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Abstract: Alterations in cellular signaling, chronic inflammation, and tissue remodeling contribute to
hepatocellular carcinoma (HCC) development. The release of damage-associated molecular patterns
(DAMPs) upon tissue injury and the ensuing sterile inflammation have also been attributed a role in
HCC pathogenesis. Cargoes of extracellular vesicles (EVs) and/or EVs themselves have been listed
among circulating DAMPs but only partially investigated in HCC. Mitochondria-derived vesicles
(MDVs), a subpopulation of EVs, are another missing link in the comprehension of the molecular
mechanisms underlying the onset and progression of HCC biology. EVs have been involved in HCC
growth, dissemination, angiogenesis, and immunosurveillance escape. The contribution of MDVs
to these processes is presently unclear. Pyroptosis triggers systemic inflammation through caspase-
dependent apoptotic cell death and is implicated in tumor immunity. The analysis of this process,
together with MDV characterization, may help capture the relationship among HCC development,
mitochondrial quality control, and inflammation. The combination of immune checkpoint inhibitors
(i.e., atezolizumab and bevacizumab) has been approved as a synergistic first-line systemic treatment
for unresectable or advanced HCC. The lack of biomarkers that may allow prediction of treatment
response and, therefore, patient selection, is a major unmet need. Herein, we overview the molecular
mechanisms linking mitochondrial dysfunction, inflammation, and pyroptosis, and discuss how
immunotherapy targets, at least partly, these routes.

Keywords: DAMPs; extracellular vesicles; gasdermin; hepatocellular carcinoma; immunotherapy;
immune checkpoints; interleukin; miRNAs; mtDNA; mitochondrial-derived vesicles

1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most frequent cause of cancer-related
death globally and the sixth most common cancer. Among the etiopathogenic mechanisms
of HCC, both viral and non-viral causes have been identified [1]. Regardless of the nature
of the insult, altered cellular signaling, chronic inflammation, and tissue remodeling are
pivotal contributors to HCC [2]. The two main pro-tumorigenic mechanisms through which
immune cells promote HCC include the secretion of cytokines and growth factors that
either favor proliferation or block apoptosis of cancer cells, as well as, paradoxically, blunt
anti-tumor functions of lymphocytes [3]. The nuclear factor κB (NF-κB) and Janus kinase
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(JAK) signal transducer of activation (STAT) pathways have been well characterized and
indicated as key inflammatory routes involved in the promotion of HCC [4].

Aside from canonical routes of systemic inflammation, chronic sterile inflammatory
pathways arising from the bulk release of molecules upon tissue injury, collectively in-
dicated as damage-associated molecular patterns (DAMPs), have also been attributed
a role in HCC [5]. Cell-free circulating DAMPs have been widely described in HCC;
however, cargoes of extracellular vesicles (EVs) and/or EVs themselves can exert similar
functions [5] but have been only partially investigated in HCC. For instance, circulating
mitochondrial DNA (mtDNA), which is a DAMP itself, can be released within EVs, re-
ferred to as mitochondria-derived vesicles (MDVs), and trigger sterile inflammation [5–7].
Nonetheless, very little is known about the role of EVs and, in particular, of MDVs in
the pathogenesis and progression of HCC. During their generation, EVs can encapsulate
a vast repertoire of molecules (e.g., mRNAs, proteins, miRNAs, long non-coding RNAs
(lncRNAs), metabolites, lipids, DNA fragments). As such, EVs may represent Pandora
boxes holding the advantage of capturing the dynamics of live processes that could be
exploited to shed light onto relevant molecular pathways via deep characterization of
shuttled molecules. EVs are secreted as a heterogeneous population and by several liver
cells, including hepatocytes, stellate cells, and immune cells, to mediate physiological
communication and ensure organ homeostasis [8]. Previous studies have described the
involvement of EVs in HCC growth, metastasis, angiogenesis, and immunosurveillance
escape [9]. However, a current challenge in HCC biology is the comprehension of the
molecular mechanisms regulating tumor onset and progression and the identification of
biomarkers for early disease diagnosis and progression and of druggable pathways.

Pyroptosis, the caspase-dependent trigger of systemic inflammation via apoptotic cell
death, emerged as a relevant player in tumor immunity that may help capture additional
details on the molecular pathways sustaining HCC development with a potential predicting
power of the prognosis of HCC [10].

Besides traditional clinical management of HCC, the combination of atezolizumab
and bevacizumab (atezo-bev) targeting, respectively, the immune checkpoint programmed
death-ligand 1 (PDL1) and the angiogenic vascular endothelial growth factor (VEGF) has
recently been approved as a first-line systemic treatment for unresectable or advanced
HCC [11]. Although, the synergistic anti-cancer effect conveyed by this therapeutic strategy
has been successful in some instances, the lack of predictive biomarkers that may allow
identification of responders and non-responders is an unmet need [12].

Herein, we overview the molecular mechanisms linking mitochondrial dysfunction,
pyroptosis, and inflammation and discuss how immunotherapy targets, at least partly,
these routes. A brief discussion of the unmet need in HCC treatment and the molecular
pathways that may be exploited as new targets for treatment is also provided.

2. Molecular Mechanisms Linking Mitochondrial Dysfunction and Inflammation

Cell death is the result of two distinct processes: (1) apoptosis, also known as pro-
grammed cell death; and (2) necrosis, uncontrolled cell death. Alternative forms of pro-
grammed cell death exist and, among them, pyroptosis was first identified in macrophages
infected by Salmonella or Shigella and not observed in caspase-1 deficient cells. Pyroptosis
is proinflammatory, although, like apoptosis, it follows a programmed series of caspase-
dependent events [13].

2.1. Mechanisms of Cell Death: Apoptosis Versus Necrosis

Apoptosis is a noninflammatory form of programmed cell death that is executed
via intrinsic and extrinsic pathways characterized by the activation of different apoptotic
classes of caspases [14]. Mitochondrial damage is the main factor of the intrinsic pathway
activation with release of cytochrome C into the cytoplasm, and formation of a complex
(apoptosome) with the apoptotic protease activating factor-1 (Apaf-1) and the precursor
of caspase-9 [15]. The apoptosome triggers the activation of caspase-9 with subsequent
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engagement of caspase-3/7 leading to cell death by cleavage of different cellular substrates
(Figure 1).
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Figure 1. Schematic representation of the main pathways triggering apoptosis, necrosis, and pyropto-
sis. Abbreviations: Apaf-1, apoptotic protease activating factor 1; BAK, Bcl-2 homologous antago-
nist/killer; BAX, Bcl-2-associated X-protein; BH3, Bcl-2 homology-3 domain; BID, BH3 interacting-
domain death agonist; cIAPs, cellular inhibitor of apoptosis proteins; CYLD, cylindromatosis; DAMPs,
damage-associated molecular patterns; FADD, FAS-associated death domain; GSDM, gasdermin;
IL, interleukin; LPS, lipopolysaccharide; MLKL, mixed lineage kinase domain-like protein; NF-kB,
nuclear factor-kappa B; PAMPs, pathogen-associated molecular pattern molecules; RIP1, receptor
interacting protein kinase 1; tBID, truncated BID; TNF, tumor necrosis factor; TNFR, tumor necrosis
factor receptor; TRADD, TNFR1-associated death domain protein; TRAF, TNFR associated factor; Ub,
ubiquitin. Created with BioRender.com (accessed on 24 April 2024).

The binding of death receptors with specific signals at the cell surface, such as tumor
necrosis factor-α (TNF-α), activates the extrinsic apoptotic pathway. This occurs via death
receptor oligomerization and recruitment of caspase-8, which directly cleaves the apoptotic
effector pro-caspase-3 [16,17]. Caspase-8 also cleaves BID, a member of the BCL-2 (B-cell
lymphoma 2) family, to produce a truncated fragment (tBID). The latter, after migration to
the mitochondrion to form BAX/BAK pore on its surface, causes the release of cytochrome
C and subsequent activation of apoptosis through the intrinsic pathway. Hence, caspase-3
activation occurs at the end of both the intrinsic and extrinsic pathway and is a key step in
the execution of apoptosis [18,19]. Biochemical and morphological changes of apoptosis,
such as membrane blebbing, chromatin condensation, DNA cleavage, and exposure of
phosphatidylserine on the extracellular side of the plasma membrane are consequences of
the activation of caspase-3 [20] (Figure 1).

Unlike apoptosis, necrosis is an uncontrolled form of cell death that is induced by
external injury, such as hypoxia or inflammation, and is characterized by organelle and cell
membrane destruction, often accompanied by an inflammatory reaction [21,22]. Upreg-
ulation of various proinflammatory proteins and compounds is involved in this process.
In particular, the rupture of the cell membrane and consequent spillage of cell content
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into surrounding areas result in an inflammatory cascade and tissue damage consequent
to upregulation of nuclear factor-κB (NF-κB). Another significant difference with apopto-
sis is that necrosis is an energy-independent process, during which the cell is unable to
function as the consequence of severe damage by a sudden shock (e.g., radiation, heat,
chemicals, hypoxia). Thus, the cell undergoes a process known as oncosis characterized by
swelling. Several studies have shown that gene regulation is also involved during necrosis.
A study in Caenorhabditis elegans showed that necrosis is mediated by genes encoding
plasma membrane and Ca2+ channels of the endoplasmic reticulum [23]. Moreover, cy-
clophilin D, which resides within the mitochondrial matrix [24–26], regulates mitochondria-
guided necrosis. The mitochondrial permeability transition pore (MPTP), composed of
the voltage-dependent anion channel, adenine nuclear translocator, cyclophilin D, and
other molecules, plays an important role in the mitochondrial pathway of necrosis. The
opening of MPTP, caused by intracellular Ca2+, inorganic phosphate, alkaline pH, and reac-
tive oxygen species (ROS), leads to mitochondrial membrane permeability, mitochondrial
depolarization, loss of proton gradient, and the cessation of ATP production. Therefore,
mitochondrial swelling, outer membrane rupture, and simultaneous destruction of the cell
membrane and organelles occur; all events that characterize the mitochondria-mediated
pathway of necrosis [27].

