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Abstract

Liver cancer is the second leading cause of cancer mortality worldwide, causing more than 

700,000 deaths annually. Because of the wide landscape of genomic alterations and limited 

therapeutic success of targeting tumor cells, a recent focus has been on better understanding and 

possibly targeting the microenvironment in which liver tumors develop. A unique feature of liver 

cancer is its close association with liver fibrosis. More than 80% of hepatocellular carcinomas 

(HCCs) develop in fibrotic or cirrhotic livers, suggesting an important role of liver fibrosis in the 

premalignant environment (PME) of the liver. Cholangiocarcinoma (CCA), in contrast, is 

characterized by a strong desmoplasia that typically occurs in response to the tumor, suggesting a 

key role of cancer-associated fibroblasts (CAFs) and fibrosis in its tumor microenvironment 

(TME). Here, we discuss the functional contributions of myofibroblasts, CAFs, and fibrosis to the 

development of HCC and CCA in the hepatic PME and TME, focusing on myofibroblast- and 

extracellular matrix—associated growth factors, fibrosis-associated immunosuppressive pathways, 

as well as mechanosensitive signaling cascades that are activated by increased tissue stiffness. 

Better understanding of the role of myofibroblasts in HCC and CCA development and progression 

may provide the basis to target these cells for tumor prevention or therapy.
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1. INTRODUCTION

Liver cancer caused 746,000 deaths in 2012, making it the second leading cause of cancer-

related death worldwide, surpassed only by lung cancer (1). Approximately 90% of liver 

cancers are hepatocellular carcinomas (HCCs) and 10% are cholangiocarcinomas (CCAs) or 

mixed forms of HCC and CCA. There are additional rare forms of liver cancer such as 

fibrolamellar carcinoma as well as benign liver tumors such as focal nodular hyperplasia and 

hepatocellular adenoma (2). In the current review, we focus exclusively on HCC and CCA. 

Incidence and the overall number of deaths due to liver cancer have rapidly increased in the 
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past decades (1). However, these changes may not be uniform, with decreasing numbers in 

areas with historically high rates of HCC such as China but increasing rates in Western 

Europe and North America (1). In the United States, the incidence of HCC almost tripled 

between 1975 and 2011 (1), whereas the incidence of most other solid tumors has remained 

stable. Similarly, the incidence of primary liver cancer has increased in England and Wales 

(3–5). Some studies have suggested an even stronger increase of CCA than of HCC in 

Western countries (5). HCC and CCA have poor prognoses, with a 5-year survival rate of 

less than 12% for HCC (6) and 10% for CCA (7) due to a combination of late diagnosis and 

the lack of efficient therapies for advanced stages. There is a pressing need to better 

understand the biology of HCC and CCA to develop more efficient therapies.

Although the main focus of oncology has been on oncogenic signaling pathways in tumor 

cells, an important contribution is also made by the environment in which tumors develop. It 

is widely believed that cells from the tumor microenvironment (TME) contribute to the 

hallmarks of cancer (8), namely, sustaining proliferative signaling, evading growth 

suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, 

activating invasion and metastasis, reprogramming energy metabolism, and evading immune 

destruction (9). Accordingly, hepatic gene expression in surrounding nontumor tissue rather 

than in tumors themselves determines survival in patients undergoing potentially curative 

treatment for HCC (10), suggesting that the environment in which HCC arises exerts a major 

influence on tumor development and growth. One of the outstanding features of HCC is its 

strong association with liver fibrosis, with 80–90% of HCCs developing in fibrotic or 

cirrhotic livers (6). This differs from most other tumors and organs, where fibrosis is not 

strongly associated with cancer development but may occur as reactive desmoplasia once the 

tumor has developed. Accordingly, CCA often develops in nonfibrotic livers but 

subsequently triggers a strong desmoplastic reaction similar to that seen in pancreatic cancer 

(11). Based on these findings, we propose to differentiate between the premalignant 

environment (PME), which precedes tumor development and is characterized by chronic 

hepatic cell death, inflammation, and fibrosis, and is likely to play a key role in the 

development of HCC but a lesser role in CCA, and the TME, which develops and coevolves 

in already developed tumors and is likely to play a key role in CCA and HCC.

2. HEPATOCELLULAR CARCINOMA

2.1. Introduction to Hepatocellular Carcinoma

Virtually all HCCs arise in patients with chronic liver diseases such as chronic viral 

hepatitis, nonalcoholic fatty liver disease (NAFLD), and alcoholic liver disease. In this 

regard, increased rates of HCC coincided with the peak of hepatitis C virus (HCV) infection 

that occurred several decades ago, resulting in the development of HCC two to four decades 

thereafter. Moreover, the increase in adiposity and NAFLD is believed to contribute to 

increased rates of HCC (12). Most patients sequentially develop hepatitis, fibrosis, cirrhosis, 

and then HCC. Although different types of liver diseases entail specific risks for the 

development of HCC, the presence of liver cirrhosis represents a unifying risk factor (6, 13). 

Approximately one in three patients with compensated liver cirrhosis will develop HCC in 

their lifetime. Despite this high risk, there are currently no therapeutic interventions that can 
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decrease the risk for HCC development besides the treatment of the underlying disease. 

However, this is not possible for a significant proportion of patients. Moreover, successful 

eradication of the underlying disease does not completely eliminate the risk for HCC 

development, as documented in patients with chronic HCV infection (14, 15). Significant 

progress has been made in defining the genetic landscape (16) as well as the cellular source 

of HCC (17). However, there are still big gaps in understanding the contribution of the PME 

and TME in the development of HCC. Understanding how myofibroblast activation and liver 

fibrosis are linked to hepatocarcinogenesis will not only provide important clues to the 

question of how chronic liver disease triggers the development of HCC but may also provide 

new therapeutic opportunities for the prevention or treatment of HCC.

2.2. The Premalignant Environment of Hepatocellular Carcinoma

The profound changes of hepatic microarchitecture as well as functional alterations of 

virtually every type of hepatic cell during chronic liver disease provide a fertile environment 

for the development of cancer (Figure 1). Changes in the hepatic PME affect not only gene 

expression and the number and turnover of hepatocytes and nonparenchymal cells but also 

noncellular components, including the extracellular matrix (ECM) and growth factors, which 

are often bound to ECM (18, 19). Cooperatively, these different components of the PME 

provide stimuli for the malignant transformation of hepatocytes toward tumor-initiating cells 

(TICs). Carcinogenesis is driven not only by the presence and/or active secretion of tumor-

promoting mediators but also by the loss of tumor-suppressor mechanisms present in the 

normal liver. Accordingly, loss of cell contact with normal cells, loss of normal ECM, and 

reduced levels of tumor-suppressive factors such as retinoids are likely to promote the 

development of cancer in the chronically injured liver. For example, normal fibroblasts, 

represented in the liver by quiescent hepatic stellate cells (HSCs), and normal epithelia 

suppress growth via contact inhibition (9, 20). However, the extent to which the loss of a 

tumor-suppressive microarchitecture contributes to hepatocarcinogenesis remains poorly 

understood.

In contrast, the role of tumor-promoting factors that are activated in response to liver injury 

is much better characterized. Chronic activation of inflammatory signaling pathways by 

recruited inflammatory cells and increased secretion of inflammatory cytokines result in the 

generation of reactive oxygen species (ROS). In concert with chronic compensatory 

hepatocyte regeneration and proliferation-induced mutagenesis, chronic ROS exposure sets 

the stage for HCC development. Key mechanisms include ROS-mediated DNA damage and 

genomic instability in hepatocytes (21), as well as inhibitory effects on T lymphocyte-

mediated tumor immunosurveillance (22). Accordingly, inhibition of ROS formation by the 

antioxidants butylated hydroxyanisole or N-acetylcysteine results in a strong suppression of 

experimental hepatocarcinogenesis (23, 24). In parallel, cells within the hepatic PME, such 

as inflammatory cells, myofibroblasts, and endothelial cells, produce a vast array of 

cytokines, growth factors, chemokines, and angiogenesis factors. These mediators may not 

only contribute to an environment that supports the transformation of hepatocytes but may 

also promote their survival through the activation of antiapoptotic pathways (25). 

Additionally, patients with advanced liver disease typically have defective immunity (26), 

suggesting that immune surveillance within the hepatic PME is reduced, allowing 
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transformed hepatocytes to avoid detection and destruction by the immune system. In 

experimental models of hepatocarcinogenesis, it is therefore important to reproduce the 

typical environment in which cancer arises, including the presence of hepatocellular death, 

injury, and fibrosis (reviewed in 27).

