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Abstract 
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Hepatocellular carcinoma (HCC), a highly deadly primary liver cancer with a rising global 
incidence and limited therapeutic options, is characterized by a vicious cross-talk between 
the tumor and its surrounding hepatic stroma. The stromal environment, consisting of hepatic 
stellate cells (HSC), endothelial cells, resident and infiltrating macrophages and other immune 
cells, platelets and extracellular matrix (ECM) components, actively contributes to creating an 
ideal niche for tumor proliferation and invasiveness. For instance, by secreting copious amounts 
of growth factors and ECM proteins, activated HSC directly stimulate tumor proliferation 
and promote fibrosis, neo-angiogenesis, inflammation and immunosuppression. In turn, tumor 
cell-derived factors induce the activated HSC phenotype, while also shaping other stromal 
components to benefit carcinogenesis. Infiltrating platelets are also known to have detrimental 
effects within a tumor microenvironment, and have been widely linked to stellate cell activation, 
inflammation and tumorigenesis in HCC. Another important hallmark of HCC development is 
endoplasmic reticulum (ER)-stress, a condition during which misfolded and unfolded proteins 
accumulate in the ER lumen and trigger a cellular survival strategy known as the unfolded 
protein response (UPR). Key mediators of the UPR have been shown to promote different 
facets of HCC progression, including tumor cell survival, fibrosis and inflammation. In the 
present studies, a chemically induced HCC mouse model, along with several 2D and 3D in vitro 
approaches, was used to study the role of tumor-stroma interactions in HCC development in 
order to identify new potential therapeutic targets that could benefit patients with liver cancer. 
It was thereby found that activated platelets promote disease progression by stimulating tumor 
growth, fibrosis and by altering the hepatic immune response. Additionally, the IRE1α-mediated 
UPR signaling branch was shown to play a key role in promoting hepatocarcinogenesis, fibrosis 
and in fueling the vicious cross-talk between stellate cells and tumor cells. Therefore, as 
stromal biology plays a key role in potentiating HCC progression, the malicious tumor-stroma 
interactions that shape the hepatic microenvironment also offer potential therapeutic targets for 
the treatment of liver cancer, thereby encouraging further research in the field. 
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Well, you might find 
You get what you need 
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Introduction 

Hepatocellular carcinoma 

Hepatocellular carcinoma (HCC) represents more than 80% of primary liver 

cancers, and ranks as the fifth most common and fourth most deadly 

malignancy worldwide (1, 2). The vast majority of HCCs develop with 

underlying chronic liver disease and sustained inflammation. Cirrhosis is a 

crucial risk factor for HCC initiation (Figure 1), and can have different 

etiologic forms, such as chronic viral hepatitis (B and C), fatty liver disease 

and other metabolic disorders, chronic alcohol abuse, as well as genetic 

haemochromatosis (2). This malignancy is also characterized by huge 

molecular heterogeneity, as its progression is fueled by an accumulation of 

somatic genomic alterations in passenger and driver genes, as well as 

epigenetic modifications (3). Another key hallmark of HCC pathogenesis is 

the highly intertwined cross-talk between tumor cells and the surrounding 

hepatic stromal components, which actively fuel tumor progression, while 

also modulating response to treatment. Stromal biology is therefore an 

important factor in HCC initiation and progression, as well as in treating 

patients with liver cancer (4).  

 
 

Figure 1. Tumor initiation in HCC normally occurs in the background of chronic liver 

damage and cirrhosis (5) 
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Given the constant rise of global HCC incidence, the lack of predictive 

biomarkers for screening programs, and the insufficient options for advanced 

HCC treatment, this malignancy constitutes a major global health problem. 

Improved HCC surveillance, prevention and treatment of pre-existing 

conditions are of particular interest for reducing the HCC-imposed global 

health burden. However, further insight on the molecular background of HCC 

initiation and its tumor-stroma driven pathogenesis is needed for better 

screening, diagnosing and managing patients with liver cancer (6). 

The hepatic tumor microenvironment 

In the vast majority of cases, HCC initiation is preceded by a state of chronic 

liver damage, fibrosis induction and/or subsequent cirrhosis (7). Fibrosis 

progression is known to strongly promote a pro-tumoural hepatic niche, as it 

leads to crucial changes in the extracellular matrix (ECM) composition, 

dysregulated stromal cell activity and an anti-apoptotic environment for 

hepatocytes (8). Furthermore, the continuous state of inflammation in the 

fibrotic liver also induces various pro-malignant changes to the hepatic 

microenvironment, including immune cell infiltration, dysregulated cytokine 

production, tissue remodeling, and compensatory hepatocyte cell proliferation 

(9). This chronically increased proliferation rate results in an accumulation of 

genomic lesions in hepatocytes, while also generating reactive oxygen and 

nitrogen species that potentiate the pro-carcinogenic process (4). Moreover, 

the regenerating, malignant hepatocytes are surrounded by ECM components, 

stromal cells and the proteins they secrete, all of which actively promote and 

shape hepatocarcinogenesis. Hepatic stromal cells include endothelial cells, 

hepatic stellate cells, resident macrophages or Kupffer cells and a variety of 

infiltrating immune cell populations, as well as platelets (10). Growing 

experimental evidence shows that these stromal components contribute to the 

hallmarks of cancer by promoting proliferation and evasion of growth 

suppressors and apoptosis, inducing a pro-angiogenic switch, activating 

invasion and metastasis, reprogramming energy metabolism, and evading 

immunosurveilence. Furthermore, these malicious tumor-stroma interactions 

have been strongly linked to increased chemoresistance in HCC (11).  

While the highly intertwined signaling pathways in the HCC tumor 

microenvironment (TME) play an instrumental role in tumor initiation, 

progression and invasiveness, they also offer potential targets for new 

therapeutic approaches in combating this disease (4). However, targeting a 

specific component or molecular pathway within the hepatic TME could 

prove insufficient unless combined with systemic therapy. Furthermore, 

systemically targeting non-malignant, tumor-supporting cell populations 

could have undesired side-effects, due to the fundamental roles of stromal 

cells in maintaining homeostasis in healthy tissues (12). It is therefore critical 
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to gain better understanding of stromal biology in the HCC 

microenvironment, in order to fully evaluate the therapeutic yield of targeting 

the tumor-stroma cross-talk, and identify targets and drug delivery strategies 

to safely and effectively treat patients with liver cancer (13).  

The extracellular matrix  

A major component of the hepatic microenvironmental niche is the 

extracellular matrix, which is comprised of a network of proteins and 

proteoglycans with covalently attached glycosaminoglycans. The 

maintenance and remodeling of the ECM is tightly regulated, while its  

components showcase remarkable physical and biochemical versatility (14). 

In healthy organs, ECM components provide structural support and strongly 

modulate cell behavior by interacting with cell signaling receptors, providing 

growth factors and promoting cellular adhesion (15). Under normal 

physiologic conditions, the ECM is a very limited compartment of the liver, 

comprising less than 3% of its area. The most abundant ECM building blocks 

in the liver include collagen types I, II, IV and V, as well as glycoproteins 

such as laminin, fibronectin and tenascin, among others. In a setting of acute 

liver injury, tissue repair mechanisms are initiated through ECM synthesis, 

epithelial regeneration and tissue remodeling. If organ damage is persistent, 

this restitution of the liver parenchyma will lead to detectable deposition of 

ECM components in the form of liver fibrosis, consequently turning the ECM 

structure and topography aberrant. Eventually, when most vascular spaces are 

interconnected with fibrous tissue, cirrhosis is established, creating an ideal 

niche for tumor initiation and further disease progression (16, 17). The 

changes in the ECM’s composition strongly influence the tumor cell 

phenotype, while also dictating the surrounding stromal cell populations 

behavior. For instance, a dysregulated ECM not only promotes tumor 

proliferation, migration, angiogenesis and resistance to pro-apoptotic stimuli, 

but also blocks drug perfusion and leads to increased chemoresistance (15). 

Excessive amounts of ECM proteins in the liver are mainly secreted by 

activated hepatic stellate cells, while hepatic macrophages also strongly 

contribute to pro-fibrotic signaling (4, 16). Through this process of ECM 

deposition and dysregulation, the liver increases in stiffness, while the 

capillarization of hepatic sinusoids results in vascular resistance that leads to 

hypoxia and angiogenesis. These changes in the biomechanical properties of 

the liver have been widely linked to a more aggressive HCC phenotype (4). 

Given the crucial role of the ECM in early disease stages, as well as its 

importance in directing the vicious tumor-stroma cross talk in the hepatic 

microenvironment, targeting the ECM has been proposed as a relevant anti-

cancer strategy. Furthermore, factoring in the altered ECM composition when 

developing preclinical HCC study models is considered essential, as this 

largely influences cell behavior and response to treatment (18). 
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Hepatic stellate cells 

In a healthy liver, hepatic stellate cells (HSC) are quiescent vitamin-A 

reservoirs located between the basolateral surface of hepatocytes and the anti-

luminal side of sinusoidal endothelial cells, known as the space of Disse (16). 

These spindle-shaped dormant cells have been assigned roles in retinoid 

metabolism and storage, hepatocyte growth factor (HGF) synthesis and 

regulation of sinusoidal blood flow (19). During sustained liver damage, 

HSCs are exposed to paracrine factors such as platelet-derived growth factor 

(PDGF), transforming growth factor beta (TGF-) and connective tissue 

growth factor (CTGF), which trigger their transdifferentiation into a 

myofibroblast-like phenotype. Early changes in the HSC phenotype are 

induced by incoming or resident inflammatory cells and platelets, proximal 

epithelial cell damage and fine changes in the surrounding ECM structure. 

Through this process, stellate cells become proliferative, contractile, and 

synthesize excessive amounts of collagen and other ECM components, as well 

as pro-mitogenic cytokines. The activated HSC phenotype will be amplified 

through both autocrine signaling, and paracrine production of growth factors 

and ECM changes in the hepatic microenvironment (16, 20). By producing an 

altered ECM structure and secreting copious amounts of inflammatory 

mediators and growth factors, such as PDGF-, TGF-, vascular endothelial 

growth factor (VEGF) and HGF, activated HSC contribute to creating an ideal 

TME in the liver (4). For instance, TGF- has been widely shown to play a 

crucial role in driving the pro-malignant effect of activated HSC on 

transforming hepatocytes, while also directing later stages of HCC 

progression by promoting angiogenesis, immunosuppression and metastasis 

(21). In vitro studies have continuously shown that co-culturing stellate cells 

with liver cancer cells results in a bidirectional cross-talk that leads to tumor 

cell proliferation and migration, and a more invasive HCC phenotype; in turn, 

tumor cells are known to stimulate growth, migration and expression of pro-

angiogenic genes in HSC (21). As mentioned, the altered ECM formed by 

stellate cells is also known to result in severe liver stiffness, thereby forming 

a crucial obstacle for anti-cancer drug penetration (4). Given their 

multifaceted pro-fibrotic and pro-tumoral activity, clearing activated stellate 

cells has been proposed as a promising target for preclinical and clinical 

studies in liver disease (22, 23). Indeed, a number of antioxidants, such as 

vitamin E and silymarin, have been shown as effective in decreasing stellate 

cell activation and ameliorating fibrosis in preclinical models (23-25). 

