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ABSTRACT 

Pancreatic Ductal Adenocarcinoma (PDAC) is considered a major public health concern globally due 

to its delayed diagnoses and to the almost absent repertoire of effective drugs for its treatment. 

Targeted or immune therapies, even though widely employed as an alternative and promising strategy 

to hamper the growth of many solid cancers, still represent a challenge for PDAC treatment. PDAC 

cancer cells represent less than the 20% of total tumor volume, while the remaining 80% is constituted 

by the desmoplastic stroma. Desmoplasia is a condition in which the tumor stroma is dense and stiff, 

cluttered with extracellular matrix and overactivated cancer-associated fibroblasts (CAFs). The 

interstitial pressure is elevated, and it causes the collapse and disruption of the vessel network. 

Furthermore, vessel abnormality is tightly coupled with immunosuppression. 

We aimed to investigate the changes in the tumor microenvironment in an orthotopic PDAC model 

upon treatment with a member of the Semaphorin protein family, Semaphorin3A. Semaphorins and 

their cognate receptors Plexins are involved in the axonal navigation, immune regulation, 

organogenesis and angiogenesis. Lately, Semaphorins have been shown to play important roles in 

tumor progression and metastasis formation. Some Semaphorins have been reported to promote tumor 

growth and angiogenesis, while others have inhibiting roles on cancer dissemination and immune 

recruitment and activation. In particular, our laboratory demonstrated that a mutated form of 

Semaphorin3A (mut-Sema3A) was able to efficiently hamper tumor growth and metastatic 

dissemination in a mouse model of PDAC by promoting vessel normalization and reducing tumor 

hypoxia. In this study we performed single cell RNA-sequencing coupled with Visual transcriptomics 

to identify molecular changes induced by mut-Sema3A in the TME of PDAC. This analysis 

highlighted changes in different sub-populations of TME not previously identified, such as 

macrophages, neutrophils, lymphocytes and CAFs. Interestingly, we observed that mut-Sema3A 

treatment significantly reprogrammed CAFs toward a restraining anti-tumor phenotype.  We 

therefore established a novel gene signature defining this unconventional class, called Sema-

Associated Fibroblasts (SemAFs), that included up-regulated genes such as PDGFRA, ISLR, MMP2, 

CYGB, THBS2, CDH11. Many of them, such as Islr, coding for Meflin, have been correlated with 

improved survival and prognosis of PDAC patients. Notably, mut-Sema3A treatment of ex-vivo 

purified activated fibroblasts, enhanced the expression of several genes typically expressed in 

SemAFs and induced a strong inhibition of chemo-invasion of these cells. Among the genes that were 

up-regulated in fibroblasts, mut-Sema3A enhanced PlxnA4 expression, suggesting a feedforward 

mechanism of the ligand enhancing its own receptor. Remarkably, the SemAF gene signature, and in 

particular Isrl and PlxnA4, have been also identified by In Situ Hybridization and Visium Spatial 

Transcriptomics, in mut-Sema3A-treated tumor tissues.  

Furtherly investigating the effect of mut-Sema3A on tumor vessels and immune cells, we first 

observed that it up-regulated the adhesion molecule VCAM-1 on normalized vasculature, shown to 

be involved in the recruitment of lymphocytes in tumor tissues. In line with these findings and with 

the scRNA-seq analysis, we observed a dramatic increase of CD8+ T-cell in PDAC tumors treated 

with mut-Sema3A.  

Based on these effects on T-lymphocytes, we performed several combinatorial treatments of mut-

Sema3A with immunomodulatory agents, such as α-PD1, α-CTLA4 and α-CD40, unveiling that the 

most efficient combination in hampering PDAC growth was the “triple” combination of mut-Sema3A 

with α-CTLA4 and α-CD40. Starting to investigate the changes in the immune landscape of PDAC 
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in this particular triple combination treatment, we observed that along with the significant increase of 

CD8+ T cells, mut-Sema3A enhanced the polarization of M1 anti-tumor macrophages.   

Taken together these data suggest that mut-Sema3A is a novel agent able to re-program different cell 

populations of the PDAC ecosystem in a complementary manner, and that it may represent a good 

therapeutic candidate to be coupled with immunotherapies to more efficiently block PDAC 

progression.  
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INTRODUCTION 

1. Pancreatic Ductal Adenocarcinoma  

1.1. Epidemiology 

Despite the big accomplishments of the last years in the cancer therapeutic field, cancer still 

remains the second leading cause of death in the United States (1). Pancreatic cancer is the fourth 

leading cause of death in the US and it can be considered a major public health concern globally, 

since it ranks within the top 10 leading types of cancer death in over 130 countries. Both the 

incidence (by about 1% per year) and death rate (by 0.2% per year) have increased since 2000, 

and pancreatic cancer mortality is predicted to continue rising over the next few decades, with over 

800.000 deaths expected by 2040 (2,3).  

Based on its histogenesis, pancreatic cancer can arise from the epithelial or nonepithelial 

compartment: Pancreatic Ductal Adenocarcinoma (PDAC) constitutes the epithelial neoplasm 

which arises from the exocrine portion of the pancreas and represents the most common pancreatic 

malignancy accounting for more than the 90% of all pancreatic cancers (1,4,5). It is a highly lethal 

cancer with a 5-year survival rate of only 6% (6). Surgical resection remains the eligible remedy, 

however, only 20% of patients have resectable tumors when diagnosed. Furthermore, patients that 

undergo surgery, relapse in rapid recurrence, resulting in a 5-year relative survival of 39% (7).  

The major challenges regarding this disease are represented by its delayed diagnoses, due to the 

lack of symptoms, and to the poor if not absent repertoire of effective drugs for its treatment. 

Chemotherapy remains the most used therapeutic approach, though its benefits are modest since 

most of the patients harbor or develop drug resistance (8,9). Nowadays there is a standard of care 

for PDAC that depends on the tumor staging: the most widely prescribed medication includes 

Gemcitabine alone or in combination with Nab-Paclitaxel and the multi-drug regimen 

FOLFIRINOX, although they show variable levels of toxicity (10,11).  

Most of the solid cancers have effectively been attacked through the use of novel treatment 

regimens such as targeted or immune therapies in the last years (12,13) but PDAC treatment has 

not improved, and this pathology does not represent a good target for innovative agents due to its 

genetic and cellular variability and complexity (14). PDAC is characterized by considerable 

genetic heterogeneity not only among patients but also within a single primary tumor. It presents 

a variety of mutations that lead to cancer, and each mutation is present in a small percentage of 

patients (15). The persistence of multiple signaling pathway alterations could partially explain the 

presence of multiple resistance mechanisms. Although the underlying biology of PDAC has not 

been fully elucidated, key mutations of specific genes such as Kras, CDKN2A/p16, TP53 and 

SMAD4 and the concomitant activation of downstream signaling pathways appear to play an 

essential role in the resistance to treatments (16). In addition, a very strong barrier to PDAC 

treatment is represent by the desmoplastic reaction. PDAC is a peculiar tumor in which the cancer 

cells represent less than the 20% of total tumor volume, while the remaining 80% is constituted by 

the desmoplastic stroma (17,18). The dense stroma consists of several cellular components (i.e. 

fibroblasts, endothelial cells, immune cells) and acellular components (i.e. fibrin, collagen, 

hyaluronic acid, fibronectin), and all of these constituents are orchestrated by cytokines and growth 

factors that promote cancer progression thanks to favorable pH and hypoxic conditions (19–21). 
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1.2. PDAC Tumor Microenvironment (TME) 

 

Figure 1. The PDAC tumor microenvironment is orchestrated by a high grade of desmoplasia. 

Overactivated CAFs produce massive amounts of ECM leading to deregulation of the other stomal cells. 

ECM deposition causes impaired immune cell tumor infiltration and inefficient drug delivery, furthermore 

an immuno-suppressive niche is established by tumoral cells, CAFs and immune cells that are able of 

secreting cytokines, chemokines and growth factors. The vessel network is affected since it is compressed, 

twisted and at the same time stimulated by pro-angiogenic factors, indeed it results in poor pericyte 

coverage and subsequent vessel leakage. The immune compartment that populates the TME is constituted 

by GN, TAMs, MDSC and Tregs, all characterized by a tumor-permissive and immune suppressive 

phenotype (22).  

The Tumor Microenvironment (TME) of PDAC (Fig. 1) is the niche created by the tumoral cells 

themselves in which they orchestrate and take control of normal cellular components located 

nearby and that can be eventually recruited through chemical stimuli. The PDAC TME is 

composed of several cell types, but its most abundant constituent is an acellular element: the 

Extracellular Matrix (ECM). The ECM is a physiological component contained in every type of 

tissue that provides physical scaffolding and biochemical and biomechanical cues to the 

surrounding cellular elements. It consists of water, proteins, glycoproteins and proteoglycans, and 

its composition may be regulated based on the needs of the adjacent microenvironment. There are 

mostly two types of ECM: an interstitial matrix in which the ECM is a three-dimensional lattice 

providing support to the enclosed stromal cells or a basement membrane in which the ECM is a 

layer that separates epithelial and stromal cells (23–25).  
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Since the ECM represents a great proportion of the stroma, it naturally interacts with stromal cells 

and engages a huge number of links, bindings, and a dense crosstalk with the surrounding 

ecosystem. It considerably impacts malignant cell transformation and metastasis, and, on the other 

way around, it is affected by tumor progression and consequently influences stromal-cell 

behaviors, such as angiogenesis and inflammation, and can enhance formation of a tumorigenic 

microenvironment (26–28). Over 90% of the ECM mass is produced by stromal cells, and among 

the secreted proteins there are several types of collagens, laminin, elastin, fibronectin, 

glycoproteins such as Tenascin C and Thrombospondin and proteoglycans such as Lumican, 

Byglican and Decorin (27).  

In the early phases of PDAC progression, pro-inflammatory cytokines secreted by neoplastic cells 

stimulate quiescent pancreatic stellate cells (PSCs) to produce extracellular matrix (ECM) and to 

increase fibrotic stromal deposition (29,30). The solid stress generated by the dense stroma 

produces lymphatic obstruction and subsequently causes intratumoral interstitial fluid pressure 

increase, which leads to vascular compression, tissue perfusion reduction, and a hypoxic 

microenvironment establishment (31,32). In fact, approximately 80% of the intratumoral blood 

vessels are abnormal and dysfunctional, poorly fenestrated and lacking proper pericyte coverage, 

which hinder the effective delivery and accumulation of chemotherapeutic agents (33,34). 

Furthermore, the fibrotic microenvironment of PDAC results in an inhibitory effect on both the 

innate and adaptive immune system, reducing cytotoxic T cells and increasing M2 immuno-

suppressive macrophages, N2 immuno-suppressive neutrophils, and T-regulatory cells at tumor 

sites. Growth factors and cytokines secreted by PSCs also promote the formation of a tumor 

immunosuppressive microenvironment (35,36). 

The tumor stroma has often been portrayed as a contributor to the development of the disease and 

tumor progression. However, several recent preclinical and clinical studies have shown that 

stroma-depletion can lead to a more aggressive disease (27,37–40). In patients and PDAC mouse 

models, it has been found that increased stroma correlates with improved survival and that stroma 

content at solid organ metastases is decreased (41,42). Furthermore, acting on the Hedgehog 

signaling, strongly involved in stroma modulation and ECM deposition, has led to worse tumor 

progression dynamics (38,40), and the reduction of ECM through lysyl oxidase (LOX) inhibition 

in mouse models led to accelerated tumor growth (23). 

The tumor suppressive properties of the PDAC stroma have been revealed gradually, and several 

studies, using genetic or pharmacological approaches to eliminate the PDAC stroma in preclinical 

models, showed that stromal depletion promoted tumor cell proliferation, invasion, and metastasis 

and reduced survival (38,40). PDAC tumor cells in the primary lesion showed loss of 

differentiation, epithelial-to-mesenchymal transition (EMT), and enhanced cancer stem cell-like 

phenotypes after stromal ablative treatment. In addition, severe weight loss, acidosis, and cachexia 

were observed in PDAC mouse models (37,43).  

These findings suggest that stroma depletion might activate dormant neoplastic cells and induce 

their metastatic potential, thereby promoting PDAC progression (17). 

 

1.2.1. Cancer Associated Fibroblasts 

Among the various PDAC stromal cell types, the Cancer-Associated Fibroblasts (CAFs) are the 

most abundant. The CAF population is highly heterogeneous and presents a multitude of functions, 

presumably due to the variegated origins of these cells (44). Indeed, they can originate from tissue-
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resident fibroblasts that are activated under the control of growth factors such as TGF-β or 

following genetic mutations such as TP53 or PTEN (45).  

Another cellular origin of CAFs, and probably the most frequent one, is constituted by the 

Pancreatic Stellate Cells (PSCs) that are CAFs progenitors (46). PSC activation occurs following 

pancreatic injury, or upon PDGF or TGF-β stimulation, and leads to morphological changes from 

a star-like cellular shape into spindle-like cells, loss of retinoic acid storage capability and 

increased nuclear volume (29,47,48) (Fig. 2 A).  

CAFs may also derive from the recruitment and differentiation of bone marrow-derived 

mesenchymal stem cells or from the trans-differentiation of non-fibroblastic lineages such as 

adipocytes, pericytes, monocytes, epithelial or endothelial cells (40,49–51) (Fig. 2 B, C, D, E, F).  

 

 
 

Figure 2. The origins and differentiation pathways of cancer-associated fibroblasts (CAFs) in the tumor 

microenvironment (TME). A) CAFs can derive from activation of quiescent stellate cells (qSCs) or tissue 

resident fibroblasts through stimulation with transforming growth factor-beta (TGF-β), insulin-like growth 

factor-1 (IGF-1), stromal derived factor-1 (SDF-1), hepatocyte growth factor (HGF), reactive oxygen 

species (ROS) or vitamin A deficiency. B) CAF can be recruited through tumor derived cues and undergo 

trans-differentiation from mesenchymal stem cells thanks to the action of TGF-β, C–C chemokine ligand 2 

(CCL2), C–C chemokine ligand 5 (CCL5), C-X-C chemokine ligand 12 (CXCL12) and tumor-derived 

exosomes. C) CAF can arise through trans-differentiation from pericytes, smooth muscle cells or 

adipocytes, or can undergo Mesenchymal Transition starting from D) endothelial, E) epithelial cells or F) 

monocytes (52).  

The healthy pancreas contains two populations of fibrogenic progenitors: they are both periacinar 

cells but, unlike pancreatic stellate cells (PSCs), resident fibroblasts (FBs) do not have the ability 

of storing lipid droplets. Moreover, FBs are characterized by the presence of markers such as 

S100A4, cytoglobin and vinculin while they lack adipophilin, which is instead a marker of PSCs 

together with cytoglobin and vinculin (53). 

PSCs derive from bone marrow mesenchymal stem cells and play a critical function in providing 

a homeostatic response to tissue injuries caused by pancreatitis or partial pancreatectomy (54,55). 
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In the normal human pancreas, they comprise approximately 4% to 7% of the parenchymal cells 

and are found in an inactive state, in which they lack proliferative or secretory activity.  During 

pancreatitis and PDAC, they enter an active state, resulting in loss of vitamin A droplets and 

gaining the ability to express the cytoskeletal protein α-smooth muscle actin (α-SMA), acquiring 

a myofibroblast-like phenotype and the potential of producing, depositing, and remodeling 

components of the ECM (56–60). The main cue that shapes the activation of quiescent PSCs is the 

TGF-β signaling, that plays a key role through both autocrine and paracrine signaling mechanisms, 

since it derives primarily from pancreatic cancer cells (61). Moreover, PSCs contribute to tumor 

immunosuppression secreting proinflammatory cytokines such as IL-6, thus promoting the 

expansion and function of myeloid-derived suppressor cells (MDSCs) (62). PSCs were also found 

to sequester CD8+ T-cells through the expression of the chemoattractant CXCL12 and preventing 

them from entering the tumor (63). Interestingly, PDAC patients have higher expression of the 

receptor for CXCL12 and CXCR4 on the tumor infiltrating T-cells compared to healthy volunteers 

(64). Indeed, blocking the CXCL12/CXCR4 axis reduced tumor burden in preclinical models 

when used in combination with anti-PD-L1 (65). However, clinical trials combining a CXCR4 

antagonist with pembrolizumab (anti-PD-L1) failed to reduce patients’ tumor burden during 

treatment (66,67). 

Several markers can be used to identify the activated components deriving from PSCs, that are 

generally addressed to as Cancer Associated Fibroblasts (CAFs). PDGF-receptor α and β 

(PDGFRα/β), α-SMA, FAP, and S100A4 (FSP1) are considered pan-markers to distinguish CAFs, 

but none of them is exclusively expressed by PDAC fibroblasts, further highlighting CAF 

heterogeneity (50,68). Among the CAFs typical features, their principal ability is to deposit an 

enormous amount of dense stroma, that can function as a physical barrier towards the infiltration 

of immune cells and to the delivery of therapeutic agents, but also serves as a structural scaffold 

for cell interactions. CAFs also secrete Matrix Metallo Proteinases (MMPs), which ensure ECM 

degradation and the subsequent release of various factors leading to the recruitment of specific 

cells and/or cell dissemination. Additionally, CAFs also produce many growth factors and 

proinflammatory cytokines such as TGF-β, vascular endothelial growth factor (VEGF), 

interleukin-6 (IL-6) and CXC-chemokine ligand 12 (CXCL12), thereby promoting tumor growth, 

angiogenesis and recruitment of immunosuppressive cells into the TME to assist in immune 

evasion (49,69). 

During the last years, genome-wide studies have demonstrated that depending on the distance of 

PSCs from the source of TGF-β, and on the surrounding cells, they can assume slightly different 

phenotypes and three subtypes of CAFs have been revealed up to now in PDAC: “inflammatory,” 

“myofibroblastic” and “antigen-presenting” CAFs (51,70,71) (Fig. 3). The myofibroblastic CAFs 

(myCAFs) depend tightly on TGF-β signaling, they are characterized by high α-SMA expression 

and are considered profoundly involved in the ECM deposition and remodeling. They are located 

near to the tumor cells and faithfully recapitulate the model of activated PSCs (70,72). The cancer-

promoting function might belong to the inflammatory CAFs (iCAFs) that are located further away 

from tumor cells. iCAFs are characterized by the expression of CXCL12 and IL-6, and they act on 

immune modulation via NF-kB signaling. The reprograming of CAFs into the CXCL12+ IL-6+ 

phenotype is induced by IL-1α via the activation of JAK-STAT3 signaling (73). Notably, CAF 

subtypes show a dynamic cellular identity and are able to interconvert at least in the ex vivo model. 

Changing culture conditions from an organoid-conditioned medium into monolayer culture shifts 

iCAFs into the myCAF phenotype (59,70). The most recently identified CAF subtype represents 

the antigen-presenting CAFs (apCAFs) which have a high expression of MHC-II molecules and 
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CD25 but low level of costimulatory genes such as CD40, CD80, CD86 (71). While the MHC-II 

is essential to interact with CD4+ T cells, the lack of costimulatory molecules needed for CD4+ T 

cell clonal expansion may inhibit T cell-mediated anti-tumor immunity (59,74). 

Undeniably, CAFs exert a strong cancer-promoting action throughout the TME, which they 

implement through ECM deposition and release of growth factors and signaling molecules. Some 

subpopulations seem to be more cancer-permissive than others, indeed inhibition of Il-6, secreted 

by iCAFs, leads to a significant improvement in the efficacy of anti-PD-L1 checkpoint inhibitor 

in PDAC. Furthermore, in a mouse model of PDAC treated with a JAK inhibitor, iCAFs were 

reprogrammed to express myCAF features, therefore increasing the ECM deposition and 

restraining tumor growth (73). However, the targeting of other CAF subpopulations, induced a 

tumor-progressing output: the genetic deletion of Hedgehog resulted in the reduction of stroma 

deposition and myofibroblastic CAFs, inducing more aggressive and de-differentiated tumor 

phenotypes (40). Similarly, genetic ablation of myofibroblastic CAFs directly targeting α-SMA+ 

CAFs, through chimeric antigen receptor T-cell (CAR-T) therapy, or small inhibitors targeting 

FAP+ cells, induced more aggressive PDAC tumor phenotypes, manifested by Epithelial to 

Mesenchymal Transition (EMT), cancer stemness, chemotherapy resistance, and tumor immune 

evasion (38,75). 

This observation may be explained by the fact that stromal cells naturally restrain tumor growth 

but are recruited and re-programmed during neoplastic processes to support tumor cells. These 

findings suggest that CAF and ECM targeted therapies must be finely tuned since inflammatory 

CAFs might be a potential therapeutic target, while myofibroblastic CAFs may support tumor 

suppression in PDAC (17,59).  

