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Abstract

Although their etiology varies, tumors share a common trait: the control of an oncogenic 

transcriptional program that is regulated by interaction of the malignant cells with the stromal 

and immune cells in the tumor microenvironment (TME). The TME shows a high phenotypic 

and functional heterogeneity that may be modulated by the interaction with commensal microbes 

(the microbiota) both systemically and locally. Unlike host cells, the microbiota adapts after 

environmental perturbations, impacting host-microbes’ interactions. In the liver, the bidirectional 

relationship within the gut and its associated microbiota creates an interdependent environment. 
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Therefore, the gut microbiota and its metabolites modulate liver gene expression directly and 

indirectly, causing an imbalance in the gut-liver axis which may result in disease including 

carcinogenesis.
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Microbiota in the gut-liver-pancreas axis contributes to homeostasis and 

carcinogenesis

Humans are metaorganisms and our health and ability to survive depend on the presence 

of commensal microorganisms (microbiota) [1,2], which are resident on epithelial interfaces 

and particularly abundant in the lower gastro-intestinal tract. A balanced ecology in the gut 

microbiota contributes to food processing and absorption, regulates host metabolism, and 

protects against infections, either by preventing expansion of pathogens and pathobionts or 

by modulating host immunity and maintaining the integrity of the intestinal epithelium. 

Physically, the liver and the pancreas communicate with the gut via the biliary and 

pancreatic ducts, while the portal vein transport gut-derived products to the liver. Therefore, 

the crosstalk between the gut microbiota with liver and pancreas (gut-liver-pancreas axis) 

may integrate signals as an interconnected system. The complex yet highly coordinated 

interplay between the host and its microbiota represents a natural ecosystem [3]. Symbiotic 

interactions such as mutualism, commensalism, predation, parasitism, and competition 

underlay the crosstalk between microbes, microbial-host, and host-host cells. Thus, cells 

in the gut-liver axis are in a homeostatic equilibrium, which is altered by environmental 

perturbations resulting in modulation of transcriptional responses [4] both locally and 

systemically (Figures 1,2), and contribute to health and diseases, such as cancer [3–12].

Although studies of the microbiota role in carcinogenesis have originally focused on 

tumors of the epithelial barrier interfaces such as stomach and colon cancer, pancreatic 

ductal adenocarcinoma (PDAC) provided much of the evidence of the role of oral and 

gut microbiota, as well as cancer-associated microbiota on carcinogenesis and identified 

some of the mechanisms by which bacteria modulate the tumor microenvironment (TME) 

[13–16] (Box 1). As an interconnected system, the microbe-host crosstalk in the gut-

liver axis is expected to be an important factor in hepatocarcinogenesis as it is in 

PDAC (Box 2). Furthermore, the physiological connection between liver and pancreas 

urges the question as if what was recently modelled in PDAC can be applied in HCC. 

Herein, we review the microbiota role on maintaining the gut-liver axis homeostasis 

and focus on how environmental perturbations may trigger gene responses associated 

with hepatocarcinogenesis directly (by inducing changes in relative abundance/diversity 

of microbes) or indirectly (by the action of microbial metabolites). Despite connected 

responses, this classification is used to discriminate between the correlation between 

alterations in the microbiome composition and diversity that was already characterized in 

literature, to description of specific mechanisms associated with the action of microbial 

metabolites.
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Cascade of interconnected responses associate gut microbiota with liver

The composition of microbiota is established during early infancy and remains relatively 

stable through adult life. However, the relative abundance of bacterial species may rapidly 

change due to style of life, diet, disease, infections, and use of antibiotics. Unlike host 

cells that have a stable genome, the microbiota adapts to environmental changes and 

modulates host responses by expansion/contraction of microbial species, by occupying 

different anatomical niches and by mutation and exchange of genetic material. Therefore, 

the crosstalk between microbiota and host is expected to have a key influence on health 

and disease. Indeed, while the microbiota plays an important role in the host’s innate and 

adaptive immune system development since birth [17], the immune system also shapes 

host-microbe interactions [18]. This process relies on compartmentalization of the gut 

mucosal surface, microbiota sensing and signal transmission and immune cell priming, to 

create specific responses and maintain homeostasis [19,20]. Combined, the epithelial barrier, 

its microbial communities and the local immune system allow not only the tolerance of 

commensal bacteria in the environment, but also enables a response of the immune system 

against opportunistic bacteria or microbial products [1,18,20–24].

When these defense mechanisms fail, as due to increased intestinal permeability (leaky 

gut) or dysbiosis (change on the composition of the microbiota that is associated or 

causatively linked to disease), there is an influx of bacterial metabolites or previously 

compartmentalized and potentially harmful microorganisms that may pass the gut vascular 

barrier (GVB) and extend to the liver via the portal circulation [25]. In the liver, 

environmental perturbations trigger hepatic immune responses, which are dependent on 

resident immune cells [25–28] and circulating antigens and endotoxins from the gut 

microbiota [29] and shaped by immune surveillance linked to the gut-associated lymphoid 

tissue (GALT) [20], confirming the key role of the microbiota as an interconnected system in 

liver homeostasis. Small intestinal bacterial overgrowth (SIBO) is also associated with leaky 

gut and bacterial influx to the liver [30].