Moreover, phosphatidylcholine, a substance with known hepatoprotective and 

anti-fibrotic effects, was also shown to suppress stellate cell activation and 

accumulation, and has been in clinical trials for patients with alcoholic liver 

disease, non-alcoholic fatty liver disease and metabolic comorbidities (23, 

26). Considering the success of these agents, and the central role of stellate 

cells in driving liver disease, there is great translational potential in 
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uncovering the molecular mechanisms behind activated stellate cell signaling 

in the hepatic microenvironment.  

Hepatic macrophages 

The liver is abundant with macrophages, which are characterized by 

remarkable heterogeneity in regards to their origin (resident Kupffer cells 

(KCs) or infiltrating monocytes), their state of differentiation (pro- or anti- 

inflammatory) and their response to different microenvironmental cues (27). 

Resident hepatic macrophages or KCs have an instrumental role in 

maintaining hepatic and systemic homeostasis, by actively regulating 

metabolism, inflammation, immune cell recruitment, and scavenging bacteria 

and cell debris in liver sinusoids. Due to this specific localization on the 

luminal side of the sinusoidal endothelium, hepatic macrophages are exposed 

and able to interact with a variety of liver resident and circulating immune 

cells, as well as platelets (28). Infiltrating bone-marrow or spleen-derived 

monocytes, which are rapidly recruited to the liver ‘on demand’ upon injury, 

have the ability to quickly acquire a KC-like phenotype, making them 

indistinguishable from the resident hepatic macrophage population (27). 

Indeed, a study on KC-depleted mice demonstrated that bone marrow-derived 

monocyte recruitment to the liver, and their subsequent KC phenotype 

acquisition, begins only hours after monocyte engraftment, and that stellate 

cell, endothelial cell and hepatocyte signaling in the space of Disse is crucial 

for this process (29). Moreover, monocytes or specialized hematopoietic 

precursors give rise to hepatic dendritic cell subsets in the liver, adding to the 

complexity of defining and characterizing the hepatic macrophages as a 

unified cell population (30).  

The phenotypical and functional plasticity of liver macrophages is reflected 

in the active role they play in liver disease. For instance, hepatic macrophages 

have been reported as key drivers of liver fibrosis and hepatic stellate cell 

activation (4). Upon liver injury, inflammatory and fibrogenic monocytes are 

rapidly recruited to the liver in a chemokine ligand 2 (CCL2) - C-C chemokine 

receptor type 2 (CCR2) dependent manner. Thereby, they can contribute to 

stellate cell activation through excessive TGF- and PDGF-bb secretion, and 

actively recruit other immune cells, such as natural killer (NK) cells, by 

producing inflammatory cytokines such as such as interleukin-1 β (IL-1β), 

tumor necrosis factor (TNF), CCL2, and CCL5 (27).  

Dense macrophage accumulation in the liver is a known hallmark of 

hepatocarcinogenesis (31). Tumor cells in HCC have been shown to recruit 

and activate tumor-associated macrophages (TAMs) by the secretion of 

VEGF, placental growth factor (PlGF), PDGF, TGF-β and glypican-3 (4). In 

an established tumor, TAMs fuel disease progression by actively supplying 

proliferating tumor cells with growth factors and cytokines, promoting 

angiogenesis and suppressing anti-tumoral T-cell and NK cell activity (32). 
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However, macrophages can also exhibit strong anti-tumoral potency, 

depending on the hepatic microenvironment preceding HCC development. In 

the absence of chronic liver injury, pre-malignant hepatocytes are known to 

recruit monocyte-derived macrophages by secreting CCL2, resulting in 

clearance of senescent hepatocytes by CCR2+ macrophages and T-cells, 

consequently preventing HCC development (27). 

As essential drivers of fibrosis, HCC pathogenesis, and the underlying 

inflammation of these conditions, liver macrophages represent an attractive 

target for novel anti-cancer therapies. However, pharmacologically targeting 

macrophages is still faced with numerous challenges, including the 

heterogeneity of human macrophage phenotypes and functions, which is not 

fully represented in pre-clinical in vivo models (27). Nonetheless, novel 

macrophage-targeted pharmacological approaches suggest that KCs can be 

successfully targeted in drug delivery systems, due to their efficient 

scavenging capacity (33). The malicious effect macrophages impose on liver 

pathogenesis could therefore be utilized to create novel treatment options for 

patients with liver diseases. 

 

Figure 2. Tumor cells engage in a bidirectional cross-talk with different components 

of the hepatic stroma, which creates an ideal niche for disease progression. 
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Platelets 

Platelets are small, megakaryocyte-derived anuclear blood elements with an 

instrumental role in maintaining homeostasis. Upon vascular injury, platelets 

are rapidly recruited to the site of tissue damage, whereby they prevent 

excessive bleeding by initiating the coagulation cascade. Platelets become 

activated through exposure to collagen, upon which the content of their α- and 

dense granules is released (34). This includes a number of growth factors and 

cytokines with potent wound-healing and immunoregulatory effects, such as 

PDGF-, TGF-, VEGF-A, insulin-like growth factor 1 and serotonin. 

Platelet activation is therefore vital for liver regeneration after organ damage, 

and its proliferative effect is a result of both direct signaling between platelets 

and hepatocytes, and platelet interactions with stromal cells, such as 

endothelial cells and Kupffer cells (10). However, platelets perform a number 

of functions beyond clotting and tissue healing, indicated by the range of 

proteins they are known to produce and release. Despite their key role in 

coagulation, inflammation and tissue repair, a growing number of studies 

strongly links platelets to different aspects of cancer initiation and 

progression, with evidence extending to HCC pathology (10, 35). The leaky, 

abnormal vasculature of a cirrhotic liver represents an ideal environment for 

platelet infiltration and accumulation, whereby platelets become activated in 

response to the damaged endothelium and proceed to interact with various cell 

types of the hepatic microenvironment (10, 36). In a pro-tumoural hepatic 

niche, platelet granule-derived growth factors are known to promote tumor 

proliferation and an epithelial-to mesenchymal (EMT) phenotype, thereby 

priming cancer cells for metastasis (37). Furthermore, physical platelet-tumor 

interactions protect circulating cancer cells from shear stress and 

immunosurveilence, resulting in increased tumor invasiveness (38). In turn, 

tumor cells release ADP, thrombin and tissue factor, which leads to sustained 

platelet activation, and further favors tumor survival and invasion to distant 

sites (39). As mentioned, platelets have been shown to interact with different 

cell types from the HCC stroma, including endothelial cells, stellate cells, 

macrophages and a variety of other immune cells. For instance, platelet-

derived factors such as serotonin and platelet factor 4 have been strongly 

linked to stellate cell activation, proliferation and pro-fibrotic signaling (40, 

41), along with PDGF- and TGF-, which platelets store and release at high 

concentrations (42, 43). Studies have also shown that the platelet-mediated 

pro-tumoural activity in HCC extends to modulating the hepatic immune 

response, including monocyte recruitment and lowering T-cell and NK cell 

anti-tumoral activity (36).  

Mounting evidence from preclinical and clinical studies suggests that 

inhibiting platelet activation could have a protective effect against several 

types of cancer (10). A breakthrough discovery in this field was the finding 

that a low dose of aspirin decreases the risk of colorectal cancer development 
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(44). This evidence extends to HCC, as aspirin usage has been associated with 

lower risk of HCC development in a dose- and duration-dependent manner 

(45, 46). Furthermore, targeting the ADP-binding purinergic receptor P2y12 

with anti-platelet drugs Clopidogrel and Ticagrelor was also shown to slow 

down progression of HCC in vivo (47, 48).  

Finally, the exact role and contribution of activated platelets in the 

pathogenesis of liver cirrhosis and HCC varies depending on the disease stage 

and etiology. The unique physiological and clinical context of the chronically 

diseased liver which precedes HCC formation is thought to largely influence 

the nature of the effect that platelets exhibit on disease progression (10). This 

warrants further investigation on the molecular interactions of platelets within 

the HCC microenvironment. Furthermore, given the success of common 

platelet inhibitors in reducing HCC risk demonstrated in clinical studies, there 

is a need to elucidate the underlying mechanism of this effect, including the 

contribution of directly targeting platelet activation, and the possible off-

target, anti-inflammatory effects of anti-platelet agents in the tumor 

microenvironment.  

Hypoxia and angiogenesis 

Rapid tumor cell proliferation, as well as a damaged vasculature in the 

background of chronic liver injury, lead to aberrant formation of new blood 

vessels. These vessels are often characterized by structural and functional 

abnormality (49). Both malignant hepatocytes and cells of the hepatic stroma, 

including activated stellate cells and macrophages, induce an angiogenic 

switch through excessive secretion of pro-angiogenic factors, such as VEGF, 

PlGF, PDGF, fibroblast growth factor and angiopoietins, leading to the 

activation of endothelial cells and subsequent neoangiogenesis (4). 

Uncontrolled HCC tumor proliferation and the resulting insufficient blood 

supply also lead to a decrease in oxygen levels, from the physiological range 

of 2-9% to as low as 0.8% in HCC hypoxic regions (50). Hypoxia is an 

established hallmark of the tumor microenvironment, and is known to 

generate intratumoral oxygen gradients, contribute to tumor plasticity and 

heterogeneity, as well as to promote a more aggressive and metastatic HCC 

phenotype (51). Furthermore, the major transcription factor activated during 

hypoxia, hypoxia induced factor‐1 (HIF‐1), controls the expression of 

multidrug resistance–related genes, promotes radioresistance in HCC, and has 

been shown to favor tumor cell invasion and immunosuppression (52). Hence, 

inhibiting HIF‐1 activity and targeting hypoxia has been proposed as a 

relevant strategy for HCC patients (53). However, inducing hypoxia by 

inhibiting neoangiogenesis has also shown success in extending HCC patient 

survival. Indeed, in the case of a hyper-vascular tumor such as HCC, there is 

a clear rationale for the usage of anti-angiogenic therapies (4). At first, in the 

absence of targeted agents, transcatheter chemoembolization (TACE) was 
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developed as a strategy to starve tumors with embolism, and still serves as the 

standard of care for intermediate-stage HCC. By embolizing the hepatic 

arteries and thereby restricting blood flow to tumor tissue, tumors are deprived 

of nutrients and exposed to high concentrations of chemotherapeutic agents 

for prolonged periods of time, leading to tumor necrosis (54). However, 

despite its wide use as standard HCC treatment, TACE has shown inconsistent 

response rates and unsatisfactory long-term benefits in patients, with reports 

suggesting that the embolism-induced hypoxia may even promote HCC 

aggressiveness (51, 55). Targeting angiogenesis by inhibiting VEGF 

signaling, which is essential for tumor angiogenesis and a common regulator 

of stromal cell populations, became the first approved systemic agent for 

intermediate and advanced HCC treatment, in the form of multikinase 

inhibitor sorafenib. While treatment with sorafenib was shown to extend the 

survival of patients with advanced HCC, the limited efficacy and potential 

side effects pose great limitations. A combined approach involving TACE and 

sorafenib has also been thoroughly studied, however, preclinical reports have 

shown contradicting findings that warrant further investigation of this 

therapeutic strategy (56).      