 

Figure 3. CAF subpopulations in PDAC. Among the several CAF subpopulations identified in PDAC 

myCAFs better represent the activated form of PSCs, displaying contractile features and a remarkable 

ECM production, deposition and remodeling capability. iCAFs are the counterpart that more deeply shape 

the inflammatory environment promoting immune evasion and enhancing immune suppression. apCAFs 

exhibit antigen presenting features but lack co-stimulatory molecules therefore they do not exert an effective 

immune activation. Finally, cancer restraining CAFs are still poorly characterized but their prevalence 

throughout the PDAC tissue has been correlated with good patient prognosis (76).  
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1.2.2. Immune cells  

Like all types of cancer, the formation of PDAC is allowed to progress in time thanks to the 

tolerance of the immune system that gradually switches from a step of elimination of the neoplastic 

cells, to an equilibrium state and finally to an immune-evasion condition, in which cancer cells are 

not kept under control but are free to proliferate and orchestrate stromal cells and increase immune-

suppression. In fact, during tumor progression, malignant cells evolve mechanisms to avoid 

immune recognition, indeed the absence of anti-tumor immunity in PDAC is partly caused by the 

lack of antigen-presentation to the immune system (77).  

The immune infiltrate in PDAC comprises both the innate and the adaptive immune compartment. 

The innate immune cells of the myeloid lineage, including granulocytes, monocytes, macrophages, 

and dendritic cells, play an important role in cancer cell recognition, initiation of inflammation, 

and antitumor responses (78) (Fig. 4). Tumor cells, however, often develop mechanisms to evade 

immune surveillance, and persistent inflammation has been shown to be a driver of tumor 

progression in many malignancies, including pancreatic cancer (79). Myeloid cells thus play a dual 

role in cancer, on one hand initiating antitumor responses, but also promoting local inflammation 

leading to chronic cancer-associated inflammation (80,81). 

On the other side, PDAC may have variable degrees of adaptive immune cell infiltration, 

comprising distinct T-cell subpopulations and B lymphocytes (82–84). The accumulation of CD8+ 

cytotoxic T lymphocytes (CTLs) in proximity of cancer cells correlates with increased patient 

survival, while high levels of infiltrated regulatory T cells (Tregs) produce the opposite outcome. 

The differential effects of T cells in PDAC are dependent on the spatial distribution, type of 

subpopulation involved, and relative macrophage infiltration (85,86).  
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Figure 4. Immune infiltration affects PDAC progression. PDAC cancer cells markedly interact with several 

immune cell subpopulations, mainly shaping them towards an anti-tumoral behavior. Among the scarce 

anti-tumoral immune cells CD8+ T lymphocytes fight cancer cells through the secretion of interferon-γ 

(IFN-γ), tumor necrosis factor-α (TNF-α), perforin and granzymes.  CD4+ T lymphocytes, instead, can 

polarize towards the Th1 or Th2 subtype, therefore supporting anti-tumor immunity or driving cancer cell 

growth, fibroblast activation and macrophage transition towards the pro-tumoral phenotype. Regulatory T 

cells (Tregs) are able of mitigating the cytotoxic function of CD8+ T lymphocytes via interleukin-6 (IL-6) 

and tumor growth factor-β (TGF-β). Myeloid derived suppressor cells (MDSC) and M2 polarized 

macrophages have pro-tumoral functions and suppress anti-tumor immunity, while M1 anti-tumoral 

macrophages exert pro-inflammatory actions releasing TNF-α, interleukin-12 (IL-12), interleukin-23 (IL-

23) and nitric oxide (NO). The role of Th17 T cells and neutrophils are still under debate but they are 

thought to have pro-tumoral effects acting through interleukin-17 (IL-17), interleukin-8 (IL-8) and matrix 

metalloproteinases (MMPs) (87).  

 

1.2.2.1. Myeloid-Derived Suppressor Cells 

Myeloid-Derived Suppressor Cells (MDSCs) are a mixture of immature myeloid cells that are 

recruited from the bone marrow during inflammatory and tumorigenic processes. MDSCs 

comprise two types of cells: polymorphonuclear granulocytic MDSCs (PMN-MDSC, neutrophil-

like) and mononuclear monocytic MDSCs (M-MDSC, monocyte-like). Although their 

identification remains difficult because of the lack of defining surface markers, they can be pointed 

out through flow cytometry since murine PMN-MDSC express high levels of Ly6G and a medium 

level of Ly6C, while M-MDSC show high levels of Ly6C and are Ly6G-.  

Tumor cells producing granulocyte-macrophage colony-stimulating factor (GM-CSF) attract 

immature myeloid cells from the bone marrow, and drive differentiation towards MDSCs. Indeed, 

MDSCs can be detected in very early lesions and, during tumor development, they strongly 

increase in number both in the circulation and in the TME. Their circulating levels have been 

correlated to a more advanced stage in human PDAC patients (88), in fact, together with tumor-

associated macrophages (TAMs), and regulatory T cells (Tregs), MDSCs contribute to 

establishing an immunosuppressive TME (89).  

In genetically engineered mouse models (GEMM) and orthotopic mouse models of PDAC, the 

preponderant immune cell type are myeloid cells, that are comprised of MDSCs and TAMs, 

accounting for 5–10% and 15–20% of total tumor mass, respectively (59,90,91). Typically PMN-

MDSCs represent more than 80% of all tumor-associated MDSCs (92). 

The main outcome of MDSCs action is to suppress both CD4+ and CD8+ T cells, mitigating the 

CD8+ T-cell immune surveillance, and allowing the expansion of immunosuppressive regulatory 

T cells (Tregs) (93). MDSCs affect CD4+ and CD8+ T tumor infiltration through direct cell-cell 

contact with lymphocytes, which leads to the upregulation of programmed death-ligand 1 (PD-L1) 

on MDSCs membrane. The PD-L1/PD-1 interaction, in turn, leads to the suppression of T-cell 

activation and promotes self-tolerance establishment (94). In addition, MDSCs have also been 

shown to stimulate the expansion of Tregs through the IL-10-dependent secretion of TGF-β and 

IFN-γ again, resulting in suppression of the T cell function (95,96). Besides their role in blunting 

the anti-tumor response of the adaptive immune system, MDSCs also have the ability to attenuate 

innate anti-tumor immunity through a variety of mechanisms: they have been shown to inhibit 

natural killer cell (NK cell) cytotoxicity and to promote the conversion of macrophages towards 

an M2 phenotype (86,97–99). 

Targeted depletion of MDSCs in GEMMs has been demonstrated to activate an effective 

endogenous antitumor T cell response in established tumors and to significantly impair KrasG12D-
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driven pancreatic cancer initiation when induced at early stages (100,101). Thus, the inhibition of 

MDSCs is a potential therapeutic target in PDAC (60,100).  

 

1.2.2.2. Tumor-Associated Macrophages 

The majority of macrophages in healthy and inflamed tissues differentiate from bone marrow-

derived monocytes in the peripheral blood circulation (102). Thanks to the action of chemokines, 

cytokines, and other secreted factors (e.g., GM-CSF, CSF-1, IL-3, CXCL12, and CCL2), as well 

as other environmental clues, such as local hypoxia and high levels of lactic acid, circulating 

monocytic cells are recruited to the tumor microenvironment and become tumor-associated 

macrophages (TAMs) (103,104). 

TAMs display different functional states, termed polarization states, during tumor initiation, 

progression, and therapeutic intervention. They are commonly broadly divided into classically 

activated M1 and alternatively activated M2 macrophages to characterize the opposite extremes 

of a dynamic spectrum of polarization states. Generally, M1 macrophages have been described to 

secrete pro-inflammatory cytokines with predominantly anti-neoplastic effects, while M2 

macrophages produce anti-inflammatory signals which may facilitate tumor progression (105–

107). TAMs mostly recapitulate M2 macrophage features and exhibit pro-tumor activity, indeed 

they are associated with poor prognosis due to their overall density in the tumor (108). 

M1 macrophages are activated through various signals like interferon-γ (IFNγ) and bacterial 

lipopolysaccharides (LPS), they detect and clear tumor cells, pathogens and also present antigens 

to T cells. They are reservoirs of pro-inflammatory cytokines like IL-23, TNF-α, IL-6, and IL-12 

and are involved in Th1 responses to infection. On the other hand, IL-4, IL-13, IL-10, CSF-1 and 

TGF-β activate M2 macrophages, which in turn, produce IL-10 and IL-1b, which suppress Th1-

mediated inflammation and induce a Th2 response. While CSF-1 promotes the M2 polarization, 

GM-CSF is able of reversing their phenotype towards the M1 status (109).  

During the neoplastic transformation, tumor cells start expressing C-C motif chemokine ligand 2 

(CCL2), which is the major chemoattractant of monocytes and macrophages. Apart from CCL2, 

other chemokine attractants secreted by tumor cells such as CCL5, CXCL8, CCL7 and CXCL12 

and cytokines like VEGF and M-CSF enrich the tumor milieu. Since the TME is IFN-γ and 

bacterial components deprived, upon arrival of the circulating monocytes, these factors shape the 

maturation of cells to become full-fledged M2-macrophages (110–112). Except from tumor cells, 

Tregs and fibroblasts secrete factors like TGF-β, IL-10 and hypoxia-inducible factor-2α (HIF2α) 

which enhance M2 polarization and TAMs themselves can secrete CCL2 to nourish this 

feedforward loop (113).  

In contrast, macrophages also express colony stimulating factor 1 receptor (CSF-1R) and focal 

adhesion kinase (FAK) that mediate signaling cascades to promote MDSC, TAM, and Treg 

infiltration and are under investigation as therapeutic targets for the treatment of PDAC (114,115).  

M2 macrophages promote wound healing and tissue remodeling by secreting matrix 

metalloproteinases which digest extracellular matrix. They can also exude vascular endothelial 

growth factor (VEGF) which promotes vascularization and angiogenesis and foster cancer 

invasiveness (116). 

TAMs are capable of inhibiting anti-tumor responses of NK and T effector cells by expressing 

non-classical MHC-1 and ligands of co-inhibitory receptor PD-1 and CTLA-4 (117). Macrophage-

induced IL-6 also promotes malignant progression via the JAK-STAT3 signaling pathway in early 

lesions (118–120).  

Concerning drug resistance, TAMs have been shown to influence the activity of cytidine 

deaminase (CDA), which is a key metabolizer of gemcitabine, thereby driving resistance to 

gemcitabine-based chemotherapy in in-vivo PDAC models (121). Moreover, TAMs impair the 
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efficacy of therapeutic irradiation and targeted antiangiogenic treatment by promoting angiogenic 

escape mechanisms. CCR2 inhibition has been demonstrated to improve the efficacy of 

chemotherapy, inhibit metastasis, enhance the efficacy of radiotherapy, and increase T cell 

immune infiltration by blocking monocyte recruitment to the tumor microenvironment in mouse 

models of PDAC.  

TAMs can thus be effectively targeted for therapeutic benefit in preclinical PDAC models, making 

them potential targets for novel therapeutic strategies in human PDAC (86,90,122–124). 
 

1.2.2.3. Tumor-Associated Neutrophils  

As previously described, the tumor microenvironment in PDAC is naturally rich of immune 

components and accumulation of tumor-associated neutrophils has been reported in pre-neoplastic 

lesions of PDAC, although their precise impact on carcinogenesis is not clear yet (125).  Pancreatic 

tumor cells secrete pro-inflammatory factors, such as TNF-α and IL-12, that recruit a relevant 

amount of polymorphonuclear (PMN) cells (also called granulocytic neutrophils) into the tumor 

site. Due to the tumor permissive milieu that they are enrolled in, PMNs fail to mount an effective 

anti-tumor immune response and are thought instead to promote tumor progression since high 

neutrophil counts correlate with poor patient prognoses. 

PMNs secrete a number of chemokines, such as CCL2, CCL3, CCL19, and CCL20 (126) to attract 

monocytes and dendritic cells to the TME. As neutrophils secure the survival of the host by 

resolving inflammation, in physiological conditions, their role in inflammation-driven 

tumorigenesis is indubitable. PMNs participate in close crosstalk with the TME and, consequently, 

their activation/polarization state is affected by the molecular cues with which they are confronted, 

therefore constituting a population of Tumor-Associated Neutrophils (TANs). TANs are a major 

source of pro-inflammatory cytokines, including IL-12, TNF-α, and GM-CSF, as well as 

chemokines, including CCL-3, CXCL-8, and CXCL-10. These factors affect the migration of 

cancer cells, as well as other immune cells such as lymphocytes. By specifically releasing IL-10 

and TNF-α, TANs reduce the number of lymphocytes and even lead to their dysfunction, such that 

the outcome of this signaling is a suppressed immunologic reaction at the tumor site. 

TGF-β is able of polarizing TANs into the N1 phenotype, while Interferon-α (type I IFN) and 

Treg-derived IL-35 are able of driving TANs polarization towards a N2 state (127–129). The tumor 

associated neutrophil N1 and N2 subpopulations are thought to have different functions in cancer. 

N1 neutrophils release pro-inflammatory or immunostimulatory cytokines, such as interleukin 

(IL)-12, tumor necrosis factor (TNF)-α, CCL3, CXCL9, and CXCL10, which facilitates the 

recruitment and activation of CD8+ T cells (130). In contrast, N2 neutrophils have strong 

immunosuppressive and tumor-promoting activity, including the enhancement of tumor 

angiogenesis, invasion, and metastases via various factors, such as hepatocyte growth factor 

(HGF), oncostatin M, reactive oxygen species (ROS), reactive nitrogen species (RNS), matrix 

metalloproteinases (MMPs), and neutrophil elastase (NE) (131–133).  

TANs were shown to localize at the margin of tumor sites in early-stage cancer, but they can 

massively infiltrate into the center of the tumor mass at later neoplastic stages. Following the 

recruitment of TANs to the tumor tissue, thanks to the action of cytokines and chemokines, they 

are promptly activated based on a process depending on their specific antigen CD177, a key factor 

for neutrophil activation.  CD177 has been demonstrated to be negatively correlated with the 

survival of PDAC patients (134).  

A peculiar characteristic of neutrophils is their cytoplasmic granules content, that is the mean 

through which they exert their immune functions. In fact, they are easily recognizable owing to 

the diverse type of granules they contain. Tertiary granules are the major constituents in shaping 

the TME of PDAC and proteins localized into these granules can be highly mobilized. For instance, 
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they contain a high amount of matrix metalloproteinase-9 (MMP-9) that, when released 

extracellularly, exerts its catalytic activity in the TME, leading to an enhanced invasion of tumor 

and immune cells following the cleavage of ECM proteins (collagens, laminin, and fibronectin), 

and also leads to enhanced tumor angiogenesis by mobilizing Vascular Endothelial Growth Factor 

(VEGF) from the ECM (135). With regard to immunosuppression, tertiary granules can release 

arginase-1 (ARG-1) that induces suppression of CD3-mediated T cell activation and proliferation 

(136,137). Recently, a study reporting the effects of IL-17 on the TME, has identified neutrophil 

recruitment and NETosis as the main outcome of this cytokine in the contest of PDAC. Neutrophil 

Extracellular Traps (NETs) are intricated networks of DNA filaments and proteolytic enzymes 

able to trap and attack pathogens, and they  are set up by neutrophils that release chromatin and 

carry out degranulation (138). As a result of neutrophil recruitment and NETosis, CD8+ T cells 

remained excluded from tumors, thereby IL-17 mediates the resistance of PDAC to the checkpoint 

inhibitors PD-1 and CTLA-4 (139,140).  

Furthermore, neutrophils are very relevant in metastasis formation thanks to their potency to enter 

the tissue from the circulatory system. When they are located in the bloodstream, neutrophils can 

escort circulating tumor cells that are disseminated from the primary tumor site (141). During the 

extravasation process and after infiltration into metastatic sites, neutrophils undergo apoptosis and 

NETosis, so that their cargo proteins are released and create a pro-tumorigenic microenvironment. 

This includes the release of ARG-1 to create an immune-suppressed environment; MMP-9 to 

promote the infiltration of tumor cells and tumor angiogenesis; and other potent serine proteases, 

e.g., neutrophil elastase (NE), Cathepsin G, and human proteinase 3 that can shape the TME at the 

metastatic site. Other proteins released from neutrophils are lipocalin-2, heparanase, CD11 and 

CD18, and S100/A9. For instance, through the release of lipocalin-2, neutrophils can activate 

tumor cells via the phosphorylation of PI3K/Akt, causing the downstream expression of VEGF 

and HIF-1, which are important factors for tumor progression, angiogenesis, and chemoresistance 

(142).  

Mouse models of PDAC treated with Lorlatinib (a kinase inhibitor) demonstrated a reduction in 

tumor progression mediated by inhibition of neutrophil development and mobilization. Treatment 

with Lorlatinib improved response to anti-PD-1 immunotherapy and promoted activation of CD8+ 

T cells (143). 

Given their biological characteristics and short lifespan, there is more evidence for a 

tumor-promoting than tumor-suppressing effect of neutrophils in PDAC. Due to the instant release 

of proteins associated with the infiltration of tumor cells and suppression of the immune response, 

recent  data point towards a more active role in the TME, in which neutrophils affect the activation 

states of other cell types in the immune landscape, such as CAFs and T cells (59,86,115). 

 

1.2.2.4. Dendritic cells 

Dendritic cells are part of the innate immune system and represent the main cell type in charge of 

processing and presenting antigens to adaptive immune cells to mediate their polarization into 

effector cells. However, once located inside of carcinomas, tumor-associated dendritic cells (DCs) 

start to display tolerogenic properties. Such properties include low expression of costimulatory 

molecules, low ability to process and present antigens and low production of proinflammatory 

cytokines (144,145). The accumulation of tolerogenic tumor-associated DCs has been attributed 

to tumor- and TME-derived immunosuppressive factors such as VEGF, interleukin-10 (IL-10), 

transforming growth factor β (TGF-β), and PGE2 that modulate DC maturation and favor 

https://www.sciencedirect.com/topics/immunology-and-microbiology/proinflammatory-cytokine
https://www.sciencedirect.com/topics/immunology-and-microbiology/proinflammatory-cytokine
https://www.sciencedirect.com/topics/immunology-and-microbiology/transforming-growth-factor-beta
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tolerogenic DC differentiation (146,147). The tolerogenic nature of DCs, that are recruited to the 

pancreatic TME, is also indicated by their expression of indoleamine 2,3-dioxygenase (IDO), a 

heme enzyme that catalyzes the first and rate-limiting step in tryptophan catabolism. Since IDO 

action leads to a reduction of tryptophan levels with consequent accumulation of tryptophan 

catabolites, it has been shown to inhibit T cell proliferation and T cell cytotoxicity (148). IDO-

expressing DCs have been found at the tumor site and in tumor-draining LNs. They have been 

implicated in suppressing anti-tumor T cell responses and in promoting immune tolerance 

(115,149) therefore a growing body of evidence is indicating that DCs as well can be shaped by 

intratumoral factors to become tumor permissive.  

 

 

1.2.2.5. T regulatory cells 

CD4+ Foxp3+ T regulatory cells (Tregs) are crucial for the maintenance of immunological self-

tolerance and have the ability to actively impede the anti-tumor immune response in a variety of 

cancer types (150). Tregs are detected in the TME during PDAC development from pre-neoplastic 

lesions. With the disease progression, there is a marked increase in the Treg/CD8+ T cell ratio that 

is correlated with poor prognosis (151). A low abundance of Tregs is instead associated with a 

better outcome and increased prevalence of beneficial CTLs (cytotoxic T lymphocytes) (152). 

Accordingly, tumor infiltration with low numbers of Tregs and high numbers of M1 macrophages 

and CD8+ T-cells significantly correlated with longer survival in the invasive stages of the disease 

(65,151).  