Independent of the origin, the increase in the translocation of bacterial products or microbes 

stimulate a pro-inflammatory response associated with chronic liver diseases [25,30,31]. 

Conversely, the liver, via the biliary tract, releases in the intestine bile acids and other 

bioactive mediators, which may undergo biotransformation by the gut microbiota and 

then be absorbed and released into the systemic circulation [31,32]. This bidirectional 

relationship explains why disturbances in the intestinal barriers alter the microenvironment 

in the liver and vice versa (Figure 1), with alteration of the physiological tissue homeostasis 

that may lead to disease, such as cancer [33,34]. Also, by linking dietary patterns with 

the microbiome influence on immune and metabolic status [35–37] and cancer therapy 

responses [38,39], this relationship reveals the link between the microbiota and the liver as a 

cascade of interconnected responses triggered by local environmental perturbations [30,31]. 

Collectively, the gut-liver axis ecosystem can trigger both local and distant responses and 

outline the direct and indirect interactions between the gut microbiota and the liver [20] 

(Figure 2).
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Different triggers correlate with altered microbial relative abundance: 

consequences within the gut-liver-axis

Healthy intestinal barriers are permeable to some microbial metabolites, but not to most 

intact microbes [40,41]. However, the influence of diet and other environmental factors 

rapidly enrich or deplete specific nutrients and bacteria. This effect has consequences for 

microbial metabolite production and transformation of bile acids, which have the potential 

to shape the local microenvironment and correlate with the development of chronic liver 

diseases, including cancer [20,25,30,31,33]. For example, alcohol was shown to induce 

leaky gut. Together with SIBO, it allows endotoxins to enter the circulation, contributing 

to liver diseases [31,42,43]. SIBO is one manifestation of gut microbial dysbiosis that 

is characterized by decreased alpha-diversity and, in a proportion of cases, increased beta-

diversity, which might lead to systemic inflammation [44,45]. Indeed, increased bacterial 

translocation also leads to fibrogenesis and contributes to cirrhosis progression (precursors 

for HCC) by increasing the exposure of liver cells to microbes and bacterial metabolites 

or by creating premetastatic niches in the liver that alter the environment to favor the 

recruitment and proliferation of metastatic cells [25,30,31,46]. Finally, in certain chronic 

liver diseases, translocation of viable bacteria may lead to immune paralysis in the GALT 

[30], suggesting a mechanism where changes in the balance of microbes directly influences 

the local environment. Below we review how gut bacteria may affect liver carcinogenesis 

directly by spreading to the liver, influencing the environment, or altering the crosstalk 

within other cells.

Dietary patterns influence the microbiome

Diet alters the gut microbiome [37,47], with consequences for the immune and metabolism 

landscapes, cancer risk, and response to cancer therapies [38,39,48]. Therefore, the origin 

and type of ingested food have a key role in modulating the gut microbiome, with 

consequences for host-microbe interactions [47].

Three predominant variants (enterotypes) have been characterized in the human gut 

(Bacteroides, Prevotella and Ruminococcus) [49], with different ratios observed in 

industrialized vs non-industrialized human populations regarding the intake of protein and 

animal fat (Bacteroides) versus carbohydrates or plant-based food (Prevotella) [50,51]. 

Industrialization is associated with decreased consumption of naturally rich fiber foods 

[52], which are important components of a human diet. Dietary fibers are categorized as 

insoluble (resistant to fermentation) or soluble (can be metabolized by the gut microbiota), 

such as the prebiotic fiber inulin, which is fermented by gut microbiota into short-chain 

fatty acids (SCFA) acetate, butyrate, and propionate in the colon. Inulin is a heterogeneous 

blend of fructose polymers. Fructose intake is converted into acetate and triggers hepatic 

de novo lipogenesis via microbiota-derived acetate, which reaches the liver via the portal 

vein [53], confirming the gut influence on the liver environment via diet. In the gut, 

the effects of inulin on microbiome composition in adult humans were associated with 

increased Bifidobacterium, Anaerostipes, Faecalibacterium and Lactobacillus spp, and a 

decrease in the relative abundance of Bacteroides spp in one study [54]. Another study 

showed an increased abundance of Prevotella, Treponema, and Succinivibrio spp [47,55]. 
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Inversely, a high-fiber diet increased microbiome-encoded glycan-degrading carbohydrate 

active enzymes without affecting community diversity. In contrast, high-fermented food 

diet increased microbiome diversity and decreased inflammation [35]. Mechanistically, a 

fiber-deprived diet was shown to enrich for colonic mucus-degrading bacteria, enhancing 

Citrobacter rodentium mucus layer transversion and associated colitis [56], suggesting 

multiple mechanisms by which dietary patterns might influence the gut-liver axis.

Healthy plant-based foods influence gut microbial diversity and composition, including 

enrichment in butyrate producers, as Roseburia hominis, Agathobaculum butyriciproducens, 

Faecalibacterium prausnitzii, and Anaerostipes hadrus [57]. Butyrate is four-carbon SCFA 

produced through microbial fermentation of dietary fibers in the intestinal lumen. Butyrate 

contributes to mucosal homeostasis and integrity of the gut lining, thereby providing most of 

the energetic requirement of enterocytes and exerting an anti-inflammatory effect by binding 

to several G-protein coupled receptors and acting as a histone deacetylase inhibitor [58]. 