The unfolded protein response 

Virtually all proteins that a cell secretes or presents on its surface are 

assembled in the endoplasmic reticulum (ER). Aside from calcium signaling 

maintenance and lipid production, monitoring protein folding and synthesis is 

one of the primary functions of the ER. However, different intrinsic and 

extrinsic perturbations, such as mutations, pathogens and disrupted metabolic 

rates, can increase the cell’s protein secretory needs beyond the capacity at 

which the ER can ensure accurate protein folding (57). This causes an 

accumulation of misfolded and unfolded proteins in the ER lumen, known as 

ER-stress, to which cells respond to with a conserved survival strategy, termed 

the unfolded protein response (UPR) (58). This dynamic adaptive mechanism 

is mediated by three conserved ER-transmembrane sensory proteins known as 

inositol-requiring enzyme 1α (IRE1α) and IRE1β; protein kinase RNA-like 

ER kinase (PERK); and activating transcription factor 6 (ATF6). These UPR-

signaling transducers are normally found anchored to the ER membrane, with 

their luminal domains bound to BiP (a heat shock protein HSP70 family 

chaperone). Accumulating misfolded and unfolded proteins in the ER lumen 

are preferentially bound by BiP, which consequently releases its inhibitory 

interaction with IRE1α, PERK and ATF6 and thereby allows for the activation 

of the UPR (59). In early UPR responses, PERK-mediated phosphorylation of 

eukaryotic translation initiator factor 2α (eIF2α), IRE1-dependant mRNA 

decay and IRE1α–JNK-regulated autophagy work to suppress protein 

synthesis at the ER. Secondly, transcription factors ATF6, X box-binding 
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protein 1 (XBP1) and ATF4 induce a massive UPR gene expression response, 

which aims to restore normal ER function and maintain cell survival. 

However, when a certain (cell type and/or stimuli-dependent) threshold is 

exceeded, unmitigated and irreversible ER-stress activates apoptotic signaling 

pathways (Figure 3) (60). 

A solid tumor microenvironment is characterized by various stimuli which 

are known ER-stress inducers, such as hypoxia, acidosis, nutrient deprivation, 

reactive oxygen species (ROS), as well as increased metabolic and mutation 

rates (61). Hepatocytes, though structurally rich in ER, have been shown as 

sensitive to ER function disturbances (62). Furthermore, UPR activity has 

been associated with different aspects of the pro-malignant process in the 

hepatic microenvironment, while overexpression of UPR markers such as 

IRE1α, PERK, XBP1, ATF6 and BiP has been noted in the majority of human 

HCCs (63, 64). For instance, increased IRE1α-XBP1 activity has been shown 

to correlate with sustained hepatic stellate cell activation, liver fibrosis 

progression, and to play a key role in cell fate determination throughout the 

malignant process in HCC (65, 66). Moreover, PERK- and ATF6- mediated 

UPR signaling pathways have also been assigned with crucial pro-

adaptive/apoptotic mechanisms in HCC tumorigenesis (Figure 3) (67-69). 

However, while a growing body of evidence links UPR signaling to different 

facets of HCC development, the complexity of its involvement in disease 

progression is highlighted by the UPR’s dual, adaptive and apoptotic 

functions in carcinogenesis (57). There is therefore a rationale for using both 

ER-stress inhibitors and inducers to suppress tumor proliferation, survival and 

chemoresistance (70). Numerous studies have shown that blocking the UPR’s 

adaptive response results in decreased tumor cell survival and increased 

chemosensitivity. Indeed, the pro-adaptive yield of all three UPR transducers 

has been shown to potentiate hepatocarcinogenesis by inducing ER chaperone 

transcription and ER recovery, consequently protecting tumor cells from ER-

stress-induced apoptosis and promoting chemoresistance (71-73) On the other 

hand, inducing UPR-mediated apoptosis via triggering the PERK-eIF2α-

ATF4-CHOP pathway has been widely suggested as a potent strategy for 

inducing tumor cytotoxicity, through which cancer cells could also become 

more sensitive to chemotherapeutic agents (68, 74). When assessing ER-

stress-targeted therapy, it is also crucial to note that UPR signaling and the 

threshold at which ER-stress is sensed and/or is deemed irreversible is largely 

stimuli- and cell type-dependent. Therefore, the role of UPR actors in HCC 

could largely vary between the tumor and the stromal cell populations (75, 

76). Finally, assessing the therapeutic potential of targeting UPR signaling 
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with ER-stress inducers and inhibitors is challenged by the potential undesired 

long-term side effects this type of therapy could have for patients (60). 

 

Figure 3. The UPR signaling pathways and their link to hepatocarcinogenesis. Figure 

adapted from Pavlović, N. and Heindryckx, F. (2021) (70) 

The IRE1α–XBP1 signaling pathway 

The most conserved and best studied branch of the UPR is mediated by 

IRE1α. Upon misfolded and unfolded protein accumulation in the ER lumen, 

IRE1α dimerizes, bringing the cytosolic portions of neighboring IRE1 

molecules into proximity. This leads to the trans-autophosphorylation of the 

IRE1 kinase, thereby triggering the IRE1α RNase activity. As a result, IRE1α 

cleaves the mRNA encoding one of the main pro-adaptive UPR transcription 

factors - XBP1 - in two specific positions, thereby excluding an intron. The 

severed exons are then ligated into a spliced XBP1 mRNA transcript, which 

is translated into the active form of transcription factor XBP1 (Figure 3) (77). 

Consequently, spliced XBP1 will go on to regulate the transcription of a range 

of target genes involved in protein folding, ER expansion, as well as ER-

associated degradation and protein secretion (58). Alternatively, under 

unmitigated and/or prolonged ER-stress, the IRE1α RNase activity induces 

regulated IRE1-dependent decay of mRNA to promote cell death, by 

degrading mRNA transcripts of anti-apoptotic proteins and proteins involved 

in increasing the ER’s protein folding capacity (78). Due to these opposing 

roles in mediating both pro-survival and pro-apoptotic UPR pathways, IRE1α 

is recognized as a key factor in cell fate determination (79).      
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Numerous studies have shown that IRE1α activity is increased in tumor 

tissue, and that it promotes tumor proliferation and chemoresistance in various 

cancer types, such as breast cancer, colorectal cancer and HCC (80, 81). As 

mentioned, upregulated IRE1α signaling has also been implicated in liver 

fibrosis and cirrhosis progression, marking it as a risk factor for HCC 

development (65, 82). The link between IRE1α activity and pro-fibrotic 

signaling has been widely established in pre-clinical models. It has been 

demonstrated that the excessive ECM production following stellate cell 

activation induces ER-stress and UPR signaling. In turn, UPR regulators 

strongly to contribute stellate cell activation and pro-fibrotic gene expression 

(83). Indeed, the activation of the IRE1α-XBP1 signaling axis has been shown 

to drive the stellate cell activation process by upregulating the expression of 

pro-fibrotic genes, such as α-smooth muscle actin (αSMA), Collagen1α and 

PDGFRB in an autophagy-dependent manner (84). Furthermore, TGF- has 

been reported as an important factor in inducing IRE1α-mediated stellate cell 

activation in vitro (83). In vivo studies have shown that IRE1α signaling is 

critical for fibrosis development in mice with liver and skin fibrosis (65, 82), 

and that blocking its RNase activity with specific inhibitor 4μ8C reduces 

fibrosis, and reverts the fibrotic phenotype of myofibroblasts (65). Moreover, 

IRE1α was shown to mediate fibrosis by directly cleaving and inactivating 

miR‐150, consequently allowing for the expression of pro-fibrotic c‐Myb and 

αSMA (65). There is therefore a clear rationale for targeting the IRE1α-XBP1 

UPR axis in combating the progression of hepatocarcinogenesis, as mounting 

evidence links this pro-adaptive signaling pathway to cirrhosis, tumor growth 

and HCC chemoresistance. However, further insight regarding the pro-

tumoural role of IRE1α in the HCC microenvironment is needed, in order to 

safely and effectively mitigate its contribution to liver disease.    

Challenges and current concepts in treating HCC 

The initiation and early development of HCC is known as a silent and slow 

process, with few notable symptoms until late in the disease. While HCC 

screening for high-risk populations is highly advocated, there is still a lack of 

predictive biomarkers and effective radiologic imaging techniques that could 

identify cirrhosis patients with developing hepatic lesions. At an advanced 

disease stage, treatment options include surgical resection, local ablation, liver 

transplantation and systemic pharmaceutical interventions (6, 85). However, 

recurrence rates following resections remain high, while the only approved 

first-line systemic agents in the form sorafenib and lenvatinib have limited 

efficacy, and are associated with serious side effects. In recent years, immune 

check point inhibitors in the form of PD-1 suppressors have shown promising 

results as a second-line treatment for advanced HCC (86). Moreover, a 

combined therapy consisting of PD-L1 blockers and a VEGF antagonist has 
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been shown to result in longer survival and less side-effects in patients with 

unresectable HCC, compared to treatment with sorafenib (87). The success of 

these agents, which disrupt the tumor-benefiting HCC microenvironment by 

inhibiting immunosuppressive signaling and neo-angiogenesis, consequently 

suppressing tumor growth, highlight the importance and clinical value of 

studying stromal biology in cancer research.  

As more insight is gained regarding the complex oncogenic process that 

drives HCC progression, and new potential therapeutic targets are discovered, 

there is also an increasing interest in designing molecularly targeted therapies 

(88). Given the heterogeneity of the HCC tumor profile, a critical step in this 

process includes identifying predictive biomarkers for selecting patient 

subgroups that could benefit from a specific targeted therapy (89). It is also 

becoming increasingly clear that success in treating advanced HCC relies on 

targeting multiple components within the tumor niche (86). Hence, there is a 

pressing need for novel biomarkers and therapeutic targets in HCC, 

encouraging further research into the biology of the hepatic tumor 

microenvironment.    
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Aims 

The studies in this thesis aimed to define the role of the cross-talk between 

tumor cells and hepatic stromal components in different facets of HCC 

pathogenesis. Through investigating the molecular interactions in the 

tumorous hepatic microenvironment, the overall goal was to identify potential 

new therapeutic targets for patients with liver cancer, and to increase the 

scientific understanding of how stromal biology contributes to the 

hepatocarcinogenic process. 

More specifically, in Study I, the aim was to define the role of platelet 

activation in the hepatic tumor niche, and to determine whether anti-platelet 

therapy could help slow down HCC progression. 

In Study II, the objective was to clarify the role of purinergic receptor P2Y12 

in macrophage polarization and function, and to assess the overall 

contribution of P2Y12 in HCC pathogenesis, as well as its potential as a 

therapeutic target in liver cancer. Thereby, a possible off-target effect of 

inhibiting platelet activation with P2Y12 antagonist Clopidogrel in Study I 

was also evaluated. 

The standard of care for treating intermediate HCC involves locally infusing 

a chemotherapeutic agent, such as doxorubicin (DOX) in a drug delivery 

system. There are contradicting reports on whether combining this treatment 

with hypoxia induction could show a synergistic effect. In order to assess the 

efficacy of combining chemotherapeutics and hypoxia as a treatment 

approach, in Study III the response of three commonly used liver cancer cell 

lines (HepG2, Huh7, SNU449) to DOX treatment in normoxia and hypoxia 

was observed and compared. 