2.2.1. Cell death—Cell death occurs in virtually all types of chronic liver diseases and is 

the ultimate trigger of liver disease progression, contributing to many characteristic features 

of the hepatic PME, including chronic inflammation, regeneration, and fibrosis (28). The 

key role of cell death in driving carcinogenesis has been demonstrated in mouse models and 

clinical studies. Mice with hepatocyte-specific deletion of the antiapoptotic proteins Mcl-1 

and Bcl-xl or the NF-κB activator Nemo display increased hepatocyte apoptosis, leading to 

the subsequent development of HCC (29–33). Clinically, cell death correlates not only with 

the development of fibrosis and cirrhosis but also of HCC (28). As such, HBV- and HCV-

infected patients with persistent ALT levels >45 U/L have a ten- and seven-fold higher risk, 

respectively, of developing HCC than patients with persistently normal ALT (34, 35). It is 

likely that the HCC-promoting effects of cell death are mediated by multiple mechanisms, 

including the induction of inflammation, fibrosis, and chronic hepatocyte regeneration. 

Hepatocellular death can be apoptotic, necroptotic, or necrotic. There is evidence that these 

forms of cell death exist in parallel in patients with chronic liver disease (28). It has been 

suggested that the form of cell death may dictate the hepatic cell death response and that the 

release of damage-associated molecular patterns (DAMPs) may exert a key role in the 

regulation of inflammation, regeneration, and fibrosis in the liver (28). However, the 

functional contribution of these different forms of cell death and of DAMPs to 

hepatocarcinogenesis remains unclear. Although apoptosis has been considered a 

nonreactive form of cell death, there is accumulating evidence that hepatocellular apoptosis 

can drive both fibrosis and HCC development in patients (28). Likewise, the aforementioned 

studies in mice with hepatocyte-specific deletion of the antiapoptotic proteins Mcl-1 or Bcl-

xl (29–31) suggest a role of apoptosis in driving fibrosis and HCC development. Whether 

this is due to secondary leakage of apoptotic cells, converting this nonreactive form of cell 

death into a reactive form, or caused by specific mediators released from apoptotic cells such 

as apoptotic bodies remains to be determined. Recent in vitro studies also support the 

concept that apoptosis may cause genotoxic stress in cells that activate caspases and 

downstream mediators such as DNAse but ultimately do not die (36, 37).

2.2.2. Fibrosis—The presence of fibrosis is the most characteristic feature of the hepatic 

PME. Of all HCCs, 80–90% develop in fibrotic or cirrhotic livers (6). Although fibrosis is 

considered a protective response to acute liver injury, it becomes chronic and maladapative 

when the underlying disease cannot be eradicated and hepatocellular injury persists (18). In 

the normal liver, ECM constitutes approximately 0.5% of the liver wet weight (38). The 

most characteristic feature of liver fibrosis is the accumulation of collagens, predominantly 

type I collagen, resulting in a two- to fivefold increase of total collagen content in the 

cirrhotic liver (38). Histologically, the deposition of collagen fibrils leads to different 

degrees and patterns of fibrosis, ranging from mild fibrosis to bridging fibrosis and cirrhosis. 

Importantly, the changes of hepatic ECM composition go far beyond accumulation of type I 

collagen. The hepatic ECM consists of 20 genetically distinct types of collagen, 
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noncollagenous glycoproteins such as elastin, laminin, and fibronectin; proteoglycans such 

as aggrecan, fibromodulin, decorin, biglycan, glypicans, and syndecans; as well as 

matricellular proteins such as thrombospondins, osteopontin, tenascins, the CCN family of 

proteins, and connective tissue growth factor (CTGF). Many of these ECM proteins change 

during liver fibrosis (39).

Importantly, ECM proteins are not inert molecules that merely provide mechanical stability. 

In addition to their function as structural scaffold elements, they serve a wide array of 

signaling functions. As such, ECM proteins activate integrins such as integrin αv, which 

exerts a key role in the activation of transforming growth factor β (TGF-β (40). Discoidin 

domain receptor (DDR) proteins represent receptors that specifically interact with ECM 

proteins. As such, DDR2 is a receptor tyrosine kinase that is activated by type I collagen. 

DDR2 is expressed not only on fibrogenic cells, promoting a positive feedback loop for their 

activation (41) but also in the epithelial compartment to promote the epithelial-mesenchymal 

transition (EMT; 42, 43), a key mechanism contributing to the malignant transformation of 

epithelia. Moreover, ECM proteins, including decorin, biglycan, fibromodulin, and 

glycosaminoglycans, store growth factors such as HGF, PDGF, TGF-β, CTGF, and VEGF 

(39). ECM turnover during fibrogenesis and fibrosis resolution results in liberation and 

activation of growth factor signaling cascades, promoting epithelial proliferation and, most 

likely, cancer development in chronically injured livers.

On a cellular level, fibrogenesis is mediated by activation of HSCs that transdifferentiate 

from vitamin A-storing pericyte-like cells to α-SMA-positive, collagen-producing 

myofibroblasts in response to liver injury. Studies in mice have demonstrated that HSCs 

contribute 85–95% of the hepatic myofibroblasts in fibrosis triggered by hepatotoxins, 

biliary injury, or NAFLD (44). Similarly, activation of HSCs is a well-documented feature of 

human liver disease (45). Although mechanisms of HCC development differ between 

different types of liver disease, for example, conferring a higher risk in chronic HBV and 

HCV infection and a lower risk in alcoholic liver disease or NAFLD (6, 13), fibrosis and 

cirrhosis are considered to be unifying risk factors. Of note, fibrosis precedes the 

development of HCC, thereby making fibrosis a key component of the hepatic PME. 

Accordingly, clinical data demonstrate a strong correlation between fibrosis and the 

development of HCC. Of patients with cirrhosis, 5—30% develop HCC within 5 years (6), 

and it is estimated that approximately one-third of patients with cirrhosis will eventually 

develop HCC. Accordingly, a number of studies have suggested an important role of 

fibrosis, in determining HCC risk or recurrence: HBsAg-positive patients with a high 

serological fibrosis index (FIB-4) had an up to 15-fold increased risk for future HCC 

incidence (46). However, it should be pointed out that the FIB-4 index is not a direct 

measure of fibrosis and is based on age, AST and ALT levels (which are risk factors for 

HCC development on their own), as well as platelet numbers. Studies in patients with 

chronic hepatitis B have found that liver stiffness, a noninvasive, indirect measure of liver 

fibrosis, is positively correlated with HCC risk, increasing the risk of developing HCC by 4- 

to 13-fold in patients with liver stiffness values of >12.5–13 kPa (47, 48). In another study, 

no patient with liver stiffness <12 kPa developed HCC within a median observation interval 

of 21.8 months, whereas 26% of patients (8 of 29) with liver stiffness >12 kPa developed 

HCC (49). As measurements such as stiffness may reflect not only fibrosis but overall 
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disease stage, they do not causatively link fibrosis to hepatocarcinogenesis and may reflect 

only a higher risk for HCC development with advanced disease stage. Moreover, with 

relatively short follow-up periods, it cannot be completely excluded that liver stiffness was 

increased due to preexisting HCC. In contrast, a 122-gene HSC signature was not associated 

with the development of HCC in a cohort of patients with chronic hepatitis C and Child-

Pugh A stage cirrhosis (50). Several studies have established that the presence of liver 

fibrosis, as determined by fibrosis staging or the presence of either α-SMA-positive 

myofibroblasts or activated HSC signatures, is associated with increased recurrence after 

curative HCC resection (50–53). As recurrences in many of these studies were early and 

therefore unlikely to represent de novo HCC formation, we discuss these studies in the TME 

section below. HCC may occur in the absence of cirrhosis, in particular, in patients with 

nonalcoholic steatohepatitis (12) or subsets of patients with HBV infection (54). However, 

the majority of these patients still have moderate to advanced fibrosis (51, 55). Of note, all 

of the above-discussed studies are correlative and do not provide evidence for a causative 

role of fibrosis in HCC promotion. It is entirely possible that fibrosis and 

hepatocarcinogenesis are two associated but functionally independent processes. As such, it 

is conceivable that the presence and degree of liver fibrosis in patients mark disease severity 

and duration but that other events correlating positively with fibrosis, such as chronic 

inflammation, regeneration, and associated genotoxicity, are drivers of 

hepatocarcinogenesis. Although there is a lack of studies providing irrefutable evidence for a 

functional contribution of fibrosis to hepatocarcinogenesis in animal models and patients, 

there is accumulating evidence that liver fibrosis and activated HSCs actively contribute to 

the development of HCC through multiple mechanisms. These include the activation of 

integrin signaling in hepatocytes surrounded by abnormal ECM, release of growth factors 

and other tumor-promoting cytokines by HSC, altered presence and activation of ECM-

associated proteins (including ECM-associated growth factors), as well as interactions of 

HSCs with other hepatic cells that could promote tumor growth and/or decrease 

immunosurveillance. Each of these mechanisms is discussed in detail in the next section.

2.2.3. Inflammation and immunity—Inflammation is an integral part of the hepatic 

response to injury caused by hepatitis viruses, excess fat, alcohol, and cholestasis and thus a 

characteristic feature of the hepatic PME. Moreover, there are close functional links between 

inflammation and fibrosis, with several key players such as macrophages, B cells, and 

numerous cytokines promoting HSC activation and liver fibrosis (25). Acute inflammation is 

a beneficial response that serves to restore a healthy liver by eradicating pathogens and 

promoting regeneration following liver injury. In contrast, chronic inflammation is 

maladaptive and contributes to the development of liver fibrosis and HCC. A large number 

of proinflammatory mediators, including IL-1, IL-6, TNF-α, lymphotoxin-β, and IL-17, are 

upregulated in the chronically injured liver and contribute to the development of HCC (25, 

56, 57). Most of these mediators derive from inflammatory cells such as bone marrow (BM)-

derived macrophages, neutrophils, B cells, and T cells within the chronically injured liver. 