Necrosis can also be activated through the death receptor pathway. This pathway
is induced by the same ligands that activate apoptosis, such as TNF-α, the Fas ligand,
and TNF-related apoptosis-inducing ligand. A key role is played by receptor-interacting
proteins (RIPs). The binding of TNF-α to TNF receptor 1 (TNFR1) determines the exposure
of the death domain of TNFR1 in the cytoplasm. This leads to the recruitment of TNF-
receptor-associated death domain (TRADD), which constitutes a scaffold for the assembly
of complex I (composed of TNFR1, TRADD, RIP1, TNF-related apoptosis-inducing ligand
receptors (TRAF2), and cellular inhibitors of apoptosis 1/2 (cIAP1/2)) on the plasma mem-
brane. NF-κB is activated by this complex and, in turn, activates a cell self-rescue pathway
by inhibiting the activation of downstream caspases. Phosphorylation of the necrotic bodies
formed by RIP1 and RIP3 activates downstream catabolic enzymes, increases oxidative
phosphorylation, and produces ROS, leading to necrosis. Phosphorylated RIP1/RIP3 also
activates the mixed-lineage kinase domain-like protein (MLKL) [28,29], which triggers cell
and organelle destruction, alters cell permeability, and induces necrosis [30] (Figure 1).

2.2. Pro-Inflammatory Apoptosis: Pyroptosis and Its Role in the Pathogenesis of Hepatocarcinoma

Pyroptosis, the caspase-dependent trigger of systemic inflammation via apoptotic cell
death, is often classified into classical and nonclassical pathways [31,32]. In both path-
ways, respectively activated by the cysteine-containing proteases caspase-1 and caspase-4,
caspase-5, and caspase-11, the cleavage of gasdermin D (GSDMD) is executed [31,33]. Once
the C-terminal domain of GSDMD, which exerts autoinhibitory activity, is detached, the
N-terminus leads to the creation of a pore into the plasma membrane with consequent cell
swelling and generation of large membrane blebbing, ruptures, and release of cell content
culminating in cell death [31,34]. The activation of pyroptosis by the executive-apoptotic
protein caspase-3 has also been reported to trigger GSDME cleavage [35,36].

Interestingly, the caspase-3/GSDME signaling pathway is a “switch” that can shift the
balance between apoptosis and pyroptosis in cancer. GSDME is cleaved by caspase-3 when
it is highly expressed to trigger pyroptosis; otherwise, it triggers apoptosis [35,37].

Like GSDMD, the cleavage of GSDME can degrade the autoinhibitory structure gener-
ated by the binding of N-terminal and C-terminal domains, generating a fragment known
as the N-terminal domain of GSDME (GSDME-N). GSDME-N penetrates the plasma mem-
brane and guides the conversion of noninflammatory apoptosis into a fast inflammatory
pyroptosis [35,36]. Being pivotal substrates for pyroptotic cell death, GSDMD and GSDME
are crucial in mounting different types of pyroptotic process that, regardless of the types
of pore formation, trigger the release of specific cytokine subsets, including interleukin
(IL)-1β and IL-18 [31,38]. IL-18 is a proinflammatory cytokine that mediates the immune
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response of natural killer (NK) cells and polarized T helper 1 (Th1) cells. Inactive IL-18
precursors are cleaved by caspase-1 for their activation and can stimulate interferon γ and
regulate Th1 and Th2 cell-mediated responses [14]. Of note, GSDME-N has been shown
to preferentially permeate mitochondria and to subsequently induce ruptures into the
plasma membrane [14]. These events trigger pore formation and enable the release of
mtDNA as a DAMP-secreted molecule at the extracellular level upon the coordinated pore
formation and rupture of mitochondrial and plasma membranes [14]. GSDME-N can also
induce fragmentation of the mitochondrial network during pyroptosis and apoptosis [39]
(Figure 1).

Although several studies indicate that pyroptosis plays a crucial role in the develop-
ment of systemic inflammatory syndromes, its contribution has also been recognized in the
development and eventual treatment of tumors [39–42]. Pyroptosis programmed cell death,
other than being pivotal in embryonic development, is involved in the onset and progres-
sion of several disease conditions, especially cancer. Escaping from cell death is, indeed,
a feature of cancer cells [41,42]. Normal cells, when hyperstimulated by inflammatory
mediators released by the activation of pyroptosis, may acquire malignant phenotypes [43].
In a recent study, Deng et al. [10] have shown that pyroptotic gene activation can play a
significant role in the modulation of tumor immunity and may assist in predicting the
prognosis of patients with HCC. Nevertheless, the exact relationship between pyroptosis,
HCC development, and patient survival is still unclear.

Even more, the mechanisms through which pyroptosis operates in HCC and in relation
with the response to immunotherapy protocols in liver cancer are missing. Alterations
in mitochondrial metabolism and GSDME-driven pyroptosis may be relevant molecular
signaling routes through which the delivery of mtDNA as DAMP may operate and exacer-
bate inflammation, which characterizes this type of cancer. The definition of the molecular
alterations occurring in HCC patients and their correlation with immunotherapy response
may allow for defining the mechanisms of HCC progression, identifying biomarkers of
immunotherapy response, and stratifying HCC etiology for targeted therapy.

The analysis of GSDME expression in the Human Protein Atlas (TCGA database)
showed a direct association between its expression and the survival of HCC patients. In
particular, a high expression of GSDME was associated with significantly decreased sur-
vival compared with low/medium expression. Similarly, analyses by the Ualcan platform
showed increased expression of GSDME in cancer tissues compared with normal coun-
terparts and a tumor-grade-dependent increase. Finally, the analysis of the inflammatory
status and the characterization of circulating mononuclear cells and intestinal permeabil-
ity in patients with nonalcoholic fatty liver disease (NAFLD)-related cirrhosis with and
without HCC revealed significant associations and provided insights on their involvement
in hepatocarcinogenesis [44]. A model depicting the most relevant correlations among all
measured parameters was built, showing that increased levels of fecal calprotectin char-
acterized patients with HCC, while intestinal permeability was similar to that of patients
with cirrhosis but without HCC [44]. Furthermore, an increase in plasma levels of IL-8,
IL-13, chemokines (C-C motif), ligands (CCL) 3, CCL4, and CCL5 was observed in patients
with NAFLD-related cirrhosis with HCC and was associated with an activated status of
circulating monocytes. These findings indicate that, in patients with cirrhosis and NAFLD,
systemic inflammation is associated with the process of hepatocarcinogenesis [44].

3. Mitochondria-Derived Vesicles in Hepatocarcinoma: Knowing the Unknown

Mitophagy is the process through which damaged mitochondria are recycled, thus rep-
resenting an essential housekeeping mechanism for preserving mitochondrial quality [45].
However, its assessment in vivo is hampered by technical constraints that also hinder
translational applications [45]. The endosomal–lysosomal system is part of the cellular
membranous system participating in the endocytic pathway that internalizes, recycles, and
modulates various cargo molecules and organelles essential for normal cellular functions.
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This pathway is a relevant and more accessible component of the mechanisms that maintain
cell quality.

EVs have been identified as a highly heterogeneous population of vesicles released
into cell culture media and/or biofluids (e.g., plasma, serum, urine, saliva) with wide
ranges of size, function, and biogenesis [46]. Subpopulations of EVs with different origins
and holding different physical and biochemical features exist [46]. One major classifi-
cation of EVs is between exosomes and ectosomes [47]. Ectosomes originate from the
outward budding of the plasma membrane and have a diameter of 100–500 nm. Ectosomes
include exosome-like vesicles, nanoparticles, microparticles, microvesicles, shedding vesi-
cles, and oncosomes [48]. According to the International Society of Extracellular Vesicles
(ISEV) guidelines, exosomes refer to EVs of endosomal origin and with a diameter of
50–150 nm [48]. Exosomes are an evolution of intraluminal vesicles (ILVs) generated from
an inward budding of the membrane of early endosomes that subsequently originate multi-
vesicular bodies (MVBs) [49,50]. These MVBs/late endosomes usually purse a progressive
acidification to finally reach the stage of mature lysosomes. Herein, vesicle cargoes are
degraded. As an alternative pathway, MVBs can approach the plasma membrane, fuse,
and release their ILVs, which become exosomes, within the extracellular space [5,51]. The
thorough characterization of exosomes is not an easy task because the definition of EV
biogenesis, according to the ISEV guidelines, could only be ascertained via live imaging
assays capturing EV release [52]. This clearly represents a technical constraint for most
studies, especially those conducted on humans, and implies that most investigations are
conducted on populations of exosomes and are biased by lack of purity of EVs. For this
reason, the use of the generic term EVs is preferred when not referring to a pure exosome
population, because EVs would also include exosomes, as indicated by the ISEV [48].

In recent years, a particular subset of EVs, called MDVs, has been indicated as an infor-
mative readout of mitochondrial function and signaling and a potential surrogate measure
of mitochondrial quality [53]. Several studies have reported mitochondrial signatures in
EVs in relation to aging and associated conditions (e.g., physical frailty and sarcopenia,
neurodegeneration) for which MDVs have been indicated as surrogate circulating markers
of cellular quality decline [7,54–57]. These conditions are all marked by mitochondrial
dysfunction and altered mitochondrial quality control (MQC) mechanisms. MDVs are con-
sidered, in fact, part of the MQC signaling pathways [58,59] being generated to eject single
damaged mitochondrial constituents to circumvent mitophagy and, therefore, proceed
with mitochondrial elimination only upon irreversible organelle failure. The formation
of MDVs is enacted under physiological conditions and proceeds at basal level, but it
increases during pathological stress [60,61]. In particular, the damage of proteins, lipids,
and nucleic acids under high ROS generation triggers MDV formation to promote the clear-
ance of oxidized and dysfunctional mitochondrial particles [61,62]. During mild oxidative
stress, instead, local activation of phosphatase and tensin homologue (PTEN)-induced
putative kinase 1 (PINK1)/parkin occurs. This results from the oxidation of mitochondrial
membrane proteins with the consequent budding of oxidized membrane proteins into
vesicles [63,64]. When a complete depolarization and organelle dysfunction ensue, the
mechanism of MDV biogenesis switches, by means of signals that have not been completely
deciphered, towards mitophagy [63].