An important hallmark of HCC development is the activation of the unfolded 

protein response. This conserved cellular survival strategy is induced in 

response to accumulating misfolded proteins, known as ER-stress. In Study 

IV, the aim was to delineate the role of the IRE1α-mediated ER-stress 

pathway in the pathogenesis of HCC, particularly in the cross-talk between 

hepatic stellate cells and tumor cells. 
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Finally, the translational potential of targeting of ER-stress actors in HCC was 

further evaluated through mining of the publicly available, patient-derived 

database The Human Protein Atlas in Study V. Thereby, the predictive value 

of UPR-associated proteins was assessed in liver cancer, and the expression 

of these markers was discussed in regards to patient sex, ethnicity, age, disease 

stage and tissue localization. 
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Methodology 

Mouse model/In vivo studies 

In order to study how the interactions between the tumor and the hepatic 

stroma influence hepatocarcinogenesis in vivo, a chemically induced mouse 

model for HCC was used. Five-week-old male sv129 mice received 

intraperitoneal injections once per week with carcinogenic reagent 

diethylnitrosamine (DEN; 35 mg/kg body weight, diluted in saline) for 25 

weeks. Diethylnitrosamine is metabolized in the liver by cytochrome P450, 

an enzyme that is abundantly present and highly active in hepatocytes. 

Following bioactivation, a reactive ethyl diazonium ion is formed, capable of 

alkylating DNA structures and thereby altering tumor promoting and/or 

suppressing gene expression patterns. Additionally, DEN induces oxidative 

stress, which further potentiates hepatocarcinogenesis by impairing DNA, 

protein and lipid quality (90).  

While even a single dose of DEN can result in irreversible tumor formation 

in rodents, repeated weekly DEN injections lead to liver deterioration 

comparable to the pathogenesis of HCC seen in clinical practice (91). 

Increased inflammation can be observed in the hepatic tissue after 10 weeks 

of injections, with significant Kupffer cell accumulation notable after week 

16. Following 20 weeks of DEN injections, macroscopically visible tumors, 

which are molecularly similar to human HCCs, are found throughout the liver. 

Furthermore, microscopic tissue evaluation reveals DEN-induced fibrotic 

action and an increase in inflammatory foci after 20, 25 and 30 weeks of 

injections. Pro-angiogenic changes of the tumor microenvironment are also 

noted, as increased expression of angiogenic factors such as PDFG, P1GH 

and VEGF correlates with the DEN-induced disease progression. (92). 

Overall, given that HCC normally arises as a hypervascular tumor in the 

background of cirrhosis and sustained inflammation, the characteristics of this 

model provide a clinically relevant platform to study different aspects of 

hepatocarcinogenesis (90).  

The aim of Study I was to explore the effect of platelet activation on different 

facets of HCC progression. To do this, the DEN-induced HCC mouse model 

was treated with anti-platelet drug Clopidogrel. From week 10, Clopidogrel 

was added to the drinking water at a concentration of 0,5 mg/mL and mice 

were allowed ad libitum access. In order to study the effect of blocking ER-
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stress on HCC development in Study IV, the DEN-injected mice were treated 

with IRE1α ER-stress-pathway inhibitor 4μ8C starting from week 10. 

Treatment with 4μ8C was done twice per week by injection with 10 μg/g 

bodyweight 4μ8C in saline or 0.08% DMSO in saline (control). This dose of 

4μ8C was previously shown to attenuate liver fibrosis and suppress stellate 

cell activation in vivo (65). Mice were euthanized after 25 weeks and samples 

were taken for subsequent RNA, protein and histological analysis. 

To assess the expression of P2y12r in a cirrhotic liver in Study II, a cirrhotic 

mouse model was used. Male C57Bl/6 (Crl) were injected twice per week 

with carbon tetrachloride (CCl4, Sigma) (1:1 dissolved in olive oil; 1 mg/kg), 

and 5% alcohol was added to drinking water. Bioactivation of CCl4 occurs in 

the liver, through cytochrome P450-mediated metabolization, giving rise to 

trichloromethyl radicals (CCl3*), which then proceed to react with nucleic 

acids, proteins and lipids. Hepatic damage occurs as key aspects of metabolic 

homeostasis are disrupted, including altered lipid and protein quality, 

impaired membrane permeability and increased inflammation (93).         

During the in vivo experiments, mice were weighted twice per week, and their 

health was evaluated using the Uppsala University health monitoring 

template. This method was approved by the local ethical committee for animal 

experimentation (C45/13; C95/14; DNR 5.8.18-0089/2020) and conforms to 

the Animal Research: Reporting of In Vivo Experiments guidelines developed 

by the National Centre for the Replacement, Refinement and Reduction of 

Animals in Research. 

Cell culture and reagents 

In order to study the interactions between different cell types found in the 

hepatic tumor microenvironment in vitro, several cell lines were used. These 

included human liver cancer cell lines HepG2, Huh7 and SNU449, hepatic 

stellate cell line LX2, monocyte cell line THP-1, and murine macrophage cell 

line RAW 264.7. All cell lines were routinely cultured in DMEM (HepG2, 

Huh7, LX2, RAW 264.7) or RPMI (THP-1, SNU449) supplemented with 

10% fetal bovine serum (FBS). Cells were cultured at 37˚C with 5% CO2. For 

starvation and stimulation, growth medium without FBS was used. 

To study the role of ER-stress in the cross-talk between stellate cells and 

tumor cells, LX2 cells were treated with 100 M 48c, a specific inhibitor of 

the IRE1α ER-stress signaling pathway. Pharmacological inhibition of ER 

stress with this dose of 48c was previously shown to block TGF--induced 

activation of fibroblasts in vitro (65). In order to exclude an off-target effect 

of 48c on the co-cultures, stellate cells and tumor cells were transfected with 

0.1–1 µM of si-IRE1α or 0.1 µM of siCtrl using the Amaxa Nucleofector. 
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Transfection efficiency was checked via qPCR 24 hours post-transfection. 

Only one si-RNA was used, as this reduced mRNA expression by >40% in all 

three cell lines. 

For the purpose of studying the effect of inhibiting P2Y12 on the 

macrophage phenotype and function, THP1-differentiated macrophages and 

RAW 264.7 murine macrophages were primed to a pro-inflammatory/anti-

tumoural phenotype. Monocyte cell line THP-1 was differentiated to a 

macrophage phenotype by treatment with phorbol 12-myristate 13-

acetate (PMA). Macrophages were stimulated to a pro-inflammatory 

activation state by treatment with interferon gamma (IFN) and 

lipopolysaccharide (LPS), or an anti-inflammatory state by treatment with 

IL13 and IL4. THP-1-differentiated macrophages represent a well-

characterized model for studying human macrophage function. Indeed, 

numerous reports have suggested that THP-1-macrophages were useful for 

testing inflammatory responses mediated by drugs (94). Furthermore, THP-1-

macrophages have also been shown to provide a great tool for studying pro- 

or anti- tumoural (commonly referred to as M1/M2) macrophage populations 

specifically, as they respond differently to incubation with cancer cells when 

stimulated with pro- or anti-inflammatory cytokines prior to co-culturing (95). 

In vitro study models 

To study the interactions between HCC cells, hepatic stellate cells, 

macrophages and platelets in vitro, several 2D and 3D co-culturing systems 

were used (Figure 4).  

The simplest set up, mostly used for studying physical interactions between 

cells and cell viability, is a mixed co-culture, where cells are grown in 

monolayers. Each cell type is thereby marked with a non-toxic fluorescent cell 

dye, thus allowing for the visualization of different cell types. A Transwell 

assay was used to grow cells in different compartments, which enables 

separating different cell types with a 0,4 μm- porous and permeable membrane 

that allows the exchange of soluble factors.  

It has been widely discussed that studying cellular behavior and signaling 

in a 3D experimental set up has great value in improving the physiological 

relevance of cell-based assays by bridging the gap between cell culture and 

the in vivo environment (96). For this purpose, 3D cell spheroids were 

generated by culturing cells on ultra-low attachment plates. Cells cultured in 

spheroids have been shown to have a similar gene expression profile as in vivo 

tumors, while tumor cells preserve liver-specific metabolic and synthetic 

functions when grown in spheroids compared to monolayers (97). Moreover, 

the overall morphology of 3D spheroids is relevant to in vivo tumors, while 

other physiological traits, such as the formation of a hypoxic core, cell–cell 

and cell-ECM contacts, decreased proliferation and increased survival rates 

also mimic the native environment (98). 



 29 

As discussed, the ECM is a key component of the tumor microenvironment, 

and a crucial regulator of cell behavior (16). Therefore, retaining its tissue-

specific architecture, protein structure, stiffness and pro-angiogenic properties 

in a study model is of great physiologic relevance and clinical value. For this 

reason, another 3D study model in the form of decellularized human liver 

scaffolds was used to investigate the cross-talk between hepatic stellate cells 

and tumor cells. Patient-derived liver tissue cubes were decellularized by an 

optimized application of agitation, so that the native 3D-microarchitecture and 

ECM composition of the liver were preserved. After this, the scaffolds were 

sterilized for cell culture usage, and HepG2 and/or LX2 cells were seeded on 

top of each scaffold. Experiments were stopped after 7 days, throughout which 

fresh medium was changed every 3 days. Through culturing cells of the HCC 

tumor microenvironment on a preserved hepatic ECM network, cellular 

phenotypes are maintained over a longer period of time. For instance, HepG2 

cells grown in 3D-scaffolds preserve higher cellular differentiation features 

after prolonged culture periods, compared to being grown in a standard 2D set 

up. Furthermore, hepatic stellate cell line LX2 was found to retain its activated 

phenotype when grown in 3D scaffolds, with significant differences in its pro-

fibrotic gene expression pattern, compared to being grown in 2D conditions 

(18).  

Overall, the key differences in liver cells’ phenotypes and behavior 

observed in 3D study models, compared to conventional 2D set ups, 

emphasize the relevance of using 3D in vitro platforms for studying the 

molecular background of HCC pathophysiology.       

Figure 4. Different 2D and 3D study models used to study tumor-stroma interactions 

in vitro 

Phagocytosis and live/dead staining assay 

In order to study the effect of blocking P2y12r on the macrophages’ capacity 

to phagocytose tumor cells in Study II, a phagocytosis assay was performed. 

THP1-differentiated macrophages primed to a pro-inflammatory phenotype 

were co-cultured with HepG2 cells. Each cell type was labeled with a different 

fluorescent cell dye (CellTracker®), after which HepG2 cells were added to 

the adherent macrophages. Quantification of the phagocytosis rate was done 

by counting the number of cells with double staining. 
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Secondly, to assess the percentage of live and dead HepG2 cells following 

incubation with macrophages, the cells in co-cultures were measured by using 

a Live/Dead Cell Double Staining Kit (04511-1KT-F, Sigma-Aldrich). 

HepG2 cells were incubated with calcein-AM and propidium iodide solutions, 

washed and added to the THP1-differentiated macrophages. Living cells emit 

a strong green fluorescence, while dead cells emit red fluorescence after 

excitation with a 488-laser. Therefore, the number of fluorescently green and 

fluorescently red cells was simultaneously quantified to measure the 

percentage of live and dead cells amongst the HepG2 population. 

Both assays were observed and imaged with an inverted confocal 

microscope (LSM 700, Zeiss, Stockholm, Sweden), using Plan-Apochromat 

20× objectives and the Zen 2009 software (Zeiss). 

