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Ablative and locoregional treatment options, such as radiofrequency, ethanol injection, microwave, and cryoablation, as well as irreversible electroporation, are effective therapies for early-stage hepatocellular carcinoma (HCC). Hepatocyte death caused by ablative procedures is known to increase the release of tumor-associated antigen, thus enhancing tumor immunogenicity. In addition, the heat ablative resection induces pyroptotic cell death accompanied by the release of several inflammatory factors and immune-related proteins, including damage-associated molecular patterns (DAMPs), heat shock proteins (HSPs), ficolin 3, ATP, and DNA/RNA, which potentiate the antitumoral immune response. Surgical approaches that enhance tumor necrosis and reduce hypoxia in the residual liver parenchyma have been shown to increase the disease-free survival rate by reducing the host’s immunosuppressive response. Scalpel devices and targeted surgical approach combined with immune-modulating drugs are an interesting and promising area to maximize therapeutic outcomes after HCC ablation.
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Introduction

The incidence of hepatocellular carcinoma (HCC) rises worldwide, despite the enormous progress made by the introduction of hepatitis B virus (HBV) vaccine and antiviral therapy for hepatitis C virus (HCV).

Therapeutic chances are still limited due to late diagnosis with impossibility of radical intent and limited treatment options.

In recent years, guidelines have been developed to standardize care and resources and for therapeutic optimization. However, the most recent therapeutic classification, according to tumor stages and the best-expected benefit, the Barcelona Clinic Liver Cancer (BCLC) (1), has already undergone modifications due to the complexity of the disease. Indeed, it is difficult to have a guideline algorithm that includes all the possible clinical presentations of HCC.

Therapeutic options for HCC at an early stage (BCLC 0/A) are suitable for radical therapies (surgical resection, transplantation, and locoregional ablation), all of which are potentially curative. The decision for surgical resection requires consideration of the patient’s residual liver function, transplantation availability of liver organ, and locoregional therapies of the tumor size and the number and location of the neoplastic nodules. Current evidence, reviewed by Haber et al. (2), supports the effective development of immunotherapies, which can target potential micrometastases, to prevent recurrence after these curative approaches, although there is high heterogeneity in the patient’s survival time due to the very complex interaction between the immune response and the tumor microenvironment (TME).

When altered/infected cells die, death modalities activate specific physiological signaling that triggers the inflammatory process and the consequent host’s immune response while avoiding tissue damage for a long period.

There are distinct types of cell death depending on the stimulus received by the cell, and this can result to a difference in the induction of the antitumor immune response (3).

The mechanisms of cell death can be divided into three main types: apoptosis, autophagy, and necrosis (Table 1).


Table 1 | Major differences among apoptosis, autophagy, and necrosis.




Apoptosis

Apoptosis, also called “programmed cell death,” produces apoptotic bodies and is characterized by the exposure of calreticulin on the outer layer membrane. Macrophages engulf and digest the apoptotic bodies (efferocytosis), thus resulting in minor tissue destruction and inflammatory response than other types of cell death. Apoptosis normally occurs during development and aging, and, in some pathological conditions resulting from infections or cell damage, it is activated by intracellular signaling pathways involving a proteolytic caspase cascade.

Apoptosis is the most important defense mechanism against hepatocarcinogenesis. The liver has an incredible regenerative capacity that makes it unique; normal hepatocyte turnover consists of a small number of dead cells (0.05%) by apoptosis and is associated with low serum levels of both liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST), whose levels increase with the number of dead cells. The activity of some cancer drugs, such as anthracyclines, is based precisely on the modulation of apoptosis to elicit the stimulus necessary to induce cell death (4, 5).

There are two main pathways for apoptosis: the intrinsic and the extrinsic pathways.

The intrinsic pathway is triggered by stress signals induced by DNA damage and activation of the P53 pathway. The extrinsic pathway is initiated by an external ligand [e.g., tumor necrosis factor-α (TNF-α), Fas] binding to a death receptor [e.g., Fas (CD95L), tumor necrosis factor receptor 1 (TNFR-1)] and results mainly from the activation of the immune response against the altered cells.

Most of the genetic alterations observed in HCC lead to high levels of inhibitors of the proapoptotic BCL-2 family members (i.e., BCL-2, BAX, BAK) and the permeabilization of the mitochondrial membrane with the release of cytochrome c that activates caspases 8 and 3 (6). It is well recognized that the nuclear factor-κB (NF-κB) pathway, involved in inflammation and immunity, could also regulate apoptosis, often by regulating BCL-2 expression (7). An activation of the NF-κB pathway might be generated through different mechanisms, such as activation of the Toll-like receptors (TLRs) by pathogens or the release of inflammatory cytokines in the microenvironment [e.g., TNF and interleukin-1 (IL-1)], and it is hypothesized that HCC is linked to an uncontrolled or dysfunctional inflammatory/immune response. This evidence is supported by the observations that administration of non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, reduces the incidence and mortality of gastrointestinal malignancies (8, 9). A direct relationship between the immune system’s response and NSAIDs in HCC has been demonstrated, such as NSAIDs that downregulate Mcl-1 expression, thus inhibiting the translocation of the antiapoptotic Bax in the mitochondria. Also, celecoxib, an NSAIDs inhibitor selective for cyclooxygenase-2 (COX-2), leads to the production of ceramide, a sphingolipid metabolite that induces apoptosis by consolidating the lipid raft in the cytoplasmatic membrane necessary for the clustering and activation of death receptors (10) (Figure 1). Moreover, chemotherapeutic drugs, i.e., oxaliplatin and anthracyclines, or ionizing radiation that induces apoptosis showed a superior clinical response when combined with NSAIDs.




Figure 1 | Non-steroidal anti-inflammatory drugs and anticancer drugs by inhibiting inflammation reduce the activation of the NF-kB signaling, resulting in the apoptosis cell death and the activation of the immune cell response. DRs, death receptors; NSAIDs, non-steroidal anti-inflammatory drugs; NF-kB, nuclear factor-kB; BCL-2, antiapoptotic B-cell lymphoma; Cyt c, cytochrome C. TNF-aR, Tumor necrosis factor receptor alfa; IL-1R, Interleukin-1 receptor; DAMPs, Damage-associated molecular patterns; TLR, Toll like receptor; NSAIDS, Non-steroidal anti-inflammatory drugs; COX-2,  Cyclooxygenase-2; Mcl-1, Induced myeloid leukemia cell differentiation protein; ER, endoplasmic reticulum; Bcl-x, Apoptosis regulator Bcl-extra; IL-6, Interleukin 6.





Autophagy

Autophagy recycles nutrients, remodels, and discards unwanted cytoplasmatic constituents through a lysosome-dependent catabolic process to balance energy and survive stressful conditions such as hypoxia, nutrient deficiency, or chemotherapy. Autophagy is classified into macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). In macroautophagy, autophagosomes are composed of double-membrane vesicles and entrapped cytosolic components and organelles, then by fusion with lysosomes, they form the autolysosome that degrades the sequestered components, making them again available for cell metabolism (11). The specific removal of aggregated proteins and damaged mitochondria that produce high levels of mitochondrial reactive oxygen species (ROS) is called “mitophagy.” In microautophagy, cytosolic components are directly invaginated into the lysosomes. In CMA, invagination into the lysosomal lumen is selectively mediated by the formation of protein complexed with chaperone proteins that are sequestered by special lysosomal membrane receptors.

Though autophagy is considered a self-homeostatic strategy, it is also considered a cell death process, as excessive autophagy can lead to self-eating, but contrary to apoptosis, it is considered an immunogenic cell death. Indeed, autophagy, by degrading intracellular pathogens and undesirable cytoplasmatic constituents, can deliver endogenous antigens to Major Histocompatibility Complex (MHC) molecules, thus allowing antigen presentation to immune cells (12). However, in the first phase of a tumor development, autophagy activation is closely linked to a benefit in cancer cell survival in a hypoxic and nutrient-exhausted TME, and immune cells perform either protumor or antitumor functions depending on the signals they receive from the TME. Specifically, tumor cells show an increase in arginine and glucose uptake necessary for their increased protein biosynthesis and energy source, which leads to a reduction of arginine and an excessive conversion and secretion of lactic acid in the TME (a phenomenon known as aerobic glycolysis or “Warburg effect”). Acidification of the TME is further increased by forced aerobic glycolysis in tumor-associated fibroblasts, turning it into a factory for the production of energy-rich metabolites useful for cancer cell proliferation (a phenomenon known as the “reverse Warburg effect”) (13, 14). In this context, alterations in autophagy, as reduction in mitophagy, may favor HCC development due to the increased mitochondrial ROS production consequent to the acceleration of glycolysis. Furthermore, the hypoxic and acidic environments modulate macrophage phenotyping and T-cell cytotoxicity, promoting an immunosuppressive TME (15, 16). Moreover, by the selective degradation of iron-containing macromolecules (e.g., ferritin and mitochondrial components), autophagy is involved in cell death by ferroptosis. Since CD8+ T cells mediate tumor killing also through ferroptosis, autophagy might potentiate this mechanism and sensitize tumor to immunotherapy and radiotherapy (17).