In mouse models, increased dietary fiber protected against colorectal tumorigenesis in a 

microbiota- and butyrate- dependent manner [59]. Collectively, these studies highlight the 

profound impact diet has on the microbiome communities and its consequences for the host, 

depending on the food source that is ingested.

Diet as environmental perturbations leading to liver diseases

It was previously shown that a Mediterranean diet, associated with an enrichment of 

Bacteroidetes and Firmicutes, and a decrease in Proteobacteria and Bacillota phyla [60,61], 

can reduce liver fat and is recommended for prevention of nonalcoholic fatty liver 

disease (NAFLD) [62]. The prolonged consumption of fermentable fiber enriched foods 

(as soluble fiber inulin or inulin-enriched high-fat diet) in mice prone to dysbiosis leads 

to inflammation, cholestasis, and HCC [52]. An increase in total bacterial load, reduced 

diversity, and a specific increase in Proteobacteria and fiber-fermenting bacteria such as 

Clostridia spp were observed. Interventions to deplete these butyrate-producing bacteria 

was successful in preventing inulin-enriched HCC, suggesting that modulation of the diet-

associated microbiome is a potential avenue to prevent liver cancer.

Finally, high cholesterol/high fat diet sequentially led to stage progression to steatosis, 

steatohepatitis, fibrosis and eventually NAFLD-HCC in mice, due to gut microbiota 

dysbiosis. Distinct microbiota composition was enriched along each stage, as Mucispirillum, 

Desulfovibrio, Anaerotruncus and Desulfovibrionaceae increased sequentially while 

Bifidobacterium and Bacteroides were depleted towards HCC [39]. Other examples of diet 

influencing microbes and cancer were recently reviewed [47,61]. Altogether, dietary patterns 

influence the gut microbiome with potential consequences for the liver by enriching for 

specific bacteria associated with health or disease.

Microbial diversity associated with liver chronic diseases and hepatocarcinogenesis

Many microbiota products and metabolites are well-known risk factors for liver cancer 

development. Considering that the environment shapes and selects specific microbiota, it is 

interesting to speculate which competitive advantages certain species may gain, and how 

enrichment of specific microbiota could influence progression towards liver cancer. Because 
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it is premature to conclude whether similar or different microbiota-composition may be 

involved in HCC and Cholangiocarcinoma (CCA) development, we discuss both types of 

liver cancer in the same section.

It was recently reported that 16S rRNA gene sequencing on HCC of viral and non-viral 

etiology identified distinct microbial compositions between tumor and non-tumor regions in 

the liver with species of the Bacteroidetes, Firmicutes and Proteobacteria phyla dominating 

the tumor-associated microbiota [63]. Ruminococcus gnavus was identified as a signature 

taxon for HCC patients infected with hepatitis viruses. Recently, the tumor microbiota of 

HCC patients with cirrhosis showed higher abundance of Stenotrophomonas maltophilia, 

which associated with senescence-associated secretory phenotype (SASP) in hepatic stellate 

cells (HSC), confirming the association between dysbiosis and modulation of liver cells 

[64]. Indeed, it was recently suggested that patients with NAFLD-cirrhosis with or 

without HCC have distinct gut microbiota composition [65]. Patients with HCC have an 

increased abundance of Bacteroides and Ruminococcaceae and decreased abundance of 

Bifidobacterium that correlated with increased levels of fecal calprotectin and evidence 

of systemic inflammation [65]. Likewise, the gut microbiota in HCC patients showed 

increasing in genera producing-LPS and decreases in butyrate-producing genera in early 

HCC as compared to as those with cirrhosis [66]. These data suggest that in HCC patients 

with NAFLD and cirrhosis, gut microbiota composition and systemic inflammation are 

correlated and may promote hepatocarcinogenesis.

Conversely, HCC patients progressing from hepatitis B virus (HBV) infection showed 

increased abundance of anti-inflammatory bacteria (such as Prevotella, Lactobacillus, 

Bifidobacterium and Faecalibacterium) and reduced pro-inflammatory bacteria (as 

Escherichia-Shigella and Enterococcus), a gut microbiota composition that is likely 

associated with HBV infection modulating host immuno-biological pathways [67]. 

Collectively, these studies highlight the microbial diversity observed in HCC, which 

represents a correlation between known risk factors and HCC development. As an 

interconnected system where diet and other environmental factors influence the microbiome, 

it will be necessary to characterize the local microbiota composition and diversity in 

multiple sites of evaluation (tumor and non-tumor) and tissues, associated with single-cell 

analysis and potentially correlated with environmental factors. Also, functional assays 

highlighting the potential causality of specific bacterial species enrichment are a key step to 

move past correlations.

