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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer in 

the United States. Additionally, the low survival rate makes PDAC the third-leading cause of 

cancer-related mortality in the United States, and it is projected that by 2030, it will become 

the second-leading cause of cancer mortality. Several biological factors contribute to PDAC 

aggressiveness, and their understanding will narrow the gap from biology to clinical care of 

PDAC, leading to earlier diagnoses and the development of better treatment options. In this review, 

we describe the origins of PDAC highlighting the role of cancer stem cells (CSC). CSC, also 

known as tumor initiating cells, which exhibit a unique metabolism that allows them to maintain a 

highly plastic, quiescent, immune- and therapy-evasive state. However, CSCs can exit quiescence 

during proliferation and differentiation, with the capacity to form tumors while constituting a 

small population in tumor tissues. Tumorigenesis depends on the interactions between CSCs 

and other cellular and non-cellular components in the microenvironment. These interactions are 

fundamental to support CSC stemness and are maintained throughout tumor development and 

metastasis. PDAC is characterized by a massive desmoplastic reaction, which result from the 

deposition of high amounts of extracellular matrix components by stromal cells. Here we review 

how this generates a favorable environment for tumor growth by protecting tumor cells from 

immune responses and chemotherapy and inducing tumor cell proliferation and migration, leading 

to metastasis formation ultimately leading to death. We emphasize the interactions between 

CSCs and the tumor microenvironment leading to metastasis formation and posit that better 

understanding and targeting of these interactions will improve patient outcomes.
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1. Introduction

Cancer affects millions of people worldwide (National Cancer Institute, Accessed at 28th 

August 2022). In 2020, the United States (US) registered over 600,000 cancer related deaths, 

representing the second leading cause of cancer mortality. (American Cancer Research, 

Accessed at 28th August 2022). The incidence and mortality of cancer depend on multiple 

factors such as the organ of origin, the stage at the time of diagnosis, and the effectiveness 

of therapeutic options. Another important factor is the knowledge obtained from decades of 

research that allowed the discovery of new diagnostic tools and therapies, which facilitate 

early diagnosis and more effective treatment. In the last 20 years, the analysis of incidence 

and mortality trends from the top 5 deadliest types of cancer in the US shows that though 

high, the number of new cases and deaths for lung, breast, prostate, and colorectal cancers 

significantly decreased (National Cancer Institute, Accessed at 28th August 2022). This data 

translates the importance of the implementation of new preventive and diagnostic guidelines 

that allowed the identification of new cancer patients in earlier stages and the development 

of more effective therapeutic options. In contrast, pancreatic cancer cases and deaths have 

been increasing (National Cancer Institute, Accessed at 28th August 2022), reflecting the 

consequences of patients being diagnosed at later stages and the limited effectiveness of 

current therapies. More successful treatment of pancreatic cancer will require a better 

understanding of pancreas cancer biology. In this review, we analyze the clinical issues 

raised by this type of cancer and highlight the importance of developing new biomarkers that 

allow earlier diagnosis and new therapeutic strategies that improve the survival of patients. 

We will describe the importance of cancer stem cells (CSC) in the origin, progression, and 

metastasis of pancreatic cancer. Additionally, we will review how tumor microenvironment 

interactions are essential for pancreatic cancer progression. Finally, pancreatic tumors often 

disseminate to distant sites, greatly diminishing patient survival times. In this context, 

we highlight the importance of CSCs and the tumor microenvironment in facilitating the 

formation of metastasis. Altogether, the recent findings in pancreatic cancer biology may 

identify new biomarkers with an important impact on the earlier diagnosis of this disease 

and new therapeutic targets that will improve treatment.

2. Clinical issues in pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer 

with an estimated 62,000 new diagnoses and 50,0000 deaths predicted for 2022 in the 

US (American Cancer Research, Accessed at 28th August 2022). The 5-year survival rate 

for PDAC (11.5%) is the lowest of all major organ cancers for several reasons (American 

Cancer Research, Accessed at 28th August 2022; National Cancer Institute, Accessed at 

28th August 2022,2022). First, symptoms of PDAC are often non-specific and are associated 

with many other conditions. For example, the three most common symptoms prior to PDAC 

diagnosis are abdominal pain, a change in stool habits, and jaundice (Deshwar et al., 2018). 

Second, at the time of diagnosis the vast majority of patients already have regional or 

distant metastasis, and only 9% of patients have localized disease (Chu et al., 2017). For 

patients with localized disease at the time of diagnosis, surgical resection combined with 

chemotherapy results in a 5-year survival rate of 31.5% (National Cancer Institute, Accessed 

at 28th August 2022, 2022). While this is a great improvement relative to patients with 
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disseminated disease, who have a 5-year survival rate of only 3% this is the minority of 

patients and it is still dismal compared to the 5-year survival rates of localized disease 

for breast and prostate cancer (>99%) (National Cancer Institute, Accessed at 28th August 

2022, 2022). PDAC is currently the third-leading cause of cancer-related mortality in the 

United States and is predicted to become the second-leading cause as early as 2030 due to 

increasing rates of obesity, which is a risk factor for PDAC, and the incredibly low survival 

rate for this disease (Kenner et al., 2016).

The lack of effective therapeutic options reflects a gap between understanding the biology of 

PDAC and its clinical management. To bridge this gap the disease must be diagnosed earlier, 

and more effective treatments must be available. Both goals require deeper understanding 

of PDAC biology. In this review we will outline the contributions of CSC, the tumor 

microenvironment, and the crosstalk between the two that contribute to the aggressiveness of 

PDAC. We posit that the poor clinical outcome in PDAC is due to a highly aggressive, 

plastic CSC population that is primed to metastasize early in disease progression and 

develop resistance to therapy. Advancements in the understanding of how PDAC arises and 

progresses to metastasis may lead to better treatments and better outcomes for patients with 

a disease that is most often fatal.

3. Cancer stem cells in pancreatic ductal adenocarcinoma

CSCs are defined as cancer cells with the ability to self-renew and generate a tumor 

from a single cell (Beck and Blanpain, 2013; D’Angelo and Wicha, 2010; Jordan et al., 

2006; Nassar and Blanpain, 2016). In leukemia, these are the cells that can cause systemic 

leukemia from a single cell which generates leukemic cells that recapitulate the hierarchy of 

cells in the original patient or animal (Bonnet and Dick, 1997). In a carcinoma, these are the 

cells that can initiate a tumor in the organ of origin after injection of a single cell (Al-Hajj 

et al., 2003). There has been much debate about CSC since their discovery, however from 

a functional definition as tumor or disease-initiating cells, these cells undoubtably exist and 

are responsible for tumorigenesis, treatment resistance, and metastasis (Brooks et al., 2015). 

