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RESUME DE LA THESE  

 

L’adénocarcinome canalaire pancréatique est associé à une réaction stromale très importante 

puisqu'elle représente jusqu’à 90% du volume tumoral. La contribution du stroma tumoral à 

l’évolution du cancer a été décrite ces dernières années à la fois chez l’Homme et chez la souris en 

l’identifiant comme un nouvel acteur important dans l’initiation et la progression néoplasique.  

L’activation des cellules du stroma ainsi que le recrutement des cellules immunitaires contribuent à 

l’immunosuppression et à la résistance au thérapie dans le cancer du pancréas portant le taux de survie 

sur 5 ans à moins de 10%. Parmi les cellules immunitaires les plus importantes se trouvent les 

macrophages et les lymphocytes T CD8. L’objectif principal de cette étude est de déterminer le rôle de 

la communication entre le compartiment stromal et les macrophages ainsi que les conséquences sur 

la réponse immunitaire antitumoral dans le cancer du pancréas. La première partie de cette thèse a 

permis l’identification d’une population stromale ayant des caractéristiques de type souche et 

pericytaire appelé "Pericyte Stem Cell" PeSC. Nous montrons que cette populations permet d’induire 

une résistance au traitement anti-PD-1 via le recrutement de cellules immunitaires myéloïdes 

suppressive. Dans une deuxième partie, nous montrons qu’une sous population de macrophages 

présente dans l’environnement tumoral, les macrophages CD169+, peuvent être différenciés par les 

PeSC à la fois in vivo et in vitro. Enfin, nous montrons que les macrophages CD169+ sont nécessaires au 

recrutement des lymphocytes T CD8+ au sein de l’environnement tumoral mais sont également 

nécessaire à la mise en place de la complexité stromale. Enfin, dans la troisième partie de cette étude, 

nous montrons que la rigidité tissulaire peut induire une communication entre les cellules cancéreuses 

et les fibroblastes de manière dépendante de la signalisation PDGF. Pour terminer, nous montrons 

pour la première fois que cibler cette signalisation permet de réduire l’agressivité de la tumeur.  

 

 

 

 

 

Mots clefs : Adénocarcinome canalaire pancréatique, Macrophages, Stroma, Microenvironnement 

tumoral, Fibroblaste associées au cancer



   

ABSTRACT  

Pancreatic ductal adenocarcinoma is characterized by a substantial stromal reaction, constituting as 

much as 90% of the tumor volume. Recent years witnessed the elucidation of the tumor stroma's 

contribution to the advancement of cancer in both human and murine contexts, pinpointing it as a 

significant novel participant in the initiation and evolution of neoplastic processes. The activation of 

stromal cells and the recruitment of immune cells collectively foster immunosuppression and 

resistance to therapeutic interventions in pancreatic cancer, leading to a 5-year survival rate below 

10%. Since macrophages and CD8+ T lymphocytes emerge as pivotal constituents among the immune 

cells, the principal aim of this research is to ascertain the interplay between the stromal compartment 

and macrophages. In the first part of this thesis discerned a stromal population displaying stem-like 

attributes and pericyte traits, called Pericyte Stem Cells (PeSC). We showcase the capacity of this 

population to support tumor progression but also to confer resistance to anti-PD-1 treatment through 

the recruitment of suppressive myeloid immune cells. In the second part, we illustrate that CD169+ 

macrophages are present in both human and murine pancreatic tumor microenvironment. We show 

that CD169+ macrophages can be differentiated by PeSC both in vivo and in vitro contexts. Lastly, we 

underscore the indispensability of CD169+ macrophages for the recruitment of CD8+ T lymphocytes 

into the tumor milieu, in addition to their pivotal role in establishing the complexity of stromal 

architecture. In the third part, we show that the tissue stiffness to influence fibroblast phenotype and 

function. We show that during cancer cell expansion, they secrete PDGF-AA ligand that is captured by 

fibroblasts. This communication leads to fibroblast differentiation with increased extracellular matrix 

protein deposition properties leading to modified anti-tumoral immune response, leading to a 

reduction tumor microenvironement complexity.  

To conclude, this thesis provides a comprehensive exploration of the distinct roles played by individual 

stromal components in pancreatic cancer, unveiling a plethora of interconnected communications 

among these elements during the progression of the disease. 

 

 

 

 

 

Key words : Pancreatic Adenocarcinoma, Macrophages, Stroma, Tumor microenvironment 

Microenvironnement tumoral, Cancer-associated Fibroblast
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PD-1 Programmed Cell Death 

Protein 1 

PDAC Pancreatic Ductal 

Adenocarcinoma 

pDCs Plasmacytoid DCs 

PDGF-BB Platelet-Derived Growth 

Factor-BB 

PDGFRa Platelet-Derived Growth 

Factor Receptor 

PDK1 Phosphoinositide-

Dependent Kinase 1 

PD-L1 Programmed Cell Death 

Ligand 1 

PDPN Podoplanin 

PDX1 Pancreatic and 

Duodenal Homeobox 1 

  

p-ERK Phosphorylated 

Extracellular Signal-

Regulated Kinase 

Pi16 Peptidase Inhibitor 16 

PI3K(γ) Phosphoinositide 3-

Kinase gamma 
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POSTN Periostin 

PR Partial response 

Pre-macs Pre-Macrophages 

PSCs Pancreatic Stellate Cells 

PTF1a Pancreas Transcription 

Factor 1 Alpha 

Ptn Pleiotrophin 

qPSC Quiescent Pancreatic 

Stellate Cells 

RAS Rat sarcoma virus 

ROCK Rho-Associated Coiled 

Coil-Containing Protein 

Kinase 

RORGT RAR-Related Orphan 

Receptor Gamma 

SAA3 serum amyloid A3 

SARS-CoV-2 Severe acute respiratory 

syndrome coronavirus 2 

SCS Subcapsular Sinus 

SH Sonic Hedgehog 

SIGLEC-1 Sialic acid-binding 

immunoglobulin-like 

lectin-1 

SMAD (2,3,4) SMAD Family Member 

2,3 or 4 

SMO Smoothened 

SOX9 SRY (Sex-Determining 

Region Y)-Box 9 

USP18 Ubiquitin specific 

peptidase 18 

TAGLN Transgelin 

TAMs Tumor-Associated 

Macrophages 

T-bet T-Box Expressed in T 

Cells 

TCR T-cell receptor 

CD8+ Teff CD8+ Effector T Cells 

TERT Telomerase Reverse 

Transcriptase 

CD8+ Tex Exhausted CD8+ T Cells 

TF Transcription Factor 

TGFa Transforming Growth 

Factor Alpha 

TGFβ  Transforming Growth 

Factor beta 

TGFβ-i TGF-β-Induced 

Th Thelper 

Thbd Thrombomodulin 

TLS Tertiary lymphoid 

structure  

TME Tumor 

Microenvironment 
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TNF Tumor necrosis factor 

TP53 Tumor Protein 53 

Tregs Regulatory T Cells 

VCAM1 Vascular cell adhesion 

molecule 1 

VEGFR Vascular Endothelial 

Growth Factor 

Vim Vimentin 

VSV Vesicular Stomatitis 

Virus 

YS Yolk Sac 

ZEB1 Zinc finger E-box-

binding homeobox 1 

αSMA Alpha Smooth Muscle 

Actin 
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INTRODUCTION 

I. Pancreatic ductal adenocarcinoma (PDAC) 

A. Pancreatic cancers : State of the art  

a. Pancreas structure and function   

The pancreas is a mixed gland composed of exocrine and endocrine compartments. The exocrine 

compartment is composed of acinar and ductal cells organized in acini and ductal structures. The 

exocrine component of the pancreas is responsible for producing essential enzymes that are vital for 

the process of digestion. 

The endocrine component of the pancreas consists of Langerhans islets that produce and release 

important hormones into the bloodstream. The main hormones secreted by the endocrine gland in 

the pancreas are insulin and glucagon, which regulate the level of glucose in the blood, and 

somatostatin, which prevents the release of the other two hormones. 

b. Pancreatic cancer epidemiology 

Cancers are a major public health problem both internationally and nationally. According to the latest 

data from the International Agency for Research on Cancer, the incidence of cancer (the number of 

new cases diagnosed each year) is estimated to be more than 19 million, highlighting the importance 

of these diseases. Cancers are responsible of almost 10 million deaths per year (Sung et al., 2021). The 

World Health Organisation estimates that these numbers will double by 2040. In France, 433 000 

patients were diagnosed with cancer in 2023 which represents a twofold increase compared to 1990.  

 

Pancreatic cancer is a multifactorial and heterogeneous type of disease characterized by the 

uncontrolled and aberrant proliferation of cells due to dysregulation of cellular processes. The majority 

of pancreatic cancer (95%) affects the exocrine compartment, while neuroendocrine cancer represents 

only 5%. Throughout this thesis, I will solely refer to PDAC unless mentioned otherwise. PDAC is among 
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the deadliest cancers, with a five-year survival rate between 5% to 10% (Figure 1). According to 

GLOBOCAN 2020, almost half a million cases of PDAC worldwide were registered in 2020, with a 

corresponding high mortality rate among patients (Sung et al., 2021). The incidence of PDAC is higher 

in developed countries (Sung et al., 2021). PDAC is expected to become the second deadliest cancer 

behind lung cancer by 2024 in the United States (Rahib et al., 2021). Factors associated with PDAC 

development are intrinsic ((e.g., genetic factors such as Peutz-Jeghers and Lynch syndrome) (Benzel 

and Fendrich, 2018), age) and extrinsic factors (alcohol and tobacco, chronic pancreatitis).

c. Clinical features  

According to the American Cancer Society, the typical age of diagnosis for PDAC is 72 years old. The 

age at diagnosis plays a critical role in survival, as patients between 20 and 40 years old have a survival 

rate almost three times higher than those older than 40 (Wang et al., 2020).++ 

Furthermore, the survival rate of patients significantly declines with the advancement of the disease 

stage. The Surveillance, Epidemiology, and End Results database from the National Cancer Institute 

categorizes PDAC into three stages: localized, regional, and distant. The 5-year survival rate for 

localized PDAC patients is 44%. For regional PDAC patients, the rate drops to 15%, while for those with 

Figure 1 Survival rates of different cancers. 

5-year cancer survival estimates for adults (aged 15-99 years) in England diagnosed between 2014 

and 2018 and followed up to 2019. Black - All sexes, Pink - Female only, Blue - Male only. Source: 

Public Health England. 
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distant (metastatic) PDAC, the survival rate falls to 3% over a 5-year period. This particularity 

distinguishes PDAC from other cancers that can be detected through clinical manifestation or imaging. 

Due to the lack of obvious clinical symptoms, PDAC diagnosis is usually made at an already advanced 

metastatic stage. Another particularity of PDAC is that there are currently no biomarkers that would 

predict the disease. The most prominent biomarker in PDAC is Cancer Antigen 19-9 (CA19-9), which is 

released by tumor cells. It has been shown that CA19-9 could be detected 2 years before clinical 

symptoms (Fahrmann et al., 2021). The specificity of CA19-9 has been reported to be around 80% 

(Ballehaninna and Chamberlain, 2012). The American Health Institutes underline that general 

screening of the population is not a solution, given the lack of specificity of such a biomarker. More 

importantly, it was recently shown in a pivotal study that most human individuals harbor pre-

cancerous lesions that do not progress into invasive tumors (Carpenter et al., 2023). A solution for the 

lack of specificity is to screen only high-risk patients 

 

(Legend next-page) 
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d. Current treatments  

At diagnosis, PDAC is divided into three different categories: resectable, borderline resectable, and 

advanced (Figure 3). Resectable PDAC represents a localized tumor type not spreading nearby blood 

vessels or other organs. Patients with resectable PDAC are eligible for surgery, but they represent only 

20% of diagnosed patients (Figure 3). Borderline resectable and advanced tumors are tumors with 

cancer cells spread in organs nearby arteries and in other organs. These two categories represent 80% 

of patients (Figure 3). Patients with borderline resectable tumors undergo neo-adjuvant therapy, 

which consists of a treatment (Chemotherapy and/or radiotherapy (RT)) that will shrink the tumor to 

make it resectable. It has been reported that patients have a better survival rate after tumor resection 

(Cloyd et al., 2017). 

Although resection shows a better survival rate than chemotherapeutic agents, it was reported that 

around 75% of a 700-patients cohort showed metastatic recurrence in the liver or in the lung 1 year 

after pancreatectomy, indicating an active metastatic phase (Groot et al., 2018). If the tumor is not 

resectable, patients undergo palliative chemotherapy (FOLFIRINOX, Gemcitabine (Gem), paclitaxel) 

(Conroy et al., 2011) (Von Hoff et al., 2013) (Figure 3). 

Figure 2 Cancer patient timeline. 

A The general population is subject to preventive measures before cancer initiation (e.g., smoke-free 

campaigns). Biomarkers can be tested before and during the primary tumor silent stage. This phase is the 

timeframe when the primary tumor is not detectable by conventional imaging and/or is not associated with 

clinical symptoms. Ideally, cancer should be detected as soon as possible to reduce the risk of cancer-related 

death. When a patient is treated, there are four different outcomes: non-responders, partial response but 

show resistance, partial response but show metastasis, and complete response. There is a metastatic silent 

phase in which the patient can respond to the treatment but given the necessary time for a secondary tumor 

to grow, some patients show metastasis years after treatment and/or complete response. B In pancreatic 

cancer, the primary tumor silent stage is longer, meaning that the tumor is already advanced when clinical 

symptoms appear. As a consequence, pancreatic cancer is often metastatic, as the primary tumor silent 

phase is almost as long as the metastatic silent phase, resulting in a higher risk of cancer-related death. The 

primary tumor silent stage sets the difficulty for pancreatic cancer patient diagnosis and early treatment. 
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B. Pathophysiology of PDAC 

a. Genetical abnormalities and classification 

PDAC displays the 14 different hallmarks of cancer described over the years  (Hanahan, 2022; Hanahan 

and Weinberg, 2011, 2000) : genome instability and mutation, resistance to cell death, cellular 

metabolism dysregulation, phenotypic plasticity, sustained proliferation, growth suppression escape, 

epigenetic reprogramming, immune escape, replicative immortality, tumor-promoting inflammation, 

polymorphic microbiomes, invasiveness, angiogenesis. Indeed, although PDAC is characterized by a 

relatively lower number of mutations per megabase compared to other types of cancers. (Bruni et al., 

2020), These mutations have been extensively described. There are four different driver mutations 

that directly contribute to cell malignant behavior: Kirsten Rat Sarcoma Viral Oncogene Homolog 

(KRAS), Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A), Tumor Protein 53 (TP53), and SMAD Family 

Member 4 (SMAD4) (Figure 4). These mutations are at the basis of the genetically engineered mice 

recapitulating human pathology (Table 1).

Figure 3. Pancreatic cancer treatment diagram. 

20% of patients undergo surgery to have a tumor resection. 80% of patients have borderline resectable/locally 

advanced or metastatic pancreatic cancer. In the case of successful neoadjuvant therapy, the patients can 

undergo tumor resection. Green indicates good prognosis, and red indicates a bad prognosis. 
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Rat sarcoma virus (RAS) proteins are GTPases that allow the activation of downstream signaling for cell 

proliferation. Specifically, KRAS gene mutation is present in 90% of PDAC patients due to Single 

Nucleotide Variations, mostly G12D and G12V. It is important to note that mutation of KRAS alone is 

not sufficient to develop a malignant tumor. Additional loss of the CDKN2A gene (homozygous 

deletion) leads to the transformation of neoplasia into a tumor. This gene codes for both P16 and 

P14arf, which regulate the cell cycle as tumor suppressor proteins. TP53, an essential actor in DNA 

repair and apoptosis of abnormal cells, is also lost in 80% of PDAC patients (Figure 4). This loss triggers 

the transformation of neoplastic cells into cancer cells. Finally, SMAD4 (a downstream protein of 

transforming growth factor-beta (TGFβ) signaling) alteration occurs in 50% of cases. 

However, PDAC is not only caused by intrinsic factors alone. KRAS mutation allows the transition from 

chronic pancreatitis (i.e., inflammation of the pancreas) to PDAC in mice. It is important to note that 

although embryonic Kras mutation leads to 50% of PDAC 12 months after birth, it does not lead to any 

PDAC lesions when Kras is mutated in adult mice (Guerra et al., 2007). Inducible activation of Kras in 

adult mice leads to cancer lesions only in conjunction with pancreatitis (Guerra et al., 2007).  This study 

highlights the limitations of widely used mouse models, as the cellular kinetics of pancreatic cell 

transformation differ from those in humans, given that the vast majority of KRAS mutations in humans 

occur during adulthood.

Table 1. 

Name  Promotor  Mutation  Lesions  Survival  Reference 

KC p48 KrasG12D 

Neoplastic in 4 

weeks  >1year  

(Hingorani et al., 

2003) 

KIC Pdx1 KrasG12D, Ink4a/Arfflox/flox  

Cancer in 5 

weeks  2 m  

(Aguirre et al., 

2003) 

KPC Pdx1 KrasG12D, TP53R172H 

Cancer in 16 

weeks  5m 

(Hingorani et al., 

2005) 

4KC p48  KrasG12D , Acvr1bflox/flox  

Neoplastic in 3 

weeks 6 m  

(Ripoche et al., 

2013) 

This table is not exhaustive: KC, KIC, KPC are the most used model for PDAC. 4KC is a model 

developed in our group. Acvr1b Activin receptor type-1B, m Months. 
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Figure 4. Pancreatic cancer development. 

Pancreatic cancer is a multistep disease that mainly derives from acinar cells becoming ductal-like cells through 

acinar to ductal metaplasia. The main driver mutation is Kras, but accumulation of cell cycle mutations later in 

the disease (CDK2NA or TP53) leads to adenocarcinoma lesions. Hematoxylin and eosin staining of human 

tissue sections show the different stages of human pancreatic cancer.

 

PDAC has been categorized into several subtypes based on various parameters and technological 

approaches (Figure 5). One such classification, conducted by Bailey and colleagues identified four 

distinct subtypes through bulk transcriptomic analysis (Bailey et al., 2016) : 

• squamous subtype: characterized by an inflammatory, hypoxic, and TGFβ pathway signature. 

• pancreatic progenitor subtype: associated with the upregulation of a set of pancreatic 

lineage genes mutation, such as Pancreatic and Duodenal Homeobox 1(PDX1)or Motor 

Neuron And Pancreas Homeobox 1 (MNX1), related to the exocrine compartment. 

• Aberrantly Differentiated Endocrine Exocrine (ADEX) subtype: defined by a gene network 

important in the late development of pancreatic tumor progenitors. 

• immunogenic subtype: linked to an immune infiltration of CD4+, CD8+ T cells and B cells. 

Additionally, other classifications have been described by Collisson and Moffitt including classical 

(adhesion and epithelial genes), basal (mesenchymal genes), and exocrine (high digestive enzyme) 

subtypes (Collisson et al., 2011; Moffitt et al., 2015). However, the ADEX subtype's validity was 
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challenged since. Recent data suggest that previous classifications were biased by normal tissue 

contamination  taken into account in the analysis (Hwang et al., 2022; Puleo et al., 2018). To address 

the complexity of PDAC subtype, a more integrated classification based on both tumoral, and stromal 

components was established in a study involving over 300 patients, resulting in the following subtypes 

(Figure 5): 

• pure classical subtype: characterized by a well-differentiated tumor, low cellular infiltration, 

and a good prognosis. 

• immune classical subtype: dominated by infiltration of T and B cells. 

• desmoplastic subtype: exhibiting immune cell and fibroblast infiltration. 

• stroma activated subtype: featuring low immune infiltration but high fibroblast infiltration. 

• pure-basal-like subtype: consisting of poorly differentiated tumors with low immune cell 

presence and a poor prognosis. 

More recently, both molecular specificities were considered using spatial transcriptomics (Williams et 

al., 2023). The existence of classical and basal subtypes was confirmed, but most patients exhibited 

heterogeneity between classical and basal subtypes, referred to as "mixed," which correlated with an 

intermediate survival rate. Furthermore, cancer cells can transition between classical, mixed, and basal 

subtypes. Additionally, it was demonstrated that small biopsies yielded results consistent with larger 

tissue sections, suggesting the potential diagnostic utility of these methods (Williams et al., 2023). For 

a summarized overview of all PDAC classifications, refer to Figure 5.
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Figure 5. Pancreatic cancer classification according to transcriptomic data. 

Classical pancreatic cancer is associated with good clinical outcomes whereas mesenchymal/squamous is 

associated with poor clinical outcomes. The stroma can also be considered in the classification as normal 

stroma is associated with good prognosis compared to activated stroma (Bailey et al., 2016; Collisson et al., 

2011; Hwang et al., 2022; Moffitt et al., 2015; Puleo et al., 2018). 
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C. Early development of PDAC  

a. Acinar to ductal metaplasia (ADM) : a tipping point   

The ductal-like shape of PDAC cells initially led to the belief that the cell of origin was the ductal cell. 

However, it was shown that Neurogenic locus notch homolog (Notch) signalling in acinar cells can 

trigger a process called Acinar to Ductal metaplasia (ADM) where acinar cells transform into ductal-

like cells. Cell-lineage tracing studies in PDAC mouse models demonstrated that neoplastic lesions arise 

from acinar cells through the activation of Notch pathway (Miyamoto et al., 2003; Shi et al., 2009). 

Furthermore, mutations in the Kras gene in acinar cells lead to more increased neoplastic lesions than 

mutations in ductal cells (Kopp et al., 2012). 

The molecular changes in acinar cells have been extensively studied under various pancreatic 

pathological conditions, and these are outlined in the provided Figure 6. PDAC can originate from 

Pancreas Transcription Factor 1 Alpha positive (Ptf1a+) acinar cells or SRY (Sex-Determining Region Y)-

Box 9 (Sox9+) ductal cells, but they are associated with different cancer subtypes in mice. Indeed, PDAC 

originating from acinar cells is linked to the classical subtype, while cancer derived from ductal cells is 

associated with the basal-like subtype. In mouse models, the cell of origin appears clear, but studying 

it in humans presents challenges. Nevertheless, human acinar cells can change their cellular identity in 

vitro and adopt a ductal-like state (Houbracken et al., 2011). Single-cell analysis in humans material 

using prediction algorithms indicated that PDAC cell transformation might originate from acinar cells 

through the ADM mechanism, as an intermediary state between acinar and ductal-like cells is 

observed. 

Normal acinar cells become ductal-like cells when treated with Transforming Growth Factor Alpha 

(TGFα). This transformation involves the activation of normal KRAS, Phosphoinositide-Dependent 

Kinase 1 (PDK1), and finally NOTCH that triggers a ductal-like program (Figure 6). In the case of Kras 

mutation, TGFα is no longer necessary, as Kras continuously stimulates the PDK1-NOTCH pathway. The 

regulation of the acinar and ductal-like states involves various genes, such as Sox9, that is expressed 

in both normal ductal cells and neoplastic pancreatic lesions (Liou et al., 2015a). Induction of neoplastic 

lesions from acinar cells is Sox9-dependent, as the absence of Sox9 in acinar cells prevents the 

development of neoplastic lesions in mutated acinar cells (Kopp et al., 2012). Furthermore, Nuclear 

Receptor Subfamily 5, Group A, Member 2 (NR5A2) gene was also reported to be involved in this 

process in human PDAC. (Figure 6).  

However, the conjunction of Kras mutation in acinar cells and inflammation leads to an irreversible 

loss of acinar cell state towards a ductal-like state (von Figura et al., 2014). Both alleles of Nr5a2 are 
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necessary to maintain acinar state. Indeed, heterozygous Nr5a2+/- in conjunction with Kras mutation 

and inflammation can cooperate to promote tumor development (Figure 6). Other factors have been 

reported to play a role in regulating acinar cell identity, such as Kruppel-Like Factor 4 (Klf4), and the 

Mist1 genes. Induction of Klf4 or loss of Mist1 expression is associated with a ductal-like program, 

through NOTCH activation (Figure 6) (Wei et al., 2016). 

Recently, a specific acinar cell population with high levels of Telomerase reverse transcriptase (TERT ) 

(TERThi clone) was described (Neuhöfer et al., 2021). This clone has the ability to restore the identity 

of the metaplastic acini, even after experiencing damage like acute pancreatitis. However, if this clone 

undergoes mutation, it accelerates the development of neoplastic lesions through the Mitogen-

Activated Protein Kinase (MAPK) pathway (Phosphorylated Extracellular Signal-Regulated Kinase  

(p-ERK)). Mutated clones containing p-ERK positive foci can be found in both pathological and non-

pathological conditions in humans, suggesting that early clonal expansion may occur in the disease due 

to Kras mutation in specific clones, creating a spectrum of carcinogenesis in the tissues, increasing the 

likelihood of additional oncogenic mutations affecting acinar cells and leading to tissue transformation 

(Neuhöfer et al., 2021). The factors regulating acinar to ductal metaplasia are described in Figure 6.  
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Figure 6. Acinar to ductal metaplasia in different pancreatic context.  
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b. Pancreatic intraepithelial neoplasia 

Three precursor lesions of PDAC have been described : pancreatic intraepithelial neoplasia (PanIN), 

Intraductal Papillary Mucinous Neoplasm (IPMN), and Mucinous Cystic Neoplasm (MCN) that differ in 

developmental pathway and histological structure. However, throughout this manuscript, we will 

focus on PanIN as they are the most common precursors lesions of PDAC in mouse models. They are 

non-cystic lesion that cannot be identifies using conventional imaging as there size is under 0.5 cm. 

They are classified into two grades based on the degree of cellular atypia (Basturk et al., 2015).  

• Low grade PanIN show non-papillary lesion, columnar cells, and a preserved nuclear polarity 

(Figure 3).   

• High grade PanIN show papillary lesions, loss of nuclear polarity and the nuclei are 

pleomorphic and mis-oriented (Figure 3) (Basturk et al., 2015).  

PanIN lesions are relatively small compared to IPMN (> 1 cm). However, the size criterion is limited 

since small IPMN lesions can show PanIN size. 

Although precursor lesions lead to PDAC, an increased number of studies show that individuals without 

any clinical signs of PDAC have precursor lesions in the healthy pancreas (Carpenter et al., 2023; 

Matsuda et al., 2017). The incidence of PanIN lesions appear much higher than PDAC incidence 

emphasizing that PanIN to PDAC transition may need extracellular stimuli to occur. 

II. PDAC is both a stromal and immune disease 

A. The close relationship between the tumor 

microenvironment and cancer cells  

a. Tumor microenvironment keystones:  the concepts of “seed and 

soil” and “a wound that do not heal”.  

As previously stated, most humans will develop pre-cancerous lesions in the pancreas (low-grade 

PanIN) (Carpenter et al., 2023; Matsuda et al., 2017). However, PDAC incidence does not correlate with 

low-grade PanIN incidence which indicate that PDAC may be more than a single-hit disease (Carpenter 

et al., 2023). Indeed, cancer has been considered for a long time as a genetic and unicellular disease 

where a single hit (e.g., a mutation) could cause malignant cancer. Considering the large number of 

cells present in the human organism and that most humans will not die from cancer-related causes, it 

is unlikely that a single-cell mutation occurrence would lead to cancer-related death. The statistician 

Richard Peto explained that the number of cells in an organism does not correlate with cancer 

incidence but rather that natural selection operates to select anti-tumoral mechanisms in larger 
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organisms (e.g., whales, elephants) (Peto et al., 1975). One hypothesis is that pre-cancerous cells can 

receive signals from the microenvironment.  

The tumor microenvironment (TME) is composed of cellular and acellular components located 

between the tumor lesions within a specific organ. It goes without saying that a primary tumor has a 

different TME than a secondary tumor (i.e., metastasis). Those differences have been evaluated and 

shown to be dependent on the primary tumor, although differences between primary tumor and 

metastatic cancer cells can exist and are tissue-specific (Martínez-Jiménez et al., 2023). The cellular 

components of the TME are represented by blood vessels, pericytes, fibroblasts, mesenchymal cells, 

adipocytes, neural and/or immune cells. The acellular components are represented by secreted factors 

(e.g., growth factors, cytokines, and chemokines). Components of the extracellular matrix (ECM) (e.g., 

collagens, fibronectin, elastin) are highly abundant in the TME and form a network that structures the 

tissue (Gamradt et al., 2021). Given the prominent place of the TME in the tissue, we can raise the 

question about its function.  

Bissel and Hines proposed a model in which the TME may have a protective role in the initial events of 

oncogenesis but evolves toward a tumor-promoting role, explaining why most humans do not develop 

cancerous lesions despite harboring pre-cancerous lesions (Bissell and Hines, 2011). The functions of 

the TME are explained by two main theories, i) "Seed and Soil "from Paget and ii) "Tumors: wounds 

that do not heal" from Dvorak. More than a century ago, Paget stated the “Seed and soil” theory 

(Paget, 1889) where the TME is seen as a soil and cancer cells as seeds. This hypothesis was originally 

stated to explain why metastasis occurs in a selected organ rather than in a random occurrence. 

Indeed, it was thought that cancer cells (i.e., seeds) only grow in a suitable environment (i.e., soil). It is 

not unreasonable to apply this hypothesis to primary tumor growth since it may explain why some 

cancers derive from inflamed tissue. 

More recently, Dvorak (Dvorak, 1986) postulated that cancer was a replicating wound-healing process 

indefinitely in order to progress. His hypothesis has been validated by numerous studies (Dolberg et 

al., 1985; Schuh et al., 1990). Wound healing process can be summarized in 3 steps : inflammation, 

tissue remodelling, injury resolution (Schäfer and Werner, 2008). These steps are made possible by the 

involvement of fibroblasts, ECM proteins, and immune cells.  

Therefore, in the next two parts, we will focus on the involvement of fibroblasts and ECM in PDAC 

establishment and progression and how these actors shape the tumoral tissue. Finally, we will discuss 

the question of whether these actors can be targeted in order to improve cancer outcomes. 
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b. Cancer-associated fibroblasts in PDAC 

i. Origins  

Cancer-associated fibroblasts (CAFs) refer to a heterogenous group of activated spindle-shaped 

fibroblasts that are primarily found in the TME.  They constitute the major non-immune cells in the 

pancreatic TME (Steele et al., 2020).  CAFs are detected in the  pancreas microenvironment as early as 

the  emergence of ADM or PanIN lesions (Carpenter et al., 2023; Provenzano et al., 2012) and they 

positively correlate with ECM deposition. For many years, CAFs were believed to emerge exclusively 

from lipid-associated fibroblasts that are resident in healthy tissue termed pancreatic stellate cells 

(PSCs). 

SCs are found in the healthy pancreas in a quiescent state (qPSCs). qPSCs are mainly defined by the 

expression of cytoskeleton markers such as DESMIN and Glial Fibrillary Acidic Protein (GFAP) but also 

by the retention of lipid droplets in the cytoplasm by the Fatty Acid-Binding Protein 4 (FABP4) (Apte et 

al., 1998). qPSC are activated during perturbed states (e.g., inflammation). In humans, there is a 

communication between transforming cells and inactive PSCs, resulting in the formation of activated 

PSC (aPSCs) characterized by the expression of Alpha Smooth Muscle Actin (αSMA+) and their ability 

to produce collagens (Apte et al., 2004). aPSCs are characterized by the loss of Fabp4 expression as the 

lipid droplets are released in the environment and captured by cancer cells (Auciello et al., 2019; 

Sherman et al., 2014). 

Based on this, it has been postulated that CAFs mostly originate from qPSCs. However, this assumption 

is not accurate since tracing the origin of CAFs is challenging in both mouse and human settings. Most 

of the initial data were based on the in vitro isolation of qPSCs by density gradient protocols (Apte et 

al., 1998). With the emergence of single cell technologies and cell lineage tracing in in vivo models, a 

more complex picture of CAFs diversity emerged in PDAC (Figure 7). A recent study showed that only 

15% of CAFs (Platelet-derived growth factor receptor positive (PDGFRα+), Podoplanin positive (PDPN+) 

were originating from qPSC in PDAC using different orthotopic models (Helms et al., 2022). This 

observation is in line with the fact that fibroblasts were shown to contribute up to 50% of αSMA+ CAF 

pool (Garcia et al., 2020). Indeed, the latter study took an interest in perivascular Gli1+ fibroblasts. Gli1+ 

fibroblasts are a mesenchymal stem cell-like population responsible for fibrosis in various organs upon 

injury through expansion and differentiation (Kramann et al., 2015). In mouse PDAC model ( 

Ptf1aFlpO/+;KrasFSF-G12D/+;Trp53 FRT-STOP-FRT/+), resident Gli1+ fibroblast were able to proliferate and 

represent around 40% of CAFs (Figure 7) (Garcia et al., 2020). Furthermore, the authors also showed 

that Hoxb6+ resident fibroblasts represent only 5% of CAFs, indicating that not all resident fibroblast 

has the same CAFs-contribution capacity (Figure 7). It is possible that other resident fibroblast 
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populations not yet determined might contribute to CAF contingent. Despite those discoveries, the 

indicated proportions of CAFs origin may not reflect the situation in human pathological condition in 

which it is impossible to do tracing experiments. 

The different ability of resident fibroblasts to be activated and to differentiate into CAFs can be 

influenced by two types of factors. First, extrinsic cues such as the variability of resident fibroblast 

location but also the type of precursor lesions may have a role since it is possible that PanIN and 

IPMN/MCN have different secretomes. The second type of factors is the intrinsic cues. Indeed, 

different sensitivity of resident fibroblasts to external cues may be displayed in the resident fibroblast 

pools. Comforting this hypothesis is a pivotal piece of information pointing out that the vast majority 

of resident fibroblasts come from the splanchnic mesenchyme (70% of PDPN+ and 90% of PDGFRα+) as 

well as αSMA+ CAFs (Han et al., 2023). 

CAFs can also originate from recruited mesenchymal cells from the bone-marrow and from the 

differentiation of epithelial cancer cells into mesenchymal state through EMT. Through irradiation and 

cell lineage tracing in murine models, both origins are believed to contribute to around 10% of CAFs in 

PDAC (Dominguez et al., 2020; Han et al., 2023) (Figure 7).  

Although it has been shown in other organs that CAFs can originate from adipocytes (Bochet et al., 

2013), endothelial cells (Zeisberg et al., 2007) or pericytes (Hosaka et al., 2016), up to date, there are 

no clear in vivo evidences that those mechanisms occur during PDAC development.  
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Figure 7 Cancer-associated fibroblast ontogeny in pancreatic cancer. 

CAFs have numerous origins in pancreatic cancer. The stacked bar chart shows the relative

percentage of the different origins of CAFs in pancreatic cancer. PSCs, Gli1+, Hoxb6b+, 

mesenchymal cells contribute to 15%, 40%, 5%, 10%  of total CAFs, respectively. Gli1 Zinc 

finger protein GLI1, Hoxb6 Homeobox protein Hox-B6. 
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ii. CAFs subtypes and functions 

Classification of CAFs in PDAC is complicated considering the large number of markers that can define 

a fibroblast (Elyada et al., 2019; Luo et al., 2022).  

A recent report from Buchler et al. shows that healthy organs are composed of two types of fibroblasts: 

i) universal fibroblasts conserved between tissues and ii) specialized fibroblasts (e.g., Fibroblastic 

Reticular Cells in lymph nodes, Red Pulp Fibroblasts in spleen). During a perturbed state (e.g., cancer, 

auto-autoimmune disease), tissues are composed of activated fibroblasts (Buechler et al., 2021). More 

importantly, pancreatic resident fibroblasts can be distinguished into two main populations: one that 

differentiates into immunomodulatory CAFs and another one that becomes ECM/Chemoattractant-

producing CAFs (Table 2) (Figure 8A) (Dominguez et al., 2020). As a matter of fact, resident fibroblasts 

are selected to develop into CAFs since it was shown that universal Dermatopontin positive (DPT+), 

Peptidase Inhibitor 16 (PI16+) fibroblasts (fibroblast that are expressed in the pancreas but also across 

many tissues at steady state) contribute to the majority of CAFs compared to another universal 

fibroblast population  (COL15A1+)(Figure 8B)(Buechler et al., 2021).  

Indeed, DPT+ PI16+ fibroblasts gradually shift toward Leucine Rich Repeat Containing 15 (LRRC15+) CAFs 

during cancer progression (Figure 8B) (Buechler et al., 2021). At least 50% of LRRC15+ also emerge from 

ECM organizing resident fibroblasts (Dominguez et al., 2020). Those fibroblasts are pro-tumoral since: 

i) they are associated with anti-tumoral response by suppressing CD8+ T lymphocyte response in mouse 

models (Buechler et al., 2021), ii) They are upregulated in many cancers and associated with 

immunotherapy restraint in humans. (Dominguez et al., 2020).  

CAFs phenotype can vary through PDAC development and are different from neoplastic lesions to the 

PDAC-stage CAFs (Bernard et al., 2019). Alongside with healthy tissue heterogeneity, CAFs in PDAC 

have recently been classified in three main subtypes : Myofibroblastic CAFs (myCAFs), inflammatory 

CAFs (iCAFs) and antigen presenting CAFs (apCAFs) (Figure 8C-E)(Elyada et al., 2019; Öhlund et al., 

2017). Those subtypes can be found in both human and mouse pancreatic cancer. Myo-fibroblasts or 

« myCAFs » are CAFs found in the peri-glandular region nears cancer cells. They are defined as αSMA+ 

fibroblasts and express ECM genes (Elyada et al., 2019) (Table 2). Chen and colleagues elegantly 

showed that αSMA+ fibroblasts in PDAC were the main producers of type I collagen among the three 

main subtypes (Chen et al., 2021). Inflammatory CAFs or "iCAFs" are found far from cancer cells and 

secrete cytokines, including IL-6 and IL-11 (Table 2). Despite being distinct, myCAFs and iCAFs share 

common markers such as COL1A1, Fibroblast Activated Protein (FAP), Vimentin (VIM), PDPN (Elyada 

et al., 2019). Antigen-presenting CAFs or "apCAFs" do not have a specific location but express the 

antigen-presenting complex (Table 2). 
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It is important to note that myCAFs and iCAFs are family of CAFs since there are subpopulation of CAFs. 

For example, among myCAFs are the Fibroblast activation protein-α CAFs (FAP+ CAFs) that represent a 

large portion of myCAFs (Feig et al., 2013).

.  

Figure 8. CAFs development and heterogeneity. 

A Normal pancreatic fibroblasts are heterogeneous at steady state and are selected to give rise to specialized 

CAFs in pancreatic cancer. B Pi16+ universal fibroblasts are replaced by LRRC15+ CAFs during pancreatic cancer 

progression. C iCAFs are differentiated with  IL-1 from cancer cells leading to the activation of JAK-STAT signalling 

through NFκb. Downstream signalling lead to LIF expression. LIF act as an autocrine activator of IL-1R. iCAFs are 

defined by IL-6 secretion. D myCAFs are activated by TGFβ. TGFβ signalling inhibit IL-1R expression and induce 

αSMA expression. E apCAFs are differentiated from mesothelial cells through EMT-like process. They are defined 

by the expression of MHC-II. MYL9 Myosin Light Chain 9, TPM Tropomyosin, MHC-II major histocompatibility 

complex.  
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iCAFs  and myCAFs and have different activation mechanisms related to their location in the TME 

(Elyada et al., 2019). iCAFs are activated by IL-1 cytokine secreted by distant cancer cells, binding to IL-

1 receptor on fibroblasts (Figure 8C). The downstream signalling activates nuclear factor-kappa B 

(NFκb) pathway and Janus kinase-signal transducer and activator of transcription (JAK-STAT) leading 

to the secretion of IL-6 cytokine (Biffi et al., 2019; Öhlund et al., 2017). In the same time, the Leukaemia 

inhibitory factor (LIF) (Hilton et al., 1988) which is part of IL-6  cytokine family, is expressed and have 

an autocrine effect  through IL-1R (Figure 8C).  Transcriptomic single-cell analysis revealed that myCAFs 

were sensitive to TGF-β (Biffi et al., 2019; Dominguez et al., 2020; Elyada et al., 2019). Locally secreted 

TGF-β by tumor cells binds to TGF-β receptor on fibroblasts and activates the SMAD pathway 

(SMAD2/3), leading to αSMA expression upregulation (Figure 8D). Interestingly, TGF-β signaling 

occurring in myCAFs has an antagonist effect to IL-1 signaling, suggesting that in a given niche, both 

iCAFs and myCAFs are unlikely to coexist (Figure 8D)(Biffi et al., 2019). However, myCAFs and iCAFs 

can transdifferentiate, as specific JAK-STAT pathway inhibition in iCAFs can turn them into myCAFs, 

and hybrid states of CAFs were reported (Biffi et al., 2019). Finally, apCAFs have recently been shown 

to have gene signature similarities with mesothelial cells (Dominguez et al., 2020). This was confirmed 

by a large cell lineage analysis of mesothelial cells during PDAC progression (Huang et al., 2022).  

Mesothelial cells that surround the pancreas organ, upon PDAC progression, downregulate their 

mesothelial gene (e.g., Mesothelin (Msln)) while activating EMT-related genes (Vim, Snai1/2, Zinc 

finger E-box-binding homeobox 1 (Zeb1)), suggesting an activation of the embryonic program during 

cancer progression (Figure 8E). This differentiation is led by both IL-1 and TGFβ. 

While myCAFs, iCAFs, and apCAFs represent the most used and recognized CAFs classification system 

in PDAC, it is important to note that other groups have reported alternative classifications. Specifically, 

a CAFs classification was established in the human context based on the expression of other markers 

(Neuzillet et al., 2022). The authors proposes subtype A, B and D to be associated with a poor prognosis 

in human patients. They are respectively defined as : POSTN+, SMAlow, VimentinLow (Subtype A) ; 

MYHII+/-, SMAhigh, Vimentinhigh  (Subtype B/D). Subtype C is defined as PDPN+ CAFs+ are associated 

with a good prognosis. This classification has not been confirmed in mouse models making mechanistic 

analysis difficult.  
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Table 2. CAFs heterogeneity in pancreatic cancer  

Name  Location Methods of analysis  Characterized markers  Function Reference  

myCAFs  Peri-glandular region    αSMA 

Myofibroblast genes, TGFβ  
response, ECM genes  

(Öhlund et al., 

2017) 

iCAFs Distantly from cancer cells    IL6, IL11, LIF  

Interleukins, Chemokines, JAK-

STAT  

  

apCAFs  (Mesothelium ?) 

Single cell on human 

and KPC murine  tumor 

MHC  cl II, CD74, SAA3 

Antigen-presentation and 

processing, fatty-acid metabolism  

(Elyada et al., 2019) 

myCAFs  Peri-glandular region  

αSMA, TAGLN, MMP11, MYL9, 

POSTN  

Human : Smooth muscle 
contraction, focal adhesion, ECM 

organization, and collagen 

formation.  

Mouse : EMT, myogenesis, ECM 

receptor interaction, and focal 

adhesion 

iCAFs  Distantly from cancer cells  PDGFRαHi, IL-6, IL-8, CCL2, CXCL12  

Human : IFNγ response, TNF/NF-

κB, IL2/STAT5, IL6/JAK-STAT3, 

and the complement pathway 

LRRC15+ 

N/A Single-cell and 

LRRC15DTR/DTR model  MMP11, COL10A1, COL11A 

Impair CD8 T cell immune 

response 

(Krishnamurty et 

al., 2022) 

C8 

N/A Single cell and 

trajectory analysis Ly6C, PDGFRαHi, ENG+/-,CXCL1 

Immune modulation (Thbd, 

CD55, IL33, Dpp4, and Cxcr7)  

(Dominguez et al., 

2020) 

C2  

LRRC15, PDGFRαLow, Col11a+, 

αSMA+ 

ECM et chemoattractant (Col4a1, 

Col6a6) (Ccl11, Cxcl14, and 

Cxcl16)  

FB1 

N/A Single cell on Normal 

pancreas, Early and 

late KIC mouse model  

CXCL14, Ptn, IGF1, IGFPB4/7, IL6, 
CCL2/7, CXCL12, PDGFRα, Similar to iCAFs 

(Hosein et al., 

2019) 

 

  

FB2 Ly6a, Ly6c1, Nov, Pi16 Physiological function  

FB3 

Lrrn4, Gas6, Cav1, Cdh11, 

Gpm6a, Msln, Lgals7 Similar to myCAFs 
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SAA3 Serum Amyloid A3, TAGLN Transgelin, MMP11 Matrix Metallopeptidase 11, POSTN Periostin, ENG 

Endoglin, CXCL1 CXC motif chemokine ligand 1, CCL2 C-C Motif Chemokine Ligand 2, CXCL12 CXC motif 

chemokine ligand 12, IFNγ Interferon gamma, TNF Tumor necrosis factor,  Thbd Thrombomodulin, Dpp4 

dipeptidyl peptidase-4, CXCR7 CXC chemokine receptor 7, Ptn Pleiotrophin, Igf1 Insulin-like Growth Factor 
One, Igfbp4/7 insulin like growth factor binding protein 4/7, Lrrn4 Leucine Rich Repeat Neuronal 4, Gas6 

growth arrest-specific gene 6, Cav1 Caveolin 1, Gpm6a Glycoprotein M6A, Lgals7 Galectin 7, DTR Diphtheria 

Toxin Receptor 

      

iii. CAFs targeting 

CAFs targeting in PDAC can be achieved by focusing on different aspects of the CAFs life cycle, despite 

the fact that it is utterly difficult to dissociate the relationship between CAFs and desmoplasia given 

their interdependent nature. One of the main CAFs-related signaling pathways that has been targeted 

is the Sonic Hedgehog (SH) pathway. SH ligands are secreted by tumor cells, and it has been reported 

that the SH pathway induces the activation of pancreatic fibroblasts into desmoplastic CAFs (Bailey et 

al., 2008). Indeed, hedgehog ligands binding to their receptors on fibroblasts result in Smoothened 

(SMO) protein activation and GLI transcription factor activity in stromal cells during PDAC development 

(Tian et al., 2009). A pivotal study showed that SMO inhibitors in PDAC allow transient better tissue 

vascularization, higher drug delivery, lower collagen content, and αSMA+ cell proliferation with 

minimal effect on tumor size (Olive et al., 2009). Brought to humans, SH inhibitors failed to show 

therapeutic benefits due to an increase in metastasis compared to the standard of care (Catenacci et 

al., 2015; Kim et al., 2014). This failure can be explained by several reasons. The first reason is that 

CAFs are highly heterogeneous and can display pro or anti-tumoral behaviors (Hutton et al., 2021). 

Therefore, depleting CAFs in their wholeness may disrupt the equilibrium between tumor restricting 

or permissive signalling in the TME. The second reason might be that the desmoplasia implemented 

by αSMA+ CAFs is not exclusively tumor-permissive (Lee et al., 2014) which is in contradiction with the 

common idea that mechanical forces are fueling cancer progression in many indications (Northey et 

al., 2017).  

Supporting the latter idea, by depleting αSMA+ cells (i.e. Cells differentiated by SH pathway), Kalluri’s 

group showed that tumors are more developed, less differentiated and are associated with a lower 

survival rate emphasizing a perhaps tumor-restricting role of the stroma instructed by αSMA+ 

fibroblasts (Özdemir et al., 2014). Although their model also depleted pro-tumoral CAFs such as 

LRR15C+ CAFs (Krishnamurty et al., 2022), αSMA+ cell depletion correlates with less type I collagen, 

softer tissue and higher invasive properties of cancer cells (Özdemir et al., 2014). αSMA+ cells seems 

to have a tumor protecting role through type I collagen secretion (Bhattacharjee et al., 2021; Chen et 

al., 2021) while having a tumor-promoting role through the secretion of Hyaluronic Acid (HA) and 

Matrix Metalloproteinases (MMPs). This highlights the importance of not radically disrupting the 
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stroma but rather fine-tuning the therapy by targeting CAFs more precisely. For example, it has 

recently been brought up that specifically depleting αvβ3-expressing cells (fibroblast and cancer cells) 

in the PDAC context in mice were resorbing collagen deposition and increasing drug delivery by 

releasing interstitial pressure (Turaga et al., 2021). Also, the depletion of FAP+ CAFs can enhance the 

anti-tumoral immunity  in PDAC (Feig et al., 2013; Kraman et al., 2010). Of greater importance, FAP+ 

CAFs depletion in PDAC reduces desmoplasia and tumor size (Lo et al., 2015). Considering that αSMA+ 

CAFs+ can also express FAP (Öhlund et al., 2017), It is possible that there are two distinct populations: 

αSMA+ FAP+ CAFs and αSMA+ FAP-, each having tumor-permissive and tumor-restricting effects, 

respectively. Finally, we cannot rule out the hypothesis that periglandular αSMA+ CAFs-derived 

collagen has different effects on tumor architecture than distant αSMA+ CAFs-derived collagen. Indeed, 

local collagen architecture can impact cancer cell aggressiveness independently of the total collagen 

content in PDAC (Laklai et al., 2016).  

Recently, there has been a growing interest in Focal Adhesion Kinase (FAK) signaling in CAFs. Low FAK 

signaling activity in CAFs has been associated with better survival in PDAC patients (Zaghdoudi et al., 

2020). However, FAK activity is not specific to CAFs, as a recent report stated that FAK signaling lowers 

the expression of MHC-I on tumor cells in PDAC patients, allowing immune evasion (Canel et al., 2023). 

Similar results were reported showing that FAK expression in neoplastic cells allows for stroma 

remodelling with an increased collagen deposition (Jiang et al., 2016).  

Independently of desmoplasia, CAF reprogramming might represent an attractive therapeutic 

alternative. CAFs can be reprogrammed both in vitro and in vivo with the use of specific pharmaceutical 

agents such as vitamin D analog or tretinoin (Chronopoulos et al., 2016; Sherman et al., 2014)  

(Table 3). CAFs reprograming is associated with a decrease αSMA and ECM gene expression. More 

importantly, in line with the concept of solid stress compression of blood vessels (Chauhan et al., 2014), 

CAF reprogramming treatment with a vitamin D analog combined with Gem in mice leads to better 

vascularization, ultimately resulting in reduced tumor volume (Sherman et al., 2014). CAF 

reprogramming impacts the paracrine communication with cancer cells, leading to decreased cancer 

cell invasion (Chronopoulos et al., 2016). To conclude, although CAF reprogramming is still new and 

challenging, it represents a promising avenue for PDAC therapy. Indeed, the past 10 years have 

highlighted that CAF targeting requires precision and refinement. Therefore, identifying markers that 

would selectively identify tumor-permissive CAFs should be a priority, as tumor-restricting CAFs are 

necessary. 
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Table 3. CAFs targeting in pancreatic cancer  

Drug 
Clinical 
stage Targeting family Results Reference 

SH inhibitors  I/II Direct targeting  

No benefits 

compared to 
standard of 

care  

(Catenacci et al., 2015) 

(Kim et 
al.,2014)(NCT01064622)(

NCT01195415) 

FAP+ depletion  Pre-clinical Direct targeting  

Reduced 

tumor-

permissive 

desmoplasia  

(Lo et al., 2015) 

FAP+ depletion Pre-clinical 
Indirect 

targeting  

Increased 

effector CD8+ 

T cell 

infiltration  

(Feig et al., 2013) 

SOM-230 I Direct targeting  
Increased drug 

sensitivity 
(Duluc et al., 2015) 

ROCK 

inhibition 
Pre-clinical 

Indirect 

targeting  

Reduced 

tumor-

progression 

(Whatcott et al., 2017) 

Paricalcitol  
Pre-clinical 

and  I 
Reprogramming 

Reprogramme

d CAFs in qPSC  

(Sherman et al., 2014) 

(NCT04524702) 

Pro-Agio  
Pre-clinical 

and I  
Direct targeting  

Reduced 

collagen 

deposition 
and increased 

drug delivery  

(Turaga et al., 2021) 

(NCT05085548) 

IPI-926 I Direct targeting  

No benefits 

compared to 

standard of 

care  

(Ko et al., 2016) 

(NCT01383538) 

ATRA I/II Reprogramming 
Safe and 

tolerable  

(Kocher et al., 2020) 

(NCT03307148) 

(NCT04241276) 

 ROCK Rho-associated coiled coil-containing protein kinase, ATRA all-trans retinoic acid. 
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c. The stroma  

i. Collagen 

Desmoplasia is defined by the accumulation of ECM proteins in the microenvironment. Collagen is 

among the most abundant proteins secreted in the stroma during PDAC progression (Tian et al., 2019). 

Collagen synthesis is a well-known multi-step mechanism that is conserved across tissues. 

Approximately 90% of ECM proteins consist of collagens, with 90% of these being type I and III 

collagens (Tian et al., 2019). Type I collagen is a heterodimer fiber composed of two α1 and one α2 

chains and is present across all tissues (Table 4).

Collagen is mainly produced by activated fibroblasts that proliferate throughout the disease evolution 

(Bachem et al., 2005). Type I collagen production by tumor cells in the PDAC context has a tumor-

restricting role independently of αSMA+ cell production (Bhattacharjee et al., 2021). While the tumor-

restricting role of collagen has been reported, the exact mechanism behind it is poorly understood. 

Collagen is partially responsible for the establishment of tissue stiffness in the TME (Jiang et al., 2016). 

In particular, thick collagen fibers are associated with cancer cell aggressiveness and a lower survival 

rate in patients (Laklai et al., 2016). It is also important to note that PSCs can be activated by mechanical 

forces, indicating that activated PSCs may exert an indirect mechanical loop by secreting collagen 

(Lachowski et al., 2017).  