A variety of mechanisms for Treg mediated immune suppression have been proposed, including 

direct elimination of effector T cells and competition with effector T cells for access to antigen-

presenting dendritic cells (DCs) (144,150). Indeed, PDAC intratumor Tregs have been found to 

express a higher level of CTLA-4 and PD-1 than Tregs in pancreatic or peripheral lymph nodes, 

therefore displaying a higher capability of inducing co-inhibitory stimuli in previously activated T 

cells (153). Moreover, Treg cells have also been shown to suppress DC immunogenicity in in vitro 

co-culture systems (153–155). Treg cell ablation resulted in the expansion and activation of tumor 

infiltrating CD4+ and CD8+ T cells at the tumor level. Treg cell depletion in combination with 

conventional PDAC treatment strategies has been shown to enhance cancer-specific T cell 

activation in preclinical studies (156,157). Co-depletion of Tregs with either CD4+ and CD8+ T 

cells indicate that Treg cells may promote pancreatic neoplasia through the suppression of IFN-γ-

producing activated CD8+ T cells, while CD4+ cells are dispensable for the neoplastic process 

(153). Intratumoral Treg cells engage in prolonged interactions with tumor-associated CD11c+ 

DCs and reduce their expression of T cell activation fundamental molecules. Treg cell ablation 

leads to the restoration of immunogenic tumor-associated CD11c+ DCs and increases CD8+ T cell 

activation. Thus, the targeting of Treg cells in PDAC may facilitate anti-tumor immunity by 

harnessing the immune-stimulatory potential of tumor-associated DCs (153). These results suggest 

that the cytotoxic CD8+ T cell activation and effector activity observed in the setting of Treg cell 

ablation might be mediated by the functional maturation of tumor-associated CD11c+ DCs. 

Additionally, Tregs show potential plasticity toward Th17 (Foxp3+RORγ+) and induce the 

production of IL-17, IL-23, and TGF-β which promote cancer growth and evasion (158).  

Nonetheless, some studies highlighted instead the anti-tumoral properties of Tregs. Indeed, it has 

been shown that Treg depletion resulted in the induction of tumor-promoting inflammatory cancer-

associated fibroblasts (iCAFs) instead of tumor-restraining myofibroblastic CAFs (myCAFs), 

which were dependent on TGFβ secreted by Tregs. Moreover, Treg depletion induced the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cellular-differentiation
https://www.sciencedirect.com/topics/immunology-and-microbiology/indoleamine-2-3-dioxygenase
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expression of CCL3, CCL6, and CCL8 chemokines by epithelial cells and fibroblasts, which 

recruited myeloid cells in a CCR1-dependent manner thereby promoting immune suppression 

(158) (153). Similarly, the genetic depletion of Tregs during the onset and progression of murine 

PDAC caused disease acceleration by modulating the cellular components of the tumor 

microenvironment (159). Accordingly to these controversial findings, a recent report revealed an 

increased intra-tumoral presence of Treg cells and CD8+ T cells (CTLs), while decreased numbers 

of CD4+ T cells in tumors of long-term survivors compared to short-term PDAC survivors (84) .  

Taken together, these results suggest that Tregs display multifaceted roles in pancreatic cancer 

dependently on the tumor stage and environment. On one hand, they can promote tumorigenesis 

by suppressing T cell activity via immunomodulatory effects on DCs or by plasticity towards Th17 

cells. On the other hand, they can restrain tumor growth by promoting myCAFs formation and 

balancing the suppressive myeloid compartment (86). 

 

1.2.2.6. Cytotoxic T lymphocytes 

The stroma of PDAC contains a considerable amount of CD3+ T lymphocytes, of which the major 

components are CD4+ T helper (Th) cells, CD8+ T cells, and CD4+CD25+forkhead box P3 

(FoxP3+) regulatory T cells (160).  

Among the tumor-infiltrating lymphocytes (TILs), cytotoxic T lymphocytes (CTLs) are a subset 

of CD8+ T cells that generally inhibit tumor growth by diverse mechanisms such as: i) Cytotoxicity 

through granzymes and perforin degranulation; ii) Cell apoptosis induction through the Fas-FasL 

system; iii) Cytotoxicity through IFNγ and TNFα secretion (161). CD8+ T cells are also able of 

forming a long-term existing memory, thereby establishing protection from cancer recurrence. In 

pancreatic cancer, an increased accumulation of CD8+ T cells in the tumor tissue and close 

proximity to tumor cells correlates with better survival (84). 

However, the tumor microenvironment often induces a dysfunctional state in CTLs, termed 

exhaustion, which is characterized by an impairment of the effector function, reduced survival, 

and increased expression of inhibitory receptors. In their late stages of activation, CD8+ T cells 

express inhibitory receptors to avoid an excessive immune response and to promote a correct 

immune homeostasis. These inhibitory molecules are named immune checkpoints, and their most 

representative members are PD-1, CTLA-4, TIM-3, LAG-3 and TIGIT. T-cell immunoreceptor 

with Ig and ITIM domains (TIGIT) is a receptor that interacts with dendritic cells and macrophages 

inducing the expression of anti-inflammatory cytokines that interferes with the ability of CTLs to 

mitigate PDAC progression. Programmed cell death 1 (PD-1) instead, by binding to its ligands 

PD-L1 and PD-L2, inhibits the T cell receptor (TCR) downstream signaling and subsequently T 

cell biological functions, including proliferation, cytokine secretion, cytotoxic activity, finally 

leading to T cell apoptosis. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) mediates 

immunosuppression by indirectly diminishing signaling through the co-stimulatory receptor 

CD28. Both CD28 and CTLA-4 bind to CD80 and CD86 to exert their actions, but CTLA-4 does 

so with much higher affinity, effectively outcompeting CD28 and therefore propagating its 

inhibitory signals (159,162,163). Targeting immune checkpoints has been established as a novel 

therapeutic strategy against tumor in the last years.  The checkpoint blockade has led to durable 

responses in multiple cancers, such as melanoma, non-small cell lung carcinoma, head-and-neck 

cancer, and urothelial carcinoma (162). The application of checkpoint inhibitors as monotherapy 

has been unsuccessful in PDAC so far, and better understanding of the mechanisms regulating 
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CD8+ infiltration inside tumors is fundamental for designing more effective combination 

immunotherapies (86).  

 

1.2.2.7. CD4+ T helper cells 

CD4+ T cells represent the major TIL portion inside of PDAC and they may differentiate into 

diverse phenotypes. One of them is constituted by the Th17 CD4+ cells that have been shown to 

promote early PDAC lesions formation and KRAS-driven PDAC development by secreting IL-

17, a potent cytokine that establishes a chronic inflammatory status that promotes carcinogenesis 

(164). Furthermore, CD4+ T cells can also differentiate towards the Th1 or Th2 subtype: Th1 CD4+ 

T cells (T-BET+) secrete IL-2, TNF-α and interferon-γ, responsible for the cell-mediated immune 

response. Indeed they promote the anti-tumoral immune response through the priming, activation, 

and recruitment of CTLs, M1 macrophages, and NK cells (165). Th2 CD4+ T cells (GATA3+) 

secrete IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 and are involved in the humoral immune response 

also driving the induction of M2 macrophages and promoting ECM deposition and collagen 

synthesis (166).  

There is a reciprocal relationship between Th1 and Th2 development, in which Th1 inhibits Th2 

differentiation and vice versa. Elevated Th2/Th1 ratios within the tumor-infiltrating cells are a 

negative survival marker in patients with stage IIB/III pancreatic cancer, in fact Th2 CD4+ T cells, 

are more abundant in PDAC, and exert a tumor promoting effect due to their prevalent anti-

inflammatory action (60,167). Indeed IL-4 secretion by Th2 CD4+ T cells promotes pancreatic 

cancer cell proliferation and enhances the activation of STAT3, AKT, and MAPK pathways, 

suggesting direct tumor-promoting activity (168). Furthermore, the polarization and accumulation 

of Th2 CD4+ T cells in the tumor microenvironment are driven by thymic stromal lymphopoietin 

(TSLP)-activated myeloid dendritic cells (DCs) expressing the receptor for TSLP (167). TSLP is 

a cytokine produced mostly by non-hematopoietic cells that regulates the activation and maturation 

of both myeloid and lymphoid cells. In turn, TSLP is secreted by cancer-associated fibroblasts 

activated by IL-1α and IL-1β (iCAFs), produced by cancer cells and M2 macrophages (169).  

Inhibition of the pathways that induce Th2 polarization leads to a shift towards protective Th1 

responses accompanied by the activation of M1 macrophages and CTLs restricting tumor 

progression (59,86).   

 

2. Tumor vasculature in PDAC 

Angiogenesis is the process through which new capillaries are formed starting from pre-existing 

blood vessels. It is crucial for tumor development and progression since actively proliferating cells 

have high oxygen and nutrient requirements, and it also plays a key role in metastatic 

dissemination (170,171). Angiogenesis is activated when an imbalance between pro- and anti-

angiogenic molecules is established, with a predomination of pro-angiogenic factors. This event 

is called angiogenic switch when it occurs at a tumoral level (172). The key mediator promoting 

the angiogenic switch is vascular endothelial growth factor A (VEGF-A), that functions as a 

mitogen for vascular endothelial cells and enhances endothelial cell survival. Angiopoietin-2 is a 

pro-angiogenic factor as well and it facilitates VEGF-dependent angiogenesis. VEGF-A is able of 

increasing vascular permeability and amplifying the mobilization of bone marrow-derived 

endothelial precursor cells and it mediates its pro-angiogenic effects interacting with vascular 
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endothelial growth factor receptor 1 and 2 (VEGFR-1 and VEGFR-2) and their co-receptors 

neuropilin-1 and 2 (NRP-1 and NRP-2) (173,174). 

 

 

2.1. Pathways of vessel formation in pancreatic cancer 
 

Angiogenesis can occur through different mechanisms: i) sprouting angiogenesis consists in a 

sprout arising from a pre-existing blood vessel, that elongates until it forms a new vessel. This is 

a physiological event that can be induced by cancer cells including PDAC cells (175). ii) 

intussusceptive angiogenesis is an alternative pattern for neovascularization that consists in the 

formation of an intraluminal pillar, in a pre-existing blood vessel, that increases in size until it 

splits the initial vessel forming two new vessels. This process does not depend directly on 

endothelial cell proliferation, therefore is a rapid mechanism for generating new vessels and 

increasing microvessel density (176). iii) vessel cooption is a process in which tumoral cells 

parasitize pre-existing vessels of the host organs and use them for the blood supply and to move 

along them (177). iv) vascular mimicry consists in cancer cells mimicking endothelial cells and 

forming vessel-like fluid-conducting channels. This mechanism is typical of highly aggressive and 

genetically dysregulated cancer cells and in PDAC it is correlated with poor tumor differentiation, 

late clinical stage, lymph node metastasis and bad prognosis (178).  v) vasculogenesis instead is 

the spontaneous formation of new blood vessels mediated by bone marrow derived endothelial 

progenitor cells (EPCs). The amount of EPC in PDAC is significantly higher when compared with 

normal pancreatic tissue, indeed this cellular type is strongly correlated with shorter survival in 

PDAC patients (179,180).  

 
 

2.2. Tumor and stromal cells – endothelial cells cross-talk in pancreatic 

cancer 
 

Considering the multiple mechanisms allowing vessel formation in PDAC, and the establishment 

of a pro-angiogenic microenvironment, it is conceivable that pancreatic cancer is characterized by 

a high microvascular density. Furthermore, the desmoplastic reaction initiated by CAFs, causes 

abnormally elevated stromal pressure that impairs the correct functioning of the vascular network. 

Indeed, PDAC blood vessels are poorly perfused, collapsed, poorly covered with pericytes and 

their integrity is affected, therefore blood flow is dramatically diminished, drug delivery is 

inefficient and hypoxia shapes cell polarization throughout the tumor ecosystem (181,182).  

Since high microvascular density is a hallmark of pancreatic cancer, anti-angiogenic therapy 

should represent a valid approach for targeting such a tumor. Multiple trials employing monoclonal 

antibodies against VEGF or its receptors have been proposed, but their outcome resulted to be 

disappointing (183).  

Considering that anti-angiogenic therapy aims at decreasing the intra-tumor vessel network to 

devoid tumoral cells from oxygen and nutrient delivery, it was unexpected that following treatment 

many trials resulted in increased invasive tumors and distant metastasis formation. The mechanism 

underlying these events is plausibly ruled by tumor hypoxia, leading to the selection of hypoxia-

tolerant tumor cells that actively escape the hypoxic TME, hastening the epithelial to mesenchymal 

transition (EMT) and consequently an impairing drug delivery due to the decreased vascular 

distribution (170,184).   

Beyond microvessel density, another important parameter to take into consideration when dealing 

with tumor vasculature is microvessel integrity. Microvessel integrity is an indicator of vessel 

quality, and it is strictly correlated with pericyte presence in the PDAC TME. Pericytes are mural 
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cells of the microcirculation that wrap around the endothelial cells that line capillaries. They serve 

several fundamental functions such as regulation of the endothelial cell growth, microvessel 

maturation, and microvessel remodeling. In PDAC it is well stablished that blood vessels are 

poorly covered by pericytes, and therefore they result to be leaking and poorly perfused. Vessel 

normalization consists in increasing the pericyte coverage of endothelial vessels in order to 

improve microvessel integrity, vessel perfusion, drug delivery efficiency and to decrease vessel 

leakage and tumor hypoxia. In contrast to anti-angiogenic treatments, vessel normalization has 

been proposed as an effective mechanism to undermine PDAC progression (185–191).  

Vessel normalization has an impact on the whole tumor microenvironment, indeed it is often 

accompanied by stromal normalization (Fig. 5). Once tumoral blood vessels acquire a 

physiological architecture and are correctly covered with pericytes, the cross-talk between these 

cells and other components of the TME switches towards an anti-tumoral approach. Endothelial 

cells start overexpressing higher amounts of adhesion molecules that facilitate the tissue 

transmigration of anti-tumoral immune cells, thus repopulating the TME with effector immune 

cells. Endothelial cells also upregulate CD40 expression promoting the activation of macrophages 

and antigen presenting cells, and through the secretion of chemokines they recruit pro-

inflammatory immune cells. All these mechanisms lead to the reprogramming of the whole 

immune compartment of the TME, therefore co-operating with the normalized vessels in 

hampering tumor progression  (192) (Fig. 5).  
 

  

Figure 5. Vessel normalization induces stromal normalization. Subsequently to vessel normalization the 

immune compartment undergoes reprogramming. Since endothelial cells and pericytes change their 

transcriptomic profiles, upregulating molecules involved in the crosstalk with the immune compartment, 

the immune infiltration at a tumor level is subjected to a switch towards an anti-tumoral phenotype. 

Chemokines such as CXCL9, CXCL10 and CXCL11 attract pro-inflammatory macrophages at the tumor 

site, increased adhesion molecule exposure on endothelial cells facilitates leukocyte transmigration into 

the tumor tissue and augmented CD40 and IFN-γ production promotes the activation of several immune 

subpopulations, improving the overall immune response against the tumor (192).  



 
22 

 

3. Semaphorins  

Semaphorins are a large family of evolutionary conserved proteins that were initially identified as 

signaling cues in axonal guidance and synapse formation during embryogenesis. During the last 

decades new knowledge has unveiled their multiple roles in adult tissues and outside of the nervous 

system. These molecules are now known to be expressed in a multitude of adult tissues and have 

pleiotropic effects in both health and disease (193). The members of this family represent more 

than 20 secreted, transmembrane and GPI-linked glycoproteins (Fig. 6 A). The structure of these 

proteins shows a highly conserved N-terminal sema domain of about 500 amino acids, a plexin–

semaphorin–integrin domain and distinct protein domains that further define semaphorins, 

including immunoglobulin-like, thrombospondin, and basic C-terminal domains (194). The 

semaphorin family is divided into eight classes: class 1-2 are constituted by invertebrate 

semaphorins, class 3-7 comprise the vertebrate semaphorins and class 8 contains the viral 

semaphorins.To exert their action, they require signaling through their cognate receptors 

constituted by plexins and neuropilins (Fig. 6 A).  

Plexins are divided into invertebrate plexins (classes A and B) and vertebrate plexins (classes A-

D), containing 2 and 9 proteins respectively. Plexins are composed of an extracellular portion 

typically formed by 10 domains, including a sema domain, which differs from that of semaphorins 

for the lack of ability to dimerize, a membrane-spanning region and a cytoplasmic segment, which 

interacts with intracellular signaling molecules transducing the downstream signal (195). 

A shorter intracellular domain, containing a PSD95/Dlg/ZO-1 (PDZ) binding motif, characterizes 

the other class of receptors, composed of neuropilin − 1 and − 2. In the extracellular segment of 

neuropilins, there are different domains and among these there is also the binding site for vascular 

endothelial growth factor (VEGF), hepatocyte growth factor (HGF), fibroblast growth factor-2 

(FGF-2), platelet-derived growth factor-β (PDGF-β), transforming growth factor-β (TGF-β) and 

other ligands (196–198).  

Semaphorins and their receptors are involved in multiple physiological and pathological processes 

as they participate in immune regulation, extracellular matrix remodeling, organogenesis, bone 

homeostasis, angiogenesis and pathways such as apoptosis, autophagy and senescence (Fig. 6 B). 

Several human diseases including immunopathological, neurodegenerative and cardiovascular 

diseases show aberrant expression of semaphorins, furthermore, their signaling can also play a 

major role in tumor progression and metastatic dissemination (199–201). More specifically, by 

participating to the crosstalk between cancer cells and stromal cells in the TME (i.e. fibroblasts, 

immune and endothelial cells), semaphorins are involved in various aspects of tumor development, 

sometimes defining tumor-restraining effects. Several semaphorins have been reported to reduce 

tumor growth and angiogenesis, others are found to promote tumor growth or metastasis (202) 

(Fig. 6 B). 

Some semaphorins have also been demonstrated to play a role in vessel normalization and their 

action as potential therapeutic targets has been evidenced (191,203,204). Similar to their function 

in axonal guidance, semaphorins are able of driving endothelial cells towards vessel formation and 

remodeling. In fact, they are able of shaping the balance between other pro- or anti-angiogenic 

factors in the tumor microenvironment. Pro-angiogenic semaphorins include Sema3C, Sema4A, 

Sema4D, Sema6D, and Sema7A, while angiostatic semaphorins include Sema3A, Sema3B, 

Sema3D, Sema3E, and Sema3F (205) (Fig. 6 B). 
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Figure 6. A) Schematic representation of semaphorins and their receptors. The semaphorin family can be 

classified based on structural and sequence similarity in eight classes. Among vertebrate semaphorins, 

class 3 consists of secreted members, while class 4 to 7 semaphorins are membrane bound proteins. Plexins, 

the semaphorin receptors, are categorized in four subfamilies on similarity bases. In vertebrates, nine 

plexins have been identified so far. However, most class 3 semaphorins require binding to co-receptors of 

the neuropilin family, NRP1 and NRP2, and cannot bind directly to plexins (206). B) Semaphorin activity 

on cancer cells or on components of the TME. Diverse tumor types are able of producing several 

semaphorins depending on tumor staging. Many of them resulted to have tumor promoting effects while 

others are able of exerting tumor restraining actions and stromal normalizing activities (207) 

B 

A 
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3.1. Semaphorin 3A 

Class 3 semaphorins are secreted proteins that require binding to neuropilins and cannot bind 

directly to plexins for transducing their signal. Thanks to their binding to neuropilin-1, -2 (NRP-

1, NRP-2) and vascular endothelial growth factor (VEGF) receptor family they are able of exerting 

anti-angiogenic effects. Sema3A indeed is a potent inhibitor of developmental angiogenesis and 

has also been shown to impair neovascularization and tumor progression in various types of 

cancer. Since endothelial cells express both plexin and neuropilin receptors, prolonged stimulation 

with Sema3A is able of inducing endothelial cell apoptosis, suggesting that this mechanism of cell 

death is the mean through which Sema3A negatively regulates the angiogenic switch.  

Moreover, in vitro and in vivo studies using pancreatic neuroendocrine and PDAC mouse models 

demonstrated that Sema3A exerts a vessel normalizing activity. Indeed, Sema3A was shown to 

counteract the activation of HIF-1α improving tumor tissue oxygenation and decreasing tumor 

hypoxia, it showed a significant enhancement of the microvascular integrity thanks to improved 

pericyte coverage of endothelial vessels, it led to improved chemotherapeutic delivery and vessel 

perfusion and finally it synergized with chemotherapeutic regimens in reducing tumor progression 

(185,190,191).   

Semaphorins Sema3A, Sema3E, Sema4A, Sema4D, Sema5A, Sema6D, and Sema7A may be 

considered as “immune semaphorins” since they are involved in physiological and pathological 

immune responses and regulate immune homeostasis and tissue inflammation (208).  

Interestingly, Sema3A produced by tumor cells is able to recruit bone marrow derived cells that 

contribute to the stabilization and normalization of the tumor vessels. Moreover, neuropilins are 

important for the primary immune response since it mediates the contact between DCs and T cells 

in the immunological synapse (209).  

Sema3A is a potent immunoregulatory molecule and has been shown to suppress the over-activity 

of T and B lymphocytes (210). 