Under physiological conditions, PINK1 crosses the mitochondrial import channel
continuously to enter the mitochondrion. Subsequently, PINK1 is delivered to the cyto-
plasm, cleaved, and rapidly degraded, while parkin resides in the cytosol in its inactive
autoinhibited E3 ubiquitin-ligase [65]. During mild stress conditions, mitochondrial import
channels are disrupted and, here, the import process is blocked because of the PINK protein
stalling at the level of the import channel or at the outer membrane. Next, ubiquitin and
the ubiquitin-like domain of parkin are phosphorylated by PINK1, determining the stabi-
lization of the active parkin protein, and finally assisting MDV generation and release. The
biogenesis of MDVs requires Rab9 (a small GTPase regulating vesicle trafficking towards
the endo-lysosomal compartments) and vesicular sorting protein sorting nexin 9 (SNX9),
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although the process regulating their trafficking is unclear [63]. Once generated, MDVs
join MVBs to enable their fusion with lysosomes for degradation of oxidized mitochondrial
constituents [62]. In this regard, MDVs have been attributed a role as a first line of defense
for their ability to expel damaged mitochondrial constituents as a rescue strategy before
achieving mitochondrial failure and mitophagy-guided elimination. Via this mechanism,
according to cellular demands, the mitochondrial proteome (composed of >1000 proteins)
can be preserved as well as functional mitochondrial integration [60,66–69]. For instance,
cancer cells and other types of cells in which mitophagy is deficient use the release of
MDVs and the subsequent lysosomal degradation of damaged mitochondrial particles as a
compensatory and adaptive mechanism to achieve mitochondrial health [70–72]. MDVs are
also engaged in mitochondrial turnover via their ability to assist degradation of damaged
cargo and enable its replacement with novel and functional proteins and lipids. Importantly,
MDVs are also implicated in inter-organellar crosstalk, which is an additional evolutionary
conserved trait of mitochondria [73,74].

To this purpose, we have recently shown that synergistic defects of mitochondrial and
lysosomal functions, with the consequent inability to degrade MDV cargo and activate
mitophagy, determine an increase in MDV secretion as a mechanism of mitochondrial
quality check and intercellular communication [75].

Patients with NAFLD show mitochondrial dysfunction and oxidative stress [76]. Sev-
eral degrees of ultrastructural mitochondrial alterations have been identified in fatty liver
disease, including changes in mitochondrial morphology, deficits in electron transport
chain (ETC) activity, ATP depletion, increased permeability of the outer and inner mito-
chondrial membranes, overproduction of ROS and associated increase of oxidative stress,
deletions in the mtDNA, and impairment in mitochondrial β-oxidation [77,78]. Recent
investigations have indicated that mitochondrial dysfunction and liver senescence are
major contributors to the development and progression of NAFLD [79]. Nevertheless, the
underlying molecular mechanisms are not fully deciphered. It is known that reduced ETC
activity along with higher fatty acid oxidation and ROS levels favors insulin resistance.
This, combined with the delivery and accrual of free fatty acid into the liver, predisposes to
the pathogenesis of NAFLD [76].

A recent study in humans supported the existence of a link between mitochondrial
decline and NAFLD/nonalcoholic steatohepatitis (NASH) development, showing a tight
association between NAFLD/NASH, compromised mitochondrial fatty acid oxidation in
the liver, and reduced hepatic mitochondrial quality due to impaired organelle turnover [80].
The authors observed a decrease of 40–50% of hepatic mitochondrial complete fatty acid
oxidation in patients with NASH compared with controls and normal liver histology [80].
This reduction was paralleled by an increase in hepatic mitochondrial ROS production and
reduced mitochondrial biogenesis and mitophagy [80]. The results from this study also
indicate that impaired hepatic fatty acid oxidation and reduced mitochondrial turnover are
associated with increasing NAFLD severity in obese individuals.

Higher rates of mtDNA mutations, including those affecting genes encoding for
ETC complexes, were found in NAFLD patients, with an increase in the mutational rate
according to the severity of liver histopathological abnormalities [81]. Mutations in genes
encoding ETC subunits were also associated with a reduced gene expression [81]. The
activity of the mitochondrial respiratory chain complexes was found to be reduced in liver
tissue of animal models and patients with NAFLD [82,83]. In particular, patients with
NAFLD showed a reduction of respiratory chain activity of about 37% in complex I, 42% in
complex II, 30% in complex III, 38% in complex IV, and 58% in complex V compared with
controls without NAFLD [82].

These observations have led to the hypothesis that a similar mechanism could also be
in place in liver cancer where cells may use MDV secretion as an MQC mechanism, but
also as a pathway to communicate with the tumor microenvironment (Figure 2). However,
very few studies have addressed these aspects and most of them focused on EV secretion
in HCC as delivery systems for miRNA cargoes, to regulate in recipient cells target genes
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involved in proliferation, invasion, metastasis, and apoptosis [84]. For instance, the levels
of exo-miR-21 were found to be higher in patients with HCC compared with patients with
chronic hepatitis B or healthy individuals and had a higher diagnostic sensitivity [85].
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Furthermore, it has been shown that loss of exosomal exo-miR-320a from cancer-
associated fibroblasts (CAFs) in HCC can induce a downstream extracellular signal-regulated
kinases-mediated activation of receptor cells (hepatocytes), leading to lung metastasis [86].
Similarly, the release by CAF of miR-1247-3 encapsulated in exosomes can induce lung
metastasis of HCC [87]. Other studies demonstrated that the invasion of hepatoma cells
was promoted by macrophages through the secretion of exosomes containing exo-miR-
92a-2-5p [88]. Exo-miR-23a/b can be secreted by adipocytes and transported to cancer
cells via exosomes, thereby supporting HCC cell growth and migration [89]. Furthermore,
exosomes released by cancer cells can contribute to tumor proliferation and dissemination.
Some researchers have hypothesized that the acidic tumor microenvironment induces
HCC to release exo-miR-21 and exo-miR-10b via exosomes to promote the propagation
and metastatization of cancer cells. In light of the multiple roles attributed to miRNAs,
these circulating molecules may serve as prognostic molecular markers and therapeu-
tic targets of HCC [90]. Additional research is warranted to establish causality between
exosome-delivered miRNAs and HCC progression.

A fairly large amount of research has been devoted to understanding the implication
of EVs in HCC progression, immune escape, and tumor invasion [91]. However, the role
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of MDVs, including MDV biogenesis and cargo shuttling, in the biology of HCC is poorly
investigated. The characterization of MDVs in this setting, along with the analysis of
pyroptosis, may shed light on the possible link between mitochondrial dysfunction and
the caspase-dependent trigger of systemic inflammation via apoptotic cell death and their
implication in tumor immunity. This knowledge could unveil relevant details on HCC
biology, thereby supporting the identification of new druggable pathways and biomarkers
for early diagnosis and tracking of the disease.

4. From Bench to Bedside: Clinical Management of Hepatocarcinoma and Immunotherapy

The clinical management of HCC currently relies on therapeutic strategies ranging
from liver transplantation to tumor ablation with different methods. The latter include
either liver resection and locoregional therapies, such as trans-arterial chemoembolization
(TACE) and radioembolization (TARE) [92], or systemic therapies in the setting of advanced
and unresectable tumors [92]. Several factors must be considered when choosing the best
treatment strategy. Among these are tumor burden, the stage of liver disease, and the degree
of portal hypertension [93]. However, the overall patient’s fitness and performance status,
the presence of comorbidities, personal preferences, and social support are relevant factors
in decision-making [93]. Based on these considerations, the paradigm of HCC management
has recently shifted to a multiparametric therapeutic hierarchy [94]. Accordingly, the most
suitable choice is established based on potential evidence-based efficacy and feasibility
for each patient after a multidisciplinary evaluation, rather than according to a more rigid
staging and treatment system based on the algorithm proposed by the Barcelona Clinic
Liver Cancer (BCLC) criteria [95]. Another concept closely linked to this new approach is
the possibility of a converse strategy, which means that therapies placed downstream in
the hierarchy could be used for downstaging the tumor and possibly allow clinicians, in
case of a good response, to reconsider treatments that are upstream in the same hierarchy,
with better survival benefit.

The diagnosis of HCC is often reached at an advanced stage of the disease, when
systemic therapy is the only suitable treatment option. HCC is known to be resistant to
traditional cytotoxic chemotherapy, so that other systemic therapies have been developed
in recent years. The first ones are tyrosine kinase inhibitors (TKIs), like sorafenib [96] and
lenvatinib [97], that have been shown to improve overall survival compared with placebo
in first-line treatment, while other TKIs, namely regorafenib [98] and cabozantinib [99], and
the monoclonal antibody ramucirumab targeting the vascular endothelial growth factor
receptor 2 [100], have been approved in the second-line setting.

Immune checkpoint inhibitors (ICIs) have recently been introduced in the therapeu-
tic scenario of advanced HCC. In particular, the combination of atezolizumab (an anti-
programmed death-ligand 1 (PD-L1) agent) and the monoclonal antibody bevacizumab,
an anti-vascular endothelial growth factor (VEGF), showed better overall survival (19.2 vs.
13.4 months) and progression-free survival (6.9 vs. 4.3 months) compared with sorafenib in
the first-line setting [101,102]. Therefore, as of today, atezolizumab plus bevacizumab has
become the first-line treatment of choice. Recently, another association based on two ICIs,
the anti-PD-L1 agent durvalumab plus the anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4)
agent tremelimumab, has been shown to lead to a better overall survival than sorafenib
(hazard ratio 0.78; 95% confidence interval, 0.65–0.92) [103], and has been approved by
the FDA in the first-line setting. Additionally, pembrolizumab, an anti-PD1 (programmed
death 1) agent, and the association of nivolumab (anti-PD1) plus ipilimumab (anti-CTLA-4)
have been approved in the second-line treatment of HCC [104,105] (Figure 3).