Interestingly, a high level of type I collagen is associated with higher survival rates in patients, while a 

high level of αSMA+ is associated with a lower survival rate (Erkan et al., 2008; Ogawa et al., 2021) 

although there are contradictory data showing that high collagen content is also associated with lower 

survival rate (Miller et al., 2015). This observation is a reminder of the three described stroma subtypes 

in human PDAC  : i) Collagen-rich, ii) αSMA-dominant and iii) FAP-dominant stroma (Ogawa et al., 

2021). It is important to note that the effect of collagen on tumor cells and patient prognosis is not 

entirely clear. Recently, an innovative study showed that type I collagen can be remodeled in the 

Table 4. Type of collagen across tissues at steady state  

Structure Type Chains Genes  Distribution 

Fibrillar  

I [α1(I)]2 α2(I) COL1A1, COL1A2 
Dermis, cornea, 

ligaments 

II [α1(II)]3 COL2A1 
Cartilage, vitreous 

body 

III [α1(III)]3 COL3A1 Skin, vessel wall 

V 
[α1(V)]2 α2(V) ; α1(V)2 α2(V) 
α3(V) 

COL5A1, 

COL5A2,COL5A3 
Lung, cornea, bone 

Network 

forming  
IV [α1(IV)]2 α2(IV) ; α1-α6 [COL4A1;COL4A6] Basement membranes 

Adapted from (Gelse, 2003) 
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microenvironment (Su et al., 2022). Indeed, intact and cleaved type I collagen in PDAC have different 

effects on tumor cells. This study may explain the controversial observation between αSMA+ CAFs 

infiltration and type I collagen in pancreatic cancer. Type I collagen might be biochemically remodeled 

and cleaved by MMPs, allowing an enhancement of cancer cell metabolism and growth, whereas intact 

collagen might inhibit mitochondrial synthesis in tumor cells. Since human patients displaying a high 

cleaved type I collagen content have lower survival, stroma sub-type may be considered a prognostic 

marker (Su et al., 2022).  

Moreover, although the large majority of collagen is produced by fibroblast in an heterodimeric form 

(α1α2), there are evidence of homotrimeric form secretion of type I collagen by cancer cell in PDAC 

(Chen et al., 2022). The homotrimeric form induces cancer cell proliferation through Discoidin domain 

receptor 1 (DDR1) signaling, which the heterodimeric form is not capable of (Chen et al., 2022; Su et 

al., 2022). More importantly, deletion of cancer cell-derived type I collagen appears to delay cancer 

initiation and progression, indicating a tumor-permissive role of the homotrimeric form. It appears, 

then, that several parameters are important to define the tumor-permissive or restrictive role of 

collagen fibers in pancreatic cancer: biochemical state, location, abundance, thickness, and alignment 

of the fibers, as well as tumor genotype. 

Direct targeting of collagen has been assessed by inhibiting the Lysyl Oxidase (LOX) enzyme. This 

enzyme permits the cross-linking of collagen fibers, making the tissue stiffer. In pre-clinical studies, 

LOX inhibitors showed promising results by restraining cancer cell invasion and, more importantly, 

increasing drug delivery within the tumor bed, which became more vascularized (Miller et al., 2015).

 

ii. Hyaluronic acid  

Hyaluronic acid (HA) is a glycosaminoglycan structured of repeated sequence of glucuronic acid and N-

acetylglucosamin: [-β(1,4)-GlcUA-β(1,3)-GlcNAc-]n. is synthesized by the hyaluronan synthases enzyme 

and extruded toward the ECM without being modified in the endoplasmic reticulum or Golgi 

apparatus. Once secreted in the ECM, HA is cleaved by hyaluronidase. HA has several receptors (CD44, 

Lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1)) and plays a role in cell signaling, tissue 

architecture, and angiogenesis (Toole, 2004). HA can be secreted by several cell types and have been 

shown to be in excess in many cancer indications (Jacobetz et al., 2013; Toole, 2004). HA is found in 

normal pancreas but is abnormally accumulated during PDAC development alongside with αSMA+ 

fibroblasts (Jacobetz et al., 2013; Provenzano et al., 2012). It was shown that HA is responsible of 

interstitial fluid pressure (IFP) increase in PDAC, causing vessel shrinkage. However, it was proposed 
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that HA does not increase IFP but rather solid stress, referring to the mechanical force exerted by 

proliferating cells as they exert pressure on their surrounding environment (Chauhan et al., 2014). As 

previously explained, drug delivery is impaired in PDAC due to the poor vascularization of the tissue. 

This is a major limitation of chemotherapy efficiency; therefore, there is a need to develop therapies 

that relieve the pressure applied on the blood vessels to increase cytotoxic agent concentration in the 

tumor bed. 

Recently, a drug has been developed called PEGPH20 to degrade HA molecule in the stroma. The 

combination of PEGPH20 with Gem confirmed the physical barrier role of HA, as the tumor exhibited 

a lower interstitial fluid pressure (IFP) or solid stress, resulting in increased drug delivery (Jacobetz et 

al., 2013; Provenzano et al., 2012).  However, when brought to human, HA depleting therapy by 

PEGPH20 showed increased metastasis and toxicity and/or no benefits compared to the standard of 

care (Ramanathan et al., 2019; Van Cutsem et al., 2020).  

The reason of such therapeutical failure may be multiple, including that one of the clinical trial did not 

select patient based on HA level (Hakim et al., 2019). Also, as discussed previously, the role of stroma 

architecture in PDAC is variable, and disrupting the entire acellular environment in a highly 

heterogeneous patient cohort with different stroma subtypes may explain why PEGPH20 failed to 

show benefits. To support this claim, it has been shown that HA compresses vessels in collagen-rich 

stroma only, indicating a putative relationship between HA and collagen that is still not elucidated 

(Chauhan et al., 2013)

iii. βig-h3   

βig-h3 or TGFβ-i (TGF-β-induced) is a 68 kDa extracellular protein coded by chromosome 13 and 5 in 

mouse and human, respectively. The structure of βig-h3 comprises an N-terminal secretory signal, a 

cysteine-rich domain (CRD), four fascilin-1 domains, and a C-terminal cell attachment site (Figure 

9)(Ween et al., 2012). The term βig-h3 will be uniquely used since it refers to the original name of the 

protein identified in the late 20th century “TGF-β induced gene human clone 3” (Skonier et al., 1992). 

βig-h3 is secreted by many cell types (Thapa et al., 2007) and it's secretion is induced by TGFβ  but also 

IL-4, IL-10 and IL-13 (Lecker et al., 2021). This protein is expressed in many normal tissues at basal level 

(Ivanov et al., 2008) and as early as embryonic development in mouse (Schorderet et al., 2000). To 

date, there is only one known disease based on a βig-h3 mutation; the corneal dystrophy (Kheir et al., 

2019). The physiological role of βig-h3 is mainly restricted to cell adhesion, migration process through 

signalling pathway action (FAK activation) or  ECM binding (Kheir et al., 2019). Indeed, βig-h3 can bind 

to cellular receptors, mainly integrins (β1, β3, and β5). It can also bind to ECM macromolecules such 
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as fibronectin, laminin, and type I, II, IV, and VI collagens, although its binding is limited to triple-helical 

collagens (Hashimoto et al., 1997).

βig-h3 is upregulated in many cancer types, including PDAC (Ivanov et al., 2008). In the pancreas, it 

was shown that βig-h3 preserves the function and integrity of pancreatic islets during diabetes (Han et 

al., 2014, 2011). More importantly, our group showed that βig-h3 expression was altered during type 

I diabetes and that βig-h3 was able to inhibit autoreactive CD8+ T cells by lowering granzyme B release 

(Figure 10A)(Patry et al., 2015). We showed that βig-h3 treated CD8+ T cells were less diabetogenic 

compared to untreated CD8+ T cells, resulting in a restoration of insulin secretion by β-cells associated 

with lower glycemia (Patry et al., 2015) (Figure 10A). In pancreatic cancer, βig-h3 is present in the ECM 

as early as ADM lesions stage and accumulates in the stroma in mouse models and humans but is also 

detected in the blood of patients throughout the disease progression (Figure 10B)(Costanza et al., 

2019; de la Fouchardière et al., 2022; Goehrig et al., 2019). Given the early secretion of βig-h3, it is 

considered as a potential biomarker for PDAC combined with CA 19-9 marker (de la Fouchardière et 

al., 2022; Yang et al., 2020) although there are no published data about βig-h3 detection specificity 

and sensitivity, βig-h3 was reported to be secreted by CAFs. Targeting βig-h3 with a monoclonal 

antibody showed in vivo response by lowering pancreatic tumor growth in both implanted and 

spontaneous PDAC models. More importantly, βig-h3 depletion is associated with an increase in 

effector CD8+ T cell response and thinner collagen fibers without perturbing the total collagen content 

(Figure 10C)(Goehrig et al., 2019).

Figure 9. βig-h3 structure 

βig-h3 structure is shown on a Ribbon plot. βig-h3 is composed of a CROPT domain and 4 

different FAS1 domains with a CTS. CROPT is yellow, FAS1-1 is pink, FAS1-2 in blue, FAS1-

3 in green, FAS1-4 in white. Red indicates disulfide bonds. CROPT cysteine-rich domain of 

periostin and TGFBIp, SP Signal Peptide, FAS fasciclin domain, CTS C-terminal segment. 

Hatched segment is an integrin-recognition motif.  
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Although it is reported that βig-h3 is mainly secreted by CAFs (Goehrig et al., 2019), there are evidence 

of βig-h3 secretion from  a proportion of cancer cells in PDAC (Costanza et al., 2019). βig-h3 can bind 

to β5 integrin on cancer cells and induce FAK pathway activation leading to invasive phenotype 

(Costanza et al., 2019). Accumulated evidence shows that βig-h3 is not only secreted by CAFs and 

cancer cells. Indeed, in both ovarian cancer and glioblastoma (Lecker et al., 2021; Peng et al., 2022), 

IL-4 stimulated macrophages were shown to secrete βig-h3 to support tumor progression. More 

importantly, anti-βig-h3 targeting was also efficient in ovarian cancer (Lecker et al., 2021). Finally, we 

demonstrate (results section) that βig-h3 can also be secreted by macrophages in both mouse and 

human PDAC.  

Figure 10. βig-h3 in pancreas pathology. 

A In diabetes, βig-h3 is downregulated, allowing CD8+ T cells to exert cytotoxic activity on insulin-producing β-

cells.  

B In pancreatic cancer, βig-h3 is upregulated and can exist in soluble form or bind to collagen fibers.  

C Both forms of βig-h3 can inhibit T cells and induce cancer cell invasiveness. βig-h3 can be targeted in pancreatic 

cancer with a monoclonal antibody, unleashing CD8+ T cells' potential, but also inducing a restructuring of the 

collagen fibers 
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iv. Fibronectin 

 

Although this work is mainly focused on the ECM proteins mentioned above, it is important to note 

that other proteins structure the ECM. One of them is the glycoprotein fibronectin, which is found at 

higher levels in PDAC compared to the normal pancreas (Tian et al., 2019). There are two main forms 

of fibronectin: soluble fibronectin found in the bloodstream and insoluble fibronectin found in the 

ECM. Fibronectin has binding sites for various cell surface receptors, such as integrins, and it helps 

anchor cells to the ECM (Gamradt et al., 2021). This is essential for processes like tissue development, 

wound healing, and cell migration. In PDAC, the presence of fibronectin is associated with 

chemotherapy resistance (Amrutkar et al., 2019). Fibronectin is mainly produced by CAFs. In a 

landscape study, it was demonstrated that fibronectin promotes metastatic dissemination to the liver. 

Indeed, the authors showed that PDAC exosomes are captured by Kupffer cells (Costa-Silva et al., 

2015). In return, Kupffer cells secrete TGF-β and induce fibronectin secretion by hepatic stellate cells. 

Additionally, the role of structuring the ECM network, fibronectin can directly impact immune cells 

through integrin pathway (Gamradt et al., 2021). 

v. Mechanical forces  

The deposition of ECM proteins is intrinsically associated with tissue stiffness. Tissue stiffness is the 

property of a tissue to be easily compressed or stretched. Tissue stiffness is rarely directly measured; 

instead, the elastic modulus is measured. The elastic modulus is a fundamental mechanical property 

that quantifies a material’s resistance to deformation when subjected to an applied stress, providing 

a measure of how stiff or rigid a material is. The elastic modulus (E) is typically defined as the ratio of 

stress (σ) to strain (ε) within the elastic deformation range: E = σ/ε, where σ is the force applied per 

unit area (force/area), and ε is the relative change in length or deformation of the material. It is 

important not to confound tissue stiffness with solid stress and/or IFP, which are interconnected but 

different. 

Cells are sensitive to mechanical signals in both pathological and steady-state conditions (Northey et 

al., 2017). Cells have mechano-receptors capable of sensing mechanical changes in the environment. 

The most common pathways activated by these changes are the YAP and FAK pathways through 

integrin–ECM contact (Northey et al., 2017).  

In PDAC, qPSC are capable of becoming activated CAFs due to increased mechanical forces in the matrix 

(Lachowski et al., 2017). The same group showed that pancreatic cancer cells were also sensitive to 

mechanical forces resulting in the process of EMT (Rice et al., 2017). Finally, what is considered a 
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landscape study in the field of mechanobiology applied to PDAC showed that mechanical forces can 

be modeled by cancer cells. They demonstrated that increased contractibility of pancreatic cancer cells 

directly affects local collagen structure and impacts tissue stiffness. As a consequence, cancer cells 

experience higher mechano-signaling locally through the activation of the YAP pathway (Laklai et al., 

2016). 

To date, there are no studies reporting the role of tissue stiffness on macrophages and T cells in PDAC, 

although both populations are mechano-sensitive (Adu-Berchie et al., 2023; Meng et al., 2020; Solis et 

al., 2019). This lack of information is mainly due to the absence of models to study mechanical forces. 

Indeed, studies on mechanical forces are often limited to artificial matrices with distinct stiffness. 

While it is interesting to analyze the pathways involved in mechano-sensitivity, it does not fully 

recapitulate the physiological events. Tissue stiffness is constantly evolving during tumorigenesis in 

PDAC and can vary significantly from one location to another. Therefore, dynamic ECM models that 

mimic in vivo changes are needed. 



53 

 

B. The immune system in PDAC   

a. Introduction  

Our tissues contain patrolling immune cells that maintain the integrity of the tissue, divided into two 

categories: innate and adaptive immune cells. On one hand, innate immune cells such as macrophages, 

dendritic cells (DCs), and natural killer (NK) cells exhibit non-specific responses and lack memory 

capabilities. They promptly respond to invading pathogens or aberrant cells without the ability to 

undergo clonal expansion. These cells recognize molecular patterns, known as DAMPs (damage-

associated molecular patterns) and PAMPs (pathogen-associated molecular patterns). This broad 

recognition allows innate immune cells to detect a wide range of pathogens, enabling rapid and diverse 

responses against potential threats. Innate immunity serves as the first line of defense in a tissue, 

responsible for secreting inflammatory cytokines (IL-1, IL-6, TNFα) and chemokines (CCL2) to activate 

and recruit other innate and adaptive immune cells. On the other hand, adaptive immune cells (CD8+, 

CD4+ T cells, and B cells) are late responders but highly specific and can undergo clonal expansion. They 

are recruited to the tissue if the inflammatory response is long-lasting, although there is tissue resident 

CD8+ T cells and γδ T cells. 

We know that tumors are monitored by the immune system, as mice lacking an immune system are 

more sensitive to tumor development (Shankaran et al., 2001). Another proof of that concept is the 

regression of melanoma in patients with skin auto-immune disease (e.g., Vitiligo) (Zitvogel et al., 2021). 

As a cancer initiates, both the innate and adaptive immune systems can induce cancer cell death or 

cancer cell senescence (Dunn et al., 2004). It can either be sufficient to stop the tumor growth or not. 

The immune surveillance is supported by the 3Es theory: Elimination, Equilibrium, Escape (Figure 

11)(Dunn et al., 2004). 
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The Elimination phase refers to the mobilization of both innate and adaptive immunity during the 

early stage of cancer. Through various immunological mechanisms that will be discussed, they 

eliminate the abnormal cells from the tissue (Figure 11A). In PDAC, both CD8+ and CD4+ T cells increase 

as early as PanIN lesions and expand throughout PDAC progression (Clark et al., 2007), however, these 

T lymphocytes are not necessarily effective.  

The Equilibrium phase is long and occurs prior to cancer detection (Figure 11B). It happens when 

the elimination phase fails. In this phase, there is constant communication between cancer cells and 

the immune system. This communication is based on the fundamental model called the 'cancer-

immunity cycle.' The latter explains step by step how the immune system can restrain cancer 

progression through cancer cell elimination (Figure 12). (Chen and Mellman, 2013). When dying, 

cancer cells release antigens (Figure 12.1). Antigen-Presenting cells (APCs), mainly DCs, undergo 

Figure 11. 3e hypothesis in pancreatic cancer 

A Elimination phase. Neoplastic pancreatic cancer cells are rapidly eliminated by the innate and adaptive immune 

systems but are selected over time. B Equilibrium phase. Through selection, some pancreatic cancer cell clones 

resist immune surveillance and establish an equilibrium between cancer cell clearance and cancer cell 

emergence. This phase lasts for years. C Escape phase. The number of pancreatic cancer cell clones with low 

immunogenicity and the recruitment of immune suppressive populations allow the tumor to escape from the 

immune system and grow. 

APC Antigen presenting cell, MDSC Myeloid Derived Suppressor cells   
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maturation and uptake tumoral antigens to prime and activate T cells (Figure 12.2,3). Attracted by 

danger signals, activated T cells traffic and infiltrate the tumor site (Figure 12.4,5). They recognize their 

target and kill the cancer cell (Figure 12.6,7), leading to more cancer cell antigen releasing (Figure 12). 

One evidence of the equilibrium phase is the observation that transplanted organs apparently cancer-

free emerge as cancer in the recipient under immune-suppressive treatment (MacKie et al., 2003). t 

shows that cancer cells in the donor were indeed in an equilibrium phase for years. This concept of 

immunoediting was recently elaborated in human PDAC (Łuksza et al., 2022). 

 

 

The Escape phase usually occurs at the same time as clinical symptoms (Figure 11C). While the 

cycle is occurring, cancer cells are 'immunoselected.' In other words, they are immune-resistant clones 

emerging in the intra-tumoral heterogeneity mosaic. Cancer cells acquire a repertoire of immune 

evasion mechanisms and adaptation mechanisms because of immune system pressure (Tsai et al., 

2023).  MHC-I loss, physical inaccessibility caused by the ECM, immunological editing, and recruitment 

of immune suppressive populations are the main escape mechanisms. 

In this chapter, we will discuss the main immune actors in pancreatic cancer, how PDAC is the realm 

of immune escape mechanisms, and finally, the state of immunotherapy in pancreatic cancer.

Figure 12. Cancer-immunity cycle applied 

to pancreatic cancer. 

Cancer-immunity cycle rule the immune 

response in cancer and is composed of 7 

steps. 1, Cancer cells death occurring in 

pancreatic tissue ; 2, DCs uptake antigens 

and mature during lymphoid tissue 

migration; 3, T cells are primed by APCs; 4, 

T cells are attracted by danger signals in the 

tumoral tissue and traffic in blood stream; 

5, T cells invade pancreatic tissue through 

extravasation; 6, antigen specific T cells 

recognize cancer cells; 7, T cells exert 

cytotoxic activities on cancer cells. 
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b. The actors of the immune system in PDAC 

i. Good and bad immunity  

Due to the wide range of immune cells present in tumors and the diverse extracellular signaling within 

the TME, immune cells can exhibit both positive and negative effects on tumor progression. 

Researchers have classified immune cells as either beneficial or detrimental in cancer based on their 

function and behavior (Galon and Bruni, 2020). The abundance of immune cell populations varies 

greatly across different cancer types, stages, and individuals (Thorsson et al., 2018). For instance, NK 

cells are plentiful in breast cancer but are scarce in the PDAC TME (Steele et al., 2020). To assess clinical 

outcomes, an alternative to the traditional TNM (Tumor – Lymph Node – Metastasis) classification has 

been proposed. This alternative, known as the Immunoscore, involves histopathological analysis of 

CD8+ T cells and CD3+ T cells found in both the central region (CT) and invasive margin (IM) of the 

tumor. The Immunoscore gained international recognition following a study involving over 2500 

patients with colorectal cancer, which revealed that patients with high Immunoscore had a significantly 

lower risk of recurrence after 5 years (Pagès et al., 2018). 

Although there have been no studies evaluating the relevance of the Immunoscore in pancreatic 

cancer, the immune composition has been well-characterized. The immune cell landscape in PDAC is 

primarily composed of T cells and myeloid cells (macrophages and Myeloid-Derived Suppressor Cells 

(MDSCs)). Additionally, there are DCs, B cells, plasma cells, and NK cells, although their presence is 

relatively minor compared to the aforementioned cell types.  

In the next parts, we will discuss about lymphoid cells (T and B cells). It's noteworthy that given the 

major contribution of macrophages in PDAC and their central place in this thesis, they will be discussed 

in a following separate chapter (Chapter III). 

ii. T lymphocytes  

T lymphocytes, referred to as T cells, are a vital component of the immune system as white blood cells. 

Their primary function entails identifying and combating external intruders like viruses, bacteria, 

cancer cells, and others anomalous cells within the body. These cells originate in the bone marrow and 

undergo maturation in the thymus gland, hence their designation as "T" cells. Within the immune 

system, T cells encompass various types, each possessing a distinct role.  

Given the vital role of T cells, their regulation is tailor-made to avoid any disruption of immune 

homeostasis that are responsible of some diseases. Immune homeostasis is defined by the balance 

between immune tolerance and immune activation.  
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Immune tolerance is a prevalent physiological state wherein the immune system refrains from 

developing a response against self-antigen expressing cells. This state of tolerance is actively induced 

prior exposure to the antigen. There are two main types of tolerance: central and peripheral. Central 

tolerance, also known as negative selection, occurs in the thymus and is responsible for eliminating 

self-reactive T cells  (Murphy and Weaver, 2016). Peripheral tolerance occurs in tissues to regulate self-

reactive T cells in peripheral tissues. These mechanisms include co-stimulatory receptors, immune-

suppressive populations, and, notably, immune checkpoints that play a crucial role in modulating the 

immune response. Immune checkpoints are divided into stimulatory or inhibitory checkpoints; there 

are numerous checkpoints, mainly expressed by T cells and APCs, as described in Figure 15. Immune 

checkpoints have been at the center of cancer biology for the last three decades, as we discovered 

that immune checkpoint hijacking was one of the main immune escape mechanisms (Leach et al., 

1996). Both immune checkpoint and associated therapies will be further discussed in the context of 

pancreatic cancer. 

 

 

CD8+ T cells cytotoxic T cells: These cells directly attack and kill infected or abnormal cells in 

the body. T cells utilize their T-cell receptor (TCR) to identify specific targets by interacting with the 

MHC-I complex. Once activated, they release cytotoxic agents (e.g., granzyme B, perforin) into the 

targeted cell. High infiltration of CD8+ T cells is associated with a better prognosis in human PDAC. (Ino 

et al., 2013). However, the quality of the effector T cell matters. Caused by mutations during 

proliferation, cancer cells generate new antigens that are only expressed in tumor cells, called 

neoantigens. In pancreatic cancer, it has been reported that long-term survivors have higher quality 

neoantigens compared to short-term survivors (Balachandran et al., 2017; Łuksza et al., 2022). Indeed, 

some neoantigens confers a higher immunogenicity (e.g., Mucin-16 (MUC16)).  

Figure 13. Immune checkpoint 

summary 

T cells express a large amount of 

immune checkpoint that rule their 

activities. They have either positive (+) 

or negative (-) effect on T cells 

activation. Most of T cell immune 

checkpoint are dictated by APCs.  

 



58 

 

CD4+ Helper T cells (Th): These cells help activate other cells in the immune system, including B 

cells and cytotoxic T cells, to fight off infections, through the recognition of the MHC-II complex. They 

are defined by the CD4 TCR. CD4+ T cells are precursors to a large variety of helper T cells (Th) (Table 

5). The most common ones are Th1 and Th2, but there are also Regulatory T Cells (Tregs), Th17, and 

others (Table 5). The fate of CD4+ T cells is mainly decided by environmental cytokines, triggering 

specific transcription factors (Table 5).

 

CD4+ regulatory T cells : These cells are differentiated from CD4+ T cells and are mainly 

characterized by the expression of the transcription factor (TF) FoxP3. Tregs are necessary for 

peripheral tolerance as they restrain self-reactive T cells and excessive immune response. They are 

associated with a poor prognosis in PDAC and the majority of cancers (Fridman et al., 2017). The 

differentiation of CD4+ T cells is thought to be partially driven by TGFβ secreted by PDAC cells (Moo-

Young et al., 2009). Despite their poor prognosis association, the depletion of Tregs did not yield 

favourable outcomes (Zhang et al., 2020). In this study, the authors made an unforeseen discovery 

when they found that the depletion of Tregs led to tumor progression. They observed that the 

depletion of Tregs was associated with a decline in αSMA+ CAFs and collagen, thought to be tumor-

restricting, while simultaneously increasing the presence of immunosuppressive myeloid cells (Zhang 

et al., 2020). An additional interaction between CAFs and Tregs was demonstrated in a recent study. 

Given that apCAFs express the MHC-II complex but lack a co-stimulatory receptor, they induce CD4+ T 

cell anergy and provoke Tregs differentiation (Huang et al., 2022). Importantly, the levels of apCAFs 

were found to correlate with the levels of Tregs in human PDAC (Huang et al., 2022).   

γδ-T cells  :  γδ T cells are a unique subset of T cells expressing a TCR composed of γ and δ chains 

instead of αβ. They also develop in the thymus but are not restricted to MHC-I or MHC-II cognate 

peptides (Vantourout and Hayday, 2013). This trait enables a faster response compared to the normal 

kinetics of adaptive immunity (Zeng et al., 2012), It may indicate that γδ T cells are somehow related 

to innate immunity. It has been reported that γδ T cells are significantly more prevalent in human PDAC 

Table 5. CD4 T cells subtype and regulation    

Name Associated cytokine  Master regulator TF Secreted cytokine  

Th1 IL-12 IFNγ T-bet IFNγ TNFα  

Th2 IL-4 GATA-3 IL-4 IL-5 IL-13 

Tregs IL-2 TGFβ FOXP3 IL-10 TGFβ 

Th17 IL-6 IL-1b TGFβ RORGT IL-17A IL-22 

TF Transcription factor, T-bet T-box expressed in T cells, FOXP3 Forkhead Box P3, RORGT RAR-related 

orphan receptor gamma. Adapted from (Gelse, 2003) 
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compared to CD8+ T cells. Depletion of γδ T cells led to infiltration and activation of CD4+ and CD8+ T 

cells, ultimately resulting in tumor reduction 

iii. B Lymphocytes 

B lymphocytes are mostly found in secondary lymphoid organs (spleen and lymph nodes) and are 

characterized by a specific expression of the B-cell receptor (BCR). B cells have numerous functions in 

TME. One of their functions is to secrete soluble forms of their BCR as antibodies when they are 

activated. B cells can take up tumor-specific antigens through the internalization of their BCR. Once 

activated, they become plasma cells and release their BCR. Many mechanisms are associated with 

antibody secretion in cancer. Tumor-specific antigens can be targeted by antibodies, leading to several 

processes: antibody-dependent cellular phagocytosis (ADCP) mediated by macrophages, and 

antibody-dependent cellular cytotoxicity (ADCC) mediated by NK cells. While T cells have been 

extensively studied in cancer, we lack a good understanding of the ins and outs of B cell biology in 

PDAC. Indeed, the effect of B cell infiltration on PDAC prognosis is currently being discussed (Laumont 

et al., 2022; Wouters and Nelson, 2018). "While some studies show that B cell infiltration is associated 

with a good prognosis, others demonstrate a neutral or negative association. The poor understanding 

of B lymphocyte function in PDAC may stem from the fact that there are fewer infiltrated B cells in the 

KPC golden standard model than in human pathology (Elyada et al., 2019). However, we know that B 

cells infiltrate pancreatic tissue during the neoplastic stage (Pylayeva-Gupta et al., 2016). The question 

of B cells in cancer more is linked to the presence of Tertiary lymphoid structure (TLS) or regulatory B 

cells (Bregs).  

On one hand, TLS are lymphoid-like structures organized in the peripheral tissue, resulting from 

specific cytokine and chemokine signaling occurring in the TME (Sautès-Fridman et al., 2019). They are 

organized as a germinal center with a B cell area, a T cell area, and differentiated DCs, allowing the 

activation of effector CD8+ T cells next to tumor cells (Sautès-Fridman et al., 2019). These structures 

allow for a quicker CD8+ T cell response. In pancreatic cancer, the presence of TLS is associated with a 

good prognosis (Castino et al., 2016; Hiraoka et al., 2015; Kinker et al., 2023). In PDAC, tertiary 

lymphoid structures (TLS) may be formed by sustained TGFβ-stimulated T cells that secrete the B cell 

chemoattractant CXCL13 (Kinker et al., 2023) although the majority of CXCL13 is secreted by CAFs 

(Pylayeva-Gupta et al., 2016). 

On the other hand, there is evidence showing that B cells can have an immune suppressive role in 

PDAC. Specifically, CD19+CD1dHiCD5+(CD21Hi) cells have been reported as regulatory Bregs (Mirlekar 

et al., 2018; Pylayeva-Gupta et al., 2016). Bregs secrete the IL-35 cytokine and inhibit CD8+ T cell 

function and recruitment through STAT-3 activation in CD8+ T cells (Mirlekar et al., 2020, 2018). More 
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importantly, the equilibrium between Bregs and plasma cells plays a crucial role in pancreatic cancer. 

A master regulator of this equilibrium is IL-35, which drives the transcriptional reprogramming of naïve 

B cells into Bregs while inhibiting plasma cell differentiation (Mirlekar et al., 2022). IL-35 is considered 

a potential therapeutic target in PDAC, as preclinical results have shown promising outcomes (Mirlekar 

et al., 2022, 2020, 2018; Pylayeva-Gupta et al., 2016).  

iv. Myeloid-derived suppressor cells  

MDSCs  are cells that emerge from the bone marrow, sharing a common precursor with macrophages 

and DCs. In the context of cancer, myelopoiesis is impaired, and myeloid progenitors are more prone 

to become MDSCs than macrophages or DCs (Groth et al., 2019). They can be differentiated from 

monocytes by various mechanisms, such as the secretion of extracellular cues by PSCs (Mace et al., 

2013). Their survival in pancreatic was shown to be dependent on PDAC cells (Stromnes et al., 2014). 

They are divided into two categories : Monocytic (CD11b+,Ly6G-, Ly6CHi) and granulocytic 

(CD11b+,Ly6G+, Ly6CLow) but both types supress CD8+ T cells. Throughout the progression of PDAC, 

there is an accumulation of infiltrating MDSCs in the tissue, impairing an effective immune response 

against cancer cells (Clark et al., 2007). Additionally, cancer cells secrete granulocyte-macrophage 

colony-stimulating factor (GM-CSF), which regulates the recruitment and immunosuppressive 

functions of MDSCs, in turn inhibiting CD8+ T cells (Bayne et al., 2012). MDSCs have been shown to 

exhibit high heterogeneity in human PDAC (Gulhati et al., 2023).   

c. Immune escape mechanisms in PDAC  

i. Priming and T cells trafficking  

Priming  

The uptake of antigen to prime T cells can be impaired. Indeed, DCs are unable to uptake 

neoantigens in PDAC for several reasons. First, they are not mobilized during PDAC development and 

are present in low numbers. More importantly, cross-presenting CD103+CD24Hi dendritic cells 

(cDC1s) at the tumor site express low levels of both co-stimulatory and maturation markers (CD86, 

TIM-3, OX40-L, MHC-I) in PDAC compared to lung cancer (Hegde et al., 2020). Despite the proper 

loading of neoantigens, these DCs are not capable of priming CD8+ T cells in secondary lymphoid 

organs (Hegde et al., 2020). DCs are not only weakened on the tumor site but also during 

development stage, where DCs precursors are favored to become MDSCs (Meyer et al., 2018). 
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Trafficking  

T cells trafficking and infiltration into the TME in PDAC is difficult. Lymphocytes infiltration can be 

impaired by blood vessel compression induced by desmoplasia (Olive et al., 2009; Provenzano et al., 

2012). More importantly, the ECM can serve as a physical barrier. It was shown in both murine and 

human PDAC that CD8+ T cells are trapped in the ECM, preventing them from cancer cells (Ene–Obong 

et al., 2013; Hartmann et al., 2014). Also, one of the main tumor escape mechanisms in cancer is the 

loss of MHC-I making cancer cells invisible to CD8+ T cells. This mechanism has been reported in PDAC 

(Pommier et al., 2018; Ryschich et al., 2005). Specifically, the loss of MHC-I in PDAC cells is thought to 

be mediated by autophagy (Yamamoto et al., 2020). 

ii. Effector T cells inhibition  

Most immune-escape mechanisms occurring in the tumor microenvironment (TME) act directly on 

effector T cells. The mechanisms organizing the inhibition of effector T cells are complex, highly 

diverse, and rely on several factors, such as immune checkpoints, extracellular cues, or the recruitment 

of immunosuppressive cells.  

Within the context of cancer, CD8+ T cells are commonly referred to as effector CD8+ T cells (CD8+ Teff) 

due to their active cellular state. However, as cancer persists (i.e., the cancer-immunity cycle runs 

indefinitely), CD8+ T cells encounter repeated recognition of the same antigen (Chow et al., 2022). This 

repetitive stimulation leads to a gradual loss of their ability to proliferate and perform cytotoxic 

activities, resulting in their functional exhaustion. These exhausted CD8+ T cells (CD8+ Tex) 

predominantly upregulate the programmed cell death 1 (PD-1) immune checkpoint (Chow et al., 2022). 

When PD-1 binds to Programmed Cell Death Ligand 1 (PD-L1) expressed on APCs (Figure 13), it 

eventually leads to T cell death. Abnormal expression of PD-L1 by cancer cells and other immune cells 

(e.g., macrophages) (Diskin et al., 2020) hijack this mechanism to inhibit CD8+ Teff. Of note, it has been 

reported that CD8+ T cells can also express PD-L1 and suppress their neighboring macrophages and T 

cells (Diskin et al., 2020). CD11b+ Ly6G+ MDSCs have been shown to enable PDAC maintenance, but 

more importantly, it has been reported that myeloid cells express PD-L1 and induce PD-L1 expression 

on cancer cells to inhibit CD8+ T cells in PDAC (Stromnes et al., 2014; Zhang et al., 2017).  

While PD-1 exerts an immune suppressive activity in the tumoral tissue, it is thought that Cytotoxic T-

lymphocyte-Associated protein 4 (CTLA-4) also inhibits the anti-tumoral immune response but not at 

the same place and time point. Indeed, CTLA-4 is an immune checkpoint found on the surface of T 

cells. CTLA-4 binds to the CD80/CD86 co-stimulatory molecules and outcompetes the CD28 co-

stimulator since it has a much higher affinity with CD80/86. In PDAC, CTLA-4 is abundantly found on 
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the surface of Tregs (Gulhati et al., 2023; Steele et al., 2020). In PDAC, tregs are mainly found in the 

draining lymph nodes and may regulate CD4+ T cell infiltration into the tumor through CTLA-4 

expression, at least in mouse models (Bengsch et al., 2017).  

d. Current immunotherapy status in PDAC  

i. Immune ckeckpoint based strategy   

Monoclonal antibodies have been created to target various immune checkpoints that regulate the 

immune response, especially the response of CD8+ T cells. Antagonist antibodies or Immune 

Checkpoint Inhibitors (ICIs) are used to target negative immune checkpoints (e.g., PD-1, CTLA-4, and 

TIGIT) to inhibit their signaling. By targeting CTLA-4, the competition between CD28 and CTLA-4 to bind 

to the CD80/86 co-stimulatory molecule is weakened (Figure 13). PD-1/PD-L1 signaling targeting can 

be achieved with the use of anti-PD-1 or anti-PD-L1, allowing the decrease of the CD8+ T cell activation 

threshold. Although anti-PD-1 and anti-PD-L1 targeting may seem similar, they target two different 

biological compartments, as PD-1 is expressed on T cells and PD-L1 on cancer cells and myeloid cells. 

More importantly, anti-CTLA-4 and anti-PD-1/PD-L1 are thought to act during the priming and effector 

phases, respectively. This observation may explain why the combination of anti-CTLA-4 with anti-PD-

1/PD-L1 shows greater results than monotherapy (Hodi et al., 2018). In PDAC, anti-CTLA-4, anti-PD1 or 

the combination showed no benefits in patient compared to standard of care (O’Reilly et al., 2019; 

Royal et al., 2010; Wainberg et al., 2020).  

These observations can be explained by several reasons: i) as previously described, PDAC is infiltrated 

with a great amount of immune suppressive cells, ii) drug delivery efficiency is impaired, iii) Teff are 

physically blocked and cannot reach the cancer cells, iv) immune checkpoint ligand expression is 

heterogeneous across patients, v) PDAC cells do not produce enough antigens to stimulate and prime 

the immune response. Since mono and combination therapies of ICI failed, there are multiple ongoing 

attempts to combine ICI with other therapies (Table 6). Given the desmoplastic nature of pancreatic 

cancer, stroma-based therapies are the most commonly associated with ICI. Most combined therapies 

with stroma-based therapies showed greater results than monotherapy (Table 6). These observations 

are in line with the idea that ICI efficiency in PDAC is mainly limited by the stroma. However, some 

therapies showed no benefit, such as the combination between anti-PD-1 and PEGPH20. (Zhen et al., 

2022). 

Conversely, agonist antibodies are employed to target positive immune checkpoints (e.g., CD40, GITR, 

OX40, CD28) and induce T cell proliferation and survival. Agonist therapies are less frequent than 

antagonist therapies for many reasons. Indeed, co-stimulatory receptors that are targeted are usually 
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expressed in a specific time window during T cell activation. Finally, one of the most challenging aspects 

of agonist therapies is understanding the duration and number of cycles of agonist administration. 

Indeed, agonist antibodies can induce CD8+ T cell exhaustion as T cells are constantly stimulated. There 

have been investigations to evaluate the synergic effect of αPD-1 combined with CD40 agonist, and no 

benefits have been observed compared to αPD-1 monotherapy (Padrón et al., 2022) although 

encouraging results are observed in pre-clinical studies when αPD-1 is combined with αTIGIT and CD40 

agonist (Table 6). 

ii. Adoptive transfer immunotherapy 

 

Another path of immunotherapy is chimeric antigen receptor T cells (CAR-T cells), which involves 

genetically modifying a patient's T cells to recognize and attack cancer cells. Patient's T cells are 

extracted from the blood and modified to recognize specific neoantigens when reinfused into the 

bloodstream. This approach was initially developed for non-solid cancers (Maude et al., 2014; Schuster 

et al., 2019). However, despite early limitations of CAR-T cells in solid cancers, encouraging data are 

observed in human PDAC (Leidner et al., 2022). In a groundbreaking study conducted by Allen et al. 

(Allen et al., 2022), The impact of CAR-T cells equipped with a synthetic IL-2 secretion circuit upon 

binding to cancer cell antigens was assessed. The results demonstrated that localized secretion of IL-2 

combined with CAR-T cells exhibited improved survival rates and reduced toxicity compared to 

systemic injection of IL-2 in conjunction with CAR-T cells. Notably, the study also revealed that locally 

delivered IL-2 from CAR-T cells facilitated autocrine expansion of T cells and enhanced the recruitment 

of CD8+ T cells (Allen et al., 2022).
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Table 6. Combined ICI based immunotherapy in PDAC 

ICT Phase  Results Reference 

αPD-1 + CD40 agonist + αTIGIT pre-clinical  

Show significant benefits compared to 

monotherapy (Freed-Pastor et al., 2021) 

αPD1 + CD40 agonist II Show less benefit compared to αPD1 monotherapy  (Padrón et al., 2022) (NCT03214250) 

αPD1 + αCTLA4 + FAKi + chemo  pre-clinical  

Show better survival rate compared to 

monotherapy alone with less Tregs infiltration  (Jiang et al., 2016) 

αPD1 + FAKi  II  Ongoing (NCT03727880) 

αPD1 + Homotrimer collagen 
depletion  pre-clinical  

Increase survival compared to αPD1 monotherapy 
or collagen depletion only. Correlate with less 

Tregs  (Chen et al., 2022) 

αCTLA4 + myCAFs depletion  pre-clinical  

Combined therapy showed better survival rate 

than monotherapy associated with less aggressive 

tumor and less tregs  (Özdemir et al., 2014) 

αPD-L1 + LRRC15 CAFs 

depletion  pre-clinical  

Combined therapy led to smaller tumor volume 

and CD8+ Teff infiltration compared to control  (Krishnamurty et al., 2022) 

αPD-1 + CXCR4i II Trial suspended, no published results yet (NCT02907099) 

αPD-1 + CXCR4i + chemo II Increase disease stabilization 

(Bockorny et al., 2020) 

(NCT02826486) 

αPD-1 + PEGPH20  II 

Combination showed no benefits compared to 

historical data  (Zhen et al., 2022) (NCT03634332) 

αPD-L1 + CV301 I/II Ongoing (NCT03376659) 

(Continue next page)  
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αPD-L1 + AMD3100 pre-clinical  

Show reduced tumor growth with 

higher CD8 infiltration  (Feig et al., 2013) 

αPD-L1 + IL-35 depletion pre-clinical  

Showed higher CD8 infiltration and 

activities with lower tumor weight  

(Mirlekar et al., 

2018) 

αCD40 + GEM pre-clinical    

(Long et al., 

2016) 

 

As discussed, one of the main reasons for therapeutic failure in PDAC is the massive immune 

suppression ongoing in the TME. The immune cell population that is most represented in the PDAC 

TME is macrophages. We will explore how the plastic and tissue-remodeling nature of macrophages 

can support PDAC development and impair therapeutic approaches. More importantly, we will delve 

into the cross-communication between the stromal compartment, the lymphoid compartment, and 

macrophages.  
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III. Macrophages are the pillars of the pancreatic TME 

A. Macrophages development and maintenance  

a. Introduction 

 

It all started with an observation in starfish larvae of cells engulfing others. Discovered at the end of 

the 19th century by Ilya Ilyich Metchnikoff (Metchnikoff, 1887), phagocytes (from the Greek phagein, 

'to eat,' and -cyte, 'cells') are the pivots of the adaptive immune response, tissue architecture, and 

homeostasis. Alterations in macrophage development in humans can lead to leukoencephalopathy 

caused by non-functional brain tissue-resident macrophages (Oosterhof et al., 2019; Rademakers et 

al., 2011). Phagocytes are generally classified into two types: macrophages and DCs, although 

monocytes and granulocytes can be categorized as phagocytes. Macrophages differ from DCs in 

several aspects. On one hand, macrophages are long-lived specialized immune cells that reside in 

almost all tissues and organs, playing a crucial role in the innate immune response as the first line of 

defense against pathogens. They are capable of recognizing and engulfing foreign particles, pathogens, 

and cellular debris through phagocytosis; they function as cleaners. Macrophages also release 

cytokines, regulating inflammation and facilitating immune cell recruitment in the tissue. On the other 

hand, DCs, like macrophages, are responsible for capturing antigens. However, their specificity lies in 

their ability to present the antigen to other immune cells by maturing and migrating to secondary 

lymphoid organs. 

Macrophages are highly sensitive to their environment; therefore, they have a central role in steady-

state homeostasis and in many altered states (e.g., cancer, obesity, infection). Throughout this chapter, 

we will delve into the developmental pathway and maintenance state of macrophages in tissues at 

steady state and in cancer. We will particularly focus on macrophages in PDAC and how they can 

establish a niche within the TME. 

b. Macrophages development and maintenance   

i. Mononuclear Phagocyte System  

Macrophages are part of what is called the Mononuclear Phagocyte System (MPS). Stated by Furth and 

collaborators (van Furth et al., 1972), the MPS is a network of cells consisting of circulating monocytes 

differentiating into macrophages or DCs (Figure 14). These macrophages are referred to as monocyte-

derived macrophages. Understanding the development pathway of monocytes is crucial for 

comprehending the regulation of macrophages during adulthood. The development of monocytes is 
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highly intricate, and our understanding is constrained by reliance on specific markers and the chosen 

model. Consequently, the following developmental pathways may not provide an exact representation 

of reality, as certain precursors may exhibit overlapping functions.  

During adulthood, circulating monocytes are produced in the bone marrow from hematopoietic stem 

cells (HSCs). Specifically, common myeloid progenitors (CMPs) arise from HSCs and give rise to various 

cell lineages. CMPs have been identified as the source of megakaryocyte and erythrocyte progenitors 

(MEPs) as well as granulocyte-macrophage progenitors (GMPs) that give rise to neutrophils, 

eosinophils, and basophils (Figure 14). Additionally, GMPs are also involved in the emergence of 

macrophage and DCs precursors (MDPs) (Fogg et al., 2006) although MDPs can develop directly from 

CMPs (Yáñez et al., 2017). MDPs further differentiate into two distinct progenitor populations: 

CD135low common monocyte progenitors (cMoPs) (Hettinger et al., 2013) and c-kitlow common 

dendritic cell progenitors (CDPs) (Naik et al., 2007)(Onai et al., 2007). CDPs give rise to pre-DCs (Liu et 

al., 2009), which subsequently circulate and differentiate exclusively into DCs within tissues (Figure 

14).  

Meanwhile, cMoPs give rise to two types of monocytes: Ly6Chi (also known as "classical monocytes"), 

equivalent to CD16- human monocytes, and Ly6CLow monocytes (referred to as "non-classical 

monocytes"), equivalent to CD16+human monocytes. Classical monocytes are involved in the initial 

stages of the immune response and differentiate in monocyte-derived-macrophages. It is important to 

consider the complexity of this developmental pathway, as intermediate cell states exist and shared 

markers can be observed among different populations (Guilliams et al., 2018).
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Evidence showing that monocytes or bone marrow-derived cells can undergo macrophage 

differentiation in vitro, and also that blood monocytes can be recruited and differentiate into 

macrophages during inflammation, has reinforced the idea that circulating monocytes contribute to 

macrophage homeostasis in adult tissue. It should be noted that accurately assessing the contribution 

of circulating monocytes to tissue macrophages was challenging before the development of accurate 

cell lineage tracing techniques (Ginhoux and Guilliams, 2016). he development of monocyte-derived 

macrophages is highly intricate, and our understanding is constrained by reliance on specific markers 

that can be influenced by the chosen model.  

While circulating monocytes can differentiate into tissue macrophages, they are not the only 

precursors contributing to macrophage development, as the contribution of circulating monocytes can 

vary drastically between tissues. 

ii. Embryonic origin of tissue-resident macrophages  

A pioneering study demonstrated that Langerhans cells could maintain themselves in skin 

tissue independently from circulating monocytes (Merad et al., 2002). The striking observation made 

at that time has been subsequently validated in numerous tissues (Schulz et al., 2012), to name :  brain 

(Ajami et al., 2007; Ginhoux et al., 2010), lung (Guilliams et al., 2013; Hashimoto et al., 2013; Jakubzick 

et al., 2013), dermis (Tamoutounour et al., 2013), heart (Epelman et al., 2014; Molawi et al., 2014) and 

intestine (Bain et al., 2014). Those studies also showed that most tissue-resident macrophages could 

originate from the prenatal stage during embryonic development, as reviewed by Ginhoux and 

Guilliams (Ginhoux and Guilliams, 2016). Embryonic development of macrophages is a step-wise event,  

Figure 14. Mononuclear Phagocyte 

System. 

The MPS system describe how HSC 

progenitors can lead to macrophages 

and DCs development in tissues.  



69 

 

Indeed, the development of macrophage precursors during embryonic haematopoiesis involves three 

distinct waves. The first wave, known as the "primitive" wave, occurs in the embryonic yolk sac (YS) 

and gives rise to primitive blood cells (Figure 15A). While it has been proposed that microglia solely 

originate from this first wave of embryonic haematopoiesis (Ginhoux et al., 2010), this topic remains 

of ongoing discussion (Lazarov et al., 2023). 

The second wave, referred to as the 'transient definitive' wave, gives rise to erythro-myeloid 

precursors (EMPs). Near the end of the wave (Figure 15A), these precursors migrate to the fetal liver 

(FL) and differentiate into pre-macrophages (Pre-Macs).(Gomez Perdiguero et al., 2015). 

Finally, the third wave involves the migration of HSCs to the fetal liver, where they colonize the bone 

marrow prior to birth (Figure 15A). It is crucial to emphasize that the majority of tissue-resident 

macrophages have been demonstrated to originate from the first and second waves of embryonic 

haematopoiesis although there are different proposed models of fetal macrophage ontogeny (Ginhoux 

and Guilliams, 2016).  

Tissue-resident macrophages possess the ability to self-renew, and the extent to which they can be 

replaced by bone marrow-derived macrophages is largely tissue-specific (Figure 15B). They are long-

lived cells, but the exact mechanism of their self-renewal remains unknown. It is still unclear whether 

they renew themselves through mitosis or if they arise from a tissue-resident progenitor cell 

population. Further research is needed to uncover the precise mechanisms by which tissue-resident 

macrophages are maintained during homeostasis or inflammation. 
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Certain macrophage populations, such as microglia are considered resident cells of "closed" organs 

(Figure 15B)(Ginhoux and Guilliams, 2016), meaning they are not significantly replaced by bone 

marrow-derived macrophages through time.  

The pancreas is considered "slow" in terms of macrophage replacement (Figure 15B)(Ginhoux and 

Guilliams, 2016), as it allow for a gradual and slow turnover of bone marrow-derived macrophages 

during adulthood. More specifically, islet macrophages are exclusively derived from the bone marrow, 

whereas stromal macrophages come from both origins but are completely replaced by circulating 

monocytes after genotoxic stress (Calderon et al., 2015). 

Figure 15.Embryonic origin of macrophages  

a Macrophages Fetal haematopoiesis is composed of three distinct waves. EMPs derived from YS blood islands 

at E7.5 can migrate in the YS to give rise to microglia. At E8.5, YS-HE give rise to myb+ EMPs  migrating in the fetal 

liver and giving rise to FL monocytes that populate most of adult tissues. At E10.5, bloodstream is in place and 

AGM give rise to HSCs to produce blood circulating monocytes. These sequential waves may not represent the 

reality in human but also, the contribution of each wave to EMPs production is still discussed. b Resident 

macrophages in tissue have different origin. Brain remains the only organ which is composed of pre-natal 

macrophages from the YS only at steady state. In the digestive system (e.g., Liver, Pancreas, Gut) the contribution 

of different compartment is age and organs dependant. H-E Hemogenic Endothelium,  AGM Aorta-gonad-

mesonephros, BM Bone-marrow, E Embryonic Day. 
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iii. Colony-stimulating-factor as a key regulator of macrophages 

development 

The development and survival of macrophages are primarily dependent on two key factors: Colony-

stimulating factor 1 (CSF1 or Macrophage-CSF) and CSF2 (GM-CSF). These factors act through their 

respective receptors, CSF1R and CSF2R. In mice, the absence of CSF1R leads to a monocytopenia and 

a reduced number of macrophages in all tissues (Dai et al., 2002). The latter observation is explained 

by the fact MDPs massively express CSF1R which is confirmed since CSF-1 is sufficient to generate bone 

marrow derived macrophages in vitro in 7 days (Toda et al., 2021). Additionally, alveolar macrophages 

have been shown to rely on CSF2R signalling (Guilliams et al., 2013). 

Interestingly, osteoporotic mice with a natural CSF-1 deficiency do not have altered alveolar 

macrophages or microglia but have a reduced number of other tissue-resident macrophages (Cecchini 

et al., 1994). This suggests that CSF1R may have another ligand involved in the regulation of these 

macrophages. Several studies have revealed that IL-34 shares the CSF1 receptor with CSF1 (Lin et al., 

2008; Ma et al., 2012). Notably, the absence of IL-34 leads to a decrease in the number of Langerhans 

cells and microglia  indicating that IL-34 plays a critical role in the prenatal development of tissue 

macrophages in the yolk sac and their maintenance (Greter et al., 2012). In the pancreas, islet 

macrophages are CSF1-1 dependent, whereas stromal macrophages are both CSF-1 and IL-34 

independent at 8 weeks of age (Calderon et al., 2015) 

Altogether, these findings show that whether they are bone marrow-derived or originate from 

prenatal development, trophic factors are of great importance. Therefore, it is crucial to understand 

how they maintain steady states to comprehend plausible dysregulation during perturbed states (e.g., 

cancer) 

Cellular source of CSF-1/2 and IL-34 are extremely different and tissue specific (Guilliams et al., 2020). 

Two different mechanisms currently explain how trophic factors (CSF1/2, IL-34) can maintain and 

develop macrophage in tissue : i) by entering the tissue from the blood or ii) by local production in the 

vicinity of macrophages. The latter idea is supported by the recent findings showing that fibroblasts 

and macrophages express growth factors (CSF1 and PDGF ligand, respectively) allowing the stability of 

fibroblast – macrophage interaction in a contact-dependant manner (Zhou et al., 2018). It has been 

described that macrophages constantly consume CSF-1. CSF-1 levels can increase locally due to 

macrophage death or acute expression of CSF-1, leading to macrophage proliferation and expansion 

(Guilliams et al., 2020). This expansion occurs as macrophages consume the excess CSF-1 until they 

reach a threshold necessary for their survival at lower level of CSF-1. This model suggests that the 
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availability of CSF-1 plays a crucial role in regulating macrophage population dynamics or survival and 

might be used to target macrophages.  

B. Role of tumor associated macrophages in PDAC    

a. “M1” vs  “M2” macrophages… and beyond ! 

Macrophages (or tumor associated macrophages (TAMs) in cancer) are inherently adaptable cells that 

can sense and integrate external signals through many sensors ; Pressure (Solis et al., 2019), pH 

(Tcymbarevich et al., 2019), oxygen availability (Fang et al., 2009) or ECM organisation (McWhorter et 

al., 2013). Through different integrative signal they can change their phenotype and function. This 

process is known as macrophage polarization.  

The initial observation regarding the differential response of macrophages to external stimuli revealed 

that IFNγ inhibits the expression of CD206, while IL-4 enhances the expression of CD206 (Stein et al., 

1992). The concept of macrophage polarization was then fully demonstrated through a study involving 

typical Th1 (C57BL/6) and Th2 (BALB/c) mouse strains. It was observed that Th1-produced IFNγ 

activated macrophages to produce nitric oxide (NO), while Th2 macrophages expressed the enzyme 

arginase to facilitate the transformation of L-Arginine into L-ornithine (Mills et al., 2000).  