Activation of naïve T cells requires an immunological synapse with dendritic cells in the secondary 

lymphoid organs. The immunosuppressive role of Sema3A on T cell proliferation was first 

described (211). 

Lepelletier et al. found that the high levels of Sema3A produced in the later stage of DC-T cells 

co-cultures inhibited T cell proliferation. Thus, the induced Sema3A expression by both DCs and 

T cells during the latter part of the immune response could be regulating this response (211,212). 

 

 

3.2. Mutant Sema3A 

Normally, Sema3A can be found as a stable homodimer, due to the interactions that form between 

the sema domain and the basic stretch, but in order to bind to Nrp1, the furin processing resulting 

in the exposal of a C-terminal arginine is essential to allow the interaction with the b1 domain of 

Nrp1 (213). It has also been demonstrated that furin-like protease is fundamental to end the 

Sema3a-Nrp1 bond, due to its ability to cleave the PSI/sema domain, permitting its dissociation 

from the Ig-like domain/basic tail. 
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Figure 7. Sema3A WT binds to the b1 domain of NRP1 through its C-terminal basic stretch and this helps 

keeping Sema3A WT close to PLXNA4. NRP1 acts therefore as a co-receptor and allows the sema domain-

sema domain interaction between Sema3A WT and PLXNA4 that leads to the activation of PLXNA4 GTPase 

activating protein domain. In the Sema3A ΔIg-b deletion mutant the high-affinity NRP1- binding stretch 

was removed and substituted with the mouse IgG1 constant fragment, making the mutant Sema3A stably 

dimeric. 

However, along the years, several studies have brought to light how the activation of the Sema3a-

Nrp1 pathway can lead to numerous side effects, such as tumor progression (through the 

recruitment of TAMs into hypoxic niches) (214), inhibition of VEGF-induced angiogenesis and 

induction of vascular permeability in mice (215), induction of vasogenic edema in diabetic 

retinopathy (216). For these reasons, it has been generated a Nrp1-independent mutant Sema3a 

that is able to bind to PlxnA4 with high affinity, allowing the normalization of tumor blood vessels 

and the inhibition of metastatization (185). 

Initially, wild-type Sema3a was modified by removing the Ig-like domain and the basic tail and, 

later, the remaining C-terminal portion was fused with the constant fragment of the mouse IgG1, 

generating the Fc-tagged SEMA3A_ΔIg-b. Compared to the WT Sema3a, the rationally 

engineered Sema did not interact with Nrp1, therefore preventing the internalization of active 

integrins in the extracellular matrix adhesion and the endothelial cells collapse. In addition, by 

lacking the C-terminal tail, SEMA3A_ΔIg-b could not interact with the Nrp1 b1 domain, thus 

impeding endothelial cells internalization and vascular leakage (217) (Fig. 7).  

On the other hand, it was demonstrated that Nrp1 binding is not essential for haptotactic EC 

migration nor was it proven to be fundamental for the antitumor effects of Sema3a, as these 

activities did not depend on the activation of the Sema3a-Nrp1 pathway, but are more likely 

mediated by other signaling receptors, such as PlxnA4.  

Even though Sema3a anticancer response does not directly rely on the interaction with Nrp1, 

studies showed that SEMA3A_ΔIg-b was less efficient in impairing tumor progression, probably 

due to its low affinity for PlxnAs (185). For this reason, another modification realized on Sema3a 

through rationally designed mutagenesis, consisted in altering the electrostatic charges in the sema 

domain by introducing a positive charge (A106K) in the extrusion 1 of Sema3a. The generation of 

a SEMA3A_A106K_ΔIg-b, with a positively charged Lysine instead of a non-polar Alanine, led 

to an increased affinity of Sema3a for PlxnA4 and, consequently, to an improvement in the 

previously described biological functions of the modified Sema both on ECs and on cancer, in 

particular in PDAC. In addition, it was demonstrated that SEMA3A_A106K_ΔIg-b, similarly to 

WT Sema3a, could also normalize tumor vasculature, increase pericytes coverage and reduce 



 
26 

 

tumor hypoxia, even in a more efficient manner than its wild type counterpart. Moreover, the 

normalisation of the blood vessels caused by SEMA3A_A106K_ΔIg-b allowed an enhanced 

delivery of anticancer drugs, such as gemcitabine, improving the efficacy of anticancer therapies.  

In conclusion, SEMA3A_A106K_ΔIg-b was proven to be more effective than WT Sema3a in 

binding Plxn4A and, as a result, in inhibiting tumor growth and metastatization, without triggering 

the sides effects normally caused by the interaction of Sema3a with Nrp (185). 
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AIMS 

Considering the challenges concerning pancreatic ductal adenocarcinoma treatment, we sought to 

improve the knowledge about the complexity of this disease that depends on the multitude of non-

tumoral cells that are hijacked to become tumor-permissive and to promote tumor progression.  

The following study was designed to elucidate the complex interactions that occur between the 

heterogeneous populations of the tumor ecosystem and how these interplays are shaped following 

administration of exogenous Semaphorin3A. More specifically, one of our aims was to unveil how 

the different cell types interact with each other, and how this cross-talk is modified following 

treatment. For doing this we took advantage of several approaches:  

1. To perform single cell RNA-sequencing on control and mut-Sema3A treated samples 

and to analyze the changes in cell populations composing the tumor microenvironment 

in the two treatment groups. Moreover, we sought to identify specific gene signatures 

in the TME induced by mut-Sema3A. 

2. To employ the Visium Spatial Gene Expression and In Situ Hybridization technologies 

to confirm the transcriptomic changes identified through scRNAseq at a tissue level 

and to determine the localization of specific cell populations highlighted from the 

scRNAseq analysis.  

3. To investigate the changes in the immune landscape in PDAC treated by mut-Sema3A 

and to investigate the molecular mechanisms underlying immune cell recruitment 

through normalized tumoral vessels. 

4. To assess the effect of mut-Sema3A on other TME components, such as the activated 

cancer-associated fibroblasts (CAFs) and their functional role in vivo and ex-vivo 

models. 
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MATERIAL AND METHODS 

 

Single cell separation and cDNA sequencing 

In order to analyze transcriptome 3' gene expression at single cell resolution, samples have been 

processed with Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 Dual Index and Chromium 

Controller instrument (10X Genomics, Inc; Pleasanton, CA, US) following manufacturer’s 

instructions.  Briefly, single cell suspensions obtained from control and treated samples by means 

of Fluorescence-Activated Cell Sorting (FACS) were brought to a concentration of 500 and 350 

cells/µl respectively, and the proper volume of cell suspensions (based on 10X Genomics user 

guide) to achieve 7.000 targeted cell recovery has been used.  For the cDNA amplification step, 

12 cycles have been identified as the optimal number in our condition, while the index PCR has 

been performed with 14 cycles of amplification. Final libraries were quantified by means of Qubit 

dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and their fragment 

distribution was evaluated thanks to High-Sensitivity DNA assay kit (Agilent Technologies, Santa 

Clara, CA). Equal amounts of DNA libraries were pooled and sequenced using Illumina 

NextSeq500 sequencer (Illumina Inc., San Diego, CA, USA), thus generating sequencing data as 

required by manufacturer’s instructions (read1 28bp, read2 90bp, double index 10bp). 

The estimated number of sequenced cells was of 3623 and 3392 cells for control and mut-Sema3A 

treated respectively, with a sequencing depth of 45.688 and 52.173 reads per cell. The median 

sequenced genes per cell was of 1432 genes in the control and 942 genes in the treated samples. 

 

 

Single-cell RNA-sequencing data processing 

The count matrix was generated using 10XGenomics Cell Ranger software, using the 

implementation of the version 5 of the software implemented in rCASC analysis package (218)  

Sc-RNA-Sequencing low-quality cells were identified using the Ribo/Mito scoring, described in 

rCASC analysis package (218). Specifically, cells showing more that 10% of the total counts 

associated with mitochondrial genes were removed. Furthermore, only cells characterized by the 

detection of at least 250 genes were retained. We defined a gene called detected, based on the 

definition suggested in rCASC paper (i.e., a gene is called detected in a cell, if it is supported by 

at least 3 UMIs). 

Hou and coworkers (219) showed that scRNA-seq imputation methods outperform no imputation 

in recovering gene expression observed in bulk RNA-seq.  

Furthermore, they showed that, in scRNAseq imputation, MAGIC, kNN-smoothing, and SAVER 

tools outperform other methods most consistently (219). 

In this manuscript, scRNAseq counts matrices were imputed using SAVER (220). 

ScRNAseq clustering was performed using Louvain modularity method implemented in Seurat 

(221), embedded in rCASC package (218). The number of clusters was defined based on the level 

of cluster stability, defined by the Cell Stability Score (CSS), implemented in rCASC. (218). 
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10X Genomics Visium Gene Expression tissue sampling 

RNA quality of OCT embedded tissues (control and treated) was estimated before the placement 

of the tissue sections on the slide for Visium experiments. RNA was extracted from 10 sections 

(each of 10 μm thickness) using Qiagen RNeasy mini kit (Qiagen).  

RNA quality was evaluated using Agilent bioanalyzer with Agilent RNA 6000 Nano kits. 

Tissues with high quality RNA were removed from the –80°C storage and cryo-sectioned in a 

cryostat to generate appropriately sized sections to place within the frames of capture areas on 

Visium Spatial slides (10X Genomics). The Visium Spatial Tissue Optimization Slide & Reagent 

kit (10x Genomics) was used to optimize permeabilization conditions. Tissue permeabilization 

was performed for 18 minutes. Spatially barcoded full-length cDNA was generated using the 

Visium Spatial Gene Expression Slide & Reagent kit (10x Genomics). RT Master Mix, containing 

reverse transcription reagent was added to the permeabilizated tissue section to obtain spatially 

barcoded, full-length cDNA from poly-adenylated mRNA on the slide. Second strand mix was 

added to the tissue sections on the slide to synthetize second strand cDNA. The cDNA from each 

capture area was denaturated and transferred in a new tube for amplification and library 

construction. 

cDNA amplification was conducted using 12 PCR cycles for tissue control and 16 PCR cycle for 

treated tissue. Cycles number was identified by qPCR, using KAPA SYBR fast qPCR Master Mix 

2X (KAPA Biosystem), as recommended by 10X Genomics. 

10 μl of cDNA were used for the 10xGenomics Visium library preparation followed 

manufacturer’s instructions and using 16 PCR cycles for tissue control and 9 PCR cycles for 

treated tissue. 

Enzymatic fragmentation, end repair, A-tailing, adaptors ligation and PCR are done using reagents 

from Visium Spatial Gene Expression Slide & Reagent kit (10x Genomics). Size selection and 

clean-up are performed using SPRIselect reagent (Beckman Coulter). Final Visium spatial gene 

expression library was composed of standard Illumina P5, i5 index, spatial barcode, 12 bp UMI, 

cDNA fragment, i7 index and standard Illumina P7. 1 ul of each library was run on Agilent DNA 

High sensitivity chip for quality control. Libraries were quantified with Qubit DNA HS (Life 

Technologies). Pools of 4 libraries was sequenced on a NextSeq 500 sequencer (Illumina) loading 

1.8 pM of the pool with 1% PhiX (Illumina), as recommended by 10X Genomics, with the 

following run parameters: 28 cycles for read 1, 90 cycles for read 2, 10 cycles for i7 index and 10 

cycles for i5 index. 

 

 

10X Genomics Visium Gene Expression data processing 

The count matrix was generated using 10XGenomics Cell Ranger software, version 6. The count 

matrix was generated using only the spots assigned to slide areas covered by tissue. 

Visium Spatial Gene Expression low quality spots were identified using the Ribo/Mito scoring, 

described in rCASC analysis package (218). Specifically, spots showing more that 10% of the total 

counts associated to mitochondrial genes were removed. Furthermore, only pots characterized by 

the detection of at least 250 genes were retained. We defined a gene called detected, based on the 

definition suggested in rCASC paper (i.e., a gene is called detected in a cell, if it is supported by 

at least 3 UMIs). 

Visium Spatial Gene Expression counts matrices were imputed using SAVER (220). 
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Visium Spatial Gene Expression clustering was performed using Louvain modularity method 

implemented in Seurat (221), embedded in rCASC package. The number of clusters was defined 

based on the level of cluster stability, defined by the Cell Stability Score (CSS), implemented in 

rCASC (218). 

 

 

Mouse model and in vivo treatments 

PDAC model (mPDAC) has been previously described(185,222). Briefly, FVB/n females of 5-6 

weeks were inoculated with 1500 murine PDAC cells (p48cre, KrasLSL_G12D, p53R172H/+, 

Ink4a/Arfflox/+) in the pancreas tail. The treatments started one week following tumor cell injection. 

mPDAC has been treated three times a week with 10mg/kg mutant-Sema3A (via intravenous 

injection). After the 3-week treatment mice were euthanized according to the animal facility 

regulations.  

For the combinatorial trials, mPDAC mice were treated with immunotherapeutic drugs using the 

following schedule: one day prior to mut-Sema3A administration, α-CD40 antibody (BioXcell 

Ref. BE0016-2) was administered twice: at day 6 and day 13 following PDAC cell inoculation at 

200 µg/mouse via intraperitoneal injection. α-CTLA4 (BioXcell Ref. BE0164) and αPD1 

(BioXcell Ref. BE0146) were administered twice a week for three weeks (Fig. 8) at 250 µg/mouse 

via intraperitoneal injection. Mut-Sema3A was administered three times a week at 250 µg/mouse 

via intraperitoneal injection to avoid cross-reactivity due to the intravenous administration together 

with multiple inoculated agents. 

 

 

Pancreatic Stellate Cells isolation 

Healthy pancreata were harvested from 5-6 weeks FVB/n females. They were processed according 

to the following protocol (70), in brief: pancreata were minced and digested with a buffer 

containing Gey’s Balanced Salt Solution (GBSS) (Sigma-Aldrich Ref. G9779), 0.05% 

Collagenase P (Sigma-Aldrich Ref. 11213857001) and 0.01% DNase I (Sigma-Aldrich Ref. 

D5025) for 45 minutes at 37°C under rotation. Subsequently the cell suspension was filtered 

through a 100 µm nylon mesh and centrifuged at 1000 RPM for 5 minutes. Supernatant was 

discarded and the cell pellet was resuspended in 9.5 mL of GBSS containing 43.75% 

Figure 8. Treatment schedule of the mPDAC mouse model with combination therapy. The therapeutic regimen 

started one week following tumor cell inoculation and lasted for 3 weeks. Mut-Sema3A was administered at 

250 µg/mouse via intraperitoneal injection three times a week; αCTLA4 and αPD1 were administered at 250 

µg/mouse via intraperitoneal injection two times a week; αCD40 was administered at day 6 and day 13 

following tumor cell inoculation at 200 µg/mouse via intraperitoneal injection. 
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weight/volume Histodenz powder (Sigma-Aldrich Ref. D2158) and 0.3% BSA. The cell 

suspension was then carefully layered with 6 mL GBSS containing 0.3% BSA and the tube was 

centrifuged for 20 minutes at 1400 G without breaks. The cells forming the ring at the interface 

were harvested, washed with PBS and used for further applications.  

 

 

Immunofluorescence 

Tumor tissues were fresh frozen in OCT and 10-μm-thick frozen sections were serially cut using 

a Leica 2135 cryostat. Dried tumor slices were fixed with Zn fixative for 10 minutes and 

permeabilized with Triton 0,1% PBS solution. After saturation with DAKO protein block (Agilent 

Ref. X0909) at room temperature for 1 hour, tumor slices were incubated overnight with optimized 

primary antibody dilution, washed and incubated with Alexa Fluor secondary antibody for 45 

minutes. After staining with DAPI, tumor slices were mounted and images acquired with SPEII 

DM5500 CSQ Leica confocal microscope using Leica LAS AF software. Images were analyzed 

using ImageJ software (NIH). For IF staining the following primary antibodies were used (see 

Table 1). Secondary antibodies were used to amplify the fluorescent signal (Alexa fluorTM-488, 

Alexa fluorTM -555, Alexa fluorTM -647 Thermo Fisher Scientific). 

 

 

RNA extraction and qRT-PCR 

Whole tumor RNA was harvested by embedding in RNA later Tissue Storage Reagent (Sigma-

Aldrich Ref. R0901). RNA was extracted with Maxwell® RSC miRNA Tissue Kit (Ref. AS4500). 

cDNA preparation was performed according to standard procedures with High-Capacity cDNA 

Reverse Transcription Kit (Applied BiosystemsTM Ref. 4368814). PCR was performed by 

applying the following Taqman probes (see Table 2). 

 

 

Sample preparation for sc-RNA sequencing 

Tumors were harvested and immediately processed for obtaining the single cell suspension. In 

brief, tumors were first finely minced with a scalpel, then digested for 45 minutes at 37°C while 

rotating in a RPMI buffer containing 1.5 mg/mL Collagenase IV (Worthington Ref. LS004186) 

and 0.1 mg/mL DNase I (Sigma-Aldrich Ref. D5025), complemented with 2% FBS. Subsequently 

the cell suspension was filtered through a 70 µm nylon mesh and stained with DAPI and Epcam-

PE (BioLegend Ref. 118206) for undergoing Fluorescence Activated Cell Sorting. Sorting and 

cloning was carried out on MoFlo ASTRIOS EQ ™ Cell Sorter (Beckman Coulter, Brea,CA). 

Dead cells, doublets, and higher order clumps were excluded. Sorted cells were then singularly 

barcoded and further isolated through Chromium Controller 10X Genomics. 

 

 

Magnetic activated cell sorting 

Following tumor digestion cells were incubated with microbeads following manufacturer’s 

instructions. The following isolation Miltenyi Biotec kits were used: Dead Cell Removal Kit (Ref. 
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130-090-101), Debris Removal Solution (Ref. 130-109-398), CD326 (EpCAM) Microbeads 

Isolation Kit (Ref. 130-105-958).  

 

 

Flow cytometry  

Mouse tumors were cut into small pieces, disaggregated with Collagenase IV (Worthington Ref. 

LS004186) (1.5 mg/ml) and DNase I (Sigma-Aldrich Ref. D5025) (100 μg/ml) and filtered 

through strainers. 1x106 cells were stained with specific antibodies (see table 1) incubating for 1h 

at 4°C. Cell death and apoptosis was evaluated through staining with DAPI and Annexin V-APC 

(Bender MedSystems Ref. BMS306APC). Cytofluorimetric analysis was carried out on a CyAn 

ADP ™  (Beckman Coulter, Brea, CA)  flow cytometer and analyzed with FlowJo software.  

 

Graph plotting and statistical analysis 

Graphs and statistical analysis were performed with GraphPad Prism version 8.0. Bar plots were 

represented as mean and SD. Statistical significance was evaluated through Student t-test or one-

way ANOVA. Heatmaps and dot-plots were plotted with Morpheus 

https://software.broadinstitute.org/morpheus. 

 

 

Western Blot 

Proteins were isolated using cell lysis buffer (50 mmol/l Tris-HCl, 150 mmol/l NaCl, 5 mmol/l 

Na3VO4, 1 mmol/l PMSF, 0.01 mmol/l ZnCl2, protease inhibitors, and 1% Triton X-100) and 

quantified with BCA (Thermo Scientific). Equal amounts of proteins (30 μg) were separated by 4-

12% Bolt Bis-Tris Plus gel (Invitrogen) and transferred to nitrocellulose membrane (Invitrogen). 

Membrane was first blocked with 10% BSA in TBS-Tween (TBS-T) and incubated under gentile 

agitation for 1 hour at RT, then primary antibodies were added and (see Table 1) membrane was 

incubated overnight under agitation at 4°C. Thereafter, membrane was washed several times in 

TBST, and HRP-conjugated secondary Ab was added. After incubation at RT for 1 h, proteins 

were visualized by ECL system (Western Lightning Plus, Perkin-Elmer). 

 

 

Hematoxylin and Eosin 

10 µm tumor sections were fixed with Zinc fixing solution. Subsequently, they were stained for 4 

minutes with Hematoxylin solution, then washed with tap water and stained with Eosin solution 

for 30 seconds. Finally, the slides were dehydrated for 5 minutes each in 50%, 70% and 90% 

ethanol, and twice for 10 minutes in xylene.  

 

 

Cell viability assay 

Pancreatic ex vivo CAFs were seeded at 2500 cells/well into 96-well plates and treated with 

different concentrations of the mut-Sema3A (0, 200, 400, 600, 800 ng/mL). After 24h, 48h and 

72h medium was removed and cell viability was quantified by adding 100 µL of CellTiter-Glo® 
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reagent (Promega Ref. G7570) to each well. 96-well plates were gently mixed through a plate 

shaker at 150 rpm for 15 minutes at room temperature. 150 µL of volume was transferred from 

each well to a 96-well plate suitable for use with the plate reader. Luminescence was measured at 

560 nm using VICTOR® X4 multilabel plate reader (Perkin Elmer). 