Finally, HCC etiology is also a relevant factor to be considered in therapeutic decision-
making. Results from the analysis of NASH-affected livers from preclinical models revealed
a progressive accrual of inefficient and unconventionally activated CD8 + PD1 + T cells.
Furthermore, both preclinical models of NASH-induced HCC and human samples with
NAFLD or NASH under immunotherapy treatment targeting PD1 exhibited an expansion
of activated CD8 + PD1 + T cells within the tumor that indicated a compromised tumor
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immune surveillance [106]. The same anti-PD1 treatment in mouse models of CD8 + T cells’
depletion or TNF-guided neutralization induced an increase in the incidence of NASH-
related HCC and tumor nodules (number and size). These data suggest that CD8 + T cells
support NASH-induced HCC, rather than invigorating or enacting immune surveillance.
Indeed, a meta-analysis of three randomized phases III clinical trials revealed that immune
therapy did not improve survival in patients with non-viral HCC [106]. However, patients
with NASH-induced HCC receiving anti-PD1 or anti-PDL1 had reduced overall survival
compared with HCC patients with other etiologies [106]. Therefore, non-viral HCC, and
especially NASH-induced HCC, may be less responsive to immunotherapy programs based
on anti-PDL1 and anti-VEGF [106] treatments. This may be due a dysregulated NASH-
associated T cell activation that may induce tissue damage and lead to altered immune
surveillance. These pilot findings indicate that the characterization of the molecular events
that follow immunotherapy may help define individual patient responses to this treatment
regimen and identify possible adjuvants for ICIs. In this context, it is not negligible to
consider that HCC tumorigenesis is associated with persistent inflammation [1].
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Inflammatory mediators have also been attributed a role as biomarkers capturing
the relationship between tumor microenvironment and an individual’s immune
response [107–109] and may have a prognostic role in predicting recurrence and mor-
tality after tumor resection. Indices like lymphocyte-to-monocyte ratio, lymphocyte-to-C
reactive protein ratio, neutrophil-to-lymphocyte ratio, and platelet-to-lymphocyte ratio
have been shown to predict overall and disease-free survival in the setting of TACE or
surgical resection [107,110]. However, no consensus has been reached on cutoff values for
these scores, which warrants investigation for their implementation in clinical practice.
Validation of these biomarkers may assist in patient selection for transplantation and reduce
the risk of post-transplant recurrence.

In addition to systemic inflammation, chronic sterile inflammation ensues after the
bulk release of molecules, collectively indicated as DAMPs, upon tissue injury [5], of which
a thorough characterization is much needed. No major achievements have been reached on
the identification of diagnostic and prognostic biomarkers of HCC. The definition of EV
biogenesis in HCC may help unequivocally identify EV of hepatic derivation in biological
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fluids. Moreover, the analysis of their cargoes, in terms of nucleic acids, proteins, and
mediators of inflammation, may allow identification of markers of choice for the diagnosis
and prognosis of HCC. In this regard, liquid biopsy approaches, including the analysis of
EVs, would be of utmost importance owing to their minimal invasiveness and predictive
value, which may help monitor HCC progression and facilitate its therapeutic management.

Future clinical research should explore the molecular signatures of HCC linked to
different etiologies of liver disease to allow a more personalized treatment approach. This
knowledge would eventually allow new drugs with specific targets to be developed and
treatment strategies to be devised based on the precision medicine paradigm. Another
major goal to be accomplished is the investigation of molecular markers to predict treatment
response, especially with regard to immunotherapy, which is currently an unmet need.

5. Conclusions

MDVs, a subpopulation of EVs and a potential surrogate marker of mitochondrial
quality, are a missing link in HCC biology. An integrated characterization of MDVs
and inflammation can help understand the molecular mechanisms regulating HCC onset
and progression. EVs have been implicated in HCC growth, metastasis, angiogenesis,
and immunosurveillance escape. Pyroptosis, the caspase-dependent trigger of systemic
inflammation via apoptotic cell death and a relevant player in tumor immunity, can also
be elicited by mitochondrial displaced components. The comprehensive analyses of these
molecular pathways may help identify the missing links between HCC development,
mitochondrial quality, and inflammation. This knowledge, in turn, will be instrumental in
identifying predictive biomarkers and developing new therapeutics.

Author Contributions: Conceptualization, F.G. and A.P.; writing—original draft preparation, F.C.,
F.G., F.R.P. and A.P.; writing—review and editing, C.B., E.M. and A.P.; funding acquisition, C.B., E.M.
and F.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Università Cattolica del Sacro Cuore [D1.2020, D1.2022,
and D1.2023], the Italian Ministry of Health [Ricerca Corrente 2023], and the nonprofit research
foundation “Centro Studi Achille e Linda Lorenzon” [N/A]. This work was also supported by AIRC
IG2021 ID. 25795 to C.B., and the European Union-Next generation EU PRIN 2022H3PFNE to F.G
and 2022YNENP3 to E.M. The authors also acknowledge co-funding from Next Generation EU, in
the context of the National Recovery and Resilience Plan, Investment PE8—Project Age-It: “Ageing
Well in an Ageing Society”. This resource was co-financed by the Next Generation EU [DM 1557 11
October 2022]. The views and opinions expressed are only those of the authors and do not necessarily
reflect those of the European Union or the European Commission. Neither the European Union nor
the European Commission can be held responsible for them.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.

Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [CrossRef] [PubMed]
2. Refolo, M.G.; Messa, C.; Guerra, V.; Carr, B.I.; D’Alessandro, R. Inflammatory mechanisms of HCC development. Cancers 2020, 12,

641. [CrossRef]
3. Ringelhan, M.; Pfister, D.; O’Connor, T.; Pikarsky, E.; Heikenwalder, M. The immunology of hepatocellular carcinoma. Nat.

Immunol. 2018, 19, 222–232. [CrossRef] [PubMed]
4. Yuan, D.; Huang, S.; Berger, E.; Liu, L.; Gross, N.; Heinzmann, F.; Ringelhan, M.; Connor, T.O.; Stadler, M.; Meister, M.; et al.

Kupffer cell-derived Tnf triggers cholangiocellular tumorigenesis through JNK Due to chronic mitochondrial dysfunction and
ROS. Cancer Cell 2017, 31, 771–789.e6. [CrossRef] [PubMed]

https://doi.org/10.1038/s41572-020-00240-3
https://www.ncbi.nlm.nih.gov/pubmed/33479224
https://doi.org/10.3390/cancers12030641
https://doi.org/10.1038/s41590-018-0044-z
https://www.ncbi.nlm.nih.gov/pubmed/29379119
https://doi.org/10.1016/j.ccell.2017.05.006
https://www.ncbi.nlm.nih.gov/pubmed/28609656


Int. J. Mol. Sci. 2024, 25, 4783 12 of 16

5. Picca, A.; Guerra, F.; Calvani, R.; Coelho-Júnior, H.J.; Landi, F.; Bernabei, R.; Romano, R.; Bucci, C.; Marzetti, E. Extracellular
vesicles and damage-associated molecular patterns: A Pandora’s box in health and disease. Front. Immunol. 2020, 11, 601740.
[CrossRef] [PubMed]

6. Marzetti, E.; Guerra, F.; Calvani, R.; Marini, F.; Biancolillo, A.; Gervasoni, J.; Primiano, A.; Coelho-Júnior, H.J.; Landi, F.;
Bernabei, R.; et al. Circulating mitochondrial-derived vesicles, inflammatory biomarkers and amino acids in older adults with
physical frailty and sarcopenia: A preliminary BIOSPHERE multi-marker study using sequential and orthogonalized covariance
selection—Linear discriminant analysis. Front. Cell Dev. Biol. 2020, 8, 564417. [CrossRef]

7. Picca, A.; Guerra, F.; Calvani, R.; Coelho-Junior, H.; Bucci, C.; Marzetti, E. Circulating Extracellular Vesicles: Friends and Foes in
Neurodegeneration. Neural Regen. Res. 2022, 17, 534–542. [CrossRef] [PubMed]

8. Li, X.; Li, C.; Zhang, L.; Wu, M.; Cao, K.; Jiang, F.; Chen, D.; Li, N.; Li, W. The significance of exosomes in the development and
treatment of hepatocellular carcinoma. Mol. Cancer 2020, 19, 1. [CrossRef] [PubMed]

9. Raimondo, S.; Pucci, M.; Alessandro, R.; Fontana, S. Extracellular vesicles and tumor-immune escape: Biological functions and
clinical perspectives. Int. J. Mol. Sci. 2020, 21, 2286. [CrossRef]

10. Deng, M.; Sun, S.; Zhao, R.; Guan, R.; Zhang, Z.; Li, S.; Wei, W.; Guo, R. The pyroptosis-related gene signature predicts prognosis
and indicates immune activity in hepatocellular carcinoma. Mol. Med. 2022, 28, 16. [CrossRef]

11. Wang, Y.; Lu, L.-C.; Guan, Y.; Ho, M.-C.; Lu, S.; Spahn, J.; Hsu, C.-H. Atezolizumab plus bevacizumab combination enables an
unresectable hepatocellular carcinoma resectable and links immune exclusion and tumor dedifferentiation to acquired resistance.
Exp. Hematol. Oncol. 2021, 10, 45. [CrossRef] [PubMed]

12. Pinter, M.; Scheiner, B.; Peck-Radosavljevic, M. Immunotherapy for advanced hepatocellular carcinoma: A focus on special
subgroups. Gut 2021, 70, 204–214. [CrossRef] [PubMed]

13. Fink, S.L.; Cookson, B.T. Apoptosis, pyroptosis, and necrosis: Mechanistic description of dead and dying eukaryotic cells. Infect.
Immun. 2005, 73, 1907–1916. [CrossRef] [PubMed]