The initial observations of distinct phenotypes in macrophages, termed M1 and M2 suggested that 

macrophages can exhibit different functional states during an inflammatory response. Importantly, 

macrophage polarization can occur independently of T cells, as similar polarization results have been 

observed in mouse models lacking T cells (Mills et al., 2000). 

M1 are considered as immune-regulatory and anti-tumoral macrophages. They are typically activated 

by IFNγ or lipopolysaccharides (LPS) (Figure 16). They express the enzyme nitric oxide synthase (iNOS) 

and are involved in promoting a Th1 immune response, which is effective against intracellular 

pathogens and the elimination of abnormal cells (e.g., cancer cells) (Klug et al., 2013; Mantovani et al., 

2004). Additionally, M1 macrophages secrete high levels of cytokines like IL-12 and TNF (Figure 16). 
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On the other hand, M2 macrophages are classified as tissue-remodeling and pro-tumoral 

macrophages. They are mainly activated by IL-4 and IL-13. M2 macrophages express the enzyme 

Arginase and contribute to a Th2 immune response, which is associated with tissue remodeling and 

anti-inflammatory signaling. 

It is important to note that the M1 and M2 nomenclature oversimplifies macrophage biology in vivo. 

Indeed, there are intermediate phenotypes between the "M1" and "M2" extremes since there can be 

overlapping states of macrophage phenotypes (Palma et al., 2018). This complexity has led to 

discussions about the nomenclature used for macrophages (Murray et al., 2014). The use of the M1 

and M2 markers can be misleading because markers classified as "M2" can also be expressed by "M1" 

macrophages, we often refer to “M2-like” macrophages for those cells.  The current consensus among 

researchers is to describe macrophages using a combination of markers rather than relying solely on 

the M1 or M2 classification. Indeed, this simple classification, in itself, cannot recapitulate the 

Figure 16. Macrophages polarization concept. 

Macrophages can be immune-regulatory and tissue-remodelling depending on external 

stimuli. Immune regulatory macrophages are activated by LPS and IFNγ whereas tissue-

remodelling macrophages are activated by IL-13 or IL-4 that can be secreted by Th1 and Th2 

cells, respectively. A large diversity of macrophages subtype exists between the two extremes 

phenotype so as others external stimuli.  
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complexity of macrophage subtypes existing in human tissue at steady state (Gautier et al., 2012) or 

in cancer (Franklin et al., 2014; Movahedi et al., 2010) 

The concept of M1 and M2 macrophages, while flawed in the context of an inflammatory response, 

faces even greater limitations in the context of cancer. The TME is incredibly complex, with specialized 

niches where macrophages regulate the immune response in different ways (Casazza et al., 2013). The 

role of macrophages in the TME is primarily influenced by their specific location within the TME (Rivera 

and Bergers, 2013) and also by their developmental origin.  

b. Exploring TAMs and MDSCs functions in the context of cancer 

and wound healing  

i. Introduction  

TAMs infiltrate most of solid cancers (Galon and Bruni, 2020). They are either recruited due to 

inflammatory signals from the tumor or are resident from prenatal development. TAMs have a dual 

potential role in cancer: they can phagocytize tumor cells, or they can inhibit the antitumoral immunity. 

Their fate necessarily depends on their molecular environment and surrounding niche within the TME. 

Given the role of macrophages in maintaining tissue homeostasis and the established connection 

between wound healing and cancer (Dvorak, 1986), we will now explore this parallel in the context of 

TAMs. Specifically, we will focus on the stages of inflammation initiation, tissue remodelling, and 

closure of the injury. 

ii. Inflammation   

One of the initial roles of resident macrophages following an injury is to eliminate potential pathogens 

through phagocytosis and induce an inflammatory cascade.  

In the context of cancer, macrophages are recruited very early in the pancreas (Figure 17A)(Dixit et al., 

2022) (Linde et al., 2018). TAMs are highly heterogeneous in PDAC  and can vary between early and 

late stage of the disease (Hosein et al., 2019). TAMs rely on monocyte-derived macrophages for their 

maintenance in the tissue (Franklin et al., 2014) and it is now clear that macrophages are mainly 

recruited through CCL2 – C-C chemokine receptor type 2 (CCR2) axis (Figure 17A)(Dixit et al., 2022; 

Sanford et al., 2013; Tu et al., 2021). However, it is worth mentioning that several groups demonstrated 

in various cancer including PDAC  that macrophages have variable origin and that TAMs ontogeny have 

crucial impact on their functions (Bowman et al., 2016; Loyher et al., 2018; Zhu et al., 2017). CCL2 is 

mainly secreted by pancreatic neoplastic cells and cancer cells but also by iCAFs and myCAFs  

(Figure 17A)(Dixit et al., 2022). Macrophages can also be recruited by other chemoattractant since it 

was recently brought up that necrotic PDAC cells can release CXCL1 chemokine and attract 
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macrophages to reduce their inflammatory capacities (Seifert et al., 2016). It was also shown that 

macrophages can be recruited by intercellular adhesion molecule-1 (ICAM1) that is secreted by Kras 

mutated acinar cells (Liou et al., 2015b).  

Once recruited, macrophages play a crucial role in clearing cellular debris and dying cells through a 

process called efferocytosis, which involves recognizing "eat-me" signals. Once activated, 

macrophages release pro-inflammatory cytokines (such as IL-1β, TNFα, IL-6, and IL-12) and chemokines 

(such as CXCL8 and CCL2) to attract other immune cells. TNFα derived macrophages  indirectly reduce 

CD103+ DCs by lowering chemoattractant secreted by cancer cells (Dixit et al., 2022). Circulating 

monocyte-derived macrophages constitute a significant portion of the TAM population (Zhu et al., 

2017). However, other TAMs are originated from pre-natal stage can expand during PDAC progression 

(Zhu et al., 2017) 

Although inflammatory macrophages are generally associated with a better prognosis (Galon and 

Bruni, 2020), their impact is typically evaluated later in the immune response. This raises the question 

of whether the phagocytosis of cancer cells contributes to effective immunity. Indeed, it is important 

to consider that as macrophages eliminate cancer cells, the cancer cells can acquire "don't eat-me" 

signals such as CD47 (Steele et al., 2020). The binding of CD47 to its receptor, SIRPα, expressed on 

macrophages can abort phagocytosis (Jaiswal et al., 2009).  

Altogether, these observations show that macrophages in PDAC  follow the same behavioural pattern 

as in the first steps of wound healing process.  

iii. Tissue remodelling  

Tissue remodelling refers to the process of modifying the structure (e.g., ECM, cellular composition) 

and function of tissues in response to various stimuli, such as injury. In the context of wound healing, 

tissue remodelling is an important stage where new blood vessels are formed, the ECM is modified, 

and the immune response is slowed down to prevent tissue damage. 

In cancer, macrophages can mimic the inflammation resolution process observed in wound healing by 

changing their phenotype through polarization (Figure 17B)(Sanford et al., 2013). In cancer, this 

polarization can be induced through various mechanisms, including cell-cell interactions, signals from 

intra-tumoral Th2 and ECM organization (Bachy et al., 2022; DeNardo and Ruffell, 2019). Specifically, 

in PDAC, IL-1β and mesenchymal stem cells have  been shown to promote macrophage polarization 

(Das et al., 2020; Mathew et al., 2016). The mechanisms underlying macrophage polarization in the 

TME are complex and involve multiple signals, but it is generally accepted that tissue-remodelling 

macrophages play a dominant role in PDAC  and are associated with a poor prognosis (Ino et al., 2013). 
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TAMs can actively participate in ECM reorganization. Indeed, embryonic-derived macrophages derived 

are responsible for the fibrotic response, while circulating monocyte-derived macrophages are 

associated with immune-regulatory responses (Baer et al., 2023; Zhu et al., 2017). TAMs send signals, 

such as Platelet-Derived Growth Factor-BB (PDGF-BB), to induce collagen deposition by myofibroblasts 

(Kaneda et al., 2016). Tissue-remodelling macrophages predominantly express the surface marker 

CD206, which has been shown to interact with cancer cells and contribute to their evasion of anti-

tumoral immunity (Allavena et al., 2010; Mantovani et al., 2004). In PDAC, CD206+ tissue-remodelling 

macrophages can take up degraded collagen, leading to differentiation of PSCs into myofibroblasts in 

vivo (LaRue et al., 2022). Additionally, TAMs can be educated by the ECM to promote fibrosis, with βig-

h3 structured collagen being shown to enhance the differentiation of tissue-remodelling macrophages 

(Bachy et al., 2022). 

TAMs play a crucial role in angiogenesis, which is a hallmark of cancer (Hanahan, 2022). They secrete 

soluble factors that promote the formation of new blood vessels (Figure 17A)(Palma et al., 2005; Sierra 

et al., 2008).  While not specifically shown in PDAC, Vascular Endothelial Growth Factor positive 

(VEGFR+) TAMs are specifically guided  to hypoxic areas. Once in hypoxic areas, macrophages promote 

local angiogenesis, highlighting the importance of the microenvironment niche for TAM function 

(Casazza et al., 2013). 

As mentioned earlier, tissue-remodelling macrophages express immune checkpoints that inhibit the 

response of CD8+ T cells. Myeloid cells in general are also responsible for PD-L1 expression on cancer 

cells through Epidermal Growth Factor (EGF) secretion (Zhang et al., 2017). PD-L1, in particular, is 

highly expressed by TAMs and hinders the activities of CD8+ T cells (Zhu et al., 2014). Consequently, 

blocking the CSF1R receptor to deplete TAMs has shown promising results when combined with anti-

PD-1 and anti-CTLA-4 therapies (Zhu et al., 2014). TAMs can also directly inhibit the activities of CD8+ 

T cells by expressing specific surface markers, such as Dectin-1, and by impeding their infiltration into 

the TME (Beatty et al., 2015; Daley et al., 2017). 

These observations demonstrate that macrophages in PDAC exhibit an immune-resolutive phenotype 

and perform functions related to angiogenesis, fibrosis, and inhibition of CD8+ T cell responses. 

Ultimately, these characteristics contribute to PDAC's resistance to conventional immunotherapy. 

iv. Injury resolution 

The final step of wound healing is the injury closing by the re-epithelisation. In this process, epithelial 

cells undergo intermediate EMT in order to migrate through the wound.  
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On the other hand, in cancer, epithelial cells typically undergo a complete EMT, which is associated 

with increased invasion through the basal membrane and metastasis (Figure 17C). There is a 

bidirectional communication between cancer cells and macrophages that enhances the invasiveness 

of cancer cells. Firstly, resident macrophages at the metastatic site can be influenced by PDAC  

exosomes, creating a favourable environment for cancer cells dissemination (Costa-Silva et al., 2015; 

Quaranta et al., 2018). Additionally, macrophages can be recruited to metastatic tissues and activate 

resident fibroblasts into αSMA+ myofibroblasts, promoting local fibrosis (Nielsen et al., 2016). 

Furthermore, blocking the recruitment of circulating monocytes through CCR2 blockade has been 

associated with reduced incidence of metastasis (Dixit et al., 2022). 

The direct promotion of EMT in PDAC cells has been observed through the action of tissue-remodelling 

macrophages (Liu et al., 2013). Importantly, macrophages-derived tumor necrosis factor-alpha (TNFα) 

play a partial role in inducing subtype switching in pancreatic cancer, leading to the upregulation of 

EMT-related genes in cancer cells and facilitating the transition between classical and basal subtypes 

(Figure 17)(Tu et al., 2021). Furthermore, tissue-remodelling macrophages contribute to the 

extravasation of PDAC cells by modifying the structure of the ECM by expressing LOX2. In an elegant 

study, the depletion of macrophages was shown to result in a defect of collagen alignment and the 

failure of metastatic dissemination (Figure 17C)(Alonso-Nocelo et al., 2023). 

Collectively, these observations indicate that the functions performed by macrophages during wound 

healing are hijacked and utilized in the context of carcinogenesis to sustain the maintenance and 

malignant progression of the cancer ecosystem. 
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Figure 17 Macrophages orchestrate wound healing like process in pancreatic cancer. 

A First step is inflammation when the neoplasia kicks. Neoplastic cells and CAFs are among the producers of CCL2 

chemokine recruiting CCR2+ circulating monocytes. These latter are differentiated into macrophages or MDSCs. 

Macrophages phagocyte cancer cells expressing “eat-me” signal. B The second step is tissue remodelling. Given 

the immunosuppressive environment, macrophages are polarized into tissue-remodelling macrophages and 

have a wide spectrum of functions. Tissue-remodelling macrophages promote angiogenesis, ECM production and 

T cells inhibition. C The final step of wound healing is the closure of the injury. In pancreatic cancer, macrophages 

are a sine qua non condition for metastasis as they promote EMT but also re-organize the ECM alignment to 

favour cancer cells migration. 

 

c. Macrophages based therapies.   

i. Introduction  

Due to the various mechanisms that actively or indirectly contribute to the development of PDAC and 

cancer overall, these mechanisms present a key target within the TME. More importantly, it is 

important to note that macrophages are also responsible for resistance to conventional therapies, 

therefore, most of macrophages-based therapy are combined with others conventional and/or 

immune checkpoint-based therapy. There are four main approaches to macrophage-based therapy: i) 

inhibiting their recruitment, ii) regulating their differentiation, iii) enhancing their phagocytic activity, 

and iv) utilizing cellular therapy. In the subsequent sections, we will explore the application of 

macrophage-based therapy in the context of cancer in general, with a focus on its relevance to PDAC 

whenever applicable. 

ii. Recruitment  

Numerous studies investigated the effect of macrophages recruitment inhibition. CCL2-CCR2 axis is the 

main axis for circulating monocytes recruitment in pancreatic cancer. Recruitment of macrophages is 

responsible for the resistance of conventional RT in PDAC, as inhibiting monocytes recruitment through 

anti-CCL2 antibody allow RT efficacy enhancement (Kalbasi et al., 2017). Moreover, targeting CCR2 in 

PDAC show promising data in both pre-clinical and clinical studies as the inhibition of CCR2 reduced 

metastasis incidence and enhanced an anti-tumoral immunity (Nywening et al., 2016; Sanford et al., 

2013). Others clinical trials are ongoing evaluating the safety and efficiency of CCR5 inhibition in 

combination with ICI (Table 7). Although CCL2-CCR2 axis was targeted in other indications than PDAC 

(Qian et al., 2011), it was shown to have some limitation in breast cancer. Bonapace et al., observed 

that cessation of anti-CCL2 monotherapy induces an increase of blood vessel formation associated 

with metastasis (Bonapace et al., 2014). Upon treatment with anti-CCL2, monocytes are blocked and 

accumulate in the blood circulation since their development is not impaired. When the therapy stops, 

monocytes are recruited in larger number than before therapy (Keklikoglou and De Palma, 2014) 
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iii. Survival and reprogramming  

Macrophage reprogramming as a therapy aims in pushing macrophages phenotype toward an 

inflammatory phenotype. In PDAC, the use of anti-CSF1 allows macrophages reprogramming through 

CD206+ macrophages death but also a shift between tissue-remodelling macrophages and 

inflammatory-macrophages (Zhu et al., 2014). Similar observation were also made in glioma (Pyonteck 

et al., 2013). Macrophages reprogramming actually occur very rapidly and in a transient manner before 

cells death. This short-term reprogramming is sufficient to induce a proper anti-tumoral immune 

response (Hoves et al., 2018).  

Macrophages can also be targeted by impairing their development and survival through the targeting 

of CSF-1. Indeed, pancreatic neuroendocrine tumors are reduced in CSF1OP/OP mice (Pyonteck et al., 

2012). However, the use of CSF1OP/OP may not represent the reality as it is impairing embryonic-derived 

macrophages. CSF-1 level is abnormally elevated in human PDAC and a low CSF1R signature is 

associated with a better prognosis. CSF-1/CSF1R axis as a target has been elegantly studied in PDAC 

(Zhu et al., 2014). Blockade of these axis permit CD8+  T cells activation but induce PD-L1 expression 

on cancer cells. Therefore, combined therapy with anti-PD-L1 has been used to overcome this 

mechanism. The combined treatment induced Tregs decrease and a better survival (Zhu et al., 2014). 

The efficacy of anti-CSF1R therapy was assessed in phase I/II in combination with chemotherapy and 

anti-PD-1, the clinical trial did not show sufficient anti-tumoral activities to further evaluate the 

potential therapeutic role of the combination although the combination were shown to be safe and 

tolerated (Razak et al., 2020). 

TAMs mainly express a specific γ isoform of the Phosphoinositide 3-Kinase gamma enzyme (PI3Kγ) that 

has been targeted in pre-clinical study and showed great benefit in monotherapy. Genetic ablation or 

pharmacological targeting of PI3Kγ in macrophages is  associated with CD8+ T cells infiltration in the 

TME and less metastasis (Kaneda et al., 2016). PI3Kγ pro-tumoral action was shown to activate Bruton's 

tyrosine kinase (BTK) enzyme (Gunderson et al., 2016). Although BTK targeting showed significant 

benefits in combination with chemotherapy in mouse models (Gunderson et al., 2016), it failed to show 

benefit in a phase III clinical trial (Table 7)  

iv. Phagocytosis  

Since most of PDAC patients are diagnosis at late stage, TAMs in the TME have very low phagocytic 

activities due to immune selection. Therapies has been developed to bypass “don’t eat-me” signals 

expressed by cancer cells (e.g., CD47). αCD47 therapy has been shown to have great results in Non-

Hodgkin’s Lymphoma with around 50% of complete or partial response (Table 7). To date, in PDAC, 
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there are no clinical trials ongoing for the evaluation of anti-CD47 treatment (Jiang et al., 2021). 

However, pre-clinical studies showed promising data since anti-CD47 treatment was associated with 

TME remodulation and synergy with anti-PD-L1 therapy (Pan et al., 2019). 

v. Cellular therapy  

As CAR-T cells show more and more results, Chimeric Antigen Receptor macrophage (CAR-M) have 

been developed to specifically recognize tumoral antigen (Klichinsky et al., 2020). In the latter 

innovative study, CAR-M are injected and show a sustain inflammatory phenotype and Human 

Epidermal Growth Factor Receptor-2 (HER2) expressing cells specific clearance and was inducing 

endogenous  tissue-remodelling TAMs to inflammatory TAMs conversion (Klichinsky et al., 2020). 

These advances in macrophages engineering are currently tested in HER2 overexpressing solid tumors 

clinical trials (Table 7). Macrophages can also be genetically modified by mRNA technology. Indeed, 

master regulator gene Interferon regulatory factor 5 (IFR5) induction by mRNA nanocarrier in 

macrophages led to tumour rejection and reduce metastasis (Zhang et al., 2019). Finally, the injection 

of macrophages with an IFNγ “ backpacks” allow the sustains presence of inflammatory TAMs and led 

to tumor reduction (Shields et al., 2020) 
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Table 7. Macrophages targeting in cancer   

Agent  Mono/combined(agent) Cancer   Clinical status  Observation  

References and NCT 

identifiers  

Recruitment based therapy  

αCCL2 Monotherapy Breast  Pre-clinical  

Increase survival and Reduce 

metastasis  (Qian et al., 2011) 

αCCL2  Combined (RT)  PDAC  Pre-clinical  

Bypass RT resistance induced 

by TAMs (Kalbasi et al., 2017) 

CCR2 antagonist  Monotherapy PDAC Pre-clinical, Phase I  

Decrease tumor growth, 

reduce metastasis, enhance 

anti-tumor immunity  

(Sanford et al., 2013), 

(Nywening et al., 2016) 

(NCT01413022) 

CCR2 inhibitors  

Combined (CXCR2 

inhibitors and/or Gem)  PDAC Pre-clinical  

Improve antitumour 

immunity through 
neutrophils recruitment 

impairment  (Nywening et al., 2018) 

CCR2/CCR5 antagonist  Combined (Chemo ± αPD1)  PDAC Phase I/II Ongoing CT  (NCT03184870) 

CCR5 Antagonist  Combined (αPD1+αCTLA4) PDAC Phase I  Ongoing CT  (NCT04721301) 

Survival and Reprogramming   

αCSF1R 

Combined (Oxaliplatin or 

Cisplatin) Breast Pre-clinical Enhancement of chemo (Salvagno et al., 2019) 

αCSF1/αCSF1R 

Combined (αPD-

L1/αCTLA4) PDAC Pre-clinical  Overcome ICI resistance  (Zhu et al., 2014) 

Csf1op/op Monotherapy  

Pancreatic 

neuroendocrine  Pre-clinical  

Tumor shrinkage with lower 

angiogenic islet  (Pyonteck et al., 2012) 

αCSF1R Combined (Chemo) PDAC Phase I/II Ongoing CT  (NCT03193190) 

αCSF1R Combined (αPD-1) PDAC Phase I/II  

Tolerable drug but the 

efficiency was not sufficient 

(Razak et al., 2020) 

(NCT02713529) 

PI3Kɣ inhibitors Combined (Gem) PDAC Pre-clinical  Enhancement of chemo (Kaneda et al., 2016) 

BTK inhibitors Combined therapy (Nab-

Pac + Gem) 

PDAC Pre-clinical, Phase III Phase III showed no benefits  

(Gunderson et al., 2016) 

(NCT02436668)  

(Continue next page) 
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TLR4 analog + IFNγ Monotherapy  Breast  Pre-clinical 

Turn tissue-remodelling 

TAMs into effective tumor-

restricting TAMs (Sun et al., 2021) 

Phagocytosis   

αCD47 Combined (Rituximab) 

Non-Hodgkin’s 
Lymphoma Phase I/II 50% of patient with CR/PR 

(Advani et al., 

2018)(NCT02953509) 

αCD47  Monotherapy  PDAC Pre-clinical  

Increase of pancreatic cancer 

cells clearance  (Michaels et al., 2018) 

αCD47 

Monotherapy and 

combined (αPD-L1)  PDAC Pre-clinical  

Overcome ICI resistance and 

remodel TME  (Pan et al., 2019) 

Cellular therapy  

CAR-M (HER2) Monotherapy  

HER2+ solid 

tumors  Phase I  Ongoing CT  (NCT04660929) 

Backpack macrophages  Monotherapy Breast  Pre-clinical  

Polarize TAMs into 

inflammatory TAMs  (Shields et al., 2020) 

mRNA nanocarrier Monotherapy  Ovarian   Pre-clinical  

TAMs phenotype reversing 

with tumor regression  (Zhang et al., 2019) 

Chemo Chemotherapy, ClT Clinical Trial, Nab-Pac Nab-Paclitaxel, CR Complete Response, PR Partial Response.  
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C. CD169+ macrophages  

a. Introduction 

i. CD169 macrophage function in non-cancerous condition  

CD169+ macrophages are characterized by the expression of sialic acid-binding immunoglobulin-like 

lectin-1 (Siglec-1 which is part of the Siglec family). CD169 denomination will be use throughout this 

thesis. CD169 is a type I lectin composed of 16 C2-set immunoglobulin domain and 1 V-set 

immunoglobulin domain binding to sialic-acid (Crocker et al., 2007). CD169+ macrophages studying has 

been facilitated with the generation of a conditional depletion model. In this model, diphtheria toxin 

receptor is expressed only in CD169 expressing-cells (Miyake et al., 2007). The use of diphtheria toxin 

allows for CD169 depletion across tissues without impairing other myeloid populations (Miyake et al., 

2007). CD169+ macrophages can be found in both lymphoid and non-lymphoid tissue at steady state.  

Indeed, CD169+ expression define Marginal zone metallophilic macrophages in the spleen and both 

Subcapsular sinus macrophages (SCS) or Medullary macrophages in the lymph nodes (Gordon et al., 

2015). Moreover, they also define resident macrophages in the liver, intestine, bone-marrow, lung  or 

in the pancreas (Asano et al., 2015; Chittezhath et al., 2019; Chow et al., 2011; Gordon et al., 2015; 

Ural et al., 2020).  

In the pancreas, CD169+ macrophages are present under normal condition since the use of CD169+ 

macrophages with CD169-DTR model reduces the number of macrophages in pancreatic islet 

(Chittezhath et al., 2019). However, up to date, there are no evidence about the origin of CD169+ 

macrophages in the pancreas as no fate-mapping has been done. More specifically, CD169+ 

macrophages are upregulated in diabetes and can remodel pancreatic islets vasculature leading to 

glucose decrease in blood. Their survival may depend on CSF1 as targeting CSF1R allows the reduction 

of CD169+ macrophages in pancreatic islets (Chittezhath et al., 2019).  

CD169+ macrophages are capable of dead cells associated antigen clearance (Miyake et al., 2007). 

CD169+ macrophages have a strategic location as they are localized at the interface between antigen 

afferent area and T/B cells area in spleen and lymph node (Figure 18). Their location mainly depend 

on sialoglycan expression and density on lymphatic vessels (D’Addio et al., 2021). Given their location, 

CD169+ macrophages are exposed to antigens and their antigens specific function has been deeply 

evaluated.  

Specifically, SCS macrophages can capture lipid antigens and retain the antigen at their surface in 

association with C1d. This mechanism was shown to be necessary for the activation of invariant natural 

killer T (iNKT) in vivo (Barral et al., 2010). In infection context, CD169+ macrophages capture Vesicular 
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Stomatitis Virus (VSV) particles and protect nerves from being infected as CD169+ macrophages 

depletion induce nerves infection (Iannacone et al., 2010). CD169+ macrophages are able to recruit 

plasmacytoid DCs (pDC) to secrete type I IFN and protect nerves, hematopoietic cells, and stromal cells 

from lethal infection. CD169+ macrophages are therefore often called central nervous system (CNS) 

gatekeeper (Iannacone et al., 2010). More precisely, SCS macrophages (i.e., CD169+) are considered as 

a “ Flypaper “ (Figure 18A). Indeed, they are capable of translocating viral particle to B cells and 

inducing anti-viral humoral response against pathogens (Junt et al., 2007).  Similar observation has 

been made in listeria monocytogene infection as CD169+ macrophages protect from lethal infection by  

translocating antigen in B and T cells area through the trans-infection of CD8a DCs (Figure 18A)(Perez 

et al., 2017). Specifically, CD169+ macrophages do not directly cross-present antigens to CD8+ T cells. 

They rely on DCs as CD169+ macrophages and DCs co-localize in lymphoid tissue (Figure 18A)(van 

Dinther et al., 2018). Those latter observations contradict a study showing that CD169+ macrophages 

can cross-present antigens to T cells in absence of DC through MHC-I (Bernhard et al., 2015).  

A pivotal information is that CD169+ macrophages are more than a “flypaper” but rather a viral 

replication “ sink “ (Figure 18B) (Ludewig and Cervantes-Barragan, 2012). Indeed, in a VSV model, 

Honke and colleagues showed that marginal zone CD169+ macrophages capture VSV virus and inducing 

Ubiquitin specific peptidase 18 (USP18) upregulation. USP18 compete with JAK1 and inhibit type I IFN 

signalling pathway from inhibiting viral replication. In this way, CD169+ macrophages are producers of 

viral load and enhance T cells priming from DCs but also present more antigens to B cells leading to a 

better systemic anti-viral response (Figure 18B) (Honke et al., 2012).
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More recently, they have been associated with severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) infection severity and outcomes. Since they express SARS-CoV-2 receptor and can been 

infected, they’ve been shown to impair anti-viral immunity in lymphoid tissue. More generally, CD169 

molecule is upregulated on monocytes during infection and is considered as a biomarker (Feng et al., 

2020; Gatti et al., 2023; Roussel et al., 2021).  

CD169+ macrophages can also be found in the bone marrow in mouse and human. They have a crucial 

role in retaining HSCs progenitor by secreting protein factor and activating mesenchymal stromal cell 

in the bone marrow to secrete CXCL12 in nestin positive niche (Chow et al., 2011). CD169+ 

macrophages also have been shown to retain HSCs in the spleen (Dutta et al., 2015). CD169+ 

macrophages also regulate erythropoiesis as the depletion of CD169+ macrophages reduce 

erythroblast island number but also erythroblast maturation. More importantly, vascular cell adhesion 

Figure 18. CD169+ role in spleen and lymph-

node. 

a CD169+ macrophages capture antigens 

circulating in lymphatic vessel to translocate 

them to B cells and pDC in order to cross-

present CD8+ T cells that will expand. b 

CD169+ macrophages are located in the 

marginal zone of the spleen between the red 

pulp and lymphoid cells area. They are 

capable of capturing circulating viruses and 

allow viral replication to enhance anti-viral 

response activation in the spleen. 
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molecule 1 positive (VCAM1+) CD169+ macrophages allow recovery after haemolytic anaemia (Chow 

et al., 2013).  

These results show that CD169+ macrophages can have multiple functions at steady state and in 

infection context. Their role seems to be antigen-restricted in lymphoid organ but more complex in 

non-lymphoid tissue. Although there are also macrophages niches in lymphoid tissue (Bellomo et al., 

2020), there are more complex niche in non-lymphoid organ (Guilliams et al., 2020). Macrophages can 

be maintained in a stromal niche and exert a reciprocal secretion of growth factor to regulate immune 

cells migration across tissue. Given their capacity to communicate with other cell type, CD169+ 

macrophages may have a particular role in cancer. Therefore, in the following parts, the specific role 

of CD169+ macrophages in cancer will be discussed.  

b. Emerging role of intra tumoral CD169+ macrophages in cancer   

i. Pro-tumoral role 

The involvement of CD169+ macrophages within the TME has been assessed in various primary tumors. 

In breast cancer, a high level of CD169+ macrophages is associated with a lower survival rate and is 

correlated with the expression of CD163 (Cassetta et al., 2019; Gunnarsdottir et al., 2023). Notably, 

CD169+ macrophages in breast cancer are linked to the secretion of CXCL12, which leads to the 

inhibition of T cells, resembling the macrophage niche in the bone marrow (Gunnarsdottir et al., 2023). 

The expression of CD169+ macrophages in breast cancer can be induced by factors such as type I 

interferon (TNFα), CSF1, and/or IL-1β secreted by breast cancer cells (Cassetta et al., 2019). In turn, 

CD169+ macrophages secrete CCL8 to recruit more monocytes and induce transcriptional changes in 

cancer cells. 

The pro-tumoral role of CD169+ macrophages in breast cancer have been confirmed, as the depletion 

of CD169+ macrophages led to a slowdown in tumor progression and reduced the number of lung 

metastases. Moreover, it has been observed that CD169+ macrophages inhibit CD8+ T cells through the 

PD-1 – PD-L1 axis in breast cancer (Jing et al., 2020).  

A pivotal study conducted by Casanova-Acebes and colleagues (Casanova-Acebes et al., 2021) 

investigated the impact of macrophages ontogeny on the progression of non-small cell lung cancer. 

The study revealed that the heterogeneity of macrophages in murine models closely resembles the 

one observed in humans. Of particular significance, they identified a subset of macrophage in the lung 

that does not originate from the bone marrow but rather derives from the embryonic stage. These 

resident macrophages, originating during the pre-natal stage, express both CD169 and CD206 

receptors. During the early stages of tumor initiation, these macrophages establish close contact with 
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cancer cells. As the tumor progresses, CD169+ macrophages form a distinct structure around the 

tumor. In culture, lung cancer cells exhibit more invasive protrusions when exposed to tissue-resident 

macrophages expressing CD169 compared to those cultured with macrophages derived from 

circulating monocytes. The invasiveness of cancer cells is EMT-related, induced by resident CD169+ 

macrophages. The researchers also observed that depleting CD169+ macrophages was associated with 

fewer cancer lesions in the lung and a significant infiltration of CD3+ T cells. However, this effect was 

only observed when CD169+ macrophages were depleted during tumor initiation and not after the 

tumor was already established. This highlights the crucial role of tissue-resident CD169+ macrophages 

during the early stages of tumor development. (Casanova-Acebes et al., 2021). 

The role of CD169+ macrophages has been assessed in different cancers. In myeloma, depleting CD169+ 

macrophages has been found to act as a preventive measure, effectively hindering the development 

of myeloma (Opperman et al., 2019). Furthermore, patients with colorectal cancer display elevated 

levels of CD14+CD169+ monocytes in their bloodstream. Interestingly, it has been observed that intra-

tumoral CD169+ macrophages exhibit anti-inflammatory properties (Li et al., 2015). 

Taken together, these findings suggest that intra-tumoral CD169+ macrophages can play diverse pro-

tumoral roles in various tissues. However, in the subsequent section, we will delve into the anti-

tumoral role of intra-tumoral CD169+ macrophages. 

ii. Anti-tumoral role  

CD169+ macrophages level is lower in hepatocellular carcinoma (HCC) than in normal liver. Patients 

with high CD169+ macrophages infiltration in HCC have a better survival rate (Li et al., 2017; Liao et al., 

2022; Zhang et al., 2016). More precisely, high CD169+ macrophages infiltration lead to IFNγ and IL-2 

secretion which ultimately correlate with higher CD8+ T cells activation. Bone-marrow derived 

monocytes can differentiate into CD169+ macrophages when treated with tumoral supernatant. More 

precisely, type I IFN  (IFNα) induces CD169+ differentiation in HCC (Liao et al., 2022) 

Lastly, it was recently brought up that CD169+ is expressed glioblastoma (GBM) macrophages but not 

in microglia. A parabiosis experiment highlighted that CD169+ macrophages in GBM originate from 

circulating monocyte in a CCR2 dependant manner but also that depleting CD169+ macrophages 

accelerate GBM progression. CD169+ macrophages in GBM are located in tumoral core and are in 

physical contact with T lymphocytes and NK cells. NK cells were shown to secrete IFNγ to induce 

monocytes differentiation into CD169+ macrophages. CD169+ macrophages depletion in GBM 

reshaped the TME with microglia expansion. More importantly, CD169+ depletion led to a decrease of 

cytotoxic T cells and less phagocytosis activities from macrophages.  
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While intra-tumoral CD169+ macrophages have distinct role depending on primary tumor location. It 

is widely accepted that CD169+ macrophages level in lymph node of cancerous patients is associated 

with a good prognosis (Figure 19). Indeed, high CD169+ level in regional lymph node of many cancer 

(e.g., Bladder, Breast, Gastric, Colorectal, Melanoma, Prostate) correlate with high CD8+ T cells in TME 

and a better prognosis (Figure 19). 

Altogether, these observations highlight that intra-tumoral CD169+ macrophages in cancer are of 

different origins. More importantly, it appears that intra-tumoral CD169+ macrophages role in cancer 

is not defined by ontogeny but rather is tissue specific. TAMs are mostly associated with a negative or 

mixed prognosis in all tissues (Galon and Bruni, 2020).  Further investigation should be performed to 

evaluate the specific niche that rule CD169+ macrophages behaviour in a tissue specific manner.  Also, 

CD169 marker is not a specific marker for embryonically or circulating monocyte derived macrophages.  

A dichotomy is observed in some cancer (e.g., Breast, Gastric) where intra-tumoral CD169+ 

macrophages support tumor progression while infiltrating lymph nodes CD169+ macrophages inhibit 

tumor progression. That is one of the reasons why CD169 targeting therapy should be use with caution 

but also because CD169+ macrophages are expressed in various organs as resident macrophages (e.g., 

Lung, bone-marrow).   
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Figure 19. Effect of CD169+ macrophages on cancer progression in human. 

CD169+
 macrophages have anti-tumoral (Positive) and/or pro-tumoral (Negative) role depending on organs in 

tumor. CD169+ have only anti-tumoral role in lymph nodes (Asano et al., 2018; Kumamoto et al., 2021; Ohnishi 

et al., 2016, 2013; Pucci et al., 2016; Stromvall et al., 2017; Tacconi et al., 2021; Topf et al., 2019; Zhang et al., 

2016). CD169+ in pancreas are evaluated in this thesis. N/A Non-Applicable. LN Lymph Nodes , HNC Head and 

Neck Cancer 
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OBJECTIVES  

PDAC primarily comprises stromal components such as CAFs, pericytes, immune cells, and ECM 

proteins. These elements collectively shape the TME. The TME is characterized by a desmoplastic 

reaction that results in elevated tissue rigidity and significant immune suppression. The pancreatic TME 

displays remarkable diversity, yet the mechanisms through which stromal components interact to 

orchestrate the desmoplastic and immune-inhibitory responses remain incompletely understood. 

Notably, immune suppression predominantly stems from macrophages, the most prominent 

infiltrating cell population, owing to their adaptable phenotype. Similar to their roles in other tissues, 

macrophages collaborate with mesenchymal cells to structure the cellular environment. 

Consequently, comprehending the interplay between tissue-resident macrophages and stromal cells 

holds paramount importance in devising novel therapeutic strategies. In addition to their interactions 

with macrophages, stromal cells have been implicated in fostering the development of tissue stiffness 

in pancreatic cancer, a factor linked to unfavourable prognoses. Despite this, the mechanisms 

governing in vivo tissue stiffness establishment in PDAC remain insufficiently explored. Therefore, our 

project aimed to investigate in an integrative manner how stromal cell-macrophage communication 

contributes to the TME and, concurrently, delve into the processes by which CAFs contribute to the 

generation of tissue stiffness within the context of PDAC. 

 

Specifically, the objectives of my thesis were to :  

I. Studying the role of a newly described stromal population in pancreatic cancer : Pericyte 

Stem Cells in vitro and in vivo. 

II. Identifying the cross stalk between macrophages and Pericyte Stem Cells with a focus on 

macrophages role in vitro and in vivo. 

III. Understanding how tissue stiffness is generated  and the consequent impact on the local 

anti-tumoral immune response.  

 

 



92 

 

RESULTS   

I. Pericyte stem cells induce Ly6G+ cell accumulation and 

immunotherapy resistance in pancreatic cancer 

I actively participated to the study of Dr. Wu in Dr. Hennino’s group. This study entitled “ Pericyte stem 

cells induce Ly6G+ cell accumulation and immunotherapy resistance in pancreatic cancer “ was 

published in EMBO reports journal in February 2023. This study was part of Dr. Wu PhD work and lasted 

during the first two years of my PhD thesis. I participated in the conceptualization and performance of 

experiments, both in vivo and in vitro. In the reviewing process of the paper, I also evaluated the role 

of PeSC in supporting cancer cell progression through Ly6G accumulation in an orthotopic model.  

This study was done in a context of identifying stromal cell population in early lesion of pancreatic 

cancer that communicate with blood vessel.  Indeed, blood vessels and specifically pericytes that 

physically support endothelial cells are the first encounters of immune cells that are recruited in the 

TME. Therefore, we questioned whether pericytes were capable of shaping the immune profile of 

recruited immune cells. In an effort to answer this question, we questioned the presence of Vascular 

Cell Adhesion Molecule 1 (VCAM-1) in PDAC stroma.  

We identified a stromal cell population defined as CD106+CD24+CD44+CD31-CD45-EPCAM-. We could 

generate a cell line based on these markers that can be identified by RNAseq single cell analysis in pre-

cancerous genetical engineered mouse model. We showed through in vitro and in silico analysis that 

this cell population had both stem and pericyte properties. Therefore, this cell population was named 

Pericyte Stem Cell (PeSC). We demonstrated that PeSC were not of tumoral origin but were rather 

recruited from the bone marrow early in the steps of tumorigenesis. Given that PeSC were present 

only in pre-cancerous model but not in the healthy pancreas, we evaluated the role of PeSC in 

supporting cancer progression. Through multiple in vivo models, we showed that PeSC were 

supporting tumour progression through the accumulation of Ly6G+ MDSC. Our study also 

demonstrated that in our model, PeSC were responsible for anti-PD1 resistance.  

While the role of mesenchymal stem cells and pericytes is documented in pancreas, our data support 

the idea that both mesenchymal stem cells and pericytes are interconnected in pathological conditions 

and shape the immune response in pancreatic cancer. 

(See published paper next page)  
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We report the identification of a cell population that shares peri-

cyte, stromal and stemness features, does not harbor the KrasG12D

mutation and drives tumoral growth in vitro and in vivo. We term

these cells pericyte stem cells (PeSCs) and define them as

CD45�EPCAM�CD29+CD106+CD24+CD44+ cells. We perform studies

with p48-Cre;KrasG12D (KC), pdx1-Cre;KrasG12D;Ink4a/Arffl/fl (KIC) and

pdx1-Cre;KrasG12D;p53R172H (KPC) and tumor tissues from PDAC and

chronic pancreatitis patients. We also perform single-cell RNAseq

analysis and reveal a unique signature of PeSC. Under steady-state

conditions, PeSCs are barely detectable in the pancreas but pre-

sent in the neoplastic microenvironment both in humans and mice.

The coinjection of PeSCs and tumor epithelial cells leads to

increased tumor growth, differentiation of Ly6G+ myeloid-derived

suppressor cells, and a decreased amount of F4/80+ macrophages

and CD11c+ dendritic cells. This population induces resistance to

anti-PD-1 immunotherapy when coinjected with epithelial tumor

cells. Our data reveal the existence of a cell population that

instructs immunosuppressive myeloid cell responses to bypass PD-

1 targeting and thus suggest potential new approaches for over-

coming resistance to immunotherapy in clinical settings.
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Introduction

The pancreatic tumor stroma consists of a variety of components,

including fibroblasts, myofibroblasts, blood vessels, inflammatory

and immune cells, extracellular matrix (ECM) and matricellular pro-

teins (Neesse et al, 2011; Gore & Korc, 2014). High stromal activity,

as assessed by a-smooth muscle actin (a-SMA) expression, is associ-

ated with poor prognosis in patients with pancreatic cancer (Erkan

et al, 2008). Nevertheless, the depletion of a-SMA-expressing cells

(Ozdemir et al, 2014) also resulted in undifferentiated PDA tumors

and decreased survival in mice, suggesting that solely this parame-

ter is not defining the whole complexity of the stromal activity.

Fibrous proteins, such as collagens, laminin, and fibronectin, and

noncollagenous proteins, such as glycoproteins, proteoglycans, and

glycosaminoglycans, together make up the ECM that constitutes the

stromal component. The cellular component of the stroma includes

immune cells such as lymphocytes, macrophages, mast cells, and

myeloid-derived suppressor cells (MDSCs) along with vascular and

neural elements (endothelial cells and neurons, respectively).

Accumulating evidence indicates the presence of a close and com-

plex interplay of paracrine interactions between tumor cells and the

stroma that facilitates cancer progression (Gore & Korc, 2014). Because

the stromal compartment evolves rapidly starting from the beginning

of the neoplastic reaction, we investigated the existence and role of

stromal stem cells within the neoplastic microenvironment that are

capable of driving the stromal reaction. Since the discovery of cancer

stem cells (CSCs) in 1997 by Bonnet and Dick in leukemia (Bonnet

& Dick, 1997), these cells have been found in several other types of

solid tumors, including colon, breast, brain, skin, and pancreatic

tumors. Here, we describe the identification of a cell population that

shares pericyte, stem, and stromal and properties within the neoplastic

microenvironment of pancreatic cancer. We have named these cells

pericyte stem cells (PeSCs). We generated primary cell lines of PeSCs
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from mouse pancreatic neoplasms that stably express a fluorescent tag

to assess the impact of the stromally elicited signals on tumor growth

and the response to immunotherapy in pancreatic cancer.

Results

The CD106+ population is uniquely localized in pancreatic injury

and precancerous lesions

CD106 has been proposed as a specific marker for defining mesen-

chymal stem cells in tissue repair and regeneration (Dominici et

al, 2006; Acharya et al, 2013). Therefore, we performed IHC staining

for CD106 in human PDAC samples (stages II and III). We found

that CD106 positive cells were exclusively localized in the tumor

adjacent stroma rather than in the tumor core (Fig 1A and Appendix

Fig S1). We also observed CD106 positive cells in the intraductal

papillary mucinous tumor (IPMT). No staining was detected in the

normal pancreas or in the tumor core of PanIN III and IPMT

(Fig EV1A and B). By identifying the tumor core versus the adjacent

region of paired surgical samples, we verified that CD106 positive

cells were labeled in all the adjacent regions of Pancreatic Intrae-

pithelial Neoplasia (PanIN) I to PanIN III and of IPMT (Fig EV1B).

Immunohistology staining of human tumor microarray (TMA) for

CD106 further indicated that these cells were uniquely present in

pancreatitis and precancerous early lesions PanINs rather than at

the PDAC stage (Fig EV1C and Appendix Table S1), which is similar

to the results obtained from our patient samples (Figs 1A and EV1B,

and Appendix Fig S1). Next, we took advantage of the p48-Cre;

KrasG12D (KC) mouse model, which develops PanINs from the age

of 1.5 months (Hingorani et al, 2003). We found that the CD106+

population was in close contact with aSMA+ cells (Fig 1B left) and

absent in the CK19+ nascent duct region (Fig 1B right). To obtain

further insights into their precise phenotype and frequencies, we

used FACS staining to determine their presence in the pancreas of

KC mice compared with that of WT mice. In our analysis, we

excluded CD45+ cells (hematopoietic cells) and CD31+ cells (endo-

thelial cells). The gated CD106+ cells represented 1.5% of the

CD45�CD31� population and 0.15% of the total population of pan-

creatic cells but were not detected in the WT mice (Fig 1C). Further-

more, CD45�CD31�CD106+CD29+ cells also exhibited positive CD44

and CD24 expression and expressed no EPCAM and low levels of

PDGRFa (which define duct cells and cancer-associated fibroblasts,

respectively; Fig 1C). Previous studies noted the expression of

CD24, CD44, and EPCAM at the cell surface and identified CSCs in

the pancreas (Li et al, 2007). This suggests that the CD106+

population might carry both stemness and stromal properties.

Therefore, we next perform double immunofluorescence staining

for CD24 and CD44 and we identified a population of cells located

within the stromal compartment of the pancreas of KC mice that

displayed a spindle-shaped morphology (Fig 1D, left). This popula-

tion was diminished in mice with PDAC, that is, pdx1-Cre;KrasG12D;

Ink4a/Arffl/fl (KIC; Unpublished observations, Wu), and pdx1-Cre;

KrasG12D;p53R172H (KPC) mice (Fig 1D, right), which develop adeno-

carcinoma beginning at 5 and 16 weeks of age, respectively (Aguirre

et al, 2003; Hingorani et al, 2005).

To get further insight into the phenotype of this population, we

then performed RNAseq single-cell analysis. We have performed

first a FACS sorting to obtain a fibroblast-enriched fraction and a

tumor duct forming PanINs. Pancreatic cells from 5 KC (2 months

of age) mice were dissociated into single cells. From the pooled cells

we isolated two fractions of cells by FACS: (i) a viable cell popula-

tion of fibroblasts-enriched population and (ii) a viable cell popula-

tion of PanIN-enriched population (Fig 2A and Appendix Fig S2).

Sorted cells were subjected to the same droplet-based protocol for

single-cell capture and library preparation. Since the identified

CD106+ population was associated with PanINs, we analyzed the

sequencing data from the viable cell PanIN enriched population

(2,000 cells) isolated from the pooled KC pancreases were clustered

in 10 clusters (Fig 2B). We analyzed the most expressed genes of

each cluster (Fig 2C) and performed Wiki pathway identifica-

tion_2019 and identified a unique population (cluster 7) that have

stem properties, focal adhesion, and inflammatory response path-

ways (Fig 2D).

The CD106+ population shares pericyte, stem, and

stromal features

Because the frequency of the CD106+ cells was low in the neoplastic

pancreas, we thought to amplify the cells by serum deprivation as

previously described (Ferro et al, 2019). KC pancreases from 2.5-

month-old mice were recovered and digested with collagenase, and

a single-cell suspension was cultured for 14 days in the absence of

serum. After 14 days of serum starvation, the CD106+ population

represented approximately 4% of the CD45�EPCAM�CD31� popula-

tion (Appendix Fig S3A). We obtained similar results from two dif-

ferent pancreata of KC mice (Unpublished observations, Wu). To

further characterize their properties, we decided to generate a pri-

mary cell line via several successive passages (up to passage 20)

and infected the cells to stably express the mCherry tag (Figs 3A and

EV1D, and Appendix Fig S3A and B). During passaging from P0 to

P20, the cells underwent spontaneous dynamic selection of the

▸
Figure 1. The CD106+ population is uniquely localized in pancreatic injury and precancerous lesions.

A Representative IHC staining of tumor core and adjacent region in PDAC patient (stage II) for CD106+. The corresponding magnification insets of the tumor core (red

dotted line) or adjacent region (green dotted line) are displayed on the right. Scale bar, 500 lm in gross, 20 lm in magnification.

B Immunofluorescence staining of the pancreas obtained from a 2.5-month-old KC mouse for CD106 (red), a-SMA (green) or CK19 (green), and DAPI (blue). Scale bar,

50 lm, 10 lm.

C Gating strategy for the identification of the CD106+CD24+CD44+ population in KC and WT mice. FACS analysis of the percentage of CD106+ among CD45�CD31� cells;

each dot represents one mouse. The bars are representing the mean. The P-values were calculated using Student’s t-test.

D Immunofluorescence staining of pancreases obtained from a KC mouse (left) and a 2.5-month-old KPC mouse (right) for CD44 (green), CD24 (red), and DAPI (blue).

Scale bar, 50, 10 lm.

Source data are available online for this figure.
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CD106+ population from 15 to 90% (Figs 3A and EV1D, and Appen-

dix Fig S3A–C). We defined these cells as PeSCs. We also generated

an epithelial tumoral PanIN cell line (defined as Epi) and a lung

metastasis cell line (defined as Meta) from the pancreas and lung of

2-month-old KIC mice, respectively, that express an eGFP tag

(Appendix Fig S3D and E). We tested the presence of the floxed

KrasG12D allele in the three cell lines and showed that the PeSCs, in

contrast to the Epi and Meta cell lines, did not carry the recombined

KrasG12D gene, which confirmed that the PeSCs were not of tumoral

origin (Fig 3B). We also confirmed that PeSC does not express the

KrasG12D mutated protein by Western Blot approach using an anti-

KrasG12D-specific Ab (Fig 3C). A FACS phenotypic analysis con-

firmed that the PeSCs were CD44+CD24low, whereas the Epi and

Meta cells were CD44+CD24high and CD44+CD24�, respectively, and

clustered differently on a CD24 CD44 and CD24 CD106 dot plot

(Fig 3D and Appendix Fig S3F). We further investigated their tran-

scriptomic profile by RNA sequencing. The principal component

analysis (PCA) and gene expression profile of the RNA-seq data

showed that the PeSCs exhibited an upregulated stemness and inter-

feron gene signature compared with the Epi and Meta cells (Fig 3E

and F). Furthermore, the PeSCs presented downregulated cell cycle

genes compared with the Epi and Meta cells and did not exhibit epi-

thelial characteristics (Fig 3F). We confirmed the RNAseq data

through a qPCR analysis of several upregulated genes detected in

the transcriptomic analysis (Fig 3G). We confirmed that Nanog and

Oct3/4 were specifically upregulated in PeSCs and not in Epi and

Meta cells. Furthermore, we detected an upregulation of genes asso-

ciated with the pericyte signature in the PeSCs (Armulik et al,

2011). The transcriptomic analysis revealed that the RNA expression

levels of NKX3.2, Anpep (encoding Anpep [alanyl (membrane) ami-

nopeptidase]), Cd248, Eng (encoding endoglin), Pdgfrb (encoding

PDGFRb), and Rgs5 (encoding RGS5 [regulator of G-protein signal-

ing 5]) were higher in the PeSCs than in the Epi and Meta cells and

we then confirmed their expression by qPCR and FACS staining

(Fig 3G and Appendix Fig S3C). To define if the cells obtained were

reflecting the population observed ex vivo, we have generated a

PeSC score from the RNAseq data of the PeSC cell line and applied

the score to the single-cell RNAseq analysis. As shown in Fig 3H,

the highest PeSC score is displayed by cluster 7 (Fig 2B). Cluster 7

stands for the minority population in this PanIN enriched fraction

and their distribution indeed diverges from the other major clusters

(cluster 1–6, 8, 9, Fig 2B and C). The detailed genes of the PeSC

score are depicted in plots in Appendix Fig S4. We further checked

the expression of EPCAM in the PeSC fraction and found that cluster

7 (PeSC fraction) had no expression of EPCAM (Appendix Fig S3G).

As PeSC is in close contact with the PanIN lesions according to the

staining on the tissue section (Figs 1B and EV1B), these cells are

sorted with the ductal enriched fraction as contamination. More-

over, we show now that, in addition to our PeSC score, cluster 7 is

enriched in pericyte scores independently (Fig EV2A and B)

obtained from the literature (ovarian cancer pericytes; Sinha et

al, 2016) as well as brain pericytes (Oudenaarden et al, 2022). More

interestingly, we checked the distribution of this PeSC in the human

PDAC context by applying the PeSC score to the public data of

human PDAC single-cell RNAseq. The database contains 35 samples

(24 PDAC and 11 nontumor) and altogether over 80 k cells (Chen et

al, 2021; Fig EV2C). The general identities of cell type were anno-

tated based on Muraro’s single-cell dataset as a reference (Muraro et

al, 2016; Fig EV2D). Unsupervised clustering showed 23 different

clusters of cells in the integration of whole samples (Fig EV2E), as

well as in grouping samples into normal pancreas or PDAC, respec-

tively (Fig EV2F). Consistent with our findings in GEMMs, the PeSC

population is significantly clustering in human PDAC with the

highest PeSC scores among the mesenchymal populations

(Fig EV2D) compared to the normal pancreas (Fig 3I). Altogether

these data point out the existence of a new defined population both

◀
Figure 2. Single-cell RNAseq analysis reveals a cell population distinct from the PanIN signature population.

A Graphical scheme describing the workflow. Murine 2-month KC pancreases were dissociated into single cells. Two fractions of cells were collected by FACS from each

sample: (i) viable cell fraction (DAPI�) fibroblast-enriched fraction (DAPI�, CD45�, CD31�, Lectin PNA,� and EPCAM�) and (ii) viable cell fraction (DAPI�) PanIN-

enriched fraction (DAPI�, CD45�, CD31�, Lectin PNA�, and EPCAM+). The sorted cells from each fraction were subjected to single-cell capture, barcoding, and reverse

transcription using the 10X Genomics platform.

B Unsupervised clustering UMAP representation of the PanIN enriched fraction. The red square is indicating cluster 7.

C Heat map showing scaled normalized expression of discriminative marker genes between the nine subclusters, with cells as columns and genes as rows.