 

 

Transwell invasion assay 

40 μL of the diluted Corning® Matrigel® Matrix coating solution (1 μg/μL in PBS) were added 

into each polycarbonate 8-μm porous Transwell membrane (Corning Ref. 3342) with avoidance 

of air bubble formation while pipetting. Transwell membranes were incubated 1 h at 37°C. CAF 

suspension of 105 cells/mL in DMEM/F12 supplemented with 0.5% FBS was prepared and seeded 

in 100 μL volumes into the Transwell inserts (104 cells/insert), in presence or absence of 800 

ng/mL mut-Sema3A. Lower wells were loaded with 500 μL DMEM/F12 supplemented with 1% 

FBS, in presence or absence of 800 ng/mL mut-Sema3A. After incubating for 72h the Transwell 

inserts were washed with PBS and fixed with 2.5% glutaraldehyde and stained with 0.1% crystal 

violet for 15 minutes, respectively. Pictures of the stained cells on the bottom side of the membrane 

were taken with Olympus BX60F-3 microscope using a 2.5X original magnification.  

 

 

RNA In Situ Hybridization - RNAscope assay 

mRNA expression of target genes was evaluated on OCT embedded samples using RNAScope 

Multiplex Fluorescent V2 Assay (Ref. 323100 Advanced Cell Diagnostics - a Bio-Techne 

brand®). Target genes are listed in Table 3. Sequences of target probes, preamplifier, amplifier, 

and label probe are proprietary (Advanced Cell Diagnostics, Hayward, CA).  

The sections, 10 µm thickness, were fixed in 10% NBF at 4°C for 15 minutes and then dehydrated 

with alcohol scale. After pretreatment at room temperature with hydrogen peroxide (10 minutes) 

and protease IV (30 minutes), the samples were incubated for 2 hours at 40°C with appropriate 

probes. The signal was amplified and detected with OPAL dyes according to the ACDbio protocol 

and assigning OPAL570 at channel 1, OPAL690 at channel 2 and OPAL520 at channel 3.  

Images of fixed tissues were acquired with Leica TCS SPE II confocal microscope, 40X of 

magnification, 1.5 of digital zoom and were analysed with NIH ImageJ (W. Rasband, NIH) 

software.  

10 randomly chosen fields per slide were acquired to calculate the number of target RNA in 

individual cells identified by DAPI staining: we statistically estimated the average of spots each 

cell calculated as the number of total specific RNA spot/number of total cells each field. 

To have an indication about the presence of more different RNA spots in the same cell, we utilized 

the Coste’s method (223), via “Coloc2” tool of NIH ImageJ (PSF 1.5, 200 randomizations), in 

which comparing 2 different spot masks, if the p-value for the true colocation has the probability 

of 95% of confidence level, give as result “1”. 
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Table 1. Antibodies used for immunofluorescence, western blot and flow cytometry. 

Table 2. Gene probes used for rtq-PCR experiments. 
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  Table 3. RNA-probes used for in situ hybridization experiments. 

  Brand Ref. 
Mm-Islr-O1-C1 Advanced Cell Diagnostics  453321 
Mm-Acta2-C2 Advanced Cell Diagnostics 319531-C2 
Mm-Plxna4-C2 Advanced Cell Diagnostics 515491-C2 

Mm-Dcn-C3 Advanced Cell Diagnostics 413281-C3 
Mm-Cygb-C3 Advanced Cell Diagnostics 1113911-C3 
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RESULTS 

1. Study design and experimental setting 

1.1. Orthotopic PDAC model 

Based on our previous findings describing an anti-tumor and anti-metastatic effect of a mutant 

form of Semaphorin 3A (mut-Sema3A) in a mouse model of PDAC (185,190,191) we sought to 

further investigate the molecular changes in the tumor microenvironment (TME) and the key cell 

subpopulations mainly affected by the treatment. We treated PDAC mice with mut-Sema3A for 

three weeks as previously described (185) (Fig. 9) and we observed a significant reduction of the 

tumor volume (by 53% and 48% respectively) (Fig. 10 A, B) (see also Methods).  

Figure 9. Mice treatment schedule with intravenous administration of Mutant-Sema3A. Mice were 

inoculated with 1500 PDAC cells/mouse directly into the pancreas. One week post inoculation we started 

the treatment with Mutant-Sema3A 250 µg/mouse. Mice were treated three times a week for a total of three 

weeks. 

Figure 10. Tumor volume evaluation following mut-Sema3A treatment of PDAC bearing mice. The 

decrease is of about 50% following three weeks of treatment. A) Treatment group employed for the In Situ 

Transcriptomics experiments. 7 control and 5 Mut-Sema3A replicates were plotted with GraphPad Prism 

8. Statistics was implemented in GraphPad Prism 8 and analysis through the Student T-test highlighted a 

p-value of 0.0014. The decrease in tumor volume is of about the 53%. B) Treatment group employed for 

the of sc-RNA sequencing experiments. 5 control and 4 Mut-Sema3A replicates were plotted with 

GraphPad Prism 8. Statistics was implemented in GraphPad Prism 8 and analysis through the Student T-

test highlighted a p-value of 0.04. The decrease in tumor volume is of about the 48%. 

A B 
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In order to have an initial overview of the main TME components in the PDAC tissues derived 

from our treatment groups, we performed a characterization, by means of Immunofluorescence 

(IF) and confocal microscopy (CM), of the tumor and TME populations, such as immune cells 

(CD45+), epithelial tumor cells (EpCAM+, CK19+, E-Cad+) and fibroblasts (α-SMA+) (Fig. 11). 

The percentage of CD45+- immune cells clearly outnumbers the total amount of CK19+- tumoral 

cells, confirming the suitability of our mPDAC model in recapitulating human PDAC. Moreover, 

α-SMA defined a fibroblast subset (Fig. 11 middle panel), that were found to be often enriched 

in the tumor-edges, and pericytes (Fig. 11 right panel). We further analyzed the levels of epithelial 

tumor cells with EpCAM and E-Cad, and we confirmed the paucity of tumor cells in this model 

and we observed the preponderance of EpCAM over E-Cad in characterizing PDAC cells (Fig. 11 

right panel). 

 

Since our initial aim was to undercover the mechanisms lying under the complex crosstalk among 

tumor cells and stromal cells in this murine PDAC model, we carried out single cell (sc) RNA-

sequencing analysis (10x Genomics Chromium Controller) (Fig. 12) coupled with Spatial 

Transcriptomics (10x Genomics Visium Spatial gene expression) using RNA samples derived 

from mut-Sema3A-treated and control (untreated) PDAC tumors.  

Figure 11. PDAC tumor characterization with known tumor and TME markers. To visualize the principal 

components of our PDAC mouse model we performed immunofluorescence staining with markers 

identifying epithelial tumor cells characterized by CK19, E-Cad and EpCAM expression, α-SMA+- cells 

(fibroblasts and pericytes) and CD45+- immune cells.  No substantial changes were evident between the 

control and the Mut-Sema3A treated tumors. Pictures are representative of five fields acquired for every 

sample, for a total of 7 control samples and 5 mut-Sema3A treated samples. 
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Considering the strong decrease in tumor volume following treatment, we analyzed 2 control 

samples and 4 mut-Sema3A-treated samples for the sc-RNA-sequencing analysis (Fig. 10B). On 

the other hand, one control and one treated tumor were used for the Spatial Transcriptomics 

experiment (Fig. 10A). The sc-RNA-sequencing and the Visium Spatial gene expression 

employed tumors deriving from 2 independent treatments in which we maintained the same dose 

and treatment schedule. We chose not to use samples arising from the same experiment to 

strengthen our findings to a greater extent.  

Although we observed that tumoral cells represent the minority of the cells in this tumor model, 

which faithfully recapitulates human PDAC (Fig. 11), to analyze more selectively the TME, we 

decided to sort out PDAC cancer cells from the tumor mass of mPDAC mice, to enrich the samples 

with stromal cells, before proceeding with the single cell sequencing.  

 

1.2. Protocol setting for tumor epithelial cell depletion 

To obtain a viable cell suspension mostly enriched in TME cells, we decided to eliminate epithelial 

PDAC cells from our cell suspension, optimizing and adapting published protocols (71,224,225). 

In order to obtain the standard quality sufficient to undergo single cell RNA-sequencing, we 

evaluated several parameters characterizing the cells, such as: cell viability, apoptotic state, 

doublet percentage and epithelial markers expression. First, we assessed cell viability following 

enzymatic tumor dissociation (Fig. 13) through trypan blue and flow cytometry (FC), to check the 

level of mortality of the cells after the digestion process. 

Disappointingly, both with trypan blue and through FC analysis, cell viability resulted to be very 

low (less than the 10% of total live cells) (Fig. 14 left panel). We decided therefore to perform a 

Magnetic Associated Cell Sorting step to enrich live cells. We used the Dead Cell Removal kit 

from Miltenyi (see methods) to devoid the mix from dead cells (Fig. 14), but unexpectedly, 

Figure 12. 10x Genomics Chromium Controller single cell RNA-sequencing. In order to perform 

transcriptome sequencing on single cells, the Chromium Controller separates cells into single-cell gel 

droplets, each of them has a unique barcode identifier. Through reverse transcription a barcoded cDNA 

library is created in each droplet, and it is sequenced. The procedure has been performed with Chromium 

Next GEM Single Cell 3ʹ Reagent Kits v3.1 Dual Index and Chromium Controller instrument (10X 

Genomics, Inc; Pleasanton, CA, US).  
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although the total number of live cells was doubled, it was still under the 15% (Fig. 14 right 

panel).  

 

 

 

Figure 14.  Cell viability is assessed through flow cytometry following MACS of live cells with the Dead 

Cell Removal kit. Prior to dead cell removal, the cell suspension was in great part composed by debris, 

dead cells and doublets, while live cells represented the 7,3% of the total events. Following MACS, the 

number of live cells grows up to 14,5%, but it is still too low to proceed with sc-sequencing. 

Figure 13. Enzymatic PDAC tumor dissociation. Tumor masses are harvested from mice and immediately 

processed. First, they are finely minced with scissors and scalpels, then they are incubated with a digestion 

cocktail made of collagenase IV and DNase I and kept on rotation at 37° for 1h. Following these steps, the 

mix is filtered through a 70 µM nylon mesh while smashed with a syringe plunger. After some washing 

and centrifugation steps cell number and viability is determined through trypan blue counting. 



 
40 

 

To further solve this issue, we decided to process our samples through the Fluorescence Activated 

Cell Sorter after staining the cellular mix with DAPI. Finally, we obtained a cellular suspension of 

82.4% live cells, DAPI- (Fig. 15). 

 

Figure 16. Western Blot displaying the expression levels of E-Cadherin and EpCAM. The tested samples 

consisted in 20 µg protein loading and included Triple Negative Breast Cancer 4T1 cells as a positive 

control, PDAC cells in 2D cultures, PDAC tissue from murine tumors and EpCAM+-cells deriving from 

MACS EpCAM selection. Normalization on β-tubulin highlights a higher level of EpCAM in PDAC tissue 

lysates respect to PDAC 2D cultures. Importantly these data confirm EpCAM expression on PDAC cells 

and its relevance in epithelial cancer cell depletion from the tumor-dissociated cell suspension. 

Figure 15. Cell viability assessment through flow cytometry following FACS, reveals that DAPI- live cells 

hugely increase: from 29,2% of total live cells we reach the 82,4% cell viability after selection with DAPI. 

This represents a good cell suspension quality for downstream analysis.  
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Based on our main aim to purify TME from epithelial tumor cells, we first checked the expression 

of tumoral markers into the tumor-harvested cells. We observed that tumoral cells in our PDAC 

model expressed Epithelial Cell Adhesion Molecule (EpCAM) and Epithelial-Cadherin (E-Cad) 

(Fig. 11).  

We confirmed the overexpression of these markers in PDAC cells, by means of Western Blot 

(WB) (Fig. 16) and quantitative Real-Time PCR (qRT-PCR).  

Importantly, EpCAM represented a more expressed molecule in PDAC derived tissues, respect to 

E-Cad, that further corroborated our initial hypothesis based on published data (71) in which 

colleagues purified PDAC cell suspensions through EpCAM+-cell depletion. Moreover, we 

performed flow cytometry on freshly dissociated PDAC tumors (see methods) in order to evaluate 

the percentage of E-Cad+-cells, EpCAM+-cells and CD45+-cells (immune cells) (Fig. 18, 19).  

Motivated by previous findings (71,226) and by our preliminary results showing that the staining 

for E-Cad did not represent a large cell portion throughout the tumor slice (Fig. 11, 16), we decided 

to eliminate epithelial tumoral cells from the cell suspension through the exclusion of EpCAM+-

cells. We employed the MACS technique, using anti-EpCAM microbeads (Fig. 17).  

 

 

 

To evaluate its efficacy, we performed Flow Cytometry on freshly dissociated cells, on cells eluted 

following MACS with EpCAM microbeads and on cells bound to the magnetic column (EpCAM+-

cells hypothetically). The flow cytometry (FC) analysis showed that about the 57% of total live 

Figure 17. EpCAM+-cells exclusion through magnetic microbeads isolation. Following digestion, the cell 

suspension is incubated with EpCAM magnetic microbeads according to manufacturer instructions. After 

the incubation, the cell suspension is eluted into a LS column (Miltenyi): EpCAM+-cells bound to magnetic 

microbeads will remain trapped inside the column, while EpCAM--cells will flow through it, and will be 

harvested in a clean tube. 
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cells were positive for E-Cad (Fig. 18 A), while the 48% were positive for CD45 (Fig. 18 A), 

meaning that there was a partial overlapping of these two markers. On the other hand, the 28% of 

cells resulted positive for EpCAM (Fig. 19). It is conceivable that a portion of the tumoral 

epithelial cells were double positive for E-Cad and EpCAM. Unfortunately, we could not 

appreciate an EpCAM+-cells depletion in the whole mix (Fig. 18 B) or an EpCAM+-cell 

enrichment in the column-trapped cells (Fig. 18 C). Considering the unsuccess of the MACS 

technique, we opted again for FACS to obtain a cellular mix depleted of epithelial tumor cells. In 

order to devoid the cellular mix from dead and EpCAM+-cells, while keeping live EpCAM- cells, 

we used the negative selection, staining the cellular mix with the anti-EpCAM antibody and DAPI. 

A 

B 

Figure 18. Fluorescent staining of PDAC deriving cells for E-cad and CD45 shows the cell type percentage 

before, after the MACS and bound to the magnetic columns. Cells were isolated through anti-EpCAM 

magnetic microbeads. A depletion of EpCAM+-epithelial cells was expected, but the percentage of E-Cad+-

cells remains nearly unvaried when we compare the whole cell suspension (before MACS), the EpCAM+-

depleted (after MACS) and the EpCAM+-enriched (cell bound in column). The same can be noticed for 

what it concerns CD45+-immune cells: the EpCAM+-cells bound to the column should specifically be 

epithelial tumoral cells, and not be constituted by the 57,36% of immune cells. This brings us to the 

conclusion that EpCAM-magnetic beads are not efficient enough for the needed applications. 

C 
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Figure 19. Fluorescent labeling of PDAC deriving cells for EpCAM and CD45 markers. About the 28% of 

total live cells is composed by EpCAM+ epithelial tumor cells, while the 60% represents CD45+ immune 

cells. 

A 

B 

C 

Figure 20. Fluorescent labeling of PDAC deriving cells with Annexin V and DAPI to evaluate cell viability 

(DAPI- and Annexin V-), necrotic cells (DAPI+ and Annexin V-), early apoptotic cells (Annexin V+), late 

apoptotic cells (DAPI+ and Annexin V+). Panels A and B represent samples prior or following MACS with 

EpCAM, panel C represents cells bound to the column (EpCAM+-cells). 
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Before proceeding with the FACS, we checked the apoptotic state of the cells. To this aim we used 

the Annexin V-DAPI staining. Annexin V is a molecule used to recognize apoptotic cells due to 

its ability of binding to phosphatidylserine, a phospholipid exposed on the outer leaflet of the 

plasma membrane by apoptotic cells. This allowed us to assess the percentage of cells that were 

in early apoptosis and that could not be identified with DAPI. In this case we found about the 21% 

of cells in an early apoptotic state (Fig. 20 A) and about the 32% of healthy viable cells. This 

allowed us to conclude that the percentage of cells in early apoptosis was within the standard of 

FACS and the single cell-sequencing analysis.  

Finally, since the cell suspension quality was appropriate for proceeding with the subsequent 

analysis, we proceeded with labeling it with DAPI and EpCAM, and selected cells that were 

negative for both these parameters (Fig. 21). In conclusion, through FC we confirmed that the cells 

isolated through FACS were largely negative for EpCAM and DAPI, successfully achieving the 

96-97% of live and EpCAM- cells, in both control and treated samples (Fig. 22). 

T 

 

 

 

 

 

 

Figure 21. FACS of fluorescent labeled cells with DAPI dye and EpCAM antibody for negative isolation. 

The cell suspension is stained for DAPI and EpCAM: cells will pass through a laser that will excite the 

fluorophores at given wavelengths, and subsequently the detectors will discard the cells that are positive 

for the chosen parameters. 
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2.  Semaphorin 3A induces gene-reprogramming in the PDAC TME 

2.3.  Single cell analysis of mPDAC and cluster annotation 

The complex and stepwise experimental procedures that we set up, allowed us to find the best 

possible conditions in order to obtain high quality data from our single cell RNA-sequencing. 

Following the FACS negative selection 4,8 x 105 and 4,2 x 105 cells were respectively harvested 

from control and mut-Sema3A-treated tumors. The totality of cells was processed in the single cell 

RNA-sequencing facility (at IRCCS-FPO) at a dilution of 500 and 350 cells/µl respectively, and 

the proper volume of cell suspension (based on the 10X Genomics user guide) was used to achieve 

7.000 targeted cell recovery. 

Subsequently to the single cell separation, a total number of 3623 and 3392 EpCAM- and DAPI- 

cells for control and mut-Sema3A-treated, respectively, were sequenced with the Illumina 

NextSeq500 sequencer. These cells underwent quality control concerning their cell cycle status, 

their transcript number and the number of reads per transcript, and high-quality cells were selected 

for further analysis. 

Single cell RNA-sequencing and unsupervised clustering of 1645 and 1376 cells for control and 

Mut-Sema3A treated samples revealed 11 clusters in control and 8 cluster in Mut-Sema3A treated 

samples respectively. Clustering was performed using Louvain modularity method implemented 

in Seurat, embedded in rCASC package. The number of clusters was defined based on the level of 

cluster stability, determined by the Cell Stability Score (CSS), implemented in rCASC (see 

methods) (Fig. 23).  

 

 

Figure 22. Flow cytometry analysis to evaluate the amount of DAPI- and EpCAM- cells following FACS. 

After performing FACS for excluding dead and EpCAM+-cells, we managed to obtain a highly pure cellular 

mix almost devoid by tumor cells and dead cells: we achieved the 97% of purity for the control and the 

96% of purity for the treated sample. 
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Cluster identification was assessed based on previous findings (224) and clusters were further 

manually annotated through known markers from published data and Enrichr 

(https://maayanlab.cloud/Enrichr/). We annotated one CAF cluster in the control (cluster 5) and 

two distinct CAF clusters in the Mut-Sema3A (clusters 3 and 4). In addition, we detected: i) 3 

macrophage clusters in the control (clusters 1, 2 and 11) and one macrophage cluster in the treated 

sample (cluster 1); ii) 3 neutrophil clusters in the control (clusters 3, 4 and 9) and 2 in the treated 

sample (clusters 3 and 7); iii) one T lymphocyte cluster in each sample (cluster 10 control and 

cluster 5 Mut-Sema3A); iv) one B lymphocyte cluster and one dendritic cell cluster present in 

controls (cluster 8 and cluster 6 respectively), but absent in treated samples ; v) one pericyte cluster 

in the treated sample (cluster 8), that was absent in the controls; vi) one PDAC cell cluster both on 

controls and mut-Sema3A samples (cluster 7 control and cluster 2 Mut-Sema3A) (Fig. 24, 25). It 

is conceivable that this PDAC cell cluster still present in the samples after the negative selection 

described above (Fig. 18, 19, 21, 22) was due to the fact that not all epithelial tumoral cells 

homogeneously express EpCAM, and, therefore, some tumors cells expressing other markers were 

not depleted from the tumor mass. In any case, the proportion of these unselected cancer cells is 

very low, compared to the other TME cells, and did not interfere significantly with the analysis. 

