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1. Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths
worldwide. To date, systemic treatment for patients with unresectable or advanced disease
was composed of sorafenib and other multikinase inhibitors, with limited efficacy and high
toxicity. Nevertheless, immune checkpoint inhibitors (ICIs) have greatly broadened the
treatment landscape of unresectable HCC [1]. Specifically, the IMbrave150 trial demon-
strated that in patients with unresectable HCC, combined treatment with the programmed-
death ligand-1 (PD-L1) inhibitor, atezolizumab, alongside the vascular endothelial growth
factor (VEGF) inhibitor, bevacizumab, prolonged the median overall survival (OS) to
19.2 months as compared to sorafenib treatment alone [2]. However, around 20–25% of
patients exhibit complete primary resistance to atezolizumab, plus bevacizumab, indicating
that the identification of patients who might gain the most from this therapy is crucial.

To date, there are no definite biomarkers in HCC that can accurately predict response or
resistance to ICIs, while as the HCC treatment regimens have shifted towards immunother-
apy, the identification of potent predictive and prognostic biomarkers has attracted atten-
tion. Although HCC formation has been attributed to certain viral or non-viral causes,
nonalcoholic steatohepatitis (NASH), is a major driver of HCC as well [3]. Recent data
suggest that NASH-related HCC might have decreased sensitivity to immunotherapy, due
to the presence of CD8+ T cells and, especially, of the hepatic steatosis-induced CXCR6+
subset that was correlated with hepatocyte injury and potentiated the pathogenesis of
NASH-related HCC via the secretion of pro-inflammatory cytokines and direct hepatocyte
killing, mediated by the tumor necrosis factor (TNF) [4]. Moreover, local and systemic
inflammation are considered hallmarks of cancer, and they have a pivotal role in HCC
pathogenesis and progression [5]. An increased peripheral blood absolute neutrophil count
and an elevated neutrophil to lymphocyte ratio (NLR ≥ 5) are considered markers of
advanced disease, poor prognosis, and poor response to treatment with hepatic resection,
transplantation, locoregional therapy, and tyrosine kinase inhibitors in patients with HCC.
Indeed, systemic inflammation measured by NLR is independently a negative prognostic
factor for patients with HCC under ICI therapy [6]. The measurement of the NLR across

Cancers 2023, 15, 1522. https://doi.org/10.3390/cancers15051522 https://www.mdpi.com/journal/cancers
1



Cancers 2023, 15, 1522

various time points could provide insight into how different values of this inflammatory
marker could accurately predict patient response to systemic therapy, patient outcomes, or
the development of adverse events (AEs).

2. TANs and TAMs in the Immune Microenvironment of HCC

The tumor immune microenvironment (TIME), being heterogeneous and comprised
of a multitude of immune and stromal cells, is an essential factor that leads to tumor
metastasis and relapse, as well as resistance to therapy, whereas the way in which differ-
ent TIME cell subtypes are connected with the clinical relevance in liver cancer remains
unclear [7]. Indeed, cells of innate and adaptive immunity coexist and interact within the
liver microenvironment during HCC, especially in the case of NASH, during which chronic
hepatic inflammation preexists the emergence of HCC [8]. As far as the innate immune
cells are concerned, in a mouse model of NASH-related HCC, neutrophils were shown
to predominantly increase in the course of the disease, in comparison to other immune
cells [9]. Indeed, in humans, high numbers of tumor-associated neutrophils (TANs) are a
biomarker of poor prognosis in HCC and various other cancers [10]. Nevertheless, whether
TANs, either within the HCC TIME or in a peritumoral hepatic location, account for this
association remains unclear. However, these results should be carefully assessed, since
they derive from HCC patients undergoing liver resection or liver transplantation, and
it is typical for such patients to present with early, localized disease with preserved per-
formance status and liver function. In countries with a low prevalence of viral hepatitis
and a high prevalence of nonalcoholic fatty liver disease (NAFLD), approximately 15% of
patients with HCC present with early disease and are considered candidates for curative
resection. Consequently, the results of the aforementioned studies regarding TANs, might
not be similar and comparable for individuals with more advanced HCC that are usually
candidates for systemic treatment and account for the majority of patients.

Neutrophils have considerable phenotypic plasticity and can exist in both tumor-
promoting (TAN2) and tumor-suppressing (TAN1) states. Neutrophils may also have the
ability to influence ICIs therapy. Recent data report that CXCR2+ neutrophils were found
in human NASH and within the tumor of both human and mouse models of NASH-related
HCC. The resistance of NASH-related HCC to anti-PD1 therapy is being overcome by
co-treatment with a CXCR2 small molecule inhibitor, with evidence of reduced tumor
burden and extended survival [11]. Anti-PD1 and CXCR2 inhibitors combine to selectively
reprogram TANs from a protumor to an antitumor phenotype, which unlocks their potential
for cancer therapy. The ability of CXCR2 antagonism to combine with ICI therapy in order
to lead to enhanced therapeutic benefit in NASH-related HCC (and potentially in HCC
related to other aetiologies) warrants further clinical investigation. Along the same line,
a recent animal study added that ferroptosis, caused by a tumor-suppressive immune
response, is characterised by a CXCL10-dependent infiltration of cytotoxic CD8+ T cells,
which at the same time was counterbalanced by a PD-L1 upregulation on tumor cells,
as well as by a marked myeloid-derived suppressor cell (MDSC) infiltration. A triple
combination of a ferroptosis-inducing agent, a CXCR2 inhibitor, and an anti-PD1, greatly
improved the survival of wild-type mice with liver tumors [12].

Furthermore, another important study [13], by integrated analyses on molecular corre-
lates of clinical response and resistance to atezolizumab in combination with bevacizumab
in advanced patient samples of HCC collected within the phase Ib GO30140 and the phase
III IMbrave150 trials, identified key molecular correlates of the combination therapy and
highlighted that anti-VEGF might synergize with anti-PD-L1 by targeting angiogenesis,
regulatory T-cells (Tregs) proliferation and myeloid cell inflammation. The presence of pre-
existing T-cell immunity is a key phenotypic characteristic that correlates with the response
to atezolizumab plus bevacizumab. TIME potentiating the enrichment of the effector T-cell
response over immunosuppressive Tregs identified patients that achieved significantly
improved overall survival from the aforementioned combination. These findings were
further validated by analyses of paired pre- and post-treatment biopsies, in situ analyses,
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and in vivo mouse models. Recent studies have also revealed the critical role of antigen
non-specific auto-aggressive CD8+ T cells in instigating liver damage and promoting liver
cancer in human NASH [14]. In addition, hepatic CD8+ PD1+ CXCR6+ T cells of humans
with NASH, as well as neutrophil extracellular traps (NETs), contributed to the develop-
ment of NASH-related HCC by promoting Treg differentiation, thus suppressing HCC
immune surveillance [9,15] (Figure 1).

Figure 1. The role of neutrophils in the liver cancer immune microenvironment. CXCR2: C-X-C motif
chemokine receptor 2; TAN: tumor-associated neutrophil; PD1: programmed cell death protein 1;
CXCR2i: C-X-C motif chemokine receptor 2 inhibitor; NET: neutrophil extracellular trap; PD-L1:
programmed death-ligand 1; ICI: immune checkpoint inhibitor; Treg: regulatory T; DC: dentritic cell;
NK: natural killer.

Through in vitro induction of TANs and ex vivo analyses of human TANs, a recent
study also showed that CCL4+ TANs can recruit macrophages and that PD-L1 + TANs
can suppress T cell cytotoxicity [16]. Monocytes are recruited into the tumor site by
the release of tumoral and stromal chemokines, such as CCL2 and CCL15. Monocytes
can be polarized into different subtypes such as CD14+, CCR1+, and CD14+ [7], while
macrophages are in the epicentre of the molecular pathways regulating NASH-related HCC
pathogenesis [17]. All of these subtypes promote a strong immunosuppressive environment
with the expression of ICIs (PD-L1/2, B7-H3, and TIM3) and cytokines (IL-10, CXCL2,
and CXCL8), inhibiting natural killer (NK) cytotoxicity, inducing Tregs. They also interact
with neutrophils to promote tumor invasiveness through the oncostatin M pathway. A
way to control tumorigenesis through monocytes would be through the prevention of
their recruitment to the tumor site by inhibiting the CCL15 pathway, via blockade of their
polarization by the inhibition of the p38 pathway, or via repressing the IL-6 pathway in
order to prevent the formation of Tregs. The CD68 marker is commonly used for liver
tumor-associated macrophage (TAM) localization and distribution, while the expression
levels of CD86 (M1), CD163 (M2), and CD206 (M2) are used to distinguish between M1-like
(inflammatory) and M2-like (anti-inflammatory) macrophages in vitro [18]. Collectively,
these data show that non-viral HCC, and particularly NASH-related HCC, might be less
responsive to immunotherapy, at least partially due to the presence of TANs and TAMs in
the TIME of HCC.
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3. Myeloid Cells and HCC Profiling

However, an important unmet clinical need is demonstrated by the lack of accurate
biomarkers that can influence therapeutic choices. This unfulfilled need is being met by
very few novel studies that incorporate multiregional single cell-dissection landscape of
tumor and immune cells in HCC with the sole purpose of shedding light on the biological
tumor characteristics and identifying potential tumor and blood biomarkers, in order to
categorize specific groups of TIME and identify patients who might have a benefit from
a specific treatment option. In brief, the combination of two single-cell RNA sequencing
technologies [19], produced transcriptomes of CD45+ immune cells for HCC patients from
five immune-relevant sites, and demonstrated an aggregate of LAMP3+ dendritic cells
(DCs) that could modulate different subtypes of lymphocytes. Moreover, TAMs were
correlated with poor prognosis, and the authors provided evidence of the inflammatory
role of SLC40A1 and GPNMB in those cells.

Additionally, Sun et al. [20], by performing single-cell profiling in relapsed HCC,
remarkably found that CD8+ T cells in recurrent tumors overexpressed KLRB1 (CD161)
and displayed an innate-like low cytotoxic state, with low clonal expansion, unlike the
classical exhausted state observed in primary HCC. The enrichment of these cells was
associated with a worse prognosis. In addition, by performing multiregional single-cell
RNA sequencing (scRNA-seq) analysis, Ma et al. [21], identified and further validated
the cellular dynamics of malignant cells and their communication networks with tumor-
associated immune cells in terms of ligand-receptor interaction pairs associated with
unique transcriptome. These molecular networks of malignant ecosystems, may open a
path for therapeutic exploration. Very recently, too, the first proteogenomic characterization
of hepatitis B virus (HBV)-related HCC using paired tumor and adjacent liver tissues
from 159 patients was performed by Gao Q et al. [22], and two prognostic biomarkers,
PYCR2 and ADH1A, which were related to proteomic subgrouping and were involved in
HCC metabolic reprogramming, were identified. CTNNB1 and TP53 mutation-associated
signaling and metabolic profiles were revealed, among which, mutated CTNNB1-associated
ALDOA phosphorylation was demonstrated to promote glycolysis and cell proliferation.

In a molecular study of HCC in patients with NASH, NASH-related HCCs were
characterized by bile and fatty acid signaling, oxidative stress, and inflammation, and
demonstrated an increased fraction of Wnt/TGF-β subclass of tumors and a decreased
fraction of the CTNNB1 subclass. In comparison to other etiologies, NASH-related HCC
had a considerably higher prevalence of an immunosuppressive cancer field [23]. Moreover,
it was also demonstrated that the prognostic liver signature (PLS)-NAFLD predicted
incident HCC over up to 15 years of longitudinal observation, while high-risk PLS-NAFLD
was associated with IDO1+ dendritic cells and dysfunctional CD8+ T cells in fibrotic portal
tracts, with impaired metabolic regulators. PLS-NAFLD was affected by bariatric surgery,
lipophilic statins, and the use of IDO1 inhibitors, implicating that it could be utilized in
pharmacotherapy and HCC chemoprevention [24].

Interestingly, treatment modalities aiming towards specific genomic alterations form
the basis of personalized medicine and constitute the epitome of systemic treatment for
many malignancies, but are still not available in HCC. Tools such as liquid biopsy and
circulating tumor DNA (ctDNA), even though most studies have not analyzed HCC tissue
concomitantly, may be of aid in identifying biomarkers of early diagnosis, response, or
resistance to treatment, and their role in HCC represents an ongoing research field [25]. In
addition, extracellular vesicles (EVs) or exosomes provide a critical mechanistic way of
bidirectional intercellular communication in the TIME of various cancers and it would be
very interesting to characterize tumor-derived versus immune-cell-TIME-derived EVs for
HCC, in terms of their functionally important genomic, lipidomic, and proteomic cargo [26].
Finally, an integrative analysis of RNA and whole exome sequencing, T-cell receptor (TCR)
sequencing, multiplex immunofluorescence, and immunohistochemistry was performed
in a cohort of 240 patients with HCC and was validated in other cohorts of 660 patients
in total [27]. A 20-gene signature, characterized by high interferon signalling and type I
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antigen-presenting genes, defined the inflamed class of HCC and was able to capture ~90%
of these tumors and was associated with response to immunotherapy. Proteins identified in
liquid biopsies recapitulated the inflamed class with an area under the ROC curve (AUC)
of 0.91.

4. Critical Analysis of Data and Future Perspectives

Taking into account the aforementioned complex molecular omics alongside the
heterogeneous cellular landscape of the TIME of HCC, future studies are expected to
highlight in a simple way that is practical for clinical use, the hepatic and peripheral
blood inflammatory and immunosuppressive tumorigenic function and composition of
TANs and TAMs in NASH-related HCC in comparison with other aetiologies and, more
importantly, to shed further light on potential prognostic or predictive molecular markers
for future immunotherapies targeting TANs and TAMs, acting in synergy with ICIs, in
order to overcome resistance and eventually improve the percentage of patients with
HCC that respond to treatment. In addition, we underline the significance of predictive
biomarkers of response to ICIs in order to (i) enhance the overall survival of patients
that are likely to respond to therapy, (ii) reduce the risk of treatment-related adverse
effects conveyed through the combination of drugs such as bevacizumab, (iii) maximize
efficacious application, and therefore the cost-effectiveness of different treatment modalities,
and (iv) characterize the molecular landscape of patients with advanced HCC responding
to anti-PD1 therapy and define a novel tool for patient selection in future clinical trials.

All of these data render HCC an oncological diagnosis in which spontaneous immuno-
genicity is critical for the efficacy of immunotherapy. Although the predictive value of
histopathologic assessment is unparalleled, TIME immunogenicity is influenced by density,
functional polarization, and distribution of the infiltrate. The diversity of the HCC TIME
and the demand for readily applicable biomarkers rather than complex transcriptomics
is still challenging, while the ultimate goal of expanding the reach of effective cancer im-
munotherapy to a wider proportion of patients via clinical stratification of trial participants
or targeted testing of novel combinations prognostically modulating adverse traits, such as
TANs and TAMs infiltration, is of the utmost importance.
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Simple Summary: In recent years, significant progress has been made in elucidating the mechanisms
via which hepatocellular neoplasms, i.e., hepatocellular adenoma and hepatocellular carcinoma, arise.
Hepatocellular carcinoma usually occurs in livers with chronic disease, due to deregulation of impor-
tant intracellular pathways of signal transmission. Recent studies suggest that subclassification of
hepatocellular carcinoma is practically useful. On the other hand, subclassification of hepatocellular
adenomas has been well established through correlation of molecular alterations with morphology
and protein expression. Advances in hepatic imaging have resulted in a new approach for diagnostic
assessment of lesions arising in advanced chronic liver disease. Histologic examination, aided by
immunohistochemistry, is the gold standard for the diagnosis and subclassification of hepatocellular
neoplasms, while clinicopathologic correlation is essential for best patient management. We summa-
rize the etiology and pathogenesis of hepatocellular neoplasms, provide practical information for
their histologic diagnosis, and address various frequently asked questions regarding their diagnosis
and practical implications.

Abstract: Hepatocellular carcinoma (HCC), a major global contributor of cancer death, usually
arises in a background of chronic liver disease, as a result of molecular changes that deregulate
important signal transduction pathways. Recent studies have shown that certain molecular changes
of hepatocarcinogenesis are associated with clinicopathologic features and prognosis, suggesting that
subclassification of HCC is practically useful. On the other hand, subclassification of hepatocellular
adenomas (HCAs), a heterogenous group of neoplasms, has been well established on the basis of
genotype–phenotype correlations. Histologic examination, aided by immunohistochemistry, is the
gold standard for the diagnosis and subclassification of HCA and HCC, while clinicopathologic
correlation is essential for best patient management. Advances in clinico-radio-pathologic correlation
have introduced a new approach for the diagnostic assessment of lesions arising in advanced chronic
liver disease by imaging (LI-RADS). The rapid expansion of knowledge concerning the molecular
pathogenesis of HCC is now starting to produce new therapeutic approaches through precision
oncology. This review summarizes the etiology and pathogenesis of HCA and HCC, provides practical
information for their histologic diagnosis (including an algorithmic approach), and addresses a variety
of frequently asked questions regarding the diagnosis and practical implications of these neoplasms.

Keywords: hepatocellular adenoma; hepatocellular carcinoma; molecular pathology; histologic
diagnosis; diagnostic algorithm; LI-RADS; frequently asked questions

1. Introduction

In the past decade, application of novel methodologies of molecular medicine in hepa-
tocellular neoplasms has significantly improved our understanding of the pathogenesis of

Cancers 2022, 14, 3670. https://doi.org/10.3390/cancers14153670 https://www.mdpi.com/journal/cancers
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hepatocellular adenoma (HCA) and hepatocellular carcinoma (HCC), as well as provided
useful new markers for pathologic diagnosis. At the same time, advances in clinico-radio-
pathologic correlation have resulted in a new approach for the diagnostic assessment of
focal hepatic lesions arising in advanced stage chronic liver disease by imaging, termed
LI-RADS. In addition to providing new diagnostic and prognostic markers, elucidation
of the molecular pathways of these neoplasms also has significant implications for treat-
ment. This is particularly important for patients with HCC, for whom precision oncology
strategies are finally starting to emerge, following many years of intensive research. This
article briefly reviews the etiology and pathogenesis of HCA and HCC, provides practical
information for their histologic diagnosis, and addresses a variety of frequently asked
questions regarding the diagnosis and practical implications of these neoplasms.

2. Etiology and Pathogenesis of Hepatocellular Adenomas

It is now well recognized that hepatocellular adenoma (HCA), occurring mainly
in young women taking oral contraception (OC), is a heterogeneous entity comprising
different morpho-molecular subtypes, with various clinical and etiological backgrounds,
risk for complications (bleeding and malignant transformation), and pathogenesis [1].
While most HCAs appear in normal liver, several clinical conditions and genetic syndromes
have also been found to be linked to the development of HCAs [1].

The first well-recognized subtype is related to HNF1A-inactivating mutations
(H-HCA). These tumors may be solitary or multiple, or they may occur in the context
of liver adenomatosis. H-HCA is usually characterized by steatosis within the lesion and
has a low risk of complications.

The second subtype is the inflammatory hepatocellular adenoma (IHCA), often devel-
oping on a background of NAFLD or in the context of alcohol consumption, predominantly
but not exclusively in obese women. These lesions are often multiple. Typically character-
ized by sinusoidal dilatation and inflammation, IHCAs are related to different mutations
leading to IL6/JAK/STAT inflammatory pathway activation.

A third subtype is the HCA with β-catenin-activating mutations (b-HCA). A propor-
tion of these mutations occur in IHCA, thus giving rise to b-IHCA. By contrast with the
other subtypes, b-(I)HCAs are overrepresented in men and have a higher risk of malignant
transformation. This risk depends on the level of activation of the β-catenin pathway, which
is linked to the type of CTNNB1 mutation that results also in different immunohistochemical
features [2].

A recently identified fourth HCA subtype is related to activation of the sonic hedge-
hog pathway (shHCA). These tumors are prone to bleeding, even when small, and can be
recognized by argininosuccinate synthase 1 (ASS1) overexpression on immunohistochem-
istry [3,4]. This subtype has been described so far only in women, often overweight, and in
the context of the metabolic syndrome.

Figure 1 illustrates the different subtypes of HCA with their principal immunohis-
tochemical characteristics: H-HCA and liver fatty-acid-binding protein (LFABP), IHCA
and C-reactive protein (CRP), b-HCA/b-IHCA and glutamine synthetase (GS), and shHCA
and ASS1.
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Figure 1. Characteristic histologic and immunohistochemical features of HCAs. (A) H-HCA: The
tumor (T) appears highly steatotic on H&E with a complete lack of LFABP by immunohistochemistry
(insert), contrasting with the normal expression in the nontumorous liver (NT). (B) IHCA: The tumor
(T) exhibits sinusoidal dilatation on H&E with a strong CRP expression by immunohistochemistry
(insert), sharply demarcated from the nontumorous liver (NT). (C) CTNNB1 exon 7/8 mutated b-IHCA:
This tumor exhibits a classical appearance of IHCA (sinusoidal dilatation, numerous thick arteries,
and strong expression of CRP (top insert); in addition, GS is very faint in the tumor but with a strong
GS rim between tumor (T) and nontumorous liver (NT) (bottom insert); molecular analysis identified
a mutation on CTNNB1 exon 7/8 (see [2]). (D) CTNNB1 exon 3 mutated b-HCA: This tumor (T), which
is not well delimited from the nontumorous liver (NT) on H&E, exhibits a strong and diffuse GS
expression (left insert), identifying a high level of activation of the β-catenin pathway (large deletion
on exon 3). (E) Exon 3 S45 mutated b-HCA: This tumor (T) exhibits numerous irregular vessels below
the rim (asterisk) that separates T from nontumorous liver (NT); heterogeneous expression of GS
is seen in T, whereas a strong GS expression characterizes the rim (middle insert); a corresponding
diffuse CD34 immunostaining is seen in the endothelial cells of T, with no CD34 expression in the
rim (asterisk) (right insert) (see [2]). (F) Exon 7 mutated b-HCA: GS is very faint in the tumor (T), and
a thin GS rim (asterisk) separates T from the nontumorous liver (NT); molecular methods identified
a β-catenin exon 7 mutation. (G) shHCA: This tumor developed in a highly steatotic nontumorous
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liver (NT, left picture) and exhibits focally large hemorrhagic foci (middle picture); ASS1 immunohis-
tochemistry shows an overexpression in the tumor (T), in comparison with the nontumorous liver
(NT), in which its expression is restricted to the periportal/septal zones (right picture). Abbreviations:
H-HCA, HNF1A-mutated hepatocellular adenoma; IHCA, inflammatory HCA; b-IHCA, β-catenin-
mutated inflammatory HCA; b-HCA, β-catenin-mutated HCA; shHCA, sonic hedgehog-activated
HCA; LFABP, liver fatty-acid-binding protein; CRP, C reactive protein; GS, glutamine synthetase.

3. Diagnosis and Subtyping of Hepatocellular Adenomas

The histologic diagnosis of HCA requires careful assessment of representative hema-
toxylin and eosin (H&E)-stained sections. HCAs are characterized by a benign hepatocellu-
lar proliferation, devoid of portal tracts. “Unpaired” arteries (i.e., arteries unaccompanied
by veins or bile ducts) are present among the neoplastic cells. Other characteristic features
include steatosis, inflammation, sinusoidal dilatation, and/or areas of hemorrhage. After
H&E assessment, immunohistochemical evaluation follows with specific antibodies recog-
nizing the targets identified by the genotype–phenotype studies [1,2]. An algorithm for the
diagnosis is proposed in Figure 2.

 
Figure 2. Diagnostic algorithm for HCAs. From a practical point of view, most of the cases are easily
recognized as benign or malignant, but some are not. In the situation of an obvious HCA, if there
is steatosis, with LFABP (−) and GS (−), there is no need to perform further IHC staining; it can be
concluded that the tumor is an H-HCA. If an HCA shows sinusoidal dilatation and inflammation,
with LFABP (+) and GS (−), it is mandatory to perform CRP and/or SAA immunostaining in order
to diagnose an IHCA. GS immunostaining is mandatory in all IHCAs in order to diagnose a b-IHCA.
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Different patterns of GS staining exist, linked to the type of underlying mutations (see [2]). If LFABP is
positive and all other markers are negative, then an overexpression of ASS1 will lead to the identifica-
tion of a shHCA, whereas, if it is not overexpressed, it is an UHCA. * Importantly, the GS(+)/CD34(−)
rim can be irregular or discontinuous and is usually better represented in b-HCA than in b-IHCA. Its
recognition on biopsies can be challenging (see [2]). In case of an uncertain diagnosis, HCA versus
HCC or HCA versus FNH, additional histochemical and immunohistochemical stains are needed.
The differential diagnosis of HCA versus HCC is discussed in FAQ 1. Reticulin stain might help to rec-
ognize alterations of the framework, although it is not a strict feature. Cytokeratin 7 and cytokeratin
19 stains help to recognize ductular reaction, and GS has a specific map-like pattern in FNH. Abbrevia-
tions: HCA, hepatocellular adenoma; H-HCA, HNF1A-mutated HCA; IHCA, inflammatory HCA;
b-HCA, β-catenin-activated HCA; b-IHCA, β-catenin-activated and inflammatory HCA; shHCA,
sonic hedgehog-activated HCA; UHCA, unclassified HCA; HCC, hepatocellular carcinoma; FNH,
focal nodular hyperplasia; LFABP, liver fatty-acid-binding protein; CRP, C reactive protein; SAA,
serum amyloid A; GS, glutamine synthetase; ASS1, argininosuccinate synthase; CK7, cytokeratin 7;
CK19, cytokeratin 19; DR, ductular reaction.

4. Etiology and Pathogenesis of Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) usually arises in livers with chronic disease, and it is
most often discovered when disease has reached an advanced stage, traditionally known
as cirrhosis. The most common chronic diseases that are associated with HCC are chronic
hepatitis B, chronic hepatitis C, and alcoholic liver disease, accounting together for 84%
of the cases occurring globally in 2015 [5]. In the meanwhile, nonalcoholic steatohepatitis
(NASH), associated with the metabolic syndrome, is emerging as a major risk factor for
HCC [6]. Other risk factors include hereditary metabolic disorders (such as hemochro-
matosis, α1-antitrypsin deficiency, and tyrosinemia), aflatoxin B1 exposure (in individuals
chronically infected with HBV), and tobacco smoking. Chronic liver diseases other than
those mentioned above (e.g., autoimmune hepatitis, primary biliary cholangitis, primary
sclerosing cholangitis, and Wilson disease) are uncommonly associated with development
of HCC.

HCC arising in noncirrhotic livers is often caused by HBV, which is a virus with
known carcinogenic effects. HBV DNA insertion in the host genome can deregulate genes
involved in cell signaling and replication (such as TERT, PDGFR, MLL4, and CCNE1),
while the HBV X protein transactivates genes involved in signal transduction pathways
and inhibits TP53 expression [7–9]. NASH and hereditary hemochromatosis are also
increasingly recognized as causes of HCC arising in noncirrhotic livers [6,10]. However,
HCC can also arise in apparently normal liver. Some of these cases may represent evolution
of HCA (mostly b-HCA and b-IHCA) to HCC (discussed in the previous sections), while
others, usually occurring in older individuals, remain unexplained. A special HCC subtype
arising in normal livers of young individuals is fibrolamellar carcinoma, which is associated
with a characteristic somatic gene fusion, DNAJB1–PRKACA, resulting from deletions in
chromosome 19 and activating protein kinase A [11].

In chronic liver diseases, continuous cell loss results in cell proliferation occurring in a
noxious microenvironment, characterized by oxidative stress due to chronic inflammation,
overexpression of growth factors, and epigenetic changes due to derangements of DNA
methyltransferases [12–14]. Thus, the possibility of mutations that initiate or promote
carcinogenesis is increased, while mutations providing survival benefits to hepatocytes
favor clonal expansion. This process is accelerated in the advanced stages of chronic liver
diseases when vascular changes, including intrahepatic vein thrombosis and vascular
reorganization, result in extensive cell loss. In that setting, hepatic regeneration largely
depends on progenitor cell proliferation due to senescence of hepatocytes. Therefore,
critical mutations in progenitor cells have the potential to produce large numbers of clonally
expanding hepatocytes with increased likelihood to progress to precancerous lesions and
then to HCC.
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The diverse molecular changes that are associated with HCC have been recently re-
viewed [15]. Whole-exome and whole-genome sequencing studies have revealed 40–60
somatic coding mutations per HCC, including 4–6 driver mutations [16]. The most frequent
mutations in HCC are those involving the promoter of telomerase reverse transcriptase
(TERT), occurring in 60% of cases [17]. In an additional 30% of HCCs, TERT is deregulated
by other molecular mechanisms, such as viral insertion [18]. TERT promoter mutations
have also been detected in precancerous nodules and are considered an early event in
hepatocarcinogenesis [19]. Other frequently mutated genes in HCC include CTNNB1,
TP53, RB1, ARID1A, ARID2, AXIN1, albumin, and apolipoprotein B [20–22]. The muta-
tions occurring in hepatocarcinogenesis can disrupt various signal transduction pathways,
such as telomere maintenance (TERT), cell-cycle control (TP53, CDKN2A), Wnt/β-catenin
(CTNNB1, AXIN1), epigenetic (ARID1A, ARID2, MLL2), and oxidative stress (NFE2L2,
KEAP1) [17,23,24]. “Druggable” genetic alterations are under intense investigation because,
at the present time, targeted therapeutic agents for HCC are limited to a small number of
multikinase inhibitors. On the other hand, understanding the interaction between neo-
plastic cells and their microenvironment will be crucial for identifying biomarkers and
developing new therapies based on immune checkpoint inhibition [25]

Recent studies have shown that certain molecular changes in HCC are associated
with specific clinicopathologic features and prognosis, suggesting the possibility of a
molecular classification for the future [26–29]. This active research has resulted in the
recognition of several HCC subtypes (also called “variants”) that hold promise for a more
personalized treatment of HCC patients. Eight HCC subtypes, considered to represent
distinct clinicopathological/molecular entities and accounting together for up to 35% of
HCCs, have been included in the latest edition of the WHO classification of liver tumors [30].
The characteristic features of these subtypes are briefly presented in Section 5. It should
be kept in mind that subclassification of HCC is a work in progress that will achieve
significantly more importance if it becomes useful from a therapeutic point of view.

5. Diagnosis of Hepatocellular Carcinoma

Diagnosis of HCC is traditionally made by histologic examination of biopsy, surgical,
or autopsy specimens, and it is based on the recognition of two basic attributes in the histo-
logic material: (i) hepatocellular differentiation, and (ii) malignancy. Features suggesting
hepatocellular differentiation include resemblance of neoplastic cells to hepatocytes, bile
production by neoplastic cells, positive immunostaining of neoplastic cells for “hepatocytic”
markers, such as arginase-1 and carbamoyl phosphate synthetase-1 (recognized by the
antibody HepPar1), and detection of albumin mRNA by in situ hybridization. Except
for bile production by neoplastic cells, none of the other features mentioned above is
entirely specific for HCC. On the other hand, features indicating malignancy include stro-
mal invasion, vascular invasion, metastatic spread, trabeculae thicker than three cells, and
immunopositivity of neoplastic cells for oncofetal antigens α-fetoprotein and/or glypican-3.

In addition to the most common trabecular growth pattern, HCCs often display
solid (compact), pseudoglandular, and macrotrabecular patterns of growth, including
combinations thereof. Similar to hepatocytes, the neoplastic cells may contain fat, glycogen
(resulting in clear cell change), hyaline bodies, Mallory–Denk bodies, or pale bodies.
Scattered arteries unaccompanied by veins or bile ducts (i.e., “unpaired” arteries) are a
characteristic histologic finding. Portal tracts are not a feature of classic HCC, except in
the invasive front of some tumors. Similar to other carcinomas, HCC is also histologically
classified as well, moderately and poorly differentiated [30] (Figure 3). Histologic diagnosis
of poorly differentiated HCC is often difficult and requires immunohistochemical stains in
support of the diagnosis (arginase-1, HepPar1, α-fetoprotein, and glypican-3), as well as
appropriate markers for other tumors that are included in the differential diagnosis, on a
case-per-case basis.
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Figure 3. Degrees of differentiation in HCC: (a) This well-differentiated HCC consists of neoplastic
cells resembling hepatocytes, which are arranged in trabeculae and pseudoglandular structures.
(b) As compared to (a), this moderately differentiated HCC displays an increased nuclear–cytoplasmic
ratio, larger nuclei with prominent nucleoli, and increased cytoplasmic basophilia. (c) This poorly
differentiated HCC is characterized by marked tumor cell pleomorphism, including multinucleated
cells; the architecture is trabecular and compact. (d) Bile production by neoplastic cells, often in
pseudoglandular structures, as illustrated here, is a diagnostic feature of HCC.

On the other hand, some HCCs are difficult to recognize histologically, especially
in biopsy material, because of well-differentiated features. Absence of portal tracts and
presence of unpaired arteries in the biopsy material are features suggesting hepatocellu-
lar neoplasm, but do not allow distinction between HCA and well-differentiated HCC,
while thin cell plates (<3 cells) do not exclude HCC. This difficult differential diagnosis is
discussed below (see FAQ 1). It is emphasized that correlation of clinical, radiologic, and
pathologic findings is essential for correct classification of difficult cases. This is particularly
true in the interpretation of biopsy material from small (<2 cm) nodular lesions in cirrhotic
livers, where the differential diagnosis includes large regenerative nodule, dysplastic nod-
ule (low or high grade), early HCC, and classic HCC (see Section 6). This interpretation
is facilitated when biopsy material from the hepatic parenchyma away from the lesion is
available for comparison.

Early HCC (eHCC) has recently been recognized as a distinct step in hepatocarcino-
genesis, characterized by ability for stromal invasion, but not for vascular invasion or
metastatic spread [31]. By definition, eHCC is a well-differentiated, early-stage tumor that
measures less than 2 cm in diameter. On gross examination, eHCC often appears vaguely
nodular, without distinct pushing boundaries or pseudocapsule, whereas small HCC of
the classic (also called “progressed”) type usually has distinct boundaries marked by a
pseudocapsule comprising compressed portal tracts or disease-associated scars [32]. Small
classic HCCs tend to be better differentiated than larger ones, but have similar histologic
features. On the other hand, many histologic features of eHCCs are reminiscent of those
seen in high-grade dysplastic nodules. Early HCCs are usually composed of crowded,
relatively small neoplastic cells, arranged in thin trabeculae and occasional small pseudog-
landular structures. High cellularity (more than twice that of the surrounding parenchyma)
and indistinct borders are characteristic features on low-power microscopic examination.
Unpaired arteries are usually sparse and small, as compared to those of classic HCC. “En-
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trapped” portal tracts may be present in eHCC, especially in peripheral regions of the
lesion. Steatosis is also often seen in eHCC, and it has been attributed to reduced oxygen
supply compared to surrounding parenchyma [32]. On occasion, histologic examination
of hepatic nodules may reveal classic HCC arising within eHCC (Figure 4). The vascular
supply of eHCC (portal tract vessels and poorly developed unpaired arteries) significantly
overlaps with that of dysplastic nodules; therefore, distinction between these lesions with
imaging methods is difficult to impossible. The histologic features distinguishing eHCC
from high-grade dysplastic nodules are discussed below (see Section 6).

 

Figure 4. Classic HCC arising within early HCC (right and lower parts of the picture). Note the small
unpaired arteries (right middle and lower part of the picture).

Table 1 provides a comparison of the etiology, pathogenesis, and diagnostically useful
histopathologic features of HCA and HCC.

HCC Subtypes

The steatohepatitic subtype of HCC occurs usually, but not exclusively, in patients with
metabolic syndrome or alcohol use and is characterized by histologic features similar
to those of steatohepatitis occurring in nontumorous liver, i.e., macrovesicular steato-
sis, inflammation, ballooned cells, Mallory–Denk bodies, and pericellular fibrosis [33,34]
(Figure 5a). This subtype was found to be associated with frequent IL6/JAK/STAT path-
way activation, without CTNNB1, TERT, and TP53 alterations [29]. At this point in time,
steatohepatitic HCC does not seem to prognostically differ from average classic HCC.

The clear cell subtype owes its appearance to glycogen accumulation in tumor cells, thus
simulating clear-cell carcinoma of the kidney and other organs (Figure 5b). No characteristic
molecular alterations have been found in this subtype, which appears to be associated with
a better-than-average prognosis [35]. Distinction from metastatic renal cell carcinoma may
require immunohistochemical stains for hepatocytic markers (arginase-1, HepPar1) and
renal transcription factor PAX-8.

The macrotrabecular massive subtype is histologically characterized by thick trabecu-
lae, although the exact thickness (>6 cells vs. ≥10 cells thick) differs among authors [36]
(Figure 5c). This subtype is associated with high serum α-fetoprotein and poor progno-
sis [29]. TP53 mutations and FGF19 amplifications are common in these tumors.

The scirrhous subtype is characterized by diffuse fibrosis, and it has been associated
with TSC1/TSC2 mutations [29] (Figure 5d). The prognosis of this subtype does not appear
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to differ from the average classic HCC. On histologic examination, this subtype should be
distinguished from cholangiocarcinoma. Immunohistochemistry for hepatocytic markers
arginase-1 and HepaPar1 is useful in this regard, whereas cytokeratin 7 is positive in most
scirrhous HCCs and almost all cholangiocarcinomas.

The chromophobe subtype is characterized by light staining cytoplasm of the neoplastic
cells, mostly bland nuclei, as well as scattered cells with large atypical nuclei. Another
characteristic feature is the presence of scattered cystic spaces, filled with serum-like
material. On a molecular basis, this subtype is characterized by alternative lengthening of
telomeres, a mechanism for telomere preservation without TERT promoter mutation [37].
The prognosis of this subtype does not appear to differ from the average classic HCC.

Table 1. Comparison of etiology, pathogenesis, and diagnostically useful histopathologic features of
hepatocellular neoplasms.

Hepatocellular Adenoma Hepatocellular Carcinoma

Etiology and Pathogenesis

Chronic liver disease Usually absent Usually present

Molecular changes Four specific morpho-molecular Large variety of mutations

subtypes, including the following: affecting a number of signal

- H-HCA: HNF1A-inactivating mutations transduction pathways;
- IHCA: mutations activating IL6/JAK/STAT most frequent mutations
- b-HCA, b-IHCA: CTNNB1-activating mutations Involve TERT promoter

- shHCA: INHBE–GLI1 gene fusion

Tumor architecture

Thickness of cell plates 1–2 cells Variable

Pseudoglandular structures Absent or few Absent or present

Reticulin fibers Preserved or focally disorganized Decreased, disorganized

Invasive growth in stroma or vessels Absent Present

Cytologic features

Small cell size Uncommon Sometimes present

Nuclear hyperchromasia Uncommon Commonly present

Nuclear contour irregularities Uncommon Commonly present

Nuclear pleomorphism Uncommon Commonly present

Nuclear–cytoplasmic ratio Usually normal Often increased

Cytoplasmic basophilia Usually absent Commonly present

Mitotic figures Absent or rare Often present

Nonlesional hepatic parenchyma

Evidence of cirrhosis Absent (rarely present in IHCA) Present or absent

Positive immunohistochemical staining

Alpha-fetoprotein Absent Present or absent

Glypican-3 Absent Present or absent

The fibrolamellar subtype has long been considered a distinctive HCC variant occurring
in young individuals (median age: 25 years) without liver disease. These tumors are well
differentiated and consist of groups and trabeculae of large polygonal cells, separated by
bands of lamellar fibrosis. The neoplastic cells have abundant eosinophilic cytoplasm,
often displaying pale bodies, as well as large nuclei with prominent nucleoli (Figure 5e).
In contrast to most other HCCs, those of the fibrolamellar subtype are positive for cytok-
eratin 7 and CD68. Almost all fibrolamellar HCCs have the characteristic somatic gene
fusion DNAJB1–PRKACA, the detection of which can aid diagnosis [11]. The prognosis
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of fibrolamellar HCC is similar to that of classic well-differentiated HCC occurring in
noncirrhotic liver.

Figure 5. Examples of HCC subtypes: (a) steatohepatitic; (b) clear cell; (c) macrotrabecular; (d) scir-
rhous; (e) fibrolamellar; (f) sarcomatoid.

The neutrophil-rich subtype is characterized by abundant intratumoral neutrophils, due
to granulocyte colony-stimulating factor (G-CSF) produced by neoplastic cells. Most tumors
are poorly differentiated and may have sarcomatoid areas. The patients have elevated
peripheral white blood cell counts, serum IL-6 levels, and often serum C-reactive protein.
The prognosis of this subtype is worse than the average classic HCC [30].

The lymphocyte-rich subtype is characterized by abundant intratumoral lymphocytes.
Cases tested for Epstein–Barr virus (EBV) were found to be negative. No prognostic sig-
nificance has been attributed to this subtype. The lymphocyte-rich subtype should be
distinguished from lymphoepithelioma-like HCC, a rare, poorly differentiated carcinoma,
composed of tumor cells growing in poorly defined groups within a dense lymphoplasma-
cytic infiltrate [36,38]. Most cases of this neoplasm, which has similar histologic features to
nasopharyngeal carcinoma and lymphoepithelioma-like carcinomas arising in other organs,
have also been found to be negative for EBV.
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In addition to lymphoepithelioma-like HCC, sarcomatoid HCC is another poorly dif-
ferentiated variant that has not been recognized as a separate subtype in the latest edition
of the WHO classification of liver tumors [30]. However, sarcomatoid HCC merits spe-
cific mention because it has a poor prognosis, as well as a spindle cell morphology that
mimics various sarcomas [39] (Figure 5f). Extensive sampling may be required to reveal
areas of typical HCC in these tumors, while immunohistochemical stains demonstrating
expression of epithelial and hepatocytic markers can be useful, especially in cases with
limited histologic material. Heterologous differentiation may be found in these rare tumors,
in which case the term carcinosarcoma is appropriately used. It should be kept in mind
that sarcomatoid change may develop in HCC following chemotherapy or transarterial
chemoembolization [40].

The characteristic histologic and molecular findings of hepatocellular carcinoma sub-
types are summarized in Table 2.

Table 2. Characteristic histologic and molecular findings of hepatocellular carcinoma subtypes.

Subtype Characteristic Histologic Findings Characteristic Molecular Findings

Steatohepatitic

Features simulating steatohepatitis
(macrovesicular steatosis, inflammation,
ballooned cells, Mallory–Denk bodies,

and pericellular fibrosis)

IL6/JAK/STAT pathway activation

Clear cell Glycogen accumulation in tumor cells None to date

Macrotrabecular massive Thick trabeculae (>6 cells thick) TP53 mutations, FGF19 amplifications

Scirrhous Diffuse fibrosis TSC1/TSC2 mutations

Chromophobe
Light staining cytoplasm, mostly bland
nuclei, occasional large atypical nuclei;
cystic spaces with serum-like material

Alternative lengthening of telomeres

Fibrolamellar

Large polygonal cells with abundant
eosinophilic cytoplasm, large nuclei and
prominent nucleoli; pale bodies; lamellar

fibrosis; immunopositivity for
cytokeratin 7

and CD68

DNAJB1–PRKACA gene fusion

Neutrophil-rich Abundant intratumoral neutrophils G-CSF production by neoplastic cells

Lymphocyte-rich Abundant intratumoral lymphocytes None to date

Sarcomatoid Spindle cell morphology None to date

6. Precancerous Lesions in Hepatocarcinogenesis

Clonal populations of hepatocytes bearing molecular alterations of the early steps
of carcinogenesis may be morphologically recognized in chronically diseased livers as
precancerous lesions. These include the following [41]:

(i) dysplastic foci (DFs), which are incidentally detected on microscopic examination and
measure less than 1 mm in diameter;

(ii) dysplastic nodules (DNs), which are larger than dysplastic foci, occasionally mea-
suring over 1 cm in diameter, and may be detected on imaging studies and gross
examination

The diagnosis of both DFs and DNs is made by histologic examination. Detection of
such lesions is associated with an increased risk of HCC.

DFs are most commonly composed of hepatocytes with small cell change forming
a roundish area with increased proliferative activity, as compared to the surrounding
parenchyma. Small cell change is characterized by small cell size, increased nuclear–
cytoplasmic ratio, mild nuclear pleomorphism and hyperchromasia, and cytoplasmic ba-
sophilia [42]. Small cell change of hepatocytes cytologically resembles early HCC. In livers
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with hereditary hemochromatosis, DFs are characterized by resistance to iron accumulation
(“iron-free foci”) [43].

DNs are grossly defined on the basis of comparisons to surrounding liver tissue as
“distinctive nodules”. They are most typically distinctive in terms of size, being larger than
surrounding cirrhotic nodules [31,44]. However, they may also differ in terms of color
(yellow if steatotic, tan-white if fibrotic, dark brown or black if iron-retentive, and green if
cholestatic). These lesions are not distinguishable from small HCCs on gross examination.
Confirmation that a distinctive nodule is a DN rather than HCC depends on histologic
examination. DNs may display cytologic and architectural atypia, but to a degree that is
insufficient for a diagnosis of HCC. Most consistently, DNs contain portal tracts, sometimes
in a virtually normal distribution, while small, classic HCCs will have destroyed these or
pushed them out of the way as they expand. Small classic HCCs will also often display all
the histologic features of larger HCCs, such as overt cytologic atypia and thick trabeculae.
Distinction between DNs and eHCC is more difficult; this is why eHCC was internationally
recognized as an entity only in 2009 [31]. The histologic and immunohistochemical features
that are useful for this distinction are discussed below. Sometimes, there are subnodules
with features histologically suggestive of HCC within a DN; this is evidence of the DN’s
premalignant nature and is also further discussed below.

6.1. Low-Grade vs. High-Grade Dysplastic Nodules

DNs are subclassified in two categories, low-grade (LGDNs) and high-grade
(HGDNs) [41]. LGDNs are lacking cellular atypia or architectural atypia that would
be suspicious for HCC, although they may have large cell change. HGDNs are defined as
having cytologic atypia (increased nuclear–cytoplasmic ratio, mild nuclear contour irregu-
larities and hyperchromasia, cytoplasmic basophilia, and small cell change), or architectural
atypia (thickened—but less than three cells thick—trabeculae, occasional pseudoglandular
structures), which are reminiscent of an emerging HCC but insufficiently extensive to
confidently denote a fully progressed HCC. HGDNs may display nodule-in-nodule type of
growth, with a distinctive subnodule showing more atypical features. Sometimes the subn-
odule will merely be more expansile than the surrounding DN parenchyma with increased
proliferation producing a “pushing border” at its edges. On occasion, the subnodule will
be an overt HCC, displaying stromal invasion into portal tracts or fibrous septa contained
within the surrounding DN (Figure 6) [45].

DNs are now understood to represent clonal neoplastic expansions of cells that often
develop long before advanced stage liver disease is established [44,46]. They are generally
lesions with low proliferation compared to surrounding, hyperplastic cirrhotic nodules [47].
(Figure 7). DNs are able to spread, however, because they are also resistant to apoptosis.
This resistance gives them a slight survival advantage compared to non-neoplastic hepato-
cytes in adjacent parenchyma which, in response to the underlying chronic liver disease,
have increased turnover [44]. The measure of how slight this advantage must be is that
they may take many years to achieve sizes of up to 1.5 cm. DNs’ resistance to the disease
affecting the liver as a whole is also evidenced by diminished activation of hepatic stellate
cells (HSCs) leading to an absence of scar within the DN or at least diminished scarring
compared to the rest of the liver (Figure 7) [48].

6.2. Low-Grade Dysplastic Nodules vs. Large Regenerative Nodules

In early studies of DNs in sequential cirrhotic explants, the primary criterion for
identifying DNs was a size cutoff (either 0.8 or 1.0 cm, depending on the study). The
majority of livers containing DNs have a small number, rarely over 10; however, a subset
of liver explants in patients with “macronodular cirrhosis” following either autoimmune
hepatitis or hepatitis B had “uncountable” numbers of DNs by this criterion [49]. None of
these were HGDN and none of the livers had HCC. Thus, it was clear that sometimes large
regenerative nodules (LRNs) can mimic LGDNs.
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Figure 6. HCC (central and right part of the picture) arising in dysplastic nodule (left part). The
tumor has features of early HCC (central part) and classic HCC with steatosis (right part).

In resection specimens, histologic distinctions between LGDN and LRN can be coun-
terintuitive. LGDNs are more likely to show relatively preserved, even “normal appearing”
parenchymal architecture, while LRNs may show significant disturbances of organization
and function, such as variably regenerative or atrophic hepatocytes, large cell change, and
hepatocyte injury such as ballooning or cholestasis. Thus, paradoxically, the neoplastic
lesions, LGDNs, will appear more like normal liver, while the hyperplastic LRNs will
appear reactive and, therefore, abnormal.

 

Figure 7. Important histologic features in hepatocellular nodules emerging in chronically diseased
livers, and their LIRADS correlation. Abbreviations: LRN, large regenerative nodule; LGDN, low-grade
dysplastic nodule; HGDN, high-grade dysplastic nodule; eHCC, early hepatocellular carcinoma;
HCC, classic (progressed) hepatocellular carcinoma; HSC, hepatic stellate cell.
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If the nodule has some distinctive features that might suggest clonality, this would
support a diagnosis of LGDN over LRN. Such changes include diffuse iron or copper
accumulation not seen in the surrounding liver or diffuse steatosis, with or without steato-
hepatitis, in the absence of background fatty liver disease. These findings favor the nodule
being a true neoplasm. If one wishes to be more certain, one could do further studies to
examine hepatocyte proliferation rates and HSC activation (both low in LGDN and high
in LRN) (Figure 7) [47,48]. Moreover, LRNs lack unpaired arteries indicating neoplasia-
associated angiogenesis, while LGDNs often have many such vessels (Figure 7) [50,51].
However, in many instances, the distinction between LGDN and LRN may be impossible,
particularly in biopsy samples, but even when the whole nodule is present in a resection or
autopsy specimen [31].

6.3. High-Grade Dysplastic Nodules vs. Hepatocellular Carcinoma

Distinguishing HGDN from well-differentiated HCC can be challenging, especially
on needle biopsy material. Recognition of invasive properties, in the stroma or vessels,
a hallmark of malignancy (Figure 8), is obviously of paramount importance, but is often
difficult to detect. Stromal invasion is the feature distinguishing eHCC from HGDN,
and it is suspected when hepatocytes, even some without significant atypia, are present
within the stroma of a portal tract or a septum in a large nodule. In such cases, absence
of a ductular reaction, confirmed by immunohistochemical stains for cytokeratins 7 or 19,
will support the presence of stromal invasion and, therefore, the diagnosis of HCC [45].
Immunohistochemistry can also be useful in biopsy material from nodules where HCC is
suspected despite the lack of any evidence of invasion. Immunopositivity of lesional cells
for two out of three markers, including glypican-3, glutamine synthetase, and HSP70, is
considered diagnostic for HCC (either early or classic), whereas positivity for one or no
marker does not resolve the issue of differential diagnosis between HGDN and HCC [52,53].

 

Figure 8. Well-differentiated HCC invading portal tract and fibrous septum in liver with advanced
stage chronic hepatitis C. Note the absence of ductular reaction.
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7. Frequently Asked Questions

FAQ 1—Can all hepatocellular neoplasms be definitely classified as either benign
or malignant?

Recognizing a hepatocellular proliferation as benign is usually relatively easy, but
can be difficult or even impossible in some cases. In livers with advanced chronic dis-
ease, the differential diagnosis is basically between high-grade dysplastic nodule and
well-differentiated HCC (early or classic). An algorithmic approach to this differential
diagnosis has recently been proposed [54]. In livers without chronic disease the difficulties
in distinguishing HCA from well-differentiated HCC have long been recognized by experi-
enced liver pathologists and are variably termed in the literature as “atypical hepatocellular
adenoma/neoplasm”, “HCA with borderline features”, and “hepatocellular neoplasm with
uncertain malignant potential” [1,55]. The worrisome features for the pathologist include
architectural abnormalities, such as thickening of liver cell plates, presence of more than
occasional pseudoglandular structures, and reticulin disorganization or disappearance,
as well as cytological atypia, including presence of small cells, nuclear hyperchromasia,
nuclear contour irregularities, nuclear pleomorphism, increased nuclear–cytoplasmic ratio,
cytoplasmic basophilia, and presence of more than rare mitotic figures (see Table 1). In
such cases, a careful search for features that allow a definite diagnosis of HCC (such as
stromal or vascular invasion, trabeculae thicker than three cells, or immunopositivity for
the oncofetal proteins α-fetoprotein and glypican-3) is warranted. However, despite careful
histopathologic assessment, this differential diagnosis may occasionally remain unresolved.
Detection of TERT promoter mutation, a marker of approximately 60% of HCCs [17], would
be an argument for malignancy in such borderline lesions and holds promise as a diagnostic
tool for the future. From a practical point of view, it is currently recommended to indicate
this diagnostic difficulty in the report, especially when dealing with a biopsy specimen, in
order to trigger appropriate clinical management and/or surveillance.

FAQ 2—Some HCCs arise in completely normal liver. Do these HCCs arise from HCAs?
HCAs are monoclonal neoplasms carrying a risk of malignant transformation reported

to be in the range of 4–10%, depending on the series [1]. This percentage is obviously biased
because (a) some lesions do not get a biopsy, and (b) many HCAs measuring more than
5 cm are surgically resected or ablated before expressing any potential to evolve to HCC.
Since the majority of HCAs arise in normal livers, HCCs arising from and replacing HCAs
will also be surrounded by normal hepatic parenchyma, except when an adenomatous
rim will still be present at the periphery of the HCC. On the other hand, a minority of
HCCs are discovered in normal livers, raising the possibility of a preexisting HCA that
cannot be morphologically recognized. None of the immunohistochemical or molecular
tools used to diagnose the different subtypes of HCA are useful at this point, because their
expression can be modified in malignant lesions; LFABP can be decreased in HCC [56],
CRP can be expressed by some HCCs [57], and CTNNB1 mutations are commonly found in
HCC. Therefore, none of these markers can be used for an argument to prove that an HCC
arose from an HCA [1]. It is important for the pathologist to check the past medical and
imaging history in order to identify clues of a preexisting HCA.

FAQ 3—Do HCAs arise in cirrhotic livers?
Theoretically, the definition of cirrhosis (i.e., a stage in the evolution of chronic liver

diseases characterized by scarring and diffuse development of nodules) should not exclude
the possibility of HCA of any subtype occurring in cirrhotic livers. However, the clinical
context of HCA development is different from chronic liver disease, and pathologists are
hesitant to make a diagnosis of HCA in cirrhotic livers. To date, the only HCA subtype that
has been reported in livers with cirrhosis is IHCA. Rare IHCAs have been well documented
in advanced-stage fatty liver disease, associated with alcohol or metabolic syndrome,
with characteristic pathologic, immunohistochemical (overexpression of SAA/CRP), and
molecular (different somatic mutations leading to IL6/JAK/STAT pathway activation)
features [58,59]. In this context, one must be very cautious and not assert the diagnosis of
IHCA only on the basis of immunohistochemical features, since cirrhotic nodules, large
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regenerative nodules, and dysplastic nodules can overexpress SAA or CRP [58]. Therefore,
it is necessary to confirm the presence of a specific IHCA mutation by molecular analysis
before reaching a diagnosis of IHCA developing in cirrhotic liver. A fortiori, it is not
advisable to affirm this diagnosis on a needle biopsy. As mentioned above, HCC can
express CRP, independently from the development in a preexisting IHCA [29].

FAQ 4—Are there any minimum requirements for the use of immunohistochemistry
in the diagnosis of HCA?

After confirming that a tumor is an HCA on the basis of H&E-stained sections, it is
important to define the subtype, which will determine further patient management. The
choice of immunohistochemical stains depends on the pathological features, as demon-
strated in Figure 2. If the tumor is highly steatotic, LFABP is mandatory to assert the
diagnosis of H-HCA, provided nontumoral liver with normal expression of LFABP is
available for comparison. If the tumor exhibits inflammatory features, sinusoidal dilatation,
thick arteries, and pseudoportal tracts, CRP and/or SAA is first requested and will lead to
the diagnosis of IHCA, if overexpressed. Of note, some H-HCA can be devoid of steatosis
and some IHCA can show very little inflammation or show steatosis, which makes both
immunostains (LFABP and CRP) useful for the right diagnosis in such cases. On the other
hand, in case of a completely characteristic H-HCA, with steatosis and loss of LFABP expres-
sion, one can easily conclude that this is the diagnosis. However, in routine practice, even if
a step-by-step approach seems to be logical, most of the time, LFABP, CRP, and glutamine
synthetase (GS) are determined from the beginning in order to save time and materials. GS
is mandatory for three reasons: (1) this marker is very useful to recognize and differentiate
the tumoral area from the non-tumoral liver, something not always easy, particularly on
biopsy specimens (GS in nontumoral liver is expressed only in a few rows of hepatocytes
around the central veins); (2) GS helps to rule out focal nodular hyperplasia (FNH) in case
of doubt (absence of classical map-like staining pattern in HCA); (3) GS is the major tool to
diagnose CTNNB1-mutated HCA with or without associated inflammation allowing the
diagnosis of b-HCA and b-IHCA. If GS is strong and diffuse, it means that there is a high
level of activation of the β-catenin pathway (most likely due to exon 3 non-S45 mutation).
Lower levels of activation of this pathway exist [60], and the pattern of GS expression
is a good reflection of this phenomenon, with different immunohistochemical features
suggesting different underlying molecular abnormalities, such as at the hotspot S45 of
exon 3 or in exon 7/8, resulting in a moderate or low level of β-catenin pathway activation,
respectively; in these latter cases, the diffuse CD34 staining in the tumor endothelial cells,
except at the peripheral rim, is a good additional argument for the diagnosis [1,2].

It is emphasized that GS is mandatory in all IHCAs in order to reach a diagnosis of
b-IHCA, which has the same risk of developing malignant transformation as b-HCA in the
case of high-level β-catenin pathway activation. GS immunohistochemistry is much more
reliable than β-catenin immunohistochemistry, which is not sensitive enough to identify
CTNNB1-mutated HCAs. Indeed, this is positive only when GS is strongly expressed and,
most of the times, positivity is focal, in a few nuclei. Therefore, there is no need to perform
β-catenin immunostaining in HCA subtypes other than b-HCA or b-IHCA.

If LFABP is normally expressed, and stains for CRP and GS are negative, ASS1 is a
useful new marker allowing to diagnose shHCA [3,4]. While ASS1 is normally expressed in
nontumor liver with a periportal/periseptal pattern (“honeycomb pattern”), overexpression
in tumor cells, as compared to nontumor is a requirement in order to make the diagnosis of
shHCA. It is important to recognize shHCAs because of their high risk of bleeding. The
algorithm (Figure 2) summarizes how to proceed in daily practice.

FAQ 5—Do molecular studies provide any benefit in terms of diagnosis or prognosis
of HCA, as compared to standard immunohistochemical stains?

In routine diagnosis, standard immunohistochemical stains (i.e., LFABP, CRP, and
GS) are sufficient, most of the time, for the diagnosis of H-HCA, IHCA, b-HCA, and b-
IHCA, together representing more than 90% of HCA cases. There is no further benefit to
identify inactivation of the HNF1A gene by molecular analysis or to search which mutation
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leads to IL6/JAK/STAT pathway activation, in order to reach a diagnosis of H-HCA or
IHCA, respectively.

Concerning the β-catenin pathway, if GS immunostaining is strong and diffuse, it
represents evidence that the activation level is high, which means a probable mutation
in exon 3, not at the S45 hotspot. In this situation, there is no added value to search
which hotspot of exon 3 is mutated for patient management decisions. Indeed, it is well
known that these b-HCA/b-IHCA cases have to be resected since they have a high risk of
malignant transformation. When the GS immunostaining is heterogeneous or very faint,
when the GS-positive peripheral rim is not obvious, particularly in biopsy specimens, or
when there are technical problems with immunohistochemistry, molecular methods are
useful to search for mutations in exon 3 S45 or exon 7/8, the latter having a very low
potential of malignant transformation but a high risk of bleeding, which makes recognition
on biopsy material important for further patient management.

Many molecular analyses, such as those concerning CTNNB1 mutations, can be per-
formed today on formalin-fixed, paraffin-embedded tissue (FFPET), which is easier to
obtain than frozen tissue. However, DNA of FFPET may be degraded and, therefore,
without value for molecular analysis.

Regarding prognosis of HCA, it has been proposed to search for TERT promoter
mutations (this is feasible on FFPET) as evidence of malignancy. This would be particularly
useful in cases of b-HCA and b-IHCA, when atypical features are present.

In summary, apart from research protocols in referral centers, molecular studies in
daily practice add value in terms of subtype diagnosis in b-HCA and b-IHCA, but are not
necessary to determine prognosis when resection is mandatory (i.e., men and malignant
transformation).

FAQ 6—Should there be different guidelines for the treatment of different types of HCA?
So far, the literature and the existing guidelines [61] indicate that (1) CTNNB1-mutated

HCAs must be surgically resected or ablated, even if they measure less than 5 cm, (2) HCAs
occurring in men also have to be resected or ablated, (3) any HCA measuring more than 5
cm should be resected or ablated, and (4) any HCA that is causing symptoms should be
resected or ablated. Emerging evidence from the recent literature suggests that management
should be adapted to the subtype more than to the size of the tumors [62]. In cases of
adenomatosis, most residual HCAs after resection stabilize or regress, if steatohepatitis
and obesity are corrected and/or the OC is discontinued; however, this evolution can take
some time [63].

H-HCAs are usually indolent, even if they are large, and they can remain for years
without regression and without giving rise to complications, except if they occur in specific
clinical contexts, such as vascular liver diseases [64]. Not all b-HCAs and b-IHCAs are at
risk of malignant transformation; the risk depends on the type of mutation, with those of
exon 3 having the highest risk. On the other hand, shHCAs have a high risk of bleeding,
which is clinically significant, even if they are smaller than 5 cm. It is probable that these
specificities will guide the establishment of the future guidelines for the management for
HCAs. With the aim of building guidelines in mind, it is important to collect standardized
clinical and imaging data that led to the clinical management decision in each case [65].

FAQ 7—When should we conclude that an HCA is “unclassified”?
An HCA should be considered unclassified (UHCA) when all other HCA subtypes

have been ruled out by currently recommended immunomarkers. Therefore, UHCA should
be LFABP-positive, CRP-negative, and SAA-negative, with no abnormal staining of GS and
with no abnormal expression of ASS1 (in comparison with the nontumoral liver; see above).

It is recommended, particularly for biopsy specimens, to be cautious with the interpre-
tation because (1) some cases with very light GS staining could be a b-HCA with exon 7/8
mutation and not UHCA, and (2) ASS1 overexpression may be difficult to appreciate in
comparison with nontumor liver. In both such situations, it might be advisable to repeat
and interpret immunohistochemical stains at referral centers.
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FAQ 8—Can we recognize an IHCA when the nontumorous liver is positive for CRP
on immunohistochemistry?

It is not rare that nontumorous liver surrounding an IHCA or b-IHCA is CRP-positive,
for instance, after portal or arterial embolization, or when there is a severe general inflam-
matory syndrome with a high level of blood CRP. In such cases, before concluding that
a tumor is an IHCA, it is important to be sure that CRP immunopositivity is stronger in
the tumor than in nontumorous liver, and to also perform SAA staining for comparison;
otherwise, the staining may not be interpretable.

FAQ 9—Is a specialized liver center needed for the management of HCAs?
The clinical management of HCA relies on hepatologists, surgeons, radiologists, and

pathologists, sharing their expertise in tumor board meetings. Imaging techniques are
reliable to identify most cases of the H-HCA and IHCA subtypes, provided the radiologist
has some experience and uses specific techniques. By contrast, specific recognition of
b-HCA, b-IHCA, and shHCA by imaging is still under investigation. In their routine
practice, with the help of immunohistochemistry, pathologists can also provide a diagnosis
of H-HCA, IHCA, and b-(I)HCA (in case of a strong diffuse GS staining). b-(I)HCA
with other patterns of GS staining and shHCA are less well known, and interpretation of
immunohistochemistry can be difficult requiring confirmation by molecular methods. In
clinical centers where HCAs are rare, referring patients to specialized centers will improve
diagnosis and decision making and, for the rarer subtypes, will also help to foster cutting-
edge guidelines for patient management.

FAQ 10—Should the HCC grade (i.e., degree of differentiation) be reported in biopsy
and in surgical specimens? What is the best grading system?

Similar to other carcinomas, HCCs are graded as well, moderately, or poorly differen-
tiated. The grade is a marker of prognosis, and has been found to predict patient survival
and disease-free survival after both surgical resection and liver transplantation [66–68].
Therefore, HCC grade represents useful information that should be included in pathology
reports. However, HCC often displays variable differentiation in different parts of the
tumor. While prognosis would be expected to be primarily related to the least differentiated
component of the neoplasm, knowledge of the existence of other components may be
useful for the assessment of additional specimens, such as those obtained at later dates
from metastatic sites. On the other hand, biopsy specimens may not be representative of
the entire range of differentiation present in any given HCC, due to sampling error. Never-
theless, a study has found significant correlation between grade assessment of the biopsy
and subsequent surgical specimen of HCC arising in cirrhotic patients [69]. Therefore, HCC
grade should be reported in biopsy specimens, with the understanding that it may not
always be entirely representative.

Various grading systems for HCC have been devised over the years. What is important
for practical purposes is reproducibility of grading and clinical usefulness of the system.
While the four-tiered Edmondson–Steiner system has been widely used in clinical studies,
a three-tiered system is currently favored for daily practice [30]. It is hoped that adequate
description of the characteristic features of each grade will result in high reproducibility
among pathologists.

FAQ 11—Which is the best immunohistochemical panel to assure hepatocellular ori-
gin of a malignancy?

The most commonly used immunohistochemical markers of HCC are those mentioned
in Section 5, i.e., arginase-1, HepPar1, glypican-3, and α-fetoprotein. Arginase-1 is the most
sensitive and specific marker for HCC, staining over 90% of cases, while nonhepatocellular
tumors are rarely positive for this marker [70]. HepPar1 stains most well differentiated
HCCs, but less than 50% of poorly differentiated ones. Furthermore, various adenocarcino-
mas may occasionally be positive for HepPar1, particularly those from the small intestine,
the normal enterocytes of which also uniformly express the antigen [71]. Glypican-3 is
positive in 65–80% of HCCs, more often in poorly differentiated than well differentiated
tumors; however, glypican-3 may also be positive in a variety of other malignancies, such
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as carcinomas from other sites, melanoma, and germ cell tumors [70]. α-Fetoprotein has
low sensitivity for HCC (<50%) and may be expressed in germ cell tumors and rare other
malignant neoplasms. In addition to these markers, HCCs arising in patients with chronic
hepatitis B may occasionally be positive for HBsAg, an uncommon but most specific finding.
Lastly, in situ hybridization for albumin mRNA can be very useful in distinguishing HCC
from other malignancies but is available in a limited number of institutions.

Immunohistochemical stains for carcinoembryonic antigen utilizing polyclonal an-
tibodies (pCEA) often provide a canalicular pattern of staining that is useful for HCC
diagnosis. However, poorly differentiated HCCs often lack this pattern and may, instead,
display membranous or even cytoplasmic staining, similar to that of adenocarcinomas. Im-
munohistochemical stains for CD10 often demonstrate in HCC a similar canalicular pattern
of staining as that seen with pCEA. Again, this is usually absent in poorly differentiated
HCC. An example of establishing the diagnosis of HCC with the aid of immunohistochemi-
cal stains is shown in Figure 9.

However, demonstrating the hepatocellular nature of a poorly differentiated carci-
noma may be difficult in some cases. This is especially true in biopsy specimens with
limited material, taking into account that immunopositivity of tumor cells for the markers
mentioned above may be focal, resulting in false-negative findings. Clinicopathologic
correlation taking into account all the clinical, imaging, and pathologic findings will be
essential in such cases. Appropriate additional markers for other tumors should also be
included, as per the differential diagnosis in each particular case.

On the other hand, if a well-differentiated carcinoma consists of what appear to
be hepatocytes, then an appropriate panel would include arginase-1, HepPar1, pCEA (or
CD10), and glypican-3, as α-fetoprotein has very low yield in well-differentiated HCC. If the
lesion is truly HCC, any one marker may be positive, or a pair or more may show staining.
However, stains for mimics of well differentiated HCC—particularly renal cell carcinoma,
adrenal cortical carcinoma, neuroendocrine tumors, and follicular thyroid carcinomas—
should also be considered [72]. Again, clinicopathologic correlation is essential.

FAQ 12—Are there any HCC subtypes that need to be specified on histologic diagnosis?
The importance of HCC subtyping is related to differences in clinical correlations,

prognosis and treatment among subtypes. A subtype that is important to identify is
the fibrolamellar HCC, which is characterized by young patient age, lack of underlying
liver disease and tendency to metastasize to hilar lymph nodes. Therefore, the mainstay
of therapy is surgery, including regional lymphadenectomy. The recent discovery of a
characteristic somatic gene fusion in fibrolamellar HCC (see Section 4) allows optimism
for future development of targeted therapies for nonresectable tumors. Other subtypes are
worth identifying because of prognostic differences, as compared to average; for example,
the macrotrabecular massive subtype and the neutrophil-rich subtype are associated with
worse prognosis, while the clear cell subtype with better prognosis.

It is emphasized that HCC subtyping is a work in progress. With the exception of the
fibrolamellar subtype, HCC had been regarded until recently as a tumor of bleak prognosis;
therefore, there was little interest in subtyping. This view is now changing because of the
availability of surveillance programs and the hopes for new therapies based on molecular
profiling. Therefore, correlation of the clinical, pathologic, and molecular features in large
series of patients with the various subtypes of HCC may allow a more individualized
approach for treatment. As more data become available, the importance of subtyping will
likely increase. Histologic examination is the basis for HCC subtyping; therefore, criteria of
each subtype should be clear and reproducible.
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Figure 9. Abdominal MRI (a) and guided liver biopsy specimen (b–f) from a 53 year old man with
breathing difficulty and history of metabolic syndrome, including obesity, type 2 diabetes mellitus,
and hyperlipidemia. (a) There was marked hepatomegaly with innumerable, scattered nodules,
measuring up to 3 cm, suggesting metastatic disease. However, needle biopsy revealed HCC. In
this limited biopsy material, polygonal tumor cells appeared to be arranged in a compact sheet
(b, left side); nevertheless, immunohistochemical stain for CD34 (c), highlighting the endothelial
cells, demonstrated trabecular architecture. Further stains showed positivity of tumor cells for
arginase-1 (d) and HepPar1 (e). Adjacent hepatocytes (d,e, right side) are also positive for these
markers, serving as “internal controls”. Tumor cells also displayed a canalicular pattern of staining
with pCEA (f), as well as positivity for glypican-3 (not shown).

FAQ 13—Do immunohistochemical stains or molecular studies provide any action-
able items for HCC? Do molecular studies provide any added value in terms of diagnosis
or prognosis of HCC, as compared to standard immunohistochemical stains?

The main use of immunohistochemical stains in cases of suspected HCC is to confirm
the diagnosis and rule out other neoplasms. However, there is also a stain that has been
found to be of prognostic significance in HCC; cytokeratin 19-positive HCCs have higher
recurrence rates than usual, as well as higher resistance to locoregional therapies [73–75].
It should be kept in mind that cytokeratin 19 is positive in a variety of adenocarcinomas,
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including cholangiocarcinoma; therefore, it is used as a prognostic, but not as a diagnostic
marker for HCC.

Molecular methods have been used extensively in recent years to identify the molecu-
lar changes occurring in hepatocarcinogenesis, including potential targets for treatment.
Substantial molecular data have been accumulated, and several molecular classifications
have been proposed on the basis of a correlation of clinical, pathologic, and molecular
data [22,26–29]. However, these classifications have not yet found their way to clinical prac-
tice. As a result of these studies, most HCCs can now be grouped into two classes [25,76]:
(i) the proliferation class, which is etiologically related to HBV infection, and displays
molecular and histologic features associated with aggressive clinical behavior; (ii) the
nonproliferation class, which is etiologically related to HCV infection or alcohol, and dis-
plays features associated with better clinical outcome. HCCs of the proliferation class
are characterized by TP53 mutations, chromosomal instability, and activation of various
oncogenic pathways, tend to be poorly differentiated, and are associated with high serum
α-fetoprotein. On the other hand, HCCs of the nonproliferation class often have CTNNB1
mutations and a gene expression profile resembling that of normal hepatocytes. These
tumors tend to be better differentiated and with lower incidence of vascular invasion than
those of the proliferation class.

The characteristic molecular changes of the various HCC subtypes are summarized in
the section on diagnosis of hepatocellular carcinoma (see Table 2). Although not routinely
used in daily diagnosis, detection of these changes can be used in support of the diagnosis.
For instance, detection of the gene fusion DNAJB1–PRKACA can confirm the diagnosis of
fibrolamellar HCC.

FAQ 14—What should pathologists know and do about combined hepatocellular-
cholangiocarcinomas (cHCC–CCA)?

FAQ14.1. Tissue Diagnosis of cHCC–CCA

A tissue diagnosis of a primary cHCC–CCA is straightforwardly made by routine
hematoxylin–eosin stains; immunostains for markers of hepatocyte or cholangiocyte differ-
entiation are merely confirmatory [30,77]. The presence of stainable hepatocyte markers in
glandular epithelium (e.g., arginase-1, HepPar1, α-fetoprotein, glypican-3, and albumin
mRNA) or, conversely, of cholangiocyte markers in HCC (e.g., keratins 7 and 19, and
EpCAM) are not proof of cHCC–CCA given the possibilities of aberrant gene expression
in any malignancy [77]. Differentiated components of cHCC–CCA may be located in
distinct areas of a tumor, or they may be intimately intermingled throughout the lesion.
Boundaries between the components may be sharply defined or indistinct. There are, as
yet, no definitive cutoffs for a percentage requirement for the presence of the component. A
minute component of intrahepatic CCA (iCCA) within an otherwise clear HCC is sufficient
to call it cHCC–CCA and vice versa.