Although inflammation and fibrogenesis are functionally linked, it appears that some 

inflammatory pathways selectively influence carcinogenesis without affecting fibrosis. As 

such, neutrophils promote the development of HCC (58) but do not appear to exert a role in 

hepatic fibrogenesis (59, 60). Likewise, ectopic lymphoid structures and cytokines 
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associated with these structures, such as lymphotoxin-β, promote the development of HCC 

(61) but have no known role in fibrosis. IL-6 is a key contributor to hepatocarcinogenesis 

(62, 63), whereas its hepatoprotective functions mediate protection from liver fibrosis 

development (64, 65). Although IL-1 has no or at best a minor role in hepatic fibrogenesis 

(66, 67), it promotes hepatocarcinogenesis (68). In contrast, inflammatory cell populations 

such as macrophages have a known role in the promotion of liver fibrosis and liver cancer 

(19, 56). Likewise, activation of TLR4 by gut-derived lipopolysaccharide (LPS) promotes 

not only the development of liver fibrosis (69) but also of HCC (70), with HSC-derived 

cytokines such as epiregulin providing possible links between these two (70). In conclusion, 

inflammation appears to promote hepatocarcinogenesis through fibrosis-dependent and -

independent pathways.

Inflammatory pathways also have a role in immune-mediated antitumor responses. The 

presence of immune-mediated antitumor responses, as evidenced by immunoediting of 

tumors, has been demonstrated in many different models and clinical settings (71). However, 

until recently, it has been unclear whether immunoediting--leading to the elimination of 

specific tumor antigens but not the clearance of tumors--is proof for efficient antitumor 

responses or a sign for failed immune responses. Successful clinical application of 

checkpoint inhibitors not only suggests that this powerful system is an important 

surveillance system but also provides evidence that it is actively suppressed in later stages of 

cancer (72). In the liver, the immune system plays an important role in eliminating 

premalignant or malignant hepatocytes at different stages. In the PME, senescent 

premalignant hepatocytes are eliminated through a CD4+ T cell-dependent mechanism (73). 

The elimination of senescent hepatocytes additionally requires the presence of macrophages 

and is triggered by senescence-induced secretion of inflammatory chemokines and cytokines 

in hepatocytes (73). In hepatocarcinogenesis, failure of this surveillance system appears to 

occur at different stages and by different mechanisms, possibly in a disease-specific manner. 

The abundance of TGF-β, one of the most potent suppressors of antitumor immunity (74), in 

the fibrotic environment provides a link between fibrosis and suppressed antitumor 

immunity. As such, activated and proliferating HSCs have been shown to switch monocytes 

from inflammatory to an immunosuppressive and tumor-promoting M2 phenotype, thus 

allowing immune evasion by developing tumors (53, 75). In NAFLD, there is a failure of 

CD4+ T cell-mediated immunosuppression, mediated by linoleic acid-induced 

mitochondrial ROS generation and subsequent loss of CD4+ T cells, resulting in increased 

hepatocarcinogenesis (22).

2.3. The Tumor Microenvironment of Hepatocellular Carcinoma

Tumors not only consist of transformed cells but also contain a number of stromal 

components, including cancer-associated fibroblasts (CAFs), tumor-associated macrophages 

(TAMs) and other infiltrating immune cells, as well as angiogenic vascular cells (8). These 

stromal components can influence the growth and behavior of tumor cells and also modulate 

therapeutic responses. It is believed that tumors hijack resident and recruited cells to support 

multiple aspects of tumor growth and avoid surveillance by the immune system. Interactions 

between tumor and TME are bidirectional and the TME coevolves with the tumor. 
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Moreover, different cellular components of the TME closely interact and together form a 

tumor-promoting microniche.

2.3.1. Cancer-associated fibroblasts—The presence of fibrosis and α-SMA-positive 

myofibroblasts is not only a key feature of the hepatic PME but also characteristic for the 

hepatic TME. These CAFs are widely believed to be derived from HSC, but formal fate-

tracing studies are lacking. Within the TME, there are profound changes to the ECM, with 

increased levels of collagens type IV, VI, VII, X, XIV, XV, XVI, and XVIII as well as 

nidogen 1, decorin, perlecan, and multiple laminin subunits (76). Interestingly, 

mechanotransduction-induced YAP signals promote the generation of CAFs, suggesting a 

complex interplay between tumor mechanics and stromal fibroblasts that contributes to the 

evolution of key components of the TME (77). In addition, specific genomic profiles of 

HCC appear to influence the activation of the stromal compartment as demonstrated by 

lower fibrosis in patients with beta-catenin-mutated HCCs (78, 79). There is increasing 

evidence from clinical studies that the presence of liver fibrosis, α-SMA-positive 

myofibroblasts, or activated HSC signatures is associated with a poor prognosis after 

curative HCC resection, suggesting a key role of the fibrotic TME in promoting HCC 

progression: In patients with curative HCC resection, a high degree of peritumoral 

myofibroblast infiltration was associated with a 2.6-fold hazard ratio for overall survival and 

a 3.3-fold hazard ratio for recurrence-free survival (52). Multiple studies have shown poor 

survival as well as increased metastasis and recurrence following resection in HCC patients 

with positive HSC gene signatures or high expression of α-SMA (50, 53, 80, 81). Similar 

findings were made in animal models, where coinjection of activated HSC and HCC cells 

into mice enhanced subcutaneous or orthotopic tumor growth (53, 80–85). However, these 

studies lacked the proper hepatic environment in which HCCs develop and progress and may 

have led to unphysiological interactions between HSC and HCC cells that normally do not 

occur in hepatocarcinogenesis. Mechanisms through which CAFs promote HCC progression 

are discussed in the following sections.

2.3.2. Angiogenic vascular cells—HCC displays substantial changes to the vasculature, 

including arterialization of vessels with abundant smooth muscle cells as well as loss of 

endothelial fenestration (86). Abnormal blood flow and vascular leakiness are two 

characteristic functional features that may contribute to hypoxia and necrosis despite the 

highly angiogenic nature of HCC (86). A number of studies have demonstrated a positive 

correlation between high levels of serum VEGF and tumor stage, grade, vascular invasion, 

poor prognosis, and recurrence (86). In addition to VEGF, VEGF homolog placental growth 

factor (87) and basic fibroblast growth factor (88) promote the growth of HCC. HSCs are in 

immediate proximity to endothelial cells and form a functional unit with these cells to 

regulate hepatic blood supply as well as hepatic responses to injury, such as fibrogenesis and 

regeneration (89). It is likely that the effects of vascular cells on tumors are a pure function 

of tumor perfusion but that the interactions between endothelial and HSC cells contribute to 

the typical TME of HCC. As such, activated HSCs promote angiogenesis in vitro and in vivo 

through VEGF- and angiopoietin-dependent mechanisms in the fibrotic liver and HCC (84, 

90, 91), as discussed in more detail in the following section.
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2.3.3. Tumor-associated macrophages and myeloid-derived suppressor cells

—Macrophages are the most prominent component of leukocyte infiltrate in tumors. TAMs 

originate from circulating monocytic precursors, which are recruited into the TME by 

tumor-derived signals such MCP-1 and M-CSF (92, 93). Clinical studies and experimental 

mouse models strongly suggest a tumor-promoting role of TAMs (94, 95). In HCC, TAM 

density was associated with large tumor size and poor survival in patients (96–98). TAMs 

appear to promote hepatocarcinogenesis through multiple mechanisms; in addition to being 

well established in the promotion of liver fibrosis (66, 69, 99, 100). These multiple 

mechanisms include several fibrosis-independent mechanisms: (a) TAMs release growth 

factors, cytokines, chemokines, and matrix metalloproteinases (MMPs), contributing to 

parenchymal cell transformation, tumor growth, ECM remodeling, angiogenesis, invasion, 

and metastasis (reviewed in 56); and (b) TAMs suppress antitumor immunity through the 

recruitment of regulatory T cells (Tregs) and increased expression of inhibitors of tumor-

specific T cell immunity, such as PD-L1 (97), galectin 9 (101), IL-10, CCL17, and CCL22 

(reviewed in 102).

Myeloid-derived suppressor cells (MDSCs) are a specific population of the myeloid line that 

potently suppress T cell responses and rapidly accumulate in chronic infection and cancer. 

MDSCs accumulate in murine models of HCC as well as in patients, preferentially in 

advanced disease stages (103–105). GM-CSF and CXCL1 produced by HCCs are 

responsible for the accumulation of MDSCs in mice (103). Of note, HSCs within the TME 

appear to exert a key role in the differentiation of MDSCs from monocytes (106–109). 