Next, we wanted to estimate the cell amount in each cluster and to compare the corresponding 

percentage of controls with mut-Sema3A-treated tumors. Notably, cluster composition clearly 

differed between control and mut-Sema3A treatment: first, the number of fibroblasts doubled in 

the treated sample (20,71%) respect to the controls (9,06%) (Fig. 24). 

Figure 23. Unsupervised clustering of 1645 and 1376 cells for control and Mut-Sema3A treated samples 

reveals 11 clusters in control and 8 cluster in Mut-Sema3A. Clustering was performed using Louvain 

modularity method implemented in Seurat, embedded in rCASC package. The number of clusters was 

defined based on the level of cluster stability, determined by the Cell Stability Score (CSS), implemented 

in rCASC. The clusters of the control are in order: macrophages I, macrophages II, neutrophils I, 

neutrophils II, fibroblasts, dendritic cells, PDAC cells, B lymphocytes, neutrophils III, T lymphocytes, 

macrophages III. The clusters of the mut-Sema3A are in order: macrophages, macrophages II, PDAC 

cells, fibroblasts I, fibroblasts II, T lymphocytes, neutrophils I, neutrophils II, pericytes. 
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Macrophages and neutrophils decreased in the Mut-Sema3A from 39,15% to 33,28% and from 

26,88% to 16,06% respectively (Fig. 24). T lymphocytes increased in the treated samples, almost 

doubling their amount and switching from the 5,11% in the control to reach the 9,38% in the Mut-

Sema3A (Fig. 24). This event is consistent with our findings showing increased amounts of CD8+-

T cells in PDAC tumors after Sema3A treatments (see chapter 4). On the other hand, B 

lymphocytes and dendritic cells were only identified in the control condition, in a percentage of 

6,02% and 7,05% respectively, while pericytes were found solely in the Mut-Sema3A and 

comprised the 4,65% of the total cells (Fig. 24). This last finding, demonstrating the enhanced 

amount of pericytes, is again consistent with previous data of our laboratory in which a 

significantly improved vessel normalization and pericyte coverage following murine PDAC 

treatment with mut-Sema3A has been demonstrated (185,190,191). 

To additionally confirm the nature of the clusters we annotated, we plotted the sc-RNA-seq 

expression data into a dot-plot, visualizing the expression level of well-established markers 

showing the lineage of clusters (Fig. 25).  

Macrophages showed high expression levels of Aif1, CD68, CSF1R, CCR2. The genes that were 

present in the fibroblast clusters were Lum, Col1a1, Dcn, Dpt, Pdgfra. T cells were instead 

characterized by several subunits of the T-cell receptor and by CD4 and CD28, while neutrophils 

showed peculiar expression of markers such as Mmp9, Elane, Ly6G, Mpo, Csf3R, all mostly 

known as pro-tumoral neutrophil markers. B cells displayed clearly specific markers including 

CD19, Pax5, CD79A, Ms4a1 and dendritic cells expressed high levels of Itgax, H2-aa, H2-ab1 

 

Figure 24. Graphical representation of cell clusters as percentages, calculated on the entire amount of 

sequenced cells. Graph was performed with GraphPAD Prism 8. The clusters identified in the control were 

composed by:  one fibroblast cluster (9,06%), 3 macrophage clusters (23,65%, 13,19%, 2,31%), 3 

neutrophil clusters (10,76%, 10,27%, 5,65%), one T-lymphocyte cluster (5,11%), one B lymphocyte cluster 

(6,02%) and one dendritic cell cluster (7,05%). The clusters in the mut-Sema3A instead comprised: 2 

fibroblast clusters (11,12% and 9,59%), one macrophage cluster (33,28%), 2 neutrophil clusters (7,63% 

and 4,94%), one T-lymphocyte cluster (9,38%) and one pericyte cluster (4,65%). 
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and CD80. The pericyte population, identified in the treated condition only, was showing 

differentially high levels of Angpt2, Kdr and Cdh5, but they were also positive for some epithelial 

markers, therefore we believe they do not constitute a highly pure population. Finally, the 

remaining PDAC cells that were not excluded trough FACS, were expectedly expressing epithelial 

genes such as Cdh1, Krt19, Krt7 and Krt9, but they were missing high expression of EpCAM (Fig. 

25). 

 

Figure 25. Dot-plot representing the expression level of well-established markers across all clusters in 

control and mut-Sema3A treated samples. 11 clusters were defined in the control condition: 3 of them were 

annotated as macrophages and 3 of them were constituted by neutrophils; the other 5 clusters were 

described as T lymphocytes, B lymphocytes, dendritic cells, fibroblasts and PDAC cells. The treated sample 

instead was made of 8 clusters among which there were 2 neutrophil and 2 fibroblast clusters, one 

macrophage cluster, one T lymphocyte, one pericyte and one PDAC cluster. 
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2.4.  Fibroblasts are reprogrammed into two distinct subpopulations 

when tumors undergo mut-Sema3A treatment 

Unexpectedly, among the different populations of the TME, the most distinctly defined cells were 

cancer-associated fibroblasts (CAFs), represented by cluster 5 in the control, and by clusters 3 and 

4 in the mut-Sema3A treated sample. Surprisingly, cluster annotation highlighted that mut-

Sema3A was able to induce the appearance of two populations of fibroblasts in the treated tumors 

compared to the control (Fig. 23, 24, 25, 26, 27). First, by assessing the expression of known 

fibroblast markers in these populations, we corroborated the fact that cluster 5 control, and clusters 

3 and 4 of the mut-Sema3A were bona fide fibroblasts, with distinct different transcriptomic 

profiles respect to the rest of the other clusters (Fig. 26).  

 

 

Then we calculated the percentage of CAFs on the total cell number and surprisingly we found out 

that it was more than doubled in the mut-Sema3A-treated samples compared to controls (9.06% 

Figure 26. Histogram plot representing 5 of the most characteristic fibroblast genes sequenced in our sc-

RNA-sequencing experiment: Lum, Dcn, Col1a1, Dpt, Lox and Pdgfra are specifically upregulated in 

cluster 5 control and clusters 3 and 4 of the treated sample confirming their specificity and the fibroblastic 

nature of those clusters. Plot was implemented in GraphPAD Prism 8.  
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CAFs in cluster 5 control and 11.12% and 9.59% CAFs in cluster 3 and 4 of the mut-Sema3A 

treated tumors respectively, Fig. 24). 

To understand the potential differences of the expression profile in control CAFs compared to mut-

Sema3A-treated CAFs, we performed Venn diagram crossing between the differential expressed 

genes of every fibroblast cluster. Both cluster 3 and cluster 4 of the mut-Sema3A share only 50% 

of gene similarity with control CAFs, indicating that their transcriptome was reprogrammed 

towards different fibroblastic phenotypes.  

Based on previous findings describing CAF subtype signatures in pancreatic cancer (71,227,228) 

we started to better identify the CAF subtypes in our fibroblast clusters. Notably, while the CAF 

cluster of the control recapitulated faithfully the three CAF subpopulations (consisting of 25% 

apCAFs, 43% iCAFs and 32% myCAFs) from Elyada et al. (Fig. 27 A), the two clusters of the 

treated tumors displayed different, non-perfectly overlapping gene signatures (Fig. 27 C, D). In 

the treated sample cluster 4 we could still recognize the 3 subpopulations, although there was a 

switch between the percentage of iCAFs (17%) and apCAFs (57%), while myCAFs accounted for 

the 24% (Fig. 27 B, C). Remarkably, we were able to identify a very small percentage of cells 

corresponding to the iCAFs (5%) and apCAFs (13%) signatures in the treated sample cluster 3, 

(Fig. 27 B, D), while the great majority of cells (82%) were not falling into one of those 3 

categories. Therefore, we defined a novel CAFs subtype (from now on Sema-Associated-

Fibroblasts, SemAFs) (Fig. 27 D), based on their differential gene profile. 

Figure 27. A) Heatmap showing the distribution of control fibroblast according to the classification of 

myCAFs, iCAFs and apCAfs. B) Bar plot representing the percentual distribution of CAF sobpopulations 

in the three identified fibroblast clusters. C) Heatmap showing the distribution of cluster 4 fibroblasts (mut-

Sema3A) according to the classification of myCAFs, iCAFs and apCAfs. It is less defined respect to control 

fibroblasts. D) Heatmap showing the distribution of cluster 3 fibroblasts (Mut-Sema3A) according to the 

classification of myCAFs, iCAFs and apCAfs. Strikingly the only subpopulations that remain clearly visible 

are iCAFs and apCAFs, while the gene signature for myCAFs is not present anymore and a new fibroblast 

class emerges.  
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2.5. Sema3A-induced a tumor-restraining CAF gene signature  

Since CAFs are an extremely heterogenous population, deriving from several sources, showing 

different or opposite phenotypes or differentiation subtypes, (229–231), we further investigated 

the specific gene signature identifying our new SemAF population. We considered the fibroblasts 

from cluster 3 mut-Sema3A and selected the 82% of these cells that constituted the SemAF 

subpopulation. Then we ranked their differentially expressed genes and among those genes we 

identified a portion that was significantly up-regulated in SemAFs respect to control CAFs and 

treated cluster 4 CAFs. The genes found to be significantly and selectively upregulated in SemAFs 

were: Islr, Pdgrfa, Mmp2, Cygb, Hspa1a, Hspa1b, Cdh11, Thbs, Apoe, Bgn, Eng, Plxna4. In this 

sub-class, the main gene signature included Islr, Pdgfra Mmp2, shown to be fibroblast markers of 

tumor restraining (anti-tumor) CAFs (232–234), also correlated with the quiescent characteristics 

of Pancreatic Stellate Cells (PSCs, the major source of CAFs in PDAC). Moreover, this signature 

was characterized by Cygb and its downstream effectors Hspa1a and Hspa1b.  These genes were 

instead responsible for decreasing pancreatic cancer progression via their ability of increasing 

antioxidant genes expression and through their ROS scavenging function. The other genes 

identified in the SemAFs signature were Eng, Cdh11, Thbs2, Apoe, Bgn, genes shown to have 

controversial roles across different cancers and experiment types, and not a typical gene signature 

of cancer-restraining phenotype. 

To extensively support the anti-tumoral features of SemAFs, we implemented their differential 

expressed genes in Enrichr and confirmed that most of them were characteristically enriched in 

markers concerning the quiescence status of PSCs (Mmp2, Fap, Lrrc32, Pdgfra, Dcn, Prrx1, 

Tmem100, Bgn, Islr, Cygb, Cdh11, Cpxm1, Ebf1, Olfml3, Ednra). Furthermore, gene ontology 

enrichment analysis highlighted the involvement of those genes in epithelial to mesenchymal 

transition, ECM organization, apoptosis regulation.  

Interestingly, genes such as IL-6 and Timp-1, associated to an inflammatory-like and immune 

suppressive CAF phenotype, shown to promote cancer invasiveness and metastasis (227), were 

down-modulated in SemAFs compared to controls. 

Notably, among the SemAF gene signature, Islr coding for a protein called Meflin, showed to 

confer CAFs anti-tumor properties in PDAC. In fact, when over-expressed in CAFs by genetic and 

pharmacological approaches, significantly restrained PDAC progression (232,235) and improved 

the chemo sensitivity of mouse models of PDAC (236). 

Taken together, our data indicate that the SemAF population displays an unconventional CAF 

phenotype, conferring a potential tumor-restraining-fibroblast role in PDAC.  

 

2.6. SemAFs are present in PDAC tumors 

To further verify and confirm the expression of the SemAF gene signature in PDAC, we performed 

RNA In Situ Hybridization (using RNAscope® OpalTM probes) on tumor tissue slides derived 

from mut-Sema3A-treated and untreated PDAC. Notably, we observed increased expression of 

meflin/Islr in the mut-Sema3A treated tumors. Interestingly, meflin was specifically localized in 

Dcn+ fibroblasts (Dcn is a pan-CAF marker) across the tumor. (Fig. 28). We did not observe 

significant changes in α-SMA and Cygb expression between controls and Sema3A-treated tumors.  
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2.7. Visium Spatial Gene Expression coupled with sc-RNA-seq define 

and localize SemAF in murine PDAC 

To further investigate the mut-Sema3A-induced CAF gene reprogramming in PDAC, we 

performed Spatial Transcriptomics (10x Genomics Visium Spatial gene expression) on frozen 

samples derived from mut-Sema3A-treated and control tumors (Fig. 10 A). This technique allowed 

us to visualize thousands of transcripts directly on the tumor slice (Fig. 29). Every tissue slide was 

divided into thousands of spots and, following RNA-sequencing, transcripts expression was 

reported as average per spot. Due to this limitation, we assumed that every spot was not a single 

cell but a group of up to 10 cells on average. Subsequently to the RNA-sequencing, spots have 

been clustered using Louvain modularity method implemented in Seurat, embedded in rCASC 

package.  

Figure 28. RNA In Situ Hybridization of Islr (Meflin) and Dcn (Decorin) on PDAC tissues display an 

increased expression of Islr following mut-Sema3A treatment in Dcn+ CAFs. RNAscope® Opal™ probes 

hybridizing to Islr and Dcn mRNAs were used to define the number of Dcn+ CAFs and to assess their 

expression for Islr. mRNAs for Islr increase significantly per cell following mut-Sema3A administration. 

Dots were quantified manually on ImageJ and dot co-localization was assessed with the Coste’s method 

via the “Coloc2” tool of NIH ImageJ. Graph was plotted with GraphPad Prism 8 representing mean and 

SD. P-value (0.0032) was calculated using Student t-test.  
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The number of clusters was defined based on the level of cluster stability, determined by the Cell 

Stability Score (CSS), implemented in rCASC. Since this was not a sc-RNA-sequencing, every 

Figure 29. Workflow of the 10x Genomics Visium Spatial gene expression analysis. Tissue slices are placed 

on specifically designed slides which contain chips bearing oligo-dT barcoded spots. Transcripts belonging 

to cells of the tissue slice hybridize to these oligo-dT that are subsequently sequenced through Illumina 

sequencers and their location of the slice is back-tracked thanks to the barcodes. 

Figure 30. Pictures showing the Hematoxylin and Eosin staining of PDAC control and mut-Sema3A treated 

tumors. The tissues underwent processing for Visium Spatial Gene Expression in which mRNAs found in 

cells at a tissue level were sequenced and subsequently clustered. The multi-color visualization represents 

cell-containing spots that have been clustered together based on their expression similarity. Color legends 

showing the most represented cell type for every Visium cluster.  
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cluster contained different cell populations, that could be ranked according to the preponderance 

of marker genes characterizing the cluster. Regarding fibroblasts, there were some clusters 

containing more abundantly this population: in the control CAFs were better represented by cluster 

4 and 6, while in the Mut-Sema3A treated sample they were more abundant in cluster 4, 5 and 6 

(Fig. 30, see legend). 

In parallel, in a complementary manner, we used the gene signature previously identified through 

sc-RNA-seq and implemented it in the data deriving from the Visium Spatial Gene Expression. 

More specifically we plotted the genes corresponding to the different CAF subpopulations on the 

Visium slides to visualize the localization of the cells throughout the tissue slice (Fig. 30). 

Interestingly, while in the control tissue the genes of myCAFs, iCAFs and apCAFs signatures were 

expressed and broadly distributed, these CAF sub-populations were almost completely absent in 

mut-Sema3A-treated tumor tissues. Intriguingly, the myCAF population was very scarce while the 

iCAF population was very abundant in the control sample, strengthening the already published 

data according to which iCAFs are pro-tumoral and immunosuppressive while myCAFs represent 

the tumor-encompassing fibroblast compartment (38,40,71,73,237).  

Since a percentage of iCAFs were still present in the mut-Sema3A tissue, we hypothesized their 

belonging to the cluster 4 mut-Sema3A, that, contrarily to the cluster 3 still comprised a portion 

of iCAFs (Fig. 27 B). Conversely SemAF genes were expressed mostly in mut-Sema3A-treated 

tumors and were barely detectable in control tissues. Surprisingly, differently from the genes of 

the myCAFs, iCAFs and apCAFs signature, most of the SemAF genes were localized in the border 

of the tumor, completely overlapping the localization of fibroblasts defined by the clustering of 

the Visium-sequenced transcripts (Fig. 30 see legend, 31).  

Figure 31. Visium Spatial Gene Expression representation of the control and mut-Sema3A treated tumors. 

The gene signatures typical of myCAFs, iCAFs, apCAFs and SemAFs, identified through sc-RNA-

sequencing, were plotted on the data deriving from the Visium transcriptomics. MyCAFs, iCAFs and 

apCAFs are clearly less present in the treated tumor, while SemAF are almost exclusive of the treated 

tumor, and are located on the tumor border. 
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2.8.  In-vitro mut-Sema3A treatment induces transcriptional changes in 

CAFs and impairs CAFs invasion potential 

Based on the effect of mut-Sema3A on CAFs in-vivo, we sought to assess whether this gene-

reprogramming observed in PDAC was due to a direct effect on fibroblasts. To this aim, we set up 

an in-vitro model using Pancreatic Stellate Cells (PSCs) extracted from healthy pancreata and 

activated as myCAFs using a system of 2D culturing on plastic culture dishes. Elyada and 

colleagues (70,71,73) demonstrated that the 2D culturing of PSCs on plastic devices automatically 

activates them as myCAFs, boosting their ability to express and secrete proteins of the extracellular 

matrix, collagens and α-SMA. We treated the cells with mut-Sema3A and assessed the variations 

of the expression levels of the genes of the SemAF signature. Interestingly, the treatment with 

mut-Sema3A in activated fibroblasts upregulated genes of the “in-vivo” signature such as Islr, 

Cxcl12, Cdh11, Thbs2, Cygb, Col1a1 (Fig. 32 A). Remarkably, the treatment with mut-Sema3A 

significantly up-regulated its own receptor, PlxnA4 (Fig. 32 A), further confirming our hypothesis 

that mut-mut-Sema3A3A was able of exerting a direct effect on PDAC CAFs.  

B 

Figure 32. A) Quantitative Real Time-PCR of the genes identified as SemAF-specific following sc-RNA-

seq analysis. Among the 17 tested genes 7 of them were significantly upregulated in the mut-Sema3A treated 

sample: Islr, Cxcl12, Cdh11, Thbs2, Cygb, Col1a1 and Plxna4. Student t-test was performed on GraphPad 

Prism and the computed p-values are: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. B) Transwell 

chemo-invasion assay displayed impairment of the CAFs potential to invade the Matrigel Matrix following 

a chemotactic gradient when treated with mut-Sema3A. The graph was plotted with GraphPad Prism 8 and 

mean and SD were plotted. Statistical significance was calculated through student t-test and the p-value > 

0.001. C) Bar plots representing cell viability of activated CAFs following mut-Sema3A administration at 

200, 400, 600, 800 ng/mL for 24, 48 and 72h. No effects were observed altering cell viability. Graphs were 

plotted with GraphPad Prism 8 and mean and SD were represented. Statistical significance was assessed 

through one-way ANOVA. 

A 
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To further assess whether mut-Sema3A was able to exert direct biological changes in activated 

fibroblasts, we evaluated the effects on cell viability. Therefore, we set up viability experiments 

using different treatment time points and testing several mut-Sema3A doses. Mut-Sema3A did not 

exert any effect on CAFs viability, independently on the administered dose or timing of treatment 

(Fig. 32 C).  

Next, we evaluated the effect of the mut-Sema3A on the ability of activated fibroblasts to migrate 

and invade the Matrigel matrix®. We performed CAF invasion assays using transwell plates 

coated with Matrigel®. Notably, we observed that treatment with 800 ng/mL mut-Sema3A was 

able to strongly inhibit CAFs invasion across the Matrigel matrix® (Fig. 32 B).  