14. Rogers, C.; Fernandes-Alnemri, T.; Mayes, L.; Alnemri, D.; Cingolani, G.; Alnemri, E.S. Cleavage of DFNA5 by caspase-3 during
apoptosis mediates progression to secondary necrotic/pyroptotic cell death. Nat. Commun. 2017, 8, 14128. [CrossRef] [PubMed]

15. Shakeri, R.; Kheirollahi, A.; Davoodi, J. Apaf-1: Regulation and function in cell death. Biochimie 2017, 135, 111–125. [CrossRef]
[PubMed]

16. Sun, D.K.; Wang, L.; Zhang, P. Antitumor effects of Chrysanthemin in PC-3 human prostate cancer cells are mediated via apoptosis
induction, caspase signalling pathway and loss of mitochondrial membrane potential. Afr. J. Tradit. Complement. Altern. Med.
2017, 14, 54–61. [CrossRef] [PubMed]

17. Ahmed, F.F.; Abd El-Hafeez, A.A.; Abbas, S.H.; Abdelhamid, D.; Abdel-Aziz, M. New 1,2,4-triazole-chalcone hybrids induce
caspase-3 dependent apoptosis in A549 human lung adenocarcinoma cells. Eur. J. Med. Chem. 2018, 151, 705–722. [CrossRef]
[PubMed]

18. Kayacan, S.; Sener, L.T.; Melikoglu, G.; Kultur, S.; Albeniz, I.; Ozturk, M. Induction of apoptosis by Centaurea nerimaniae extract
in HeLa and MDA-MB-231 cells by a caspase-3 pathway. Biotech. Histochem. 2018, 93, 311–319. [CrossRef] [PubMed]

19. Nagata, S. Apoptosis and clearance of apoptotic cells. Annu. Rev. Immunol. 2018, 36, 489–517. [CrossRef]
20. Choudhary, G.S.; Al-harbi, S.; Almasan, A. Caspase-3 activation is a critical determinant of genotoxic stress-induced apoptosis. In

Apoptosis and Cancer; Methods in Molecular Biology; Humana Press: New York, NY, USA, 2015; Volume 1219, pp. 1–9. [CrossRef]
21. Shaham, S.; Horvitz, H.R. Developing Caenorhabditis elegans neurons may contain both cell-death protective and killer activities.

Genes Dev. 1996, 10, 578–591. [CrossRef]
22. Tang, D.; Kang, R.; Coyne, C.B.; Zeh, H.J.; Lotze, M.T. PAMPs and DAMPs: Signal 0s that spur autophagy and immunity. Immunol.

Rev. 2012, 249, 158–175. [CrossRef] [PubMed]
23. Syntichaki, P.; Xu, K.; Driscoll, M.; Tavernarakis, N. Specific aspartyl and calpain proteases are required for neurodegeneration in

C. elegans. Nature 2002, 419, 939–944. [CrossRef] [PubMed]
24. Wang, H.; Sun, L.; Su, L.; Rizo, J.; Liu, L.; Wang, L.F.; Wang, F.S.; Wang, X. Mixed lineage kinase domain-like protein MLKL causes

necrotic membrane disruption upon phosphorylation by RIP3. Mol. Cell. 2014, 54, 133–146. [CrossRef] [PubMed]
25. Weiss, J.N.; Korge, P.; Honda, H.M.; Ping, P. Role of the mitochondrial permeability transition in myocardial disease. Circ. Res.

2003, 93, 292–301. [CrossRef] [PubMed]
26. Kitsis, R.N.; Molkentin, J.D. Apoptotic cell death “Nixed” by an ER-mitochondrial necrotic pathway. Proc. Natl. Acad. Sci. USA

2010, 107, 9031–9032. [CrossRef] [PubMed]
27. Brenner, D.; Blaser, H.; Mak, T.W. Regulation of tumour necrosis factor signalling: Live or let die. Nat. Rev. Immunol. 2015, 15,

362–374. [CrossRef] [PubMed]
28. Wang, Z.; Jiang, H.; Chen, S.; Du, F.; Wang, X. The mitochondrial phosphatase PGAM5 functions at the convergence point of

multiple necrotic death pathways. Cell 2012, 148, 228–243. [CrossRef]
29. Declercq, W.; Vanden Berghe, T.; Vandenabeele, P. RIP kinases at the crossroads of cell death and survival. Cell 2009, 138, 229–232.

[CrossRef]
30. Karch, J.; Kwong, J.Q.; Burr, A.R.; Sargent, M.A.; Elrod, J.W.; Peixoto, P.M.; Martinez-Caballero, S.; Osinska, H.; Cheng, E.H.Y.;

Robbins, J.; et al. Bax and Bak function as the outer membrane component of the mitochondrial permeability pore in regulating
necrotic cell death in mice. eLife 2013, 2013, e00772. [CrossRef]

https://doi.org/10.3389/FIMMU.2020.601740
https://www.ncbi.nlm.nih.gov/pubmed/33304353
https://doi.org/10.3389/fcell.2020.564417
https://doi.org/10.4103/1673-5374.320972
https://www.ncbi.nlm.nih.gov/pubmed/34380883
https://doi.org/10.1186/s12943-019-1085-0
https://www.ncbi.nlm.nih.gov/pubmed/31901224
https://doi.org/10.3390/ijms21072286
https://doi.org/10.1186/s10020-022-00445-0
https://doi.org/10.1186/s40164-021-00237-y
https://www.ncbi.nlm.nih.gov/pubmed/34399826
https://doi.org/10.1136/gutjnl-2020-321702
https://www.ncbi.nlm.nih.gov/pubmed/32747413
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://www.ncbi.nlm.nih.gov/pubmed/15784530
https://doi.org/10.1038/ncomms14128
https://www.ncbi.nlm.nih.gov/pubmed/28045099
https://doi.org/10.1016/J.BIOCHI.2017.02.001
https://www.ncbi.nlm.nih.gov/pubmed/28192157
https://doi.org/10.21010/AJTCAM.V14I4.7
https://www.ncbi.nlm.nih.gov/pubmed/28638867
https://doi.org/10.1016/J.EJMECH.2018.03.073
https://www.ncbi.nlm.nih.gov/pubmed/29660690
https://doi.org/10.1080/10520295.2017.1401662
https://www.ncbi.nlm.nih.gov/pubmed/30040493
https://doi.org/10.1146/ANNUREV-IMMUNOL-042617-053010
https://doi.org/10.1007/978-1-4939-1661-0_1
https://doi.org/10.1101/GAD.10.5.578
https://doi.org/10.1111/J.1600-065X.2012.01146.X
https://www.ncbi.nlm.nih.gov/pubmed/22889221
https://doi.org/10.1038/NATURE01108
https://www.ncbi.nlm.nih.gov/pubmed/12410314
https://doi.org/10.1016/J.MOLCEL.2014.03.003
https://www.ncbi.nlm.nih.gov/pubmed/24703947
https://doi.org/10.1161/01.RES.0000087542.26971.D4
https://www.ncbi.nlm.nih.gov/pubmed/12933700
https://doi.org/10.1073/PNAS.1003827107
https://www.ncbi.nlm.nih.gov/pubmed/20448198
https://doi.org/10.1038/NRI3834
https://www.ncbi.nlm.nih.gov/pubmed/26008591
https://doi.org/10.1016/J.CELL.2011.11.030
https://doi.org/10.1016/J.CELL.2009.07.006
https://doi.org/10.7554/ELIFE.00772.001


Int. J. Mol. Sci. 2024, 25, 4783 13 of 16

31. Yu, P.; Zhang, X.; Liu, N.; Tang, L.; Peng, C.; Chen, X. Pyroptosis: Mechanisms and diseases. Signal Transduct. Target. Ther. 2021, 6,
128. [CrossRef]

32. Talà, A.; Guerra, F.; Calcagnile, M.; Romano, R.; Resta, S.C.; Paiano, A.; Chiariello, M.; Pizzolante, G.; Bucci, C.; Alifano, P. HrpA
anchors meningococci to the dynein motor and affects the balance between apoptosis and pyroptosis. J. Biomed. Sci. 2022, 29, 45.
[CrossRef] [PubMed]

33. Liao, X.-X.; Dai, Y.-Z.; Zhao, Y.-Z.; Nie, K. Gasdermin E: A prospective target for therapy of diseases. Front. Pharmacol. 2022, 13,
855828. [CrossRef] [PubMed]

34. Lu, L.; Zhang, Y.; Tan, X.; Merkher, Y.; Leonov, S.; Zhu, L.; Deng, Y.; Zhang, H.; Zhu, D.; Tan, Y.; et al. Emerging mechanisms of
pyroptosis and its therapeutic strategy in cancer. Cell Death Discov. 2022, 8, 338. [CrossRef] [PubMed]

35. Jiang, M.; Qi, L.; Li, L.; Li, Y. The caspase-3/GSDME signal pathway as a switch between apoptosis and pyroptosis in cancer. Cell
Death Discov. 2020, 6, 112. [CrossRef] [PubMed]

36. Wang, Y.; Gao, W.; Shi, X.; Ding, J.; Liu, W.; He, H.; Wang, K.; Shao, F. Chemotherapy drugs induce pyroptosis through caspase-3
cleavage of a gasdermin. Nature 2017, 547, 99–103. [CrossRef]

37. Zhang, Z.; Zhang, Y.; Xia, S.; Kong, Q.; Li, S.; Liu, X.; Junqueira, C.; Meza-Sosa, K.F.; Mok, T.M.Y.; Ansara, J.; et al. Gasdermin E
suppresses tumour growth by activating anti-tumour immunity. Nature 2020, 579, 415–420. [CrossRef]