Recent studies profiled the microbiota associated within the bile duct. Some bacterial 

families such as Dietziaceae, Pseudomonadaceae and Oxalobacteraceae [68] dominate the 

bile duct associated microbiota, showing that unique microbial communities are resident in 

this anatomic localization. Extrahepatic CCA patients have an abundance of Enterococcus, 

Streptococcus, Bacteroides, Klebsiella, and Pyramidobacter genera [69]. Also, bile samples 

of patients with CCA were enriched for Enterobacter, Pseudomonas, and Stenotrophomonas 
species as compared to patients with choledocholithiasis [70]. Finally, four bacterial genera 

(Lactobacillus, Actinomyces, Peptostreptococcus, and Alloscardovia) were increased in 

the gut microbiota of patients with intrahepatic CCA compared to those with HCC, 

cirrhosis, and healthy individuals [71]. Recently, different gut microbiota signatures have 
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been proposed to distinguish CCA and cholelithiasis. Species of genera Bacteroides, 

Muribaculaceae_unclassified, Muribaculum, and Alistipes were enriched in CCA while 

distinct microbial species were enriched in the cholelithiasis group, suggesting changes in 

microbial association during evolution from benign to malignant hepatobiliary diseases [72].

Collectively, these processes may account for a link between gut bacterial translocation 

directly leading to the establishment of an inflamed liver environment favorable to liver 

cancer development and progression. However, it is hard to assume causality uniquely 

based on correlation with the microbial relative abundance, which is rapidly altered due 

to multiple environmental factors. Therefore, a comprehensive trans kingdom network 

analysis comparing HCC and CCA and linking the local gut and tissue microbiota 

compositions, diversity, and influence of environmental factors on metabolism, immunity, 

and transcriptional alterations will be crucial for dissecting the causal role of the microbiota 

in modulating liver carcinogenesis and its mechanisms of action.

Molecular mechanisms of microbiota indirectly inducing liver cancer

To understand the potential implications of specific microbiota within the liver tumor it 

is necessary to associate the potential mechanisms and the crosstalk between microbes 

and other cells. In this sense, a recent study characterized the temporal evolution of HCC 

development in Mdr2-deficent mice that lack the ability to secrete phospholipid into the 

bile from the liver, thus undergoing cholestasis and HCC development. In these mice, 

which represent a useful model of inflammation-induced HCC, intestinal dysbiosis induces 

gut barrier dysfunction that precedes LPS-mediated transcriptional alterations in the liver 

and consequently HCC development [73]. Furthermore, a transition in the intrahepatic 

inflammatory gene profile from proinflammatory phenotype in the early phases of liver 

injury towards an immunosuppressed phenotype in HCC was demonstrated. This change 

was associated with a redirection of energy source utilization via a switch in microbiome 

functions from carbohydrate towards amino acid metabolism. This study highlights the 

indirect influence of alterations in the microbiota on the liver environment (likely through 

crosstalk within other cells in the environment or microbial metabolites), and its association 

with liver cancer development and progression.

Alterations in microbial communities were shown to contribute to nonalcoholic fatty liver 

disease (NAFLD) and its progression to non-alcoholic steatohepatitis (NASH), by affecting 

hepatic carbohydrate and lipid metabolism, which modulated inflammation [26,43,74]. 

Modulation of metabolism and inflammation may similarly affect hepatic oncogenesis. 

Indeed, the gut microbiome is influenced by diet and other environmental factors, and 

microbial competition by nutrients is a key step towards modulating metabolism and 

immune responses [35,36,57]. For example, production of SCFA by microbiota-mediated 

fermentation of dietary fibers has been associated with cholestatic HCC [52]. It was 

also suggested that translocation of bacterial products may stimulate inflammation and 

release ROS within the GALT, impacting on the mechanical and secretory barrier and local 

microbiota [30,31]. These studies highlight the need to continue to conduct systematic 

and global studies characterizing the diversity and abundance of microbial species in the 
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gut-liver axis as an ecosystem, but also to start dissecting the mechanisms behind those 

phenotypes.

Bacterial metabolites modulate key liver cells in the environment

Recently, it was suggested that maternal intake of butyrate and glutamine during pregnancy 

influences the fecal microbial population and metabolites in newborn mice, which are 

associated with fecal signatures of Bacteroidetes and Clostridia. Also, these newborn 

mice are resistant to hepatic immune activation, resulting in inflammation and injury 

of the bile ducts [75]. Mechanistically, the influence by which bacterial metabolites 

trigger gene responses in host cells may depend on transcriptional alterations within 

the environment. Indeed, distinct transcriptional signatures in acute liver failure animal 

models were characterized, and it was suggested that gut microbiota and TLR-signaling 

activate a MYC-dependent transcriptional program in HSC, Kupffer cells, and liver 

sinusoidal endothelial cells (LSECs), leading to infiltration of Ly6C-positive inflammatory 

monocytes and liver failure [76]. Circulating levels of LPS through TLR4 activation also 

induce HSCs to secrete growth factors, to regulate liver chronic inflammatory status, 

and suppress apoptosis, processes that are linked to HCC promotion [77]. Activation of 

the transcriptional regulator YAP1 downstream of LPS-TLR4 interaction in the portal 

vein area regulates stemness of hepatocytes [78]. Because site localization of hepatocyte 

turnover is important in the activation of molecular pathways underlaying homeostasis and 

regeneration [79], it is possible to speculate that LPS could also modulate these mechanisms 

to influence HCC by regulating local microenvironment reprogramming. In CCA, increased 

gut permeability induces microbial LPS translocation into the liver, that through a TLR4-

dependent mechanism, induces expression of CXCL1 in hepatocytes. This expression in turn 

leads to the accumulation of CCR2+ polymorphonuclear myeloid-derived suppressor cells 

(MDSC). [80]

Recently, HCC patients with cirrhosis were shown to have a higher intratumoral abundance 

of Stenotrophomonas maltophilia, which promoted hepatic fibrosis by inducing expression 

of SASP factors in senescent HSC and proinflammatory factors via activation of TLR4/NF-

κB/NLRP3 pathway, with consequent aggravation of liver fibrosis and progression to HCC 

[64]. Indeed, HSC proliferation is a key event in the development of liver fibrosis. Finally, 

bile acids induced HSC proliferation via the activation of the epidermal growth factor 

receptor [81], highlighting that the gut microbiota modulates the gene expression program of 

liver cells to promote HCC and CCA.

