer metastatic growth is accompanied by the accumulation of 

macrophages and desmoplasia [117], [257]. In this study, it was found that 

the tumour stroma in metastatic pancreatic cancer is also 

immunosuppressive, leading to T cell dysfunction. Several mechanisms can 

cause T cell dysfunction and one of them is the presence of an 

immunosuppressive microenvironment, which impairs infiltration and function 

of T cells within the tumour [150]. Immunosuppressive TME has been also 

considered a cause of tumour resistance to single agents immune checkpoint 

blockers [121]. Thus, to overcome the barrier posed by immunosuppressive 

microenvironment and / or to increase the recruitment and infiltration of 

cytotoxic T cells into the tumour, the development of TME targeted 

approaches in combination with immunotherapy is needed.  

In this study it was also observed that metastatic livers of pancreatic cancer 

are highly infiltrated by M2-like MAMs with immunosuppressive functions. 

MAMs targeting by CSF-1 / CSF-1R axis blockade inhibited MAM recruitment 

and induced a phenotypic switch of remaining MAMs toward a pro-

inflammatory, M1-like phenotype. Moreover, CSF-1 / CSF-1R targeting was 

sufficient to increase effectively a CD8+ T cell cytotoxic response against 

metastatic pancreatic cancer, thereby leading to a reduction of metastatic 

burden in a T-effector cell dependent manner. 

Blockade of the CSF-1/CSF-1R axis represents an attractive strategy to 

target the tumour-promoting functions of macrophages and it has been tested 
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in a variety of pre-clinical and clinical tumour models, with different outcomes 

[51]. Pancreatic tumours in the KPC mouse model recapitulate the 

characteristics of the four identified human pancreatic cancer subtypes [167], 

[240]. Interestingly, targeting macrophages by CSF-1R inhibitor has been 

shown not only to increase CD8+ T cell infiltration but also to decrease 

fibrosis, thus inducing an overall change in tumour architecture due to down-

regulation of squamous subtype gene programs and up-regulation of gene 

programs of the immunogenic subtype instead [167]. Importantly, in the 

experimental metastasis model used in this study it was found that targeting 

macrophages by CSF-1 blockade also reduced activation of HSCs (αSMA+ 

myofibroblasts) and fibrosis at the metastatic site. M2-like macrophages are 

involved in fibrosis regulation by different routes, including secretion of MMPs 

or TGFβ [318]. Granulin is a protein that has been associated with tissue 

repair processes and has been shown to activate pro-inflammatory and 

matrix remodelling genes expression in fibroblasts, thus inducing tumour 

desmoplasia and sustaining breast cancer progression [95], [116]. Our group 

previously found that macrophage-secreted granulin activates resident 

HSCs, which sustain metastatic growth of pancreatic cancer by promoting 

fibrosis [117]. 

Here it was showed that fibrosis in metastatic pancreatic cancer inhibit CD8+ 

T cell infiltration, thereby impeding effector T cells to enter in close contact 

with cancer cells and exert their cytotoxic function. Granulin was identified as 

potential therapeutic target to manipulate and re-educate the TME, and to 

enhance CD8+ T cells infiltration at the metastatic site.  
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Both granulin depletion and MAM targeting by CSF-1 / CSF-1R axis blockade 

led to a reduction in fibrosis and restored pancreatic cancer sensitivity to PD-

1 checkpoint blockade. However, granulin targeting had an increased 

therapeutic benefit in comparison to CSF-1 / CSF-1R blockade. This was 

associated with the fact that depletion of granulin did not affect the total 

number of macrophages, but its combination with αPD-1, rewired 

macrophages towards an M1-like phenotype. The presence of M1-like MAMs 

boosted anti-tumour immunity and induced a further reduction in metastatic 

tumour burden.  

The effect of fibrosis on CD8+ T cells mediated anti-tumour immunity was 

also confirmed by using Calcipotriol, a Vitamin D analogue, which is 

responsible of reverting activated HSCs into a quiescence status [228]. 

Fibrosis depletion induced by Calcipotriol increased CD8+ T cells infiltration 

and sensitized pancreatic cancer to PD-1 blockade. 

Taken together the research reported in this thesis demonstrates that: 

 CD8+ T cells highly infiltrate metastatic pancreatic cancer lesions 

during the early phases of metastatic progression, thus revealing that 

an anti-tumour immunity is triggered in response to pancreatic cancer 

metastatic colonization into the liver; 

 Metastatic progression is accompanied by loss of CD8+ T cell 

infiltration, accumulation of immunosuppressive M2-like MAMs and 

generation of a dense fibrotic stroma, which act as barrier for T cell 

infiltration; 
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 CSF-1 secreted by disseminating pancreatic cancer cells polarizes 

MAMs toward a M2-like phenotype and induces MAM expression of 

granulin; 

 Blockade of CSF-1/CSF1-R axis or genetic depletion of granulin 

reduces fibrosis and restores CD8+ T cell infiltration, thus sensitizing 

pancreatic cancer to PD-1 immune-checkpoint blockade; 

 In comparison to macrophage targeting by CSF-1 / CSF-1R axis 

blockade, granulin depletion in combination with PD-1 blockade 

rewires macrophage polarization toward a pro-inflammatory type. 

Thus, this strategy could be more beneficial for treatment of 

metastatic pancreatic cancer since it aims to re-educate the 

metastatic TME rather than targeting it for depletion. 

 

7.1 Future direction 

 
Fibroblasts in cancer are a very heterogeneous population, thereby also their 

role in cancer has been associated with different functions [56]. An increasing 

number of reports describe an immunosuppressive role of CAFs in tumours. 

Different studies suggest that the immunosuppressive action of fibroblasts is 

mediated by CXCL12 secretion, which can either promote CD8+ T cells 

exclusion [201] or induces recruitment of immunosuppressive Tregs , thereby 

affecting CD8+ T cells functions indirectly [210], [311]. Other reports suggest 

that expression of inhibitory receptors such as PD-L1 and PD-L2 on CAFs 

induces T cell dysfunction [204], [312]. Based on the results obtained in this 

thesis, future work could be directed toward a better understating of the 

mechanisms by which tumour fibrosis impairs CD8+ T cell mediated anti-
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tumour immunity. Indeed, whether at the metastatic site in pancreatic cancer, 

activated HSCs only promote CD8+ T cell exclusion by acting as a 

mechanical obstacle for T cells infiltration, still needs to be elucidated. In this 

regards, our group observed that CM from HSCs affects CD8+ T cells 

activation and proliferation, suggesting that HSCs secreted factors can also 

mediate suppression of T cells activity [319]. Moreover, based on the recent 

identification of different CAF subtypes in primary breast and pancreatic 

tumours [210], [65], would it be interesting to investigate whether different 

populations of activated fibroblasts populate metastatic lesions of pancreatic 

cancer and which kind of fibroblast populations are regulated by 

macrophage-derived granulin. Also, the correlation between different CAFs 

subtypes, CD8+ T cells infiltration and their functional status, mutational 

landscape, and prognosis of metastatic pancreatic cancer patients has not 

yet been explored. In this time, in which enormous technology advances 

have been obtained in genomics, data sequencing and immunotherapy, the 

characterization of the genome landscape, as well as of the TME associated 

with it, can open the possibility to identify new predictive biomarkers for 

immunotherapy use and hopefully might lead to the development of 

personalized therapies for each cancer patients.  
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