Much of the confusion over CSC has been a result of the overlap of terminology related to 

the cell of origin of the tumor as well as the idea that CSC states are highly plastic (Walcher 

et al., 2020). We describe CSC by the functional definition that is agnostic to the cell of 

origin of the tumor. In other words, the cell of origin does not need to be a tissue stem cell 

for the cells that are capable of tumor initiation to be CSCs. By describing the CSC state 

as highly plastic such that non-CSC may become CSC in an environment that supports their 

de-differentiation we focus on the functional definition of CSC—any tumor cell that can 

form a tumor (Fig. 1).

The first description of CSC in PDAC was published in 2007 by Li et al. (2007) and a 

similar paper closely followed by Hermann et al. (2007). Li found that CD44 + CD24 

+ ESA+ cells made up <1% of the population of human PDAC cells and demonstrated 

more than 100-fold enrichment in orthotopic tumor formation relative to the unenriched 

population (Li, et al., 2007). Hermann et al. investigated CD133, a different maker 

population, and found that these cells make up 1–3% of the population of human PDAC 

cells, are exclusively tumorigenic and highly resistant to chemotherapy (Hermann, et al., 

Palma et al. Page 3

Adv Cancer Res. Author manuscript; available in PMC 2024 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2007). In addition to CD44 + CD24 + ESA+ and CD133+, ALDH1 (Rasheed et al., 2010), 

c-Met (Li et al., 2011), CXCR4 (Hermann, et al., 2007; Van den Broeck et al., 2013), 

DCLK1 (Ito et al., 2016; Maruno et al., 2021; Westphalen et al., 2016) side-population 

(Ambrosini et al., 2020; Van den Broeck, et al., 2013; Wang et al., 2009), FoxO1-negative 

cells (Song et al., 2015), Nestin (Matsuda et al., 2014), and CD9 (Wang et al., 2019) have 

all been identified as markers of CSC in PDAC (Table 1). Additionally, CD44, CD24, 

CXCR4, and ESA expression were positively correlated with pancreatic carcinogenesis as 

they increase in frequency from normal ducts to low-grade PanINs to high-grade PanINs to 

PDAC (Kure et al., 2012).

Another key distinction of the CSC state is its unique metabolic phenotype (Perusina 

Lanfranca et al., 2019). For example, CD9 serves as a marker for PDAC CSC by 

mechanistically enhancing glutamine uptake (Wang, et al., 2019). Valle et al. found that 

PDAC cells could be pushed to a CSC phenotype in vitro simply by increasing OXPHOS 

(Valle et al., 2020). Similarly, Ambrosini et al. found that de-differentiated PDAC cells 

shift from glycolytic to oxidative metabolism and during this process enter a quiescent 

state with high clonogenicity and stemness (Ambrosini, et al., 2020). Blocking OXPHOS 

impairs mitophagy, mitochondrial metabolism and reduces PDAC CSC metabolic plasticity 

and stemness (Alcala et al., 2020). PDAC CSC also have altered fatty acid biosynthesis 

relative to non-CSCs (Di Carlo et al., 2021). Nimmakayala et al. found that in KPC mice 

liver metastasis showed a more glycolytic metabolism while lung metastasis displayed more 

oxidative metabolism, with different CSC subsets enriched in each (Nimmakayala et al., 

2021). This indicates that there may be unique metabolic states of CSCs that are selected 

in an organotropic fashion during the metastatic process. In another publication the authors 

demonstrated that PGC1α drove metabolic reprogramming to OXPHOS associated with 

increased stemness (Nimmakayala et al., 2021). These findings suggest a unique metabolic 

phenotype of CSCs that is crucial to their function providing a possible therapeutic target.

Recently, work from Lodestijn et al. has investigated the role of the microenvironment in 

tumor initiation via marker-free lineage tracing in xenograft models of PDAC (Lodestijn et 

al., 2021). Importantly, they found that clonogenicity of PDAC cells is determined by the 

microenvironment. Though the authors describe their findings as contrasting with the CSC 

model, their findings are consistent with the description of CSCs as a state and not as a fixed 

entity (Hermann and Sainz, 2018). Additionally, it is likely an oversimplification to view 

clonogenicity and CSC status as equivalent. While linked to clonogenicity, the CSC model 

also allows for the possibility that the most stem-like cells are only transiently proliferative 

and primarily quiescent, while more differentiated progenitor cells that are derived from 

the most stem-like cells are the most proliferative. This finding that the niche is crucial for 

PDAC CSC function is not new. In fact, in 2012, Lonardo et al. and Hamada et al. both 

independently reported that pancreatic stellate cells promote stemness (Hamada et al., 2012; 

Lonardo et al., 2012), a finding that is also supported by Lodestijn et al. Furthermore Askan 

et al. recently found that PDAC CSC frequency was strongly associated with both loose 

stroma and the highest cumulative rate of local recurrence in patient samples (Askan et al., 

2021). Various immune signals have also been demonstrated to support stemness including 

IL-22 (He et al., 2018) and tumor-infiltrating macrophages (Mitchem et al., 2013). Finally, 

Ball et al. also reported that the long-term progression of PDAC during serial xenograft 
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transplants is determined by transiently active CSCs (Ball et al., 2017). Taken together these 

findings demonstrate that CSC states have both tumor-intrinsic and microenvironmentally 

driven characteristics and that are both important to consider for CSC function in PDAC.