 

2.9.  In-vitro mut-Sema3A treatment induces PLXNA4 upregulation in 

CAFs 

We observed a significant and unexpected increase of the Sema3A receptor PlexinA4 in CAFs 

that underwent in-vitro mut-Sema3A treatment (Fig. 32 A). This finding led us to further 

investigate whether PLXNA4 was upregulated also in mut-Sema3A treated PDAC tumors. To this 

aim, we performed In Situ Hybridization with a PLXNA4 probe on control and mut-Sema3A 

treated PDAC tissues. Notably, we observed increased expression of PLXNA4 in DCN+ 

expressing CAFs (Fig. 33). This finding may suggest a feedforward mechanism in which the mut-

Sema3A acts directly on fibroblasts of the TME and stimulates the further production of its own 

receptor. Further investigations will be needed to better explore and understand the underlying 

mechanisms of the effect of mut-Sema3A on PlxnA4 in CAFs. 
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3. Mut-Sema3A induces VCAM-1 expression in endothelial cells 

One of the effects of the mut-Sema3A in PDAC, demonstrated so far, is on endothelial cells and 

pericytes, by inducing the tumor vessel normalization in the tumor tissue (185). Based on the main 

aim of this project, focused on better understanding the crosstalk between the different cell 

populations of the TME, we started to further investigate the molecular changes induced by mut-

Sema3A in endothelial cells, and how mut-Sema3A enables them to interact with the other cell 

types of the tumor ecosystem. Interestingly, our single cell RNA-sequencing data showed that 

pericytes are induced and increased following mut-Sema3A administration (Fig. 24, 25), further 

demonstrating the “normalizing” effect of Sema3A on tumor vessels in PDAC. We have 

previously (185) demonstrated that mut-Sema3A acts on endothelial cells (ECs) inhibiting the 

activation of Rap1 (Fig. 34 A), a small GTPase predominantly involved in cell adhesion and cell 

Figure 33. RNA In Situ Hybridization of Plxna4 (Plexin A4) and Dcn (Decorin) on PDAC tissues display 

an increased expression of Plxna4 following mut-Sema3A treatment in Dcn+ CAFs. RNAscope® Opal™ 

probes hybridizing to Plxna4 and Dcn mRNAs were used to define the number of Dcn+ CAFs and to assess 

their expression for Plxna4. mRNAs for Plxna4 increase significantly per cell following mut-Sema3A 

administration. Dots were quantified manually on ImageJ and dot co-localization was assessed with the 

Coste’s method via the “Coloc2” tool of NIH ImageJ. Graph was plotted with GraphPad Prism 8 

representing mean and SD. P-value (0.0017) was calculated using Student t-test.  
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junction formation. Recent studies have demonstrated that Rap1 inhibition in endothelial cells 

allows the activation of the pro-inflammatory signals deriving from TNF-α stimulation, leading to 

the upregulation of VCAM-1 expression, a very well-known transmembrane adhesion molecule 

fundamental for lymphocytes and leukocytes extravasation process (Fig. 34 B) (238). Based on 

these findings, we assessed the expression of VCAM-1 in our PDAC tissues prior and following 

mut-Sema3A administration, and we observed an increased co-expression of the adhesion 

molecule VCAM-1 with CD31, a known endothelial marker (Fig. 34 C). Notably, while VCAM-

1 was not expressed by tumor vessels in control tumors, most of this protein was co-expressed in 

the vasculature of mut-Sema3A-treated tumors (Fig. 34 C). To further characterize these effects, 

we performed in-vitro experiments using human endothelial cells (ECs). We treated HUVECs with 

mut-Sema3A and evaluated the expression of VCAM-1.  

B A 

C D 

Figure 34. A) Active Rap1-GTP bound is decreased following HUVEC treatment with the mutated form of 

Semaphorin 3A, from Gioelli et al. (185). B) Schematic representation of Rap1 and TNF-α intertwined 

signaling pathways that affect VCAM-1 expression and exposition on endothelial cell plasma membrane. 

Exposition of VCAM-1 on the cell surface facilitates T lymphocytes extravasation from blood vessels. 

Cartoon realized with BioRender remaking a scheme from Sharma et al. (239). C) Immunofluorescence 

staining for CD31 in red and VCAM-1 in green. Co-staining of VCAM-1 inside of endothelial cells is absent 

in control PDAC mice and clearly observable in mut-Sema3A-treated mice (arrows). D) Western Blot 

assessing the presence of VCAM-1 inside HUVECs following mut-Sema3A or TNF-α treatment. Mut-

Sema3A induces the expression of VCAM-1 similarly to TNF-α treatment.   
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Mut-Sema3A, administered at very low doses, was capable of increasing the level of VCAM-1 on 

endothelial cells similarly to TNF-α stimulation (Fig. 34 D).  

Taken together, these data suggest that mut-Sema3A is able of inducing VCAM-1 expression on 

endothelial cells both in-vivo and in-vitro models and indicate that it may regulate the extravasation 

and recruitment of leukocytes via the tumor vasculature in PDAC, through this mechanism. We 

will further assess this aspect in the following chapter 4.  

 

 

4. Mut-Sema3A induces T CD8+ lymphocytes recruitment to the tumor 

Based on the enhanced VCAM-1 expression observed on PDAC tumor vessels upon mut-Sema3A 

administration, we sought to investigate the effect on the immune landscape in PDAC. Starting 

from the data deriving from our sc-RNA-seq analysis, that highlighted changes in some immune 

cell subpopulations in mut-Sema3A-treated tumors, we focused on better characterizing these 

variations at a tumor tissue level. Our immunophenotyping analysis concerned the following 

populations that have been relevantly perturbed by mut-Sema3A treatment: M1-like anti-tumor 

macrophages, M2-like pro-tumor macrophages, T-regulatory lymphocytes and cytotoxic CD8+ T-

lymphocytes.  

Analyzing the effects on the myeloid cell populations, no significant changes were observed in the 

amount of M1-like macrophages and M2-like macrophages (Fig. 35 A, B). In addition, when we 

focused on investigating the effects of mut-Sema3A on T-cells, we did not notice any changes in 

the amount of T-regulatory lymphocytes (Fig. 35 C). 

Notably, a dramatic increase of recruited T-cells was found in the treated samples when we 

examinated the amount of CD8+ T-lymphocytes (Fig. 36 A), and of the level of the marker 

granzyme B (Fig. 36 B) an indicator of the effector action of cytotoxic T lymphocytes.  

These findings are of great importance, since, as previously demonstrated (239), untreated 

mPDAC mice have very low levels of infiltrated CD8+-T cells. Mut-Sema3A is able therefore to 

switch a “cold” in “hot” PDAC tumor by enhancing the infiltration of CD8+ T-lymphocytes at the 

tumor site. 

Based on our experiments demonstrating that mut-Sema3A was able to up-regulate VCAM-1 in 

tumor vessels, it is conceivable to hypothesize that mut-Sema3A may recruit T lymphocytes by 

normalizing tumor vessels and increasing the expression of adhesion molecules such as VCAM-

1, therefore promoting lymphocytes extravation towards the tumoral tissue. Future investigations 

are planned to better demonstrate this meachinism by in-vivo and ex-vivo experiments. For instance 

a series of experiments are planned to modulate VCAM-1 expression by acting on Rap-1 activation 

in mPDAC to formally demonstrate this specific effect of mut-Sema3A on tumor vessels and CD8+ 

T-cells recruitment. 
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Figure 35. Immunophenotyping of frozen PDAC tissues for the identification and quantification of M1, M2 

macrophages and Regulatory T cells. A) M2 pro-tumoral macrophages were identified using MRC1 and 

CD68 antibodies. Cells that were presenting co-staining were considered M2 macrophages. B) M1 anti-

tumoral macrophages were identified using CD11c and CD68. C) Regulatory T cells were identified using 

FoxP3 and CD4 markers. No significant differences were detected following mut-Sema3A treatment of 

PDAC in these three populations. Graphs were plotted with GraphPad Prism 8 and the plotted values 

represent the ratio between the area fraction of colocalization divided by the total CD68 or CD4 area. 

Mean and SD were plotted. N ≥ 4. 
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5. Mut-Sema3A enhances the effect of immunotherapy  

 

5.1.Mut-Sema3A coupled with diverse immunotherapeutic agents has a synergic effect 

in hampering tumor growth 

Based on the strong increase of CD8+-T cell recruitment and activation in PDAC induced by mut-

Sema3A, we sought to assess whether the combination of mut-Sema3a with immune-checkpoint 

inhibitors was able to enhance the anti-tumor effect, previously demonstrated. It is widely shown 

that, up to date, immune checkpoint inhibitors had not reached the foreseen effects and very poor 

efficacy has been shown in clinical trials in PDAC patients (240). We started to investigate the 

combination of mut-Sema3A with α-PD1 and α-CTLA4 blocking antibody in inhibiting tumor 

growth in mPDAC mice. The choice of using these immune checkpoint inhibitors was based on 

the fact that both PD1 and CTLA4 have an important role in downmodulating the T-cells activation 

while enhancing T regulatory cell functions (241). These therapeutic agents could exert additional 

Figure 36. Immunofluorescence of frozen PDAC tissues aimed at identifying and quantifying cytotoxic 

CD8+ T lymphocytes and the presence of Granzyme B (GZMB).  A) Cytotoxic CD8+ T lymphocytes resulted 

to be significantly augmented inside the PDAC tissue following mut-Sema3A administration, suggesting 

an improved recruitment and extravasation. B) The amount of intra-tumoral GZMB+ cells increase notably 

following mut-Sema3A administration in vivo. Graphs were plotted with GraphPad Prism 8 and the plotted 

values represent the area fraction of CD8 or GZMB. Mean and SD were plotted. N ≥ 5. 

A B 
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anti-tumor effect since our PDAC model displayed increased CD8+-T cells recruitment, a large 

proportion of FoxP3+ cells among the CD4+ T lymphocytes (Fig. 35 C, (239)) and mut-Sema3A 

did not target or modulate the T-reg subset when administered individually (Fig. 35 C). As 

expected from clinical data, the monotherapy of α-PD1 did not exert any significant anti-tumor 

effect (Fig. 37 B). As expected from the abundance and immune-suppressive effects of T-regs in 

our mPDAC model, the α-CTLA4 treatment, as single agent, induced a reduction of tumor volume, 

comparable to the effect exerted by mut-Sema3A (Fig. 37 C). Unfortunately, we did not detect 

any enhancement of tumor inhibition when mut-Sema3A was combined with α-CTLA4 (Fig. 37 

C). Similarly, we did not observe any synergistic effect combining α-PD1 and α-CTLA4 blocking 

antibodies or combining mut-Sema3A with α-PD1 + α-CTLA4 blocking antibodies in decreasing 

tumor volume compared to mut-Sema3A used as single agent (Fig. 37 D). 

Despite the positive effects of mut-Sema3A on normalizing the tumor vasculature and recruiting 

CD8+ T cells, we were not able to enhance the anti-tumor effect with α-PD1 or α-CTLA4 

combinations. Therefore, we proceeded to test new combinatorial treatments. We focused on 

another immune-modulatory agent, the α-CD40 antibody, an agonist that has a stimulatory action 

on CD40, exposed on the surface of several Antigen Presenting Cells (APCs) such as Dendritic 

Cells (DCs), B lymphocytes, CD4+ T cells and platelets. Indeed, the effect of α-CD40 is to induce 

maturation of dendritic cells into professional anti-tumor APC, T cells activation and secretion of 

inflammatory cytokines involved in the immune response in PDAC. Indeed, by improving anti-

tumoral immunity activation it facilitates the polarization of TAMs into M1-like anti-tumoral 

macrophages in spite of M2-like pro-tumoral macrophages (242,243). Therefore, we treated 

mPDAC with α-CD40 alone or in combination with mut-Sema3A. While α-CD40 exerted, to some 

extents, an anti-tumor activity, even if less potent than mut-Sema3A alone, the combination of 

mut-Sema3A with α-CD40 failed to induce synergistic effects (Fig 37 E).  

Treatment of mPDAC mice with the drug administration schedule in Fig. 37 A allowed us to 

conclude that α-CD40 and α-CTLA4 individual therapies exert an effect on PDAC growth similar 

or lower to the one observed in mut-Sema3A-treated mice (Fig. 37 D, E), and that the combination 

of one of the two agents with mut-Sema3A was not sufficient to improve the outstanding effect of 

the mut-Sema3A (Fig. 37 C-E). Finally, we decided to treat mPDAC mice with a triple 

combination of α-CD40 + α-CTLA4 with mut-Sema3A. Interestingly, while α-CD40 and α-

CTLA4 combined together did not exert additional an anti-tumor effect compared to mut-Sema3A, 

when the three agents were co-administered, we observed a remarkable impairment of PDAC 

growth (Fig. 37 F).  

These data demonstrate that mut-Sema3A re-programs the immune cells improving the anti-tumor 

efficacy of the immunotherapy in PDAC. We can hypothesize that the observed synergistic effect 

may be due to the modulation of different immune cell populations: i) α-CTLA4 targeted mainly 

T-regs; ii) α-CD40 promoted the activation of anti-tumoral myeloid cells; iii) mut-Sema3A 

activated CD8+-T cells.  

We started to provide more compelling experimental evidence to confirm this hypothesis, as 

described in the following chapter 5.2. 
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Figure 37. A) Treatment schedule of the PDAC mouse model with combination therapy. The therapeutic 

regimen started one week following tumor cell inoculation and lasted for 3 weeks. Mut-Sema3A was 

administered at 250 µg/mouse via intraperitoneal injection three times a week; αCTLA4 and αPD1 were 

administered at 250 µg/mouse via intraperitoneal injection two times a week; αCD40 was administered at 

day 6 and day 13 following tumor cell inoculation at 200 µg/mouse via intraperitoneal injection. B) 

Combination therapy of mut-Sema3A with αPD1 blocking antibody. αPD1 alone does not exert any effect 

on PDAC tumor volume. Similarly, the combination of αPD1 with mut-Sema3A does not have a synergic 

effect on impairing tumor growth. C) Combination therapy with mut-Sema3A, αPD1, and αCTLA4 blocking 

antibodies. αPD1 and αCTLA4 do not improve the anti-tumoral effect of mut-Sema3A 
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5.2.The three-agent combinatorial approach drives macrophages polarization towards 

the M1-like phenotype  

Considering the great outcome of the triple therapy on decreasing the tumor volume, we sought to 

investigate the changes in the immune compartment in the PDAC tissues derived from the different 

treatment groups. Based on our previous results demonstrating enhanced recruitment, infiltration 

and activation of CD8+ T lymphocytes induced by mut-Sema3A as single agent, we assessed their 

distribution in PDAC tissues, derived from α-CD40 and α-CTLA4 and the triple combination of 

α-CD40, α-CTLA4 and mut-Sema3A, compared to controls. We observed increased levels of 

CD8+ T lymphocytes in all the conditions, compared to controls (Fig. 38 A, D). Therefore, by 

checking the effects on macrophages, interestingly we observed that there was a synergic effect 

between mut-Sema3A and the immunotherapeutic agents, by increasing the number of M1-like 

anti-tumoral macrophages, significantly enriched respect to the control (Fig. 38 B, E). Prompted 

by these observations, we also examined the proportion of M2-like pro-tumoral macrophages in 

the different treatment groups, but we did not detect significant differences among the groups (Fig. 

38 C, F).  

Taken together, these data suggest that the effect on CD8+ T lymphocyte recruitment and activation 

is mainly attributable to the action of mut-Sema3A, while the polarization of macrophages towards 

a M1-like anti-tumoral phenotype is imputable mainly to α-CD40 or to the synergic effect exerted 

by the multiple administration of mut-Sema3A, α-CD40 and α-CTLA4.  

Further investigation is needed to better study the changes in the immune landscape in mPDAC 

mice in the triple immune-therapy combination. We are currently investigating the functional 

contribution of other immune cell types. For instance, our sc-RNA-seq analysis showed a 

significant reduction of neutrophils in mut-Sema3A-treated PDAC compared to controls. Recent 

studies demonstrate how this subpopulation of myeloid cells can contribute to the immune 

suppression and tumor progression in different tumor types, including PDAC (126,135). 

We expect that tumor associated neutrophils (TAN-2) could contribute to tumor progression in 

mPDAC and that mut-Sema3A could exert an effect on this immune sub-population. 

Figure 37. D) Combination therapy of mut-Sema3A coupled with αCTLA4 blocking antibody. Contrarily 

to αPD1 treatment alone αCTLA4 alone is able of reducing PDAC tumor volume, but its combination with 

mut-Sema3A does not induce an additional effect. E) Combination therapy of mut-Sema3A with αCD40 

agonist. αCD40 is able of inducing a slight reduction of PDAC tumor volume, but it is not able of improving 

mut-Sema3A effect when co-administered. F) Triple combination therapy including mut-Sema3A, αCD40 

and αCTLA4. The immunotherapy co-administration of αCD40 and αCTLA4 is able of reducing tumor 

volume similarly to mut-Sema3A, but when all the three molecules are injected together, they exert a 

synergic effect on PDAC growth that is significantly higher to mut-Sema3A effect or αCD40 and αCTLA4 

effect alone (red *). 

 All trials have been performed observing the animal facility regulations and graphs were plotted with 

GraphPAD Prism 8. Mean and SD were plotted for n ≥ 5. Statistical significance was analyzed with ANOVA 

tests and the p-values are: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.  
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Figure 38. Immunofluorescent stainings with markers identifying cytotoxic T lymphocytes, M1 and M2-like 

macrophages. A) Bar plots of the CD8+ area percentage. B) Ratio of the colocalization of CD11c/CD68 on 

total CD68+ macrophages. C) Ratio of the colocalization of MRC1/CD68 on total CD68+ macrophages.  

D) Cytotoxic CD8+ T lymphocytes resulted to be significantly increased following individual treatment with 

mut-Sema3A and combination treatment with mut-Sema3A, αCD40 and αCTLA4, nevertheless, the 

combinatorial approach did not exert a synergic effect and the percentage of CD8+ T lymphocytes is 

comparable with the one observed in the mut-Sema3A condition. E) M1-like macrophages highlighted by 

the co-expression of CD68 and CD11c resulted to be significantly more abundant following administration 

of the triple therapy mut-Sema3A, αCD40 and αCTLA4. F) M2-like macrophages highlighted by the co-

expression of CD68 and MRC-1 did not show any variation in number following the three different 

therapeutic conditions. Graphs were plotted with GraphPAD Prism 8. Mean and SD were plotted for n ≥ 

8. Statistical significance was assessed with one-way ANOVA and the p-values are: * < 0.05; ** < 0.01; 

*** < 0.001; **** < 0.0001. 
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DISCUSSION 

Pancreatic cancer represents a major public health concern since it is ranked in the top 10 leading 

types of cancer deaths in over 130 countries, moreover, its incidence and death rate have increased 

importantly since 2000, and it is predicted to become the fourth leading cause of cancer death by 

2040 (1,2).  

The bad prognosis is attributable to its late diagnosis, often due to lack of symptoms, and the 

standard treatment still consists of surgical resection (only practicable in the 20% of cases) and 

outmoded chemotherapeutic approaches such as Gemcitabine, Nab-Paclitaxel and FOLFIRINOX 

(7,10).  

Besides the diagnosis at an already advanced tumor progression stage, pancreatic ductal 

adenocarcinoma is one of the most aggressive and hardly treatable cancers because of several 

peculiar characteristics. Among these features there are i) differentiation stage of tumor cells; ii) 

migratory and invasive potential of tumor cells; iii) resistance to chemotherapeutics; iv) prevalent 

suppressive immune microenvironment; v) highly desmoplastic stroma (15–17).   

Desmoplasia is a condition that consists in the overactivation of CAFs, promoted by inflammatory 

stimuli and growth factors secreted by cancer cells, leading to the production of important amounts 

of extracellular matrix (ECM) with subsequent deregulation of the tumoral microenvironment 

(29). The considerable deposition of EC fibers causes impaired immune cell tumor infiltration and 

inefficient drug delivery, moreover, the immune cells that are allowed into the tumor, establish 

and enhance immunosuppression (36).  

The vessel network is affected by the deregulated molecular signals and by desmoplasia as well 

and tumor vessels appear compressed, twisted and contemporarily stimulated by pro-angiogenic 

factors, indeed they are poorly covered by pericytes, they work inefficiently, perfusion is impaired 

and vessel leakage represents the outcome of all these conditions (33,34).   

It has been demonstrated that establishing a balance between pro- and anti-angiogenic factors at a 

tumoral level leads to vessel normalization. This condition indicates an improvement in vessel 

architecture and functioning with subsequent drug delivery amelioration and immune cell 

extravasation facilitation. Furthermore, vessel normalization is coupled with stromal 

normalization, that represents repopulation of the tumoral stroma with anti-tumoral immune cells 

and tumor restraining fibroblasts. Indeed, several studies have shown that there is a complex 

network between endothelial cells, pericytes and immune cells, ruled by the secretion of cytokine 

and chemokines and by the expression of adhesion molecules and receptors involved in immune 

activation. This complex interaction has several benefic effects such as increased immune 

infiltration and activation, decreased tumor hypoxia and metastasis, improved perfusion efficiency 

and ameliorated vessel leakage (185,186,188).  