MDSC numbers correlate with tumor size (110) and ablation of MDSCs restores T cell 

functions (105), suggesting that immunosuppression by MDSCs contributes to HCC 

development.

2.4. Mechanisms by Which Myofibroblasts and Fibrosis Promote the Development and 

Progression of Hepatocellular Carcinoma

As there is a continuous transition from PME to TME during the progression from 

regenerative nodules to dysplastic foci and HCC, we discuss the mechanisms by which 

fibrosis-associated myofibroblasts and CAFs in the hepatic PME and TME, respectively, 

promote HCC in a single section of this review. Currently, there is little evidence that 

myofibroblasts drive the malignant transformation of hepatocytes. For this reason, we review 

how myofibroblasts and CAFs support the growth of dysplastic hepatocytes and HCC. Most 

evidence suggests that this occurs through multiple mechanisms (Table 1) that are mediated 

not only by the direct effects of myofibroblasts on premalignant hepatocytes or HCCs but 

also through the interactions of myofibroblasts with many other hepatic cell types (Figures 1 

and 2).

2.4.1. Quantitatively and qualitatively altered extracellular matrix and stiffness 

promote hepatocarcinogenesis—Besides providing mechanical strength, the ECM 

regulates multiple signaling cascades through its ability to bind specific receptors, such as 

integrins, and to bind to growth factors, thereby regulating their distribution, activation, and 

presentation (111). Through activation of these pathways, ECM proteins exert key roles in 

regulating growth and differentiation in many settings, including development, stem cell 
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niches, and cancer (111). The above-discussed increases in ECM components such as 

collagens, laminins, fibronectin, proteoglycans, and glycosaminoglycans result in 

phenotypic and behavioral changes in epithelial, tumor, and stromal cells (112–114). 

Surrounding cells sense changes in the ECM with the help of specific transmembrane 

receptors such as integrins and DDRs that in turn regulate specific signaling pathways within 

the cell in response to external stimuli. For example, hepatocellular death results in mice 

with hepatocyte-specific deletion of integrin-linked kinase, suggesting a key role of this 

pathway in linking the ECM to epithelial cell survival (115). Accordingly, there is an 

increase in integrin expression within tumors in different mouse models of HCC (76), as 

well as increased expression of integrin α6 and integrin β1 in HCC samples from patients 

(116, 117). Moreover, integrin expression correlates with pathologic grade, tumor 

encapsulation, and outcomes (116, 117). SNPs in integrin αV influence HCC growth in 

patients (118). Integrin activation triggers signaling cascades such as phosphoinositide 3 

kinase (PI3K) and mitogen-activated protein kinase (MAPK), which have key roles in 

growth, survival, and migration of tumor cells (119, 120). The DDR protein family also has 

an important role in sensing ECM proteins, including collagens (121). In the liver, DDR2 

promotes the development of liver fibrosis through a positive feed-forward loop that 

increases the proliferation and invasion of HSCs (41). In HCC, DDR2 shows increased 

expression in tumor tissue (122). High DDR2 expression is correlated with poor prognosis 

(122). DDR2 overexpression facilitates migration, invasion, and the EMT of HCC by 

activating ERK2 and stabilizing Snail1, whereas DDR2 silencing in HCC decreases the 

EMT, Snail1 half-life, and invasion but increases cell death (122, 123).

Enhanced production and reorganization of the ECM leads to a mechanically stiff 

microenvironment, which has been shown to promote tumor cell proliferation and invasion 

as well as changes in gene expression and behavior of stromal cells, thereby enhancing 

tumor progression (113, 124, 125). In cancer, stiffness is not purely a result of ECM 

production by myofibroblasts but is influenced by both the stromal and the epithelial 

compartments. As such, tumor cells not only regulate the degree of fibrosis in some cancers 

(126, 127) but also directly express a number of ECM proteins (128) and enzymes, such as 

lysl oxidase (124), that regulate cross-linking and matrix stiffness. Moreover, tumors also 

display increased stiffness due to alterations in tissue architecture and continuing 

proliferation of tumor cells within a limited volume, affecting both tumor cells and adjacent 

normal tissue (129). Increases in matrix stiffness that enhance cell contractility have been 

found sufficient to enhance the transformation of mammary epithelial cells (130). 

Conversely, a reduction in tissue stiffness by inhibition of collagen cross-linking impedes 

malignant growth and tumor development in a murine model of breast cancer (124). 

Hepatoma cells grown on increasingly stiff polyacrylamide gels exhibited increased 

proliferation and chemotherapeutic resistance, which was mediated by Fak, Erk, PKB/Akt, 

and Stat3 signaling pathways downstream of integrin β1 activation (131). Recent evidence 

suggests a key role of receptor-independent mechanosensitive signal transduction pathways. 

YAP and TAZ, two downstream effectors of the Hippo pathway and powerful regulators of 

cell differentiation and survival, are activated by stiff ECM (132). The activation of YAP and 

TAZ is independent of Hippo or known cell surface receptors but requires Rho GTPase 

activity and tension of the actomyosin cytoskeleton (132). Moreover, increased stiffness also 
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results in activation of beta-catenin signaling during the development of colon cancer (129) 

and suppression of PTEN expression in breast cancer (133). Of note, the beta-catenin, 

Hippo, and PTEN pathways are important contributors to hepatocarcinogenesis (16, 134, 

135). Further studies are needed to determine the relevance of these receptor-independent 

mechanosensitive signaling pathways for the development and progression of HCC.

Clinically, elastography provides a measurement of liver stiffness and is a predictor for HCC 

development (47–49, 136). Matrix stiffness has been directly implicated in aiding tumor 

development through several mechanisms. Of interest, changes in matrix stiffness modulate 

the behavior of epithelial cells through the above-discussed activation of oncogenic 

pathways and are likely to contribute to the transformation and dedifferentiation of 

hepatocytes. Moreover, changes in ECM and stiffness contribute to the ductular reaction and 

progenitor expansion in the liver (137), which in turn are linked to hepatocarcinogenesis. 

Moreover, matrix stiffness also provides a niche for TICs, contributing to their proliferation, 

resistance to chemotherapy, and dedifferentiation (131). Increased stiffness within tumors 

also contributes to the activation of CAFs (77), thereby providing a feed-forward loop that 

amplifies the above-described signals and may contribute to the permanent establishment of 

a stiff tumor niche. ECM deposition and degradation are highly dynamic processes within 

the injured liver. Beyond simple removal of ECM, its degradation may also modulate the 

release of sequestered growth factors, generate bioactive cleavage products, or cleave cell 

surface receptors (120). In this regard, MMPs and their inhibitors TIMPS (tissue inhibitors 

of metalloproteinases) are considered key regulators of ECM degradation and regulate cell 

proliferation, increase hepatocyte growth, and promote tumor progression (reviewed in 120). 

Moreover, MMPs are required to promote tumor spread within the often highly fibrotic 

livers in which HCCs arise as they help break down tumor boundaries and promote tumor 

cell invasion (19). Accordingly, HCC is associated with increased MMP2 expression and 

higher proteolytic activity (138). Well-differentiated hepatoma cells express MT1-MMP, 

MMP2, and MMP9, which promote stromal cell invasion (139). HSC-derived epimorphin, 

an ECM protein that is highly expressed in HSCs in tumor stroma, mediates the invasive 

potential of cancer cells by upregulating MMP9 expression (140).

2.4.2. Hepatic stellate cells decrease immune surveillance—Several lines of 

evidence suggest that HSCs reduce tumor immunosurveillance through paracrine signals to 

surrounding immune cells: (a) Cotransplantation studies demonstrated that HSCs inhibit 

lymphocyte infiltration in tumors and the spleens of tumor-bearing mice, induce apoptosis of 

infiltrating mononuclear cells, and increase the number of infiltrating FoxP3-positive 

immunosuppressive Tregs, resulting in reduced immune surveillance (84, 141). (b) HSCs 

increase the number of MDSCs in the spleen, BM, and tumor tissues of tumor-bearing mice, 

which is mediated by the COX2-PGE2-EP4 pathway (107, 109). (c) Moreover, cell-cell 

contact is also important for the reduced immunosurveillance in the presence of activated 

HSC Monocytes cocultured with HSC LX-2 cells increased the expression of CD14, CCR2, 

and CD15 on the cell surface and changed cytokine gene expression from an inflammatory 

to an immunosuppressive signature, namely, upregulating immunosuppressive cytokines and 

downregulating inflammatory cytokines (53). Importantly, the interaction between HSCs and 

monocytes induces protumorigenic and progressive features of HCC cells by enhancing cell 
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migration and tumor sphere formation (53). Activated HSCs can induce the differentation of 

MDSCs from CD14+ monocytes in a contact-dependent manner, which is abrogated by 

CD44 blockage (106). In HCC, MDSCs inhibit not only the adaptive but also the innate 

immune response (142) and are capable of inducing immunosuppressive Tregs (104). TGF-

β, which is produced by myofibroblasts as well as other cell types in the PME and TME, is a 

potent suppressor of antitumor immunity via effects on natural killer cells, dendritic cells, 

macrophages, neutrophils, CD8+ and CD4+ effector cells and Tregs (74) and may therefore 

represent a link between CAFs and immunosuppression. In addition to the above-described 

mechanisms, ECM produced by activated HSCs may also provide a physical barrier that 

blocks the infiltration of immune cells (143).