Autophagy also plays a key role in the innate immune response against pathogens, a cellular process named “xenophagy.” Various host factors regulate the replication of the hepatic viruses (i.e., HBV and HCV), which induce radical alterations in the cellular structure activating critical signals that can lead also to autophagy. Recognition of pathogen-associated molecular patterns (PAMPs) is mediated by specific receptors such as TLRs and RIG-I-like receptors (RLRs), which recruit adaptor proteins and various protein kinases involved in the cell transcription and production of type I antiviral interferons (IFN-α/β). Meanwhile, the release of cytokines and chemokines resulting from infected cells activates an inflammatory response, which may also produce extensive tissue damage and sometimes liver infection-associated immunopathies like Non-Alcoholic Fatty Liver (NAFL), steatosis, cirrhosis, and HCC (18). As obligate intracellular parasites, the viruses evolved to hijack host factors and facilitate their replication through several mechanisms able to evade antiviral pathways including autophagy (19). For example, it has been observed that specific proteins of HBV (i.e., X protein) and HCV (i.e., NS4B, NS5A, and NS5B) stimulate autophagy by regulating the expression of genes mediating mitochondrial fragmentation (20–22). At the same time, viruses inhibit the lysosome fusion or impair lysosomal acidification in order to block the physiological function of autophagy and thus ensure membranes for its particle assembly. Moreover, viruses redirect phagosomes to the plasma membrane for the release of viral particles, ensuring pathogen propagation (23, 24). In the same way, by degrading intracellular pathogens and undesirable cytoplasmatic constituents, autophagy can deliver endogenous antigens to MHC molecules, thus allowing antigen presentation to the immune cells and activating an adaptive immune response (12). However, the role of autophagy in HBV- and HCV-related HCC is still widely debated, and further studies are needed to finally understand its function.

Autophagy defects in the liver have been implicated in most liver diseases, which develop following accumulation of harmful products due to the long half-life of hepatocytes (6–12 months) and the considerable number of xenobiotics reaching the liver from the bloodstream and the intestine. As a result, hepatic autophagy is orchestrated by the fluctuation of the body’s nutrient status (e.g., glucose, adipokines, amino acids, and bile acids). Moreover, the circadian rhythm and several hormones (e.g., insulin, glucagon, ghrelin, epinephrine, glial cell line-derived neurotrophic factor, Thyroid-Stimulating Hormone (TSH)) play an important role in the physiological fluctuation of autophagy in the liver, maintaining cellular and metabolic homeostasis. Recently, in this context, intracellular lipid droplet metabolism (e.g., lipophagy) has received much attention, as this mechanism, by regulating the level of β-oxidation to produce ATP, has been related to obesity and insulin resistance, which in turn are strongly associated with the development of Non-Alcoholic Fatty Liver Disease (NAFLD) and non-alcoholic steatohepatitis (NASH) (25). Furthermore, autophagy has been identified as an important mechanism that activates hepatic stellate cells (HSCs) to produce extracellular matrix deposition like collagen involved in liver fibrosis and cirrhosis progression (26). Overall, a reduction of autophagy may act as a tumor-promoting factor by reducing hepatocyte quality and increasing genomic damage, whereas its upregulation may favor the elimination of products originating from metabolic stress and cytotoxic chemotherapy. Furthermore, since autophagy is able to eliminate the mutant p53 tumor suppressor, one of the most frequent mutated protein involved in the proliferation and survival of liver stem cells, a reduction in autophagy favors the maintenance of hepatic stem cells, which play a key role in supporting cancer cells and in promoting tumor recurrence and resistance to therapy (27, 28).

To date, studies targeting autophagy are promising for a potential therapeutic approach in HCC patients, although this approach is challenging due to the high fluctuating differences in cell types. Well-known inhibitors (such as chloroquine, hydroxychloroquine, clarithromycin, or verteporfin) and activators (rapamycin, metformin, temsirolimus, or everolimus) of autophagy are recognized, but they cannot be used in medical practice. New compounds with different targets in the autophagy process are currently investigated to determine their potential to treat HCC and overcome resistance to cancer treatment (29, 30).



Necrosis

Necrosis is a form of cell death characterized by loss of plasma membrane integrity, culminating in the escape of cell contents into the extracellular space of damaged-associated molecular patterns (DAMPs)/PAMPs and heat shock proteins (HSPs), in contrast to the packaging of cellular contents into apoptotic bodies and release of cytochrome C from mitochondria typical of the apoptosis process. As a consequence, apoptotic bodies occurring in cell death allow for the formation of a “silent” immunological environment, while necrosis induces a strong inflammatory milieu that leads to a high immune response (3, 31, 32).

The biochemical classification of necrosis also included forms of regulated cell death such as necroptosis, ferroptosis, and pyroptosis.

Necroptosis is characterized by a cell lysis occurring when caspase 8 is inhibited. Receptor-interacting protein (RIP)3 kinase is the key regulator of necroptosis that, by interacting with RIP1 and mixed lineage kinase domain-like (MLKL), forms a protein complex termed “necrosome” that triggers necroptosis (Figure 2). Indeed, phosphorylation of MLKL by RIP kinases is necessary for the MLKL oligomerization that consents its introduction into and the permeabilization of the plasma membranes and organelles (33). Moreover, RIP3 seems to induce the production of ROS, which in turn at high levels can inhibit cancer cell metastasis; thus, RIP3 expression may also promote antimetastatic outcomes (34). Activation of apoptosis and necroptosis signaling is finely modulated through the function of caspase 8, which inhibits the necrosome via inhibition of the RIP1 function (Figure 2). Cellular receptors triggering necroptosis are TNF death receptors (e.g., TNFRSF1, FAS), TLR4 and TLR3, and cytosolic nucleic acid sensors as RING and STING that induce the production of type-I interferon (IFN-I) and TNF-α that engage TNFR and further induce necroptosis (35). Necroptosis has a key role particularly in the host defense against infectious diseases and tumor cells where components inhibit caspases to arrest the apoptotic machinery, thus resulting in necroptosis as an alternative pathway to overcome apoptosis resistance. There is evidence that necroptosis plays a key role in dysmetabolic liver diseases, in particular, in NASH and cases of tissue damage related to ischemia/reperfusion (36, 37). In addition, although the functional role of necroptosis in HCC development remains to be defined, it has been hypothesized that some chemotherapeutic drugs able to induce necroptosis may overcome the resistance to apoptotic cell death due to, e.g., the loss or inactivation of the p53 protein (34, 38).




Figure 2 | Caspase 8 modulates the crosstalk among cell survival, apoptosis, and necroptosis after engagement of tumor necrosis factor (TNF) death receptors. RIP,receptor-interacting protein; MLKL, Mixed Lineage Kinase Domain Like Pseudokinase; TLR, Toll-like receptor; IFNR, Interferon-gamma receptor; DAMPs, Damage-associated molecular patterns; PAMPs, Pathogen-associated molecular patterns; ROS, Reactive oxygen species; NF-kβ, Nuclear factor kappa-light-chain-enhancer of activated B cells; FAS-L, Fas Ligand; TNF-α, Tumor necrosis factor alfa.



Apoptosis is a caspase 8-dependent non-inflammatory form of cell death, whereas necroptosis is a necrotic form of cell death that requires caspase 8 inhibition to achieve RIP1 and RIP3 phosphorylation and production of a functional RIPK3–MLKL signaling (necrosome). Normally, caspase 8 triggers apoptosis by activating caspases, but it also cleaves RIP1 and RIP3, thereby inhibiting necroptosis. Apoptotic bodies occurring in apoptosis allow for the formation of a “silent” immunological environment, while necrosis induces a strong inflammatory milieu by producing and releasing inflammatory mediators (DAMPs, PAMPs, ROS, cytokines) that leads to the recall of immune cells and a high immune response. Ubiquitination of RIP1 both suppresses cell death and promotes cell survival through activation of the NF-κB signaling.

Ferroptosis is a subtype of necrotic cell death determined by the intracellular accumulation of iron that catalyzes lipid peroxidation occurring in neoplastic cells and steatohepatitis (39). Hepatocytes are the primary site of the storage of iron and control the glucose and lipid concentration in the body, resulting in a strict association between liver damage and iron overload (40).

Pyroptosis is a gasdermin-mediated inflammatory response induced by intracellular pathogens and metabolic products, like the ATP released from damaged cell, which activate the inflammasome. The inflammasome is an intracellular multiprotein complex involved in the innate immune response and acts as a platform for the production of inflammatory IL-1β, IL-18, and gasdermin, a specific substrate of caspases 1, 4, 5, and 11 (while apoptosis activates caspase 3). Massive cell death by pyroptosis has been involved in HCC progression where the perpetuating stimulation of inflammation due to, e.g., chronic hepatotropic virus infection or alcohol-mediated liver damage creates a microenvironment that favors NASH and tumor growth (37). Induction of pyroptosis in the liver may also take place from stimuli occurring outside of the liver, e.g., the release of DAMPs due to ischemia/reperfusion of the kidney. Inflammasomes receptors include nucleotide-binding oligomerization domain-like receptor (NLR), IFN-inducible protein (AIM2, IFI16), and pyrin (41).