A common pitfall of diagnosis is when cHCC–CCA is suspected on radiographic
grounds, but only one element is present in the biopsy specimen. In this case, the pathologist
must be careful to comment on the limitations of biopsy. Small biopsy specimens may
sample only one component of such a heterogeneous tumor; the absence of the other
component does not exclude cHCC–CCA and a formal statement to that effect in the
pathology report is important. On the other hand, metastatic lesions associated with a
primary cHCC–CCA may comprise either component alone or mimic the cHCC–CCA
appearance of the primary tumor. Biopsy specimens from metastatic lesions must be
cautiously interpreted in this light [78].

Another pitfall for diagnosis can occur when there appear to be two separate mass
lesions in the liver that are merging together. An HCC and a separate, but simultaneous
CCA may grow into each other forming a “collision tumor”, particularly in chronic liver
diseases that predispose to both malignancies. Each of these tumors should be assessed
pathologically as independent entities.

Lastly, a very rare variant of “intermediate cell type” of cHCC–CCA notably breaks all
the rules; its tumor cells appear morphologically intermediate between hepatocytes and
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cholangiocytes and do not show typical growth patterns of either HCC (e.g., trabeculae
and pseudoglandular structures) or iCCA (e.g., mucin-producing glands, tubules, and
signet ring cells), often appearing homogeneous throughout. Dual differentiation in these
tumors is, indeed, at the cellular level, with each cell showing combined hepatocyte and
cholangiocyte marker expression [30].

It should also be noted that, while cHCC–CCA may present, de novo, as a primary
hepatic malignancy, it has also been seen to emerge from HCCs that have undergone
loco-regional treatments [79]. It has been suggested that hypoxia of surviving tumor cells
after transarterial chemoembolization leads to expression of proteins, such as EpCAM
and cytokeratin 19 [80]. Such adaptive changes might explain emergence of cHCC-CCA
from a treated HCC, although the possibility that there was a previously undetected minor
component of CCA originally is difficult to exclude. In any case, while this occurrence
seems uncommon, it should be considered when tumor recurs post treatment, particularly
if imaging features no longer show classic features of HCC, alone.

Subpopulations of tumor cells in cHCC–CCA may have what has been described as
a “stem-cell appearance”, i.e., small cells with high nuclear–cytoplasmic ratio, sometimes
arrayed with larger hepatobiliary cells in what appear to be lineage relationships like
those seen in ductular reactions in diseased or injured liver. While subclasses of “stem-cell
tumors” were characterized in the 2010 edition of the WHO “Blue Book” [81], the more
recent edition [82] has eliminated the term as a diagnostic category in all primary liver
cancers. Nonetheless, the question of its importance remains uncertain, and it has been
recommended that the presence of “stem-cell features” be noted in the pathology report of
tumors that contain them [83].

FAQ14.2. Pathology–Radiology Collaboration for cHCC–CCA

A biphasic radiographic appearance of a lesion may help a pathologist avoid missing
the opportunity for including cHCC–CCA in the differential diagnosis when only one
component is sampled in a biopsy specimen [84]. However, in multidisciplinary conferences
for liver malignancies, clinicians and radiologists may miss clues to cHCC–CCA given their
rarity, but the attentive pathologist can help guide radiologists toward how to best sample
a lesion for successful complete diagnosis.

In early-stage liver disease or in sporadic tumors in which there is no predisposing
hepatic disease, cHCC–CCA may appear biphasic, with separate areas showing typical
features of HCC or iCCA, or they may merely be atypical, without imaging characteristics
specific for either, thus being more suggestive of metastasis [84]. In advanced-stage liver
disease, in which the Liver Imaging Reporting and Data System (LI-RADS) classification is
applicable, radiologists may label a lesion LIRADS-M because unusual features suggest a
metastasis, but the lesion may actually be a cHCC–CCA [85,86]. Alternatively, they may
recognize that one or more parts of the lesion have an LIRADS-5 (diagnostic for HCC)
appearance and, thus, label the whole lesion with that designation, even though some areas
appear distinct [84,85]. In both these settings, a pathologist who is attentive to radiographic
descriptions that might hint at cHCC–CCA may save the day.

FAQ14.3. Molecular Pathology and Treatment Implications of the Diagnosis of cHCC–CCA

Molecular studies support that these tumors may sometimes derive from a malig-
nantly transformed hepatobiliary stem/progenitor cell or from de-/redifferentiation of
malignantly transformed hepatocytes or cholangiocytes, and that they may be more like
iCCA, more like HCC, or intermediate between them. All of these data confirm that they
are certainly, at least to some degree, heterogeneous in origin and in behavior [87]. On the
other hand, comparison of clinicopathological characteristics of cHCC–CCA with regard to
the newest WHO classification [82] supports its relevance and that cHCC–CCA has inter-
mediate survival between HCC and iCCA, if not actually tilting toward the dire outcomes
for iCCA [87,88]. Given the propensity for early and distant spread of CCA components
along lymphatic and perineural pathways that are typical of iCCA itself, it is no surprise
that clinical outcomes after resection are, overall, worse than for HCC. On the other hand,
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if transplanted within the Milan criteria, cHCC–CCA showed similar overall survival to
HCC after transplantation [89].

Unfortunately, the rarity of these tumors has interfered with the performance of
randomized clinical trials. There is a paucity of data regarding immunotherapies [90],
although studies suggest that at least some cHCC–CCA should be responsive to these types
of treatment [91,92]. Broad genomic profiling of malignancies for actionable mutations
specific to each case is currently the most likely path to any possible clinical benefit [93].

FAQ 15—I do not work in a transplant center and am so unlikely to ever see a dys-
plastic nodule specimen. Do I need to know about them? If so, why?

Yes! One needs to know about them! Currently, screening for emergence of malignancy
in chronic liver disease depends largely on radiographic criteria defined by the Liver
Imaging Reporting and Data System (LI-RADS) classification [94]. Pathologists may find
themselves involved in liver tumor multidisciplinary conferences in which radiologists will
report distinctive nodules that are subclassified into LIRADS-1 through 5, with a higher
score indicating the higher confidence that a lesion is an actual HCC (Figure 7) [95]. The
repetition of the phrase “distinctive nodule” is not a coincidence; LI-RADS was formulated
to reflect the pathologic understanding of DNs as neoplastic and often premalignant lesions.

A classification of LIRADS-5 is so specific for HCC that, in most medical centers, it is
sufficient for diagnosis without confirmatory biopsy. LIRADS-1 lesions are considered likely
to be benign, probably merely large regenerative nodules. LIRADS-2 through 4 probably
reflect LGDN through HGDN (although direct pathology–radiology correlations for these
have not been reported) [94,95].

It is not necessary for the pathologist to know the full and subtle criteria for the
LIRADS classifications, but it is vital to know what lesions each designation may reflect,
thus enabling the pathologist to carefully guide the clinicians and radiologists in terms of
follow-up screening or treatment of the patient. It is worth knowing, however, that the
increasing stages of the LI-RADS classification probably reflect the changes in vascular
supply. Regenerative nodules and LGDNs have mostly intact portal vein blood flow with
little increase in arterialization. However, the increasing ratio between enlarging arterial
blood flow (angiogenesis inside truly neoplastic LGDN and HGDN) and the diminishing
blood supply (as portal tracts are degraded or pushed to the sides) result in the characteristic
LIRADS features (Figure 7).

Examples are provided below.

• LIRADS-1: The pathologist may advise the clinical team that, while this lesion is
probably just a regenerative nodule, the possibility that it is a DN, possibly even an
HGDN, is not excluded. Repeat screening at a shorter time interval may be warranted.
If the lesion disappears, it was probably large regenerative nodule that underwent
involution or further scarring that eliminated its distinctive appearance on imaging. If
it does indeed disappear, return to normal surveillance screening is reasonable.

• LIRADS-2 or -3: These lesions are more likely to be DNs, either LGDN or HGDN.
Repeat imaging should be performed more frequently. If the nodule disappears, it was
probably regenerative. If it persists, then it may be LGDN or HGDN and the patient is
considered at higher risk for HCC and should return more frequently for imaging. If
the lesion progresses upward in LIRADS score, it is probably a DN giving rise to an
HCC. Continued imaging or ablation may be considered depending on the clinical
circumstances.

• LIRADS-4: These lesions are probably an HGDN, possibly with an emerging focus
of HCC, or possibly a small HCC. Continued imaging or ablation may be considered
depending on clinical circumstances.

• LIRADS-5: This feature is diagnostic for HCC. While a biopsy is not necessary for
diagnosis, oncologists are increasingly requesting a pre-ablation biopsy for molecular
studies to inform future treatments if the lesion is resistant to ablation or if there is
post-treatment (i.e., ablation, resection, or transplant) recurrence.
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• LIRADS-M: These are lesions without typical imaging features of HCC, but highly sus-
picious for malignancy. The pathologists may aver that the lesion could be metastatic
(M), but they could also be iCCA or cHCC–CCA. Such lesions probably require biopsy
for diagnosis.

With regard to cHCC–CCA, it behooves the pathologist to watch for lesions described
by the radiologist as “complex” or as having an isolated part with typical LIRADS-5 features
while the other parts of the lesion are atypical for HCC [84–86]. Because cHCC–CCA may
have distinct regions of the tumor that are either HCC or CCA, in such tumors, some
regions will show LIRADS-5 changes, while others will not. This situation is one in which
the pathologist can make a decisive difference, recommending targeted biopsies of both
the LIRADS-5 and the atypical areas. iCCA’s worse prognosis and different treatment
implications make it important to diagnose as early as possible in the treatment course.
The pathologist may be the only person in the room sensitive to this uncommon cancer.
Alerting the clinical team to make sure that cHCC–CCA has been completely evaluated
may be crucial for saving the life of this patient or preventing an inappropriate transplant
for an incurable malignancy.

FAQ 16—When should tumors with imaging features of HCC be biopsied?
It is currently believed that the findings which define LIRADS-5, i.e., those lesions with

all imaging features of HCC by imaging, do not require confirmatory biopsy. However,
ablative treatment of these lesions is then likely, and tissue for molecular analysis for
determining possible targeted therapies will not be available. For this reason, there may
be a shift in clinical practice toward biopsy of LIRADS-5 HCCs in the near future, not for
diagnosis or prognosis, but for determination of suitable targeted therapies in the event
of recurrence. Subtyping of HCC might also be found to be relevant in the near future to
guide treatment decisions, also with the support of artificial intelligence [96].

As noted above, if part of a lesion displays typical HCC imaging features, but other
parts do not, the possibility of a cHCC–CCA cannot be excluded. In addition, even rarer
HCC variants could appear in combination with classic HCC, such as the sarcomatoid one,
which might have nontypical imaging features. In such cases, biopsy of both the classic
HCC component and of the nontypical component is warranted.
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Simple Summary: The role of imaging in the management of hepatocellular carcinoma (HCC) has
significantly evolved and expanded beyond the plain radiological confirmation of the tumor based on
the typical appearance in a multiphase contrast-enhanced CT or MRI examination. The introduction
of hepatobiliary contrast agents has enabled the diagnosis of hepatocarcinogenesis at earlier stages,
while the application of ultrasound contrast agents has drastically upgraded the role of ultrasound in
the diagnostic algorithms. Newer quantitative techniques assessing blood perfusion on CT and MRI
not only allow earlier diagnosis and confident differentiation from other lesions, but they also provide
biomarkers for the evaluation of treatment response. As distinct HCC subtypes are identified, their
correlation with specific imaging features holds great promise for estimating tumor aggressiveness
and prognosis. This review presents the current role of imaging and underlines its critical role in the
successful management of patients with HCC.

Abstract: Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer related death world-
wide. Radiology has traditionally played a central role in HCC management, ranging from screening
of high-risk patients to non-invasive diagnosis, as well as the evaluation of treatment response and
post-treatment follow-up. From liver ultrasonography with or without contrast to dynamic multiple
phased CT and dynamic MRI with diffusion protocols, great progress has been achieved in the
last decade. Throughout the last few years, pathological, biological, genetic, and immune-chemical
analyses have revealed several tumoral subtypes with diverse biological behavior, highlighting the
need for the re-evaluation of established radiological methods. Considering these changes, novel
methods that provide functional and quantitative parameters in addition to morphological informa-
tion are increasingly incorporated into modern diagnostic protocols for HCC. In this way, differential
diagnosis became even more challenging throughout the last few years. Use of liver specific contrast
agents, as well as CT/MRI perfusion techniques, seem to not only allow earlier detection and more
accurate characterization of HCC lesions, but also make it possible to predict response to treatment
and survival. Nevertheless, several limitations and technical considerations still exist. This review
will describe and discuss all these imaging modalities and their advances in the imaging of HCC
lesions in cirrhotic and non-cirrhotic livers. Sensitivity and specificity rates, method limitations, and
technical considerations will be discussed.

Keywords: hepatocellular carcinoma (HCC); ultrasound (US); contrast-enhanced ultrasound (CEUS);
computed tomography (CT); magnetic resonance imaging (MRI); perfusion imaging; MR diffusion
imaging; multiparametric imaging; diagnostic algorithms; locoregional treatment
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1. Introduction

Hepatocellular carcinoma (HCC) is the commonest primary liver tumor, compris-
ing 75–85% of cases. HCC ranks sixth in global incidence after breast, lung, colorectal,
prostate, and gastric cancer. In terms of mortality, it ranks third for both genders, and
rates of incidence and mortality are 2–3 times higher in men than in women [1]. Although
the increasing prevalence of metabolic syndrome has shifted the etiology of liver cancer,
hepatitis B and C account for 56% and 20% of global mortality, respectively. Variations by
world region exist; for example, alcohol consumption accounts for 22% of all HCC cases
in Europe and North America in 2020 [2]. The vast majority of HCCs are diagnosed in
patients with cirrhosis and/or chronic hepatitis B infection, necessitating close surveillance
in these groups in order to detect the tumor at an early stage.

Imaging plays a key role in surveillance, diagnosis, and staging, as well as post-
treatment follow-up. Ultrasound surveillance improves survival in a cost-effective way and
is endorsed by all major practice guidelines, i.e., American [3], European [4], and Asian-
Pacific [5]. Dynamic contrast-enhanced Computed Tomography (CT) takes advantage of
the hemodynamic changes that occur in the cirrhotic nodule as it progresses to early HCC
during the multistep process of hepatocarcinogenesis. The gradual decrease in both normal
arterial and portal supply and the formation of unpaired arteries are exemplarily exploited
in multiphasic examinations after contrast agent administration; the appearance of the
suspicious nodule on the acquired images serves as the basis for its characterization and
subsequent management decisions. Magnetic resonance imaging (MRI) has the advantage
of assessing additional features such as nodule cellularity and presence of fat, which are also
important in nodule assessment. The use of hepatospecific contrast media has significantly
augmented the diagnostic performance of MRI: as these drugs are taken up by specific
transporters, whose expression decreases as carcinogenesis progresses, lesion hypointensity
on the hepatobiliary phase not only is a sensitive feature—even allowing detection of
high-grade dysplastic nodules—but is useful for predicting histologic differentiation too.
Contrast-enhanced ultrasound may characterize tumor hemodynamics with comparative
capacity; furthermore, use of a specific sonographic contrast medium can also aid tumor
detection via imaging on the late Kupffer phase.

The characteristic tumor hypervascularity on the arterial phase and hypoperfusion
on the portal phase constitute the hallmark of HCC diagnosis on dynamic CT or MRI.
Clinically-important prognostic features can be derived from the imaging appearance of
HCC. Disease staging can also be performed during the examination in order to identify
satellite or multifocal lesions, portal vein invasion, or extrahepatic metastases. Additionally,
as HCCs are supplied almost exclusively by the hepatic artery, response assessment after
locoregional treatment or systemic therapy can be performed based on tumor enhancement
on the arterial phase during follow-up CT or MRI scans [6].

In the following paragraphs of this review, a thorough discussion of the imaging
characteristics of HCC on the various imaging modalities—including more advanced
techniques—as well as a comparison of their diagnostic performance will be provided.
A brief comment on the most widely-used diagnostic algorithms is also included—for
completeness of the presentation.

2. Ultrasound

Liver cirrhosis (LC) is the primary risk factor for HCC, with patients requiring peri-
odical imaging surveillance. Ultrasound (US) is very-well suited for this purpose, thanks
to its wide availability, cost-effectiveness, and accuracy in detecting focal liver lesions
(FLL). Once a FLL is detected, US can assist its characterization, particularly using the full
spectrum of ultrasonographic techniques, including B-mode, colour, and power Doppler
techniques, such as pulsed-wave Doppler, non-Doppler flow-visualization, and, currently,
contrast-enhanced ultrasound (CEUS); a wide range of techniques justifies the term, multi-
parametric ultrasound [7,8].
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The appearances of HCC on US vary depending on the size and degree of differen-
tiation. An important distinction in terms of size is the cut-off of 2 cm [9]. On B-mode,
HCC is hypo-echoic in more than 50% of cases, although it can be hyperechoic or of mixed
echogenicity in approximately 25% of cases, respectively [9]. Consequently, it is important
not to misdiagnose a hyperechoic nodule in a cirrhotic liver as a hemangioma and discard
it without further investigation. The hyperechoic element of an HCC may represent a fatty
component. HCCs smaller than 1 cm can be iso-echoic, and hence difficult to detect. As a
general rule, tumor echogenicity reflects cell density. Given the gradual carcinogenesis of
HCC inside a cirrhotic liver, an HCC is typically nodular in shape, except for the massive
type, which appears irregular. The lesion margins are usually relatively well-circumscribed
in the nodular type of HCC, but poorly defined in the massive type [9]. A peripheral hypo-
echoic halo may be noted, corresponding to a thin fibrous capsule in 90% of cases [10]. The
so called “mosaic pattern” and the “nodule in nodule” appearance are two characteristic
demonstrations of HCC in every modality, including US and CEUS [9], which is seen with a
frequency proportionally increasing with tumor size. All these B-mode characteristics have
been classified into five macroscopic types, as follows: small nodular type with indistinct
margins, simple nodular type, simple nodular type with extranodular growth, confluent
multinodular type, and infiltrative type, with the potential for malignancy increasing
accordingly [11–13].

The vascularity of a FLL is important, pointing towards a benign or malignant diag-
nosis. From a technical point-of-view, colour Doppler is the first-line modality to assess
for intratumoral or peripheral vascularity, but it suffers from technical limitations such as
Doppler-angle-dependence, low sensitivity to slow flow, and overwriting artifact. Power
Doppler and modern non-Doppler flow visualization techniques are now available for
improved characterization of HCC vascular architecture. HCCs less than 2 cm commonly
appear avascular due to the technique’s low sensitivity, while in some cases blood vessels
are visualized as lines or dots inside, or surrounding, the tumor. A continuous waveform
on spectral analysis can be seen in these tumors, in keeping with feeding portal flow.
Once the tumor increases in size, more characteristic vascular patterns can be appreciated.
Namely, the “basket” pattern of vascularity refers to the presence of a fine network of
arterial branches surrounding the lesion. Using spectral analysis, both pulsatile and contin-
uous waveforms can be recorded, which correspond to the hepatic artery and hepatic or
portal vein origin of blood supply, respectively. In the massive-type HCC, an overall irregu-
lar pattern of vascularity can be appreciated [9]. As a general rule, a continuous (portal
vein-like) waveform indicates a dysplastic nodule or a well-differentiated HCC; contrarily,
a pulsatile arterial waveform is suggestive of advanced HCC [14]. Power Doppler tends
to detect intratumoral colour signals in 19% or more of angiographically hypervascular
lesions compared to colour Doppler. Tumors appearing hypovascular on angiography
typically exhibit no flow signals on either colour or power Doppler. Power Doppler is less
affected than colour Doppler by the small size and the deep tumor location [15]. HCCs with
a higher resistive and pulsatility index were associated with early recurrence, suggesting a
more malignant nature [16].

Doppler limitations have been addressed with newer non-Doppler techniques, like
the superb microvascular imaging (SMI, Canon Medical Systems, Otawara, Japan) or
b-Flow/high-definition color (HDC, GE Healthcare, Chalfont St. Giles, UK), which exclu-
sively visualizes intratumoral blood vessels without artifacts with high sensitivity, high
spatial resolution, and in real-time [9]. When compared to colour Doppler, SMI visual-
ized more signals, while a hypervascular pattern on SMI was significantly more common
in HCC, compared with other lesions [17]. A study using SMI on FLL concluded that
HCC demonstrates a “diffuse honeycomb” or a non-specific type of vascularity, which is
significantly different from hemangioma [18].

Given that patients at risk for HCC formation undergo US surveillance, an important
advance was the introduction of US LI-RADS® (Liver Imaging Reporting and Data Sys-
tem), a classification system in accordance with CT/MRI LI-RADS® that was issued by the
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American College of Radiology. Briefly, this system assesses the quality of examination and
the potential of a FLL to represent HCC in three classes and suggests further management.
The features taken into account include size and echogenicity [19]. In the setting of HCC
screening and surveillance, US LI-RADS® yielded a sensitivity of 58–89% and a specificity
>90% [20]. US in general has a reported sensitivity of 98% and specificity of 85% for overall
HCC detection [21]. Tumor size is nonetheless a significant factor as the technique’s sensi-
tivity can only be 65% for lesions <2 cm. The same applies to non-alcoholic steatohepatitis,
where the overall change of liver echogenicity lowers the sensitivity [22].

3. Contrast-Enhanced Ultrasound

A decisive turning point in the ultrasonographic diagnosis of HCC was the introduc-
tion of contrast agents in combination with modern techniques like the pulse-inversion
technique. These features not only increased the sensitivity and specificity of CEUS in
diagnosing HCC, but also augmented the modality’s role in diagnostic algorithms. There
are two contrast agents widely used for HCC: SonoVue (Bracco, Milan, Italy) and Sonazoid
(GE Healthcare, Amersham, UK). Both agents work with a low mechanical index (MI) and
in real-time, but the latter is thought to be phagocytosed by reticuloendothelial (Kuppfer)
cells of the liver parenchyma, thus generating a late arterial phase (post-vascular), starting
from 10 min, when the liver parenchyma is normally enhanced, whereas malignant lesions
appear washed-out due to lack of Kuppfer cells.

In Europe, CEUS is usually performed with SonoVue®, which is not uptaken by Kupf-
fer cells and hence produces an arterial, portal-venous, and late arterial phase lasting up to
6 min [23]. The hallmark of HCC on CEUS using SonoVue® is a homogeneous and intense
arterial phase hyper-enhancement (APHE) with mild wash-out starting >60 s after injection
(Figure 1). Nodules measuring >5 cm may show heterogeneous enhancement due to necro-
sis (Figure 2). Both the size and degree of differentiation affect the enhancement pattern of
HCC [24,25]. Wash-out is less often seen in HCC nodules <2 cm, but is more frequent in
HCC with poorer grades of differentiation [23]. The timing and degree of wash-out are im-
portant for the characterization of HCC, which typically shows milder hypo-enhancement
compared to metastasis and cholangiocarcinoma. HCC washout should start at least 60-s
post-injection, while a quarter of cases may become hypo-enhancing 3-min post-injection,
justifying the need for prolonged scanning in patients with cirrhosis. Early wash-out
(<60 s) has been associated with poorly-differentiated HCC and non-hepatocellular ma-
lignancies [23]. An important study published in 2020 looked at CEUS findings of the
entire spectrum of carcinogenesis in the cirrhotic liver by examining regenerative nodules,
dysplastic nodules, and small HCC. It was concluded that shorter contrast–arrival times
in lesions compared with background liver was associated with a higher degree of malig-
nancy [26]. A different study determined 0.5 s as the minimum difference in contrast arrival
time between the nodule and liver as a criterion for HCC [27]. On the contrary, arterial
phase iso- or hypo-enhancement and late arterial phase iso-enhancement were associated
with a lower degree of malignancy [28]. Regenerative and dysplastic nodules generally
tend to appear iso-enhancing to adjacent liver cells on all phases of the scan [29] (Figure 3).
In a study analyzing HCC ≤3 cm, moderately- and poorly-differentiated HCCs exhibited
arterial phase hyperenhancement (APHE) more often than well-differentiated HCCs [30].
Other researchers found that moderately-differentiated HCCs are more commonly hy-
pervascular during the arterial phase, while atypical appearances (iso- or hypo-vascular)
may occur more often in well- and poorly-differentiated HCCs. Wash-out time has been
found to be shorter in poorly-differentiated HCCs, as compared to well-differentiated
lesions [31]. Despite ongoing research, overlap in blood supply origin between different
steps of hepatocellular carcinogenesis may still limit the technique’s accuracy in diagnosing
HCC [29,32,33]. CEUS advantages and disadvantages are summarized in Table 1. In cases
followed-up with CEUS or US, an increase in size or change in echogenicity indicates
malignant transformation [27]. According to the European Federation of Societies for
Ultrasound in Medicine and Biology (EFSUMB) guidelines, CEUS can be used in cases with
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inconclusive CT or MRI or if the patient is not suitable for biopsy, as well as for monitoring
changes in enhancement in nodules requiring follow-up [23].

    
(a) (b) (c) (d) 

Figure 1. Typical CEUS findings of HCC nodule. B-mode (a) showing a hypo-echoic nodule (arrow-
head) inside a heterogeneous cirrhotic liver. Arterial (b) and portal-venous phase (c) CEUS image
showing homogeneous arterial phase hyperenhancement and mild wash-out, respectively, in keeping
with HCC (arrowhead). Time-Intensity-Curve analysis (d) confirming the earlier enhancement of
the nodule on arterial phase and wash-out. Quantitative parameters can be extracted using this type
of analysis.

   

 

(a) (b) (c)  

    
(d) (e) (f) (g) 

Figure 2. CEUS findings of a large HCC. B-mode (a) showing an ill-defined mildly hypo-echoic
mass (outlined by arrowheads) inside the right lobe of a cirrhotic liver complicated with ascites.
Colour (b) and power (c) Doppler technique visualizing the irregular internal vascular pattern of the
mass. Note the increased vascularity locally. Arterial (d), venous (e), and delayed (f) CEUS image
showing arterial phase hyperenhancement prior to adjacent hepatic parenchyma, iso-enhancement
on portal-venous phase, and wash-out on the delayed phase (approximately 3 min). Note the area
of necrosis appearing as non-enhancing (arrowhead on (e)). Temporal MIP image (g) showing the
vascular architecture of the mass. Note the dense and irregular vascularity indicated inside the lesion.
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(a) (b) 

Figure 3. A regenerative nodule in liver cirrhosis. B-mode (a) depicted a rounded hypo-echoic
nodule (arrowhead) with smooth border. CEUS (b) showed that the nodule (outlined by the ar-
rowheads) demonstrated enhancement identical to the adjacent parenchyma with no arterial phase
hyperenhancement or wash-out. These findings are in keeping with a regenerative nodule.

Table 1. Advantages and disadvantages of CEUS for diagnosis of HCC.

Advantages Disadvantages

• Real-time scanning allowing for optimal
detection of APHE with sensitivity

• Capability to the time of arrival of
microbubbles (arterialization) or wash-out;
potential biomarkers of malignancy

• Capability to be performed with free-breathing
(good patient tolerability)

• Non-nephrotoxic agent

• Focused field-of-view, hindering
staging of the entire liver

• Operator-dependency
• Limited by body-habitus

Since both post-ablation necrotic areas and malignancies appear non-enhancing on
the post-vascular phase, a way to discriminate those is a second dose of Sonazoid while
targeting the non-enhancing area; arterial enhancement within the non-enhancing area
thus establishes malignancy. This approach appears to outperform contrast-enhanced CT
with a sensitivity of 95.4% and an accuracy of 94.7% [34]. CEUS with Sonazoid® has been
found to be equivalent or even better than contrast-enhanced CT for the detection of arterial
hypervascularity of HCC nodules [35–37]. The post-vascular phase can also be assessed
using a high-MI Doppler pulse where the disrupted microbubbles within the normal
parenchyma generate a signal, whereas the lack of microbubbles inside malignancies is
accentuated, appearing in the form of “punched out” areas [9].

Similar to CT and MRI, a CEUS LI-RADS® algorithm has been introduced by the
American College of Radiology to aid in the accurate characterization of nodules in liver
cirrhosis patients. The major criteria are APHE, nodule size, and late-mild wash-out. A rim
APHE or early (<60 s) or marked wash-out represent LR-M criteria, favoring the diagnosis
of a non-hepatocellular malignancy. Ancillary features suggesting malignancy include
definite growth, while the mosaic architecture and nodule-in-nodule architecture indicate
HCC. On the other hand, size reduction or stability for ≥2 years indicates benignity. Classes
LR1–2 can return to follow-up, LR-3 needs a second modality sooner than 6 months, while
LR-4 and LR-5 require biopsy or treatment [33]. An important difference between CT/MRI
and CEUS is that the latter technique does not visualize arterio-portal shunts, meaning that
any arterially hyperenhancing lesion represents a true lesion and not a false finding [20].
Upon meta-analysis, CEUS is 93% sensitive and 90% specific in differentiating benign
from malignant FLL [38]. In detecting HCC in patients with cirrhosis, a multi-center study
showed that category LR-5 has a 98.5% positive predictive value, a 15.5 positive likelihood
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ratio, but only a 62% sensitivity for diagnosing HCC, making CEUS LR-5 a highly-specific
tool [39]. In a study looking exclusively at HCC nodules up to 2 cm, CEUS LR-5 was 73.3%
sensitive and 97.1% specific [26].

Temporal Maximum Intensity Projection (MIP) is a useful CEUS technique that gener-
ates vascular maps of FLL. A study assessing HCCs with this technique concluded that
well-differentiated HCCs exhibited either normal or not-clearly visible intratumoral vascu-
lature. Contrarily, poorly-differentiated HCCs showed tortuous, meandering, or tapering
and interrupted intratumoral blood vessels. These parameters were 85% sensitive, 92.7%
specific, and 90% accurate [40]. In another study, dysmorphic arteries have been found in
72% of HCCs [31]. The quantification of CEUS signal has also been used to consolidate a
qualitative assessment by the performing radiologist, showing significant differences be-
tween benign and malignant lesions in terms of parameters such as rise time and late-phase
ratio between lesion and liver [41]. This type of analysis, also termed “dynamic CEUS”, is
able to detect microvascular invasion of HCC, since various parameters such as wash-in
rate and wash-out rate are significantly higher in invasive tumors [42]. Dynamic CEUS
also detected higher wash-out in cholangiocarcinoma than HCC by using quantitative
parameters, while the arterial enhancement profiles of these tumors were identical [43].
This analysis also has implications in tumor response to anti-angiogenetic treatment where
perfusional parameter changes can be monitored [24]. Parametric maps based on the time
of microbubble arrival is an alternative and simplistic quantitative approach (Figure 4).

  
(a) (b) (c) 

Figure 4. CEUS temporal MIP and parametric image in HCC. Sagittal arterial-phase CEUS image
(a) showing an HCC nodule (arrowhead) developing next to a previous area of ablation (asterisk). Ax-
ial temporal MIP image (b) delineating the entire HCC nodule (outlined by arrowheads). Parametric
colour map (c) confirming the earlier and homogeneous arrival of contrast in the HCC nodule.

HCC in the non-cirrhotic liver typically appears on CEUS with APHE and wash-out
on the portal-venous or late-phase, while a chaotic vascular architecture may be seen.
The fibrolamellar variant of HCC has non-specific appearances on CEUS but generally
demonstrates rapid heterogeneous wash-in and quick and intense wash-out [23,44].

4. CT

Multidetector Computed Tomography (MDCT) plays a pivotal role in the diagnostic
work-up of cirrhotic patients who are at increased risk of developing HCC. According to
almost all guidelines, recognition of a nodule ≥10 mm by ultrasonography (US) during
HCC surveillance should be followed by dynamic MDCT or MRI examination [45].

Nowadays, MDCT is widely-available, rapid, and robust. Most modern CT scanners
have the capability to image with wide-detector arrays, typically more than 8-row detectors,
allowing large z-axis coverage in a single rotation with high spatial resolution [46]. In
comparison to MRI, MDCT is a well-tolerated examination, less prone to motion artifacts,
even in elderly or non-cooperative patients who are unable to hold their breath. The main
disadvantages include radiation exposure and relatively low contrast resolution and tissue
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differentiation. Moreover, studies have demonstrated a slightly higher sensitivity and
specificity of MRI compared to CT, especially for lesions smaller than 20 mm.

Consistent and appropriate CT imaging protocols are absolutely requisite for optimal
detection and characterization of liver lesions in a cirrhotic patient, thereby allowing for the
reproducibility of LI-RADS categories [47,48]. The Technique Working Group of LI-RADS
has proposed minimal technical requirements for the performance of CT in order to achieve
wide acceptability and optimal imaging (Table 2).

Table 2. Basic technical recommendations for CT [46–48].

Feature Recommendation

CT Scanner Configuration ≥8-row multidetector CT

Slice Thickness 2–5 mm

Multiplanar Reformations Suggested coronal and sagittal planes

Non-contrast Imaging Suggested for initial diagnosis
Required for patients with prior locoregional therapy

Dynamic Contrast-Enhanced Phases
Late Arterial Phase

Portal-Venous
Delayed Phase

Contrast Administration

≥300 mgI/mL for a dose of 1.5–2 mL/kg body weight
(521–647 mgI/kg)

Injection rate ≥ 3 mL/s
Saline chaser bolus (30–50 mL)

Multiphase contrast-enhanced imaging consisting of the late arterial, portal-venous,
and delayed phase is invaluable for a confident imaging diagnosis of HCC.

The typical imaging hallmark diagnostic feature of HCC is the combination of non-rim
arterial hyperenhancement (non-rim APHE) on the late arterial phase and non-peripheral
wash-out appearance on the portal-venous and/or delayed phases on MDCT or MRI,
thereby reflecting the peculiar vascular derangements that occur during hepatocarcinogen-
esis [49] (Figure 5). According to the latest EASL/EORTC (European Association for the
Study of the Liver/European Organization for Research and Treatment of Cancer) guide-
lines issued in 2018, a definite diagnosis of HCC can be established in a nodule measuring
≥10 mm or based on a background of liver cirrhosis or other risk factors for HCC, if these
typical imaging hallmark features are encountered [4]. Additionally, AASLD (American
Association for the Study of Liver Diseases)/LI-RADS guidelines have endorsed two other
major imaging features, namely, an enhancing “capsule” depicted on the venous-portal
and/or delayed phase, and the threshold growth defined as ≥50% increase in size of a
mass over ≤6 months [50,51] (Table 3).

The non-contrast phase is mainly suggested at initial diagnosis and in patients who
have prior locoregional therapy, as it is essential to distinguish lipiodol staining and blood
products from true arterial hyperenhancement.

The late hepatic arterial phase is considered the most determinant vascular phase for
the assessment of HCC, as APHE is an essential feature of HCC and most current guidelines
do not allow a definitive diagnosis of HCC for nodules without it [4,5,46,52].

The late arterial phase is characterized by full hepatic arterial enhancement with good
portal vein enhancement, but no antegrade enhancement of the hepatic veins. The early arterial
phase, which is characterized by the intense enhancement of the hepatic arteries without
enhancement of the portal vein is considered inappropriate for the depiction of hypervascular
lesions, as most HCCs are not conspicuous until the late arterial phase. As the late arterial phase
occurs during a restricted time interval, using a fixed time delay, imaging can be inaccurate
in patients with cardiovascular disease or other co-morbidities. This is the reason, most
institutions recommend the use of patient individualized scan protocols such as test-bolus or
bolus-tracking methods, with the latter performing better [46] (Table 4).
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Figure 5. Typical hallmark imaging features of HCC in a 60-year-old patient with HBV cirrhosis.
(a) Late arterial phase, (b) Portal-venous phase, and (c) Delayed phase. MDCT images show a 30-mm
mass in the left liver lobe with global APHE (arrows) (a) “wash-out” on the PVP (arrow) (b), and
capsule appearance on both the PVP and delayed phase (arrow) (b,c). Note the enhancement of both
the left hepatic artery and portal vein with no enhancement of the hepatic veins on the late arterial
phase (arrowheads) (a) and enhancement of the left hepatic artery, portal vein, and hepatic veins on
PVP (arrowheads) (b).

Table 3. CT/MRI LI-RADS® v2018 Diagnostic Table by the American College of Radiology (ACR) [51].
LR-3 observations are marked in yellow, LR-4 are marked in orange and LR-5 are marked in red.

Arterial Phase Hyperenhancement (APHE) No APHE Nonrim APHE

Observation Size (mm) <20 20 <10 10-19 20

Count additional major features:
•Enhancing “capsule”
•Non peripheral “washout”
•Threshold growth

None LR-3 LR-3 LR-3 LR-3 LR-4

One LR-3 LR-4 LR-4 LR-4
LR-5 LR-5

Two LR-4 LR-4 LR-4 LR-5 LR-5

Observations in this cell are categorized based on one additional major feature:

• LR-4 if enhancing “capsule”
• LR-5 if nonperipheral “washout” OR threshold growth

Table 4. Multiphase Liver CT Imaging and Scan Delay Parameters [46–48].

Method Late Arterial Phase Portal Venous Phase Delayed Phase

Bolus-Tracking
Individualized scan delay

Image acquisition: 10–30 s after aortic
threshold density of 100–150 HU

60–80 s after start of injection or
45–60 s after aortic threshold

3–5 min after start
of injection

Test-Bolus
Individualized scan delay

Image acquisition: 10–20 s after
peaking aortic enhancement 60–80 s after start of injection 3–5 min after start

of injection

Fixed Scan Delay
Alternatively for young

patients with no comorbidities
35–45 s after start of injection 60–80 s after start of injection 3–5 min after start

of injection

The portal-venous phase (PVP) is characterized by the maximal enhancement of
the portal veins, adequate enhancement of the hepatic arteries and the hepatic veins by
antegrade flow, and peak enhancement of the hepatic parenchyma. Scan timing for the
portal-venous phase is not as restricted as for the late arterial phase and generally occurs
60–80 s after the start of the injection [46]. This phase is essential for visually assessing the
reduction in enhancement of HCC nodules relative to the surrounding liver parenchyma,
which is a subjective perception designated as “wash-out” or “wash-out appearance”.
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Several investigators have demonstrated that early and profound “wash-out” is related to
higher tumor grade and the probability of microvascular invasion [53–55].

The delayed phase, also known as the equilibrium phase—due to an equilibrium state
between the vascular space and the interstitial space—is obtained >120 s after the start
of injection, preferably with a scan delay of 3–5 min [46]. It is characterized by decreased
but persistent enhancement of the portal and hepatic veins and liver parenchyma. The
use of the delayed phase increases HCC’s conspicuity, particularly in tumors smaller than
2 cm, as in some cases the wash-out appearance is better depicted during that phase.
Furthermore, in almost 10% of cases, “wash-out” is observed only in the delayed phase.
The delayed phase is also optimal for the detection of enhanced capsular and mosaic
appearance, features that are characteristic and relatively specific for progressed HCC.

An important imaging feature included in the AASLD/LI-RADS’ major criteria is the
enhancing “capsule”, which is visible as a smooth, sharp, and uniformly thick, thereby
enhancing the peripheral rim during the portal and, mainly, the delayed phase [49]. The
enhancing “capsule” has a specificity of 86–96% for HCC in high-risk patients, and accord-
ing to the latest LI-RADS v.2018, an observation measuring >2 cm with non-rim APHE and
an enhancing “capsule” can be diagnosed definitely as HCC (LR5), even in the absence of
“wash-out” [50]. The tumor capsule is found in about 70% of cases and is a characteristic
pathologic feature of progressed HCCs, exhibiting expansive growth [49]. It is not observed
in dysplastic nodules or early HCCs and does not occur with intrahepatic cholangiocarcino-
mas (ICC). An intact capsule has been associated with better prognosis as it prohibits tumor
cells from embolizing downstream. Several clinical studies have shown that, after adjusting
for tumor size and grade, HCCs with intact capsules are related with lower recurrence rates
and better overall survival [56].

Hypervascular lesions that may mimic HCC in patients with cirrhosis or chronic liver
disease include perfusion alterations, hemangiomas, focal nodular hyperplasia (FNH)-like
nodules, high-grade dysplastic nodules (HGDN), small ICCs, combined hepatocellular-
cholangiocarcinomas (cHCC-CCAs) and, rarely, hypervascular metastases in a cirrhotic
liver [54,57–61] (Table 5).

Table 5. Hypervascular HCC mimickers in patients with cirrhosis or chronic liver disease [54,57–61].

Lesion. Comments Imaging Features

Vascular
Pseudolesions

Attributable to arterioportal shunts Particular
common in cirrhotic livers

Peripheral, round, or wedge shaped APHE nodules
Isodense on PVP

Hemangiomas
Rarely encountered

Most demonstrate fibrotic involution
(“sclerosed” hemangiomas)

“Sclerosed” hemangiomas demonstrate rim APHE
Mimic non-HCC malignancies

(~6% of LR-M observations)

FNH-like nodules
Particularly common in alcoholic cirrhosis
SAA-HN-variant is potentially malignant

Nodules with APHE
Isodense or “washout” on PVP

HGDN
Rarely depicted on MDCT

Mimic early HCC
May demonstrate non-rim APHE and become isodense
on PVP or depicted only as hypodense nodule on PVP

ICC Comprise 10–15% of cancers in cirrhotic liver
Small ICCs (<3 cm) frequently demonstrate atypical

enhancement pattern with global APHE and “washout”
or isodensity on PVP

cHCC-CCA Account for <5% of liver cancers
No constant imaging features

Commonly have targetoid appearance
but may also mimic HCC

Hypervascular
Metastases

Very rarely encountered due to unfavorable
microenvironment & altered portal venous flow

Lesions with APHE
Isodense or “washout” on PVP

Abbreviations: APHE, arterial phase hyperenhancement; PVP, portal venous phase; FNH, focal nodular hyperpla-
sia; SAA-HN, serum amyloid A(SAA)-positive hepatocellular neoplasm; HCC, hepatocellular carcinoma; HGDN,
high grade dysplastic nodule; ICC, intrahepatic cholangiocarcinoma; cHCC-CAA, combined hepatocellular-
cholangiocarcinoma.
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It is worth noting that at least 40% of HCCs present with atypical imaging features
and don’t fulfill the appropriate vascular criteria to be diagnosed as definite HCCs. These
generally include small-size HCCs (<2 cm), either early HCCs or well-differentiated HCCs,
poorly-differentiated HCCs, progenitor-type HCCs, scirrhous HCCs, and the infiltrative
and diffuse types of HCCs [54,62].

Kim et al. [63,64] have shown that approximately 17% of small HCCs can be isodense
on the arterial phase and hypodense on the portal-venous phase, whereas about 40–60%
of small HCCs, even if hypervascular on the arterial phase, don’t exhibit “wash-out” on
the portal phase. This atypical appearance has been linked to the multistep process of
hepatocarcinogenesis, during which there may be diminished portal tracks before adequate
recruitment of unpaired arteries, or there may be neoangiogenesis without significant loss
of portal tracks [65]. Further characterization and differentiation of these nodules requires
the application of ancillary imaging features, acquisition of specific MRI sequences, or the
application of CEUS, which can provide further information concerning their cellularity,
function, and vascularity [65–68]. Moreover, according to a recent large prospective study,
including 296 observations in 240 patients [69], the combination of MDCT and MRI in
LI-RADS yielded a better diagnostic performance for HCC than MDCT or MRI alone.

The ancillary imaging features that can be readily assessed with MDCT and indicate
the presence of HCC mainly include the nodule in nodule architecture, the mosaic ap-
pearance, the non-enhancing capsule, and, to a lesser degree, the presence of intralesional
fat or blood products [50] (Figure 6). These imaging features strongly favor neoplasia of
hepatocellular origin and may be used to distinguish HCC from ICC or metastatic disease,
with the exception of cHCC-CCA, which can share the same imaging features with HCC.

   

   

Figure 6. Ancillary imaging features for HCC assessment. Nodule-in-nodule architecture, mosaic ar-
chitecture, and corona enhancement on the late arterial and portal-venous phase, respectively. MDCT
axial images. (a,b): A small nodule (arrowhead) is located at the periphery inside a larger nodule
(arrow), with APHE (a) and “wash-out” (b) on PVP. The parent nodule is not enhancing. (c,d): A
heterogeneous mass, characterized by enhancing compartments and necrotic areas is seen (c). An en-
hancing capsule is depicted on PVP (d) (arrows). (e,f): There is a transient zone of hyperenhancement
around the outer margin of the nodule (e) (arrowheads), which fades on PVP (f).
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The nodule-in-nodule architecture reflects the emergence of a progressed HCC within
a dysplastic nodule or an early HCC, which results from the clonal expansion of cells dis-
playing less differentiation [70]. The inner nodule corresponding to progressed HCC shows
arterial hyperenhancement, while the parent nodule corresponding to well-differentiated
dysplastic nodule remains hypo- or iso-attenuated. The nodule-in-nodule appearance is a
feature with poor prognostic value, as the inner hyperenhancing nodule has a short volume
doubling time (TVDT) and grows rapidly.

Likewise, the mosaic appearance is the result of the clonal divergence of cells in
various steps of de-differentiation inside a nodule typically larger than 3 cm. The imaging
appearance is the reflection of the histology, which is comprised of randomly-distributed
nodules or compartments with variable enhancements, separated by irregular enhancing
septa and necrotic or hemorrhagic areas or areas with fatty metamorphosis. The mosaic
pattern is observed in 28–63% nodules of HCCs [49].

The non-enhancing capsule refers to a capsule appearance that is hypodense and not
visible as an enhancing rim. It should be unequivocally thicker and more conspicuous than
fibrotic tissue around other cirrhotic nodules.

Another important ancillary imaging feature favoring malignancy in general, and
not HCC in particular, is the corona enhancement, which refers to the enhancement of
the venous drainage area of the tumor on the late arterial or early portal-venous phase.
It is the result of aberrant and disorganized peritumoral drainage due to the invasion
of intranodular hepatic veins, and drainage shifts to the surrounding hepatic sinusoids
and, subsequently, to the portal venules [71]. It is seen in up to 80% of progressed HCCs
and is strongly associated with microvascular invasion (MVI) and seeding of neoplastic
cells, hence most metastatic satellite nodules originate in the peritumoral venous drainage
area [71]. MVI is an important prognostic factor of overall survival and of early recurrence
after resection, locoregional therapy, or transplantation. MDCT imaging features predicting
MVI, apart from peritumoral enhancement, and includes the non-smooth tumor border,
nodular rim, capsular disruption, prominent tortuous intratumoral arteries, and large
tumor size [72,73].

Recently, Bello et al. [74] brought attention to several HCC subtypes with atypical
imaging features and correlated them with their histologic and molecular features; for
example, an early peripheral and progressive centripetal enhancement (a pattern similar to
ICC) was indicative of the scirrhous subtype. Fowler et al. [75] have also presented distinct
morphologic and pathologic subtypes of HCC with different prognostic implications. Patho-
logic subtypes associated with poor prognosis mainly include macrotrabecular massive
HCC (MTM-HCC, presenting with necrosis on imaging), neutrophil-rich HCC (previously
described as sarcomatoid subtype of HCC), scirrhous HCC (S-HCC), progenitor-type HCC
(expressing stem cell markers such as CK19 or EpCAM), and diffuse- and infiltrative-type
of HCC, while subtypes associated with better prognosis, apart from early and small well-
differentiated HCC, include clear-cell HCC (CC-HCC), steatohepatitic (showing extensive
fatty component), and b-Catenin-mutated HCC (hyperintense on the hepatobiliary phase).

This wide variability of biological behavior among progressed HCCs has been corre-
lated to variable genetic and molecular alterations in the process of hepatocarcinogenesis
and has been shown to be related with specific imaging features. Imaging features associ-
ated with aggressive biological behavior and poor survival include substantial intratumoral
necrosis and targetoid appearance, as well as features suggestive of micro- or macrovascu-
lar invasion and bile duct invasion [75–78] (Figure 7). HCCs presenting with such atypical
imaging features are designated according to LI-RADS as LR-M lesions and require biopsy
for definitive diagnosis.
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Figure 7. HCC with atypical imaging features; Cirrhotomimetic HCC (a,b) and Progenitor-type HCC
(c,d,e) (late arterial, portal, and delayed phase, respectively). (a,b): Cirrhotomimetic HCC with TIV.
There is marked diffuse heterogenous appearance of the left liver lobe with subtle arterial enhance-
ment and “wash-out” accompanied with hyperenhancing portal vein tumor thrombus, displaying
prominent neovascularity (thread and streak sign) (a) (arrows). (c,d,e): Progenitor-type HCC. There
is a mass with irregular, non-smooth arterial enhancing rim (arrow). Note also the enhancing tissue
inside the middle hepatic vein (arrowhead) (c) protruding into the IVC (arrowhead) (e). With the
exception of cHCC-CCA, TIV is consider a fairly specific feature of HCC in a cirrhotic liver since ICC
more frequently encases rather than invades veins.

A distinct morphologic type is the diffuse or cirrhotomimetic-type, which presents as
an ill-defined permeative infiltration of the liver parenchyma with subtle or inconsistent
arterial enhancement and heterogeneous “wash-out” [79]. It is frequently associated with
invasion of the portal vein (68–100%) and high levels of AFP (>10,000 ng/mL). Due to
its reduced conspicuity, diffuse-type HCC is often revealed only when malignant portal
vein thrombosis becomes apparent. MDCT features indicating a tumor in the vein (TIV)
include heterogenous thrombus enhancement, expansion of the portal vein ≥23 mm, and
contiguity to the tumor. One of the most characteristic imaging features is the presence
of thrombus neovascularity, which corresponds to the “thread and streak” sign [80] seen
during the early arterial phase as a thin linear and chainlike opacities, reflecting the growth
of the tumor into the vein (Figure 7).

Finally, as many as 20% of HCCs may involve a non-cirrhotic liver and develop without
identifiable histologic precursors (“de novo hepatocarcinogenesis”). Non-cirrhotic HCC has
distinct histopathologic and clinical features [81]. It usually presents as a single, large mass
(>5 cm) with a mosaic architecture, intratumoral necrosis and fat, and an intact capsule,
thereby reflecting the slow, expansile growth of the tumor. Extrahepatic involvement,
mainly lymphadenopathy, is more frequently detected and is attributable to the delay in
diagnosis. It is predominantly moderate or well differentiated, and despite the large tumor
burden at the time of diagnosis, has a better overall survival rate and disease-free survival
rate in comparison to HCC in cirrhotic livers.
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Despite its limitations, MDCT remains a cornerstone of HCC investigation in patients
at risk. Its wide availability and lower cost render MDCT as a first-line imaging modality
for the evaluation of suspicious nodules in cirrhotic livers. Moreover, MDCT contributes
to the prognostication of patients with HCC by identifying features associated with good
or bad prognoses. Inconclusive cases require further investigation with other imaging
modalities or histologic verification.

5. CT Perfusion

CT liver perfusion (CTLP) is a modern imaging technique that provides quantitative
functional information on tissue microcirculation—in addition to morphology—and allows
a more comprehensive and reproducible evaluation of focal liver lesions [82–84]. During the
last decade, CTLP has been extensively studied as an imaging biomarker in hepatocellular
carcinoma (HCC) and has a plethora of applications in HCC diagnosis, prognosis, treatment
selection, and treatment response assessment [82].

From a technical standpoint, CTLP is based on the analysis of a dynamic CT dataset
consisting of sequential images of the liver acquired over time following the injection of IV
contrast medium [83,85]. Specialized software is employed to extract functional information
from the image dataset by measuring the change of attenuation of liver tissue and reference
input vessels over time and generating corresponding attenuation time curves. Perfusion
parameters are derived, either by directly fitting the attenuation time curve of each point of
liver tissue (model-free approach) or by implementing complex pharmacokinetic models
(model-based approach). The results are presented as parametric maps with a color scale
(Figures 8 and 9). A variety of pharmacokinetic models have been employed in the past
for CTLP analysis, and can differ in the number of inputs, compartments, and fitting
method. Nevertheless, most modern commercial applications implement a dual input,
dual compartment model using the deconvolution method, which best approximates the
perfusion characteristics of the liver. While perfusion parameter names and perfusion
analysis models are vendor-specific, most manufacturers provide parameters pertaining
to blood flow (BF), blood volume (BV), mean transit time (MTT), and vessel permeability
(PS), as well as hepatic arterial blood flow (HaBF), portal liver perfusion (PLP), and their
ratio (hepatic arterial fraction—HAF or hepatic perfusion index—HPI). Other perfusion
parameters are usually reported in conjunction with MRI perfusion studies (Table 6).

Table 6. Glossary of commonly-reported CT and MRI perfusion parameters alongside expected
changes in HCC lesions relative to surrounding liver parenchyma. Number of arrows indicates the
magnitude of difference.

Parameter (Unit) Definition/Biological Significance Expected Change in HCC

CT Liver Perfusion/DCE-MRI
Perfusion parameters based on pharmacokinetic models (model-based approach) [86–89]/[90–93]

Blood Flow, or Total Perfusion
(mL/100 g/min)

Total flow rate of blood in liver tissue.
Reflects hypervascularity. ↑↑

Blood Volume (mL/100 g) Intravascular blood volume. Reflects hypervascularity. ↑↑

Mean Transit Time (s)
Residence time of contrast agent in tissue. Shorter MTT

might suggest hypervascularity and presence of
intratumoral arteriovenous shunts.

↓

Hepatic Arterial Blood Flow, or Arterial
Liver Perfusion (mL/100 g/min)

Blood flow derived from hepatic artery. High in lesions
with a predominant hepatic arterial supply. ↑↑

Portal Liver Perfusion (mL/100 g/min)
Blood flow derived from portal vein. High in normal

liver tissue. Low in lesions with a predominant hepatic
arterial supply.

↓↓
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Table 6. Cont.

Parameter (Unit) Definition/Biological Significance Expected Change in HCC

Hepatic Arterial Fraction, or Hepatic
Perfusion Index (%)

Percentage of blood input contributed by hepatic artery.
Low in normal liver tissue. Increased in lesions with

arterioportal imbalance.
↑↑

Permeability Surface area product
(mL/100 g/min)

Reflects leakage rate of blood from vascular into
interstitial space. Virtually zero in normal liver

parenchyma where fenestrated sinusoids permit free
communication between the intravascular and

interstitial space. Countable in liver fibrosis and
liver tumors.

↑

Ktrans (s−1)

Transfer constant from plasma to interstitial space.
Reported in studies that employ single-input

dual-compartment models. Related to
vessel permeability.

↓/↑

Kep (s−1)
Reflux constant from interstitial space to plasma.

Reported in studies that employ single-input
dual-compartment models. Inverse relation to Ktrans.

↑

ve (%) Extra-vascular extra-cellular volume fraction.
Related to cell density. ↓

Descriptive perfusion parameters (model-free approach)

Area Under the Curve (unitless) Area under pixel density curve. High in lesions with
vivid enhancement. ↑↑

Slope of Increase, or wash-in (s−1)
Running average of the slope of the tissue density—time
curve *. High in hypervascular tumors with rapid and

vivid enhancement.
↑↑

Slope of Decrease, or Wash-out (s−1)

The slope of the line connecting the point of maximum
enhancement and the last point of the tissue

density-time curve *. Low in lesions that
display washout.

↓↓

Time to peak (s)
Time interval between onset of afferent vessel

enhancement and peak of the tissue density-time curve *.
Short in hypervascular lesions with rapid enhancement.

↓↓

Positive Enhancement Integral (%)
The area under the tissue density curve in each tissue

voxel, divided by the area under the curve
corresponding to a reference vein ROI.

↑

DCE-MRI; Dynamic Contrast-Enhanced MRI, HCC; hepatocellular carcinoma ↑; increased, ↓; decreased, ↓/↑; no
difference or conflicting results *; the density-time curve of CT perfusion corresponds to the signal intensity-time
curve of DCE-MRI.

As previously stated, hepatocarcinogenesis is characterized by the formation of un-
paired arteries that are not associated with portal vein branches, thereby leading to the
presence of an arterioportal blood supply imbalance prior to the development of classic
hallmarks of hypervascularity [53,65,94]. Conventional MDCT can accurately detect pro-
gressed hypervascular HCC lesions but might mischaracterize small HCC lesions that are
associated with incomplete neo-angiogenesis [95]. CTLP can overcome this limitation by
separating the hepatic arterial from the portal-venous component of blood flow. Studies in
animals with chemically-induced liver tumors have demonstrated a significant increase
in HaBF, a decrease in PLP, and a subsequent increase in HAF during the transition of
pre-carcinoma lesions to early HCC [96,97]. In addition, progressed HCC lesions exhibited
significant changes in perfusion parameters related to hypervascularity (increased BF and
BV, decreased MTT) and permeability (increased PS) as expected. These observations have
been confirmed in multiple studies in patients [86–89]. Among available CT perfusion
parameters that are based on pharmacokinetic models, Fischer et al. found that a cut-off
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value of ≥85% HPI exhibited a sensitivity of 100%, while a cut-off value of ≥99% HPI
yielded a specificity of 100% for the detection of HCCs in cirrhotic patients (Figure 8, [88]).
Recently, Hatzidakis et al. highlighted that even descriptive perfusion parameters, such as
the mean slope of increase, might offer high accuracy in discriminating HCC lesions from
normal parenchyma (Figure 9, [89]). Other studies have demonstrated differences in CT
perfusion parameters between HCC and hemangiomas [98–100], liver metastases [101–103],
or arterioportal shunts [104], indicating that CTLP might be a useful tool for differential
diagnosis between HCC and other focal liver lesions (Table 7).

 

Figure 8. CT perfusion allows the accurate identification and characterization of HCC lesions. In
this 69-year-old patient with cirrhosis, a 12-mm nodular lesion in the right liver lobe (arrow) can be
easily distinguished from surrounding liver parenchyma on CT perfusion (a–d), with higher values
on the Blood Flow (a), Arterial Liver Perfusion (b), and Hepatic Perfusion Index (d) parametric maps
and a lower value on the Portal Venous Perfusion (c) map. The lesion is shown on conventional
4-phase CT (e–h), which was performed on the same day as CT perfusion with arterial phase hyper-
enhancement (f) and wash-out on the portal-venous (g) and delayed phase (h), which corresponds to
LI-RADS 5. BF; Blood Flow, ALP; Arterial Liver Perfusion, PLP; Portal Liver Perfusion, HPI; Hepatic
Perfusion Index.
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Figure 9. CT Liver Perfusion (CTLP) can complement other imaging modalities for establishing the
diagnosis of HCC in difficult cases. This 70-year-old cirrhotic patient was previously treated for HCC
with transarterial chemoembolization and presented with a 22-mm subdiaphragmatic lesion in liver
segment 8 upon follow-up (arrows). The lesion had a high signal on T2 (a) and T1 (b) MRI. Contrast
enhancement (c) and wash-out (d) could not be assessed on MRI due to the presence of artifacts. The
MSI map of CTLP (e) clearly shows avid contrast enhancement in the HCC lesion, which was later
confirmed with selective angiography (h). Although the Hepatic Arterial Blood Flow (f) and Hepatic
Arterial Fraction (g) parametric maps show high values in the HCC lesion, it cannot be differentiated
from surrounding parenchyma due to cirrhosis and prior chemoembolization, which alter normal
liver hemodynamics. MSI; Mean Slope of Increase, HABF; Hepatic Arterial Blood Flow, HAF; Hepatic
Arterial Fraction.

Table 7. Differential diagnosis between HCC and other common liver lesions using CT Liver Perfusion
and dynamic contrast-enhanced MRI parameters. Number of upwards or downwards pointing
arrows indicate magnitude of change relative to surrounding liver parenchyma and HCC lesions in
comparative studies.

CT Liver Perfusion/
DCE-MRI Parameter

Reported Behavior in Common Focal Liver Lesions

HCC Hemangioma
Hypovascular

Metastasis
Hypervascular

Metastasis
Arterioportal

Shunt

[98–100]/[105,106] [101–103]/[107,108] [101–103] [104]

Blood Flow, or Total Perfusion ↑↑ ↑↑↑ ↓ ↑↑↑ ↑↑
Blood Volume ↑↑ ↑↑↑ ↑↑ ↑↑↑ -
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Table 7. Cont.

CT Liver Perfusion/
DCE-MRI Parameter

Reported Behavior in Common Focal Liver Lesions

HCC Hemangioma
Hypovascular

Metastasis
Hypervascular

Metastasis
Arterioportal

Shunt

[98–100]/[105,106] [101–103]/[107,108] [101–103] [104]

Mean Transit Time ↓ ↓↓ ↑↑ ↓↓↓ -

Hepatic Arterial Blood Flow,
or Arterial Liver Perfusion ↑↑ ↑↑↑ ↑ ↑↑ * ↑↑

Portal Liver Perfusion ↓↓ ↓ ↓ ↓↓ * ↓
Hepatic Arterial Fraction,

or Hepatic Perfusion Index ↑↑ ↑↑↑ ↑ ↑↑ * ↑↑

Permeability Surface area product ↑ ↑↑ ↓/↑ ↑ * -

Slope of Increase, or wash-in ↑↑ ↑↑↑ - - -

Slope of Decrease, or wash-out ↓↓ ↓ - - -

Positive Enhancement Integral ↑ ↑↑↑ - - -

DCE-MRI; Dynamic Contrast-Enhanced MRI, HCC; hepatocellular carcinoma, -; not reported, ↑; increased, ↓;
decreased, ↓/↑; no difference or conflicting results *; parameters have not been compared to those of HCC lesions.

In addition to HCC carcinoma diagnosis, CT perfusion can offer insights into tumor
aggressiveness and prognosis. Sahani et al. found significant differences in BF, BV, and
PS perfusion values between patients with well-differentiated HCC and other tumor
grades [86]. Thaiss et al. revealed a good correlation between BF, BV, and HPI perfusion
values with VEGFR-2 expression levels of HCC tumors [109]. Bai et al. showed that CLTP
values in the periphery of HCC lesions correlate with microvascular density on pathology,
which is an important prognostic factor for HCC [110]. Multiple studies have validated
CTLP as a non-invasive tool to predict and assess the response of HCC to locoregional and
systemic treatment [111–116]. However, this subject remains out of the scope of this review.

Although CTLP has many applications in HCC diagnosis and management, its use
remains limited outside large reference centers. Patients may need to undergo an additional
examination, which might be a burden in daily production and is associated with additional
contrast media and radiation exposure. Generated parametric maps are vendor-specific,
and as a result, radiologists need to acquire experience and establish intra-institutional
reference values before using CTLP in HCC diagnosis. However, great effort has been made
to standardize CTLP acquisition protocols [117] and reduce radiation exposure [118–120].
With the advent of comparative studies to indicate when the additional use of CT perfusion
might be beneficial for the patient and further development of automated image analysis
software, CTLP might reach the availability of brain perfusion, which has a central role in
the management of stroke [121].

6. MRI

MRI is an excellent modality for lesion detection and characterization thanks to its
higher contrast resolution and ability to assess more tissue properties than sole vasculariza-
tion. According to a recent meta-analysis, the pooled sensitivity and specificity for HCC
diagnosis were 70% and 94%, respectively, regardless of tumor size [122]. However, sensi-
tivity is greater for lesions >2 cm (approaching 100%) but drops to 58.3–64.6% for lesions
smaller than 2 cm [123–125], and it is even lower for sub-centimetre lesions. It is generally
agreed, however, that MRI outperforms CT for the diagnosis of HCC smaller than 2 cm,
while comparable accuracy is reported for lesions ≥2 cm [124,126,127]. It should be kept in
mind that the size of an HCC is a significant prognostic factor and an important criterion in
all staging systems. The use of hepatospecific contrast media, namely gadoxetate disodium
and gadobenate dimeglumine, increases sensitivity by 5–10% [124,128–130].
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As mentioned before, the radiological hallmark that enables a confident non-histological
diagnosis of HCC is the combination of hypervascularity on the arterial phase and hypoper-
fusion on the portal phase; as with CT, this “wash-in/wash-out” pattern is indispensable on
MRI as well. According to the LI-RADS criteria, no lesion without hyperenhancement on
the arterial phase can be definitely characterized as HCC; hyperenhancement has to be “non-
rim”, i.e., not predominantly peripheral (in order to differentiate from metastases or cholan-
giocarcinoma) [51]. However, up to 40% of HCCs show no hypervascularity on the arterial
phase, and these mainly represent early or poorly-differentiated HCCs [131,132]. Moreover,
40–60% of small HCCs lack wash-out during the portal phase [133,134] (Figure 10). Addi-
tional major and ancillary features are employed to help characterize the lesion and assign
a LI-RADS category to it.

   

   

Figure 10. Evolution of a cirrhotic nodule into HCC. No suspicious lesions are identified on the
T2 (a) and DWI (b) sequence of this 66-year-old man with cirrhosis due to hepatitis B infection. On
the follow-up scan, performed 3 months later, increased T2 signal (c) is now observed in a nodule in
segment V, which is associated with diffusion restriction (arrow) (d). After contrast administration,
arterial enhancements (e) without delayed wash-out (f) are seen; absence of wash-out is frequent in
early HCCs.

As already stated, small lesions (smaller than 1, 1.5, or 2 cm, depending on the
publication) more often demonstrate atypical imaging features [135,136]. That is to say
that lesions below the threshold of 1 cm cannot be characterized as HCC and follow-up
is advised according to both EASL and AASLD guidelines. Small arterially-enhancing
lesions may represent arterioportal shunts, perfusion disorders, or small intrahepatic
cholangiocarcinomas (which may also show portal wash-out) [60]. Interval increase in size
by ≥50% in ≤6 months is a major feature according to LI-RADS (Figure 11). However, it is
not accepted by EASL and any lesion growth or change in enhancement pattern not typical
of HCC should call for biopsy [4].
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Figure 11. This 48-year-old woman with a history of β-thalassemia major and cirrhosis was followed-
up after successful locoregional treatment of two small HCCs. In liver segment II, a 5-mm high
T2 signal focus is seen in an anterior subcapsular location (a) with associated restricted diffusion
(arrow) (b). The lesion shows arterial enhancement (c) and no uptake of the hepatospecific contrast on
the hepatobiliary phase (d). Although findings are highly suspicious, the lesion cannot be definitely
characterized as HCC, due to its small size. On the subsequent follow up CT, interval growth and
typical wash-in/wash-out are now present (e,f).

The presence of a capsule (Figure 12) is a major finding according to LI-RADS, but not
EASL. The capsule is a characteristic feature of progressed HCC and is absent in dysplastic
nodules or early HCCs. It shows low T1 and T2 signal intensity and enhancements on
the portal and delayed phase at 3 min after contrast injection (or transitional phase if
hepatospecific contrast agent is used); on the contrary, corona enhancement occurs earlier
on the arterial phase. A capsule should be thicker than the fibrous septa of cirrhosis, which
also show delayed enhancement. An intact capsule on imaging has been associated with
lower recurrence rates after treatment [137], while extracapsular tumor extension predicts
poor survival [138]. It should be stressed, however, that an encapsulated progressed HCC
has a worse prognosis than an unencapsulated early HCC; the presence of a capsule confers
a better prognosis only when the encapsulated tumor is compared to HCCs of a similar
size and grade with breached capsules or without a capsule.

On the T2 sequences, most large HCCs show mild–moderate hyperintensity; in con-
trast, cirrhotic and dysplastic nodules appear iso-intense or hypo-intense relative to the
background liver and early HCCs, which are mostly iso-intense. T2 hyperintensity is
attributed to increased arterial and decreased portal vascularity; peliotic changes may
also contribute [139,140]. Mildly increased T2 signal intensity is an ancillary—but not
specific—feature as it is also observed in other malignant lesions of the liver.
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Figure 12. A large HCC is depicted in the right liver lobe of this 81-year-old man. The tumor is
surrounded by a capsule, nicely seen as a thin, low signal line on the fat-suppressed T2 sequence
(arrowheads) (a) and shows inhomogeneous but predominantly high T2 signal intensity. Areas of fat
are clearly shown in the in/out of phase images (asterisk) (b,c). This marked heterogeneity is known
as the “mosaic” pattern. After contrast administration, mottled arterial enhancement is noted (d);
definite wash-out and capsular enhancement (arrows) are seen on the portal phase (e).

Regenerative nodules, dysplastic nodules, and well-differentiated HCCs may all
present with T1 hyperintensity before contrast administration; if subtraction techniques are
not used, an erroneous impression of enhancement could ensue or, on the contrary, subtle
arterial enhancement could be missed. T1 hyperintensity may be due to the presence of
fat, copper, glycogen, hemorrhage, or high protein content. Copper and glycogen tend
to decrease as hepatocarcinogenesis progresses [141]; the same is also true for iron, and
although siderotic nodules appear hypo-intense on all sequences—particularly the T2*—
hyperintensity on the T1 sequences may also be seen. Hepatic iron overload, on the other
hand, is predisposed to the development of HCC [142], and the appearance of an iron-free
area in an iron-overloaded liver should be regarded as suspicious.

Fatty change is encountered in approximately 40% of early HCCs [143]. With increas-
ing tumor size and histologic grade, fat usually regresses and the percentage drops to 6%
in moderately-differentiated HCCs [144], only to increase again in highly de-differentiated
tumors. This occurs along with the diminished arterial supply, suggesting a connection
between reduced blood flow, hypoxia, and steatogenesis [145]. MRI is superior to CT in
detecting fatty change with the use of chemical shift sequences, which show the charac-
teristic signal drop on the opposed-phase compared to the in-phase (Figures 12 and 13).
Intratumoral fat can also be used to exclude cholangiocarcinoma, which is also associated
with cirrhosis. Nevertheless, the added value of fat identification in a HCC is debatable
because, when detected, other more suggestive features (like the vascular pattern) are
already present [123].
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Figure 13. Sixty-five-year-old man with cirrhosis. On the T2 sequence, a nodular high T2 lesion
is vaguely seen (arrowheads) (a). The lesion appears hyperintense on the in-phase image (b) and
slightly hypo-intense on the out-of-phase image (arrowheads) (c), suggesting the presence of fat. On
the hepatobiliary phase after gadoxetic acid administration, a small nodule with markedly decreased
signal (no contrast uptake) is evident in the left aspect of the larger lesion (arrow), suggesting focal
de-differentiation in a dysplastic fatty nodule and early HCC formation (“nodule in nodule” sign) (d).

MRI has the unique capability to assess lesion cellularity, which is translated as
the reduced diffusivity of water molecules among the tightly-packed cells of a tumor.
Restricted diffusion is an ancillary finding that favors malignancy in general, and not
specifically HCC. DWI (Diffusion Weighted Imaging) may fail to detect early HCCs, since
their cellular density and architecture do not markedly differ from the surrounding cirrhotic
nodules [146]. Higher histological grades are associated with higher DWI signal intensities
and corresponding lower ADC (Apparent Diffusion Coefficient) values [147,148]. However,
the increased amount of fibrotic tissue in the cirrhotic parenchyma also causes restricted
diffusion, reducing the conspicuity of HCC as cirrhosis advances [149]. The addition of
DWI to the dynamic contrast enhanced phases or the hepatobiliary phase increases the
sensitivity of HCC detection [150,151]. Even as a standalone technique, DWI appears to be
an acceptable alternative for HCC diagnosis when a contrast agent is contra-indicated [152].

The introduction of hepatospecific contrast media in the 2000s has opened new per-
spectives in liver imaging. Following their intravenous administration, multiphasic dy-
namic imaging is performed—similarly to extracellular agents—and subsequently, they are
taken up by functioning hepatocytes via specific transporters (organic anion-transporting
polypeptide, OATP). Approximately 30% of high-grade dysplastic nodules demonstrate
decreased expression of these transporters; the percentage rises to 70% in early HCC,
while all poorly-differentiated tumors show decreased or absent expression of OATP trans-
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porters [153], leading to low signal intensity on the hepatobiliary phase. More importantly,
the decline of OATP expression precedes the typical vascular changes of hepatocarcinogene-
sis, making the hypo-intensity on the hepatobiliary phase the most sensitive imaging feature
for early diagnosis of HCC [125,126,130,154,155]. Typical HCC appears hypo-intense on
the hepatobiliary phase and the degree of hypo-intensity has been correlated to histologic
grading [156] [157,158]; however, approximately 10% of HCCs appear iso-intense or hy-
perintense relative to the surrounding liver on the hepatobiliary phase with gadoxetate
(paradoxical uptake). The iso/hyperintensity may not be due to tumor differentiation,
but rather represents a peculiar molecular/genetic subtype—probably due to genetic or
epigenetic alterations—with less aggressive biological features [159,160]. Additionally,
it has been shown lately that hyperintensity during the hepatobiliary phase reflects the
activation of the Wnt/β-catenin pathway, which, in turn, is associated with resistance to
immunotherapy, thereby suggesting that the specific imaging feature (i.e., paradoxical
uptake of gadoxetate) could serve as an imaging biomarker [161,162].

Some HCCs demonstrate a transient rim of enhancement on the late arterial phase,
which fades away during the subsequent phases. It corresponds to the draining pathway
towards the perinodular sinusoids, a potential route for satellite metastases. It is seen in
advanced tumors, which are frequently correlated with microvascular invasion [163,164],
and represents an ancillary finding, although not specific for HCC.

When a smaller nodule is seen within a larger nodule, it implies de-differentiation of a
cell subpopulation and progression towards hepatocarcinogenesis. The “nodule-in-nodule”
sign suggests development of HCC within a dysplastic nodule (Figure 13) and the typical
HCC features, such as the wash-in/wash-out pattern or diffusion restriction, are seen in the
inner nodule. When numerous foci with different imaging characteristics are seen within a
nodule, the appearance is known as a “mosaic” pattern and is usually encountered in large
tumors (Figure 12), thereby facilitating the differentiation from cholangiocarcinoma [54].

Overall, MRI, with its superb contrast resolution, ability to assess functional parame-
ters, and use of hepatospecific contrast agents, is the imaging modality of choice for the
characterization of a suspicious nodule detected during the screening of high-risk patients.
In addition to diagnosis, important prognostic features can be extracted with a direct impact
on clinical decisions.