The CSC state in PDAC is also intricately linked to an immune evasive phenotype (Tsuchiya 

and Shiota, 2021). The initial identification of PDAC CSC was performed largely in 

patient derived xenograft models and with human PDAC tumor cell lines in nude (Foxn1nu/

Foxn1nu), NOD scid (NOD.Cg-Prkdcscid), or NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl) mice 

which lack a full immune system to prevent rejection of human tumor cell xenografts 

(Li, et al., 2007). In these models, the role of the immune system in regulation of CSC 

cannot be reliably studied. However, both in patient samples and in transgenic mouse 

models of spontaneous PDAC development, the interplay of CSC and the immune system 

is becoming clearer. Due to limitations of tumor xenograft models, the first area of study 

was macrophages, which have a defective function in NOD scid and NSG mice (Serreze 

et al., 1993; Shultz et al., 1995). In patients, CD204+ tumor associated macrophages and 

CD44 + CD133+ CSC are associated with poor prognosis, suggesting an interplay between 

macrophages and CSC (Hou et al., 2014). Hou et al. found that CD44 + CD133+ CSC are 

associated with low CD8+ T cell infiltration and high PD-L1 expression in human PDAC 

samples (Hou et al., 2019). This association with an immune evasive phenotype and CSC 

was also linked to unfavorable prognosis and reduced survival times in patients. Recently, 

in a spontaneous murine model of pancreatic cancer Lytle et al. reported a multiscale map 

of the CSC state in PDAC (Lytle et al., 2019). Using this unbiased approach, they found 

a major genetic program active in PDAC CSC’s to be cytokine signaling and immune 

pathways. Inhibition of these immune signals had a tumor-intrinsic effect characterized 

by the loss of sphere formation and tumor-extrinsic effects such as increased immune 

infiltration. Similarly, Valle et al. found that PDAC CSCs are enriched for expression of 

ligands and receptors related to immune suppression and immune evasion such as PD-L1, 

CD47, CD155, CD206, and ULPB2/5/6 (Valle, et al., 2020). The authors also found that 

PDAC CSC were less sensitive to macrophage phagocytosis and T cell killing than non-

CSC. Taken together, these findings indicate that a key characteristic of PDAC CSC is their 

immune evasive phenotype.

Cancer stem cell characteristics and the epithelial to mesenchymal transition (EMT) are 

inextricably linked for carcinomas (Mani et al., 2008; Zhang and Weinberg, 2018) and 

this phenomenon holds for PDAC (Rodriguez-Aznar et al., 2019). Even from the early 

papers on CSC in PDAC, Hermann et al. found that CXCR4 + CD133+ CSC were more 

mesenchymal, migratory and invasive than their differentiated counterparts (Hermann, et 

al., 2007). Furthermore, ALDH1 expression in PDAC CSC was also associated with a 

migratory, invasive, and mesenchymal phenotype (Rasheed, et al., 2010). Both early and 

more recent investigations have found that Dclk1+ PDAC cells are more migratory/invasive 

(Ito, et al., 2016) and show significantly higher expression levels of EMT transcription 

factors such as Snai1, Snai2, Twist1, and Twist2 (Maruno, et al., 2021). Rhimet al. also 

demonstrated that PDAC cells which have progressed through a partial EMT exhibit CSC 

properties and are capable of metastasis (Rhim et al., 2012). Interestingly, hyperglycemia 

and type 2 diabetes mellitus are significant risk factors for PDAC development in patients 

(Rahn et al., 2018). Sascha et al. found that hyperglycemia promotes EMT and CSC-features 
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via a TGF-beta1 dependent mechanism (Rahn, et al., 2018). In fact, it is becoming clearer 

that many of the microenvironmental and metabolic factors that support and define stemness 

also support EMT (Rodriguez-Aznar, et al., 2019).

Taken together, these findings point to the idea that poor clinical outcomes in PDAC 

are due to a highly aggressive, plastic CSC population primed to metastasize early in 

disease progression, evade the immune system, and develop resistance to therapy. Greater 

understanding of the cells that drive disease initiation, progression, and metastasis will lead 

to better therapies and better outcomes for patients.

4. Tumor microenvironment in pancreatic cancer

One common characteristic shared by many solid cancers is the presence of desmoplasia 

(Thomas and Radhakrishnan, 2019) (Fig. 2). The formation of fibrotic tissue characterizes 

desmoplastic reaction (DR), which occurs as a consequence of the abnormal deposition 

of extracellular matrix (ECM) proteins, growth factors, and cytokines produced by an 

accumulation of stromal cells surrounding the tumor tissue (Suklabaidya et al., 2018) (Fig. 

2A). Additionally, fibroblasts and immune cells largely contribute to this reaction, as they 

are responsible for the deposition of most of the proteins that constitute the ECM and 

represent most of the stroma from the tumor microenvironment (TME) (Apte et al., 2012; 

Ene-Obong et al., 2013; Ino et al., 2013) (Fig. 2A). Moreover, stromal tissues represent a 

large part of tumor volume, conferring structural support and promoting tumor cell growth, 

metastasis, and chemoresistance (Erkan et al., 2012).

Notably, the DR in PDAC is considered a histopathological hallmark of this type of cancer. 

For example, DR constitutes around 80% of the tumor volume (Erkan, et al., 2012), which 

changes the normal parenchyma of the pancreas. Consequently, pancreatic endocrine and 

exocrine functions are drastically compromised (Erkan, et al., 2012).

Hence, PDAC malignancy is not solely a consequence of the existence of cancer cells but 

also a result of the exacerbated accumulation of stromal cells in TME (Apte, et al., 2012) 

and the interactions between stromal and cancer cells. In this context, pancreatic stellate 

cells (PSCs) are pivotal players in PDAC development since they establish pro-tumoral 

interactions with tumor and immune cells and produce most of the proteins from the ECM 

(Apte, et al., 2012).

PSCs locate near pancreatic acinar cells and around pancreatic ducts and blood vessels 

(Apte, et al., 2012). In healthy individuals, PSCs are present in a quiescent state 

characterized by their content of lipid droplets rich in Vitamin A (Park et al., 2012). They 

also maintain the homeostasis of the pancreatic matrix by producing ECM components 

such as collagen III and fibronectin, but also matrix-degrading metalloproteinases (MMP) 

and their inhibitors (TIMP) (Apte et al., 1999; Phillips et al., 2003). However, under 

pathological conditions such as pancreatitis, PSCs become activated, leading to the loss of 

lipid droplets, followed by an increased expression of α smooth muscle actin (α-SMA) 

that leads to their conversion into a myofibroblast-like phenotype (Yen et al., 2002). 