Overall, the intensity and type of insult decide the type of cell death, while the expression of specific proteins and enzymes (Table 1) regulates the process of specific type of death. Liver cancer development has been associated with different risk factors and carcinogenic mechanisms associated with liver cancer (42), leading to a wide tumor heterogeneity, resulting in the definition of diverse behaviors and prognosis of the tumor (43–45). Accordantly, it has been proposed that the consequent type of cell death may favor specific liver regeneration and chromosomic instability leading to different types of liver tumors. Indeed, apoptosis had been reported more associated with HCC differentiation of the malignancy while necroptotic cell death with cholangiocarcinoma development (46, 47). While HCC, the most predominant type of liver tumor, shows a solid, trabecular, and sometimes pseudo glandular growth pattern with a high density of tumor cells originating from hepatocytes, cholangiocarcinoma shows a ductular, papillary, or solid-type structure in a dense stromal tissue, originating from cholangiocytes, and tends to metastasize earlier (47).

The modern approach of immunotherapy in cancer treatment is based on the possibility to boost the host immune response. Cancer cells may induce immunosuppression and resistance to cell lysis by changing the sequence (immunoediting) and expression of the tumor antigens leading to a lower T-cell antigen recognition and by modulating the expression of immune ligand/receptors that induce immune tolerance and immunosuppression (48–53). In this context, modulation of cell death, with effects on immune tumor antigen expression and TME, could be a promising strategy for both tumor treatment and tumor recurrence in long-term immune memory.

Indeed, immunogenic cell death allows the release of specific tumor antigens and pro-inflammatory cytokines, exposes molecules associated with cell damage, DAMPs (49), and modifies the molecules involved in the expression of immune checkpoint, thus reducing immunosuppression and restoring the possible antitumor activity of immune cells.

The main DAMP molecules released during immunogenic cell death primarily depend on endoplasmic reticulum stress activated by ROS and are clustered in groups according to their location (53): calreticulin, HSP70, and HSP90 appear on the cell surface; uric acid, pro-inflammatory cytokines, and high-mobility group box 1 (HMGB1) protein are on the extracellular space; ATP, RNA, and DNA are passively released in the microenvironment following cell death. The release of such DAMPs contributed to the recruitment and maturation of antigen-presenting cells (APCs) in the TME, thus favoring the stimulation of the antitumor immune response, a typical feature of immunogenic cell death. DAMPs mainly act by mediating immunostimulatory effects via pattern recognition receptors (PRRs) as the TLRs. In particular, the release of ATP by dying cells enables the recruitment of APC; the APC interaction with calreticulin, HSP70, and HSP90 favors the phagocytosis of dying cells; and finally the presence of HMGB1 and pro-inflammatory cytokines in the extracellular space promotes the maturation of APCs and their cross-presentation capacity for an effective stimulation of antitumor T cells [reviewed in Galluzzi et al. (54)].Of note, locoregional treatments such as radiofrequency ablation with and without adjuvant chemotherapy have been shown to modulate the expression of HSP, resulting in targets for the development of new anticancer therapies as better explained in Immunological Implications of Locoregional Treatment, Surgical Devices and Surgical Trauma, and Combination of Different Therapeutic Strategies.

Numerous studies are ongoing to decipher the complexity of cell death programs to supply key molecular factors to decipher mechanisms sustaining differences in tumor development and modulate cell death under specific conditions. In particular, novel drugs targeting specifically necrosis to redirect the immune response in the TME are under study. Another important research topic is the development of a therapeutic algorithm that takes into consideration the best available treatment by combining the biological behavior of the tumor and the host antitumor immune response.

Particular attention had been paid in this review to reveal the impact of specific surgical interventions on the immune response in HCC.




Immune Cells and Liver Immunology

The hepatic environment is unique in that its sinusoidal cellular structure favors the extravasation of cells, including neoplastic ones, and for its specific ability to filter an enormous quantity of immune antigens from nutrients and bacteria from the gastrointestinal tract while still being tolerogenic to these molecules (55). It has been calculated that 30% of all circulating blood mass passes through the liver every minute; so, there is a continuous exchange of immunological information from various body districts.

Different cell populations are involved in the regulation of the immune homeostasis in the liver.

Kupffer cells, resident macrophages invading the Disse space, are the largest population of hepatic immune cells (28). There are two Kupffer subpopulations: the M1 CD68+ subset with phagocytic capacity and producing nitric oxide (NO) and ROS and the M2 CD11b+ subgroup that produces cytokines, like IL-10 and IL-12. Both subsets can modulate the growth of hepatocytes and produce DNA damage. In response to liver lesion, they produce an elevated level of chemokines like CCL2 and CXCL10 that recruit immune cells in the liver as needed for liver regeneration.

Dendritic cells are in the subcapsular space to protect the liver from bacteria, viruses, toxins, and metastasizing neoplastic cells arriving from the peritoneal cavity by capturing circulating antigens and presenting them to T cells (56). However, tumor cells produce chemokines and cytokines as CCL22 and TGF-β to recruit regulatory T cells (Treg) that impair this immune response, favoring HCC growth (57).

The function of granulocytes, neutrophils, and eosinophils arises from the gradient of chemokines that accumulate in blood vessels during liver damage, and they gather in the parenchyma of the liver without the need for adhesion molecules (58).

Lymphocytes activated in the liver are up to 65% cytolytic natural killer (NK) cells with a role against HCC and chronic hepatic infections (59), whereas B lymphocytes during an infection are organized in intraportal follicles surrounded by dendritic cells and T cells similar to the functional structure of the germinal center observed in lymph nodes, suggesting a similar function (production of IgM and memory B cells) in the liver (60).

The balance between the immunogenicity of the tumor cells and the function of the immune cells present in the microenvironment decides the host immune response against the tumor. Accumulation of genetic mutations and alterations of cell signaling in cancer cells influence tumor immunogenicity, including the expression of new antigens [tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs)]. However, environmental factors, e.g., pathogens, or age and stress, can affect the immune response to cancer, also causing resistance to immunotherapy, as the inhibition of immune checkpoints. During the development of HCC, cells expressing a high level of TAA could be removed by the host’s immune system (61); accordingly, the activity of CD8+ T cells against tumor cells was found to be higher in early-stage HCC than that in cases with an advanced stage. By the same way, it is now clear that a strong chronic antigen stimulation may induce immune cell anergy, exhaustion, and senescence, thus contributing to the failure to eradicate the tumor and bringing to an immunosuppressive microenvironment with anergic T cell in advanced-stage malignancy (62). Thus, tumor cell subclones showing few common driver mutations may become prevalent during tumor growth, contributing to a highly heterogeneous HCC population (63).  In line with this model, tumors with mismatch repair deficiency, carrying a high number of passenger mutations, were found to usually have the best response to immunotherapies (64). To increase the benefit of this therapeutic strategy, the TME should be changed to restore the host antitumor immunity. Based on the evaluation of immune cell types and the ratio present in the microenvironment further to the usual histological/molecular classification of HCC, a classification based on differences in the immunological structure of the microenvironment in HCC has been proposed (65). Indeed, by using multiplex immunohistochemistry enables a direct analysis of the immune microenvironment with histological information, HCC can be classified into three immunosubtypes such as Immune-high, Immune-mid, and Immune-low subtypes. Of note, the proposed immune subtypes displayed different prognoses and also perform well in predicting strategies for improving the efficacy of HCC immunotherapy, highlighting the necessity to take in consideration methylation and miRNAs as modulators of the complex immune response.



Immunological Implications of Hepatocellular Carcinoma Recurrence After Transplantation

As previously mentioned, the different types of cell death induce local inflammation with various intensities. Indeed, apoptosis usually evokes a minor inflammatory response compared to necrosis, necroptosis, and pyroptosis, which are characterized by a strong inflammatory environment due to the release of DAMPs. The inflammatory milieu can favor the recruitment of immune cells able to recognize and kill tumor cells but can also promote the release of tumorigenic factors (5). Thus, inflammation can be either beneficial or detrimental to the liver. Indeed, mild inflammatory responses can favor tissue repair and reestablishment of the homeostasis. On the contrary, excessive inflammation may imply a loss of hepatocytes, causing an irreversible liver damage with consequent fibrosis and possible carcinogenesis (66). Thus, the monitoring of the inflammation intensity, also at a systemic level, could be pivotal after local treatment for prognosis purposes. It is well accepted that systemic immune deregulation in inflamed liver could be evaluated by the Systemic Immune-Inflammation Index (SII), which is calculated by (N × P)/L, where N, P, and L represent neutrophil counts, platelet counts, and lymphocyte counts, respectively. The inflammatory pathway is associated with an increase of neutrophils that release elevated levels of inflammatory cytokines (67) and an increase of platelets that favor neoangiogenesis by the release of vascular endothelial growth factor (VEGF) and the activation and proliferation of lymphocytes (68). The test is easy to perform, but it must take into consideration that SII parameters are extremely influenced by many causes (e.g., gastrointestinal bleeding) also independent of HCC. Since inflammatory status in the liver is strictly related to cell death and immune alteration present in the TME as reported in earlier sections, SII has been proposed also to evaluate the immune perturbation happening locally in HCC.

The most important result has been obtained in the setting of liver transplantation where it has been observed that preoperative HCC-related immunosuppression may persist after liver transplantation, and this reduces not only the incidence of acute rejection (69, 70) but also HCC recurrence (71). In particular, a high level of neutrophils as a marker of necrotic cell death and high inflammatory response is associated with a high risk of HCC recurrence after transplantation (72).