7. MR Perfusion

Comparable to CT perfusion, it is possible to calculate parameters related to liver
microcirculation from MR images. The most common approach is called Dynamic Con-
trast Enhanced imaging (DCE imaging) and it is based on the quantification of positive
enhancement (the ‘T1 effect’) of the contrast agent over time [165,166]. In a similar fashion
to CT perfusion, several T1 weighted DCE-MRI source images are acquired following the
injection of gadolinium and are subsequently analyzed with specialized software to extract
perfusion-related parameters [167,168]. Most studies employ either in-house developed
software to analyze DCE-MRI images or commercially-available solutions that do not incor-
porate liver-specific kinetic models. In addition, the calculation of quantitative perfusion
parameters from the source images is even more challenging because the signal intensity
does not have a linear relationship to contrast media concentration. As a result, a direct com-
parison of results between different studies is not straightforward. Nevertheless, relative
comparisons of findings within the same study group are feasible.

Overall, a few DCE-MRI studies have been performed on patients with HCC, with
findings in line with those of CTLP. Regarding semiquantitative (descriptive) perfusion pa-
rameters, HCCs display a higher area under the curve (AUC), higher wash-in, and positive
enhancement integral (PEI), as well as lower wash-out and time to peak (TTP), compared
to liver parenchyma (Table 6, [90,91,105]). Wash-in, wash-out, and PEI can be used to differ-
entiate hemangiomas from malignant liver lesions (HCCs and metastases) (Table 7, [105]).
Using a variety of dual input perfusion models, several authors have reported a higher arte-
rial fraction (comparable to HAF or HPI) and hepatic arterial blood flow, as well as a lower
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portal-venous flow and distribution volume (ve) in HCC lesions compared to surrounding
liver parenchyma [90,92,93,107]. Permeability-related parameters like Ktrans and Kep seem
to be more dependent on the characteristics of the employed pharmacokinetic model, and
as such, might contribute less to HCC diagnosis [92]. However, Chen et al. demonstrated a
significant correlation between these parameters and tumor proliferation status, histological
grade, and microvascular density, which suggests that permeability parameters might offer
insights into HCC prognosis [169]. In addition, arterial fraction, MTT, and BV seem to
differ between HCC lesions, colorectal liver metastases, and hemangiomas and might aid
in the differential diagnosis of focal liver lesions (Table 7, [107,108,169]).

Despite all the advantages related to the absence of radiation exposure, and the possi-
bility to combine DCE-MRI with liver specific contrast agents and other MRI techniques,
the application of DCE-MRI for liver imaging was, up until recently, hampered by technical
limitations. Whole liver coverage was not feasible due to time constraints. As a result,
researchers where obliged to select only an oblique slab of the liver containing the input
vessels and the target tumor. Additionally, the lack of standardization of acquisition and
analysis methods made image interpretation difficult. Recent technological advances, such
as golden-angle radial sparse parallel (GRASP) MRI, have permitted the acquisition of
free-breathing, whole-liver 3D images with high temporal resolution and without motion
artifacts [165]. These images can be used simultaneously for morphological interpretation
and for extracting DCE-MRI perfusion parameters without requiring additional contrast
injection or scanning time [170]. With a growing number of modern MRI scanners that
support compressed sensing sequences in tertiary centers, it is perhaps a matter of time be-
fore the development of MR perfusion surpasses that of CTLP and DCE-MRI and becomes
incorporated into standard liver imaging protocols.

8. PET/CT

Although 18F-fluorodeoxyglucose Positron Emission Tomography (FDG-PET)/CT
is an extremely useful tool in the evaluation of many cancers, it is not routinely used for
HCC as it is limited by low sensitivity due to the high physiologic uptake of liver tissue
and the variable expression of glucose transporters and glycolytic activity in HCC tu-
mors [171]. FDG accumulates in poorly-differentiated HCCs but not in well-differentiated
ones. However, tracers based on choline, which is an important component for the synthe-
sis of membrane lipids, recently showed improved detection rates of well-differentiated
HCCs [172]. Dual-tracer PET/CT combining choline and glucose as tracers seems to be
promising in the staging of HCC patients [172–174], although significant overlap between
well- and less-differentiated HCCs renders the characterization of tumors challenging
based on dual-tracer PET/CT [175]. In a recent study, β-catenin-activated HCCs demon-
strated increased uptake of 18F-choline but not 18F glucose, suggesting a potential imaging
biomarker that may guide treatment [176]. In another promising study, a correlation be-
tween 18F glucose uptake and the expression of genes regulating metabolism was found,
proposing a role of FDG-PET in selecting patients for metabolism-targeted therapy [177].

9. Artificial Intelligence

The research on Artificial Intelligence (AI) has greatly expanded in the last few years.
The application of AI in HCC imaging has demonstrated promising results regarding
differentiation from other lesions, prediction of grading and microvascular invasion, identi-
fication of specific molecular profile, prediction of response to treatment or post-operative
recurrence, and guidance on treatment selection [178–180]. However, validation of these
results in larger, prospective, multicenter studies is required in the years to come and before
AI proves its clinical utility.

10. HCC Diagnostic Algorithms

It is clear that imaging has a decisive role in every step of the HCC course, starting
from the screening of high-risk patients; to the non-invasive diagnosis, staging, manage-
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ment decisions; and finally, post-treatment follow-up. Improvement in HCC mortality is
partly due to the critical contribution of imaging. As HCC can be confidently diagnosed
by imaging without confirmatory biopsy, robust imaged-based guidelines are needed.
Numerous diagnostic algorithms have been proposed by many scientific societies and
organizations all over the world and they are continuously updated, revised, and ever
evolving. Up until 2017, 14 imaging-based algorithms had been published [45]; the list has
grown since then. All of the proposed imaging systems aim to set standards regarding
performance and interpretation of imaging tests in order to maximize diagnostic accuracy,
however, their approach differs to a greater or lesser extent.

A major difference is observed between diagnostic criteria proposed by Eastern and
Western societies. Eastern societies, like the Japan Society of Hepatology (JSH) and the
Asian Pacific Association for the Study of the Liver (APASL), include MRI with hepatospe-
cific contrast media as a first-line diagnostic tool for HCC. In comparison, hypo-intensity
on the hepatobiliary phase is considered an ancillary feature that is suggestive of malig-
nancy in general (not HCC in particular) according to the LI-RADS classification system
(endorsed by the AASLD) and is not included at all in the EASL guidelines. As stated
earlier, hepatospecific contrast agents increase sensitivity for HCC, however some decrease
in specificity is expected, even after excluding mimicking lesions with hepatobiliary phase
hypo-intensity, such as hemangiomas and cholangiocarcinomas [181–183]. This difference
in diagnostic strategies is explained by the differences in treatment practices; as liver
transplantation is preferred as a curative therapy in Western countries, maintaining high
specificity is of utmost importance for the proper allocation of the scant transplant livers.
On the contrary, as locoregional treatments are broadly used in Asia, the highest achievable
sensitivity is the defining parameter in imaging. For the same reason the presence of a
capsule, which is a highly-specific feature of HCC, is considered a major feature in the
LI-RADS categorization but is not included in Asian algorithms. Similarly, the Asian
guidelines permit the non-invasive diagnosis of a non-arterially enhancing nodule if it
appears hypo-intense on the hepatobiliary phase and hypoechoic on the Kuppfer phase of
CEUS using Sonazoid, while arterial hyperenhancement is an absolute prerequisite for the
confident diagnosis of HCC in both European and American algorithms.

Even with the strictest adherence to imaging protocols, diagnosis of HCC is not always
straightforward. When the results of an examination are inconclusive, re-imaging the pa-
tient with a different modality, biopsy, or close follow-up could be selected following careful
consideration of all clinical and laboratory data in the multidisciplinary team meeting.

11. HCC in Non-Cirrhotic Livers

Although most HCCs arise in the setting of cirrhosis through a multistep process
that starts from the dysplastic focus, proceeds through dysplastic nodules, and, finally, to
overt HCC, some carcinomas arise “de novo”. This term describes the development of
HCC bypassing the stage of cirrhosis and is not synonymous with appearance of HCC in a
normal liver, as these tumors usually appear through a background of chronic hepatitis B
infection or non-alcoholic steatohepatitis (NASH) or, less commonly, metabolic disorders,
use of anabolic steroids, or exposure to aflatoxin B1. The relevance between metabolic
syndrome, non-alcoholic fatty liver disease (NAFLD, the hepatic manifestation of metabolic
syndrome), and NASH (the first stage of the inflammatory phase of NAFLD) on the one
hand and hepatocarcinogenesis on the other has drawn attention worth noting recently.
The metabolic syndrome deposition of free fatty acids in the liver leads to oxidative stress,
inflammation, dysfunction of mitochondria, and activation of stellate cells. Activated
stellate cells not only produce collagen leading to fibrosis, but also a number of cytokines,
chemokines, and angiogenic factors that play an important role in HCC development by
triggering specific pathways [184,185]. Incidence rates of HCC in cirrhosis range widely
from 0.7 to 26 per 1000 person-years, depending on the etiology; the risk is higher in
viral hepatitis compared to steatohepatitis [186,187]. The percentage of HCCs that arise in
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the absence of cirrhosis varies across publications and has been reported to be between
1.7–50.1% [188].

HCCs developing de novo tend to be larger than HCCs in cirrhotic patients, which is
probably due to the absence of surveillance [189,190]. A large solitary mass with or without
satellite nodules is commonly seen; increased tumor size is associated with inhomogeneity
and necrosis (Figure 14). Imaging features do not differ and the wash-in/wash-out pattern
is usually seen; however, reduced percentages of portal wash-out have been reported in
the setting of NASH [191,192]. Despite the increasing contribution of non-alcoholic fatty
liver disease to the burden of HCC, only the Asian-Pacific algorithm advises surveillance
for NASH. Likewise, application of LI-RADS in the setting of NASH is not recommended.
Although patients without underlying cirrhosis present with more advanced stages of HCC,
their survival is better, which is likely due to the preserved underlying liver function [193].

  

  

Figure 14. An 11-cm tumor (arrowheads) is incidentally discovered in a 70-year-old man without
history of viral hepatitis, non-alcoholic fatty liver disease, or cirrhosis. Otherwise, the lesion shows
typical HCC imaging features such as high T2 signal intensity (a), diffusion restriction (b), arterial
hyperenhancement ©, and wash-out during the portal phase (d). Due to the absence of risk factors,
a biopsy was performed that confirmed the radiological diagnosis.

12. Imaging Assessment of HCC following Percutaneous Locoregional Therapy

Percutaneous minimally-invasive locoregional treatment of HCC includes transarte-
rial chemoembolization (TACE), transarterial radioembolization (TARE), radiofrequency
(RFA), or microwave (MWA) ablation (thermal ablation), as well as cryoablation [194–200].
Among these, thermal ablation and TACE are the most widely adopted [200]. Treatment
selection depends on tumor location and size, number of lesions, liver function, and pa-
tients’ general condition [4,201]. Post-treatment imaging follow-up is commonly performed
with multiphasic contrast-enhanced MDCT or MRI with the goal being to evaluate tumor
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response to treatment and to detect recurrent disease elsewhere within the liver [4,202–204].
Several HCC-specific radiological response classification systems have been developed,
including the modified Response Evaluation Criteria in Solid Tumors (mRECIST) and
the LI-RADS-Treatment Response (LI-RADS-TR) [205,206]. Compared to conventional
tumor response evaluation criteria, LI-RADS-TR and mRECIST focus on the presence of
viable contrast-enhancing HCC tissue rather than changes in total tumor size [207]. The
interpretation of radiologic findings after locoregional therapy may be challenging, due to
the presence of treatment-induced changes in the peritumoral liver parenchyma, which
vary among different therapies [207].

Thermal ablation constitutes a first-line treatment with curative intent in patients with
small, very-early and early stage HCCs, alongside surgical excision and orthotopic liver
transplantation [4,208]. The principle of ablation is the application of thermal energy via an
electrode or antenna placed in the tumor, with subsequent heating of the adjacent tumor
cells and induction of necrosis [209]. Usually, a contrast-enhanced CT scan is performed
immediately after the ablation procedure in order to confirm a “safety” necrotic margin
of at least 0.5 cm around the ablated tumor (Figure 15). Coagulative tumor necrosis ap-
pears as a non-enhancing area on contrast-enhanced MDCT or MRI, while residual or
recurrent tumors will often manifest as a nodular or irregular tissue with arterial phase
hyperenhancement near the ablation zone margin [210,211]. A thin, smooth continuous hy-
pervascular rim around the ablation zone might be apparent up to a few months following
the procedure, as a result of the inflammation of the adjacent liver tissue due to thermal
injury [207,211]. In addition, peripheral geographic areas of hyperenhancement might
appear along the needle tract, which correspond to small arteriovenous shunts caused by
the needle puncture [212]. A small residual tumor can escape detection in this early stage,
though growth on subsequent follow-up imaging, or the presence of “wash-out”, should
raise suspicion for viable malignancy [213]. Although dynamic MDCT is the established
method for following patients after thermal ablation, due to its wider availability, MRI
might offer superior diagnostic accuracy and sensitivity for detection of recurrent HCC, es-
pecially with the use of diffusion-weighted images or liver-specific contrast media [122,214].
Few studies with small sample sizes have evaluated the role of CTLP in exploring the
hemodynamic changes of HCC nodules after RFA [112,197,215]. Ippolito et al. reported 14
HCC patients treated with RFA. In the hepatic perfusion (HP), arterial perfusion (AP), and
hepatic perfusion index (HPI) maps, residual tumors showed significantly higher values
(p = 0.012, p = 0.018, and p = 0.012, respectively) compared to the ablated lesion [215]. In
another study, Marquez et al. reported 10 HCC patients treated with RFA and found that
HPI maps had a higher accuracy in the prediction of residual tumors [112]. CTLP can be
very helpful after RFA as well as after MWA, particularly with the use of mean slope of
increase (MSI) perfusion maps, in our experience (Figure 15) [89].

TACE is currently the treatment of choice for intermediate stage HCCs, including
multinodular asymptomatic tumors without vascular invasion or extrahepatic spread [4,208].
The rationale of TACE treatment rests in the super-selective delivery of embolization
particles (lipiodol or drug-eluting beads) together with a chemotherapeutic drug (usually
Epirubicin), thereby aiming to induce complete anoxia of the malignant tissue area. This
causes selective necrosis of the tumor lesion, sparing as much normal liver parenchyma
as possible [216]. Even though TACE might achieve a complete therapeutic response, it
is still considered a palliative method, since small numbers of malignant cells can escape
necrosis. Early detection of such areas will warrant a chance for repeat treatment, usually
with a second TACE session [217].
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Figure 15. Expected post-treatment changes after microwave ablation (MWA). During US screening
examination of a 70-years-old cirrhotic patient, two suspicious nodules, one 2 cm in segment VI and
one 1.2 cm more centrally, were found. (a) Mean Slope of Increase (MSI) map of CT Liver Perfusion
(CTLP) in coronal plane of the same patient shows the two hypervascular lesions in the right liver
lobe, both of which proved to be HCCs (arrows). A wedge resection of the inferior tumor was
performed. Post-operative arterial phase MRI in axial plane (b) and MSI map of CLTP in coronal
plane (c) revealed once again the centrally-located viable tumor (arrowhead) alongside post-operative
changes in the area of the resection (double arrows). A percutaneous MWA of the remaining tumor
was subsequently decided. (d) Axial non-enhanced periprocedural CT shows the microwave antenna
placed inside the tumor. Post-procedural portal phase CT in coronal (e) and axial (f) plane shows
lack of contrast enhancement due to coagulative necrosis in the ablation zone and needle tract with
surrounding hyperemia (black arrowheads). Note the safe ablation margin compared to reference
images (b,c). MSI map of follow-up CTLP one month later in coronal (g) and axial plane (h) shows
remaining hyperemia adjacent to the ablation margin, which should not be interpreted as residual or
recurrent tumor.

Multiphase contrast-enhanced CT and MRI are the most commonly used imaging
modalities for the follow-up of patients treated with TACE [218]. In a similar manner to
thermal ablation, complete treatment response is suggested by the absence of enhancement
in the tumor rather than regression in tumor size [219,220]. A thin, smooth rim of arterial
phase hyperenhancement adjacent to the tumor margin corresponds to inflammatory tissue
and might persist up to 1 year after TACE [207]. In addition, a geographic region of
hyperenhancement might be seen in the corresponding liver segment due to occlusion of
the feeding arteries and will eventually regress over time [221]. A residual or recurrent
tumor usually presents as a nodular enhancing mass with or without wash-out. However,
recurrent tumors can also manifest with weak or absent arterial phase hyperenhancement
in previously-treated areas [207]. In cases of conventional TACE with Lipiodol or after
use of special hyperdense drug-eluting beads, blooming artifacts of MDCT might hamper
the recognition of small viable tumor tissue in MDCT; in such cases, MRI offers a clear
diagnostic advantage [222]. Additionally, diffusion-weighted imaging can improve the
depiction of residual or recurrent HCCs after TACE, and the ADC value may serve as a
quantitative biomarker for treatment response [223].
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CTLP has been extensively evaluated as a means for the assessment of treatment
response in patients with HCC undergoing TACE [224–228]. Yang et al., in a series of
24 HCC nodules successfully treated with TACE, found a statistically significant decrease
in arterial perfusion (AP) and hepatic perfusion index (HPI) values in the treated nod-
ules [225]. Chen et al. categorized treatment response by dividing 38 HCC patients into
partial response (PR), stable disease (SD), and progressive disease (PD) groups, according
to RECIST criteria, and found significantly reduced AP and blood volume (BV) values
in the PR group after TACE in comparison to pre-TACE. In the PD group, AP, BF, and
hepatic arterial fraction (HAF) showed a significant increase after TACE [224]. Ippolito et al.
reported similar results by comparing the HP, AP, HPI, BV, and TTP maps between success-
fully treated lesions in the site of deposited iodized oil and viable persistence tumors at
CTLP performed 4 weeks after TACE; HP, AP, and HPI values were significantly higher in
the residual neoplastic tissue compared to the treated lesion (p < 0.0001) [226]. Another two
papers validated previous studies, both presenting a significant reduction of AP and HPI
in successfully treated lesions [227,228]. Hypervascular findings in AP maps reflect tumor-
related neo-angiogenesis of viable tissue and should be considered as the most relevant
parameter to assess treatment response after TACE in our experience. Similar results can be
obtained with the MSI maps with the additional advantage of increased spatial resolution
(Figure 16) [89]. Finally, Su et al. demonstrated that CTLP parameters, in particular the
AP, Arterial Perfusion Index (API), and PP, are useful predictors of short-term therapeutic
response after TACE with a sensitivity and specificity of 87% and 95%, respectively, and an
accuracy of 91% [229].

 

Figure 16. CT Liver perfusion (CTLP) imaging findings before and after transarterial chemoem-
bolization (TACE) of multiple HCC nodules. (a,b) T1-w MRI scan of 72-year-old cirrhotic patient on
arterial (a) and portal phase (b) after gadolinium injection showing three liver masses with arterial
phase hyperenhancement (arrows in a), wash-out, and capsule (arrows in (b)) consistent with HCCs.
(c) Mean slope of increase (MSI) after CTLP confirms MRI findings, showing all hypervascular
lesions in red color (black arrows) surrounded by yellow rim, which reflects perfusion disorders.
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(d) Angiographic view of the liver before TACE revealed the malignant hypervascularized overlap-
ping lesions (between black arrows). The smaller subcapsular lesion could not be clearly depicted.
The lesions were subsequently treated with selective TACE with Epirubicin-loaded beads. (e) Follow-
up CTLP one month later (MSI map) revealed extensive necrosis of the chemo-embolized tumors
(arrowheads), with a viable area in the dorsolateral portion of the larger mass (double arrows).
(f) During a second TACE session, the residual malignant tumor lesions were depicted and treated
with super-selective TACE. (g,h). Follow-up CTLP a month after second TACE (MSI map) revealed
no signs of viability in the previously found tumors (arrowheads). However, a new, small 1.5-cm
lesion had appeared.

13. Conclusions

The role of imaging in the multidisciplinary approach of patients with HCC is con-
stantly evolving and expanding thanks to the application of hepatobiliary and contrast
ultrasound agents, as well as newer quantitative techniques that evaluate blood perfusion
on CT and MRI. As a result, earlier and more confident diagnosis of HCC has already been
achieved; in addition, new imaging biomarkers are very promising in the prognosis of the
biological behavior of the tumor. Hopefully, this review has persuasively demonstrated
that imaging of HCC is not only an exciting field of active and intense research, but, most
importantly, a critical aspect in the effective and personalized management and treatment
of patients.
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Simple Summary: Hepatocellular carcinoma (HCC) constitutes a major health burden, accounting
for >80% of primary liver cancers globally. Inflammation has come into the spotlight as a hallmark of
cancer, and it is evident that tumor-associated inflammation drives the involvement of monocytes
in tumor growth and metastasis. Tumor-associated macrophages (TAMs) actively participate in
tumor-related inflammation, representing the main type of inflammatory cells in the tumor microen-
vironment, setting the crosstalk between tumor and stromal cells. Infiltrating TAMs exert either
anti-tumorigenic (M1) or pro-tumorigenic (M2) functions. In most solid human tumors, increased
TAM infiltration has been associated with enhanced tumor growth and metastasis, while other
studies showcase that under certain conditions, TAMs exhibit cytotoxic and tumoricidal activity,
inhibiting the progression of cancer. In this review, we summarize the current evidence on the role of
macrophages in the pathogenesis and progression of HCC and we highlight their potential utilization
in HCC prognosis and therapy.

Abstract: Hepatocellular carcinoma (HCC) constitutes a major health burden globally, and it is
caused by intrinsic genetic mutations acting in concert with a multitude of epigenetic and extrin-
sic risk factors. Cancer induces myelopoiesis in the bone marrow, as well as the mobilization of
hematopoietic stem and progenitor cells, which reside in the spleen. Monocytes produced in the
bone marrow and the spleen further infiltrate tumors, where they differentiate into tumor-associated
macrophages (TAMs). The relationship between chronic inflammation and hepatocarcinogenesis has
been thoroughly investigated over the past decade; however, several aspects of the role of TAMs in
HCC development are yet to be determined. In response to certain stimuli and signaling, monocytes
differentiate into macrophages with antitumor properties, which are classified as M1-like. On the
other hand, under different stimuli and signaling, the polarization of macrophages shifts towards
an M2-like phenotype with a tumor promoting capacity. M2-like macrophages drive tumor growth
both directly and indirectly, via the suppression of cytotoxic cell populations, including CD8+ T cells
and NK cells. The tumor microenvironment affects the response to immunotherapies. Therefore, an
enhanced understanding of its immunobiology is essential for the development of next-generation
immunotherapies. The utilization of various monocyte-centered anticancer treatment modalities has
been under clinical investigation, selectively targeting and modulating the processes of monocyte
recruitment, activation and migration. This review summarizes the current evidence on the role
of TAMs in HCC pathogenesis and progression, as well as in their potential involvement in tumor
therapy, shedding light on emerging anticancer treatment methods targeting monocytes.
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1. Introduction

Liver cancer is the sixth most commonly diagnosed cancer and the fourth leading
cause of cancer-related death worldwide, while hepatocellular carcinoma (HCC) accounts
for approximately 75–85% of primary liver cancers [1,2]. In the vast majority of cases, HCC
arises as a result of sustained inflammatory damage, hepatocyte necrosis and regenera-
tion in patients with liver cirrhosis [3]. The most common causes of liver cirrhosis that
predispose patients to HCC are chronic hepatitis C virus (HCV), hepatitis B virus (HBV)
and non-alcoholic fatty liver disease/non-alcoholic steatohepatitis (NAFLD/NASH) [4].
Despite major scientific advances, the majority of patients with HCC still face a dismal
prognosis. Liver transplantation is only possible in patients with early HCC, whereas
patients that undergo alternative treatment modalities—including liver resection or tumor
ablation—develop recurrent disease in up to 70% of cases [5]. HCC prognosis fluctuates
according to the stage at the time of diagnosis, with an overall 5-year survival rate of
20%. Patients who are not considered eligible for surgical or other curative procedures can
receive palliative therapies, including tyrosine kinase inhibitors (TKI), such as sorafenib,
lenvatinib, regorafenib or cabozantinib, or the VEGFR2-antibody ramucirumab [6–9]. How-
ever, these treatment options have minimal benefit in survival, increasing the necessity
for novel therapeutic strategies for the treatment of HCC [10]. Recent evidence provided
by Finn et al. showed that the use of the immune checkpoint inhibitor atezolizumab in
combination with the antiangiogenic agent bevacizumab reduced mortality by 42% and
decreased the risk of disease worsening or death by 41% compared to sorafenib alone, and
it is currently accepted as the first-line systemic treatment of HCC [11]. Immunotherapies
targeting the PD-1/PD-L1 axis, other than atezolizumab, have also been approved for the
treatment of HCC without showing a major effect on patient survival [12]. Specifically, the
efficacy of these agents is compromised in patients with NASH and this observation was
linked to NASH-dependent altered immune cell function in TME [13].

Chronic liver inflammation drives a dysfunctional tissue repair process, leading to
the formation of dysplastic nodules and, eventually, cancer [14,15]. The tumor microen-
vironment (TME) greatly contributes to the tolerogenic immune response towards HCC.
It comprises myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages
(TAMs), tumor-associated neutrophils (TANs), cancer-associated fibroblasts (CAFs) and
regulatory T cells (Tregs) [16–18]. MDSCs, either of monocytic or granulocytic origin,
typically show immunosuppressive properties [19]. The liver bears the highest propor-
tion of macrophages among all organs in the body [20], and in a healthy rodent liver,
20–40 macrophages accompany every 100 hepatocytes [21]. They are generally categorized
into two distinct subsets that can be distinguished from each other based on their differential
expression of cell surface markers. Kupffer cells (KCs) are the non-migratory tissue-resident
macrophages of the liver, are located in the sinusoids and maintain homeostasis [22,23].
Monocyte-derived macrophages (MoMφs) exert migratory capabilities and engraft liver
tissue during inflammatory conditions or after KC depletion [24,25]. TAMs play an es-
sential role in HCC pathogenesis, establishing a pro-inflammatory and pro-tumorigenic
environment through the suppression of antitumor immune responses [26,27]. However,
they can also participate in tumor immune surveillance and antitumor responses [28,29].
Given the major contribution of hepatic macrophages in normal tissue homeostasis, their
pivotal role in liver inflammation and their dual promoting and inhibitory functions in
tumor formation, hepatic macrophages have been at the forefront as potential therapeutic
targets for various HCC treatment modalities [30].

This review summarizes the current state of knowledge regarding the involvement of
TAMs in the pathogenesis and progression of HCC and the heterogeneity and plasticity
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that they exert in the cancer-associated microenvironment. We also highlight the principal
future therapeutic options that target TAMs to treat HCC.

2. Monopoiesis and Tumor-Associated Monocytes

One of the main features of cancer is the tumor-associated chronic inflammation that
results in the reprogramming of immune cells [31]. In addition to the immunomodulatory
effect that this type of chronic inflammation elicits at the site of tumors, it has systemic
effects, affecting cell populations in the bone marrow and spleen. One of these effects is the
induction of emergency myelopoiesis, which results in the generation of mature cells of the
myeloid lineage, including monocytes and neutrophils, that further infiltrate solid tumors
and act mainly as immunosuppressive and tumor-promoting cells [32]. Hematopoietic
stem and progenitor cells (HSPCs) and myeloid progenitors (MyP) can sense and are
responsive to a variety of mediators that are released by tumor cells, such as granulocyte-
colony stimulating factor (G-CSF), granulocyte macrophage (GM)-CSF or the chemokine
CXCL-12 [33,34]. This results in their activation and differentiation towards a myeloid
lineage, as well as in their mobilization and egress from the bone marrow and migration to
extra medullary sites, such as the spleen [35].

Resident macrophages derive from the differentiation of progenitors in the yolk sack
and fetal liver during early life, whereas bone marrow is the site of monocyte generation
under steady state conditions [36]. Experiments in mice showed that monocytes derive
from common myeloid progenitors, following two distinct differentiation pathways, giving
rise to cells with different transcriptional programs and, probably, different functions [37].
Cancer-elicited inflammation promotes not only the generation of monocytes in the bone
marrow in response to the myeloid-lineage growth factors GM-CSF, G-CSF and interleukin-
6 (IL-6) [33], but also drives extramedullary monopoiesis in the spleen by mobilized
HSPCs and MyP [38]. Indeed, both mice and patients with invasive cancer exhibited
increased numbers of splenic granulocyte-macrophage progenitors (GMPs), which are
able to generate monocytes, as well as neutrophils, that further infiltrate tumors and
differentiate into TAMs and TANs, respectively [38]. The spleen is also a major site for
the tumor-associated reprogramming of monocytes, which results in an accumulation of
MDSCs, a monocytic cell population with potent immunosuppressive activity against CD8+
T cells [39]. For instance, a study by Jordan et al. showed that the accumulation of MDSCs
of monocytic origin with T-cell-suppressive properties were observed in the spleens of
patients with various types of cancer, including pancreatic and colorectal adenocarcinoma,
pancreatic neuroendocrine tumors, melanoma or ovarian cancer [40]. Regarding HCC,
increased numbers of hematopoietic progenitor cells, stained as CD133+, and CD11b+
myeloid cells were observed in the spleens of patients with HCC, as well as other tumors,
compared to patients with cirrhosis, a condition that predisposes patients to HCC [41].
Interestingly, there was a positive correlation between the number of progenitor cells
and mature myeloid cells, implying that extra medullary myelopoiesis was responsible
for the generation of mature myeloid cells [41]. Taken together, enhanced myelopoiesis
results in the generation of monocytic cells with immunosuppressive properties in the bone
marrow and the spleen, which further migrate into tumors, where an additional step of
reprogramming takes place during their differentiation to TAMs (Figure 1).
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Figure 1. Origins of tissue-resident and tumor-associated macrophages. Tissue-resident macrophages
derive from the differentiation of yolk sac and fetal liver hematopoietic progenitors and, later in
life, stem from the differentiation of monocytes, generated in the bone marrow. Cancer induces
myelopoiesis in the bone marrow, as well as the mobilization of hematopoietic stem cells and
progenitor cells (HSPCs), which reside in the spleen. Monocytes produced in the bone marrow and
the spleen further infiltrate tumors, where they differentiate into tumor-associated macrophages.

3. Liver Macrophages and Their Plasticity in Response to the Tumor
Microenvironment

Liver macrophages (Mφs) are a heterogeneous cell population that includes resident
Kupffer cells and MoMφs. On histological examination, Kupffer cells share common
morphological characteristics with the monocyte-derived cells, MoMφs and dendritic cells,
showing morphological variability in size and shape. Kupffer cells are identified on light
microscopy by their location, as they are localized adjacent to sinusoids and play a crucial
role in homeostasis. MoMφs are observed in inflammatory sites, orchestrating the immune
response to tissue injury or pathogens. Mφs play a major role in the pathogenesis of
inflammatory disorders, such as NASH, promoting liver inflammation and fibrosis [42,43],
as discussed in elsewhere [43,44].

The microenvironment of HCC, which consists of CAFs, hepatic stellate cells (HSCs),
endothelial cells and immune cells, as well as extracellular matrix proteins [45], shapes Mφs,
altering their function. TAMs actively participate in tumor-related inflammation, setting
the crosstalk between tumor and stromal cells [46,47]. TAMs are MoMφs that are recruited
into the TME, mostly by chemokine (C-C motif) ligand 2 (CCL2) and macrophage (M)-CSF,
and eventually differentiate into mature macrophages. The plasticity of TAMs enables them
to exert either anti- or pro-tumor activity, depending on the distinct micro-environmental
signals originating from tumor cells, fibroblasts, stroma and immunocompetent cells [48].
TAMs show similar morphological features to their normal counterparts, despite their
structural and functional diversity, which is controlled by the tumor microenvironment [49].
Similar to liver Mφs, TAMs are functionally heterogeneous. However, in most human stud-
ies, TAMs are characterized based on the expression of polarization markers as classically
activated (M1) and alternatively activated (M2). Classically activated M1 macrophages
have pro-inflammatory activity and macrophages polarize to this direction in response to
treatment with lipopolysaccharides (LPS) and interferon-gamma (IFN-γ). M1 macrophages
produce proinflammatory cytokines, such as interleukin (IL)-12, and have the potential to
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stimulate effector T-cell proliferation and function. They also exhibit strong microbicidal
and tumoricidal activity by the production of reactive oxygen species (ROS) and nitric
oxide synthase (iNOS; NOS2) that promotes arginine metabolism into nitric oxide (NO) and
citrulline [50,51]. Alternative activation by IL4, IL-10 and IL-13 in vitro results in the genera-
tion of macrophages with immunosuppressive properties that produce IL-10, transforming
growth factor beta (TGF-β) and chemokine (C-C motif) ligand (CCL) family members,
such as CCL17, CCL18, CCL22 and CCL24, and express high levels of PD-L1 [27,52]. M2
macrophages initiate the Th2 immune response, promoting angiogenesis, tissue remodeling
and repair [53,54].

Histologically, the distinction between M1 and M2 macrophages is based on immuno-
histochemistry. CD68 is a common monocytic marker expressed by TAMs, of both M1 and
M2 phenotypes, and dendritic cells. M1 macrophages are positive for several markers,
such as iNOS, CD80 and CD86, whereas the M2 polarization markers are CD163, CD204
and CD206 [55,56]. CD163, in addition to being a marker for M2 macrophages, is also
expressed by Kupffer cells. Moreover, a population of tolerogenic dendritic cells has been
recently identified in peripheral blood, namely DC-10, which expresses CD163, releases
IL-10 and induces type-1 T regulatory cells [57]. CD163 expression is upregulated by IL-10,
and CD163-positive cells secrete IL-10.

The TME is the driving force behind macrophage polarization in HCC, leading to the
generation of macrophages with immunosuppressive properties. For instance, the TME is
characterized by an acidic pH, triggering regulatory macrophages and enhancing immune
evasion [58]. Yang et al. demonstrated that Wnt/β-catenin signaling drives macrophage
differentiation towards the M2 phenotype and was highly expressed in c-Myc-driven
M2-polarized macrophages. Inhibition of Wnt protein secretion in HCC hindered hepatic
tumor growth by regulating the tumor immune microenvironment in mice, whereas nuclear
accumulation of β-catenin was observed in M2-like TAMs in human HCC biopsies [59].
Moreover, Chen et al. demonstrated that TLR4-elicited innate monocyte inflammation was
necessary for IL21+ T follicular helper (Tfh)-like cell induction in HCC, and activation of
STAT1 and STAT3 was critical for TFH-like cell polarization. Importantly, the TFH-like
cells operated in IL21-IFNγ-dependent pathways to induce plasma cell differentiation and,
thereby, create conditions for pro-tumorigenic M2 macrophage polarization and cancer
progression [60]. Similarly, intratumoral macrophages were associated with increased intra-
tumoral FoxP3+ regulatory T cells (Tregs) and poor prognosis in patients with HCC, while
in vivo depletion of tissue macrophages decreased the frequency of intratumoral immuno-
suppressive FoxP3+ Tregs [61]. To underline the multitude and the complementarity of the
mechanisms of local HCC immunosuppression, it was recently deduced that selectively
increased intrahepatic Tregs can promote an immunosuppressive environment in NASH
livers. Neutrophil extracellular traps link innate and adaptive immunity by promoting
Treg differentiation via the metabolic reprogramming of naïve CD4+ T-cells. This mecha-
nism may explain, at least partly, the relative resistance of NASH-related HCC to current
first-line immunotherapies and could be targeted to prevent or treat liver cancer in patients
with NASH etiology [62]. On the other hand, the extracellular matrix protein SPON2
and its integrin receptors α4β1 play significant roles in the recruitment of the M1-like
TAM subtype in the HCC microenvironment, functioning as an opsonin for macrophage
phagocytosis, resulting in anti-tumor immune responses [63]. Additionally, expression
of MiR206 by Kupffer cells drives M1 polarization and the recruitment of CD8+ T cells
through CCL2 production in mice with HCC [64]. In addition to T cells, Liu et al. reported
that TAMs interact with B cells, since CXCR3+ B cells drive M2 polarization in HCC through
IL-17 production [65]. The IL-6/STAT3 signaling pathway was shown to regulate M1/M2
macrophage polarization, as its inhibition, mediated by anti-IL6, reduced cell viability and
drug resistance, suppressed cell invasion and migration and induced apoptosis of HCC
cells co-cultured with M1- or M2-type macrophages, resulting in suppressed tumor forma-
tion and lung metastases [66]. In addition, TLR4 on macrophages promoted the growth
of steatohepatitis-related HCC in mice, as the number of macrophages expressing Ly6C
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was increased and these cells were associated with inflammation and tumor progression,
generating increased amounts of IL-6 and TNFα in response to LPS [67]. On the contrary,
IL-12 inhibited HCC proliferation and invasiveness in vitro by the induction of M1-like
polarization of macrophages through the downregulation of Stat-3 [68]. Furthermore, a
study by Wang et al. demonstrated that TGF-β recruits M2 macrophages in HCC, which
are in turn polarized by connective tissue growth factor (CTGF, CCN2), a protein expressed
by mesenchymal-like HCC cells. TGF-β acts as a chemoattractant, recruiting monocytes
from the peripheral blood, while CTGF acts as a transformant, polarizing monocytes to
M2 macrophages, stimulating tumor growth. In turn, M2 macrophages secrete CCL18,
promoting HCC cell migration [69]. Finally, the transition of the macrophage phenotype
from antitumorigenic to protumorigenic, which has been proven to be mediated by c-Jun
N-terminal phosphorylation in the liver microenvironment, occurs before overt tumori-
genesis, resulting mostly in the production of CCL17 and CCL22, thus facilitating HCC
growth [70,71].

Even though the aforementioned studies suggest that TAMs can be polarized between
the two extremes of macrophage phenotypes, recent studies using single cell approaches
demonstrated that TAMs in HCC are characterized by vast heterogeneity. A seminal study
by Zhang et al. generated a large body of information regarding immune cell populations
in HCC and ascites using single cell RNAseq of CD45+ cells [72]. Among others, six clusters
of macrophages with distinct gene expression modules were identified [72]. Interestingly,
they identified a cluster of macrophages that simultaneously expressed genes of both M1
and M2 polarization states [72]. Song et al. also engaged a similar experimental approach
in HBV/HCV-related hepatocellular carcinoma and identified eight clusters of myeloid
cells, showing that there is heterogeneity within macrophage populations, with a high
number of macrophages sharing both M1 and M2 characteristics [73]. Among the different
macrophage clusters, a cluster of CCL18-expressing macrophages with M2 features was
identified that was associated with a worse clinical outcome [73]. In the same study, a
population of XCL1+ CD8+ T cells was identified that was capable of recruiting dendritic
cells, which resulted in an enhanced anti-tumor response, suggesting an interaction between
T cells and myeloid cells [73]. In addition to the heterogenicity at the single cell level, it has
been shown that immune cell infiltrates are distinct in intrahepatic metastatic lesions in
multifocal HCC compared to multicentric occurrence, since more M2 macrophages and
less T cells are observed in metastases [74] (Figure 2).
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Figure 2. Polarization of tumor-associated macrophages. Macrophage colony-stimulating factor
(M-CSF) and C–C motif chemokine ligand 2 (CCL2) drive the generation of monocytes in cancer.
In response to IL-12 and SPON/α4β1 signaling, monocytes differentiate into macrophages with
antitumor properties, which are classified as M1-like. On the other hand, Wnt/β-catenin signaling,
the TGF-β/CTGF pathway, necrotic debris from tumor cells and immunoglobulins released by B
cells facilitate the polarization of macrophages towards a M2-like phenotype with tumor promoting
properties. M2-like macrophages drive tumor growth directly, through the release of IL-1β, IL-6,
IL-10, CCL18 and CCL20, and indirectly, via the suppression of cytotoxic cell populations, including
CD8+ T cells and NK cells.

4. The Role of Macrophages in HCC Pathogenesis

The involvement of macrophages in the pathogenesis and development of HCC is
crucial. Zhang et al. found that M2 macrophages increased the proliferation, migration and
invasion of HCC cells through a fatty acid oxidation (FAO)-dependent process. Specifically,
IL-1β instigated the pro-migratory effect of M2 cells, and FAO was responsible for the
upregulated secretion of IL-1β, which depended on ROS and NLRP3 inflammasome [75].
A study on the diethylnitrosamine (DEN)-induced model of carcinogenesis engaged in
transcriptomic analysis and demonstrated that MoMφs acquire a proinflammatory phe-
notype during carcinogenesis in this model, which is, however, distinct from the mixed
pro-inflammatory and immunosuppressive phenotype of cells from the NASH-induced car-
cinogenesis model [76]. This observation implies that there are diverse mechanisms in the
response of immune cells to liver carcinogenesis in different animal models. Schneider et al.
also demonstrated that DEN-induced hepatocarcinogenesis triggers liver inflammation
with an intrahepatic accumulation of macrophages and cytotoxic T cells. Interestingly, the
increased macrophage accumulation in chemokine scavenger receptor D6-deficient mice
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did not have an impact on HCC progression [77]. TAMs have also been linked to HCC
growth stimulation via STAT3 signaling, while IL-6 release by macrophages was demon-
strated to enhance HCC proliferation and migration [78]. Furthermore, evidence has been
provided that chemokine CCL2/chemokine receptor CCR2-dependent signaling mecha-
nisms participate in the process of HCC development. The levels of CCL2 are increased in
patients with HCC and have been associated with poor prognosis [79]. In murine liver can-
cer models, CCR2+ myeloid cells exhibited dual functions. Before cancer initiation, CCR2+
myeloid cells suppressed tumorigenesis by removing senescent hepatocytes. However,
when HCC was established, tumor cells inhibited the differentiation of infiltrating CCR2+
immature myeloid cells, which in turn promoted tumor growth, via the inhibition of NK
cells. In a model of NASH-dependent HCC, CCR2 depletion had no distinct effect on HCC
tumorigenesis, suggesting that the effect of CCR2 in hepatocarcinogenesis is dependent
on disease etiology [80]. Guo et al. also provided evidence that infiltrating M2-TAMs
were markedly elevated in the HCC TME, producing IL-17, a pro-inflammatory cytokine,
and were augmented upon oxaliplatin treatment [81]. IL-17A, secreted in concert from
lymphatic endothelial cells, promotes tumorigenesis by upregulation of PD-L1 in hepatoma
stem cells [82]. Regarding HCC metastasis, it was demonstrated that the exosome-mediated
transfer of the functional protein CD11b/CD18 (integrin αMβ2) from TAMs to tumor cells
may have the potency to boost the migratory potential of HCC cells [83].

In addition, inhibition of the CCL2/CCR2 axis resulted in the blockade of monocyte
recruitment, M2 polarization and, as a result, inhibition of the CD8+ T-cell-mediated
antitumor response [84]. Zhang et al. demonstrated that the hypoxia inducible factor
(HIF)-1α /IL-1β feedback loop between tumor cells and TAMs in the hypoxic TME resulted
in the epithelial–mesenchymal transition of cancer cells and metastasis in vitro. Specifically,
they found that TAMs secreted increased amounts of IL-1β under moderate hypoxic
conditions, due to the increased stability of HIF-1α, and that the necrotic debris of HCC
cells increased IL-1β release by TAMs with an M2 phenotype, via TLR4/TRIF/NF-κB
signaling [85]. Moreover, Zhao et al. observed a positive association between B7-H1+
monocyte/Mϕ and IL-17-producing cell density in the peritumoral stroma of HCC patients
and that the IL-17-exposed macrophages suppressed cytotoxic T-cell function through
B7-H1/PD-1 interactions [86]. CD48/2B4 interactions mediated a high level of infiltration
of peritumoral macrophages, which was correlated with the decreased activity of NK
cells in HCC tissues [87]. Furthermore, IL-23 generation by liver CD14+ inflammatory
macrophages in response to infected hepatocytes during chronic HBV was shown to alter
macrophage function, favoring HCC growth [88] (Table 1).

Table 1. Summary of studies evaluating the role of TAMs in HCC pathogenesis.

Study (Year)
Study

Subjects
Primary Outcome Secondary Outcome

Yang et al.
(2018) [59] Human/Animal Wnt/β-catenin activation promotes M2 Mφ

polarization through c-Myc.

Nuclear accumulation of β-catenin is
positively correlated with M2-like TAMs in

human HCC biopsies.

Chen et al.
(2016) [60] Human

High level of infiltration of IL21+ TFH-like
cells induces pro-tumorigenic M2b Mφ

polarization and HCC growth.

Fcγ receptor–TLR cross-talk is required for
M2b Mφ polarization and subsequent

upregulation of the M2 markers IL10 and
CCL1.

Zhang et al.
(2016) [89] Human

CD169+ Mφs could suppress tumor
progression by enhancing CD8+ T-cell

activity in human HCC.

Tumor-induced autocrine TGF-β
downregulates CD169 expression by Mφs.

Zhang et al.
(2018) [63] Human/Animal

M1 Mφs accumulate in the SPON2-abundant
regions of HCC, exhibiting antitumor
immune responses through distinct

integrin-Rho GTPase-Hippo pathways.

SPON2 interactions with integrin α4β1
receptors activate RhoA and Rac1, resulting
in F-Actin accumulation that promotes M1

Mφ infiltration and migration.
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Table 1. Cont.

Study (Year)
Study

Subjects
Primary Outcome Secondary Outcome

Zhao et al.
(2012) [66] Human

IL-6/STAT3 signaling pathway regulates Mφ

polarization in HCC, and its inhibition
suppresses tumor formation and metastases.

The TME induces the formation of
suppressive MΦs, leading to early T cell

activation and subsequent MΦ IDO
expression in HCC.

Zhang et al.
(2018) [75] Human/Animal

M2 Mφs under FAO-mediated upregulated
secretion of IL-1β enhance the proliferation,

migration and invasion of HCC cells.

IL-1β induction is reactive oxygen
species-dependent and NLRP3-dependent.

Schneider et al.
(2012) [77] Animal

Chemically induced hepatocarcinogenesis
triggers an intrahepatic accumulation of

macrophages and cytotoxic T cells.

Activation of adaptive immunity-related
pathways affect survival of patients with

HCC.

Mano et al.
(2013) [78] Human/Animal TAMs correlate with pSTAT3 expression in

HCC, expressing high levels of IL-6.
IL-6 stimulates cell proliferation and the

migration of human HCC cell lines.

Guo et al.
(2017) [81] Human

The expression of CD68, CD163 and CD206,
the M2-TAM markers, is significantly higher

in HCC tissues than in normal hepatic
tissues.

IL-17 expression by M2-TAMs is augmented
by oxaliplatin treatment and reduces

oxaliplatin-induced apoptosis in HCC cells
by activating CMA.

Bartneck et al.
(2019) [90] Animal

Pro-inflammatory CCR2+ TAMs accumulate
at the highly vascularized HCC border,

whereas CD163+ immune-suppressive TAMs
accrue in the HCC center.

CCR2+ M2 Mφs express CCL6, which is
involved in immune cell recruitment, and

NF-κB, which is associated with many
inflammatory processes.

Zhang et al.
(2018) [85] Human/Animal

M2 Mφs enhance IL-1β secretion in HCC
under moderate hypoxic conditions via an

HIF-1α/IL-1β signaling loop, leading to
increased metastasis and the poor prognosis

of HCC patients.

TLR4/TRIF/NF-κB signaling mediates cell
necrotic debris–induced IL-1β production by

macrophages, inducing an
epithelial–mesenchymal transition in HCC

cells.

Zang et al.
(2018) [88] Human/Animal

Liver inflammatory macrophages of
HBV-related HCC patients produce high
amounts of IL-23, which in turn augment
macrophage-induced angiogenesis in the

JAK-STAT3 pathway.

Blocking IL-23 cytokine activity decreased
liver cancer development in the murine

model.

Wang et al.
(2017) [69] Human M2 Mφs promote HCC progression by

secreting cytokine factor CCL18.

CTGF is the key factor secreted by
mesenchymal-like HCC cells that leads to the

polarization of Mφs, promoting HCC
progression.

Mφ: macrophage; TAM: tumor-associated macrophage; HCC: hepatocellular carcinoma; TME: tumor microenvi-
ronment; IL: interleukin; TFH: follicular helper T; TLR: toll-like receptor; CCL: CC chemokine ligand; CCR: CC
chemokine receptor; SPON2: spondin 2; STAT: signal transducer and activator of transcription; IDO: indoleamine
2,3 dioxygenase; FAO: fatty acid oxidation; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3;
CMA: chaperone-mediated autophagy; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells;
HIF: hypoxia inducible factor; TRIF: toll/interleukin-1 receptor domain-containing adaptor protein inducing
interferon beta; HBV: hepatitis B virus; JAK: janus kinase; CTGF: connective tissue growth factor.

5. Macrophages in HCC Prognosis

The prognostic role of the proportion of M1 and M2 macrophages, as well as their ratio,
have been reported in several tumors [91,92], including HCC [93]. M2 macrophages are
implicated in the “exhausted immune response” subclass of HCC and are correlated with
adverse prognosis [93,94]. The method for their quantification differs and is not comparable
between studies. Density estimation, as reflected by the number/mm2, seems to be the
most reliable method. Histologic distribution of TAMs and their subtypes, in the center of
the tumor or the invasive front, has been proposed to have an independent prognostic value
in several solid tumors [95,96]. The histological evaluation of the invasive front is preferable
to be performed in surgical specimens. Further research related to macrophage phenotypes
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and their ratios, in conjunction with their spatial location in the tumor specimens, can
facilitate a better understanding of their biological behavior in HCC.

Recent evidence suggests that miR-148b deficiency promotes HCC growth and metas-
tasis through colony-stimulating factor-1 (M-CSF)/CSF1 receptor (CSF1R)-mediated TAM
infiltration, while HCC patients with decreased miR-148b levels and increased TAM in-
filtration were correlated with worse prognosis [97]. Moreover, Chen et al. reported that
monocytes engage in glycolysis at the peritumoral region of human HCC, inducing PD-L1
expression and attenuating cytotoxic T lymphocyte responses in cancer. Tumor-derived
soluble factors upregulated PFKFB3 expression in TAMs, which in turn mediated the in-
creased expression of PD-L1 by the activation of the NF-kB signaling pathway. Interestingly,
the degree of CD68 + PFKFB3 + PD-L1 + monocyte-macrophage infiltration in peritumoral
tissues was negatively associated with the overall survival of HCC patients and could
serve as an independent prognostic factor for patients with HCC [98]. In addition, Li et al.
demonstrated that the downregulation of SIRT4 was correlated with increased macrophage
infiltration and M2-like TAMs in HCC peritumoral tissues and, consequently, with poor
survival of HCC patients. SIRT4 expression was decreased in macrophages in HCC, driving
M2 polarization in a FAO-PPARδ-STAT3-dependent signaling pathway, while silencing
SIRT4 increased IL-6 production in TAMs. Moreover, SIRT4 silencing also resulted in M1
macrophage apoptosis due to enhanced IL-10 production in HCC peritumoral tissues [99].
Along the same line, high-mobility group protein box1 (HMGB1) expression, which is
linked to increased secretion of IL-1β, IFN-γ and TNF-α, was associated with peritumoral
TAM infiltration and poor prognosis in patients with HCC. High peritumoral HMGB1
expression and TAM numbers were positively correlated with tumor size and BCLC stage
and acted as independent prognostic factors for the overall survival (OS) and recurrence
free survival (RFS) in patients with HCC [100]. Furthermore, Zhao et al. provided evidence
that the expression of macrophage migration inhibitory factor (MIF) in tumors was pos-
itively correlated with plasma MIF levels, which had a higher value for the diagnosis of
HCC compared to serum a-fetoprotein (AFP). In fact, plasma MIF levels demonstrated
a significant correlation with the OS and disease-free survival (DFS) of HCC patients,
even in those with normal serum AFP levels and tumor-node-metastasis (TNM) stage I.
In addition, the plasma MIF levels were identified as an independent factor for OS and
DFS and decreased significantly within 30 days after HCC resection [101]. Another study
further reported that M-CSF density and the CD163 and CD31 indices in peritumoral
tissues were predictable factors for time to recurrence, DFS and OS in patients with HCC,
while M-CSF was involved in the progression of hepatocellular carcinoma after curative
resection [102]. Moreover, hepatocellular tumors with increased intratumoral CD204, as
well as monocarboxylate transporter-4 (MCT4)-positive macrophages and MCT4-postive
expressing HCC cells, were associated with an unfavorable patient outcome [103].

Another study by Zhu et al. revealed that CD206 was highly expressed in the HCC
tissues compared to its peri-carcinoma tissue levels, while GdCl3 treatment suppressed
the malignant potential of HCC in vitro and in vivo, mainly by downregulating the ex-
pression of CD206 in M2 macrophages, indicating the potential significance of CD206 as a
biomarker for HCC prognosis [104]. Similarly, high expression of peritumoral M-CSF and
the density of macrophages, which correlated with a large tumor size, presence of intra-
hepatic metastasis and a high TNM stage, were associated with HCC progression, disease
recurrence and poor survival after curative hepatectomy [105], while the combination of
tumor-derived osteopontin (OPN) and peritumoral infiltrating macrophages was associ-
ated with a high incidence of early recurrence and poor survival for early-stage HCC, after
curative resection [106]. A study by Zhou et al. demonstrated that Yes-Associated Protein
(YAP) activation was critical for the recruitment of TAMs towards HCC cells, as IL-6 se-
creted by YAP-activated HCC cells induced TAM recruitment. Together with their findings
that the expression levels of IL-6 in human HCC tumors were highly associated with the
prognosis of HCC patients, they highlighted the possibility of improving HCC treatment
by targeting YAP-IL-6-mediated TAM recruitment [107]. In addition, evidence has been
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provided that macrophages contribute to the decreased expression of E-cadherin in HCC
via the NF–κB/Slug pathway, leading to increased tumor invasiveness and metastasis [108]
(Table 2).

Table 2. Summary of studies evaluating the role of TAMs in HCC prognosis.

Study
(Year)

Study
Subjects

Primary Outcome Secondary Outcome

Ke et al.
(2019) [97] Human/Animal

MiR-148b deficiency promotes HCC growth
and metastasis through

CSF1/CSF1R-mediated TAM infiltration.

Decreased miR-148b levels and increased TAM
infiltration were correlated with worse

prognoses for HCC patients.

Chen et al.
(2019) [98] Human/Animal

The levels of PFKFB3 + CD68+ cell
infiltration in peritumoral tissues were
negatively correlated with the overall

survival and could serve as an independent
prognostic factor for survival in patients with

HCC.

Tumor-derived soluble factors upregulated
PFKFB3 in TAMs, which in turn mediated the

increased expression of PD-L1 by the activation
of the NF-kB signaling pathway.

Li et al.
(2019) [99] Human/Animal

SIRT4 is downregulated in CD68+ M2-like
TAMs and correlates with the poor survival

of HCC patients.

Downregulation of SIRT4 in TAMs modulates
the alternative activation of macrophages and

promotes HCC development via the
FAO-PPARδ-STAT3 axis.

Zhang et al.
(2016) [100] Human

High peritumoral HMGB1 expression and
TAM count, which correlated positively with
tumor size and the BCLC stage of HCC, are
independent prognostic factors for OS and

RFS.

The degree of TAM infiltration is higher in
peritumoral tissues with high HMGB1

expression than in peritumoral tissues with low
HMGB1 expression.

Kono et al.
(2016) [102] Human

M-CSF density, CD163 index and CD31 index
in peritumoral tissues are independent

prognostic factors HCC patients.

M-CSF, M2 Mφs and angiogenesis in the
peritumoral liver tissue are correlated with DFS

after surgery.

Ohno et al.
(2014) [103] Human/Animal

Increased intratumoral infiltration of
CD204-positive or MCT4-positive

macrophages suggested shorter OS in
patients with HCC.

MCT4+ HCC cases correlated with higher
intratumoral M2-Mφ and higher intratumoral

MCT4-positive Mφ.

Zhu et al.
(2008) [105] Human/Animal

High peritumoral M-CSF and Mφs are
associated with HCC progression, disease

recurrence and poor survival after
hepatectomy.

High peritumoral M-CSF and Mφ density
correlate with large tumor size, presence of
intrahepatic metastasis and advanced stage.

Zhu et al.
(2014) [106] Human

OPN, combined with PTMs, is an
independent prognostic factor for both OS
and TTR of early-stage HCC after curative

resection.

PTM expression is closely associated with tumor
recurrence and survival in HCCs with higher

OPN levels, but is not significant in those with
lower OPN expression.

HCC: hepatocellular carcinoma; TAM: tumor-associated macrophage; Mφ: macrophage; CSF: colony stimulating
factor; CSF1R: colony stimulating factor-1 receptor; NF-Kb: nuclear factor kappa-light-chain-enhancer of activated
B cells; PD-L1: programmed death-ligand 1; SIRT4: sirtuin 4; FAO: fatty acid oxidation; STAT3: signal trans-
ducer and activator of transcription 3; PPARδ: peroxisome proliferator-activated receptor delta; HMGB1: high
mobility group box 1; BCLC: Barcelona clinic liver cancer; OS: overall survival; RFS: recurrence-free survival; M-
CSF: macrophage colony-stimulating factor; MCT4: monocarboxylate transporter-4; OPN: osteopontin; PTM: peri-
tumoral macrophage; TTR: time to response.

6. The Potential Role of Macrophages in HCC Treatment

The implication of macrophages in various HCC treatment modalities has been at the
forefront of clinical investigation, as various preclinical studies in animal models suggest
that macrophages can play a pivotal role in HCC therapy. For instance, macrophage deple-
tion by clodrolip or zoledronic acid, in combination with sorafenib, significantly inhibited
HCC progression, tumor angiogenesis and lung metastasis in mice [109]. In addition,
sorafenib administration at a subpharmacologic dose, augmented the antitumor effects of
mouse chimeric antigen receptor CAR-T cells, partly by promoting IL12 secretion from
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TAMs [110]. Along the same line, there is evidence that sorafenib triggers the proinflam-
matory activity of TAMs, reverts their alternative polarization, enhancing IL12 secretion,
and, as a result, induces antitumor NK cell responses in a cytokine- and NF-kB-dependent
fashion [111]. This ability of sorafenib to partially inhibit M2-cell activation in vivo was
shown by a study by Sprinzl et al. [112]. Another study by Yao et al. indicated that a natural
CCR2 antagonist potentiated TAM-mediated tumor immunosuppression and enhanced the
therapeutic effect of sorafenib, indicating that the combination of an immunomodulator
with a chemotherapeutic drug could be a therapeutic approach for HCC [113]. Macrophage
modulation could also potentiate the anti-cancer activity of sorafenib. In addition, it has
been shown that sorafenib inhibits the macrophage-mediated epithelial–mesenchymal
transition in HCC via the HGF-Met signaling pathway in vitro, while sorafenib therapy
reduced plasma HGF and alpha-fetoprotein concentrations in patients with HCC [114].
Finally, it inhibited miR-101 expression and enhanced DUSP1 expression and downreg-
ulated the release of TGF-β and the expression of CD206 in M2 cells, suppressing the
macrophage-mediated growth of HCC [115].

A study by Yang et al. identified that 17β-estradiol (E2) could suppress HCC growth
via regulation of macrophage polarization, as E2 re-administration reduced tumor growth in
orthotopic and ectopic mouse HCC models, functioning as an inhibitor of macrophage alter-
native activation and tumor progression, by keeping estrogen receptor-β (ERβ) away from
interacting with ATP5J and hindering the JAK1-STAT6 signaling pathway [116]. Moreover,
delivery of recombinant adenovirus vector (rAd) expressing monocyte chemoattractant
protein-1 (MCP-1) was demonstrated to potentiate the antitumor effects of suicide gene ther-
apy against HCC by M1 macrophage activation, suggesting its potential use as a method
of cancer gene therapy against HCC progression and recurrence [117]. Guerra et al. also
demonstrated that, in response to HCC cells, hydrogel-embedded M1 macrophages upreg-
ulated nitrite and TNF-α, activating caspase-3-induced apoptosis in the tumor cells, leading
to tumor regression in vivo [118]. It is also worth mentioning that small interfering RNA
(siRNA)-mediated knockdown of MIF suppressed cyclin D1 expression and HCC cell pro-
liferation, inducing tumor-cell apoptosis [119], while antibody mediated therapy targeting
CD47 inhibited HCC progression, promoting the migration of macrophages into the tumor
mass and the subsequent phagocytosis of HCC cells [120]. Tan et al. provided evidence
that IRE1α mediated the inhibition of TAM activation by genipin in HCC, suppressing its
growth, while the reduced association of IRE1α-TRAF2-IKK might have been responsible
for a genipin-regulated inactivation of NF-κB [121]. Furthermore, co-administration of
glycyrrhizin and doxorubicin by alginate nanogel particles was demonstrated to dimin-
ish the activation of macrophages through the regulation of the apoptosis pathway, via
altering the Bax/Bcl-2 ratio and caspase-3 activity, enhancing the therapeutic efficacy for
HCC [122]. Moreover, nanoliposome C6-ceramide (LipC6) was demonstrated to enhance
the anti-tumor immune response and hinder HCC growth in mice, reducing the number of
TAMs and their ability to suppress the anti-tumor immune response, allowing LipC6, a
potential chemotherapeutic agent, to increase the efficacy of immune therapy in patients
with HCC [123]. An additional in vivo study provided evidence that the strategy of low
doses and multiple treatments of nsPEF was superior to a high dose of a single treatment, as
macrophage infiltration was markedly elevated in tumors that were treated by multiple low
dose nsPEFs [124]. Finally, nanosecond pulsed electric field (nsPEF), a technology targeting
tumor cells with a non-thermal high-voltage electric field using ultra-short pulses, increased
HCC cell phagocytosis by human macrophage cells (THP1) in vitro [125] (Table 3).
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Table 3. Summary of studies evaluating the role of TAMs in HCC therapy.

Study (Year) Study Subjects Outcome

Zhang et al. (2010)
[109] Animal

Depletion of macrophages by clodrolip or zoledronic acid, in combination with
sorafenib, significantly inhibited HCC progression, angiogenesis and lung metastasis

compared with the use of sorafenib alone.

Wu et al. (2019)
[110] Animal Sorafenib, at a subpharmacologic level, augments the antitumor effects of mCAR-T

cells, by promoting IL12 secretion in TAMs.

Sprinzl et al. (2013)
[111] Animal Sorafenib triggers the proinflammatory activity of TAMs and subsequently induces

antitumor NK cell responses in a cytokine- and NF-κB-dependent fashion.

Yao et al. (2017)
[113] Animal

The natural CCR2 antagonist 747 elevates the number of CD8+ T cells in HCC by
blocking TAM-mediated immunosuppression and inhibiting HCC progression in a

CD8+ T-cell-dependent manner.

Yang et al. (2012)
[116] Animal

E2 suppresses macrophage alternative activation and, as a result, HCC progression, by
keeping ERβ away from interacting with ATP5J, thus inhibiting the JAK1-STAT6

signaling pathway.

Tsuchiyama et al.
(2008) [117] Animal Recombinant adenovirus vector expressing MCP-1 enhances the antitumor effects of

suicide gene therapy against HCC by M1 macrophage activation.

Guerra et al. (2017)
[118] Animal Hydrogel-embedded M1 macrophages upregulate nitrite and TNF-α, activating

caspase-3-induced apoptosis and HCC regression.

Xiao et al. (2015)
[120] Animal Macrophage phagocytosis of HCC cells is increased after treatment with CD47

antibodies that block CD47 binding to SIRPα.

Tan et al. (2016)
[121] Animal IRE1α inhibition by genipin on TAMs reduces XBP-1 splicing and NF-κB activation,

suppressing HCC proliferation.

Wang et al. (2019)
[122] Animal Co-delivery of glycyrrhizin and doxorubicin attenuates the activation of macrophages

and their phagocytic activity, enhancing the therapeutic efficacy for HCC.

Sprinzl et al. (2015)
[112] Animal Sorafenib lowers mCD163 and IGF-1 release by M2 macrophages, decelerating

M2-macrophage-driven HepG2 proliferation.

Deng et al. (2016)
[114] Human/Animal

Sorafenib abolished polarized-macrophage-induced EMT and migration of HCC cells
in vitro and also attenuated HGF secretion in polarized macrophages, decreasing

plasma HGF in patients with HCC.

Wei et al. (2015)
[115] Animal Sorafenib inhibited miR-101 expression, enhanced DUSP1 expression and lowered

TGF-β and CD206 release in M2 cells, slowing macrophage-driven HCC.

Li et al. (2018) [123] Animal In mice with HCC, injection of LipC6 reduces the number of TAMs, their production
of ROS and their ability to suppress the anti-tumor immune response.

Yin et al. (2014)
[125] Animal nsPEFs enhance HCC cell phagocytosis by human macrophage cell (THP1) in vitro.

Chen et al.(2014)
[124] Animal In vivo, low doses and multiple treatments of nsPEF significantly elevate macrophage

infiltration in HCC tumors, contributing to tumor ablation.

TAM: tumor-associated macrophage; HCC: hepatocellular carcinoma; TME: tumor microenvironment; IL: inter-
leukin; mCAR: mouse chimeric antigen receptor; NK: natural killer; NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells; CCR2: C-C chemokine receptor type 2; E2: estradiol; ERβ: estrogen receptor beta;
ATP5J: ATP synthase-coupling factor 6; JAK1: janus kinase 1; STAT6: signal transducer and activator of transcrip-
tion 6; MCP: monocyte chemoattractant protein; TNF-α: tumor necrosis factor alpha; SIRPα: signal regulatory
protein alpha; IRE1α: inositol-requiring endoribonuclease 1α; XBP-1: x-box-binding protein 1; IGF-1: insulin-like
growth factor-1; EMT: epithelial–mesenchymal transition; HGF: hepatocyte growth factor; DUSP1: dual specificity
phosphatase 1; TGF-β: transforming growth factor beta; LipC6: nanoliposome-loaded C6- ceramide; ROS: reactive
oxygen species; nsPEF: nanosecond pulsed electric field.

Recent advances in tissue engineering research enabled the construction of three-
dimensional (3D) in vitro tissue models, in order to recapitulate the TME without engaging
in vivo animal models. In these 3D culture systems, different types of cancer cells and cells
that form the TME, including CAFs and TAMs, are combined providing valuable tools
for the discovery of new drugs [126,127]. This type of experimental approach has already
been used in a model of lung carcinoma to test whether treatment can alter TAM density
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and spatial distribution and it revealed that the treatment had an important effect on the
latter [128]. Regarding HCC, hydrogels loaded with M1-polarized macrophages had a
tumor suppressing potential both in vitro and in vivo [118].

7. Critical Analysis of Data and Future Perspectives

The landscape and dynamics of macrophages have been studied alongside other
cell populations in human HCC multiple tissue compartments using single cell-RNA
sequencing analysis [72]. It was identified that the enrichment of TAM gene signatures
was significantly associated with a survival disadvantage in HCC, rendering this type of
tumor-infiltrating TAMs potential cellular candidates for therapeutic targeting in the TME.
Importantly, two genes, SLC40A1, encoding ferroportin, and GPNMB, encoding type I
transmembrane glycoprotein, were highly expressed as potential markers in these TAM-like
cells. Furthermore, in a second human study of an early HCC relapse ecosystem, a different
innate-like CD8+ T cell population was described by single-cell profiling in recurrent
tumors. These T cells were overexpressing the CD161 surface marker and displaying an
innate-like low cytotoxic state, with low clonal expansion, unlike the classical CD8+ T cell
exhausted state observed in primary HCC. The selective relative enrichment of these cells
in the TME was associated with a worse prognosis in patients [129]. These unique aspects
of altered immune response associated with HCC relapse relative to the primary tumor
underline the HCC immune micro-ecosystem complexity of heterogeneous spatiotemporal
interactions between and within cell types, which may guide the development of rational
precision oncology immune therapies, benefiting a wide range of patients.

In accordance with the above, the HCC microenvironment in human patients and
mice is characterized by functionally distinct macrophage populations. There are four
possible main interventions for TAM-based antitumor therapy: inhibition of macrophage
recruitment, induction of TAM death or apoptosis, enhancement of M1 antitumoral activity
of TAMs and, last but not least, inhibition of the functional axes of M2 tumor-promoting
activity of TAMs. In addition, functional subsets of TAMs were analyzed in human HCC
samples and, in a combined fibrosis–HCC mouse model, demonstrated that human CCR2+
TAMs accumulated at the highly vascularized HCC border and expressed the inflammatory
marker S100A9, whereas a second subset of CD163+ immune-suppressive TAMs accumu-
lated in the HCC epicenter. Inhibition of CCR2+ TAM infiltration using a CCL2 antagonist
in the fibrosis–HCC model significantly reduced pathogenic angiogenesis alongside tumor
growth [90]. Moreover, the dual CCR2/CCR5 inhibitor cenicriviroc is currently under phase
3 clinical trial evaluation in patients with NASH and advanced fibrosis, representing a high-
risk group for liver cancer [130]. However, the exact role of CCR2 and CCR5 in macrophage
function in the liver is rather obscure. Recently, it was demonstrated that both CCR2 and
CCR5 deficiency/inhibition led to reduced fibrosis, and sole CCR5 deficiency increased
steatosis and the incidence of HCC in the model of NEMO LPC-KO mice. While CCR2
controlled the recruitment of monocytes to injured livers, CCR5+ macrophages limited liver
injury in NEMOLPC-KO mice (CCR5-dependent differential function), thereby reducing
steatosis and hepatocarcinogenesis [131]. In the hypoxic environment of HCC, HIF-1a
enhanced the expression of triggering receptor expressed on myeloid cells-1 (TREM-1) in
TAMs, leading to immunosuppression through the impairment of the cytotoxic functions
of CD8+ T cells. Mechanistically, TREM-1+ TAMs increased the expression of CCL20
via the extracellular signal-regulated kinase/NF-κβ pathway in response to hypoxia and
tumor metabolites leading to CCR6+ Foxp3+ Treg accumulation. Inhibition of the TREM-1
pathway could hinder tumor progression, reduce CCR6+ Foxp3+ Treg recruitment and
improve the therapeutic efficacy of PD-L1 blockade [132].

It has been also indicated that the function of CCR2+ myeloid cells depends on the
developmental stage of liver tumors. Precancerous senescent hepatocytes produce CCL2,
which attracts macrophages, eliminating precancerous lesions (antitumoral effect), while
established HCCs can also attract monocytic macrophages, which can, in turn, block the
antitumor activity of NK cells (tumor-promoting effect) [79]. It has also been shown that
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selective blocking of CCR5 induces antitumoral macrophage polarization, and anti-CCR5
therapy was reported to be efficient in treating metastases [133]. Therefore, a critical review
of the aforementioned data indicates that not all patients with HCC might eventually bene-
fit from a selective CCR2- or CCR5-directed axis-inhibiting tumor therapy, while combined
CCR2 and CCR5 inhibition is only beneficial for certain subgroups of patients with HCC.
Due to the complicated nature of myeloid inflammation, multiple target inhibition might
be necessary in order to overcome myeloid-mediated immune suppression. In this context,
it was found that GM-CSF- and TNFa-producing CD206+ macrophages accumulated in
human fibrotic liver. GM-CSF potentiated monocytes to CD206+ macrophage conversion,
while anti-GM-CSF therapy suppressed liver fibrosis and CD206+ macrophage accumu-
lation [134]. Furthermore, it was identified that tumor-derived GM-CSF was the primary
regulator of myeloid cell ARG1 expression and local immune suppression. STAT3, p38
mitogen-activated protein kinases and acid signaling through cAMP were required to
activate myeloid cell ARG1 expression in a STAT6-independent manner. A blockade of the
tumor-derived GM-CSF enhanced the efficacy of tumor-specific adaptive T-cell therapy
and immune checkpoint blockade [135]. Taken together, it seems that either monocyte or
tumor cell–derived GM-CSF significantly contributed to the development of the immuno-
suppressive TME by regulating myeloid cell ARG1 expression and could serve as a target
in order to enhance the efficacy of cancer immunotherapy.

There are currently several clinical trials investigating the use of monoclonal antibodies
to inhibit GM-CSF or GM-CSFR in patients with various diseases. In a completed phase IIb
study, a 24-week treatment with mavrilimumab, a human monoclonal antibody targeting
the GM-CSFR a-chain, significantly reduced rheumatoid arthritis disease activity compared
to placebo [136]. Moreover, GSK3196165, a human monoclonal antibody inhibiting GM-
CSF, has also shown evidence of rapid favorable clinical responses in a phase Ib/IIa
trial of patients with moderate RA [137]. In addition, it was demonstrated that GM-
CSF neutralization with lenzilumab results in the reduction of neuro-inflammation and
cytokine release syndrome in a primary acute lymphoblastic leukemia patient-derived
xenograft model following chimeric antigen receptor T-cell therapy [138]. Furthermore, a
phase III trial is underway, investigating the potential use of lenzilumab to improve the
likelihood of ventilator-free survival beyond standard supportive care, in hospitalized
patients with severe SARS-CoV-2 [139]. Along the same line, recent evidence from studies
of human and transplant mouse melanomas implicate CSF1 induction as a CD8+ T-cell–
dependent adaptive resistance mechanism and demonstrate that simultaneous CSF1R
targeting might be beneficial in melanomas refractory to immune checkpoint blockade and
potentially, in other T-cell–based therapies [140]. Future findings from those ongoing trials
and studies could provide insight into the potential use of GM-CSF-targeted therapies for
the treatment of patients with HCC. Finally, subsets of tumor-associated innate immune
cells, macrophages and neutrophils in particular, suppress the cytotoxic activity of innate
and adaptive immune cells and interact with tumor cells to promote tumor growth and
metastasis, suggesting that selectively targeting these sub-populations of TAMs and TANs
holds therapeutic promise in treating metastatic disease [141].

