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Abstract

:

Simple Summary


Hepatocellular carcinoma (HCC) remains one of the more incurable diseases. Thus, finding an HCC treatment is urgent for this unmet medical need. Immunotherapy is a break-through treatment that may help 15–20% of HCC patients. In this review, pharmacological and immune-therapeutical targeting of druggable cancer drivers, immune checkpoints, and long non-coding RNAs for HCC and cholangiocarcinoma are discussed.




Abstract


Cancer contains tumor-initiating stem-like cells (TICs) that are resistant to therapies. Hepatocellular carcinoma (HCC) incidence has increased twice over the past few decades, while the incidence of other cancer types has trended downward globally. Therefore, an understanding of HCC development and therapy resistance mechanisms is needed for this incurable malignancy. This review article describes links between immunotherapies and microbiota in tumor-initiating stem-like cells (TICs), which have stem cell characteristics with self-renewal ability and express pluripotency transcription factors such as NANOG, SOX2, and OCT4. This review discusses (1) how immunotherapies fail and (2) how gut dysbiosis inhibits immunotherapy efficacy. Gut dysbiosis promotes resistance to immunotherapies by breaking gut immune tolerance and activating suppressor immune cells. Unfortunately, this leads to incurable recurrence/metastasis development. Personalized medicine approaches targeting these mechanisms of TIC/metastasis-initiating cells are emerging targets for HCC immunotherapy and microbiota modulation therapy.
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1. Introduction


Treatment options for HCC are limited. The 3- or 5-year survival rate of HCC is 13–21% and 5%, respectively, without any curative treatment in advanced countries such as the U.S. [1,2,3,4,5]. The incidence rate of extrahepatic metastasis is 13% at 5 years [6,7]. Liver resection is the only viable option for HCC combined with cirrhosis that is the terminal stage of fibrosis, leading to hyperplasia formation [8]. Currently, only 10–23% of HCC patients are candidates for surgery [9,10,11]. Thus, HCV-associated HCC remains an incurable malignancy and an urgent unmet medical need. As 40% of HCCs are derived from TICs, TIC-mediated HCC development is also clinically important.



TICs are resistant to conventional chemotherapy and immunotherapy and persist as recurrent tumors or circulating tumor cells (CTC) [12]. TICs express a core pluripotency-associated transcription factor (TF) network [13,14]. Forty percent of HCCs have clonality and are considered to originate from progenitor/stem cells [15,16,17,18]. TICs express stemness genes that are also expressed in pluripotent stem cells, including CD133 (Prominin in mice), Wnt/β-catenin, Nanog [19], NOTCH, Hedgehog/SMO, BMI, OCT3/4 [20,21,22,23,24,25,26,27,28,29,30,31], CD44 (cell adhesion molecule), and CD34. CD133+/CD49f+ HCC TICs confer resistance to chemotherapy, which hampers efficacy of therapy in HCC [32]. TICs exhibit a loss of this intrinsic asymmetry, leading to subsequent unchecked expansion of the progenitor cell pool [33,34,35,36,37,38]. Cell-fate-determinant molecule NUMB, and p53-MDM2-associated proteins, are targeted by interacting protein TBC1D15 in TICs [39]. These stemness factors are commonly expressed in TICs and pluripotent stem cells. Stemness factors promote therapy resistance and self-renewal ability.



1.1. Challenge in Targeting of Actionable Mutations


There are no current targeted therapy options for the most prevalent mutations (most are not “actionable”). HCC has 2.5% of actionable mutations that can be clinically targeted by FDA-approved drugs, while biliary cancer has 45% actionable mutations based on Oncokb.org (Level 3A, Level 3B) and HCC tumor genetics in a TCGA cohort [40]. These indicate many HCC mutations do not have conventional therapeutic targets. Therefore, the role of immunotherapy for the treatment of these diseases is an area of intense investigation [40].




1.2. Molecular Tumor Board (MTB) Review and Actionable Mutations in Liver Cancer


The molecular tumor board (MTB) review can guide choices of therapy for actionable mutations, clarify diagnosis, and identify patients who require germline testing. Prospective clinical sequencing of 10,000 patients revealed the mutational landscape of metastatic cancer [41] Clinical actionability of somatic alterations revealed by MSK-IMPACT was the lowest in HCC mutations at 2.5% [41,42,43,44,45], while clinical actionability of somatic alterations revealed by MSK-IMPACT showed that 45% of biliary cancer mutations are clinically actionable. The molecular tumor board (MTB) for intrahepatic cholangiocarcinoma (iCCA) shows clinically targetable mutations [46,47,48]. iCCA is a heterogeneous disease with several identifiable genetic driver mutations (i.e., FGFR2-fusions IDH mutations, etc.) [40]. For CCA, fluorescence in situ hybridization (FISH), DNA/RNA-seq, and immunohistochemistry (IHC) analyses can identify cancer-driver mutations, including IDH1/2, CDK4/67, PRKACA/B, and BRCA1/2. FGFR2 and NYRK fusions, BRAF and IDH1 mutations, and microsatellite instability high (MSI-H)/dMMR (defective mismatch DNA repair) predict responses to targeted/immune therapies [41]. Tumor next-generation sequencing (NGS) should be considered in selected HCC patients with atypical histology/diagnostic features or who may be eligible for clinical trials. HCC classification, cells of origin, genetic and epigenetic abnormalities, molecular alterations, biomarker discovery, and treatments of CCA have been well characterized [49]. The utility of this presumes the detection of actionable targets. Large basket trials showed dramatic responses and long-lasting effects. Therefore, iCCA specimens should be sequenced to identify targetable mutations which have therapeutic implications [40].





2. Actionable Targets for Chemotherapies and Immunotherapies


2.1. Current Chemotherapy and Immunotherapy Targeting of HCCs


The frontline drug (Lenvatinib; Table 1) and the second line tyrosine kinase inhibitors (regorafenib, cabozantinib, and ramucirumab; Table 1) improve clinical outcomes (median overall survival remains ~1 year) [41]. Immune checkpoint inhibitors have been widely used for HCC treatment, while combinations of molecularly targeted therapies with immunotherapies are emerging as tools to boost the immune response [40].