Some proteins of the Semaphorin family have been correlated with a potent capability of inducing 

vessel normalization. Semaphorin3A that has been shown to hamper tumor growth and metastatic 

spreading. To date, little is known of its effect on immune cells or other cell types of the TME in 

PDAC. 

Sema3A exerts its downstream signaling by acting on Neuropilin-1 and successively transducing 

the signal through Plexin A4. Since its interaction with Neuropilin-1 has also shown to induce the 

recruitment of M2 pro-tumoral macrophages at the tumor site, we sought to create a more powerful 

form of Sema3A: the mutant-Sema3A. Mutant-Sema3A has been previously patented by our lab 

and it was carefully designed in order to i) not being cleavable by the furin protease that regulates 
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Sema3A activity level; ii) act in a Neuropilin-1-independent manner; iii) bind with high affinity 

Plexin A4 (185,190,191,202).  

Our laboratory previously demonstrated that mut-Sema3A was potent at inducing vessel 

normalization, increasing pericyte coverage, improving the oxygenation level intratumorally, 

increasing vessel permeability to chemotherapeutic agents, decreasing metastatic dissemination 

and primary tumor volume, and improving gemcitabine efficacy against PDAC growth (185).  

Considering these promising effects of mut-Sema3A we sought to further investigate its actions 

on the TME landscape in order to assess its outcome in the tumor ecosystem. Therefore, we 

decided to perform a comprehensive analysis of control and mut-Sema3A treated PDAC tissues 

by single cell RNA-sequencing and Visium Spatial Gene Expression.  

To set up a suitable and functional protocol of sc-RNA-sequencing we adapted several protocols 

from the literature to our experimental needs in the mPDAC model (71,224,225), and through 

complex procedures we succeeded in obtaining a tumor derived cell suspension depleted of 

EpCAM+ epithelial tumoral cells, to enrich our samples of TME cells. We therefore proceeded 

with sequencing almost exclusively stromal cells from our samples, and subsequently clustered 

the single cell derived data and annotated the identified clusters. 11 clusters were pointed out in 

the PDAC control condition, and they were constituted by macrophages, neutrophils, fibroblasts, 

dendritic cells, B and T lymphocytes. 8 clusters were annotated in the mut-Sema3A-treated 

condition, and they were composed by macrophages, neutrophils, fibroblasts, T cells and pericytes.  

When assessing the cell percentage for every cluster, it emerged that the cellular compositions 

were variable between control and mut-Sema3A tumors, indeed macrophages and neutrophils 

were decreased following treatment, while T lymphocytes and fibroblasts resulted to be increased 

in number. The reduction in the myeloid compartment is consistent with the impaired tumor 

growth following mut-Sema3A administration, because it is well known that macrophages and 

neutrophils inside the PDAC stroma are prevalently pro-tumoral and immunosuppressive 

(120,133–135).  

The most surprising finding following cluster annotation was a significant increase in the 

population of cancer associated fibroblasts (CAFs). While we were more focused on investigating 

the effect on immune cells, this specific outcome on CAFs was completely unexpected. To date, 

very few observations demonstrated how axon guidance cues can regulate CAF function (202). 

Therefore, we started to better analyze the transcriptomic profile of CAFs in mut-Sema3A-treated 

tumors. Firstly, the unique fibroblast cluster of the control samples resulted to be split in two 

different clusters in the treated samples. Secondly, the total number of fibroblasts was represented 

by 9.06% of cells in the control and by 20.71% of cells in the mut-Sema3A-treated, indicating that 

mut-Sema3A doubled the number of total fibroblasts following the treatment. Therefore, we 

started to study and compare the CAF gene signatures starting from published data that described 

well defined CAF sub-populations clustering them in three main classes: myofibroblastic 

(myCAFs), inflammatory (iCAFs) and antigen presenting (apCAFs) (71). 

By crossing our data with the identified gene signatures, we were able to reproduce these CAFs 

sub-populations in our control PDAC. The control fibroblasts were therefore clearly separated into 

myCAFs, iCAFs and apCAFs, while, in contrast, mut-Sema3A-treated CAFs displayed a different 

gene signature. Cluster 4 mut-Sema3A fibroblasts signature was resembling control fibroblasts, 

even though it was not fitting entirely with the control signature. Remarkably, cluster 3 fibroblasts 

of mut-Sema3A-treated tumors displayed a totally new signature. 5% of the cluster 3 fibroblasts 

were iCAFs, 13% were apCAFs, and the remaining (82%) of them, that we named Semaphorin-

Associated-Fibroblasts (SemAFs), showed a specific and completely different transcriptomic 
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profile. Therefore, using the EnrichR platform we better studied the SemAF signature by inquiring 

its functions and cellular specificity. Furthermore, we intersected these genes with pre-existing 

literature in order to identify their involvement in cancer progression. Interestingly, at least 11 

genes of this new signature were described as anti-tumor effectors or were defining a “CAF-

restraining” phenotype. Among these, Islr (coding for the Meflin protein), a marker of 

mesenchymal stem cells, has been shown to be expressed by pancreatic stellate cells that represent 

the main precursor giving rise to cancer associated fibroblasts in PDAC. Notably, Meflin has been 

indicated as a novel CAF marker in PDAC, and the Meflin+ CAF infiltration has been correlated 

with favorable patient outcome. Moreover, Meflin ablation enhanced tumor progression, while 

Meflin overexpression in CAFs resulted in PDAC growth suppression in xenograft mouse models 

(232). Finally, Meflin overexpression was also correlated with abundant Pdgfra and poor Acta2 

expression (232). Based on these recent findings, Meflin has been described as one of the most 

important cancer-restraining CAF markers (232,235,236). 

Among the other genes enclosed in the SemAF signature, Cygb, encoding for Cytoglobin is a 

hemeprotein involved in liver fibrosis and cancer progression and it has recently been negatively 

correlated with tumor size in pancreatic cancer (233). Cytoglobin is expressed by pancreatic 

stellate cells and findings demonstrated that it was able to impair CAF activation and to counteract 

oxidative damage by acting on downstream heat shock proteins. Other genes, such as Bgn, Cdh11, 

Mmp2, specifically expressed by SemAFs, have been shown to be strictly correlated with the 

quiescent status of pancreatic stellate cells (228,234,244). Therefore, we can hypothesize that the 

mut-Sema3A treatment re-programs activated CAFs towards a more quiescent and anti-tumor 

phenotype in PDAC. We further confirmed the above-mentioned gene signature following mut-

Sema3A administration in PDAC tumors, by analyzing control and treated tumor tissues by means 

of in situ hybridization and spatial gene expression, and, in both cases, we could state that indeed 

fibroblasts expressing the SemAF signature were increased following the treatment, strengthening 

the finding that mut-Sema3A could act through tumor fibroblasts in order to exert its anti-tumor 

effects. These findings encouraged us to better assess whether mut-Sema3A was acting directly 

on the fibroblastic compartment. To this aim, we treated with mut-Sema3A ex-vivo activated 

mouse pancreatic fibroblasts and we evaluated the changes in the expression of several genes of 

the SemAF signature. Remarkably, we successfully identified a significant upregulation level of 

Islr, Cygb, Cdh11, Cxcl12, Thbs2, Col1a1, confirming what observed in vivo. Intriguingly, we 

observed, both by RT-PCR and in situ Hybridization, that one of the most up-regulated genes in 

mut-Sema3A fibroblasts was its selective receptor PlxnA4. These data suggest a possible feed-

forward mechanism wherein the ligand enhances the expression of its own receptor, via an 

autocrine loop in CAFs. The presence of Sema3A autocrine loops have already been demonstrated 

in vessels in pathological conditions. For instance, it has been described that Sema3A autocrine 

loops in bone marrow endothelial cells were lost in patients with multiple myeloma (245), but this 

putative auto-stimulatory mechanism remains still poorly characterized when considering 

Sema3A-PlxnA4 interaction in ECs or other TME cell types in PDAC. We are planning to further 

investigate this interesting new biological mechanism both in CAFs and ECs (245). 

One of the first observations regarding the mechanism of action of mut-Sema3A treatment in 

PDAC, was demonstrating its profound effect on tumor vessels and its ability to induce vessel 

normalization (185), therefore we sought to better understand which were the molecular processes  

underlying this outcome. We showed that mut-Sema3A was able to inhibit the active form of the 

small GTPase Rap1 in ECs, therefore affecting cellular adhesion and cell junction formation (185). 

Interestingly, other studies demonstrated that Rap1 inhibition allows the activation of the pro-

inflammatory route that leads to the overexpression of adhesion molecules on the surface of 



 
71 

 

endothelial cells that enhance leukocytes transmigration from the blood stream towards the tumor 

tissue (238,246,247). 

Based on these findings, we investigated the presence of such adhesion molecules on the intra-

tumoral blood vessels. We focused on one of the most important adhesion molecules in 

vasculature, VCAM-1, and verified its expression level both in tumor tissue and in-vitro in Human 

Umbilical Vein Endothelial Cells (HUVEC)s. Remarkably we detected an increased expression of 

VCAM-1 following mut-Sema3A treatment in both tumor tissues and HUVECs. We can therefore 

hypothesize that mut-Sema3A is able to induce vessel remodeling and to regulate and enhance 

immune cell extravasation in PDAC tumors, by inhibiting Rap1 in tumor vessels and, 

consequently, by enhancing the downstream expression of adhesion molecules such as VCAM-1. 

Based on these mechanisms it is conceivable that the enhanced recruitment of CD8+ T-cells 

observed in the PDAC tumors, could be due, at least in part, to the ability of mut-Sema3A to 

increase VCAM-1 expression on vessels, allowing leukocyte entrance throughout the tumor tissue 

(248). To further prove this hypothesis, we still have to functionally demonstrate the role of mut-

Sema3A in regulating Rap1/VCAM-1 signaling axis in tumor vessels. It would be interesting, for 

instance, to re-activate the Rap1 signaling in ex-vivo settings and in PDAC mice treated or not 

with mut-Sema3A, by using specific Rap1 activators commercially available, to observe any 

potential abrogation of mut-Sema3A-induced T-cell recruitment in tumors.   

To further and better analyze the effect of mut-Sema3A on the immune landscape, we subsequently 

performed immunofluorescent stainings to investigate the composition of the immune 

compartment at a tissue level, following mut-Sema3A treatment. We did not detect any significant 

changes of the amounts of M2-like macrophages and regulatory T cells in mut-Sema3A-treated 

tumors. In addition, we noticed a slight but not statistically significant increase in the percentage 

of M1 anti-tumoral macrophages. The most relevant and straight forward result achieved with mut-

Sema3A on the immune population is the strong increase of CD8+ cytotoxic T lymphocytes 

recruitment and activation, measured through granzyme B production. Even though it is 

conceivable to hypothesize that this dramatic increase of CD8+ cytotoxic T lymphocytes in PDAC 

induced by mut-Sema3A may be due in part to its “pro-normalizing” effect and up-regulation of 

VCAM-1 in the tumor vasculature, we cannot exclude that other direct or indirect mechanisms 

contribute to this effect. For instance it has been shown that PlxnA4 is expressed not only by tumor 

vessels, but also by T-cells, and that it negatively regulates their function in autoimmune 

encephalomyelitis (249). Other findings demonstrated that Nrp-1/Sema3A/PlxnA4 formed a 

complex with B7-H4 enhancing regulatory CD4+ T cell function in auto-immune diseases (250). 

More recently, it has been shown that PlxnA4 and Nrp-1 are expressed in circulating T-cells and 

that they regulate the activation and the homing to lymph nodes in a mouse model of melanoma 

in Sema3A independent manner (251). These findings suggest that PlxnA4 could also be expressed 

on CD8+ T-cells in PDAC and that it could directly regulate their function, motility and 

recruitment. We started to evaluate PlxnA4 expression in T cells purified from our mPDAC model 

and, by means of RT-PCR, we observed a basal expression of PlxnA4. However, to date, we cannot 

fully confirm these observations since more experiments and repetitions need to be done. One of 

the technical problems we had was the low gain of CD8+ T cells obtained from PDAC tumors and 

the lack of selective PlxnA4 antibodies able to confirm protein expression. If PlxnA4 is 

significantly expressed in T cells in mPDAC, we can expect that it may contribute to Sema3A-

induced T cell recruitment and activation, in a Nrp-1 independent manner, with different 

mechanisms of action compared to the ones observed in the melanoma model (251). 
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Taking advantage of the fact the mut-Sema3A has a remarkable ability to recruit and activate 

cytotoxic T lymphocytes inside the tumor tissue, we wanted to investigate whether its effect could 

be potentiated by the combination with immunotherapeutic agents. Since our data suggest that 

mut-Sema3A acts by enhancing the anti-tumor immunity of CD8+ T-cells, we sought to design a 

therapeutic combination simultaneously targeting diverse immune cells (163). We started by 

combining mut-Sema3A treatment with the monoclonal antibody antagonizing PD-1, an immune 

checkpoint receptor expressed on several T cell subsets that induces exhaustion and cell death 

when bound by its ligands, already used in clinical trials in PDAC patients (252). Disappointingly, 

no synergic effect was observable following the administration of these two molecules respect to 

the mut-Sema3A alone. Interestingly, as demonstrated in the PDAC patients, α-PD1 was not able 

to inhibit tumor growth in our mPDAC model, suggesting that in this combination mut-Sema3A 

is the only drug able to inhibit tumor growth and to activate CD8+ T-cells. 

We decided to use another immune checkpoint inhibitor, CTLA4 used alone or in combination 

with α-PD1 in PDAC (253) targeting the immune suppressive T-regs. We used therefore the α-

CTLA4 monoclonal antibody to block CTLA4 which binding to CD80/CD86 competes with 

CD28, a co-stimulatory T cell co-receptor, hence transmitting a co-inhibitory signal (153,254). 

Differently from α-PD1, α-CTLA4, as single agent, exerted an anti-tumor effect similarly to what 

we observed with mut-Sema3A. But the combination of both reagents did not produce a synergistic 

effect in reducing tumor growth. These data are interesting since suggest that in our mPDAC model 

T-regs are important for tumor progression, as previously shown (239) and that CTLA4 inhibition 

can partially hamper tumor growth. In addition, these findings indicate that mut-Sema3A and α-

CTLA4 are both immune-modulators in our model, targeting distinct immune sub-populations, 

CD8+ T-cells and T-regs, respectively. Since we did not observe any synergistic effects in their 

combination, we sought to further investigate whether other immune cell types were involved in 

PDAC progression and immunosuppression.  

Myeloid cells and M2-like pro-tumoral macrophages have been described as important immune 

cells involved in the immune suppression and tumor progression in PDAC (109,121) and in our 

mPDAC model (239). We decided therefore to treat mPDAC mice with an agonist of the CD40 

membrane receptor, expressed on the surface of antigen presenting cells (APCs) such as dendritic 

cells, B lymphocytes and macrophages, and which function is to lead APCs towards maturation in 

order to enhance cytotoxic responses and increase pro-inflammatory cytokine production 

(240,242,243,255,256). Notably, CD40 agonist exerted, even if with a lesser extent as compared 

to α-CTLA4 and mut-Sema3A, an anti-tumor effect as single agent, suggesting indeed that tumor 

associated macrophages may be a further target for mPDAC treatment. These data prompted us to 

try to combine the three drugs to see any improvement in tumor growth reduction observed with 

mut-Sema3A alone. Remarkably, we observed that only the triple combination of α-CD40, α-

CTLA4 with mut-Sema3A was able to exert a significant synergistic effect in reducing tumor 

growth. In fact, we observed that α-CD40, α-CTLA4 and mut-Sema3A, reduced the tumor volume 

by 58% respect to the control, by 35% respect to the combination of α-CD40, α-CTLA4 and by 

29% respect to the mut-Sema3A alone. These data together suggest that simultaneously targeting 

of multiple immune cell types (i.e. cytotoxic CD8+ T-cells with mut-Sema3A, T-regs with α-

CTLA4 and M1 macrophages polarization with α-CD40) in mPDAC may represent a more 

efficient therapeutic strategy to hamper PDAC growth. 

We started to further investigate the changes in the immune cells landscape in PDAC tumors 

derived from the “triple” immune combination, through IF and confocal microscopy of tumor 

tissues. First, we did not observe any significant increase of CD8+ T cells infiltration in the triple 
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treatment respect to mut-Sema3A alone, further confirming our hypothesis that the effect on T cell 

recruitment and activation is mainly due to the actions of mut-Sema3A and not strictly dependent 

on α-CD40 or α-CTLA4. Notably, while the amount of M2 pro-tumoral macrophages remained 

consistent between the different treatment conditions, the number of M1 anti-tumoral macrophages 

increased with synergic behavior in the triple combination. Indeed, while mut-Sema3A exerted a 

minor effect on M1, the synergistic combination with α-CD40 and α-CTLA4 was able to 

significantly enhance M1 amounts. These data indicate that, to efficiently impair tumor growth in 

the mPDAC model and to reduce the immune suppression, a simultaneous targeting is required, 

including T cell activation along with the modulation of macrophages towards an anti-tumor 

activity. Taking together, these data suggest that mut-Sema3A represents a suitable new candidate 

to be coupled with immunotherapy for clinical treatment of PDAC, since it has complementary 

effects on the recruitment of different immune populations.  

Further analysis is needed to better understand the mechanism of action of mut-Sema3A on 

immune cells and in the combination therapies with immune-checkpoint inhibitors. For instance, 

we are planning to perform Flow Cytometry analysis of tumors derived from the “triple 

combination” compared to single treatment in mPDAC to assess, more precisely and in 

quantitative manner, the changes of sub classes of immune cells. We already set up a panel of 

antibodies to detect, by Flow Cytometry, T-cells, B-cells, NK and myeloid sub-types specifically 

designed for our instrument present at IRCC Cancer Institute. Our hope is to assess the functional 

contribution of other and specific subpopulations of immune cells. In addition, we will further 

analyze the changes in the immune ecosystem of mPDAC mice induced by mut-Sema3A and 

sequenced through sc-RNA-seq to uncover new immune sub-types modulated by the treatment. 

This analysis already suggested us that mut-Sema3A increased T cell amounts and induced M1 

macrophages in PDAC tumors. Interestingly, we noticed that mut-Sema3A significantly reduced 

neutrophil levels as well. Neutrophils are a subtype of myeloid cells that are implicated, at different 

extents, to tumor progression with pro- and anti-tumor effects, and that can influence the outcome 

of immunotherapy (126,134,135). We are therefore planning to analyze neutrophil levels in the 

tumors derived from the triple combination compared to the single treatments, by microscope 

analysis and Flow Cytometry, through use of multiple and selective markers.  

In conclusion, herein we show that mut-Sema3A is a potent molecule hampering PDAC 

progression and able of reprogramming the tumor microenvironment acting on several stromal 

populations. We unveiled for the first time that mut-Sema3A increases the number of fibroblasts 

and reprograms CAFs by switching their gene signature towards a cancer-restraining phenotype, 

defining a new subpopulation, the SemAFs. In fact, mut-Sema3A was able to upregulate genes 

typically expressed in the pancreatic stellate cells at their inactivation status and genes correlated 

with good PDAC prognosis. Moreover, mut-Sema3A is able of acting on CAFs directly, impairing 

their invasion potential, by acting and up-regulating its own receptor Plexin A4. Furtherly 

investigating the effect of mut-Sema3A on tumor vasculature and the better characterization of the 

“normalizing” effect on intra-tumoral blood vessels and its inhibition of Rap1 signaling in 

endothelial cells, we discovered that a potential mechanism of action could be the consequent 

upregulation of adhesion molecules such as VCAM-1 on normalized tumor vessels. These data 

allowed us to hypothesize that this mut-Sema3A-dependent VCAM-1 up-regulation could be in 

part responsible for the enhanced recruitment and trans-migration of T cells into the PDAC tumor 

tissues. Finally, mut-Sema3A reprogrammed the immune compartment of the tumor stroma 

inducing the recruitment and activation of CD8+ cytotoxic T lymphocytes, and, together with α-

CD40 and α-CTLA4 increased the number of anti-tumoral M1 macrophages, inducing a greater 
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anti-tumor activity in hampering PDAC growth. The molecular mechanisms leading to the anti-

tumor synergistic effects, the immune and CAFs reprogramming and, above all, the molecular 

mechanisms and cellular signaling that regulates the cross-talk among the TME cells and that 

mediate the action of mut-Sema3A, are still to be investigated and are object of ongoing projects. 

The current data allows us to suggest that mut-Sema3A is a powerful and novel re-programmer of 

the tumor ecosystem that can be tested in pre-clinical and clinical combinatorial treatments as a 

TME modulator in PDAC.  
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