8. Conclusions

Monocytes are highly adaptive cells that are influenced by the cytokine-chemokine
milieu and are subsequently transformed by signals encountered upon entry into a tissue
niche. Due to myeloid cell complexity and diversity, we are still far from understanding the
complete set of internal and external signals that are sufficient to establish any particular
monocyte-macrophage phenotype in the TME. Given the pro-metastatic role of monocytes
in HCC, these shifts seem to have functional outcomes influencing disease state, rather
than being simply epiphenomenal markers of the tumor and systemic environment.

Broadening our knowledge on how different signaling pathways regarding the re-
cruitment and differentiation of monocytes interact with lineage-determining transcription
factors, and how these factors interact with the overlaid differentiation factors within
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blood and tissue in cancer, might potentially enable us to intervene and define cell fate or
phenotype for therapeutic purposes. Thus, insight into intra- and inter-cellular crosstalk
may better showcase the role of monocytes and macrophages in tumor immunity. Some of
these cells hinder tumor growth and are essential in effective tumor therapies, particularly
immunotherapy. Such a delicate balance argues against systemic elimination of cells using
a generic cell-type marker. It should also be emphasized that myeloid cells crosstalk with
each other, and in many instances when one cell-type is removed (TAMs), there may be
a subsequent increase of another (TANs). These complex cellular interactions within the
TME, as well as those between the acquired and innate immune systems, although incom-
pletely understood, should be at the forefront of future investigation, as immunotherapy is
undoubtedly promising. A better understanding of the mechanisms and axes controlling
tumor context-specific monocytes and tissue-resident macrophage phenotypes, is essential
for the rational development of methods that can favorably alter their functions in HCC.
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Simple Summary: The Hepatocellular Carcinoma (HCC) remains a major concern for the public
health. The pandemic of metabolic syndrome in the Western societies and the considerable amounts
of viral hepatitis in the underdeveloped countries keep fueling s the development of HCC. The
hepatotropic viruses evade the NLRP3 inflammasome in order to sustain the chronicity of infection
leading to cirrhosis while in the established tumors the activation of NLRP3 promotes several pro-
tumorigenic effects. That leads to substantial economic burden for the societies and alternative
therapeutic targets should be investigated. Reviewing past and more recent literature it can be
deduced that the NLRP3 inflammasome could be an ideal therapeutic effects and it should be studied
in more depth.

Abstract: The HCC constitutes one of the most frequent cancers, with a non-decreasing trend
in disease mortality despite advances in systemic therapy and surgery. This trend is fueled by
the rise of an obesity wave which is prominent the Western populations and has reshaped the
etiologic landscape of HCC. Interest in the nucleotide-binding domain leucine-rich repeat containing
(NLR) family member NLRP3 has recently been revived since it would appear that, by generating
inflammasomes, it participates in several physiologic processes and its dysfunction leads to disease.
The NLRP3 inflammasome has been studied in depth, and its influence in HCC pathogenesis has
been extensively documented during the past quinquennial. Since inflammation comprises a major
regulator of carcinogenesis, it is of paramount importance an attempt to evaluate the contribution of
the NLRP3 inflammasome to the generation and management of HCC. The aim of this review was to
examine the literature in order to determine the impact of the NLRP3 inflammasome on, and present
a hypothesis about its input in, HCC.

Keywords: HCC; NLRP3; innate immunity; inflammasome

1. Introduction

1.1. Epidemiology of Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) comprises the most common primary liver can-
cer. Globally, it ranks fifth in terms of incidence and second in terms of cancer-related
mortality, indicating that it will be at the forefront of public health awareness in the com-
ing decades [1]. HCC arises in the vast majority of cases as the end-result of chronic
infection with viral hepatitis B and C (HBV and HCV), alcohol abuse and in the context
of non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH) [2].
The latter is the hepatic manifestation of obesity and metabolic syndrome. Progress to-
wards the augmentation of NAFLD-driven HCC diagnoses has been achieved [3] in recent
decades. In fact, NAFLD-induced HCC is expected to become the leading indication of
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liver transplantation in the years to come [4]. The development of cirrhosis substantially
enhances the risk of HCC development [5]. In terms of molecular classification, two main
categories have been recognized: a proliferative group and a non-proliferative one. The
first constitutes a more aggressive disease spectrum, with poor cellular differentiation,
elevated alpha-fetoprotein (AFP) levels, the presence of TP53 and chromosomal instability.
It is associated with hepatitis B (HBV) infection and a poor clinical outcome. The non-
proliferative class, on the other hand, is characterized by a better clinical course as a result
of its genetic proximity with normal liver parenchyma. Its primary genetic characteristics
are mutations on the CTNNB1 gene, which encodes the catenin beta-1 protein, an immune-
deserted phenotype and a low tumor grade. Clinically, there is an association between
HCV infection and chronic alcohol abuse [6–9]. Inflammation has been recognized as one
of the hallmarks of carcinogenesis [10] and multiple immunotherapeutic approaches have
been designed to target cancer-specific inflammation. The combination of atezolizumab
and bevacizumab has gained ground as a first line therapy over sorafenib, while several
immune checkpoint inhibitors (ICIs) are being evaluated in clinical trials [11]. Additionally,
PD-L1 and tumor mutational burden (TMB) constitute well-characterized biomarkers that
could potentially target those patients that would benefit most from immunotherapy treat-
ments [12,13]. These were ratified by epidemiologic studies which demonstrated a reduced
risk of HCC in patients treated with low-dose aspirin [14]. The effects of inflammasomes in
various cancers has gained importance in recent years [15,16], with interest in this subject
expected to peak soon. Multiple single-nucleotide polymorphisms (SNPs) in inflammation-
related genes such as the interleukin (IL)1B gene have been documented to promote the
HCC [17]. This could further indicate that inflammasomes might influence carcinogenesis.
In fact, references in the literature to the role of the NLRP3 inflammasome in HCC have
begun to emerge [18].

1.2. Mechanisms of NLRP3 Inflammasome Activation

Inflammasomes are multimeric protein complexes which are a fundamental con-
stituent of the innate immune system. Its responsiveness to stimuli is defined by their
sensor molecule, which constitutes a member of the pattern recognition receptors (PRR) sys-
tem. To date, only five members of the PRR system have been demonstrated to participate
in the formation of inflammasomes: the nucleotide-binding oligomerization domain (NOD),
NLRP1, NLRP3, NLRC4 and absent-in-melanoma 2 (AIM2) and pyrin [19]. Inflammasomes
participate in various physiological processes including the orchestration of the immune
response on mucosal surfaces, the shaping of resistance against microorganisms and the
mediation of insulin signaling [20]. Their deregulation is linked to a variety of inflamma-
tory [21,22] degenerative and metabolic diseases [23] as well as tumorigenesis [24].

The NLRP3 inflammasome has been identified as a mediator in a wide variety of
diseases and as a potential novel therapeutic target. Since its role in the progression of
atherosclerosis, heart failure, glomerulonephritis and several infectious diseases [25–29]
has been acknowledged, it would be useful to highlight the most fundamental stages of
NLRP3 activation. It resides in the cytoplasm and acts as an immune sensor to a plethora of
stimuli, producing IL-1b and IL-18 and initiating the immune response. It is arranged in a
dodecameric structure by three proteins: an NLRP3 scaffold, an apoptosis-associated speck-
like protein (ASC), which functions as adaptor, and caspase-1. An exhaustive presentation
of the NLRP3 inflammasome has been conducted elsewhere [30,31] and it goes beyond
the scope of this manuscript [32]. The fundamental proposition regarding NLRP3 inflam-
masome activation constitutes the two-part hypothesis. Concisely, “Signal 1” emerges
when pathogen-associated molecular patterns (PAMPs) from microbes and endogenous
damage-associated molecular patterns (DAMPs) prime the cell through toll-like recep-
tors (TLRs), the tumor necrosis factor receptor (TNFR) and the IL-1b receptor (IL-1R),
activate the nuclear factor kappa B (NF-kB) signaling pathway and upregulate the expres-
sion of the NLRP3 oligomers pro-IL-1b and pro- IL-18. “Signal 2” derives mainly from
a K+ efflux, which is the end-result of a wide variety of stimuli such as the activation of
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the P2 × 7 receptor, which is activated in the presence of elevated adenosine triphosphate
(ATP) concentrations, the dissolution of lysosomes and the presence of pore-forming toxins.
The fact that mitochondrial dysfunction is a source of reactive oxygen species (ROS) and
oxidized mitochondrial DNA (mtDNA) also potentiates the assembly of inflammasome
monomers into the activated form of the NLRP3 inflammasome. Consequently, the activa-
tion of the NLRP3 complex leads to the cleavage of pro-ILs and GasderminD to form pores
in the cell membrane, resulting in pyroptosis [32,33].

As is apparent from the above, the stimulants of the NLRP3 inflammasome are exten-
sive, and it is essential to investigate the importance of the NLRP3 inflammasome in the
progression of liver disease.

2. The NLRP3 Inflammasome in Liver Disease

Our knowledge of the function of the liver has evolved considerably in recent decades.
Classically, it was only perceived as the primary metabolism organ, with it regulating the
lipid and cholesterol metabolism, the production of albumin and clotting factors, detoxify-
ing the end-products of the metabolism and exerting the glycogen storage. Presently, it is
widely recognized as an immune response-orchestrating organ given its role in the gen-
eration of acute phase reactants, proteins of complementary systems and anti-microbials.
In parallel, the liver maintains an antigen-presenting capacity and can efficiently remove
endotoxin [34]. Taking this a step further, due to its unique anatomy, the liver is exposed
to a series of portal blood stream-derived signals from the diet (e.g., a high concentra-
tion of fats and carbohydrates) and the commensal flora (e.g., PAMPs). The nature of
the liver’s immune response is determined by the fact that a delicate balance has to be
maintained between the tolerance towards the above mentioned ligands of the PRR system
and the elimination of invading pathogens [35]. A synergy of inflammation-inducing and
-resolving mechanisms is necessary in order to carry out physiologic functions such as liver
regeneration, the resolution of fibrosis, the response to infection and PAMP tolerance, and
this synergy is accomplished with the constitutive expression of both pro-inflammatory
[IL-2, IL-7, IL-12, IL-15] and interferon-(IFN)γ and anti-inflammatory [IL-10, IL-13 and
the transforming growth factor beta(TGFβ)] cytokines [34,36]. The effects of the NLRP3
inflammasome on certain liver diseases are presented below.

2.1. The NLRP3 Inflammasome in NAFLD–NASH

The preeminent dysfunction in NASH derives from the accumulation of lipids (such
as fatty acids and cholesterol) and the consequent activation of NLRP3 in hepatocytes,
immune cells and hepatic stellate cells (HSCs) [37]. Another contributing mechanism
comprises the upregulation of NF-κB by a lipopolysaccharide (LPS)-mediated stimulation
of the TLR4 [37]. Since, as mentioned above, the NASH epidemic in the Western world is
expected to promote NASH to the primary cause of HCC and that a great amount of research
has been conducted to elucidate its role in pathogenesis and to target it therapeutically, it
would be meaningful to present the relevant data in Table 1.

Table 1. Summarizes several cellular processes that can be therapeutically targeted.

Drug/Therapeutic
Target

Study/Year/Reference Study Subjects Pathway Outcomes

Obeticholic acid
Huang S. (2021)

[38]

BMDM cells,
hepatocytes/DIO +

CCl4 mice

Inhibition of NLRP3
inflammasome activation in

macrophages Reduction in steatosis,
fibrosis and immune

infiltration
Inhibition of lipid-induced

NLRP3 inflammasome
activation in hepatocytes
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Table 1. Cont.

Drug/Therapeutic
Target

Study/Year/Reference Study Subjects Pathway Outcomes

Antcin A Ruan S. (2021)
[39] KC cells/NAFLD mice

Inhibition of NLRP3
inflammasome activation

in vitro/in vitro

Inhibition of immune
infiltration

Auranofin Hwangbo H. (2020)
[40]

High-fat diet (HFD)
NAFLD model

Inhibition of NLRP3
inflammasome, NOX4 and

PPARγ activation

Inhibition of immune
infiltration

Cardiolipin
inhibitors

(shRNA-CLS1)

Liu J. (2019)
[41]

KC cells/methionine
choline-deficient
(MCD) diet mice

Inhibition of NLRP3
inflammasome activation

in vitro/in vitro

Improvement in liver
biochemistry

Cathepsin B
inhibition

Tang Y. (2018)
[42]

KC cells/MCD diet
NASH mice model

Inhibition of NLRP3
inflammasome activation

Inhibition of immune
infiltration and

steatosis

Polyunsaturated
fatty acid (PUFA)

Sui Y. (2016)
[43]

HFD NASH mice
model

Inhibition of NLRP3
inflammasome activation

in vitro and in vivo

Melatonin
Yu Y. (2021)

[44]
db/m mice, db/db

mice

Improvement in mitochondrial
membrane potential (MMP) Reduction in steatosis,

fibrosis and immune
infiltrationInhibition in NLRP3

inflammasome activation

Such concrete data about the influence of the NLRP3 inflammasome on the molecular
pathogenesis of NASH contributed to the concept of the NLRP3 blockade being a therapeu-
tic target. Mridha A. attempted to block the NLRP3 protein complex in two murine models
of steatohepatitis. They demonstrated that cholesterol crystals can activate the NLRP3
inflammasome in TLR-4/Myd88-primed macrophages in vitro and in vivo. Treatment with
MCC950, a direct NLRP3 inhibitor in liver tissue, reduced the immune infiltration and
mitigated liver injury and progression to fibrosis. Importantly, it was documented that
the administration of MCC950 could not only suppress the development of fibrosis but
reverse that which was already generated [45]. The latter could prove to change the course
of the disease more widely, with a striking impact on the overall survival (OS) of patients
and their quality of life and a substantial lightening of the burden of hospitalization and
insurance expenses.

2.2. The Role of NLRP3 in Viral Hepatitis

More recent evidence proposes that the NLRP3 inflammasome pathway is implicated
in the natural course of both HCV and HBV infections.

The non-CD81 uptake of HCV by Kuppfer cells comprises a stimulus for cellular PRRs.
The HCV RNA induces the production of IL-1b through the TLR7 MyD88-dependent
signaling pathway. In parallel, an K+ efflux triggers the activation of NLRP3 inflammasome
for the cleavage and secretion of IL-1b, which further orchestrates the immune response [46].
Negash A. et al. demonstrated an alternative mechanism of NLRP3 activation in HCV.
According to their research, the HCV core protein in hepatic macrophages triggers a
calcium efflux interceded by phospholipase C [47]. IL-18, the other concomitant factor
from NLRP3 activation, appears to stimulate the anti-viral effects of NK cells [48]. On
the other hand, HBV, during its natural course, advances strategies to escape from the
immune response. Related to this, HBeAg downregulates the NF-kB pathway and the
generation of ROS, inhibiting the NLRP3 inflammasome. The above contributes to the HBV
viral persistence [49].

A concise report about the role NLRP3 in liver disease (viral hepatitis, alcohol-related
liver disease (ARLD), NASH and NAFLD) is presented in Figure 1.
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Figure 1. On the left is presented the activation of the NLRP3 inflammasome. PAMPs and DAMPs
from the neighboring parenchyma stimulate the PRR system to upregulate the expression of NF-kB
(Signal 1—priming), which triggers the expression of pro-ILs and the components of the inflam-
masome machinery. Additional signals from K+ efflux, ROS generation or lysosomal dysfunction
activate the NLRP3 inflammasome. The activated caspase-1 potentiates the generation of active IL-1,
IL-18 and gasdermin. The latter provokes pore formation in the cellular membrane, causing cell
death and the release of inflammation mediators. On the right are reported the principal pathologic
mechanisms in common liver diseases leading to NLRP3 activation: (1) HBV and HCV infection,
(2) ARLD, (3) NASH and liver injury in sepsis and (4) the accumulation of lipid droplets.

3. The Role of NLRP3 in the Shaping of the HCC Tumor Microenvironment (TME)

As mentioned above, HCC develops in the vast majority of cases under the influence
of chronic liver inflammation. Its microenvironment is comprised of a heterogeneous spec-
trum of cellular populations such as cancer-associated fibroblasts (CAFs) with the resultant
extracellular matrix (ECM), HSCs, endothelial cells and various immunosuppressive ag-
gregates. The latter are composed by an amalgam of myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs)
and T regulatory cells (Tregs) [50]. In relapsed tumors, the microenvironment is charac-
terized by the abundance of innate cells (e.g., dendritic cells and CD8+ lymphocytes with
low toxicity) and diminished amounts of Tregs in comparison with primary tumors [51].
With the exception of MDSCs and Tregs, which consistently display a pro-tumorigenic
phenotype exerting immune tolerance towards tumor cells, a sophisticated crosstalk within
the tumor microenvironment (TME) polarizes the cellular populations in a context-specific
manner, mediating tumor growth, invasion and metastasis as well as regulating angio-
genesis and enforcing drug resistance [52]. It is of paramount importance to highlight
the “double-edged sword” impact of inflammatory lytic programmed cell death during
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the initiation and progression of hepatocellular carcinogenesis. During the early stages
of carcinogenesis, the immune response can repress tumorigenesis, potentiating tumor
surveillance, e.g., IL-18 secretion activates natural killer (NK) cells to exert their cytotoxic
potential against tumor cells; however, unprovoked continuous inflammasome activation
and the presence of IL-1b in the TME attracts immunosuppressive cells such as MDSCs,
which promote tumor invasion and metastasis [53]. These impacts are highlighted in
a comprehensive study by Wei Q. et al., which investigated the expression of NLRP3
inflammasome in various stages of HCC [18].

Despite a recent surge in the literature of single cell analyses that demonstrate the
existence of TAMs which synchronously express signatures from both the M1 and M2
macrophage clusters [54], TAMs and TANs are classically divided into two subtypes: on
the one hand, M1 and N1 secrete IFN-γ and IL-12, potentiating the effector compartment
of the cellular immunity, evading tumor growth; on the other hand, the M2 and N2 phe-
notypes, which are associated with the secretion of IL-4, IL-10 and TGF-β, induce an Th2
immunologic response [50,55,56]. The exact mechanisms by which TAMs, TANs and their
contexts regulate HCC progression have been extensively reviewed elsewhere [50,56,57]. A
continuum of transitions in the synthesis and composition of HCC TME can be observed
based on integral causes such as the stochastic accumulation of mutations or extrinsic
stimuli (e.g., chemotherapy). For example, the enhancement of Wnt/β-catenin signaling in
cancer cells induces a c-myc-potentiated differentiation into M2 macrophages [58], while
the administration of sorafenib augments the infiltration of TANs, which is accountable for
the further recruitment of TAMs and Tregs [59]. The significance of metabolic reprogram-
ming in the establishment of TME cannot be overstated enough. Aerobic glycolysis (or the
Warburg effect), which is indispensable in order to provide building blocks to support the
enhanced anabolic demands of proliferating tumor cells, generates substantial amounts of
lactate. The presence of an acidic, nutrient-poor and hypoxic microenvironment results in
the exhaustion of effector T-cells, polarizes the macrophages towards an M2 phenotype
and impairs tumor-antigen presentation by dendritic cells [60]. Additionally, neutrophils
are enforced to secrete neutrophil extracellular traps (NETs), promoting metastasis [61]. By
virtue of intrinsic tumor hypoxia and drug-imposed hypoxia, and the fact that angiogenesis
blocking constitutes a first- and second-line therapeutic choice in HCC, a shift towards
fatty acid instead of glucose metabolism has been evidenced [62,63]. The importance of
lipid metabolism was summarized exhaustively by Hu B. et al. [64]. It is of paramount
importance to comprehensively investigate the role of exosomes as a means of HCC pro-
gression [52] and as a therapeutic moratorium [65], while the impact of ECM composition
on the regulation of carcinogenesis is increasingly being inferred [66].

The importance of NLRP3 as a regulatory molecule in the pre-malignant stages of
liver disease has been highlighted. It is well established that the NLRP3 inflammasome
is released by pyroptotic hepatocytes and incorporated by adjoining cells, promoting in-
flammation and ECM deposition [67]. A growing body of recent literature has investigated
the influence of the NLRP3 inflammasome on the configuration of the HCC microenviron-
ment. Ding Y. et al. recently demonstrated that NLRP3 might orchestrate the infiltration
of cellular populations in innate and adaptive immunity. In more detail, NLRP3 expres-
sion was associated with the degree of B cell, CD4+ T cell, CD8+ T cell, neutrophils, and
dendritic cell (DC) invasion. This was reflected by the correlation of the immune, stro-
mal and estimate score with NLRP3 expression. The above might be mediated by the
mutation burden of the mismatch repair system (MMR) and co-expression with various
methyl-transferases and immune checkpoint inhibitors such as lymphocyte-activation gene
3 (LAG3), inducible T cell co-stimulator (ICOS), cytotoxic T lymphocyte antigen 4 (CTLA4),
T cell immunoglobulin, mucin domain-containing protein 3 (TIM3), programmed cell death
protein 1 (PD1), programmed death-ligand 1 (PD-L1), PD-L2, T cell immunoglobulin and
the ITIM domain (TIGIT) [68]. The latter appears to intercede the cytotoxic capacity of
NK cells. NK cells carry several receptors on their surface, e.g., NKG2D. The abundance
of their ligands in the TME is regulated by enzymes such as matrix metalloproteinases
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(MMPs), which regulate the composition of the ECM, among others. Lee H. et al. reported
that the ablation of NLRP3 in HCC SK-Hep1 Luc cells resulted in elevated NK cytotoxicity
in an IFN-g-independent mechanism. The involved mechanism constitutes the downreg-
ulation of MICA/B, a ligand of the activating NKG2D receptor, by the downregulation
of MMP2, MMP9 and MMP14 in mice engrafted with NLRP3 KO(−/−) SK-Hep1 Luc
cells [69]. Fatty acid oxidation (FAO) constitutes another process by which NLRP3 in-
fluences the HCC TME. The fibronectin type III structural domain-containing protein 5
(FNDC5) is frequently upregulated in HCC tissues, with a negative impact on the potential
of tumor malignancy [70]. Liu H. et al. documented both in vitro and in vivo that FNDC5
induces the FAO-dependent M2 phenotype by blocking M1 polarization, downregulating
the NF-κB/NLRP3 pathway [71]. Related to this, Zhang Q. et al. studied the contribution
of FAO to the pro-inflammatory properties of an M2 subset in HCC, as they had previ-
ously documented the importance of the hypoxia-inducing factor (HIF)-1α/IL-1β signaling
pathway [72]. They concluded that FAO-generated ROS drive, in an NLRP3-dependent
manner, the expression of IL1-β, providing another potentially therapeutically targetable
mechanism. In parallel, receptor-interacting protein kinase 3 (RIPK3), another regulator of
fatty acid metabolism in TAMs, utilized the NLRP3 inflammasome machinery in order to
become activated through caspase-1-mediated cleavage [73]. Finally, Tu C. et al. demon-
strated that lactate and TGF-b exert their immunomodulatory effects in the TME partially
by utilizing the NLRP3 inflammasome. Specifically, lactate can trigger inflammasome
initiation on tumor-associated macrophages by building up ROS in parallel with tumor
cell-derived TGF-b secretion. The latter exerts its function through the SMAD-autophagy-
ROS signaling cascade [74]. It worth mentioning that evidence has begun to emerge about
the regulatory role of the NLRP3 inflammasome in the tumor-stromal interconnection. Zan
Y et al. demonstrated that the blockage of NEK7 in HCC cells could reduce the activation
of HSCs [75]. As demonstrated above, the NLRP3 inflammasome, acting as a scavenging
and effector system in the HCC TME, significantly shapes the anti-tumor immune response.
Meanwhile, its effects in the tumor stroma requires further investigation.

4. The Role of the NLRP3 Inflammasome in the Therapeutic Management of HCC

The introduction of a wide variety of therapeutic approaches to the management of
HCC has made the reformation of medical practice an experienced reality. Without exhaus-
tive details, according to the latest European Society of Medical Oncology (ESMO) practice
guidelines, patients who present with a single mass irrespectively of its size or with up to
three nodules that are less than 3 cm each and have preserved liver function and Eastern
Cooperative Oncology Group (ECOG) performance status (PS) are candidates for: hepatec-
tomy, liver transplantation, thermal ablation or transarterial chemoembolization (TACE).
Stereotactic body radiotherapy (SBRT), high dose rate (HDR)-brachytherapy and selective
internal radiotherapy (SIRT) constitute alternative treatment approaches when manage-
ment constrains arise. TACE comprises the standard of care in the treatment of patients
presenting multinodular disease, ECOG PS 0 and efficient PS, with liver transplantation,
resection, SIRT and systemic medical therapy being potent alternatives. Imaging-based
signs of systemic disease, such as the invasion of portal veins or extrahepatic spread, render
patients with preserved liver function and PS 0–2 as candidates for immunotherapeutic
or anti-angiogenetic therapies with certain monoclonal antibodies and tyrosine kinase in-
hibitors (TKIs). Atezolizumab plus bevacizumab, and alternatively sorafenib or Lenvatinib,
are considered the first line of treatment. Sorafenib, lenvatinib, cabozantinib, regorafenib
and ramucirumab are authorized alternatives after the combination of atezolizumab and
bevacizumab, while cabozantinib, regorafenib and ramucirumab constitute second line
choices after sorafenib. For patients with end-stage liver disease, only supportive care
measures are applied [76,77]. Concerning surgical techniques, an immense developmental
evolution has radicalized surgical approaches. For minimal, unilobar or bilobar disease,
“parenchyma-sparing liver surgery” constitutes an one-step resection. When the future
liver remnant (FLR) is expected to be insufficient to sustain normal hepatic function after
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surgery, portal vein embolization (PVE) with the subsequent hypertrophy can be pro-
posed as a treatment choice [78]. Two-stage hepatectomies (TSH)—i.e., conventional TSH
with PVE only [79,80] and liver partition and portal vein ligation for staged hepatectomy
(ALPPS) [81]—when performed in centers with sufficient experience, can offer significant
survival advantages in patients with unresectable primary liver tumors [82,83].

4.1. The NLRP3 as Therapeutic Target

Given the above and taking into consideration a recent surge in clinical studies in the
literature regarding the effects of the NLRP3 inflammasome system in HCC, it becomes
evident that the NLRP3 inflammasome system could acquire a role in the therapeutic
algorithm either as a therapeutic target or as a biomarker. In the first case, it could exert
its usefulness as an adjuvant treatment in patients with low tumor burden or as part of
systemic treatment in patients with greater tumor volume. The broad spectrum of NLRP3
activating stimuli, which was presented earlier, results in a diverse spectrum of signaling
pathways and mechanisms that can influence HCC progression through NLRP3 activations
such as ROS scavenging, immune cell reprogramming and metabolic reprogramming of
the infiltrated immune cells. The vast majority the NLRP3 activations lead to tumor growth
regression, with a few exceptions. The above is presented analytically in the Table 2.

Table 2. A brief summary of the preclinical data with respect to NLRP3 inflammasome.

Drug/Therapeutic
Target

Study/Year/Reference Study Subjects Pathway/Mechanism Outcomes

Alpinumisoflavone
(AIF)

Zhang Y. (2020)
[84] SMMC 7721, Huh7 cells NLRP3-mediated

pyroptosis

Reduction of tumor
growth and metastatic

potential

NEK7 inhibition
Yan Z. (2022)

[75]
MHCC97L, HepG2

cell/mice
NLRP3-mediated

pyroptosis

Reduction of tumor
growth and metastatic

potential

Promotion of cancer
cell-stromal

communication

Biejiajian pills (BJJ) Feng M. (2020)
[85]

Diethyl
nitrosamine-mediated
hepatocarcinogenesis

in SD rats

Dose-dependent
reduction in NLRP3

activation

Reduction of tumor
growth

Luteoloside Fan S. (2014)
[86]

Hep3B, SNU-449,
Huh-7, MHCC- LM3
and MHCC97-H cell

lines/BALB/c-nu/nu
male mice

Downregulation of
NLRP3 activation

Reduction of tumor
growth and metastatic
potential in vitro and

in vivo

Metformin Shen Z. (2021)
[87]

BALB/c nude male
mice

FOXO3-dependent
induction of the NLRP3

inflammasome and
autophagy

Reduction of tumor
growth

Geranylgeranoic acid
(GGA)

Yabuta S. (2020)
[88] HuH-7 cells

TLR4-induced ROS
generation activating

both non-canonical and
canonical phases of

pyroptosis

Reduction of tumor
growth

NLRP3 siRNA or
CPT1A blockage or
N-acetyl cysteine

(NAC) or etomoxir

Zhang Q. (2018)
[89] HepG2, Hep3B cells

Reduction in NLRP3
activation by

FAO-mediated ROS

Reduction of HCC
metastatic potential
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Table 2. Cont.

Drug/Therapeutic
Target

Study/Year/Reference Study Subjects Pathway/Mechanism Outcomes

17β-estradiol (E2) Wei Q. (2015)
[90]

BEL7402, SMMC7721
and HepG2 cells

ERβ/MAPK/ERK-
mediated activation of
NLRP3 inflammasome

Reduction of tumor
growth

17β-estradiol (E2) Wei Q. (2019)
[91] HepG2 cells

Autophagy reduction
through

E2/ERβ/AMPK/mTOR-
induced NLRP3

activation

Reduction of tumor
growth

IRAK1 blockage Chen W. (2020)
[92] Huh7, Hep3B cells

Downregulation of
NLRP3 activation
through ERK/JNK

pathway

Reduction of tumor
growth

PPARγ inhibitors or
FNDC5 blockage

Liu H. (2021)
[71]

HepG2, SMCC7721
cells overexpressing

FNDC5

Activation of the
NF-κB/NLRP3

pathway
M1 TAM polarization

NLRP3 blockage Lee H. (2021)
[69]

HCC SK-Hep1 Luc,
NK-92 cells

Upregulation of
MICA/B on the HCC
cells induced by NK
activation through
NKG2D receptor

Reduction in tumor
growth and metastasis

RIPK3 mimic or FAO
blockage

Wu L. (2020)
[73] Human HCC tissues

Activation of the
ROS–Caspase1–PPAR
pathway reversed M2

programming

Reduction in tumor
growth

4.2. The NLRP3 as Biomarker

Biomarkers are invaluable tools in our efforts to implement a more personalized ap-
proach in medical practice. Their application extends from HCC diagnosis, staging and
tumor grading to guiding therapeutic management. Several studies [9] considering the
NLRP3 as a biomarker in several malignancies have begun to accumulate [29]. The reduced
expression of NLRP3 in colorectal cancer (CRC) tissue holds a positive predictive value [93].
Likewise, the upregulation of NLRP3 expression in breast cancer heralds a poorer five-year
survival rate [94]. The capability of the NLRP3 inflammasome to promote an immune
response provides the potential to predict the response to immunotherapy. In melanoma,
the mutational burden of the NLRP3 gene could provide useful data about the response to
immunotherapy [95]. Unfortunately, despite the necessity of detecting and implementing
into clinical practice new biomarkers for HCC [77], the evidence regarding the role of
NLRP3 as a biomarker in HCC is limited. Wei Q. et al. investigated the expression of
NLRP3 inflammasome components in accordance with HCC progression. They reported
the inhibition of the expression of the inflammasome in HCC tissues, which was inversely
correlated with the pathological grading and the HCC clinical stage [18]. Wang J. et al.
developed a pyroptosis-associated computational algorithm to assess patient prognosis.
The NLRP3 gene had the highest mutation incidence. Copy number amplification was
detected while its expression was significantly differentiated among HCC and the neigh-
boring healthy tissue. Concerning the predictive value of NLRP3, the highest expression of
NLRP3 was associated with poor OS [96].

5. Conclusions—Future Perspectives

Inflammation comprises a cardinal processes in liver homeostasis and disease [34].
Its significance has been studied conscientiously in the context of carcinogenesis [10], and
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immunotherapy with atezolizumab and bevacizumab constitutes the first line of therapy in
patients with unresectable disease [97].

The NLRP3 inflammasome appears to orchestrate the immune responses in liver
diseases. It can be concluded that the activation of the NLRP3 inflammasome drives
the progression from NAFLD to NASH, while hepatotropic viruses (e.g., HBV, HCV)
downregulate it in order to evade immune invasion. Several candidate therapeutic targets
that mediate the progression of NASH have been recognized, but clinical trials about their
effects in humans are lacking. The generation of drugs that target the NLRP3 inflammasome
would be game-changing in the management of NAFLD-driven HCC. On the other hand,
the NLRP3 inflammasome appears to be an ideal therapeutic target in HCC. The NLRP3
inflammasome and its constituents are downregulated in HCC. This inhibition correlates
with a greater disease stage and poorer differentiation [18]. Multiple mechanisms of HCC
cytotoxicity by the therapeutic instrumentation of NLRP3 have been documented, such as
direct hepatotoxicity, M1 polarization of TAM, the enhancement of NK cell activity and the
regulation of the tumor–stromal communication. The pre-clinical data are encouraging, and
their efficacy should be validated in clinical trials in the near future. The above therapeutic
mechanisms are summarized in Figure 2.

Figure 2. A brief outline of the therapeutic effects of the NLRP3 system in HCC.

Useful conclusions regarding role of the NLRP3 inflammasome in HCC carcinogenesis
could be arrived at by analyzing the effects of other inflammasomes in different tissues.
For example, the NLRP6 inflammasome constitutes a fundamental sensor of the intestinal
mucosa and its downregulation is linked with alterations in gut microbiota [98] and a
predisposition to inflammatory bowel disease and gastrointestinal cancer [24]. The latter
is exerted by its assistance in the regulation of mucus secretion in goblet cells, where
caspase-1 is required to activate the microtubule-associated protein 1A/1B-light chain 3
(LC3) and trigger mucus secretion [99]. Chen G. et al. demonstrated that Nlrp6-knockdown
mice produce excessive amounts of inflammation and fail to heal damaged mucosa. The
latter, in conjunction with the upregulation of TNF-a and IL-6, which stimulate the NF-kB
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and STAT3 pathways, promotes carcinogenesis [24]. A “steatohepatic subtype” has been
recognized in HCC with alteration in the IL6/JAK-STAT signaling axis, and mutations in
this pathway are frequent in HCC [6]. It would not be illogical to hypothesize that the
downregulation of the NLRP3 inflammasome in HCC could potentiate carcinogenesis by
the subsequent upregulation of tumor-promoting cytokines.

The role of the NLRP3 inflammasome is poorly investigated, and our scientific efforts
should be pointed in this direction. A growing body of work in the literature substantiates
that, in the years to come, the manipulation of the NLRP3 sensor pathway could prevent
the progression to carcinogenesis in several patient groups.
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Simple Summary: Decompensated patients with hepatocellular carcinoma (HCC) are a wide pa-
tient category with limited therapeutic options, and are often excluded from existing trials. Liver
transplantation is the best treatment option for such patients but is affected by strict selection criteria
and liver donor shortages. The data regarding locoregional treatments in patients with impaired
liver function are scarce but indicate a possible survival benefit provided they are well tolerated.
Perhaps the systemic treatments, and particularly immunotherapy, are the safest option for such
patients based on the available real-life data. Regardless of the type of treatment, close adverse event
monitoring is mandatory due to the high risk of hepatic disease deterioration. The aim of this review
is to analyze the existing data regarding the administration of treatment in decompensated patients
with HCC, evaluate the effect of therapy on overall survival, highlight the potential risks in terms of
tolerability and elucidate the optimal therapeutic management.

Abstract: Primary liver cancer is the sixth most common cancer and the fourth leading cause of
cancer-related death. Hepatocellular carcinoma (HCC) accounts for 75% of primary liver cancer cases,
mostly on the basis of cirrhosis. However, the data and therapeutic options for the treatment of HCC
in patients with decompensated cirrhosis are rather limited. This patient category is often considered
to be in a terminal stage without the possibility of a specific treatment except liver transplantation,
which is restricted by several criteria and liver donor shortages. Systemic treatments may provide
a solution for patients with Child Pugh class B or C since they are less invasive. Although most of
the existing trials have excluded patients with decompensated cirrhosis, there are increasing data
from real-life settings that show acceptable tolerability and satisfying efficacy in terms of response.
The data on the administration of locoregional treatments in such patients are also limited, but the
overall survival seems to be potentially prolonged when patients are carefully selected, and close
adverse event monitoring is applied. The aim of this review is to analyze the existing data regarding
the administration of treatments in decompensated patients with HCC, evaluate the effect of therapy
on overall survival and highlight the potential risks in terms of tolerability.

Keywords: HCC; decompensated cirrhosis; treatment

1. Introduction

Primary liver cancer is the sixth most common cancer and the fourth leading cause of
cancer-related mortality worldwide [1–3]. Hepatocellular carcinoma (HCC) is the predom-
inant type of primary liver cancer, accounting for 70–85% of all cases [4] and associated
with severe morbidity and mortality. Although there are increasing therapeutic options for
HCC in patients with compensated liver disease, the management of HCC in patients with
decompensated cirrhosis remains challenging and relatively unclear. The International
Scientific Guidelines for the management of HCC have analyzed extensively the available
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therapeutic techniques for patients with Child Pugh (CP) class A or B according to HCC
stage, while patients with CP class C are categorized as end-stage liver disease and are
eligible only for palliative care or liver transplantation (LT) if they fulfill specific clinical
and tumor criteria [5–7].

Patients with CP class B are a wide heterogenous patient group with borderline
liver function and high-risk for post-treatment hepatic deterioration [8,9]. In particular,
they are rarely able to undergo hepatic resection and cannot always receive locoregional
treatments due to the risk of liver-related complications [6,10]. Additionally, despite
the recent impressive progress in the availability of systemic treatments with different
mechanisms of action against HCC, almost all registrational studies have excluded patients
with decompensated cirrhosis [11–13]. In general, survival rates are considered to be lower
in this patient group even after administration of systemic therapies, while the rates of
adverse events (AE) are expected to be higher. Regarding HCC patients with CP class C
cirrhosis, the treatment landscape is even more unclear since the overall survival (OS) is
quite limited for these patients, mostly due to liver-related complications rather than HCC
progression [14]. Nevertheless, the administration of HCC treatment to carefully selected
patients with CP class C might prolong OS even for this fragile patient group [15].

The aim of this review is to analyze the existing data regarding the administration of
treatment for HCC in decompensated cirrhotic patients, evaluate the effect of therapy on
overall survival and highlight the potential risks in terms of tolerability.

2. Literature Search

A comprehensive literature search was conducted for relevant literature using the
“PubMed” database, in which only studies written in the English language published until
December 2022 were included. The following search terms were used: “Hepatocellular car-
cinoma” or “HCC” AND “decompensated cirrhosis” or “Child Pugh B” or “Child Pugh C”
AND “liver transplantation” or “locoregional treatments” or “transarterial chemoemboliza-
tion” or “TACE” or “radiofrequency ablation” or “RFA” or “liver resection” or “systemic
treatments” or “immunotherapy” or every drug included in the two last categories. In
addition, the references of the research articles were scrutinized for relevant studies.

3. Systemic Treatments

The administration of systemic treatments in cases of decompensated cirrhosis re-
mains quite challenging since the safety of such agents has not been confirmed and the
consequences from potentially more frequent hepatic toxicity and liver-associated AEs can
be dramatic in such patients [16,17]. Consequently, the therapeutic decision should weigh
the survival benefit provided by the available therapeutic agents and the risks of further
hepatic impairment when the balance is already very fragile. Most clinical trials for sys-
temic treatments do not include CP class B and C patients in order to avoid compromising
the clinical outcomes of the studies, thus resulting in lack of scientific evidence to guide
clinical management of HCC in this population [18,19].

3.1. Multikinase Inhibitors (MKIs) (Table 1)
3.1.1. Sorafenib

Since sorafenib was the only available systemic treatment for HCC patients for almost a
decade, the available data on its use in decompensated cirrhosis is possibly richer compared
with other systemic treatments (Table 1) [20]. It is the only MKI with an approved indication
for administration in CP B class patients [21]. The SHARP trial, the registrational study for
sorafenib, did include 20 patients with advanced HCC of CP class B, which was associated
with worse overall survival (OS) in the multivariate analysis [22]. The GIDEON study
showed that median OS in 3213 real-life patients who received sorafenib for advanced
HCC was 13.6 vs. 5.2 vs. 2.6 months in CP class A, B and C patients, respectively [23].
Interestingly, there was a higher incidence of serious adverse events (SAEs) and treatment
discontinuation due to AEs in CP class B compared with CP class A patients. Liver- and
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HCC-related death rates were similar between CP class A and B groups, but significantly
higher in the CP class C group. Woo et al. reported that sorafenib treatment was significantly
longer in CP class A patients compared with CP class B (233 ± 240 days vs. 100 ± 136 days,
respectively; p = 0.006) [24]. Liver failure was the most common cause of treatment
discontinuation in CP class B patients, as opposed to HCC progression in CP class A
patients. In a recent prospective study by Leal et al., the OS was significantly higher in
CP class A patients (12 vs. 6 months), but still the reported OS in CP class B patients
was considered satisfying enough for this patient group [25]. Finally, a meta-analysis of
30 studies examining the administration of sorafenib as first-line treatment in 8678 patients
with advanced HCC further confirmed that OS was significantly worse in patients with CP
class B than in class A patients (4.6 vs. 8.8 months, respectively, p = 0.001) [26]. However, in
the same meta-analysis clinical response, safety and tolerability did not differ significantly
between CP class A and B patients. In fact, treatment-related death rates were similar
across CP class groups. Based on this, CP class B patients with advanced HCC may
respond to sorafenib and tolerate treatment but without prolongation of survival, as they
often experience progression of liver disease that leads to treatment discontinuation and
decreased life expectancy.

3.1.2. Lenvatinib

Lenvatinib is an MKI approved as a first-line treatment based on the REFLECT study,
which compared its efficacy to sorafenib in advanced HCC patients [27]. In a post hoc
analysis of the REFLECT study that included CP class A patients and also patients who
progressed to CP B during treatment, among the patients who received lenvatinib, the
median OS was 6.8 months (95% CI 2.6–10.3) for CP class B patients and 13.3 months
(95% CI 11.6–16.1) for CP class A patients [28]. For the sorafenib group, OS was 4.5 months
(95% CI 2.9–6.1) for CP class B patients and 12 months (95% CI 10.2–14.0) for CP class A
patients. Similarly, the median progression-free survival (PFS) in the lenvatinib group was
3.7 and 6.5 months in CP class B and A patients, respectively. In the same study, the AE rates
(number of AE episodes per patient year) for grade 3 treatment-related AE (TRAE) episodes
in the lenvatinib arm were 3.65 and 1.41 for CP class B and A patients, respectively, and more
patients with CP class B discontinued therapy because of TRAEs (18.3% vs. 7.5% for CP
class A). The AEs that most frequently led to lenvatinib dose reduction or discontinuation
in the CP class B subgroup were hepatic encephalopathy (15%), decreased appetite (13%),
and increased bilirubin (12%). In a retrospective multi-center study by Ogushi et al., the
multivariate analysis showed that OS following lenvatinib treatment was significantly
associated with CP class (A vs. B, p = 0.007) and Barcelona clinic liver cancer (BCLC) stage
(BCLC B vs. C, p = 0.002) [29]. In particular, OS following 12 months of lenvatinib treatment
was 66% and 30% in CP class A and B patients, respectively (p = 0.002), while the objective
response (OR) rate was markedly higher in CP A5 patients (44%) compared with CP A6
(25.5%), CP B7 (22.2%), and CP B8 patients (5.3%) (p = 0.002). Finally, lenvatinib-associated
AEs were also found to be higher in the CP class B group and included decreased appetite
(p = 0.034), diarrhea (p = 0.040), vomiting (p = 0.009) and increased serum bilirubin levels
(p = 0.016). In a recent retrospective study that compared the effectiveness of lenvatinib vs.
sorafenib treatment in 94 patients with decompensated cirrhosis (CP class B and C), there
was no significant difference in the OS between the treatment groups (4.2 in the lenvatinib
group vs. 4.1 months in the sorafenib group) [30]. Furthermore, there was no significant
difference concerning the AE rates between the regimens. In the real-life setting, the reports
regarding the efficacy and safety of lenvatinib in decompensated patients seem to generally
agree. In a US study that included 164 patients (49.4% with CP class B cirrhosis), clinical
response rates were similar between CP class A and B patients (p = 0.11), although dose
reductions were higher in patients with CP class B [31]. In terms of OS, a real-life study
from Japan including 276 CP class A and 67 CP class B patients showed that the survival
rates were 21 and 9 months, respectively. In CP class B patients, drug discontinuation
was observed in 47/67 (70%) because of disease progression (n = 9), TRAEs (n = 36), and
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worsening of other comorbidities (n = 2) [32]. Finally, in a small study by Cosma et al. that
included 12 CP A and 14 CP B patients with HCC, the calculated one-year survival rates
were 59% and 27%, respectively, and liver disease deteriorated in two CP A and one CP
B patient. The most frequent adverse event was fatigue, irrespective of CP status, and in
general, the AE rates did not differ significantly between CP groups [33]. In conclusion,
lenvatinib, similar to sorafenib, may be efficacious in CP class B patients in terms of HCC
response, but higher rates of treatment dose reduction or discontinuation, TRAEs and
liver-related deaths limit its effect on OS. Additional data from prospective studies may be
needed to clarify if lenvatinib provides a clear benefit in terms of OS in CP class B patients
with advanced HCC.
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3.1.3. Cabozantinib

Data on cabozantinib in decompensated patients with advanced HCC, another MKI
agent that can be administered as a second-line HCC treatment, are lately increasing
(Table 1) [34]. In a retrospective analysis from the CELESTIAL study focusing on the
patients who progressed to CP class B, there was no difference in terms of treatment
safety and tolerability in this group compared with the overall population [35]. Moreover,
the OS for CP class B patients in the cabozantinb group was 8.5 vs. 3.8 months in the
placebo group (HR 0.32, 95% CI 0.18–0.58), and the median PFS was 3.7 vs. 1.9 months
(HR 0.44, 95% CI 0.25–0.76), respectively. In a post hoc analysis based again on the CE-
LESTIAL study, the investigators examined the association of albumin-bilirubin (ALBI)
grade with OS [36]. The results of this analysis showed that cabozantinib efficacy in terms
of OS and PFS was similar between the ALBI grade 1 (score ≤ −2.60) and ALBI grade 2
(score > −2.60 to ≤−1.39) subgroups. Grade 3 AEs associated with hepatic decompensa-
tion were found to be higher in the ALBI grade 2 subgroup. However, the survival outcomes
were significantly worse for patients with advanced HCC and CP class B cirrhosis (PFS:
4.3 vs. 2.2 months, p < 0.001; OS: 9.0 vs. 3.8 months, p < 0.001) according to a retrospective
Korean study including 110 patients [37]. In the same study, AE rates were generally similar
between CP class A and B patients. On the other hand, a recent international real-life study
that included 60, 22 and 1 CP class A, B and C patients, respectively, showed that the AE
rates were 73% in CP B compared with 43% in CP A patients (p = 0.017), and the OS was
7 months in CP B7 vs. 9.7 months in the CP class A group [38]. In contrast, the median
OS in CP B8, B9 and C was limited to 3.4 months. The increased AE rate in the CP class
B group was attributed to the possible decreased drug metabolism due to impaired liver
function, leadingto higher drug levels and thus higher adverse reactions. Based on the
above, the effect of cabozantinib on survival of patients with advanced HCC seems to
depend significantly on the severity of hepatic impairment, with more favorable outcomes
in lower score-CP class B patients. AE and toxicity rates could be limited by administrating
lower drug doses provided that efficacy is not compromised.

3.2. Immunotherapy (Table 2)

In recent years, immune checkpoint inhibitors (ICIs) have drastically changed the
treatment landscape in HCC [39]. CheckMate-040 was the first ICI study that included CP
class B patients with advanced HCC [40]. In this phase 1/2 trial, 49 CP class B patients
received nivolumab intravenously, resulting in a reported objective response rate (ORR) of
12% and a disease control rate (DCR) of 55%. Interestingly, the safety profile of nivolumab
in this population was comparable to the CP class A patients, as TRAEs were reported in
51% of patients and led to discontinuation in 4% (83% and 6% in the CP class A patients,
respectively) [41]. These results were further confirmed by a recent real-life study that
recruited 431 CP class B patients from the Veteran Affairs medical centers in the USA
to compare efficacy and safety of sorafenib vs. nivolumab [42]. The median OS was
5 months for the 79 patients that received nivolumab vs. 4 months for the sorafenib group,
and treatment was discontinued due to toxicity in 12% of patients receiving nivolumab
compared with 36% receiving sorafenib (p = 0.001). A Korean study by Choi et al. showed
that ORR with nivolumab treatment was significantly lower in CP class B compared to CP
A patients (2.8% vs. 15.9%; p = 0.010) and that OS was specifically worse in patients with
CP B8 or B9 than in those with CP B7 (7.4 vs. 15.3 weeks; p < 0.020) [43]. Additionally, AE
rates were similar between the CP class A and B groups, and immune-mediated AEs were
more frequent in CP class A patients (2 patients with hepatitis and 3 with pneumonitis vs.
0 patients in the CP class B group). Lower response rates in the CP class B group in this
study were explained by the reduced capacity of immune response because of advanced
cirrhosis. The same explanation was provided for lower immune-mediated adverse events
in the CP class B population. Additionally, a real-life study examining the efficacy and
safety of nivolumab or pembrolizumab treatment in 32 CP class A and 28 CP class B patients
with advanced HCC showed that the ORR and DCR for CP class A vs. B was 9% vs. 14%
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(p = 0.438) and 56% vs. 46% (p = 0.947), respectively [44]. Median OS values of 16.7 (95% CI,
8.2–25.2) months for CP class A and 8.6 (95% CI, 4.8–12.4) months for CP class B (p = 0.065)
were reported, whereas there was no significant difference in terms of AE rates (CP class
A vs. B, 31% vs. 43%; p = 0.352) or high-grade AEs (CP A vs. B, 16% vs. 18%; p = 1.000).

Concerning first-line treatments, atezolizumab-bevacizumab is a combination with
high efficacy in non-resectable HCC based on the IMbrave 150 study results [5,45]. A
recent multi-center retrospective study by D’Alessio et al. examined the safety and ef-
ficacy of the combination treatment in 154 CP class A and 48 CP class B patients [46].
According to this study, the treatment-related AE rates were similar between the two
groups, while ORR and DCR were 25% and 73%, respectively, without significant dif-
ference across CP classes (Table 1). However, the median OS was 16.8 months (95% CI,
14.1–23.9) for CP class A patients, vs. 6.7 months (95% CI, 4.3–15.6) for patients with CP
class B (p = 0.0003). This difference was attributed to deaths due to the underlying liver
impairment. Interestingly, TRAEs and bleeding events were also comparable between
the CP groups. Interestingly, Chen et al. examined the OS of patients after failure of first
line treatment with atezolizumb/bevacizumab. All the patients had CP A cirrhosis at
treatment initiation, but 15% and 17% of them progressed to CP B and C, respectively, after
failure. The median OS after treatment discontinuation was 9.6 vs. 3.8 vs. 1.2 months,
for CP A, B, and C patients, respectively. After therapy failure, the tumor burden was
increased, and 32% of the patients did not maintain CP A liver reserve. Not receiving
second-line treatment was associated with liver deterioration and poorer OS [47]. Moreover,
Persano et al. compared efficacy of atezolizumab/bevacizumab vs. lenvatinib in HCC
patients with HCC and showed that ORR was similar for CP B patients (22% vs. 36%,
respectively, p = 0.43). In the same study, the ORR rates for CP A patients were 28% for the
atezolizumab/bevacizumab group and 39% for the lenvatinib group [48]. Another real-life
study by de Castro et al. reported that the median OS was 12 months (95% CI: 8.2–15.8),
6.8 months (95% CI: 3.1–10.5; p = 0.04) and 1 month (95% CI: 0.0–3.9; p < 0.001) for CP
class A, B and C patients, respectively [49]. Apart from the CP score, the ALBI score was
also significantly associated with OS. Moreover, patients with ALBI grade ≥2 (p = 0.002)
and decreased performance status (p < 0.001) at baseline were at highest risk for developing
ascites and hepatic encephalopathy. Intriguingly, mono-immunotherapy was not associated
with the above adverse events. Based on the previous findings, immunotherapy may be a
relatively safe option for patients with impaired liver function, although close monitoring
is mandatory, especially when it is combined with anti-VEGF agents. The combination
of two ICI agents, durvalumab plus tremelimumab, has also been tested in patients with
unresectable HCC and has yielded positive results in terms of OS, but the majority of the
study population were CP A patients [50]. The fact that ICIs metabolism does not depend
on liver function possibly provides an advantage for CP class B patients. Furthermore, ICIs
especially when combined with anti-VEGF agents, seem to offer a survival benefit that may
not be as high as that offered in CP class A, but still, they may prolong life expectancy in
carefully selected CP class B patients (Table 2). In other words, the unmet need that exists
for CP class B patients with advanced HCC could be covered by this type of treatment in
the future.
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4. Locoregional Treatments (Table 3)

There is no doubt that LT is the optimal treatment option for decompensated patients
with HCC tumors within the Milan criteria [5,6]. However, the low availability of liver
transplants in many cases requires alternative therapeutic strategies for patients with
advanced liver disease. Based on the current International Guidelines for the management
of HCC, patients with CP class B can benefit from local ablation treatments (LAT), trans-
arterial chemoembolization (TACE) or transarterial radioembolization (TARE) based on
their BCLC status, provided that their liver function is adequately preserved and the risk
for hepatic disease deterioration is not high [5,6]. Especially for patients with CP B8 or
B9, when surgical treatments are not applicable due to the risk of hepatic deterioration,
the less invasive locoregional techniques may provide survival benefit [51]. However,
the availability of studies for the administration of locoregional treatments in patients
with CP class C cirrhosis and their effect on OS is restricted to some small retrospective
trials (Table 3).

4.1. Local Ablation Treatments (LAT)

For patients with CP class A or B and small single tumors < 3 cm who are not eligible
for surgery, radiofrequency ablation (RFA) is the indicated treatment option [6]. However,
according to a meta-analysis by Casadei-Gardini et al., CP class B is predictive of poor
OS and RFS (p < 0.0001) compared with CP class A in HCC patients treated with RFA
alone [52]. Regarding the effect of RFA on decompensated patients, a retrospective study
in 19 patients with mean CP score 10.7 (range 10–12) showed a median survival time of
12.0 ± 1.7 months and reported two deaths of hepatic failure, one at two months and one at
four months after treatment [53]. Another study that examined the effects of non-surgical
treatments in HCC patients with CP class C reported zero survival benefit of LAT, possibly
because hepatic deterioration progressed faster than HCC [54]. On the other hand, Kudo
et al. showed that the administration of non-transplant techniques in HCC patients with
CP class C who exceeded the Milan criteria or could not be transplanted due to liver donor
shortage was a significant prognostic factor of better survival compared to non-treated
patients [55].

4.2. TACE

TACE is currently the indicated treatment for patients with intermediate stage HCC
(BCLC B) and CP class A or B [5,6]. Since it is a therapeutic technique based on the trans-
arterial administration of chemotherapeutic agents and the occlusion of the tumor-feeding
vessel, it has been associated with deterioration of the hepatic function and decompensation
when applied to patients with advanced liver disease [56,57]. Therefore, several prognostic
models have been developed in order to select carefully the patients that are suitable to
receive TACE without risking their hepatic reserve [58,59]. These models are based on
biochemical parameters, ALBI score, CP score and tumor characteristics, among others.
In a large study by Takayasu et al. that included 4966 HCC patients who underwent
TACE, the survival rate was significantly associated with CP score, with the lowest rates
being reported in CP class B patients with three lesions ≥ 5.1 cm [60]. Specifically, the
3-year survival rate was 53% in CP class B patients with a single tumor (vs. 73% in CP
class A, p = 0.0001) and 22% in patients with ≥4 tumors (vs. 46% in CP class A, p = 0.0001).
Treatment-related death occurred in 19 (0.38%) out of 4966 patients (10/3229 CP class A,
8/1296 CP class B and 1/167 CP class C). In another study including 100 CP class A and
90 CP class B/C cirrhotic patients, the administration of TACE was equally efficacious
in both groups in terms of tumor necrosis, but the OS was significantly higher in the CP
class A group (21.9 vs. 13.7 months, p = 0.03) [61]. There was no significant difference in
terms of 30-day or 90-day post-treatment mortality between the two groups. The survival
curves for the two CP groups separated at 3 months and reached maximal separation at
12 months. According to the Cox proportional hazards model, post-treatment mortality for
the CP class B group was significantly associated only with total tumor diameter (hazard
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ratio 1.26, 95% CI 1.10–1.44, p < 0.001). According to Piscaglia et al., TACE treatment offered
a survival rate of 22 and 8 months in patients with CP B7 and B8, respectively [51]. The
study concluded that TACE should be performed in CP class B patients with compensated
disease (B7), but it could be detrimental for liver function in patients with more advanced
hepatic impairment. According to the above, it can be assumed that even within the group
of CP class B patients, the OS rates may differ significantly based on the exact CP score, so
TACE is probably a good therapeutic option for those who have borderline liver function
and BCLC B HCC.

The available studies examining the administration of TACE specifically to CP class C
patients are very limited due to the mentioned risks. In a retrospective study comparing best
supportive care (BSC) to locoregional treatments in CP class C patients with multinodular
HCC, the OS rates were found to be significantly higher in patients treated with TACE
compared with non-treated patients (14 vs. 2 months, respectively, p < 0.0001) [62]. In the
same study, the propensity score matching for patients with tumors within the Milan criteria
showed no significant differences in the clinical characteristics between the two treatment
groups, so it was concluded that the patient selection bias was relatively low. Similarly, in
the above-mentioned study of Kudo et al., superselective TACE in decompensated patients
with multinodular HCC provided better survival compared with palliative care [55], which
is the currently recommended treatment for such patients. However, the most benefited
patients in this study were those with the lowest CP C scores, while most patients with
14- or 15-point scores remained untreated. In another Japanese study by Nouso et al.,
the OS rates after superselective TACE were superior to BSC in matched CP C patients
(p < 0.009) [54]. Regarding the selection of decompensated patients eligible for TACE in
this study, the therapeutic technique was specifically performed in patients without severe
portal vein thrombus, with median bilirubin of 1.9 mg/dL and median prothrombin time
of 64%. Consequently, TACE could prolong OS in carefully selected patients with CP C
scores in specialized centers performing superselective embolization. However, it is crucial
to understand the limitations of this therapeutic technique for patients with advanced
liver disease and HCC and seek for other therapeutic options, such as systemic treatments,
when required. The timely switch to a more tolerable therapeutic option for patients
with higher CP scores such as immunotherapy, even in earlier HCC stages, could benefit
decompensated patients who are not eligible for more invasive treatments.

4.3. TARE

TARE, also called selective internal radiation therapy (SIRT), is another locoregional
technique based on the transarterial administration of microspheres loaded with radioactive
compounds such as yttrium-90 or lipiodol labeled with iodine131 or rhenium188 [63]. The
indication of this treatment for HCC patients is not clearly defined but it is mostly adminis-
tered in patients with BCLC stage B or C [64]. One main advantage of TARE in terms of
safety is the absence of macro-embolic effects, so it does not affect hepatic blood flow, which
is beneficial for patients with advanced liver disease, especially in cases of macrovascular
invasion [65]. However, several AEs are reported following TARE, such as liver failure or
radio-induced liver disease (4%), biliary complications (<10%) and post-radioembolization
syndrome (20–55%).
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In a study by Zu et al. [66] that examined the effect of TARE across CP groups and
included a total of 106 patients with BCLC stage C, it was shown that the median OS was
20.2 months for patients with CP A class, 6 months for CP B7 and 5.5 for CP B8/9 groups.
Despite the assumed lower risk of liver ischemia with TARE, this did not translate into
clinical survival benefits for CP B7 in the study. On the contrary, since the majority of
patients had impaired liver function due to portal vein invasion, the authors concluded
that the severity of the hepatic disease had a greater impact on OS than the tumor bur-
den. In another study that included 185 HCC patients with portal vein thrombosis, the
median OS was 13.3 months for CP A class patients, 6.9 months for CP B7 and 3.3 for
CP ≥ 8 groups [67]. Interestingly, when the latter group of patients was stratified by loca-
tion of portal vein thrombosis, the median OS was 8.4 months for segmental, 4.4 months
for lobar, and 3.4 months for main portal vein thrombosis (p = 0.015). In the multivariate
analysis, ECOG status and extent of portal vein thrombosis were significant predictors of
survival, but CP status was not. Additionally, for patients with CP B7 and CP B8 class,
tumor size (>5 cm) was associated with worse survival. Finally, in a study by Memon et al.,
survival following TARE was 13.8 months for the group with CP A and 6.5 months for
CP B7 class patients [68]. At the time of HCC progression, 50% of patients who had CP
B7 scores at baseline had progressed to CP score ≥ 8, while a similar percentage (55%) of
CP A score patients had progressed to CP B. In conclusion, TARE could be a safer choice for
HCC patients with borderline hepatic function (CP B7 scores), especially with macrovas-
cular involvement, although its benefit in patients with more advanced cirrhosis is still
debatable. Furthermore, the extent of portal vein thrombosis seems to affect significantly
patients’ survival [67].

5. Surgical Treatments and Liver Transplantation

HCC surgical resection in eligible patients with very early or early tumor stage may
lead to a 5-year survival rate of 50–68% in specialized centers [69–71]. However, impaired
liver function and severe portal hypertension are the most common contraindications
for hepatic surgery in cirrhotic patients, since they are associated with significant post-
operative morbidity and liver decompensation [72,73]. The selection of patients that can
tolerate surgery with minimal risk for hepatic deterioration is based on CP/MELD scores
and the evaluation of the functional capacity of the future liver remnant [72,74]. Liver
function tests, such as the LiMax test, which is based on the hepatocyte-specific metabolism
of the 13C-labelled substrate by the cytochrome P450 1A2 enzyme, have been developed
as surrogate parameters of liver function capacity to guide treatment decisions [75]. In
recent years, patients with portal hypertension and low risk for hepatic decompensation
have been carefully selected based on an algorithm that predicts the exact risk for liver
deterioration [76]. Laparoscopic techniques have further extended the criteria for choosing
patients who are able to withstand hepatic resection without severe morbidity [77,78]. In
fact, a recent study by Azoulay et al. showed that cirrhotic patients with hepatic venous
pressure gradient ≥ 10 mmHg can undergo laparoscopic liver resection with low rates of
mortality and hepatic decompensation [75]. However, almost all patients of the study were
compensated with CP class A and a median MELD score of 8. In other words, the criteria
for the eligibility of HCC patients for hepatic surgery may have been widened, but still the
possibility to include patients with CP class B/C is out of the question.

Liver surgery may be the optimal choice for compensated patients with HCC [79],
but LT remains the best option for those with CP class B or C provided that they fulfill the
strict transplantation criteria [80,81]. As a therapeutic technique, LT not only removes the
tumor, but also offers a cure for the underlying hepatic disease. The main limitation of this
curative treatment is the shortage of liver donors and consequently the frequent dropout
of HCC patients from the transplantation lists due to disease progression [82]. Rigorous
patient selection based on specific clinical and tumor criteria (MELD score and Milan/San
Francisco criteria) and waiting time in transplant list < 6 months are pivotal to achieve
minimal HCC recurrence rates and maximize OS [79]. Locoregional therapeutic techniques
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have been administered as a bridge to transplantation in order to downstage the tumor
or delay HCC progression [83,84]. However, patients with decompensated cirrhosis may
not be eligible for these treatments due to the risk of hepatic disease deterioration, and
thus, they should be prioritized based on their MELD score [80]. Recently, there have been
increasing reports on the use of systemic treatments such as sorafenib or cabozantinib as
bridging therapies for HCC patients before LT [85,86]. ICIs have also been used as neo-
adjuvant treatment before LT, but perhaps their administration should be paused at least
3 months before transplantation in order to avoid the risk of graft rejection after LT [80].
If transplanted within the Milan criteria, patients with HCC have excellent OS rates with
an estimated 5-year survival close to 60–75% [87–89]. In conclusion, LT represents the best
treatment choice for HCC patients with CP class B or C scores and tumor characteristics
within the Milan criteria (or the extended UCSF criteria), but the low availability of liver
grafts and the high dropout rates or deaths within the transplant lists indicate the necessity
of alternative/bridging treatments to optimize OS rates for such patients.

6. Palliative Care

Unfortunately, 15–20% of HCC patients present with end stage HCC and an estimated
median survival close to 3–4 months [90]. This patient category consists not only of
patients with a high tumor burden and metastatic disease but also of patients with CP
class C and affected physical performance status. The available therapeutic techniques
cannot offer survival benefit for this patient group, so the healthcare services that can be
provided focus on management of the complications of cirrhosis and pain, nutrition and
psychological support [91].

7. Discussion

Patients with CP class B or C cirrhosis are a heterogenous group with various clinical
characteristics, different degrees of performance status and hepatic function [92]. Therefore,
the decision for HCC treatment should be based on individual patient status according to
liver function scores such as CP, MELD and ALBI scores, and of course, the tumor stage of
each patient [50]. Based on our research, the existing clinical data on the safety and efficacy
of HCC treatments for this patient group are scarce, but they generally show that OS is
lower compared with CP class A patients, regardless of treatment, while TRAEs are more
frequent and can lead to hepatic deterioration (Table 4). Immunotherapy seems to be the
safest option among systemic treatments since it has not been associated with liver-related
AEs in the existing studies [42,43,45]. Recent data examining the sequential use of ICIs
(first-line and second-line) in compensated patients with HCC have shown promising
results in terms of efficacy without high-grade TRAEs [93]. Since immunotherapy is the
safest option among systemic treatments for decompensated patients, ICI rechallenge in
this patient group should be studied as it may offer additional therapeutic choices.

Table 4. Advantages and disadvantages per treatment category in patients with decompensated
cirrhosis and hepatocellular carcinoma.

Type of Treatment Advantages Disadvantages

Systemic therapy

• Acceptable tolerance and safety
• Bridging therapy to liver transplantation *
• Alternative therapeutic option when

locoregional treatments are not tolerated

• Lower OS rates in CP B compared
with CP A patients

• More frequent AEs in CP B
compared with CP A

• Scarce data in CP C patients

Radiofrequency ablation
• Minimally invasive
• Low AE rates
• Bridging therapy to liver transplantation

• No clear benefit for OS in CP C
patients
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Table 4. Cont.

Type of Treatment Advantages Disadvantages

Transarterial Chemoembolization
• Bridging therapy to liver transplantation
• May prolong OS compared with palliative care

in decompensated patients

• Risk of hepatic deterioration
• Specialized center required
• CP C patients are rarely eligible

Transarterial radioembolization • Safer in cases of portal vein thrombosis • Risk of hepatic deterioration
• CP C patients not eligible

Liver resection

• High OS rates
• Laparoscopic techniques are more tolerated
• Can be applied in selected patients with portal

hypertension

• Restricted to CP A patients

Liver transplantation • Best available therapeutic option
• Optimal OS

• Strict criteria
• Liver donor shortage
• Frequent drop-out from the

transplantation list due to HCC
progression

OS, overall survival; CP, Child Pugh; AE, adverse event; HCC, hepatocellular carcinoma. * Caution that im-
munotherapy may be associated with higher rejection rates after liver transplantation.

For HCC patients with small HCC (BCLC 0/A) and CP class B or C cirrhosis, the
therapeutic management clearly leans towards LT, as it provides the highest OS rates [87,88].
With regards to other surgical techniques, a few patients with CP class B cirrhosis and well-
compensated disease may benefit from laparoscopic surgery if chosen properly [70,76,77].
Since RFA is a minimally invasive technique with low risk for liver related AEs, it can also
prolong OS for the patients with early HCC who cannot undergo surgery and can also be a
bridging therapy until a liver transplant is available [52]. Moreover, it can be an alternative
option for patients with small tumors that are not eligible for LT [54]. However, its effect
on the OS of patients with CP class C is under debate, and consequently, patients of this
category should be selected very carefully in specialized centers.

Intermediate HCC (BCLC B) is the classic indication for TACE, especially in patients
with adequate hepatic function [6]. As mentioned above, a few studies have shown that
TACE may prolong OS, even in decompensated patients, when compared with palliative
care [50,54]. Perhaps carefully selected patients with lower scores within CP class B groups
and clinical characteristics that permit the administration of TACE may be benefited in
specialized centers.

TARE is also an available option perhaps suitable for patients who cannot undergo
TACE due to portal vein invasion [67] or as an intermediate treatment between locore-
gional therapies and systemic agents [68]. Its non-occlusive effect may be an asset for
patients with borderline liver function [65], while its role as a bridge therapy to LT is also
under discussion.

For those who do not respond or cannot undergo TACE, systemic treatments are
the next available therapeutic option. According to small, mainly retrospective studies,
systemic therapies may provide a survival benefit for patients with intermediate or ad-
vanced HCC and decompensated cirrhosis with relatively adequate tolerability [24,30,34].
Of course, larger prospective studies are needed to further support these indications.

In general, OS rates seem to be significantly lower in decompensated patients with
HCC compared with Child Pugh A class patients, mainly due to hepatic disease progression
and liver-related mortality. Therefore, the benefit of the administrated HCC treatment is
not always clear since the prolongation of survival is relatively low. Perhaps ORR and PFS
rates are a more accurate reflection of the efficacy of the provided therapies and their effect
on HCC patients as they focus on the immediate impact of anti-cancer treatment on the
disease course.
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8. Conclusions

Although the International Guidelines and the registrational studies of HCC treat-
ments focus on patients with compensated cirrhosis, decompensated patients are a large
population with heterogenous clinical characteristics and limited therapeutic options. HCC
treatment should be individualized for this fragile patient group in order to provide max-
imum survival with minimal risk for liver toxicity. Good performance status should be
recognized as a possible indication for treatment administration despite liver impairment.
The use of specific scores for the evaluation of hepatic function and the assessment of
TRAE risk may also support clinical decision making. Additionally, the identification of the
correct parameters of treatment response such as ORR or PFS instead of OS may improve
the therapeutic management. Nevertheless, the inclusion of patients with CP class B or
C in larger studies is needed to clarify to what extent these patients can benefit from the
available anti-cancer treatments. It is possible that the treatment landscape will evolve
drastically in the coming years since the number of the latest clinical trials that include this
patient category is significantly increasing.
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Simple Summary: Percutaneous interventional radiological techniques offer many alternatives for
treatment of Hepatocellular Carcinoma (HCC) using local anesthesia and sedation. These methods
aim to destroy the malignant tumors locally without affecting the non-malignant liver. In this way,
complications are kept low and patient recovery is quick. Indications depend on tumor size, type
and stage, as well as patient’s condition, liver function and co-morbidities. In recent years, a lot
of research has been made in combining such approaches with immune therapy, but there is still
much work to be done. This manuscript tries to analyze where we stand today and explain, using a
comprehensive algorithm, the treatment options for each different clinical condition.

Abstract: Background: Hepatocellular carcinoma (HCC) can be treated by local and regional methods of
percutaneous interventional radiological techniques. Indications depend on tumor size, type and stage,
as well as patient’s condition, liver function and co-morbidities. According to international classification
systems such as Barcelona Clinic Liver Cancer (BCLC) classification, very early, early or intermediate
staged tumors can be treated either with ablative methods or with transarterial chemoembolization
(TACE), depending on tumor characteristics. The combination of both allows for individualized forms
of treatment with the ultimate goal of improving response and survival. In recent years, a lot of
research has been carried out in combining locoregional approaches with immune therapy. Although
recent developments in systemic treatment, especially immunotherapy, seem quite promising and have
expanded possible combined treatment options, there is still not enough evidence in their favor. The
aim of this review is to provide a comprehensive up-to-date overview of all these techniques, explaining
indications, contraindications, technical problems, outcomes, results and complications. Moreover,
combinations of percutaneous treatment with each other or with immunotherapy and future options
will be discussed. Use of all those methods as down-staging or bridging solutions until surgery or
transplantation are taken into consideration will also be reviewed. Conclusion: Local and regional
therapies remain a mainstay of curative and palliative treatment of patients with HCC. Currently,
evidence on potential combination of the local and regional treatment options with each other as well
as with other treatment modalities is growing and has the potential to further individualize HCC
therapy. To identify the most suitable treatment option out of these new various options, a repeated
interdisciplinary discussion of each case by the tumor board is of utmost importance.

Keywords: hepatocellular carcinoma; percutaneous treatment; locoregional treatment; chemoem-
bolization; tumor ablation; radioembolization; immunotherapy
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1. Transarterial Chemoembolization (TACE)

1.1. Background

According to the current EASL guidelines, TACE is the recommended first-line treat-
ment for patients within the intermediate stage, which is defined as multinodular tumor
burden, preserved liver function and good performance status [1]. The recent 2022 update
of the BCLC criteria limits the recommendation for TACE to patients with well-defined
tumor nodules, preserved portal flow and selective vascular access (namely the second
subgroup of BCLC stage B), that are not eligible for liver transplantation with extended
Milan criteria (first subgroup of BCLC stage B) [2]. Following these recommendations,
patients with diffuse, infiltrative and extensive bilobar liver involvement do not benefit
from TACE (third subgroup of BCLC stage B patients), and should be better candidates
for systemic treatment in the first line. However, no clear cut-off criteria when to pre-
fer systemic treatment over TACE can be provided up to date [2]. The suggestions for
TACE as recommended therapy in intermediate stage mainly rely on two randomized
trials, which showed a survival benefit of TACE compared to best supportive care [3,4].
However, patient selection in both trials followed very strict inclusion criteria. In clinical
reality, the intermediate stage comprises a heterogeneous subgroup of patients with distinct
differences in tumor burden and remaining liver function [5]. Furthermore, the concept of
stage-migration is commonly applied, meaning that patients in earlier or more advanced
stages are referred to TACE according to individual treatment concepts.