2.2. Current Immunotherapy for HCC and iCCA


2.2.1. Anti-PD-1


Nivolumab (Merck; Table 1) tumor immunotherapy directed at PD-1 was approved by the FDA for advanced HCCs in 2018 [51,68]. Nivolumab showed a manageable safety profile and acceptable tolerability (Table 1; name of trial: CheckMate 459). The objective response rate was 20% (95% CI 15–26) in patients treated with 3 mg/kg Nivolumab and 15% (95% CI; 6–28) in the dose-expansion phase [68]. Pembrolizumab (1 Q3W + BSC 8.3%; Table 1) [62] is currently under Phase III clinical trial (Table 1, Top).




2.2.2. Anti-PD-L1


Anti-PD-L1 [Atezolizumab, Durvalumab, and Ramucirumab (in advanced HCC with AFP > 400 ng/mL); Table 1] are under clinical trials, especially combined with other therapies such as anti-VEGF antibody, including NCT03434379 [50].




2.2.3. Combining VEGF Inhibition and PD-1/PD-L1


Bevacizumab (anti-VEGF) is an anti-angiogenic agent with additional immuno-modulatory effects that decrease the activity of immune-suppressive cells (MDSCs and Tregs) [69,70]. Bevacizumab normalizes tumor vasculature to increase T cell infiltration. Atezolizumab promotes T cell activation by allowing B7.1 co-stimulation. In combination with Atezolizumab (Table 1), Bevacizumab may further reverse VEGF-mediated immunosuppression to promote T cell infiltration into the tumor and enhance Atezolizumab’s efficacy (Table 1). There is a Phase Ib study of Lenvatinib (multi-kinase inhibitor; Table 1) plus pembrolizumab in patients with unresectable HCC [71].




2.2.4. Anti-CTLA-4


Tremelumimab and ipilimumab have been clinically tested [72,73]. The anti-CTLA4 antibody, ipilimumab, increases survival for patients with metastatic cancer, for which conventional therapies have failed. Immunity and immunosuppression regulate anti-tumor immune responses together with the advent of targeted therapies (Table 1). Immunotherapy has been shown to make a durable and long-lasting response in cancer patients [72].






3. CCA Treatments under Clinical Investigation


Tumor next-generation sequencing (NGS) should be performed in all advanced Intrahepatic cholangiocarcinoma (iCCA), patients since 45% of driver mutations are actionable in iCCA while only 3.5% of driver mutations are actionable for HCCs from the MSK-IMPACT database [41]. There are several unmet clinical needs for iCCA and HCC targeting, including prolonged durable response, off-label therapeutic risks, and liver dysfunction. Isocitrate dehydrogenase (IDH1) of the Krebs cycle oxidatively decarboxylates isocitrate (ICT) to 2-ketoglutarate (2KG, α-ketoglutarate) to convert NADP+ to NADPH and the reverse reaction, i.e., reductive carboxylation of 2KG to ICT that oxidizes NADPH to NADP+ [40,41]. Gain of function mutations make neomorphic IDH1, and two alleles produce oncometabolite 2-hydroxyglutamate (2-HG) (Table 2). Ivosidenib and Larotrectinib target the IDH1 mutant CCA [40,41].



Pemigatinib targets FGFR fusions and works for CCA (Table 2). Fisogatinib targets FGF19+ cancers (Table 2). Larotrectinib had marked and durable antitumor activity in patients with TRK fusion (+) cancer, regardless of the age of the patient (both adults and children) or of the tumor type (ClinicalTrials.gov numbers, NCT02122913, NCT02637687, and NCT02576431) [74].



3.1. Bacterial Species That Are Associated with Responsiveness to Immune Checkpoint Inhibitors


Several bacterial species are associated with improved responses against immune checkpoint inhibitors. The modulation of gut microbiota improves the efficacy of PD-L1 blockage therapy [78]. Bacterial species associated with positive responses to PD-1 and PD-L1 blockade therapy are summarized in Figure 1. Thus, the microbial community is effective as a co-therapy. Notably, fecal transplants have been shown to inhibit tumor growth (Figure 1).




3.2. PD-1 Antibody (Nivolumab)


Probiotics exert an adjuvant effect to enhance the anti-PD-1 response (Figure 2A), including: Fecalibacterium prausnitzii, Bacteroides thetaiotamicron, Holdemania filiformis, Dorea formicogenerans, Clostridiales (indigenous Clostridia induce Treg accumulation, presumably by cooperating with DC in the colon [79]), B. longum, Collinsella aerofaciens, Enterococcus faecium, Ruminococcaceae, Muciniphila, Faecalibacterium, Enterococcus hirae, and Bifidobacterium. In addition, Akkermansia muciniphila was enriched in patients who responded to anti-PD-1 therapy [80]. This suggests that A. muciniphila may enhance patient response to PD-1 blockade therapy [80]. Cancer patients who responded to immune checkpoint inhibitors that were enriched with Bacteroides caccae detected by the metagenomic shotgun sequencing method [81], which are antibody dependent. Patients who responded to anti-PD-1 therapy exhibited a higher bacterial diversity. Patient microbiota who responded to nivolumab (PD-1 antibody) had increased gut bacterial species, including: Fecalibacterium prausnitzii, Bacteroides thetaiotamicron, and Holdemania filiformis. On the other hand, patient gut microbiota who responded to pembrolizumab (another PD-1 antibody) had an abundance of bacteria from the Ruminococcaceae family and Dorea formicogenerans when compared to patients who did not respond to this therapy (Figure 2A). Germ-free mice transplanted with fecal samples from patients responding to anti-PD-1 and anti-PD-L1 therapy showed a reduction in tumor growth and improved responses to anti-PD-1 and anti-PD-L1 therapy. These mice also showed a higher density of CD8+ T cells [82]. B. longum, Collinsella aerofaciens, and Enterococcus faecium were observed to be more abundant in the anti-PD-1 immunotherapy responders, supporting the anti-tumor effects of Bifidobacterium species [83]. Bifidobacteriaceae and Erysipelotrichaceae are increased in PD-1 therapy responder patients (Figure 2A). Thus, the gut microbiome influences the efficacy of PD-1-based immunotherapy against epithelial tumors with DNA repair proficiency [80]. Taken together, studies show less overlap between bacterial species that are enriched in responder patients compared to non-responders. Further studies are warranted to study this question.