Additionally, in such conditions, PSCs destabilize the matrix synthesis and degradation 
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balance towards the excessive production of ECM, thus leading to fibrosis (Apte, et al., 

2012). PSCs show similar behavior to PDAC cancer cells since they are the principal 

producers of fibrosis due to the synthesis of collagen, fibronectin, and laminin (Apte et al., 

2004). Tumor cells interact with PSCs promoting their activation and leading to increased 

proliferation, ECM production, and migration (Vonlaufen et al., 2008). Activated PSCs 

sustain tumor growth by inhibiting tumor cell apoptosis and promoting proliferation and 

migration (Kikuta et al., 2010). Several studies reported the existence of different PSC 

subtypes, which upon activation, associate with tumor cells and become cancer-associated 

fibroblasts (CAFs) (Elyada et al., 2019; Ohlund et al., 2017). Other sources of CAFs include 

tissue resident fibroblasts and tissue-infiltrating mesenchymal stem cells (Manoukian et 

al., 2021). Ohlund et al. identified two distinct CAFs populations, namely, myofibroblastic 

CAFs (myCAFs) and inflammatory CAFs (iCAFs) (Ohlund, et al., 2017). Additionally, 

Elyada et al. confirmed the existence of these subtypes by scRNA-seq and observed a third 

CAF subtype named antigen-presenting CAFs (apCAFs) (Elyada, et al., 2019).

The expression of fibroblast activation protein (FAP), high expression of α-SMA, and 

low expression of interleukin 6 (IL6) characterize the myCAF subtype, which localizes in 

the periglandular regions (Ohlund, et al., 2017). Signaling through C-X-C motif ligand 3 

(CXCL3)-C-X-C motif chemokine receptor 2 (CXCR2) activates myCAFs and increases the 

metastatic potential of cancer cells (Sun et al., 2022).

Tumor cells express transforming growth factor-β (TGF-β), which determines fibroblast 

transformation fate including transition to both myCAFs and iCAFs (Biffi et al., 2019; 

Elyada, et al., 2019). For example, TGF-β promotes myCAFs activation through SMAD2/3 

pathways and consequent expression of connective tissue growth factor (Ctgf) and collagen 

type I alpha 1 (Col1α1) (Biffi, et al., 2019) (Fig. 2B, green box top left panel). 

Simultaneously, tumor-derived TGF-β inhibits fibroblast transformation into iCAFs by 

decreasing the expression of interleukin-1 receptor-1 (IL1R1) (Elyada, et al., 2019).

Ohlund et al. also characterized iCAFs by their low α-SMA and high IL-6 expression 

(Ohlund, et al., 2017). These cells locate in distant sites from tumor cells. However, tumor 

cells secrete factors that lead to iCAF activation. Another characteristic of iCAFs is the 

upregulation of cytokines and chemokines such as IL-6, IL-8, IL-11, CXCL1, CXCL2, 

and CXCL12 (Ohlund, et al., 2017), conferring a chronic inflammatory environment that 

favors tumor cell proliferation. For example, the expression of CXCL12 by iCAFs has an 

immunosuppressive effect and promotes tumor growth (Garg et al., 2018). Interestingly, the 

IL-1 secreted by tumor cells seems to have an opposing role to that observed by TGF- 

β since IL-1 inhibits the expression of Ctgf in myCAFs and induces the expression of 

leukemia inhibitory factor (LIF) (Biffi, et al., 2019) (Fig. 2B, green box top right panel). In 

turn, LIF suppresses the immune system and decreases the deposition of ECM, which leads 

to tumor progression (Biffi, et al., 2019). Moreover, iCAFs synthesize hyaluronic acid (HA), 

which may also facilitate PDAC progression by reducing the efficiency of PDAC therapy 

(Provenzano et al., 2012).

Both myCAFs and iCAFs show characteristics that support tumor growth, and their 

localization suggests that CAFs can change their subtype accordingly to their proximity 
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to tumor cells (Biffi, et al., 2019). Tumor cells and PSCs interact in a vicious cycle that 

perpetuates tumor growth. Tumor cells contact with PSCs activating and transforming those 

in their neighborhoods into myCAFs. Simultaneously, tumor cells secrete factors that will 

transform distant PSCs into iCAFs. Together, myCAFs and iCAFs secrete factors important 

to sustain tumor growth by producing ECMs (myCAFs) and inhibiting the anti-tumoral 

immune activity (iCAFs). While the tumor grows, iCAFs become closer to tumor cells 

and change their phenotype to myCAF, thus supporting local tumor growth as tumor cells 

continue to secrete the factors needed to transform distant PSCs into iCAFs.

However, a third subtype of CAFs seems to have an opposing role in tumor progression due 

to its capacity to present tumor antigens. As previously mentioned, Elyada et al. identified 

apCAFs, which are described as a subtype of CAFs expressing major histocompatibility 

(MHC) class II genes, thus resembling the immune functions of antigen-presenting cells 

(Elyada, et al., 2019). Among the MHC II genes expressed by apCAFs are H2-aa, H2-

Ab1, CD74, serum amyloid A3 (Saa3), and secretory leukocyte peptidase inhibitor (SLPI). 

Additionally, apCAFs show enrichment of pathways for antigen presentation and processing 

and express costimulatory factors similarly to APCs, though at lower levels (Elyada, et al., 

2019) (Fig. 2B, green box bottom left panel). Despite its presumable immune activity, the 

mechanisms leading to apCAFs activation and their involvement in the induction of immune 

responses require further investigation.

Like other solid tumors, PDAC tissue shows infiltration of different types of immune 

cells such as T-cells, B-cells, NK cells, neutrophils, macrophages, and myeloid-derived 

suppressor cells (MDSCs) (Ene-Obong, et al., 2013; Ino, et al., 2013). Immune cell 

infiltration results in different outcomes, depending on the relationships between these 

cells and tumor cells. For example, immune cells such as cytotoxic T-cells (CTLs) and 

NK cells show a high cytotoxic activity towards tumor cells, which associates with better 

survival rates (Ene-Obong, et al., 2013; Ino, et al., 2013) (Fig. 2B, green box bottom 

left panel). However, tumor tissues infiltrated with macrophages, neutrophils, and MDSC 

show an opposite tendency (Ene-Obong, et al., 2013; Ino, et al., 2013). The fact that these 

immune cells confer tumor cells’ tolerance to antigen-specific T-cell cytotoxic activity may 

explain the observation of poor survival rates (Ene-Obong, et al., 2013; Ino, et al., 2013). 