1.2. Biological Rational for TACE

Chemoembolization relies on important tumor characteristics of HCC: the tumor
tissue has, in most cases, a strong arterial tumor supply, which is based on an intense neo-
angiogenesis during tumor development and progression. Embolization takes advantage of
HCC’s strong arterial supply, aiming for complete anoxia inside the malignancy, therefore
inducing an ischemic reaction and leading to tumor necrosis. Theoretically, the surrounding
liver parenchyma is spared out from these necrotic effects as it receives its blood supply
mainly from the portal venous system. However, the most peripheral part of the tumor
nodules does receive blood supply from the branches of the portal vein. Thus, there
is always a rest supply of the peripheral tumor that could not be stopped with TACE.
Therefore, TACE is not considered as curative treatment option in patients with HCC.
With the additional local application of chemotherapeutic agents (most commonly the
anthracyclines doxorubicin and epirubicin or the platinum-derivates cisplatin or miriplatin),
TACE has theoretically the benefit of a synergistic effect with a high local chemotherapy
concentration leading to a higher rate of tumor cell necrosis.

1.3. Technical Considerations

Up to date, two main TACE techniques are the standard of care: The conventional
TACE (cTACE) was already used before 1990 as injection of an emulsion consisting of
chemotherapy and lipiodol followed by an embolizing agent through diagnostic catheters
and was further developed after 2000 as a superselective embolization technique with
the use of flexible microcatheters [3]. In 2006, drug-eluting beads TACE (DEB-TACE) was
introduced, which is based on a slower release of the chemotherapeutic agents to improve
its therapeutic effect while reducing side effects [6]. Since then, several trials compared the
outcome of both TACE types [7–10]. However, no significant difference has been observed
regarding tumor response or survival. Both types only differed regarding post-procedural
pain and chemotherapy-associated systemic side effects, which were less often observed in
patients undergoing DEB-TACE [7,10]. Regardless of the applied chemotherapeutic agent,
TACE should be performed in a superselective manner, as this leads to an increased rate of
tumor necrosis and minimizes the damage in the surrounding liver tissue [11,12].

132



Cancers 2022, 14, 2469

1.4. Patient Selection

In more than 80% percent of the cases, HCC develops in a cirrhotic liver [1]. Thus,
the patients suffer from a combination of two chronic illnesses: progressing liver damage
resulting in an impaired synthesis function and the HCC tumor burden itself. Therefore,
the rationale for initiation and continuation should be based on both the tumor and the
remaining liver function.

1.5. Patient Selection: Tumor Burden

Regarding the tumor burden, the image-derived features tumor size and tumor num-
ber correlate with the prognosis [1,4,13–16]. Furthermore, a large tumor size is related to
a higher risk for complications [12,16–19]. Although the current guidelines do not recom-
mend a clear cut-off regarding the tumor size, in clinical reality, a commonly used cut-off is
a single nodule size of 5 cm as a response to TACE is significantly lower if this threshold
is exceeded [12]. Furthermore, a total tumor burden of more than half of the total liver
volume is a contraindication for TACE as radiologic response is unlikely and the risk of
post-interventional hepatic decompensation is substantially increased [1]. Several systems
for the stratification of patients according to the sum of tumor size and the number of
nodules have been proposed [20–22]. However, their prognostic value in external vali-
dation was only moderate and a direct head-to-head comparison of the various scores
and cut-offs is missing. Apart from tumor size, number and growth type, pre-procedural
imaging offers an insight into various prognosis-related tumor features [23]. One of the
most important features is the degree and anatomy of tumor vascularity, which highly
influences the treatment success. Furthermore, the growth pattern of the tumor correlates
with the biological aggressiveness and infiltrative and diffuse tumor growth is linked to an
impaired OS [24,25]. Concretely, the current guidelines recommend a critical discussion
on the indication for TACE in patients with severe hepatic decompensation (Child-Pugh
B with signs of decompensation and Child-Pugh C) as those are at high risk for post-
interventional liver failure. Furthermore, patients with bilirubin levels above 2 mg/dl have
a high potential for post-interventional hepatic decompensation [1,2].

1.6. Patient Selection: Remaining Liver Function

Regarding the liver function, particularly the albumin-bilirubin (ALBI) score has
gained importance as an easy-to-use estimate of the patients’ remaining liver function in
the recent decade [26,27]. In comparison to the Child-Pugh score, the ALBI score does
not contain subjectively estimated parameters such as the degree of ascites or the degree
of encephalopathy and is only composed of objective laboratory parameters. Due to the
high predictive performance for patients undergoing TACE, the ALBI score, as well as
other liver function-related parameters such as INR, platelet count and cholinesterase play
an important role in treatment decision making [28–30]. Despite laboratory parameters,
other factors related to an impaired liver function such as, e.g., ascites or a reduction in
the overall patient status should be considered in decision-making. The presence of other
surrogates for an elevated portal pressure, however, seem to play a minor role in the initial
patient selection [31].

1.7. Unmet Problems

Although extensively evaluated, several problems prior to and during TACE treatment
remain unclear. One common problem is the planning of re-treatment in patients with
remaining vital tumor after the initial TACE. Up to date, it remains unclear whether an
on-demand treatment repetition or a fixed schedule is superior. Scheduled treatment in
regular intervals may lead to improved patient compliance and monitoring of the case, but
an aggressive schedule may also increase the risk of liver failure [32]. Thus, liver function
and performance status have to be monitored closely in order to avoid “overtreatment” [33].
From our point of view, regardless of the re-treatment type, continuous re-evaluation of
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each patient by an interdisciplinary tumor board is of the utmost importance [23]. Each
indication should be jointly approved by this board.

Another common problem during follow-up is the optimal time-point to switch to
other treatment modalities in case of tumor progress and/or ongoing decrease in the
remaining liver function. In clinical routine, the optimal time-point for a therapy switch
may be hard to determine, particularly as defined cut-off criteria are missing [23].

Additional TACE sessions over a certain point may not lead to a survival benefit for
the patient, while delaying the switch to systemic therapy or even completely impeding
this switch due to a deterioration of the remaining liver function caused by repetitive TACE
could lead to an impaired survival outcome [34–38]. One prospective trial currently investi-
gating the role of systemic treatment following TACE is the OPTIMIS trial (NCT01933945).
In cases of tumor progression, decrease in remaining liver function, early recurrence, in-
complete necrosis and occurrence of extrahepatic spread and/or vascular invasion during
TACE, but also in the case of unbearable side effects (e.g., severe forms of post-embolization
syndrome or hepatorenal syndrome), TACE treatment should be immediately stopped.

1.8. Long-Term Outcome and Risk Prediction

For patients with intermediate-stage HCC, a median OS of 2.5 years can be expected [1].
A median OS of up 4 years can be achieved in case of strict patient selection [13]. However,
especially because of the above-mentioned heterogeneity of patients undergoing TACE
in conjunction with the concept of stage migration, the individual prognosis prediction
remains difficult. Although several risk scores for patient selection prior to or during
TACE have shown promising results initially, all showed only moderate performance in
external validation [19,21,23,28,39–54]. The underperformance of these scoring systems
might not only be explained through the heterogeneity of the patient cohort, but also by the
complex interplay of co-existing liver cirrhosis and HCC as two synchronous diseases. All
these issues are reasons why none of the scoring systems play a significant role in clinical
reality—although the need for precise risk estimation is tremendous.

Thus, current attempts try to include novel risk factors to improve the predictive
performance of risk scoring systems. In particular, the knowledge on the interplay of tumor
development and progression as well as immune response and inflammatory reaction has
been growing continuously [55–59]. Especially the role of neutrophils for HCC development
and progression on the tumor microenvironment as well as in systemic reaction is under
investigation. Moreover, the relations of neutrophils to lymphocytes and platelets to
lymphocytes, namely NLR and PLR, have been identified as important prognostic marker in
HCC and particularly in patients undergoing TACE [58–64]. Based on the first experiences
regarding the potential of immune response and inflammation, several other indices based
on various laboratory markers have been investigated in patients with HCC undergoing
TACE (Table 1).

Table 1. Overview on currently applied immune- and inflammation based prognostic indices in
patients with HCC undergoing TACE. Modified according to [57].

Index
Concept and

Characteristics
Included

Parameters
Pros Cons Current Research Status

NLR

-captures shifts in
the relationships
between blood
cells, due to
immune
response effects

-neutrophil
count
-lymphocyte
count

-simple calculation
-well investigated

-nutritional status
not included
-divergent results in
studies that
compared NLR to
other immune-
based indices

-designed for the stratification
of critically ill patients, and
validated in patients with
colorectal cancer, in an
oncologic context [63]
-extensively validated for
various cancer entities,
including patients with HCC
undergoing TACE
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Table 1. Cont.

Index
Concept and

Characteristics
Included

Parameters
Pros Cons Current Research Status

PLR

-captures shifts in
the relationships
between blood
cells, due to
immune
response effects

-platelet count
-lymphocyte
count

-simple calculation
-well investigated

-nutritional status
not included
-divergent results in
studies that
compared PLR to
other immune-
based indices

-designed for the stratification
of patients with pancreatic
cancer [64]
-extensively validated for
patients with HCC
undergoing TACE

CALLY

-combines
inflammation,
immune response,
and nutritional
status markers
(aspects of the PNI)
-for liver disease,
albumin functions
as an indicator of
liver function

-CRP
-albumin
-lymphocyte
count

-novel
combination of
inflammation,
immune response,
nutritional status,
and liver function
markers provides a
more holistic
assessment

-CALLY was not
superior to
previously
established scoring
systems

-designed for a cohort of
patients with HCC undergoing
resections [65]
-only validated in one study for
patients with HCC
undergoing TACE

PNI

-combines immune
response and
nutritional status
markers

-albumin
-lymphocyte
count

-combination of
immune response
and nutritional
status markers

-few studies
available on patients
with HCC
undergoing TACE
-divergent results
regarding the
predictive ability
of PNI
-the mathematical
calculation may
require
improvement

-designed for patients with
gastric cancer [66]
-extensively validated for
various cancer entities
-few studies available for
patients with HCC
undergoing TACE
-divergent results on its
predictive ability
-PNI combined with ALBI was
identified as a novel, feasible
stratification system for patients
with HCC undergoing
TACE [55]

CONUT

-combines immune
response and
nutritional status
markers

-albumin
-lymphocyte
count
-cholesterin

-combination of
immune response
and nutritional
status markers

-few studies
available on patients
with HCC
undergoing TACE
-not superior to
PNI [56]

-Only few validation results in
patients with HCC
undergoing TACE

SII

-combines
inflammation and
immune response
markers

-lymphocyte
count
-neutrophil
count
-platelet count

-extensively
validated for
patients with HCC

-nutritional status
not included
- literature is scarce
for patients
undergoing TACE

-designed for the stratification
of patients with HCC
undergoing resections [67]
-extensively validated for
various cancer entities
-few studies on the role of the
SII in patients undergoing
TACE

ILIS

-combines
inflammation, liver
function, and
tumor markers
-specifically
developed for
patients with HCC

-albumin
-bilirubin
-alkaline
phosphatase
-neutrophil
count

-index is specific
for HCC
-includes tumor
and liver function
markers

-complex calculation
-scarce literature for
patients with HCC,
particularly for
patients
undergoing TACE

-specifically designed for
patients with HCC [68]
-only one external validation
study available

Furthermore, current achievements in the field of AI-based risk prediction automati-
cally allow the inclusion of a great number of risk factors simultaneously. First studies have
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shown the feasibility of this approach for patients with HCC undergoing TACE, which
outperformed conventional risk scoring distinctly [69].

1.9. Combination of TACE and Thermal Tumor Ablation

One treatment combination, which has been extensively investigated in recent years,
is the combination of TACE and thermal tumor ablation. Such a combination might lead to
a reduction of the TACE-induced neo-angiogenesis and therefore reduces the risk of tumor
recurrence and metastatic growth [70]. Furthermore, the combination of radiofrequency
ablation and TACE increases the coagulated zone, which led to a significantly reduced rate
of local tumor progression [71,72]. For patients within the early tumor stage, several meta-
analyses showed a survival benefit and a better regression-free survival when combining
TACE and ablation in patients unsuitable for resection [73–75]. Specifically, patients with a
large tumor size could benefit [76–78]. For patients with intermediate-stage HCC, ablation
might be a suitable addition in selected patients with a favorable tumor location [70].
Liu et al. suggest that for HCCs > 5 cm combination of both methods could lead to better
outcome results [75]. They propose that for such large tumors, first-line TACE followed
by ablation 1 month later is better than TACE alone. However, clear evidence on the
combination of TACE and ablation is, particularly for Western patients, missing [1].

1.10. Combination of TACE and TARE

Studies investigating the sequential combination of transarterial radioembolization
(TARE) with TACE are rare. Comparative analysis and RCTs on the sequential or parallel
use of both techniques are missing. Preliminary results, however, indicate an acceptable
safety profile and good treatment effect for specific patient conditions [79]. Through
a different biologic rationale in comparison to TACE, TARE might be particularly an
alternative to systemic treatment in patients with extensive liver progress during TACE.

1.11. Combination of TACE and SBRT

Another option for patients with unresectable HCC is the combination of TACE and
stereotactic body radiotherapy (SBRT). SBRT is particularly effective in tumor areas with high
oxygenation namely the tumor periphery, where TACE itself is less effective [80]. On the other
hand, cytotoxic agents used for TACE could lead to a higher radiosensitivity [81]. A recent
meta-analysis yielded a prolonged survival and an improved response for the combination
of SBRT and TACE in comparison to SBRT alone for unresectable HCC. However, no survival
benefit was observed for patients with portal vein tumor thrombosis (PVTT). Contrary,
results of a phase 2 trial (NCT01901692), which compared combined SBRT and TACE against
sorafenib for patients with macroscopic vascular invasion, showed a significant survival
benefit for patients treated with SBRT and TACE [82]. Currently, several phase 3 RCTs on
the combination of TACE and external radiotherapy for patients with unresectable HCC are
recruiting (NCT03116984, NCT02794337, NCT03939845). Up to date, no recommendation
can be made towards a generalized use for the combination of TACE with internal (TARE) or
external (SBRT) radiotherapy for patients with unresectable HCC.

1.12. Combination of TACE with Systemic Treatment Agents and Future Directions

Multiple trials have investigated the combination of TACE and sorafenib and other
tyrosine-kinase inhibitors. Recently, the TACTICS trial was the first to show an improved
progression-free survival (PFS), while other trials have consistently failed to show a signifi-
cant survival benefit [83–89]. The results of the TACTICS trial, which included intermediate-
stage HCC patients, however, have to be interpreted with the background of its specific
study characteristics [84]. In comparison to previous studies, the patients included in
the TACTICS trial had mostly a better remaining liver function and in most cases no pre-
existing liver cirrhosis [90]. Furthermore, the response was assessed using the RECICL
criteria and not the commonly used mRECIST or RECIST1.1 criteria. These RECICL do not
define new intrahepatic lesions as progressive disease and therefore not as an endpoint for
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PFS, which is rather special. Furthermore, a recent post-hoc analysis yielded no differences
in the overall survival [83]. Thus, through the unconventional methodology in combination
with the lacking survival benefit, no treatment recommendations can be made based on the
results of the TACTICS trial for intermediate-stage HCC.

Currently, there are a few phase 2/3 trials investigating the combination of TACE and
immunotherapeutic agents [91] (Table 2).

Table 2. Overview on ongoing or planned randomized clinical phase 2/3 trials currently investing
the combination of TACE and immunotherapeutic agents.

Trial Name Identifier Phase BCLC Stage Treatment Arms Primary Endpoint(s)

LEAP-012 NCT04246177 Phase 3 B

• Lenvatinib +
pembrolizumab +
TACE

• TACE alone

• PFS per RECIST1.1
• OS

EMERALD-1 NCT03778957 Phase 3 B

• Durvalumab + TACE
• Durvalumab +

bevacizumab + TACE
• TACE alone

• PFS per RECIST1.1

CheckMate 74W NCT04340193 Phase 3 B

• Nivolumab +
ipilimumab + TACE

• Nivolumab + TACE
• TACE alone

• Time to unTACEble
progression

• OS

TACE-3 NCT04268888 Phase 2/3 B
• Nivolumab +

TACE/TAE
• TACE/TAE alone

• Time to unTACEble
progression

• OS

TALENTACE N/A Phase 3 B
• Atezolizumab +

bevacizumab + TACE
• TACE alone

• TACE-PFS
• OS

Theoretically, locoregional treatment might be the perfect partner for immunotherapy.
Tumor necrosis induced through TACE might lead to a release of tumor-associated anti-
gens, which could activate the tumor microenvironment and stimulate the specific immune
response [11,92]. This could enhance the effect of immunotherapy agents programming
the immune system against cancer cells again [93]. Furthermore, TACE-induced hypoxia
increases the production of vascular endothelial growth factor (VEGF), which catalyzes
recurrent tumor growth due to an increase in re-vascularization [94–96]. VEGF inhibitors
could play a counterpart and inhibit the re-vascularization [93]. However, up to date,
optimal patient selection remains difficult as evidence for biomarkers in patients with HCC
and immunotherapy is low and has only been evaluated in small, retrospective studies.
Particularly evidence on biomarkers in combined locoregional treatment and immunother-
apy is scarce [97,98]. Besides the RCTs currently focusing on the combination of TACE and
immunotherapy, the ABC-HCC trial (NCT04803994) is comparing TACE versus AtezoBev
head-to-head and therefore investigating this promising combination which has become
standard of care for patients within the advanced stage after the positive IMBRAVE150
results [2,99]. The RENOTACE (NCT04777851) trial is a second RCT on immunotherapy
(regorafenib + nivolumab) versus TACE in the intermediate stage. However, this trial has
not started recruitment yet.

1.13. Current Recommendations

In summary, the recommendations for patients with intermediate-stage HCC rely
on two phase 3 RCTs [3,4]. Based on these results and those of several meta-analyses,
the current guidelines strongly recommend TACE in patients within the intermediate
stage [1]. Two RCTs and one meta-analysis compared cTACE and DEB-TACE but did not
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find significant outcome differences. Thus, there is strong evidence that neither technique
has to be favored [1]. All of the other recommendations in patients with HCC undergoing
TACE, particularly on possible prognostic factors, are mainly based on retrospective studies.

2. Transarterial Radioembolization (TARE)

2.1. Background

Transarterial radioembolization (TARE), also known as selective internal radiation
therapy (SIRT), is based on an application of radioactive particles directly into the liver artery.
The BCLC 2022 treatment scheme does not include TARE as standard-of-care for patients
within the intermediate or the advanced stage [2]. However, TARE has been specifically
named as a relevant alternative to tumor ablation and resection in patients with BCLC stage
0 and A (TARE could be considered in patients with single nodules <8 cm), based on the
recent results of the LEGACY study, which indicates a prolonged duration of response and a
clinically meaningful response rate for these patients [100]. The study included patients with
single nodules less than 8 cm, Child-Pugh A and ECOG-PS 0/1. It is important to emphasize
that the median tumor size of the patients included in that study was 2.6 cm (range 0.9–8.1).
The current EASL guideline as well as the updated ESMO guideline both entitle TARE as an
alternative treatment option in patients within early, intermediate and advanced stage [1,101].
However, no clear criteria for patient selection have been identified so far. Thus, the role of
TARE in the treatment of unresectable HCC remains unclear and is mainly part of individual
treatment concepts besides the standard recommendations.

2.2. Biological Rational for TARE

Similar to TACE, due to the higher proportion of arterial supply of the tumor tissue in
comparison to the surrounding liver parenchyma, a high local concentration in the tumor
tissue is intended. In comparison to TACE, however, the embolizing component is only
minimal and the main effect of TARE is based on the radiation effect [102]. This absence of
a vessel occlusion is of special importance in patients with portal venous occlusion. Under
these circumstances, TARE might spare the remaining liver function and lower the risk for
a post-procedural liver failure [1].

Prior to the actual TARE procedure, all patients have to undergo a pre-TARE angiog-
raphy with application of technetium 99-labeled (99Tc) macroaggregated human albumin
(MAA), which is followed by a SPECT/CT scan afterwards. This screening method is
used to identify the patients with a relevant pulmonary shunt fraction not feasible for
TARE. Furthermore, non-targeted vessels of the gastrointestinal tract can also be embolized
during angiography to prevent gastrointestinal radiation damage [103]. Apart from TARE
planning, the 9Tc-MAA-SPECT/CT yields important prognostic information for the post-
interventional outcome: A recent subsequent analysis of the patients included in the
SARAH trial showed a significant survival outcome benefit and a positive association with
disease control in patients who had higher dose levels in the 9Tc-MAA-SPECT/CT [104].
However, estimation of the actual dose delivered to the tumor tissue during the TARE
procedure remains difficult and is, in most cases, estimated using a combination of both, the
body surface area of the patient as well as the hepatic tumor burden [105]. These dose calcu-
lations rely on a uniform blood supply of the tumor. However, most HCC lesions have an
unequal, inhomogeneous tumor supply. Thus, a low dose could lead to undertreated tumor
areas, while a high dose could cause damage of the surrounding liver parenchyma [103].

2.3. Patient Selection: TARE in Intermediate Stage

For patients within the intermediate stage, no results of large-scale randomized trials
evaluating TACE vs. TARE are available [1]. Retrospective comparisons report less toxicity,
better local tumor control and a longer progression-free survival as well as a better quality
of life [106–108]. However, a survival benefit has not been observed so far, neither in retro-
spective comparisons nor in prospective pilot studies [109,110]. In comparison to TACE,
TARE has several significant drawbacks: TARE requires a preprocedural angiographic
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evaluation, is less cost-effective and has a high personnel expenditure [103]. Thus, TARE
has not become a standard procedure for patients within the intermediate stage. However,
specifically in patients with a large tumor, for whom TACE is not recommendable due to
a high risk of postembolization syndrome, TARE is a highly valuable treatment option.
Furthermore, as the procedure relies on a different biological effect, TARE is a treatment
option for patients with hepatic tumor progress after TACE. However, the role of TARE has
not been fully defined yet. Thus, TARE as an individual treatment procedure after TACE
failure requires an extensive interdisciplinary discussion.

2.4. Patient Selection: TARE in Advanced Stages

For patients within the advanced stage and particularly for patients with portal vein
infiltration but without distant metastases, TARE has been considered a potential treatment
option. Although benefits in quality of life and a better toxicity profile for TARE were
reported, no survival benefit was observed in two phase 3 trials comparing TARE and
sorafenib (SARAH trial and SIRveNIB trial) [111,112]. Up to date and similar to the
intermediate stage, TARE remains an individual treatment option requiring an intense
interdisciplinary evaluation. Furthermore, with immunotherapy as a novel treatment
option for patients within the advanced stage, the role of TARE requires a re-definition
supported by results of well-conducted RCTs.

2.5. Patient Selection: TARE for Bridging

For patients within the early stages, TARE is an option for bridging-to-transplant in
selected patients. Initial clinical results indicate a better local tumor control leading to a
higher transplantation rate in comparison to TACE [108]. However, the overall evidence is
low and RCTs comparing TARE, TACE and ablation head-to-head are missing.

Besides bridging-to-transplant, the potential of TARE for downsizing has been re-
ported in several studies. Downsizing through TARE in patients that initially did not
meet the Milan criteria may lead to a tumor shrinkage enabling liver transplantation [113].
Furthermore, selective radioembolization could also facilitate a subsequent liver resection
in patients with initially unresectable HCC as it causes hypertrophy of the future liver
remnant [113].

2.6. Patient Selection: Radiation Segmentectomy

Furthermore, TARE has the potential to function as a curative treatment when per-
formed in a specific manner: radiation segmentectomy, which is defined as highly selective
TARE in one or two liver segments with a very high radiation dose. Radiation segmen-
tectomy might serve as an additional treatment option in patients with a challenging
tumor location, who are not amenable to thermal ablation or curative resection [114–116].
Furthermore, patients with comorbidities and limited remaining liver function could also
benefit [116]. Initial clinical results in patients with a single HCC of 5 cm or smaller have
been promising with a reported median OS between 4.4 and 6.5 years [115–117].

In summary, the few available RCTs evaluating TARE in intermediate stage and
advanced stage did not find any survival benefit compared to standard treatment. Evidence
on prognostic factors is low as it is mostly based on results from retrospective reports and
meta-analyses as well as RCTs are missing. However, the current EASL guideline as
well as the updated ESMO guideline do both entitle TARE as an alternative treatment
option in patients within the early, intermediate and advanced stages. Thus, no clear
recommendations and only weak suggestions on criteria for selecting patients likely to
benefit from TARE can be made.

2.7. Combination of TARE with Other Locoregional Treatment Modalities

Evidence for the combination of TARE with TACE, SBRT and ablation is low. As
mentioned above, the combination of TARE and TACE is scarcely investigated. The
combination of TARE and SBRT in patients with portal vein infiltration seems to be safe
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and led to an improved prognosis [118,119]. However, these results are currently of
experimental character and have been reported only for a very limited number of patients.
Future validation is mandatory prior to clear recommendation.

2.8. Combination of TARE with Systemic Therapy and Future Directions

Due to its feasibility and beneficial toxicity profile in patients with high local tumor
burden, TARE is potentially a combination partner to systemic treatment options. However,
evidence for combined therapy is low. In the past, retrospective reports indicated a survival
benefit for patients with an advanced-stage HCC treated with a combination of sorafenib
and TARE in comparison to sorafenib alone [120]. However, the results of the phase 2
SORAMIC trial comparing sorafenib in combination with TARE versus sorafenib alone
did not yield a survival benefit for the cohort undergoing combination therapy [121].
Nevertheless, post hoc subgroup analysis yielded a survival benefit for specific subgroups
(patients without liver cirrhosis, nonalcoholic cirrhosis and patients younger than 65 years).
Although promising, those subgroups were too small; therefore, additional trials are needed
for clear recommendations [11]. Currently, the large phase 3 STOP-HCC trial with a similar
design and the same treatment arms is recruiting (NCT01556490) [122].

Furthermore, several phase I and II trials on the combination of various immunother-
apy agents and TARE are currently running [93]. Similar to other locoregional treatments,
the release of tumor-related antigens during treatment could lead to a stimulation of the
immune response [11]. This, again, could enhance the effect of immunotherapy agents
programming the immune system against cancer cells [93]. As mentioned above, the lo-
coregional treatment-induced hypoxia increases the production of vascular endothelial
growth factor (VEGF), which catalyzes recurrent tumor growth due to an increase in re-
vascularization [94–96]. Thus, VEGF inhibitors could antagonize this effect by impeding
tumor re-vascularization. Apart from that, VEGF protects endothelial cells from radiation
damage leading to a decrease in radio-sensitivity [93]. Thus, the blockade of VEGF poten-
tially improves the response to radiation [93,123]. Therefore, VEGF inhibitors as a third
component may further increase the duration of treatment response, ultimately leading to
a survival benefit [93]. Hence, results of the currently recruiting trials are urgently awaited.

3. Ablation

3.1. Background

Chemical ablation for HCC has been historically performed by ethanol; however,
this method has now been surpassed by energy-based ablation due to the significant
recurrence rate [124,125]. Ethanol ablation as a loco-regional treatment method for small
HCCs is nowadays replaced by thermal ablation. Ablation is an established treatment
for HCC and, as described in the recently published BCLC guidelines [2], is the indicated
treatment for the very early-stage lesions (BCLC 0: HCCs ≤ 2 cm, without vascular invasion
or extrahepatic spread in patients with preserved liver function and no cancer-related
symptoms). So, unless there is an option for liver transplantation, percutaneous ablation
should be considered as the first-line treatment for such patients [124–128]. Ablation
can also be proposed as a valid treatment option for BCLC A lesions, given the minimal
invasiveness and lower cost of the method in comparison to surgery unless the lesion is in
a non-accessible location [2].

One novelty of the new guidelines is the endorsement of treatment stage migration
that permits a more flexible approach according to local expertise. Therefore, the indication
for ablation might be expanded to all BCLC A cases, even for lesions larger than 3 cm [2].
For the same reason, even patients with up to three lesions that are smaller than 3 cm and
who have no transplant option, may undergo ablation in conjunction with TACE.

3.2. Rationale for Ablation and Modalities

Ablation offers local tumor destruction either due to chemical or due to energy deposi-
tion [126]. It is expected to induce necrosis of the lesion in the specific area where energy is
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applied and minimizing the damage to the surrounding parenchyma. A safety margin of at
least 0.5 cm around the treated lesion is required in order to prevent local recurrence [11].

Energy-based ablation includes radiofrequency ablation (RFA), microwave ablation
(MWA), cryoablation (CRA), high-intensity ultrasound ablation (HIFU), laser ablation
and irreversible electroporation (IRE). Most of the energy modalities have been used
extensively over the years. Among them, RFA has been the most used and studied, even
with a “no-touch technique” [127–129]. This technique consists of inserting more than
one RFA electrode into the periphery of the tumor and performing the ablation after
sequential activation of the electrodes. The number of electrodes depends on the size and
the geometry of the tumor but usually varies between 2 and 4 [129]. Energy is delivered
from the periphery to the center; therefore, the technique ensures that a safety margin is
present. However, RFA outcomes are subject to limitations that are mainly related to the
location and size of the lesion. Similar modalities such as MWA appear as a very attractive
alternative offering larger ablation zones in shorter ablation time and without any heat loss
due to surrounding structures.

Cryoablation, on the other hand, is extensively used in the treatment of other lesions
such as renal tumors, but has also been introduced in the treatment of HCC in the last few
years [130,131]. There are some limitations in the use of cryoablation in the liver. However,
this method is also gaining ground in clinical practice. It offers the advantage of concurrent
placement of multiple probes and precise intra-procedural monitoring of the created ice-
ball. Laser ablation, although rather effective, has not been that extensively used mainly
because of the multiple needles required and the relatively smaller ablation zones [132].
On that note, HIFU has also been mainly used empirically and as a bridging treatment
for transplant. Another modality that is becoming popular is IRE, a non-thermal energy
ablation method that induces cellular apoptosis, based on the irreversible electroporation
of cellular membranes. The main advantage of IRE is that it does not cause any damage to
the epithelial lining and can be therefore used in more challenging anatomical locations,
i.e., close to large vessels or to bile ducts or the gallbladder. However, the cost is still high,
general anesthesia and muscular relaxation are required and multiple needles in a precise
geometric conformation need to be placed [133].

Nevertheless, in the BCLC criteria, when the term “ablation” is mentioned, this is mainly
referring to RFA or MWA. Other ablation techniques like cryoablation and IRE have not been
incorporated yet in the published guidelines due to low evidence. Furthermore, in real-life
clinical practice, ablation, with or without combined TACE, might be used also for BCLC C
patients; however, this is also not included in the guidelines and can be recommended only
after multi-disciplinary discussion and if no other treatment option is available.

3.3. Outcomes—Complications

The outcomes that measure the performance of ablation are mainly local tumor control,
recurrence rate and overall survival. Recurrence rate is expected to be around 70–80% at
five years; however, this was shown to be conditioned by systemic treatment, both with
sorafenib and immunotherapy [134–136]. Potential complications include bleeding, tumor
seeding, adjacent organ accidental damage or thermal injury of biliary ducts [11].

3.4. RFA vs. MWA

Technically, MWA is expected to offer several advantages over RFA, including faster
heating over a larger volume and less susceptibility to heat sink and local perfusion [137].
However, clinical outcomes appear still to be very similar between the two modalities [138].
A comparison between the outcomes of the two percutaneous modalities was published
in a meta-analysis on 774 patients [139]. Surprisingly, while complete response rate was
marginally higher for MWA, the 3-year survival rate was slightly higher for RFA. MWA
obtained better results in terms of local recurrence rate for larger lesions but also led to
a higher rate of major complications. Overall, the authors concluded that the two percu-
taneous modalities offer similar efficiency. However, in the meta-analysis, randomized
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controlled trials and case-control studies were mixed, when they should have been inter-
preted separately. On this “eternal debate”, another meta-analysis, published in 2019 on a
more extensive population of 1816 patients that were analyzed in 4 randomized control
trials and 10 cohort studies, concluded that for the percutaneous treatment the two modal-
ities appear to offer similar therapeutic effect [138]. A third meta-analysis published in
2020 [140] offered the same conclusion for the 3-year follow-up. Perhaps the only paper fa-
voring MWA is that of Bouda et al. [141], where in relation to RFA, a lower local progression
rate was found (23% versus 36% for RFA).

3.5. Puncture Technique and Navigation Assistance

Ablation can be performed under US- or CT-guidance. Combination of both modalities
offer some advantages, as well. CT is not a real-time imaging modality; thus, puncturing a
relatively small HCC can be more challenging than with the use of US-guidance, where
precise lesion puncture can be made with the needle placed in the middle of the nodule.
This is the reason why Hermida et al. propose that US should be the first-line guidance
modality for 2–3 cm HCCs [142]. Therefore, the exact needle position can lead to lower
local recurrence rate, which is an interesting outcome factor. With US guidance the abla-
tive process can be better followed, while with CT the ablation result can be monitored
immediately after the procedure.

Novel navigation systems offer valuable assistance for placing one or more needles in
the correct position, especially if HCCs are in difficult positions, such as sub-diaphragmatic
locations in the liver dome [143].

3.6. Ablation vs. Surgery

The comparison between the two treatment approaches has been previously performed
given the very similar indications for the BCLC 0 and BCLC A cases. Indications in
everyday clinical practice would favor ablation in presence of portal hypertension with
a gradient higher than 10 mmHg or other comorbidities that would contribute towards a
more complex surgical approach [144]. However, in the absence of clinically significant
portal hypertension, resection should be considered as stated by the recent BCLC criteria [2].
Transplant should also be addressed if microvascular invasion and/or satellite nodules
are confirmed after resection [145,146]. Nevertheless, given that the survival rate for
lesions smaller than 3 cm appears to be similar if not better for ablation, with lower overall
cost and hospital stay, ablation is gaining more ground as first-line treatment for such
lesions [124,126–128]. For larger lesions, RFA has not performed very well; however, MWA
appears to offer better results and is the preferable option if the lesion reaches 4 cm [137].

The location of the lesion also plays a significant role in the clinical decision-making;
for intra-parenchymal tumors, ablation may be preferable, whereas if the lesion is close
to a thermo-sensitive structure, such as the gallbladder or bowel, then resection might be
considered [147]. However, it needs to be taken into account that, with hydro-dissection
and use of non-thermal ablation, these boundaries are now reduced. Moreover, in cases of
larger HCCs or in location next to major vascular or biliary structures, careful intraoperative
ablation is an alternative.

There have been a few randomized trials comparing RFA with resection showing mainly
more adverse effects from surgery and a higher recurrence rate from ablation [148,149]. How-
ever, this higher recurrence rate of ablation is not conditioning the overall survival [150–153].
In any case, the complication rate was lower after RFA than laparoscopic resection for small
single HCC nodules (5.1 vs. 10%) [152].

Cost-effectiveness is also another aspect where ablation prevails [126]. In essence,
ablation appears to be superior to surgical resection for HCC up to 3 cm in patients with
Child-Pugh class A or B cirrhosis.
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3.7. RFA vs. Cryoablation

Even though cryoablation is a very promising modality, no clear superiority is shown
in the treatment of HCC vs. the other thermal modalities [154]. It needs to be considered
that cryoablation is not offering the hemostatic option that both RFA and MWA offer when
the electrode is retracted; therefore, provision of the coaxial approach needs to be made, to
be in position to embolize the access tract with a hemostatic sponge. Cryoablation also is
expected to cause significantly less pain than both RFA and MWA and does not produce
the “oven effect,” where heat is trapped within the tumor, as seen in RFA [155].

A multicenter RCT compared the two modalities in 360 patients with Child-Pugh
class A or B and up to two lesions of ≥4 cm [156]. Local tumor progression was lower
for cryoablation at 3 years (7% vs. 11% for RFA); the deference was more pronounced for
lesions >3 cm (7.7% vs. 18.2%). However, 5-year overall survival, tumor free survival and
complication rates were similar between the two modalities. The evidence that cryoablation
could offer satisfactory outcomes for lesions larger than 3 cm triggered significant interest
on the modality and could potentially change the position of ablation at the BCLC Group
HCC management guidelines. However, given the small number of patients, statistical
power was subject to condition from the outcome of individual patients.

3.8. IRE

Irreversible electroporation offers the advantage of ablating lesions close to vital
structures [157]. In a recently published single-center study of patients that could not
be treated differently due to the anatomical location of the lesion, local recurrence-free
survival at 12 months was 83.6% for a median tumor size of 2 cm [158]. In a comparative
study of IRE [159] with RFA and MWA, in terms of complications no significant difference
was noticed among thermal and non-thermal modalities even though more needles are
required with IRE and no tract cauterization may be performed. Another interesting aspect
as suggested by few recent publications is that IRE could be more suitable for patients with
cirrhosis [160–163].

3.9. Ablation and Immunotherapy

Immunotherapy appears to be very promising in the treatment of HCC. Ablation is the
process of releasing tumor-associated antigens that enhance the immune response against
the tumor itself [164]. In a study of 32 patients that underwent treatment with tremeli-
mumab followed by ablation, intratumoral accumulation of CD8+ T cells was detected [165].
There are multiple open questions about the timing of ablation and immunotherapy, e.g., if
tumor ablation must be complete or partial and many more [165,166]. Therefore further
research is required. Clinical trials investigating the role of ablation on HCC and that are
currently recruiting are shown on Table 3.

3.10. Prediction Models and Artificial Intelligence

Attempts for predictive models after RFA have been developed in the effort to stan-
dardize the approach and improve outcomes. In a recently published study on 238 pa-
tients that underwent ablation for early-stage HCC, several factors, i.e., tumor size and
a-fetoprotein levels, were related to ablation outcomes [143]. Outcome-predictive models
with the use of artificial intelligence have also been developed. In a study of 83 HCC
patients, who received ablation as first treatment, features that would predict the outcome
were analyzed via five different feature-selection methods [167]. In another study of 252 pa-
tients who received RFA, artificial neural network models among 15 clinical variables were
created to predict 1- and 2-year disease-free survival, achieving an acceptable prediction
performance [168].
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Table 3. Overview on currently recruiting clinical trials investing the use of ablation for the treatment
of HCC.

Trial Name Identifier Phase BCLC Stage Treatment Arms Primary Endpoint(s)

IMMULAB NCT03753659 Phase 2 A
• Pembrolizumab +

RFA/MWA/brachytherapy
or TACE

• ORR per RECIST1.1

NCT04663035 Phase 2 A • Ablation + Tislelizumab vs.
• Ablation Alone

• RFS

AB-LATE02 NCT04727307 Phase 2 A
• RFA + Atezolizumab +

Bevacizumab vs.
• RFA Alone

• RFS

NCT04652440 Phase 2 A/B • RFA + Tislelizumab
• TRAEs
• SAEs
• Tolerability

NCT02964260 Phase 2 B

• TAE + Ablation
(simultaneously)

• TACE + Ablation (1 month
interval)

• OS

NCT04365751 N/A B • MWA vs.
• Laparoscopic hepatectomy

• OS

NCT03898921 3 A/B • SBRT vs.
• RFA

• OS

NCT04220944 1 B/C • MWA + TACE + Sintilimab • PFS
ORR—objective response rate; TTR—time to recurrence; RFS—recurrence-free survival; TRAEs—treatment-related
adverse events; SAEs—serious adverse events; OS—overall survival; SBRT—Stereotactic Body Radiotherapy.

4. Stereotactic Body Radiation Therapy (SBRT)

4.1. Background and Biological Rationale

Through technical advances in the field of radiation therapy, SBRT has become an
alternative regional treatment modality for patients with HCC in various stages. The
rationale behind SBRT is that it induces DNA damage leading to an inhibition of the cancer
cell replication [169]. However, radiation therapy in the treatment of liver cancer was
limited only to patients with a very high tumor burden and individualized treatment
concepts as the radiation led to great damage in the tumor-surrounding liver parenchyma.
With improvements in image guidance and conformal radiation techniques, nowadays,
radiation can be applied more precisely to the tumor tissue in high doses, while sparing
the surrounding liver tissue [170]. Compared to other local and regional treatment options,
SBRT could be beneficial in complex anatomical situations and a high local tumor burden.

A rare complication of SBRT is the radiation-induced liver disease (RILD). RILD
is associated with cholestasis, hepatomegaly, increase liver enzymes, impairment of the
remaining liver function and development of ascites [171,172]. RILD typically appears in
the first 2 months after radiation therapy, but reports vary between 2 weeks and 7 months
for the appearance of typical symptoms [173]. To lower the risk for a post-interventional
RILD, liver function has to be evaluated carefully prior to SBRT.

4.2. Patient Selection: SBRT in Early Stages

In this stage, SBRT is a potential treatment option for patients not suitable for liver
resection or transplantation due comorbidities and not suitable for ablation due to lesions
near to liver vessels, biliary structures and adjacent organs [174]. Several phase I and II
trials have shown promising results for patients with few HCC lesions not suitable for
ablation [174]. In these studies, SBRT led to high local tumor control rates. Additionally,
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larger phase I and II trials showed that SBRT could be applied for bridging to transplant [168].
However, the number of available results from phase III RCTs in patients with early-stage
HCC is scarce. In one available non-inferiority study, Kim et al. observed no differences in
the local PFS for patients with recurrent HCC compared to RFA [175]. In a second available
phase III study, patients with HCC and PVTT undergoing surgery, who had neoadjuvant
radiation therapy, had a significantly better postoperative overall survival than patients that
did not underwent adjuvant therapy [176]. Although these results for selected patients were
promising, more evidence is needed prior clear treatment recommendations can be made.

4.3. Patient Selection: SBRT in Intermediate Stage

As the intermediate stage is defined as a group of patients with a high local tumor
burden, SBRT has a large potential for improving local tumor control rates compared to
other treatment modalities. Several retrospective studies as well as a few phase I and II
trials demonstrated high local tumor control rates [174]. Up to date, however, no phase III
trial results comparing SBRT to TACE are available. A recent meta-analysis consisting of
ten retrospective studies showed a higher complete response rate as well as longer overall
survival for patients receiving combined TACE and SBRT compared to patients receiving
only SBRT [177].

4.4. Patient Selection: SBRT in Advanced Stages

Several retrospective studies and a few phase I and II trials have shown promising
results for SBRT in patients with advanced HCC and macroscopic vascular invasion or
impaired liver function [174]. However, phase III trials comparing SBRT with standard sys-
temic treatment are currently not available. Only for the combined treatment of TACE and
radiation therapy, a recent RCT reported superior outcome results including a significantly
prolonged overall survival for patients with HCC and macrovascular invasion compared
to a treatment with sorafenib [82]. Nevertheless, the role of SBRT compared to systemic
treatment and particularly to the novel standard treatment combining atezolizumab and
bevacizumab remains unclear.

4.5. SBRT Combined with Other Treatment Modalities

As mentioned above, the combination of TACE and SBRT has a high potential for
patients with unresectable HCC, despite the fact that evidence for the combination of SBRT
and TARE is low. Several retrospective analyses and phase I trials have yielded promising
results for the combined use of sorafenib and SBRT [81], while a phase III trial of the
Radiation Therapy Oncology Group is currently recruiting (NCT01730937). In this context,
preclinical investigations have demonstrated the potential of sorafenib to function as a
radiosensitizer [81]. The same seems to be apparent for immunotherapeutic agents. Vice
versa, local radiotherapy might interfere with the immune reaction of the tumor microen-
vironment leading to immunogenic cell death [81]. Thus, radiation and immunotherapy
could function as a strong synergistic treatment. However, up to date evidence is low
and only a few small retrospective studies have been published so far [178]. Several
prospective phase I and II studies investigating the combination of SBRT and various
immunotherapeutic agents in various patient subgroups are currently recruiting [81].

4.6. Current Recommendations

Current guidelines show a significant disparity in terms of their recommendations for
SBRT. While the current EASL guideline does not recommend SBRT for patients with HCC
due to the low amount of evidence, the currently updated BCLC classification does not even
mention SBRT as treatment option. Contrary, the European Society for Medical Oncology
(ESMO) as well as the American Association for the Study of Liver Diseases (AASLD)
guidelines do recommend radiation therapy as a treatment option for selected patients with
HCC [1,2,101,179]. However, these guidelines also argue for a need of more evidence before
stronger recommendations can be made. In contrast to these rather soft recommendations,

145



Cancers 2022, 14, 2469

the American Society for Radiation Oncology (ASTRO) has recommended the use of SBRT
strongly for patients within the early stages for whom surgery and ablation is no treatment
option [180]. Furthermore, the ASTRO guideline recommends a sequenced use of SBRT for
patients with multifocal, unresectable HCC, in patients with macrovascular tumor invasion
and for relief of symptoms in the palliative setting of best supportive care. Thus, the range
of recommendations is significantly different between the various guidelines. It remains to
be seen how the recommendations of the different societies will adapt to the results of the
increasingly available RCTs results with the upcoming updates of the guidelines.

5. The Potential of Combined Treatment—Current State and Future Directions

In this article, we aimed to summarize the current state of locoregional HCC treatment
with a special focus on combined treatment options. From our point of view, an important
aspect for the future of HCC treatment is a better understanding of how we can combine
locoregional and systemic treatment. While expert knowledge and techniques for local and
regional treatment options have continuously increased over the last decade, immunotherapy
has had a rapid rise in the recent years and opened new doors for treatment of more
advanced stages. In the context of combined treatment, immunotherapy has the potential
to compensate various drawbacks of local and regional treatment modalities, which have
been mentioned above. Furthermore, compared to previous studies combining locoregional
treatment with tyrosine kinase inhibitors, the combination with immunotherapeutic agents
offers a significantly improved side-effect profile. Thus, these novel options have the potential
to facilitate HCC treatment towards highly individualized treatment approaches in the
context of personalized medicine. To enable individualized treatment approaches, the
identification of patients likely to benefit from such combined approaches remains of the
utmost important. Although the knowledge on predictive biomarkers in patients with HCC
and immunotherapy is continuously investigated, the current knowledge is still limited
and, for combined locoregional and immunotherapeutic treatment, evidence on predictive
biomarkers is missing completely. One fact attributing to the lack of biomarkers is the limited
number of patients currently treated with combined locoregional and immunotherapeutic
treatment. However, with the ongoing of the above-mentioned trials investigating various
combinations, potential collectives for biomarker evaluation will be available.

6. Limitations

With this review, we aimed to give the reader a comprehensive overview on the aspects
of utmost importance when evaluating local and regional treatment options in patients
with HCC undergoing TACE. This review article particularly focused on the potential
of combined treatment options. Of course, our review has the typical drawbacks of an
expert review that need to be addressed. First, the structure of the article as well as the
recommendations and literature selection were biased by the subjective estimations of the
authors. Secondly, this review is not a systematic review. Thus, some relevant articles
could have been missed. Thirdly, expert reviews always have a potential bias of authors
interpreting the original data leading to different conclusions and recommendations. One
important aspect that has to be mentioned is that patient selection in the cited retrospective
or single-arm studies were based on very heterogeneous inclusion criteria, and the patient
cohort varied strongly. Thus, a strong influence of the inclusion bias has to be estimated
and, particularly, reported survival results should not be generalized.

7. Conclusions

In summary, local and regional therapies remain a mainstay of curative and palliative
treatment of patients with HCC. Currently, evidence on potential combination of the local
and regional treatment options with each other as well as with other treatment modalities
is growing and has the potential to further individualize HCC therapy. To identify the most
suitable treatment out of these new various options, a repeated interdisciplinary discussion
of each case by the tumor board is of the utmost importance.
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Simple Summary: Hepatocellular carcinoma (HCC) is a highly aggressive and lethal form of liver
cancer, and most patients with HCC die due to HCC-related causes. Although most patients die
of HCC-related causes, non–HCC-related death represents a competing event among patients who
engage in alcohol use and receive curative treatment and among patients 75 years and older in the
hepatitis B virus and all-negative groups who receive curative treatments. All negative was defined as
negative for hepatitis C virus, hepatitis B virus, and alcohol-related causes. The results of the current
study underscore the importance of assessing and managing underlying comorbidities, especially
among certain subgroups of patients with HCC.

Abstract: This study was conducted to determine whether the causes of death among patients with
hepatocellular carcinoma (HCC) differ according to chronic liver disease (CLD) etiology. Between
2011 and 2020, 3977 patients who were newly diagnosed with HCC at our institution were enrolled
in this study. We determined whether the cause of death was HCC-related and non-HCC-related. For
patients with multiple CLD etiologies, etiology was classified using the following hierarchy: hepatitis
C virus (HCV) > hepatitis B virus (HBV) > alcohol-related causes > all negative. All negative was
defined as negative for HCV, HBV, and alcohol-related causes. Among 3977 patients, 1415 patients
were classified as HCV-related, 1691 patients were HBV-related, 145 patients were alcohol-related,
and 725 patients were all negative. HCC-related mortality was the leading cause of death, irrespective
of etiology. Among patients who underwent curative treatment, HCC-related mortality was the
leading cause of death for patients in the HCV, HBV, and all-negative groups, but not for patients in
the alcohol-related group. Among patients 75 years and older who underwent curative treatment,
HCC-related mortality was the leading cause of death in the HCV but not HBV or all-negative groups.
In conclusion, although most patients with HCC die due to HCC-related causes, non-HCC-related
mortality represents a competing event in certain patient subgroups. The current study results
underscore the importance of assessing and managing underlying comorbidities, particularly among
patients with HCC at risk of non-HCC-related mortality.

Keywords: liver cancer; cause-specific mortality; chronic liver disease (CLD)

1. Introduction

Hepatocellular carcinoma (HCC) is a common cause of cancer-related death
worldwide [1]. Non-alcoholic fatty liver disease (NAFLD) is the fastest growing HCC
etiology globally due to the obesity epidemic [2,3]. Although cardiovascular disease is the
leading cause of death among patients with NAFLD without HCC [4], whether this remains
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true among patients with NAFLD-related HCC remains unclear. A retrospective study
including a cohort of patients with NAFLD-related HCC who were diagnosed at Veterans
Administration (VA) facilities found that 40% of all deaths occurring 3–5 years after treat-
ment were due to non-HCC-related causes among patients with NAFLD-related HCC who
received curative treatment. All-cause mortality was driven by non-HCC-related mortality
in patients 75 years and older who underwent curative treatments, as the cumulative num-
ber of non-HCC-related deaths was higher than HCC-related deaths during the treatment
follow-up period. This study enrolled patients treated by the VA, who were mostly men,
limiting the generalizability of study findings to women with NAFLD-related HCC [5].
Furthermore, the proportion of non-HCC-related deaths that occur among patients with
NAFLD-related HCC compared with other chronic liver disease (CLD) etiologies remains
unclear. We aim to clarify this issue.

2. Materials and Methods

The Institutional Review Board of Kaohsiung Chang Gung Memorial Hospital, Taiwan,
approved this study (reference number: 202201189B0) and waived the need for informed
consent due to the retrospective and observational nature of the study design. Data were
extracted from Kaohsiung Chang Gung Memorial Hospital’s HCC registry database of
prospectively collected and annually updated data.

From 2011 to 2020, 3977 patients who were newly diagnosed with HCC at the institu-
tion were enrolled in this study.

2.1. Variables of Interest

Patient clinical data, including tumor number and size, imaging-diagnosed tumor–
node–metastasis (TNM) stage (based on the 7th edition of the American Joint Committee on
Cancer [AJCC]) [6], Barcelona Clinic Liver Cancer (BCLC) stage [7], serum alpha-fetoprotein
(AFP) level, presence of liver cirrhosis, Child–Pugh class [8], international normalized ratio
(INR), creatinine level, bilirubin level, presence of hepatitis B surface antigen (HBsAg),
presence of anti-HCV antibody, alcohol intake (assessed by asking patients how often they
have a drink containing alcohol), and HCC diagnostic method (i.e., clinical vs. pathological
diagnosis), were prospectively collected from the HCC registry data. Patients with HCV
infection were defined based on anti-HCV antibody positivity. Patients with HBV infection
were defined based on HBsAg positivity. Patients were defined as consuming alcohol if
they reported regularly partaking in alcoholic beverages. Patients were classified as all
negative if they were negative for HCV, HBV, and alcohol intake. For patients with multiple
etiologies, classification was performed using the following hierarchy: HCV > HBV >
alcohol-related causes > all negative [9]. Demographic information included height, weight,
age, and sex. Tumor number (solitary vs. multiple) was determined based on imaging
results. Tumor size was determined according to pathological examinations in patients who
underwent surgery or imaging findings in patients who underwent non-surgical treatments.
The presence of cirrhosis was indicated by an Ishak score [10] of 5 or 6 in patients who
underwent surgery or imaging results in patients who underwent non-surgical treatments.
Cirrhosis was indicated if imaging results showed small liver size, nodular liver surface,
and the presence of regeneration nodules [11]. BCLC stages were defined according to
the original definitions, and BCLC stage A was defined using the Milan criteria [12].
The cause of death was derived from death certificates. Curative treatment was defined
as liver transplantation, liver resection, or ablation. Non-curative treatments included
transcatheter arterial embolization (TAE)/transcatheter arterial chemoembolization (TACE),
target therapy (i.e., sorafenib or lenvatinib), systemic chemotherapy, radiation therapy, and
best supportive care.

Raw data for the cohort involved in this study is available via the following digital
object identifier: https://www.dropbox.com/scl/fi/9y5d6re7n4cjt6viqakx4/raw-data-for-
submission-n-3977.xlsx?dl=0&rlkey=szktna5d1pmnho47afrfrmoti (accessed on 6 March 2023).
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2.2. Statistical Analysis

Variables are presented as the number and percentage or the median and interquartile
range. The Chi-square test was used to compare categorical variables. The Kruskal–
Wallis test was used to compare continuous variables. We calculated cumulative and
cause-specific mortality within 5 years after HCC diagnosis. The cumulative HCC-related
mortality analysis considered non-HCC-related and unknown causes of death as competing
risks. All statistical analyses were performed using SPSS version 25.0 and SigmaPlot 14.0.
Two-tailed significance values were applied, with significance defined as p < 0.05.

3. Results

3.1. Characteristics of Patients According to CLD Etiology

The all-negative group was older (p < 0.001) than the other groups. The proportion of
men was smaller in the HCV group (p < 0.001) than in the other groups. The proportion of
HCC diagnosed pathologically was smaller in the alcohol-related group (p < 0.001) than in
the other groups. The tumor size was larger in the all-negative group (p < 0.001) than in
the other groups. The proportions of TNM stages I and II were larger in the HCV group
(p < 0.001) than in the other groups. The proportions of BCLC stages 0 and A were larger
in the HCV group (p < 0.001) than in the other groups. The body mass index (BMI) was
higher in the all-negative group (p = 0.048) than in the other groups. The proportion of
AFP ≥20 ng/dl was larger in the HBV group (p = 0.001) than in the other groups. The
proportion without cirrhosis was larger in the all-negative group (p < 0.001) than in the
other groups. The creatinine level was higher in the all-negative group (p < 0.001) than in
the other groups. The bilirubin level was higher in the alcohol-related group (p < 0.001) than
in the other groups. The INR level was higher in the alcohol-related group (p < 0.001) than in
the other groups. The proportion of Child–Pugh class A was smaller in the alcohol-related
group (p < 0.001) than in the other groups. The proportion of patients who underwent
resection was larger in the HBV group than in the other groups. The proportion of patients
who underwent ablation was larger in the HCV group than in the other groups. The
proportion of patients who underwent TAE/TACE was larger in the alcohol-related group
than in the other groups (p < 0.001). However, no significant difference in tumor number
was observed between the groups (Table 1).

3.2. Cause-Specific Mortality According to CLD Etiology

Figure 1 shows the cumulative mortality risk according to CLD etiology for all patients.
HCC-related mortality was the leading cause of death among all patients, irrespective of
CLD etiology (Figure 1A–D). The proportion of HCC-related death was largest among
patients with HBV-related HCC and smallest among patients in the alcohol-related and
all-negative groups. Among patients with HBV-related HCC, HCC contributed to 73.5%
(424 of 577) of all deaths within 3 years. Approximately 12.5% of deaths within 3 years
were attributed to non-HCC-related causes, and 14.0% were attributed to unknown causes.
We found similar mortality outcomes among patients with HBV-related HCC at 1, 3, and
5 years. In the all-negative group, HCC contributed to 62.2% (186 of 299) of deaths within
3 years, non-HCC-related mortality contributed to approximately 25.8% of deaths within
3 years, and 12.0% was attributed to unknown causes. We found similar mortality outcomes
among all-negative patients at 1, 3, and 5 years (Table 2).

3.3. Cause-Specific Mortality among Patients Who Received Curative Treatments According to
CLD Etiology

Figure 2 shows the cumulative mortality risk according to CLD etiology among
patients who underwent curative treatments. HCC-related mortality was the leading
cause of death in the HCV (Figure 2A), HBV (Figure 2B), and all negative (Figure 2D)
groups. However, the cumulative non-HCC-related mortality rate was higher than the
HCC-related mortality rate for deaths that occurred within 5 years of treatment in the
alcohol-related group (Figure 2C). The non-HCC-related mortality rates were higher than
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the HCC-related mortality rates at 1, 3, and 5 years in the alcohol-related group. By
contrast, in the remaining three groups, the HCC-related mortality rates were higher than
the non-HCC-related mortality rates at 1, 3, and 5 years (Table 3).

Table 1. Characteristics of patients according to etiologies of chronic liver disease.

HCV, n = 1415 HBV, n = 1691 Alcohol, n = 145 All Negative, n = 725 p

Age (years) 66 (60–73) 60 (52–67) 59 (51.5–65) 68 (60–76) <0.001
Male 833 (58.9%) 1394 (82.4%) 141 (97.2%) 503 (69.4%) <0.001

Method of HCC diagnosis <0.001
Clinical 559 (39.5%) 631 (37.3%) 68 (46.9%) 231 (31.9%)

Pathological 856 (60.5%) 1061 (62.7%) 77 (53.1%) 494 (68.1%)
Tumor size (mm) 30 (21–50) 35 (23–75) 32 (21.5–82.5) 48 (28–95) <0.001

7th edition AJCC stage <0.001
1 742 (52.4%) 826 (48.8%) 60 (41.4%) 328 (45.2%)
2 317 (22.4%) 283 (16.7%) 39 (26.9%) 115 (15.9%)
3 250 (17.7%) 391 (23.1%) 26 (17.9%) 183 (25.2%)
4 89 (6.3%) 164 (9.7%) 17 (11.7%) 81 (11.2%)

Unknown 17 (1.2%) 28 (1.7%) 3 (2.1%) 18 (2.5%)
Tumor number by imaging

studies 0.436

Single 870 (61.5%) 1032 (61.0%) 79 (54.5%) 443 (61.1%)
Multiple 545 (38.5%) 660 (39.0%) 66 (45.5%) 282 (38.9%)

BCLC stage <0.001
0 214 (15.1%) 220 (13.0%) 18 (12.4%) 47 (6.5%)
A 581 (41.1%) 592 (35.0%) 45 (31.0%) 205 (28.3%)
B 240 (17.0%) 344 (20.3%) 34 (23.4%) 190 (26.2%)
C 283 (20.0%) 421 (24.9) 36 (24.8) 215 (29.7%)
D 69 (4.9%) 82 (4.8%) 9 (6.2%) 45 (6.2%)

Unknown 28 (2.0%) 33 (2.0%) 3 (2.1%) 23 (3.2%)
BMI (kg/m2) 24.5 (22.3–27.3) 24.5 (22.1–27.3) 24.8 (22.0–27.4) 25.0 (22.6–28.0) 0.048

AFP 0.001
≥20 ng/ml 741 (52.4%) 902 (53.3%) 64 (44.1%) 329 (45.4%)
<20 ng/ml 674 (47.6%) 790 (46.7%) 81 (55.9%) 396 (54.6%)
Cirrhosis <0.001

Yes 1062 (75.3%) 1157 (68.4%) 100 (69.4%) 444 (61.8%)
No 348 (24.7%) 534 (31.6%) 44 (30.6%) 275 (38.2%)

Unknown
Creatinine (mg/dL) 1.0 (0.8–1.3) 1.0 (0.8–1.2) 1.1 (0.9–1.4) 1.1 (0.8–1.5) <0.001

Total bilirubin (mg/dL) 1.1 (0.8–1.6) 1.0 (0.8–1.6) 1.3 (0.8–2.3) 1.0 (0.7–1.5) <0.001
INR 1.0 (1.0–1.1) 1.0 (1.0–1.1) 1.0 (1.1–1.2) 1.0 (1.0–1.1) <0.001

Child Pugh class <0.001
A 1125 (79.5%) 1398 (82.6%) 100 (69.0%) 591 (81.5%)
B 229 (16.2%) 212 (12.5%) 39 (26.9%) 100 (13.8%)
C 38 (2.7%) 62 (3.7%) 6 (4.1%) 15 (2.1%)

Unknown 23 (1.6%) 20 (1.2%) 0 19 (2.6%)
Treatment <0.001
Transplant 54 (3.8%) 58 (3.4%) 5 (3.4%) 16 (2.2%)
Resection 398 (28.1%) 640 (37.8%) 38 (26.2%) 243 (33.5%)
Ablation 414 (29.3%) 316 (18.7%) 33 (22.8%) 133 (18.3%)

Best supportive care 73 (5.2%) 87 (5.1%) 12 (8.3%) 43 (5.9%)
Chemotherapy 10 (0.7%) 35 (2.1%) 2 (1.4%) 14 (1.9%)

TAE/TACE 328 (23.2%) 318 (18.8%) 39 (26.9%) 168 (23.2%)
Target therapy 95 (6.7%) 186 (11.0%) 11 (7.6%) 77 (10.6%)

Radiation therapy 43 (3.0%) 52 (3.1%) 5 (3.4%) 31 (4.3%)

AFP, alpha-fetoprotein; BMI, body mass index; HCV, hepatitis C virus; HBV, hepatitis B virus; INR, international
normalized ratio; AJCC, American Joint Committee on Cancer; BCLC, Barcelona clinic liver cancer; TACE,
Transcatheter Arterial Chemoembolization; TAE, Transcatheter Arterial embolization.
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Table 2. Cause-specific mortality among all patients.

Group Cause of Mortality 1-Year 3-Year 5-Year

Total, N = 3976 Any cause 883 (22.2) 1426 (35.9) 1593 (40.1)
HCC-related 639 (72.4) 987 (69.2) 1098 (68.9)

Non-HCC-related 158 (17.9) 283 (19.8) 339 (21.3)
Unknown 86 (9.7) 156 (10.9) 156 (9.8)

HCV, n = 1415 Any cause 269 (19.0) 493 (34.8) 561 (39.6)
HCC-related 189 (70.3) 339 (68.8) 385 (68.6)

Non-HCC-related 62 (23.0) 118 (23.9) 140 (25.0)
Unknown 18 (6.7) 36 (7.3) 36 (6.4)

HBV, n = 1691 Any cause 384 (22.7) 577 (34.1) 644 (38.1)
HCC-related 295 (76.8) 424 (73.5) 472 (73.3)

Non-HCC-related 42 (10.9) 72 (12.5) 91 (14.1)
Unknown 47 (12.2) 81 (14.0) 81 (12.6)

Alcohol, n = 145 Any cause 34 (23.4) 57 (39.3) 66 (45.5)
HCC-related 23 (67.6) 38 (66.7) 41 (62.1)

Non-HCC-related 10 (29.4) 16 (28.1) 22 (33.3)
Unknown 1 (2.9) 3 (5.3) 3 (4.5)

All negative, n = 725 Any cause 196 (27.0) 299 (41.2) 322 (44.4)
HCC-related 132 (67.3) 186 (62.2) 200 (62.1)

Non-HCC-related 44 (22.4) 77 (25.8) 86 (26.7)
Unknown 20 (10.2) 36 (12.0) 36 (11.2)

HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HBV, hepatitis B virus.

Table 3. Cause-specific mortality among patients who underwent curative treatment.

Group Cause of Mortality 1-Year 3-Year 5-Year

Total, N = 2347 Any cause 154 (6.6) 402 (17.1) 496 (21.1)
HCC-related 88 (57.1) 242 (60.2) 302 (60.9)

Non-HCC-related 51 (33.1) 122 (30.3) 156 (31.5)
Unknown 15 (9.7) 38 (9.5) 38 (7.7)

HCV, n = 866 Any cause 58 (6.7) 164 (18.9) 202 (23.3)
HCC-related 34 (58.6) 101 (61.6) 126 (62.4)

Non-HCC-related 20 (34.5) 50 (30.5) 63 (31.2)
Unknown 4 (6.9) 13 (7.9) 13 (6.4)

HBV, n = 1013 Any cause 61 (6.0) 144 (14.2) 184 (18.2)
HCC-related 39 (63.9) 94 (65.3) 122 (66.3)

Non-HCC-related 15 (24.6) 35 (24.3) 47 (25.5)
Unknown 7 (11.5) 15 (10.4) 15 (8.2)

Alcohol, n = 76 Any cause 5 (6.6) 14 (18.4) 19 (25.0)
HCC-related 0 (0.0) 6 (42.9) 7 (36.8)

Non-HCC-related 4 (80.0) 7 (50.0) 11 (57.9)
Unknown 1 (20.0) 1 (7.1) 1 (5.3)

All negative, n = 392 Any cause 30 (7.7) 80 (20.4) 91 (23.2)
HCC-related 15 (50.0) 41 (51.3) 47 (51.6)

Non-HCC-related 12 (40.0) 30 (37.5) 35 (38.5)
Unknown 3 (10.0) 9 (11.3) 9 (9.9)

HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HBV, hepatitis B virus.

3.4. Cause-Specific Mortality in Patients Who Received Curative Treatments According to CLD
Etiology and Stratified by Age

Figure 3 shows the cumulative mortality risk according to CLD etiology in patients
younger than 75 years who underwent curative treatments. HCC-related mortality was
the leading cause of death for HCV (Figure 3A), HBV (Figure 3B), and all-negative groups
(Figure 3D). By contrast, HCC-related mortality and non-HCC-related mortality were
similar in the alcohol-related group (Figure 3C).

Figure 4 shows the cumulative mortality risk according to CLD etiology in patients
75 years and older who underwent curative treatments. HCC-related mortality was the
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leading cause of death for the HCV group (Figure 4A). However, HCC-related mortality
and non-HCC-related mortality rates were similar in the HBV (Figure 4B) and all-negative
groups (Figure 4C). Only three patients were included in the alcohol-related group, pre-
venting the analysis of this group.

 
(A) 

(B) 

Figure 1. Cont.
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(C) 

(D) 

Figure 1. Cumulative mortality risk for hepatocellular carcinoma according to chronic liver disease
etiology: (A) hepatitis C virus; (B) hepatitis B virus; (C) alcohol use; and (D) all negative (defined as
no evidence of virus infection or alcohol use).
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(A) 

 
(B) 

(C) 

Figure 2. Cont.
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(D) 

Figure 2. Cumulative mortality risk for hepatocellular carcinoma among patients who received
curative treatments according to chronic liver disease etiology: (A) hepatitis C virus; (B) hepatitis B
virus; (C) alcohol use; and (D) all negative (defined as no evidence of virus infection or alcohol use).

 
(A) 

(B) 

Figure 3. Cont.
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(C) 

(D) 

Figure 3. Cumulative mortality risk for hepatocellular carcinoma among patients younger than
75 years who received curative treatments according to chronic liver disease etiology: (A) hepatitis
C virus; (B) hepatitis B virus; (C) alcohol use; and (D) all negative (defined as no evidence of virus
infection or alcohol use).

3.5. Cause-Specific Mortality in Patients Who Received Non-Curative Treatments According to
CLD Etiology

HCC-related mortality was the leading cause of death among patients who underwent
non-curative treatments, irrespective of CLD etiology (Figure 5A–D).
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(A) 

 
(B) 

(C) 

Figure 4. Cumulative mortality risk for hepatocellular carcinoma among patients 75 years and older
who received curative treatments according to chronic liver disease etiology: (A) hepatitis C virus;
(B) hepatitis B virus; and (C) all negative (defined as no evidence of virus infection or alcohol use).
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(A) 

 
(B) 

(C) 

Figure 5. Cont.
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(D) 

Figure 5. Cumulative mortality risk for hepatocellular carcinoma among patients who received
non-curative treatments according to chronic liver disease etiology: (A) hepatitis C virus; (B) hepatitis
B virus; (C) alcohol use; and (D) all negative (defined as no evidence of virus infection or alcohol use).

4. Discussion

In the current study, we found that although most patients with HCC die due to
HCC-related causes, non-HCC-related mortality represents a competing event for certain
subgroups of patients with HCC, including patients who partake in regular alcohol use
who receive curative treatment and HBV and all-negative patients 75 years and older who
receive curative treatment.

Tumor stage, the Eastern Cooperative Oncology Group performance status, treatment
strategy, and liver disease severity are associated with mortality in patients with HCC
according to the BCLC guidelines [7]. A recent study enrolled 10,826 patients with HCC
from the Surveillance, Epidemiology, and End Results-Medicare database and found that
the receipt of curative treatment was the strongest predictor of survival beyond 5 years
among HCC patients [13]. In the current study, we analyzed the cause of death in patients
stratified according to the receipt of curative treatment. As expected, HCC-related mortality
was the leading cause of death for all patients and in patients who received non-curative
treatments, irrespective of CLD etiology. However, among patients who received curative
treatments, HCC-related mortality was the leading cause of death in the HCV, HBV, and
all-negative groups but not in the alcohol-related group. Alcohol use impacts the outcomes
of several diseases and injuries. The largest numbers of deaths attributable to heavy alcohol
intake are associated with cardiovascular disease, followed by injuries, cirrhosis, and
cancer [14]; the higher risks of these etiologies among alcohol users may explain the higher
rate of non-HCC-related mortality observed for patients in the alcohol-related group who
underwent curative treatment.

Aging is a prognostic factor for poor outcomes in most chronic diseases, including
HCC [15]. The association between aging and poor prognosis in HCC patients could
be due to older patients having higher risks of severe comorbidities. The World Health
Organization has stated that people 65 years old and older can be defined as elderly
in developed countries (https://www.who.int/healthinfo/survey/ageingdefnolder/en,
accessed on 6 March 2023). Moreover, the definitions of “elderly” are changing, especially
as life expectancies in many developed countries, including Taiwan, now exceed 80 years.
Most people in their 60s and early 70s remain active, whereas people usually become frail
after passing 75 years of age [16].

In this study, we defined elderly patients as those 75 years or older. Older patients
are associated with higher risks of severe comorbidities, which could explain the similar
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rates of HCC-related and non-HCC-related death among patients 75 years and older who
underwent curative treatments in the all-negative and HBV groups. However, the leading
cause of death in the HCV group remained HCC. The proportion of cirrhotic patients was
larger in the HCV group than in the other groups, and the risk of recurrent HCC has been
associated with cirrhosis, suggesting that the risk of recurrent HCC may also be higher in
the HCV group than in the other groups, as cirrhosis is a well-known risk factor for HCC
recurrence after curative treatment [17].

The results of the current study underscore the importance of assessing and managing
underlying comorbidities in patients with HCC, especially among patients who engage in
alcohol use who receive curative treatments and all-negative and HBV-positive patients
75 years and older who receive curative treatments.

Compared to groups with other CLD etiologies, the all-negative group was the oldest
and presented with the largest tumor size, the smallest proportion of early-stage HCC
(i.e., BCLC stages 0 and A), the highest creatinine level, the highest BMI, and the largest
proportion of non-cirrhotic livers, which is consistent with the characteristics of NAFLD-
related HCC [9,18,19]. Patients with NAFLD-related HCC presented with larger tumors
at later disease stages than patients with virus-related HCC [19], which may be due to
a low HCC surveillance rate among NAFLD patients. A previous study reported that
NAFLD is the leading cause of non-cirrhotic HCC [9]. NAFLD is a multisystem disease
affecting extra-hepatic organs and increasing the risks of developing cardiovascular and
chronic kidney disease [20], which could explain the characteristics of NAFLD-related HCC
patients. The etiologies of non-viral HCC are most commonly alcohol use and NAFLD,
although rarer etiologies have been identified, such as primary biliary cirrhosis, primary
sclerosing cholangitis, and autoimmune hepatitis [9]. Therefore, we expected the majority
of patients in the all-negative group would have NAFLD-related HCC. A recent study
reported that among NAFLD-related HCC patients, most mortality (72.2% at 3 years)
was attributable to HCC, although, among NAFLD-related HCC patients who underwent
curative treatment, non-HCC-related mortality accounted for 40% of all deaths between 3
and 5 years after treatment [5]. In the current study, 62.2% of all death in the all-negative
group were attributable to HCC at 3 years, and non-HCC-related mortality accounted
for 37.5%–38.5% of all deaths between 3 and 5 years following curative treatment in the
all-negative group, which is comparable to the previous study [5].

A strength of the present study was the use of a large cohort of patients with HCC
associated with prospectively collected data and limited missing data. However, the study
also has several limitations. First, the study lacked a complete list of comorbidities, which
are the leading causes of non-HCC-related mortality. Multiple comorbidity indices (e.g., the
cirrhosis-related comorbidity score, the National Cancer Institute Comorbidity Index, etc.)
have been shown to have value for predicting mortality among HCC patients [5,19]. In the
current study, we used older age (75 years or older) as a simple and objective surrogate for
severe comorbidities. Furthermore, we did not have data on hepatic steatosis and metabolic
risk factors (e.g., hypertension, dyslipidemia, central obesity, and hyperglycemia) [4]. There-
fore, we could not define NAFLD in the present study. Third, this study was conducted
as a retrospective and monocentric study. Fourth, the case number in the alcohol-related
group was limited. Fifth, the etiology of liver disease is not properly defined. We defined
the viral etiology just on the basis of anti-HCV antibodies or of HBsAg positivity, without
giving information about antiviral therapies that might have caused suppression of HBV
replication or HCV clearance. Finally, causes of death were derived from death certificates,
which are not enough accurate for the study purposes.