D Wiki pathway identification_2019 analysis reveals nine most up-regulated pathways. The number of overlapped genes of the pathways are indicated, as well as the

P-value and the names of the genes detected.

Source data are available online for this figure.

▸
Figure 3. The CD106+ population shares pericyte, stem cell and stromal features.

A Schematic representation of the experimental setting for PeSC line generation.

B PCR for genomic Kras and KrasG12D.

C Western Blot analysis for tubulin and mutated KrasG12D proteins in total proteins extracts of PeSC, Epi, and Meta cells.

D Representative dot plot of the CD44 and CD24 staining of PeSCs and Epi and Meta cells.

E Principal component analysis (PCA) of RNA-seq data from the indicated cell populations (n = 3).

F Pathway enrichment of a list of genes.

G qPCR analysis of several genes identified in the RNAseq analysis. Treatment was performed in biological triplicates and qPCR analysis was performed by technical

duplicates. The bars are representing the mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The P-values were calculated using Student’s t-test.

H Definition of the PeSC score (bulk RNAseq) applied to the single-cell RNAseq analysis and identification of cluster 7.

I Application of PeSC score to the human PDAC public single-cell RNAseq database and identification of a cluster with the highest PeSC (red square) among the mesen-

chymal population (Fig EV2D) in either Normal Pancreas (left) or Human PDAC (right).

Source data are available online for this figure.
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in PDAC GEMMs and human PDAC, distinct from PanIN epithelial

cells and from fibroblast enriched fractions with unique stem prop-

erties. To determine their origin, we performed bone marrow chi-

meras. For this purpose, 3 weeks KC mice were irradiated and iv

injected with bone marrow cells from a Tomato expressing mouse

and sacrificed at day 60 (Fig EV3A). We found that the efficiency of

reconstitution in the generated chimeras was around 50% of donor

bone marrow in the periphery (Fig EV3B) and around 30% in the

pancreas (Fig EV3B). We further analyzed the % CD106+ in the pan-

creas. We gated on CD45�CD106+ cells, and then quantified % of

the Tomato+ cells. The % of Tomato+ among CD106+ cells was

around 20–30% (Fig EV3C) in the pancreas, which is consistent

with the % of the above-mentioned reconstituted Tomato+ cells in

the pancreas of the chimeras (Fig EV3B), suggesting that the major-

ity of CD106 were of bone marrow origin. We verified by immuno-

fluorescence staining that CD106 was coexpressed with Tomato in

the stroma around PanIN lesions demonstrating the bone marrow

origin of this population (Fig EV3D). Generally, stem cells are con-

tinuously losing their stemness during conventional ex vivo 2-D cul-

ture (Banerjee & Bhonde, 2006). Hanging drop spheroid assay has

been described to verify cell stemness in vitro (Banerjee &

Bhonde, 2006), indicating that only stem cells are capable of

forming spheroids. Furthermore, by seeding these stem cells trypsi-

nized from spheroids in the culture plates, their proliferation to

confluency indicates retention of their self-duplication capacity. We

performed 2-D and 3-D hanging drop combination assay using PeSC

cell lines in both early and late passages. We showed that either

PeSC early passages (P1) or late passages (P20) were able to form

spheroids by hanging drop assay (Fig 4A and B), while the Epi cells

did not (Fig 4B). Moreover, with the notion that PeSC shares stem

cell characteristics in the gene expression profile, we tested their

ability to differentiate into multiple cell lineages. We cultured the

cells in specific chondrogenic and osteogenic media and determined

that PeSCs had the potential to differentiate into cartilage and bone

cells (Fig 4C). We then questioned whether the PeSCs influenced

the proliferation of tumor cells in vitro. For this purpose, we cocul-

tured PeSCs with the Epi cell line in vitro at different ratios to deter-

mine the impact of PeSCs on tumor epithelial cell growth. We

observed that PeSCs significantly potentiated Epi cell proliferation

when the cells were cocultured at Epi cells:PeSC ratios as low as

10:1 or 100:1 (Figs 4D and EV4A). These IncuCyte analyses were

confirmed by Ki67 intracellular staining and FACS analysis

(Fig EV4B). In contrast, we found that the Epi cell line had no

impact on PeSC proliferation under the same conditions (Fig EV4C

and D). Because pericytes are mural cells capable of sustaining ves-

sel formation, we performed an in vitro analysis of vessel formation

using C57BL/6 mouse primary pancreatic microvascular endothelial

cells under 3D conditions (Fig 4E). PeSCs had the potential to sus-

tain vessel formation in 3D cell culture conditions. Moreover, in the

presence of Epi cells, PeSC was able to structure the vessel in struc-

tures containing the three cell types (Fig 4E inset Endo-Epi-PeSC). A

large variety of anti- and pro-angiogenic growth factors, extracellu-

lar matrix proteins, proteases, and adhesion molecules interacting

with multiple cells and tissues are required for angiogenesis. It has

been described that the vasculature was reinforced and the endothe-

lial cells were protected by maintaining a balance between the endo-

thelial cells and pericytes controlled by the PDGF-BB signaling

pathway operating in a paracrine manner to keep pericytes in the

quiescent state. Pericytes turned into an activated state to migrate

by the cause of PDGF-BB expression disruption, dissociating

pericyte-endothelial connections in injury (Wong et al, 2015). To

further study the impact of PDGF-BB on PeSCs, we treated PeSCs

with PDGF-BB + TGF-b for 7 days and perform q-PCR together with

FACS analysis. We found that the expression of stroma/CAF-related

genes and markers, that is, PDGFRa, PDGFRb, a-SMA, Desmin and

CD61 were significantly diminished after the treatment at both RNA

(Fig 4F) and protein level (Fig 4G). Furthermore, several EMT-

related genes were also down-regulated by the treatment

(Fig EV4E). This indicated that PeSCs could be transformed to the

quiescent state to sustain the vasculature by PDGF-BB as described

in the literature.

Altogether, these data suggest the identification of a pericyte stro-

mal cell with stemness, self-renewal, asymmetric division and dif-

ferentiation character and the ability to increase epithelial tumor

cell proliferation in vitro.

PeSCs lead to increased tumor growth and the accumulation of

Ly6G+ myeloid-derived suppressor cells in vivo

Because PeSCs potentiated the in vitro proliferation of Epi cells, we

subsequently sought to investigate the impact of PeSCs on epithelial

tumor growth in vivo. To explore this issue, we injected s.c. Epi cells

alone (one flank) or in the presence of PeSCs (the other flank) in

Matrigel plugs (Fig 5A) at a 1:1 ratio in Rag2KO recipient mice. We

sacrificed the mice 10 days after the injection and found that the

coinjection of Epi with PeSCs induced an increased tumor weight

▸
Figure 4. Stem properties of PeSCs and their impact on tumor cell proliferation on vessel formation.

A Representative image of PeSC spheroid in early passages (P1) performed by hanging drop approach after 6 days. Scale bar, 100 lm. Quantification of PeSC spheroids

surface area. Unit, lm2.

B Representative images of spheroid formed by PeSCs and cell clusters formed by Epi cells, respectively, in late passages (P20). Scale bar, 100 lm.

C Representative Alizarin Red S staining (left) and Alcian blue staining (right) of PeSCs in a 12-well culture plate observed with a 10× optical lens. Scale bar, 200 lm.

D Representative full-well view (upper Scale bar, 1.4 mm) and 5× magnification (lower) of cocultures of Epi cells + PeSCs at the indicated ratio in 96-well plates

observed by IncuCyte after 48 h.

E Pericyte property of PeSCs impact tube vessel formation. Representative 3D culture illustration of the cell lines in the indicated condition: primary pancreatic

endothelial cells (Endo), Endo + Epi, Endo + PeSC, and Endo + Epi + PeSC. The tube forming test has been performed twice. Scale bar, 500 lm, insets 1,500 lm.

F qPCR analysis of stroma/CAF-related genes expressed by PeSCs after the treatment of PDGF-BB + TGF-b. Treatment was performed in biological triplicates and qPCR

analysis was performed by technical duplicates. The bars are representing the mean � SD.

G FACS analysis of stroma/CAF-related surface markers expressed by PeSC after the treatment of PDGF-BB + TGF-b. Treatment and FACS analysis were both performed

by biological triplicates. The bars are representing the mean � SD. *P < 0.05, ***P < 0.001, and ****P < 0.0001. The P-values were calculated using Student’s t-test.

Source data are available online for this figure.
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compared with the injection of Epi cells alone (Fig 5B). By quantify-

ing the number of grafted cells on day 10, we found that although

we injected the equivalent number of cells of both Epi and PeSC,

the amount of PeSC is about 1% of the Epi cells, which is similar to

the observed level of PeSC in KC pancreas (Figs EV4F and 1C). This

confirmed that the increase in graft weight is predominantly due to

the proliferation of Epi cells in both Epi alone and Epi + PeSC condi-

tion rather than the proliferative contribution by PeSCs. The per-

centage of recruited CD45+ hematopoietic cells obtained with the

coinjection of Epi cells PeSCs were higher than those obtained with

the injection of Epi cells alone (Fig 5C), and among the CD45+

recruited cells, a markedly higher proportion of Ly6G+ MDSCs

(defined as CD11b+Ly6G+) was obtained with the coinjection of Epi

cells and PeSCs (Fig 5D). As described in the literature, PDAC is

characterized by abundant myeloid cell infiltrates that predomi-

nantly include monocytes, granulocytes, and macrophages

(Mitchem et al, 2013). These infiltrates are associated with immuno-

suppression, fibrosis, T-cell dysfunction, and poor prognosis in

patients with PDAC (DeNardo et al, 2011; Nywening et al, 2018).

The F4/80+ macrophage and CD11c+ dendritic cell populations were

strongly reduced (Fig 5E and F), and the expression of the costimu-

latory molecules CD80 and CD86 on the surface of macrophages

and dendritic cells were also markedly decreased (Fig 5G). The

effect on the Ly6G MDSC, F4/80, and CD11c populations was

observed even with very low numbers of injected PeSCs (i.e., Epi

cell:PeSC ratio of 100:1, Unpublished observations, Wu). Further-

more, we performed immunofluorescence staining with anti-CK19

Ab to label epithelial PanIN duct cells and anti-mCherry and anti-

GFP Abs to identify implanted cells (PeSCs and Epi) on graft sec-

tions (Fig 5H). We observed that Epi cells formed PanIN structures

similar to those found on the pancreas of KC mice (Figs 5H and 1B

right). In the presence of PeSCs, PanIN structures displayed a loss

of nuclear polarity, which suggested the development of more

advanced lesions (Fig 5H). We confirmed the change in PanIN struc-

tures by immunofluorescence using ZO-1 and E-cad staining. As pre-

viously described (Polette et al, 2007), we found that ZO-1 and Ecad

expression shifted from tight junctions to the cytoplasm of duct cells

(Fig 5I). Altogether, these results indicate that PeSCs influence

tumor progression with a concomitant loss of nuclear polarization

in epithelial tumor cells in vivo by inducing reprogramming of the

innate immune cell microenvironment, and this reprogramming was

characterized by increases in Gr-MDSCs and reductions in F4/80+

macrophages and mature CD11c+ dendritic cells. Because these

three populations share CD11b expression, we hypothesized that

PeSCs might impact CD11b differentiation upon recruitment to the

tumor microenvironment. To test this hypothesis, we sought to

determine whether PeSCs promote the differentiation of monocytes

into Gr-MDSCs expressing Ly6G+ rather than macrophages and den-

dritic cells. For this purpose, we isolated and cultured mouse bone

marrow precursors (Fig 6A) and tested the effects of coculturing

PeSCs, Epi cells or Epi cells + PeSCs with bone marrow precursors.

After the coculture of bone marrow cells in the presence of PeSCs or

Epi cells alone, approximately 15–20% of the bone marrow cells

were Ly6G+CD11b+, whereas this population was strongly increased

in the coculture with Epi cells + PeSCs (Fig 6B and C). Extended

analysis of the cytokine/chemokine production by LegendPlex assay

pointed out an increased production of CCL2 and CCL5 but also

CCL20, CXCL1, CXCL5, and CXCL10 (Appendix Fig S5A–H).

Furthermore, we analyze the accumulation of the Ly6G+CD11b+

population in three s.c. grafting condition, respectively, that is, Epi,

PeSC, or Epi + PeSC, in the Rag2KO mice. The result revealed that

the increased amount of Ly6G+CD11b+ was only obtained in the

Epi + PeSC condition (Fig 6D), and these Ly6G+ cells were in close

contact with the mCherry+ PeSCs observed by IF staining of the graft

section (Fig 6E) and express Nanog (Fig 6F). Furthermore, the

use of anti-CCL5-depleting Ab did not affect Ly6G+CD11b+

◀
Figure 5. In vivo injection of PeSCs in the context of epithelial tumors induce Ly6G+ MDSCs in the microenvironment.

A Experimental setting.

B–G (B) Tumor weight. FACS analysis of the percentages of CD45+ cells (C), Ly6G+CD45+ MDSCs (D), F4/80+CD45+ Macrophages (E), CD11c+CD45+ DCs (F), and

CD11c+CD80+/CD11c+CD86+ DCs (G). The results shown are cumulative from three independent experiments (each dot represents one mouse, 12–15 mice per

group).

H, I Representative immunofluorescence staining of implanted tumors in Rag2KO mice for CK19, mCherry, GFP and DAPI (H) and E-cadherin, ZO-1 and GFP (I). Solid

white arrows indicated the representative cells which expressed E-cadherin and ZO-1 in the cell junctions. Hollow white arrows indicated the representative cells

whose E-cadherin or ZO-1 expression was shifting to the cytoplasm. The white dotted line indicated two representative areas where E-cadherin and ZO-1 were

reversely expressed. Scale bar, 50 mm. *P < 0.05, **P < 0.01 and ***P < 0.001. The P-values were calculated using Student’s t-test.

Source data are available online for this figure.

▸
Figure 6. Tumor-PeSCs crosstalk induces Ly6G+ MDSC differentiation.

A Experimental setting of bone marrow differentiation.

B Representative dot plots of CD11b and Ly6G staining in bone marrow cells cultured in the presence of Epi cells, PeSCs or both Epi cells, and PeSCs.

C Quantification of the percentage of Ly6G+ cells among CD11b+ cells (cumulative from three independent experiments). The bars are representing the mean � SD.

D Experimental setting for in vivo injection. FACS analysis of the percentages of Ly6G+CD45+ cells (each dot represents one mouse per group).

E, F Representative immunofluorescence staining of coimplanted Epi cells + PeSCs for Ly6G, mCherry, Nanog, and DAPI. Scale bar, 50 mm.

G–M In vivo depletion of Ly6G+ MDSCs diminishes tumor growth. (G) Experimental setting. (H) Tumor weight. FACS analysis of the percentage of CD45+ cells (I), and

Ly6G+ MDSCs (J) derived from the tumor. (K) Representative dot plots of Ly6G- and F4/80-stained CD45+ cells. FACS analysis of the percentage of F4/80+ cells. (L)

Representative dot plots of CD45- and CD11c-stained cells. FACS analysis of the percentage of CD11c+ cells among CD45+ cells. (M) FACS analysis of GrzB+, TNFa+,

and IFNc+ cells among CD45+ cells. Eight mice in each group, five for FACS analysis and three for histological analysis. Each dot represents one mouse.

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001. The P-values were calculated using Student’s t-test.

Source data are available online for this figure.
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differentiation but did affect macrophage differentiation, which

expressed less CD103+ in vitro and in vivo (Appendix Fig S5I and J),

and these findings suggest a role for CCL5 in the local instruction of

macrophages and residency. The use of anti-CD106-depleting Ab did

not affect Ly6G+CD11b+ differentiation or macrophage differentia-

tion but reduced the tumor weight and number of PeSC and Epi GFP

tumor cells in the tumor graft (Fig EV5A and B). Altogether, these

data demonstrate that the presence of PeSCs increased the tumor

weight and favored the accumulation of Ly6G+CD11b+ within the

tumor microenvironment. To determine whether Ly6G+ MDSCs are

required for the in vivo effects of PeSCs, we coinjected Epi cells and

PeSCs subcutaneously and treated the mice with an anti-Ly6G-

depleting Ab (Fig 6G). We observed a significant decrease in the

tumor weight (Fig 6H) with a similar PeSC amount (Appendix

Fig S6D). The depletion was effective because we detected no Ly6G+

cells in the tumor grafts (Fig 6J). Similar percentages of CD45+ cells

were observed in both conditions (Fig 6I). In contrast, we detected

increased populations of F4/80+ macrophages and CD11c+ dendritic

cells (Fig 6K and L). We also detected increases in the populations

of NKp46+ and Ly6C+ cells, whereas the percentage of CD206+

among F4/80 cells were decreased (Appendix Fig S6A–C). More

importantly, we detected increased antitumoral cytokine produc-

tion, including TNFa, IFNc, and cytotoxic GrzB (Fig 6M). Alto-

gether, these results indicate that Ly6G+ MDSCs play an important

role in the immunosuppressive role of PeSCs.

Previous studies have shown that the targeted depletion of

MDSCs unmasks pancreatic ductal adenocarcinoma to adaptive

immunity (Stromnes et al, 2014). We then questioned whether

PeSCs impact the innate immune response in fully immune-

competent mice. To explore this hypothesis, we injected s.c. Epi

cells alone (one flank) or in the presence of PeSCs (the other flank)

in Matrigel plugs (Fig 7A) at a 1:1 ratio in C57BL/6 immunocompe-

tent recipient mice. Similar to the results obtained with Rag2KO

recipient mice, we found that the coinjection of Epi cells with PeSCs

induced an increase in the tumor weight compared with that

obtained with the injection of Epi cells alone (Fig 7B). Although the

percentage of CD45+ hematopoietic cells was not increased with the

injection of Epi cells + PeSC as previously found in Rag2KO mice

(Figs 7C and 5C), the percentage of Ly6G+ MDSC population was

unanimously increased (Fig 7D). Moreover, as previously described,

the populations of F4/80+ macrophages and CD11c+ dendritic cells

expressing the costimulatory molecule CD86 were strongly reduced

(Fig 7E and F). Furthermore, a markedly lower percentage of CD4+

T cells and a lower production of IFNc were obtained with the injec-

tion of Epi cells + PeSCs compared with the injection of Epi cells

alone (Fig 7G). The CD8+ T cell compartment was also affected but

to a lesser extent (nonsignificant reduction in the percentage of

CD8+ T cells), and a significant reduction in the percentage of IFNc

among CD8+ T cells was detected (Fig 7H). This effect was partially

due to the local accumulation of the CCL5 chemokine because the

depletion of this chemokine in vivo diminishes PD-L1 expression in

F4/80 cells and decreases CD8+ T cells without affecting the

Ly6G+CD11b+ compartment (Fig EV5C–L). Altogether, these results

suggest that the presence of PeSCs in the tumor microenvironment

reprogram CD11b+ monocyte differentiation to result in diminished

T cell priming and activation.

PeSCs drive resistance to PD-1 treatment in pancreatic cancer

Extensive immunosuppressive myeloid cell infiltration in PDAC

(Bayne et al, 2012; Pylayeva-Gupta et al, 2012; Stromnes

et al, 2014) tissues has been shown to be associated with resistance

to immunotherapy (Blair et al, 2019). Strategies that target mono-

cyte or granulocyte trafficking or macrophage survival (Zhu

et al, 2014) in combination with checkpoint immunotherapies have

shown promise in preclinical studies, and these studies have transi-

tioned into ongoing clinical trials for the treatment of pancreatic and

other cancer types. Because the presence of PeSCs in the tumor

microenvironment suppressed the T cell response, the next step was

to determine whether PeSCs influence the response to immune ther-

apy, that is, anti-PD-1 Ab treatment.

To test this hypothesis, we injected s.c. Epi cells alone or in

the presence of PeSCs at a ratio of 1:1 into the same C57BL/6

recipient mice. Ten days later, we injected anti-PD1 or ctrl isotype

Ab twice a week for 2 weeks and sacrificed the mice 14 days

later (Fig 7I).

We found that mice injected with Epi cells alone responded to

anti-PD-1 therapy because they displayed a diminished tumor

weight compared to isotype ctrl-treated animals in contrast to the

coinjection of Epi + PeSC with led to equivalent tumor weight

(Fig 7J). The analysis of the immune compartment in each condi-

tion showed that CD8+ T cells displayed an exhausted phenotype

characterized by concomitant expression of CD44, PD-1, and Tim-

3 (Fig 7K). Furthermore, CD8+ T cells have an increased ability

to produce CD107a upon anti-PD1 treatment solely in Epi condi-

tions but not in combo conditions (Fig 7L). With respect to the

macrophage response, we observed increased percentages of F4/

80 expressing CD163 as well as both CD163 and Tim4 in anti-PD-

1 treated combo condition (Fig 7M and N). These macrophages

were expressing less CD107a (Fig 7O). Altogether these data sug-

gest that PeSC drives PD-1 resistance by affecting the monocyte

differentiation in situ.

◀
Figure 7. PeSCs drive PD-1 resistance in the tumor microenvironment.

A Experimental setting.

B–H (B) Tumor weight. FACS analysis of the percentage of CD45+ cells derived from the tumor (C), Ly6G+ MDSCs (D), F4/80+CD45+ cells (E), CD11c+CD45+ cells (F),

CD4+CD45+ and IFNc+CD4+ (G) and CD8+CD45+ and IFNc+CD8+ (H). The results shown are cumulative from three independent experiments (each dot represents

one mouse, 12–15 mice per group).

I Experimental setting.

J–O (J) Tumor weight. FACS analysis of CD44+PD-1+Tim3
+CD8+CD3+ T cells (K), CD107+CD8+ T cells (L), F4/80+CD163+ Macrophages (M), CD163+ Tim4

+ Macrophages (N)

and CD107+ Macrophages (O). The results shown are cumulative from three independent experiments (each dot represents one mouse, 9–12 mice per group).

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The P-values were calculated using Student’s t-test.

Source data are available online for this figure.
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Discussion

The role of the stromal compartment in regulating antitumoral

immune responses and tumoral growth is indisputable

(Hanahan & Weinberg, 2011), but this “m�enage-�a-trois” tumor–

stromal–immune cell interaction is a difficult process to fine-

tune with the aim of achieving a positive therapeutic outcome.

Here, we describe the existence of a cell population that

emerges very early during the process of transformation, shares

features of pericyte, stromal, and stem cells and is able to mod-

ulate and pervert the interaction between tumor cells and the

innate immune system from the beginning of neoplasia. This

population is defined by the expression of CD106, CD29, CD24,

and CD44 and the exclusion of CD45 and EPCAM. This popula-

tion, which harbors neoplastic lesions in mice and humans, has

the capacity to instruct recruited monocytes to become granulo-

cytic MDSCs “in situ” and skew the outcome of the antitumoral

T cell response by reducing their inflammatory cytokine produc-

tion and therefore sustaining exhaustion and ultimately driving

resistance to conventional anti-PD-1 therapy.

Pericytes of perivascular cells are important cells that have been

previously described to regulate the T cell response in different loca-

tions (in the brain and lung; Balabanov et al, 1996) and pathophysi-

ological contexts (acute respiratory distress syndrome). However,

their role in the tumoral progression is not well understood. In the

context of glioblastoma, pericytes are able to support tumor growth

through immune suppression (Valdor et al, 2017; Guerra et al, 2018;

Sena et al, 2018). Recent studies revealed that the cancer burden is

controlled by mural cells expressing integrin b3 in the context of an

implanted B16 melanoma model (Wong et al, 2020). The

researchers showed that CCL2 secretion is important for MEK1 and

ROCK2 activity in tumor cells. In our context, even though both

CCL2 and CCL5 were secreted by PeSCs in the proximity of tumor

cells, CCL5 appears to play a more important local effect because

the neutralization of CCL5 led to decreased CD103 and PD-L1

expression on F4/80 macrophages. CCL20, CXCL1, CXCL5, and

CXCL10 were also found increased suggesting a complex orchestra-

tion of chemokines that needs further investigation. Our data

showed that PeSCs were able to structure the vessels in vitro simi-

larly to the pericyte functions in tissue repair related to pancreatic

injury in our model. These CD106+ cells likely play an important

role in the context of neoplastic transformation because we detected

them in a human pancreas TMA and in the GEMM mice in the

PanIN areas. One limitation of the study comes from the fact that

we coinject Epi cells with PeSC at a ratio of 1:1 which does not

reflect the biological cellular relationships within the tissue. Never-

theless, the percentage of PeSC in the grafts represented about 1%

of the Epi cells amount at day 10 when the mice are sacrificed. This

level is similar to the in vivo PeSC observation in the KC pancreas.

Because tumors evolve as heterogeneous in vivo, our preliminary

IHC staining on human samples verified that the majority of CD106+

cells are indeed distributed in the tumor adjacent regions, indicating

their contribution greatly correlated to tumor initiation from the

early stage.

One important feature of the identified PeSC population is their

“stem” cell property, which allows these cells to adapt to the local

signals in the tumor microenvironment. We demonstrated that these

cells were able to directly increase the proliferation of tumor cells,

whereas the tumor cells did not have feedback on their proliferation

status, at least in vitro. Furthermore, the cells were able to differenti-

ate into chondrocytes and osteoblasts, and the choice of the cell was

highly related to their location in the pancreas (Van Noorden

et al, 1995; Pilarsky et al, 2008).

Because these cells are present at the beginning of the trans-

formation in the pancreas, the next question was related to the

crosstalk of PeSCs with the early actors of the immune

response, that is, the innate immune response. The early bone

marrow recruitment of monocyte precursors in the context of

neoplasia is a well-documented process (Movahedi et al, 2010;

Franklin et al, 2014). The plasticity of PeSCs cells in the tumor

microenvironment represents a double-edged sword mechanism.

Recent data demonstrate that the reprogramming of the innate

immune compartment by CD11b agonism can render tumors

more sensitive to checkpoint blockade (Panni et al, 2019),

which indicates the importance of early events in the kinetics of

the immune response. CD11b+Ly6G+ MDSCs are associated with

immune suppression in several cancer types, and the GM-CSF

cytokine plays an important role as a driver mechanism

(Pylayeva-Gupta et al, 2012; Stromnes et al, 2014). IL6 produc-

tion also plays an important role in the observed effect (Weber

et al, 2020). Our data revealed no differences in the production

of those cytokines from PeSCs in the TME. The suppressive

function of MDSCs has previously been linked to their immature

state (Gabrilovich et al, 2012). In our model, we found that a

vast majority of the Ly6G+ cells are Nanog+, which sustains

their immature phenotype (Fig 6F). The depletion of the Ly6G+

population through an Ab approach led to increased antitumoral

cytokine production and a decrease in tumor weight. Further-

more, this depletion was accompanied by restoration of the F4/

80+ and CD11c+ percentages in the TME, which suggests that

the CD11b+ precursors of these three populations play a key

role in mediating the effect of PeSCs on the modulation of the

tumor microenvironment.

Last but not least, we discovered that this initial interaction

between PeSCs and innate CD11b+ precursors has an impact on the

adaptive immune response by impacting the quantity and quality of

the T cell immune response. We found a drastic reduction in the

percentage of CD4+ T cells and the production of IFNc by CD8+ T

cells in the presence of PeSCs in the tumor microenvironment. This

reduction was associated with an increase in the Ly6G+CD11b+ pop-

ulation in the tumor microenvironment and led to anti-PD1 resis-

tance. One important finding is that Epi tumor cells respond to anti-

PD1 treatment, which suggests that PD-1 resistance in pancreatic

cancer is not driven by the paucity of tumor antigen presentation

but rather local immune suppressive signals, which include MDSCs

(Stromnes et al, 2014) and stromal exclusion (Jiang et al, 2016,

2020).

Our study provides the first demonstration that CD106+

PeSCs are able to target the innate CD11b compartment to drive

the differentiation of Ly6G+ MDSCs and inhibit the antitumoral

differentiation of F4/80 macrophages and CD11c+ dendritic cells,

which ultimately leads to PD-1 immunotherapy resistance

(Appendix Fig S7). Further studies should identify strategies for

targeting this population in the tumor microenvironment to

unleash the potential of existing immunotherapy for pancreatic

cancer.
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Materials and Methods

Reagents and Tools table

Reagent/Resource Reference or Source Identifier or Catalog Number

Experimental Models

Pericyte stem cells This paper N/A

Tumoral epithelial cells (Epi) Goehrig et al (2019) Goehrig et al (2019)

Lung metastatic cells (Meta) This paper N/A

C57BL/6 mouse primary pancreatic microvascular endothelial cells Cell Biologics Cat#C57-6206

C57BL/6 mice (wild type) Envigo C57bL/6JOlaHsd

Rag2KO mice Charles Rivers

P48+/Cre;KrasG12D (KC) mice Hingorani et al (2003) See reference

pdx1+/Cre;KrasG12D;p53R172H (KPC) mice Hingorani et al (2005) See reference

pdx1+/Cre;KrasG12D;Ink4a/Arffl/fl (KIC) mice Aguirre et al (2003) See reference

Recombinant DNA

H2B-GFP Addgene Cat#25999, RRID:Addgene_25999

H2B-mCherry Addgene Cat#20972, RRID:

Addgene_20972

Antibodies

Mouse monoclonal anti-CD24 antibody (clone SN3b) Invitrogen/Thermo Fisher Scientific Cat# MA5-11833, RRID:

AB_10985938

Rabbit polyclonal anti-CD44 antibody Abcam Cat# ab157107, RRID:

AB_2847859

Rabbit monoclonal recombinant anti-VCAM1 (CD106) antibody (clone

EPR5047)

Abcam Cat# ab134047, RRID:

AB_2721053

Goat polyclonal anti-alpha smooth muscle actin antibody, N-term GeneTex Cat# GTX89701, RRID:

AB_10721877

Rat monoclonal anti-mouse cytokeratin 19 antibody, unconjugated DSHB Cat# TROMA-III, RRID:

AB_2133570

Rabbit monoclonal recombinant anti-ZO1 tight junction protein antibody

(clone EPR19945-296)

Abcam Cat# ab221547, RRID:

AB_2892660

Rat monoclonal anti-E-cadherin antibody (clone ECCD-2) Invitrogen/Thermo Fisher Scientific Cat# 13-1900, RRID:AB_2533005

Rabbit polyclonal anti-mCherry antibody Abcam Cat# ab167453, RRID:

AB_2571870

Goat polyclonal anti-GFP antibody Abcam Cat# ab6673, RRID:AB_305643

Rat monoclonal purified anti-mouse Ly-6G antibody (clone 1A8) BioLegend Cat# 127602, RRID:AB_1089180

Rabbit polyclonal StemAbTM anti-mouse Nanog antibody ReproCell Incorporated Cat# RCAB002P-F

Horse anti-goat IgG antibody (H+L), biotinylated Vector Laboratories/Eurobio Scientific Cat# BA-9500, RRID:AB_2336123

Goat anti-mouse IgG antibody (H+L), biotinylated Vector Laboratories/Eurobio Scientific Cat# BA-9200, RRID:AB_2336171

Horse anti-rabbit IgG antibody (H+L), biotinylated Vector Laboratories/Eurobio Scientific Cat# BA-1100, RRID:AB_2336201

Goat anti-rat IgG antibody, mouse adsorbed (H+L), biotinylated Vector Laboratories/Eurobio Scientific Cat# BA-9401, RRID:AB_2336208

Chicken polyclonal anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen/Thermo Fisher Scientific Cat# A-21472, RRID:AB_2535875

Donkey polyclonal anti-Rat IgG (H+L) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Invitrogen/Thermo Fisher Scientific Cat# A-21208, RRID:AB_2535794

Donkey polyclonal anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 555

Invitrogen/Thermo Fisher Scientific Cat# A-31572, RRID:AB_162543

Donkey polyclonal anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Invitrogen/Thermo Fisher Scientific Cat# A-21206, RRID:AB_2535792

Donkey polyclonal anti-Goat IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Invitrogen/Thermo Fisher Scientific Cat# A-11055, RRID:AB_2534102
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Reagents and Tools table (continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Donkey polyclonal anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 555

Invitrogen/Thermo Fisher Scientific Cat# A-31570, RRID:AB_2536180

Rat monoclonal anti-mouse CD45 (clone 30-F11), APC/Cyanine7

conjugated

BioLegend Cat# 103116, RRID:AB_312981

Rat monoclonal anti-mouse CD45 (clone 30-F11), APC conjugated,

eBioscience

Invitrogen/Thermo Fisher Scientific Cat# 17-0451-82, RRID:

AB_469392

Rat monoclonal anti-mouse CD31 (clone 390), Brilliant Violet 421

conjugated

BioLegend Cat# 102423, RRID:AB_2562186

Rat monoclonal anti-mouse/rat CD29 (clone HMb1-1), PerCP/Cyanine5.5

conjugated

BioLegend Cat# 102228, RRID:AB_2572079

Rat monoclonal anti-mouse CD106 (clone 429 [MVCAM.A]), Alexa Fluor

647 conjugated

BioLegend Cat# 105712, RRID:AB_493429

Rat monoclonal anti-mouse CD24 (clone M1/69), PE/Cyanine7 conjugated BioLegend Cat# 101822, RRID:AB_756048

Rat monoclonal anti-mouse/human CD44 (clone IM7), Alexa Fluor 700

conjugated

BioLegend Cat# 103026, RRID:AB_493713

Rat monoclonal anti-mouse PDGFRa (clone APA5), Super Bright 600

conjugated, eBioscience

Invitrogen/Thermo Fisher Scientific Cat# 63-1401-82, RRID:

AB_2734880

Rat monoclonal anti-mouse CD326 (Ep-CAM) (clone G8.8), Brilliant Violet

510 conjugated

BioLegend Cat# 118231, RRID:AB_2632774

Rat monoclonal anti-mouse PDGFRb (clone APB5), Super Bright 780

conjugated

Invitrogen/Thermo Fisher Scientific Cat# 78-1402-80, RRID:

AB_2784899

Armenian hamster monoclonal anti-mouse CD34 (clone HM34), PE

conjugated

BioLegend Cat# 128610, RRID:AB_2074601

Rat monoclonal anti-mouse CD90.2 (clone 30-H12), Brilliant Violet 570

conjugated

BioLegend Cat# 105329, RRID:AB_10917055

Rat monoclonal anti-mouse CD105 (clone MJ7/18), Pacific Blue conjugated BioLegend Cat# 120412, RRID:AB_2098890

Rat monoclonal anti-mouse CD146 (clone ME-9F1), PerCP/Cyanine5.5

conjugated

BioLegend Cat# 134710, RRID:

AB_11203708

Mouse monoclonal anti-mouse/human/rat aSMA (clone 1A4), eFluor 570

conjugated, eBioscience

Invitrogen/Thermo Fisher Scientific Cat# 41-9760-82, RRID:

AB_2573631

Armenian hamster monoclonal anti-mouse/rat CD61 (clone 2C9.G2

[HMb3-1]), PE/Cyanine7 conjugated

BioLegend Cat# 104318, RRID:AB_2687361

Rat monoclonal anti-mouse Ly-6G (clone 1A8), Brilliant Violet 785

conjugated

BioLegend Cat# 127645, RRID:AB_2566317

Rat monoclonal anti-mouse Ly-6C (clone HK1.4), PE conjugated BioLegend Cat# 128008, RRID:AB_1186132

Rat monoclonal anti-mouse F4/80 (clone BM8), PE/Cyanine7 conjugated BioLegend Cat# 123114, RRID:AB_893478

Rat monoclonal anti-mouse F4/80 (clone BM8), PerCP/Cyanine5.5

conjugated

BioLegend Cat# 123128, RRID:AB_893484

Armenian hamster monoclonal anti-mouse CD11c (clone N418), Alexa

Fluor 700 conjugated, eBioscience

Invitrogen/Thermo Fisher Scientific Cat# 56-0114-82, RRID:

AB_493992

Armenian hamster monoclonal anti-mouse CD80 (clone 16-10A1), Brilliant

Violet 605 conjugated

BioLegend Cat# 104729, RRID:

AB_11126141

Rat monoclonal anti-mouse CD86 (clone GL-1), APC/Cyanine7 conjugated BioLegend Cat# 105030, RRID:AB_2244452

Rat monoclonal anti-mouse/human CD11b (clone M1/70), Brilliant Violet

421 conjugated

BioLegend Cat# 101251, RRID: AB_2562904

Human/mouse monoclonal anti-human/mouse Granzyme B (clone GB11),

Alexa Fluor 647 conjugated

BioLegend Cat#515406, RRID:AB 2566333

Rat monoclonal anti-mouse Granzyme B (clone 16G6), Biotin, eBioscience Invitrogen/Thermo Fisher Scientific Cat# 13-8822-80, RRID:

AB_466954

Rat monoclonal anti-mouse TNF-a (clone MP6-XT22), Brilliant Violet 605

conjugated

BioLegend Cat# 506329, RRID:AB_11123912

Rat monoclonal anti-mouse IFN-c (clone XMG1.2), Brillant Violet 650

conjugated

BioLegend Cat#505831, RRID:AB_11142685
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Reagents and Tools table (continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Rat monoclonal anti-mouse CD4 (clone RM4-5), Brilliant Violet 510

conjugated

BioLegend Cat# 100553, RRID:AB_2561388

Rat monoclonal anti-mouse CD8a (clone 53-6.7), Brilliant Violet 421

conjugated

BioLegend Cat# 100738, RRID:

AB_11204079

Rat monoclonal anti-mouse CD279 (PD-1) (clone 29F.1A12), PE conjugated BioLegend Cat# 135206, RRID:AB_1877231

Rat monoclonal anti-mouse CD366 (Tim-3) (clone B8.2C12), APC

conjugated

BioLegend Cat# 134008, RRID:AB_2562998

Rat monoclonal anti-mouse CD3 (clone 17A2), Brilliant Violet 711

conjugated

BioLegend Cat# 100241, RRID:AB_2563945

Rat monoclonal anti-mouse CD107a (LAMP-1) (clone 1D4B), PE/Cyanine7

conjugated

BioLegend Cat# 121619, RRID:AB_2562146

Rat monoclonal anti-mouse CD163 (clone TNKUPJ), PE conjugated,

eBioscience

Invitrogen/Thermo Fisher Scientific Cat# 12-1631-82, RRID:

AB_2716924

Rat monoclonal anti-mouse Tim-4 (clone RMT4-54), Alexa Fluor 647

conjugated

BioLegend Cat# 130008, RRID:AB_2271648

Armenian Hamster monoclonal anti-mouse CD103 (clone 2E7), Brilliant

Violet 510 conjugated

BioLegend Cat# 121423, RRID:AB_2562713

Rat monoclonal anti-mouse CD335 (NKp46) (clone 29A1.4), Brilliant Violet

421 conjugated

BioLegend Cat# 137611, RRID:AB_10915472

Rat monoclonal anti-mouse CD206 (MMR) (clone C068C2), Brilliant Violet

650 conjugated

BioLegend Cat# 141723, RRID:AB_2562445

Rat monoclonal anti-mouse CD115 (CSF-1R) (clone AFS98), PerCP/

Cyanine5.5 conjugated

BioLegend Cat# 135526, RRID:AB_2566462

Rat monoclonal anti-mouse CD274 (B7-H1, PD-L1) (clone 10F.9G2), PerCP/

Cyanine5.5 conjugated

BioLegend Cat# 124334, RRID:AB_2629832

Lectin PNA from arachis hypogaea (peanut), Alexa Fluor 647 conjugate Invitrogen/Thermo Fisher Scientific Cat# L32460

InVivoMAb mouse IgG1 isotype control (clone MOPC-21) Bio X cell Cat# BE0083, RRID:AB_1107784

InVivoMab anti-mouse CD106 (VCAM-1) Bio X Cell Cat# BE0027, RRID:AB_1107572

InVivoPlus anti-mouse PD-1 (CD279) Bio X Cell Cat# BE0146, RRID:

AB_10949053

InVivoPlus anti-mouse Ly6G antibody Bio X Cell Cat# BE0075-1, RRID:

AB_1107721

Mouse IgG2A isotype control (clone 20102) R&D systems Cat# MAB003, RRID:AB_357345

Mouse CCL5/RANTES Antibody R&D Systems Cat# MAB478, RRID:AB_2290968

Ras (G12D Mutant Specific) (D8H7) Rabbit mAb Cell Signaling Cat# 14429S, RRID:AB_2728748

Peroxidase-AffiniPure donkey anti-rabbit IgG (H+L) antibody Jackson ImmunoResearch Cat# 711-035-152, RRID:

AB_10015282

Oligonucleotides and other sequence-based reagents

Primers for Nanog: Forward: 50-TCTCTCAGGCCCAGCTGTGT-30 and Reverse:

5
0-GCTTGCACTTCATCCTTTG-30

Intergrated DNA Technologies N/A

Primers for Oct3/4: Forward: 50-GCCCTGCAGAAGGAGCTAGAAC-30 and

Reverse: 50-GGAATACTCAATACTTGATCT-30
Intergrated DNA Technologies N/A

Primers for Nkx3.2: Forward: 50-AGATGTCAGCCAGCGTTTC-30 and Reverse:

5
0-AGGGCTAACGCTGTCATCCT-30

Intergrated DNA Technologies N/A

Primers for RGS: Forward: 50-GCTTTGACTTGGCCCAGAAA-30 and Reverse: 50-

CCTGACCAGATGACTACTTGATTAGCT-30
Intergrated DNA Technologies N/A

Primers for PDGFRa: Forward: 50-TCTGTGACTTTTAAGGATGCTTCA-30 and

Reverse: 50-GATGCCCACATAGCCTTCATTC-30
Intergrated DNA Technologies N/A

Primers for PDGFRb: Forward: 50-TCATGAAGCCAGCAAGAGTG-30 and

Reverse: 50-GTGGTAATCCCGTCAGCATC-30
Intergrated DNA Technologies N/A

Primers for ACTA2: Forward: 50-GCCAGTCGCTGTCAGGAACCC-30 and

Reverse: 50-AGCCGGCCTTACAGAGCCCA-30
Intergrated DNA Technologies N/A
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Reagents and Tools table (continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Primers for Prominin1: Forward: 50-GCCCAAGCTGGAAGAATATG-30 and

Reverse: 50-CAGCAGAAAGCAGACAATCAA-30
Intergrated DNA Technologies N/A

Primers for Snail1: Forward: 50-CTTGTGTCTGCACGACCTGT-30 and Reverse:

5
0-CAGGAGAATGGCTTCTCACC-30

Intergrated DNA Technologies N/A

Primers for Snail2: Forward: 50-CATTGCCTTGTGTCTGCAAG-30 and Reverse:

5
0-AGAAAGGCTTTTCCCCAGTG-30

Intergrated DNA Technologies N/A

Primers for Sparc: Forward: 50-AGAGGAAACGGTCGAGGAG-30 and Reverse:

5
0-CTCACACACCTTGCCATGTT-30

Intergrated DNA Technologies N/A

Primers for Twist: Forward: 50-AGCTACGCCTTCTCCGTCT-30 and Reverse: 50-

TCCTTCTCTGGAAACAATGACA-30
Intergrated DNA Technologies N/A

Primers for Zeb2: Forward: 50-CCAGAGGAAACAAGGATTTCAG-30 and Reverse:

5
0-AGGCCTGACATGTAGTCTTGTG-30

Intergrated DNA Technologies N/A

Primers for Zeb1: Forward: 50-TGAGCACACAGGTAAGAGGCC-30 and Reverse:

5
0-GGCTTTTCCCCAGAGTGCA-30

Intergrated DNA Technologies N/A

Primers for Col6a: Forward: 50-GCAAGGATGAGCTGGTCAA-30 and Reverse:

5
0-GTCCACGTGCTCTTGCATC-30

Intergrated DNA Technologies N/A

Primers for Epcam: Forward: 50-GATTCTGCACGTGAGACCTG-30 and Reverse:

5
0-GATACCAAGTCAAACCGAGAACTT-30

Intergrated DNA Technologies N/A

Primers for Fn1: Forward: 50-CGGAGAGAGTGCCCCTACTA-30 and Reverse: 50-

CGATATTGGTGAATCGCAGA-30
Intergrated DNA Technologies N/A

Primers for Krt19: Forward: 50-TCCCAGCTCAGCATGAAAGCT-30 and Reverse:

5
0-AAAACCGCTGATCACGCTCTG-30

Intergrated DNA Technologies N/A

Primers for Krt7: Forward: 50-CACGAACAAGGTGGAGTTGGA-30 and Reverse:

5
0-TGTCTGAGATCTGCGACTGCA-30

Intergrated DNA Technologies N/A

Primers for Sox9: Forward: 50-CAAGACTCTGGGCAAGCTCTG-30 and Reverse:

5
0-TCCGCTTGTCCGTTCTTCAC-30

Intergrated DNA Technologies N/A

Primers for GAPDH: Forward: 50-CAACGACCCCTTCATTGACC-30 and Reverse:

5
0-GGTCTCGCTCCTGGAAGATG-30

Intergrated DNA Technologies N/A

PrimePCRTM SYBR® Green Assay CD248 for Mouse Bio-Rad Cat#10025636

KrasG12D conditional primers for PCR: con1: 50-GTC TTTCCCCAGCACAGTGC-

3
0 ; con2: 50-CTCTTGCCTACGCCACCAGCT C-30 ; con3: 50-

AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-30

Intergrated DNA Technologies https://jacks-lab.mit.edu/

protocols/genotyping/kras_cond

Chemicals, Enzymes and other reagents

Complete mouse endothelial cell medium Cell Biologics Cat# M1168

Phosphate-buffered saline (PBS) 10× Gibco/Thermo Fisher Scientific Cat# 14190-144

Dulbecco’s Modified Eagle Medium (DMEM) Gibco/Thermo Fisher Scientific Cat# 61965059

Fetal calf serum (FCS) Eurobio Scientific Cat# CVFSVF00-01

Penicillin-Streptomycin (P/S) Gibco/Thermo Fisher Scientific Cat# 15140-122

Collagenase P Roche/Sigma-Aldrich Cat# 11213865001

16% Formaldehyde solution (PFA) Termo Fisher Cat# 28908

10% Neutral buffered formalin Diapath S.p.A. REF: F0043

Triton X-100 Sigma-Aldrich Cat# T8787

Antigen Unmasking Solution, Citrate-Based Vector Laboratories/Eurobio Scientific Cat# H-3300

DAB Substrate Kit, Peroxidase (HRP), with Nickel, (3,3’-diaminobenzidine) Vector Laboratories/Eurobio Scientific Cat# SK-4100

Mayer Hematoxylin Diapath S.p.A. REF: C0303

Antibody diluent Reagent Life Techno/Thermo Fisher Cat# 003218

Vectashield mounting medium with DAPI Vector Laboratories/Eurobio Scientific Cat# H-1200

NuPAGE 4-12% Bis-Tris polyacrylamide gel Invitrogen/Thermo fischer Cat# NP0335BOX

Immune-Blot PVDF membrane BIO-RAD Cat# 1620177

Tris buffered saline (TBS) Euromedex Cat# ET220
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Reagents and Tools table (continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Tween 20 VWR Cat# 28829.296

Bovine serum albumin (BSA) Sigma Cat# A2153-100G

RIPA buffer Pierce/Thermo Fisher Cat# 89900

Protease complete EDTA-free Roche/Sigma-Aldrich Cat# 04 693 159 001

Phosphatase phoSTOP Roche/Sigma-Aldrich Cat# 04 906 837 001

Cell Activation Cocktail (w/o Brefeldin A) BioLegend Cat# 423301

Brefeldin A solution BioLegend Cat# 420601

Corning® Matrigel® Basement Membrane Matrix High Concentration Corning Cat# 354248

Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane

Matrix, Phenol Red-free, LDEV-free

Corning Cat# 356231

Recombinant Murine PDGF-BB PeproTech/Thermo Fisher Scientific Cat# 315-18

TGF-b1 Biotechne Cat#7666-MB

IncuCyte® Zoom live-cell analysis system Essen Bioscience

Other

PA485: Pancreatitis and matched pancreatic cancer tissue array US Bioomax, Inc. https://www.biomax.us/tissue-

arrays/pancreas/PA485

BIC14011a: Pancreas intraepithelial neoplasia, pancreatitis and cancer

tissue array

US Bioomax, Inc. https://www.biomax.us/tissue-

arrays/pancreas/BIC14011a

StemPro® Osteogenesis Differentiation Kit Gibco/Thermo Fisher Scientific Cat#10072-01

StemPro® Chondrogenesis Differentiation Kit Gibco/Thermo Fisher Scientific Cat#10071-01

Alizarin Red S Staining Kit ScienCell Research Laboratories Cat#0223

Alcian Blue 8GX Sigma-Aldrich Cat#A3157-10G

True-NuclearTM Transcription Factor Buffer Set BioLegend Cat#424401

NucleoSpin® RNA Plus kit MACHEREY-NAGEL REF 740984

CellTraceTM CFSE Cell Proliferation Kit Invitrogen/Thermo Fisher Scientific Cat#C34554

LEGENDplexTM Custom Mouse 5-plex Panel BioLegend Cat# B285861

ECL Western Blotting Substrate Pierce/Thermo Fisher Scientific Cat# 32106

Methods and Protocols

Mice

The Ptf1a/p48-Cre;KrasG12D (KC), Pdx1-Cre;KrasG12D;Ink4a/Arffl/fl

(KIC), and Pdx1-Cre;KrasG12D;Tp53R172H (KPC) mice have been pre-

viously described (Aguirre et al, 2003; Ascher et al, 2003; Hingorani

et al, 2005). Rag2KO and C57BL/6 mice were obtained from The

Charles River Laboratories and Envigo (France) and used as hosts

in the s.c. tumor implantation experiments. All mice were kept

under specific pathogen-free conditions at the Animale en

Canc�erologie (AniCan) platform at the Cancer Research Center of

Lyon (CRCL). All animal procedures and experiments were

performed in compliance with the ethical guidelines of the CRCL

Animal Care and Use Committee, with approval of the Experimental

Animal Ethics Committee of the Rhône-Alpes region (CECCAPP;

CECCAPP_CLB_2019_002).

Mouse primary cell lines

The isolation and culture of cells were performed using a protocol

adapted from a previously published protocol (Bayne et al, 2012;

Goehrig et al, 2019). PeSCs were obtained from the pancreas of

2.5-month-old neoplastic KC mice and dissociated. Tumor primary

cell lines (Epi) and metastatic lung cell lines (Meta) were obtained

from the pancreas of 2-month-old KIC mice respectively, using the

same protocol. The cells were then plated in six-well plates with

serum-free DMEN (Gibco), and after 2 weeks, the media was

changed to DMEN-complete. The KrasG12D mutation was detected

by PCR and WB. After several passages as indicated in Fig 3A and

Appendix Fig S3D, the cells were infected with a lentivector

expressing H2B-mCherry (PeSC) or H2B GFP (Epi or Meta cells) as

previously described (Deygas et al, 2018). C57BL/6 mouse pri-

mary pancreatic microvascular endothelial cells were purchased

from Cell Biologics.

Matrigel tube formation assay

The assay of tube formation performed with endothelial cells based

on Matrigel embodiment has been previously described (Sorrell

et al, 2009; Zhang et al, 2015; Kutikhin et al, 2020). Briefly, Matrigel

(Growth Factor-Reduced Basement Membrane Matrix, Phenol Red-

Free, LDEV-free) was melted on ice and then paved onto a 96-well

plate. Subsequently, 20 ml of Matrigel was distributed into each

well, and the plate was then centrifuged at 500 g for 1 min to ensure

uniform coverage. Afterward, the plate was immediately placed in

an incubator for 30 min for gel formation. C57BL/6 mouse primary
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pancreatic microvascular endothelial cells (Endo) were trypsinized

and then seeded on the polymerized gel in a complete endothelial

culture medium (Cell Biologics) at a density of 10,000 cells/cm2.

For the coculture with the Endo cells, Epi cells and PeSCs were

seeded at the same condition and above-mentioned density. A

monolayer culture with no Matrigel polymer was used as a control.

Each condition was performed in triplicate. The cultures were moni-

tored using IncuCyte Zoom�, and photographs were captured every

2 h after initiation of the assay. Endothelial cells were observed

under phase contrast, whereas combined phase contrast with green

and red fluorescence optics was used for the analysis of the Epi cells

and/or PeSCs in coculture conditions.

Cell culture, proliferation and differentiation

Cells were cultured in DMEM supplemented with 10% FCS and 1%

penicillin/streptomycin for proliferation. PeSCs were cocultured

with Epi cells at the indicated ratios, and these cell lines were then

observed through the red and green channels, respectively, using

IncuCyte Zoom�. The proliferation curves of the Epi cells were

depicted based on the total green object area count (lm2/well) ana-

lyzed and exported from the IncuCyte� system. For the PeSC differ-

entiation experiments, the cells were plated using StemPro�

differentiation kits (Gibco) for osteogenesis and chondrogenesis in

accordance with the provided instructions. Alizarin Red S staining

for osteogenic lineages and Alcian Blue staining for chondrogenic

lineages were also performed according to the protocols recom-

mended by the above-mentioned commercial kits. For the PDGF-BB

treatment assay, PeSCs were stimulated by PDGF-BB (10 ng/ml)

and TGF-b1 (2 ng/ml). PDGF-BB and TGF-b1 were replenished

every 2 days for 7 days. After 7 days, the cells were recovered for

FACS analysis and mRNA is subject to RT-qPCR for stemness, epi-

thelial, fibroblast, and mesenchymal-related genes.

Short-term PeSC and tumor cell implantation studies

PeSC or Epi cells (1 × 105) were embedded as plugs in a 1:1

Matrigel-PBS mix (Matrigel� Basement Membrane Matrix High Con-

centration, HC) into the flanks of C57BL/6 or Rag2KO mice. The

mice were then monitored and sacrificed at the indicated time

points. The tumor grafts were weighed, measured, and processed

for staining prior to flow cytometry analysis. Ly6G+ cells were

depleted in vivo by administering two consecutive i.p. injections of

anti-Ly6G mAbs to the mice (8.5 mg/kg) at the indicated time

points. The anti-PD-1 strategy involved the i.p. injection of anti-PD-

1 into the mice (5 mg/kg) twice a week at the indicated time points

for 2 weeks. CCL5 depletion was administrated by pre-mixing anti-

CCL5 mAbs (5 lg/kg or 0.5 lg/ml) in the Matrigel� (HC) plugs

before implanting. Control mice were treated with anti-IgG2A (5 lg/

kg or 0.5 lg/ml).