38. Kovacs, S.B.; Miao, E.A. Gasdermins: Effectors of pyroptosis. Trends Cell Biol. 2017, 27, 673–684. [CrossRef]
39. de Torre-Minguela, C.; Gómez, A.I.; Couillin, I.; Pelegrín, P. Gasdermins mediate cellular release of mitochondrial DNA during

pyroptosis and apoptosis. FASEB J. 2021, 35, e21757. [CrossRef] [PubMed]
40. Erkes, D.A.; Cai, W.; Sanchez, I.M.; Purwin, T.J.; Rogers, C.; Field, C.O.; Berger, A.C.; Hartsough, E.J.; Rodeck, U.; Alnemri, E.S.;

et al. Mutant BRAF and MEK inhibitors regulate the tumor immune microenvironment via pyroptosis. Cancer Discov. 2020, 10,
254–269. [CrossRef]

41. Wang, J.L.; Hua, S.N.; Bao, H.J.; Yuan, J.; Zhao, Y.; Chen, S. Pyroptosis and inflammasomes in cancer and inflammation. MedComm
2023, 4, e374. [CrossRef]

42. Tan, Y.; Chen, Q.; Li, X.; Zeng, Z.; Xiong, W.; Li, G.; Li, X.; Yang, J.; Xiang, B.; Yi, M. Pyroptosis: A new paradigm of cell death for
fighting against cancer. J. Exp. Clin. Cancer Res. 2021, 40, 153. [CrossRef] [PubMed]

43. Chen, N.; Ou, Z.; Zhang, W.; Zhu, X.; Li, P.; Gong, J. Cathepsin B regulates non-canonical NLRP3 inflammasome pathway by
modulating activation of caspase-11 in Kupffer cells. Cell Prolif. 2018, 51, e12487. [CrossRef] [PubMed]

44. Karki, R.; Kanneganti, T.-D. Diverging inflammasome signals in tumorigenesis and potential targeting. Nat. Rev. Cancer 2019, 19,
197–214. [CrossRef] [PubMed]

45. Ponziani, F.R.; Bhoori, S.; Castelli, C.; Putignani, L.; Rivoltini, L.; Del Chierico, F.; Sanguinetti, M.; Morelli, D.; Paroni Sterbini, F.;
Petito, V.; et al. Hepatocellular carcinoma is associated with gut microbiota profile and inflammation in nonalcoholic fatty liver
disease. Hepatology 2019, 69, 107–120. [CrossRef] [PubMed]

46. Picca, A.; Faitg, J.; Auwerx, J.; Ferrucci, L.; D’Amico, D. Mitophagy in human health, ageing and disease. Nat. Metab. 2023, 5,
2047–2061. [CrossRef] [PubMed]

47. Willms, E.; Johansson, H.J.; Mäger, I.; Lee, Y.; Blomberg, K.E.M.; Sadik, M.; Alaarg, A.; Smith, C.I.E.; Lehtiö, J.; El Andaloussi,
S.; et al. Cells release subpopulations of exosomes with distinct molecular and biological properties. Sci. Rep. 2016, 6, 22519.
[CrossRef] [PubMed]

48. Royo, F.; Théry, C.; Falcón-Pérez, J.M.; Nieuwland, R.; Witwer, K.W. Methods for separation and characterization of extracellular
vesicles: Results of a worldwide survey performed by the ISEV rigor and standardization subcommittee. Cells 2020, 9, 1955.
[CrossRef] [PubMed]

49. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.;
Erdbrügger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches.
J. Extracell. Vesicles 2024, 13, e12404. [CrossRef] [PubMed]

50. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373–383. [CrossRef]
51. Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular vesicles. Trends Cell Biol 2015,

25, 364–372. [CrossRef]
52. Meldolesi, J. Exosomes and ectosomes in intercellular communication. Curr. Biol. 2018, 28, R435–R444. [CrossRef] [PubMed]
53. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;

Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

54. Picca, A.; Guerra, F.; Calvani, R.; Coelho-Júnior, H.J.; Landi, F.; Bucci, C.; Marzetti, E. Mitochondrial-derived vesicles: The good,
the bad, and the ugly. Int. J. Mol. Sci. 2023, 24, 13835. [CrossRef] [PubMed]

55. Picca, A.; Guerra, F.; Calvani, R.; Romano, R.; Coelho-Junior, H.J.; Damiano, F.P.; Bucci, C.; Marzetti, E. Circulating mitochondrial
DNA and inter-organelle contact sites in aging and associated conditions. Cells 2022, 11, 675. [CrossRef] [PubMed]

56. Pinti, M.; Cevenini, E.; Nasi, M.; De Biasi, S.; Salvioli, S.; Monti, D.; Benatti, S.; Gibellini, L.; Cotichini, R.; Stazi, M.A.; et al.
Circulating mitochondrial DNA increases with age and is a familiar trait: Implications for “inflamm-aging”. Eur. J. Immunol. 2014,
44, 1552–1562. [CrossRef] [PubMed]

https://doi.org/10.1038/s41392-021-00507-5
https://doi.org/10.1186/s12929-022-00829-8
https://www.ncbi.nlm.nih.gov/pubmed/35765029
https://doi.org/10.3389/fphar.2022.855828
https://www.ncbi.nlm.nih.gov/pubmed/35462927
https://doi.org/10.1038/s41420-022-01101-6
https://www.ncbi.nlm.nih.gov/pubmed/35896522
https://doi.org/10.1038/s41420-020-00349-0
https://www.ncbi.nlm.nih.gov/pubmed/33133646
https://doi.org/10.1038/nature22393
https://doi.org/10.1038/S41586-020-2071-9
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.1096/fj.202100085R
https://www.ncbi.nlm.nih.gov/pubmed/34233045
https://doi.org/10.1158/2159-8290.CD-19-0672
https://doi.org/10.1002/MCO2.374
https://doi.org/10.1186/S13046-021-01959-X
https://www.ncbi.nlm.nih.gov/pubmed/33941231
https://doi.org/10.1111/cpr.12487
https://www.ncbi.nlm.nih.gov/pubmed/30084208
https://doi.org/10.1038/s41568-019-0123-y
https://www.ncbi.nlm.nih.gov/pubmed/30842595
https://doi.org/10.1002/hep.30036
https://www.ncbi.nlm.nih.gov/pubmed/29665135
https://doi.org/10.1038/s42255-023-00930-8
https://www.ncbi.nlm.nih.gov/pubmed/38036770
https://doi.org/10.1038/srep22519
https://www.ncbi.nlm.nih.gov/pubmed/26931825
https://doi.org/10.3390/cells9091955
https://www.ncbi.nlm.nih.gov/pubmed/32854228
https://doi.org/10.1002/jev2.12404
https://www.ncbi.nlm.nih.gov/pubmed/38326288
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1016/j.cub.2018.01.059
https://www.ncbi.nlm.nih.gov/pubmed/29689228
https://doi.org/10.1080/20013078.2018.1535750
https://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.3390/ijms241813835
https://www.ncbi.nlm.nih.gov/pubmed/37762138
https://doi.org/10.3390/CELLS11040675
https://www.ncbi.nlm.nih.gov/pubmed/35203322
https://doi.org/10.1002/eji.201343921
https://www.ncbi.nlm.nih.gov/pubmed/24470107


Int. J. Mol. Sci. 2024, 25, 4783 14 of 16

57. Picca, A.; Beli, R.; Calvani, R.; Coelho-Júnior, H.J.; Landi, F.; Bernabei, R.; Bucci, C.; Guerra, F.; Marzetti, E. Older adults with
physical frailty and sarcopenia show increased levels of circulating small extracellular vesicles with a specific mitochondrial
signature. Cells 2020, 9, 973. [CrossRef] [PubMed]

58. Picca, A.; Guerra, F.; Calvani, R.; Marini, F.; Biancolillo, A.; Landi, G.; Beli, R.; Landi, F.; Bernabei, R.; Bentivoglio, A.R.; et al.
Mitochondrial signatures in circulating extracellular vesicles of older adults with Parkinson’s disease: Results from the EXosomes
in PArkiNson’s Disease (EXPAND) study. J. Clin. Med. 2020, 9, 504. [CrossRef]

59. Sugiura, A.; McLelland, G.-L.; Fon, E.A.; McBride, H.M. A new pathway for mitochondrial quality control: Mitochondrial-derived
vesicles. EMBO J. 2014, 33, 2142–2156. [CrossRef]

60. Picca, A.; Guerra, F.; Calvani, R.; Coelho-Junior, H.J.; Bossola, M.; Landi, F.; Bernabei, R.; Bucci, C.; Marzetti, E. Generation and
release of mitochondrial-derived vesicles in health, aging and disease. J. Clin. Med. 2020, 9, 1440. [CrossRef]

61. Cadete, V.J.J.; Deschênes, S.; Cuillerier, A.; Brisebois, F.; Sugiura, A.; Vincent, A.; Turnbull, D.; Picard, M.; McBride, H.M.; Burelle,
Y. Formation of mitochondrial-derived vesicles is an active and physiologically relevant mitochondrial quality control process in
the cardiac system. J. Physiol. 2016, 594, 5343–5362. [CrossRef]

62. Soubannier, V.; McLelland, G.-L.; Zunino, R.; Braschi, E.; Rippstein, P.; Fon, E.A.; McBride, H.M. A vesicular transport pathway
shuttles cargo from mitochondria to lysosomes. Curr. Biol. 2012, 22, 135–141. [CrossRef] [PubMed]

63. Soubannier, V.; Rippstein, P.; Kaufman, B.A.; Shoubridge, E.A.; McBride, H.M. Reconstitution of mitochondria derived vesicle
formation demonstrates selective enrichment of oxidized cargo. PLoS ONE 2012, 7, e52830. [CrossRef] [PubMed]

64. McLelland, G.-L.; Soubannier, V.; Chen, C.X.; McBride, H.M.; Fon, E.A. Parkin and PINK1 Function in a vesicular trafficking
pathway regulating mitochondrial quality control. EMBO J. 2014, 33, 282–295. [CrossRef]