5. Conclusions

Although most patients die of HCC-related causes, non-HCC-related death represents
a competing event among patients who engage in alcohol use and receive curative treatment
and among patients 75 years and older in the HBV and all-negative groups who receive
curative treatments. The results of the current study underscore the importance of assessing
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and managing underlying comorbidities, especially among certain subgroups of patients
with HCC.
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Simple Summary: Cholangiocarcinoma (CCA) is a highly lethal neoplasia, which incidence has
steadily increased in the last years. Although surgical resection remains the cornerstone treatment for
CCA, complete resection is only achieved in one third of patients, and the risk of recurrence exceeds
60%, which impacts the long-term outcome. In this context, the use of other therapeutic strategies
such as liver transplantation in selected candidates, locoregional treatments or new chemotherapy
schemes based on immunotherapy or targeted therapies may contribute in improving the overall
survival of patients with CCA. The development of new treatment strategies forces us to redouble
collaborative efforts to conduct prospective, high-quality studies that shed light on their use and
applicability. The purpose of this review is discussing the actual controversies and future perspectives
in the management of CCA.

Abstract: Cholangiocarcinoma (CCA) is a neoplasm with high mortality that represents 15% of
all primary liver tumors. Its worldwide incidence is on the rise, and despite important advances
in the knowledge of molecular mechanisms, diagnosis, and treatment, overall survival has not
substantially improved in the last decade. Surgical resection remains the cornerstone therapy for
CCA. Unfortunately, complete resection is only possible in less than 15–35% of cases, with a risk of
recurrence greater than 60%. Liver transplantation (LT) has been postulated as an effective therapeutic
strategy in those intrahepatic CCA (iCCA) smaller than 3 cm. However, the low rate of early diagnosis
in non-resectable patients justifies the low applicability in clinical practice. The evidence regarding LT
in locally advanced iCCA is scarce and based on small, retrospective, and, in most cases, single-center
case series. In this setting, the response to neoadjuvant chemotherapy could be useful in identifying a
subgroup of patients with biologically less aggressive tumors in whom LT may be successful. The
results of LT in pCCA are promising, however, we need a very careful selection of patients and
adequate experience in the transplant center. Locoregional therapies may be relevant in unresectable,
liver-only CCA. In iCCA smaller than 2 cm, particularly those arising in patients with advanced
chronic liver disease in whom resection or LT may not be feasible, thermal ablation may become a
reliable alternative. The greatest advances in the management of CCA occur in systemic treatment.
Immunotherapy associated with chemotherapy has emerged as the gold standard in the first-line
treatment. Likewise, the most encouraging results have been obtained with targeted therapies, where
the use of personalized treatments has shown high rates of objective and durable tumor response,
with clear signs of survival benefit. In conclusion, the future of CCA treatment seems to be marked
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by the development of new treatment strategies but high-quality, prospective studies that shed light
on their use and applicability are mandatory.

Keywords: cholangiocarcinoma; liver transplant; locoregional therapies; systemic treatment

1. Introduction

Cholangiocarcinoma (CCA) is a highly lethal neoplasia comprising approximately 15%
of all primary liver tumors. Its incidence is increasing worldwide, and despite significant
advancements in the knowledge of molecular mechanisms, diagnosis, management, and
survival have not substantially improved in the past decade [1,2]. These cancers are hetero-
geneous and are best classified according to the primary anatomic origin as intrahepatic
CCA (iCCA), when located proximally to the second-order bile ducts within the liver
parenchyma, perihilar CCA (pCCA), arising between the second-order bile ducts and the
insertion of the cystic duct into the common bile duct, and distal CCA (dCCA), located in
the common bile duct below the cystic duct insertion [1].

Several risk factors have been linked to CCA, most of them associated with chronic
inflammation of the biliary epithelium and bile stasis. Some recognized risk factors such as
obesity, metabolic syndrome, or high alcohol consumption have increased globally over
recent decades, which could be contributing to increasing CCA incidence. However, the
majority of CCA cases do not present any identifiable risk factors.

In most cases, the diagnosis of CCA is established when the disease is already at
advanced stages, which highly compromises access to effective treatment, resulting in a
dismal outcome [3,4]. Therefore, prevention and early diagnosis remain the cornerstone for
improving the survival of this devasting disease.

Surgical resection is the best therapy for CCA [5,6]. Unfortunately, complete resection
is possible in less than 15–35% of cases [4,7], and even in those patients in whom complete
tumor removal is achieved, the risk of recurrence is greater than 60% [8,9]. Another radical
option is liver transplantation (LT), but its use in CCA is controversial due to the high risk
of recurrence and the lower survival benefit compared to other LT indications as well as
the limited number of donors [5]. In addition, locoregional therapies have been recently
proposed as a reliable treatment alternative for those patients with liver-only, unresectable
CCA, but the low level of evidence supporting their efficacy impedes making any robust
recommendation [10]. Finally, systemic therapy has rapidly evolved in the last years,
and the irruption of targeted therapies and immunotherapy has changed the treatment
approach. In this review, we will discuss the controversies in the therapeutical management
of CCA.

2. Liver Transplantation in Cholangiocarcinoma

Theoretically, LT is an excellent treatment option for primary liver tumors due to
(1) its capacity to completely remove the tumor (and the undetected liver micrometastasis),
particularly when major resection is needed due to tumor extension/location, (2) its ability
to eliminate the underlying chronic liver disease, and (3) the possibility of maximizing the
survival benefit compared to alternative therapies. Regrettably, the major problem for the
wide application of LT is the shortage of donors, since the number of candidates largely
exceeds the available livers to be implanted. Due to the scarce number of donors, it is the
usual policy to exclude from transplantation any patients with an expected suboptimal
post-transplant survival (with a cutoff arbitrarily established to be at least greater than
50–60% at 5 years) [11,12]. In addition, the LT allocation policy should be adjusted to
guarantee real access to LT, preventing drop-out due to tumor progression and withdrawal
from the waiting list in an excessive proportion of patients, but at the same time, requiring
an observation period which would allow for identifying biologically aggressive tumors
that would be associated with a higher risk of unacceptable recurrence.
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2.1. Liver Transplantation in iCCA

iCCA was considered a contraindication for LT in most centers worldwide due to very
poor initial results, i.e., a reported 2-year survival of around 30% [13,14]. These unacceptable
outcomes were directly related to a high prevalence of microvascular invasion and poor
tumor differentiation, particularly in patients with an unresectable or locally advanced
tumor [15]. However, more recent retrospective studies have demonstrated encouraging
results in terms of overall survival (OS) when a thorough selection of the population is
performed. The relevance of selection based on tumor burden was demonstrated for the
first time in an international multicenter study that included 48 patients who underwent
LT and had been diagnosed with incidental iCCA in the explant. A total of 15 patients had
“very early” iCCA (single tumor ≤ 2 cm) and 33 patients had “advanced” iCCA (single
tumor > 2 cm or multifocal disease). After a median follow-up of 35 months, the 1-year,
3-year, and 5-year cumulative risks of recurrence were, 7%, 18%, and 18%, respectively, in
the very early iCCA group vs. 30%, 47%, and 61% in the advanced iCCA group (p < 0.01).
The 1-year, 3-year, and 5-year overall survival rates were 93%, 84%, and 65% in the very
early iCCA group vs. 79%, 50%, and 45% in the advanced iCCA group (p < 0.02) [16].
Microvascular invasion and poor differentiation were associated with tumor recurrence
in the multivariate analysis. Patients in the advanced iCCA group were divided into
an intermediate stage (n = 6; single tumors 2.1–3 cm, not poorly differentiated) and an
advanced stage (n = 27; all other tumors). The 1-year, 3-year, and 5-year overall survival
rates were, 82%, 61%, and 61%, respectively, in the intermediate stage vs. 55%, 47%,
and 42% in the advanced stage (p < 0.03) [16]. Ziogas et al. performed a meta-analysis
of 18 studies, finding that the 5-year OS for very early iCCA was 71%, versus only 48%
for advanced iCCA (single tumor > 2 cm or multiple tumors) [17]. Disappointingly, all
these data come from retrospective studies, including mostly LT patients in whom iCCA
was an incidental finding. Accordingly, prospective studies with well-defined inclusion
and exclusion criteria and a predefined post-LT imaging follow-up are fervently needed.
Furthermore, the outcome of LT should be analyzed according to the intention to treat
the principle instead of only analyzing those patients finally transplanted. A multicenter,
observational study (NCT02878473) aimed to prospectively evaluate the effectiveness of LT
for very early iCCA is still ongoing.

2.2. Locally Advanced, Unresectable iCCA and Liver Transplantation: Role of Neoadjuvant
Therapy

iCCA patients with a stable, liver-limited disease on neoadjuvant therapy may have a
favorable disease biology, with long-term survival after LT. Disappointingly, the evidence
is scarce, and most studies are single-center, retrospective, and include a low number of
patients and heterogeneous population in terms of tumor stage and neoadjuvant approach.
The most relevant study, which is also performed within a study protocol at MD Anderson
in Texas, was recently published by McMillan et al. [18]. Patients with CCA liver-only with
the absence of vascular or lymph node involvement were considered for LT. Neoadjuvant
therapy consisted of the first-line use of gemcitabine plus cisplatin (GemCis), and disease
stability was required by radiological evaluation for at least six months. The treatments
performed prior to LT in addition to GemCis were heterogeneous, including various types
of locoregional therapies, liver resection, and targeted therapies such as inhibitors of
isocitrate dehydrogenase 1 (IDH-1), fibroblast growth factor receptor (FGFR), and poly
ADP-ribose polymerase (PARP). Over 11 years, 65 patients were evaluated, of whom 28
were denied for listing. Five patients were excluded after being eligible for resection
due to tumor regression after neoadjuvant therapy. At the end of the follow-up, 18 out
of 32 patients underwent LT and 14 did not (7 were still on the waiting list and 7 were
because of tumor progression or death while on the WL). The time range between diagnosis
and inclusion in the WL was very wide (74–1054 days), which could implicitly suggest a
selection of patients linked to tumor biology. Intent-to-treat (ITT) survival analysis at 1, 3,
and 5 years was 90%, 61%, and 49%, respectively. The recurrence-free survival (RFS) at
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3 years was 52%, and 7 out of 18 transplant patients (39%) developed tumor recurrence
(4 during the first year post-LT). In another retrospective analysis recently published by Ito
T. et al. [19], 30 patients who underwent neoadjuvant therapy were finally transplanted.
In this series, the neoadjuvant protocol was less defined, and the 5-year overall survival
was 49%.

In conclusion, data on LT for unresectable iCCA are scarce and the level of evidence is
low (Table 1). The response to neoadjuvant chemotherapy, especially in the context of new
personalized target therapies, could identify patients with biologically less aggressive tu-
mors in whom LT may offer long-term results. Prospective studies, with well-characterized
and homogeneous populations in terms of baseline tumor burden, with clear-cut mul-
timodal neoadjuvant protocols (locoregional and/or systemic treatment), and relevant
outcomes (OS by ITT, RFS, and cancer-related survival), are mandatory to establish the role
of LT in patients with locally advanced iCCA.

Table 1. Outcomes of LT in patients with unresectable iCCA.

Study Design Number of Patients Neoadjuvant Therapy Overall Survival

Sapisochin et al. (2016) [16]

Retrospective cohort
multicenter. Incidental
iCCA by pathological

study.

48
1 year: 93%
3 years: 84%
5 years: 65%

McMillan et al. (2022) [18] Prospective
single-center case series. 18

Neoadjuvant chemotherapy
(GemCis) and disease stability
were required by radiological

evaluation for at least six months.
Treatments in addition to

GemCis were heterogeneous:
locoregional therapies, liver

resection, and TT (IDH-1, FGFR,
and PARP).

1 year: 100%
3 years: 71%
5 years: 57%

Ito et al. (2022) [19] Retrospective,
single-center, case series. 30 Neoadjuvant chemotherapy and

or locoregional therapies.

1 year: 80%
3 years: 63%
5 years: 49%

Abbreviations: GemCis, Gemcitabine and Cisplatin; iCCA, intrahepatic cholangiocarcinoma; IDH, isocitrate
dehydrogenase; FGFR, fibroblast growth factor receptor; and TT, targeted therapy.

2.3. Perihiliar CCA (pCCA) and Liver Transplantation

The prognosis of pCCA is marked by frequent late diagnosis, which precludes the
use of potentially curative treatments. The pCCA could develop in the context of primary
sclerosing cholangitis (PSC) or de novo, in the absence of liver disease [1,4].

The indication of LT after neoadjuvant chemoradiation has been established as a
therapeutic option with acceptable long-term OS results (>50% at 5 years) in carefully
selected patients with early-stage unresectable pCCA and patients with pCCA associated
with PSC [20]. Among different neoadjuvant chemoradiation strategies, the Mayo Clinic
protocol based on strict criteria for diagnosis and patient selection, aggressive neoadjuvant
chemoradiation, and surgical staging before transplantation, has been positioned as the
best strategy. Tan et al. recently reported the Mayo Clinic results from 1993 to 2018. A
total of 349 patients were initially assessed, but 277 (79%) underwent staging work-up,
and in 60% (n = 211) LT was performed. According to ITT analysis (from the start of
neoadjuvant therapy, including patients who did not undergo LT), the survival rates at
1, 5, and 10 years were 80%, 51%, and 46%, respectively, while the survival rates in those
finally transplanted were 91%, 69%, and 62% [20]. The outcome in pCCA associated with
PSC was significantly better than those arising within the healthy liver (5-year survival
of 60% vs. 39%, respectively) [20,21], and the center experience positively impacts LT
outcomes in patients with pCCA [22]. Other centers have reported poorer survival rates,
inferior to 40% at 5 years [23–27], partially explained by the lower proportion of PSC-
related pCCA and the lesser center experience. The use of living donor liver transplantation
(LDLT) has been postulated as an interesting option since it does not directly impact the
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principles of allocation justice related to cadaveric LT. Regrettably, robust data comparing
both options are scarce, but LDLT for de novo pCCA seems to be associated with higher
disease recurrence and slightly worse OS [20].

Patient selection and neoadjuvant chemoradiation protocol are critical, being the Mayo
Clinic proposal the most frequently evaluated. The Mayo Clinic protocol requires having
a lesion with a radial diameter (perpendicular to the duct) ≤3 cm and without extension
below the cystic duct. Endoscopic ultrasound-guided aspiration of regional hepatic lymph
nodes is routinely performed prior to neoadjuvant therapy, and the presence of lymph node
metastases is an exclusion criterion. Diagnostic biopsies, whether transgastric endoscopic
or percutaneous transhepatic, are usually dismissed given the potential risk of seeding
metastases in the peritoneum [21,28]. Vascular encapsulation and tumor extension along
the duct, although not considered contraindications for neoadjuvant treatment, are con-
ditions of a worse prognosis in terms of response [29]. The neoadjuvant therapy includes
external beam radiation plus concomitant 5-fluorouracil and brachytherapy, followed by
maintenance capecitabine until LT. After completion of neoadjuvant chemoradiation, pa-
tients should undergo staging laparoscopy prior to LT, comprising a complete examination
of the abdominal cavity, routine biopsy of the regional lymph nodes, and biopsy of any
other suspicious lesions. The timing of the staging surgery is a subject of debate, especially
in PSC patients with advanced liver disease and complications associated with the presence
of portal hypertension. However, the drop-out probability in patients with pCCA-PSC is
usually lower than in patients with de novo pCCA (15% vs. 28%) [30]. In addition, the
treatment of clinical complications during the neoadjuvant protocol is the cornerstone for
LT outcome. Sarcopenia is frequently present in pCCA patients. It has shown an impact
on the post-LT outcome and should be actively treated with nutritional support, which in
some cases may include nasogastric or nasojejunal tube insertion for feeding [31]. Recurrent
cholangitis because of biliary obstruction, biliary stenting, radiation-induced ductal injury,
and/or underlying PSC has led to the development of antimicrobial resistance which
increases the risk of intra-abdominal infections after LT. Finally, radiotherapy during the
neoadjuvant protocol increases the risk of hepatic artery thrombosis and radiation-induced
fibrosis [32,33].

Finally, recent publications found that LT in patients who meet the criteria for liver
resection had better survival than that observed after resection, even when sub-analysis
stratified by PSC was performed [34,35]. However, the survival benefit decreases when
analyzed according to the ITT principle, which clearly calls into question the possibility of
using donor livers for resectable pCCA [20,36]. An ongoing randomized, ITT multi-center
trial in France TRANSPHIL (NCT02232932) comparing neoadjuvant chemoradiation and
LT vs. upfront surgical resection will clarify this controversial topic.

3. Locoregional Therapies

Locoregional therapies (LRT) applicable to the treatment of iCCA include thermal ab-
lation (TA), chemoembolization (TACE), radioembolization (TARE), chemotherapy hepatic
arterial infusion (HAI), and external beam radiotherapy (EBRT). They have been postulated
as an alternative to systemic therapy in those patients with liver-only, unresectable CCA,
and in some cases, as neoadjuvant therapy prior to surgical resection/transplantation or as
rescue therapy after systemic treatment failure.

3.1. Thermal Ablation

Although surgical resection is potentially the best therapeutic option in iCCA, some
patients have liver-only disease categorized as unresectable due to localization and/or
the presence of underlying cirrhosis with clinically significant portal hypertension (CSPH)
and/or liver dysfunction that precludes liver resection. In this setting, TA might be a safe
and effective treatment option. Unfortunately, the evidence to recommend these treatments
is scarce and relies on retrospective studies, and in most cases, they are single-center and
include a limited number of patients [37,38]. TA (with radiofrequency and microwave
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ablation being the most common techniques) is able to achieve local control of small iCCA
lesions, focal and unresectable iCCA (either due to inadequate localization or CSPH),
although its efficacy in terms of tumor response and survival outcomes are inferior to those
obtained in the field of hepatocellular carcinoma (HCC) [39,40]. In a recent systematic
review and pooled analysis, which included 15 studies with a total of 645 patients, mostly
retrospective and monocentric, TA showed a pooled complete response rate of 93.9%, and a
mean OS of 30.2 months (95% CI: 21.8–38.6) [10]. Noticeably, in more than 50% of the cases
analyzed, TA was applied after post-resection recurrence, and 30% of the patients had liver
cirrhosis. In patients with underlying cirrhosis, TA is a reliable treatment approach, and
in those cases with single iCCA < 2 cm, TA obtained a similar survival to that obtained
in HCC and comparable to that reported after surgical resection [41]. In summary, TA is
feasible, safe, and may be a good alternative in selected unresectable patients.

3.2. Transarterial Chemoembolization, Radioembolization, and Chemotherapy Hepatic Arterial
Infusion

Transarterial chemoembolization (TACE) has been evaluated in retrospective studies
including a small number of patients with a very heterogeneous clinical profile, which
makes it difficult to establish any recommendation. In a recent systematic review and
pooled analysis, which included 22 studies with a total of 1145 patients, mostly retrospective
and monocentric, TACE was associated with a pooled response rate of 23.4%, a mean PFS
of 15 months, and OS of 15.9 months [10]. Moreover, the addition of TACE using irinotecan-
loaded drug-eluting microspheres to GemCis vs. GemCis alone was tested in a small
(n = 48) randomized controlled trial, showing a significant improvement in downsizing
to resection (25% vs. 8%, p < 0.005) and an improved PFS and OS (33.7 vs. 12.6 months,
p = 0.048), with an adequate safety profile [42]. Confirmatory, larger studies are needed
before supporting this treatment combination.

Transarterial radioembolization (TARE) has also been evaluated in iCCA. However,
most studies were single-center, including a small number of patients with heterogeneous
inclusion criteria [43–50]. In a recent systematic review and meta-analysis including a total
of 921 patients from 21 studies, TARE showed an overall disease-control rate of 82.3%,
a median PFS and OS of 7.8 months and 12.7 months, respectively, and in 11% of the
cases, patients were downstaged to being surgically resectable [51]. However, the high
heterogeneity hampers data reproducibility. In addition, TARE was evaluated as associated
with GemCis in a phase 2 study that included 41 naïve patients. The response rate and
disease control rate according to RECIST were 41% and 98%, respectively. After a median
follow-up of 36 months, the median PFS was 14 months (95% CI, 8–17 months), the median
OS was 22 months (95% CI, 14–52 months), and nine patients (22%) could be downstaged
to surgical resection, achieving R0 surgical resection in eight cases [52]. In addition, TARE
was compared with systemic therapy (GemCis) in patients with locally advanced iCCA
with liver-only disease (SIRCCA phase 3 trial, NCT02807181). Disappointingly, the study
was prematurely interrupted because of low recruitment and its preliminary results have
not yet been reported.

Finally, the efficacy and safety of chemotherapy hepatic arterial infusion (HAI) have
been evaluated in small series including a heterogeneous population. In a recent systematic
review, 331 patients from 16 studies were identified, many of them with bilobar involvement
(75%), multifocality (66%), and a high percentage of macrovascular invasion (~40%). HAI
showed a pooled response rate of 41.3%, and a PFS and OS of 10 months and 21.3 months,
respectively [10].

3.3. External Beam Radiotherapy

The role of EBRT in the treatment of iCCA is also uncertain. Only one study was
reported as prospective [53], but most patients were already treated with chemotherapy.
In a systematic review and meta-analysis that included 541 patients, the 2-year local
control rate, PFS, and OS were 69.1%, 15.6 months, and 18.9 months, respectively [10]. In
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addition, a recent registry study from the United States of America reported that the use
of high-dose/ablative radiotherapy (>85 Gy) was associated with an improved outcome
compared to conventional doses [54], which suggests that ERBT may be effective in some
selected cases.

In a summary, locoregional procedures are safe and have shown some signals of
efficacy and might be considered an alternative to systemic therapy in selected unresectable
patients with iCCA.

4. Systemic Therapy

Treatment for patients with locally advanced and/or metastatic disease relies on the
use of systemic therapy. Until recently, the only option that demonstrated survival benefit
at the first line in advanced patients ineligible for surgical or locoregional options was the
combination of GemCis. The pivotal ABC-02 study demonstrated a median overall survival
(mOS) of 11.7 months (95% CI, 9.5 to 14.3) for GemCis compared with 8.1 months (95% CI,
7.1 to 8.7) for gemcitabine alone (HR, 0.64; 95% CI, 0.52 to 0.80; p < 0.001) [55]. The best
results of GemCis were obtained in patients with iCCA, liver-only involvement [56]. Other
combinations such as FOLFIRINOX (5-fluorouracil, oxaliplatin, and irinotecan) did not
improve PFS compared with GemCis [57], and gemcitabine plus S-1 (an oral combination of
the 5-fluorouracil prodrug tegafur with gimeracil and oteracil) demonstrated non-inferiority
to gemcitabine and cisplatin in a randomized phase 3 trial [58]. Very recently, an open-label,
non-inferiority phase 3 trial showed that capecitabine plus oxaliplatin (XELOX) was not
inferior to gemcitabine plus oxaliplatin (GEMOX) in terms of 6-months PFS rate (46.7%
[95% CI 41.5–51.8] vs. 44.6% [95% CI 39.7–49.3]) and thus XELOX may be an alternative
to GEMOX in first-line setting [59]. Another promising combination is NUC-1031, a
phosphoramidate transformation of gemcitabine, combined with cisplatin, which showed
a promising objective response rate (ORR) (63.6% in the efficacy-evaluable population)
in the ABC-08 phase Ib study [60]. This combination is currently under evaluation in a
phase 3 trial in which patients are being randomized to NUC-1031 combined with cisplatin
or GemCis (Nutide-121 trial; NCT04163900). Finally, results are also awaited from a
phase II/III, multicenter, randomized, placebo-controlled study of GemCis with or without
Bintrafusp Alfa (M7824) as the first-line treatment of BTC (NCT 04066491).

Immunotherapy has significantly expanded the scope of cancer treatment in recent
years and its role in CCA is extensively revised elsewhere [61]. The most promising results
have come from the phase 3 randomized, double-blind, placebo-controlled TOPAZ-01
trial, which demonstrated that durvalumab (PDL-1 antibody) plus GemCis significantly
improved survival compared to GemCis plus placebo in advanced biliary tract cancer
(BTC) [62]. Patients in the experimental arm received 1500 mg of durvalumab every
3 weeks with GemCis for up to eight cycles, followed by durvalumab 1500 mg every
4 weeks, until disease progression or unacceptable toxicity.

The mOS was 12.8 months vs. 11.5 months (HR, 0.80; 95%CI, 0.66–0.97; p = 0.021), the
median PFS (mPFS) was 7.2 months vs. 5.7 months (HR, 0.75; 95%CI, 0.64–0.89; p = 0.001),
and ORR was 26.7% vs. 18.7% in durvalumab plus GemCis vs. GemCis plus placebo,
respectively. The combination of durvalumab and GemCis was well tolerated, and grade 3
or 4 treatment-related adverse event rates were similar between both groups (62.7% with
durvalumab vs. 64.9% with placebo). Updated OS and safety data after 6.5 months of addi-
tional follow-up have been recently reported in ESMO 2022. When compared with placebo,
the addition of durvalumab to GemCis resulted in a longer median OS of 12.9 (11.6–14.1)
months versus 11.3 (10.1–12.5) months, respectively, HR 0.76 (95% CI 0.64–0.91), together
with manageable safety [63]. Based on these positive results, durvalumab plus GemCis has
become the new standard first-line systemic therapy option for advanced BTC.

More recently, the addition of tremelimumab (two-dosing regimen) to durvalumab
plus GemCis vs. Gemcitabine +/-cisplatin did not add any substantial benefit in a multicen-
ter, German phase 2 trial [64]. Finally, another promising combination is Pembrolizumab
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plus GemCis (NCT 04003636-KEYNOTE 966), whose results have recently been announced
as positive in 1st line treatment.

In the second line setting, the addition of liposomal irinotecan to 5-fluorouracil and leu-
covorin significantly improved PFS (3.9 months [95% CI, 2.6–4.7] vs. 1.5 months [1.2–1.9])
compared with 5-fluorouracil and leucovorin; HR = 0.38 [0.26–0.54], p < 0.0001) in a
multicenter, open-label, randomized, phase 2b (NIFTY) study in patients with BTC who
progressed on first-line GemCis [65,66]. More recently, the ABC-06 study demonstrated the
benefit of leucovorin, 5- fluorouracil, and oxaliplatin (FOLFOX) in the second-line setting
compared with the placebo [67]; mOS was significantly longer in the FOLFOX group than
in the placebo group (6.2 vs. 5.3 months; HR 0.69, 95%CI 0.50–0.97, p = 0·031). Based on
these findings, FOLFOX should become standard-of-care chemotherapy in the second-line
treatment for advanced BTC and the reference regimen for further clinical trials. Multi-
ple case reports exist of patients with mismatch repair deficient (dMMR)/microsatellite
instability-high (MSI-H) CCA treated with the PD-1 antibody pembrolizumab with promis-
ing ORR [68,69]. The phase 2 KEYNOTE-158 basket trial of pembrolizumab for previously
treated MSI-H cancer included 22 patients with CCA, for whom complete response (CR)
and partial response (PR) were achieved in 3 (13.6%) and 6 (27.3%) patients, respectively,
with a median {range} of the duration of response of 30.6 {6.2 to 40.5}, and a mOS of 19.4
months (95% CI 6.5—not reached) [70,71]. Based on those results, the FDA approved
Pembrolizumab as a second-line therapy for patients with MSI-H cancers which have
progressed through prior therapy.

Targeted Therapy in CCA

Relevant progress has been accomplished in the last years on the molecular biology of
CCA, and related target therapies. Molecularly, CCA is a highly heterogeneous disease,
with genomic differences between intra and extrahepatic CCA [1,2,72,73], with IDH and
FGFR pathway alterations predominantly found in intrahepatic cases, along with RAS
and ARID1A [74]. The European Society for Medical Oncology (ESMO) scale for the
clinical actionability of molecular targets (ESCAT) [75] is present in around 50–60% of cases,
including kinases (FGFR1/2/3, PIK3CA, ALK, EGFR, ERBB2, BRAF, and KRAS), other
oncogenes (IDH1/2) and tumor-suppressor genes (BRCA1/2) [76]. The main results of
targeted therapy in CCA are summarized in Table 2.

The recent discovery of FGFR2 fusions in patients with iCCA has been rapidly trans-
lated into a promising therapeutic target [77,78]. Pemigatinib, a selective inhibitor of
FGFR1, 2, and 3, was tested in a multicenter, open-label, single-arm, multicohort, phase 2
study (FIGHT-202) in patients with previously treated, locally advanced or metastatic CCA
with FGFR2 fusions or rearrangements [79]. A total of 146 patients were enrolled and 107
had FGFR2 fusions or rearrangements. The ORR was achieved in 38 (35.5%) patients (3
patients with complete responses) and the mOS was 21.8 (14.8-not estimated) months. The
most frequent adverse events were hyperphosphatemia, alopecia, diarrhea, fatigue, and
dysgeusia, but in only 9 % of cases was the treatment interrupted because of toxicity. An-
other selective, ATP-competitive inhibitor of FGFR, Infigratinib, was tested in a single arm,
open-label phase 2 trial including 108 with FGFR2 fusions or rearrangements who were
previously treated with at least one gemcitabine-containing regimen. The ORR was 23.1%
(one complete response and 24 partial responses) with a safety profile similar to pemiga-
tinib [80] In addition, Futibatinib, a highly selective, irreversible FGFR1–4 inhibitor, showed
in an open-label phase 2 (FOENIX-CCA2) trial including 103 patients with an FGFR2
fusion/rearrangement, an ORR of 41.7% and 74% of responses which lasted ≥6 months.
After a median follow-up of 25 months, the mature mOS was 20.0 months, with a 12-month
OS rate of 73.1% and a similar safety profile [81]. Based on these results, the FDA and EMA
granted accelerated approval to pemigatinib, infigratinib, and futibatinib for the treatment
of adults with previously treated, unresectable locally advanced or metastatic CCA with
FGFR2 fusion or other rearrangements. All these three agents are being currently tested by
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a large, phase 3 RCT in a first-line setting against GemCis (Pemigatinib: FIGHT 302, NCT:
NCT03656536; Futibatinib: FOENIX-CCA3, NCT 04093362; infigratinib: NCT03773302).

Table 2. Main trials of targeted therapy in CCA.

Agent Trial id and/or Name Mechanism or Pathway Phase Study Population Arms Outcomes

IDH mutations

Ivosidenib NCT02989857ClarIDHy
trial

IDH-1 inhibitor
(decreases

oncometabolite 2-HG)
3

Previously treated,
advanced, IDH1-mutant

CCA.

Ivosidenib vs.
Placebo

mPFS (months): 2.7
(95% CI, 1.6–4.2) vs.

1.4 (1.4–1.6); HR:
0.37; (95% CI,

0.25–0.54) p < 0.0001
mOS (months): 10.3

(95% CI, 7.8–12.4)
vs. 7.5 (95% CI,

4.8–11.1)
FGFR alterations

Pemigatinib NCT02924376
FIGHT-202

FGFR 1, 2, and 3
reversible inhibitors;

FGFR fusions or
rearrangements

2

Advanced, previously
treated CCA with and

without FGFR2
fusions/rearrangements/

alterations.

FGFR2
rearrangements
or fusion CCA

Other
FGF/FGFR
alterations

No FGF/FGFR
alterations

ORR (%): 37 (95%
CI, 27.9 –46.9)

mOS (months): 17.5
(95% CI, 14.4–22.9)

vs. 6.7 (95% CI,
2.1–10.5) vs. 4.0
(95% CI, 2.0–4.6)

Infigratinib
(BGJ398)

NCT02150967PROOF-
201

ATP-competitive FGFR
1, 2, and 3 tyrosine
kinase reversible

inhibitor

2

Locally advanced or
metastatic CCA with FGFR2
fusions or rearrangements,
previously treated with at

least one
gemcitabine-containing

regimen.

Single arm ORR (%): 23.1 (95%
CI, 15.6–32.2)

Futibatinib
(TAS-120)

NCT02052778FOENIX-
CCA2

Highly selective,
irreversible

pan-FGFR antagonist
2

Advanced, previously
treated iCCA with FGFR2

fusions/other
rearrangements.

Single arm
ORR (%): 41.7

mPFS (months): 9
mOS (months): 21.7

Erdafitinib NCT02699606LUC2001 Pan-FGFR kinase
inhibitor 2

Patients previously treated,
aCCA with FGFR

alterations.
Single arm ORR (%): 50.0

HER2 alterations

Pertuzumab
and

trastuzumab
NCT02091141MyPathway

Monoclonal ab targeting
HER2 domain II;

monoclonal ab binds to
domain IV of HER2

2

Previously treated,
advanced BTC withHER2

amplification,
overexpression,

or both.

Single arm ORR (%): 23 (95%
CI, 11–39)

Neratinib NCT01953926(SUMMIT
trial)

Pan-HER irreversible
TKI, with clinical

activity against HER2
2

Previously treated,
advanced BTC

harboring HER2 somatic
mutations.

Single arm

ORR (%): 12 (95%
CI, 3–31)

mPFS (months): 1.8
(95% CI, 1.1–3.7)

BRAF V600E mutation

Dabrafenib and
trametinib

NCT02034110ROAR
trial

B-type Raf
proto-oncogene, tyrosine

kinase in the MAPK
pathway

2
Previously treated,

advanced BTC withBRAF
V600E mutation.

Single arm ORR (%): 47 (95%
CI, 31 to 62)

Abbreviations: aCCA, advanced cholangiocarcinoma; BTC, biliary tract cancer; CCA, cholangiocarcinoma;
HER2, human epidermal growth factor receptor 2; iCCA, intrahepatic cholangiocar-cinoma; IDH, isocitrate
dehydrogenase; FGFR, fibroblast growth factor receptor; ORR, overall re-sponse rate; mOS, median overall
survival; mPFS, median progression-free survival; and TKI, ty-rosine kinase inhibitor.

In addition, IDH1 mutations occur in approximately 15% of patients with iCCA [1].
Ivosidenib (AG-120), is a targeted inhibitor of mutated IDH1 and its efficacy has been shown
in a multicenter, randomized, double-blind, placebo-controlled, phase 3 study (CLarIDHy)
including patients with previously treated, IDH1-mutant CCA. A total of 185 patients were
randomly assigned (2:1) to oral ivosidenib (n = 124) or a matched placebo (n = 61). The
placebo to ivosidenib crossover was allowed after radiological progression. PFS was
significantly improved with ivosidenib compared with the placebo (2.7 vs. 1.4 months;
HR 0.37, 95% CI 0.25–0.54; p < 0·0001) [82]. Median OS was 10.3 months with ivosidenib
vs. 7.5 months with placebo (HR 0.79, 95% CI 0.56–1.12; p = 0.09), but when adjusted for
crossover, mOS with placebo was 5.1 months (HR 0.49, 95% CI 0.34–0.70; p < 0.001) [83].
Based on those results, ivosidenib was recently approved by the FDA for chemotherapy-
refractory, IDH1 mutated CCA.

HER2 overexpression or amplification, which is present in 15% of all cases of biliary
tract cancer, has been identified as a druggable molecular target. The safety and efficacy of
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anti-HER2 therapy have been tested in prospective phase I/II studies in first-line associated
with GemCis [84] and in second-line in combination with mFOLFOX [85], showing promis-
ing activity with acceptable toxicity, warranting further investigation. Finally, the ROAR
basket trial evaluated dabrafenib and trametinib in 43 patients with previously treated,
BRAFV600E-mutated BTC. The independently evaluated ORR was 47% (95% CI 31–62), the
mPFS was 9 months (95% CI 5–10), and the mOS was 14 months (95% CI 10–33) [86]. The
FDA granted swift approval for the use of dabrafenib and trametinib for patients carrying
the BRAFV600E mutation and cancer progression after systemic therapy.

In light of this and other accumulating evidence that advanced BTCs are good candi-
dates for molecular triage, ESMO recently recommended the routine use of next-generation
sequencing to be performed in all CCA patients. Therefore, molecular analysis, preferably
using whole-gene sequence platforms, should be carried out before or during first-line
therapy to evaluate options for second and higher lines of treatments as early as possible in
advanced disease [75,87].

5. Future Perspectives

Treatment of CCA is rapidly evolving. Figure 1 summarizes the grade of recommen-
dation and level of evidence of the available treatment options in CCA. Despite the fact
that CCA has been considered a contraindication for LT, the competitive results in selected
patient populations after the application of neoadjuvant therapy, which may allow for the
evaluation of tumor biology, forces us to reconsider the potential role that LT may have
in these patients. In the future, tumor biology assessment will be a critical determinant
for patients’ outcomes in the setting of LT, and tools such as liquid biopsy or the inte-
gration of genomic and radiological information may help to improve patient selection.
Further prospective studies with strict inclusion criteria and homogeneous and clear-cut
multimodal neoadjuvant protocols are mandatory to establish the role of LT in patients
with CCA.

Figure 1. Representation of current treatments in CCA according to levels of evidence and strength of
recommendation. TA: Thermal ablation; GemCis: Gemcitabine and Cisplatin; LT: Liver transplanta-
tion; EBRT: external beam radiotherapy; TACE: Transarterial chemoembolization; TARE: Transarterial
radioembolization; and HAI: chemotherapy hepatic arterial infusion.

In addition, locoregional therapies may have a role in unresectable iCCA. In those
patients with single tumors smaller than 2 cm, particularly arising in patients with advanced
chronic liver disease in whom resection may not be feasible, thermal ablation may become
a reliable alternative. Intra-arterial procedures, particularly TARE, are under evaluation
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in patients with unresectable, liver-only disease as an alternative or in combination with
systemic therapy.

Undoubtedly, the greatest advances in the management of CCA have occurred in
systemic treatment. Immunotherapy has emerged as an effective treatment associated with
chemotherapy, and ongoing trials are evaluating these agents in this orphan disease. The
analysis of immune biomarkers will be critical for the selection of patients with a greater
benefit from immunotherapy. However, we currently do not have these biomarkers to
optimize patient selection. The most hopeful results have been obtained with targeted
therapies. In CCA, actionable molecular alterations are found in nearly 50% of cases and
several agents directed to those molecular disruptions have shown promising results,
with high rates of ORR and durable tumor response and signals of survival benefit. The
CCA is a good candidate for molecular triage. The need for adequate tumor tissue for
molecular profiling and intra-patient tumor heterogeneity are often limitations when tissue
is obtained by percutaneous biopsy or cytology. In this setting, a liquid biopsy may
overcome this obstacle and, hopefully, will allow for the monitoring of clonal evolution
during selective therapeutic pressure and the detection of residual molecular disease. Cell-
free DNA (cfDNA) analysis is an attractive approach as it can provide genomic information
when tissue cannot be obtained or is insufficient in quantity or quality, can better capture
intra-patient tumor heterogeneity, and can even facilitate the study of the evolution and
tumor resistance, with potential predictive and prognostic capacity. These potential benefits
might overcome the limitations of the use of tissue for NGS analysis, where, in more than
25% of cases, the isolated DNA does not qualify for a reliable molecular analysis.

6. Conclusions

The development of new treatment strategies represents a challenge in the therapeutic
approach of CCA. The precision medicine based on molecular profiling is a reality and it
will guide the systemic treatment. In addition, the applicability of locoregional therapies or
liver transplantation based on an adequate patients’ selection will be crucial for improving
the outcome. For all these strategies, the multidisciplinary and collaborative management
will be essential and further studies are needed to confirm their benefits.
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Simple Summary: In this study, we demonstrated that overall 51.2% of patients with hepatocellular
carcinoma (HCC) had elevated alpha-fetoprotein (AFP) levels. The proportion of patients with
elevated AFP levels was stationary in the period from 2011 to 2020. The proportion of patients
with Barcelona Clinic Liver Cancer classification (BCLC) stages 0–A HCC decreased from 2011 to
2020, whereas the proportion of patients with non-HBV- and non-HCV (NBNC)-HCC increased in
the same period. Furthermore, the proportion of patients with early-stage HCC (i.e., BCLC stages
0–A) was lower for NBNC-HCC than for HBV- or HCV-related HCC. Advanced tumor stage, severe
underlying liver disease, viral etiology, and female gender are associated with elevated AFP levels in
HCC patients.

Abstract: A recent study from the US showed a decreasing trend in the elevated serum alpha-
fetoprotein (AFP) level (i.e., ≥20 ng/mL) in hepatocellular carcinoma (HCC) patients at the time of
diagnosis. Furthermore, advanced tumor stage and severe underlying liver disease were associated
with elevated AFP levels. We aimed to evaluate this issue in an area endemic for hepatitis B virus
(HBV). Between 2011 and 2020, 4031 patients were newly diagnosed with HCC at our institution. After
excluding 54 patients with unknown AFP data, the remaining 3977 patients were enrolled in this study.
Elevated AFP level was defined as ≥20 ng/mL. Overall, 51.2% of HCC patients had elevated AFP
levels; this proportion remained stationary between 2011 and 2020 (51.8% vs. 51.1%). Multivariate
analysis showed that female gender (odds ratio (OR) = 1.462; p < 0.001), tumor size per 10 mm increase
(OR = 1.155; p < 0.001), multiple tumors (OR = 1.406; p < 0.001), Barcelona Clinic Liver Cancer stages
B–D (OR = 1.247; p = 0.019), cirrhosis (OR = 1.288; p = 0.02), total bilirubin > 1.4 mg/dL (OR = 1.218;
p = 0.030), and HBV- or hepatitis C virus (HCV)-positive status (OR = 1.720; p < 0.001) were associated
with elevated AFP levels. In conclusion, a stationary trend in elevated serum AFP level in HCC
patients has been noted in the past 10 years. Advanced tumor stage, severe underlying liver disease,
viral etiology, and female gender are associated with elevated AFP levels in HCC patients.

Keywords: alpha-fetoprotein; hepatocellular carcinoma; hepatitis B virus; hepatitis C virus

1. Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death
worldwide [1]. A meta-analysis showed that HCC surveillance is associated with significant
improvements in early-stage tumor detection, the receipt of curative therapy, and survival
of cirrhotic patients [2]. The American Association for the Study of Liver Diseases (AASLD)
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guideline recommends HCC surveillance for high-risk populations. The modality recom-
mended for surveillance is ultrasound with or without an alpha-fetoprotein (AFP) serum
assay [3]. Ultrasound with an AFP serum assay is recommended for surveillance because a
meta-analysis demonstrated that ultrasound alone had low sensitivity in detecting early-
stage tumor in cirrhotic patients. The combination of AFP serum assay and ultrasound
significantly increases the sensitivity of tumor detection [4]. Currently, the AASLD guide-
line recommends diagnostic multiphasic magnetic resonance imaging (MRI)/computed
tomography (CT) for further evaluation when the AFP level is ≥20 ng/mL on surveil-
lance [3].

Multiple factors, including advanced tumor stage and viral etiology of chronic liver
disease, are associated with elevated AFP levels in HCC patients [5]. A recent study from
the US found a downtrend in the percentage of HCC cases with elevated AFP levels at the
time of diagnosis from 2010 to 2017 in a large cohort from the National Cancer Database.
Elevated AFP was defined as ≥20 ng/mL. Furthermore, advanced tumor stage and severe
underlying liver disease were associated with elevated AFP levels. The authors suggested
that these changes in AFP values at HCC diagnosis were possibly related to the increasing
trend in early-stage tumor detection and the shift from viral (i.e., hepatitis B virus (HBV)
or hepatitis C virus (HCV)) to nonviral etiology. However, data on the etiology of liver
disease were unavailable in the database analyzed in the study [6].

Approximately 90% of HCC cases are associated with a known underlying etiology [7].
In East Asia, the major risk factor is HBV, whereas, in the Western world, it is HCV [7]. The
risk of HCC attributed to HCV infection has largely decreased owing to the eradication
of the virus with direct-acting antiviral (DAA) agents [8]. Nonalcoholic fatty liver disease
(NAFLD), which is usually associated with obesity, metabolic syndrome, or diabetes
mellitus, is becoming the fastest growing etiology of HCC, not only in Western countries [9],
but also in Asia [10].

Due to the different etiologies of HCC in the East and the West and viral etiology being
associated with elevated AFP levels in HCC patients [5], we aimed to evaluate whether
there is a downtrend in the percentages of HCC cases with elevated AFP levels at the
time of diagnosis and the factors associated with elevated AFP levels in HCC patients in a
country from East Asia, where the leading etiology of HCC is HBV.

2. Materials and Methods

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Institutional Review Board of Kaohsiung Chang Gung Memorial
Hospital (reference number: 202201189B0; date of approval: 8 August 2022).

The Institutional Review Board of Kaohsiung Chang Gung Memorial Hospital waived
the need for informed consent due to the retrospective and observational nature of the
study design. Data were extracted from Kaohsiung Chang Gung Memorial Hospital’s HCC
registry database, which holds prospectively collected and annually updated data.

From 2011 to 2020, 4031 patients were newly diagnosed with HCC at the institution.
After excluding 54 patients with unknown AFP data, the remaining 3977 patients were
enrolled in this study.

2.1. Variables of Interest

Patient demographics, tumor size and number, clinical tumor–node–metastasis (TNM)
stage (seventh edition of the American Joint Committee on Cancer (AJCC)) [11], Barcelona
Clinic Liver Cancer classification (BCLC) stage [12], AFP level, cirrhosis, Child–Pugh
class [13], creatinine, bilirubin, international normalized ratio (INR), hepatitis B surface
antigen (HBsAg), anti-HCV antibody, alcohol use disorder (AUD), and HCC diagnostic
method (i.e., clinical vs. pathological diagnosis) were prospectively collected from the
HCC registry data. Infection with HBV was defined as being HBsAg-positive. Infection
with HCV was defined as being anti-HCV-antibody-positive, irrespective of viremia. An
individual with AUD was defined as a habitual drinker. Demographic information in-
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cluded age, gender, height, and weight. Tumor size was determined according to the
results of pathological examination of patients who underwent surgery, whereas it was
determined according to the findings of imaging in patients who underwent nonsurgical
treatments. Tumor number (solitary vs. multiple) was determined from the findings of
imaging. The presence of cirrhosis was indicated by an Ishak score [14] of 5 or 6 in patients
who underwent surgery, whereas it was determined according to the findings of imaging
in patients who underwent nonsurgical treatments. Cirrhosis was indicated in imaging by
small liver size, nodular liver surface, presence of regeneration nodules, left and right lobe
liver volume redistribution, etc. [15]. The BCLC stages according to the original version
and BCLC stage A were defined within Milan criteria [16].

The raw data for the cohort involved in this study are available via the following
digital object identifier: https://www.dropbox.com/scl/fi/6hzj7a3hrqhp5yu4i17qu/afp-
trend.xlsx?dl=0&rlkey=srqyaz7t1sqsli6heaoig4bk8 (accessed on 1 January 2023).

2.2. Statistical Analysis

Variables are presented as number and percentage or median and interquartile range.
The Chi-square test was used to compare categorical variables. Mann–Whitney U test was
used to compare continuous variables. Whether there was an increasing or decreasing
trend of BCLC stages 0–A or non-HBV- and non-HCV (NBNC)-HCC according to the year
of HCC diagnosis was examined for a linear trend using the Chi-square test. Univariate
analyses were conducted to explore the association between elevated AFP levels and
clinical variables. Variables with p-values ≤ 0.1 in univariate analyses were included in a
multivariate logistic regression analysis. To avoid collinearity, we examined the correlation
between two independent variables using Spearman’s correlation test. If two independent
variables had a correlation coefficient above 0.5, then they were determined to be highly
correlated with each other and thus, collinear. In this case, we only chose one of the
variables for multivariate analysis. In this analysis, we used the following cutoff values for
continuous variables: for bilirubin, the upper limit of the normal range (i.e., 1.4 mg/dL);
for creatinine, the upper limit of the normal range (i.e., 1.2 mg/dL); and for INR, the upper
limit of the normal range (i.e., 1.2). Relative risks are presented as odds ratio (OR) with a
95% confidence interval (CI). To compare with a recent US study [6], we used the same
method adopted in that study [6] to interpret the temporal trend of elevated AFP levels. We
estimated the percentage of elevated AFP using marginal effects (i.e., the average predicted
probability) from a logistic regression model [17]. All statistical analyses were performed
using SPSS version 22.0 and R statistical software version 4.0.5. Two-tailed significance
values were applied, and the level of statistical significance was defined as p < 0.05.

3. Results

3.1. Trend in Elevated AFP Levels at the Time of HCC Diagnosis

Overall, 2036 (51.2%) patients with HCC had elevated AFP levels. Between 2011 and
2020, the proportion of patients with elevated AFP levels was stationary in the case of all
patients (51.8% [95% CI = 49.4–54.1%] in 2011 vs. 51.1% [95% CI = 48.9–53.3%] in 2020); pa-
tients in AJCC stage 1 (40.3% [95% CI = 37.5–43.1%] in 2011 vs. 39.7% [95% CI = 37.0–42.3%]
in 2020); patients in AJCC stage 2 (45.4% [95% CI = 41.5–49.3%] in 2011 vs. 44.7% [95% CI =
40.9–48.6%] in 2020); patients in AJCC stage 3 (72.6% [95% CI = 68.8–76.3%] in 2011 vs. 71.9%
[95% CI = 68.3–75.5%] in 2020); and patients in AJCC stage 4 (79.8% [95% CI = 74.3–85.3%]
in 2011 vs. 79.2% [95% CI = 73.7–84.6%] in 2020) (Figure 1).
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Figure 1. Trend in elevated serum alpha-fetoprotein levels (i.e., ≥20 ng/mL) at the time of hepato-
cellular carcinoma diagnosis in all patients and at different stages (seventh edition American Joint
Committee on Cancer).

3.2. Trends in Early-Stage Tumor Prevalence and Non-Viral Etiology at the Time of HCC Diagnosis

The proportion of patients with early-stage tumor (i.e., BCLC stages 0–A) decreased
in the period from 2011 to 2020 (54.2% vs. 42.5%, p < 0.001) (Figure 2). The proportion of
patients with non-HBV and non-HCV (NBNC)-HCC increased between the years 2011 and
2020 (from 20.4% to 28.7%, p < 0.001) (Figure 3).

Figure 2. Trend in early-stage tumor at the time of hepatocellular carcinoma diagnosis. Early-stage
tumor was defined as Barcelona Clinic Liver Cancer classification stages 0–A.
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Figure 3. Trend in nonviral etiology (i.e., patients negative for both hepatitis B and C viruses) at the
time of hepatocellular carcinoma diagnosis.

3.3. Patients’ Characteristics Categorized by AFP Level

Compared to patients with normal AFP levels, a smaller proportion of patients with
elevated AFP were male (p = 0.02), had a pathological diagnosis of HCC (p < 0.001), were
in AJCC stage 1 or 2 HCC (p < 0.001), had a solitary tumor (p < 0.001), were in BCLC stage
0 or A HCC (p < 0.001), were in Child–Pugh class A (p < 0.001), and had a low body mass
index (BMI) (p < 0.001). Furthermore, patients with elevated AFP levels had larger tumors
(p < 0.001), a higher total bilirubin level (p < 0.001), and a higher INR (p < 0.001) and a higher
proportion of them were cirrhotic (p = 0.001) and HBsAg-positive (p = 0.002). However,
there were no significant differences in age, creatinine level, proportion with AUD, and
proportion with anti-HCV-antibody-positive status between the two groups (Table 1).

Table 1. Patients’ characteristics categorized by alpha-fetoprotein level.

Characteristic
Elevated AFP

(≥20 ng/mL), n = 2036
Normal AFP

(<20 ng/mL), n = 1941
p

Age (years) 63 (55–71) 63 (56–71) 0.286
Male 1437 (70.6%) 1434 (73.9%) 0.02

BMI (kg/m2) 24.2 (22.1–26.9) 24.9 (22.5–27.8) <0.001
Diagnosis method <0.001
Clinical diagnosis 896 (44.0%) 593 (30.6%)

Pathology diagnosis 1140 (56.0%) 1348 (69.4%)
AUD 0.460
Yes 260 (12.8%) 225 (11.6%)
No 1762 (86.5%) 1705 (87.8%)

Not available 11 (0.6%) 14 (0.7%)
HBsAg 0.002
Positive 1006 (49.4%) 866 (44.6%)

Negative 1030 (50.6%) 1075 (55.4%)
Anti-HCV 0.327

Positive 741(36.4%) 674 (34.7%)
Negative 1295 (63.6%) 1266 (65.2%)

Not available 0 1 (0.1%)
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Table 1. Cont.

Characteristic
Elevated AFP

(≥20 ng/mL), n = 2036
Normal AFP

(<20 ng/mL), n = 1941
p

Cirrhosis 0.001
Yes 1469 (72.2%) 1294 (66.7%)
No 561 (27.6%) 640 (33.0%)

Not available 7 (0.4%) 6 (0.3%)
Child–Pugh class <0.001

A 1587 (77.9%) 1627 (83.80%)
B 345 (16.9%) 235 (12.1%)
C 70 (3.4%) 51 (2.6%)

Not available 34 (1.7%) 28 (1.4%)
Creatinine (mg/dL) 1.0 (0.8–1.3) 1.0 (0.8–1.3) 0.731

Total bilirubin (mg/dL) 1.1 (0.8–1.7) 1.0 (0.7–1.4) <0.001
INR 1.0 (1.0–1.1) 1.0 (1.0–1.1) <0.001

Tumor size (mm) 46 (26–98) 28 (20–45) <0.001
Tumor number <0.001

Single 1064 (52.3%) 1360 (70.1%)
Multiple 972 (47.7%) 581 (29.9%)

7th edition AJCC stage <0.001
1 788 (38.7%) 1168 (60.2%)
2 340 (16.7%) 414 (21.3%)
3 617 (30.3%) 233 (12.0%)
4 279 (13.7%) 72 (3.7%)

Not available 12 (0.6%) 54 (2.8%)
BCLC stage <0.001

0 206 (10.1%) 293 (15.1%)
A 566 (27.3%) 867 (44.7%)
B 446 (21.9%) 362 (18.7%)
C 676 (33.2%) 279 (14.4%)
D 124 (6.1%) 81(4.2%)

Not available 28 (1.4%) 59 (3.0%)
AFP, alpha-fetoprotein; BMI, body mass index; AUD, alcohol use disorder; HBsAg, hepatitis B surface antigen;
anti-HCV, anti-hepatitis C virus antibody; INR, international normalized ratio; AJCC, American Joint Committee
on Cancer; BCLC, Barcelona Clinic Liver Cancer.

3.4. Variables Associated with Elevated AFP Level

Univariate analysis showed that the following variables were associated with elevated
AFP levels: tumor size per 10 mm increase (OR = 1.167; 95% CI = 1.146–1.189; p < 0.001); us-
ing AJCC stage 1 as the reference, AJCC stage 2 (OR = 1.202; 95% CI = 1.013–1.426; p = 0.035),
AJCC stage 3 (OR =3.909; 95% CI = 3.270–4.674; p < 0.001), and AJCC stage 4 (OR = 6.071;
95% CI = 4.553–8.096; p < 0.001); multiple tumors (OR = 2.076; 95% CI = 1.818–2.371;
p < 0.001); using BCLC stages 0–A as the reference, BCLC stages B–D (OR = 2.640;
95% CI = 2.317–3.009; p < 0.001); cirrhosis (OR = 1.275; 95% CI = 1.110–1.465; p = 0.001);
Child–Pugh class B or C (OR = 1.525; 95% CI = 1.287–1.806; p < 0.001); total bilirubin
> 1.4 mg/dL (OR = 1.454; 95% CI = 1.262–1.676; p < 0.001); INR > 1.2 (OR = 1.238;
95% CI = 1.002–1.530; p = 0.048); and HBV- or HCV-positive status (OR = 1.355; 95% CI =
1.160–1.583; p < 0.001). Because of the strong correlation between AJCC and BCLC stages
(correlation coefficient = 0.658, p < 0.001), we only selected the BCLC stage for multivariate
analysis to avoid collinearity (Table 2).

Multivariate analysis showed that the following variables were associated with el-
evated AFP levels: female gender (OR = 1.462; 95% CI = 1.256–1.701; p < 0.001); tumor
size per 10 mm increase (OR = 1.155; 95% CI = 1.127–1.183; p < 0.001); multiple tumors
(OR = 1.406; 95% CI = 1.205–1.641; p < 0.001); BCLC stages B–D (OR = 1.247; 95% CI =
1.037–1.500; p = 0.019); cirrhosis (OR = 1.288; 95% CI = 1.099–1.509; p = 0.02); total bilirubin
> 1.4 mg/dL (OR = 1.218; 95% CI = 1.020–1.455; p = 0.030); and HBV- or HCV-positive
status (OR = 1.720; 95% CI = 1.451–2.038; p < 0.001) (Table 2).

194



Cancers 2023, 15, 1222

Table 2. Univariate and multivariate analyses of factors associated with elevated AFP levels.

Variable
Univariate

p
Multivariate

p
OR (95% CI) OR (95% CI)

Age (per 10 years) 0.955 (0.904–1.010) 0.105
Female vs. male 1.20 (1.04–1.39) 0.011 1.462 (1.256–1.701) <0.001

AUD 1.077 (0.887–1.306) 0.454
HBsAg or anti-HCV-positive 1.355 (1.160–1.583) <0.001 1.720 (1.451–2.038) <0.001

Cirrhosis 1.275 (1.110–1.465) 0.001 1.288 (1.099–1.509) 0.02
Child–Pugh class

B or C vs. A 1.525(1.287–1.806) <0.001 0.964 (0.770–1.205) 0.745

Creatinine
>1.2 mg/dL 0.983 (0.849–1.138) 0.821

Total bilirubin
>1.4 mg/dL 1.454 (1.262–1.676) <0.001 1.218 (1.020–1.455) 0.030

INR
>1.2 1.238 (1.002–1.530) 0.048 0.897 (0.687–1.172) 0.425

Tumor size, per 10 mm increase 1.167 (1.146–1.189) <0.001 1.155 (1.127–1.183) <0.001
Multiple tumors 2.076 (1.818–2.371) <0.001 1.406 (1.205–1.641) <0.001

BCLC stage
(O–A as reference)

B–D 2.640 (2.317–3.009) <0.001 1.247 (1.037–1.500) 0.019
7th edition AJCC

Stage 1 as reference
Stage 2 1.202 (1.013–1.426) 0.035
Stage 3 3.909 (3.270–4.674) <0.001
Stage 4 6.071 (4.553–8.096) <0.001

AFP, alpha-fetoprotein; AUD, alcohol use disorder; HBsAg, hepatitis B surface antigen; anti-HCV, anti-hepatitis C
virus antibody; INR, international normalized ratio; AJCC, American Joint Committee on Cancer; BCLC, Barcelona
Clinic Liver Cancer.

3.5. Proportion of BCLC Stages 0–A Patients in NBNC-HCC vs. HBV- or HCV-Related HCC

Of the 870 patients with NBNC-HCC, 315 (36.2%) were in BCLC stages 0–A, 529 (60.8%)
were in BCLC stages B–D, and 26 (0.3%) were of unknown BCLC stage. Of the 3107 HBV- or
HCV-positive patients, 1607 (51.7%) were in BCLC stages 0–A, 1439 (46.3%) were in BCLC
stages B–D, and 61 (0.2%) were of unknown BCLC stage. A significantly lower proportion
of NBNC-HCC patients were in BCLC stages 0–A compared to HBV- or HCV-related HCC
patients (p < 0.001).

4. Discussion

In this study, we demonstrated that overall 51.2% of patients with HCC had elevated
AFP levels. The proportion of patients with an elevated AFP level was stationary in the
period from 2011 to 2020. The proportion of patients with BCLC stages 0–A HCC decreased
from 2011 to 2020, whereas the proportion of patients with NBNC-HCC increased in the
same period. Furthermore, the proportion of patients with early-stage HCC (i.e., BCLC
stages 0–A) was lower for NBNC-HCC than for HBV- or HCV-related HCC. Our previous
study reported that the HCC cases in our institution accounted for 9.8% of the total cases at
the national level [18].

Independent factors associated with elevated AFP levels included female gender, in-
creased tumor size, multiple tumors, BCLC stages B–D, cirrhosis, total bilirubin > 1.4 mg/dL,
and viral etiology. Advanced tumor stage and viral etiology were associated with elevated
AFP levels. Between 2011 and 2020, the proportion of patients with NBNC-HCC increased
(which would have led to a decreasing trend in AFP elevation), which was counterbalanced
by the decreased proportion of patients with BCLC stages 0–A HCC (which would have
led to an increasing trend in AFP elevation). Ultimately, the proportion of patients with
elevated AFP levels was stationary between the years 2011 and 2020 in this study. Further-
more, the decreasing proportion of patients with BCLC stages 0–A HCC during this period
may be due to the concurrent increase in the proportion of patients with NBNC-HCC,
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because the BCLC stages 0–A were less frequently found in NBNC-HCC patients compared
to HBV- or HCV-related HCC patients, a result that agrees with the findings of a previous
study [19]. In that study, patients with NBNC-HCC presented with larger tumors and at
later stages of disease compared to patients with virus-related HCC [19]. This result may be
due to the low rate of HCC surveillance in NBNC-HCC patients; furthermore, a significant
proportion of NBNC-HCC patients could be NAFLD-related cases [20].

A recent study from the US reported an overall 62.6% of HCC patients with elevated
AFP levels (i.e., ≥20 ng/mL) at the time of diagnosis. Between 2010 and 2017, there was
a decline in the percentage of HCC patients with elevated AFP levels (68.2% vs. 57.5%).
Furthermore, the decline was most evident among patients with early-stage tumors (i.e.,
seventh edition AJCC stage 1), from 55.7% in 2010 to 40.7% in 2017. However, the authors
did not investigate the potential cause of these results. They assumed that these results
were likely due to the increasing trend in early-stage tumor detection and the shift from
viral to nonviral etiology [6]. In contrast, in this study, an overall 51.2% of patients with
HCC had elevated AFP levels. The proportion of patients with elevated AFP levels was
stationary in the period from 2011 to 2020 for all patients and across different AJCC stages
in the present study. However, it is unclear why there is a discrepancy between this study
and the US study [6].

Previous studies have shown that female gender, viral etiology, severe underlying
liver disease, and advanced tumor stage are independently associated with elevated levels
of AFP [5,6], findings that are compatible with those of the present study. Interestingly,
female gender is associated with elevated AFP levels in the present study and previous
large-scale studies [5,6]. However, the underlying mechanism is still unknown. It is well
known that severe liver disease and advanced tumor stage are associated with elevated
AFP levels [5,6,21]. The link between viral etiology and elevated AFP may be due to the
former’s association with cirrhosis. A previous study demonstrated that NAFLD is the
leading cause of non-cirrhotic HCC [22].

In Taiwan, HBV is the leading etiology of HCC [18]. In 1984, Taiwan established a
universal HBV vaccination program for newborns [23,24]. HBV vaccination has reduced
the incidence of HCC in children and adolescents [23,24]. Antiviral therapy for HBV and
HCV has been widely used in Taiwan since 2003. Antiviral therapies reduce the incidence
of HBV- and HCV-related HCC [25,26]. Consequently, the incidence of HBV- and HCV-
related HCC was expected to decrease. Indeed, of the 3843 HCC patients from five medical
centers in Taiwan enrolled by Chang et al. in their study during 2005–2011, only 10.7%
had NBNC-HCC [27], in contrast to 20.4% in 2011 and the gradual rise to 28.7% in 2020
in the present study. Therefore, we infer that the universal HBV vaccination program for
newborns and the widely employed antiviral therapy for HBV and HCV have resulted in
the decreasing incidence of HBV- and HCV-related HCC in Taiwan.

The etiologies of NBNC-HCC may be AUD and NAFLD; other etiologies, such as
autoimmune hepatitis, primary biliary cirrhosis, and primary sclerosing cholangitis, related
to chronic liver disease are rare [22]. Patients with NBNC-HCC have an increased risk of
metabolic comorbidities [28], which implies that a significant proportion of NBNC-HCC
cases could be NAFLD-related.

The incidence of HCC attributed to a nonviral etiology (mainly NAFLD) is rising [29,30];
in addition, it is associated with a decline in the percentage of patients with elevated
AFP levels. Other tumor markers more specific to NBNC-HCC are needed for HCC
surveillance in this population. Another available tumor marker for HCC surveillance is
des-γ-carboxyprothrombin (DCP), which is recommended in clinical practice guidelines by
the Japan Society of Hepatology [31]. Previous studies have demonstrated that elevated
DCP might be a diagnostic marker for NBNC-HCC [32,33].

Due to the obesity pandemic, the challenge is how to screen for HCC in patients with
NAFLD. The American Gastroenterological Association (AGA) guidelines recommend
that screening for HCC should be considered for cirrhotic patients due to NAFLD. When
the quality of ultrasound is suboptimal for HCC screening (e.g., due to obesity), future
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surveillance should be performed using CT or MRI, with or without determining the AFP
level, every 6 months [34]. However, the cost-effectiveness of HCC surveillance, if CT or
MRI replaces ultrasound, remains unknown [34].

Modern molecular biology-based technologies (e.g., liquid biopsy) hold considerable
promise for early diagnosis of HCC. To date, there are still no US Food and Drug Adminis-
tration (FDA)-approved liquid biopsy assays for HCC, mainly due to the lack of survival
benefit of such assays [35].

The strength of the present study is the use of a large cohort of patients with HCC
with prospectively collected data and limited missing data. However, the study has several
limitations. First, we did not use the Alcohol Use Disorders Inventory Test (AUDIT) [36] or
AUDIT-C [37,38] (which is recommended by the European Association for the Study of the
Liver (EASL) guidelines [39]) to screen HCC patients for AUD. In contrast, we reviewed
medical records and used habitual drinking to define AUD, which may underestimate
the prevalence of AUD in the present study. Second, the study lacked data on antiviral
therapy for HBV and HCV, which can affect AFP levels. Previous studies have shown
that the cutoff values of AFP for HCC surveillance are lower in HBV-related cirrhosis
patients receiving nucleos(t)ide analogue therapy [40] and HCV-related cirrhosis patients
treated with DAAs [41]. Third, the study lacked data on HCV ribonucleic acid (RNA). A
proportion of patients with anti-HCV-antibody-positive status could have experienced
a past episode of resolved HCV infection. Fourth, etiologies other than HBV, HCV, and
AUD were unavailable. Furthermore, we also did not have data on hepatic steatosis and
metabolic comorbidities [42]. Therefore, we could not define NAFLD in the present study.
Finally, this is a retrospective study.

5. Conclusions

In the past 10 years, a stationary trend in elevated serum AFP levels in HCC patients
was noted in this cohort from an HBV-endemic area. This result may be due to the
proportion of patients with early-stage HCC decreasing and the proportion of patients with
NBNC-HCC increasing during this period. Furthermore, advanced tumor stage, severe
underlying liver disease, female gender, and viral etiology were associated with elevated
AFP in HCC patients.
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Simple Summary: The tumor burden score (TBS) is calculated using the Pythagorean theorem based
on the largest tumor size and tumor number (α2 + β2 = γ2, where α is the largest tumor size, β is the
tumor number, and γ is the TBS). Patients who underwent liver resection (LR) for Barcelona Clinic
Liver Cancer stage 0, A, or B hepatocellular carcinoma (HCC) between 2011 and 2018 were enrolled.
Among 743 patients, 193 (26.0%) patients had a low TBS (<2.6), 474 (63.8%) had a moderate TBS
(2.6–7.9), and 75 (10.1%) had a high TBS (>7.9). Combining radiographic TBS and alpha-fetoprotein
levels could stratify overall survival among HCC patients after LR.

Abstract: We evaluated whether combining the radiographic tumor burden score (TBS) and alpha-
fetoprotein (AFP) level could be used to stratify overall survival (OS) among hepatocellular carcinoma
(HCC) patients after liver resection (LR). Patients who underwent LR for Barcelona Clinic Liver Cancer
stage 0, A, or B HCC between 2011 and 2018 were enrolled. TBS scores were calculated using the
following equation: TBS2 = (largest tumor size (in cm))2 + (tumor number)2. Among 743 patients,
193 (26.0%) patients had a low TBS (<2.6), 474 (63.8%) had a moderate TBS (2.6–7.9), and 75 (10.1%)
had a high TBS (>7.9). Those with a TBS ≤ 7.9 and AFP < 400 ng/mL had a significantly better
OS than those with a TBS > 7.9 and an AFP < 400 ng/mL (p = 0.003) or ≥ 400 ng/mL (p < 0.001).
A multivariate analysis using TBS ≤ 7.9 and AFP < 400 ng/mL as the reference values showed
that a TBS > 7.9 and an AFP < 400 ng/mL (hazard ratio (HR): 2.063; 95% confidence interval [CI]:
1.175–3.623; p = 0.012) or ≥ 400 ng/mL (HR: 6.570; 95% CI: 3.684–11.719; p < 0.001) were independent
predictors of OS. In conclusion, combining radiographic TBSs and AFP levels could stratify OS among
HCC patients undergoing LR.

Keywords: tumor burden score; hepatocellular carcinoma; alpha-fetoprotein; liver resection

1. Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths
worldwide [1–3]. Liver resection (LR) is a primary treatment modality for HCC [1–3]
and has been shown to improve survival across Barcelona Clinic Liver Cancer (BCLC)
stages [4,5]. However, LR is also associated with higher risks compared with non-surgical
treatment [2,3]. Therefore, preoperative prognostic predictions and the assessment of risk-
to-benefit ratios in patients with HCC is critical when determining which patients should
undergo LR.
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A previous study established the tumor burden score (TBS), which is calculated using
the largest tumor size and tumor number in the Pythagorean theorem (α2 + β2 = γ2, where
α = largest tumor size, β = tumor number, and γ = TBS) [6]. The TBS showed a satisfactory
ability to stratify prognostic outcomes among patients with HCC who underwent LR [6].
Further, Tsilimigras et al. reported that serum alpha-fetoprotein (AFP) and pathological TBS
had synergistic impacts on prognosis following LR for HCC [7]. However, Tsilimigras et al.
used pathological TBS, which is not suitable for preoperative prognostic predictions [7].
We aimed to use radiographic TBS combined with AFP evaluation to predict prognosis in
patients with BCLC stages 0, A, and B HCC who underwent LR.

2. Materials and Methods

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Institutional Review Board of Chang Gung Memorial Hospital
—Kaohsiung branch (reference number: 202201189B0; approval date: 8 August 2022).

Data were extracted from the Kaohsiung Chang Gung Memorial Hospital HCC registry
data. These data are prospectively collected and updated annually. The vital status of
every patient is updated annually through a link to the website of the Taiwan Ministry
of Health and Welfare (Cancer Screening and Tracing Information Integrated System for
Taiwan; https://hosplab.hpa.gov.tw/CSTIIS/index.aspx, accessed on 1 January 2007).

From 2011 to 2018, patients with newly diagnosed HCC who underwent LR at Kaoh-
siung Chang Gung Memorial Hospital were enrolled in this study. The inclusion criteria
were BCLC stage 0, A, and B HCC. The exclusion criteria were unknown preoperative
AFP level, unknown tumor differentiation status, age < 18 years, unknown pathological
stage, pathological stage N1 or M1, and non-curative LR. Curative LR was defined as
the complete resection of all macroscopic tumors with microscopically negative surgical
margins. After the application of all inclusion and exclusion criteria, 743 patients who
underwent LR during 2011–2018 were enrolled. The raw data for all 743 included patients
are available via the following digital object identifier: https://www.dropbox.com/scl/
fi/unezavq59ethkc6sprtu9/raw-data.xlsx?dl=0&rlkey=cwu1zq6f9bguxiq0ghqqfvvh3, ac-
cessed on 1 January 2023.

Tumor sizes and numbers were assessed using preoperative contrast-enhanced com-
puted tomography or magnetic resonance imaging. Tumor differentiation was assessed us-
ing Edmondson and Steiner’s classification [8]. Fibrosis was assessed using Ishak scores [9].
Cirrhosis was defined as an Ishak score of 5 or 6. Major resection was defined as the
resection of ≥3 Couinaud segments.

The Seventh American Joint Committee on Cancer (AJCC)/tumor–node–metastasis
(TNM) staging criteria [10] were applied to our HCC registry data from 2011 to 2017, and
the Eighth AJCC/TNM staging criteria [11] were applied to our HCC registry data starting
in 2018. Therefore, we present the pathological T-stage in this study as stage 1 or 2 versus
stage 3 or 4. A T-stage 1 or 2 includes the detection of a single tumor, with or without
vascular invasion, or multiple tumors, none of which are >5 cm. T-stages 3 or 4 include the
detection of multiple tumors, among which any are >5 cm, or tumors with major vascular
invasion, the perforation of the visceral peritoneum, or the direct invasion of adjacent
organs other than the gallbladder.

3. Outcome Measurement

The primary outcome measure was overall survival (OS), which was defined as the
interval between the date of LR and the date of the last follow-up or death.

4. Definitions

The detection of a single tumor ≤ 2 cm was defined as BCLC stage 0; a single tumor
> 2 cm, or 2–3 tumors ≤ 3 cm, were defined as BCLC stage A; and 2–3 tumors ≥ 3 cm,
or ≥ 4 tumors, were defined as BCLC stage B [5]. Tumor sizes were defined by the size
of the largest tumor if multiple tumors were detected. TBS scores [6] were determined
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using the following equation: TBS2 = (largest tumor size (in cm))2 + (tumor number)2. The
tumor number and the largest tumor size were determined based on the results of imaging
studies. Cutoff values for TBS were determined according to OS by using X-tile [12],
a bioinformatics tool created by Camp et al.

5. Statistical Analysis

The patients’ characteristics are presented as the number (percentage) of patients
matching the specific characteristics, and they were compared using the Chi-square test.
Comparisons of OS between groups were performed using the Kaplan–Meier survival
curves and the log-rank test. Covariates in the multivariate model were chosen a priori,
based on established clinical relevance. The potential confounders included age, the
presence of cirrhosis, TBS, AFP level, and tumor differentiation status [2,3,5,6]. These
variables were fully adjusted in the multivariate model. The results are presented as
a hazard ratio (HR) with a 95% confidence interval (CI). Statistical analyses were performed
using SPSS version 22.0. Two-tailed significance values were calculated, and significance
was defined as p < 0.05.