3.3. Anti-PDL1 Antibody


Bifidobacterium species enhance protective immunity against tumors, including Bifidobacterium breve [83], Bifidobacterium longum, and Bifidobacterium adolescentis [83] (Figure 2).




3.4. Anti-CTLA4 Antibody


Dietary fibers such as inulin stimulate the human-specific species (e.g., F. prausnitzii population; Figure 2B) of gut microbiota [84]. The Bacteroides species influence the antitumor effects of the CTLA-4 blockade. For example, the T cell responses specific for B. thetaiotaomicron or B. fragilis were associated with the improved efficacy of CTLA-4 blockade in both human patients and mice [84]. CTLA blockade treatments were ineffective in antibiotic-treated or germ-free mice [85]. A CTLA4 response could be achieved by gavage with B. fragilis, by inoculation with B. fragilis polysaccharides, or by adoptive transfer of B. fragilis-specific T cells in order to overcome any non-responsive issues associated with CTLA4 blockade [85]. The outgrowth of B. fragilis following fecal microbial transplantation from patients to mice confirmed the observed response to CTLA-4 blockade therapy in melanoma patients [85]. Bacteroidales spp. modulate the immune reactions in response to CTLA-4 blockade (Figure 2). Fecal microbial transplantation from humans of other Bacteroidales to mice restored a therapeutic anti-cancer response to anti-CTLA-4 as shown by Bacteroides fragilis [Bf], Burkholderia cepacia, and B. thetaiotaomicron. These species improved regulatory T (Treg) cell differentiation mediated by PSA-activated DC [85].



Bacteroides spp. (for example, Bacteroides fragilis [Bf]) promote responses to CTLA-4 blockade immunotherapy [85,106]. Fecal microbial transplantation (FMT) enhanced antibodies against CTLA-4 and favored the outgrowth of B. fragilis with anticancer properties in cancer patients (Figure 2). Bacteroidales stimulate the immune responses of the CTLA-4 blockade [85].




3.5. CpG-Oligodeoxynucleotides (ODNs) Activate DCs to Clear Tumors


Unmethylated CpG motifs stimulate the immune system through pathogen-associated molecular patterns (PAMPs) [86] consistent with their abundance in microbial genomes but their rarity in vertebrate genomes [87]. Therefore, Alistipes and Ruminococcus assist CpG-ODNs to activate DCs in order to clear tumors, since the pattern recognition receptor (PRR) Toll-Like Receptor 9 (TLR9) recognizes the CpG PAMP [87] and is expressed in B cells and plasmacytoid dendritic cells (pDCs) in humans and other primates [87].





4. Potential Therapeutic Strategies by Fecal Microbiota Transplantation, Probiotics, and Prebiotics


The bacteria of the bacteriome (1013–1014), the fungal mycobiome (1012–1013), helminths (multicellular eukaryotes: 0–104), and members of the virome (1014–1015) [88] together colonize humans and other animals to form the gut microbiota. These share the same host niches and must compete, antagonize, synergize, or interact among themselves and their host [88]. Examples of such interactions include: (i) beneficial bacteria acting as drugs (dysregulated microbiota can be restored by FMT); (ii) bacteriome alterations by phages can restore the healthy gut microbiota and antibiotic and/or antifungal treatment may restore healthy gut microbiota; and (iii) drugs produced by bacteria gut barrier stabilization changes can occur by microbial bile acid metabolizing enzymes that change primary bile acids to secondary bile acids from FXR to FGF10. Therefore, FGF10 analogues or FXR agonists can be drug targets for gut barrier stabilization changes to the microbial bile acid metabolizing enzymes [89,90].



4.1. Nutritional Interventions and Diet Therapy


Fecal enzyme-linked immunosorbent assay shows that α-1-antitrypsin levels can distinguish cholangiocarcinoma patients from normal individuals. Therefore, α-1-antitrypsin level is a potential marker for early diagnosis of cholangiocarcinoma [91].



Therapeutic Effects of Mediterranean Diet on NAFLD/NASH


The Mediterranean diet contains beneficial nutrients which may counter nonalcoholic fatty liver disease (NAFLD)/nonalcoholic steatohepatitis (NASH) and can contribute to longevity by inclusion of ω-3-fatty acids, polyunsaturated fatty acids antioxidants, and choline [91]. Individuals that live longer are accustomed to eating foods with particular beneficial molecules, including soybeans (flavones), seaweed (minerals), seafood (fish oils: Docosahexaenoic acid (DHA), ω-3 fatty acids (eicosapentaenoic acid (EPA), butylated hydroxyanisole (BHA)), and green tea without sugar (polyphenols, and catechin epigallocatechin-3-gallate: EGCG) [91].





4.2. Specific Nutrients of Diets Stimulate Specific Bacteria


Nutritional interventions (dietary fibers) with prebiotic inulin intake stimulates Faecalibacterium prausnitzii of the human gut microbiota [84,92]. The latter consumes polysaccharides of the gut lumen (such as arabinogalactan, xylan, and soluble starch; Figure 2B) [7], cellulose, and laminarins from seaweeds and can grow on apple pectin and pectin derivatives [20,93].