Indeed, the evasion of the immune system is a well-established hallmark of cancer (Hanahan 

and Weinberg, 2011). For example, tumor cells archive immune evasion by producing 

granulocyte-macrophage colony-stimulating factor (GM-CSF), which induces MDSCs to 

suppress CD8 T-cell activity (Marigo et al., 2010) (Fig. 2B, green box bottom right panel).

PSCs also seem to contribute to immune evasion. For example, PSCs reduce CD8 T-cell 

migration towards tumor cells (Ene-Obong, et al., 2013). Additionally, PSCs secrete tryptase 

and IL13, which activate mast cells (Ma et al., 2013). Consequently, these cells can activate 

other PSCs through IL1 secretion, and this loop promotes tumor cell proliferation (Ma, et 

al., 2013).

So far, we discussed how the interactions established by the cellular components of TMEs 

either promote tumor growth or suppression in PDAC. Yet, TMEs also contain acellular 
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elements that participate in tumor fate, from which we highlight the ECMs mainly produced 

by PSCs.

The ECM consists of a network of non-cellular components that confers structural support 

and participates in cellular communications, which result in different cellular processes 

such as cell growth, migration, and death (Frantz et al., 2010). The dynamic deposition of 

structural molecules such as collagens and their degradation by enzymes such as MMPs 

control ECM homeostasis, leading to unique chemical and mechanical properties (Frantz, et 

al., 2010). Additionally, the interaction of cell-surface receptors with ECM and the bound 

growth factors to it leads to the activation of several signaling cues, which ultimately result 

in the regulation of gene transcription (Frantz, et al., 2010).

As mentioned before, PSCs are responsible for synthesizing and depositing high amounts 

of ECM molecules such as collagen, fibronectin, and laminin, which sustain tumor growth 

(Fig. 2B, red box top left panel). For example, Grzesiak et al. show that type I collagen 

promotes cell adhesion, proliferation, and migration of different PDAC cell lines, thus 

facilitating EMT and the consequent development of metastasis (Grzesiak and Bouvet, 

2006). Moreover, the expression of such fibrous proteins leads to the acquisition of tumor 

cell resistance to therapies such as gemcitabine, 5-fluorouracil, cisplatin, and doxorubicin 

(Miyamoto et al., 2004).

Additionally, matrix glycosaminoglycans such as HA are present in the ECM of PDAC. The 

expression of these molecules by PDAC tumor and stromal cells enhances tumor progression 

by promoting angiogenesis, tumor growth, and metastasis (Sato et al., 2016) (Fig. 2B, red 

box top left panel). Conversely, the degradation of HA increased the survival of mice with 

PDAC, suggesting that this molecule is a potential target for PDAC therapy (Provenzano, 

et al., 2012). However, clinical studies in metastatic pancreatic cancer patients combining 

hyaluronidase with standard of care treatments failed to improve patient progression free 

survival and overall survival rates (Ramanathan et al., 2019; Van Cutsem et al., 2020).

Tumor cells depend on the degradation of the ECM and the release of ECM-bonded growth 

factors to grow and invade neighboring tissues, thus laying on the expression of MMPs 

(Cabral-Pacheco et al., 2020). For example, the expression of MMP-7 leads to tumor 

invasiveness and adhesion through the activation of EGFR signaling (Tan et al., 2005). 

Other MMPs, such as MMP-2 and MMP-9, promote tumor invasion by degrading type 

IV collagen (Liotta et al., 1980). Interestingly, MMP-9 releases vascular epithelial growth 

factor (VEGF) from the ECM, thus inducing endothelial cell sprouting and consequently 

promoting angiogenesis in response to hypoxia (Hawinkels et al., 2008) (Fig. 2B, red 

box top left panel). This mechanism has particular importance since most PDACs exhibit 

hypoxic regions (Tao et al., 2021).

In fact, the combination of DR with the proliferation of tumor cells, and poor vascularization 

of PDAC results in high consumption of the oxygen supplies and consequent formation of 

hypoxic regions (Tao, et al., 2021). Therefore, tumors need to adapt to this condition to 

survive. They do so by hijacking the mechanisms used by healthy cells to counter the stress 

caused by hypoxia, by increasing the expression of hypoxia-inducible factors (HIF) (Tao, 
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et al., 2021) (Fig. 2B, red box bottom left panel). These transcription factors allow tumor 

cells to change glucose metabolism from oxidative phosphorylation to glycolysis through 

the Warburg effect (Chiche et al., 2010) (Fig. 2B, red box bottom left panel).

Under hypoxic conditions, tumor and stromal cells increase the levels of reactive oxygen 

species (ROS) in a HIF-independent manner (Sendoel and Hengartner, 2014). Yet, increased 

levels of ROS stabilize HIF transcription activity, which prolongs the response to hypoxia 

(Calvani et al., 2012). Interestingly, moderate levels of ROS favor tumor growth by 

increasing cell survival and proliferation through the activation of signaling pathways such 

as ERK and PI3K/AKT (Fruehauf and Meyskens, 2007) (Fig. 2B, red box bottom left 

panel). However, increased levels of ROS lead to tumor cell death as a consequence of 

oxidative stress (Nogueira et al., 2008). Hence, tumor cells need to control ROS levels in 

a favorable manner, which allows them to survive. In this context, hypoxic stromal cells 

contribute to the survival of hypoxic PDAC cells (Tao, et al., 2021). Hypoxia activates PSCs, 

which in turn also increase the levels of ROS (Cao et al., 2019). Contrarily to PDAC cells, 

PSCs endure hypoxia-driven oxidative stress caused by high levels of ROS and consequently 

express different factors that support PDAC cell viability (Cao, et al., 2019) (Fig. 2B, red 

box bottom left panel). For example, PSCs secrete osteopontin in a ROS-dependent manner, 

which promotes EMT and stemness in PDAC cells (Cao, et al., 2019). Another consequence 

of PSCs activation under hypoxia is the expression of angiogenic and inflammatory factors 

such as IL-6, stromal cell-derived factor-1 (SDF-1), and VEGF, which contribute to tumor 

cell invasion and confer a new supply of oxygen through the formation of blood vessels 

(Lei et al., 2014) (Fig. 2B, red box bottom left panel). The ECM also generates cytotoxic 

levels of ROS, resulting in PDAC cell death through fibronectin-mediated stimulation of 

α5β1 integrin (Topalovski et al., 2016). However, PSCs express fibulin-5, which blocks 

fibronectin signaling, thus protecting tumor cells from oxidative stress (Topalovski, et al., 

2016). Moreover, PDAC cells can reduce the levels of ROS by upregulating the expression 

of heme oxygenase-1 (HO-1) (Abdalla et al., 2019; Topalovski, et al., 2016) or by increasing 

the activity of HIF-1α (Lang et al., 2016). Furthermore, HIF-1α leads to chemoresistance by 

reducing the sensitivity of PDAC cells drugs such as gemcitabine (Yokoi and Fidler, 2004).