6. Results

6.1. Clinical and Pathological Characteristics of Patients

A total of 743 patients, who underwent LR for HCC and met the inclusion and ex-
clusion criteria, were enrolled in this study. The patients were divided into three groups
according to the TBS: high TBS (>7.9; n = 75, 10.1%), medium TBS (2.6–7.9; n = 474, 63.8%),
and low TBS (<2.6; n = 193, 26%) (Figure 1). Overall, 136 patients (18.3%) had BCLC stage 0,
538 (72.4%) had BCLC stage A, and 69 (9.3%) had BCLC stage B. Among all 743 patients,
390 (52.5%) patients were hepatitis B surface antigen (HBsAg)-positive, 251 (33.8%) patients
were anti-hepatitis C virus (HCV)-positive, 352 (47.4%) patients had a major resection,
414 (55.7%) patients were < 65 years of age, 572 (77.0%) patients were male, 623 (83.8%)
patients had AFP < 400 ng/mL, and 731 (98.4%) patients were Child–Pugh Class A.
Pathological examinations showed that 287 (38.6%) patients had cirrhosis, 29 (3.9%) pa-
tients had poorly differentiated tumors, and 63 (8.5%) patients had pathological T-stage
3 or 4 (Table 1). After combining TBS and AFP levels, four groups were generated:
TBS ≤ 7.9/AFP < 400 ng/mL (n = 577, 77.7%); TBS ≤ 7.9/AFP ≥ 400 ng/mL (n = 90,
12.1%); TBS > 7.9/AFP < 400 ng/mL (n = 46, 6.2%); and TBS > 7.9/AFP ≥ 400 ng/mL
(n = 30, 4.0%). The proportion of male patients (89.1%) was highest among the
TBS > 7.9/AFP < 400 ng/mL group (p = 0.014). The proportion of cirrhotic patients (15.2%)
was lowest in the TBS > 7.9/AFP ≤ 400 ng/mL group (p = 0.014). The proportion of pa-
tients who were anti-HCV-positive (36.4%) was highest in the TBS ≤ 7.9/AFP < 400 ng/mL
group (p = 0.023). The proportion of patients who underwent major resection (86.7%) was
highest in the TBS > 7.9/AFP ≥ 400 ng/mL group (p < 0.001). The proportion of patients
with poor tumor differentiation (13.3%) was highest in the TBS > 7.9/AFP ≥ 400 ng/mL
group (p < 0.001). The proportion of patients with pathological stage-T 3 or 4 (60.0%) was
highest in the TBS > 7.9/AFP ≥ 400 ng/mL group (p < 0.001). No significant differences
between groups were observed for the remaining variables (Table 2).

Figure 1. Cutoff tumor burden score (TBS) values were determined by overall survival using X-tile,
a bioinformatics tool created by Camp et al. (A) Data represented graphically in a right-triangular
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grid in which each pixel represents the data from a given set of divisions. The vertical axis represents
all possible “high” populations, with the size of the high population increasing from top to bottom.
Similarly, the horizontal axis represents all possible “low” populations, with the size of the low
population increasing from left to right. (B) The number of patients in each group for a given set of
divisions. (C) Kaplan–Meier curves show significant differences in overall survival among patients
with a low TBS (i.e., <2.6), moderate TBS (i.e., 2.6–7.9), and high TBS (i.e., >7.9; p < 0.001).

Table 1. The patients’ clinical and pathological characteristics.

Total, n = 743

Age (year)
≤65 414 (55.7%)
>65 329 (44.3%)
Sex

Male 572 (77.0%)
Female 171 (23.0%)

Cirrhosis
Presence 287 (38.6%)
Absence 420 (56.5%)

Unknown 36 (4.8%)
HBsAg
Positive 390 (52.5%)

Negative 353 (47.5%)
Anti-HCV

Positive 251 (33.8%)
Negative 492 (66.2%)

AFP (ng/mL)
<400 623 (83.8%)
≥400 120 (16.2%)

Child–Pugh class
A 731 (98.4%)
B 11 (1.5%)

Unknown 1 (0.1%)
Type of resection

Major 352 (47.4%)
Minor 394 (53.0)

Tumor differentiation
Poor 29 (3.9%)

Moderate 658 (88.6%)
Well 56 (7.5%)

Pathology T-stage
1–2 680 (91.5%)
3–4 63 (8.5%)

Tumor burden score
Low < 2.6 193 (26.0%)

Medium: 2.6–7.9 474 (63.8%)
High > 7.9 75 (10.1%)

BCLC stage
0 136 (18.3)
A 538 (72.4%)
B 69 (9.3%)

Radiographic tumor size (cm)
≤5 573 (77.1%)
>5 170 (22.9%)

Radiographic tumor number
1 637 (85.7%)
2 78 (10.5%)
3 16 (2.2%)
4 11 (1.5%)
5 1 (0.1%)

BCLC, Barcelona Clinic Liver Cancer; HBsAg, hepatitis B virus surface antigen; HCV, hepatitis C virus; AFP,
α-fetoprotein.
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Table 2. Clinical and pathological characteristics of patients stratified by AFP and TBS levels.

TBS ≤ 7.9 and
AFP < 400 ng/mL,

n = 577

TBS ≤ 7.9 and
AFP ≥ 400 ng/mL,

n = 90

TBS > 7.9 and
AFP < 400 ng/mL,

n = 46

TBS > 7.9 and
AFP ≥ 400 ng/mL,

n = 30
p

Age (year) 0.283
≤65 381 (66%) 58 (64.4%) 27 (58.7%) 24 (80%)
>65 196 (34%) 32 (35.6%) 19 (41.3%) 6 (20%)
Sex 0.014

Male 488 (77.6%) 59 (65.6%) 41 (89.1%) 23 (76.7%)
Female 129 (22.4%) 31 (34.4%) 5 (10.9%) 7 (23.3%)

Cirrhosis <0.001
Yes 231 (40%) 43 (47.8%) 7 (15.2%) 6 (20%)
No 323 (56%) 43 (47.8%) 33 (71.7%) 21 (70%)

Unknown 23 (4.0%) 4 (4.4%) 6 (13.0%) 3 (10.0%)
HBsAg 0.076
Positive 302 (52.3%) 52 (57.8%) 17 (37%) 19 (36.7%)

Negative 275 (47.7%) 38 (42.2%) 29 (63.0%) 11 (63.3%)
Anti-HCV 0.023

Positive 210 (36.4%) 26 (28.9%) 12 (26.1%) 4 (13.3%)
Negative 367 (63.6%) 64 (71.1%) 34 (73.9%) 26 (86.7%)

Child–Pugh class 0.168
A 568 (98.4%) 90 (100%) 43 (93.5%) 30 (100%)
B 8 (1.4%) 0 3 (6.5%) 0

Unknown 1 (0.2%) 0 0 0
Type of resection <0.001

Major 245 (42.5%) 41 (42.6%) 37 (80.4%) 26 (86.7%)
Minor 332 (57.5%) 49 (54.4%) 9 (19.6%) 4 (13.3%)

Tumor differentiation <0.001
Poor 14 (2.4%) 8 (8.9%) 3 (6.5%) 4 (13.3%)

Moderate 510 (88.4%) 81 (90.0%) 42 (91.3%) 24 (83.3%)
Well 53 (9.2%) 1 (1.1%) 1 (2.2%) 1 (3.3%)

Pathology T-stage <0.001
1–2 551 (95.5%) 84 (93.3%) 33 (71.7%) 12 (40%)
3–4 26 (4.5%) 6 (6.7%) 13 (28.3%) 18 (60%)

HBsAg, hepatitis B virus surface antigen; HCV, hepatitis C virus; AFP, α-fetoprotein; TBS, tumor burden score.

6.2. The Association of TBS and AFP with OS

The median follow-up in this cohort was 19.9 months (interquartile range (IQR):
10.8–58.8 months). Both the TBS and AFP were strong predictors of OS, and the 5-year
OS incrementally worsened with higher TBS (low TBS: 86%; medium TBS: 69%; high TBS:
44%; p < 0.001) (Figure 1). Patients with high AFP levels (i.e., AFP ≥ 400 ng/mL) had
worse 5-year OS compared with patients who had low AFP levels (i.e., AFP < 400 ng/mL;
57% vs. 73%; p < 0.001).

When examining different combinations of TBS and AFP relative to OS, TBS and AFP
showed a synergistic impact on OS. Patients with TBS ≤ 7.9 and AFP < 400 ng/mL had
better OS than those with TBS > 7.9 and AFP < 400 ng/mL (p = 0.003) and those with
TBS > 7.9 and AFP ≥ 400 ng/mL (p < 0.001). Patients with TBS ≤ 7.9 and AFP ≥ 400 ng/mL
had better OS than those with TBS > 7.9 and AFP ≥ 400 ng/mL (p < 0.001). Patients
with TBS > 7.9 and AFP < 400 ng/mL had better OS than those with TBS > 7.9 and
AFP ≥ 400 ng/mL (p = 0.027). No significant differences in OS were observed between
other groups (Figure 2).
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Figure 2. Kaplan–Meier curves demonstrating differences in overall survival among patients with
tumor burden score (TBS) ≤ 7.9/α-fetoprotein (AFP) ≤ 400 ng/mL, TBS ≤ 7.9/AFP > 400 ng/mL,
TBS > 7.9/AFP ≤ 400 ng/mL, and TBS > 7.9/AFP > 400 ng/mL.

On multivariate analysis, using TBS ≤ 7.9 and AFP < 400 ng/mL as the refer-
ence values, and after adjusting for all confounding variables, the combinations of
TBS > 7.9/AFP < 400 ng/mL (HR: 2.063; 95% CI: 1.175–3.623; p = 0.012) and TBS > 7.9/AFP
≥ 400 ng/mL (HR: 6.57; 95% CI: 3.684–11.719; p < 0.001) were independent predictors of
OS. By contrast, the combination of TBS ≤ 7.9/AFP ≥ 400 ng/mL was not an independent
predictor for OS (HR: 1.394; 95% CI: 0.858–2.266; p = 0.180; Table 3).

Table 3. Univariate and multivariate Cox regression analysis of factors associated with overall survival.

Univariate Multivariate
HR (95% CI) p HR (95% CI) p

Age (year)
≤65 1.00 (reference) 1.00 (reference)
>65 2.083 (1.488–2.915) <0.001 2.146 (1.523–3.024) <0.001

Cirrhosis
No 1.00 (reference) 1.00 (reference)
Yes 1.525 (1.081–2.153) 0.016 1.692 (1.190–2.405) 0.003

Unknown 1.382 (0.597–3.197) 0.450 0.969 (0.414–2.268) 0.942
Tumor differentiation

Well or moderate 1.00 (reference) 1.00 (reference)
Poor 2.895 (1.514–5.535) 0.001 2.027 (1.044–3.939) 0.037

Group
TBS ≤ 7.9 and AFP < 400 ng/mL 1.00 (reference) 1.00 (reference)
TBS ≤ 7.9 and AFP ≥ 400 ng/mL 1.560 (0.966–2.520) 0.069 1.394 (0.858–2.266) 0.180
TBS > 7.9 and AFP < 400 ng/mL 2.077 (1.193–3.617) 0.010 2.063 (1.175–3.623) 0.012
TBS > 7.9 and AFP ≥ 400 ng/mL 5.378 (3.094–9.349) <0.001 6.57 (3.684–11.719) <0.001

AFP, α-fetoprotein; TBS, tumor burden score.
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7. Discussion

In the current study, TBS combined with AFP levels could stratify OS among patients
with BCLC stage 0, A, and B HCC who underwent LR. This model was useful for preop-
erative prognosis prediction and the assessment of risk-to-benefit ratios. The proportions
of cirrhotic patients were lowest in the TBS > 7.9/AFP < 400 ng/mL group, which also
contained higher proportions of patients with high tumor burden who required major
resection. Major resection can be performed in patients with non-cirrhotic HCC with
low rates of major complications and with satisfactory outcomes [13]. The proportion of
patients with poor tumor differentiation and pathological T-stage 3 or 4 was highest in
the TBS > 7.9/AFP ≥ 400 ng/mL group, indicating a high tumor burden, and a previous
study reported that AFP elevation was correlated with vascular invasion and poor tumor
differentiation [14].

The BCLC guidelines suggest that LR is indicated for BCLC stages 0–A [5]. However,
a meta-analysis reported that LR improved the prognosis of BCLC B HCC patients com-
pared with those who underwent transarterial chemoembolization (TACE) [15]. Further-
more, LR for BCLC B HCC is commonly adopted in daily practice at both Eastern and
Western treatment centers [16,17]. We enrolled BCLC stage 0, A, and B patients in the
current study.

BCLC stages A and B are heterogeneous. BCLC stage A is defined as multiple tumors
within the Milan criteria or a solitary tumor >2 cm, irrespective of the size [5]. However,
increasing tumor size is associated with an increased risk of microvascular invasion and
micrometastasis, which can lead to a worse prognosis [18–20]. A previous study reported
that the prognosis of BCLC stage A patients with a single large HCC > 5 cm is similar to
that of patients classified as BCLC stage B HCC among patients who underwent LR [21].
BCLC stage B is well-known for its heterogeneity [3]. The BCLC staging system does not
consider AFP in their model [5], despite AFP being a well-known prognostic biomarker
for HCC [22]. We, therefore, hypothesized that TBS combined with AFP evaluation could
be useful in daily practice for predicting OS among patients with BCLC stage 0, A, and B
HCC who undergo LR.

The optimal cutoff values for TBS relative to OS were determined in the current study
using the X-tile bioinformatics tool [12] (low TBS was defined as < 2.6, medium TBS was
defined as 2.6–7.9, and high TBS was defined as > 7.9); these values are different from those
reported by Tsilimigras et al. (low TBS was defined as < 3.36, medium TBS was defined as
3.36–13.74, and high TBS was defined as > 13.74) [7]. The discrepancies between studies
could be due to differences in patients’ characteristics. Furthermore, Tsilimigras et al. used
pathologically defined TBS [7], whereas we used radiographically defined TBS in the
current study.

The TBS is simple to use, and numerous studies have demonstrated its predictive
value in prognosis in patients with HCC undergoing LR [6,7,23–32]. Among these studies,
some studies used pathological TBS, which is not suitable for preoperative prognostic pre-
dictions [6,7,23–26]. Two studies only enrolled patients with BCLC stage B [27,28]. Whether
the results of these studies could be extrapolated to other BCLC stages is unknown; mean-
while, our study enrolled patients with BCLC stages 0, A, and B. Endo et al. reported that
a preoperative model composed of AFP, radiographic TBS, and neutrophil-to-lymphocyte
ratio could predict the presence of microvascular invasion [29], whereas the aim of the
present study is to predict OS. Fukami et al. enrolled patients with BCLC stages 0, A,
and B. The authors used a combination of the Controlling Nutritional Status score and
radiographic TBS to predict OS. However, this study only enrolled 96 patients. The case
number may be too small to draw any conclusions [30].

Endo et al. enrolled 1676 patients with BCLC stages 0, A, B, and C. The authors
used a preoperative model composed of radiographic TBS, AFP, neutrophil-to-lymphocyte
ratio, albumin, gamma-glutamyl transpeptidase, and vascular involvement to predict
5-year OS. This model could stratify the OS into three distinct groups. Further, this
model outperformed HCC staging systems including the BCLC and the AJCC systems [31].

207



Cancers 2023, 15, 1203

Lima et al. enrolled 1435 patients with HCC undergoing LR without mentioning their
BCLC stage. A risk score that included three variables (i.e., radiographic TBS, AFP, and
Child–Pugh class) demonstrated superior predictive value for OS compared with the BCLC
stage and further stratified patients within the BCLC stage relative to OS [32].

The advantage of our model, which is composed of radiographic TBS
(cutoff value = 7.9) and AFP (cutoff value = 400 ng/mL), is simplicity; meanwhile,
Lima et al. used a point system (TBS low/medium/high = 0/1/2; AFP low/high = 0/1;
Child–Pugh class A/B = 0/1) to develop a risk score [32] and Endo et al. used an online
calculator (https://yutaka-endo.shinyapps.io/PrepoScore_Shiny/, accessed on 1 January
2023) for their complex model [31]. We believe that model simplicity is of paramount impor-
tance in clinical application. Although numerous prognostic models have been developed
for HCC [33], the BCLC [5] and the AJCC [10,11] staging systems are the most popular,
mainly due to their simplicity.

One strength of the current study was the evaluation of radiographic TBS, which
is useful for preoperative risk assessment. In addition, the vital status of each patient
in the current study was verified through a link to a government website. There were
few pieces of missing data identified in the current study. Among the variables included
in the multivariate analysis, only 36 (4.8%) patients had unknown cirrhotic status. The
limitations of the current study include the retrospective design and the study of a single
treatment center, the outcomes of which may not be generalizable to other institutions.
Furthermore, the majority of patients in this study were categorized as low tumor burden
(i.e., TBS ≤ 7.9 and AFP < 400 ng/mL). The case numbers in the remaining groups were
limited. Finally, no validation cohort was used to verify the cutoff values for TBS.

8. Conclusions

Radiographic TBS combined with AFP levels successfully stratified OS among patients
with BCLC stages 0, A, and B in patients who underwent LR, which could be used for the
preoperative prognosis prediction and risk-to-benefit ratio assessments among patients
with BCLC stage 0, A, and B HCC prior to LR.
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Simple Summary: Atezolizumab plus bevacizumab (Atez/Bev) treatment is now recommended as a
first-line systemic treatment for unresectable hepatocellular carcinoma. In this study, we evaluated
the therapeutic effects and adverse events of Atez/Bev treatment in the real world including patients
with Child–Pugh B or non-viral hepatitis and those who received Atez/Bev treatment as a later-line
treatment. Furthermore, we analyzed the factors affecting the overall survival among changes in the
clinical indicators representing liver function and tumor-related factors within 3 months after the
introduction of Atez/Bev treatment. The results of this study may be useful in determining whether
to continue or modify Atez/Bev treatment at an early stage after starting this treatment.

Abstract: In this study, we aimed to evaluate the efficacy and safety of atezolizumab plus beva-
cizumab (Atez/Bev) treatment for unresectable hepatocellular carcinoma (HCC) and to analyze the
factors affecting overall survival (OS). A total of 69 patients who received Atez/Bev at our institutions
for unresectable HCC were enrolled in this study. OS and progression-free survival (PFS) were esti-
mated using the Kaplan–Meier method. Changes in clinical indicators within 3 months were defined
as delta (Δ) values, and the Cox proportional hazards model was used to identify which Δ values
affected OS. The median OS, PFS, objective response rate, and disease control rate were 12.5 months,
5.4 months, 23.8%, and 71.4%, respectively. During the observational period, 62 patients (92.5%)
experienced AEs (hypertension (33.3%) and general fatigue), and 27 patients (47.4%) experienced
grade ≥ 3 AEs (hypertension (10.1%) and anemia (7.2%)). There was a significant deterioration in the
albumin-bilirubin (ALBI) score (−2.22 to −1.97; p < 0.001), and a reduction in PIVKA-II levels (32,458
to 11,584 mAU/mL; p = 0.040) within 3 months after commencing Atez/Bev. Both the worsening
Δ ALBI score (p = 0.005) and increasing Δ PIVKA-II (p = 0.049) were significantly associated with the
OS of patients.

Keywords: hepatocellular carcinoma; atezolizumab; bevacizumab; prognosis factor; ALBI score;
PIVKA-II

1. Introduction

Hepatocellular carcinoma (HCC) is a prevalent disease worldwide, with approximately
800,000 individuals newly developing and dying from this malignancy each year [1]. HCC
is difficult to detect during the early stages, and in most cases is diagnosed only after
having progressed to an unresectable state [2]. Approximately 50% of patients with HCC
receive systemic therapy [3]. Sorafenib was the first oral active multi-kinase inhibitor
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confirmed to be effective against unresectable HCC [4], and since its introduction, other
multi-kinase inhibitors including lenvatinib, regorafenib, and cabozantinib have similarly
been established to be efficacious [5–7].

In recent years, the importance of immune checkpoint inhibitors in HCC treatment
has received increasing attention. Among these agents, treatment with atezolizumab, a
programmed death-ligand 1 (PD-L1)-targeted antibody, administered in combination with
bevacizumab (Atez/Bev), for unresectable HCC was for the first time reported to result in
better overall survival (OS) and progression-free survival (PFS) outcomes than sorafenib
(IMbrave150) [8]. On the basis of this favorable outcome, Atez/Bev is now recommended
as a first-line systemic treatment for unresectable HCC in the recently revised guidelines
issued in the United States, Europe, and Japan [9–11].

In the IMbrave150 trial [8], none of the participants had previously received systemic
treatment and had a good liver functional reserve (the inclusion criterion was Child–Pugh
A). However, in the real world, patients who receive Atez/Bev for unresectable HCC
generally receive a range of other treatments including systemic therapy, and some patients
have poor liver functional reserve, as seen in Japan, where HCC occurs in elderly patients
with reduced hepatic functional reserve. In addition, the incidence of non-viral HCC, which
may be less likely to respond to Atez/Bev, is also rapidly increasing [12,13]. Therefore, it is
important to evaluate the efficacy and safety of Atez/Bev in clinical settings.

Although Atez/Bev has been established to be an effective treatment for unresectable
advanced HCC, there are some patients who do not benefit from this treatment. Indeed,
it has been found that only one-third of the patients who receive this treatment show an
objective response [8]. In addition, Atez/Bev therapy can cause serious adverse events
(AEs) [8]. Consequently, it is essential to identify the factors affecting survival or AEs when
deciding whether to continue or discontinue treatment. In this regard, several biomarkers
including PD-L1 expression and pre-existing immunity in baseline tumor tissue [14,15]
have been identified as having potential utility in predicting the Atez/Bev response and in
determining the course of treatment. However, such evaluations are complex and there is a
need for more convenient and established biomarkers for use in daily clinical practice.

In this study, we evaluated the therapeutic effects and AEs of Atez/Bev in the treat-
ment of unresectable HCC. Focusing on the factors affecting overall OS after the initiation
of this treatment, we found that a deterioration in hepatic functional reserve and an eleva-
tion in the levels of protein induced by vitamin K absence-II (PIVKA-II) during the initial
3 months of treatment were associated with a poorer OS in these patients.

2. Materials and Methods

2.1. Enrolled Patients

A total of 69 patients who had received Atez/Bev for at least 3 months for unresectable
HCC at our institutions (Gifu University Hospital, Gifu Municipal Hospital, and Gifu Pre-
fectural General Medical Center) between November 2020 and March 2022 were included
in this study. The study design was reviewed and approved by the Ethics Committee of
Gifu University School of Medicine on 2 June 2021 (ethical protocol code: 2021–074).

2.2. HCC Diagnosis and Therapeutic Strategies

HCC was diagnosed on the basis of a typical hypervascular tumor stain on angiogra-
phy and typical dynamic computed tomography (CT) or magnetic resonance imaging (MRI)
findings of enhanced staining in the early phase and attenuation in the delayed phase [16].
Therapeutic strategies for HCC in this study were determined according to the clinical
guidelines for HCC published by the Japan Society of Hepatology [16]. Atez/Bev was ad-
ministered according to the standard regimen, for which all patients received intravenous
atezolizumab (1200 mg) plus bevacizumab (15 mg/kg body weight) every 3 weeks [8].
An alternative treatment was considered when serious AEs, a hyper progressive disease
defined as disease progression with a ≥2-fold increase in the first evaluation [17], or
progressive disease (PD) for a certain period were observed.
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2.3. Evaluation of the Efficacy and Safety of Atez/Bev

The therapeutic response of each patient was assessed using dynamic CT or MRI
imaging according to the Response Evaluation Criteria in Solid Tumors [18]. OS was
defined as the time from the day of commencing Atez/Bev therapy to death or the last
visit. PFS was defined as the time from the commencement of Atez/Bev treatment to
the observation of clinical disease progression or death. Adverse events were assessed
according to the Common Terminology Criteria for Adverse Events (CTCAE), version 5.0.

2.4. Determination of Prognostic Factors and Statistical Analyses

Differences in the baseline characteristics within 3 months after the initiation of
Atez/Bev therapy were compared using a paired-t test. Changes in clinical indicators
representing liver function and tumor-related factors within 3 months after the introduction
of the treatment were defined as delta (Δ) values. The Cox proportional hazards model
was used to identify which Δ values affected the OS after the initiation of this treatment.

OS and PFS were estimated using the Kaplan–Meier method, and differences between
curves were evaluated using the log-rank test. Maximally selected rank statistics were
used to determine the optimal cut-off to maximize the separation of the curves in the
two groups [19]. We used the ‘maxstat’ package (version 0.7-25) in R to conduct these
statistical analyses. Statistical significance was set at p < 0.05, and all statistical analyses
were performed using R (version 4.1.2; R Foundation for Statistical Computing, Vienna,
Austria; http://www.R-project.org/, accessed on 26 July 2022).

3. Results

3.1. Patient Characteristics and HCC Treatment Status

The clinical characteristics of the enrolled patients (55 men with an average age of 74.4
years) immediately prior to the initiation of Atez/Bev treatment are shown in Table 1. With
to the underlying liver diseases, 12, 22, 16, 12, and seven patients had hepatitis B virus,
hepatitis C virus, non-alcoholic steatohepatitis, alcoholic liver disease, and other diseases,
respectively, whereas with respect to liver functional reserve, 37, 24, seven, and one patient
had Child–Pugh scores of 5, 6, 7, and 8, respectively.

Table 1. Baseline demographic and clinical characteristics of the enrolled patients.

Variables (n = 69)

Age (years) 74.4 ± 9.7
Sex (male/female) 55/14
ECOG PS (0/1/2) 55/17/2

Etiology (HBV/HCV/NASH/Alcohol/others) 12/22/16/12/7
BCLC stage (A/B1/B2/C) 9/8/16/36

Child–Pugh score (5/6/7/8) 37/24/7/1
ALBI score −2.22 ± 0.42
ALB (g/dL) 3.5 ± 0.5
AST (U/L) 51 ± 40
ALT (U/L) 37 ± 34

T-Bil (mg/dL) 0.8 ± 0.4
PT (%) 96 ± 18

AFP (ng/mL) 2252 ± 7337
PIVKA-II (mAU/mL) 32,458 ± 156,378

Values are presented as a mean ± standard deviation. ECOG, Eastern Cooperative Oncology Group; PS, perfor-
mance status; HBV, hepatitis B virus; HCV, hepatitis C virus; NASH, nonalcoholic steatohepatitis; BCLC, Barcelona
Clinic Liver Cancer; ALBI score, albumin-bilirubin score; ALB, albumin; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; T-Bil, total bilirubin; PT, prothrombin time; AFP, alpha-fetoprotein; PIVKA-II, protein
induced by vitamin K absence or antagonists-II.

Among the enrolled patients, 54 (78.2%) had received other treatment for HCC prior to
the initiation of Atez/Bev, one (1.4%) had received combination treatment, and 31 (44.9%)
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had received other treatments after the Atez/Bev treatment. Details of pre-treatment,
combination treatment, and post-treatment are shown in Table 2.

Table 2. The pre-, combination, and post-treatment of the patients receiving atezolizumab plus
bevacizumab treatment.

Pre-Treatment
Combination

Treatment
Post-Treatment

Any treatments 54 (78.2%) 1 (1.4%) 31 (44.9%)
Hepatectomy 23 0 3

RFA 23 0 2
TACE 40 1 8

Radiation therapy 9 0 2
Sorafenib 6 0 2

Regorafenib 1 0 0
Lenvatinib 18 0 21

Ramucirumab 3 0 3
RFA, radiofrequency ablation; TACE, transcatheter arterial chemo embolization.

3.2. Efficacy and Safety of Atez/Bev for Patients with Unresectable HCC

The mean observational period for the enrolled patients was 7.8 ± 3.8 months. OS
rates at 6 and 12 months and median OS were 77.6%, 50.7%, and 12.5 months, respectively
(Figure 1a), whereas the PFS rates at 6 and 12 months and the median PFS were 46.0%,
24.2%, and 5.4 months, respectively (Figure 1b). The therapeutic effects of complete
response, partial response, stable disease, and PD were observed in one, 14, 30, and
18 cases, respectively. The objective response rate (ORR) and disease control rate (DCR)
were 23.8% and 71.4%, respectively. Fifteen patients had PD within 3 months, and these
patients tended to have shorter survival than those who did not (p = 0.067, Figure S1).

 
Figure 1. Kaplan–Meier curve for overall survival after the introduction of atezolizumab plus
bevacizumab treatment for unresectable HCC (a) and for progression-free survival (b).

Table 3 shows the AEs recorded in response to the Atez/Bev treatment. We found
that 62 patients (92.5%) experienced some form of AE, the most frequent of which at any
grade was hypertension (33.3%), followed by general fatigue (31.9%), proteinuria (26.1%),
liver dysfunction (24.6%), and appetite loss (23.2%). AEs at Grade ≥ 3 were identified in
27 patients (47.4%), the most frequent of which was hypertension (10.1%), followed by
anemia (7.2%), appetite loss (5.8%), and hemorrhage (5.8%). With respect to immune-related
AEs, three patients experienced interstitial pneumonia, and one experienced myasthenia
gravis and rheumatic arthritis. None of the enrolled patients experienced Grade 5 AEs.

214



Cancers 2022, 14, 6089

Table 3. Adverse events during atezolizumab plus bevacizumab treatment.

Any Grade
(n = 69)

Grade 1 Grade 2 Grade ≥ 3

Any symptoms 62 (92.5%) 27 (47.4%)
Hypertension 23 (33.3%) 8 (11.6%) 8 (11.6%) 7 (10.1%)

General fatigue 22 (31.9%) 16 (23.2%) 5 (7.2%) 1 (1.4%)
Proteinuria 18 (26.1%) 5 (7.2%) 11 (15.9%) 2 (2.9%)

Liver dysfunction 17 (24.6%) 14 (20.3%) 0 3 (4.3%)
Appetite loss 16 (23.2%) 6 (8.7%) 6 (8.7%) 4 (5.8%)
Hemorrhage 11 (15.9%) 7 (10.1%) 0 4 (5.8%)

Platelet count decreased 10 (14.5%) 4 (5.8%) 3 (4.3%) 3 (4.3%)
Anemia 9 (13.0%) 2 (2.9%) 2 (2.9%) 5 (7.2%)
Diarrhea 7 (10.1%) 6 (8.7%) 1 (1.4%) 0

Hypothyroidism 5 (7.2%) 4 (5.8%) 1 (1.4%) 0
Skin disorders 2 (2.9%) 0 0 2 (2.9%)
Heart failure 2 (2.9%) 0 2 (2.9%) 0

Colonic perforation 1 (1.4%) 0 0 1 (1.4%)
Interstitial pneumonia 4 (5.8%) 3 (4.3%) 1 (1.4%) 0

Myasthenia gravis 1 (1.4%) 0 0 1 (1.4%)
Rheumatic arthritis 1 (1.4%) 0 1 (1.4%) 0

3.3. Changes in Clinical Indicators 3 Months after the Induction of Atez/Bev Affecting OS

Table 4 shows the changes in clinical indicators representing liver functional reserve
and tumor markers during the initial 3 months after the initiation of Atez/Bev treatment.
Within 3 months after commencing treatment, we detected a significant deterioration in
factors representing liver functional reserve including the Child–Pugh score, albumin-
bilirubin (ALBI) score [20], serum albumin level, and the presence of ascites (p < 0.001).
Moreover, there was a significant reduction in the levels of PIVKA-II (p = 0.040).

Table 4. Changes in clinical indicators 3 months after the introduction of atezolizumab plus beva-
cizumab treatment.

Variables Introduction After 3 Months p Value

Child-Pugh score 5.6 ± 0.7 6.4 ± 1.4 <0.001
ALBI score −2.22 ± 0.42 −1.97 ± 0.51 <0.001
ALB (g/dL) 3.5 ± 0.4 3.3 ± 0.5 <0.001
AST (U/L) 51.0 ± 40.3 49.6 ± 54.5 0.253
ALT (U/L) 37.1 ± 33.7 34.5 ± 37.3 0.364

T-Bil (mg/dL) 0.9 ± 0.4 1.3 ± 2.3 0.143
PT (%) 96.5 ± 18.3 93.1 ± 21.7 0.078

Ascites (yes/no) 0/69 15/54 <0.001
Encephalopathy (yes/no) 0/69 1/68 1.000

AFP (ng/mL) 2252 ± 7337 4997 ± 17,802 0.079
PIVKA-II (mAU/mL) 32,458 ± 156,378 11,584 ± 28,983 0.040

Values are compared using the paired-t test. ALBI score, albumin-bilirubin score; ALB, albumin; AST, as-
partate aminotransferase; ALT, alanine aminotransferase; T-Bil, total bilirubin; PT, prothrombin time; AFP,
alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence or antagonists-II.

When analyzing the Δ values, the Δ Child–Pugh score, Δ ALBI score, Δ albumin,
and Δ T-Bil, all representing liver function impairment and Δ PIVKA-II, were selected as
prognostic factors in univariate analysis. We analyzed the Δ ALBI score and Δ PIVKA-II
in multivariate analysis and identified a deterioration in the ALBI score (hazard ratio
(HR): 5.477, 95% confidence interval (CI): 1.656–18.12, p = 0.005) and increased PIVKA-II
(HR: 1.001, 95%CI: 1.000–1.003, p = 0.049) within 3 months after the initiation of Atez/Bev
treatment as independent prognostic factors in multivariate analyses (Table 5). However,
the AFP and PIVKA-II change ratios, which were defined by the AFP and PIVKA-II values
at 3 months after Atez/Bev treatment divided by their values before the treatment, were
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not associated with OS (Table S1). When limited to the 54 patients who did not have PD
within 3 months, increased PIVKA-II (HR: 1.002; 95%CI, 1.001–1.003; p = 0.033) was the
only independent risk factor for OS (Table S2).

Table 5. Univariate and multivariate analyses of possible risk factors for overall survival among the
changes of clinical indicators within 3 months by the Cox proportional hazards model.

Variables
Univariate Analysis Multivariate Analysis

HR (95%CI) p Value HR (95%CI) p Value

Δ Child–Pugh score/3 months 1.971 (1.420–2.737) <0.001

Δ ALBI score/3 months 2.951 (1.956–4.453) <0.001 5.477
(1.656–18.12) 0.005

Δ Albumin (g/dL)/3 months 0.167 (0.069–0.409) <0.001
Δ AST (U/L)/3 months 1.001 (0.991–1.011) 0.846
Δ ALT (U/L)/3 months 0.999 (0.985–1.014) 0.925

Δ T-Bil (mg/dL)/3 months 1.276 (1.092–1.490) 0.002
Δ PT (%)/3 months) 0.985 (0.966–1.004) 0.120

Δ AFP (ng/mL)/3 months 1.002 (0.999–1.004) 0.129

Δ PIVKA-II (mAU/mL)/3 months 1.002 (1.001–1.003) 0.003 1.001
(1.000–1.003) 0.049

Δ values mean the changes of clinical indicators that represent liver function and tumor markers within 3 months
after the introduction of atezolizumab plus bevacizumab treatment. ALBI score, albumin-bilirubin score; ALB,
albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; T-Bil, total bilirubin; PT, prothrombin
time; AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence or antagonists-II.

Maximally selected rank statistics revealed that the optimal cutoff values of the Δ ALBI
score and Δ PIVKA-II were 0.376 and 672 mAU/mL, respectively (Figure S2). Patients with
Δ ALBI scores ≤ 0.376 (p < 0.001, Figure 2a) and Δ PIVKA-II ≤ 672 mAU/mL (p = 0.007,
Figure 2b) had significantly longer survival than those with Δ ALBI scores >0.376 and Δ
PIVKA-II > 672 mAU/mL, respectively. Furthermore, the enrolled patients were further
divided into three groups based on using the two cutoff values as follows: Group 1, patients
with Δ ALBI score ≤0.376 and Δ PIVKA-II ≤ 672 mAU/mL; Group 3, patients with Δ
ALBI score > 0.376 and Δ PIVKA-II > 672 mAU/mL; and Group 2, patients with others.
Patients in Group 1 had longer survival times than those in Group 2 (p = 0.012) and Group 3
(p < 0.001) (Figure 2c).

 

Figure 2. Kaplan–Meier curve for overall survival divided by Δ ALBI score of 0.376 (a), Δ
PIVKA-II of 672 mAU/mL (b), and divided into three groups as follows: Group 1, patients with
Δ ALBI score ≤ 0.376 and Δ PIVKA-II ≤ 672 mAU/mL; Group 3, patients with Δ ALBI score > 0.376
and Δ PIVKA-II > 672 mAU/mL; and Group 2, patients with others (c).
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4. Discussion

In this study, we describe the clinical outcomes and AEs associated with Atez/Bev ther-
apy for unresectable advanced HCC performed in a clinical setting. Results obtained from
the updated IMbrave150 trial revealed median OS and PFS values of 19.2 and 6.9 months,
and ORR and DCR values of 30% and 74%, respectively [21]. Compared with these obser-
vations, we recorded similar ORR (23.8%) and DCR (71.4%) values in the present study,
whereas the median OS (12.5 months) and PFS (5.4 months) values were slightly inferior.
These latter differences could be ascribed to the larger number of enrolled patients in our
study who had Child–Pugh B, had received pretreatment that included other systemic
therapies, or had non-viral hepatitis. In this regard, the findings of some studies have
indicated that patients with Child–Pugh B or non-viral hepatitis and those who received
Atez/Bev as a later-line treatment had poorer clinical outcomes [13,22,23]. In the present
study, we found that patients with Child–Pugh B had significantly poorer survival than
those with Child–Pugh A (Figure S3a; p = 0.027), whereas there were no significant differ-
ences in OS among patients who received Atez/Bev as a first-line and later-line treatment
(Figure S3b; p = 0.472) or patients with viral and non-viral hepatitis (Figure S3c; p = 0.178).
Although this study included only a small number of patients, our findings nevertheless
tended to indicate that the prognostic benefits of Atez/Bev may be diminished, at least in
patients with reduced hepatic functional reserve. Further studies are needed to determine
whether the expected effect can be achieved in cases of Atez/Bev post-treatment or in cases
of non-viral hepatitis.

In this study, we established that the liver functional reserve, as indicated by the
Child–Pugh and ALBI scores, was deteriorated significantly in those patients who received
Atez/Bev. Furthermore, we identified an unfavorable change in ALBI score (Δ ALBI score)
as a prognostic factor. Consequently, patients receiving treatment should be aware of the
risk of reduced hepatic functional reserve such as deterioration in the Child–Pugh score,
ALBI score, albumin levels, and the appearance of ascites, and that maintaining hepatic
function reserve may improve patient prognosis. Moreover, we observed a significant
reduction in the PIVKA-II levels within 3 months after the commencement of Atez/Bev
treatment and identified increasing PIVKA-II (Δ PIVKA-II) as a poor prognostic factor
in these patients. The response of alpha-fetoprotein (AFP), another HCC tumor marker,
6 weeks after initiating Atz/Bev therapy, has been reported to be a potential surrogate
biomarker for prognosis in patients with HCC [24]. Moreover, the CRAFITY score, de-
termined by C-reactive protein and AFP levels, has also been reported to be useful for
predicting therapeutic outcomes in these patients [25]. In contrast, however, the utility
of PIVKA-II assessment for predicting a response to Atz/Bev has hardly been previously
reported [26]. Interestingly, even when limiting 54 patients to those who did not have PD
within 3 months, Δ PIVKA-II was the only independent risk factor for OS (Table S2). In
clinical practice, it is sometimes difficult to determine whether Atez/Bev treatment should
be continued. For patients with deteriorating ALBI score and elevated PIVKA-II, especially
those with a Δ ALBI score >0.376 and Δ PIVKA-II >672 mAU/mL belonging to Group 3
(Figure 2c), the prognosis is clearly poor, and a change to an alternative treatment should
be considered.

The nature and severity of treatment-related AEs observed in this study differed
substantially from those previously reported [8,21–23,27–31]. In contrast, we detected
significant deterioration in liver functional reserve including albumin levels, Child–Pugh
score, ALBI score, and the appearance of ascites within the initial 3 months of treatment.
Although the findings of some studies have indicated that ALBI scores tend to decline
within the first few weeks of treatment, observations in most previous studies have tended
to indicate that these scores do not deteriorate in response to Atez/Bev [23,27,29–31]. The
fact that we detected a positive correlation between the Δ ALBI score and Δ PIVKA-II in
the present study (coefficient of correlation = 0.286, p = 0.034; Figure S4) would tend to
imply that a deterioration in the ALBI score is associated with the progression of HCC
itself, rather than with the AEs of this treatment. Clearly, in patients with a low hepatic
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functional reserve, Atz/Bev may promote a further deterioration of function. In addition,
it is important to understand that when a tumor is not controlled by Atz/Bev, the liver
functional reserve may deteriorate during the early stages of treatment.

This study did, however, have certain limitations, notably the fact that this was a
retrospective study with a small sample size. Furthermore, the observational period was
short and a substantial number of enrolled patients were censored at the end of this study.
Additionally, the Δ ALBI score and Δ PIVKA-II, which were selected as independent risk
factors for OS in this study, showed a modest positive correlation. This may have affected
the reliability of the results of this study. Prospective studies involving a larger number of
patients and a more extended observational period should be conducted in the future to
overcome these limitations.

5. Conclusions

We observed a significant deterioration in ALBI score and a significant reduction in
PIVKA-II levels within 3 months after initiating Atez/Bev therapy for unresectable HCC.
Furthermore, a deterioration in the ALBI score and elevation of PIVKA-II within 3 months
were both independent prognostic factors of the treatment. Evaluation of these factors may
be useful in determining whether to continue or modify Atez/Bev treatment.
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//www.mdpi.com/article/10.3390/cancers14246089/s1, Figure S1: Kaplan–Meier curve for overall
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Figure S2: The result of the optimal cutoff values of the Δ ALBI score and Δ PIVKA-II according to
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by Child–Pugh A and B (a), first-line and later-line (b), and viral hepatitis and non-viral hepatitis
(c); Figure S4: A correlation between the Δ ALBI score and Δ PIVKA-II; Table S1: Univariate and
mutivariate analyses of possible risk factors for overall survival among the changes of clinical
indicators within 3 months by Cox proportional hazards model using AFP and PIVKA-II change
ratio instead of Δ AFP and Δ PIVKA-II; Table S2: Univariate and mutivariate analyses of possible risk
factors for overall survival in 54 patients who did not have progression disease at 3 months.
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Simple Summary: Splenic volume (SV) has been identified as a highly predictive parameter for
prognosis in patients with hepatocellular carcinoma (HCC). Moreover, an association between
immunotherapy and an increase in SV has been described for various types of cancer. In our cohort
of patients with HCC under immunotherapy, SV was a highly predictive factor for overall survival at
baseline and initial follow-up. Although a large proportion of patients (76%) showed an SV increase
after the initiation of immunotherapy, this additional immuno-modulated SV change was negligible
compared to long-standing changes in the splanchnic circulation in our patient cohort.

Abstract: Background: An association between immunotherapy and an increase in splenic volume (SV)
has been described for various types of cancer. SV is also highly predictive of overall survival (OS) in
patients with hepatocellular carcinoma (HCC). We evaluated SV and its changes with regard to their
prognostic influence in patients with HCC undergoing immunotherapy. Methods: All patients with
HCC who received immunotherapy in first or subsequent lines at our tertiary care center between
2016 and 2021 were screened for eligibility. SV was assessed at baseline and follow-up using an
AI-based tool for spleen segmentation. Patients were dichotomized into high and low SV based
on the median value. Results: Fifty patients were included in the analysis. The median SV prior
to treatment was 532 mL. The median OS of patients with high and low SV was 5.1 months and
18.1 months, respectively (p = 0.01). An increase in SV between treatment initiation and the first
follow-up was observed in 28/37 (75.7%) patients with follow-up imaging available. This increase in
itself was not prognostic for median OS (7.0 vs. 8.5 months, p = 0.73). However, patients with high
absolute SV at the first follow-up continued to have impaired survival (4.0 months vs. 30.7 months,
p = 0.004). Conclusion: High SV prior to and during treatment was a significant prognostic factor
for impaired outcome. Although a large proportion of patients showed an SV increase after the
initiation of immunotherapy, this additional immuno-modulated SV change was negligible compared
to long-standing changes in the splanchnic circulation in patients with HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and one of
the leading causes of cancer-related deaths worldwide [1]. Patients suffering from HCC
tend to have two underlying diseases that influence their prognosis and treatment outcome;
in more than 80% of Western patients, HCC developed in existing liver cirrhosis [2]. Thus,
in addition to the tumor burden, survival is heavily influenced by the remaining liver
function. Liver cirrhosis itself leads to the development of portal hypertension [3]. Portal
hypertension, in turn, is a factor influencing the risk of hepatic decompensation during
HCC treatment and is furthermore a prognostic factor for overall survival (OS) [4–6]. The
reference standard for measuring portal hypertension is direct measurement of the hepatic
vein pressure gradient (HVPG) through a transjugular approach [2,4]. However, due to
its invasive nature and high effort, HVPG measurement is not routinely performed in the
diagnostic evaluation of patients with HCC. Consequently, other clinical parameters, such
as low platelet count, the presence of esophageal/gastric varices, and ascites, are considered
surrogates in the identification of patients with clinically relevant portal hypertension
(CRPH) [7–9].

Splenic volume (SV) at baseline and during treatment has also been identified as a sur-
rogate for CRPH in patients with HCC [10]. Furthermore, it is highly relevant for predicting
the prognosis in patients with HCC undergoing curative and palliative treatment [11–15].
Novel AI-based methods enable a fully automated assessment of the SV using computed
tomography (CT) data [15,16]. Thus, it can be considered a promising imaging biomarker
with the potential for full integration into the routine radiology workflow.

In recent years, the results of the IMbrave150 trial led to changes in the treatment
paradigm: Immunotherapy has become a first-line systemic treatment option for patients
with advanced HCC and for patients in whom other treatment options have failed [17–21].
Furthermore, several ongoing trials are currently investigating other potential immunother-
apeutic agents in various tumor stages [19,22,23]. However, immunotherapy has been
linked to systemic reactions and shown to influence several organ systems besides the
target [24]. One organ that is affected is the spleen. A change in SV during treatment has
been previously reported for patients with melanoma and lung cancer [25,26]. Furthermore,
SV has been identified as a risk factor for survival outcomes [26].

No study has yet investigated the role of SV and changes in SV in patients with HCC
receiving immunotherapy. Given the high coincidence of concomitant liver cirrhosis and
increased SV prior to treatment, the present study aimed to investigate whether additional
immuno-modulated changes in SV occur and have a detrimental effect in HCC patients
undergoing immunotherapy.

2. Materials and Methods

The Ethics Committee of the Medical Association of Rhineland Palatinate, Mainz,
Germany, approved this study (permit number 837.199.10). The requirement for informed
consent was waived due to the retrospective nature of the study. This report followed the
guidelines for reporting observational studies (STROBE) [27].

2.1. Patients

This retrospective study included all patients with HCC who presented in our ded-
icated HCC outpatient clinic between May 2016 and October 2021 for the initiation of
immunotherapy. Inclusion criteria were age > 18 years, histological or image-derived HCC
diagnosis based on the EASL criteria, immunotherapy as systemic treatment, CT images
available prior to immunotherapy, and demographic, clinical, and laboratory data available
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at initiation of the immunotherapy and during follow-up. Of the scanned 64 patients, 50
(78.1%) patients fulfilled all inclusion criteria (Figure 1).

 

n = 64

n = 50

Excluded: n = 14

n = 36n = 14

Figure 1. Flowchart of the patient selection process for this study.

2.2. Diagnosis, Treatment, and Follow-Up

As previously reported, histological or image-derived EASL criteria were used for
the diagnosis of HCC [2,28]. The decision to initiate immunotherapy was made by an
interdisciplinary tumor board. The board consisted of hepatologists/oncologists, diagnostic
and interventional radiologists, visceral surgeons, pathologists, and radiation therapists,
who discussed each case prior to the treatment decision. All patients received contrast-
enhanced multiphasic CT imaging prior to treatment initiation. Follow-up consisted of
clinical examination, blood sampling, and cross-sectional imaging, which was typically
repeated every 6 to 12 weeks.

2.3. Splenic Volume Assessment

SV was assessed using an established tool for fully automated segmentation and
volumetry of the spleen installed at our institution [15]. This algorithm employs the open-
source MIScnn library, a convolutional neural network with a U-Net architecture, and
has previously been trained for spleen segmentation in patients with HCC undergoing
transarterial chemoembolization (TACE) [29]. Detailed information on the features of the
network, the settings for training and validation, and the model’s performance can be
found in the original publication [15]. The output of the network consisted of graphic
overlays, which were reviewed by two independent readers. The quality of the graphic
overlays was rated as perfect, acceptable, or poor. Consensus reading was performed
in the case of discrepancies (n = 2 (4.0%)). Patients with perfect or acceptable SVs were
included in the statistical analyses (n = 48); patients with a poor grade (n = 2) were manually
re-segmented to obtain the proper SV for further analyses as reported previously [15]. For
manual segmentation, the freely available LIFEx software was used (www.lifexsoft.org) [30].
In a second step, SV was normalized to the body surface area (BSA), which was calculated
using the patient’s height and weight.
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2.4. Statistical Analysis

Statistical analyses and graphic design were performed in R 4.0.3 (A Language and
Environment for Statistical Computing, R Foundation for Statistical Computing, http://
www.R-project.org; accessed on 31 May 2022). Data distribution of the continuous variables
was assessed for normality using the Shapiro–Wilk test. Normally distributed variables
were expressed as mean and standard deviation (SD), whereas non-normally distributed
variables were expressed as median and interquartile range (IQR). Categorical and binary
baseline parameters were reported as absolute numbers and percentages. Categorical
parameters were compared using Fisher’s exact test and continuous parameters using
the Student’s t-test in case of normal distribution and the Mann–Whitney test in case of
non-normal distribution. Survival analyses and creation of the Kaplan–Meier curves were
performed using the packages “survminer” and “survival” (https://cran.r-project.org/
package=survminer, https://CRAN.R-project.org/package=survival, accessed on 31 May
2022). For all patients, OS and progression-free survival (PFS) were calculated from the
initiation of treatment. In addition, for patients with available follow-up imaging, OS
was calculated from the first follow-up. Log-rank testing was used to compare survival
times. Cox proportional hazards regression models assessing hazard ratios (HRs) and
corresponding 95% confidence intervals (CIs) were used to determine the effect of the risk
stratification. Significance was set at p < 0.05.

3. Results

3.1. Baseline Characteristics

A total of 50 patients, 40 males (80.0%) and 10 females (20.0%), with a median age of
68 years (IQR 62–73 years), were included in the final analysis. For the 37 (74.0%) patients
with follow-up CT available, the median time between treatment initiation and follow-up
imaging was 85 days (range 68–100 days). Baseline characteristics are provided in Table 1.

Table 1. Baseline characteristics.

Parameter All Patients (n = 50)

Age, years * 67.2 (9.0)

Sex ***
Female 10 (20.0)
Male 40 (80.0)

Etiology of cirrhosis ***
Alcohol 19 (38.0)

Viral 7 (14.0)
Other 11 (22.0)

No cirrhosis 13 (26.0)

Child–Pugh stage ***
A 25 (50.0)
B 10 (20.0)
C 2 (4.0)

No cirrhosis 13 (26.0)

ECOG ***
≤1 47 (94.0)
2 3 (6.0)

BCLC stage ***
B 5 (10.0)
C 42 (84.0)
D 3 (6.0)

Portal vein invasion ***
Yes 26 (52.0)
No 24 (48.0)
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Table 1. Cont.

Parameter All Patients (n = 50)

Distant metastasis ***
Yes 25 (50.0)
No 25 (50.0)

Focality of the liver lesions ***
Unifocal 11 (22.0)

Multifocal 39 (78.0)

Sum of the target lesion sizes, mm ** 83 (51–135)

AFP, ng/mL ** 277 (16–4485)

Albumin, g/L * 30.4 (5.4)

Bilirubin, mg/dL ** 1.5 (0.7–2.3)

INR ** 1.2 (1.1–1.3)

Creatinine, mg/dL ** 0.9 (0.7–1.1)

Thrombocytes, per nL ** 139 (94–260)

Immunotherapy agent ***
Atezolizumab + bevazizumab 29 (58.0)

Pembrolizumab 11 (22.0)
Nivolumab 10 (20.0)

Line of systemic treatment ***
First 29 (58.0)

Second 11 (22.0)
Third 10 (20.0)

Previous therapy ***
Yes 42 (84.0)
No 8 (16.0)

Subsequent therapy ***
Yes 13 (26.0)
No 37 (64.0)

Values are given as * mean (SD), ** median (IQR) or *** n (%). AFP, alpha-fetoprotein; INR, International
Normalized Ratio.

3.2. Increase in Splenic Volume after Initiation of Immunotherapy

The median SV for all patients was 531.8 mL (IQR 270.4–784.4 mL) and the SV to BSA
ratio was 261.9 mL/m2 (IQR 148.1–397.8 mL/m2). For the 37 (74.0%) patients with CT
follow-up imaging available, the median SV at baseline was 524.8 mL (IQR 268.7–784.8 mL)
and the SV to BSA ratio was 273.0 mL/m2 (IQR 163.3–414.8 mL/m2). The median SV at the
first follow-up was 576.9 mL (IQR 307.6–860.7 mL) for these patients (p = 0.37; Figure 2A).
An increase in the SV was observed in 28 (75.7%) patients, whereas 9 (24.3%) patients had a
decrease in SV during early treatment (Figure 2B). The median change in SV was 17.8%
(IQR 2.2–27.3%; range-36.1–141.7%).

For the following analyses, patients were dichotomized into high and low SV based
on the median SV to BSA ratio of the patient cohort. According to this stratification, among
initial and follow-up imaging, a change from the low to high SV group was observed in
only 2 (5.4%) patients, whereas 35 (94.6%) patients remained in their initial group.
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Figure 2. Splenic volume (SV) at baseline and during treatment with immunotherapy agents. (A) Box-
plots of the SV at baseline and during follow-up. (B) Relative individual changes in SV between
baseline and first follow-up.

3.3. Correlation of Splenic Volume with Parameters of Liver Function, but Not with Tumor Burden

Patients with high SV had significantly lower albumin levels, higher bilirubin levels,
and fewer thrombocytes. No significant differences were observed regarding the INR, the
sum of the target lesions, the presence of portal vein infiltration, and the presence of distant
metastasis (Table 2).

Table 2. Comparison of liver function- and tumor burden-related parameters in patients with low
and high splenic volume (SV).

Parameter Low SV (n = 25) High SV (n = 25) p-Value

Liver function

Albumin, g/L * 32.2 (5.9) 28.5 (4.21) 0.014
Bilirubin, mg/dL ** 0.8 (0.6–1.6) 2.1 (1.5–2.7) <0.001

Thrombocytes, per nL ** 224 (138–315) 101 (75–139) <0.001
INR ** 1.1 (1.1–1.3) 1.2 (1.1–1.4) 0.190

Tumor burden

Sum of the target lesions, mm ** 76 (50–122) 88 (51–156) 0.663
Presence of portal vein infiltration *** 13 (52.0) 13 (52.0) 1.000

Presence of distant metastasis *** 16 (64.0) 9 (36.0) 0.089
Values are given as * mean (SD), ** median (IQR) or *** n (%).
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3.4. Independence of Splenic Volume and Radiological Response

For patients with available follow-up imaging, radiological response was assessed
according to mRECIST. The baseline SV of patients with a partial response, stable disease,
and progressive disease was 324 mL (IQR 280–581 mL), 670 mL (IQR 471–938 mL), and
412 mL (IQR 249–733 mL), respectively. The follow-up SV in patients with a partial
response, stable disease, and progressive disease was 407 mL (IQR 345–666 mL), 744 mL
(IQR 531–923 mL), and 479 mL (IQR 293–758 mL), respectively. The median relative change
in SV in patients with a partial response, stable disease, and progressive disease between
initial imaging and follow-up was 19.1% (IQR 13.3–23.1%), 4.4% (IQR −7.2–24.0%), and
21.9% (IQR 11.9–37.3%), respectively (Figure 3).

−

−

−

Figure 3. Splenic volume among the various response categories. (A) Baseline, (B) follow-up, and
(C) relative change.
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3.5. Significant Impact of High Splenic Volume at Treatment Initiation and during Follow-Up on
Overall Survival

The median OS of patients with high SV at baseline was 5.1 months, whereas patients
with a low SV had a median OS of 18.1 months (p = 0.013; Figure 4A). The PFS in patients
with high SV at baseline was 4.6 months, whereas patients with a low SV had a median
PFS of 5.3 months (p = 0.410; Figure 4B).

Figure 4. Kaplan–Meier curves for patients with low and high splenic volume. (A) Overall survival
and (B) progression-free survival.
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Subsequently, we investigated the survival of patients with high and low SV at the
first follow-up. Patients with high and low SV at the first follow-up had a median OS of
4.0 months and 30.7 months (p = 0.004), respectively (Figure 5A). Patients with an increase
in SV from baseline to first follow-up had a median OS of 7.0 months, whereas patients
with a decrease in SV had a median OS of 8.5 months (p = 0.730; Figure 5B).

 

Figure 5. Kaplan–Meier curves for overall survival. (A) Patients stratified according to the splenic
volume at first follow-up and (B) according to the relative change compared to baseline.
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4. Discussion

In this study, we investigated the role of SV and changes in SV with regard to survival
outcomes after the initiation of immunotherapy in patients with HCC. Baseline SV was a
significant prognostic factor for OS. During early follow-up, the majority of patients had an
increase in SV after the initiation of treatment. However, only the absolute SV at the first
follow-up remained a significant prognostic factor, and there was no significant survival
difference in patients with an increase or decrease in SV.

Our results are in line with previous reports on the changes in SV in patients treated
with immunotherapy for other cancer entities [25,26]. Susok et al. investigated the changes
in SV during treatment initiation in 49 patients with stage III and IV melanoma [25]. The
authors reported a significant increase in the SV after 3 months of follow-up and particularly
with the use of anti-CTLA-4 and anti-CTLA-4/anti-PD-1 regimens [25]. However, they
did not identify a significant relationship with other clinical parameters. In our study,
approximately three-fourths of the patients showed an increase in SV during follow-up,
and the median SV increased from 525 to 577 mL, though this increase was not significant.

The median SV change of approximately 18% in our cohort was higher than previously
reported for patients with non-small-cell lung cancer undergoing immunotherapy [26]. In
their study, Galland et al. reported an increase in 63.5% of patients and a median change of
4.4%. Similar to our results, PFS was not associated with the SV, and the authors reported a
significant influence of the baseline SV and the SV during treatment on OS. Unfortunately,
the authors did not provide the median absolute SV at treatment initiation and during
follow-up. However, the cut-offs used for patient stratification indicate a large difference
in the median SV in our patients [26] due to the high proportion of patients with chronic
liver disease in our cohort and the associated increase in SV due to increased pressure in
the splanchnic circulation [3]. In contrast to our results, Galland et al. postulated that the
increase in SV during treatment was significantly associated with impaired survival [26]. In
our study, log-rank testing did not show a significant difference in the survival distribution
of patients with an increase or decrease in SV during treatment. Moreover, the change
in SV under immunotherapy resulted in a change from the low to high SV group in only
two (5%) patients. Therefore, the short-term immuno-modulated increase in SV seems to
be less important than the pre-existing increase in SV induced by long-standing changes
to the splanchnic circulation. Thus, the etiology of changes in SV seems to play a role in
investigating correlations between SV and patient outcomes. This is underlined by the
significant association between SV and liver function in our study.

In patients with HCC, the baseline SV has been identified as a relevant prognostic
factor in various treatment modalities [11–15]. Our results confirm the importance of SV
during initial patient evaluation. However, manual spleen segmentation is time-consuming
and has a high risk of inter-rater variance [31]. Thus, AI-based solutions for automated
SV assessment have the potential to facilitate and standardize this task and enable easy
integration into radiological routine. The feasibility of such concepts was reported previ-
ously for patients with liver cirrhosis and HCC [15,16]. In this study, we used an algorithm
that we had previously trained for patients with HCC undergoing TACE and showed high
accuracy in both training and validation [15]. In our study, the algorithm showed sufficient
segmentation in 96%, confirming the results of the original study [15]. The present study
highlights the easy integration of SV assessment into the routine workflow, together with
the high prognostic importance of SV for patients with HCC undergoing immunotherapy.
Thus, SV assessment should be contemplated in the diagnostic work-up and for estimating
the prognosis in these patients prior to initiating treatment.

The results of this study must be considered in light of several limitations. First,
this study was conducted in a retrospective manner and included a limited number of
patients. However, this dataset was well-investigated and only patients with complete
clinical, laboratory, and imaging data were included. No imputation of missing values was
performed. Second, we decided to include patients treated with various immunothera-
peutic agents to validate the role of SV in a real-life clinical setting. We did not perform
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subgroup analysis on each immunotherapy agent due to the small number of patients in
each subgroup. However, future studies should validate SV as a novel prognostic factor for
various immunotherapy agents and treatment lines.

5. Conclusions

In patients with HCC undergoing immunotherapy, high SV prior to and during treat-
ment was a significant prognostic factor for impaired survival. Although a large proportion
of HCC patients in our cohort had an SV increase after the initiation of immunother-
apy, this increase during treatment did not negatively affect OS per se. Thus, additional
immuno-modulated changes in SV were negligible compared to long-standing changes in
the splanchnic circulation in patients with HCC.
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Simple Summary: Primary liver transplantation (PLT) for HCC represents the ideal treatment. How-
ever, since organ shortage increases the risk of drop-out from the waiting list for tumor progression, a
new surgical strategy has been developed: Salvage Liver Transplantation (SLT) can be offered as an
additional curative strategy for HCC recurrence after liver resection. The aim of this updated meta-
analysis is to compare surgical and long-term outcomes of SLT versus PLT for HCC. The findings
of our analysis reveal that SLT offers comparable surgical outcomes but slightly poorer oncological
long-term outcomes with respect to PLT.

Abstract: (1) Background: Primary liver transplantation (PLT) for HCC represents the ideal treat-
ment. However, since organ shortage increases the risk of drop-out from the waiting list for tumor
progression, a new surgical strategy has been developed: Salvage Liver Transplantation (SLT) can
be offered as an additional curative strategy for HCC recurrence after liver resection. The aim of
this updated meta-analysis is to compare surgical and long-term outcomes of SLT versus PLT for
HCC. (2) Materials and Methods: A systematic review and meta-analysis was conducted using the
published papers comparing SLT and PLT up to January 2022. (3) Results: 25 studies describing
11,275 patients met the inclusion criteria. The meta-analysis revealed no statistical difference in
intraoperative blood loss, overall vascular complications, retransplantation rate, and hospital stay in
the SLT group compared with the PLT group. However, the SLT group showed a slightly significant
lower 5-year OS rate and 5-year disease-free survival rate. (4) Conclusion: meta-analysis advocates
the relative safety and feasibility of both Salvage LT and Primary LT strategies. Specifically, SLT
seems to have comparable surgical outcomes but slightly poorer long-term survival than PLT.

Keywords: HCC; salvage liver transplantation; rescue liver transplantation; liver transplantation;
liver resection

1. Introduction

Hepatocellular carcinoma (HCC) is a major contributor to the world’s cancer burden
and is currently the third leading cause of cancer-related death, with incidences increasing
continuously in recent years [1]. Locoregional treatments (mainly radiofrequency ablation
and transarterial chemoembolization), liver resection (LR), and liver transplantation (LT) are
well-defined and widely accepted treatments for hepatocellular carcinoma [2–4]. However,
the best therapy for HCC is still an open and controversial oncological challenge. LT
is considered the gold standard therapy for early HCC within liver cirrhosis since it
radically removes the cancer and any dysplastic foci and it treats liver disease-related
complications (e.g., portal hypertension) [5–7]. The oncological benefits of LT for HCC

Cancers 2022, 14, 3465. https://doi.org/10.3390/cancers14143465 https://www.mdpi.com/journal/cancers
233



Cancers 2022, 14, 3465

in terms of 5-year overall survival (OS) and 5-year disease-free survival (DFS) are well-
documented: 75% and 90%, respectively [8]. However, organ shortage and the risk of
drop-out from the waiting list for tumor progression and deterioration of liver function
represent the main limitations for LT [9]. Nowadays, liver surgery for HCC has been
demonstrated to be feasible and safe with very low postoperative morbidity and almost
zero perioperative mortality [10,11]. Studies on minimally invasive liver surgery have also
strongly confirmed these findings [12]. Therefore, primary LR for early HCC with preserved
liver function and mild portal hypertension is considered the first-choice treatment [13,14].
Nevertheless, most published data showed a 5-year survival rate and a 5-year DSF after
LR for HCC due to cancer relapses of 60% and 30%, respectively [15]. Salvage Liver
Transplantation (SLT) is an alternative and promising curative strategy for HCC recurrence
or deterioration of liver function after primary liver resection [16]. Moreover, some authors
recently described “de principe” Salvage LT (pre-emptive transplantation before tumor
recurrence) for a subgroup of patients who present poor histological features and aggressive
biological tumor behavior on the final pathology of the resected specimen [17]. Previous
studies comparing SLT with primary liver transplantation (PLT) have reported conflicting
results in terms of surgical complication and risk of HCC recurrence [18–21]. However, with
the advancement of surgical techniques, recent papers have shown SLT to be an effective
and feasible treatment for patients with HCC recurrence after primary liver resection with
a good long-term survival rate [22]. The purpose of this meta-analysis is to investigate the
technical, postoperative, oncological and survival outcomes of PLT compared with SLT.

2. Materials and Methods

2.1. Study Design

Our meta-analysis was designed according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) statement [23], while the authors prede-
termined the eligibility criteria for the study. Two investigators (E.G. and G.G.P.) indepen-
dently searched the literature. All retrospective clinical studies that compared Salvage LT
with Primary LT for HCC were included in the present systematic review. No prospective
studies have been published so far. Case reports, reviews, letters, and animal studies
were excluded. All discrepancies during the data collection, synthesis, and analysis were
resolved by the consensus of two authors (E.G. and G.G.).

2.2. Literature Search and Data Collection

We systematically searched the literature using the PubMed, MEDLINE, and Cochrane
library databases for articles published up to January 2022; querying three databases maxi-
mizes the probability of capturing articles, as recently demonstrated by Goossen et al. [24].
Our search included the words “HCC”, “salvage liver transplantation”, “rescue liver
transplantation”, and “salvage liver transplantation or liver transplantation and liver re-
section”. The search strategy was confined to English language papers and is described in
Supplementary File S1 [23] and Supplementary File S2.

2.3. Quality Assessment

The quality of the included articles was estimated using the Methodological Index for
Non-Randomized Studies (MINORS) [25].

2.4. Statistical Analysis

Meta-analysis was realized using the software Review Manager (RevMan) [Version 5.1.
Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2011). Dichoto-
mous outcomes are displayed as odds ratios (OR) with a 95% confidence interval (CI)
by using the Mantel–Haenszel method and continuous variables are displayed as Mean
difference (MD) with a 95% CI by utilizing the generic inverse variance method. Mean
and standard deviation (SD) for continuous data, if not reported, were estimated using the
method illustrated by Hozo et al. [26]. However, for continuous data provided as median
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and interquartile range (IQR), mean and SD were estimated by employing the method
described by Luo et al. [27] and Wan et al. [28], respectively. The cut-off for statistical
significance was set at p ≤ 0.05. Heterogeneities between the studies were evaluated using
Q statistics and total variation was computed by I2. A random-effects model (REM) was
always adopted due to the conceptual heterogeneity of clinical studies. Publication bias of
the included papers is illustrated in Supplementary File S3.

3. Results

3.1. Studies and Patient Characteristics

Our search strategy disclosed 857 publications concerning Salvage LT. Twenty-nine
full papers were examined; however, five studies were not included in the analysis because
they did not meet the inclusion criteria. Finally, 25 articles and a total of 11,275 patients
were included in the meta-analysis; 9645 patients were offered a Primary LT for HCC,
whereas 1630 underwent Salvage LT for HCC recurrence or impaired liver function after
primary liver resection. No randomized trials have been published so far. The flow diagram
in Figure 1 shows the search process. The baseline characteristics of the two groups are
presented in Tables 1 and 2. Technical and postoperative outcomes and oncological and
survival features are tabulated in Table 3. The two groups were similar as regards etiology,
HBV, and/or HCV infection rates and maximum tumor diameter pre-LT and on post-LT
pathology. The number of patients in each study ranged from a minimum of 42 to up to
6975. The MINORS scale assessed a low-quality heterogeneity between studies, providing
a mean score of 21.8 (SD: 0.85) and a median score of 22 (range 20–23) (Table 1).

Figure 1. Search flow diagram.
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Table 1. Summary of studies included in the Meta-analysis.

n. Author Region Year Study Period Study Design
Sample Size Follow-Up (mo)

LDLT/DDLT
MINORS
(Quality)SLT PLT SLT PLT

1 Adam [29] France 2003 1984–2000 OCS (R) 17 195 49 51 DDLT 21
2 Belghiti [30] France 2003 1991–2001 OCS (R) 18 70 56.2 56.2 DDLT 21
3 Margarit [31] Spain 2005 1988–2002 OCS (P) 6 36 NA NA NA 20
4 Hwang [32] Korea 2007 1997–2006 OCS (R) 17 200 30.7 40.1 LDLT 22
5 Vennarecci [33] Italy 2007 2001–2006 OCS (P) 9 37 26.3 26.3 NA 23
6 Del Gadio [34] Italy 2008 1996–2005 OCS (R) 16 147 26.2 36 DDLT 23
7 Kim [35] Korea 2008 2005–2007 OCS (NA) 15 31 18.3 18.7 DDLT + LDLT 20
8 Shao [36] China 2008 2003–2005 OCS (P) 15 62 18 22.4 DDLT 22
9 Cherqui [37] France 2009 1990–2007 OCS (R) 18 136 57.6 576 DDLT 21

10 Sapisochin [38] Spain 2010 1990–2007 OCS (P) 17 34 70 70 NA 22
11 Hu [39] China 2012 1999–2009 OCS (R) 888 6087 15.2 15 DDLT + LDLT 22
12 Kaido [40] Japan 2012 1999–2009 OCS (R) 19 48 77 77 LDLT 22
13 Liu [41] China 2012 2001–2011 OCS (R) 39 180 30 33 DDLT + LDLT 22
14 Moon [42] Korea 2012 1996–2008 OCS (R) 17 169 27.3 39 LDLT 21
15 De Carlis [43] Italy 2013 2000–2009 OCS (R) 26 153 NA NA NA 22
16 Guerrini [44] Italy 2014 2000–2011 OCS (P) 28 198 44.2 44.2 DDLT + LDLT 22
17 Abe [45] Japan 2015 2001–2011 OCS (R) 15 45 66.3 73.2 LDLT 22
18 Bhangui [46] France 2015 1990–2012 OCS (P) 31 340 62 62 DDLT 23
19 Vasavada [47] China 2015 2002–2012 OCS (R) 18 91 NA NA LDLT 22
20 Whang [48] China 2016 2001–2011 OCS (P) 76 295 32.4 32.4 DDLT 23
21 Shan [49] China 2017 2006–2015 OCS (R) 28 211 35 35 DDLT + LDLT 21
22 Yong [50] Taiwan 2018 2000–2015 OCS (R) 100 100 NA NA LDLT 22
23 Chan [51] Taiwan 2019 2001–2018 OCS (R) 58 245 NA NA LDLT 22
24 Guo [52] Singapore 2019 2006–2017 OCS (P) 14 35 43.9 43.9 DDLT + LDLT 22
25 Hwan [53] Korea 2020 2007–2018 OCS (R) 125 500 NA NA LDLT 23

Table 2. General and Patients characteristics.

SLT PLT Patient (Studies)

Total patients included 1630 9645 11,275 (25)
Follow-up (months) 41.3 43.8 19
HBV infection (%) 1166/1399 (83.3) 7157/8652 (82.7) 16
HCV infection (%) 103/1240 (8.3) 786/7842 (10) 10

MELD score 11 14 12
AFP (ng/dl) pre-LT 184.2 208.4 11

MILAN in pre-Lt (%) 264/419 (63) 1683/2391 (70.4) 15
MILAN IN on explant (%) 183/268 (68.2) 702/948 (74) 4

Pre-LT Locoregional Treatments (%) 812/1221 (66.5) 2901/7600 (38.2) 11
Waiting list time (months) 9.6 7.2 6

Maximum tumor diameter pre LT (cm) 2.6 2.6 4
Maximum tumor diameter on explant (cm) 2.6 2.9 12

Number of HCC nodule pre LT 2 1.6 4
Number of HCC nodule on explant 3.3 2 9
Sum of tumor size on explant (cm) 3.1 3.8 4

Microvascular invasion (%) 145/491 (29.5) 394/1860 (21.2) 13

Table 3. Technical and postoperative outcomes; Oncological and survival outcomes.

Technical and postoperative outcomes

Surgical outcome Type of surgery Observations (n) Mean or % Studies included (n)

Operating time (min) SLT 1348 600.44 16
PLT 7971 547.12

Blood loss (ml) SLT 1146 3174.55 6
PLT 6722 2342.02

RBC transfusion SLT 155 7.8 8
PLT 899 6.5

FFP transfusion SLT 126 9 6
PLT 669 8

Reoperation rate SLT 48/283 16.9% 9
PLT 103/1090 9.4%

Mortality rate SLT 32/507 6.3% 18
PLT 100/2235 4.5%

Re-transplantation rate SLT 8/131 6.1% 7
PLT 70/969 7.2%

Postoperative bleeding SLT 88/1066 8.25% 10
PLT 411/7165 5.73%

ICU stay (days) SLT 1100 8.34 8
PLT 6574 5.44

Hospital stay (days) SLT 1034 33.01 9
PLT 6801 26.44

Vascular complication SLT 55/1176 4.68% 12
PLT 258/7404 3.48%

Arterial thrombosis SLT 12/216 5.56% 8
PLT 22/790 2.78%
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Table 3. Cont.