Various prebiotic treatments (pectin or pectin derivatives and N-acetylglucosamine) stimulate the beneficial gut bacteria F. prausnitzii in healthy human volunteers [92,94,95]. Apple pectin feeding promotes Firmicutes growth in rats [96], since pectin or pectin derivatives stimulate F. prausnitzii growth [84] which can compete with other bacteria for pectin utilization [97]. Accordingly, F. prausnitzii encodes pectinolytic enzymes [107]. F. prausnitzii strains can utilize the glycoprotein N-acetylglucosamine [97] found in gut mucosa [98]. Treatment with N-acetylglucosamine heals inflamed and damaged soft tissues of the gut [98], and restores gut function to improve Crohn’s disease (CD). Mucin stimulates growth of the beneficial bacteria F. prausnitzii [99], since F. prausnitzii isolates cannot utilize mucin or mucopolysaccharides [97]. F. prausnitzii switches between substrates derived from the diet or the host and benefits from mucin metabolism (Figure 2). Therefore, diet-derived nutrients can facilitate gut damage repair via beneficial bacterial growth, such as by F. prausnitzii (Figure 2B).




4.3. Treatment of Probiotics, Prebiotics, and Synbiotics Promote the Beneficial Bacteria Growth


Probiotics and prebiotics synergistically combine to heal the leaky gut and promote better immune responses. For example, combination of prebiotic inulin and probiotics Bifidobacterium lactis Bb12 and Lactobacillus rhamnosus GG decreased the growth of Clostridium perfringens, but increased Bifidobacterium and Lactobacillus as detected in fecal microbiota (Figure 2B). Apparently, this improved epithelial barrier function in patients diagnosed with colonic polyps, decreasing growth of the latter.



Dietary synbiotics reduce cancer risk factors in polypectomized and colon cancer patients [100]. This was shown by treatment with combinations of probiotics and prebiotics (called synbiotics) including the ingredients: group S (Lactobacillus acidophilus 10, 1 × 109 CFU, Lactobacillus rhamnosus HS 111, 1 × 109 CFU, Lactobacillus casei 10, 1 × 109 CFU, Bifidobacterium bifidum, 1 × 109 CFU, and fructo-oligosaccharides (FOS) 100 mg) compared to placebo–control group C (Figure 2B). Treatments were given twice daily, for a total of 14 days and found to be beneficial [100]. Furthermore, Lactobacillus acidophilus NCFM facilitates mouse myeloid dendritic cells (DCs) to express antiviral genes, such as myxovirus resistance 1, IFN-β, and IFN stimulated via the TLR2 pathway [100].




4.4. Antibiotic Treatment with Fecal Microbiota Transplantation (FMT) Ameliorates Alcoholic Liver Disease (ALD)


4.4.1. Alcoholic Hepatitis Patients Have Dysbiotic Gut Microflora with Marked Loss of Butyrate Producers


Targeting IL-17 signaling is a novel therapeutic strategy for ALD. Alcoholic hepatitis (AH) patients have dysbiotic gut microbiota with the marked loss of butyrate producers, but with the increased serum and hepatic IL17 [11]. IL-17 signaling regulates the liver–brain axis and intestinal permeability in ALD [102]. ALD mouse models resulting from ethanol feeding do not show increased IL17A nor T cell inflammatory responses [11], and therefore do not fully replicate human severe alcohol-associated liver diseases (Figure 2). Alcohol-induced dysbiotic gut microbiota and/or their products drive T-cell-specific IL17 responses that are pathogenic in human AH [11].



Microbial involvement in AH could be demonstrated by bi-weekly human AH-FMT to C57Bl/6 mice, which led to loss of butyrate-producing bacterial families with decreased butyrate levels in cecal samples [11]. AH-FMT increases hepatic and plasma IL17A levels regardless of alcohol exposures. The Th17 and γδT cells are increased by AH-FMT. IL17A + CD4 cells also increase after AH-FMT with increases in hepatic inflammatory cytokines, chemokines, hepatic steatosis, and injury [11].



The AH-FMT model recapitulates hepatic pro-inflammatory T cell responses observed in AH patients [11], including increased hepatic Th17, γδT cells, increased hepatic and plasma IL17A levels, but decreased hepatic Tregs [11].



Therapeutic IL-17 targeting showed improvements in three different ALD mouse models: (1) an intragastric ethanol feeding model that recapitulated alcoholic steatohepatitis and fibrosis; (2) a chemical carcinogen diethylnitrosamine (DEN) + alcohol model that mimicked liver cancer associated with alcohol misuse; and (3) a chronic feeding with weekly binge drinking model that mimicked alcoholic hepatitis and steatohepatitis (Figure 2). It is the dysbiotic gut microbiome that causes pathology of alcohol-induced hepatitis [11]. However, most effects did not require ethanol feeding [11]. Fifteen-day AH-FMT treatment resulted in expression of the defensin-resistant multiple peptide resistance factor (MprF) protein which counteracts the effects of defensins expressed in the gut (Figure 2). MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion [101]. Anti-cytokine therapy is used for rheumatoid arthritis and dysbiosis associated with Crohn’s disease. It is also used in alcoholic liver disease, with inhibition of the deleterious effects of these potential cytokine storms.




4.4.2. NASH and Cancer Patients


Patients post-fecal microbiota transplant (FMT) had lower abundance of vancomycin (VanH), β-lactamase (ACT), and the rifamycin antibiotic-resistance gene (ARG); this was associated with cognitive improvement [24]. Pre-FMT antibiotics for these patients included metronidazole 400 mg (TDS), ciprofloxacin 500 mg orally (BD), and amoxicillin 500 mg orally (TDS). All antibiotic treatments were discontinued 12 h before FMT. In the antibiotics + enema trial for post-antibiotics at day 7 vs. baseline, vancomycin and β-lactamase ARGs were elevated and decreased at day 15 [24]. Between standard-of-care (SOC) and FMT, after seven days lower levels of ARG (cfxA β-lactamase, VanW, and VanX) was observed, since ciprofloxacin (cfxA) targets a class A β-lactamase found in Bacteroides vulgatus [24]. These ARGs are markers for changes in the bacteriome. ARG abundance is largely reduced after FMT in decompensated cirrhosis [24].