2.4.3. Hepatic stellate cells promote tumor angiogenesis—Accelerated tumor 

growth is accompanied by a hypoxic microenvironment necessitating neovascularization 

within the tumor. Angiogenesis is a hypoxia-stimulated and growth factor-mediated process 

in which new vessels are formed from the existing vasculature (144). Activated HSCs 

produce numerous angiogenic factors such as VEGF (90, 145) and angiopoietin 1 (Angpt1) 

1 or Angpt2 (91, 146, 147), which activate their respective receptors on endothelial cells to 

enhance their functions (143) and promote tumor vascularization and growth. This has been 

shown in numerous in vitro and in vivo studies using HSC/endothelial cell coculture systems 

and in tumor cell/HSC coimplantation models (90, 148–150). VEGF is a potent survival 

factor for endothelial cells that promotes their proliferation and vascular permeability thus 

supporting the formation of new vasculature. Angpt1 and Angpt2 play a role in vessel 

stability wherein binding of Ang-1 to its receptor Tie-2 promotes interactions between 

endothelial cells and pericytes resulting in increased vascular stability. Angpt2, in the 

presence of VEGF, initiates and augments angiogenesis to promote new vascular growth 

(reviewed in detail in 151). Overexpression of Angpt1 and Angpt2 was positively correlated 

with tumor dedifferentiation in HCC (147), and the level of Angpt2 was found to be 

associated with clinicopathological parameters of HCC patients (152). Moreover, 

histological staining of Angpt1 and Angpt2 in HCC tissues displayed colocalization with α-

SMA-positive HSC, suggesting that these cells actively produce proangiogenic mediators 

(147).

In addition to active secretion of proangiogenic factors, HSCs may be actively involved in 

vascular remodeling (143, 153). Three-dimensional spheroid coculture of HSCs with 

endothelial cells resulted in spontaneous differentiation and organization into a structure 

with a core of HSCs and a surface of endothelial cells resembling the physiological 

assembly of blood vessels (153); additionally, coculture of activated HSC with liver 

sinusoidal endothelial cells triggered the formation of capillary-like sprouts.. These findings 

suggest that activated HSCs in the TME may participate in neovascularization (153).

2.4.4. Hepatic stellate cell-secreted cytokines may contribute to tumor growth, 

survival, and invasion—Activated HSCs secrete cytokines and growth factors that can 

stimulate the growth, proliferation, and migration of cancer cells as well as other nontumor 

cells within the stroma. As such, HSC culture supernatant contains PDGF-AB, osteopontin, 

HGF, and TGF-β, which in turn enhance the proliferation and migration of tumor cells in 
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vitro (82, 83, 154, 155). TGF-β is a pleiotropic cytokine with known roles in liver fibrosis 

and cirrhosis and is therefore a key contributor to the shaping of the hepatic PME. Moreover, 

TGF-β also contributes to several aspects of liver carcinogenesis leading to tumor 

progression, and to metastasis via epithelial cell autonomous signals and interdependent 

stromal-epithelial interactions (156, 157). HSC-derived TGF-β stimulates autocrine TGF-β, 

signaling in premalignant hepatocytes, and accumulation of β-catenin within the nucleus of 

transformed hepatocytes in vivo (82). Additionally, TGF-β is a well-known inducer of the 

EMT that can contribute to the increased motility of cancer cells.

In addition to TGF-β, activated HSCs secrete potent mitogenic factors such as HGF and 

epiregulin that promote hepatocyte proliferation and tumor growth (70, 157, 158). HGF, 

which is predominantly expressed in HSC and endothelial cells in the normal liver, has been 

detected in cirrhotic liver tissue, adenomas, and 80% of HCC cases (159). Neutralization of 

HSC-secreted HGF inhibits the proliferation and invasion capacity of HepG2, Huh7, Hep3b, 

and PLC cells in vitro (83, 160). Tumor promotion by HGF is attributed to MAPK/ERK-

induced proliferation and survival signals in HCC (reviewed in 161) and activation of a c-

Met/FRA1/HEY1 signaling cascade that contributes to HCC invasiveness and 

chemoresistance (81). Accordingly, an expression signature regulated by the HGF receptor 

c-Met defines a subgroup of HCC with a poor prognosis and aggressive phenotype (162). 

Based on these findings, the HGF pathway is currently considered an important therapeutic 

target in clinical studies with HCC patients (161). Epiregulin is a member of the EGF family 

of peptide growth hormones and stimulates the proliferation of hepatocytes (158) and HCC 

cell lines (163). In the chronically injured liver, epiregulin is predominantly expressed by 

activated HSCs and strongly upregulated by LPS (70). Of note, epiregulin-deficient mice 

exhibit decreased tumor burden in a model of injury-driven hepatocarcinogenesis, 

suggesting that epiregulin may represent a link between inflammation, HSCs, and tumor 

development (70).

2.4.5. Hepatic stellate cell senescence and hepatocellular carcinoma—Two 

recent studies have implicated HSC senescence in the promotion of hepatocarcinogenesis. In 

one study, suppression of HSC senescence (achieved by p53 deletion) resulted in M2 

macrophage polarization and proliferation of premalignant hepatocytes (75), implying that 

the senescence-associated secretory phenotype (SASP) of HSCs suppresses HCC. In 

contrast, a second study found that SASP promoted HCC development in the setting of 

obesity (164). Although the GFAP promoter has been employed to target HSC, it is not 

always HSC-specific (also deleting in cholangiocytes). Without confirmation that p53 was 

indeed efficiently deleted in HSCs but not in other hepatic cell types (75), it is possible that 

the phenotype in this study may have resulted from combined p53 deletion in non-HSC cell 

types. Likewise, it is not clear how the high-fat diet employed by Yoshimoto et al. (164) 

induced HSC activation and HSC senescence, as high-fat diet regimens do not cause HSC 

activation in genetically unaltered mice unless they are combined with high levels of dietary 

fructose and/or cholesterol. Further investigations are required to determine whether HSC 

SASP promotes or restricts hepatocarcinogenesis and whether its role in 

hepatocarcinogenesis is disease- or model-specific.
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3. CHOLANGIOCARCINOMA

3.1 Introduction to Cholangiocarcinoma

CCA is the second-most prevalent primary malignancy in the liver. CCA is a histologically, 

genetically, and anatomically heterogeneous malignancy that is typically subdivided into 

perihilar, extrahepatic, and intrahepatic cholangiocarcinoma (iCCA), according to 

anatomical location (165, 166). Overall, incidence and mortality have increased (167) but 

appear to be largely due to the increased occurrence of iCCA in the United States, whereas 

perihilar and extrahepatic CCA have decreased (168–170). There is a strong geographical 

variation in CCA incidence, reflecting the presence of specific risk factors in some regions 

(168). The highest incidence of CCA is reported in Southeast Asia, due to chronic infections 

with liver flukes (171–173). Similar to HCC, the risk for development of CCA is also 

significantly increased by chronic liver disease, for example, in patients with chronic HBV 

or HCV infections, but to a much lesser degree than for HCC (174). One notable exception 

is primary sclerosing cholangitis (PSC), which carries a 20% lifetime risk for the 

development of CCA (175). Despite these associations, the majority of CCA cases are 

sporadic without clearly attributable risk factors (7, 176). Recent fate-mapping studies have 

demonstrated that iCCA may arise not only from the malignant transformation of 

cholangiocytes (177, 178) but also from the transdifferentiation of hepatocytes (178–180). 