In addition, the decision to treat patients with an inadequate response can be challenging, since the treatment of acute rejection with steroid that modulates the host immune response was found to increase the risk of HCC recurrence 18-fold (73). By converse, the inhibitors of the mammalian target of rapamycin (mTORi), e.g., everolimus and sirolimus, had shown a favorable effect in reducing the incidence of HCC recurrence compared to standard immunosuppressors (70, 74).

Today, transplantation research programs engage effort toward a scrupulous use of immunosuppressive strategies to protect the graft by keeping the host sufficiently competent in treating infections and neoplasms. The use of novel immune strategies, such as immune checkpoint inhibitors (ICIs), receptor T-cell engineering, and vaccines, other than the main immunosuppressants, is promising to ensure the therapeutic aim in the future.



Immunological Implications of Locoregional Treatment

Locoregional therapies for HCC can be offered with curative intent, with palliative intent when other radical options cannot be considered due to the extent or the severity of the disease, or with downstaging intent as a bridge for transplantation.

Local ablative strategies with curative intent are used to treat small tumors (<3 cm) in favorable positions, as tumors >3 cm are commonly prone to arterial embolization. Other strategies such as percutaneous ethanol injection (PEI), cryoablation, high-intensity focused ultrasound (HIFU), radioembolization [transarterial radioembolization (TARE)], and stereotactic body radiotherapy (SBRT) can also be employed as palliative or downstaging treatments (75–77).

Locoregional treatments induce different cellular damages depending on the strategy used: microwave and radiofrequencies cause thermal insults leading to necrosis, denaturation, and coagulation of tumor proteins, while cryoablation causes damage through formation of ice microcrystals in the intracellular organelles and the rupture of the cell membrane. Damage then leads to an inflammatory status with the appearance of pain, fever, vasodilation, and an increase of vascular permeability, while the necrotic cell debris may be a source of tumor antigens available for the stimulation of the immune system (78–80).

Temperature can influence the immune response, in particular, CD8+ cytotoxic T-cell proliferation and function were enhanced by using high temperature for short times probably through the alteration of the immune cell membrane (81–83). Moreover, it was shown that an insufficient thermoablative treatment may favor the growth and spread of HCC by favoring portal invasion and poor cell differentiation. Indeed, residual neoplastic cells can be stimulated to grow by neoangiogenetic factors like Hypoxia-inducible factor-1 (HIF-1) alpha and VEGF A released as a consequence of tissue hypoxia (84). Additionally, the protumorigenic environment resulting from a sublethal ablation may be reflected also at a systemic level due to the diffusion of cytokines in the serum. Indeed, experimental studies demonstrated that the growth of distant cancers was found related to the different parameters of ablation performed in the liver (85–89). The key immune modulators produced by damaged liver tissue after ablation are the HSPs, which are expressed as a defense against hyperthermia and may serve as a prognostic marker of ablation, although warranting further tests in clinical settings (90). Recent reports highlight the perspectives of targeting HSP as a future tool for cancer treatment, e.g., liposomes loaded with quercetin, an HSP inhibitor (91–93).

Thus, with advances in computational techniques and digital graphic approaches, locoregional ablation using hyperthermia has been developed to treat HCC as an effective approach and by the same way to reduce the immunosuppressive milieu of the microenvironment, also by developing adjuvant protocols able to reduce the expression of HSPs.

The same way that ablation may release specific tumor antigens from necrotic debris, experimental studies have been focused on the identification of immunogenic potential antigen(s) induced by ablation. Ficolin-3, a complement-activating protein produced by the FCN3 gene, has been one of the most promising both as a prognostic marker for ablation treatment efficacy in HCC and a potential target for immunotherapy (80, 94).



Surgical Devices and Surgical Trauma

Surgical device for HCC refers to the tissue cutting and coagulation of the parenchyma using high energy leading to tissue necrosis and warming hemostasis. The two most common energy devices used worldwide are bipolar vessel sealing systems and ultrasound (95). A third device combines both ultrasonically generated thermal energy and advanced bipolar energy to dissect and scrap the tissue with minimal thermal diffusion that produces highly localized heat compared to the other energy devices (more than 200°C compared to 100°C for electrosurgery).

The harmonic ultrasound scalpel, by using vibrational forces, dissects the tissue and seals the vessels generating water vapor from the cells, while the electric scalpel, by using electrical energy to smoke the tissue, produces burned debris and harmful chemicals (e.g., hydrogen cyanide, acetylene, and butadiene) that are potentially toxic. The limited thermal heat generated by the ultrasound scalpel also minimized the zone of thermal damage (does not exceed 80°C) compared to the electric scalpel (up to 500°C). Huang et al. (96) clearly proved a benefit in terms of disease-free survival in patients receiving ablation treatment with radiofrequency. The observed benefit appeared to be widely associated with a local and systemic immune regulation. They showed the infiltration and activation of the adaptive immune cells (APCs, macrophages, NK cells) in the tumor area with proliferation, activation, and survival of memory and CD8+ T cells and a reduction of inhibitory cytokines and an increase of antitumor cytokines in the peripheral blood. It is believed that the induced systemic antitumor immunity overcomes the challenges of micrometastases, which often escape tissue destruction. Then, in a mouse model, authors proved the effect of the tumor immune environment after ablation on distant tumors by demonstrating that the tumor-specific immune response induced by the combination of ablation and immunotherapy [anti-Programmed Cell Death Protein 1 (PD-1)] was stronger than anti-immune (anti-PD-1) or ablation alone (97).

Surgery, including liver transplantation, is the most efficient treatment for patients with >3 cm HCC lesion. However, the indication for transplantation is restricted to a few patients.

Surgical resection was found to generate an acute-phase response together with an extensive immune-inflammatory response and a strong immune-suppressive status that was not seen in less invasive procedures (98). Cytokine imbalance between inflammatory (i.e., IL-6, IL-8, IL-10, CCL2) and anti-inflammatory (IFN-γ) and a suppressed cellular immunity (NK, total lymphocytes, and dendritic cells) were observed after surgery, while an elevated neutrophil/lymphocyte ratio may persist for up to 6 months after surgery. In turn, the inflammatory status in the postoperative period influenced the HCC prognosis and may favor the formation of a premetastatic niche. Moreover, the hypoxia generated in the liver by surgery causes a stimulation of the parenchymal cells, which take part in angiogenesis and wound repair of the liver, but also causes a de-differentiation of the residual tumor cells with high metastatic ability and the release of inflammatory mediators.

Thus, it was reasoned that perioperative therapy aimed at minimizing the consequences of surgery-induced tissue hypoxia and inflammation could be beneficial to reduce tumor recurrence.



Combination of Different Therapeutic Strategies

There is growing evidence that surgical resection/ablation of the HCC lesion disrupts the host’s immune system, creating an immunosuppressive window for the expansion and escape of occult metastases and had a prognostic effect on disease-free survival time.

To reduce this window, the introduction of drugs able to modulate the systemic immune response in combination with thermal ablation, such as the combination of propranolol (β-adrenergic inhibitor) and etodolac (COX-2 inhibitor) to inhibit the release of surgery-induced catecholamines and prostaglandins, has been evaluated. Other approaches proposed are the use of prostaglandin inhibitors in combination with the PD-1 inhibitors to restore the cytolytic CD8+ T-cell function after surgery, the inactivation of the platelets to reduce the risk of prothrombotic events and cancer metastasis, and the administration of dendritic/virus-based vaccination before perioperative surgical resection (99–101).

A new promising approach for HCC treatment is the irreversible electrochemotherapy that is a non-thermal ablative method based on the delivery of short high-power electric pulses between two electrodes inducing pores across the cell membrane and consequent apoptosis (102). This strategy combines a single dose of either bleomycin or cisplatin with irreversible electroporation, causing a significant increase in the cytotoxic effect. Treatment with irreversible electrochemotherapy of 75 HCC nodules in 58 patients who were not eligible for thermal ablation provided complete ablation rates of 77.3%, 89.3%, and 92% after one, two, and three procedures, respectively (103). In the treated patients, the 12-month overall tumor progression-free survival was 70%. Electrochemotherapy, similarly to other ablative treatments, likely elicits a local immune response against HCC tumor antigens and may boost adjuvant immunotherapy with ICIs or cytokines to achieve a long-lasting anticancer response (104). Noteworthily, the promising introduction of ICI in the treatment of advanced HCC showed a higher efficacy in case of viral etiologies compared to non-viral-related tumors by virtue of the increased immunogenicity of virus-derived neopeptides. Conversely, NASH-related HCC appeared less responsive to ICIs due to the presence of a dysfunctional infiltration of CD8+PD1+ T cells probably induced by the obesity-caused metabolic changes within the TME [reviewed in Haber et al. (2)]. Finally, several other immunotherapeutic treatments have been proposed as adjuvant therapy in HCC after local treatment, bringing different results (2). Immunotherapy with cytokine-induced killer (CIK) cells improved survival of HCC patients already treated with percutaneous ethanol injection, radiofrequency ablation, or surgical resection without worsening adverse events (105). On the contrary, the adjuvant employment of IFN-α after resection did not demonstrate a survival advantage (106, 107).



Discussion

The locoregional thermal ablative treatment of HCC causes many local and systemic phenomena able to change the response to treatment and the patient’s prognosis; different strategies that affect the modulation of T lymphocytes could represent a promising approach.