4.4.3. Participants in the Standard-of-Care (SOC) Group Did Not Receive Pre-Therapy Antibiotic


Fecal microbiota transplant from a rational stool donor improved hepatic encephalopathy in a randomized clinical trial [25]. Post-antibiotics, beneficial taxa, and microbial diversity reduction was observed with proteobacteria expansion [25]. However, normal FMT increased diversity and beneficial taxa [25]. The standard-of-care (SOC) microbiota and model for end-stage liver disease (MELD) score [108] remained similar throughout. Thus, FMT from a selected rational donor reduced hospitalizations and improved cognition and dysbiosis in subjects with cirrhosis with recurrent hepatic encephalopathy (HE) [25].





4.5. Endogenous Retrovirus Activation Turns on IFN Signaling Pathways to Activate Immunotherapy-Mediated CTL


Epigenetic regulators turn on endogenous retroviruses that activate cGAS-cGAMP-STING-mediated cytosolic DNA sensing and IFN signaling [26]. To activate immune checkpoint inhibitor mediated CTLs, endogenous retrovirus-mediated lncRNA activates RNA sensor RIG-I pathways to induce type I IFN signaling pathways [27]. Highly conserved endogenous retroviral elements (ERVs)-lncRNA are activated in numerous cancers [27]. Tumors with constitutive activation of endogenous retrovirus become resistant to chemotherapy and immunotherapies. Moderate to high levels of endogenous retroviral-associated adenocarcinoma RNA, or ‘EVADR’, were detected in 25 to 53% of colon, rectal, lung, pancreatic, and stomach adenocarcinomas. EVADR expression correlates with decreased patient survival [27]. Therefore, inhibiting an endogenous retrovirus may promote the efficacy of immune checkpoint inhibitors [27].




4.6. Metabolites from Gut Microbiota Produce Bile


Metabolites from gut microbiota pass through the gut epithelial layer and reach the liver through the portal vein and affect bile production [89,90]. Alcohol increases bile acids but reduces short-chain fatty acids in the gut [89]. Heavy alcohol intake and/or excessive intake of fat and/or fructose induces inflammasome-mediated dysbiosis to promote ALD and NAFLD in Western countries [28,29]. Microbes and their metabolic products promote liver disease. Identification of microbial biomarkers of HCCs and treatment to manipulate the gut microbiota are an emerging field. Analysis of the intestinal microbiome of HCC patients will allow selection of specific microbiota-based probiotics or FMT therapies.



Apical sodium-dependent bile acid transporter (ASBT, known as ileal bile acid transporter (IBAT) and SLC10A2) inhibition for 16 weeks improved multiple features of NASH in a high unsaturated fat diet (HFD) mouse model [30]. Inhibition of ileal bile acid uptake protects against NAFLD in high fat diet fed mice [30]. ASBT inhibition restored glucose tolerance and reduced hepatic triglyceride and total cholesterol concentrations, which improved NAFLD activity scores in HFD-fed mice. [30] Interruption of the enterohepatic bile acid (BA) circulation further protects against NAFLD [30]. Blocking ASBT function with a luminally restricted inhibitor also improves NAFLD [30].




4.7. Mechanism of Fecal Microbiota Transplantation through Immune Systems


Transplantation of fecal microbiota from alcoholic hepatitis patients induces hepatic recruitment of IL-17-producing inflammatory T cells promoting inflammation and injury [11]. Alcoholic hepatitis patients have unique characteristics of dysbiotic gut microbiota, including (i) loss of biodiversity, (ii) loss of total microbial numbers, (iii) loss of specific microbial population of metabolites, and (iv) relative enrichment of other bacterial exotoxin A (ETA: ToxA)/increased metabolites [11].





5. Bacterial Metabolites


5.1. Nutrients Maintain Gut Integrity


Conversion of starches to short-chain fatty acid (SCFA) maintains gut integrity [31]. Dietary-derived substrates (e.g., apple pectin, seaweed cellulose and laminarins, oat β-glucan) ferment to maintain beneficial bacteria. Short-chain fatty acids mediate an interplay between diet, gut microbiota, maintenance of gut integrity [20], and host energy metabolism [36].




5.2. The Role of Short-Chain Fatty Acids in Microbiota–Gut–Brain Communication


Short-chain fatty acids (SCFAs), the main metabolites produced by bacterial fermentation of dietary fiber in the gastrointestinal tract, are speculated to have a key role in microbiota–gut–brain crosstalk. Short-chain fatty acids (SCFAs) can mediate microbiota–gut–brain axis crosstalk [20] through interaction with G-protein-coupled receptors or histone deacetylases and regulation of direct humoral effects, which are indirect hormonal and immune pathways [37,38]. Dietary intervention regulates cognition and emotion through the gut–brain axis via SCFAs [37,38]. SCFAs should be quantified in the systemic circulation in dietary intervention studies, in which the effects on psychological functioning and psychopathology are an outcome of interest [37,38].





6. Gut-Microbiota-Mediated Immune Regulatory Mechanisms by Immunotherapy


The microbiome is a therapeutic target for numerous cardiometabolic disorders by drugging the microbiome [43]. Bacteria from specific microbes are associated with diagnosis of colorectal cancer. Some intestinal microbiota promote colorectal carcinogenesis. Clinicians should evaluate patients with bacteremia from specific bacteria for cancer lesions in the colorectum.



6.1. Bacterial Enzyme Inhibitors Can Be Used for Treatment


Gut microbial produced metabolites can be recognized by host pathogen recognition sensors to promote HCC progression. Metabolism of dietary components by the gut microbiota produces short-chain fatty acids, including other metabolites. When combined with microorganism fragments, these can stimulate the meta-organismal endocrine axis to promote HCC onset and growth. For example, trimethylamine (TMA) produced in the gut promotes ALD [44]. Thus, pharmacological interventions at the level of the gut microbial endocrine organ should reduce HCC risk.



Targeting of the gut microbiota has great potential as a therapeutic modality for many diseases. However, relatively little is known regarding the contribution of commensal bacteria to normal host physiological functions [45]. For example, it was reported that 11 bacterial strains in feces obtained from normal human donors induce CD8 T cells to produce IFN-γ in the intestine in the absence of a generalized inflammation response dependent on CD103+ DC and MHC class Ia [45]. These 11 strains also improved the efficacy of immune checkpoint inhibitors and aided host suppression against Listeria monocytogenes infection [45]. Thus, these 11 identified strains, which represent low-abundance components of the human microbiome, are potential biotherapeutics [45].