Statistical analysis  

Data are presented as mean ± standard error of the mean. Statistical 

significance was determined using an unpaired, two-tailed Student’s T-test or 

one-way analysis of variance (ANOVA), followed by Tukey's multiple 

comparison test. p-values<0.05 were considered statistically significant. At 

least three biological replicates were used for in vitro experiments. These 

replicates represent parallel measurements of biologically distinct samples 

taken from independent experiments. The in vivo experiments were done on 

at least five independent animals per condition. Outliers were kept in the 

analyses, unless they were suspected to occur due to technical errors, in which 

case the experiment was repeated.  

     In order to increase the clinical relevancy of the experimental findings, 

HCC patient-derived transcriptomics and immunohistochemical data was 

taken from the publicly available Human Protein Atlas database. Survival 

curves were generated via the Kaplan-Meier method, and statistical 

comparisons were made using the log-rank method.  
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Results and Discussion 

Study I 

Inhibiting platelet activation slows down HCC progression in 

vivo 

Anti-platelet drugs such as aspirin and clopidogrel have long been associated 

with protective effects against several types of cancer, including HCC (44, 45, 

47). Furthermore, broad experimental evidence suggests that activated 

platelets contribute to different facets of cancer progression, including tumor 

proliferation, chronic inflammation, angiogenesis and metastasis (99). In a 

hepatic tumor setting, platelet-derived factors have been shown to not only 

stimulate HCC cell proliferation and invasiveness, but to also modulate the 

surrounding stromal cell populations. This includes promoting stellate cell 

activation and pro-fibrotic signaling, as well as actively mediating the hepatic 

immune response to favor tumor growth and progression (10). In order to 

assess the effect of activated platelets on HCC progression, mice with DEN-

induced HCC were treated with anti-platelet drug Clopidogrel, an antagonist 

of the ADP-binding P2Y12 receptor expressed on the platelet surface. This 

treatment resulted in a significant decrease in the number of tumors in mice 

with HCC, as observed macroscopically and on H&E staining. Furthermore, 

CLO treatment decreased the mRNA and protein expression of proliferation 

markers PCNA and Ki67 in mice with HCC. An anti-tumoural effect of 

platelet inhibition was also observed on decreased protein expression levels 

of several HCC promotors (Matn2, Fstl3, Fst) and negative HCC prognostic 

markers (such as Parp1, Dctn2, Epo). In order to confirm that CLO treatment 

indeed suppressed platelet activation and decreased the number of platelets in 

the hepatic microenvironment, liver slides were stained against CD41, a 

marker of activated platelets. This revealed a significant increase in the CD41+ 

area in both the tumor and the stroma of mice with HCC, compared to healthy 

mice, indicating that platelet accumulation in the liver follows HCC 

progression. This is in line with existing evidence of platelet accumulation in 

the background of chronic liver damage. As mentioned earlier, HCC 

progression is marked by a rapid formation of leaky and dysfunctional blood 

vessels, which promotes platelet infiltration, and subsequent activation in 

response to damaged endothelium (10). Furthermore, tumor-derived factors 

such as thrombin, ADP and tissue factor are known to potentiate and maintain 
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platelet activation (99). However, treatment with CLO significantly decreased 

the CD41+ area in both the tumorous and the stromal hepatic tissue of mice 

with HCC. These results could suggest that the intrahepatic accumulation of 

platelets during HCC development plays a role in promoting tumor growth 

and disease progression. 

    In order to further validate the proliferative effect of platelets on HCC cells 

in vitro, platelet lysate was added to HCC cell line HepG2, after which the 

cells were incubated for 24 hours. This resulted in a significant increase in the 

HepG2 cell proliferation rate, as well as a significant increase in the mRNA 

expression of cancer stemness marker and liver progenitor Ck19. Preclinical 

studies have widely shown that platelets strongly promote HCC cell 

proliferation and invasiveness, thereby proposing several platelet-derived 

factors, such as serotonin and TGF-, as crucial in the platelet-tumor cell 

cross-talk (38, 100-102). However, it is worth mentioning that in vitro set ups 

lack crucial factors that finely tune the coagulation cascade and platelet 

activation, including blood flow and ECM elements (103). Indeed, platelets 

undergo a series of morphologic changes during their activation cascade, prior 

to aggregating and releasing their granule content at site of injury (104). 

However, culturing intact platelets in vitro results in a rapid and uncontrolled 

activation, due to the abundance of platelet activation agonists present in the 

culture medium. Similarly, using platelet lysate in vitro fails to mimic the in 

vivo event of platelet infiltration to site of action, and their subsequent 

activation. Therefore, in vitro set ups do not offer fully representative study 

models for platelet biology, and the effect of platelet activation on other cell 

types’ phenotype and behavior.  

Nevertheless, these results indicate that activated platelets play a role in 

promoting tumor proliferation and disease progression during HCC 

pathogenesis, and suggest that targeting platelets could be relevant for 

preventing or slowing down the hepatocarcinogenic process.    

Activated platelets modulate the HCC tumor microenvironment  

Various platelet-derived factors, such as PDGF-, TGF-, CXCL4 and 

serotonin strongly stimulate hepatic stellate cell activation and intrahepatic 

inflammation, thereby fueling fibrosis and chronic liver disease (41, 43, 105, 

106). Platelet accumulation in the liver, particularly in close proximity to 

stellate cells, is known to correlate with fibrosis progression (107), while anti-

platelet agents such as dabigatran, clopidogrel and aspirin have been shown 

to ameliorate this effect in vivo (108). Furthermore, a prospective cohort study 

following patients with cardiovascular disease receiving anti-platelet therapy 

targeting P2Y12r revealed there to be a protective association between platelet 

inhibition and the occurrence of liver fibrosis (109).  

In order to assess whether inhibiting platelet activation with CLO had an 

effect on stellate cell activation and fibrosis during HCC development, liver 
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slides were stained against collagen and stellate cell activation marker αSMA. 

Indeed, CLO treatment resulted in a significant decrease in collagen 

deposition, and suppressed αSMA mRNA and protein expression in mice with 

HCC, suggesting a role of activated platelets in promoting fibrotic signaling 

in the background of hepatocarcinogenesis.  

A frequently overlooked property of activated platelets is their ability to 

interact with various immune cells, and thereby actively mediate the 

inflammatory response in diverse microenvironmental settings (35, 110). To 

evaluate the effect of platelets on the immune cell population in HCC, liver 

slides were stained against macrophage marker F4/80, and the expression of 

several pro/anti-inflammatory markers was checked via qPCR and a 

proximity extension assay. Staining the liver slides with antibodies against 

F4/80 revealed a significant increase of the F4/80+ area in both the tumor and 

the stroma of the liver of mice with HCC, compared to healthy mice. As 

mentioned, macrophage infiltration and accumulation in the liver is a hallmark 

of HCC development. Hepatic macrophages thereby serve as central players 

in promoting tumor progression, by directly stimulating tumor proliferation, 

as well as by orchestrating pro-fibrotic and immunosuppressive signaling (27, 

32). Notably, treatment with CLO significantly decreased the F4/80+ area, 

both in the tumor and in the stroma of mice with HCC. This could suggest that 

macrophage infiltration to the hepatic tumor microenvironment is, at least in 

part, influenced by liver-bound activated platelets. This observation is in line 

with numerous reports on the pro-tumoural role of platelets in recruiting 

immune cells to site of hepatic injury (36). Moreover, Liu et al. have also 

reported reduced macrophage infiltration into aneurysm tissue following 

platelet inhibition with CLO (111).  

The effect of platelet activation on the hepatic immune response was also 

noted by evaluating the expression of pro- and anti-inflammatory markers in 

the liver. This revealed that inhibiting platelet activation with CLO increased 

the mRNA expression of pro-inflammatory markers CD40, IL-1, TNFα, 

iNOS and Fpr-2, while decreasing the mRNA expression of murine anti-

inflammatory marker Arginase-1 in mice with HCC. Moreover, the Olink 

proximity extension assay revealed that CLO treatment led to an increase in 

the protein expression of pro-inflammatory markers, such as CCL2, CCL3 

and IL-1α, in mice with HCC. Inhibiting platelet activation with CLO in mice 

with HCC also resulted in decreased serum levels of growth factors with 

known pro-tumoural/anti-inflammatory properties, such as PDGF- and 

TGF-. However, this decrease could also be a result of fewer tumors, 

macrophages and activated stellate cells being present in the liver of mice 

treated with CLO, as these are abundant sources of PDGF- and TGF-. 

Overall, these results could indicate that, aside from facilitating macrophage 

recruitment to the liver, activated platelets mediate the immune response in 

HCC by promoting an anti-inflammatory phenotype of the hepatic immune 

cell population.  
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While increased expression of pro-inflammatory markers such as TNFα 

and CCL2 has been found to correlate with tumor apoptosis and longer 

survival in HCC (112), platelet-mediated inflammation has also been 

associated with driving fibrosis and hepatocarcinogenesis through various 

mechanisms, such as leukocyte recruitment and neutrophil extracellular trap 

formation (36, 113). It is therefore important to note that platelet factors may 

play different roles in inflammation-driven disease progression, likely 

depending on the microenvironmental setting preceding tumor initiation, as 

well as the disease stage. In this study, mice with DEN-induced HCC were 

treated with CLO from week 10, when increased hepatic inflammation can be 

noted, but prior to inflammation reaching its peak, around week 16. We could 

therefore speculate that, in earlier disease stages, platelet inhibition reduced 

hepatic inflammation and thereby suppressed the underlying fibrosis and 

cirrhosis development (as seen on reduced collagen and αSMA expression in 

mice with HCC treated with CLO). In later stages of HCC development, after 

tumor initiation occurs around week 20, reduced platelet activation could play 

a role in shifting the immunosuppressive phenotype of the hepatic immune 

population (as seen on lower macrophage density and increased pro-

inflammatory marker expression), thereby promoting tumor apoptosis and 

immunosurveilence.   

Altogether, the results of this study suggest that platelets promote tumor 

proliferation and disease progression in an HCC mouse model, by not only 

directly influencing tumor behavior, but also mediating the surrounding 

hepatic microenvironment (Figure 5). These findings add on to a large body 

of evidence proposing anti-platelet therapy as a beneficial therapeutic option 

for patients with liver disease. However, more studies are needed to determine 

the exact role of platelets in the molecular landscape of HCC. Additionally, it 

is crucial to elucidate the mechanism behind the widely observed tumor-

protective effect of common platelet inhibitors, and thereby decipher the role 

of their anti-inflammatory effect in lowering cancer risk and slowing down 

tumor progression.   
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Figure 5. Results of Study I, showing the effect of activated platelets on different 

facets of HCC progression. 

Study II 

Purinergic receptor P2Y12 is expressed by hepatic macrophages 

and is involved in the pathogenesis of liver cirrhosis and HCC 

The purinergic receptor P2Y12 is a conserved G protein–coupled receptor 

mainly expressed on the surface of platelets, where it plays a key role in 

sustaining platelet aggregation by binding ADP. However, P2Y12r expression 

has been noted on a variety of other cell types, including vascular smooth 

muscle cells, immune cells such as microglial cells, eosinophils, and 

macrophages, as well as certain cancer cells. Despite growing evidence of its 

wider tissue distribution, little is known about the functions of P2Y12 beyond 

thrombosis (114, 115).  