Diet metabolites influence the liver environment

Diet rapidly alters the human gut microbiome [37]. Indeed, the diet-derived microbial 

metabolites, p-cresol sulfate, 4-ethylphenyl sulfate, and 4-methylcathechol, have been 

shown to influence HCC subtypes [82]. The metabolic pathways encoded by the human 

gut microbiome constantly interact with host gene products through numerous bioactive 

molecules. For example, nutrient overload increases IL-17A, which in turn induced 

neutrophil infiltration in white adipose tissue and NASH-induced HCC [83]. Il-17A is a 

tumor promoting cytokine that regulates alcohol-induced hepatic steatosis, inflammation, 

fibrosis, and progression to HCC through regulation of inflammatory responses in Kupffer 
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cells and marrow-derived monocytes, and cholesterol synthesis in steatotic hepatocytes [84]. 

Recently, digoxin, a retinoid orphan receptor gamma t (RORγt) antagonist, reduced IL-17A 

levels and stabilized body weight [85], suggesting its critical role in metabolic disorders. 

Also, TNF and IL-17A have been implicated in the development of liver inflammation and 

fibrogenesis induced by NLRP3 inflammasome activation in myeloid derived cells [86]. 

Collectively, these studies suggest a mechanistic link between diet metabolites, cytokines, 

and liver cancer diseases.

Bile acids as messengers for microbiota-gut-liver interactions

Primary bile acids are synthesized within hepatocytes and released into the duodenum and in 

large part reabsorbed in the small intestine. A small percentage of primary bile acids escape 

into the colon, where gut commensal bacteria transform into secondary bile acids with 

multiple important functions for metabolism and host innate immune responses. Indeed, 

both dietary and microbial bile acids metabolites modulate RORγt positive regulatory T 

(Treg) cells, contributing to maintain host immunological homeostasis and to improve 

gut inflammation [87]. Also, bile acid metabolites can control host immune responses by 

modulating the balance of Th17 and Treg cells.

Alternatively, bile acids can play an active role in high-fat diets [88]. Dietary cholesterol 

induced gut bacterial metabolite alteration, including increased taurocholic acid and 

decreased 3-indolepropionic acid, driving NAFLD-HCC in mice. Hence, cholesterol 

inhibitory therapy and gut microbiota manipulation may be effective strategies for NAFLD-

HCC prevention [89]. Finally, two litocholic acid (LCA) derivatives (3-oxoLCA and 

isoalloLCA) directly affect CD4+Tcells. 3-oxoLCA suppresses Th17 cell differentiation 

by directly binding to the transcription factor RORγt, while isoalloLCA enhances Treg cell 

differentiation, confirming that gut microbiota might control host immune responses [90]. 

For intrahepatic CCA, increases in the glycoursodeoxycholic acid and tauroursodeoxycholic 

acid plasma-stool ratios and a positive correlation between plasma taurocholic acid and 

IL-4 was observed, suggesting an interrelationship between gut microbiota, metabolites, 

cytokines, and bile acids [71]. A recent study of integrative omics revealed a subtype 

of CCA with elevated bile acid metabolites, dysregulated cholesterol metabolism, and a 

unique inflammatory response associated with an increased BMI, which suggests a model of 

obesity-induced gut microbiome dysbiosis to promote hepatocarcinogenesis [91].

Mechanistically, the bile acids/carcinogenesis axis involves bile acids receptors such as 

farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 1 that could represent 

important therapeutic targets in cancer [92]. Indeed, bile acids such as DCA was shown 

to block FXR functions and its ability to suppress intestinal cancer stem cell proliferation, 

influencing the gut-liver axis homeostasis [32]. Also, activation of the bile acid sensor FXR 

or the G-protein coupled receptor TGR5 inhibited inflammatory signaling via suppression 

of the NF-κB dependent signaling pathways and NLRP3-dependendent inflammasome 

activities [93,94]. Therefore, diet-liver-bile acid-microbiota crosstalk plays an important role 

in gastrointestinal inflammation and colorectal and liver carcinogenesis, which could be 

targeted to prevent cancer initiation or progression [92].
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Gut microbiome was found to use bile acids as messengers to control a chemokine-

dependent accumulation of hepatic natural killer T cells (NKT), influencing anti-tumor 

immunity in the liver [95]. This process was mediated by alterations in commensal gut 

bacteria, balance of primary and secondary bile acids, and CXCL16 expression in LSECs, 

one of the first cells exposed to the gut-derived metabolites in the liver. Conversely, NKT in 

cooperation with CD8 T cells through an interaction with hepatocytes have been described 

to promote NASH and NASH-associated HCC [96]. Additionally, the interplay between NK 

cells and HSCs was recently shown to be a master switch of cancer dormancy and metastasis 

[97]. A stromal response hampered NK cell- and interferon-γ- mediated maintenance of 

tumor cell dormancy and induced liver metastases through a process where tissue injury 

and activated HSCs secrete CXCL12, which retains and renders NK cells quiescent through 

CXCR4, suppressing immune surveillance and contributing to metastatic outgrowth [97].