6.2. TLR2 Signaling in DCs Promotes Treg Differentiation to Attenuate the Inflammation


TLR2 senses components from bacteria, mycoplasma, fungi, and viruses [47] to activate NF-κB to promote a Th17 cell response to enhance the inflammation response and anti-inflammation responses [48,109]. Lactobacillus acidophilus stimulates the TLR2 pathway of murine myeloid dendritic cells (mDC) to induce interferon-β (IFN-β), while IL-10 secretion in plasmacytoid DC (pDC) is TLR9 dependent (Figure 3). Bifidobacterium infantis 35624 stimulates the TLR2/TLR6 pathway to increase IL-10 secretion from human DCs. Polysaccharide A of Gram negative bacilli can activate TLR2 and promote the secretion of anti-inflammatory cytokine IL-10 [110]. These diverse immune responses depend on the appropriate co-receptor and microenvironment [48].




6.3. Regulatory T Cells


Treg cells secrete the anti-inflammatory cytokine IL-10 to attenuate inflammation. IL-6, IL-21, and IL-2 dynamically regulate the balance between Th17 and Treg cell differentiation [111,112]. Intestinal bacteria act to stimulate and shape the T cell subsets. Short-chain fatty acid primed and induced Th17 cells undergo differentiation locally in the lamina propria. In addition, segmented filamentous bacteria antigen (SFB) adhesion to enterocytes stimulates serum amyloid A and ROS to induce Th17 cells [113]. MHCII-dependent antigen presentation of SFB occurs on DC [114] (Figure 3). Commensal bacteria (such as the Lachnospiraceae family, A4 bacteria) induce transforming growth factor β (TGF-β) production to inhibit Th2 cell development [115]. Clostridia colonization effect on T cell differentiation induces Treg cell expansion to suppress inflammation in mice [79,116]. In germ-free (GF) mice, colonization of gut bacteria and LPS-rich sterile diet induced T and B cell proliferation and differentiation in Peyer’s patches (PP) and mesenteric lymph nodes (MLN), especially by CD4+ Foxp3 + T cells in MLN [117]. Polysaccharides do affect T cell differentiation. To reinforce its intestinal colonization, polysaccharide A (PSA) from Bacteroides fragilis promotes Treg cell secretion and suppresses Th17 activity [118]. The growth of bacteria encoding zwitterionic capsular polysaccharides (ZPS), as shown by genomic screen, results in stimulation of T cell differentiation of Treg cells and IL-10 production mediated by antigen presenting cells (APC) [119].



Zwitterionic polysaccharides bind the TLR2 complex on CD11b+ DC to mobilize lamina propria CD11b+ DC. This in turn stimulates Treg differentiation to promote anergy against immunity induced by CTLA-4 blockade [120] via interleukin-12 (IL-12)-dependent cognate TH1 immune responses against Bf capsular polysaccharides (Figure 3). CTLA4-mediated TH1 immune response is blocked by Treg to protect against experimental abscess formation [120] independent of TLR2/TLR4-mediated innate signaling [121,122]. A clustering of genus composition of stools [123,124] distinguished three clusters with Alloprevotella or Prevotella driving cluster A and distinct Bacteroides spp. driving clusters B and C. During anti-CTLA4 (ipilimumab) therapy, the proportions of MM patients falling into cluster C increased at the expense of those belonging to cluster B through the colonization of the immunogenic bacteria Bf and Bt [120,121,122,125,126,127].




6.4. Commensal Bacteria-Derived Products Stimulate DCs and Regulate Tregs


High-alcohol-producing Klebsiella pneumoniae causes fatty liver disease [128]. Intestinal microbiota in human stool contributes to susceptibility to ALD shown by the use of ALD-FMT in germ-free mice [129,130]. To edit gut microbiota, four distinct bacteriophages (podophages of the virulent Picovirinae group) were isolated from sewage water. Feeding of four podophages of the virulent Picovirinae group lyse the cytolytic E. faecalis strain [131]. Gavage of bacteriophages that target cytolytic E. faecalis attenuates alcoholic liver disease that promotes E. faecalis expansion (2700-fold increase) by reducing steatosis, inflammation, and liver injury of mice chronically fed ethanol [132]. Therefore, the gut microbiome is a therapeutic target in the pathogenesis (pro-inflammatory response) and treatment of chronic liver disease [133], since it is altered in liver cirrhosis [134]. Overgrowth by Clostridiales, Streptococcus, Lactobacillus, Bacteroides, and Enterobacteriaceae genera promotes gut injury and liver disease. In liver cirrhosis, Bacteroides increase while Firmicutes decrease. Rifaximin inhibits oral-originating species and selectively decontaminates the gut. Further environmental factors mediating microbiota changes can promote excessive inflammatory signaling.




6.5. A Live Microbiome Co-Culture in a Gut-on-a-Chip Microfluidic Device


A live microbiome was co-cultured with micro-engineered human intestinal villi in a gut-on-a-chip microfluidic device [135]. The intestine–liver axis on-chip reveals the intestinal protective role on hepatic damage (Figure 3) by emulating ethanol first-pass metabolism [136,137,138,139]. Those who live longer customarily consume the following foods, including pasta (barley: fibers), soybean (flavone), seaweed (mineral), seafood (fish oil: DHA, BHA), and green tea (polyphenols, catechin epigallocatechin-3-gallate: EGCG). Prebiotics are nondigestible dietary supplements, including mucin or long-chain carbohydrates, which promote proliferation of beneficial commensal bacteria and improve the ecological balance of the gut. The effects of prebiotics can be tested in this system (Figure 3).