Transdifferentiation of hepatocytes into cholangiocytes and bipotent progenitor cells is also 

observed in chronic liver injury (181, 182). Despite the possible shared origin of some cases 

of CCA with HCC, CCA differs biologically, histologically, and genetically from HCC. The 

most frequent genomic alterations in CCA are in the P53, KRAS, SMAD4, and IDH1/2 

pathways (183–186). With significant differences in genomic alterations between different 

studies, it appears that genomic profiles are linked to the underlying disease and possibly 

also geographic region (183–186). Biologically, CCA shares many similarities with 

pancreatic ductal adenocarcinoma (PDAC), which also displays a similar genetic landscape, 

with mutations of P53, KRAS, and SMAD4 as well as similar histological features such as 

the cytokeratin 19-positive tumor compartment surrounded by highly desmoplastic and 

hypovascularized stroma (176, 187). Prognosis is poor with the majority of CCA patients 

surviving for less than a year following diagnosis (188). One of the main features of iCCA is 

the presence of abundant and hypovascularized desmoplastic stroma (187), in which α-SMA

+ CAFs are abundant. It is believed that the desmoplastic and hypovascularized nature of 

CCA contributes to the poor prognosis and therapy resistance of CCA. Although recent in 

vivo and in vitro studies point toward a pivotal role of α-SMA+ CAFs in iCCA promotion 

and resistance to chemotherapy (11, 187, 189, 190), we still do not fully understand the 

biological role and clinical significance of CAFs in iCCA. Of note, there is increasing 

evidence that CAFs and a fibrotic environment provide both tumor-promoting (127) and 

tumor-restricting signals (191, 192) in PDAC. Based on the many similarities between 

PDAC and CCA, it is likely that the contribution of CAFs to the development and growth of 

CCA is complex and that CAFs and the ECM may exert both tumor-promoting and tumor-

restricting roles.
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3.2. The Premalignant Environment of Cholangiocarcinoma

Whereas the development of HCC is often a slow and long-term process occurring in the 

PME of the cirrhotic liver, the development of CCA is more difficult to trace. Recent studies 

suggest a key role for inflammatory pathways in the development of CCA (193). However, it 

is not known whether activation of these pathways in the PME drives the development of 

CCA or occurs predominantly after tumors are established. With many cases of CCA 

occurring in the absence of an identifiable risk factor (7, 176), it appears that the PME is 

likely disease-specific. This is different from HCC where cirrhosis represents a common risk 

factor within the PME. Notable exceptions may be primary sclerosing cholangitis (PSC) and 

infection with liver flukes. PSC encompasses many changes in the PME that may drive 

cancer development, including increased cholangiocyte proliferation, inflammation, fibrosis, 

and in advanced stages, cirrhosis (186, 194, 195). As PSC is rarely diagnosed in early 

prefibrotic stages and most CCAs develop within the first year of PSC diagnosis, it is 

difficult to understand the exact nature and role of the PME in PSC. Similar to PSC, 

infection with liver flukes is accompanied by cholangitis, fibrosis-induced obstruction of 

ducts, and immune responses to the flukes, as well as secondary bacterial infections that 

may further exacerbate inflammation and fibrosis (196). However, as opposed to the 20% 

lifetime risk of CCA development in PSC patients, infections with Clonorchis sinensis (four 

to six times increased risk; 196) or Opisthorchis viverrini (approximately fivefold increased 

risk; 197) result in a lower relative risk of developing CCA. Inflammation seems be to an 

important risk factor in this setting, because high levels of IL-6 (>82.7 pg/ml) confer a >100-

fold risk for CCA development in patients with O. viverrini infection (198). This finding and 

the fact that IL-6 also appears to have a role in the development of liver fibrosis in patients 

with O. viverrini infections (198) strongly suggest a key role of the PME in the development 

of liver fluke-associated CCA. Other risk factors for iCCA include liver cirrhosis and 

hepatitis virus infections, both accompanied by the presence of fibrotic tissue deposition. 

Although this can be taken as evidence that a fibrotic and inflammatory PME also drive 

CCA development in this setting, further investigations are needed to understand whether 

hepatitis virus infection and cirrhosis mediate this risk through specific mechanisms, such as 

the presence of proliferating cholangiocytes within the ductular reaction or the 

transdifferentiation of hepatocytes into tumor cells. Understanding the role of the PME in 

CCA development may facilitate therapeutic approaches to reduce risk for development of 

CCA beyond treatment of the underlying disease. Due to the lack of efficient therapeutic 

approaches, this would be particularly relevant for patients with PSC.

3.3. The Tumor Microenvironment of Cholangiocarcinoma

The most characteristic feature of CCA is its highly desmoplastic TME, which contains an 

abundance of CAFs and the ECM (187). In addition, the stroma contains inflammatory cells, 

in particular, a high number of macrophages. It is believed that all of these features (Figure 

3) contribute to the growth and therapeutic resistance of CCA. This would be similar to a 

tumor-promoting role of a desmoplastic TME in a number of other tumors, including breast, 

lung, colon, prostate, and pancreas (199). In support of this concept, patients with 

“scirrhous” iCCA have a higher proliferation index and lower 1- and 3-year survival (189). 

This was further confirmed by studies showing that a high number of α-SMA-positive 

myofibroblasts or high expression of the ECM protein periostin was associated with 
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significantly lower survival in patients (200–202). Another key feature of CCA is the 

hypovascular nature of its TME (203). Findings from PDAC suggest that its hypovascular 

TME represents a key barrier preventing the delivery of chemotherapeutic drugs (204). 

Although CCA’s TME contributes to high resistance to therapy, it may also present a 

therapeutic opportunity (204, 205).

3.3.1. Cancer-associated fibroblasts and fibrosis in cholangiocarcinoma—

CAFs are one of the most abundant stromal cell types in the TME of CCA. In CCA, CAFs 

are thought to be phenotypically heterogeneous and possibly from various cellular lineages 

(11, 187). However, due to the lack of in vivo fate-tracing studies, the cellular source of 

CAFs in CCA remains a matter of debate. Potential sources of CAFs include HSCs, portal or 

periductular fibroblasts, BM-derived fibroblasts, and tumor-derived fibroblasts via the EMT. 

Although the expression of EMT biomarkers such as vimentin, fibronectin, and snail CCA 

cells supports a pivotal role for EMT in this tumor (206), recent studies have not provided 

evidence for a transdifferentiation of cholangiocytes into CAFs in CCA (207). Given that 

HSCs represent a major source of myofibroblasts in multiple models of biliary liver fibrosis 

(44), it is likely that this cell type also makes a major contribution to the CAF population in 

CCA. In summary, fate-tracing studies are needed to define the cell source and subtypes of 

CAFs present in CCA.

CAFs in the TME produce and secrete a large number of ECM proteins, which may also 

have clinical significance as prognostic markers of CCA. As detailed proteomic studies on 

the stromal ECM of CCA are still lacking, most of our knowledge is derived from studying 

which ECM proteins are expressed by CAFs. Periostin, a secreted ECM protein that acts as a 

ligand for αV integrins and promotes cell survival, invasion, and the EMT in many cancers 

(208–210), is expressed nearly exclusively in CAFs in both human and rat CCA (202, 211, 

212). Periostin expression correlates with shorter survival (202) and increased tumor growth 

in patients (212). CAFs also express tenascin C (Tnc), an ECM protein with tumor-

promoting roles in many cancers (213, 214). Tnc expression correlates with poor prognosis 

in iCCA patients (215). In addition, CAFs produce growth factors, such as HGF, that 

typically associate with the ECM. Last but not least, CAFs in iCCA produce 

metalloproteinases, including MMP-2 and MMP-9, which are implicated in cancer 

progression and spread via ECM remodeling (216–218).

Clinical evidence supports a crucial role of stromal cells in promoting tumor progression. 

Patients with strong desmoplasia and increased expression of α-SMA or periostin have 

shorter survival (200–202). CAFs differ from nontumorigenic liver fibroblasts in their gene 

expression, which may not only explain how they promote tumor progression but also may 

also help stratifying patients by CAF-derived mediators such as periostin (202). Likewise, 

three-dimensional organotypic culture systems have demonstrated enhancement of CCA 

growth by α-SMA-positive CAFs (211). Based on accumulating evidence for a tumor-

promoting role of CAFs, efforts have been made to target CAFs for therapeutic purposes. 

Navitoclax is a cytotoxic, BH3-mimetic drug, which induces apoptosis in human HSCs but 

lacks similar effects in quiescent fibroblasts or tumor cells (190). Navitoclax not only 

decreased expression of α-SMA in tumors but also reduced tumor burden and metastasis 

while improving survival in a syngeneic, orthotopic rodent model of CCA (190). Likewise, 
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targeting CAFs with TGF-β antagonist 1D11 reduced both fibrosis and CCA development in 

thioacetamide-treated rats (219). Together, these studies further support the tumor-promoting 

role of CAFs and indicate that targeting of CAFs may be a promising strategy for CCA 

prevention or treatment. However, in view of the above-discussed inhibitory role of CAFs in 

PDAC (191, 192), the lack of good preclinical CCA models, and the rather small-scale 

clinical studies, further carefully designed functional studies in rodents as well as larger-

scale clinical studies are required to firmly establish the role of CAFs in CCA. Without 

functional studies, one cannot exclude that the presence of fibrosis and α-SMA-positive 

myofibroblasts is only a marker of more aggressive tumor subtypes without necessarily 

exerting a tumor-promoting role.