65. Matheoud, D.; Sugiura, A.; Bellemare-Pelletier, A.; Laplante, A.; Rondeau, C.; Chemali, M.; Fazel, A.; Bergeron, J.J.; Trudeau, L.E.;
Burelle, Y.; et al. Parkinson’s disease-related proteins PINK1 and Parkin repress mitochondrial antigen presentation. Cell 2016,
166, 314–327. [CrossRef] [PubMed]

66. Pickrell, A.M.; Youle, R.J. The roles of PINK1, Parkin, and mitochondrial fidelity in Parkinson’s disease. Neuron 2015, 85, 257–273.
[CrossRef]

67. Vasam, G.; Nadeau, R.; Cadete, V.J.J.; Lavallée-Adam, M.; Menzies, K.J.; Burelle, Y. Proteomics characterization of mitochondrial-
derived vesicles under oxidative stress. FASEB J. 2021, 35, e21278. [CrossRef] [PubMed]

68. Abuaita, B.H.; Schultz, T.L.; O’Riordan, M.X. Mitochondria-derived vesicles deliver antimicrobial reactive oxygen species to
control phagosome-localized Staphylococcus aureus. Cell Host Microbe 2018, 24, 625–636.e5. [CrossRef] [PubMed]

69. Li, B.; Zhao, H.; Wu, Y.; Zhu, Y.; Zhang, J.; Yang, G.; Yan, Q.; Li, J.; Li, T.; Liu, L. Mitochondrial-derived vesicles protect
cardiomyocytes against hypoxic damage. Front. Cell Dev. Biol. 2020, 8, 214. [CrossRef] [PubMed]

70. Ng, F.; Tang, B.L. Pyruvate dehydrogenase complex (PDC) export from the mitochondrial matrix. Mol. Membr. Biol. 2014, 31,
207–210. [CrossRef]

71. Towers, C.G.; Wodetzki, D.K.; Thorburn, J.; Smith, K.R.; Caino, M.C.; Thorburn, A. Mitochondrial-derived vesicles compensate
for loss of LC3-mediated mitophagy. Dev. Cell 2021, 56, 2029–2042.e5. [CrossRef]

72. Poillet-Perez, L.; White, E. MDVs to the rescue: How autophagy-deficient cancer cells adapt to defective mitophagy. Dev. Cell
2021, 56, 2010–2012. [CrossRef]

73. Mondal, P.; Towers, C. Beyond mitophagy: Mitochondrial-derived vesicles can get the job done! Autophagy 2022, 18, 449–451.
[CrossRef]

74. Andrade-Navarro, M.A.; Sanchez-Pulido, L.; McBride, H.M. Mitochondrial vesicles: An ancient process providing new links to
peroxisomes. Curr. Opin. Cell Biol. 2009, 21, 560–567. [CrossRef]

75. Neuspiel, M.; Schauss, A.C.; Braschi, E.; Zunino, R.; Rippstein, P.; Rachubinski, R.A.; Andrade-Navarro, M.A.; McBride, H.M.
Cargo-selected transport from the mitochondria to peroxisomes is mediated by vesicular carriers. Curr. Biol. 2008, 18, 102–108.
[CrossRef]

76. Gusdon, A.M.; Song, K.-X.; Qu, S. Nonalcoholic fatty liver disease: Pathogenesis and therapeutics from a mitochondria-centric
perspective. Oxid. Med. Cell. Longev. 2014, 2014, 637027. [CrossRef]

77. Li, Z.; Li, Y.; Zhang, H.-X.; Guo, J.-R.; Lam, C.W.K.; Wang, C.-Y.; Zhang, W. Mitochondria-mediated pathogenesis and therapeutics
for non-alcoholic fatty liver disease. Mol. Nutr. Food Res. 2019, 63, e1900043. [CrossRef]

78. Wei, Y.; Rector, R.S.; Thyfault, J.P.; Ibdah, J.A. Nonalcoholic fatty liver disease and mitochondrial dysfunction. World J. Gastroenterol.
2008, 14, 193–199. [CrossRef]

79. Dabravolski, S.A.; Bezsonov, E.E.; Orekhov, A.N. The role of mitochondria dysfunction and hepatic senescence in NAFLD
development and progression. Biomed. Pharmacother. 2021, 142, 112041. [CrossRef]

80. Moore, M.P.; Cunningham, R.P.; Meers, G.M.; Johnson, S.A.; Wheeler, A.A.; Ganga, R.R.; Spencer, N.M.; Pitt, J.B.; Diaz-Arias, A.;
Swi, A.I.A.; et al. Compromised hepatic mitochondrial fatty acid oxidation and reduced markers of mitochondrial turnover in
human NAFLD. Hepatology 2022, 76, 1452–1465. [CrossRef]

81. Sookoian, S.; Flichman, D.; Scian, R.; Rohr, C.; Dopazo, H.; Gianotti, T.F.; Martino, J.S.; Castaño, G.O.; Pirola, C.J. Mitochondrial
genome architecture in non-alcoholic fatty liver disease. J. Pathol. 2016, 240, 437–449. [CrossRef]

82. Pérez-Carreras, M.; Del Hoyo, P.; Martín, M.A.; Rubio, J.C.; Martín, A.; Castellano, G.; Colina, F.; Arenas, J.; Solis-Herruzo, J.A.
Defective hepatic mitochondrial respiratory chain in patients with nonalcoholic steatohepatitis. Hepatology 2003, 38, 999–1007.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells9040973
https://www.ncbi.nlm.nih.gov/pubmed/32326435
https://doi.org/10.3390/JCM9020504
https://doi.org/10.15252/embj.201488104
https://doi.org/10.3390/jcm9051440
https://doi.org/10.1113/JP272703
https://doi.org/10.1016/j.cub.2011.11.057
https://www.ncbi.nlm.nih.gov/pubmed/22226745
https://doi.org/10.1371/journal.pone.0052830
https://www.ncbi.nlm.nih.gov/pubmed/23300790
https://doi.org/10.1002/embj.201385902
https://doi.org/10.1016/j.cell.2016.05.039
https://www.ncbi.nlm.nih.gov/pubmed/27345367
https://doi.org/10.1016/J.NEURON.2014.12.007
https://doi.org/10.1096/fj.202002151R
https://www.ncbi.nlm.nih.gov/pubmed/33769614
https://doi.org/10.1016/J.CHOM.2018.10.005
https://www.ncbi.nlm.nih.gov/pubmed/30449314
https://doi.org/10.3389/FCELL.2020.00214
https://www.ncbi.nlm.nih.gov/pubmed/32426351
https://doi.org/10.3109/09687688.2014.987183
https://doi.org/10.1016/J.DEVCEL.2021.06.003
https://doi.org/10.1016/J.DEVCEL.2021.06.022
https://doi.org/10.1080/15548627.2021.1999562
https://doi.org/10.1016/J.CEB.2009.04.005
https://doi.org/10.1016/j.cub.2007.12.038
https://doi.org/10.1155/2014/637027
https://doi.org/10.1002/mnfr.201900043
https://doi.org/10.3748/wjg.14.193
https://doi.org/10.1016/j.biopha.2021.112041
https://doi.org/10.1002/hep.32324
https://doi.org/10.1002/path.4803
https://doi.org/10.1053/jhep.2003.50398
https://www.ncbi.nlm.nih.gov/pubmed/14512887


Int. J. Mol. Sci. 2024, 25, 4783 15 of 16

83. García-Ruiz, I.; Rodríguez-Juan, C.; Díaz-Sanjuan, T.; del Hoyo, P.; Colina, F.; Muñoz-Yagüe, T.; Solís-Herruzo, J.A. Uric acid and
anti-TNF antibody improve mitochondrial dysfunction in ob/ob mice. Hepatology 2006, 44, 581–591. [CrossRef]

84. Liu, C.; Wu, H.; Mao, Y.; Chen, W.; Chen, S. Exosomal microRNAs in hepatocellular carcinoma. Cancer Cell Int. 2021, 21, 254.
[CrossRef]

85. Wang, H.; Hou, L.; Li, A.; Duan, Y.; Gao, H.; Song, X. Expression of serum exosomal microRNA-21 in human hepatocellular
carcinoma. BioMed Res. Int. 2014, 2014, 864894. [CrossRef]

86. Zhang, Z.; Li, X.; Sun, W.; Yue, S.; Yang, J.; Li, J.; Ma, B.; Wang, J.; Yang, X.; Pu, M.; et al. Loss of exosomal MiR-320a from
cancer-associated fibroblasts contributes to HCC proliferation and metastasis. Cancer Lett. 2017, 397, 33–42. [CrossRef]

87. Fang, T.; Lv, H.; Lv, G.; Li, T.; Wang, C.; Han, Q.; Yu, L.; Su, B.; Guo, L.; Huang, S.; et al. Tumor-derived exosomal MiR-1247-3p
induces cancer-associated fibroblast activation to foster lung metastasis of liver cancer. Nat. Commun. 2018, 9, 191. [CrossRef]

88. Liu, G.; Ouyang, X.; Sun, Y.; Xiao, Y.; You, B.; Gao, Y.; Yeh, S.; Li, Y.; Chang, C. The MiR-92a-2-5p in exosomes from macrophages
increases liver cancer cells invasion via altering the AR/PHLPP/p-AKT/β-catenin Signaling. Cell Death Differ. 2020, 27, 3258–3272.
[CrossRef]

89. Liu, Y.; Tan, J.; Ou, S.; Chen, J.; Chen, L. Adipose-derived exosomes deliver MiR-23a/b to regulate tumor growth in hepatocellular
cancer by targeting the VHL/HIF axis. J. Physiol. Biochem. 2019, 75, 391–401. [CrossRef]

90. Tian, X.-P.; Wang, C.-Y.; Jin, X.-H.; Li, M.; Wang, F.-W.; Huang, W.-J.; Yun, J.-P.; Xu, R.-H.; Cai, Q.-Q.; Xie, D. Acidic microenviron-
ment up-regulates exosomal MiR-21 and MiR-10b in early-stage hepatocellular carcinoma to promote cancer cell proliferation
and metastasis. Theranostics 2019, 9, 1965–1979. [CrossRef]