A difference in the immune response according to the technique used for ablation and surgical resection has been proven independently of the patient’s genetic background. The treatment of HCC is currently based on the size, location, and severity of the disease, but as evaluated in this review, other variables, such as the immune response, could be also taken in consideration in the future, as they can imply a better response and survival prognosis. Although a diagnostic therapeutic diagram including immune variables has not yet been elaborated, several therapeutic strategies combining resection and immune modulation, associated with the type of tumor cell death, are currently under evaluation for advanced-stage HCC. At the same time, the pathogenesis underlying the different HCC subtypes could better define which type of immunosuppressive microenvironment is associated with disease recurrence, thus favoring the identification of the best combination treatment among all surgical and pharmacological options. The systemic inflammatory response could be also an important target for further studies as a potential source of key prognostic factors and targets for adjuvant treatments.

The study of the modulation of the immune response using thermal stimuli in combination with drugs and/or surgical procedures has just begun. However, the debate on this issue with the proposal of possible personalized treatments that combine the specific immune status of each patient to obtain a better therapeutic efficacy seems promising.



Author Contributions

VD and ARS conceived the study and drafted the manuscript. ARG, EM, VR, MT, AZ, and AU reviewed the entire manuscript and coordinated the work to provide a comprehensive overview of the multiple aspects taken into account in the review. All authors read and approved the final manuscript.



Funding

This work was supported by the Italian Ministry of Health (Ricerca Corrente).



References

1. Llovet, JM, Brú, C, and Bruix, J. Prognosis of Hepatocellular Carcinoma: The BCLC Staging Classification. Semin Liver Dis (1999) 19:329–38. doi: 10.1055/s-2007-1007122

2. Haber, PK, Puigvehi, M, Castet, F, Lourdusamy, V, Montal, R, Tabrizian, P, et al. Evidence-Based Management of Hepatocellular Carcinoma: Systematic Review and Meta-Analysis of Randomized Controlled Trials (2002-2020). Gastroenterology (2021) 161:879–98. doi: 10.1053/j.gastro.2021.06.008

3. Galluzzi, L, Vitale, I, Abrams, JM, Alnemri, ES, Baehrecke, EH, Blagosklonny, MV, et al. Molecular Definitions of Cell Death Subroutines: Recommendations of the Nomenclature Committee on Cell Death 2012. Cell Death Differ (2012) 19:107–20. doi: 10.1038/cdd.2011.96

4. Casares, N, Pequignot, MO, Tesniere, A, Ghiringhelli, F, Roux, S, Chaput, N, et al. Caspase-Dependent Immunogenicity of Doxorubicin-Induced Tumor Cell Death. J Exp Med (2005) 202:1691–701. doi: 10.1084/jem.20050915

5. Green, DR, Ferguson, T, Zitvogel, L, and Kroemer, G. Immunogenic and Tolerogenic Cell Death. Nat Rev Immunol (2009) 9:353–63. doi: 10.1038/nri2545

6. Marquardt, JU, and Edlich, F. Predisposition to Apoptosis in Hepatocellular Carcinoma: From Mechanistic Insights to Therapeutic Strategies. Front Oncol (2019) 9:1421. doi: 10.3389/fonc.2019.01421

7. Czauderna, C, Castven, D, Mahn, FL, and Marquardt, JU. Context-Dependent Role of NF-κb Signaling in Primary Liver Cancer-From Tumor Development to Therapeutic Implications. Cancers (Basel) (2019) 11:1053. doi: 10.3390/cancers11081053

8. Refolo, MG, Messa, C, Guerra, V, Carr, BI, and D’Alessandro, R. Inflammatory Mechanisms of HCC Development. Cancers (Basel) (2020) 12:641. doi: 10.3390/cancers12030641

9. Zappavigna, S, Cossu, AM, Grimaldi, A, Bocchetti, M, Ferraro, GA, Nicoletti, GF, et al. Anti-Inflammatory Drugs as Anticancer Agents. Int J Mol Sci (2020) 21:2605. doi: 10.3390/ijms21072605

10. Maeng, HJ, Song, J-H, Kim, G-T, Song, Y-J, Lee, K, Kim, J-Y, et al. Celecoxib-Mediated Activation of Endoplasmic Reticulum Stress Induces De Novo Ceramide Biosynthesis and Apoptosis in Hepatoma HepG2 Cells Mobilization. BMB Rep (2017) 50:144–9. doi: 10.5483/bmbrep.2017.50.3.197

11. Zhao, YG, and Zhang, H. Autophagosome Maturation: An Epic Journey From the ER to Lysosomes. J Cell Biol (2019) 218:757–70. doi: 10.1083/jcb.201810099

12. Münz, C. Canonical and Non-Canonical Functions of the Autophagy Machinery in MHC Restricted Antigen Presentation. Front Immunol (2022) 13:868888. doi: 10.3389/fimmu.2022.868888

13. Pavlides, S, Whitaker-Menezes, D, Castello-Cros, R, Flomenberg, N, Witkiewicz, AK, Frank, PG, et al. The Reverse Warburg Effect: Aerobic Glycolysis in Cancer Associated Fibroblasts and the Tumor Stroma. Cell Cycle (2009) 8:3984–4001. doi: 10.4161/cc.8.23.10238

14. de la Cruz-López, KG, Castro-Muñoz, LJ, Reyes-Hernández, DO, García-Carrancá, A, and Manzo-Merino, J. Lactate in the Regulation of Tumor Microenvironment and Therapeutic Approaches. Front Oncol (2019) 9:1143 [Accessed June 2. doi: 10.3389/fonc.2019.01143

15. Folkerts, H, Hilgendorf, S, Vellenga, E, Bremer, E, and Wiersma, VR. The Multifaceted Role of Autophagy in Cancer and the Microenvironment. Med Res Rev (2019) 39:517–60. doi: 10.1002/med.21531

16. García-Navas, R, Munder, M, and Mollinedo, F. Depletion of L-Arginine Induces Autophagy as a Cytoprotective Response to Endoplasmic Reticulum Stress in Human T Lymphocytes. Autophagy (2012) 8:1557–76. doi: 10.4161/auto.21315

17. Park, E, and Chung, SW. ROS-Mediated Autophagy Increases Intracellular Iron Levels and Ferroptosis by Ferritin and Transferrin Receptor Regulation. Cell Death Dis (2019) 10:822. doi: 10.1038/s41419-019-2064-5

18. Pang, Y, Wu, L, Tang, C, Wang, H, and Wei, Y. Autophagy-Inflammation Interplay During Infection: Balancing Pathogen Clearance and Host Inflammation. Front Pharmacol (2022) 13:832750. doi: 10.3389/fphar.2022.832750

19. Choi, Y, Bowman, JW, and Jung, JU. Autophagy During Viral Infection - A Double-Edged Sword. Nat Rev Microbiol (2018) 16:341–54. doi: 10.1038/s41579-018-0003-6

20. Jackson, WT. Viruses and the Autophagy Pathway. Virology (2015) 479–480:450–6. doi: 10.1016/j.virol.2015.03.042

21. Jassey, A, Liu, C-H, Changou, CA, Richardson, CD, Hsu, H-Y, and Lin, L-T. Hepatitis C Virus Non-Structural Protein 5a (NS5A) Disrupts Mitochondrial Dynamics and Induces Mitophagy. Cells (2019) 8:290. doi: 10.3390/cells8040290

22. Ma, X, McKeen, T, Zhang, J, and Ding, W-X. Role and Mechanisms of Mitophagy in Liver Diseases. Cells (2020) 9:837. doi: 10.3390/cells9040837

23. Lin, Y, Wu, C, Wang, X, Kemper, T, Squire, A, Gunzer, M, et al. Hepatitis B Virus is Degraded by Autophagosome-Lysosome Fusion Mediated by Rab7 and Related Components. Protein Cell (2019) 10:60–6. doi: 10.1007/s13238-018-0555-2

24. Jones-Jamtgaard, KN, Wozniak, AL, Koga, H, Ralston, R, and Weinman, SA. Hepatitis C Virus Infection Increases Autophagosome Stability by Suppressing Lysosomal Fusion Through an Arl8b-Dependent Mechanism. J Biol Chem (2019) 294:14257–66. doi: 10.1074/jbc.RA119.008229

25. Friedman, SL, Neuschwander-Tetri, BA, Rinella, M, and Sanyal, AJ. Mechanisms of NAFLD Development and Therapeutic Strategies. Nat Med (2018) 24:908–22. doi: 10.1038/s41591-018-0104-9

26. Cao, Y, Mai, W, Li, R, Deng, S, Li, L, Zhou, Y, et al. Macrophages Evoke Autophagy of Hepatic Stellate Cells to Promote Liver Fibrosis in NAFLD Mice via the PGE2/EP4 Pathway. Cell Mol Life Sci (2022) 79:303. doi: 10.1007/s00018-022-04319-w

27. Nazio, F, Bordi, M, Cianfanelli, V, Locatelli, F, and Cecconi, F. Autophagy and Cancer Stem Cells: Molecular Mechanisms and Therapeutic Applications. Cell Death Differ (2019) 26:690–702. doi: 10.1038/s41418-019-0292-y