Although the main focus of the field is on how the fibrotic stroma affects CCA, the 

interactions between stroma and tumor cells are bidirectional, suggesting a key role of the 

tumor in controlling development of the desmoplastic stroma in CCA. Platelet-derived 

growth factor (PDGF) is an important mediator of cholangiocyte-fibroblast cross talk, 

contributing to the recruitment and expansion of CAFs (207). Accordingly, CCA tumor cells 

are strongly positive for PDGF-A and PDGF-D and weakly express PDGF-B, whereas CAFs 

show strong expression of PDGFR-B; in contrast to tumor cells, normal cholangiocytes do 

not secrete high amounts of PDGF-D (207, 220). PDGF-induced CAF migration is mediated 

by Rho GTPases as well as the c-Jun N-terminal kinase pathway (207). Hypoxia-inducible 

factor 1α expression is a well-established feature of tumors enriched in desmoplastic stroma, 

such as iCCA and PDAC (217, 221, 222). Moreover, hypoxia in tumor cells upregulates the 

expression of periostin, HGF, SDF-1, CXCR4, CTGF, galectin-1, thrombospondin-1, and 

sphingosine kinase 1 in CAFs in several cancers and has been suggested to exert similar 

effects in iCCA (11). Sonic Hedgehog (Shh) is highly expressed in iCCA (223) and 

promotes the survival and proliferation of myofibroblastic HSC (224). Therefore, it is likely 

that SHH contributes to activation of CAFs by tumor cells in CCA, similar to the role it 

exerts in PDAC (204, 225). HSCs stimulate CCA cell proliferation, migration, and invasion 

through aberrant Hedgehog activation (220–222, 224–226), suggesting that Hedgehog 

signaling may be involved in the bidirectional cross talk between CCA and stroma. Studies 

in PDAC demonstrate that the spectrum of genomic alterations in the epithelial compartment 

may dictate the degree of desmoplastic stroma (127). Of note, mutations of Smad4, which 

are also common in CCA (176), were associated with stronger desmoplasia and reduced 

survival (127). Clearly, further investigations are needed to better define the matrisome of 

CCA and understand how CCA triggers the accumulation of desmoplastic stroma.

3.3.2. Other components of the tumor microenvironment in 

cholangiocarcinoma—In addition to CAFs, the CCA TME contains mainly 

inflammatory cells, with a prevalence of TAM as well as vascular endothelial cells. In 

murine models of CCA, the majority of TAMs are derived from bone marrow and not from 

liver-resident Kupffer cells (227). Several studies have shown a correlation between TAM 

number, tumor progression, and bad prognosis (228). A recent study highlighted the role of 

macrophage-derived WNT in promoting CCA growth in a xenograft model (227). Moreover, 

exposure of human macrophages to conditioned media from CCA cell lines resulted in 

macrophage polarization toward the protumorigenic M2 phenotype (229). In CCA, M2 

Affo et al. Page 17

Annu Rev Pathol. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TAMs have been suggested to regulate the EMT through the secretion of M2 cytokines, 

including IL-4, IL-6, IL-10, TGF-β, and TNF-α (230, 231). In addition to inflammation, 

CCA is characterized by high expression of both VEGF (232) and VEGF receptors (233, 

234). Accordingly, increased angiogenesis correlates with lower survival rates (235, 236). 

Consistent with the known role of phagocytic lineage cells, such as TAMs, in the angiogenic 

process (95), there is a positive correlation between microvessel density, levels of infiltrating 

TAMs in tumor vessel areas, and poor prognosis (237, 238). However, interactions among 

CAF, TAM, and vascular endothelial cells are not well understood and further studies are 

needed to understand whether CAFs affect the recruitment and function of TAM and 

vascular endothelial cells in CCA.

3.4. Mechanisms by Which Myofibroblasts and Fibrosis Affect the Development and 

Progression of Cholangiocarcinoma

Current evidence suggests that CAFS promote the development and progression of CCA 

through multiple mechanisms, that most likely work hand in hand in a complex multi-

cellular signaling network.

3.4.1. Cancer-associated fibroblasts promote the proliferation and survival of 

cholangiocarcinoma—A main mechanism by which CAFs promote the progression of 

CCA is through their expression of cytokines and growth factors, which support the 

proliferation and survival of tumor cells (Table 2). Among the molecules implicated in 

tumor-stroma cross talk, heparin-binding epidermal growth factor has emerged as a 

paracrine factor that contributes to intercellular communications between CAF and tumor 

cells in several cancers, including CCA. Cotransplantation of CCA tumor cells with human 

liver myofibroblasts increases tumor incidence, size, and metastatic dissemination in vivo, 

which can be inhibited by EGFR tyrosine kinase inhibitor gefitinib (239). Moreover, 

coculture experiments demonstrate EGFR activation in tumor cells by myofibroblast-derived 

EGF, resulting in enhanced migratory and invasive properties in vitro (239). PDGF-BB and 

PDGFR-β also exert a key role in stroma-tumor cell cross talk in CCA. In addition to the 

role of PDGF in recruiting CAFs, myofibroblast-derived PDGF-BB promotes hedgehog 

signaling-dependent survival signals (220). Inhibiting PDGFR-β in co-cultures of HSC cell 

lines with CCA cells blocks the cytoprotective effects of co-culture and a reduction in tumor 

size in a rodent model of CCA (220, 240). However, despite these promising studies, 

erlotinib and imatinib have been relatively disappointing in limited clinical studies in human 

CCA (241). Periostin is overexpressed in CCA and almost exclusive produced by CAFs in 

the CCA stroma (202, 242, 243). Periostin interacts with integrin α5β1 or α6β4, resulting in 

the activation of Akt and FAK signaling pathways (244, 245), contributing to fibrogenesis 

and desmoplasia, invasive malignant cell growth, chemoresistance, and metastatic 

colonization (202, 242, 243, 245, 246) Thrombospondin-1 is a matricellular protein 

expressed by both CAF and tumor cells in iCCA (203, 247). Increased thrombospondin-1 

expression correlates with hypovascularity and increased intrahepatic metastasis (248). It 

appears that thrombospondin-1 promotes CCA invasion by activating the plasminogen/

plasmin system and via the upregulation of metalloproteinases (247–250). HGF is expressed 

in CCA by both CAF and tumor cells (211, 251). Moreover, HGF receptor c-Met is highly 

expressed in CCA (252), suggesting CAF-mediated promotion of CCA growth through this 
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axis (253). Some effects of HGF-derived CAFs may also be through CXCR4, which is 

upregulated in CCA in an HGF-dependent manner (211) and promotes CCA migration 

(254).

3.4.2. Cancer-associated fibroblasts modulate inflammation and immune 

responses in cholangiocarcinoma—Although there is strong evidence for HSCs and 

CAFs modulating inflammation and immune responses in HCC, their role in regulating 

theses anti-tumor responses in CCA remains largely unexplored. The best-characterized 

CAF-derived inflammatory mediator in CCA is CXCL12, also known as SDF-1. CXCL12 

expression has been detected in CAFs localized at the invasive front of human iCCA (254). 

Via its cognate receptor CXCR4, CXCL12 promotes migration and invasion of human CCA 

cells in vitro through MEK1/2 and Akt pathway activation (255). In vivo, high CXCR4 

expression has been associated with iCCA progression and metastasis (255, 256). 

Accordingly, blockade of CXCL12/CXCR4 signaling inhibits iCCA progression and 

metastasis via inactivation of the canonical Wnt pathway (255–259). Coculture studies 

revealed that interactions between cancer cells and CAFs in CCA lead to induction of IL-1β 
in CAFs, which in turn results in Cxcl5 production by cancer cells (260). Cancer cell-

derived Cxcl5 exerts autocrine effects such as enhancement of migration and invasion (260) 

but may additionally act as a chemoattractant for immune cells. Moreover, several factors 

produced by CAFs in CCA, such as thrombospondin-1, MMPs, HGF, IGF, and fibroblast 

activation protein (FAP; 261), are likely to affect CCA growth through immunomodulatory 

effects. For example, thrombospondin-1 exerts immunosuppressive effects via activation of 

TGF-β and direct interaction with immune cells (262, 263); MMPs are chemotactic for 

leukocytes and modulate their proliferation and cytokine release (264, 265); HGF, IGF, and 

FAP act as CAF-derived immune modulators in other cancers (262, 263). Production of 

TGF-β, a potent suppressor of antitumor immunity via effects on natural killer cells, 

dendritic cells, macrophages, neutrophils, CD8+ and CD4+ effector cells, and Tregs (74), by 

CAFs may also contribute to immunosuppression. Moreover, the abundant stroma in CCA 

may provide a physical barrier that shields tumors from immune surveillance. In view of the 

recent clinical successes of checkpoint inhibitor therapies in a wide range of cancers, the 

role of immunomodulation and the involvement of CAFs in this process clearly need to be 

investigated in more detail.