    In Study I, inhibiting platelet activation with P2Y12 antagonist 

Clopidogrel in mice with HCC significantly decreased the number of tumors 

and slowed down disease progression. While most of the administered CLO 

binds to platelets, an off-target effect of CLO should not be overlooked, 
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specifically as CLO is metabolized in the liver and P2Y12 is expressed by 

other cell types in the hepatic microenvironment. Therefore, in Study II, the 

aim was to validate the expression of the P2Y12 in hepatic macrophages, and 

explore the role of this receptor in macrophage polarization and function, in 

order to thereby assess its possible contribution to HCC pathogenesis. 

Co-staining liver slides of healthy mice, and mice with cirrhosis and HCC, 

against P2Y12 and macrophage marker F4/80 confirmed the expression of 

P2Y12 on hepatic macrophages. Furthermore, the protein expression of 

P2Y12 significantly increased in mice with cirrhosis and HCC, compared to 

healthy mice. The expression of P2Y12 in macrophages was further 

confirmed on two macrophage cell lines (THP1-differentiated macrophages 

and RAW264.7) via western blotting. While P2Y12r expression has been 

reported to be upregulated in alternatively activated, M2-like microglial cells, 

compared to classically activated, M1 microglial cells (116), no difference 

was noted when P2Y12 expression was compared between M1 and M2-

stimulated THP1-differentiated macrophages. Finally, P2Y12 expression was 

also noted on liver biopsies of HCC patients, derived from the Human Protein 

Atlas. It was thereby observed that P2Y12 expression was mainly distributed 

in the hepatic stroma on the HCC biopsies. However, no significant 

differences in patient survival were noted between high and low levels of 

P2Y12 expression, or between different stages of HCC progression. 

Nonetheless, as hepatic P2Y12 expression has been shown to increase with 

cirrhosis and HCC progression, and a growing number of studies is reporting 

the anti-tumoral effect of P2Y12 inhibition in different cancer models, a 

possible role of this receptor in the hepatocarcinogenic process warrants 

further investigation (115, 117, 118).   

Inhibiting P2Y12 in macrophages induces an anti-tumoural 

macrophage phenotype in vitro 

Macrophages possess remarkable plasticity in regards to their state of 

activation, which can fall under a wide spectrum of phenotypes and is largely 

dictated by microenvironmental cues. Two ends of this spectrum are 

commonly referred to as M1 and M2, or pro-inflammatory/anti-tumoral and 

anti-inflammatory/pro-tumoral macrophages (31). In a HCC 

microenvironment, resident and infiltrating pro-tumoural macrophages are 

known to fuel disease progression by promoting tumor proliferation, stellate 

cell activation, neo-angiogenesis and immunosuppression (32).  

In order to study the role of P2Y12 in macrophage polarization and 

function, M1-primed THP1-differentiated macrophages were treated with 

P2Y12 inhibitor Ticagrelor. Inhibiting P2Y12 in macrophages upregulated the 

protein expression of anti-tumoural marker HLA-DR, while downregulating 

the expression of pro-tumoural marker Arginase-1. Furthermore, the effect of 
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inhibiting P2Y12 on macrophage function was assessed through a 

phagocytosis assay, in which macrophages were co-cultured with HCC cells, 

and phagocytosis was observed. Ticagrelor treatment significantly increased 

the number of macrophages phagocytosing tumor cells, macrophage 

migration, and the number of tumor cells being phagocytosed. Altogether, this 

data could suggest that P2Y12 is indeed involved in macrophage polarization 

by promoting an M2-like, pro-tumoural phenotype, going in line with findings 

showing P2Y12 upregulation in M2 microglia, and P2Y12 antagonism 

decreasing the pro-inflammatory function of microglia (116).  

The activation of the UPR is known to play a role in macrophage 

polarization, with studies reporting a link between ER-stress and both pro- 

and anti-inflammatory macrophage phenotypes. Indeed, increased PERK and 

CHOP expression has been associated with M1 activation (119, 120), while 

on the other hand, inhibiting PERK signaling in RAW264.7 macrophages has 

been demonstrated to promote a pro-inflammatory response and increased 

tumor cell clearance (121). Furthermore, ER-stress suppression was shown to 

shift M2 primary human and murine macrophages towards an M1 phenotype 

(122). The discrepancy in these findings could possibly be explained by 

different origins and inflammatory states of macrophages exhibiting varying 

thresholds for ER-stress induction. Moreover, the duration and type of ER-

stress stimuli, along with the physiological setting, could greatly impact the 

inflammatory response to ER-stress. Along those lines, ER-stress induced 

inflammation has been shown to result in both tumor-benefiting cytokine 

production, and the activation of anti-tumoral immunity (123). In order to 

assess the effect of P2Y12 inhibition on UPR signaling in THP1-differentiated 

macrophages, the expression of several ER-stress markers was checked via 

qPCR following macrophage treatment with Ticagrelor. An upregulation of 

several UPR actors, such as BiP, XBP1-S, PERK, ATF4 and CHOP was 

thereby noted, suggesting that the pro-inflammatory effect of inhibiting 

P2Y12 in macrophages is accompanied by the induction of ER-stress.   

In order to assess whether UPR activation is involved in the pro-

inflammatory shift in macrophages following P2Y12 inhibition, macrophages 

were treated with Ticagrelor and the UPR inhibitor tauroursodeoxycholic acid 

(Tudca) prior to co-culturing with HCC cells and observing phagocytosis. 

Notably, inhibiting UPR signaling in macrophages diminished the pro-

phagocytotic effect of Ticagrelor, bringing the number of macrophages 

phagocytosing tumor cells back to baseline levels. This could indicate that 

P2Y12 inhibition in macrophages promotes an anti-tumoural phenotype in 

vitro in an ER-stress dependent manner. As mentioned, ER-stress induction 

has widely been associated with pro-inflammatory responses through various 

mechanisms, such as ROS generation, as well as the activation of transcription 

factor nuclear factor-κB (NF-κB) and the mitogen-activated protein kinase 8 

known as JNK (124). For instance, the cleaving and activation of ATF6 was 

found to be crucial in promoting a pro-inflammatory Kupffer cell phenotype 
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in a murine liver ischemia model by enhancing NF-κB activation and 

suppressing Akt phosphorylation (125). Additionally, and in line with the 

findings of this study, Zhou et al. have demonstrated that the pro-

inflammatory effect of corticosterone on macrophages, including its 

stimulatory effect on macrophage chemotaxis, was dependent on ER-stress 

induction, particularly XBP1 function (126). However, the exact mechanism, 

and translational potential of targeting UPR signaling to manipulate the 

macrophage phenotype and function warrant further investigation. 

Overall, these results suggest that P2Y12 inhibition affects macrophage 

polarization and promotes their anti-tumoural potency in a UPR-dependent 

manner (Figure 6). In addition, these results could indicate that the anti-

tumoural effect of targeting platelets with CLO in Study I could, in part, be a 

result of an off-target effect on hepatic macrophage-bound P2Y12, whereby 

CLO may have promoted an anti-tumoural immune response. Further research 

is needed to validate this effect and its underlying mechanism, and to thereby 

evaluate the potential of targeting P2Y12 in hepatic macrophages as a 

therapeutic option in liver cancer.      

Figure 6. Results of Study II, showing that Ticagrelor promotes a pro-inflammatory 

macrophage response in a UPR-dependent manner in vitro. 

Study III 

HCC cell tolerance to DOX in hypoxia and normoxia in vitro 

The standard of care for patients with intermediate HCC involves infusing a 

chemotherapeutic agent into a drug delivery system, while embolizing the 

tumor region in an effort to increase the specificity of drug delivery, eliminate 

the tumor’s blood flow, and thereby create a hypoxic microenvironment (51). 

Doxorubicin (DOX) is a well-studied and commonly used chemotherapeutic 

agent that uses several mechanisms, such as intercalation into DNA, inhibition 

of topoisomerase II, and generation of ROS to induce tumor cell apoptosis 

(127). While there is a clear rationale in restricting blood flow to starve tumors 
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and increase their exposure to chemotherapeutics such as DOX, hypoxia 

induction has also been demonstrated to have a pro-metastatic effect in the 

HCC molecular landscape (52). Furthermore, reports on survival benefits of 

tumor embolization are inconsistent, hence the clinical efficacy of combining 

hypoxia induction with chemotherapy remains unclear (51, 53).  

In this study, liver cancer cell lines were exposed to DOX under normoxia 

and hypoxic conditions in vitro, in order to evaluate the combined effect of 

DOX and hypoxia in inducing tumor toxicity. As cell lines capture only a 

small part of tumor heterogeneity, usage of several cell lines in pre-clinical 

models is advocated in order to reflect a wider spectrum of the complex tumor 

phenotype, and thereby provide better insight into different aspects of drug 

behavior (128, 129). Hence, this study included three of the most commonly 

used liver cancer cell lines: HepG2, Huh7 (epithelial cell lines derived from 

patients with well-differentiated liver tumors) and SNU449 cells (HBV+ 

mesenchymal cell line derived from an HCC patient) (130). In order to assess 

the efficacy of DOX and/or hypoxia treatment, cell viability, apoptosis, 

oxidative stress levels and protein expression patterns related to cancer 

initiation and progression were monitored.  

Overall, this study demonstrated critically different responses of the three 

HCC cell lines to DOX treatment and hypoxia. To test cell viability, cells were 

exposed to a 0.01–1000 µM DOX concentration range in complete medium, 

or medium supplemented with CoCl2, which induced chemical hypoxia. The 

HepG2 cell line showed least tolerance to DOX and to hypoxia, with cell 

viability decreasing over time with DOX treatment, compared to non-DOX 

treated cells. Hypoxia treatment seemed to have induced a more DOX-

resistant phenotype in Huh7 cells, as tolerance to DOX increased in hypoxic 

conditions compared to normoxia. Finally, the mesenchymal SNU449 cell 

line was the most resistant to DOX and hypoxia treatment, going in line with 

previous studies reporting on the apparent EMT transition-driven increased 

DOX resistance in SNU449 cells (131). Interestingly, when assessing 

apoptosis through measuring Annexin V protein expression, the HepG2 cell 

line was the only out of the three in which DOX and hypoxia had no effect on 

Annexin V levels, despite being the most sensitive to these treatments in cell 

viability assays. It should be noted, however, that DOX-induced apoptosis can 

occur through different mechanisms, including the induction of abnormal 

mitosis, followed by a senescence-like cell cycle arrest and subsequent cell 

death (132), as well as ferroptosis (133).  

Malignant cells are known to generate increased levels of intracellular 

ROS, which potentiates their proliferation, as well as the overall tumorigenic 

process. However, chemotherapeutic agents such as DOX can induce tumor 

toxicity by further promoting intracellular ROS production and weakening 

antioxidant defenses (134). In line with previous reports (135), hypoxia 

induction with CoCl2 led to an increase in oxidative stress in all three cell lines 

in this study. However, only the SNU449 cell line experienced an additive 
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effect of DOX and hypoxia treatment on ROS generation. Interestingly, while 

no notable effect was observed on SNU449 viability after combined treatment 

of DOX and hypoxia, an additive effect was noted on oxidative stress, 

indicating that ROS generation does not contribute to DOX-imposed 

cytotoxicity in SNU449 cells. This goes in line with reports on the dual, cell 

specific effect of intracellular ROS generation on either inhibiting or 

promoting apoptotic signaling (136).  