Finally, the vicious loop established by continuous tumor cell proliferation and PSCs 

deposition of ECM proteins stiffens tumor tissues, which increases the tension and 

interstitial pressure in PDACs (Piersma et al., 2020) (Fig. 2B, red box right panel). As 

stiffness increases in tumor tissues due to tumor growth and ECM deposition, blood 

and lymphatic vessels collapse, thus increasing the interstitial tissue pressure, developing 

hypoxic regions, and compromising drug delivery (Piersma, et al., 2020) (Fig. 2B, red 

box right panel). Consequently, tumor and stromal cells are under extreme mechanical 

forces, translated in mechanotransduction, a process by which cells activate different 

signaling pathways in response to mechanical stress (Friedland et al., 2009). As an outcome, 

mechanical stress further induces stromal cells to support tumor growth and potentiates the 

migratory capacity of tumor cells, which leads to metastasis (DuChez et al., 2019; Lo et 

al., 2000) (Fig. 2B, red box right panel). Even in this condition, migratory tumor cells take 

advantage of ECM proteins to form clusters and travel across tracks of collagen, fibronectin, 

and tenascin C secreted by PSCs (Sunyer et al., 2016).
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The aggressiveness of PDAC is broader than the growth of tumor cells and results from 

the interactions established with different types of non-cancerous cells and non-cellular 

components in the TME. Such interactions are fundamental to support tumor development 

by inducing tumor cell proliferation, protecting tumor cells from immune surveillance and 

therapy, supplying tumor cells with growth factors, and adapting tumor cells to stress 

conditions such as hypoxia and mechanical pressures. Additionally, the TME can perpetuate 

tumor development by inducing tumor cells to adopt stem-like states and boost tumor 

cell dissemination by increasing their metastatic potential. Therefore, targeting the tumor 

microenvironment is a promising therapeutic strategy to improve PDAC patient survival.

5. Metastasis in pancreatic ductal adenocarcinoma

Early dissemination is a key feature of PDAC, as evidenced both by the course of disease 

in patients and in genetically engineered mouse models (Das and Batra, 2015). Rhim et al. 

found that in the KPCY model dissemination of pancreatic cells precedes tumor formation 

(Rhim, et al., 2012), a phenomenon that has also been found for other cancers such as breast 

(Hosseini et al., 2016). These early circulating tumor cells can be detected in the blood 

(Rhim, et al., 2012), liver (Rhim, et al., 2012), and even in implanted biomaterial scaffolds 

that recruit metastatic tumor cells in murine models of spontaneous PDAC development 

(Bushnell et al., 2021). More recent results from Ray et al. suggest that the ECM plays 

a key role in PDAC early dissemination (Ray et al., 2022). Specifically, they investigate 

the role of tumor-associated collagen signatures (TACS) and find that TACS regulate cell 

extrusion and invasion from pre-malignant and malignant lesions. Lymphovascular invasion 

is also commonly associated with PDAC and poor prognosis (Takahashi et al., 2020). 

Recently, an HDAC inhibitor was demonstrated to reduce lymphangiogensis and as a 

result, reduced dissemination, and metastasis (Wang et al., 2021). The concept of early 

dissemination is further complicated by the fact that tumor cells disseminate and lie dormant 

in target organs. Specifically, Pommier et al. found livers of PDAC patients contain single 

disseminated cancer cells (DCC) that lack CK19 and MHCI expression (Pommier et al., 

2018). The authors generated a mouse model that recapitulated this finding by immunizing 

mice against PDAC cells prior to injection in the portal vein. Recently, Luksza et al. report 

a model wherein neoantigen quality determines the degree of immunoediting that indicates 

whether patients will survive long term or not (Luksza et al., 2022). Interestingly, this 

model demonstrates that long-term survivors of PDAC develop recurrent tumors with fewer 

high-quality neoantigens due to editing over time. These findings suggest that even if PDAC 

can be diagnosed earlier, there may be additional complications from tumor cells that have 

already disseminated and sit dormant in distant organs and may or may not be visible to the 

immune system. However, at present the interaction between dormant DCC and the primary 

tumor is unknown. These are crucial questions to answer in the quest for better outcomes for 

patients.

As described above, CSC play a crucial role in metastasis. As cells that can form tumors, 

CSC are responsible for metastasis initiation. There is some debate in the field whether the 

CSC that initiate tumors in the pancreas are the same phenotype as those that initiate tumors 

in metastatic organs such as the lungs and liver. As previously mentioned, Nimmakayala 

et al. found liver metastases were enriched in glycolytic SP cells while lung metastases 
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were enriched in oxidative CD133+ALDH+ PDAC cells (Nimmakayala, et al., 2021). The 

CSC model side-steps this debate by recognizing that the CSC state is plastic and not a 

single entity. Hermann et al., in one of the first reports on PDAC CSC identified CXCR4 

+ CD133+ CSC as those that determine the metastatic phenotype of the tumor (Hermann, 

et al., 2007). Maeda et al. also found that CD133 expression correlates with lymph node 

metastasis (Maeda et al., 2008). Side population (SP) cells are also enriched in a CSC 

phenotype (Van den Broeck, et al., 2013; Wang, et al., 2009) and are enriched in metastases 

relative to the primary tumor.