4. SUMMARY AND OUTLOOK

Despite a large number of studies that provide evidence for a tumor-promoting role of 

myofibroblasts/CAFs in the PME and TME of HCC and CCA, we are still lacking definite 

evidence from carefully designed in vivo studies. PDAC provides a good example in which a 

genetic model that reproduces many features of human disease has been combined with 

state-of-the-art approaches to pharmacologically inhibit or genetically deplete 

myofibroblasts to better understand their contribution to various aspects of the disease (191, 

192). Similar in vivo approaches with models in which HCC and CCA arise endogenously 

and interact with different components of the PME and TME in a physiological manner are 

needed to study the role of myofibroblasts in HCC and CCA. Coculture and 

cotransplantation studies have been useful in understanding the relationship between tumor 
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and stroma. However, conclusions from these studies as to the contribution of 

myofibroblasts to liver cancer development and growth in vivo are limited, as coculture and 

cotransplantation put these cells into a nonphysiological contact and often employ 

subcutaneous models (lacking the proper hepatic environment) and immunodeficient mice 

(lacking adaptive immunity). As a part of studies on myofibroblasts in endogenously arising 

tumors, it would be important to also understand the source of myofibroblasts in the PME 

and TME. Although recent studies in multiple models of liver injury have highlighted the 

dominant role of HSCs as a source of hepatic myofibroblasts (44), the cellular source of 

myofibrobasts in the TME remains elusive. Detailed knowledge about the origin of 

myofibroblasts will be important to design studies in which relevant populations can be 

genetically ablated or pharmacologically targeted and will provide an important step toward 

the long-term goal of targeting myofibroblasts in the PME or TME for tumor therapy or 

prevention.
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Figure 1. Mechanisms by which the hepatic PME promotes HCC development

Chronic liver injury, resulting in hepatocyte death, contributes to characteristic features of 

the PME, including liver fibrosis, hepatocyte regeneration, inflammation, increased 

generation of ROS, and DNA damage. Together these changes in the PME drive the 

development of HCC, which typically occurs after chronic injury persists for several 

decades. Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, 

hepatitis C virus; HSC, hepatic stellate cell; PME, premalignant environment; ROS, reactive 

oxygen species.
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Figure 2. The contribution of CAFs to hepatocarcinogenesis

CAFs may be derived from different cellular sources, including HSCs, PFs, and BM-derived 

fibroblasts. CAFs may promote HCC by increasing angiogenesis, inflammation, 

proliferation, survival, the EMT, and alterations of immune surveillance. These effects are 

either direct through mediators released from CAFs or indirect via interactions with other 

cells, including endothelial cells, monocytes, T cells, Tregs, and MDSCs. Abbreviations: 

BM, bone marrow; CAF, cancer-associated fibroblast; ECM, extracellular matrix; EMT, 

epithelial-mesenchymal transition; Ereg, epiregulin; HCC, hepatocellular carcinoma; HSC, 

hepatic stellate cell; MDSC, myeloid-derived suppressor cell; OPN, osteopontin; PF, portal 

fibroblast; SASP, senescence-associated secretory phenotype; Tregs, regulatory T cells.
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Figure 3. The tumor microenvironment of CCA

In CCA, CAFs may be derived from different cellular sources, including HSCs, PFs, and 

BM-derived fibroblasts. CAFs promote direct effects on CCA proliferation, survival, and 

invasion through secreted growth factors, chemokines, MMPs, and ECM, as well as indirect 

effects via interactions with macrophages and endothelial cells. Abbreviations: BM, bone 

marrow; CAF, cancer-associated fibroblast; CCA, cholangiocarcinoma; ECM, extracellular 

matrix; EMT, epithelial-mesenchymal transition; HSC, hepatic stellate cell; PF, portal 

fibroblast; MMP, matrix metalloproteinase; TAM, tumor-associated macrophage.
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Table 1

Mechanisms by which HSC/CAF promotes hepatocarcinogenesis

Mediator Effect on hepatocarcinogenesis Mechanism Ref

Quantitatively and 
quailtatively altered ECM

Laminin 5 HSC stimulate HCC migration via 
the production and secretion of 
Laminin 5

Activation of the MEK/ERK 
pathway

(114)

Stiffness and 
integrin β1

ECM stiffness and integrin β1 
expression correlate with 
pathologic grade and metastasis, 
and promote proliferation and 
chemotherapeutic resistance

Increased stiffness promote 
basal and HGF –stimulated 
mitogenic signaling through 
ERK, PKB/Akt, and STAT3 
signaling pathway

(117; 131)

DDR2 Facilitation of HCC cell invasion, 
migration, EMT as well as in vitro 
and in vivo growth by DDR2

Upregulation of MT1-MMP 
and MMP2 expression in HCC 
through the ERK2/SNAIL1 
pathway.

(122; 123)

Epimorphin Promotion of invasion and 
metastasis

Epimorphin promotes HCC 
invasion and metastasis 
through FAK/ERK/MMP-9

(140)

Reduced immune surveillance

HSC inter-
acting with T 
cell and Treg

Co-transplantation of HSC with 
HCC cells promotes HCC growth 
and progression

HSC inhibit lymphocyte 
infiltration, induced apoptosis 
of infiltrating mononuclear 
cells, and increased Tregs

(84; 141)

HSC interacting 
with MDSC

Promotion of HCC growth HSC increase the number of 
MDSC, mediated by the 
COX2-PGE2-EP4 pathway

(107; 109)

HSC interacting 
with monocytes

Protumorigenic effects via 
enhanced migration and tumor 
sphere formation

Co-cultured of monocytes with 
LX-2 cells change monocyte 
signature form inflammatory to 
immunosuppressive

(53)

Angiogenesis

VEGF Induction of tube formation in vitro 
and angiogenesis in vivo

Hypoxia in HSC induces 
VEGF via NO. VEGF from 
HSC increases angiogenesis.

(90; 145)

Angiopoietin 1 Promotion of angiogenesis by 
angiopoietin 1-producing HSC

TNFα induces the secretion of 
angiopoietin 1 by activated 
HSC. Role in HCC unknown.

(91)

Promoting tumor growth, 
survival, and invasion

TGF-β Increased tumor formation by co- 
transplantion of HCC and HSC that 
depends on TGFβ signaling in 
HCC

Secretion of TGFβ by HSC 
activates Smad2/3 β-catenin, 
promoting HCC growth

(82)

HGF Neutralization of HSC/CAF-
secreted HGF inhibits HCC TIC 
characteristics, proliferation and 
invasion

HGF, via its receptor c-Met 
and MAPK/Erk, promotes 
HCC proliferation, survival, 
TIC characteristics and 
invasiveness

(81; 83; 160)

Epiregulin Reduced HCC in epiregulin-
deficient mice

LPS upregulates epiregulin in 
HSC via NF-κB; epiregulin is 
a potent hepatomitogen

(70; 80; 158)

Osteopontin Promotion of HCC migration in 
vitro and tumor growth and 
metastasis in vivo.

Low tumor pH induces HSC 
activation via ERK1/2. 
Activated HSC secrete 
osteopontin to promote HCC 
migration

(155)

Not determined Promotion of HCC proliferation, 
migration and invasiveness in vitro 
and tumor growth in vivo

• Co-culture with 
HSC alters the 
expression of 
573 HCC genes 
by >2-fold of the 
control levels

(85); (80)
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Mediator Effect on hepatocarcinogenesis Mechanism Ref

• Co-injection of 
HCC and HSC 
increase tumor 
growth in vivo- 
Bidirectional 
hepatocyte–HSC 
cross

• talk with 
deregulation of 
functionally 
relevant gene 
networks

Senescence and HCC

SASP (IL-6, 
IFNγ, IL-4)

HSC senescence, induced by 
GFAPCre-mediated p53 deletion, 
reduces HCC formation

HSC senescence leads to 
SASP, which shifts 
macrophage polarization to an 
anti- tumorigenic M1 
phenotype

(75)

SASP (IL-6, 
Gro-α, 
CXCL9)

HSC senescence, induced by 
DMBA plus HFD, promotes HCC 
formation

Obesity alters the bacterial 
microbiota, resulting in 
increased levels of bacterial 
metabolite DCA, and 
subsequent HSC senescence; 
HSC SASP promotes HCC 
formation

(164)
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Table 2

Mechanisms by which HSC/CAF promote CCA growth

Mediator Effects on tumor Mechanisms Ref

Promotion of proliferation 
and invasion

Periostin Promotion of tumor cell 
proliferation and invasion, 
chemoresistance and 
metastasis. Contributes to 
fibrogenesis and 
desmoplasia.

Interaction with integrins α5β1 orα6β4 
and subsequent activation of AKT and 
FAK, thereby promoting migration.

(202; 211; 
212; 242; 
245)

Thrombospondin-1 Promotion of CCA invasion 
and metastasis. Correlates 
with hypovascularity of 
iCCA.

Activation of plasminogen/plasmin 
system and via upregulation of 
metalloproteinases.

(247; 248)

HGF Proliferation and possibly 
invasion in vitro

Activation of HGF receptor c-Met 
promotes CCA proliferation; HGF 
pregulation of CXCR4 expression in 
CCA cells

(211)

Tenascin-c Tnc expression at the 
invasive front correlates 
with poor prognosis.

Not well investigated. Interacts with 
periostin. Tnc promotes survival and 
stemness in other tumors.

(215)

CXCL12 iCCA progression and 
invasion.

MEK1/2, AKT activation in vitro and via 
activationof the canonical Wnt signaling 
pathway in vivo.

(255–257)

MMP2, MMP9 Promotion of tumor 
progression and invasion.

ECM proteins degradation (216; 218)

Promotion of survival PDGF-BB Promotion of tumor cell 
survival.

PDGF-BB protects from TRAIL-induced 
apoposis through hedgehog-mediated 
signals.

(220)

Modulation of immune 
response

IL-1β Enhancement of tumor cell 
migration and invasion via 
CXCL5.

IL-1β from HSC induces Cxcl5 in tumor 
cells, thereby enhancing tumor cells 
migration and invasion.

(260)
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