Reverse transcription and qPCR

RNA from pelleted islets was extracted using a NucleoSpin� RNA

Plus kit according to the manufacturer’s instructions. The RNA con-

centrations were measured using a Nanodrop spectrophotometer.

Reverse transcription (RT) was performed using equivalent quanti-

ties of extracted RNAs (greater than 300 ng), and cDNA was used

for quantitative polymerase chain reaction (qPCR) analyses with

SsoAdvanced Universal SYBR� Green Supermix (Bio-Rad). The fol-

lowing primers were used: Nanog, Oct3/4, Nkx3.2, RGS, PDGFRa,

PDGFRb, Acta2, Desmin, Prominin, Snail1, Snail2, Sparc, Twist,

Zeb1, Zeb2, Col6a, EpCAM, Fn-1, Krt19, Krt, Sox9, and PrimePCRTM

SYBR� Green Assay CD248 for Mouse (Bio-Rad).

RNAseq analysis

Raw sequencing data quality controls were performed with FastQC

(v 0.11.5). Salmon (0.10.0) was used for the quantification of gene

expression from the raw sequencing reads, and the reference mouse

genome GRCm38 and the annotations of protein-coding genes from

gencode vM20 were utilized as an index. Unless otherwise specified,

the analyses were performed using R (v3.5.1). Starting from the

Salmon transcript quantification, we used the R packages tximport

(Soneson et al, 2015; v1.10.1) and DESeq2 (Love et al, 2014;

v1.22.2) to perform the differential expression analyses (Wald test

and P-value correction with the Benjamini–Hochberg method). We

used the R packages clusterProfiler (Yu et al, 2012; v 3.10.1) and

msgidbr (v 6.2.1) to test the pathway enrichment of a list of genes.

We tested the list of genes against pathways from the msigdb hall-

mark, C2 and C5 gene sets. Overrepresentation P-values were

corrected with the Benjamini–Hochberg method.

Single cell RNA sequencing (scRNAseq)

CAFs and ductal tumor cells were obtained from a pool of 5 KC

mice, as described above.

After tissue dissection and dissociation, FACS purified suspended

cells were partitioned into nanoliter-scale Gel Bead-In-Emulsions

(GEMs) with the Chromium Single Cell Controller (10XGenomics) at

the Single Cell Platform (CLB/CRCL). After cell encapsulation and

barcoding, library preparation followed the standard 10XGenomics

30scRNAseq protocol comprising reverse transcription, amplification

and indexing. Sequencing was performed using a NovaSeq Illumina

device (Illumina). Illumina bcl files were basecalled, demultiplexed

and aligned to the mouse mm10 genome using the cellranger soft-

ware (10XGenomics). All downstream analyses were performed

using R/Bioconductor/CRAN packages, R version 4.0.3 (2020-10-10)

—“Bunny-Wunnies Freak Out” [https://cran.r-project.org/; http://

www.bioconductor.org/; https://cran.r-project.org/] on a linux plat-

form (x86_64-pc-linux-gnu [64-bit]). Filtered barcoded matrices were

used to create a Seurat object (Stuart et al, 2019) for CAFs and Ducts

cells that were subsequently merged. A total of 4,949 cells (4,072

CAFs and 877 Ducts) remained after filtering for quality parameters

(number of features per cell < 6,000, fraction of mitochondrial genes

< 10%). SCTransform was used to simultaneously normalize, iden-

tify variable features, and scale the data. Following dimension reduc-

tion with PCA, the first 20 dimensions were used to construct a

shared nearest neighbor (SNN) graph using the FindNeighbours

function. Clusters were identified with a resolution of 0.5 and

projected in two-dimensional plots using Uniform Manifold Approxi-

mation and Projection (UMAP; arXiv:1802.03426v3).

Differentially expressed genes for each cluster were identified using

the FindMarkers function. In addition, a list of PeSC markers obtained

from bulk RNAseq data was used to calculate a PeSC score. This per-

mitted the identification of a common cluster between CAFs and Ducts

with a high PeSC score. This putative PeSC cluster was isolated and

pathway analysis was performed in its full list of unique markers using

EnrichR R (Kuleshov et al, 2016) and pathfindR (Ulgen et al, 2019)

CRAN packages. Significant markers and pathways were selected with

a threshold of adjusted P-value (FDR) below 0.05.
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Immunohistochemistry and immunofluorescence

BIC14011a and PA485 human tissue microarrays (TMAs) were

obtained from a commercial source (US Biomax, Inc.). BIC14011a is

a pancreas array that contains 22 pancreatitis cases, 18 pancreatic

intraepithelial neoplasia cases, and eight pancreatic adenocarcinoma

cases. PA485 is pancreatitis and matching pancreatic adenocarci-

noma array containing 43 cases of pancreatitis and five matched

pancreatic adenocarcinomas. Mouse tumor grafts were harvested,

fixed overnight in 10% neutral buffered formalin, embedded in par-

affin, and sectioned at 4 lm. All immunohistochemical (IHC)

staining procedures were performed following heat-induced epitope

retrieval (Antigen-unmasking solution), and the sections were incu-

bated with the primary antibodies overnight at 4°C. IHC staining

was revealed using 3,30-diaminobenzidine (DAB kit), and the sec-

tions were counterstained with hematoxylin. The CD106 positivity

was visually quantified by the identification of at least one positive

cell within each individual TMA spot. IF staining was performed

using a standard protocol, and the sections were counterstained

with VECTASHIELD� Antifade Mounting Medium with DAPI for

nuclear counterstaining. The primary antibodies used were the fol-

lowing: anti-CD24, anti-CD44, anti-CD106 (VCAM-1), anti-aSMA,

anti-CK19 (Troma III), anti-ZO-1, anti-E-cadherin, anti-Nanog, anti-

Ly6G, anti-mCherry, and anti-GFP. Specific anti-F(ab’)2-Alexa Fluor

647, anti-F(ab’)2-Alexa Fluor 555 and anti-F(ab’)2-Alexa Fluor 488

antibodies were used as secondary antibodies.

Western blot

WB is performed among Epi, Meta and PeSC cells for KrasG12D

detection. Cells were collected by scratching in 10 ml of PBS. After

centrifugation, the proteins were isolated using RIPA buffer

supplemented with protease and phosphatase inhibitors. Twenty

microliters of the obtained lysate were separated by NuPAGE

4–12% Bis-Tris Gel electrophoresis system and transferred to an

Immune-Blot PVDF membrane. After transfer, the immune blots

were blocked by incubating with 5% BSA in Tris-buffered saline

(TBS) containing 0.05% Tween 20. The blots were then probed

overnight with Ras (G12D) mAb at 1:1,000. After washing in TBS-

Tween 0.05%, the membranes were revealed with secondary anti-

bodies for 1 h at room temperature. After washing, the blots were

developed using the ECL chemiluminescence method according to

the manufacturer’s protocol (PierceTM ECL Western Blotting Sub-

strate). HRP-conjugated anti-rabbit Ab was used for primary anti-

body binding.

FACS analysis

Cells were collected by trypsinzing from the culture plate and then

distributed into the 96-well plate for FACS staining. In the case of

tumor implantation, the tumor grafts were excised, weighed, and

measured. The tumor grafts were then digested in 1% PBS supple-

mented with collagenase at 1 mg/ml for 20 min at 37°C. The digested

tissue was homogenized by passage through a 100 lm cell strainer.

Single-cell suspensions derived from tumor grafts were stained with

fluorescently labeled antibodies for 20 min at 4°C. For cytokine anal-

ysis and intracellular staining, single-cell suspensions were incubated

with a complete culture medium containing a cell activation cocktail

(PMA + ionomycin + Brefeldin A) for 2–4 h at 37°C prior to surface

staining to retain intracellular proteins. After surface staining, cells

were fixed and permeabilized using the True-NuclearTM Transcription

Factor Buffer Set according to the manufacturer’s protocol. Intracellu-

lar staining was performed for 30 min at 4°C. Fluorescently labeled

cells were acquired on a BD Fortessa Flow Cytometer (BD; Franklin

Lakes/NJ/USA) and analyzed using FlowJo. The monoclonal Abs

used in flow cytometry were summarized in the key resources table.

Bone marrow chimera approach

Briefly, recipient mice were sublethally irradiated with 7 Gy via a

cesium c source 2 days prior to transplantation. Bone marrow cells

were harvested from the femurs and tibias of donor mice in RPMI-

1640. Recipient mice were administered approximately 2 × 106 bone

marrow cells in 0.2 ml medium via iv injection. Five weeks after

transplantation, recipient mice were subjected to whole blood sam-

pling to determine the degree of chimerism by flow cytometry deter-

mination of Tomato expression.

Quantification and statistical analysis

The P-values were calculated using Student’s t-test with GraphPad

Prism as indicated in the figure legends: *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001. One-way ANOVA with Tukey’s

post hoc test was used for multiple comparisons. The contingency

analysis was performed using Fisher’s exact test.

Data availability

The scRNAseq data from this publication have been deposited to the

Gene Expression Omnibus (GEO) with the identifier GSE220687

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220687).

Expanded View for this article is available online.
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Expanded View Figures

▸
Figure EV1. The CD106+ population is uniquely localized to pancreatic injury and precancerous lesions.

A Representative IHC staining for CD106+ in normal pancreas. Scale bar, 50 lm.

B Representative IHC staining for CD106+ in IPMN+PanIN I-III and IPMT human samples. The adjacent region (above) and tumor core (below) were paired from the

same patient respectively, corresponding to the diagnosis. The red arrow indicated the CD106+ spindle-like cells. Scale bar, 50 lm.

C Representative IHC staining of pancreatic lesions of human TMA for CD106+. The magnification region indicates representative CD106+ cells. Scale bar, 200, 50 lm.

Quantification of CD106 expression in pancreatitis, PanIN and PDAC lesions according to patients’ pathological references of TMA (Appendix Table S1). *P < 0.05 and

**P < 0.01. ****P < 0.0001. The P-values were calculated using Student’s t-test.

D Representative IF staining of the PeSC cell line on a coverslip for CD106 (green), mCherry (red), and DAPI (blue). Scale bar, 50 lm.
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▸
Figure EV2. PeSC signature in human cancer single-cell data.

A, B Application of ovarian cancer pericyte (A) and brain cancer pericyte score (B) to our mouse single-cell RNAseq analysis showing enrichment in the unique cluster of

PeSC.

C Pooled single-cell RNAseq data to UMAP analysis from 35 samples (11 normal pancreas and 24 PDAC patients), including a total number of over 80,000 cells. The

UMAP shows the distribution of each cell cluster.

D Cell types of each cluster were identified based on Muraro’s single-cell dataset as a reference.

E, F Unsupervised clustering UMAP analysis distinguishes 23 subclusters in the integration of whole 35 samples (E), pooled from 11 normal pancreas samples and 24

PDAC samples (F).
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▸
Figure EV3. Chimera approach identifies the origin of PeSC.

A Experimental protocol for bone marrow chimeras. One month old KC mice were sublethally irradiated and reconstituted with bone marrow cells from a Tomato

expressing mouse. After reconstitution, the chimeras were sacrificed on day 60.

B Representative dot plots of reconstituted bone marrow cells (Tomato+) in KC chimeras compared to the nonreconstituted KC mice as control by FACS analysis.

Quantification of reconstituted cells (Tomato+) among CD45+ immune cells in either pancreas or periphery of KC chimeras compared to the control. Three mice in

each condition.

C Representative dot plots and gating strategy of distinguishing the reconstituted CD106+ cells (Tomato+) and nonreconstituted CD106+ cells (Tomato�) in KC chimeras.

Three mice in the group, each dot represents one mouse.

D Representative IF staining for CD106 (green) and Tomato (red) in the pancreas of chimera mice. Inset shows colocalization of CD106- and Tomato-stained cells. Scale

bar, 50 lm (upper), 10 lm (lower).

Data information: ns not significant, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. The P-values were calculated using Student’s t-test.
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▸
Figure EV4. Stem properties of PeSCs and their impact on tumor cells.

A Proliferation curves of Epi cells in the indicated culture conditions based on the analysis of total green (GFP) object area in each well observed by IncuCyte. The

data of each curve are summarized from six biological replicates of each condition. The bars are representing the mean � SD.

B FACS analysis of the percentage of Ki67+ Epi cells in each culture condition at 48 h. FACS analysis was performed by biological triplicates corresponding to the

indicated culture condition.

C, D The bars are representing the mean � SD (C, D) Proliferation curves of PeSCs in the indicated culture conditions based on the analysis of the total red (mCherry)

object area in each well observed by IncuCyte. The data of each curve are summarized from six biological replicates of each condition. The bars are representing

the mean � SD.

E qPCR analysis of EMT-related genes expressed by PeSCs after the treatment of PDGF-BB and TGF-b compared to the untreated ones (UT). Treatment was performed

in biological triplicates and qPCR analysis was performed by technical duplicates. The bars are representing the mean � SD.

F Quantification of Epi (GFP+) or PeSC (mCherry+) cells in the s.c. tumor grafts in the indicated conditions based on FACS analysis. Five mice in each group.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The P-values were calculated using Student’s t-test.
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▸
Figure EV5. Tumor-PeSC crosstalk affects the immune system.

A, B In vivo neutralization of CD106: (A) Experiment setting. (B) Tumor weight, FACS analysis of % PeSC+ among CD45� cells, % Epi+ among CD45� cells, % CD11b+

among CD45+ cells, % Ly6G+CD11b+ among CD45+ cells, % CD11b+F4/80+ among CD45+ cells, % CD11b+F4/80+CD103+ among CD45+ cells (eight mice in each

group, five for FACS analysis, and three for histological analysis. Quantification of PeSCs and Epi cells were cumulative from two FACS panels as technical

duplicates).

C–L In vivo depletion of CCL5 impact the macrophages differentiation: (C) Experimental setting. (D) Tumor weight of the grafts formed by Epi + PeSC in CCL5-depleted

conditions compared with undepleted conditions. FACS analysis of the percentage of CD11b+ cells (E), Ly6G+CD11b+ (F), F4/80+CD11b+ (G), F4/80+CSFR1+ (H), F4/

80
+CD163+ (I), F4/80+CD11b+CD103+ (J), F4/80+CD11b+PD-L1+ (K) and CD8+ cells (L) among CD45+ cells derived from the tumor grafts. Ten mice in each group, six

for FACS analysis and four for histological analysis.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The P-values were calculated using Student’s t-test.
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2

Appendix Figure S1: The CD106+ population is uniquely localized in pancreatic injury

and precancerous lesions. Representative IHC staining of tumor core and adjacent

region in PDAC patient (stage III) for CD106+. The corresponding magnification insets

of tumor core (red dotted line) or adjacent region (green dotted line) are displayed

below the gross figure. Scale bar, 500 μm in gross, 20 μm in magnification.

Appendix Figure S1
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Appendix Figure S2:  Gating strategy for FACS sorting and single cell RNAseq.

Appendix Figure S2
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Appendix Figure S3: Generation of the PeSC line and its phenotype. (A) Gating

strategy for the identification and kinetic phenotype-progression of the

CD45+EPCAM-CD31-CD106+CD24lowCD44high population after cell line generation at

P0, P3, P5 and P20. The red arrows indicate morphologically similar PeSC

population clusters. Scale bar, 100 μm. (B) Representative IF staining of the PeSC

cell line on coverslip at P20 for CD44 (green), CD24 (yellow), mCherry (red), DAPI

(blue). Scale bar, 50 μm. (C) Representative histogram analysis of PDGFRβ, PDGFRα,

CD34, CD90, CD106, CD105, and CD146 by FACS staining in PeSCs. Generation of

the Epi and Meta cell lines and their phenotypes. (D) Schematic representation of

the experimental setting for Epi and Meta cell line generation. (E) Gating strategy

for PeSCs, Epi cells and Meta cells based on CD45, mCherry/GFP, CD106, CD24 and

CD44 staining. (F) Representative merged dot plots of PeSCs, Epi cells and Meta

cells for CD24 and CD44 staining. (G) Single cell analysis UMAP plots shows that

cluster 7 (PeSC fraction) had no expression of EPCAM.

Appendix Figure S3
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6Appendix Figure S4: Single cell analysis reveals a distinct cluster 7 with PeSC signature. Single

cell analysis UMAP plots of the PeSC signature genes extracted from the bulk RNAseq analysis

and applied to the single cell analysis UMAP dots.

Appendix Figure S4
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Appendix Figure S5
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Appendix Figure S5: Tumor-PeSC crosstalk affects the immune system. (A and

B) The standard curve of each chemokine is derived from the LEGENDplexTM

data analysis software (blue dots and curves). All non-zero standard curve

points are displayed as blue dots on the graph. All logistic regression line

derived by the curve fitting algorithm is performed by 5-parameter logistic

regression (5PL), displaying on the graph as a solid blue line. The theoretical

limit of detection (LOD) and limit of quantification (LOQ) are depicted as red

and orange vertical lines, respectively. Chemokine CCL2, CCL5, CCL20, CXCL1,

CXCL5, and CXCL10 can be detected from the cell culture supernatant in

condition of Epi1x, Epi10x, PeSC, PeSC + Epi1x and PeSC + Epi10x, as showed

by the orange dots in line with the curve which were mostly above the LOD

and LOQ (A). Chemokine CCL3, CCL4, CCL11, CCL17, CCL22, CXCL19 and

CXCL13 are not detected from the cell culture supernatant in condition of

Epi1x, Epi10x, PeSC, PeSC + Epi1x and PeSC + Epi10x, as all the sample dots

(orange) were below the LOD and LOQ (B). Quantification of chemokine CCL2

(C), CCL5 (D), CCL20 (E), CXCL1 (F), CXCL5 (G), and CXCL10 (H) detected from

the cell culture supernatant in conditions of Epi1x, Epi10x, PeSC, PeSC + Epi1x

and PeSC + Epi10x, respectively. The LEGENDplex assays have been performed

twice. The displayed results are extracted from the second experiment.

Biological duplicates were applied in each culture condition and the

supernatant of each condition was then distributed into 4 different dilutions

for FACS analysis quantified as technical replicates. (I) In vitro FACS analysis of

the percentage of CD103+F4/80+ cells among CD45+ cells under the indicated

culture conditions (biological triplicates in each condition). (J) In vivo FACS

analysis of the percentage of CD103+F4/80+ cells among CD45+ cells under the

indicated graft and treatment conditions. Each dot represents 1 grafted

mouse, 5-6 mice in each group. **P < 0.01, ***P < 0.001, ****P < 0.0001 The

P-values were calculated using Student’s t-test with GraphPad Prism.

Appendix Figure S5
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Appendix Figure S7

Appendix Figure S7: Interaction of CD106+ PeSCs with CD11b+ myeloid stem cells in

the neoplastic microenvironment of PDAC
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Appendix Table S1

Appendix Table S1: TMA characteristics.

No. Age Sex

Oragan/

Anatomic 

Site

Pathological 

diagnosis
TNM Grade Stage Type

A1 68 M Pancreas AP - - - Inf

A2 47 M Pancreas AP - - - Inf

A3 60 M Pancreas AP - - - Inf

A4 44 M Pancreas CP - - - Inf

A5 49 F Pancreas CP - - - Inf

A6 62 M Pancreas CP - - - Inf

A7 40 M Pancreas CP - - - Inf

A8 51 F Pancreas CP - - - Inf

B1 58 M Pancreas CP - - - Inf

B2 47 M Pancreas CP - - - Inf

B3 51 M Pancreas RCP - - - Inf

B4 39 M Pancreas RCP - - - Inf

B5 59 M Pancreas RCP - - - Inf

B6 50 F Pancreas RCP - - - Inf

B7 51 M Pancreas RCP - - - Inf

B8 61 M Pancreas RCP - - - Inf

C1 51 F Pancreas RCP - - - Inf

C2 50 F Pancreas RCP - - - Inf

C3 67 M Pancreas RCP - - - Inf

C4 60 M Pancreas RCP - - - Inf

C5 67 M Pancreas RCP - - - Inf

C6 53 F Pancreas RCP - - - Inf

C7 33 F Pancreas RCP - - - Inf

C8 47 F Pancreas RCP - - - Inf

D1 57 M Pancreas RCP - - - Inf

D2 33 F Pancreas RCP - - - Inf

D3 49 M Pancreas RCP - - - Inf

D4 46 F Pancreas RCP - - - Inf

D5 59 M Pancreas RCP - - - Inf

D6 66 F Pancreas RCP - - - Inf

D7 66 F Pancreas RCP - - - Inf

D8 65 F Pancreas RCP - - - Inf

E1 55 M Pancreas RCP - - - Inf

E2 76 M Pancreas RCP - - - Inf

E3 35 F Pancreas RCP - - - Inf

E4 60 M Pancreas RCP - - - Inf

E5 49 M Pancreas RCP - - - Inf

E6 47 F Pancreas RCP - - - Inf

E7 61 M Pancreas RCP - - - Inf

E8 76 F Pancreas RCP - - - Inf

F1 53 M Pancreas RCP - - - Inf

F2 55 F Pancreas RCP - - - Inf

F3 68 M Pancreas RCP - - - Inf

F4 60 M Pancreas PDAC T2N0M0 2 IB Mal

F5 49 M Pancreas PDAC T3N0M0 3 II Mal

F6 47 F Pancreas PDAC T2N0M0 2 IIB Mal

F7 61 M Pancreas PDAC T2N0M0 2 IB Mal

F8 76 F Pancreas PDAC T3N0M0 1 I Mal

- 42 M
Adrenal 

gland
PCC - Mal

No. Age Sex

Organ/

Anatomic

Site

Pathologica

l diagnosis
TMN Grade Stage Type

A1 42 M Pancreas CP - - - Inf

A2 42 M Pancreas CP - - - Inf

A3 50 F Pancreas CP - - - Inf

A4 50 F Pancreas CP - - - Inf

A5 66 F Pancreas PanIN2 - - - PanIN

A6 66 F Pancreas PanIN2 - - - PanIN

A7 70 F Pancreas CP - - - Inf

A8 70 F Pancreas CP - - - Inf

B1 51 M Pancreas CP - - - Inf

B2 51 M Pancreas CP - - - Inf

B3 57 M Pancreas CP - - - Inf

B4 57 M Pancreas CP - - - Inf

B5 33 F Pancreas PanIN1 - - - PanIN

B6 33 F Pancreas PanIN1 - - - PanIN

B7 44 M Pancreas PanIN1 - - - PanIN

B8 44 M Pancreas PanIN1 - - - PanIN

C1 53 M Pancreas PanIN1 - - - PanIN

C2 53 M Pancreas PanIN1 - - - PanIN

C3 51 F Pancreas PanIN1 - - - PanIN

C4 51 F Pancreas PanIN1 - - - PanIN

C5 51 M Pancreas CP - - - Inf

C6 51 M Pancreas CP - - - Inf

C7 55 F Pancreas CP - - - Inf

C8 55 F Pancreas CP - - - Inf

D1 53 M Pancreas CP - - - Inf

D2 53 M Pancreas CP - - - Inf

D3 67 M Pancreas CP - - - Inf

D4 67 M Pancreas CP - - - Inf

D5 73 F Pancreas PanIN1 - - - PanIN

D6 73 F Pancreas CP - - - Inf

D7 65 M Pancreas PanIN2 - - - PanIN

D8 65 M Pancreas PanIN2 - - - PanIN

E1 64 M Pancreas PanIN2 - - - PanIN

E2 64 M Pancreas PanIN2 - - - PanIN

E3 76 M Pancreas CP - - - Inf

E4 76 M Pancreas PanIN1 - - - PanIN

E5 15 F Pancreas CP - - - Inf

E6 15 F Pancreas PanIN2 - - - PanIN

E7 55 F Pancreas PanIN2 - - - PanIN

E8 55 F Pancreas CP - - - Inf

F1 54 F Pancreas PDAC T2N0M0 1 I Mal

F2 54 F Pancreas PDAC T2N0M0 1 I Mal

F3 51 M Pancreas PDAC T3N1M0 1 IIB Mal

F4 51 M Pancreas PDAC T3N1M0 1 IIB Mal

F5 68 F Pancreas PDAC T2N0M0 2 IB Mal

F6 68 F Pancreas PDAC T2N0M0 2 IB Mal

F7 55 F Pancreas PDAC T2N0M0 2 IB Mal

F8 55 F Pancreas PDAC T2N0M0 - IB Mal

42 M
Adrenal 

gland
PCC - Mal

AP = Acute Pancreatitis

CP = Chronic Pancreatitis

RCP = Reactive Chronic Pancreatitis

PCC = Pheochromocytoma

PanIN = Pancreatic Intraepithelial Neoplasia

PDAC = Pancreatic Duct Adenocarcinoma

Inf = Inflammation

Mal = Malignant

https://www.biomax.us/tissue-arrays/pancreas/BIC14011ahttps://www.biomax.us/tissue-arrays/pancreas/PA485
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II. CD169+ macrophages orchestrate immune reaction 

and matrix deposition in pancreatic cancer. 

The following study is originated from the part 1 given that we questioned the role of PeSC and 

macrophages communication. This study was part of my whole PhD and is under reviewing in Cancer 

Immunology Research. I participated in the conceptualization of the experiments, writing the original 

draft, in vitro, ex-vivo and in vivo analysis. All in-silico analysis were performed in collaboration with 

Dr. Hernandez-Vargas.  

Based on our previous results showing that PeSC establish a communication with freshly recruited 

CD11b+ monocytes to promote MDSC accumulation, we questioned whether PeSC could shape other 

myeloid cells: macrophages. Macrophages represent one of the most prominent immune populations 

in PDAC TME. They are usually considered to be pro-tumoral as they integrate an accumulation of 

signals that are send by other actors in the TME. We therefore decided to study the cellular niche 

between macrophages and other cell types in PDAC independently of macrophages origin.  

We observed that CD106+ PeSC were capable of shaping macrophages phenotype defined by the 

expression of CD169, CD206, PD-L1 and Arg1. We showed ex vivo that CD169+ macrophages expressing 

tumour associated macrophages markers (CD206 and CD163) are found in both PanIN and PDAC 

murine model. This observation was confirmed in human by single cell RNAseq analysis using published 

data set of PDAC patients. Functionally, we showed that PeSC–educated macrophages were capable 

of releasing ig-h3 to activate CXCL12 secretion from PeSC and inactivate CD8 T cells. Finally, we 

showed in vivo that CD169+ depletion impairs both CD8 and CD4 T cells recruitment. Additionally, 

CD169+ macrophages depletion was associated with a significant decrease of the tumour weight and 

a total reshaping of the TME by impacting both cellular (CD31+ endothelial cells, PDPN+ CAFs) and 

acellular components (ig-h3 and collagen deposition). 

This work may open new therapeutic avenue given that we demonstrated that cellular niche found in 

other disease and/or at steady state in other tissues can be found in pancreatic cancer tissue. 

(See submitted paper next page) 
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A. Summary 

Macrophages are an important component of the tumor microenvironment in pancreatic cancer. We 

identified that CD169+ macrophages were very abundant in pancreatic cancer in human and mice 

settings. We described previously the identification of a pericyte stem cells (PeSC) population with 

immunosuppressive properties. We show here that PeSC were able to polarize macrophages 

CD11b+F4/80+ towards an immunosuppressive phenotype expressing CD169. CD169+ macrophages 

were able to produce large amounts of stromal big-h3/TGFBI that directly stimulated CXCL12 

production  by PeSC that attracted CD8+ T cells. Invalidation of CD169 by a DTR-approach in orthotopic 

pancreatic cancer model led to diminished matrix deposition and CD8+ T cell infiltration cells within 

the tumor microenvironment. These data suggest that CD169 macrophages play an important role in 

sustaining the stromal reaction in pancreatic cancer. 
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B. Material and methods  

Mice  

All male and female mice p48-Cre;LSL-KrasG12D,Acvr1bflox/flox (4KC), Pdx1-Cre; LSL-

KrasG12D;Ink4a/Arfflox/flox (KIC) and Pdx1-Cre;LSL-KrasG12D;LSL-Trp53R172H (KPC) Siglec1tm1(HBEGF)Mtka 

(CD169DTR)1-4 were bred and maintained in the Cancer Research Center of Lyon mouse facility (P-PAC, 

Lyon, France) under specific pathogen free conditions and a 12 hours light/12hours dark cycle; water 

and food were available ad libitum. C57BL/6J mice (6 weeks of age) were purchased from Charles River 

Laboratories (L’Arbresle, France). In all experiments, mice were sacrificed by cervical dislocation. All 

experimental procedures were performed according to the European Community rules on animal care 

with permission and ethical approval from the local institutional review board (Comité Régional 

d’Ethique sur l’Expérimentation Animale CECCAPP) and the French Authorities (APAFIS #35125-

2022020214089191) 

Cell lines and macrophages differentiation 

PeSC and TC primary cell line were generated as previously described5. All incubations were carried 

out at 37°C in a 5% CO2 atmosphere using DMEM (10% FCS, 1% penicillin/streptomycin) (Gibco). Femur 

and tibia were obtained from C57BL6 mice, the bone marrow was flushed and bone marrow derived 

cells (BMDC) (B were cultured using 80%DMEM+ 20% of L929 cell line (ATCC #CCL-1) supernatant 

containing M-CSF for 7 days. Co-culture experiments were performed in a 96-well plate. In each well, 

5x103 previously mitomycin (10μg/mL) treated PeSC or TC were incubated with 1x105 BMDC. After 48 

hours, cells were harvested and stain for flow cytometer analysis. Supernatant were stored at -20°C 

for ELISA analysis. For qRT-PCR experiments, 3.3x104 PeSC and/or TC were co-cultured with 10x106 

Bone marrow derived macrophages cells (BMDM). For βig-h3 PeSC stimulation, recombinant protein 

was added at different timepoint in culture media. 

Single Cell analysis  

Single cell analysis were performed using a scRNAseq dataset specific for pancreas that was recently 

compiled (Chijimatsu et al., 2022). The dataset is comprising over 70 samples and > 130.000 cells, most 

of them from cancer samples (> 110.000 cells). The dataset was normalized and quality controlled.  

DT treatment 

Mice were treated with 10µg/kg of diphtheria toxin (Sigma, D2918) or 1x PBS by intra-peritoneal 

injection 24 hours before surgical day and every 4 days after surgical procedures.  

CD8+ T cell proliferation assay  
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Spleen and lymph node were harvested from C57Bl6, or PD-1 KO mice. Both organs were filtered 

through a 100µm cell strainer (VWR). Blood cell lysis was performed by incubating cells for 3 minutes 

in NH4 (concentration). Cells were counted and incubated 15 minutes at 4°C in the dark with anti-CD8 

microbeads (CD8a (Ly-2) MicroBeads, mouse, miltenyi 130-117-044) to further perform a magnetic-

activated cell sorting (MACS). MACS were performed using magnetic column (MS Columns miltenyi 

130-042-201). Cells were then stained with CFSE as described by the manufacturer. CD8 purified cells 

were then mixed with CD3/CD28 beads (ThermoFisher, 11452D) and plate with or without 

macrophages and or TC and or PeSC in an 8:1 ratio (T:M) for 48hours.  

Transwell assay  

Transwell permeable support of 6,5mm insert composed of 5.0µm polycarbonate membrane (Corning) 

were used to perform cell attraction assay. PeSC alone or co-cultured with BMDMwere incubated for 

48h in the lower wells, Mesenteric lymph nodes of 6 weeks old C57Bl6 were harvested and filtered 

using a 100µm cell strainer. Cells were then stained with CFSE according to the manufacturer. 8x104 

cells were incubated for 4 hours in the upper wells. Cells in the lower well were harvested and CFSE+ 

cells were counted using flow cytometer.  

ELISA  

ELISA assays were performed on co-cultured cells supernatant. The level of βig-h3 and CXCL12 (SDF-1) 

were determined by using Mouse beta IG-H3 DuoSet ELISA kit (R&D systems and LEGEND MAX™ 

Mouse CXCL12 (SDF-1β) ELISA Kit (Biolegend®), respectively, according to the manufacturer’s 

instructions. 

Orthotopic injection  

24 hours before surgical procedures, mice were shaved at the upper quadrant. 30 minutes before the 

surgical procedure, mice were given buprenorphine subcutaneously (0.1mg/kg). Mice were put under 

anesthesia using 4% isoflurane for induction and 2.5% isoflurane for maintenance. By performing a 

laparotomy at the upper quadrant with an 1cm wide incision, pancreas was injected with 30µl of cells 

mixed with 50% of matrigel (Corning, 354248). Peritoneal muscle was sutured using a Ethibond® non-

absorbable braided suture, 3/0 (Ethicon, X31037), skin was sutured using Ethibond® non-absorbable 

braided suture, 4/0 (Ethicon, E6943H). Mice were weighted once a week and sacrificed after 10 or 30 

days. Both pancreatic tumor and spleen were weighted, mesenteric lymph node were harvested for 

further analysis. 
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qPCR  

RNA was extracted from pelleted cells issued from different conditions using RNeasy kits according to 

the manufacturer’s instructions (Qiagen, Valencia, USA). RNA concentrations were determined using 

a nanodrop spectrophotometer (Thermo Scientific) and reverse transcription (RT) was assessed using 

equivalent quantities of extracted RNAs (> 8μg). The obtained cDNA was used to perform quantitative 

polymerase chain reaction (qPCR) analysis with Power SYBR® Master Mix (Life Technologies) with the 

following primer sequences:  

Table 1. qPCR primers    

Genes Forward  Reverse  

Hprt 

5’ TGA CAC TGG CAA AAC AAT GCA 
3’ 5’GGT CCT TTT CAC CAG CAA GCT 3’ 

Sdf-1 5′ CGCCAAGGTCGTCGCCG 3′ 5′ CGCCAAGGTCGTCGCCG 3′ 
Hprt Hypoxanthine Phosphoribosyl transferase 1, Sdf-1 stromal cell-derived factor 1 

Immunofluorescence staining  

Mouse pancreata, spleen and lymph node were snap freeze in liquid nitrogen. Sample were 

embedded in optimal cutting temperature (OCT) to perform cryosection using a Cryostat (NX50, 

Leica). 8 to 10µm thick section were sectioned and then stored at -80°C. Cryosection were fixed with 

4% PFA for 5min, permeabilized with 0.2% Triton for 5 min and blocked with a blocking reagent 

(Invitrogen, 003118). Cryosection were incubated with directly coupled antibodies or primary 

antibodies overnight at 4°C in a wet chamber. Secondary antibodies were added for 2h at room 

temperature. Each section was mounted with Vectashield mounting (VECTASHIELD, H-1900). 

Cryosection were imaged using a LSM-880 or -980 (Zeiss) microscope with a plan-apochromat 20x 

objective. Individual images resolution can be found in the supplementary methods. 
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Table 2. IF antibodies  

Specificity Clone Host/Isotype Producer  Reference  

CD206 Polyclonal Goat/IgG R&D Systems AF2535 

CD169 3D6.112 Rat/ IgG2aκ Biolegend 142419 

F4/80 BM8 Rat/ IgG2aκ Biolegend 123140 

CXCL12 79018 Mouse / IgG R&D Systems MAB350 

a-amylase  Polyclonal Rabbit Sigma A8273 

VCAM1 EPR5047 Rabbit Abcam ab134047 

CD3e 
145-2C11 

Armenia 

hamster/IgG 
Biolegend 100302 

DAPI N/A N/A ThermoFisher D1306 

          

Flow cytometry analysis 

For in vitro analysis, cells were harvested and incubated with staining antibodies for 20 at 4°C 

protected from light. Intracellular staining was performed using Cytofix/Cytoperm solution (BD, 

554722). Cells were fixed with 0.4% PFA at 4°C for 20minutes and then stored in flow cytometer 

buffer at 4°C protected from light until data acquisition.  

For in vivo analysis, pancreatic tumor or pancreas were harvested to be both mechanically and 

enzymatically dissociated by incubating chopped pancreas with collagenase (10mg/mL, Roche) at 

37°C for 30min. Pancreata was filtered into 100µm cell strainer (VWR) to obtain single cell 

suspension. Live cells were stained following manufacturer’s instructions (Biolegend, 423113). Cells 

were then incubated with surface staining antibodies for 20min at 4°C protected from light. If 

necessary, cells were then permeabilized using cytofix/cytoperm kit and incubated with intracellular 

staining antibodies for 20min at 4°C protected from light. 
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Table 3. FACS antibodies  

Specificity Clone Fluorochrome Producer  Reference  

CD11b  M1/70  PerCP  Biolegend  101229 

CD45  30-F11  APC/Cy7  Biolegend  103116 

CD206  C068C2  Bv650/Bv605  Biolegend  141721 

CD169  3D6.112  Bv421  Biolegend  142421 

CD163  TNKUPJ  PE  ThermoFisher  12-1631-82  

CD69  H1.2F3  PerCP-Cy5.5  BD Biosciences  551113 

MHC-II  M5/114.15.2  PE  ThermoFisher  12-5321-81  

TIM4  RMT4654  APC  Biolegend  130008 

LAP-TGFβ TW7-16B4  Bv421  Biolegend  141408 

F4/80  BM8  PECy7  Biolegend  123114 

CD8a 53-6.7 Bv421 Biolegend 100738 

PD-L1 10F.9G2 PeRCP-Cy5.5 Biolegend 124334 

Ly6G 1A8 AF700 Biolegend 127622 

CD184 

(CXCR4) 
L276F12 PE Biolegend 146506 

Zombie Violet N/A BV421 Biolegend 423113 

CD8β  30-F11 APC Biolegend 140410 

CD4 RM4-5 Bv510 Biolegend 100553 

IFNγ  XMG1.2 Bv650 Biolegend 505831 

Granzyme B 16G6 Biotin ThermoFisher 13-8822-80 

Arginase 1 Polyclonal APC R&D Systems IC5868A 

Streptavidin N/A PE Biolegend 405203 

          

Data were acquired using a BD Fortessa Flow Cytometer (BD Biosciences) and analysed using either 

BD FACS Diva software v5.0.1 or FlowJo (Tree Star, Inc).
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Immunohistochemistry staining (IHC) 

FFPE mouse tumor were sectioned between 4 and 5 μm using a microtome (Micro Microtech, HM 

340E). Samples were rehydrated by heating slides at 55°C for 30 minutes, two baths of xylene (Sigma, 

214736) and successive ethanol bath (100%, 95%, 70%, 0%). Endogenous peroxidase was inactivated 

with a 3% H2O2 incubation for 30 at room temperature. IHC staining were performed following a 

heat mediated antigen retrieval using an antigen-unmasking solution (Vector Laboratoies, H-3300). 

The sections were incubated with a blocking reagent (Invitrogen, 003118) for 1 hour at room 

temperature and incubating at 4°C with suitable primary antibodies overnight in a wet chamber. 

Next, the sections were incubated with biotinylated secondary antibodies for 1 h at room 

temperature. IHC staining was visualized using 3,3’-diaminobenzidine (Vector Laboratories, SK-4100) 

and the sections were counterstained with hematoxylin (DiaPath, C0303). IHC was imaged using a 

Carl Zeiss microscope Axioscan 7 with a x20 objective. Qupath (0.4) imaging software was used for 

visualization and analysis of IHC staining. Analysis parameter can be found in the supplementary 

methods table. The following antibodies have been used for IHC staining;  

Table 4. IHC antibodies  

Specificity Clone Host/Isotype Producer  Reference  

Arg1 Polyclonal Rabbit/IgG GeneTex GTX109242 

GFP Polyclonal Goat/IgG Abcam ab6673 

mCherry Polyclonal Rabbit/IgG Abcam ab167453 

Collagen 1 3G3 Mouse/IgG3 Abcam ab88147 

α-SMA Polyclonal Rabbit/IgG GeneTex GTX100034 

βig-h3 Polyclonal Rabbit/IgG Sigma-Aldrich HPA008612 

CD3e 
145-2C11 

Armenia 

hamster/IgG 
Biolegend 100302 

DAPI N/A N/A ThermoFisher D1306 

          

Statistical analysis 

P values were calculated using Student’s t-test or One-way anova and Tukey's multiple comparisons 

test (GraphPad Prism 9.5.1) as indicated in the figure legends. *P<0.05; **p<0.01; ***P<0.001 and 

****p<0.0001.
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C. Introduction 

Despite major findings in the field of immunotherapy during the past 20 years6, pancreatic cancer is 

listed among the cancers where immunotherapy showed no efficiency 7,8. Many studies revealed that 

immunotherapy failure in pancreatic cancer can be explained by a variety of reasons such as 

desmoplasia and immune suppression occurring in the tumor microenvironment (TME)9. Macrophages 

and T lymphocyte are the most abundant immune cells in the TME alongside mesenchymal-derived 

cells (CAFs, Pericyte) for non-immune cells 10,11. On one hand, T lymphocytes are infiltrated within the 

tissue but excluded from the tumor and are not effective to eliminate the tumor 12,13. On the other 

hand, both recruited and resident macrophages are infiltrated in the tumor and play numerous roles 

in fibrosis and immune modulation14. CD169+ macrophages are a subset of tissue-resident 

macrophages that express the marker of CD169, also known as sialoadhesin or Siglec-1. Several roles 

have been described for CD169+ macrophages (e.g., modulating hematopoietic stem cell niche, 

regulating apoptotic cell clearance) 4,15. CD169+ macrophages play different roles in cancer 

progression. Specifically, resident CD169+ macrophages have been shown to support tumor growth in 

non-small cell lung carcinoma and breast cancer16-18 but to have an anti-tumoral role in glioblastoma19. 

However, up to date, there is currently no assigned function of CD169+ macrophages in pancreatic 

cancer. On top of that, CAFs and/or macrophages can secrete extracellular matrix deposit to develop 

the desmoplasia within the TME. While type I collagen from aSMA+ cells has been shown to protect the 

tissue20, collagen is generally assumed to play a role in tumor development. Recently, we characterized 

a mesenchymal-derived cell called pericyte stem cell (PeSC)5. Given the data that we accumulated 

showing the communication between PeSC and CD11b+ cells as well as the plasticity of intra-tumoral 

macrophages 21, we hypothesized that PeSC were reprogramming macrophages in a specific subtype. 

Several reports revealed the importance of macrophages reprogramming in pancreatic cancer11,22. 

Therefore, understanding the communication leading to pro or anti-tumoral macrophages may be the 

keystone to unleash the potential of immunotherapy in pancreatic cancer. To this end, we generated 

a co-culture model between PeSC and macrophages as well as an in vivo orthotopic model of tumor 

development. We show that CD169+ macrophages that are present in both human and murine model 

PDAC and neoplasia can be polarized by PeSC to express CD169+ and induce CXCL12 secretion by PeSC 

allowing T lymphocytes recruitment. Finally, we show that in vivo CD169+ macrophages depletion is 

significantly reducing stroma development. 
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D. Results 

CD169 macrophages are highly expressed in both human and mouse pancreatic cancer 

First, we evaluated the expression of siglec1 gene in normal pancreas and in primary tumor by 

comparing TCGA and GTEX data bases. We detected a significant increase of the siglec1 transcript in 

primary tumors in pancreas (Fig. 1a). Next, we determine which cell population specifically expressed 

CD169 in pancreatic cancer. Therefore, we analysed a pancreas specific scRNAseq dataset that was 

recently compiled 10, comprising over 70 samples and > 130.000 cells, most of them from cancer 

samples (> 110.000 cells). Siglec1 expression was solely limited to a fraction of macrophage cluster (Fig 

1b, Supplementary Fig. 1a). Approximately 23k cells were present in the macrophage cluster. These 

cells were taken for further unsupervised clustering, resulting in 9 different sub-clusters (Fig. 1c), most 

of them represented in the non-tumor samples (Supplementary Fig. 1b and Supplementary Table 1). 

We applied a 37-genes signature that was previously published defining tumor associated 

macrophages (TAMs) in breast cancer18 to the 9 sub-cluster representation. We observed that the 

TAMs score had the highest intensity in cluster 0 (Fig. 1d). This cluster expressed CD169 as well as 

other known TAM markers as CD68 and CD163 (Fig. 1e-g). In attempt to place CD169+ macrophages in 

the spectrum of macrophages polarization we looked for the expression of siglec1 in M0, M1 and M2 

macrophages in different solid cancers (Supplementary Fig. 1c). We found that siglec1 was mainly 

expressed by defined M2 macrophages across different cancers, but also that siglec1 was positively 

correlated to known TAMs markers namely mrc1 and cd163 (Supplementary Fig. 1d, e) in human 

pancreatic cancer. Next, we determined the localization of CD169+ macrophages in human PDAC and 

neoplastic sections by performing immunohistochemistry staining. In PDAC lesions, CD169 was highly 

expressed in the stroma of tumor (Fig. 1h). In neoplastic lesions, the majority of the CD169 staining 

was localized around the blood vessels (Fig. 1h).  We aimed to determine if CD169+ macrophages were 

also present in pancreatic tumor and neoplasia mouse model based on the expression of KrasG12D 2,23. 

We confirmed that CD169+ macrophages are present in both PDAC and neoplasia of mouse model (Fig. 

1i). More importantly, we determined by immunofluorescence on tissue section that F4/80+ 

CD169+CD206+ macrophages infiltrated the tumoral bed (Fig. 1j) and particularly in the stroma close 

to transforming acini going through acinar to ductal metaplasia (ADM). We confirmed this observation 

by analysing WT and 4KC mouse pancreata by flow cytometry. We noticed that 4KC mouse pancreata 

were infiltrated in a higher proportion by CD169+ macrophages than WT mice (Fig. 1k). This might 

indicate that CD169+ TAMs in 4KC could be a resident population differentiating from CD169+ 

macrophages in WT mice by acquiring CD206 and/or CD163 (Supplementary Fig. 1f-j). Altogether, 

these findings suggest that CD169+ macrophages are eminently expressed in human and mouse 

pancreatic cancer and neoplastic stroma. 
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Pericyte stem cells induce CD169 expression on macrophages 

The localization of CD169+ macrophages around blood vessel was reminiscent of a previously identified 

cell population of pericyte stem cells (PeSC)5. We previously reported that CD106+ PeSC were able to 

structure blood vessels in early pancreatic cancer lesions. Hence, we stained for both CD169 and CD106 

population and showed a closed vicinity between the 2 cell types in mouse model (Fig. 2a). 

Macrophages and mesenchymal-derived cells such as fibroblasts, stem cells or pericytes are known to 

communicate with each other through cell-cell interaction in pancreatic cancer and other diseases 24. 

Since we detected the presence of macrophages in proximity to PeSC in mouse pancreatic cancer, we 

sought to determine if the macrophage's phenotype was dependent on PeSCs presence. To this 

purpose, we generated BMDM as previously described25 and co-cultured them with PeSC. In the 

presence of PeSC, we documented that F4/80+ macrophages downregulated MHC-clII and CD107a (Fig. 

2b, c) suggesting a lower antigen-presentation capacity. Subsequently, we showed that macrophages 

upregulated the expression of Arg1, CD206, PD-L1 and CD169 (Fig.  2d-g). These results suggest that 

PeSC induced polarization of macrophages towards a CD169+ phenotype with M2-like features. We 

could not replicate these observations when macrophages were cultured with conditioned media 

generated from PeSC (Supplementary Fig. 2a), illustrating that cell-cell interaction is mandatory for 

the macrophage polarization. In summary, we confirmed our ex vivo findings showing that CD169+ 

macrophages express M2-like markers and that PeSC were able to drive this phenotype in a cell-

contact manner.  

 

PeSC-CD169+ macrophage crosstalk induces big-h3 and CXCL12 production 

Although this communication may be true, we proposed that it was not limited to a one-way exchange. 

It has been reported that TAMs were adept of secreting extracellular matrix cues in various cancer 

types21. We recently illustrated that TAMs secreted the immunosuppressive protein big-h3 (Tgfbi) in 

ovarian cancer26. This discovery was also confirmed in glioblastoma27. In pancreas, we showed that big-

h3 can be found in the stroma of early and late human PDAC and was secreted by CAFs28. In line with 

these findings, we checked for tgfbi expression in macrophages using the human pancreas scRNAseq 

dataset10. Our results indicate that tgfbi was expressed in the same cluster as siglec1 (Fig. 3a). We also 

observed that tgfbi was mainly expressed in defined M2 macrophages in PDAC supporting a perhaps 

pro-tumoral role of this population (Supplementary Fig. 3a). Consequently, we hypothesized that 

PeSC–macrophages communication resulted in big-h3 secretion by macrophages. To this end, we 

quantified the release of big-h3 in the supernatant of PeSC–macrophages coculture. Both PeSC and 

macrophage released a limited amount of big-h3 when cultured separately (Fig. 3b). In co-culture 

condition, a significant increased production of big-h3 was detected (Fig. 3b). At steady state 
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conditions, CD169+ macrophages–stromal stem cell communication has been investigated in the bone 

marrow15. The authors showed that CD169+ macrophages were activating stromal stem cell to secrete 

CXCL12 to retain hematopoietic stem cell through an un-identified protein factor 15. Therefore, we 

measured the level of released CXCL12 in the supernatant of PeSC-macrophages coculture. Similar to 

big-h3 level, CXCL12 level was relatively low when macrophages and PeSC were cultured separately 

although PeSC were found to secrete CXCL12 in a greater amount than macrophages (Fig. 3c), 

confirming the mesenchymal source of CXCL1229. CXCL12 released was significantly higher when both 

PeSC and macrophages were cultured together (Fig. 3c). To verify if CXCL12 and big-h3 releasing was 

connected, we stimulated PeSC with recombinant βig-h3 (rβig-h3) protein. Consequently, a similar 

level of CXCL12 was observed between stimulated PeSC and the coculture (Fig. 3c), indicating that βig-

h3 release may promote CXCL12 secretion from PeSC. To ensure that βig-h3 was responsible for 

CXCL12 secretion by PeSC, we stimulated PeSC kinetic wise with rβig-h3 and quantified CXCL12 

transcript sdf-1. We noticed that sdf-1 transcript was significantly expressed following 30 minutes of 

stimulation with rβig-h3 and was maintained up to 3 hours of stimulation compared to unstimulated 

PeSC (Fig. 3d). Furthermore, we confirmed that βig-h3was inducing CXCL12 release from PeSC in a 

dose-response manner (Fig. 3e). Altogether, our observations support that macrophages and PeSC 

upon interaction release a large amount of βig-h3 and CXCL12, respectively. Next, we evaluated the 

relevance of this finding ex vivo. We checked the localisation of βig-h3 and CD169+ macrophages in 

mouse pancreatic cancer. As shown in Fig. 3f, βig-h3 is closely localized near CD169+ CD206+ confirming 

our in vitro results. A similar observation was made by staining CXCL12 and CD169+ macrophages (Fig. 

3f). Since CXCL12 was described to attract CXCR4 positive lymphocytes15, we investigated the potential 

migration of CD8+ T cells upon PeSC–macrophages interaction. To explore this hypothesis, we used 

Boyden chambers in which we incubated in the lower chamber either macrophages and PeSC 

separately or cocultured. We incubated in the upper chamber CFSE stained CD8+ T cell (Fig. 3g). We 

measured the number of migrating CD8+T cells in the lower chamber and observed a significant fold 

increased migration in the coculture condition compared to macrophages or PeSC cultured separately 

(Fig. 3h). This data suggests that PeSC-macrophage communication impact the recruitment of CD8+ T 

cells through CXCL12 secretion. 

Next, we investigated if PeSC-instructed macrophages impacted the proliferation and activation of 

CD8+ T cell beside the recruitment. Since CD169+ displayed increased PD-L1 expression, we tested 

whether the impact of PeSC instructed macrophages on the proliferation and activation of CD8+ T cells 

was dependent on PD-1/PD-L1 axis. To that purpose, magnetically WT or PD-1 KO purified CD8+ T cells 

were cultured with PeSC instructed macrophages and activated with anti-CD3/CD28 beads (Fig. 3i). On 

one hand, we noticed that CD8+ T cells proliferated similarly in the presence of PeSC and macrophages 

in PD-1 WT or KO condition (Fig. 3j). On the other hand, we depicted a lower activation status in PD-
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1WT CD8+ T cells as they maintained both CD62L and CD69 expression through the division in contrast 

to PD-1KO CD8+ T cells that escaped PeSC-instructed macrophages inhibition (Fig. 3 k-n). Consequently, 

these results suggest that PeSC–macrophages communication leads to CD8+ T cell attraction and 

activation inhibition through PD1-PD-L1 axis. 

CD169+ macrophages are mandatory for CD8+ T cell recruitment 

Since our in vitro data showed that PeSCs potentiated the emergence of CD169+ macrophages, we 

subsequently sought to investigate the impact of PeSCs – macrophages communication in vivo. To 

explore this issue, we orthotopically injected tumor cells alone (TC)5 or in the presence of PeSCs 

(TC+PeSC) at a 1:1 ratio in C57Bl6 recipient mice. The co-injection TC+PeSC led to increased tumor 

weight (Supplementary Fig. 4a) and accumulation of Ly6G+ population (Supplementary Fig.  4b, c) 

compared to TC injection alone as previously described in subcutaneous context5. More importantly, 

we detected an increased level of CD169+ macrophages in tumoral tissue when both TC and PeSC were 

injected (Supplementary Fig. 4b). These data demonstrates that PeSC may induced CD169 expression 

on macrophages in vivo. Additionally, we investigated the question of CD169+ macrophages role in 

tumor progression by taking advantage of CD169DTR mice. This model allows the specific depletion of 

CD169+ macrophages but preserve dendritic cells and other myeloid populations 4. Therefore, we 

orthotopically co-injected TC and PeSC in diphtheria toxin (DT) treated or untreated CD169DTR mice 

(Fig. 4a). To better understand the model, we evaluated the efficiency of CD169+ macrophages 

depletion from DT treatment. DT treatment significantly depleted CD169+ macrophages in the 

pancreas after 2 days. Kinetically wise, we detected a re-emergence of CD169+ macrophages around 

day 9 after treatment (Supplementary Fig. 4d). DT treatment was also efficient in cancer condition as 

we barely detected F4/80+CD169+ macrophages in the tumoral, splenic and lymphoid tissue compared 

to untreated mice (Supplementary Fig. 4g, h).   