Synbiotic treatment normalizes gut microbiota and concomitantly reduces toxic gut microbiota to repair leaky guts [105]. These bacteria digest prebiotics to produce short-chain fatty acids which inhibit intestinal pathogen growth, provide enterocyte nutrition (butyrate), and promote mineral absorption. Bifidobacterium growth is enhanced with a prebiotic-containing formula (90% short-chain galacto-oligosaccharide, 10% long-chain fructo-oligosaccharide), fructo-oligosaccharides [103], and inulin [104] (Figure 2).



Patients who responded to nivolumab (PD-1 antibody) were enriched with Bacteroides caccae [81] and Fecalibacterium prausnitzii, Bacteroides thetaiotamicron, and Holdemania filiformis, whereas patients who responded to pembrolizumab (another PD-1 antibody) showed that their gut microbiota was enriched with Dorea formicogenerans. This treatment increased bacterial diversity and abundance of bacteria from Akkermansia muciniphila [80], Bifidobacterium spp. (B. longum, Collinsella aerofaciens) [83], Enterococcus faecium, and the Ruminococcaceae family, induces Treg accumulation by cooperating with DC in the colon (Figure 3).




6.6. TLR2 Is Necessary to Alleviate the Inflammatory Response


TLR2 senses components from bacteria, mycoplasma, fungi, and viruses [47]. TLR2 signaling induces both pro- and anti-inflammation responses. Bifidobacterium infantis 35624 treatment increases IL-10 secretion through the TLR2/TLR6 pathway in human myeloid dendritic cell (mDC) and monocyte-derived DC (MDDC), while IL-10 secretion in plasmacytoid DC (pDC) is TLR9 dependent. Tregs secrete the anti-inflammatory cytokine IL-10 to attenuate inflammation (Figure 3). Therefore, feeding of FMD + synbiotics preconditions gut microbiota and repairs the leaky gut to improve immunotherapy and chemotherapy (Figure 3).




6.7. Metabolism and Local Effects of SCFAs


Fermentation of dietary fiber in the colon generates short-chain (ranging from one to six carbon atoms) saturated fatty acids (SCFAs) [140]. Production of SCFA is dependent on dietary fiber and can result in gut production of approximately 500–600 mmol of SCFAs per day [141]. Acetate (C2) is the most abundant SCFA in the human body, followed by propionate (C3) and butyrate (C4) (in a molar ratio of 60:20:20, dependent on microbiota composition) as the most abundant anions in the colon [142,143]. Bowel movements transfer gut contents from the terminal ileum to the proximal colon where SCFAs can reduce the pH. Lesser amounts of other SCFAs, including caproate, formate, and valerate, are also produced [142]. Monocarboxylate transporters (MCTs) allow SCFA absorption by colonocytes in an H+-dependent, electroneutral manner, whereas the electrogenic, sodium-dependent monocarboxylate transporter 1 (SMCT1; known as SLC5A8) transports the SCFA anion [144].



Because of microbiota changes or intestinal microbiota transplantation in liver diseases and cirrhosis, use of pharmacotherapeutics must be cognizant of these issues when considering treatment options [145]. Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome [146]. Allogenic fecal microbiota transplantation in patients with NAFLD improves abnormal small intestinal permeability, as shown in a randomized control trial [147]. Alkaline phosphatase can be used as a surrogate marker for liver–gut changes. C. difficile (+) cirrhosis is a deleterious combination with greater mortality via brain dysfunction due to SCFA downregulation. GF mice have altered microbial infection inflammatory markers (IL1β, MCP1, and IBA). Post-FMT GF mice recipients show improved neuro-inflammation [148]. Use of capsular fecal transplantation improves microbial function and supports better clinical outcomes in cirrhosis [149]. Oral capsule FMT (containing Ruminococcaceae) is currently under investigational new drug application (IND) guidance [150]. A randomized clinical trial of fecal microbiota transplant for alcohol use disorder is ongoing.




6.8. Exercise or Phage Therapy Retards Liver Diseases


Exercise reduces the incidence and progression of hepatocellular carcinoma in mouse models [151]. Personalized medicine approaches will stratify the HCC patient population into distinct subpopulations that may be responsive to HCC-type specific treatments [151]. As presented in this review, there are several avenues of liver morbidities leading to HCC. For example, the microbiota is targeted for cytolysin + alcoholic hepatitis patients. Future investigations will support a better understanding of antibiotic therapies for enteric pathogens, long-term effects of phage-based treatments, and precisely editing bacteria genomes by phage therapies (single phage or phage cocktail). These are all emerging areas of investigation, and these options reflect the original intent to reverse the triggering events leading to HCC.




6.9. Caveats for Fecal Microbiota Transplantation


FMT with multi-drug-resistant organisms (MDRO) can cause problems in donor recipient patients. Avoidance of C. difficile is important since it is responsible for the chronic liver diseases cirrhosis and alcoholic hepatitis. FMT trials for chronic liver diseases are currently in progress.





7. Concluding Remarks


Future investigative projects need to address specific treatments and FMT short-term changes in patients with HCC. Another consideration is whether allogeneic or autologous FMT should be employed, especially since current FDA-approved immunotherapies, such as anti-PD-1 or anti-CTLA4, have limited efficacy only for a small fraction of HCC patients (10–25% range undergoing monotherapy). The remaining HCC patients do not respond to this monotherapy, thus other immune mechanisms may be needed to allow synergism with tumor-killing cells, such as antigen-presenting cells, including dendritic cells and B cells. Inclusion of immune checkpoint inhibitors with combination therapy may break immune tolerance and improve the therapeutic efficacy of this approach.
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Figure 1. Intestinal microbiota and bacterial products. (A) Nine hallmarks of intestinal microbiota effects on host. (B) Summary of intestinal microbiota bacterial products, including bacterial toxins and their effects on the host. 
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Figure 2. Probiotics and prebiotics fermented by beneficial bacteria for immune checkpoint inhibitors. (A) Bacterial species that are positively associated with PD-1 and PD-L1 blockade therapy are summarized. Responders for immunotherapy have specific gut microbiota. Bacteria species are summarized in a table from the literature [20,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105]. (B) Bacterial species and prebiotics that are positively associated with PD-1 and PD-L1 blockade therapy are summarized. 
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Figure 3. TLR2 is necessary to alleviate the inflammatory response. Fructo-oligosaccharide and inulin are considered as prebiotics, affecting IECs to be hyporesponsive to activation of NF-κB and MAPK induced by pathogens. NF-κB and MAPK reduce the inflammatory response to lipopolysaccharide (LPS). 
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Table 1. First line therapy (FDA-approved and Phase III investigations in advanced HCC).
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Therapy