28. Chen, S, Wang, W, Tan, H-Y, Lu, Y, Li, Z, Qu, Y, et al. Role of Autophagy in the Maintenance of Stemness in Adult Stem Cells: A Disease-Relevant Mechanism of Action. Front Cell Dev Biol (2021) 9:715200 [Accessed June 3. doi: 10.3389/fcell.2021.715200

29. Buzun, K, Gornowicz, A, Lesyk, R, Bielawski, K, and Bielawska, A. Autophagy Modulators in Cancer Therapy. Int J Mol Sci (2021) 22:5804. doi: 10.3390/ijms22115804

30. Gao, Y, Zhou, Z, Zhang, T, Xue, S, Li, K, and Jiang, J. Structure-Based Virtual Screening Towards the Discovery of Novel ULK1 Inhibitors With Anti-HCC Activities. Molecules (2022) 27:2627. doi: 10.3390/molecules27092627

31. Kroemer, G, Galluzzi, L, Vandenabeele, P, Abrams, J, Alnemri, ES, Baehrecke, EH, et al. Classification of Cell Death: Recommendations of the Nomenclature Committee on Cell Death 2009. Cell Death Differ (2009) 16:3–11. doi: 10.1038/cdd.2008.150

32. Holler, N, Zaru, R, Micheau, O, Thome, M, Attinger, A, Valitutti, S, et al. Fas Triggers an Alternative, Caspase-8-Independent Cell Death Pathway Using the Kinase RIP as Effector Molecule. Nat Immunol (2000) 1:489–95. doi: 10.1038/82732

33. Guicciardi, ME, Malhi, H, Mott, JL, and Gores, GJ. Apoptosis and Necrosis in the Liver. Compr Physiol (2013) 3:977–1010. doi: 10.1002/cphy.c120020

34. Wang, T, Jin, Y, Yang, W, Zhang, L, Jin, X, Liu, X, et al. Necroptosis in Cancer: An Angel or a Demon? Tumor Biol (2017) 39:1–11. doi: 10.1177/1010428317711539

35. Bertheloot, D, Latz, E, and Franklin, BS. Necroptosis, Pyroptosis and Apoptosis: An Intricate Game of Cell Death. Cell Mol Immunol (2021) 18:1106–21. doi: 10.1038/s41423-020-00630-3

36. Luedde, T, Kaplowitz, N, and Schwabe, RF. Cell Death and Cell Death Responses in Liver Disease: Mechanisms and Clinical Relevance. Gastroenterology (2014) 147:765–U110. doi: 10.1053/j.gastro.2014.07.018

37. Schwabe, RF, and Luedde, T. Apoptosis and Necroptosis in the Liver: A Matter of Life and Death. Nat Rev Gastroenterol Hepatol (2018) 15:738–52. doi: 10.1038/s41575-018-0065-y

38. Chen, D, Yu, J, and Zhang, L. Necroptosis: An Alternative Cell Death Program Defending Against Cancer. Biochim Biophys Acta-Rev Cancer (2016) 1865:228–36. doi: 10.1016/j.bbcan.2016.03.003

39. Tsurusaki, S, Tsuchiya, Y, Koumura, T, Nakasone, M, Sakamoto, T, Matsuoka, M, et al. Hepatic Ferroptosis Plays an Important Role as the Trigger for Initiating Inflammation in Nonalcoholic Steatohepatitis. Cell Death Dis (2019) 10:449. doi: 10.1038/s41419-019-1678-y

40. Macías-Rodríguez, RU, Inzaugarat, ME, Ruiz-Margáin, A, Nelson, LJ, Trautwein, C, and Cubero, FJ. Reclassifying Hepatic Cell Death During Liver Damage: Ferroptosis-A Novel Form of Non-Apoptotic Cell Death? Int J Mol Sci (2020) 21:E1651. doi: 10.3390/ijms21051651

41. Broz, P, and Dixit, VM. Inflammasomes: Mechanism of Assembly, Regulation and Signalling. Nat Rev Immunol (2016) 16:407–20. doi: 10.1038/nri.2016.58

42. Rossetto, A, De Re, V, Steffan, A, Ravaioli, M, Miolo, G, Leone, P, et al. Carcinogenesis and Metastasis in Liver: Cell Physiological Basis. Cancers (2019) 11:1731. doi: 10.3390/cancers11111731

43. Zheng, H, Pomyen, Y, Hernandez, MO, Li, C, Livak, F, Tang, W, et al. Single-Cell Analysis Reveals Cancer Stem Cell Heterogeneity in Hepatocellular Carcinoma. Hepatology (2018) 68:127–40. doi: 10.1002/hep.29778

44. Zucman-Rossi, J, Villanueva, A, Nault, J-C, and Llovet, JM. Genetic Landscape and Biomarkers of Hepatocellular Carcinoma. Gastroenterology (2015) 149:1226. doi: 10.1053/j.gastro.2015.05.061

45. Rebouissou, S, and Nault, J-C. Advances in Molecular Classification and Precision Oncology in Hepatocellular Carcinoma. J Hepatol (2020) 72:215–29. doi: 10.1016/j.jhep.2019.08.017

46. Seehawer, M, Heinzmann, F, D’Artista, L, Harbig, J, Roux, P-F, Hoenicke, L, et al. Necroptosis Microenvironment Directs Lineage Commitment in Liver Cancer. Nature (2018) 562:69. doi: 10.1038/s41586-018-0519-y

47. Adam, D. Bad Neighborhoods: Apoptotic and Necroptotic Microenvironments Determine Liver Cancer Subtypes. Hepatobil Surg Nutr (2019) 8:404–6. doi: 10.21037/hbsn.2019.03.20

48. Cheng, D, Chai, J, Wang, H, Fu, L, Peng, S, and Ni, X. Hepatic Macrophages: Key Players in the Development and Progression of Liver Fibrosis. Liver Int (2021) 41:2279–94. doi: 10.1111/liv.14940

49. Gong, T, Liu, L, Jiang, W, and Zhou, R. DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat Rev Immunol (2020) 20:95–112. doi: 10.1038/s41577-019-0215-7

50. Liu, Z, Zhang, Y, Shi, C, Zhou, X, Xu, K, Jiao, D, et al. A Novel Immune Classification Reveals Distinct Immune Escape Mechanism and Genomic Alterations: Implications for Immunotherapy in Hepatocellular Carcinoma. J Transl Med (2021) 19:5. doi: 10.1186/s12967-020-02697-y

51. Shimada, S, Mogushi, K, Akiyama, Y, Furuyama, T, Watanabe, S, Ogura, T, et al. Comprehensive Molecular and Immunological Characterization of Hepatocellular Carcinoma. EBioMedicine (2019) 40:457–70. doi: 10.1016/j.ebiom.2018.12.058

52. Zheng, C, Zheng, L, Yoo, J-K, Guo, H, Zhang, Y, Guo, X, et al. Landscape of Infiltrating T Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell (2017) 169:1342. doi: 10.1016/j.cell.2017.05.035

53. Freitas-Lopes, MA, Mafra, K, David, BA, Carvalho-Gontijo, R, and Menezes, GB. Differential Location and Distribution of Hepatic Immune Cells. Cells (2017) 6:48. doi: 10.3390/cells6040048

54. Galluzzi, L, Vitale, I, Warren, S, Adjemian, S, Agostinis, P, Buque Martinez, A, et al. Consensus Guidelines for the Definition, Detection and Interpretation of Immunogenic Cell Death. J Immunother Cancer (2020) 8:e000337. doi: 10.1136/jitc-2019-000337

55. Robinson, MW, Harmon, C, and O’Farrelly, C. Liver Immunology and its Role in Inflammation and Homeostasis. Cell Mol Immunol (2016) 13:267–76. doi: 10.1038/cmi.2016.3

56. David, BA, Rezende, RM, Antunes, MM, Santos, MM, Freitas Lopes, MA, Diniz, AB, et al. Combination of Mass Cytometry and Imaging Analysis Reveals Origin, Location, and Functional Repopulation of Liver Myeloid Cells in Mice. Gastroenterology (2016) 151:1176–91. doi: 10.1053/j.gastro.2016.08.024

57. Fu, J, Xu, D, Liu, Z, Shi, M, Zhao, P, Fu, B, et al. Increased Regulatory T Cells Correlate With CD8 T-Cell Impairment and Poor Survival in Hepatocellular Carcinoma Patients. Gastroenterology (2007) 132:2328–39. doi: 10.1053/j.gastro.2007.03.102

58. Chen, GY, and Nuñez, G. Sterile Inflammation: Sensing and Reacting to Damage. Nat Rev Immunol (2010) 10:826–37. doi: 10.1038/nri2873

59. Vivier, E, Artis, D, Colonna, M, Diefenbach, A, Di Santo, JP, Eberl, G, et al. Innate Lymphoid Cells: 10 Years on. Cell (2018) 174:1054–66. doi: 10.1016/j.cell.2018.07.017

60. Sansonno, D, Lauletta, G, De Re, V, Tucci, FA, Gatti, P, Racanelli, V, et al. Intrahepatic B Cell Clonal Expansions and Extrahepatic Manifestations of Chronic HCV Infection. Eur J Immunol (2004) 34:126–36. doi: 10.1002/eji.200324328

61. van der Leun, AM, Thommen, DS, and Schumacher, TN. CD8+ T Cell States in Human Cancer: Insights From Single-Cell Analysis. Nat Rev Cancer (2020) 20:218–32. doi: 10.1038/s41568-019-0235-4