Finally, certain bacteria associated with obesity have the capacity to increase the secondary 

bile acid deoxycholic acid (DCA) [98]. An increase in DCA causes DNA damage in HSCs 

inducing SASPs leading to the production of inflammatory and tumor-promoting factors 

as well as COX2-induced immunosuppressive PGE2 in the liver, thus facilitating HCC 

development. Obesity is also associated with microbiota alterations that result in increased 

accumulation of the TLR2 agonist lipoteichoic acid (LTA), a major cell wall component 

in gram-positive bacteria. DCA increases TLR2 expression on HSCs and cooperate with 

LTA in inducing SASP factors and COX2 that through PGE2 induces immune suppression 

and facilitates obesity-associated HCC after chemical carcinogen exposure [99]. Other 

examples of microbes influencing liver diseases and cancer were recently reviewed [25]. 

The relationship between bile acids, the microbiota and HCC were reviewed elsewhere 

[100,101]. Altogether, these studies support a model that alterations in the state-of-balance 

has consequences for connected cells in the environment, confirming the microbiome and its 

metabolites are key influencers of gene response in the gut and liver, with implications for 

liver carcinogenesis.

Concluding Remarks

Herein we reviewed the complex interplay of the microbiota influencing HCC, emphasizing 

the working hypothesis that alterations in microbiota diversity or in microbial-metabolites 

in the gut-liver axis trigger gene responses in local cells, with consequences for the TME. 

However, this concept is easier to explain than to test. Until now, most studies have focused 

on the association of bacteria diversity and their metabolites with the phenotype of target 

cancer cells, without considering the fine tuning of the environment. When analyzed, 

alterations in other cells in the environment were often assumed to be due to indirect 

effects, an unjustified oversimplification. In an ecosystem, individuals interact with other 

individuals and within the environment, influencing and limiting each other. In the TME, 

specific microbes influence and are influenced by the other cells (microbes or host cells). 

Therefore, the ideal scenario would be to move from a target-cell perspective towards a 

microenvironment/ecosystem-perspective, analyzing direct and indirect alterations mediated 

by the microbiota within local cells in the environment. Single cell-based and imaging 

technologies and multi-OMICS studies may help dissecting these complex networks.
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Looking forward, it is interesting to speculate whether the anatomical position of the 

liver in proximity and communication with intestinal mucosa associated microbiota as 

well as the direct and indirect consequences of the host-microbe crosstalk could be 

responsible for the high heterogeneity observed in HCC [102] (Outstanding question Box). 

Furthermore, the known biological and genetic heterogeneity in HCC is usually not taken 

into consideration for therapeutic decisions. However, a promising clinical trial in advanced 

HCC (NCT03785210) is evaluating if the immunomodulatory effect induced by Tadalafil, 

a phosphodiesterase 5 inhibitor (PDE5), combined with oral vancomycin (an antibiotic that 

has been shown to alter gut commensal bacteria with changes in bile acid metabolism 

leading to a liver-selective anti-tumor effects [95]) could enhance the therapeutic efficacy 

of Nivolumab, an anti-PD-1 immune checkpoint inhibitor. In the lab, studies employing 

single cell and spatial RNA sequencing associated with serum and tissue metabolites 

characterization in patients should help elucidate these points.

Also, it was recently suggested that peptides derived from intracellular bacteria in melanoma 

can be presented by tumor-associated antigen-presenting cells and elicit an immune response 

[103]. Due to the key role of the immune response in the liver, it would be interesting 

to evaluate whether bacterial peptide presentation to immune cells could be harnessed for 

clinical treatment of HCC.

Because the crosstalk between cancer stem cells and immune cells plays an important role in 

cancer progression [104], an unanswered question that remains is whether cancer stem cells 

are easily triggered by microbes/metabolites alterations. Due to physical and physiological 

connections, it will be important to evaluate the influence of the microbiota on cancer stem 

cells differentiation and consequences for the gut-liver axis ecosystem, as an integrated 

system.

The correlation between microbiota and PDAC for patients’ outcome have been more 

thoroughly investigated than in HCC and have clearly started to identify specific 

mechanisms, immune or not, by which the microbiota can affect the TME locally or 

systemically, as well as tumor progression and response to therapy (Box 1). Therefore, 

some of the strategies used in PDAC studies could be applied to HCC studies (Outstanding 

question Box). Finally, to better understand the mechanisms underlying the crosstalk 

between the microbiota and host cells and to obtain clinically useful information, it will 

be important to focus on multi-organs studies of the gut-liver-pancreas ecosystem as well as 

on the tissue heterogeneity between patients and between tumor and adjacent normal tissues.
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Box 1.

Pancreatic cancer studies addressed the link between gut dysbiosis, 
intratumoral bacteria and cancer

Human pancreatic cancer precursor lesions were shown to be infiltrated by IL-17 

producing Th17 cells, accelerating cancer initiation and progression [105]. This is 

interesting due to the link between IL-17, immune cells, diet and the microbiota. 