First, we show that the amount of hematopoietic cell stained by CD45+ was equivalent in both 

conditions (control and depleted) in tumoral tissue (Fig. 4b) and secondary lymphoid organ 

(Supplementary Fig.  4i). Specifically, the percentage of F4/80+ macrophages was reduced in depleted 

condition in tumor (Fig. 4c) but not in secondary lymphoid organ (Supplementary Fig. 4j) emphasizing 

the fact that the DT treatment solely depleted CD169+ macrophages rather than all macrophages. In 

the meantime, F4/80+CD206+ macrophages were significantly reduced (Fig. 4d) confirming our 

previous observations that CD169 is mainly co-expressed with CD206.  These macrophages expressed 

reduced MHC-cl II molecules on their surface (Fig. 4e) although the treatment did not show differences 

of Arginase 1 expression compared to control (Supplementary Fig.  4l, m). Concomitantly, we observed 

increased proportions of Ly6G+ cells in depleted conditions compared to control one in tumoral tissue 

(Fig. 4f) and secondary lymphoid organ (Supplementary Fig.  4n). We next evaluated the proportions 

of CD8+ and CD4+ T cells among CD45+ hematopoietic cells. We pinpointed a significant reduction of 
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CD8β+ T lymphocytes infiltration within the tumor microenvironment (Fig. 4g, h) as well as CD4+ T 

lymphocytes in treated condition (Fig. 4i). However, we observed an increased level of CD8β+ cells in 

the lymph nodes in depleted condition (Supplementary Fig. 4p) suggesting that priming of T cells 

occurs but there a default of migration towards the tumor site. We further evaluated their functional 

capacity (e.g.: cytotoxic activities) in situ. Both IFNγ+ and GrZB+ CD8β+ levels were similar in control and 

depleted conditions (Fig. 4j-m). Given the role of macrophages in shaping the extracellular matrix in 

both PDAC14 and other diseases, we analysed by IHC staining tumoral tissue of control and depleted 

mice. We detected more GFP+ cells (i.e.: cancer cells) in depleted condition than in control (Fig. 5a) 

(Supplementary Fig. 5a, b). More precisely, the stroma area defined by non-cancer cells was largely 

reduced in depleted condition (Fig. 5b, c). Nevertheless, we observed a lower tumor weight in depleted 

condition (Fig. 5d) and this finding was not related to differences in mCherry+ PeSCs cells level. Indeed, 

we did not detect any difference between control and depleted mice in both FACS analysis (Fig. 5c, d) 

or IHC quantification (Supplementary Fig. 5e). Consequently, we analysed extracellular matrix deposit 

(e.g.: collagen, βig-h3). We noticed a slight but significant reduction of βig-h3 deposit in the 

extracellular matrix of depleted mice (Fig. 5e) confirming βig-h3 is not uniquely produced by 

macrophages but also other cells (e.g.: CAFs, Pericytes). We also observed that αSMA+ cells (i.e., CAFs) 

level remained the same between control or depleted condition while the level of PDPN+ CAFs were 

significantly reduced in the depleted condition. Finally, to assess the full spectrum of the TME, we 

analysed CD31+ cells in the TME characterizing endothelial cells. We observed a significant reduction 

of CD31+ positive signal in the TME of depleted tumor. These results indicate that CD169+ macrophages 

depletion in PDAC reshape diverse components of the TME. Given our observations and the 

importance of type 1 collagen in PDAC, we assessed the level of type I collagen in the TME of the 

orthotopic tumor. Interestingly, we observed a drastic reduction of type I collagen deposit (Fig. 6a). 

We confirmed this observation with a picrosirius red staining (Fig. 6b). Despite that there were much 

less collagen fibers in the absence of CD169+ macrophages, we measured the length and width of 

individuals fibers in the TME. While the length of each fibers appears to be similar, collagen fibers are 

thinner in the absence of CD169+ macrophages (Fig. 6c, d). More importantly, the fibers in the TME 

have a different orientation in space when CD169+ macrophages are depleted (Fig. 6e, f) 

In summary, these data show that CD169+ macrophages orchestrate the immune and stromal reaction 

in pancreatic tumor microenvironment. 
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E. Discussion 

The immune response is playing a critical role in regulating the tumor progression. Macrophages are 

master regulators of adaptive immune but also capable of regulating the development of many tissues, 

providing repair functions upon tissue injury and maintaining homeostasis 30. Macrophages are a major 

components of the stromal cell infiltrate playing a key role in shaping the tumor immunity and 

response to immunotherapy31. Their phenotype and function are highly plastic depending on the 

exchanging signals within the transforming tissue leading to anti- or pro-tumoral roles. We show here 

for the first time that CD169+ macrophages are playing an important role in pancreatic tumor 

microenvironment by promoting the stromal reaction with extensive collagen deposition and CXCL12 

production. The use of CD169-DTR mouse allowed us to show that specific depletion of CD169+ 

macrophages in pancreatic cancer led to reduced collagen deposition and CD8 T lymphocytes 

infiltration in the tumor microenvironment.  

What drives the emergence of CD169+ macrophages in the tumor microenvironment? Previous reports 

show that cooperation between endothelial and marginal reticular stromal cells was responsible of the 

CD169 macrophage differentiation via RANK-RANKL axis32. Our study highlights that PeSC can induce 

CD169+ macrophages suggesting that similar interactions between pericytes and macrophages might 

be at the origin of their differentiation. The interaction between PeSC and macrophages led to the 

expression of CD169 on the surface of macrophages as well as CD206 and PD-L1 upregulation. The 

upregulation of PD-L1 upon PeSC–macrophages communication led to CD8+ T cell activation inhibition 

through PD1-PD-L1 axis.  

In several cancer types, including malignant melanoma, colorectal cancer, endometrial carcinoma, 

prostate cancer, bladder cancer, breast cancer, and oesophageal cancer, high density of CD169+ 

macrophages in lymph nodes is associated with better clinical outcome and longer survival.  CD169+ 

macrophages located in the paracortical region of lymph node phagocytose dead tumor cells 

transported via lymphatic flow and subsequently cross present tumor antigens to CD8+ T cells. On the 

other hand, CD169 in the TME is linked with worse prognosis in breast and bladder cancer, lung 

carcinoma and better prognosis in glioma. However, little is known about CD169+ macrophages in 

pancreatic cancer. Cooperation between pancreatic tumor and immune cells occurs very early in 

pancreatic cancer as macrophages has been shown to promote both ADM and PanIN formation33. Our 

study highlighted that that depleting CD169+ macrophages in pancreatic cancer was associated with 

both reduce collagen deposition and CD8 T lymphocytes infiltration in the tumor microenvironment 

alongside a reduce tumor growth. By depleting CD169+ macrophages, we diminished the production 

of CXCL12 and inhibited CD8+ T cell recruitment in the tumor microenvironment. CXCL12 – CXCR4 axis 

is currently being evaluated as potential therapeutic target in pancreatic cancer34,35.  
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In line with this data, in vivo study in CD169-DTR transgenic mouse model for breast cancer, 

demonstrates that CD169 macrophage depletion enhances the infiltration of CD8+ T cells 17. Here we 

unveil an unknown role of CD169 macrophages in promoting matrix deposition and orchestrating 

stromal response in pancreatic cancer. We demonstrate that the cross talk between PeSC and 

macrophages is essential for the production of collagen I and big-h3. Our results are also in line with a 

recent study conducted by DeNardo group who showed that depleting resident macrophages was 

associated with a higher tumor cell percentage and a reduced stroma in both Kras mutated or 

pancreatitis context 11.Based on these results we propose the following hypothetical model (Fig. 6.) 
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F. Figure legend  

Fig. 1. CD169+ macrophages are expressed in both human and mouse pancreatic cancer. 

a Relative expression of siglec1 in normal pancreas or primary tumor (Normal tissue n=165, Primary 

tumor n=178). b UMAP projection of the full scRNAseq dataset highlighting siglec1 expression. c UMAP 

projection of macrophage cells after subsetting and re-clustering from cluster 0 to 8. d UMAP 

projection of top Cassetta’s TAM score in pancreas macrophages subset. e, f, g Density UMAP 

projection of siglec1 (e), cd68 (f), cd163 (g) in macrophages cells after subsetting and re-clustering. h 

Representative pictures of immunohistochemistry (IHC) staining against CD169 in FFPE section of 

human pancreatic specimen of PDAC (left panel) and pancreatic neoplasia (right panel). Scale bar is 

100µm. i Representative pictures of CD169 and EPCAM double staining in PDAC or neoplasia lesions 

Pdx1-Cre; LSL-KrasG12D; Ink4a/Arfflox/flox (KIC) (Upper panel) or p48-Cre; LSL-KrasG12D, Acvr1bflox/flox (4KC) 

cryosection (Lower panel). The yellow dashed lines surround PDAC or neoplastic lesions. Scale bar is 

50µm. j Representative pictures of F4/80, CD169, CD206 triple staining in 4KC cryosection. Scale bar is 

50µm. k Quantification by flow cytometry of CD45+ CD169+ in wild type (WT, n=7) or 4KC (n=6) mice. 

The p-value was determined by an unpaired two-tailed t-test. Error bars show the mean ± SEM. **, p< 

0.01, student t-test.   

Fig.2. Pericyte stem cells potentiate CD169 expression on macrophages in vitro.  

a Representatives picture of IHC staining against CD169 (left panel) and CD106 (right panel) in human 

PDAC. Scale bar is 100µm. b Representative pictures of double staining of CD169 and CD106 in 4KC 

cryosection. 2-fold zoomed in picture of individual and merge channels are indicated with a white 

square. White arrow show CD106 vicinity with CD169. Scale bar is 50µm. c-h BMDM were cultured 

alone (M) or co-cultured with PeSC for 48 hours (PeSC+M) and macrophages (F4/80+) were analyzed 

by flow cytometry. Quantification among F4/80+ cells of MHC-clII+ (c), CD107a+ (d), ARG1+ (e), CD206+ 

(f), PD-L1+ (g), CD169+ (h), representative of 3 independent experiments with technical triplicates in 

each condition. The p-value was determined by an unpaired two-tailed t-test. Error bar show the mean 

± SEM. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001, student t-test. M, Macrophages; PeSC, 

Pericyte Stem Cells.  

Fig. 3. βig-h3 secreted by macrophages activate PeSC to attract and inhibit CD8+ T cells.  

a Density UMAP projection of siglec1 and tgfbi in macrophages subset. b-c ELISA assay of the different 

cells culture supernatant (M, PeSC, PeSC+M, PeSC+rβig-h3) against βig-h3 (b) and CXCL12 (c). PeSC 

were treated with 10µg/mL of rβig-h3 for 48 hours, representative of 2 independent experiments. d 

Quantitative reverse transcription PCR analysis of sdf-1 in tumoral cell or βig-h3 stimulated PeSC. Sdf-
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1 was normalized against HPRT1 expression. Stimulation duration (h = hour) is indicated in axis. PeSC 

were treated with 10µg/mL of rβig-h3. Unstimulated PeSC and TC were cultured for 3 hours. 

Representative of 3 independent experiments. e ELISA assay against CXCL12 in βig-h3 stimulated PeSC 

supernatant. PeSC were treated with different concentration of rβig-h3 indicated in X axis. 

Representative of 2 independent experiments. f Representative pictures of βig-h3, CD169, CD206 

(upper panel) and CXCL12, CD169 (lower panel) staining in p48-Cre;LSL-KrasG12D,Acvr1bflox/flox (4KC) 

pancreas cryosection. Scale bar is 50µm. g Experimental design of the transwell assay. h Analysis of 

lymphoid cells migration from the upper well to the lower well containing either M, PeSC or PeSC+M 

by flow cytometry. CFSE+ cells were quantified and normalized to spontaneous migration from the 

upper to the lower well. Representative of 3 independent experiments with triplicates in each 

condition. i Experimental design of CD8+ purification and activation assay. CD8+ were purified from wt 

or PD1-/- mice secondary lymphoid organs, stained with CFSE and activated with CD3/CD28 beads. CD8+ 

were then cultured with the different co-culture condition for 48 hours. CFSE dilution were followed 

by flow-cytometry. j % of cell population throughout the CD8+ division was determined by flow 

cytometry in both PeSC+M culture condition. k-l Gating strategy of CD62L (k) and CD69 (l) in PeSC+M 

with wild type (left panel) or PD-1 KO (right panel) CD8+cells condition. m-n CD62L (m) and CD69 (n) 

mean fluorescent intensity (MFI) in WT or PD1-KO CD8+ T cell cultured with PeSC+M. P-values were 

calculated with an unpaired two-tailed t-test. Representative of 3 independent experiment, student t-

test. All error bars of Fig. 3 represent mean ± SEM. All p-values were calculated with a one-way anova 

statistical test unless mentioned otherwise. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. TC, 

Tumoral cells; rβig-h3, recombinant βig-h3; CFSE, Carboxyfluorescein succinimidyl ester. 

Fig. 4. Depletion of CD169+ macrophages inhibit CD8+ T cell recruitment in the tumor 

microenvironment. 

a TC and PeSC were co-injected orthotopically in the pancreas of Siglec1tm1(HBEGF)Mtka (CD169DTR) mice 

treated or not with diphtheria toxin (DT+/-). At day 10 post-surgery, tumoral, spleen and lymph nodes 

were harvested. b-f Scatterplot showing the % of CD45+ (b), F4/80+ in CD45+(c), CD206+ in F4/80+ (d), 

MCH clIIhi in F4/80+ (e), Ly6G+ in CD45+ (f). g Representative dot-plot of CD8β and CD45 of tumoral 

tissue. h-k Scatterplot showing the % of CD8β+ in CD45+ (h), CD4+ in CD45+ (i), IFNγ+ in CD8β+ (j), GrZB+
 

in CD8β+ (k). l Representative picture of IHC staining against GrZB of FFPE tumoral tissue, scale bar 

250µm. m Scatterplot showing the number of GrZB+ per high power field in tumoral tissue. All p-values 

of figure 4 were calculated with an unpaired two-tailed t-test and is representative of 3 independent 

experiments. All error bars of Fig. 4 represent mean ± SEM. *, p<0.05; ****, p<0.0001. GrzB, Granzyme 

B 
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Fig. 5. Depletion of CD169+ macrophages reshape the extracellular matrix in the tumor 

microenvironment.  

a Representative picture of IHC staining against GFP of FFPE tumoral tissue of control or DT treated 

mice. b Pie chart of relative proportions between tumoral area and stromal area. c Scatterplot showing 

the % of tumoral area in the TME, mean ± SEM, student t-test ± SEM. d Scatterplot showing the tumor 

weight in control or treated mice, representative of 3 independent experiments. P-values was 

calculated with an unpaired two-tailed t-test. e-h Representative pictures of IHC staining against βig-

h3 (e), α-SMA (f), PNPN (g), CD31 (h) and their associated scatterplot showing the % of βig-h3+, α-

SMA+, PNPN+ and CD31+ respectively in tumoral tissue. All error bars of Fig. 5 represent the mean ± 

SEM. ns, p>0.05; *, p<0.01; ****, p<0.0001.  

Fig.6 CD169+ macrophages allow collagen deposition and architecture  

a Representative picture of IHC staining against type I collagen and the associated scatterplot showing 

the % of Collagen 1+ in control or DT treated mice TME. b Representative picture of picrosirius red 

staining through brightfield. c-d Quantification of collagen fibers length and width. e Representative 

picture of picrosirius red staining through polarized light. f Quantification of collagen fibers orientation 

and frequency in control of depleted mice.  
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Result II Fig. 7 CD169+macrophages structure the fibrotic response in PDAC  
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Supplementary figure legend  

Supplementary Fig.1. CD169+ macrophages are expressed in both human and mouse pancreatic 

cancer. 

a UMAP projection of the full scRNAseq data. b Projection of macrophages cells after subsetting and 

re-clustering in normal and tumor tissue. c mRNA expression level of siglec1 in different macrophages 

subset (M0, M1, M2) using CIBERSORT deconvolution in Skin Cutaneous Melanoma (SKCM, n=469), 

Pancreatic adenocarcinoma (PAAD, n= 179), Colon adenocarcinoma (COAD, n=290), Breast invasive 

carcinoma (BRCA, n=1099), Ovarian serous cystadenocarcinoma (OV, n=427). d, e Correlation analysis 

between siglec1 and mrc1 (d), cd163 (e) in human PDAC (n=177). P-value was calculated with a two-

tailed Pearson correlation analysis. f t-SNE analysis of CD45+ F4/80+ cells from WT (n=3) or 4KC (n=3) 

mice pancreata. g-i relative expression of CD169 (g), CD163 (h) and CD206 (i) is shown by the heatmap. 

Supplementary Fig.  3. CD169+ macrophages express βig-h3 and arise from pericyte stem cells 

communication.  

a mRNA expression level of tgfbi in different macrophages subset (M0, M1, M2) using CIBERSORT 

deconvolution Pancreatic adenocarcinoma (PAAD, n= 179). P-values were calculated with a one-way 

anova test.  

Supplementary Fig. 4. Depletion of CD169+ macrophages inhibit CD8+ T cell recruitment in the tumor 

microenvironment. 

a TC or TC + PeSC were injected orthotopically in the pancreas for 30 days and tumor weight were 

analyzed. Representative of 1 experiment (n=4 in each condition). P-value was calculated with an 

unpaired two-tailed t-test. b Histogram analysis of CD169 (left panel) and CD206 (right panel) 

expression in pancreatic tumor of TC vs TC + PeSC injected mice. c Scatterplot of CD45+ Ly6G+. P-value 

was calculated with an unpaired two-tailed t-test. d Representative picture of immunofluorescent 

staining against CD169 (green), CD3e (red), DAPI (blue) of CD169DTR/DTR spleen untreated (day 0) and 

treated (Day 4 and 9) with DT. Scale bar is 50µm. e Scatterplot showing the % of CD8β+ in CD45+ cells 

in normal pancreas, lymph nodes and spleen following 4 days after treatment with DT. f Spleen from 

treated and untreaded CD169DTR/DTR were weighted at day 0, day 4 and 6. Representative of 1 

experiment. g-h Scatterplot showing the % of CD169+ in F4/80- (g) or F4/80+ (h) in tumoral tissue, 

spleen, and lymph nodes. i-k Scatterplot showing the following population in spleen and lymph nodes: 

% of CD45+ (i) F4/80+ in CD45+ (j), % of CD206+ in F4/80+ (k). l Scatterplot showing the % of Arg1 in the 

TME. P-value were calculated with an unpaired two-tailed t-test. m Representative pictures of IHC 

staining against Arg1 of FFPE tumoral tissue, scale bar 250µm. n-p Scatterplot showing the following 

population in spleen and lymph nodes: % of Ly6G+ in CD45+ (n), MHC clIIhi in F4/80+ (o), % of CD8β in 

CD45+ (p). All p-values of figure S4 were calculated with one-way anova test and is representative of 3 

independent experiments unless mentioned otherwise. All error bars of Fig. S4 represent the mean ± 

SEM. ns, p>0.05; *, p<0.05; **, p<0.01; ****, p<0.0001.
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Supplementary Fig. 5. Depletion of CD169+ macrophages reshape the extracellular matrix in the 

tumor microenvironment. 

a Representative dot plot of FSC-H and GFP in control (left panel) and treated (right panel) mice. b 

Scatterplot showing the % of GFP+ in control or treated mice in tumoral tissue (n=15 per condition, 

representative of 3 independent experiments). c Representative dot plot of FSC-H and mCherry in 

control (left panel) and treated (right panel) mice. d Scatterplot showing the % of mCherry+ in control 

or treated mice in tumoral tissue (n=15 per condition, representative of 3 independent experiments). 

All p-values of figure S5 were calculated with an unpaired two-tailed t-test is representative of 3 

independent experiments. All error bars of Fig. S5 represent the mean ± SEM. ns, p>0.05; ****, 

p<0.0001. 
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III. Stiffness-induced cancer-associated fibroblasts are responsible 

for immunosuppression in a PDGF ligand-dependent manner 

The 3rd study was mainly conducted by Dr. Gamradt and lasted during my whole PhD. I participated in 

the conceptualization of experiments and writing a large part of the accepted paper in PNAS journal. I 

performed the majority of in vivo experiments for anti-PDGF-AA treatment. I also took part in the 

reviewing process by performing atomic force microscopy in collaboration with a private company as 

well as other in vitro and ex vivo experiments. All transcriptomic analysis was performed in 

collaboration with Dr. Gamradt and Dr. Hernandez-Vargas.  

This study was conducted based on the observation that throughout pancreatic cancer progression, 

mechanical changes are observed in the tumoral tissue. Specifically, it was observed that the 

desmoplastic response was responsible for drug delivery impairment. Our objective was to find 

mechanisms inducing both tissue stiffness and immune response impairment in pancreatic cancer 

from the beginning of the transformation.  

We previously established an in vivo model named 4KC and we observed a massive collagen deposition 

associated with an increase tissue stiffness measured my atomic force microscopy compared to KC 

mouse model. We therefore evaluated the difference in CAFs populations and found by flow cytometry 

that PDGFRaHiCD61+ shift to PDGFRalowCD61+ in a kinetic wise manner in 4KC mouse. Additionally, 

PDGFRaHiCD61+ were prominent in KC mouse model compared to 4KC mouse model. Therefore, we 

hypothesized that PDGFRalowCD61+ were associated with tissue stiffness and named them stiffness 

induced CAFs (siCAFs). We confirmed in vitro that siCAFs were responsible for collagen deposition. 

Through ligand-receptor analysis, we observed that ductal cells and CAFs had more interactions. 

Specifically, we observed that ductal cells in 4KC were secreting PDGF ligands (A and B) binding to 

PDGFRaHiCD61+ CAFs to become PDGFRalowCD61+ CAFs through the internalization of PDGFRa.  

We showed treatment of CD8 T cell with siCAFs conditioned media led to decreased proliferation and 

GrzB production. Finally, we showed that treating 4KC mice with anti-PDGF-AA Ab decreased tumour 

weight and reprogrammed siCAFs to PDGFRaHiCD61+ CAFs. CAFs in pancreatic cancer are mostly 

categorized into myCAFs, iCAFs or apCAFs family. We established a 29 gene signature of siCAFs and we 

show that this signature is distributed among all described types of CAFs suggesting that despite the 

origin of the cells, the mechanical constraint together with the secretion of soluble factors breaks the 

heterogeneity of CAFs into a binary classification according to their “microenvironment sensing”, 

namely, PDGFRaHI. 

(See accepted paper next page)
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is associated with a vast stromal reaction that arises mainly from cancer-associated 
fibroblasts (CAFs) and promotes both immune escape and tumor growth. Here, we used a mouse model with deletion of the activin A 
receptor ALK4 in the context of the KrasG12D mutation, which strongly drives collagen deposition that leads to tissue stiffness. By 
ligand–receptor analysis of single-cell RNA-sequencing data, we identified that, in stiff conditions, neoplastic ductal cells instructed 
CAFs through sustained platelet-derived growth factor (PDGF) signaling. Tumor-associated tissue rigidity resulted in the emergence of 
stiffness-induced CAFs (siCAFs) in vitro and in vivo. Similar results were confirmed in human data. siCAFs were able to strongly 
inhibit CD8+ T-cell responses in vitro and in vivo, promoting local immunosuppression. More importantly, targeting PDGF signaling 
led to diminished siCAF and reduced tumor growth. Our data show for the first time that early paracrine signaling leads to profound 
changes in tissue mechanics, impacting immune responses and tumor progression. Our study highlights that PDGF ligand 
neutralization can normalize the tissue architecture independent of the genetic background, indicating that finely tuned stromal 
therapy may open new therapeutic avenues in pancreatic cancer.

Keywords: pancreatic adenocarcinoma (PDAC), cancer-associated fibroblasts (CAFs), tissue remodeling, PDGFR/PDGF signaling
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth 

leading cause of cancer-related death in the industrialized world 

and is predicted to become the second leading cause of cancer- 

related death by 2030 (1). PDAC develops through the preceding 

formation of acinar-to-duct metaplasia (ADM) and pancreatic in-

traepithelial neoplasia (PanIN), which are primarily driven by 

oncogenic Kras activation (2). In addition, PDAC is associated 

with an abundant stromal reaction that usually surrounds islands 

of cancer cells and accounts for 50–80% of the tumor volume (3, 4).

The pancreatic tumor stroma consists of a variety of cellular 

and noncellular components. A broad range of extracellular ma-

trix (ECM) proteins, such as collagens, fibrous and nonfibrous gly-

coproteins, and proteoglycans contribute to the structural 

formation of the noncellular stromal compartment. In addition, 

the ECM also contains nonstructural components, such as growth 
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factors and matricellular proteins (4–6). The cellular compart-

ment of the stroma includes immune cells, such as lymphocytes, 

macrophages, mast cells, and myeloid-derived suppressor cells 

(MDSCs), along with vascular and neural elements (endothelial 

cells and neurons, respectively) (7–9).

Accumulating evidence indicates the presence of close and com-

plex paracrine interactions mediating bidirectional crosstalk between 

tumor cells and the cellular and noncellular stroma that facilitates 

cancer progression (5). While the stroma might provide a barrier limit-

ing the dissemination and metastasis of pancreatic cancer cells, it 

also stimulates aggressive behaviors in pancreatic cancer cells and 

helps these cells escape host immune surveillance (10, 11). 

Mechanical tissue stiffness is associated with poor survival in PDAC 

patients (12–14). It is now a well-established fact that activated pan-

creatic stellate cells (PSCs) are primarily responsible for the develop-

ment of the stroma (15). PSCs represent ∼4% of all pancreatic cells in 

the steady state. Upon inflammation, PSCs are activated and con-

verted into cancer-associated fibroblasts (CAFs), which are the main 

source of ECM proteins and growth factors (16). Several mouse studies 

have shown that CAF depletion abolishes immune suppression (17). 

Surprisingly, contrary to the initial preclinical results (18), several 

publications have shown that the stromal response mediated by 

hedgehog signaling inhibits tumor progression and that its ablation 

would be harmful in PDAC. However, it has been shown that high 

stromal activity, as represented by α-smooth muscle actin (α-SMA) ex-

pression, is associated with a poor prognosis in patients with pancre-

atic cancer (3). All these results show that tumor–stroma interactions 

are complex. Indeed, several populations of CAFs with different func-

tions related to antitumor immune responses have been described in 

both breast cancer (19) and pancreatic cancer (20, 21), indicating that 

the modulation of stromal activity rather than overall depletion of the 

stroma would be a therapeutic approach of choice.

Members of the Transforming Growth Factor (TGF)-β super-

family, including TGF-β, activins, inhibins, bone morphogenic 

proteins, growth and differentiation factors and nodal, have 

growth-stimulatory or growth-inhibitory effects in different types 

of tumors (22). Inactivating mutations in ALK4, the receptor of ac-

tivin A, have been identified in pancreatic cell lines derived from 

patients (23, 24). These mutations are associated with increased 

tumor aggressiveness and a poor survival prognosis (23). 

Recently, our group discovered that activin A secreted by neoplas-

tic cells acts as a protective senescence-associated secretory 

phenotype protein that limits tumor progression even during 

the early stage of ADM by preventing massive ECM deposition 

(25). Here, we aimed to investigate the role of early tissue mechan-

ical alterations in driving CAF differentiation and the consequent 

impact on the immune response.

Methods

Mouse models
All animal protocols were reviewed and approved in 

accordance with the guidelines provided by the CRCL Animal 

Care Committee (CECCAPP_CLB_2019_002). The generation of 

Acvr1bflox/flox mutant mice has been previously described (26). 

Acvr1bflox/flox; LSL-KrasG12D/+; Ptf1a-Cre mice (termed 4KC mice) 

were generated by crossing Acvr1bflox/flox mice with previously es-

tablished LSL-KrasG12D/+; Ptf1a-Cre mice (termed KC mice) (27).

Atomic force microscopy
Detailed information about atomic force microscopy (AFM) ana-

lysis is given in supplementary methods.

Flow cytometric analysis
Detailed information about the flow cytometric analysis are given 

in supplementary methods.

Single-cell RNA sequencing
Detailed information about single-cell RNA sequencing (scRNAseq) 

are given in supplementary methods.

LEGENDplex custom array
The experiment has been carried out according to the provider's 

protocol.

Statistical analysis
GraphPad Prism was used for the graphical representation of the 

data and statistical analysis. P-values were calculated using 

Student's test. For multiple comparisons, a one-way analysis 

of variance with Tukey's post hoc test was used. Significance 

was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001.

Results

ALK4 signaling disruption in neoplastic cells leads 
to early increased collagen deposition and tissue 
rigidity
Given that ablation of protective activin A signaling promotes the 

formation of ADM lesions (25), we sought to further evaluate the 

effect of ALK4 signaling disruption in neoplastic cells on the struc-

tural and mechanical qualities of the pancreatic tumor micro-

environment (TME). Although oncogenic KRASG12D expression 

occurs during the prenatal state in both KC mice and 4KC mice 

(28), ADM lesions develop only at or shortly after the time of wean-

ing. While no difference in pancreas weight was observed at 3 

weeks of age, at 6 weeks of age, the pancreata of 4KC mice were 

already significantly enlarged than those of KC mice (Fig. S1A 

and B). Histological analysis revealed significantly expanded areas 

of pancreatic lesions in 4KC mice compared with KC mice at 6 

weeks of age, and while this expansion was mainly mediated by 

stroma formation, ADM formation was also accelerated in 4KC 

mice at this age (Fig. S1C and D). In both KC and 4KC pancreata, 

collagen deposition was observed in the stromal compartment 

of lesions, as determined by histological analysis of Sirius red 

staining (Fig. 1A), and as expected, the total collagen amount 

was significantly higher in the 4KC pancreata (Fig. 1B), which 

was accompanied by palpable tissue induration. Interestingly, al-

though more collagen was detected in 4KC pancreata than in KC 

pancreata, evaluation of Sirius red staining under polarized light 

revealed no change in the thickness of the collagen fibers for ei-

ther genotype (Fig. 1B).

To compare the rigidity within distinct tissue compartments 

between KC and 4KC pancreata, we performed AFM analysis in 

combination with immunofluorescence (IF) microscopy. Stromal 

and ADM regions were identified by the expression of α-SMA and 

CK19, respectively, and the elastic modulus was measured in 

three different regions per sample (Fig. 1C and D). The data re-

vealed increased tissue rigidity in the stroma of 4KC mice com-

pared with that of age-matched KC mice (Fig. 1D), which could 

be explained by increased deposition of collagen fibers that most 

likely form more interfiber connections, which create tissue stiff-

ness (Fig. 1A and B). Of note, we also detected an increase in tissue 

stiffness in the neoplastic compartment of 4KC mice compared 

with that of KC mice (Fig. 1D). Taken together, the results indicate 
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that disruption of ALK4 signaling in neoplastic cells not only over-

comes protective antitumorigenic mechanisms as previously 

shown (25) but also produces a strong paracrine effect at the early 

stage of ADM, resulting in excessive ECM secretion within the 

TME.

Sustained PDGF signaling is increased in stiff 
tissue conditions
Recently, the complex heterogeneity of CAFs has been revealed by 

other studies, indicating the existence of CAF subpopulations 

equipped with pro- and antitumorigenic qualities (19–21, 29). 

Although CAFs have been determined to be the main ECM pro-

ducers, to our knowledge, there is no data available linking stro-

mal tissue stiffness to the phenotypic and functional properties 

of CAFs after their initial instruction/activation by neoplastic 

cells. Thus, we took advantage of the KC and 4KC mouse models 

representing opposing ends of the tissue stiffness scale and per-

formed scRNAseq analysis of pancreatic CAFs and neoplastic en-

riched cell fractions. Fluorescence activated cell sorting (FACS) 

was used to exclude hematopoietic and endothelial cells based 

on their expression of CD45 and CD31, respectively. Next, lectin 

peanut agglutinin (PNA)+ acinar cells were excluded (30) to enrich 

for CAFs (CD45−CD31−Lectin PNA-EpCAM−) or neoplastic ductal 

cells (CD45−CD31−Lectin PNA−EpCAM+; (Fig. 2A and S2A). 

Importantly, in 4KC mice, CAFs, and ductal cells were present at 

significantly higher frequencies among pancreatic CD45-CD31 

cells (Fig. 2B), but equal numbers of single cells from each sample 

(KC or 4KC) and each fraction (CAFs or ducts) were captured and 

sequenced using a droplet-based approach.

In the CAFs-enriched fraction, nine main clusters (CAFs 0–8) 

were identified in both KC mice and 4KC mice and the cluster 

A

C

D

B

Fig. 1. ALK4 signaling disruption in tumor cells alters the tissue mechanics of the pancreatic TME. A) Representative photographs of pancreata from 
6-week-old KC (left panel) and 4KC mice (right panel) stained with Picrosirius red. Total collagen (top: transmitted light) and thick collagen fibers (bottom: 
polarized light) are shown. B) Quantification of the total collagen (left) and thick collagen fiber (right) content in the pancreata of KC and 4KC mice. 
Cumulative data from three individual experiments with four to five mice per group are shown. C) IF staining of pancreata from 6-week-old KC and 4KC 
mice for CK19 (green), α-SMA (red; KC mice), and 4′,6-DIamidino-2-PhenylIndole (DAPI) (blue). Stiffness topography measured by AFM of selected regions 
(1, 2, or 3 as indicated on the IF staining images) in pancreata from KC and 4KC mice. D) Quantification of the elastic modulus (kPa) measured by AFM in 
tumor or stromal regions of KC and 4KC pancreata. Cumulative data from three independent mice per group are shown. One hundred force curves per 
zone of interest were measured. B and D) The mean values ± SEMs are displayed. **P < 0.01; ****P < 0.0001.
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proportions are indicated (Fig. S2B). We identified cluster 7 as 

being pericyte stem cells (PeSCs) that we recently identified in 

neoplasia (31). Previously described myofibroblast CAFs 

(myCAFs), inflammatory CAFs (iCAFs), and antigen-presenting 

CAFs (apCAFs) (21) signatures were identified as clusters 6, 3, 

and 8 in both conditions (Fig. S2C–E). All of the previously identi-

fied populations of CAFs were significantly increased in propor-

tions in the 4KC condition compared with KC (Fig. S2B).

In order to identify any particular interactions between the CAF 

and duct cell population associated with increased tissue stiff-

ness, we merged the two fractions and obtained three major clus-

ters: CAFs, ducts (tumor), and in addition, a small fraction of 

PeSCs (Fig. 2C). To determine how these three populations inter-

act, we performed ligand-receptor-based SingleCellSignalR algo-

rithms (32) analysis among the CAFs, ducts, and PeSCs in the KC 

and 4KC conditions. The algorithm was used in “paracrine” 

A

B

D E

C

Fig. 2. Identification of increased interactions between components in stiff conditions. (A) Graphical scheme representing the workflow for CAF and duct 
isolation from the pancreata of 6-week-old KC and 4KC mice by FACS sorting. Both sorted fractions were further subjected to single-cell capture, 
barcoding, and reverse transcription using the 10× genomics platform. B) Frequencies of CAFs (lectin PNA-EpCAM–) and ductal cells (Lectin 
PNA-EpCAM+) among viable CD45-CD31 cells detected by FACS analysis. The mean values ± SEMs are displayed. *P < 0.05, **P < 0.01. C) Uniform Manifold 
Approximation and Projection (UMAP) plot of merged sorted fractions illustrating the CAF, duct, and PeSC fractions. D) Ligand:Receptor network maps 
were obtained from scRNAseq data using “SingleCellSignalR.” Alluvial plot representing the interactions between ducts and CAFs separately for the two 
conditions (i.e. KC and 4KC). Paracrine signals flow from ligands (left column) to receptors (right column), with the width of the connecting streams 
indicating the number of interactions. E) Number of interactions (ducts-CAFs and CAFs-ducts) in 4K and 4KC conditions. *P < 0.05; **P < 0.01, two-sided 
test of proportions.
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mode with a large receptor:ligand database specific for mouse, as 

previously described (32). Our analysis revealed that there were 

increased number of interactions among the 3 clusters in the KC 

soft condition than in the 4KC stiff condition (Fig. S2F) and the spe-

cific top 50 interactions are represented (Fig. S2H). To test the hy-

pothesis that early instruction from duct cells to CAFs contributes 

to the establishment of stiff phenotype, we analyzed the interac-

tions between ducts and CAFs in both soft (KC) and stiff conditions 

(4KC). As shown in Fig. 2D and E, we determined an increased 

number of interactions either from ducts toward CAFs or from 

CAFs toward ducts in 4KC condition.

We analyzed in detail the most upregulated interactions in 

both KC and 4KC conditions (Fig. S2H). We identified platelet- 

derived growth factor (PDGF)-dependent interactions from ducts 

to CAFs to be prevalent in 4KC while absent in KC. As PDGFs are 

considered fibrogenic growth factors, we next sought to determine 

the expression of PDGFRAA, PDGFRB, PDGFA, and PDGFB in 

merged scRNAseq data. While the two major receptors, PDGFRA 

and PDGFRB, were exclusively expressed in the CAF compart-

ment, the ligands PDGFA and PDGFB were exclusively expressed 

in the duct compartment (Fig. 3A–D). In addition, we analyzed 

the expression of the integrin (ITG) β3/CD61, which has been 

A

F

H

G

B C D E

Fig. 3. Identification of PDGF signaling signature associated with tissue stiffness. A–E) Violin plots displaying the gene expression of PDGFRA, PDGFRB, 
PDGFA, PDGFB, and ITGB3 by CAFs and ducts obtained from 6-week-old KC and 4KC mice determined by scRNAseq (C–G). ***P < 0.001; ****P < 0.0001; ns, 
not significant. F) Top signaling term enrichment of the 29-gene siCAF signature according to the massive mining of publicly available RNA-Seq data from 
human and mouse ARCHS4 database (https://maayanlab.cloud/archs4/). G) Top signaling term enrichment of the 29-gene siCAF signature according to 
the kinase enrichment analysis version 3 (KEA3) database. (https://maayanlab.cloud/kea3/). H) Receptor–ligand interactions (as assessed with 
SingleCellSignalR) from ductal to PDGFRA + CAFs in KC (left) and 4KC (right) conditions.
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shown to be key in CAF-mediated tumor cell invasion via the as-

sembly of the ECM protein fibronectin (33) and thereby might pro-

mote tissue stiffness. Moreover, CD61 is known to interact with 

the ECM protein βig-h3/TGF-βi (34), which has been described as 

a key ECM protein in the pancreatic TME hampering conventional 

(35, 36) and unconventional T-cell responses (37). We observed 

that CD61 was also expressed in the CAF compartment (Fig. 3E).

As shown in Fig. 3A, most CAFs expressed PDGFRA in both 

KC and 4KC conditions (82 and 74% of CAFs, respectively). 

Therefore, we performed differential expression analysis in 4KC 

vs. KC, using only PDGFRA+ CAFs. This analysis resulted in 72 dif-

ferentially expressed genes (DEGs), 29 of them upregulated, and 

43 downregulated in 4KC CAFs. DEGs were tested for enrichment 

in Gene Ontology, Kyoto Encyclopedia of Genes and Genomes 

(KEGG), and REACTOME pathway terms showing significant dif-

ferences in ECM organization, assembly of collagen fibrils, and 

collagen formation (Fig. S3A–C) in the 4KC stiff relative to KC 

soft condition. Furthermore, most of the ECM pathways from sev-

eral repositories were enriched in the DEGs of the PDGFRα+ vs. 

PDGFRα−, suggesting these pathways exhibit dependence on 

PDGFRA expression (Fig. S3D–F). Based on the 29 4KC upregulated 

genes (Table S1) we generated a stiffness CAF signature. To specif-

ically test for potential signaling activity, we interrogated the 

29-gene CAF signature for kinase activity enrichment using 2 dif-

ferent kinase databases. In both cases, PDGFRA was among the 

top kinase activities significantly enriched in the CAF signature 

(Fig. 3F and G). Furthermore, ligand–receptor interaction analysis 

was also performed separately for PDGFRA+ positive CAFs. More 

PDGF-related interactions from ducts to CAFs were detected in 

the 4KC condition, relative to the KC condition (Fig. 3H). We fur-

ther looked for the distribution of stiffness-induced CAFs 

(siCAFs) signature across the nine CAF clusters. We applied the 

29-gene siCAF signature using the AUCell method to calculate a 

score for every single cell (38). As shown in Fig. S3G, all clusters 

displayed at least one fraction of cells with relatively high score 

with the exception of cluster 7, previously identified as PeSC 

(31). Altogether, these results indicate that PDGF–PDGFR interac-

tions play a key role in the early establishment of tissue stiffness 

independent of CAF origin and subtype.

Increased tissue stiffness is associated with the 
loss of PDGFRα surface expression on CAFs
Based on these observations, we sought to further examine the 

TME of 4KC and KC mice by determining the phenotype of 

CAFs by multicolor flow cytometry. Therefore, we applied the 

same gating strategy as that used in FACS sorting and focused 

on the CAF populations. FACS analysis of the two markers 

PDGFRα and CD61 identified a CAF population that was positive 

for both markers (PDGFRα+CD61+) and present in both KC mice 

and 4KC mice at frequencies of 75.8 and 52.9%, respectively 

(Fig. 4A and B). In addition, we detected a PDGFRα−CD61+ CAF 

population that was significantly increased in 4KC pancreata 

(18.5%) compared with KC pancreata (6.1%; Fig. 4A and B). 

Given the association of these 2 CAF populations with the oppos-

ing tissue stiffness explored in KC and 4KC mice, we termed 

them siCAFs and PDGFRα+ CAFs. The fact that we did not detect 

the siCAF population by scRNAseq analysis highlighted that the 

disruption of ALK4 signaling in 4KC mice might be a result of 

continuous signaling through the PDGF–PDGFR system at the 

protein level.

In addition to PDGFRα and CD61, we further evaluated the ex-

pression of the established CAF markers α-SMA, Fibroblast 

activation protein (FAP)1, FSP1/S100-A4, and PDGFRα, as well as 

CD29/ITGβ1 (19, 39). Interestingly, α-SMA and FSP1, which are 

both considered activated CAF markers (40, 41), were expressed 

on siCAFs and PDGFRα+ CAFs, respectively. While no differences 

in the expression of α-SMA were found between KC and 4KC 

siCAFs, FSP1 expression was significantly increased on PDGFRα+ 

CAFs from 4KC mice (Fig. 4C). Moreover, the expression of the integ-

rins CD61 and CD29 was significantly higher on PDGFRα+ CAFs ob-

tained from KC mice. In contrast, the mean fluorescence intensity 

(MFI) of CD61 was significantly higher on PDGFRα+ CAFs from 4KC 

mice (Fig. 4C). Unsupervised t-distributed stochastic neighbor em-

bedding analysis of siCAFs and PDGFRα+ CAFs revealed an increased 

siCAF population in the high-stiffness conditions (Fig. 4D). Of note, 

we also detected a PDGFRα−CD61− CAF population in both KC and 

4KC pancreata, representing 16.8 and 26.7% of all CAFs, respectively 

(Fig. S4A). However, since this population did not express any of the 

other evaluated CAF markers (Fig. S4B), we excluded it from this 

study. Nevertheless, given the relatively high frequency, this popu-

lation should be subject to future analysis.

Spatial analysis by immunohistochemistry (IHC) displayed an 

almost exclusive site of PDGFRα+ stromal cells at the outer edge 

of pancreatic lesions that was more pronounced in 4KC than in 

KC pancreata (Fig. 4E). We detected a diminished staining for 

PDGFRα protein in 4KC although the PDGFRα mRNA detected by 

RNAscope was similar in both conditions (Fig. S4C–E). Linking 

the spatial distribution of PDGFRα and CD61 expression with the 

phenotype determined by FACS analysis, we concluded that 

PDGFRα+ CAFs were located at the edge of lesions, whereas 

siCAFs were mainly found within 4KC lesion centers. To compare 

the rigidity within distinct PDGFRα+ and PDGFRα− regions between 

KC and 4KC pancreata, we performed AFM analysis in combin-

ation with IF microscopy. We detected increased elastic modulus 

in PDGFRα− stromal area in 4KC mice. In KC mice, PDGFRα+ area 

had a significant diminished elastic modulus compared with the 

PDGFRα− area (Fig. 4F). These results demonstrate that siCAFs 

are localized in the stiff regions in mouse pancreata. Taken to-

gether, our data demonstrate that stiffness-promoting ductal 

cells lead to specific instruction of CAFs, characterized by a 

unique phenotypic signature based on two markers: PDGFRα 
and CD61.

Loss of PDGFRα surface expression on siCAFs is a 
tumor cell-driven early event accompanied by 
PDGF ligand accumulation
To better understand the instruction of CAFs by ductal cells and 

the contribution of CAFs to altered tissue mechanics, we deter-

mined the kinetics of PDGFRα+ and siCAFs emergence in KC and 

4KC mice by FACS performed at 1, 1.5, 2, 3, 4, and 6 months of 

age. In KC mice, the frequencies of PDGFRα+ CAFs and siCAFs sta-

bly represented ∼66.9 and 5.6% of all CAFs, respectively (Fig. 4A 

and B). In contrast, although the frequencies in 4KC mice were 

comparable with those in KC mice at 1 month of age, a significant 

decrease and increase in PDGFRα+ CAFs and siCAFs, respectively, 

could be observed as early as 1.5 months of age. Moreover, these 

changes in the CAF populations of 4KC mice stabilized until the 

end of the experiment at 6 months of age, with PDGFRα+ CAFs rep-

resenting 36.9% and siCAFs representing 27.1% of all CAFs (Fig. 5A 

and B). Notably, the previously mentioned PDGFRα-CD61-CAF 

population remained unchanged in both KC and 4KC mice over 

the course of the experiment (Fig. S5A). These results indicate 

that early CAF instruction was maintained and that PDGFRα+ 

CAFs and siCAFs most likely represented two different CAF 
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activation states associated with the opposing tissue stiffness 

phenotypes of KC and 4KC mice. In line with these findings, we ob-

served that siCAFs had significantly lower expression of the qPSC 

marker glia fibrillary acidic protein (GFAP) than PDGFRα+ CAFs 

(Fig. 5C), further highlighting the different activation statuses of 

these two cell populations.

A

D

E F

B C

Fig. 4. Increased tissue stiffness favors the accumulation of siCAFs. A) Representative FACS dot plots showing the surface expression of PDGFRα and 
CD61 on PDGFRα+ CAFs and siCAFs (PDGFRα−) in pancreata from 6-week-old KC (top) and 4KC (bottom) mice. Cells were gated on viable 
CD45−CD31−Lectin PNA−EpCAM− CAFs. B) Frequencies of PDGFRα+ CAFs and siCAFs among CD45−CD31−Lectin PNA−EpCAM− CAFs in pancreata from 
6-week-old KC (squares) and 4KC mice (triangles). C) Heatmap of the MFIs of CAF markers on PDGFRα+ CAFs and siCAFs from KC and 4KC pancreata. D) 
Unsupervised UMAP analysis of CAFs from KC (top) and 4KC (bottom) pancreata, with PDGFRα+ CAFs and siCAFs highlighted in blue and green, 
respectively, and corresponding multigraph mapping of CAF markers for each cell population. E) Representative images of IHC staining for PDGFRα (top) 
and CD61 (bottom) in serial sections of pancreata from 6-week-old KC (left panel) and 4KC (right panel) mice. White squares indicate the magnified 
regions of each panel. The images on the right of each panel show pseudocolored positive cells for the indicated marker (green). F) Stiffness topography 
measured by AFM of selected regions (1–4 as indicated on the IF staining images) in pancreata from KC and 4KC mice. Quantification of the elastic 
modulus (kPa) measured by AFM in stromal regions of KC and 4KC pancreata. Scale bars 100 and 20 mm. A–F) Cumulative data from three individual 
experiments with three to four mice per group are shown. The mean values ± SEMs are displayed. *P < 0.05; **P < 0.01; ****P < 0.0001.
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A

C

F

I J K

G H

D E

B

Fig. 5. Neoplastic cells instruct the emergence of siCAFs at early tumor stages. A and B) Frequencies of (A) PDGFRα+ CAFs and (B) siCAFs among 
CD45−CD31−Lectin PNA−EpCAM− CAFs determined by FACS analysis of pancreata from KC (squares) and 4KC mice (triangles) harvested at 1, 1.5, 3, 4, and 
6 months of age. C) MFI of intracellular GFAP in PDGFRα+ CAFs and siCAFs determined by FACS analysis. D) Representative FACS dot plots showing the 
surface expression of PDGFRα and CD61 on PDGFRα+ CAFs and siCAFs generated by coculturing WT PSCs with acinar cells (Ac) from KC or 4KC mice in the 
absence or presence of the soluble activin A inhibitor ActRIIBFc. E) Frequencies of PDGFRα+ CAFs and siCAFs generated in the absence or presence of 
ActRIIBFc. F and G) siCAFs were generated by coculturing iPSCs with 4KC cell line in the absence or presence of αPDGF Ab for 7 days. F) Number of iPSC and 
total CAFs and (G) number of siCAFs determined by FACS analysis. H and I) siCAFs were generated by coculturing iPSCs with 4KC cell line or in the 
presence of rPDGF-AA for 7 days. H) Histograms of PDGFRα expression. I) MFI of extracellular PDGFRα determined by FACS analysis. J) MFI of intracellular 
PDGFRα in PDGFRα+ CAFs and siCAFs determined by FACS analysis. K) Tissue levels of PDGF-AA (pg/g) determined by ELISA analysis of pancreata from 
6-week-old KC and 4KC mice. A and B) Results from five mice per group and time point are shown. C and F) Representative data from two individual 
experiments with five mice are shown. G) Representative data from two individual experiments with three mice and technical triplicates are shown. F–J) 
Representative data from two individual experiments and technical triplicates are shown. The mean values ± SEMs are displayed. *P < 0.05; **P < 0.01;  
***P < 0.001; ****P < 0.0001.
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We next aimed to verify that the instruction of PDGFRα+ CAFs 

into siCAFs in 4KC mice is driven through altered signals mediated 

by neoplastic ductal cells lacking ALK4 signaling rather than by in-

creased release and/or availability of the ALK4 ligand activin A, 

which is still produced in ALK4-knock out (KO) tumor cells. 

Therefore, we differentiated PSCs isolated from wild-type (WT) 

mice into CAFs in the presence of neoplastic cells from KC or 

4KC pancreata and added ActRIIBFc, a soluble inhibitor of activin 

A. Previously, injection of ActRIIBFc into KC mice has been shown 

to result in a 4KC-like phenotype (25). Similar to our previous ex 

vivo data, even in the absence of ActRIIBFc, PSCs differentiated 

into more siCAFs when cocultured with 4KC acinar cells rather 

than KC acinar cells, which produced significantly more 

PDGFRα+ CAFs (Fig. 5D, left panel, and E). However, when 

ActRIIBFc was added to the coculture containing KC acinar cells, 

the frequency of siCAFs was similar to that observed in the cocul-

ture containing 4KC acinar cells. The addition of ActRIIBFc to the 

coculture containing 4KC acinar cells did not affect the expression 

of CD61 or PDGFRα on CAFs (Fig. 5D, right panel, and E).

We next aimed to investigate the reason for the downregula-

tion of PDGFRa surface expression in 4KC CAFs as an indicator of 

CAF activation. PDGFRs are internalized after binding to their li-

gands. First, we verified that PDGFRα was phosphorylated in 

PSCs after ligand binding in vitro. As neoplastic primary cells 

from 4KC mice as well as primary PSC from WT are difficult to 

generate in high numbers, we used alternatively immortalized 

PSC (iPSC) previously described (20) as well as 4KC-green fluores-

cent protein (GFP) primary cell line generated as previously de-

scribed (31). iPSC displayed increased phosphorylation upon 

4KC culture media or recombinant PDGRF-AA binding (Fig. S5D 

and E). Next, we performed in vitro generation of siCAF for 7 

days in presence or absence of a neutralizing polyclonal 

anti-PDGF antibody. As shown in Fig. S5F and G the use of 

anti-PDGF neutralizing Ab was able to significantly reduce the 

phosphorylation of PDGFRα. Moreover, the number of siCAF di-

minished in the presence of anti-PDGF neutralizing Ab (Fig. 5F 

and G). Adding recombinant PDGRF-AA induced PDGRFa surface 

expression downregulation on the surface of CAFs, although to a 

lesser extent than in the presence of a 4KC-GFP cell line (Fig. 5H 

and I). Ultimately, most internalized PDGFRs are subjected to 

lysosomal or proteasomal degradation (42). FACS analysis re-

vealed that siCAFs had lower intracellular PDGFRa expression 

than PDGFRα+ CAFs (Fig. 5J) and the use of MG-132 proteasome 

inhibitor increased the accumulation of PDGFRα (Fig. S5H and

I). We speculated that the increased availability of PDGF ligands 

in 4KC mice results in receptor internalization, which in turn 

promotes cell proliferation and ECM deposition (43–45). 

Although PDGF ligand expression was not different between 

KC and 4KC mice on a per-cell basis (Fig. 3D) we hypothesized 

that in 4KC mice, higher overall PDGF ligand levels must be 

found due to the increased presence of ductal cells (Fig. 2B). 

Indeed, Enzyme-linked immunosorbent assay (ELISA) analysis 

revealed significantly increased levels of the ligand PDGF-AA 

per gram of 4KC mouse pancreas (Fig. 5K).

siCAFs hamper antitumor immune responses
Next, we investigated whether the siCAF signature associated 

with high tissue stiffness was also linked to immune suppression. 

We did not observe altered frequencies of infiltrating hematopoi-

etic CD45+ cells, including CD8+ T cells (Fig. 6A and B), CD4+ T 

cells, CD4+/Foxp3+ regulatory T cells (Tregs), NK-p46 natural killer 

cells, T-cell receptor (TCR)γδ T cells or neutrophils (Fig. S6A–D), 

between KC and 4KC pancreata. Further analysis of CD8+ T cells 

revealed a significant reduction in T-cell activation in pancreata 

from 4KC mice, as indicated by the lower frequencies of 

CD62Llow (Fig. 6C). In contrast, CD8+ T-cell activation was signifi-

cantly increased in the spleen of 4KC mice (Fig. 6D). Taken to-

gether, these data indicate that although peripheral T-cell 

activation appears to be efficient in 4KC mice and CD8+ T cells 

are recruited into the pancreas at similar frequencies in KC and 

4KC mice, T-cell responses are hampered within the pancreatic 

TME.