62. Schietinger, A, and Greenberg, PD. Tolerance and Exhaustion: Defining Mechanisms of T Cell Dysfunction. Trends Immunol (2014) 35:51–60. doi: 10.1016/j.it.2013.10.001

63. Zhang, Q, Lou, Y, Bai, X-L, and Liang, T-B. Intratumoral Heterogeneity of Hepatocellular Carcinoma: From Single-Cell to Population-Based Studies. World J Gastroenterol (2020) 26:3720–36. doi: 10.3748/wjg.v26.i26.3720

64. Zhao, P, Li, L, Jiang, X, and Li, Q. Mismatch Repair Deficiency/Microsatellite Instability-High as a Predictor for Anti-PD-1/PD-L1 Immunotherapy Efficacy. J Hematol Oncol (2019) 12:54. doi: 10.1186/s13045-019-0738-1

65. Kurebayashi, Y, Ojima, H, Tsujikawa, H, Kubota, N, Maehara, J, Abe, Y, et al. Landscape of Immune Microenvironment in Hepatocellular Carcinoma and its Additional Impact on Histological and Molecular Classification: KUREBAYASHI ET AL. Hepatology (2018) 68:1025–41. doi: 10.1002/hep.29904

66. Brenner, C, Galluzzi, L, Kepp, O, and Kroemer, G. Decoding Cell Death Signals in Liver Inflammation. J Hepatol (2013) 59:583–94. doi: 10.1016/j.jhep.2013.03.033

67. Arvanitakis, K, Mitroulis, I, and Germanidis, G. Tumor-Associated Neutrophils in Hepatocellular Carcinoma Pathogenesis, Prognosis, and Therapy. Cancers (Basel) (2021) 13:2899. doi: 10.3390/cancers13122899

68. Pavlović, N, Kopsida, M, Gerwins, P, and Heindryckx, F. Activated Platelets Contribute to the Progression of Hepatocellular Carcinoma by Altering the Tumor Environment. Life Sci (2021) 277:119612. doi: 10.1016/j.lfs.2021.119612

69. Guel-Klein, S, Kaestner, A, Haber, PK, Krenzien, F, Wabitsch, S, Krannich, A, et al. Recurrence of Hepatocellular Carcinoma After Liver Transplantation is Associated With Episodes of Acute Rejections. J HEPATOCELL CARCINOMA (2021) 8:133–43. doi: 10.2147/JHC.S292010

70. Cescon, M, Bertuzzo, VR, Ercolani, G, Ravaioli, M, Odaldi, F, and Pinna, AD. Liver Transplantation for Hepatocellular Carcinoma: Role of Inflammatory and Immunological State on Recurrence and Prognosis. World J Gastroenterol (2013) 19:9174–82. doi: 10.3748/wjg.v19.i48.9174

71. Amado, V, Rodriguez-Peralvarez, M, Ferrin, G, and de la Mata, M. Selecting Patients With Hepatocellular Carcinoma for Liver Transplantation: Incorporating Tumor Biology Criteria. J HEPATOCELL CARCINOMA (2019) 6:1–10. doi: 10.2147/JHC.S174549

72. Motomura, T, Shirabe, K, Mano, Y, Muto, J, Toshima, T, Umemoto, Y, et al. Neutrophil-Lymphocyte Ratio Reflects Hepatocellular Carcinoma Recurrence After Liver Transplantation via Inflammatory Microenvironment. J Hepatol (2013) 58:58–64. doi: 10.1016/j.jhep.2012.08.017

73. Lai, Q, Iesari, S, Finkenstedt, A, Hoppe-Lotichius, M, Foguenne, M, Lehner, K, et al. Hepatocellular Carcinoma Recurrence After Acute Liver Allograft Rejection Treatment: A Multicenter European Experience. Hepatob Pancreatic Dis Int (2019) 18:517–24. doi: 10.1016/j.hbpd.2019.05.006

74. Schnitzbauer, AA, Zuelke, C, Graeb, C, Rochon, J, Bilbao, I, Burra, P, et al. A Prospective Randomised, Open-Labeled, Trial Comparing Sirolimus-Containing Versus mTOR-Inhibitor-Free Immunosuppression in Patients Undergoing Liver Transplantation for Hepatocellular Carcinoma. BMC Cancer (2010) 10:190. doi: 10.1186/1471-2407-10-190

75. Greten, TF, Mauda-Havakuk, M, Heinrich, B, Korangy, F, and Wood, BJ. Combined Locoregional-Immunotherapy for Liver Cancer. J Hepatol (2019) 70:999–1007. doi: 10.1016/j.jhep.2019.01.027

76. Makary, MS, Khandpur, U, Cloyd, JM, Mumtaz, K, and Dowell, JD. Locoregional Therapy Approaches for Hepatocellular Carcinoma: Recent Advances and Management Strategies. Cancers (2020) 12:1914. doi: 10.3390/cancers12071914

77. Makary, MS, Ramsell, S, Miller, E, Beal, EW, and Dowell, JD. Hepatocellular Carcinoma Locoregional Therapies: Outcomes and Future Horizons. World J Gastroenterol (2021) 27:7462–79. doi: 10.3748/wjg.v27.i43.7462

78. den Brok, M, Sutmuller, RPM, van der Voort, R, Bennink, EJ, Figdor, CG, Ruers, TJM, et al. In Situ Tumor Ablation Creates an Antigen Source for the Generation of Antitumor Immunity. Cancer Res (2004) 64:4024–9. doi: 10.1158/0008-5472.CAN-03-3949

79. Mizukoshi, E, Yamashita, T, Arai, K, Sunagozaka, H, Ueda, T, Arihara, F, et al. Enhancement of Tumor-Associated Antigen-Specific T Cell Responses by Radiofrequency Ablation of Hepatocellular Carcinoma. Hepatology (2013) 57:1448–57. doi: 10.1002/hep.26153

80. Shen, S, Peng, H, Wang, Y, Xu, M, Lin, M, Xie, X, et al. Screening for Immune-Potentiating Antigens From Hepatocellular Carcinoma Patients After Radiofrequency Ablation by Serum Proteomic Analysis. BMC Cancer (2018) 18:117. doi: 10.1186/s12885-018-4011-8

81. van den Bijgaart, RJE, Eikelenboom, DC, Hoogenboom, M, Futterer, JJ, den Brok, MH, and Adema, GJ. Thermal and Mechanical High-Intensity Focused Ultrasound: Perspectives on Tumor Ablation, Immune Effects and Combination Strategies. Cancer Immunol Immunother (2017) 66:247–58. doi: 10.1007/s00262-016-1891-9

82. Chu, KF, and Dupuy, DE. Thermal Ablation of Tumours: Biological Mechanisms and Advances in Therapy. Nat Rev Cancer (2014) 14:199–208. doi: 10.1038/nrc3672

83. Haen, SP, Pereira, PL, Salih, HR, Rammensee, H-G, and Gouttefangeas, C. More Than Just Tumor Destruction: Immunomodulation by Thermal Ablation of Cancer. Clin Dev Immunol (2011) 2011:160250. doi: 10.1155/2011/160250

84. Guo, Y, Xiao, Z, Yang, L, Gao, Y, Zhu, Q, Hu, L, et al. Hypoxia-Inducible Factors in Hepatocellular Carcinoma. Oncol Rep (2020) 43:3–15. doi: 10.3892/or.2019.7397

85. Zhou, Y, Xu, X, Ding, J, Jing, X, Wang, F, Wang, Y, et al. Dynamic Changes of T-Cell Subsets and Their Relation With Tumor Recurrence After Microwave Ablation in Patients With Hepatocellular Carcinoma. J Canc Res Ther (2018) 14:40–5. doi: 10.4103/jcrt.JCRT_775_17

86. Izzo, F, Granata, V, Grassi, R, Fusco, R, Palaia, R, Delrio, P, et al. Radiofrequency Ablation and Microwave Ablation in Liver Tumors: An Update. Oncologist (2019) 24:E990–E1005. doi: 10.1634/theoncologist.2018-0337

87. Velez, E, Goldberg, SN, Kumar, G, Wang, Y, Gourevitch, S, Sosna, J, et al. Hepatic Thermal Ablation: Effect of Device and Heating Parameters on Local Tissue Reactions and Distant Tumor Growth. Radiology (2016) 281:782–92. doi: 10.1148/radiol.2016152241

88. Erinjeri, JP, Thomas, CT, Samoilia, A, Fleisher, M, Gonen, M, Sofocleous, CT, et al. Image-Guided Thermal Ablation of Tumors Increases the Plasma Level of Interleukin-6 and Interleukin-10. J Vasc Interv Radiol (2013) 24:1105–12. doi: 10.1016/j.jvir.2013.02.015

89. Abreu de Carvalho, LF, Logghe, B, Van Cleven, S, Vanlander, A, Moura Ribeiro, S, Geboes, K, et al. Local Control of Hepatocellular Carcinoma and Colorectal Liver Metastases After Surgical Microwave Ablation Without Concomitant Hepatectomy. Langenbecks Arch Surg (2021) 406:2749–57. doi: 10.1007/s00423-021-02219-4