The pre-metastatic niche also plays a crucial role in pancreatic cancer metastasis 

(Gumberger et al., 2022). The term pre-metastatic niche was coined by a landmark paper by 

Kaplan et al. in which they found that VEGFR1+ bone marrow cells prepare the metastatic 

microenvironment to receive and support tumor cells (Kaplan et al., 2005). Though first 

validated in Lewis lung carcinoma, this concept has been extended to PDAC via Costa-Silva 

et al. who found that exosomes from PDAC cells initiate the pre-metastatic niche in the 

liver (Costa-Silva et al., 2015). This field is rapidly growing; thus, we refer readers to 

the following review of the hepatic pre-metastatic niche for further information (Houg and 

Bijlsma, 2018). The concept of the pre-metastatic niche is key to the idea that metastasis 

formation may not be purely stochastic but at least determined, in part, by the preparation 

of the microenvironment enabling it to attract and receive DCCs. For patients, this indicates 

that there is an additional step that can be targeted to abrogate metastasis (Aguado et 

al., 2017). CSC are crucial to the concept of the pre-metastatic niche in two ways. First, 

cells that initiate metastases are CSC and this model is agnostic to whether they are 

CSC when they arrive at the primed niche or whether they are turned into CSC by the 

microenvironment. Second, many studies have demonstrated that CSC contribute strongly 

to the microenvironment of the tumor as well as the tumor secretome, including exosomes. 

For an excellent review on this concept please see Chang et al. (Chang and Pauklin, 2021). 

Taken together, the contribution of CSC to the pre-metastatic niche is a promising avenue for 

targeting metastasis at the earliest stages.

The tumor microenvironment (TME) also plays a crucial role in promoting metastasis. 

Beyond the direct role of CSC on priming the microenvironment for dissemination 

and metastasis as described above, there are many cell types present in the TME that 

contribute to dissemination, including cancer associated fibroblasts (von Ahrens et al., 

2017), macrophages (Kemp et al., 2021; Mitchem, et al., 2013; Nielsen et al., 2016), 

monocytes (Kemp, et al., 2021; Nedjadi et al., 2018), endothelial cells (Choi et al., 2021), 

pancreatic stellate cells (Hamada, et al., 2012; Lonardo, et al., 2012), and endocrine cells 

of the pancreas (Mutgan et al., 2018). For an excellent, in depth review of the TME 

contribution to metastasis in PDAC we recommend Truong et al. (Truong and Pauklin, 

2021). In brief, each of these TME components has been shown to contribute to metastasis 

that fall into three possible categories with some cells demonstrating contributions to 

metastasis in all three. These categories include (i) enhancing stemness which in turn 

facilitates metastasis, (ii) contributing to the tumor secretome which alters the pre-metastatic 

niche in myriad ways discussed above, (iii) directly contributing to invasion, extravasation 

and therefore, subsequent metastasis. Better understanding of how each of these cell types 
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contribute to metastasis at varying levels is crucial for finding new therapeutic targets to 

prevent or treat metastasis in PDAC (Fig. 3).

6. Conclusion

Despite basic and clinical research efforts, the prognosis of patients with pancreatic ductal 

adenocarcinoma is worse than most other cancers. The vast majority of patients already have 

distant metastasis at the time of diagnosis (Chu, et al., 2017) and current therapies do not 

offer significant increases in survival times. Clinical trials in PDAC are successful if patients 

survive 1 month longer in the experimental arm compared to the standard of care (Adamska 

et al., 2017). We have argued in this review that one of the reasons for poor patient outcomes 

in PDAC is the existence of highly aggressive, phenotypically plastic CSC populations that 

are highly metastatic and therapy resistant. Without eliminating the CSC populations that 

can recreate the entire heterogeneous structure of the original tumor, therapies will not be 

successful. Most current PDAC clinical trials utilize an immunotherapy, targeted therapy, or 

metabolic targeting (Hosein et al., 2022; Katayama et al., 2020). Given the importance of 

the immune system and metabolism in regulating CSC, as described in this review, these 

therapies are promising.

PDAC CSCs interact with the tumor microenvironment to support the growth of both 

primary and metastatic tumors. For example, PDAC characterizes by a marked desmoplastic 

reaction, which result from the recruitment of stromal cells such as PSCs, MSCs, and 

fibroblasts that differentiate into CAFs responsible to produce high amounts of ECM 

components such as collagens, MMPs, and hyaluronic acid (Xu et al., 2016). The continuous 

growth of tumor cells, the recruitment of stromal cells and the accumulation of ECM 

proteins stiffens PDAC tissues and leads to the collapse of blood and lymphatic vessels 

(Nieskoski et al., 2017). Consequently, this generates mechanical stress, high interstitial 

pressure, and hypoxia, which compromise the penetration of chemotherapeutic drugs such 

as gemcitabine, 5-fluorouracil, cisplatin, and doxorubicin (Lei et al., 2019). Simultaneously, 

tumor cells adapt to these stress conditions and acquire resistance to mechanical stress, 

interstitial pressure, hypoxia, and chemotherapy further potentiating their aggressiveness 

(Yamasaki et al., 2020). Hence, the use of therapies targeting the microenvironment may 

represent a promising approach to inhibit PDAC growth. Targeting the stroma has been an 

active area of investigation, however these approaches have had limited success in patients 

as the desmoplastic reaction is partly tumor inhibitory (Jiang et al., 2020). These findings 

highlight the need to better understand the interplay between the tumor microenvironment 

and PDAC cells to target true vulnerabilities and not exacerbate tumor progression. Tumor 

microenvironment targets currently under clinical investigation have recently been reviewed 

by Tsang et al. and include CXCR4 antagonist, CXCL12 antagonist, IL-6 inhibitors, 

IL-1beta inhibition, and Vitamin D analogues (Tsang and Tempero, 2021).

In addition to better treatments, it is possible that earlier diagnosis of PDAC will have 

a significant positive impact on patient survival. The cells that initiate a PDAC tumor or 

metastasis are CSCs. Thus, the detection problem can be understood that it is crucial to 

detect PDAC CSCs themselves or biomarkers that are associated with the presence of CSCs. 