Finally, while DOX and hypoxia treatments had no effect on the cell lines’ 

pro-carcinogenic protein expression pattern, the type of cell line was revealed 

to be the most important factor contributing to their oncogenic protein profile. 

The HepG2 cell line showed the lowest normalized expression of most 

oncogenic proteins, singling it out as having the least aggressive HCC 

phenotype out of the three cell lines used. This could in part explain the higher 

sensitivity to DOX treatment and hypoxia exposure noted in HepG2 cells, 

compared to the Huh7 and SNU449 cell lines. Furthermore, this result adds to 

the overall heterogeneity noted in regards to the cell lines’ response to DOX 

and hypoxia treatment, as the cell lines showed widely different susceptibility 

to pro-apoptotic signaling and ROS generation. This discrepancy is also noted 

when comparing these results to previous studies on DOX-imposed toxicity 

on these cell lines. Indeed, the reported DOX tolerance of Huh7 and HepG2 

cells varies from equivalent to 30-fold differences (137), while a large 

discrepancy can also be noted when comparing DOX IC50 values between 

different studies.      

The heterogeneity of these findings, and the discrepancy of the observed 

DOX cytotoxicity in historical data, highlight the importance of including 

multiple cell lines when assessing drug toxicity in pre-clinical models, in 

order to better reflect inter- and intratumoral heterogeneity (138, 139). 

Furthermore, these results add to a large body of evidence showing that 

combining locoregional hypoxia induction with chemotherapy does not 

necessarily correlate with higher tumor cell toxicity. The findings of this study 

could therefore be utilized both when assessing in vitro drug screening 

models, and optimizing treatment with embolization and chemotherapy.  

Study IV 

Inhibiting IRE1α endoribonuclease activity slows down HCC 

progression in vivo 

Chronic ER-stress is a known hallmark of HCC and other solid tumors. All 

three branches of UPR signalling, including the IRE1α-mediated ER-stress 

pathway, have been shown to contribute to different facets of liver disease and 

the hepatocarcinogenic process (63). Furthermore, a growing body of 

evidence demonstrates a clear correlation between IRE1α signalling and 
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hepatic stellate cell activation, linking this UPR branch to cirrhosis 

progression and HCC development (65, 140). 

In an effort to define the role of the IRE1α-mediated UPR pathway in HCC 

progression, mice with DEN-induced HCC were treated with 4μ8C, a specific 

inhibitor of the IRE1α endoribonuclease activity. Treatment with 4μ8C was 

previously shown to significantly reduce liver fibrosis in vivo, and block 

hepatic stellate cell activation in vitro (65). Notably, inhibiting the 

endoribonuclease activity of IRE1α in mice with HCC in this study resulted 

in a significant decrease in tumor burden, suggesting a role of this UPR branch 

in promoting HCC pathogenesis. This is in line with previous studies showing 

a positive correlation between increased IRE1α-XBP1 signalling and HCC 

cell proliferation and disease progression (66, 140, 141). Furthermore, 

inhibiting IRE1α signalling led to a significant decrease in collagen deposition 

and pro-fibrotic marker αSMA expression in mice with HCC, indicating that 

the carcinogenic potency of the IRE1α endoribonuclease activity is also 

reflected in its pro-fibrotic effect.  

Mice in this animal study were subjected to weekly DEN injections for 25 

weeks in order to ensure tumor development in the background of sustained 

inflammation and fibrosis, as is most commonly seen in clinical practice. 

Therefore, chronic hepatic ER-stress was also expected to occur. Indeed, the 

mRNA expression of several ER-stress markers, such as Edem1, ATF4 and 

CHOP was shown to be upregulated in the DEN-induced livers compared to 

healthy liver tissue. Furthermore, mRNA levels of BiP were shown to be 

increased in the stromal tissue of mice with HCC, compared to healthy tissue 

and the tumorous hepatic tissue compartments, while this was significantly 

decreased after 4μ8C treatment.  

Upon activation and autotransphosphorylation, IRE1α removes an intron 

from the unspliced variant of XBP1 mRNA through its endoribonuclease 

activity, thereby producing the active, spliced XBP1 variant, which will go on 

to mediate pro-adaptive UPR signalling (78). In this study, mice with HCC 

were found to have a significantly elevated ratio of spliced to unspliced 

mRNA and protein XBP1 levels compared to healthy mice, which was mainly 

localized in the stromal hepatic tissue. Treatment with 4μ8C significantly 

reduced the ratio of spliced to unspliced XBP1, both on protein and mRNA 

level. This suggests that blocking IRE1α’s endoribonuclease activity with 

4μ8C significantly reduces XBP1 splicing, which mainly occurs in the hepatic 

stroma, and seems to correlate with supressed stellate cell activation, as seen 

on decreased levels of αSMA expression and collagen deposition.  

To further investigate the correlation between IRE1α-mediated signalling 

and fibrosis and HCC progression, a gene-set enrichment assay on microarray 

data from HCC-patients with fibrotic septae and without fibrotic septae was 

performed. In line with the in vivo data, this analysis revealed an increase of 

genes involved in the UPR in the fibrotic HCC samples compared to non-
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fibrous HCC, as well as that several IRE1α-mediated UPR actors were 

contributors to the core-enrichment of this analysis. 

Overall, this data brings forth the IRE1α-XBP1 signalling axis as an 

important contributor to HCC progression (Figure 7). Moreover, these results 

suggest that the increased IRE1α activity is mainly localized in the stromal 

hepatic tissue, where it promotes stellate cell activation and fibrosis 

development, and thereby actively fuels the hepatocarcinogenic process.  

Figure 7. Results of Study IV, showing that inhibiting the endoribonuclease activity 

of IRE1α with 4μ8C suppressed fibrosis and HCC development in vivo by inhibiting 

tumor growth, stellate cell activation and collagen deposition.  

The role of IRE1α in the tumor-stellate cell cross-talk 

Tumor cells are known to release factors that actively shape their 

microenvironment to benefit further disease progression and tumor 

invasiveness. This includes direct signaling between tumor cells and hepatic 

stellate cells, which activates and amplifies the stellate cells’ myofibroblast-

like phenotype, which in turn actively fuels tumor proliferation and 

invasiveness (4, 142). 

In order to explore the role of the IRE1α-mediated ER-stress branch in the 

cross-talk between hepatic stellate cells and tumor cells, stellate cell line LX2 

and HCC cell lines HepG2 and Huh7 were co-cultured in several in vitro se 

ups, and treated with IRE1α inhibitor 4μ8C. Co-culturing cells in separate 
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compartments revealed that HCC cells induce an upregulation of pro-fibrotic 

genes in LX2 cells (as seen on increased mRNA levels of αSMA and 

collagen), as well as the activation of the UPR in stellate cells (through 

upregulating mRNA levels of ER-stress markers XBP1-S, BiP and phospho- 

IRE1α, among others). However, when 4μ8C was added to the co-cultures, 

expression levels of activation and ER-stress markers in LX2 cells were 

restored to baseline levels, suggesting a role of IRE1α signalling in tumor cell-

induced stellate cell activation. A similar trend was also seen when LX2 and 

HepG2 cells were co-cultured in patient-derived liver scaffolds. The mRNA 

expression of collagen, BiP, XBP1-S and CHOP was upregulated in the LX2-

HepG2 co-cultures, compared to stellate cells grown as monocultures. 

Treatment with 4μ8C significantly decreased the expression of these pro-

fibrotic and ER-stress markers in the co-cultures, further suggesting that 

IRE1α plays an active role in mediating the tumor-stellate cell cross talk. 

These results are in line with studies reporting on the strong association 

between stellate cell activation and UPR induction (83), and suggest that 

targeting IRE1α could be a relevant strategy for suppressing the pro-tumoural, 

activated state of stellate cells. 

The transition of hepatic stellate cells into an activated, myofibroblast-like 

phenotype is initiated and amplified by the release of various pro-fibrotic 

factors in the hepatic microenvironment, including growth factors, 

inflammatory mediators, epigenetic signals and ROS (143). Transforming 

growth factor- has been widely established as one of the most potent 

fibrogenic cytokines. Various experimental models have shown TGF- 

binding and SMAD3 phosphorylation to strongly promote ECM secretion and 

pro-fibrotic gene expression in stellate cells (144, 145). Moreover, TGF--

driven HSC activation has been shown to trigger IRE1α signalling to further 

promote fibrogenesis (83). Hence, in order to evaluate the effect of TGF- in 

HCC-induced stellate cell activation and UPR signaling, the TGF- receptor 

was blocked with SB-431541 in the LX2-HCC cell co-cultures. This led to a 

significant decrease in the mRNA expression of ER-stress markers BiP, 

CHOP and XBP1-S, and pro-fibrotic markers αSMA and collagen I in LX2 

cells when co-cultured with Huh7 cells, while the effect was absent in the 

LX2-HepG2 co-cultures. These results suggest that tumor cell-derived TGF-

 signaling could, at least in part, be contributing to a pro-fibrogenic 

phenotype and UPR signalling in stellate cells. 

As mentioned, stellate cell-derived factors such as PDGF-, TGF-, VEGF 

and HGF are potent pro-mitogenic factors that fuel tumor cell proliferation 

and metastasis (21). In order to investigate the role of IRE1α in stellate cell-

induced HCC proliferation and invasiveness, the LX2-HCC co-cultures were 

treated with 4μ8C, following which cell proliferation and stemness were 

noted, and cell migration was observed. Inhibiting IRE1α with 4μ8C in co-

cultures of LX2 and HCC cells significantly decreased the stellate cell-

induced proliferative effect on HCC cells. This trend was observed on HCC 
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expression levels of PCNA when cells were cultured in separate 

compartments, cell viability rates when cells were grown in spheroids, and on 

EpCAM and Ki67 protein levels when cells were engrafted in human liver 

scaffolds. Furthermore, 4μ8C treatment significantly reduced the total and 

directional migration of LX2 and HepG2 cells in migration assays, suggesting 

a role of this ER-stress branch in stellate cell-induced HCC invasiveness.  

It is important to consider that the treatment of the stellate-tumor cell co-

cultures with 4μ8C affects IRE1α signalling in both cell types. In order to 

determine whether the effect of supressed tumor cell proliferation and stellate 

cell activation was due to inhibiting IRE1α in LX2 cells, or via a direct effect 

of 4μ8C on tumor cells, LX2 cells were transfected with an siRNA against 

IRE1α prior to co-culturing. This revealed a significant reduction in PCNA 

mRNA expression in HepG2 cells in a co-culture with transfected LX2 cells, 

as well as decreased proliferation rates of stellate-HCC cell spheroids. 

Furthermore, silencing IRE1α in LX2 cells led to a reduction in αSMA protein 

expression in LX2-HepG2 spheroids, and significantly reduced migration of 

LX2-HepG2 co-cultures in a scratch wound assay. Overall, these results 

suggest that IRE1α signalling in stellate cells indeed promotes tumor 

proliferation and invasiveness, and potentiates tumor-induced stellate cell 

activation in tumor-stellate cell co-cultures. 