90. Douglas, WG, Wang, Y, Gibbs, JF, Tracy, E, Kuvshinoff, B, Huntoon, K, et al. Proinflammatory Cytokines Increase Hepatocellular Carcinoma Cells Thermotolerance: Evidence of How Local Inflammation May Negatively Impact Radiofrequency Ablation Local Control Rates. J Surg Res (2008) 150:118–24. doi: 10.1016/j.jss.2007.09.012

91. Narayanankutty, V, Narayanankutty, A, and Nair, A. Heat Shock Proteins (HSPs): A Novel Target for Cancer Metastasis Prevention. Curr Drug Targets (2019) 20:727–37. doi: 10.2174/1389450120666181211111815

92. Meng, Q, Li, BX, and Xiao, X. Toward Developing Chemical Modulators of Hsp60 as Potential Therapeutics. Front Mol Biosci (2018) 5:35. doi: 10.3389/fmolb.2018.00035

93. Pradhan, A, Kumari, A, Srivastava, R, and Panda, D. Quercetin Encapsulated Biodegradable Plasmonic Nanoparticles for Photothermal Therapy of Hepatocellular Carcinoma Cells. ACS Appl Bio Mater (2019) 2:5727–38. doi: 10.1021/acsabm.9b00764

94. Kaur, H, Dhall, A, Kumar, R, and Raghava, GPS. Identification of Platform-Independent Diagnostic Biomarker Panel for Hepatocellular Carcinoma Using Large-Scale Transcriptomics Data. Front Genet (2020) 10:1306 [Accessed February 27. doi: 10.3389/fgene.2019.01306

95. Jayant, K, Sodergren, MH, Reccia, I, Kusano, T, Zacharoulis, D, Spalding, D, et al. A Systematic Review and Meta-Analysis Comparing Liver Resection With the Rf-Based Device Habib (TM)-4X With the Clamp-Crush Technique. Cancers (2018) 10:428. doi: 10.3390/cancers10110428

96. Huang, KW, Jayant, K, Lee, P-H, Yang, P-C, Hsiao, C-Y, Habib, N, et al. Positive Immuno-Modulation Following Radiofrequency Assisted Liver Resection in Hepatocellular Carcinoma. J Clin Med (2019) 8:E385. doi: 10.3390/jcm8030385

97. Huang, S, Li, T, Chen, Y, Liu, J, Wang, Y, Yang, C, et al. Microwave Ablation Combined With Anti-PD-1 Therapy Enhances Systemic Antitumor Immunity in a Multitumor Murine Model of Hepa1-6. Int J Hyperther (2022) 39:278–86. doi: 10.1080/02656736.2022.2032406

98. Tang, F, Tie, Y, Tu, C, and Wei, X. Surgical Trauma-Induced Immunosuppression in Cancer: Recent Advances and the Potential Therapies. Clin Transl Med (2020) 10:199–223. doi: 10.1002/ctm2.24

99. Llovet, JM, De Baere, T, Kulik, L, Haber, PK, Greten, TF, Meyer, T, et al. Locoregional Therapies in the Era of Molecular and Immune Treatments for Hepatocellular Carcinoma. Nat Rev Gastroenterol Hepatol (2021) 18:293–313. doi: 10.1038/s41575-020-00395-0

100. Duffy, AG, Ulahannan, SV, Makorova-Rusher, O, Rahma, O, Wedemeyer, H, Pratt, D, et al. Tremelimumab in Combination With Ablation in Patients With Advanced Hepatocellular Carcinoma. J Hepatol (2017) 66:545–51. doi: 10.1016/j.jhep.2016.10.029

101. Wang, K, Wang, C, Jiang, H, Zhang, Y, Lin, W, Mo, J, et al. Combination of Ablation and Immunotherapy for Hepatocellular Carcinoma: Where We Are and Where to Go. Front Immunol (2021) 12:792781. doi: 10.3389/fimmu.2021.792781

102. Seror, O. Ablative Therapies: Advantages and Disadvantages of Radiofrequency, Cryotherapy, Microwave and Electroporation Methods, or How to Choose the Right Method for an Individual Patient? Diagn Interv Imaging (2015) 96:617–24. doi: 10.1016/j.diii.2015.04.007

103. Sutter, O, Calvo, J, N’Kontchou, G, Nault, J-C, Ourabia, R, Nahon, P, et al. Safety and Efficacy of Irreversible Electroporation for the Treatment of Hepatocellular Carcinoma Not Amenable to Thermal Ablation Techniques: A Retrospective Single-Center Case Series. Radiology (2017) 284:877–86. doi: 10.1148/radiol.2017161413

104. Trotovšek, B, Djokić, M, Čemažar, M, and Serša, G. New Era of Electrochemotherapy in Treatment of Liver Tumors in Conjunction With Immunotherapies. World J Gastroenterol (2021) 27:8216–26. doi: 10.3748/wjg.v27.i48.8216

105. Lee, JH, Lee, J-H, Lim, Y-S, Yeon, JE, Song, T-J, Yu, SJ, et al. Adjuvant Immunotherapy With Autologous Cytokine-Induced Killer Cells for Hepatocellular Carcinoma. Gastroenterology (2015) 148:1383. doi: 10.1053/j.gastro.2015.02.055

106. Mazzaferro, V, Romito, R, Schiavo, M, Mariani, L, Camerini, T, Bhoori, S, et al. Prevention of Hepatocellular Carcinoma Recurrence With Alpha-Interferon After Liver Resection in HCV Cirrhosis. Hepatology (2006) 44:1543–54. doi: 10.1002/hep.21415

107. Chen, L-T, Chen, M-F, Li, L-A, Lee, P-H, Jeng, L-B, Lin, D-Y, et al. Long-Term Results of a Randomized, Observation-Controlled, Phase III Trial of Adjuvant Interferon Alfa-2b in Hepatocellular Carcinoma After Curative Resection. Ann Surg (2012) 255:8–17. doi: 10.1097/SLA.0b013e3182363ff9




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 De Re, Rossetto, Rosignoli, Muraro, Racanelli, Tornesello, Zompicchiatti and Uzzau. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided tlammatory drugs ahe original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2022.897703_cover.jpg
, frontiers ‘ Frontiers in Oncology

Hepatocellular Carcinoma Intrinsic
Cell Death Regulates Immune
Response and Prognosis





OEBPS/Images/fonc-12-897703-g002.jpg
FAS-L TNF-a

17

ubiquination
Non- biquination TLR3
TLRs
NF-kB signaling / / \ I
SURVIVAL Caspase-8 Caspase:8 inhibited ‘ /
& v
m phosphorilation
m cleavage
Strong immune response
* -y ' ‘ DAMPs
, , necroptosis PAMPs
silent” immunological environment — = 1 -> ' ‘ ROS
’ CYTOKINES

INFLAMMATION





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-897703-g001.jpg
NSAIDS
—

— ANTI-CANCER

DRUGS

Cytokines (IL-1, TNF-a)

DAMPs /" pathogens
DRs, TNF-aR, IL-1R TLR

NSAIDS |
(colecoxib,diclophenac) Ceramide I\

\ VY
/ /Sphingolipid

biosinthesis
‘\Stressed ER

Ny

»

Mcl-1 |~ NSAIDS

Bcl-X
Bcl 2 family

/

/ Inflammatory genes
p50 p65 (TNF-,, IL-6)
/ WUV -

‘ Immune cells

Hepatoma cells





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Hepatocellular Carcinoma Intrinsic Cell Death Regulates Immune Response and Prognosis

      

        		

          Introduction

        

          		

            Apoptosis

          



          		

            Autophagy

          



          		

            Necrosis

          



        



        



        		

          Immune Cells and Liver Immunology

        



        		

          Immunological Implications of Hepatocellular Carcinoma Recurrence After Transplantation

        



        		

          Immunological Implications of Locoregional Treatment

        



        		

          Surgical Devices and Surgical Trauma

        



        		

          Combination of Different Therapeutic Strategies

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Apoptosis

Autophagy

Necrosis

The primary trigger of cell death
Nucleus
Mitochondrial and cell swelling

Cytoplasmatic vacuoles
Caspase 3 activity

Caspase 1 activity

RIP kinase

Heat shock proteins
Phosphatidylserine

Cathepsin B, lysosomal activity
Loss of membrane integrity

Response

Trauma, aging, cellular stress, cell renewal,
inflammation, pathogens

Marked chromatin condensation,
programmed nuclear fragmentation

+, release cytochrome C, bcl2, and caspase
cascade

Minor change

Yes

No

No

Calreticulin

Yes

No

No loss integrity,apoptotic bodies

Anti- and pro-inflammatory

Nutrient deprivation, hypoxia
Minor change
+

Yes, organelle degradation
No

No

No

Yes

Yes

Yes

No loss integrity,autophagic
vacuoles

Anti-inflammatory

Trauma, infection, inflammation

Minor chromatin condensation, random nuclear
degradation

Yes, failure ATP production, ROS production,
AlF release

Swelling

No

Yes, the pyroptosis subtype

Yes

Yes

No

No

Yes, loss membrane integrity, inflammatory
and cytokine content release
Pro-inflammatory, affects neighboring cells

RIP, Receptor-interacting serine/threonine-protein kinase; bcl-2, antiapoptotic B-cell lymphoma 2; ATP, adenosine triphosphate; ROS, Reactive oxygen species; AlF, Apoptosis-Inducing

Factor.