To determine whether the two CAF populations affect CD8+ T-cell 

activation within the pancreas of 4KC mice, we isolated PDGFRα+ 

CAFs and siCAFs from 4KC mice by FACS and cocultured them with 

a primary tumor cell line (35) to generate CAF-conditioned medium. 

Next, WT CD8+ T cells were cocultured in the presence of bone mar-

row derived dendritic cells (BMDC)s and CD3/CD28 activation beads 

using the obtained PDGFRα+ CAF- or siCAF-conditioned medium. 

Reduced proliferation rates were detected with the siCAF-conditioned 

medium, as indicated by less CarboxyFluoroscein Succinimidyl 

Ester (CFSE) staining dilution compared with that achieved with the 

PDGFRα+ CAF-conditioned medium (Fig. 6E and F). Moreover, the 

production of Granzyme B (GrzB) was reduced in proliferating 

CD8+ T cells when they were cultured in the siCAF-conditioned 

medium (Fig. 5G). Similar results were obtained with KC PDGFRα+ 

CAF- and siCAF-conditioned medium (Fig. S6E and F). T cells 

cocultured in KC or 4KC PDGFRα+ CAF-conditioned medium showed 

proliferation and GrzB production similar to those cultured in control 

conditioned medium obtained from tumor cells alone (Fig. S6E and F). 

In order to determine which soluble factors could be responsible for 

T-cell-mediated inhibition, we performed a customized LegendPlex 

array for cytokines and chemokines that have been previously re-

ported to be produced by CAFs (Fig. 6H). We detected a significant in-

crease of Vascular endothelial growth factor (VEGF), CCL2, and 

CXCL12 amount siCAFs condition media compared with PDGFRα+ 

CAFs condition media. Low quantities of IL-6, TGF-β1, and IL-10 

were detected in both conditions. VEGF was previously shown to 

have a direct immunosuppressive effect on T-cell proliferation and 

activation (46) suggesting that siCAF T-cell activation inhibition might 

be at least in part mediated by VEGF.

PDGF neutralization reduces tumor growth and 
favors CD8+ T-cell response
Our results show that the instruction of siCAFs in 4KC mice occurs 

early between 1 and 1.5 months after birth and it develops in a 

PDGF/PDGFR signaling-dependent manner. Moreover, siCAFs pre-

vent an efficient CD8+ T-cell immune response, which is a key for 

tumor elimination (47–49). Thus, we hypothesized that the pre-

vention of siCAF development in 4KC mice could improve the 

course of the disease. Therefore, we intraperitoneally (ip) injected 

4KC mice at 3, 4, and 5 weeks of age with a neutralizing polyclonal 

anti-PDGF antibody, which recognizes PDGF-AA, PDGF-AB, 

and PDGF-BB dimers. Control age-matched littermates were in-

jected with 1× Phosphate-buffered saline (PBS). At 6 weeks of 

age, we analyzed pancreata collected from anti-PDGF- and 

PBS-injected mice (Fig. 7A). First, we observed a decrease in pan-

creas weight in 4KC mice injected with anti-PDGF, indicating di-

minished tumor growth (Fig. 7B and S7A). We next performed 

FACS analysis and evaluated the frequencies of siCAFs and 

PDGFRα+ CAFs among total CAFs. We observed decreased siCAFs 

in anti-PDGF-injected 4KC mice compared with PBS-injected 

4KC mice (Fig. 7C and D). In addition, we observed an increased 

percentage of activated CD8+ T cells (CD44+CD8+ T cells) pancreas 
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in the anti-PDGF-treated conditions (Fig. 7E). Furthermore, we ob-

served increased CD31+ endothelial cells (Fig. 7F), decreased le-

sions (Fig. 7G), and increased EPCAM expression (Fig. 7H) in 

lesions, suggesting an early tumor phenotype. CD8+ T-cell activa-

tion, indicated by the upregulation of CD44 and CD69 as well as 

the downregulation of CD62L, was similar in the spleen of 

anti-PDGF- or PBS-injected 4KC mice (Fig. S6B–D). In addition, 

IHC analyses revealed the prevention of PDGFRα downregulation 

in pancreatic lesions by anti-PDGF injection (Fig. 7I), as well as a 

reduced number of advanced lesions. Furthermore, Sirius red 

staining showed decreased collagen fiber deposition in 

anti-PDGF condition (Fig. 7J). Taken together, our data show that 

PDGF neutralization leads to the reprogramming of the tumor 

environment.

Identification of siCAFs in the human setting
To relate our findings to human PDAC patients, we performed 

FACS analysis of primary pancreatic CAFs obtained from four dif-

ferent donors. Similar to our mouse results, we detected an abun-

dant siCAF population correlated with a reduced PDGFRα+ CAF 

population, indicating a differentiation-dependent connection 

A

E

H

F G

B C D

Fig. 6. siCAFs prevent efficient T-cell activation. A and B) FACS analysis of the frequencies of CD45+ and CD8α+ cells in the pancreata of 6-week-old KC 
and 4KC mice. C and D) Frequencies of CD62Llow cells among CD45+/CD8α+/CD11c− T cells in the spleen and pancreata of KC and 4KC mice. E) CFSE 
dilution in CD8+ T cells cocultured with BMDCs and CD3/CD28 activation beads in PDGFRα+ CAF/tumor cell (blue line) or siCAF/tumor cell-conditioned 
medium (green line). F and G) Proliferating (F) and GrzB (G) producing CD8+ T cells at the indicated division numbers after coculture with BMDCs and CD3/ 
CD28 activation beads in PDGFRα+ CAF/tumor cell-conditioned (blue line) or siCAF/tumor cell-conditioned medium (green line). G) Cytokine and 
chemokine profiles detected in PDGRFα and siCAF in conditioned media used in E–G. A–D) Cumulative data from at least two individual experiments with 
three to four mice per group are shown. E–G) Representative data from two individual experiments with technical replicates are shown. PDGFRα+ CAFs 
and siCAFs were isolated from three 6-week-old 4KC mice. *P < 0.05; **P < 0.01; ***P < 0.001, unpaired t test.
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between these two populations (Fig. 8A). Further analysis showed 

that the overall expression of the known CAF markers and integ-

rins PDGFRα, CD61, CD29, FAP, and Fibroblast specific protein 

(FSP)-1 was significantly lower in siCAFs than in PDGFRα+ CAFs 

(Fig. 8B–F). To determine whether it is possible to reprogram 

siCAFs in the human setting, we performed in vitro coculture of 

A

B

E

I

J

F G H

C D

Fig. 7. PDGF neutralization reduces stromal activation and promotes PDGFRα surface expression. A) Graphical scheme representing the treatment 
schedule for 4KC mice: at 3, 4, and 5 weeks of age, 200 µg of neutralizing anti-PDGF antibody diluted in 100 µL of PBS was administered ip; age-matched 
control mice received PBS alone. One week after the last injection, the mice were sacrificed, and harvested pancreata were subjected to FACS and IHC 
analyses. B) Weight (mg) of pancreata excised from 6-week-old 4KC mice. Lines connect age-matched littermates treated with the anti-PDGF antibody 
(white) or PBS alone (black). C) Representative FACS dot plots showing the surface expression of PDGFRα and CD61 on CAFs in pancreata from 6-week-old 
4KC mice treated with the anti-PDGF antibody (right) or PBS (left). Cells were gated on viable CD45−CD31−Lectin PNA−EpCAM−CAFs. D) Frequencies of 
PDGFRα+ CAFs and siCAFs among CD45−CD31−Lectin PNA−EpCAM−CAFs in pancreata from 6-week-old 4KC mice treated with the anti-PDGF antibody or 
PBS. E–H) FACS analysis of the percentages of CD44+ among CD8+ T cells (E), CD31+ cells among CD45-cells (F), Lectin PNA+ (G), and EpCAM+ (H) cells 
among CD45−CD31− cells isolated from the pancreas of 6-week-old 4KC mice treated with the anti-PDGF antibody or PBS. I) Representative images of IHC 
staining for PDGFRα in sections of pancreata from 6-week-old 4KC mice treated with the anti-PDGF antibody (right panel) or PBS (left panel). White 
squares indicate the magnified regions of each panel. The images on the right of each panel show pseudocolored PDGFRα+ cells (green). *P < 0.05,  
**P < 0.01.
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A

G

H

J K

I

B C D E F

Fig. 8. Tumor cells instruct siCAFs in human PDAC. A) FACS analysis of the frequencies of PDGFRα+ CAFs and siCAFs among viable cells after CAF 
isolation. B–F) FACS analysis of the MFIs of PDGFRα (B), CD61 (C), CD29 (D), FAP (E), and FSP1 (F) on PDGFRα+ CAFs and siCAFs. G) Representative FACS dot 
plots showing the surface expression of PDGFRα and CD61 on EpCAM−FSP1+ CAFs after coculturing with or without PANC-1 tumor cells in the absence or 
presence of the soluble activin A inhibitor ActRIIBFc. Frequencies of siCAFs generated in the absence or presence of ActRIIBFc. *P < 0.05; **P < 0.01; ***P <  

0.001, unpaired t test (A-G). H) UMAP projection of PDAC single-cell Atlas comprising over 70 samples and >130,000 cells, most of them from cancer 
samples (>110,000 cells). I) siCAF signature distribution among fibroblast and described CAF subtypes. J) Previously described stiffness score distribution 
among tumor CAFs and normal fibroblasts. K) Correlation between the stiffness score and siCAF score.
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human CAFs with human pancreatic cancer cell line PANC-1 cells, 

a human PDAC cell line previously described to express ALK4 (24) 

and respond to activin A (25), in the presence or absence of 

ActRIIBFc. FACS analysis showed that in the presence of PANC-1 

cells, CAFs lost expression of PDGFRα which was similar to the 

mouse results and that the addition of ActRIIBFc did not have 

any effect on the amount of siCAFs. To get insight into the exist-

ence of siCAFs in human setting, we applied siCAFs signature to 

a scRNA dataset specific for pancreas (50). As shown in Fig. 8H, 

the annotated dataset includes a well-defined “fibroblast” cluster. 

We extracted 10,953 human fibroblasts (1,037 and 9,916 from non-

tumor and tumor tissues, respectively), classified these fibroblasts 

according to human CAF signatures (51) that distinguish iCAFs, 

myCAFs, and meCAF as well as normal fibroblasts and applied 

the 29-gene siCAF signature (38). As shown in Fig. 8I, the siCAF 

score was expressed in all three types of CAFs at significantly 

higher levels than normal fibroblasts. In order to determine 

whether similar association between siCAFs and tissue stiffness 

exists in human tissues, we took advantage of a previously pub-

lished stiffness signature (Table S2) (52). This stiffness score was 

upregulated in tumor CAFs compared with normal fibroblasts 

(Fig. 8J). Moreover, siCAF and stiffness scores were significantly 

correlated across all PDAC CAF cells (Fig. 8K). Altogether, these 

data suggest for the first time that paracrine signaling between tu-

mor cells and CAFs is able to induce siCAFs phenotype independ-

ent of the genetic background.

Discussion

In this study, we show for the first time that targeting PDGF signal-

ing through a ligand trap approach is able to inhibit tumor pro-

gression by reprogramming the activation status of the CAFs. 

Despite the previously described heterogeneity of CAF popula-

tions (19–21), we showed here that PDGFRα and CD61 were able 

to define two activation states reflecting the stiffness of the TME 

and that physical constraint was able to remodel the immune re-

sponse outcome and the consequent tumor progression.

Enhancement of intrinsic PDGFR signaling induced by mutational 

activation of PDGRFA, but not PDGRFB, systemically induced fibro-

blastic hyperplasia and increased ECM deposition similar to that ob-

served in collagen diseases (53). PDGFRA point mutations (gain of 

function) were reported to be associated with gastrointestinal tu-

mors (54, 55). The secretion of PDGFs by platelets and their effects 

on fibroblasts play a role in wound healing (56). Exogenous 

PDGF-BB accelerates ulcer healing in diabetic patients (57). High ex-

pression of PDGFA has been reported to predict a poor prognosis in 

esophageal squamous cell carcinoma (58). Transgenic mice overex-

pressing PDGFA have been shown to display severe fibrotic reactions 

in the heart supporting the crucial role of this ligand in ECM depos-

ition (59). PDGF-AA binds primarily to PDGFRα, while PDGF-AB and 

PDGF-BB bind to PDGFRα as well as other receptor subtypes, such 

as PDGFRβ (60). Our results are supported by previous reports show-

ing that stromal constitutive activation of PDGFRα (by using mice 

that harbor a mutation in the activation loop of PDGFRα tyrosine kin-

ase domain) in the mammary stromal fibroblast compartment led to 

fibrosis and concomitant increase in collagen deposition (61). We 

demonstrated here that continuous binding of PDGF-AA to PDGFRα 
induced receptor downregulation, leading to the emergence of 

siCAFs. Our data are in accordance with previous findings in vascular 

smooth muscle cells showing that PDGFRα protein was decreased on 

stiff substrates, indicating internalization and degradation through 

ligand bound to the receptor (62). Furthermore, previous work high-

lighted that in PDAC, PDGRFA expression by CAFs is associated with 

an inflammatory phenotype in iCAFs and FB1 CAFs (20, 63). The ex-

pression analysis of genes encoding CAF markers other than 

PDGFRA and PDGFRB (64, 65) showed that FSP1 expression was sig-

nificantly increased on PDGFRα+ CAFs from 4KC mice (stiff condi-

tions). This finding was validated by the high expression of FSP1 

observed in a human setting, suggesting that FSP-1 might be a uni-

versal bona fide marker of activated CAFs. The expression of integ-

rins, such as CD29/ITGB1 (66, 67) or CD61/ITGB3 (68), on the 

surface of CAFs has been previously described. Here, we show that 

CD29 and CD61 expression was downregulated on siCAFs in both 

mouse and human settings, suggesting an active role in signaling. 

Previous work from our group showed that βig-h3/TGF-βi was able 

to bind CD61 and phosphorylate Lck at Y505 (35, 36) and Focal adhe-

sion kinase (FAK) (69). We reported that βig-h3 was highly expressed 

in stiff conditions and that the use of an anti-βig-h3 antibody was 

able to reduce TME stiffness (35, 69), suggesting that targeting both 

PDGF-AA and βig-h3 might represent a promising therapeutic 

combination.

Herein, the pro- and anti-inflammatory properties of CAFs are 

demonstrated to be highly dependent on intratumoral location 

and less dependent on origin. We demonstrated that PDGFRα+ 

CAFs had no potential to inhibit a T-cell response in vitro under 

the loose condition (KC condition). Under stiff conditions, this 

population had less inhibitory potential than siCAFs, highlighting 

the importance of the mechanical properties of the tissue in the 

education of CAFs. Several publications have demonstrated that 

these cells are important for sensing mechanical changes in tis-

sues not only at homeostasis but also in pathological conditions, 

i.e. fibrosis. The important finding of this study is that despite 

the origin of the cells, the mechanical constraint together with 

the secretion of soluble factors breaks the heterogeneity of CAFs 

into a binary classification according to their “microenvironment 

sensing,” namely, PDGRFα+ CAFs and siCAFs. This creates the op-

tion of targeting a pathway through a ligand trap approach that 

would reprogram siCAFs into PDGFRα+ CAFs rather than targeting 

a particular surface marker. This might also be beneficial since 

the elimination of CAFs by antibody-dependent cytotoxicity has 

been shown to be deleterious in PDAC (clinical trial failure).

A hallmark of the pathogenesis of solid cancers such as PDAC 

escapes from efficient antitumor immune responses. It has been 

demonstrated that the collagenous TME can restrain infiltrating 

CD8+ T cells from accessing tumor cells (70, 71). Additionally, 

the cytotoxic activity of tumor-infiltrating lymphocytes can be re-

duced by insufficient T-cell priming (72). CD8+ T-cell exclusion 

from the tumor bed has been proven to be a key element in the 

antitumor response (48). We show here that early mechanical 

and paracrine education through PDGF ligands (PDGF-AA in par-

ticular) can skew an effective antitumor response in situ. 

Although we identified potent immune priming of CD4+ and 

CD8+ T-cell responses in the spleen, the number of activated 

CD8+ T cells in the stiff pancreas was diminished compared with 

that in the loose pancreas, indicating that local tissue mechanics 

are a key element in the outcome of the immune response. 

Further studies combining spatial detection of activated CD8+ T 

cells and tissue rigidity would provide indications of the outcome 

of immune checkpoint therapy. Interestingly, we also observed an 

increase in CD31 expression in PDGF-depleted conditions, sug-

gesting that an increase in modified interactions at the level of 

blood vessels might involve other partners that prevent an effi-

cient T-cell response (i.e. MDSCs or macrophages). Further inves-

tigation linking the availability of PDGF-AA to angiogenesis should 

shed new light on this additional mechanism of action.

Gamradt et al. | 13
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Based on our data, we established a model of the mechanism of 

action. As tumors evolve, they proliferate, produce PDGF ligands, 

and instruct CAFs via a paracrine effect. PDGFRα+ CAFs become 

siCAFs capable of inhibiting T-cell responses in situ. By using a 

PDGF-AA ligand trap approach, neoplastic tissue homeostasis 

can be restored. Neutralization of the PDGF-AA leads to 

PDGRFα+ CAF maintenance associated with soft conditions and 

an efficient T-cell response. Our study provides support for the 

translational potential of using a PDGF ligand trap strategy.
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Supplementary Figure 1: ALK4 signaling disruption in tumor cells promotes tumor

progression and stromal development.

(A) Weight (mg) of pancreata excised from three- or six-week-old KC and 4KC mice.

Cumulative data from three individual experiments with 3-5 mice per group are shown. (B)

Representative photographs of pancreata from three- (left panel) or six-week-old (right

panel) KC and 4KC mice. (C) Quantification of the lesional pancreatic surface of three- or

six-week-old KC and 4KC mice (bottom). Representative data from two individual

experiments with 5 mice per group are shown. (D) Representative photographs of pancreata

from three- (left panel) or six-week-old (right panel) KC (top) and 4KC mice (bottom);

dashed lines mark representative lesions included in the quantification. (A and C) The mean

values ± SEMs are displayed. **p <0.01; ****p <0.0001.
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ligand receptor interaction.type LRscore

CAFs.Dcn Ducts.Erbb4 paracrine 0,720650548

Ducts.Gnas CAFs.Ptgir paracrine 0,761025074

Ducts.Gnai2 CAFs.S1pr3 paracrine 0,744468335

Ducts.Col1a2 CAFs.Itga11 paracrine 0,660710975

Ducts.Adam10 CAFs.Epha3 paracrine 0,653949874

Ducts.Col1a1 CAFs.Itga11 paracrine 0,644123049

Ducts.Efna4 CAFs.Epha3 paracrine 0,581752451

Ducts.Efnb2 CAFs.Epha3 paracrine 0,580854742

Ducts.Efna1 CAFs.Epha3 paracrine 0,571991179

Ducts.Efna5 CAFs.Epha3 paracrine 0,532367775

Ducts.Liph CAFs.Lpar4 paracrine 0,521164091

Ducts.Il1rn CAFs.Il1r2 paracrine 0,518848794

ligand receptor interaction.type LRscore

CAFs.Gnas Ducts.Adcy8 paracrine 0,658399288

CAFs.Dcn Ducts.Erbb4 paracrine 0,656188423

CAFs.Calm1 Ducts.Adcy8 paracrine 0,607756525

CAFs.Calm2 Ducts.Adcy8 paracrine 0,605529211

CAFs.Gnai2 Ducts.Adcy8 paracrine 0,587255586

CAFs.Calm3 Ducts.Adcy8 paracrine 0,512820559

Ducts.Mfge8 CAFs.Pdgfrb paracrine 0,817461691

Ducts.Pdap1 CAFs.Pdgfrb paracrine 0,808549034

Ducts.Calm1 CAFs.Pde1a paracrine 0,796738991

Ducts.Calm2 CAFs.Pde1a paracrine 0,783743393

Ducts.Pdgfa CAFs.Pdgfrb paracrine 0,747897849

Ducts.Gnai2 CAFs.S1pr3 paracrine 0,746085913

Ducts.Pdgfb CAFs.Pdgfrb paracrine 0,727260299

Ducts.Pdgfc CAFs.Pdgfrb paracrine 0,684227532

Ducts.Calm3 CAFs.Pde1a paracrine 0,661038708

Ducts.Pdgfd CAFs.Pdgfrb paracrine 0,63106737

Ducts.App CAFs.Ngfr paracrine 0,610311843

Ducts.Rps27a CAFs.Lrp2 paracrine 0,582174411

Ducts.Rtn4 CAFs.Ngfr paracrine 0,579450283

Ducts.Liph CAFs.Lpar4 paracrine 0,547120748

Ducts.Bsg CAFs.Sele paracrine 0,545015849

Ducts.Ubb CAFs.Lrp2 paracrine 0,53970867

Ducts.Pyy CAFs.Fap paracrine 0,538041911

Ducts.Hspa8 CAFs.Lrp2 paracrine 0,505137277
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Supplementary Figure 2: Single-cell RNA sequencing of pancreatic CAFs and ducts.

(A) Gating strategy for CAF and ductal cell isolation by FACS sorting. Briefly, after

enzymatic/physical dissociation, the cells obtained from the pancreata harvested from five

KC (top row) or five 4KC (bottom row) mice were stained with fluorochrome-labeled

antibodies and subjected to FACS sorting. After exclusion of cell doublets, DAPI+ dead cells,

CD45+ hematopoietic cells, and CD31+ endothelial cells, 5000 Lectin PNA-EpCAM-CAFs

and 1000 Lectin- EpCAM+ ductal cells were sorted and further subjected to single-cell

capture, barcoding, and reverse transcription using the 10x Genomics platform. (B) UMAP

plot of KC and 4KC CAF enriched fractions (9 clusters) and cluster proportions. (C-E)

UMAP plot showing previously reported CAF signatures : myCAFs (myofibroblastic CAFs),

iCAFs (inflammatory CAFs) and apCAFs (antigen presenting CAFs). Expression scores for

each cell were calculated for known CAF subtypes, using previously described signatures

(see Methods). The scores were plotted on the same two-dimensional UMAP representation

shown in (B). (F-H) Ligand:receptor interaction network was obtained with

SingleCellSignalR. (F) chord plots illustrating the number of all paracrine signals between

the major cell subtypes (i.e. ducts, CAFs, and PeSCs). (G) heatmaps showing the most

variable receptor:ligand interactions among all clusters in KC (left) and 4KC (right) cells.

Direction of all pairwise interactions are used to label the columns at the bottom of each

heatmap. (H) Detailed Ligand:receptor interactions in KC and 4KC.
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Supplementary Figure 3: Pathway enrichment analysis on single cell data.

(A, B, C). Expression was compared between 4KC and KC condition populations in

scRNAseq data subsetted on PDGFRA+ CAFs. (D, E, F). Expression was compared between

PDGFRA+ and PDGFRA- in scRNAseq data subsetted on CAFs. Differentially expressed

genes were interrogated for pathway enrichment using different databases (Gene Ontology

Biological Process, KEGG and Reactome). The top 10 most significant terms are represented

in dotplot charts, where dot color indicates p value and dot size the number of significant

genes within each term.





Supplementary Figure 4: Expression of CAF markers on PDFRα-CD61- CAFs.

(A) Frequencies of PDGFRα-CD61- CAFs among CD45-CD31-Lectin PNA-EpCAM- CAFs in

pancreata from six-week-old KC (squares) and 4KC mice (triangles). (B) Heatmap of the mean

fluorescence intensities (MFIs) of CAF markers on PDGFRα-CD61- CAFs from KC and 4KC

pancreata. (C) Quantification of the PDGFRα staining in stromal area in six-week-old KC and

4KC mice. Cumulative data from three individual experiments with three to four mice per group

are shown. The mean values ± SEMs are displayed. ****p <0.0001. (D) Representative scans of

PDGRFa RNAscope in sections of pancreata from six-week-old KC and 4KC mice (E)

Quantification of the mRNA signal expressed as % per lesion (3 individual mice were used in

each group).





Supplementary Figure 5: ALK4 signaling disruption in tumor cells drives the loss of

PDGFR and GFAP expression in siCAFs.

(A) Frequencies of PDGFRα-CD61- CAFs among CD45-CD31-Lectin PNA-EpCAM- CAFs

determined by FACS analysis of pancreata harvested from KC (squares) and 4KC mice

(triangles) at 1, 1.5, 3, 4, and 6 months of age. (B,C) FACS analysis of intracellular GFAP (B)

and PDGFRα expression (C) in PDGFRα+ CAFs (blue line) and siCAFs (green line). FMO

controls are shown in gray. (A) Results from five mice per group and timepoint are shown. (B,

C) Representative data from two individual experiments with five mice are shown. The mean

values ± SEMs are displayed. (D) iPSC were cultured for the indicated time points and in

presence of 4KC-conditioned media or recombinant PDGF-AA and subjected to WB analysis

for pPDGFRa, PDGFRa and tubulin expression. (E) Quantification of the WB signal band

intensity presented in (D). (F) iPSC were cultured in the presence or absence of MG-132 for

12h (G) Quantification of the WB signal band intensity presented (F). Representative data from

two individual experiments. (H) Representative photographs of PDGFRa phosphorylation and

(I) signal quantification after 7 days of iPSC and 4KC-GFP cell line coculture.
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Supplementary Figure 6: CD8+ T-cell activation is impaired by siCAFs. (A)

Frequencies of CD4+ T cells among CD45+ cells and Foxp3- and Foxp3+ cells among

CD45+CD4+ T cells in pancreata from 6-week-old KC and 4KC mice. (B-D) Frequencies

of NKp46+ (B), TCR𝛾𝛿+ (C), and Ly6G+ (D) cells among CD45+ cells in pancreata from

KC and 4KC mice. Cumulative data from at least two individual experiments with 3-4

mice per group are shown. (E) CFSE dilution in CD8+ T cells cocultured with BMDCs

and CD3/CD28 activation beads in PDGFRα+ CAF/tumor cell-(blue line) or siCAF/tumor

cell-conditioned medium (green line). The FMO control is shown in gray. (F, G)

Proliferating (F) and Granzyme B (G)-producing CD8+ T cells at the indicated division

numbers after coculture with BMDCs and CD3/CD28 activation beads in PDGFRα+

CAF/tumor cell- (blue line) or siCAF/tumor cell-conditioned medium (green line). The

FMO control is shown in gray. Representative data from two individual experiments with

technical replicates are shown. PDGFRα+ CAFs and siCAFs were isolated from three six-

week-old 4KC mice. *p < 0.05; **p < 0.01.
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Supplementary Figure 7: PDGF neutralization reduces tumor growth.

(A) Representative photographs of pancreata from six-week-old 4KC littermates treated with

an anti-PDGF antibody (right panel) or PBS (left panel). (b-d) FACS analysis of MFIs of

CD69, (B), CD44 (C) and CD62L (D) and on CD8+ T cells from the pancreas of six-week-

old 4KC mice treated with the anti-PDGF antibody or PBS. ns- not significant.



Supplementary Information 

Immunohistochemistry (IHC) and immunofluorescence (IF) 

Formalin-fixed paraffin-embedded (FFPE) mouse pancreata were sectioned at 4 µm. FFPE 

samples were rehydrated by heating slides at 55°C for 30 minutes and successive baths of 

xylene and ethanol (100%, 95%, 70%).  In sections submitted for IHC, endogenous peroxidase 

was inactivated with 3% H2O2. IHC and IF staining procedures were performed after heat-

induced epitope retrieval using an antigen-unmasking solution (Vector Laboratories, US). The 

sections were incubated with primary antibodies overnight at 4°C in a wet chamber. Next, the 

sections were incubated with biotinylated (IHC) or fluorochrome-conjugated (IF) secondary 

antibodies for 1 h at room temperature (RT). IHC staining was visualized using 3,3’-

diaminobenzidine (DAB kit; Vector Laboratories, UK), and the sections were counterstained 

with hematoxylin. IF sections were counterstained by mounting with Vectashield mounting 

medium with DAPI. Hematoxylin & eosin (H&E) staining was performed using a standard 

protocol. IHC and H&E staining was imaged using a Carl Zeiss microscope Axioscan 7. IF 

images were acquired on a Carl Zeiss LSM 880 microscope. FIJI imaging software was used 

for visualization and/or analysis of IHC, IF, and H&E staining. 

Flow cytometric analysis 

Single-cell suspensions were stained with fluorochrome-labeled antibodies for 20 minutes at 

4°C. Fixable viability dye (BioLegend) or DAPI staining was performed to exclude dead cells 

from the analysis. The stained cells were fixed directly by incubation in FACS buffer 

supplemented with 4% paraformaldehyde (PFA) for 20 minutes at 4°C, or intracellular staining 

was performed using the Fixation/Permeabilization Kit (BD Biosciences). No 

fixation/permeabilization was performed if the cells were subjected to FACS sorting. Stained 

cells were acquired on a BD Fortessa flow cytometer (BD Biosciences) for FACS analysis. For 

CAF and ductal cell isolation, cells were acquired on a BD FACSAria (BD Biosciences), and 

the sorted cells were collected in DMEM containing 10% (functional assays) or 20% fetal calf 

serum (FCS) (RNA isolation). FACS data were analyzed using FlowJo software (TreeStar). 

A list of the antibodies used for flow cytometry can be found in the Supplementary Methods. 

 

Supplemental list of FACS antibodies 

The following antibodies and reagents were used for flow cytometric analysis and FACS sorting 

of cells freshly isolated from mouse pancreata or spleens: 



anti-CD4-BV605 or anti-CD4-PE (RM4-5); anti-CD8a-PE-Cy7 (53-6.7); anti-CD11c-BV510 

(N418); anti-CD29-PerCP-Cy5.5 (HMb1-1); anti-CD31-BV421 (390); anti-CD44-AF700 

(IM7); anti-CD45-BV421, anti-CD45-APC-Cy7 or anti-CD45-BV650 (30-F11); anti-CD61-

PE-Cy7 (2C9.g2); anti-CD62L-PE or anti-CD62L-BV510 (MEL-14); anti-CD69-BV785 

(H1.2F3); anti-CD326/EpCAM-FITC or anti-CD327/EpCAM-BV421 (G8.8); anti-

CD355/NKp46-BV421 (29.A1.4); anti-Foxp3-AF647 (MF-14); anti-Granzyme B-AF647 

(GB11); and anti-Ly6G-AF700 (1A8) were obtained from BioLegend. Anti-aSMA-eF660 

(1A4), anti-CD11c-AF700 (N418), anti-CD31-SuperBright 645 (390), anti-CD45-APC (30-

F11), anti-FSP1/S100-Biotin (4C4.9), anti-GFAP-AF488 (GA5), anti-PDGFRa/CD140a-

APC-eF780 or anti-PDGRα/CD140a-SuperBright 600 (APA5), anti-PDGFRb/CD140b-

SuperBright780 (APB5), and anti-TCRgd-APC (eBioGL3) were obtained from ThermoFisher. 

Anti-FAP1-AF488 (Polyclonal) was obtained from Bioss Antibodies/CliniSciences, anti-

CD44-PE (KM18) was obtained from Immuno Tools, and anti-CD69-PerCP-Cy5.5 (H1.2F3) 

was obtained from BD Biosciences. Anti-Lectin PNA-AF568 or anti-Lectin PNA-AF647 was 

obtained from ThermoFisher. Streptavidin-BV510 was obtained from BioLegend. 

Antibodies against the following markers were used for flow cytometric analysis of primary 

PDAC patient-derived CAFs: 

CD29, CD61, FAP1, PDGFRa/CD140a, and PDGFRb/CD140b. 

Supplemental list of IHC and IF antibodies 

The following antibodies were used for IHC or IF staining: 

Purified anti-CD61/ITGb3 (EPR20825) obtained from Abcam and anti-PDGFRa/CD140a 

(16A1) obtained from BioLegend were revealed with biotinylated horse-a-rabbit and goat-a-

mouse secondary antibodies, respectively. Purified anti-CK19 (TROMA-III) obtained from 

Developmental Studies Hybridoma Bank (DSHB) and anti-aSMA (polyclonal) obtained from 

GeneTex were revealed with donkey a-rat-AF488 and donkey a-rabbit-Cy3 secondary 

antibodies, respectively. 

AFM: protocol application 

The mechanical properties of pancreatic tissue areas were determined by AFM as described 

previously (34). Briefly, in AFM, the tip of a cantilever is pushed against sample tissue, and its 

deflection is monitored. Based on the stiffness constant of the cantilever, the deflection 

indicates the resisting force of the sample (34). The applied protocol allows the measurement 

of tissue stiffness very locally in a minimally invasive manner by deforming the sample down 

to a depth of 100 nm. 



The stiffness patterns of different regions within a pancreatic lesion (stromal compartment and 

tumor cells) were determined at high resolution by applying quantitative nanomechanical 

mapping and force volume protocols (Bruker). In these protocols, the AFM probe oscillates at 

a low frequency while horizontally scanning the sample and generating a force curve each time 

the probe contacts the sample. The elastic modulus reflecting the stiffness of the sample is 

extracted from each curve by applying the Sneddon (Hertz) model, resulting in a 2D stiffness 

map in which each pixel represents one force curve. 

Cell isolation from mouse tissues 

Excised mouse pancreata were washed in phosphate-buffered saline (PBS) and minced into 

small fragments, followed by incubation in a collagenase solution (1 mg/ml collagenase P 

obtained from Sigma-Merck in HBSS) at 37°C for 20 minutes. A single-pancreatic cell 

suspension was obtained by sequentially filtering the digested tissue through a 100-µm cell 

strainer followed by a 70-µm cell strainer. Spleens were homogenized by filtration through a 

100-µm cell strainer to obtain single-cell suspensions. Red blood cells were lysed using NH4Cl 

lysis buffer. 

 

scRNAseq: quality control and data analysis 

FACS-purified CAFs and ductal tumor cells from a pool of five KC or 4KC mice were 

partitioned into nanoliter-scale gel bead-in-emulsions (GEMs) with the Chromium Single Cell 

Controller (10x Genomics) at the in-house Single Cell Platform (CLB/CRCL). After cell 

encapsulation and barcoding, library preparation followed the standard 10x Genomics 

3’scRNAseq protocol comprising reverse transcription, amplification, and indexing. 

Sequencing was performed using a NovaSeq Illumina device (Illumina). Illumina bcl files were 

basecalled, demultiplexed and aligned to the mouse mm10 genome using CellRanger software 

(10x Genomics). 

Count data (filtered barcode matrices) were obtained with CellRanger (10xGenomics). All 

downstream analyses were performed using R/Bioconductor/CRAN packages, R version 4.2.2 

(2022-11-10) [https://cran.r-project.org/; http://www.bioconductor.org/; https://cran.r-

project.org/] on a Linux platform (x86_64-pc-linux-gnu [64-bit]). Filtered barcoded matrices 

were used to create Seurat objects (81) for each condition that were subsequently merged 

(package 'Seurat' v.4.1.1). 

A total of 8878 cells (3638 4KC CAFs, 3664 KC CAFs, 901 4KC Ducts, and 675 KC Ducts) 

remained after filtering for quality parameters (number of features per cell between 1000 and 

6000, fraction of mitochondrial genes < 10%). The Seurat SCTransform function was used to 



simultaneously normalize, identify variable features and scale the data. Following dimension 

reduction with principal component analysis (PCA), the first 30 dimensions were used to 

construct a shared nearest neighbor (SNN) graph using the FindNeighbors function. Clusters 

were identified with a resolution of 0.1 and projected in two-dimensional plots using UMAP 

[arXiv: 1802.03426v3]. The markers of each cluster and DEGs in pairwise comparisons were 

identified using the FindAllMarkers and FindMarkers functions, respectively (main parameters: 

only.pos = F, min.pct = 0.25, and logfc.threshold = 0.25), with an adjusted p value threshold of 

0.05. Fibroblasts (CAFs) were identified and re-clustered with a higher resolution (0.5). Known 

CAF markers(23, 24) were used to score each cell according to their myofibroblastic 

(myCAFs), inflammatory (iCAFs), and antigen-presenting (apCAFs) signatures, using the 

AUCell package (v.1.18.1). Pathway analyses were performed with the enrichment functions 

of the 'ClusterProfiler' package (v.4.7.1). Pathway scores were estimated with the Seurat 

AddModuleScore function using 100 control features after downloading relevant pathways 

with the R packages enrichR v.3.1 (82, 83) and pathfindR v.1.6.3 (84). 

'SingleCellSignalR' v.1.8.0 was used to study cell interaction networks on Seurat preprocessed 

data, using the major cell type labels (i.e. ducts, CAFs ), independently for the two study 

conditions (i.e. KC and 4KC). All receptor:ligand analyses were done in "paracrine" mode and 

visualized with the chord plot and heatmap functions of the same package. siCAF signature 

using the AUCell method to calculate a score for every single cell (46). 

 

CAF differentiation assay: coculture of isolated PSCs and acinar cells 

PSCs were isolated from wild-type (WT) C57BL/6 mice as previously described (17, 23). 

Briefly, a single-pancreatic cell suspension was resuspended in 9 ml of GBSS containing 0.3% 

BSA and 43.75% Histodenz (Sigma-Merck), placed into a 15-ml conical tube and overlaid with 

6 ml of GBSS containing 0.3% BSA. After gradient centrifugation, the cells within the gray 

band just above the interface between the GBSS and Histodenz layers were harvested and used 

for CAF differentiation. 

Acinar cells (Acs) were isolated from KC and 4KC pancreata after digestion in a 

collagenase/soybean trypsin inhibitor solution (1 mg/ml collagenase P and 25 µg/ml soybean 

trypsin inhibitor, both obtained from Sigma-Merck, in HBSS). 

PSCs and acinar cells were labeled using a CellTrace-CFSE or CellTrace-Violet proliferation 

kit (Invitrogen), respectively, and cocultured in DMEM (Gibco) containing 10% FCS, 

penicillin/streptomycin, and 0.2 mg/ml soybean trypsin inhibitor (Sigma-Merck) at a ratio of 



1:2 in 24-well plates equipped with discs made of rat tail collagen (Sigma-Merck). For certain 

conditions, the activin A inhibitor ActRIIBFc (gift from Olli Ritvos, Helsinki, Finland) was 

added at a final concentration of 0.5 µg/ml. After six days, the cells and collagen plates were 

recovered, and FACS analysis was performed to evaluate the differentiation of WT PSCs into 

CAFs. 

Mouse cells lines 

The isolation and culture of cells were performed using a protocol adapted from previously 

published protocol (35). Tumor primary cell line 4KC was obtained from the pancreas of 2.5-

months old 4KC mice using the same protocol. After several passages, the cells were infected 

with a lentivector expressing H2B GFP as previously described (36). Immortalized mouse 

pancreatic stellate cells (iPSCs) were obtained from Tuveson DA (23).  

Human CAF generation 

Small pancreatic tissue blocks were obtained from patients with resectable PDAC during 

pancreatic surgery. The experimental procedure relating to the use of patient-derived pancreatic 

tumor pieces was performed after approval by the South Mediterranean Personal Protection 

Committee under reference 2011-A01439-32. Primary CAFs were isolated as previously 

described (37). Briefly, tumors were cut into small pieces (1 mm3) using a razor blade. The 

tissue pieces were dissociated using the Tumor Dissociation Kit (Miltenyi Biotec; 130-095-

929) according to the manufacturer’s recommendations. The cells were then resuspended, 

passed through a cell strainer (100 μM), and plated. Primary CAFs were used between passages 

4 and 8. Primary CAF features were verified by flow cytometry with positive α-SMA and FAP 

staining. Immortalized CAFs were generated from primary CAFs of limited passage via 

retrovirus-mediated expression of human telomerase reverse transcriptase (hTERT). 

Human primary CAFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 

supplemented with 10% fetal bovine serum (Biosera FB-1001/500), 2 mmol/l l-glutamine 

(Invitrogen; 25030-024), 1% antibiotic-antimycotic (Invitrogen; 15240-062), and 0.5% sodium 

pyruvate (Invitrogen; 11360-039). Human immortalized CAFs were cultured in DMEM/F-12 

supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic. The pancreatic 

cancer cell line PANC-1 was obtained from ATCC and cultured in DMEM GlutaMAX (Gibco 

10566016) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic. For 

coculture experimental conditions, primary CAF medium was used. Cells were authenticated 

through an STR profile report (LGC Standard) and confirmed to be mycoplasma free (Lonza, 

LT07-318). 



PANC-1 cells were plated 24 h before coculture with CAFs in triplicate for each experimental 

condition and treated with 0.5 µg/ml ActRIIbFc inhibitor. The following day, human primary 

or immortalized CAFs were plated in monoculture or coculture according to the experimental 

conditions at a 2:1 ratio with PANC-1 cells and were treated with 0.5 µg/ml ActRIIbFc 

inhibitor. Half of the cell culture medium was refreshed every 48 h with the addition of 0.5 

µg/ml ActRIIbFc inhibitor until day 6 of culture. Cells were detached using StemPro Accutase 

cell dissociation reagent (Gibco A1110501) and washed once with PBS. Samples were 

resuspended in FACS buffer (0.5% BSA and 2 mM EDTA in PBS) and surface stained with 

the following fluorochrome-coupled antibodies: anti-CD61 (BioLegend 370010), anti-

CD140a/PDGFRα (BD Biosciences 742666), anti-FAP (R&D Biotechne FAB3715R), and 

anti-EpCAM (BioLegend 324204). Intracellular staining using anti-α-SMA (R&D Biotechne 

IC1420P) and anti-FSP-1 (BioLegend 370010) antibodies was performed following fixation 

and permeabilization with BD Cytofix/Cytoperm (554714). Samples were analyzed on a BD 

LSRFortessa X20 cell analyzer. 

PDGFRa tyrosine phosphorylation and Western blot 

iPSCs were seeded onto 6 wells plate (4.0 x105 cells per wells). Treatments of various lengths 

(10min, 30min, 2h) were done with 4KC conditioned medium or mouse recombinant PDGF-

AA protein (Biolegend,776304) at 50ng/mL. For proteasome inhibition, cells were starved and 

treated with the proteasome inhibitor MG-132 (Sigma Aldrich, M8699-1MG) at 10µM for 12h. 

Cell extracts were prepared from cultured cells lysed by scratching at 4°C in 80uL RIPA 

(ThermoFisher, 89900) supplemented with protease (Roche, 04693159001) and phosphatase 

inhibitors (Roche, 04906837001). Obtained lysates were sonicated and centrifugated at 13,000g 

for 15min at 4°C. Equal amount of proteins were separated by SDS-PAGE then transferred onto 

Immune‐Blot PVDF membrane. Membranes were incubated in blocking buffer containing 5% 

milk or Bovine Serum Albumine (BSA) (Sigma Aldrich, A2153-100G) in Tris Buffered 

Saline/Tween 20 (TBST). The blots were then probed overnight at 4°C with the appropriate 

primary antibodies. The membranes were revealed with the appropriate secondary antibodies 

for 1h at RT. Detection was performed by enhanced chemiluminescence using Pierce™ ECL 

Western Blotting Substrate (Thermo Scientific, 32106) according to the manufacturer’s 

protocol. Tubulin was used as a loading control. Antibodies and dilutions were as follows: anti-

p-Ty754 Ab (Thermo Fisher, TF441008G), 1:1000; anti-PDGFRa (Cell Signalling 

Technology, 3174S),1:1000; anti-Tubulin (GenTex, GTX628802), 1:1000.Secondary HRP‐



conjugated anti‐rabbit Ab (Jackson Immuno Research, 711-035-152) or anti-mouse Ab 

(Jackson Immuno Research, 715-035-150). 

CAF and 4KC-conditioned medium 

For the generation of conditioned medium, CAF subpopulations isolated by FACS were 

cocultured with cells from the KIC tumor cell line (35) at a ratio of 1:1 in DMEM containing 

10% FCS. After a 48-h incubation at 37ºC and 5% CO2, the supernatants were collected and 

stored at -20°C until further use. For the generation of conditioned medium, 4KC cells (1.5 

x104 cells per wells) were seeded onto 6 wells plate in DMEM containing 10% FCS. After 7 

days of incubation at 37°C and 5% CO2, the supernatants were collected and stored at -20°C 

until further use. 

Bone marrow-derived dendritic cell (BMDC) generation 

To generate bone marrow-derived monocytes, bone marrow cell suspensions were isolated by 

flushing the femurs and tibias of 8- to 12-week-old C57BL/6 mice (Charles River) with DMEM 

containing 10% FCS as previously described (36). Cell aggregates were dislodged by passing 

the suspension through a 70-µm cell strainer. Lysis of red blood cells was performed with 

ammonium-chloride-potassium (AKC) lysis buffer. The obtained cells were incubated for 6 

days at 37ºC and 5% CO2, and every other day, fresh DMEM containing 10% FCS and GM-

CSF was added. 

T-cell proliferation assay 

Spleen and lymph nodes from 8 to 12-weeks old C57BL/6 mice were harvested, mechanically 

dissociated and cell suspension was incubated with anti-CD8a magnetic beads following 

manufacturer’s protocol (Miltenyi Biotec). MACS-purified CD8+ T cells were labeled with a 

CellTrace-CFSE proliferation kit (Life Technologies) according to the manufacturer’s protocol. 

The CSFE-labeled CD8+ T cells were cultured for 2 days in the presence of BMDCs (T 

cells:BMDCs=16:1). Mouse T-Cell-Activator CD3/CD28 Dynabeads (Gibco) were added to 

the coculture (T cells:Beads=1:1). The proliferation of the CD8+ T cells was evaluated at the 

end of the culture period by analyzing CSFE dilution using flow cytometry. 

Enzyme-linked immunosorbent assay (ELISA) 

To determine the amount of PDGF-AA in tissue samples, freshly excised mouse pancreata were 

weighed and finely minced. Then, 500 µl of 1x PBS was added to the tissue fragments of each 

pancreas and thoroughly mixed. After centrifugation for 5 minutes at 300 g, the supernatant 

was collected, and a mouse PDGF AA ELISA kit obtained from Abcam was used according to 

the manufacturer’s protocol. 
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DISCUSSION  

I. The discovery of CD169+ and PeSC in PDAC   

The first objective of my thesis was to decipher the role of the communication between two 

compartments : the stromal compartment and macrophages. Our results provide for the first time in 

pancreatic cancer the existence of PeSC population and CD169+ macrophages that have an 

interdependence and communicate during disease progression.  

Indeed, we observed the infiltration of both PeSCs and CD169+ macrophages during PanIN stage. While 

we showed that PeSCs were bone-marrow originated, we have no certitude about the origin of CD169+ 

macrophages in pancreatic cancer.  Our results are consistent with another study (Chittezhath et al., 

2019) showing that CD169+ macrophages infiltrate normal pancreatic tissue in young aged mice  

(<8 weeks). It was proposed that the pancreas may be a “slow” organ where circulating monocytes 

from the bone-marrow (HSCs derived) contribute to the vast majority of resident macrophages in adult 

mice (>8 weeks). The presence of CD169+ macrophages in young-aged mice indicates that they may 

derive from embryonic stage. However, we showed that CD169+ macrophages can also be detected in 

old-aged mice developing PDAC supporting the idea that CD169+ macrophages can be maintained in 

pancreatic tissue. Their maintenance may be fed by circulating monocytes or  by the auto-renewal of 

resident CD169+ macrophages already infiltrated in normal pancreatic tissue through mitosis.  

Very recently, it was brought up that in the KPC model, around 10% of TAMs are proliferative (Zuo et 

al., 2023). These TAMs were only proliferative in contact of fibroblasts in a CSF-1 dependant manner 

and through p21 signalling (Zuo et al., 2023)  which is a reminiscent of the hypothesis stating that both 

macrophages and fibroblasts show inter-dependence by secreting growth factors (Zhou et al., 2018).  

In a recent study, the use of a Yellow Fluorescent Protein (YFP) based cell lineage tracing showed that 

siglec1 was more expressed in YFP- (embryonic macrophages) than YFP+ (HSC-derived) macrophages 

in normal pancreas, pancreatitis condition and PDAC stage alongside with other tissue-remodelling 

macrophages markers (Baer et al., 2023). Our results indicate that PeSCs are capable of inducing the 

differentiation bone-marrow derived macrophages to acquire CD169 marker in vitro. Furthermore, the 

PeSC in vivo injection in orthotopic context induced increased CD169+ percentage among F4/80 

macrophages. However, the latter observation could not be replicated in a subcutaneous context 

indicating that circulating monocyte may need pancreatic environment to differentiate into CD169+ 

macrophages. More importantly, PeSC are capable of secreting CCL2 chemokine which is the main 

chemokine responsible of macrophages recruitment in PDAC.  
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It was recently shown CD169+ macrophages can be differentiated through cytokine signalling. Indeed,  

endothelial cells and marginal reticular stromal cells cooperate to differentiate CD169+ macrophages 

in the spleen through RANK-RANKL axis (Camara et al., 2019). Also, TNFα can differentiate CD169+ 

macrophages in breast cancer (Cassetta et al., 2019). CD169 expression on macrophages cannot be 

considered a marker of residency or recruitment as CD169+ macrophages have been shown to be 

embryonically derived in the lung and recruited from circulating blood monocytes in the brain 

(Casanova-Acebes et al., 2021; Kim et al., 2022).  

In the context of subcutaneous injection of PeSC and tumor cells, PeSC induced bone-marrow derived 

cells to become CD11b+ Ly6G+ MDSCs in favour of macrophages. In the orthotopic injection context, 

we showed CD11b+ Ly6G+ MDSCs increase as well as CD11b+F4/80 macrophages. In both subcutaneous 

and orthotopic model, PeSCs represent around 1% of the total population indicating that differences 

of macrophages infiltration do not come from PeSC proliferation capacities in the 2 contexts. We 

propose that observed differences might be explained by the fact that in the orthotopic model, blood 

vessels are already present in the pancreas facilitating the monocyte recruitment while in the 

subcutaneous graft blood vessel need time to develop. Interestingly, we observed that Ly6G+ MDSCs 

were significantly upregulated when CD169+ macrophages were depleted suggesting that a part of 

CD169+ macrophages are recruited through CCL2/CCL5 production by the PeSC. The depletion of 

CD169+ macrophages may re-induce Ly6G+ MDSCs differentiation as a compensatory effect. However, 

in the pancreatic tissue, PeSCs may be in contact with resident CD169+ macrophages orchestrating the 

redirection of CD11b+ progenitor differentiation into macrophages differentiation rather than MDSCs. 

This hypothesis is in line with our observation showing that although all CD169+ macrophages are 

depleted, around 10% of F4/80+ macrophages remain in the microenvironment that are not capable 

of instructing PeSC. These remaining F4/80+ macrophages express low level of CD206 suggesting an 

inflammatory role.  

As deeply discussed in chapter II of the introduction, pancreatic cancer faces a great challenge to 

immunotherapy resistance. We showed that PeSC play an important role in this process . Indeed, in a 

subcutaneous context, PeSC induced an anti-PD1 resistance by the recruitment of PD-L1 expressing 

MDSCs inhibiting CD8+ T cells. More importantly, CD169+ macrophages also expressed PD-L1 on their 

surface allowing CD8+ T cells inhibition in a PD-1 -PD-L1 dependent manner. These observations point 

out the fact that PeSC – CD169+ macrophages – MDSCs  establish an immunosuppressive niche in PDAC 

TME.  

Beyond the direct effect on CD8+ T cells function, CD169+ macrophages depletion is associated with a 

significant reduction of intra-tumoral CD8+ T cells. This results correlated with an increase infiltration 
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of CD8+ T cells in pancreas draining lymph nodes which indicate that CD8+ T cells recruitment to the 

tumor site is impaired when CD169+ macrophages are depleted. In a pivotal study, it was proposed 

that the combination of αPD-L1 and AMD3100 (CXCL12 – CXCR4 inhibitor) was efficient to reduce 

tumor progression through the recruitment of CD8+ T cells (Feig et al., 2013). While they propose that 

the inhibition of CXCL12 allows for the recruitment of CD8+ T cells, we proposed that the recruitment 

of CD8+ T cells is CXCL12 dependent. This observation could indicate that mesenchymal cells and 

CD169+ macrophages replicate the bone-marrow niche in the pancreatic TME (Chow et al., 2011). 
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II. The Janus-faced of PDAC stroma 

Both CD106+ PeSC and CD169+ may represent promising targets in pancreatic cancer. We showed that 

the specific targeting of CD106+ cells with a monoclonal antibody showed a reduced tumor weight and 

tumor cells. However, one of the limitations of our approach is that CD106 is not specific to PeSC as 

CD106 can be secreted soluble form or expressed by endothelial cells (Sano et al., 2021). CD106 better 

survival, less high grade PanIN and F4/80+ macrophages infiltration decrease  (Sano et al., 2021). 

On the other hand, the specific depletion of CD169+ macrophages showed a reduced tumor weight 

with an increase of tumor cells and no difference of PeSC infiltration. Alongside with these 

observations, depletion of CD169+ macrophages were associated with less stroma. This observation 

indicate that macrophages can shape the fibrotic response as previously reported in PDAC (Zhu et al., 

2017). The exact mechanism by which CD169+ macrophages shape the fibrotic response is still 

unknown and represents one of the weak point of our study. However, we showed that there is a 

reduction of PDPN+ cells in the TME when CD169+ macrophages are depleted which could indicate that 

PDPN+ cells regulate collagen deposition. However, given that most of type I collagen in PDAC is 

secreted by myCAFs (Chen et al., 2021) that are αSMA+, it is very likely that CD169+ macrophages either 

impair CAFs development or CAFs signalling. We observed no difference in αSMA+ content in depleted 

vs control condition which may indicate that the signalling is impaired rather than the development or 

the maintenance of CAFs in the TME. On the other hand, we observed a reduced level of PDPN+ cells 

which is a pan-marker for CAFs in PDAC. This observation may indicate that PDPN+ CAFs communicate 

with αSMA+ CAFs in order to induce collagen secretion. More importantly, it has recently been 

demonstrated that CD169+ macrophages can communicate with MSC to induce fibrosis in a context of 

graft versus host disease in the bone marrow (Zhang et al., 2023). Specifically, CD169+ macrophages 

secrete TGF-β1 to activate Nestin+ MSC through SMAD pathway and increase tissue fibrosis. This is a 

reminiscent of a pioneer study showing the communication between CD169+ macrophages and MSC 

in the bone marrow to retain HSC progenitor through CXCL12 secretion (Chow et al., 2011). These 

observations strongly suggest that CD169+ macrophages in contact with bone marrow originated PeSC 

might mimic the bone marrow niche context. 