Indeed, several studies have shown an association of PDAC with the composition of 

the oral microbiome, the increased abundance of oral pathogens such as Porphyromonas 
gingivalis and Aggregatibacter actinomycetemcomitans or the presence of antibodies 

against oral microbes [106–108]. It was described lower alpha-diversity in pancreatic 

carcinoma, with increase of lipopolysaccharides-producing bacteria and decrease of 

butyrate-producing bacteria [13]. Based on the profiles of oral and gut microbiota 

communities associated with PDAC, non-invasive diagnostic models that distinguish 

PDAC patients from healthy individuals have been proposed [13,107]. Also, PDAC 

studies have established that the pancreas, an organ previously considered to be sterile, 

contains tissue-associated bacteria and fungi that are different and more abundant in 

pancreatic cancer compared with normal pancreatic tissue [14,16,109]. The bacteria in 

PDAC are mostly present intracellularly in both immune and cancer cells [110]. The 

composition of intratumor bacteria is different in each tumor type analyzed and can be 

used to predict tumor vs normal tissue and tumor type [111]. Although bacteria have 

been observed in approximately 2/3 of PDAC and in higher number than in most other 

tumor types, their absolute number in the tumors is only about 1/40 to 1/400 compared 

with human cells [14,110]. Tumor-associated bacteria in PDAC, compared with other 

tumors, are rich in gamma-proteobacteria, particularly enterobacterales, and unlike in 

stomach and colon cancer, are not enriched in fusobacteria [110]. The PDAC -associated 

microbiota is similar in composition with the duodenal microbiota, a fact that suggests 

retrograde migration of bacteria via the biliary-pancreatic duct.

Tumor associated microbes have been shown to participate in pancreatic carcinogenesis 

or resistance to therapy via different mechanisms. For example, bacteria expressing 

the long isoform of cytidine deaminase such as Gammaproteobacteria metabolize 

gemcitabine into its inactive form, contributing to drug resistance in PDAC [14]. 

Intratumoral bacteria may reprogram the TME by inducing myeloid-derived suppressor 

cells and suppressing M1 macrophage differentiation and CD4+ and CD8+ T cells 

activation; bacterial ablation by antibiotics treatment reprograms the pancreatic tumor 

immune microenvironment preventing carcinogenesis and enabling response to immune 

checkpoint inhibition therapy [16]. However, Riquelme et al. [15] showed that the 

intratumor bacteria can also be beneficial and that long-term survivors with PDAC 

exhibit higher microbial alpha-diversity and distinct signature (Pseudoxanthomonas, 

Streptomyces and Saccharopolyspora) in the tumor associated microbiota, which may 

induce potent immune cells infiltration and antitumor immunity. The role of microbial 

modulation in PDAC was recently reviewed [112,113]. These studies support a direct link 
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between extra- and intra-tumor microbiota and susceptibility to development and clinical 

progression in patients with PDAC.
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Box 2.

Bacteria are complicit to carcinogenesis via microbes-host and host-host 
interactions

Unlike viruses and parasites, only one bacterial species, Helicobacter pylori, has 

been officially identified as a definite human carcinogen for stomach cancer [114]. 

However, emerging evidence suggests that bacteria, either residing on the epithelial 

barrier interfaces or present within the tumor, are complicit to carcinogenesis and tumor 

progression in local or distant tissues [12,115,116].

Bacteria create a selective pressure in the TME to facilitate tumorigenesis, in part 

by priming for generation of reactive oxygen species (ROS), affecting the response 

to changes in pH, competing for limited nutrients, increasing DNA damage and 

mutagenesis, regulating oncogenes pathways, affecting the metabolism of chemotherapy 

drugs or modulating immunity [12,14,24,117–122]. Evidence for a role of bacteria in 

genomic mutation is provided by the observation that Escherichia coli strains carrying 

the colibactin-producing polyketide-nonribosomal peptide synthase operon (pks) induce 

a distinct mutational signature in colorectal cancer [123,124]. Microbiota effect on 

oncogene-induced tumor progression is supported by the observation that mutated p53 
is pro-carcinogenic only in distal colon because of the presence of microbially produced 

gallic acid that prevents mutated p53 to act as a tumor suppressor by disrupting the WNT 

pathway [125]. Conversely, tumors apply a competitive pressure to local tissue cells that 

could affect bacteria within the TME, in surrounding tissues and in the gut [116,126].

A competitive dynamics in the TME between host-host neighboring cells, underlying 

the ecosystem model, has been described in both colon [127–129] and liver [130] 

carcinogenesis and could provide a substrate for bacteria to modulate the TME. 

Malignant stem cells secrete factors that promote differentiation of neighboring stem 

cells into clones harboring cancer-promoting mutations [127–129]. Alterations in the 

microbiota could represent another trigger combined with other multiple signals involved 

in the host cell crosstalk, affecting not only the cancer precursor target cells, but all cells 

by tuning the local tissue environment.