Liquid biopsy is a promising avenue to detect the presence of circulating tumor cells, 
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ctDNA, or exosomes (Nagai et al., 2020). Another approach is detection of alterations in the 

immune system associated with PDAC progression (van der Sijde et al., 2021). Interestingly, 

this approach can also be used to detect both immune alterations and tumor cells in a 

biomaterial implant (Bushnell, et al., 2021). Though PDAC CSCs may disseminate at the 

earliest stages of disease progression, earlier diagnosis in patients leads to better outcomes 

(Kanno et al., 2019). Better understanding of the biology of PDAC CSCs—their biomarkers 

and vulnerabilities—will lead to earlier diagnosis, more effective treatments, and better 

patient outcomes.
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Fig. 1. 
Cancer stem cell model and consequences. (A) Different models of tumor initiation that 

are compatible with the cancer stem cell hypothesis. In the deterministic model (top left), a 

tissue stem cell has intrinsic capabilities to form a tumor (right). In the microenvironment 

model (middle left), cancer stem cell phenotype is driven by the microenvironment. In the 

stochastic model (bottom left), cancer stem cell phenotype emergence is purely stochastic 

and driven by tissue damage or mutation. (B) Consequences of cancer stem cells include the 

fact that CSC (green) exhibit metabolic plasticity and survive under harsh conditions that 

kill differentiated cells (left). Furthermore, CSC are immune evasive and can escape T cell 

and NK cell control that kills differentiated cells (second from the left). The same concept 

holds true for therapy resistance (second from the right) where CSC have intrinsic therapy 

resistance and survive cytotoxic chemotherapy that kills bulk cells. Finally, CSCs can also 

drive invasion and metastasis (right).
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Fig. 2. 
Tumor microenvironment interactions in PDAC. (A) Model comparing the cellular (green 

circles) and acellular components (red circles) of the healthy pancreas (left) and tumor-

bearing pancreas with desmoplastic reaction (right). In the healthy pancreas, we observe 

a tissue region where exocrine cells grow in a structured manner with a blood vessel of 

normal size (left green circle) and an organized ECM composed of collagen, hyaluronic 

acid, MMPs, and TIMMs (left red circle). In the tumor-bearing pancreas, we observe 

that the uncontrolled growth of tumor and stromal cells changed the cellular composition 

of pancreas, causing the invasion and collapsing of blood vessels (right green circle). 

Additionally, the ECM in PDAC has an abnormal accumulation of proteins such as 

collagen and hyaluronic acid, which support tumor growth (right red circle). (B) In-depth 

observation of the interactions established in the cellular (green box) and acellular (red 

box) components of PDAC. At the cellular level (green box), we observed that tumor 
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cells induce the differentiation of PSCs, fibroblasts, and MSCs into myCAFs by secreting 

TGF-β. Consequently, myCAFs support tumor growth by increasing the deposition of 

ECM molecules (top left panel). Additionally, tumor cells also secrete IL-1 to induce the 

differentiation of PSCs, fibroblasts, and MSCs into iCAFs. These cells secrete different 

cytokines responsible to promote a pro-inflammatory environment that supports tumor 

growth and inhibits anti-tumoral immune responses (top right panel). Contrarily, apCAFs 

can boost the immune system to eliminate tumor cells by presenting tumor antigens to CTLs 

and B-cells. Furthermore, innate immune cells such as NK cells also contribute to this anti-

tumoral response (bottom left panel). However, tumor cells can evade the immune system by 

secreting growth factors such as GM-CSF, which recruits MDSCs from the bone marrow to 

inhibit the activity of immune cells such as CTLs and NK-cells (bottom right panel). On the 

acellular level (red box), we observe that ECM components such as collagen, hyaluronic 

acid, and MMPs promote tumor growth and dissemination by increasing angiogenesis 

and tumor cell invasion, migration, and metastasis (top left panel). Additionally, hypoxia 

has a similar effect on tumor growth since low levels of oxygen increase the levels of 

HIF and ROS in PSCs leading to their activation. Consequently, activated PSCs increase 

the expression of VEGF, which leads to angiogenesis, thus favoring tumor growth and 

dissemination by conferring new oxygen supplies. Moreover, activated PSCs under hypoxic 

conditions increase the expression of osteopontin, IL-6, and SDF-1, which forms an 

inflammatory environment that promotes tumor cell migration and proliferation. Similar 

to PSCs, hypoxia increases the levels of HIF and ROS in tumor cells resulting in a metabolic 

shift from oxidative phosphorylation to glycolysis and activating signaling pathways such 

as Erk and Akt, which are responsible to increase tumor cell proliferation (bottom left 

panel). Finally, the abnormal deposition of ECM molecules increases the stiffness of PDAC 

tissue resulting in mechanical stress. Consequently, blood and lymphatic vessels collapse 

causing hypoxia, increasing interstitial pressure, and compromising PDAC treatment due to 

inefficient drug delivery. Additionally, mechanical stress increases tumor cell migration and 

invasion, thus facilitating metastasis (right panel).
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Fig. 3. 
Metastasis in PDAC. Schematic illustration of the progression from healthy pancreas (top 

left) to pre-invasive PDAC (top middle). In pre-invasive disease, even prior to true tumor 

formation it is possible for PDAC cells to disseminate to the liver (top middle). In invasive 

PDAC, tumor cells can intravasate into the blood stream arrive in the liver, and extravasate 

into liver tissue (top right). Once there is an invasive tumor, tumor secreted factors contribute 

to the formation of the pre-metastatic niche in the liver that attracts and supports tumor cell 

growth in this organ (bottom right). Furthermore, tumor secreted factors also suppress the 

immune system and prevent NK and T cell surveillance and elimination of tumor cells at 

metastatic sites (bottom middle). Finally, in the late metastasis stage, tumor cells not only 

disseminate from the original tumor, but also from metastases (bottom left). During this 

phase the number and size of metastases can increase exponentially, ultimately resulting in 

patient death.
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Table 1

Markers of cancer stem cells in pancreatic adenocarcinoma. References that demonstrate enrichment in tumor 

initiation via limiting dilution assay are reported here, those that only investigate sphere formation as a proxy 

for CSC activity are not included since this is not the gold-standard.

CSC Marker Cell line/model(s) References

CD44+CD24+ESA+ Human primary PDAC tumors Lodestijn, et al. (2021)

CD133+CXCR4+ L3.6pl (metastatic variant of COLO 357) Hermann, et al. (2007)

ALDH1 + CAPAN-1, PANC-1, DAN-G, L3.6pl

Human primary PDAC tumors Rasheed, et al. (2010)

c-Met+ Human primary PDAC tumors Li, et al. (2011)

DCLK1 + KLM1, BxPC3

LSL-KrasG12D, Dclk1-CreERT mice Ito, et al. (2016); Westphalen, et al. (2016)

FoxO1-negative Human primary PDAC tumors,

PANC-1 Song, et al. (2015)

Side-population Human primary PDAC tumors, PANC-1, BxPC3 Van den Broeck, et al. (2013); Wang, 
et al. (2009)

CD9+ LSL-KRasG12D; Fbw7F/F;Ck19-CreER;R26-LSL-YFP(KFCkY) Wang, et al. (2019)
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