	
Target

	
OR (HR)

	
Note

	
Clinical Phases [40] *

	
Reference and

ClinicalTrials.gov






	
Atezolizumab +

Bevasizumab

	
PD-L1, VEGF

	
0.58 (HR 0.42–0.79)

	
OS > 17 months, normalizes tumor vasculature to starve tumors

	
Approved, III

	
NCT03434379 [50]




	
Nivolumab

	
PD-1

	
0.85 (0.72–1.02)

	
Well-tolerated in advanced HCC

	
Approved, III (sorafenib)

	
NCT02576509 [51]




	
Lenvatinib

	
FGFR1-4, VEGFR1-3, RET, c-KIT and PDGFRα

	
0.85 (0.72–1.02)

	
Safety and tolerability profiles

	
Approved, III non-inferiority trial

	
NCT01761266 [52]




	
Erlotinib + Sorafenib

	
EGFR + VEGFR1-3, RET, KIT PDGFRa/b

	
0.92 (0.78–1.11)

	
Adding erlotinib to sorafenib did not improve survival

	
III

	
NCT0901901 [53]




	
Linifanib

	
FGFR

	
1.05 (0.90–1.22)

	
TTP and ORR favored linifanib

	
III

	
[54]




	
Brivanib

	
VEGFR

	
1.07 (0.94–1.23)

	
OS, TTP, ORR, DCR, and mRECIST

	
III

	
NCT00858871 [55]




	
Y90 (SIRveNIB)

(Yttrium-90 resin microspheres)

	
Radiation

	
1.12 (0.88–1.42)

	
SIRveNIB trial, locoregional selective internal radiation therapy (SIRT)

	
III (approved for colon cancer)

	
NCT01135056 [56]




	
Y90 (SARAH)

	
Radiation

	
1.15 (0.94–1.41)

	
Sorafenib vs. Radioembolization in Advanced Hepatocellular carcinoma (SARAH) trial, yttrium-90 (Y-90) resin microspheres

	
III

	
[57,58,59]




	
2nd line treatment (FDA-approved and Phase III investigations in advanced HCC)

	




	
Regorafenib

	
VEGFR1-3, RET, KIT PDGFRa/b. FGFR1/2. Raf

	
Regorafenib 0.63

(0.50–0.79)

	

	
Approved

	
NCT01774344 [60]




	
Ramucirumab

	
VEGFR2

	
0.71 (0.53–0.95)

	
In advanced HCC with AFP > 400 ng/mL

	
Approved

	
NCT02435433




	
Cabozantinib

	
EGFR2, MET, RON, RET, TIE2, TAMkinases

	
0.76 (0.63–0.92)

	
CELESTIAL trial, HCC progression on prior sorafenib

	
Approved

	
NCT01908426 [61]




	
Pembrolizumab

	
PD-1

	
0.78 (0.61–0.99)

	
1 Q3W + BSC 8.3%

	
Approved

	
NCT02702401 [62]




	
Brivanib

	
PD-1

	
0.89 (0.69–1.15)

	
BRISK-FL study

	
III

	
NCT00858871 [55]; NCT00825955 [63]




	
Tivantinib

	
MET

	
0.97 (0.75–1.25)

	
METIV-HCC

	
III

	
NCT01755767 [64]




	
Everolimus

	
mTOR (mTORC1 complex)

	
1.95 (0.86–1.27)

	
EVOLVE-1

	
III

	
NCT01035229 [65]




	
Sorafenib

	
VEGFR1-3, Raf, PDGFRb, KIT, Fit-3

	
0.69 (0.55 to 0.87)

	
Sorafenib HCC Assessment Randomized Protocol (SHARP) trial

	
Approved

	
NCT00105443 [66,67]




	
Nivolumab ±

ipilimumab

	
PD-1 and CTLA-4

	

	
Neoadjuvant

	
II

	
NCT03222076








* Current systemic therapies for HCC: approved in unselected populations [40].
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Table 2. Therapeutic targets for iCCA [49,75].
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	Therapy
	Target
	OR (HR)
	Prevalence in iCCA
	Note
	Clinical Phases [49]





	Ramucirumab
	VEGFR2
	0.710 (0·531–0·949)
	
	AFP > 400 ng/mL, 2nd line, REACH-2
	NCT01140347 [76]



	Pemigatinib
	FGFR2 fusion (EGFR G179A. exon18)
	
	11–15%
	FIGHT-302, Comparator (Gemcitabine + cisplatin)
	NCT03656536 [75]



	Fisogatinib (BLU-554), Ivosidenib
	IDH1 mutation
	
	5–13%
	
	NCT02989857, NCT02273739 [40,41]



	
	MET amplification
	
	2–6%
	
	



	
	
	
	2–3%
	MSI high TMB high
	



	
	FGFR2 V564F, N564
	
	
	
	



	Dabrafenib (BRAFi) + Trametinib (MEFi)
	BRAF600E gain of

function mutations
	
	5% (BRAF)
	
	



	Larotrectinib
	TRK Fusion
	
	
	TRK fusion–positive cancer
	ClinicalTrials.gov numbers, NCT02122913, NCT02637687, and NCT02576431 [74]



	Futibatinib (TAS-120)
	irreversible FGFR1–4

inhibitor
	
	
	Comparator (Gemcitabine + cisplatin)
	III, NCT04093362 [77]; I NCT02052778



	Infigratinib (BGJ398)
	FGFR1–3
	
	
	Comparator (Gemcitabine + cisplatin)
	III, NCT03773302



	Derazantinib (ARQ-087)
	pan-FGFR
	
	
	
	III, NCT03230318

NCT04087876
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