91. Wang, J.; Wang, X.; Zhang, X.; Shao, T.; Luo, Y.; Wang, W.; Han, Y. Extracellular vesicles and hepatocellular carcinoma:
Opportunities and challenges. Front. Oncol. 2022, 12, 884369. [CrossRef]

92. Reig, M.; Forner, A.; Rimola, J.; Ferrer-Fàbrega, J.; Burrel, M.; Garcia-Criado, Á.; Kelley, R.K.; Galle, P.R.; Mazzaferro, V.; Salem, R.;
et al. BCLC strategy for prognosis prediction and treatment recommendation: The 2022 update. J. Hepatol. 2022, 76, 681–693.
[CrossRef] [PubMed]

93. Cerreto, M.; Cardone, F.; Cerrito, L.; Stella, L.; Santopaolo, F.; Pallozzi, M.; Gasbarrini, A.; Ponziani, F.R. The New Era of
Systemic Treatment for Hepatocellular Carcinoma: From the First Line to the Optimal Sequence. Curr. Oncol. 2023, 30, 8774–8792.
[CrossRef] [PubMed]

94. Vitale, A.; Cabibbo, G.; Iavarone, M.; Viganò, L.; Pinato, D.J.; Ponziani, F.R.; Lai, Q.; Casadei-Gardini, A.; Celsa, C.; Galati, G.; et al.
Personalised management of patients with hepatocellular carcinoma: A multiparametric therapeutic hierarchy concept. Lancet
Oncol. 2023, 24, e312–e322. [CrossRef] [PubMed]

95. Trevisani, F.; Vitale, A.; Kudo, M.; Kulik, L.; Park, J.-W.; Pinato, D.J.; Cillo, U. Merits and boundaries of the BCLC staging and
treatment algorithm: Learning from the past to improve the future with a novel proposal. J. Hepatol. 2024; online ahead of print.
[CrossRef]

96. Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.-F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.-L.; Forner, A.; et al.
Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 2008, 359, 378–390. [CrossRef]

97. Kudo, M.; Finn, R.S.; Qin, S.; Han, K.-H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.-W.; Han, G.; Jassem, J.; et al. Lenvatinib versus
sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma: A randomised phase 3 non-inferiority
trial. Lancet 2018, 391, 1163–1173. [CrossRef] [PubMed]

98. Bruix, J.; Qin, S.; Merle, P.; Granito, A.; Huang, Y.-H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.; Breder, V.; et al.
Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib treatment (RESORCE): A randomised,
double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 389, 56–66. [CrossRef] [PubMed]

99. Abou-Alfa, G.K.; Meyer, T.; Cheng, A.-L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.-Y.; Cicin, I.; Merle, P.; Chen, Y.; Park, J.-W.; et al.
Cabozantinib in patients with advanced and progressing hepatocellular carcinoma. N. Engl. J. Med. 2018, 379, 54–63. [CrossRef]
[PubMed]

100. Lee, L.; Huber, L.; Stewart, J.; Mathews, M.; Falcon, B.; Chintharlapalli, S. Evaluation of AFP expression as a predictive marker for
response to anti-VEGFR-2 inhibition. Ann. Oncol. 2017, 28, iii19–iii20. [CrossRef]

101. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus bevacizumab in unresectable hepatocellular carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef]

102. Cheng, A.-L.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Lim, H.Y.; Kudo, M.; Breder, V.; Merle, P.; et al. Updated
efficacy and safety data from IMbrave150: Atezolizumab plus bevacizumab vs. sorafenib for unresectable hepatocellular
carcinoma. J. Hepatol. 2022, 76, 862–873. [CrossRef]

103. Abou-Alfa, G.K.; Chan, S.L.; Kudo, M.; Lau, G.; Kelley, R.K.; Furuse, J.; Sukeepaisarnjaroen, W.; Kang, Y.-K.; Dao, T.V.; De Toni,
E.N.; et al. Phase 3 randomized, open-label, multicenter study of tremelimumab (T) and durvalumab (D) as first-line therapy
in patients (pts) with unresectable hepatocellular carcinoma (uHCC): HIMALAYA. J. Clin. Oncol. 2022, 40 (Suppl. S4), 379.
[CrossRef]

104. Kudo, M.; Finn, R.S.; Edeline, J.; Cattan, S.; Ogasawara, S.; Palmer, D.H.; Verslype, C.; Zagonel, V.; Fartoux, L.; Vogel, A.; et al.
Updated efficacy and safety of KEYNOTE-224: A phase ii study of pembrolizumab in patients with advanced hepatocellular
carcinoma previously treated with sorafenib. Eur. J. Cancer 2022, 167, 1–12. [CrossRef] [PubMed]

https://doi.org/10.1002/hep.21313
https://doi.org/10.1186/s12935-021-01941-9
https://doi.org/10.1155/2014/864894
https://doi.org/10.1016/j.canlet.2017.03.004
https://doi.org/10.1038/s41467-017-02583-0
https://doi.org/10.1038/s41418-020-0575-3
https://doi.org/10.1007/s13105-019-00692-6
https://doi.org/10.7150/thno.30958
https://doi.org/10.3389/FONC.2022.884369
https://doi.org/10.1016/j.jhep.2021.11.018
https://www.ncbi.nlm.nih.gov/pubmed/34801630
https://doi.org/10.3390/curroncol30100633
https://www.ncbi.nlm.nih.gov/pubmed/37887533
https://doi.org/10.1016/S1470-2045(23)00186-9
https://www.ncbi.nlm.nih.gov/pubmed/37414020
https://doi.org/10.1016/j.jhep.2024.01.010
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/S0140-6736(18)30207-1
https://www.ncbi.nlm.nih.gov/pubmed/29433850
https://doi.org/10.1016/S0140-6736(16)32453-9
https://www.ncbi.nlm.nih.gov/pubmed/27932229
https://doi.org/10.1056/NEJMoa1717002
https://www.ncbi.nlm.nih.gov/pubmed/29972759
https://doi.org/10.1093/annonc/mdx261.024
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1200/JCO.2022.40.4_suppl.379
https://doi.org/10.1016/j.ejca.2022.02.009
https://www.ncbi.nlm.nih.gov/pubmed/35364421


Int. J. Mol. Sci. 2024, 25, 4783 16 of 16

105. Yau, T.; Kang, Y.-K.; Kim, T.-Y.; El-Khoueiry, A.B.; Santoro, A.; Sangro, B.; Melero, I.; Kudo, M.; Hou, M.-M.; Matilla, A.; et al.
Efficacy and safety of nivolumab plus ipilimumab in patients with advanced hepatocellular carcinoma previously treated with
sorafenib: The CheckMate 040 randomized clinical trial. JAMA Oncol. 2020, 6, e204564. [CrossRef] [PubMed]

106. Pfister, D.; Núñez, N.G.; Pinyol, R.; Govaere, O.; Pinter, M.; Szydlowska, M.; Gupta, R.; Qiu, M.; Deczkowska, A.; Weiner, A.; et al.
NASH limits anti-tumour surveillance in immunotherapy-treated HCC. Nature 2021, 592, 450–456. [CrossRef] [PubMed]

107. Minici, R.; Siciliano, M.A.; Ammendola, M.; Santoro, R.C.; Barbieri, V.; Ranieri, G.; Laganà, D. Prognostic role of neutrophil-to-
lymphocyte ratio (NLR), lymphocyte-to-monocyte ratio (LMR), platelet-to-lymphocyte ratio (PLR) and lymphocyte-to-C reactive
protein ratio (LCR) in patients with hepatocellular carcinoma (HCC) undergoing chemoembolizations (TACE) of the liver: The
unexplored corner linking tumor microenvironment, biomarkers and interventional radiology. Cancers 2022, 15, 257. [CrossRef]
[PubMed]

108. Zhou, H.; Huang, H.; Shi, J.; Zhao, Y.; Dong, Q.; Jia, H.; Liu, Y.; Ye, Q.; Sun, H.; Zhu, X.; et al. Prognostic value of interleukin 2 and
interleukin 15 in peritumoral hepatic tissues for patients with hepatitis B-related hepatocellular carcinoma after curative resection.
Gut 2010, 59, 1699–1708. [CrossRef] [PubMed]

109. Budhu, A.; Forgues, M.; Ye, Q.H.; Jia, H.L.; He, P.; Zanetti, K.A.; Kammula, U.S.; Chen, Y.; Qin, L.X.; Tang, Z.Y.; et al. Prediction of
venous metastases, recurrence, and prognosis in hepatocellular carcinoma based on a unique immune response signature of the
liver microenvironment. Cancer Cell 2006, 10, 99–111. [CrossRef]

110. Sanghera, C.; Teh, J.J.; Pinato, D.J. The systemic inflammatory response as a source of biomarkers and therapeutic targets in
hepatocellular carcinoma. Liver Int. 2019, 39, 2008–2023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1001/jamaoncol.2020.4564
https://www.ncbi.nlm.nih.gov/pubmed/33001135
https://doi.org/10.1038/s41586-021-03362-0
https://www.ncbi.nlm.nih.gov/pubmed/33762733
https://doi.org/10.3390/CANCERS15010257
https://www.ncbi.nlm.nih.gov/pubmed/36612251
https://doi.org/10.1136/GUT.2010.218404
https://www.ncbi.nlm.nih.gov/pubmed/20940284
https://doi.org/10.1016/J.CCR.2006.06.016
https://doi.org/10.1111/LIV.14220

	Introduction 
	Molecular Mechanisms Linking Mitochondrial Dysfunction and Inflammation 
	Mechanisms of Cell Death: Apoptosis Versus Necrosis 
	Pro-Inflammatory Apoptosis: Pyroptosis and Its Role in the Pathogenesis of Hepatocarcinoma 

	Mitochondria-Derived Vesicles in Hepatocarcinoma: Knowing the Unknown 
	From Bench to Bedside: Clinical Management of Hepatocarcinoma and Immunotherapy 
	Conclusions 
	References