Nonetheless, a direct effect of 4μ8C treatment on proliferation was 

observed on mono-cultures of HCC cell lines. While HepG2 cell proliferation 

significantly increased after 4μ8C treatment, Huh7 cell proliferation 

significantly decreased. This discrepancy in the cell lines’ response can be 

attributed to different factors. As mentioned earlier, IRE1α represents a key 

factor in cell fate determination, as it is known to mediate both pro-adaptive 

and pro-apoptotic signaling (78). Moreover, the thresholds at which IRE1α 

activates cytoprotective or apoptotic signalling can vary depending on cell 

intrinsic factors, such as mutation and metabolic rates, ER-size, UPR capacity, 

all of which can differ between different cell types (123). Along these lines, 

the oncogenic protein expression profile of Huh7 and HepG2 cells differs 

significantly, with the Huh7 cell line showing a more aggressive HCC 

phenotype compared to HepG2 cells, as noted in Study III. These differences 

could, in part, explain the discrepancy in the observed effect of IRE1α 

inhibition between these two cell lines. 
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Figure 8: Results of Study IV, showing the bi-directional cross-talk between HCC 

cells and stellate cell inducing stellate cell activation and tumor proliferation and 

metastasis in vitro 

An important hallmark of fibrosis and the malignant process is oxidative 

stress. Tumor cells are known to exhibit higher levels of ROS production 

compared to normal cells as a result of excessive and dysregulated metabolic 

activities. This increased oxidative signaling is reflected in different aspects 

of tumor behavior, as ROS are known to promote tumor proliferation, 

stemness and motility (134, 146). Furthermore, hepatocyte-derived ROS are 

known to potently induce HSC activation and fuel fibrosis progression (143). 

The IRE1α-mediated UPR branch has been linked to ROS generation through 

different mechanisms, including activation of CHOP, BiP, and splicing of 

XBP1 (147). Furthermore, it has been demonstrated that aside from IRE1α 

inhibition, 4μ8C acts as a potent ROS scavenger (148). It is therefore 

important to consider the potential off-target effect of using 4μ8C to inhibit 

ER-stress, whereby its observed anti-tumoural and anti-fibrotic activity could 

also, in part, be a result of decreased intracellular ROS in tumor cells and 

stellate cells. Indeed, treatment of LX2, HepG2 and Huh7 cells with 50 μm 

and 100 μm 4μ8C resulted in decreased ROS generation in all three cell lines. 

A decrease in ROS generation was also noted when the LX2 and Huh7 cells 

were transfected with siIRE1α, whereas the transfections resulted in increased 

ROS in HepG2 cells, suggesting that IRE1α-mediated ROS generation could 

be cell line specific. The observed effect on ROS levels could therefore be 

attributed to both decreased IRE1α signalling and 4μ8C scavenging activity, 

and may be an additional mechanism behind the anti-tumoural effect of IRE1α 

inhibition and 4μ8C treatment noted in vivo and in vitro.  

Overall, the results of this study highlight IRE1α as a key contributor to 

hepatocarcinogenesis, whereby this UPR pathway was shown to promote 

fibrosis and tumor growth in vivo, and potentiate the vicious tumor-stellate 

cell cross-talk in vitro. As cell line-specific differences were noted regarding 

the role of IRE1α in tumor cell fate determination and intracellular ROS 
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generation, further investigation is needed to fully elucidate the pro-tumoural 

contribution of IRE1α in HCC, and the translational potential of targeting this 

UPR branch to treat liver cancer.   

Study V 

UPR-associated proteins as prognostic markers in HCC 

As mentioned, chronic ER-stress and the activation of the UPR have been 

widely described as hallmarks of HCC development. The molecular 

background of the involvement of UPR actors in different facets of HCC 

development has also been extensively reported (149, 150). Furthermore, both 

ER-stress inducers and inhibitors have shown great potential in ameliorating 

disease progression in various pre-clinical cancer models (60). However, 

despite the mounting evidence of the contribution of ER-stress to HCC 

progression, there is a lack of clinical context in these findings.  

In order to explore the translational potential of targeting ER-stress in 

HCC, and thereby extend the clinical relevancy of the findings of Study IV, 

a systematic overview of UPR-associated proteins as prognostic markers in 

HCC was performed. For this purpose, a gene-set of 129 UPR-associated 

markers was derived from publicly available databases The Harmonizome and 

STRING, after which The Human Protein Atlas database was used to 

determine the prognostic value of these markers in liver cancer. 

Out of the 129 UPR-associated proteins, 44 have been identified as 

unfavorable prognostic markers in HCC, while one was revealed to be 

favorable. In other words, the expression of 44 UPR-associated proteins was 

found to significantly correlate with worse HCC patient outcome. Moreover, 

the expression of these markers was found to be highest in disease stages II 

and III, suggesting the relevancy of chronic UPR activation for the 

hepatocarcinogenic process.  

Several observations can be made in regards to the UPR-associated 

proteins that were identified as unfavorable prognostic markers in HCC, 

concerning their role in disease development. For instance, key actors of the 

PERK-mediated UPR branch, such as eIF2α, ATF4, GADD34 and CHOP, 

have been widely implicated in increased HCC chemoresistance and proposed 

as targets for ER-stress induced HCC cell apoptosis (68, 74). Another UPR-

associated unfavorable prognostic marker, RACK1 was also found to 

contribute to HCC resistance, by having a protective effect against sorafenib 

through promoting IRE1α-XBP1 signalling (71). Other markers, such as 

SSR2 and ERO1-α have been reported to play vital roles in HCC invasiveness 

(151, 152). 

Furthermore, the mRNA expression of the UPR-associated unfavorable 

HCC prognostic markers was compared between HCC patients in relation to 
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sex, ethnicity and age group. No significant differences were noted through 

these analyses (with the exception of markers RACK1, ATF4, SSR2 and 

CHOP), which is in contrast to reports showing higher male susceptibility to 

ER-stress in animal models (153), as well as a pro-carcinogenic, age-related 

deterioration of the UPR machinery (154).           

Tumor/stroma distribution of UPR-associated unfavorable 

prognostic markers in HCC biopsies 

In a solid tumor microenvironment, such as the HCC tumor niche, stimuli 

such as hypoxia, nutrient deprivation, as well as increased metabolic and 

mutation rates will lead to ER-stress in both tumor cells, and the surrounding 

stromal cell populations (75). In order to evaluate the tissue distribution of the 

UPR-associated proteins that were identified as unfavourable prognostic 

markers in liver cancer, the expression of these markers was scored on HCC 

patient biopsies derived from The Human Protein Atlas. Overall, the 

expression of the UPR-associated biomarkers was elevated in the tumorous 

compartment of the patient hepatic tissue, while the expression levels in the 

stromal tissue were similar to those seen in healthy tissue. This could suggest 

that UPR activation in HCC is mostly present in the tumorous tissue. 

Hepatocytes are known to be sensitive to ER disturbances, and malignant cells 

experience a high mutation and metabolic rate. Therefore, the threshold at 

which tumor cells and stromal cells experience ER-stress varies substantially, 

as do the activated UPR branches and the limit at which UPR signalling will 

switch from pro-adaptive to pro-apoptotic (62, 123). This insight on the tissue 

localization of UPR markers that are involved in the hepatocarcinogenic 

process could be utilized when assessing ER-stress targeted therapies, as 

systemically targeting UPR actors could raise patient safety concerns.  

However, upregulated UPR signaling in the stromal compartment of HCC 

tissue has been proven to play a role in disease progression. As shown and 

discussed in Study II and IV, ER-stress influences the phenotype of stromal 

cells such as macrophages and hepatic stellate cells, and affects the cross-talk 

of these cells with tumor cells. Therefore, more insight into the different roles 

and therapeutic yield of targeting UPR actors both in the stroma and in the 

tumorous tissue in HCC is needed to fully assess the potential of targeting ER-

stress in liver disease. 
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Conclusions 

The development of HCC, a primary liver cancer with a growing worldwide 

incidence and mortality rate, is characterized by a background of chronic liver 

disease and a vicious tumor-stroma cross-talk. The stromal compartment of 

the hepatic niche includes hepatic stellate cells, macrophages, endothelial 

cells and platelets, all of which actively participate in creating a tumor-

benefiting microenvironment. As almost all HCCs are preceded by a state of 

liver cirrhosis, novel predictive biomarkers and effective screening programs 

are desperately needed to improve early diagnosis. Furthermore, patients with 

intermediate and advanced HCC are faced with limited therapeutic options, 

emphasizing the need for novel therapeutic targets. The studies in this thesis 

aimed to define the role of the dynamic cross-talk between the tumor and the 

surrounding stroma in HCC pathogenesis, and thereby identify new 

therapeutic targets for the treatment of liver cancer.  

In Study I, targeting the P2Y12 receptor with anti-platelet drug Clopidogrel 

significantly decreased the number of tumors in a mouse model for HCC. 

Furthermore, inhibiting platelet activation suppressed pro-fibrotic signaling 

and altered the hepatic immune response towards an anti-tumoural state, 

suggesting that HCC patients could benefit from anti-platelet therapy. 

In Study II, the Clopidogrel-targeted P2Y12 receptor was found to also be 

expressed by hepatic macrophages. Furthermore, pharmacological inhibition 

of P2Y12 in macrophages in vitro revealed that this receptor is involved in 

macrophage polarization and function in a UPR-dependent manner, and that 

its inhibition could promote an anti-tumoural macrophage phenotype. This 

could also suggest that the anti-tumoural effect of Clopidogrel in HCC 

observed in Study I could in part be due to altering the hepatic macrophage 

population, and that macrophage-bound P2Y12 could be a relevant target in 

the treatment of liver cancer. 

Study III aimed to explore the possible synergistic effect of chemotherapeutic 

drug DOX and hypoxia in inducing HCC cell death in vitro. The three liver 

cancer cell lines used in this study showed drastic differences in DOX 

sensitivity and hypoxic conditions, showcasing the importance of representing 

tumor heterogeneity in preclinical studies, and highlighting the complexity of 

combining embolization and chemotherapy in inducing HCC cell death. 
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In Study IV, it was shown that pharmacologically inhibiting the IRE1α-

mediated ER-stress branch significantly reduces tumor burden in an HCC 

mouse model. Furthermore, this branch of UPR signalling was revealed to 

play a role in promoting and sustaining the malicious cross-talk between 

stellate cells and tumor cells. Inhibiting IRE1α’s endoribonuclease activity 

supressed the tumor cell-induced pro-fibrotic and UPR signalling in stellate 

cells, and in turn decreased the stellate cell-induced tumor cell proliferation 

and metastasis. 

Finally, in order to add a clinical context to the findings of Study IV, and 

explore the translational potential of targeting ER-stress components in HCC, 

UPR-associated proteins were evaluated as prognostic markers in liver cancer 

in Study V. Through mining the Human Protein Atlas database, it was 

revealed that 44 UPR-associated proteins could serve as prognostic 

biomarkers in HCC. Furthermore, it was shown that these markers are mainly 

expressed by tumor cells in the hepatic tissue. 

Overall, the findings of these studies emphasize the importance of stromal 

biology in potentiating HCC initiation and development, and thereby the 

translational potential of studying the highly complex tumor-stroma 

interactions in the hepatic microenvironment. Further research in this area is 

therefore encouraged, as it could elucidate new therapeutic targets and 

strategies to ameliorate the malicious effects the hepatic stroma imposes on 

the progression of liver cancer.   
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