It was shown very recently that pancreatic resident macrophages (not CD169+ macrophages 

specifically) infiltrate both pancreatitis and PDAC environment (Baer et al., 2023). Through single-cell 

analysis, they showed that resident macrophages were associated with ECM protein deposit and PDGF 

signalling. Resident macrophages depletion in a chronic pancreatitis context was associated with a 

reduced number of pre-neoplastic cells (CK19+) and a lighter fibrotic response (Less PDPN, PDGFRα, 

Fibronectin and collagen)(Baer et al., 2023). More importantly, in an induced Kras and KPC model, the 
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depletion of resident macrophages was associated with a decrease of relative pancreas weight while 

the number of CK19+ cells (i.e., transformed cells) increased  that is in line with our observations (Baer 

et al., 2023). 

CD169+ macrophages have been proposed to be either pro or anti-tumoral in many other tumors as 

discussed in chapter III. However, given their role in shaping the fibrotic response in the pancreas and 

the current controversy about the role of the stroma in pancreatic cancer (See chapter II), the definitive 

role of CD169+ macrophages in PDAC is difficult to conclude. CD8+ T cells infiltration is usually a sign of 

anti-tumoral response and lower tumor weight. Our observations indicate that despite a reduced 

tumor weight and stroma when CD169+ macrophages are depleted, CD8+ T cells are absent.  

Our results brought us back to question the role of the stroma in pancreatic cancer. Is stroma good or 

bad in PDAC ? Answering this question is not easy as there are many parameters influencing the role 

of the stroma in PDAC. As discussed in the introduction, we absolutely must not entirely disrupt the 

stroma in its wholeness as there is an equilibrium between stroma supportive and stroma restricting 

parameters in pancreatic cancer. Among these parameters are :  

• CAFs heterogeneity  

• ECM protein deposition including collagen 

• Tissue stiffness 

Tissue stiffness is not commonly considered in previously reported studies in mouse and human PDAC. 

Tissue stiffness refers to the property of a tissue to easily be compressed or stretched. In a tumoral 

tissue, there are several mechanical forces taking place : Solid Stress, IFP and ECM stiffness. Solid stress 

denotes the mechanical pressure exerted by the cancer cells that undergo expansion. This mechanical 

force, in conjunction with the stiffness generated by the ECM and stromal cells, contributes to the 

elevation of IFP. We generated a genetical model developing early lesions of pancreatic cancer with a 

higher tissue stiffness than conventional KC model. We hypothesized that solid stress occurring in high 

stiff model induces paracrine communication between cancer cell and CAFs allowing their 

differentiation into stiffness-induced CAFs (siCAFs). Our results show that in a softer solid stress model, 

less paracrine interactions are detected from ductal cells to CAFs. Among those paracrine interactions 

PDGF signalling allows for the trans differentiation of CAFs into siCAFs. Targeting PDGF-ligand allows 

for reprogramming of siCAF  back to "normal" CAFs further reducing collagen deposition and relative 

pancreas weight. The number of lesions was lower while the number of CD31 endothelial cells was 

higher allowing for effector T cell recruitment. One of the limitations of our study is the lack of direct 

mechanistic data showing that tissue stiffness can impair CD8+ T cells response although CD8+ T cells 

have been shown to be highly sensitive to their mechanical environment (Adu-Berchie et al., 2023). 
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Further investigations should look into the mechano-receptor of CD8+ T cells and how they are 

regulated in our two different in vivo model.  

Our results are in line with recent data demonstrating that targeting PDGFRα/β reprogram the stroma 

in fibrotic tumors (Akiyama et al., 2023). However, there are differences between targeting the ligand 

and the receptor signalling. Indeed, by targeting the receptor with an inhibitor as Akiyama and 

colleagues did, they also deplete CAFs which has been shown not to be benefit in human setting. More 

importantly, the use of kinase inhibitors may induce off target effects. Further investigations are 

necessary to evaluate the therapeutic potential of PDGF signalling to reshape the stroma but also to 

evaluate if PDGF signalling targeting can be combined with another stroma-based therapy.  

 

Figure 20 Determinant parameters of stroma role in PDAC 

The stroma has controversial role in PDAC due to the lack of integration of different parameter in clinical 

practice and at diagnosis. Graduate scale red mean tumor promoting while green mean tumor restricting.   

 

Theses stromal parameters are interdependent and studying the causality of each separated 

parameter is utterly difficult but also do not necessarily reflect the physiological phenomena in the 

disease as many of the parameters are independent. Therefore, it is important to always consider the 

model in which one parameter has been evaluated.  

The collagen content is one such parameter.  Unfortunately, looking at the collagen content only may 

be an oversimplification of collagen role in PDAC. Indeed, we and others showed that there are 
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accumulated evidence showing that independently of collagen content level, there are other crucial 

parameters dictating PDAC progression (biochemical state, thickness, alignment, location) (Alonso-

Nocelo et al., 2023; Bachy et al., 2022; Chen et al., 2022; Laklai et al., 2016; Su et al., 2022). In our 

study, we observed that CD169+ macrophages depletion changed collagen fibers thickness and 

orientation. These results are in line with recently published study (Alonso-Nocelo et al., 2023). The 

reduced thickness of collagen fibers when CD169+ macrophages are depleted can be explained by our 

results showing that βig-h3 can structure collagen fibers in a thicker structure (See Appendices) (Bachy 

et al., 2022). One of the limitation of our study regarding the effect of CD169+ macrophages depletion 

is the absence of collagen biochemical state analysis which appear to be important in PDAC. These 

parameters can be kinetic sensitive but also may vary between patients. It goes without saying that 

there may be additional parameters of stroma role in PDAC that are still unknown. Each patients have 

a different set up of stroma parameters that may be regulated by intrinsic factors (Age, sec, genetical 

background) and extrinsic factors (TME).  

As the stroma is an essential component of how the immune response operate in the pancreatic TME, 

the stroma parameters diversity make direct (CAFs depletion, collagen degradation…) and indirect 

stroma-based (Immunotherapy) therapy difficult. Although the combination between immunotherapy 

and stroma-based therapies are currently being evaluated in PDAC, preliminary results failed to show 

benefit in some studies (Zhen et al., 2022). These observation may indicate that despite the promising 

data that are observed in pre-clinical studies, a barrier is always observed when brought to human. 
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III. Personalized medicine in pancreatic cancer  

Contrary to others cancer that transferred pre-clinical immunotherapy results in a rather successful 

manner, it is not the case in PDAC. Indeed, conventional approaches to treat PDAC failed to show 

benefits. PDAC therapies are often based on specific actors (e.g., CAFs, protein …) which mean that 

patient selection is crucial for such therapeutical avenues. More importantly, while PDAC is a deadly 

cancer, the incidence is relatively low compared to other cancers (e.g., Lungs, Breast, Melanoma). 

Additionally, as discussed in the introduction, patients are often diagnosed very late, which means that 

they have a lower probability of responding to any treatment. Finally, it was commonly known that 

very few patients are enrolled in clinical trials (between 5 to 10%). Altogether, these observation may 

explain why we have such difficulties to transfer immunotherapies in clinical practice. However, 

although it may sound unrealistic from an economical and logistical perspective, personalized 

medicine in PDAC may be applicable and beneficial to improve clinical outcomes in the future for PDAC 

patients. Indeed, I do think that personalized medicine with an integrative evaluation of as many 

parameters as possible is the way. My work and the ones of many others showed that PDAC is a highly 

complex disease in which many parameters can influence the progress of the  disease. Therefore, 

patients selection before treatment may by the best options so far to unleash the full potential of 

immunotherapy in PDAC. 

 Recently, a programme titled “ Know Your Tumor “ enrolled more than 600 patients to evaluate the 

benefits “actionable molecular alterations” consideration in the treatment in PDAC. Patient’s biopsies 

were sequenced to identified “actionable molecular alterations” (e.g., Mutation of DNA damage 

response and repair protein, High microsatellite instability, Protein fusion or amplification…) for which 

there is clinical or pre-clinical evidence of efficient therapy targeting those specific molecular 

alterations. Of the 677 patients, 189 had actionable molecular alterations with 46 who received a 

matched therapy and 143 who did not receive a matched therapy. The matched therapy group showed 

a significant long survival compared to other patients (no marker and unmatched)(Pishvaian et al., 

2020). This was the first large, scaled study in human evaluating the potential of personalized medicine 

in pancreatic cancer.   
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Our results show that PDAC is far from being a single-hit disease as the TME support tumor progression 

and therapeutic resistance in many way. Therefore, additionally to molecular sequencing of patients 

biopsies, TME should be considered by deeply analysing the immune and stromal profile. The rise of 

single cell and spatial transcriptomic analysis on patient biopsies would facilitate the evaluation of all 

known key parameters (Figure 21). Indeed, spatial transcriptomic analysis has been validated as a 

method to classify PDAC subtype since small specimen can recapitulate large tumor state (Williams et 

al., 2023). The evaluation of immune profile is currently transferred to clinical practice with the 

Immunoscore concept but has not been evaluated in PDAC yet (Figure 21).  

We also showed that specific CAFs population (i.e., siCAFs) can impair the immune response in PDAC 

and therefore, the evaluation of CAFs populations content is crucial. For example, some patients 

harbour a FAP+ dominant stroma while some do not. These patients would highly benefit from CAFs 

balance evaluation and αFAP therapy. Meanwhile, while we do show that macrophages are the most 

infiltrating population and can also support cancer progression from initiation the metastatic phase, 

some patients may not express immune checkpoint on macrophages or specific chemokine at the time 

of diagnosis and treatment.  

Finally, it is not unreasonable to think that in cooperation with the immunoscore that is currently 

evaluated in PDAC, the establishment of a stromal score composed of : tissue stiffness, CAFs 

subpopulation, ECM deposit and collagen state could improve how patients are diagnosed.  



223 

 

 

Figure 21 Personalized medicine to treat PDAC  
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CONCLUSION 

First, I participated in the identification of a new stromal population called PeSC. We showed that PeSC 

share both stem and pericyte properties and express CD106 receptor (VCAM1). We showed that PeSC 

were able to differentiate into multiple cells type but also to structure vessels as they express both 

pericyte and stem signature. We observed in vivo that PeSC were responsible for the recruitment in a 

CCL5/CCL2 dependent manner of MDSCs that impair the CD8+ T cells anti tumoral immune response. 

Finally, we showed that PeSC were necessary for the resistance to anti-PD1 therapy.  

Secondly, I analysed the role of a specific macrophages population expressing CD169 and how CD169+ 

macrophages communicate with PeSC. We observed that macrophages expressing CD169 were 

expressed in both PDAC and neoplastic stage in human and murine model. We observed that PeSC 

were capable of differentiating macrophages into CD169+ macrophages both in vitro and in vivo. We 

showed that macrophages were responsible of secreting immunosuppressive protein such as βig-h3 

to activate the secretion of CXCL12 from PeSC. Finally, we showed that in vivo depletion of CD169+ 

macrophages was associated with a reduced stroma deposit as less type I collagen was detected. More 

importantly, although the number of cancer cells in the depleted condition was higher, the tumor 

weight was smaller indicating that CD169+macrophages may regulate the fibrotic response and stromal 

complexity in PDAC.  

Lastly, I participated in the identification of mechanisms regulating tissue stiffness in PDAC. With the 

use of two different in vivo model of neoplastic lesions of PDAC, one with low stiffness and one with 

high stiffness, we observed differential interactions between ductal cells and CAFs with higher 

interactions in the stiff model. Specifically, we showed that in the stiff model, ductal cells secrete PDGF 

ligand to differentiate CAFs into siCAFs. We showed that siCAFs were associated with higher tissue 

stiffness and CD8+ T cells inhibition. More importantly, we observed that the targeting of PDGF ligand 

allow the regression of neoplastic lesions development and the reprogramation of siCAFs. 
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SUMMARY

Macrophages play an important role in immune and matrix regulation during
pancreatic adenocarcinoma (PDAC). Collagen deposition massively contributes
to the physical and functional changes of the tissue during pathogenesis. We
investigated the impact of thick collagen fibers on the phenotype and function
of macrophages. We recently demonstrated that the extracellular protein big-
h3/TGFbi (Transforming growth factor-b-induced protein) plays an important
role in modulating the stiffness of the pancreatic stroma. By using atomic force
microscopy, we show that big-h3 binds to type I collagen and establishes thicker
fibers. Macrophages cultured on big-h3-structured collagen layers display a
different morphology and a pro-tumoral M2 phenotype and function compared
to those cultured on non-structured collagen layers. In vivo injection of those in-
structed CD206+CD163+ macrophages was able to suppress T cell responses.
These results reveal for the first time that the collagen structure impacts the
phenotype and function of macrophages by potentiating their immunosuppres-
sive features.

INTRODUCTION

We have recently demonstrated that the extracellular matrix protein big-h3/TGFbi (Transforming growth

factor-b-induced protein) plays an important role in modulating the stiffness of tumor microenvironment

(TME) in pancreatic adenocarcinoma (PDAC) (Goehrig et al., 2019). Previous studies established that

big-h3 binds to type I, II, and IV collagens as well as to biglycan and decorin thereby influencing cell-to-

cell, cell-to-collagen, and cell-to-matrix interactions (Bae et al., 2002; Hashimoto et al., 1997). The tgfbi

gene encodes a 683-amino acid protein that contains a secretory signal sequence, an N-terminal

cysteine-rich EMI domain, four fasciclin 1 domains, and an RGD (Arg–Gly–Asp) motif (Skonier et al.,

1992, 1994).

Though the pancreas is a soft tissue at homeostasis, collagen deposition massively contributes to the

‘‘physical and functional’’ changes of the tissue that occur during pathogenesis. This process results in a

stiffened pancreatic parenchyma and represents a significant risk factor for developing PDAC (Laklai

et al., 2016). Because collagen fibers adjacent to pancreatic lesions are significantly thicker in patients

with the shortest survival, we investigated the impact of thick collagen fibers on the phenotype and function

of macrophages during PDAC. We previously showed that, aside from its role in modulating collagen stiff-

ness, big-h3 has immunosuppressive properties hampering T cell activation and is able to reprogram mac-

rophages (Goehrig et al., 2019; Patry et al., 2015). It is well-known that macrophages play an important role

in the immune responses in pancreatic fibrosis, a risk factor for PDAC, and we thus speculated that big-h3

may affect macrophage properties by modulating collagen fibers.

RESULTS

Matrix protein big-h3 structures collagen I in thicker fibers

We first investigated the localization of big-h3 and collagen I by performing immunofluorescence (IF) mi-

croscopy on pancreatic samples obtained from the p48-Cre, KrasG12D (KC) mouse model, which develops

pancreatic intraepithelial neoplasias (PanINs) from the age of 1.5 months old (Hingorani et al., 2003). As

shown in Figure 1A, we observed that both proteins co-localized around pancreatic neoplastic lesions.

Moreover, F4/80+ macrophages were localized in close proximity to big-h3 around PanIN lesions
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(Figure 1B). A previous study having shown that big-h3 was able to interact with collagen (Hashimoto et al.,

1997), we generated collagen I matrices in the presence or absence of human recombinant big-h3 (rbig-h3).

Analysis of Sirius Red-stained collagen I matrices under polarized light allowed us to evaluate the effect of

rbig-h3 on their microarchitecture (Figure 1C). In the presence of rbig-h3, the structure of the collagen I

matrices developed into a network with higher density with thicker collagen fibers. In order to confirm these

results, we performed quantitative topological analysis by atomic force microscopy which revealed that the

Figure 1. rbig-h3 structures collagen I into thick fibers

(A and B): Representative micrographs of immunofluorescence staining in pancreata from three-months-old KCmice for (A) big-h3 (green), collagen I (red) or

(B) big-h3 (green) and F4/80 (red); (A, B) nuclear counterstaining in DAPI (blue).

(C) Representative micrographs taken with polarized light of collagen I structured in the absence (top) or presence (bottom) of rbig-h3 and stained with Sirius

Red.

(D) Thickness topography measured by AFM of representative regions of collagen I structured in the absence (up) or presence (bottom) of rbig-h3. Two

different magnifications are shown.

(E) Quantification of collagen I fiber thickness measured by AFM.

(F) Quantification of the Elastic modulus measured by AFM. Student’s t-test ****p< 0.0001, ns - not significant. Error bars 50 mm, 25 mm.
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diameter of collagen fibers had increased in the presence of rbig-h3 (Figure 1E) whereas the elastic

modulus measurements were similar in both conditions (Figure 1F). These results show that big-h3 plays

a role in structuring collagen I during fibrillogenesis.

rbig-h3-structured collagen I fibers modulate the phenotype and function of macrophages

Having detected the presence of macrophages in close proximity to PanIN lesions in mouse pancreatic

cancer, we sought to determine the phenotype of macrophages in contact with endogenous big-h3 within

these tissues. We observed that macrophages in close contact with big-h3 were positive for CD206 (Fig-

ure 2A), a well described marker associated with an M2 phenotype. To further characterize the phenotype

of these macrophages in situ, we performed immunohistochemistry on serial sections of pancreatic tumors

from KC mice stained for big-h3, F4/80, CD206, and Arg1 as well as Sirius Red. We thereby confirmed M2

phenotype of F4/80+macrophages in close proximity to big-h3 and collagen I, as they co-expressed CD206

and Arg1 (Figure 2B).

Next, we attempted to determine the direct effect of big-h3-structered collagen fibers on the phenotype

and function of macrophages. To achieve this, we cultured bone marrow-derived mononuclear cells

(BMMCs) for 48 h on collagen I matrices generated in the presence or absence of rbig-h3. Flow cytometric

analysis of recovered BMMCs revealed that rbig-h3-structured collagen I decreased MHC cl II and CSFR1

expression but increased CD206, CD163, CD86, and Tim4 surface expression (Figure 2C). The expression of

CD80 and CD64 was similar in both conditions. We detected a small but significant decrease in Arg1 in the

presence of rbig-h3-structured collagen I. We further detected increased TNFa and TGFb cytokine produc-

tion. Overall, these results indicate that big-h3-structured collagen I in the TME might promote a pro-

tumorigenic macrophage phenotype, displaying an M2 signature associated with increased CD206 and

CD163 surface expression as well as augmented TGFb cytokine production.

rbig-h3-structured collagen I fibers activate FAK signaling pathway in macrophages

Because the thickness of the collagen fibers was increased in the presence of big-h3, we next investigated

whether culturing BMMCs on collagen I structured in the absence or presence of rbig-h3 would have any

impact on the cellular morphology. Morphological analysis of BMMCs revealed more spherical macro-

phages with fewer processes when cultured for 48 h on rbig-h3-structured collagen I compared to those

on non-structured collagen I after 48 h of culture (Figures 3A and 3B). We then performed western blot anal-

ysis of FAK, phosphorylated FAK (pFAK) on macrophages cultured on plastic or on structured collagen I in

the absence or presence of rbig-h3 for 48 h. BMMCs cultured on rbig-h3-structured collagen I displayed a

greater increase in pFAK compared to non-structured collagen I (Figure 3C). These results indicate that

rbig-h3-structured collagen I is able to not only modulate the cellular morphology of the cells but also

induce FAK phosphorylation and hence its stronger activation in this condition. To verify whether the

FAK phosphorylation mediated the change in the BMMC morphology, we added the pFAK inhibitor

(Y15) to cell cultures. This restored the morphology of macrophages grown on rbig-h3-structured collagen

I that resembled to those grown on non-structured collagen I (Figures 3D–3F). Furthermore, we evaluated

their phenotype by flow cytometric analysis and revealed that pFAK treatment downregulated the CD163

and CD206 expression (Figure 3G). Altogether, these results suggest that rbig-h3-structured collagen I

modulates the morphology of macrophages and subsequently their phenotype and function.

rbig-h3-structured collagen I promotes an immunosuppressive macrophage phenotype

Having established that culturing BMMCs on collagen I structured in the absence or presence of rbig-h3

affected the functional and morphological phenotype, we next evaluated its effect on T cell activation.

We co-cultured CD8+ T cells with BMMCs generated on plastic on collagen I or rbig-h3-structured collagen

I at indicated ratios (4:1 or 2:1 or 1:1) and determined their proliferation by CFSE dilution as well as their

activation based on the surface expression of CD69 and CD44. Whereas CSFE dilution revealed four to

five cell divisions of CD8+ T cells co-cultured with BMMCs generated on plastic or non-structured collagen

Figure 2. rbig-h3-structured collagen I fibers modulate the phenotype and function of macrophages

(A) Representative photographs of immunofluorescence staining of pancreata from three-months-old KC mice stained for big-h3 (green) and CD206 (red).

Nuclear counterstaining in DAPI (blue).

(B) Representative photographs of big-h3, F4/80, CD206, and Arg1 staining on serial section of pancreata from three-months-old KC mice.

(C) FACS analysis of BMMCs cultured alone or on collagen I structured in the absence (BMMCs + Col I) or presence of rbig-h3 (BMMCs + Col Irbig-h3).

Representative data of three independent experiments with three in vitro replicates per group are shown. *p<0.05, **p<0.01. Error bars 50 mm, 25 mm.
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Figure 3. rbig-h3-structured collagen I fibers activate the FAK signaling pathway in macrophages

(A) Representative photographs of phalloidin immunofluorescence staining of BMMCs cultured on collagen I structured

in the absence (left) or presence (right) of rbig-h3.

(B). Quantification of the processes of BMMCs cultured on collagen I structured in the absence or presence of rbig-h3.

(C) Western blot analysis of FAK, pFAK, and tubulin of BMMCs cultured on plastic, collagen I, or big-h3-structured

collagen I.

(D) Representative micrographs of phalloidin immunofluorescence staining of BMMCs cultured on collagen I structured in

the absence (up) or presence (down) of rbig-h3 and with (left) or without (right) Y15.

(E) High-magnification micrographs of BMMCs cultured on rbig-h3-structured collagen in the absence (left) or presence

(right) of Y15 inhibitor.

(F) Quantification of the processes detected in E. Each point represents an individual in vitro replicate.

(G) FACS analysis of % of CD163+CD206+ cells among F4/80+ BMMCs cultured on collagen I structured in the absence

(BMMCs + Col I) or presence of rbig-h3 (BMMCs + Col Irbig-h3) in absence or presence of pFAK inhibitor. Representative

data of two independent experiments with five replicates per condition are shown. **p< 0.01, ****p< 0.0001. Error bars 50

mm, 25 mm.
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I, CD8+ T cell proliferation was arrested after two divisions when co-cultured with BMMCs generated on

rbig-h3-structured collagen I (Figure 4A). CD44 and CD69 expression of CD8+ T cells was also significantly

reduced when they were co-cultured with BMMCs generated on rbig-h3-structured collagen I confirming

their immunosuppressive capacity (Figures 4A and 4B). In addition, this immunosuppressive effect of

educated BMMC was dependent on the contact with CD8+ T cells, because the use of condition media

generated from different condition (plastic, on collagen I or rbig-h3-structured collagen I) displayed limited

impact in CD8+ T cell activation (Figure S1).

big-h3-structured collagen I educated macrophages are immunosuppressive in vivo

In order to determine whether the structuration of collagen I in the absence or presence of rbig-h3 affects

recruitment and phenotype of macrophages in vivo, we subcutaneously injected the GFP-tagged primary

KIC (GFP+ KIC) tumor cell line, which was generated from the pancreas of GEMM mice as previously

described (Goehrig et al., 2019), embedded in non-structured or rbig-h3-structured collagen I into the

flanks of Rag2KOmice. Five days after the injection, we evaluated the phenotype of recruitedmacrophages

(Figure 5A). As shown in Figure S2, the non-structured collagen I and rbig-h3-structured collagen I were still

detected in the subcutaneous plugs at day 5. We show that although less F4/80+ macrophages were re-

cruited when tumor cells were embedded in rbig-h3-structured collagen I (Figure 5B), the macrophages

displayed increased CD206 expression as well as increased production of TGF-b and TNF-a cytokines sug-

gesting an M2 phenotype (Figure 5B).

In order to investigate if the phenotype acquired by the macrophages was stable, we performed subcuta-

neously injection of C57BL/6 (WT) mice with GFP+ KIC tumor cells and BMMCs generated on plastic,

collagen I, or rbig-h3-structured collagen I. Five days later, we evaluated the number of tumor cells within

the graft and the BMMCphenotype (Figure 6A). While the co-injection of BMMCs generated on plastic and

non-structured collagen I resulted in equivalent number of tumor cells, this number was significantly

increased, when GFP+ KIC cells were co-injected with BMMCs generated on rbig-h3-structured collagen

1 (Figure 6B). Moreover, FACS analysis revealed that after the co-injection of BMMCs generated on

rbig-h3-structured collagen I, the number of F4/80+ BMMC was higher suggesting a better survival in vivo.

In addition, these BMMCs were conserving CD206 expression and acquired CD163. These results indicate

that education of BMMC on big-h3-structured collagen I results in a stable phenotype that is preserved

after in vivo injection.

big-h3 depletion reprograms M2 macrophages phenotype in vivo

In order to determine if the modulation of big-h3 in vivo affects the macrophage phenotype, WT mice

were subcutaneously injected with GFP+ KIC tumor cells. Starting from day 10, the mice were treated

Figure 4. rbig-h3-structured collagen I fibers instruct macrophages with immunosuppresive properties

(A) Representative dot plots of CFSE and CD69 or CFSE and CD44 staining of CD8+T cells that have been cultured with

BMMCs (ration CD8:BMMC 4:1) grown on plastic (BMMC alone), collagen I (BMMC+ coll I), or on big-h3-structured

collagen I (BMMC+ Coll Irbig-h3).

(B) Quantification of the proliferating CD44+ CD8+ T in different ratios (4:1, 2:1, and 1:1). Representative of two

independent experiments with three in vitro replicates per group. **p<0.01, ***p< 0.001, and ****p< 0.0001.
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with anti-big-h3 monoclonal Ab (clone 18B3) twice a week for two weeks. At day 24, the mice were sacri-

ficed, the tumor weight was evaluated, and flow cytometry analysis was performed in order to establish

the impact on macrophages phenotype (Figure 7A). We evaluated the efficiency of the anti-big-h3 mAb

treatment by IHC staining of the tumor graft and shown decreased big-h3 staining in the treated condition

compared to control IgG1 Ab (FigureS3A). We show that mice treated with anti-big-h3 exhibit diminished

tumor weight compared to control IgG1 Ab-treated mice (Figure 7B). Furthermore, FACS analysis showed

similar recruitment of CD45+ total hematopoietic cells as well as F4/80 macrophages in the two conditions

(Figures 7C and 7D). More importantly, the recruited macrophages express less CD206 and Arg1 (Figures

7E and 7F), suggesting a diminished M2 phenotype in the absence of big-h3. Furthermore, we detected

more CD8+ cells that present a non-exhausted phenotype associated with reduced PD-1 expression (Fig-

ures S3B and S3C).

DISCUSSION

We report here for the first time that the matrix protein big-h3 is able to structure collagen I into thicker

fibers. These fibers are able to induce changes in morphology of macrophages that are accompanied by

FAK phosphorylation. More importantly, we showed that these fibers skew the polarization of the macro-

phages toward an M2 phenotype associated with CD206 expression and MHC cl II and CSFR1 downregu-

lation. Furthermore, these M2 macrophages acquired an immunosuppressive phenotype because they

were able to reduce CD8+ T cells proliferation and activation upon co-culture in vitro. This phenotype is

stable in vivo because the injection of those macrophages led to increased number of tumor cells and

to the maintenance of CD206 expression and acquisition of CD163 marker.

Tumor-associated macrophages are one of the most abundant immune cell populations in the TME repre-

senting up to 50% of all CD45+ cells (Diskin et al., 2020). Macrophages represent a plastic cell population

that can be polarized into several phenotypes depending on the cytokine environment. On one hand, there

are M1 macrophages that are associated with Th1 responses, high phagocytic activity, and inflammatory

cytokine secretion. On the other hand, there are M2 macrophages associated with Th2 responses,

Figure 5. rbig-h3-structured collagen I fibers are able to instruct immunosuppressive macrophage phenotype in vivo

(A) Experimental setting.

(B) FACS analysis of the percentages of F4/80+CD45+, CD206+F4/80+, CD80+F4/80+, CSFR1+F4/80+, TGFb+F4/80+, and TNFa+F4/80+ cells collected in A.

*p<0.05, **p<0.01. Representative of two independent experiments with five mice per group.
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extracellular matrix remodeling, and immunosuppressive cytokine secretion (Mantovani et al., 2004). In

PDAC, tumor-associated macrophages are associated with a lower overall survival and fibrosis in both pre-

clinical mouse models and patients (Hu et al., 2016; Zhu et al., 2017). In addition, they have been shown to

promote tumor growth by different mechanisms such as epithelial to mesenchymal transition of tumor cells

(Liu et al., 2013), secretion of immunosuppressive cues (TGFb, CCL22, CCL2, and CCL18), and, more gener-

ally, the re-shaping of the TME due toM2 functions. In the present study, we initially demonstrated that big-

h3-structured collagen plays an important role in educating macrophages toward an M2 phenotype. We

show that this phenotype is associated with a morphological change from an originally spindle shape to-

ward a more spherical appearance with reduced processes. Of note, other studies characterized M2 mac-

rophages as elongated rather than spherical (Ruiz-Valdepenas et al., 2011), which seems to contrast with

our data. We hypothesize that the acquisition of an M2 phenotype was previously achieved by adding sol-

uble factors (i. e. Interleukin-4 and -13) to the differentiation medium, which differs from our own experi-

mental approach based on substrate ‘‘education’’ through different collagen matrices structured in the

absence or presence of rbig-h3. In our setting, rbig-h3-structured collagen I increased FAK phosphoryla-

tion and thereby augmented the adhesion points to the substrate facilitating a spherical shape with higher

surface contact. Furthermore, the acquired phenotype was conserved after in vivo injection indicating that

in vitro education induced a highly stable macrophage signature.

Aside from macrophages, the critical role of CD8+ T cells in tumor clearance is undisputed. CD8+ T cell

tumor infiltration is thought to reflect a good prognosis (Galon et al., 2006). Our findings suggest that

big-h3-structured collagen I educated macrophages play an important immunosuppressive role because

they inhibited the CD8+ T cell proliferation in vitro. We show that these macrophages induced a CD8+

Figure 6. rbig-h3-structured collagen I educated macrophages maintain their phenotype after in vivo injection

(A and B) Experimental setting (B) FACS analysis of the number of tumor cells (GFP tagged), and the percentages of F4/

80+CD45+, CD206+F4/80+, and CD163+F4/80+. *p<0.05, ****p< 0.0001.Representative of two independent experiments

with five mice per group.
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T cell proliferation arrest accompanied with reduced expression of well-known activation markers such as

CD69 and CD44. Previous findings demonstrated that bone marrow grown in a high-density collagen ma-

trix compared with a low-density collagen matrix had higher immunosuppressive capacities inhibiting the

proliferation of CD8+ T cell in vitro (Kuczek et al., 2019; Larsen et al., 2020). Our findings highlight a new

dimension of collagen organization in addition to matrix density structured in the presence of other extra-

cellular matrix molecules, namely big-h3 resulting in an immunosuppressive macrophage phenotype.

Furthermore, we revealed that this ‘‘M2 education’’ of macrophages can occur in vivo upon injection of tu-

mor cells embedded in big-h3-structured collagen because recruited macrophages also displayed an

immunosuppressive phenotype.

This phenotype imprinted in vitro the macrophage phenotype imprinted in vitro by the big-h3-structured

collagen was highly stable, as ‘‘M2 characteristics’’ were maintained even after injection in vivo in combi-

nation with tumoral cells. Our results provide the first demonstration that the architecture of stromal

collagen has a significant impact on the outcome of anti-tumoral immune responses because it alters

the phenotype of macrophages toward a sustained M2 phenotype with immunosuppressive properties.

These physical and functional modifications of the collagen in the context of pancreatic cancer might

lead to the ‘‘reprogramming’’ of the TME by instructing F4/80+ macrophages to become immunosuppres-

sive. Importantly, our findings also show that in vivo depletion of the big-h3 protein by a mAb approach

diminishes the M2 phenotype macrophages. Further investigations should address how to disrupt big-

h3 binding to collagen, as this may lead to macrophages reprogramming in the pancreatic cancer TME

with a potential therapeutic effect.

Figure 7. big-h3 Ab depletion in vivo reprograms macrophage phenotype in the tumor microenvironment

(A) Experimental setting.

(B) Tumor weight of mice treated in A.

(C-F) FACS analysis of the percentages of CD45+ (C), F4/80+CD45+(D), CD206+F4/80+(E), and Arg1+F4/80+ (F) cells collected in A. *p<0.05, **p<0.01.

Representative of two independent experiments with fivemice per group.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-big-h3 Sigma-Aldrich Cat# HPA008612, RRID:AB_1857970

Mouse monoclonal anti-collagen I (clone 3G3) Abcam Cat# ab88147, RRID:AB_2081873

Rat monoclonal to F4/80 (clone CI:A3-1) Abcam Cat#ab6640

RRID:AB_1140040

Mouse monoclonal anti-CD206 (Mannose receptor)

(clone 15-2)

Abcam Cat# ab8918, RRID:AB_306860

Donkey polyclonal Anti-Rabbit IgG (H + L), Alexa Fluor

647-conjugated

Invitrogen/Thermo Fisher Scientific Cat# A-31573, RRID:AB_2536183

Donkey polyclonal anti-Mouse IgG (H + L), Alexa Fluor

555-conjugated

Invitrogen/Thermo Fisher Scientific Cat# A-31570, RRID:AB_2536180

Donkey polyclonal anti-Rat IgG (H + L),

Cy3-conjugated

Jackson Immunoresearch Cat#712-166-150

RRID:AB_2340668

Phalloidin, Alexa Fluor 488-conjugated Cell Signaling Technology Cat#8878S

RRID:AB_2315147

Rabbit monoclonal anti-Phospho-FAK (Tyr397)

(clone 31H5L17)

Invitrogen/Thermo Fisher Scientific Cat# 700,255, RRID:AB_2532307

Rabbit polyclonal anti-FAK Cell signaling Technology Cat#3285

RRID: AB 2269034

Anti-tubulin GeneTex Cat#GTX628802

anti-pERK Cell Signaling Cat#4695

Donkey polyclonal Anti-Rabbit IgG (H + L),

HRP-conjugated

Jackson ImmunoResearch Labs Cat# 711-035-152, RRID:AB_10015282

Rat monoclonal anti-F4/80 (clone BM8),

PE-Cy7-conjugated

Biolegend Cat# 123114, RRID:AB_893478

Rat monoclonal anti-F4/80 (clone BM8), PerCP-Cy5.5-

conjugated

Biolegend Cat# 123128, RRID:AB_893484

Rat monoclonal anti-MHC Clas II (I-A/I-E) (clone

M5/114.15.2), PE-Cy7-conjugated

eBioscience/Thermo Fisher Scientific Cat# 12-5321-81, RRID:AB_465927

Rat monoclonal anti-CD206 (clone C068C2), Brilliant

Violet 650-conjugated

Biolegend Cat# 141723, RRID:AB_2562445

Rat monoclonal anti-CD86 (clone GL-1), APC-Cy7-

conjugated

Biolegend Cat# 105030, RRID:AB_2244452

Armenian hamster monoclonal anti-CD80 (clone

16-10A1), Brilliant Violet 605-conjugated

Biolegend Cat# 104729, RRID:AB_11126141

Rat monoclonal anti-CD115 (CSF-1R) (clone AFS98),

APC-Cy7-conjugated

Biolegend Cat# 135511, RRID:AB_11218605

Rat monoclonal anti-iNOS (clone CXNFT),

PE-conjugated

Life Technlogies/Thermo Fisher Scientific Cat# 12-5920-82, RRID:AB_2572642

Sheep polyclonal anti-Arginase 1/ARG1,

APC-conjugated

R&D Systems Cat# IC5868A, RRID:AB_2810265

Mouse monoclonal anti-LAP (TGF-beta-a) (clone TW7-

16B4), Brilliant Violet 421-conjugated

Biolegend Cat# 141408, RRID:AB_2650898

Human/mouse monoclonal anti-Granzyme B (clone

GB11), Alexa Fluor 647 conjugated

Biolegend Cat#515406

RRID:AB 2566333

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rat monoclonal anti-IFN gamma (clone XMG1.2),

Brillant Violet 650-conjugated

Biolegend Cat#505831

RRID:AB_11142685

Rat monoclonal anti-TNF-alpha (clone MP6-XT22),

Brilliant Violet 605-conjugated

Biolegend Cat# 506329, RRID:AB_11123912

Hamster anti-mouse CD69 (clone H1.2F3), PerCP-

Cy5.5-conjugated

BD Bioscences Cat#551113

RRID:AB_394051

Rat anti-human/mouse CD44 (clone IM7), Alexa Fluor

700 conjugated

Biolegend Cat#103025

RRID:AB_493712

Rat anti-mouse CD163 (clone TNKUPJ), PE conjugated eBioscience/Thermo Fisher Scientific Cat#12-1631-82

RRID:AB_2716924

anti-big-h3 18B3 (Goehrig et al., 2019) (Goehrig et al., 2019)

IgG1 control Ab BioXcell, USA BE0083

Chemicals, peptides, and recombinant proteins

Collagen I Gibco/Thermo Fisher Scientific Cat#A10483-01

Phosphate-buffered saline (PBS) 10x Gibco/Thermo Fisher Scientific Cat#14190-144

Phosphate-buffered saline (PBS) 1x Gibco/Thermo Fisher Scientific Cat#14190-144

Human recombinant big-h3 protein Bio-Techne/RD Cat#3409-BG

Dulbecco’s Modified Eagle Medium (DMEM) Gibco/Thermo Fisher Scientific Cat#61965059

Fetal calf serum (FCS) Eurobio Cat#CVFSVF00-01

Penicillin-Streptomycin (P/S) Gibco/Thermo Fisher Scientific Cat#15140-122

Collagenase P Roche/Sigma-Aldrich Cat#11213865001

Triton X-100 Sigma-Aldrich Cat#T8787

16% Formaldehyde solution (PFA) Termo Fisher Cat#28908

Antigen Unmasking Solution, Citrate-Based Vector/Eurobio Cat#H-3300

Antibody diluent Reagent Life Techno/Thermo Fisher Cat#003218

Vectashield mounting medium with DAPI Vector/Eurobio Cat#H-1200

NuPAGE 4-12% Bis-Tris polyacrylamide gel Invitrogen/Thermo fischer Cat#NP0335BOX

Immun-Blot PVDF membrane Biorad Cat#1620177

Tris buffered saline (TBS) Euromedex Cat#ET220

Tween 20 VWR Cat#28829.296

Bovine serum albumin (BSA) Sigma Cat#A2153-100G

RIPA buffer Pierce/Thermo Fisher Cat#89900

Protease complete EDTA-free Roche/Sigma-Aldrich Cat#04 693 159 001

Phosphatase phoSTOP Roche/Sigma-Aldrich Cat#04 906 837 001

Brefeldin A solution Biolegend Cat#420601

Dynabeads� Mouse T-Activator CD3/CD28 for T-Cell

Expansion and Activation

Gibco/Thermo Fisher Scientific Cat#11452D

Corning� Matrigel� Basement Membrane Matrix

High Concentration

Corning Cat#354248

CD8a (Ly-2) microbeads mouse Miltenyi Biotec Cat#130-117-044

FAK Inhibitor 14 Sigma-Aldrich Cat#SML0837

Critical commercial assays

ECL chemiluminescence kit Pierce Chemical/Thermo Fisher Scientific Cat#32106

Fixation/permeabilisation kit BD Cat#554714

CellTrace� Violet Cell Proliferation Kit Invitrogen/Thermo Fisher Scientific Cat#C34557

CellTrace� CFSE Cell Proliferation Kit Invitrogen/Thermo Fisher Scientific Cat#C34554

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact Ana Hennino (ana.hennino@inserm.fr).

Materials availability

This study did not generate new unique reagents.

Data availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Mice

C57BL/6 mice (WT) were obtained from Envigo (Indianapolis/Indiana/USA). KC mice, KIC mice and Rag2-

KO mice were bred in house (males and females). All mice were kept under specific pathogen-free condi-

tions at the Animale en Cancérologie (AniCan) platform at the Cancer Research Center of Lyon (CRCL). All

animal procedures and experiments were performed in compliance with the ethical guidelines of the CRCL

Animal Care and Use Committee, with approval of the Experimental Animal Ethics Committee of the

Rhône-Alpes region (CECCAPP) (CECCAPP_CLB_2019_002).

Generation of collagen matrices

Collagen I matrix was prepared by carefully mixing 800 mL of collagen I (Gibco; Amarillo/TX/USA) with

7,000 mL of 1x PBS (Gibco; Amarillo/TX/USA), 100 mL of 10x PBS and 100 mL of NaOH 0.1M. 8 mL of collagen

I matrix at 300 mg/mL was added on a 10 cm2 Petri dish and allowed to solidify at 37�C for at least 1 h. For

big-h3 structured collagen, rbig-h3 (Bio-Techne; Minneapolis/Minnesota/USA) was added to the collagen I

matrix mix at a final concentration of 2.5 mg/mLprior to the solidification.

BMMC generation and education

In order to generate bone marrow-derived monocytes, bone marrow cell suspensions were isolated by

flushing femurs and tibias of 8-12 week-old C57BL/6 mice with Dulbecco’s Modified Eagle Medium

(DMEM) (Gibco; Amarillo/TX/USA) containing 10% of foetal calf serum (FCS) (Eurobio; Evry-France) and

1% penicilin/streptomycin (P/S) (10,000 U/mL penicillin and 10 mg/mL of streptomycine; Gibco; Ama-

rillo/TX/USA) (DMEM-c). Cell aggregates were dislodged by passing the suspension through a 100mm

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

L929 cells ATCC CCL-1 ATCC CCL-1

Tumoral cells Epi (Goehrig et al., 2019) (Goehrig et al., 2019)

Experimental models: Organisms/strains

C57BL/6 (WT) mice Envigo C57bL/6JOlaHsd

P48+/Cre;KrasG12D (KC) mice (Hingorani et al., 2003) Hingorani et al. (2003)

Software and algorithms

ImageJ Schneider et al., 2012(Schneider et al., 2012) https://imagej.net

BD FACSDivaTM Software BD Biosciences https://www.bdbiosciences.com

FlowJo Becton, Dickinson and Company, 2019 https://www.flowjo.com

Python 3.0 processing BIOMECA https://www.bio-meca.com

Nanoscope software 9.1.R.3 BIOMECA https://www.bio-meca.com
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cell strainer. Lysis of red blood cells was performed with in house-made ammonium-chloride-potassium

(AKC) lysis buffer. 10 millions cells obtained were resuspended in 10 mL of DMEM-c supplemented with

20% of supernatant from L292 cells containing M-CSF plated on a 10 cm2 tissue culture dish, and incubated

for 6 days at 37�C, CO2 5%. Every other day, 10 mL of medium was removed and fresh DMEM-c supple-

mented with 20% M-CSF was added to the cells. Cells were harvested at day 7. For BMMC education,

107 cells were seeded onto 10 cm2 tissue culture dish coated with collagen or collagen+big-h3 matrices

previously described for 48 hat 37�C.

KIC tumor cell line

The isolation and culture of KIC pancreatic tumor cells from KIC mice, which were generated on a C57BL/6

background, was performed by modifying a previously published protocol (Bayne et al., 2012; Goehrig

et al., 2019). Briefly, the excised pancreas of a 2.5-month-old KIC mouse was minced into small fragments

and then incubated in 1x PBS containing collagenase V (1 mg/mL; Roche; Basel/Switzerland) at 37�C for

20 minutes. The digested tissue was homogenized by passage through a 100 mm cell strainer and the ob-

tained cells were plated into 6-well plates with serum-free DMEM. After 2 weeks, the medium was changed

to DMEM-c. After three to six passages, the cells were infected with lentiviral vector expressing H2B GFP

(Addgene no 25999).

Atomic force microscopy measurements and collagen fibrils analysis

AFM measurements were performed in the BIOMECA laboratory (ENS, Lyon) with a Resolve Bioscope

(Bruker Nano Surface, Santa Barbara, CA) mounted on an inverted optical DMI8 (Leica). AFM measure-

ments were performed using a conical tip located on a flexible cantilever with a 0.35 N/m spring constant

(DNP-10A, Bruker AFM probes). Before each experiment, the deflexional sensitivity of the cantilever was

calibrated against a sapphire wafer and spring constant was measured using the thermal tune method.

All experiments were conducted on sample sections immersed in PBS (Capricorn-scientific) at room tem-

perature and the standard cantilever holder for operation in liquid was used. Data acquisition was made

with the Nanoscope software, 9.1.R.3 version, on AFM QNM mode (Quantitative Nanomechanical Map-

ping), in fluid condition. Experiments consisted in acquiring topographic images (5 mm 3 5 mm, 20nN of

force, 8mm ramp size and 1.0 Hz ramp rate). Collagen fibrils thickness was analyzed using a BIOMECA’s

analysis script on PYTHON 3.0 processing. The AFM images were converted to a binary black and white

image and analyzed by a skeletonized approach to extract collagen fibril thickness. Using the

stiffness constant of the lever, the deflection indicates the resistance of the sample. Our protocol (Milani

et al., 2014) allows us to measure the local stiffness of the matrices in a minimally invasive manner, by

deforming the samples down to a depth of 100 nm. In order to investigate the stiffness patterns at

high resolution we used the quantitative nanomechanical mapping and the force volume

protocols (Bruker). In these protocols, the AFM probe oscillates at low frequency while horizontally scan-

ning the sample and a force curve in generated each time the probe enters in contact with the sample.

The elastic modulus of the sample, which reflects the stiffness, is then extracted from each curve applying

the Sneddon (Hertz) model, yielding two-dimensional stiffness maps, where each pixel represents one

force curve.

Immunofluorescence staining

Paraffin embedded mouse tissue was sectioned at a thickness of 4 mm thick on a Microtome (Leica; Wet-

zlar/Germany). The sections were deparaffinized and rehydrated before antigen unmasking was per-

formed using unmasking solution Vector H 3300 (Eurobio; Evry-France). The sections were saturated

with antibody (Ab) diluent (Dako/Agilent; Santa Clara/CA/USA) for 30 min and then incubated overnight

at 4 �C with primary Abs that were appropriately diluted in Ab diluent. The next day, the sections were

incubated with specific secondary Abs that were diluted in Ab diluent. Finally, the sections were

mounted in Vectashield mounting medium containing DAPI (Eurobio; Evry-France) for nuclear

counterstaining.

For phalloidin staining 43 105 BMMCwere cultured in P12 plates equipped with circular cover slips coated

with collagen or collagen + rbig-h3 for 24 h. The cover slips were recovered and washed in PBS. Attached

cells were fixed with PFA 4% for 5 min and permeabilized in PBS 0.2% Triton for 6minat RT. Cells were

stained with phalloidin overnight at 4 �C and then mounted in Vectashield mounting medium containing

DAPI (Eurobio; Evry-France) for nuclear counterstaining.
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Confocal microscopy

All samples were visualized under an LSM 880 inversed confocal microscope (Zeiss/Provenance). Series of

images were collected and processed using ImageJ software. For the analysis of BMMC processes 10 re-

gions of interest (ROI) were analyzed.

Western blot

Educated BMMCs were collected by scratching in 10mL of PBS. After centrifugation, the proteins were isolated

using RIPA buffer supplemented with protease and phosphatase inhibitors. 20mL of the obtained lysate were

separated by NUPAGE 4-12% Bis-Tris Gel electrophoresis (SDS- PAGE) (Gibco; Amarillo/TX/USA) and trans-

ferred to a Immune-Blot PVDF membrane (Biorad; Hercules/Californie/USAs). After transfer, the immune-blots

were blocked by incubating with 5% BSA in Tris buffered saline (TBS) (Euromedex; Souffelweyersheim/France)

containing 0.05% Tween 20 (VWR; Radnor/Pennsylvanie/USA). The blots were then probed overnight with

appropriately diluted primary Abs. After washing in TBS-Tween 0.05%, the membranes were revealed with sec-

ondary antibodies for 1 hour at room temperature. After washing, the blots were developed using the ECL

chemiluminescence method according to the manufacturer’s protocol (Pierce Chemical; Waltham/MA/USA).

The following antibodies were used to detect their corresponding substrates: anti-pFAK from Invitrogen,

FAK from Cell Signalling, pERK from Cell Signaling and anti-tubulin obtained from GeneTex. Either HRP-

conjugated anti-rabbit or anti-mouse Abs (Jackson Immunoresearch; Ely/United Kingdom) were used for

primary antibody binding.

FACS analysis

Educated BMMCs were collected by scratching into 10 mL of PBS and centrifuged. In case of tumor implan-

tation, the tumor grafts were excised, weighed and measured. The tumor grafts were then digested in PBS

(Gibco; Amarillo/TX/USA) supplemented with collagenase (1 mg/mL; Roche; Basel/Switzerland) for

20 minat 37�C. The digested tissue was homogenized by passage through a 100mm cell strainer. Single

cell suspensions from BMMCs or tumor grafts were stained with fluorescently labelled antibodies for

20 minat 4�C. For cytokine analysis single cell suspensions were incubated with Brefeldin A (Biolegend;

San Diego/CA/USA) for 2h at 37�C prior to surface staining in order to retain intracellular proteins. After

surface staining, cells were fixed and permeabilized using the Fixation/Permeabilization kit according to

the manufacturer’s protocol (BD; New Jersey/USA) and intracellular staining was performed for 30 minat

4�C. Fluorescently labelled cells were acquired on a BD Fortessa Flow Cytometer (BD; Franklin Lakes/

NJ/USA) and analyzed using either BD FACS Diva software V.5.0.1 (BD; Franklin Lakes/NJ/USA) or FlowJo

(Tree Star/BD; Franklin Lakes/NJ/USA).

The following monoclonal Abs were used in flow cytometry: anti-F4/80 Pe-Cy7 (clone BM8-Biolegend,

123114) or PerCP Cy5.5 (clone BM8-Biolegend, 123128), anti-MHCII PE (clone M5/114.15.2- eBioscience,

12-5321-81), anti-CD206 BV650 (clone C068C2-Biolegend, 141723), anti-CD86 BV605 (clone GL-1- Bio-

legend, 105029), anti-CD80 APC-Cy7 (clone 16-10A1-Biolegend, 104729), anti-CSFRI AF488 (clone

AFS98- Biolegend, 135511), anti-INOS PE (clone CXNFT, Life Techno, 12-5920-82), anti-Arginase1 APC

(RD, IC5868A), anti-TGF-b B421 (clone TW7-16B4-Biolegend, 141408) and anti-TNFa BV605 (clone MP6-

XT22-Biolegend, 506329).

T cell activation assay

CD8+T cells were purified from the spleens and lymph nodes of female C57BL/6 mice by column-based

magnetic activated cells sorting (MACS) according to the manufacturer’s protocol (Miltenyi Biotec; Ber-

gisch Gladbach/Germany). Purified CD8+T cells were thenlabelled with 5mM CSFE at 37 �C for 20min in

PBS according to the manufacturer’s protocol (Invitrogen; Amarillo/TX/USA). Following, CFSE-labelled

CD8+T cells were then cultured for two days in the presence of BMMCs respecting the T cell:BMMC ratios

of 4:1, 2:1 and 1:1. DynabeadsTM Mouse T-Activator CD3/CD28 for T-cell expansion and Activation (Gibco;

Amarillo/TX/USA) were added to the co-culture respecting at a T cell:bead ratio of 1:1. Proliferation of

CD8+T cells was evaluated at the end of the culture period by analysing CFSE dilution using flow cytometry.

Short term tumor implantation assay

BMMCs were generated in vitro and educated for 48 hat 37 �C on collagen matrices structured in the pres-

ence or absence of rhbig-h3 as described above. BMMCs were then harvested using trypsin action, and
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labelled with 5mMCell Trace Violet at 37 �C for 20min according to the manufacturer’s protocol (Invitrogen;

Amarillo/TX/USA).

Tumor cells line were generated in the lab like as described previously. The cells were routinely cultured in

DMEM-c and recovered by trypsinization.

Next, 1 3 106 cells BMMCs and 53105 tumor cells were resuspended in a Matrigel 1:1 mix (Matrigel Matrix

HC Cat 354248 Corning; Glendale/Arizona/USA) and subcutaneously injected as plugs into the flank of

C57BL/6 mice.

For some experiments, 53105 cells tumor cells were resuspended in a collagen I mix (300 mg/mL) with or

without rhbig-h3 (2.5 mg/mL) and subcutaneously injected as plugs into the flank of Rag2KO mice. In

both experimental setups, the mice were monitored on a daily basis. Five days after the engraftments,

the mice were sacrificed and the tumor plugs were recovered.

Alternatively KIC cells (53105) were subcutaneously injected into C57BL/6 mice. Ten days later, mice were

treated twice a week for two weeks with an anti-big-h3 depleting Ab (6 mg) or isotype control Ab (6 mg, Bio-

xcell). Mice were then monitored for 14 days and then sacrificed. The tumor grafts were then weighed,

measured and processed for flow cytometric analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The p-values were calculated using Student’s t-test with GraphPad Prism as indicated in the figure legends:

*p < 0.05, **p <0.01, ***p < 0.001 and ****p < 0.0001. One-way ANOVAwith Tukey’s post hoc test was used

for multiple comparisons.
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