Additionally, tumor-associated bacteria are mostly intracellular in cancer and immune 

cells, possibly influencing cancer cell signaling and being presented as MHC-restricted 

peptides on the surface of antigen-presenting cells, thus stimulating the host immunity 

[103,110,111,115]. Although great progress has been made in improving the technology 

of identification and analysis of rare bacteria in low biomass normal and tumor tissue 

sample, these results still need to be interpreted with caution [131,132]. Nevertheless, 

they support the novel concept that the TME selects the residing microbiota and in turn is 

influenced by the microbiota [116].
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Outstanding question box

1. Should we focus our research efforts on comparing higher numbers of 

patients or evaluating the surrounding cells/tissue?

2. Is the anatomical position of the liver and direct crosstalk with microbes and 

microbial-metabolites the major cause of liver cancer heterogeneity?

3. Can we apply what we learned in other cancers such as pancreatic carcinoma 

to liver cancer?
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Highlights

• Humans are metaorganisms composed of large host cells and an equivalent 

number of commensal microorganisms (the microbiota) residing on all 

epithelial barrier surfaces but particularly abundant in the lower intestinal 

tract.

• Microbiota composition and microbial-metabolites influence tissue cells in 

the gut-liver axis.

• Alteration of liver physiology, such as non-alcoholic fatty liver disease 

and viral infections, modify the microbiota and may create predisposing 

conditions for hepatocarcinogenesis.

• Gut microbiota as well as bacteria residing within the tumor itself influence 

the tumor microenvironment by modulating the gene transcriptional programs 

in cancer, stromal and inflammatory/immune cells and either promoting or 

suppressing tumor progression.
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Figure 1. Microbes-host interactions regulates homeostasis and disease.
The human body is a metaorganism, in which the large host cells cohabit in a symbiotic 

relationship with a larger number of microorganisms. The number and type of microbes 

in different tissues and body system vary greatly, creating tissue specific symbiotic 

interactions. Microbes are relatively stable, but their relative abundance might rapidly 

change due to diverse environmental factors, as diet, use of antibiotics, etc. Microbiological 

communities within the gut and liver-pancreas communicate via symbiotic interactions 

among themselves and the large host cells and are in a state-of-equilibrium that reminds 

an ecosystem and benefits both components’ survival and health. Therefore, the microbiota 

composition in the gut also affects liver and pancreas homeostasis. Alterations of liver 

physiology, such as non-alcoholic fatty liver disease or viral infections, can modify the 

microbiota creating conditions predisposing to liver cancer. Bacteria are also present in 

the tumor microenvironment, mostly growing intracellularly within the tumor cells or 
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infiltrating hematopoietic cells, and, in concert with signals derived from the gut microbiota, 

may lead to activation of specific genetic programs that may promote or suppress cancer 

progression, in part by modulating the immune response to the tumor, and defining cancer 

progression.
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Figure 2. Bidirectional relationship within the gut-liver axis regulates homeostasis
(A) The mucus physically separates the microbiota from the epithelial lining while 

antimicrobial peptides make the inner mucus almost sterile. (B) As a consequence, 

interactions between the microbiota and the host are mostly indirect and mediated by 

metabolic products that may cross the mucus and the epithelial barrier and reach the immune 

and stromal cells in the lamina propria or, through the lymphatic and blood vasculature, 

reach the liver and the systemic circulation. (C) Immune cells patrol the epithelium and 

reinforce the epithelial and mucus barriers through the production of growth factors and 

cytokines. These products exert a selective pressure for microorganisms. (D) Dendritic cells 

sense the environment and induce T- and B-cells response leading to production of IgA 

antibodies, which translocate to the lumen and contribute to mucosal immune protection 

by regulation of microbial composition and diversity. Influx of metabolic products through 

the (E) gut vascular barrier reaches the liver via the portal vein. (F) In the liver sinusoids, 
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immune cells scan for foreign material. (G) In turn, the liver communicates with the small 

intestine by releasing bile acids and other bioactive mediators into the biliary tract; these 

metabolites can be biotransformed by the abundant microbiota in the terminal ileum and 

large intestine and in part recirculate to the liver through the portal vein thus possibly 

affecting both local and systemic functions.
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Figure 3. Microbial-metabolites and diversity as triggers for liver cancer progression
(A) Some bacteria may penetrate the mucus barrier or participate to its degradation, in 

some cases leading to breaching or disruption of the epithelial barrier, thus allowing 

(B) direct contact between microbes and microbial-metabolites with immune cells induce 

pro-inflammatory cytokines production and systemic dissemination. Disruption of the 

mucus/epithelial barriers may also facilitate (C) translocation of bacteria to the liver (D) 

where creates a favorable niche for cancer cell seeding. Hence, influx of previously 

compartmentalized bacteria and microbial products influence local liver cells’ gene 

expression. For example: (E) hepatocytes may express CXCR1 and induce an accumulation 

of CRCX2+ polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) creating 

an immunosuppressive environment to promote cholangiocarcinoma (CCA); (F) activated 

hepatic stellate cells that exert multiple functions for HCC and cancer metastasis may 

disrupt the function of NK cells in the liver through CXCL12-CXCR4 interactions, altering 

NK-cell mediated immunity and promoting breast metastasis into the liver; and (G) other 

liver immune cells may be activated via LPS-TLR4 or DCA-TLR2 modulation and induce 

inflammation favoring HCC generation. On the other hand, (H) liver produced bile acids 
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after been modified by gut microbiota may activate a chemokine-dependent accumulation of 

hepatic NKT cells in the liver, controlling tumor growth.
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