Biliary complication SLT 162/1191 13.6% 13
PLT 838/7449 11.2%

Infection and sepsis SLT 299/1059 28.2% 10
PLT 1826/7149 25.5%

Oncological and survival outcomes

Oncological outcome Type of surgery Observations (n) % Studies included (n)

1-yr OS SLT 1072/1375 77.9% 13
PLT 6801/8666 78.5%

3-yr OS SLT 837/1410 59.3% 15
PLT 5508/8950 61.9%

5-yr OS SLT 810/1503 53.9% 20
PLT 5327/9424 56.5%

HCC recurrence SLT 37/240 15.4% 10
PLT 98/896 10.9%

1-yr DFS SLT 967/1358 71.2% 12
PLT 5855/8218 71.2%

3-yr DFS SLT 763/1393 54.8% 14
PLT 4821/8457 57%

5-yr DFS SLT 721/1468 49.1% 18
PLT 4538/8840 51.3%

3.2. Technical Outcomes
3.2.1. Duration of Surgery

The mean operating time was 600.44 min in the SLT group and 547.12 min in the PLT
group; sixteen articles reported this item. Operating time was shorter in the Primary LT
group, and the meta-analysis showed a statistically significant difference (MD 33.30, (95%
CI 17.60, 49.00) p < 0.0001), as shown in Figure 2.

Figure 2. Operating time.

3.2.2. Intraoperative Blood Loss, Intraoperative Red Blood Cell (RBC), and Fresh Frozen
Plasma (FFP) Transfusion

The meta-analysis showed no statistically significant increased intraoperative blood
loss in the Salvage LT group when compared with the Primary one (MD 290.35, (95% CI
−82.63, 663.32) p = 0.13), as shown in Figure 3. The mean intraoperative blood loss in the
SLT and PLT groups was 3174.55 cc and 2342.02 cc, respectively. The mean of intraoperative
RBC and FFP transfusion was 7.8 RBC units and 9 FFP units in the Salvage LT group, and
6.5 RBC units and 8 FFP units in the Primary LT group. However, our analysis revealed
no statistically significant differences between the two approaches: (MD 0.92, (95% CI
−0.48, 2.32) p = 0.07) and (MD 0.34, (95% CI −0.69, 1.36) p = 0.52), respectively, as shown in
Figures 4 and 5.
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Figure 3. Intraoperative blood loss.

.
Figure 4. Intraoperative Red Blood Cell (RBC) transfusion.

Figure 5. Fresh frozen plasma (FFP) transfusion.

3.2.3. Reoperation Rate

Reoperation rate was 16.96% (48/283) in the SLT group and 9.45% (103/1090) in the
PLT group. The meta-analysis showed a statistically significant difference in the rate of
reoperation between the two groups, higher in the SLT than in the PLT group (OR 2.34,
(95% CI 1.53, 3.59) p < 0.0001), as shown in Figure 6.

3.2.4. Perioperative Mortality Rate

Perioperative mortality rate was 6.31% (32/507) in the SLT group and 4.47% (100/2235)
in the PLT group; slightly higher in the former group. The meta-analysis of the 18 trials
showed a statistically significant difference in the rate of perioperative mortality between
the two groups (OR 1.83, (95% CI 1.18, 2.84) p = 0.007), as shown in Figure 7.

238



Cancers 2022, 14, 3465

Figure 6. Reoperation rate.

Figure 7. Perioperative mortality rate.

3.2.5. Retransplantation Rate

Seven studies reported the retransplantation rate. The retransplantation rate was
6.11% (8/131) in the Salvage LT group and 7.22% (70/969) in the PLT sample. However,
the different rates were not statistically significant between the two treatment strategies
(OR 1.07, (95% CI 0.51, 2.24) p = 0.86), as shown in Figure 8.

3.3. Postoperative Outcomes
3.3.1. Postoperative Bleeding

Ten studies reported the postoperative bleeding rate. The Salvage LT group’s postop-
erative bleeding rate was considerably higher than the Primary LT group: 8.25% (88/1066)
and 5.73% (411/7165), respectively. The difference in bleeding rates was statistically signifi-
cant (OR 2.19, (95% CI 1.25, 3.81) p = 0.006), as shown in Figure 9.
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Figure 8. Retransplantation rate.

Figure 9. Postoperative bleeding.

3.3.2. Intensive Care Unit Stay

The mean Intensive Care Unit (ICU) stay was 8.34 days in the SLT group and 5.44 days
in the PLT group. No statistically significant mean difference was recorded (MD −0.12,
(95% CI −0.88, 0.63) p = 0.75), although a higher mean ICU stay was displayed in the SLT
group, as shown in Figure 10.

Figure 10. Intensive care unit stay.

3.3.3. Length of Hospitalization

The mean hospital stay was 33.01 days in the SLT group and 26.44 in the PLT group;
nine articles described this variable. The meta-analysis reported that the mean hospitaliza-
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tion was shorter in the PLT group than in the Salvage LT group, although this imbalance
was not significant (MD 0.49, (95% CI −2.13, 3.11) p = 0.71), as shown in Figure 11.

 

Figure 11. Length of hospital stay.

3.3.4. Overall Vascular Complication

The rate of vascular complications was evaluated by 12 studies. The vascular com-
plications rate was similar between SLT and PLT: 4.68% (55/1176) and 3.48% (258/7404),
respectively. The meta-analysis revealed a statistically significant difference (OR 1.37, (95%
CI 1.01, 1.86) p = 0.04), as shown in Figure 12.

 

Figure 12. Overall vascular complication.

3.3.5. Arterial Thrombosis

A total of 34 patients developed arterial thrombosis in twelve studies. The arterial
thrombosis rate in the SLT group was higher than within the PLT group: 5.56% (12/216)
and 2.78% (22/790), respectively. However, a statistically significant difference in these
rates was not recognized between the two approaches (OR 1.87, (95% CI 0.87, 4.03) p = 0.11),
as shown in Figure 13.

3.3.6. Biliary Complications

Thirteen papers analyzed the frequency of biliary complications (stenosis, leakage, and
fistula). The biliary complication rate was significantly higher in the SLT group than the
PLT group: 13.6% (162/1191) and 11.2% (838/7449), (OR 1.22, (95% CI 1.01, 1.47) p = 0.04),
as shown in Figure 14.
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Figure 13. Arterial thrombosis.

 

Figure 14. Biliary complication.

3.3.7. Infection and Sepsis

Ten studies retrospectively assessed overall infection and sepsis rate. Infection rate
of the SLT group was slightly higher than the PLT group: 28.2% (299/1059) and 25.5%
(1826/7149), respectively. Nevertheless, the meta-analysis stated that the result was not
significant (OR 1.14, (95% CI 0.98, 1.32) p = 0.08), as shown in Figure 15.

Figure 15. Infection and sepsis.
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3.4. Oncological and Survival Outcomes
3.4.1. Overall Survival Rates

Thirteen, fifteen, and twenty studies reported the 1-year, 3-year, and 5-year overall
survival (OS) rate, respectively. Our meta-analysis revealed a similar 1-year OS rate of
77.9% (1072/1375) in the SLT group and 78.5% (6801/8666) in the PLT group, although this
evidence was not statistically significant (OR 0.80, (95% CI 0.62, 1.03) p = 0.08), as shown in
Figure 16. On the other hand, the meta-analysis showed a statistically significant difference
in the 3-year and 5-year OS rates between the two groups with a slightly lower OS rate
in the SLT group: SLT 59.3% (837/1410) and PLT 61.9% (5508/8905) (OR 0.72, (95% CI
0.60, 0.86) p = 0.0002), as shown in Figure 17; and SLT 53.9% (810/1503) and PLT 56.5%
(5327/9424) (OR 0.68, (95% CI 0.56, 0.82) p < 0.0001), as shown in Figure 18, respectively.

 

Figure 16. 1-year overall survival rates.

 
Figure 17. 3-year overall survival rates.
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Figure 18. 5-year overall survival rates.

3.4.2. HCC Recurrence Rate

Types of HCC recurrence after LT were locoregional and/or systemic. Ten studies
assessed tumor recurrence rate. Disease recurrence rate was 15.4% (37/240) in the SLT
group and 10.9% (98/896) in the Primary LT group. The meta-analysis showed a statistically
significant difference in the rate of disease recurrence between the two groups with a lower
rate in the PLT group (OR 1.93, (95% CI 1.23, 3.04) p = 0.004), as shown in Figure 19.

 
Figure 19. HCC recurrence rate.
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3.4.3. Disease-Free Survival Rates

Twelve, fourteen, and eighteen papers retrospectively assessed the 1-year, 3-year, and
5-year disease-free survival (DFS) rates, respectively. The meta-analysis showed statistically
significant differences in the DFS rate of HCC between the two groups with the same 1-year
DFS rate in the SLT group and PLT group, with 71.2% (967/1358) and 71.2% (5855/8218),
respectively (OR 0.66, (95% CI 0.47, 0.92) p = 0.01), as shown in Figure 20. However, the
3-year and 5-year DFS rates were lower in the SLT group than the PLT group: SLT 54.8%
(763/1393) and PLT 57% (4821/8457) (OR 0.59, (95% CI 0.44, 0.88) p = 0.007), as shown in
Figure 21; and SLT 49.1% (721/1468) and PLT 51.3% (4538/8840), (OR 0.65, (95% CI 0.52,
0.82) p = 0.0002), as shown in Figure 22, respectively.

Figure 20. 1-year disease free survival rates.

Figure 21. 3-year disease free survival rates.
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Figure 22. 5-year disease free survival rates.

4. Discussion

Liver transplantation (LT) represents the ideal treatment option for patients with
HCC since it achieves radical tumor clearance and eradicates the underlying liver diseases.
However, several patients on the waiting list for LT are faced with tumor progression, the
loss of chance for transplantation, or even death due to severe organ shortage and long
waiting list times [54]. Thus, in order to overcome the gap between the numbers of donors
and recipients, salvage liver transplantation has been proposed in the last decade as an
attractive and feasible strategy that combines liver resection and subsequent LT in the case
of HCC recurrence [55–59].

This meta-analysis includes the highest number of articles comparing the findings of
primary and salvage liver transplantation for HCC and also demonstrates completely new
results compared to other studies on the same topic, bringing different and innovative concepts
to the strategy of salvage transplantation for recurrence of HCC after liver resection [19].

Operating time and intraoperative blood loss are some of the surgical variables in
terms of safety and feasibility most taken into consideration when Salvage LT is compared
with Primary LT. Several studies reported a longer mean operating time for SLT than PLT.
Although considerable differences exist in terms of duration of surgery and blood loss
among the included articles, the duration of the operation and the extent of bleeding are
necessarily affected by some technical and anatomical issues. SLT increases the difficulty
of surgery due to severe adhesion in the abdominal operation area and due to abnormal
anatomical structures as a consequence of previous hepatic resection [22,60]. Our meta-
analysis revealed a significantly longer duration of surgery for SLT than Primary LT
and also disclosed that intraoperative bleeding was slightly higher in the Salvage LT
strategy, but this finding was not statistically significant. Moreover, differences between
the two surgical approaches in terms of the mean need for intraoperative RBC and FFP
transfusion were not statistically significant. Several papers showed that innovations in
surgical techniques and accumulation of surgical experience have gradually decreased
the risk of perioperative bleeding for SLT. It has been shown that reducing intraoperative
bleeding and blood transfusions rate leads to a better postoperative recovery.

Our study showed that the reoperation rate was significantly higher in the SLT group
than in the PLT group, and the perioperative mortality was slightly higher for the Salvage
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LT approach. Multiple preoperative bridging and downstaging treatments and the liver
resection before salvage LT led to the formation of dense adhesions, portal collateral circu-
lations due to hypertension, and coagulopathy [61–63]. Therefore, these factors increase
bleeding after SLT, likely accounting for the higher re-exploration rate. Surgery for salvage
liver transplantation is technically demanding, and this could explain the slightly higher
perioperative mortality in patients undergoing Salvage rather than Primary LT.

In terms of intensive care unit stay and length of hospital stay, our data showed a
longer recovery in the SLT group, although these findings were not statistically significant.
On the other hand, overall vascular complication rate, overall infection, and sepsis rate
were statistically similar between the two groups.

Several studies have found that the outcome of patients with HCC was similar between
liver resection and liver transplantation [15,64–66]. Therefore, liver resection and LT are not
opposing alternatives, but, rather, represent the components of a combined strategy for the
management of HCC: liver resection can potentially improve the survival of patients listed
for LT by decreasing the risk of dropout [67]. Moreover, minimally invasive liver resection
(MILR) has a minor technical impact on a subsequent liver transplantation and seems to be
associated with shorter operation time, reduced blood loss, and transfusion requirement
during Salvage LT [68,69]. Therefore, MILR (laparoscopic or robotic) may become the
gold standard for “early” HCC in patient cirrhosis and mild portal hypertension. In 2008,
Felli et al. [70] introduced the concept of liver resection as a selection tool for LT. In fact,
some pathological characteristics of the resected specimen can identify a subgroup of
patients with favorable histological factors (small and well-differentiated HCC, without
satellite nodules or microvascular invasion) who could avoid upfront LT because the risk of
recurrence appears to be relatively low and if it should occur, then transplantation remains
a salvage option at a later date [42,71–73]. On the other hand, patients showing negative
prognostic histological features on the resected specimen (e.g., microvascular infiltration,
high grade of differentiation) could undergo liver transplantation prior to tumor recurrence:
so-called “de principe” SLT [17,74]. Indeed, the French allocation system recently integrated
the SLT strategy within its algorithm, although no priority is given to patients at a high
risk of HCC recurrence. These results and future research would clarify the role of the
molecular and biological pattern of HCC in order to stratify patients with a high risk of
recurrence and then arrive at defining the best personalized treatment [75].

A clear definition of “transplantability criteria in SLT”, that is, criteria that identify
the group of patients who benefit most from transplantation for HCC recurrence after
liver resection, has not yet been established [46,76]. Most authors agree that the criteria of
patients with a limited recurrence within the Milan criteria is acceptable in order to achieve
a good survival post-SLT [77]. Recently, Liu et al. observed the efficacy of SLT for patients
with recurrent HCC after liver resection within the University of California San Francisco
(UCSF) criteria, since in that study there was no significant difference in OS and DFS rates
between the SLT and PLT groups [41].

Recurrence of HCC after transplantation is still a devastating event as no surgical or
pharmacological therapy has shown significant prolongation of these patients’ survival [78–81].
Some authors have observed that the strategy of the salvage liver transplantation may increase
the risk of recurrence of post-transplant patients, thus limiting their survival [51].

In our meta-analysis, the HCC recurrence rate was 15.4% in the SLT group and
10.9% in the PLT group. However, between the different studies taken into account by
our meta-analysis, contrasting results can be observed with regard to tumor recurrence.
Adam et al. [29]. reported that SLT had an increased risk of recurrence and poorer survival
compared with primary transplantation. By contrast, in the same period, Belghiti et al. [30]
showed that recurrence rate, operative mortality, and long-term survival were comparable
between the two groups.

Important end points of this meta-analysis were overall survival (OS) rate and disease
free-survival rate between SLT and PLT. Our meta-analysis showed statistically significant
lower 1-, 3-, and 5-year DFS rates for SLT compared to PLT. However, DFS as a long-term
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outcome indicator could be misleading because it is a composite end point influenced by
two events: death and tumor recurrence. However, to better determine long-term outcomes,
future studies should match patients based on histological features (tumor size and nodule
number) at explant pathology which clearly influence tumor recurrence and mortality [72].

The 1-year OS rate presented no significant difference between SLT and PLT, whereas
3- and 5-year overall survival rates were significantly slightly lower in SLT than after
PLT. However, previous studies disclosed that the 5-year survival rates did not differ
significantly for patients with SLT and for those with PLT (69% vs 73%; p = 0.34) [39].

Our results on survival post-SLT appear to be in contrast to the recent meta-analyses
published on the subject [19–21]. However, this is not surprising because most of the
studies included in the meta-analysis show a lower survival in the SLT group than in
the PLT groups [39]. On the other hand, while survival differences often do not reach a
statistically significant difference within an individual study, this difference in survival
becomes statistically significant in the meta-analysis, which represents a statistical tool of
great relevance and precision (since it “weights” the result in individual studies according
to its precision) [82].

Despite the relatively high quality of the included articles, there are several limitations
concerning this meta-analysis. The included studies were retrospective and not randomized,
so the variables analyzed exhibited heterogeneity. However, the heterogeneity within the
studies was treated and resolved by applying the random effect model on all the variables
in the study [83]. Moreover, some studies included heterogeneous patient populations with
transplantation for HCC recurrence and those who underwent SLT due to liver failure,
although this latter indication represents less than 5% of the SLT. Therefore, because of the
inherent risk of bias in the considered articles, it is desirable that further well-designed
studies are conducted.

Nevertheless, our systematic review summarizes most of the available evidence in
comparing outcomes of SLT and PLT. To our knowledge, it is the largest and most recent
meta-analysis that makes these comparisons. It introduces completely new results that
can form the scientific basis on which to develop further studies on the topic of liver
transplantation as an integrated therapy in the treatment of HCC.

5. Conclusions

Our meta-analysis advocates the relative safety and feasibility of SLT over the PLT
approach for patients with HCC. Specifically, the results of our study confirm that SLT offers
comparable technical outcomes but slightly lower survival outcomes with respect to PLT.
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Simple Summary: The use of anti-programmed cell-death protein (ligand)-1 (PD-[L]1) is now a
standard of care for treating hepatocellular carcinoma (HCC). However, the treatment only benefits
10–20% of patients when used as a monotherapy. The unique environments of hepatitis and/or
cirrhosis, which continuously interact with the hosts’ immune systems, make it difficult to find
appropriate biomarkers to predict the response or lack of response of anti-PD-1/PD-L1 treatment in
HCC. The current review aimed to present both clinical and translational biomarkers for anti-PD-
1/PD-L1 treatment in HCC.

Abstract: The use of anti-programmed cell-death protein (ligand)-1 (PD-[L]1) is an important strategy
for treating hepatocellular carcinoma (HCC). However, the treatment only benefits 10–20% of patients
when used as a monotherapy. Therefore, the selection of patients for anti-PD-1/PD-L1 treatment is
crucial for both patients and clinicians. This review aimed to explore the existing literature on tissue
or circulating markers for the identification of responders or non-responders to anti-PD-1/PD-L1 in
HCC. For the clinically available markers, both etiological factors (viral versus non-viral) and disease
extent (intra-hepatic vs. extrahepatic) impact the responses to anti-PD-1/PD-L1, warranting further
studies. Preliminary data suggested that inflammatory indices (e.g., neutrophil-lymphocyte ratio)
may be associated with clinical outcomes of HCC during the anti-PD-1/PD-L1 treatment. Finally,
although PD-L1 expression in tumor tissues is a predictive marker for multiple cancer types, its
clinical application is less clear in HCC due to the lack of a clear-cut association with responders to
anti-PD-1/PD-L1 treatment. Although all translational markers are not routinely measured in HCC,
recent data suggest their potential roles in selecting patients for anti-PD-1/PD-L1 treatment. Such
markers, including the immune classification of HCC, selected signaling pathways, tumor-infiltrating
lymphocytes, and auto-antibodies, were discussed in this review.

Keywords: hepatocellular carcinoma; anti-programmed cell-death protein (ligand)-1; immune
checkpoint inhibitor; predictive biomarker; clinical biomarker; translational biomarker

1. Introduction

Hepatocellular carcinoma (HCC) accounts for over 80% of primary liver cancer [1,2].
Typically, more than 80% of HCCs occur in the background of cirrhotic liver, which is
characterized by long-standing inflammation due to viral hepatitis or metabolic or chemical
injury [3,4]. HCC is highly lethal due to its delayed presentation, resistance to drug treat-
ment, and underlying hepatic decompensation [5,6]. The mainstay of systemic therapy for
HCC has been muti-targeted tyrosine kinase inhibitors (TKIs), such as sorafenib, lenvatinib,
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regorafenib, and cabozantinib [7–10]. TKIs typically lead to disease control or result in
modest response for a period of time; however, resistance to TKIs is inevitable in most
patients after a few months of treatment.

Recent advances in immune checkpoint inhibitors (ICIs) have, however, changed the
above scenario. ICIs, particularly the anti-programmed cell death protein (PD)-1/ligand
(PD-L1) antibodies, can potentially reverse the immune-exhausted microenvironment of
HCC and induce cytotoxic T cell-mediated destruction of HCC [11]. In clinical trials,
monotherapy using anti-PD1 was associated with a radiological response rate of 10 to
20% in patients with HCC, including both complete and partial responses [12,13]. The
responses can potentially be durable in some patients, thus explaining the observation of
a plateau, frequently known as the tail, in the Kaplan–Meier survival curves of clinical
trials. However, the initial high expectations from ICIs were disappointed by the failures
of phase III clinical trials on anti-PD-1 monotherapy to reach the primary objectives of
improved overall survival (OS) compared to sorafenib [14,15]. The negative results of
clinical trials on monotherapy using anti-PD-1 could be explained in multiple ways, includ-
ing the use of subsequent therapy, heterogeneity of patients with HCC, the lack of useful
predictive biomarkers for patient selection, and accelerated progression and neutralizing
auto-antibodies [16–18].

Strategically, there are two approaches to improve the outcome of anti-PD1/PDL-1
treatment in HCC. First, combinational treatment of anti-PD-1/PD-L1 with other ICIs
or targeted agents could be synergistic, thereby significantly enhancing the treatment
outcomes in patients. The approval of the atezolizumab–bevacizumab combination as the
first-line treatment in HCC is the first notable example [19]. Recently, another combinational
regimen of tremelimumab–durvalumab was shown to improve the median OS over that
of sorafenib treatment in a phase III clinical trial [20]. The second approach is to develop
methodologies to select patients who are more likely to derive benefits from the anti-PD-
1/PDL-1 treatment. Experiences with other cancer types suggested that patients could be
enriched by clinical biomarkers to improve the outcomes of anti-PD-1/PD-L1 treatment.
For example, the phenotype of deficit mismatch repair (d-MMR) is a tumor-agnostic marker
that predicts high responses and prolonged survival in response to ICI treatment in different
cancers [21]. In lung cancer, the high immunohistochemical staining of PD-L1 in tumor
tissues is known to be associated with clinical benefits in anti-PD-1 treatment [22]. For
HCC, robust studies were conducted by different groups to identify markers predictive
of benefits or resistance to anti-PD-1/anti-PD-L1 treatment. However, the overall picture
is more complex in HCC than in other solid tumors due to the unique environment of
hepatitis and/or cirrhosis, which continuously interacts with the hosts’ immune systems.
The current review aimed to present both clinical (Table 1) and translational (Table 2)
biomarkers for anti-PD-1/PD-L1 treatment in HCC.

2. Clinical Biomarkers

2.1. Etiology

Chronic infection with hepatitis B virus (HBV) and hepatitis C virus (HCV) is a tradi-
tional major risk factor associated with HCC [23]. The virus-associated mechanisms that
cause liver cancer are complex, and HCC develops mostly in cirrhotic liver (about in 90%
of the cases), whereas HCC development in the normal liver is a rare event (less than 10%
of the cases) [24]. HBV infections account for 75–80% of virus-associated HCCs, and the
integration of genetic material of HBV into the human genome leads to p53 inactivation,
inflammation, or activation of various oncogenic pathways, including PI3K/Akt/STAT3
pathway and Wnt/b-catenin (induction of oxidative stress), which induce hepatocarcino-
genesis [25–28]. Unlike that in HBV infection, the genetic material of HCV is not integrated
into the host’s genome; rather, the HCV proteins induce chronic inflammation, which leads
to the development of HCC [28,29]. In addition to viral causes, fatty liver disease, especially
non-alcoholic fatty liver disease (NAFLD) [30], which includes non-alcoholic steatohepatitis
(NASH), is the fastest-growing etiology due to lifestyle changes in the western dietary
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pattern, increased obesity, and improved antiviral therapy [31]. Multiple mechanisms,
including steatosis-induced necroinflammation, the release of inflammatory cytokines, and
immune microenvironment alterations, are the key driving forces in NAFLD-associated
HCC [32,33].

A recent meta-analysis [16] evaluated the effect of etiology in terms of efficacy across
three large randomized controlled phase III trials of immunotherapies for HCC, namely
anti-PD-L1 in combination with anti-vascular endothelial growth factor (VEGF) (IM-
brave150 [19]), or anti-PD-1 monotherapy (CheckMate 459 [14]) compared to sorafenib,
or second-line anti-PD-1 monotherapy compared to placebo (Keynote-240 [15])-treated
patients. In this large meta-analysis (total n = 1656), patients with HBV-related HCC and
HCV-related HCC showed superior survival benefits from immunotherapy than the control,
although it was not so in patients with non-viral HCC. Among the additional validation
cohort with HCC patients treated with anti-PD/PD-L1, NAFLD was independently as-
sociated with shortened survival of patients with HCC after anti-PD-1/PD-L1 treatment.
Preclinical evidence showed that NASH progression is associated with increased activated
CD8+PD1+T cells; anti-PD-1 treatment did not lead to tumor regression, indicating that
tumor immune surveillance was impaired. A recent preclinical study suggested that an
anti-PD1 and CXCR2 inhibitor combination selectively reprograms tumor-associated neu-
trophils from a pro-tumor to an anti-tumor phenotype that can overcome the resistance
of NASH-HCC to anti-PD1 therapy [34]. In the recent HIMALAYA [35] phase III trial,
testing the combination of anti-CTLA4 and anti-PD-L1 inhibitors for first-line treatment
of advanced HCC, patients with HBV-related or non-viral-etiology HCC were benefitted
in terms of OS, compared to those receiving sorafenib, although it was not so in cases of
HCV-related HCC. Further investigation would be required for such contradictory results.

2.2. Disease Extent

Treatment options for HCC are dependent on the stage (Barcelona clinic liver cancer,
BCLC, staging system [36]) of the disease. Patients in the intermediate stage (BCLC-B) and
advanced stage (BCLC-C) are candidates for systemic treatment. In recent first-line phase
III trials for advanced HCC (IMbrave150, HIMALAYA), atezolizumab and bevacizumab
or tremelimumab and durvalumab were reported to be superior to sorafenib in terms
of OS of patients with BCLC-C, although not for those with BCLC-B [19,35]. However,
in a Chinese phase III trial conducted mostly for patients with B-viral HCC, those with
BCLC-B or BCLC-C also benefitted from anti-PD-1 and anti-VEGF treatments relative to
that from sorafenib treatment [37]. Patients in the BCLC-C stage presented with vascular
invasion or extrahepatic spread. In IMbrave150 and HIMALAYA trials, patients with
extrahepatic spread achieved OS benefit from the first-line atezolizumab and bevacizumab
or tremelimumab and durvalumab treatment than from sorafenib treatment. Anti-tumor
immune response to ICIs differs in an organ-specific manner [38], and liver metastasis
is associated with poor response to immunotherapy monotherapy. Accordingly, intra-
hepatic tumors of HCC were reported to possibly be less responsive to immunotherapy
monotherapy than extrahepatic lesions [39,40]. Preclinical evidence also supported that
liver tumors show reduced peripheral T cell numbers and diminished tumoral T cell
diversity and function, creating an immune desert. Yu et al. showed that in mouse models,
liver-directed radiotherapy could eliminate immunosuppressive hepatic macrophages,
enhancing the anti-tumor effect of immunotherapy [41]. Further strategies would be
required to enhance the anti-tumor effect of ICIs in intrahepatic lesions of patients with
advanced HCC, along with the combination of local control.

Tumoral macrovascular invasion (MVI) of hepatic and/or portal vein branches is a
common phenomenon in advanced HCC and is usually associated with a poorer prognosis
than HCC without MVI. Patients with HCC and MVI, including Vp4 (presence of a tumor
thrombus in the main trunk and/or contralateral portal vein), show superior survival
when treated with atezolizumab and bevacizumab (anti-VEGF) than with sorafenib [19,42];
however, there was no additional survival benefit in durvalumab and tremelimumab
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treatment compared to that in sorafenib treatment in a subgroup analysis of the HIMALAYA
trial [35]. Further studies (translational and clinical) would be required to investigate
whether anti-VEGF treatment in combination with immunotherapy has any additional
benefit in HCC with MVI.

2.3. Laboratory Tests

In daily practice, we performed laboratory tests to examine patient status; some fea-
tures from laboratory (blood) tests can be used as biomarkers to predict immunotherapeutic
efficacy in patients with advanced HCC and low invasiveness.

Elevated tumor markers, especially α-fetoprotein (AFP), are considered prognostic
markers for poor clinical outcomes among patients with HCC. Recent randomized phase III
studies showed contradictory results in terms of the benefit of immunotherapy compared to
that in the control. In the first-line phase III CheckMate 459 [14] and HIMALAYA [35] trials,
patients with high baseline AFP levels (≥400 ng/mL) achieved longer OS when treated
with immunotherapy rather than sorafenib. However, results of the IMbrave150 study
showed that patients with low baseline AFP levels (AFP < 400 ng/mL) were associated
with longer OS and PFS when treated with immunotherapy rather than sorafenib [19].
Since AFP level is related to the tumor or patient characteristics, interpretation should be
performed with caution. As generally seen in other treatments, a decline in post-treatment
tumor marker level is associated with better efficacy of immunotherapy in advanced HCC;
the AFP response at 6 weeks after atezolizumab plus bevacizumab initiation especially
seemed to be a potential surrogate biomarker for prognosis [43–45].

The usage of circulating immune cells as predictive biomarkers for immunotherapy
was extensively investigated. Contrary to specific immune cells that require additional
experiments to obtain, we can inexpensively and reproducibly obtain information about
complete blood cell differential counts from the patients in daily laboratory tests. A
neutrophil-to-lymphocyte ratio (NLR), defined by the ratio of an absolute number of neu-
trophils to that of lymphocytes, is an especially well-known marker for selecting patients
that are benefitted from immunotherapy in various tumor types [46]. A correlation was
reported between circulating neutrophils and neutrophils in the tumor microenvironment,
and low circulating lymphocyte levels were associated with low levels of tumor-infiltrating
lymphocytes (TILs), thereby resulting in reduced anti-tumor T-cell responses [47,48]. In
addition to NLR, platelet-to-lymphocyte ratio (PLR) is regarded as a biomarker of im-
munotherapy response since platelets are also part of an inflammatory process [49]. In the
CheckMate 040 study, OS benefit was observed in patients with low NLR or PLR tertile due
to nivolumab treatment than in others. Other studies also reported the predictive role of
NLR or PLR in immunotherapy of advanced HCC [44,50]. Kim et al. reported that elevated
NLR could predict the occurrence of hyper-progressive disease and inferior survival rate
after anti-PD-1 blockade [51]. However, since NLR is also an independent prognostic factor
for patients with HCC treated with sorafenib [52,53], further studies would be required to
confirm the role of NLR or PLR in patients with HCC, to clarify whether it is a prognostic
biomarker for the general population or whether there is any specific role by which it can
identify patients with maximum possible benefit from immunotherapy than from tyrosine
kinase inhibitor therapy.

2.4. PD-L1 Expression

PD-L1 is widely expressed on the surface of tumor cells, and its high expression
in the tumor microenvironment is generally regarded as a biomarker for anti-PD-1/PD-
L1 immunotherapy in various tumors, especially in NSCLC [22,54,55]. In HCC, PD-L1
expression was reported to be approximately 10 to 20% in tumor cells [14,56], and PD-L1
expression in HCC tumor cells is considered to be associated with tumor aggressiveness
and poor survival [57]. Several clinical trials evaluated whether PD-L1 expression has
predictive value as a biomarker for immune checkpoint inhibitor efficacy in patients with
HCC. However, the types of PD-L1 antibodies for immunohistochemistry (28-8, 22C3,
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SP142, SP263) and the way of interpretation vary across trials, and the determination of
their roles has been challenging. Among the patients treated with anti-PD-1 monotherapy,
PD-L1 positive HCC, whether in tumor cells or tumor and immune cells combined, seem
to respond better than those with negative PD-L1 expression [12,13,58]. Genomic analyses
for the phase I trial of atezolizumab and bevacizumab in patients with HCC reported that
high expression of PD-L1, as per RNA-seq, is related to better response and longer PFS [59].
In recent phase III trials, atezolizumab plus bevacizumab showed benefit over sorafenib in
terms of PFS for a tumor or immune cells in PD-L1-positive patients [60]. However, since
the recent phase III HIMALAYA trial showed the benefit of doublet immunotherapy over
that of sorafenib, regardless of PD-L1 expression [35], further investigation is warranted in
this regard.

Table 1. Clinical biomarkers.

Factor Detail Outcome Regimen
Line of

Treatment
Trial (Phase) Ref.

Etiology Hepatitis B
OS (HR 0.51) and

PFS (HR 0.47)
benefit

Atezolizumab +
Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Finn et al. NEJM

2020 [19]

Hepatitis C OS (HR 0.43) benefit Atezolizumab +
Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Finn et al. NEJM

2020 [19]

Hepatitis B OS (HR 0.64) benefit
Durvalumab +

Tremelimumab vs.
Sorafenib

1st Himalaya (III) Abou-alfa et al. NEJM
Evidence 2022 [20]

Non-viral OS (HR 0.74) benefit
Durvalumab +

Tremelimumab vs.
Sorafenib

1st Himalaya (III) Abou-alfa et al. NEJM
Evidence 2022 [20]

HBV OS (HR 0.57) benefit Pembrolizumab vs.
Placebo 2nd KEYNOTE-240 (III) Finn et al. JCO 2019 [15]

HBV OS benefit

Nivolumab, Atezolizumab
+ Bevacizumab,
Pembrolizumab
(Meta-analysis)

1st–2nd

CheckMate-459,
IMbrave150

and KEYNOTE-240
(III)

Pfister et al. Nature
2021 [16]

HCV OS benefit

Nivolumab, Atezolizumab
+ Bevacizumab,
Pembrolizumab
(Meta-analysis)

1st–2nd

CheckMate-459,
IMbrave150

and KEYNOTE-240
(III)

Pfister et al. Nature
2021 [16]

NAFLD Worst survival

Nivolumab, Atezolizumab
+ Bevacizumab,
Pembrolizumab
(Meta-analysis)

1st–2nd

CheckMate-459,
IMbrave150

and KEYNOTE-240
(III)

Pfister et al. Nature
2021 [16]

BCLC stage BCLC C (no benefit for
BCLC B)

OS (HR 0.58) and
PFS (HR 0.58)

benefit

Atezolizumab +
Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Finn et al. NEJM

2020 [19]

BCLC C (no benefit for
BCLC B) OS (HR 0.76) benefit

Durvalumab +
Tremelimumab vs.

Sorafenib
1st Himalaya (III) Abou-alfa et al. NEJM

Evidence 2022 [20]

BCLC B and C OS and PFS benefit Sintilimab + bevacizumab
biosimilar vs. Sorafenib 1st ORIENT-32 (III) Ren et al. Lancet Oncol.

2021 [35]

Extrahepatic
Spread Extrahepatic spread OS (HR 0.5) benefit Atezolizumab +

Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Finn et al. NEJM
2020 [19]

Extrahepatic spread OS (HR 0.67) benefit
Durvalumab +

Tremelimumab vs.
Sorafenib

1st Himalaya (III) Abou-alfa et al. NEJM
Evidence 2022 [20]

Macrovascular
invasion Macrovascular invasion OS (HR 0.58) benefit Atezolizumab +

Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Finn et al. NEJM
2020 [19]

No macrovascular
invasion OS (HR 0.77) benefit

Durvalumab +
Tremelimumab vs.

Sorafenib
1st Himalaya (III) Abou-alfa et al. NEJM

Evidence 2022 [20]

Tumor
Marker AFP < 400 ng/mL OS (HR 0.52) and

PFS (0.49) benefit
Atezolizumab +

Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Finn et al. NEJM
2020 [19]

AFP ≥ 400 ng/mL OS (HR 0.64) benefit
Durvalumab +

Tremelimumab vs.
Sorafenib

1st Himalaya (III) Abou-alfa et al. NEJM
Evidence 2022 [20]

AFP ≥ 400 ng/mL OS benefit Nivolumab vs. Sorafenib 1st CheckMate-459 (III) Yau et al. Lancet Oncol.
2022 [14]

AFP < 400 ng/mL OS benefit Nivolumab 1st–2nd CheckMate-040
(I/II)

Sangro et al. J. Hep.
2020 [61]

AFP < 200 ng/mL
OS (HR 0.68) and

PFS (HR 0.64)
benefit

Pembrolizumab vs.
Placebo 2nd KEYNOTE-240 (III) Finn et al. JCO 2019 [15]
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Table 1. Cont.

Factor Detail Outcome Regimen
Line of

Treatment
Trial (Phase) Ref.

Other
laboratory

tests

Neutrophil-to-
lymphocyte

ratio

OS benefit for pts
with low tertile Nivolumab 1st–2nd CheckMate-040

(I/II)
Sangro et al. J. Hep.

2020 [61]

Platelet-to-lymphocyte
ratio

OS benefit for pts
with low tertile Nivolumab 1st–2nd CheckMate-040

(I/II)
Sangro et al. J. Hep.

2020 [61]

PD-L1 IHC PD-L1 TC (28-8) ≥ 1% No significant
benefit Nivolumab vs. Sorafenib 1st CheckMate-459 (III) Yau et al. Lancet Oncol.

2022 [14]

PD-L1 TC (28-8) ≥ 1%

ORR (28% vs. 16%)
and

OS (28.1 vs. 16.6
months, p = 0.032)

benefit

Nivolumab 1st–2nd CheckMate-040
(I/II)

El-Khoueiry et al. Lancet
2017 [12]

PD-L1 CPS (22C3) ≥ 1% ORR (32% vs. 20%,
p = 0.021) benefit Pembrolizumab 2nd KEYNOTE-224 (II) Zhu et al. Lancet Oncol.

2018 [13]

PD-L1 TPS (SP142) ≥ 1% ORR 36% vs. 11% Camrelizumab 2nd NCT02989922 (II) Qin et al. Lancet Oncol.
2020 [14]

PD-L1 TC or IC (SP263)
≥ 1%

PFS (OR 2.69)
benefit

Atezolizumab +
Bevacizumab vs. Sorafenib 1st IMbrae150 (III) Cheng et al. J. Hepatol.

2022 [58]

3. Translational Biomarkers

3.1. Immune-Specific Class of HCC

Daniela et al., previously characterized patients with high immune infiltration and
molecular features resembling melanoma who responded to ICIs, as the immune class of
HCC (approximately 25% of patients) [62]. Recently, Carla et al. further dichotomized the
immunogenomic classification of HCC into inflamed and non-inflamed tumors [63]. How-
ever, their analyses were not based on NGS data of advanced patients who had received
ICI treatment but rather on the results of pathology and immunohistochemical analyses to
evaluate the correlation between expression patterns and the presence of both immune cell
infiltrates and immune regulatory molecules. Therefore, the predictive capacity of such
classification would need further investigation in patients receiving immunotherapy.

3.2. Tumor-Infiltrating Lymphocytes (TILs) and T-Cell Inflamed Gene Expression Profiles (GEP)

Tumor-infiltrating lymphocyte density and phenotypes are good predictive indica-
tors of better responses to immunotherapy [61,64–66]. In the exploratory analysis of the
CheckMate 040 trial [67], improved OS of patients with HCC who were being treated
with nivolumab correlated with higher densities of CD3+ or CD8+ TILs. Gene expression,
known to be related to immune cytolytic activity, was also demonstrated to be associated
with the clinical outcome of certain tumors after checkpoint blockade treatment [68,69].
Recently, a T cell-inflamed gene expression profile (GEP) was presented as a predictive
indicator of response to anti-PD-1-based therapy [70]. In the CheckMate 040 trial [67],
patients receiving nivolumab and having HCC tumor tissues with inflammatory signature
GEP consisting of CD274 (PD-L1), CD8α, LAG3, and STAT1, had improved objective re-
sponse rate (ORR) and OS, suggesting the possibility of a relationship between underlying
inflammation within the tumor environments and improved clinical outcomes. Exploratory
analysis of the GO30140 study demonstrated that T-effector gene (GZM, PRF1, and CXCL9)
signatures were associated with improved responses and longer PFS in patients treated
with atezolizumab and bevacizumab [59].

3.3. Tumor Mutational Burden and High Microsatellite Instability

Tumor mutational burden (TMB) and microsatellite instability (MSI) are indirect
indices of tumor antigenicity resulting from somatic tumor mutations, and these were
most extensively studied for their role as predictive biomarkers in anti-PD-1 therapy.
Based on KEYNOTE-158, the US FDA granted accelerated approval to pembrolizumab
for the treatment of unresectable or metastatic tumor mutational burden-high (TMB-H)
(≥10 mutations/megabase (mut/Mb)) solid tumors in adult and pediatric patients [71].
However, patients with HCC were not included in this study, and TMB was not high in
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HCC compared to that in melanoma or lung cancer [72]; moreover, TMB was not proven
to be very predictive of ICI response in HCC [73]. Exploratory analysis of the GO30140
study demonstrated that TMB is unable to predict the response or PFS in patients with
HCC treated with atezolizumab and bevacizumab [59]. Moreover, the phenotype MSI-high
or d-MMR is very rare in HCC, with an incidence of approximately 1% [73,74]. In addition,
studies have shown that it is mainly found in the early stage rather than the late stage.
Therefore, as of now, routine MSI test is not considered informative in HCC.

3.4. WNT/β-Catenin

Mutations in CTNNB1, the gene responsible for encoding beta-catenin, and other
alterations that affect the Wnt/beta-catenin signaling pathway are commonly found in
HCC [75–78]; they are detected in approximately one-third of HCC tumors. Studies sug-
gested that CTNNB1 (β-catenin) mutations and consequent activation of the Wnt/β-catenin
pathway could be responsible for the scarcity of immune cells in the tumor microenviron-
ment and hence, poor clinical response to ICI [79,80]. In a genetically engineered mouse
model of melanoma with constitutively active β-catenin, the latter was shown to reduce
CCL4 expression, which is important for recruiting dendritic cells and, consequently, T-cells
into the tumor microenvironment (TME) [79]. The mechanism by which β-catenin reduces
CCL4 expression is associated with the induction of transcriptional repressor ATF3 and its
binding to the CCL4 promoter [79,81,82]. The immune evasion mechanism was reproduced
in an engineered HCC mouse model in which β-catenin was constantly activated; aberrant
β-catenin activation resulted in increased resistance to anti-PD-1 therapy [83]. Harding et al.
reported that alterations in WNT/β-catenin signaling are associated with lower disease
control rate (DCR), shorter median progression-free survival (PFS), and shorter median OS
in patients with advanced HCC treated with ICI [84]. Hong et al. also showed that only
non-responders to pembrolizumab exhibited somatic mutations in CTNNB1 [85]. Haber
et al., on the other hand, reported that there was no association between the overall im-
mune infiltrate or CTNNB1 mutations and response [86]. According to the immune-specific
class of HCC defined by Montironi et al., one-third was classified as inflamed tumor with
Wnt/β-catenin pathway activation, and the remaining were classified as non-inflamed
tumors [63]. The discordant results of Wnt/β-catenin pathway activation on its predictive
potential in HCC suggest the need for further analysis.

3.5. Other Gene Signatures Associated with Adverse Clinical Outcomes

The biomarker study [87] with tislelizumab, an anti-PD-1 monoclonal antibody, was
given to patients with advanced HCC previously treated with sorafenib (NCT02407990
and NCT04068519), and it was demonstrated that non-responders had elevated expres-
sion of genes related to angiogenesis (TEK, KDR, HGF, and EGR1), immune exhaustion
(CD274, CTLA-4, TIGIT, and CD96), and cell cycle (E2F7, FOXA1, and FANCD2), com-
pared to responders. Exploratory analysis of the GO30140 study demonstrated that gene
expression related to Notch pathway activation (i.e., high expression of HES1) was asso-
ciated with a lack of response and shorter PFS in patients treated with atezolizumab and
bevacizumab [59].

3.6. Circulating Biomarkers

Unlike that in lung cancer or melanoma, studies on circulating biomarkers for im-
munotherapy in HCC are limited. Feun et al. reported that, among the 11 cytokines and
chemokines that were tested in 24 patients with unresectable HCC and receiving pem-
brolizumab, only baseline TGF-β cytokine level in peripheral blood was significantly higher
in non-responders than in responders [88]. Winogrand et al. reported the relevance be-
tween the presence of PD-L1+ circulating tumor cells (CTCs) and favorable immunotherapy
outcome (n = 10); however, it was also a negative prognostic biomarker and an overall
survival predictor (n = 87) [89]. Additional verification would still be required to support
the small-scale studies before their incorporation as biomarkers in immunotherapy.
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3.7. Anti-Drug Antibody against Atezolizumab

Humanized antibodies could be immunogenic and induce undesirable anti-drug an-
tibody (ADA) responses upon administration [18,90,91]. ADAs are known to interfere
with the action of a therapeutic antibody by affecting drug clearance and serum concen-
tration [91,92] or by neutralization. ICIs were also shown to generate ADA responses in
patients with cancer [91,93–95]. Among the various ICI antibodies, atezolizumab has the
highest incidence rate of ADA (29.8%) compared to others (around 5% to 10%) [18,90,91,96].
The results of the IMbrave 150 study showed that the incidence of atezolizumab ADA
reached 29.6% in patients with HCC at one or more timepoints following atezolizumab–
bevacizumab treatment [97]. Although ADA-negative patients had improved OS, ADA-
positive ones showed a similar OS with atezolizumab plus bevacizumab vs. sorafenib treat-
ment (HR of ADA-positive patients vs. those of sorafenib was 0.96 (95% CI, 0.621–1.4184)).
To date, however, there is no available method to predict which drug may induce ADAs,
and there is no FDA-approved commercial test yet to identify the patients who may develop
ADA after atezolizumab treatment [98]. Data to guide treatment decisions in patients who
develop ADAs are still unavailable. Therefore, a study that can evaluate the overall effect
of ADA would be appropriate in the future.

Table 2. Translational biomarkers.

Marker Assay Treatment N
Findings Associated with Clinical

Response
Reference

TIL Based Biomarkers

Baseline CD3+ or CD8+

TILs IHC Nivolumab 189 (CD3)
192 (CD8)

CD3+ or CD8+ TILs exhibited a trend
towards improved OS

Sangro et al. J. Hep.
2020 [65]

CD3+ or CD8+ TILs
after Treatment IHC Tremelimumab with

RFA or TACE 9 Responder had higher CD3+ or CD8+

TILs than non-responder
Duffy et al. J. Hep.

2017 [61]

Sequencing based biomarkers

T-effector signature
(GZM, PRF1, CXCL9) RNA seq Atezolizumab–

Bevacizumab 90 Associated with response and longer
PFS

Zhu et al. Cancer Res.
2020 [69]

Baseline inflammation
signature of tumor RNA seq Nivolumab 37

Inflammatory signature consisting of
CD274 (PD-L1), CD8A, LAG3, and

STAT1 was associated with both
improved objective response rate and

OS.

Sangro et al. J. Hep.
2020 [65]

WNT/β-catenin NGS Immune checkpoint
inhibitors 31

Activating alteration of WNT/β-catenin
signaling was associated with lower

DCR, shorter median PFS, and shorter
median OS

Harding et al. Clin.
Cancer Res. 2019 [82]

WNT/β-catenin NGS Pembrolizumab 60 Somatic mutations in CTNNB1 were
found only in non-responders

Hong et al. Genome Med.
2022 [83]

Angiogenesis, Immune
exhaustion, cell-cycle

gene signatures
NGS Tislelizumab 41

Non-responders had elevated
angiogenesis, immune exhaustion, and

cell-cycle gene signature than
responders

Hou et al. J. ImmunoTher.
Cancer. 2020 [85]

TCR signaling RNA seq Pembrolizumab 60
Responders demonstrated T cell

receptor (TCR) signaling activation with
expressions of MHC genes

Hong et al. Genome Med.
2022 [83]

Notch pathway
activation genes RNA seq Atezolizumab–

Bevacizumab 90 Associated with lack of response and
shorter PFS

Zhu et al. Cancer Res.
2020 [69]

TMB WES Atezolizumab–
Bevacizumab 73 Not associated with response or PFS Zhu et al. Cancer Res.

2020 [69]

Circulating biomarkers

plasma TGF-β levels ELISA Pembrolizumab 24
High baseline plasma TGF-β levels

(≥200 pg/mL) significantly associated
with unfavorable outcomes

Feun et al. Cancer
2019 [86]

Anti-drug antibody
(ADA) ELISA Atezolizumab–

Bevacizumab 336
While patients with ADA− had an

improved OS, those with ADA+ had a
similar OS with Ate/Bev vs. sorafenib

Galle et al. Cancer Res.
2021 [95]

PD-L1+CTCs Immunocytochemistry PD-1 blockade 10 PD-L1+CTCs were associated with
favorable immunotherapy outcome

Winogrand et al. Hepatol.
Commun. 2020 [87]
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4. Conclusions

We reviewed the data on ICI biomarkers obtained from recent pivotal studies on HCC
(Figure 1). Although several potential candidates were evaluated for predicting response
to ICI treatment, there is currently no standard biomarker for ICI-treated patients with
HCC. Since tissue biopsy is not mandatory for the diagnosis of HCC, the discovery of
predictive biomarkers by tumor tissue analyses is limited compared to that in other solid
cancers. Although PD-L1 expression in tumor tissues is known to be a predictive marker
for multiple cancer types, its clinical use is less clear in HCC due to the less clear-cut
association between PD-L1 expression and responders to anti-PD-1/PD-L1. In HCC, the
overall picture is more complex than in other solid tumors due to the unique environment
involving hepatitis and/or cirrhosis, which constantly interacts with the host’s immune
system. Considering the complexity of predicting ICI treatment response in HCC, an
integrative multi-parameter approach combining histopathology, imaging, and immune
features would need to be applied as a novel strategy. Since immunotherapy has become
the new standard of care in HCC, and various biomarker studies are being conducted in
parallel, personalized therapy through a biomarker-based approach is expected to improve
patient survival outcomes in the future.

Figure 1. Clinical and translational biomarkers to predict the response and lack of response of
immune checkpoint inhibitor treatment in hepatocellular carcinoma.
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Simple Summary: This study cytologically compared hepatocellular carcinoma (HCC) and intra-
hepatic cholangiocarcinoma (ICC) using image analyzing software. The results indicated that the
major/minor axis ratio of ICC was significantly larger than in HCC in Papanicolaou staining. This
difference was consistently observed in clinical samples of cytology such as fine-needle aspiration,
brushing and ascites. This study indicated a significant difference in the nuclear morphology of HCC
(round shape) and ICC (oval shape) in Papanicolaou-stained cytology specimens. This simple and
objective finding is considered to be useful for differential cytodiagnosis of HCC and ICC.

Abstract: To investigate useful cytological features for differential diagnosis of hepatocellular carci-
noma (HCC) and intrahepatic cholangiocarcinoma (ICC), this study cytologically compared HCC to
ICC using image analysis software. Touch smear specimens of surgically resected specimens were
obtained from a total of 61 nodules of HCC and 16 of ICC. The results indicated that the major/minor
axis ratio of ICC is significantly larger than that of HCC (1.67 ± 0.27 vs. 1.32 ± 0.11, p < 0.0001) in
Papanicolaou staining. This result means that the nucleus of HCC is close to round and the nucleus
of ICC is close to an oval. This significant difference in the major/minor axis ratio between ICC and
HCC was consistently observed by the same analyses using clinical samples of cytology (4 cases of
HCC and 13 cases of ICC) such a fine-needle aspiration, brushing and ascites (ICC: 1.45 ± 0.13 vs.
HCC: 1.18 ± 0.056, p = 0.004). We also confirmed that nuclear position center-positioned nucleus
(p < 0.0001) and granular cytoplasm (p < 0.0001) are typical features of HCC tumor cells compared to
ICC tumor cells. The research study found a significant difference in the nuclear morphology of HCC
(round shape) and ICC (oval shape) in Papanicolaou-stained cytology specimens. This simple and
objective finding will be very useful for the differential cytodiagnosis of HCC and ICC.

Keywords: hepatocellular carcinoma; cholangiocarcinoma; cytology; touch smear; nuclear atypia

1. Introduction

In Japan, 94.0% of primary liver cancers are hepatocellular carcinoma (HCC), 4.4%
intrahepatic cholangiocarcinoma (ICC), and the remaining small proportion includes com-
bined hepatocellular and cholangiocarcinoma or other rare tumors [1]. Although ICC is
generally considered to be a rare tumor, it has been found that the prevalence of ICC is
relatively high in limited regions worldwide including Japan and India [2]. It has also been
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reported that the development of ICC is related to hepatitis B and C virus infections, similar
to that of HCC [3,4].

The usefulness of cytology for the investigation of hepatic nodules involving hepato-
cellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) is limited at present.
The development of imaging modalities, such as multiphasic computed tomography (CT),
magnetic resonance imaging (MRI), and positron emission tomography (PET)-CT permits a
noninvasive clinical diagnosis of classical HCC or ICC [5–7]. The cases with typical imaging
would not require an invasive procedure, such as liver biopsy or fine-needle aspiration
cytology (FNAC).

Liver biopsy or FNAC are generally considered useful diagnosis techniques for hep-
atic nodules without specific imaging features or for difficult cases of imaging diagnosis,
such as small nodules (<2 cm) or indistinct nodules in cirrhotic patients [8]. Even in such
cases, biopsy specimens are considered to be superior to FNAC samples from the view-
point of tumor volume assessment and availability for immunohistochemistry. Therefore,
FNAC for liver nodule investigation is rarely performed. However, an opportunity to
distinguish between HCC and ICC on cytological material is encountered in greatly ad-
vanced/unresectable cases, in cases where the patient’s general condition is too poor to
undergo a liver biopsy, and in cases with ascites or pleural fluid. Considering that the
therapeutic strategy is different for HCC and ICC, it is important to distinguish HCC from
ICC even with cytology alone.

The cytology of ICC is relatively familiar to cytopathologists compared to HCC because
bile juice and brushings, which are obtained by endoscopic retrograde cholangiopancreatog-
raphy or the biliary drainage route, are frequently submitted for cytological diagnosis [9,10].
Although the cytology of HCC is clinically rare, many studies have reported that the cytol-
ogy of HCC is mostly obtained by FNAC [11–22]. These FNAC studies focused on cytologic
differences between HCC and non-neoplastic hepatocytes or metastatic lesions. However,
a definitive cytologic difference between HCC and ICC has not been well defined by re-
searchers and therefore little knowledge has been accumulated regarding the differential
diagnosis of HCC and ICC.

The aim of the present study was to investigate the cytological features that can
facilitate the differential diagnosis of HCC and ICC, using touch smear samples of resected
specimens and morphological analyses using image-analysis software.

2. Materials and Methods

2.1. Touch Smear Cytology

Seventy-seven hepatic nodules of 71 patients who underwent surgical resection in
Saga University Hospital between 2010 to 2012 and 2020 to 2021 after a clinical diagnosis of
HCC or ICC were enrolled in the study. Six patients underwent hepatic resection for 2 HCC
nodules during 1 operation. The touch smears of hepatic nodules were obtained from fresh
cut surfaces of resected specimens and then subjected to Giemsa and Papanicolaou staining.
The details of the hepatic nodules were: HCC, 61 nodules (well differentiated; 8, moderately
differentiated; 48, poorly differentiated; 5) and 16 ICC nodules (Table 1). The differentiation
of HCC depended on pathological reports. Giemsa-stained touch smears were unavailable
for 20 nodules. As a control sample, the touch smears (Papanicolaou staining only) of
non-tumorous background liver were obtained from 5 cases. Comprehensive informed
consent for the use of resected tissue for research was obtained from all patients, and
the study protocol was approved by the Ethics Committee of Saga University Hospital
(No. 2018-12-R-11).
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Table 1. Details of Touch Smear Cytology of Resected Specimens.

Papanicolaou Giemsa

Hepatocellular carcinoma 61 47

Well differentiated 8 4
Moderately differentiated 48 40
Poorly differentiated 5 3

Intrahepatic cholangiocarcinoma 16 10
Non-tumorous liver tissue 5 0

2.2. Analysis of Hematoxylin and Eosin-Stained Tissue and Giemsa-Stained Touch Smear Cytology
Using Imaging Software

To compare cytological findings, hematoxylin-eosin (HE) stained formalin-fixed paraffin-
embedded resected specimens sliced into 4 μm sections were also analyzed in the present
study. Three digital images of tumor tissue (×200) of HCC and ICC were analyzed using
the imaging analysis software Tissue Studio (Definiens, München, Germany) and data
on the major axis, minor axis and the area of the nucleus were automatically calculated
(Figure 1a–d). In the same way, three digital images of Giemsa-stained touch smear cytology
(×200) of HCC and ICC were also analyzed using Tissue Studio (Figure 2a,b). Each mean
value of the major axis, minor axis, major/minor axis ratio and the area of the nuclei were
statistically compared between HCC and ICC specimens.

 

Figure 1. Analyzing images of HE-stained tissue section using Tissue Studio. (a) Image of well
differentiated HCC (×200). (b) Analyzing image of Figure 1a. The software appropriately recognizes
the nuclei of tumor cells and calculate major axis, minor axis, and area of the nucleus. (c) Image of
poorly differentiated HCC (×200). The tumor cells are significantly larger than well differentiated
HCC. (d) Analyzing image of Figure 1c. The software appropriately recognizes the nuclei of tumor
cells although the nuclei are markedly pleomorphic.
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Figure 2. (a) The image of Giemsa-stained touch smear cytology of well differentiated HCC (×200,
same case of Figure 1a). (b) Analyzing image of Figure 2a. The software Tissue Studio appropriately
recognize the nuclei of tumor cells. (c) The image of Papanicolaou-stained touch smear cytology of
poorly differentiated HCC (×200, same case of Figure 1c). (d) Analyzing image of Figure 2c. The
nuclei were manually selected and then of the major axis, minor axis, and area of the nucleus were
calculated by attaching software of EXpath III.

2.3. Analysis of Papanicolaou-Stained Touch Smear Cytology Specimens Using Imaging Software

As the software Tissue Studio did not support Papanicolaou staining, analyses of
Papanicolaou-stained touch smear cytology were performed using attaching software of
EXpath III (INTEC, Toyama, Japan). Three digital images of Papanicolaou-stained touch
smear cytology specimens (×200) of HCC and ICC were subjected to the analyses. In
addition, Papanicolaou staining of touch smear cytology of non-tumorous hepatocytes was
also analyzed. Twenty nuclei in each image were manually selected and then the major axis,
minor axis and area of the nucleus were calculated (Figure 2c,d). Each mean value of the
major axis, minor axis, major/minor axis ratio and the area of the nucleus were statistically
compared for HCC, ICC, and non-tumorous hepatocytes.

2.4. Assessment of Cytological Findings of HCC and ICC in Papanicolaou-Stained Touch Smear
Cytology Specimens

The cytological findings of HCC and ICC in Papanicolaou-stained touch smear cy-
tology specimens were assessed by two authors (SK and KK) after discussion following
observations under multi-headed microscope images. The following cytological findings
were evaluated and categorized into several two titer classifications: nuclear contours
(irregular vs. smooth), chromatin pattern (coarse/granular vs. fine), chromatin distribution
(homogeneous vs. heterogeneous), nuclear position (center vs. uncentre), number of the
nucleolus (single/unclear vs. multiple), cytoplasm (vacuole/foamy vs. granular) and cell
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boundaries (clear vs. unclear). Each finding was statistically compared between HCC
and ICC.

2.5. Clinical Materials of Cytology for Validation

As the condition of clinical samples (such as bile juice, brushings, ascites, and fine-
needle aspiration may be different from touch smear cytology, we performed the analysis of
clinical materials of cytology for validation of results obtained by touch smear cytology of
resected samples. A total of 17 samples in which tumor cells of HCC or ICC appeared were
found (HCC: four cases, ICC: 13 cases) among 56,383 cytological samples examined at Saga
University Hospital between 2014 and 2021. Each mean value of the major axis, minor axis,
major/minor axis ratio and the area of the nuclei of tumor cells in Papanicolaou-stained
specimens were statistically compared between HCC and ICC.

2.6. Statistical Analysis

The statistical analysis was performed using JMP (ver. 15.2 software, AS Institute,
Cary, NC, USA). The comparisons of pairs of groups were performed using the Wilcoxon
test or Fisher’s exact test (two-sided). Values of p < 0.05 were considered to be statistically
significant findings.

3. Results

3.1. Comparison of Nuclei among HCC and ICC in HE-Stained Tissue Specimens

The results of comparisons of nuclei between HCC and ICC in each stained section
are summarized in Table 2. In the HE-stained tissue specimens, the means and stan-
dard deviation (SD) of nuclei in HCC and ICC were evaluated thus: Major axis: HCC:
11.52 ± 2.98 μm vs. ICC: 14.12 ± 2.05 μm (p = 0.0003), Minor axis: HCC: 8.64 ± 1.91 μm
vs. ICC: 9.45 ± 1.23 μm (p = 0.031), major/minor axis ratio: HCC: 1.36 ± 0.092 vs. ICC:
1.54 ± 0.083 (p < 0.0001), Nucleus area: HCC: 77.42 ± 38.44 μm2 vs. 93.64 ± 21.89 μm2

(p = 0.0099). The nuclei of ICC were significantly larger and oval-shaped rather than
exhibiting a round shape like HCC found in HE-stained tissue specimens.

Table 2. Comparison of the Nucleus between HCC and ICC for Each Stain.

HE Giemsa Papanicolaou

HCC ICC p HCC ICC p HCC ICC p

Major axis
(mean ± SD, μm) 11.52 ± 2.98 14.12 ± 2.05 0.0003 16.42 ± 4.47 18.46 ± 3.90 0.26 6.89 ± 2.47 8.60 ± 3.06 0.057

Minor axis
(mean ± SD, μm) 8.64 ± 1.91 9.45 ± 1.23 0.031 12.04 ± 2.93 13.10 ± 2.26 0.29 5.22 ± 1.79 5.22 ± 1.95 0.940

Major/Minor
axis ratio

(mean ± SD)
1.36 ± 0.092 1.54 ± 0.083 <0.0001 1.39 ± 0.10 1.44 ± 0.12 0.38 1.32 ± 0.11 1.67 ± 0.27 <0.0001

Nucleus area
(mean ± SD,

μm2)
77.42 ± 38.44 93.64 ± 21.89 0.0099 146.78 ± 68.40 176.32 ± 58.20 0.14 43.80 ± 27.31 55.37 ± 35.34 0.350

HCC: hepatocellular carcinoma, ICC: intrahepatic cholangiocarcinoma, SD: standard deviation.

3.2. Comparison of Nuclei among HCC and ICC in Giemsa-Stained Touch Smear
Cytology Specimens

In Giemsa-staining, means and SD of major axis, means of minor axis, major axis/minor
axis ratio and area of nuclei were: major axis: HCC, 16.42 ± 4.47 μm vs. ICC; 18.46 ± 3.90 μm
(p = 0.26), minor axis: HCC, 12.04 ± 2.93 μm vs. ICC 13.10 ± 2.26 μm (p = 0.29); ma-
jor/minor axis ratio: HCC: 1.39 ± 0.10 vs. ICC; 1.44 ± 0.12 (p = 0.38); Nucleus area: HCC,
146.78 ± 68.40 μm2 vs. 176.32 ± 58.20 μm2 (p = 0.14). No significant difference between
HCC and ICC was observed for all variables examined.
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3.3. Comparison of HCC, CCC and Non-Tumorous Hepatocytes in Papanicolaou-Stained Touch
Smear Cytology Specimens

In a comparison between HCC and ICC by Papanicolaou-stained touch smear cytology,
means and SD of major axis, minor axis, major axis/minor axis ratio, and area of nuclei of
HCC and ICC were: major axis, HCC, 6.89 ± 2.47 μm vs. ICC: 8.60 ± 3.06 μm (p = 0.057);
Minor axis: HCC, 5.22 ± 1.79 μm vs. ICC, 5.22 ± 1.95 μm (p = 0.94); major/minor axis ratio:
HCC, 1.32 ± 0.11 vs. ICC, 1.67 ± 0.27 (p < 0.0001), Nucleus area: HCC, 43.80 ± 27.31 μm2

vs. 55.37 ± 35.34 μm2 (p = 0.35). The nuclei of the ICC were significantly oval rather than
round in shape compared to HCC cells, while no significant difference was observed in the
nucleus area of Papanicolaou-stained touch smear cytology specimens.

Non-tumorous hepatocytes were also assessed, and the results are as follows: Major
axis: 5.78 ± 0.97 μm; Minor axis, 4.77 ± 0.75 μm; major/minor axis ratio: 1.21 ± 0.11;
Nucleus area, 36.08 ± 7.37 μm2. In comparison with HCC and ICC, the minor axis in
non-tumorous hepatocytes appeared to be the smallest although statistical significance was
not reached (vs. HCC: p = 0.56, vs. ICC: p = 0.71). A significant difference was found for
the major/minor axis ratio in comparison to ICC (vs. HCC: p = 0.037, vs. ICC: p = 0.0015)
(Figure 3). This result indicates the major/minor axis ratio of the nucleus (namely the shape
of tumor nuclei is close to round or oval shapes) is an important finding for cytological
differential diagnosis between HCC and ICC.

Figure 3. Comparison of major axis, minor axis, major/minor axis ratio and the nucleus area of
hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma (ICC) and non-tumorous hepato-
cytes (NH).

3.4. Comparison of Cytological Findings in Papanicolaou-Stained Touch Smear Cytology
Specimens of ICC and HCC

Cytological findings of ICC and HCC in Papanicolaou-stained touch smear cytol-
ogy specimens are summarized in Table 3. The nuclei of HCC were significantly center-
positioned (p < 0.0001), having a single nucleolus rather than multiple nucleoli (p = 0.005),
and a granular cytoplasm (p < 0.0001). No significant difference was observed in the
chromatin pattern and chromatin distribution between HCC and ICC. Typical cytological
images of HCC and ICC in Papanicolaou-stained touch smear cytology specimens are
shown in Figure 4.
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Figure 4. Representative cytological figures of hepatocellular carcinoma (HCC). (a) and intrahepatic
cholangiocarcinoma (ICC). (b) In touch smear specimens (Papanicolaou stain, ×400). HCC cells
have round and center-positioned nucleus and granular cytoplasm whereas ICC cells have oval and
uncenter-positioned nucleus, multiple nucleolus, and foamy cytoplasm.

Table 3. Comparison of Cytological Fndings between ICC and HCC.

HCC (n = 61) CCC (n = 16) p

nuclear contours (%)
irregular 23 (37.70) 2 (12.50)

0.074
smooth 38 (62.30) 14 (87.50)

chromatin pattern (%)
coarse/granular 34 (55.74) 6 (37.50)

0.260
fine 27 (44.26) 10 (62.50)

chromatin distribution (%)
homogeneous 23 (37.70) 2 (12.50)

0.074
heterogeneous 38 (62.30) 14 (87.50)

nuclear position (%)
center 56 (91.80) 1 (6.25)

<0.0001
uncentre 5 (8.20) 15 (93.75)

number of nucleolus (%)
single/unclear 52 (85.25) 8 (50.00)

0.005
multiple 9 (14.75) 8 (50.00)

cytoplasm (%)
vacuole/foamy 8 (13.11) 14 (87.50)

<0.0001
granular 53 (86.89) 2 (12.50)

cell boundaries (%)
clear 35 (57.38) 5 (31.25)

0.092
unclear 26 (42.62) 11 (68.75)

HCC, hepatocellular carcinoma; ICC. intrahepatic cholangiocarcinoma.

3.5. Comparison of HCC and CCC in Papanicolaou-Stained Clinical Specimens

We consider the findings regarding the major/minor axis ratio in Papanicolaou-stained
touch smear cytology specimens to be very important as they may be useful in daily
cytological practice. As the condition of clinical samples may be different from touch smear
cytology specimens, we planned a validation study using Papanicolaou-stained clinical
samples. The details of clinical samples are summarized in Table 4. From 2014 to 2021, we
found only 4 cytological samples which contained HCC tumor cells. All 4 samples were
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obtained by FNA (liver: 3, lymph node:1). In addition, 13 clinical samples which contained
ICC tumor cells were found during this time period (FNA: 3, brushings: 8, ascites: 2).

Table 4. Details of Clinical Specimens.

Sample Type HCC (n = 4) ICC (n = 13)

FNA 4 3
Brushing 0 8
Ascites 0 2

Tumor Location

Primary (liver) 3 11
Metastasis/Dissemination 1 (Lymph nodes) 2 (Ascites)

HCC: hepatocellular carcinoma, ICC: intrahepatic cholangiocarcinoma, SD: standard deviation, FNA: fine needle
aspiration.

The means ± SD of each major axis, minor axis and major axis/minor axis ratio, and
the area of nuclei of HCC and ICC were as follows: major axis: HCC, 8.79 ± 1.58 μm vs.
ICC, 10.01 ± 1.90 μm (p = 0.308); Minor axis: HCC: 7.67 ± 1.32 μm vs. ICC, 7.00 ± 1.72 μm
(p = 0.428), major/minor axis ratio: HCC, 1.18 ± 0.056 vs. ICC: 1.45 ± 0.13 (p = 0.004,
Figure 5); Nucleus area: HCC, 72.00 ± 24.87 μm2 vs. 75.49 ± 27.47 μm2 (p = 0.821). These
data are summarized in Table 5. Thus, the major/minor axis ratio was significantly different
between HCC and ICC, even in clinical samples.

Figure 5. Comparison of major minor axis ratio in hepatocellular carcinoma (HCC) and intrahep-
atic cholangiocarcinoma (ICC) by validation Papanicolaou-stained clinical samples. A significant
difference was found in the major/minor axis ratio between HCC and ICC (p = 0.004).

Table 5. Comparison of Nuclei of HCC and ICC for Each Stain.

HCC (n = 4) ICC (n = 13) p

Major axis (mean ± SD, μm) 8.79 ± 1.58 10.01 ± 1.90 0.308
Minor axis (mean ± SD, μm) 7.67 ± 1.32 7.00 ± 1.72 0.428

Major/minor axis ratio (mean ± SD) 1.18 ± 0.056 1.45 ± 0.13 0.004
Area of nuclei (mean ± SD, μm2) 72.00 ± 24.87 75.49 ± 27.47 0.821

HCC: hepatocellular carcinoma, ICC: intrahepatic cholangiocarcinoma, SD: standard deviation.
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4. Discussion

The most notable finding of the present study was that the major/minor axis ratio of
HCC and ICC was significantly different in Papanicolaou-stained cytological specimens.
This means that the nuclei of HCC were close to round shapes and the nuclei of ICC close
to oval shapes. This finding may have been previously noticed by other cytopathologists,
but it is not well-recognized, presumably because no previous literature documenting
this finding with analysis evidence has been published. This result was confirmed not
only by the touch smear cytology of resected specimens but also by the validation of
clinical cytological materials. Although our study also found a significant difference in
the nuclear position, number of nucleoli and the cytoplasm between ICC and HCC, these
cytological findings are subjective and depend on the experience of the investigating
cytologist. Therefore, we consider that the major/minor axis ratio is very useful for the
differential cytodiagnosis of ICC and HCC, because of its objective nature and simpleness.
The significant difference in the major/minor axis ratio of ICC and HCC samples was
confirmed in HE-stained tissue specimens, but its significance disappeared in Giemsa-
stained specimens, likely because of morphological changes due to the dry process involved.
The cell morphology is affected by the dry process of Giemsa-staining. Usually, the cell size
is significantly enlarged, and cell morphology becomes more circular than Papanicolaou-
staining. Therefore, it seems reasonable that the results of morphological analyses by image
analyzing software were different between Giemsa-staining and Papanicolaou-staining.
The significance of Papanicolaou-staining is important because clinical samples of HCC or
ICC are usually evaluated by Papanicolaou-staining. Differential diagnosis of HCC and
ICC is sometimes clinically problematic. The definitive diagnosis of HCC or ICC is usually
made by pathological evaluation of morphology and immunohistochemical analyses of
liver biopsy or resected specimens. Although it is rare, there are situations that require the
differential diagnosis of HCC and ICC to be made only from cytological materials, when
biopsy or surgical resection specimens could not be safely obtained because of the patient’s
general physical condition (such as a bleeding tendency or cachexia). In this situation,
knowledge of the major/minor axis ratio will greatly help the cytological differential
diagnosis of HCC and ICC.

The cytological characteristics of HCC have been well documented by studies of
FNAC [11–22]. HCC cells typically have granular cytoplasm but cytological findings such
as cellularity, cell dissociation, cell borders, monotony, trabeculae structure, nucleoli, cell
size, nucleus/cytoplasmic ratio, nuclear crowding, chromatin distribution, and nuclear
pleomorphism vary widely according to the differentiation of HCC [13,16,17]. Regarding
ICC, knowledge of cytological characteristics has been accumulated by FNAC and brush-
ing cytology. Typical ICC cells cytologically show adenocarcinoma-like features such as
three-dimensional clusters, foamy and/or vacuolated cytoplasm, loss of nuclear polarity
and prominent nucleoli, although these features varied according to the stage of tumor
differentiation [23–26].

Cytological differences between HCC and ICC have not been well documented by
researchers and therefore a paucity of knowledge has been accumulated. We found
only one article which tried to distinguish ICC and HCC using cytological findings.
Sampatanukul et al. [26] tried to distinguish between ICC and HCC, or metastatic car-
cinoma using cytological findings of ductular clusters. They concluded that the presence
of more than 10 ductular clusters associated with malignant cells was a useful discrim-
inator to separate ICC from metastatic carcinoma but was not useful for discrimination
of ICC from HCC. Therefore, the present study is the first to demonstrate that simple
cytological findings can discriminate between ICC from HCC, with evidence obtained by
image analysis.

5. Conclusions

This study evaluated the cytological characteristics of ICC and HCC using image
analysis software. The results indicated that the nucleus of HCC is close to a round shape
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whereas the nucleus of ICC is close to an oval shape. This characteristic was significant
in Papanicolaou stained cytological specimens, but this significance disappeared after
Giemsa-staining. This simple and objective finding will be very useful for the differential
cytodiagnosis of HCC and ICC.
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Simple Summary: The optimal subsequent treatment and the determinants of survival after
sorafenib–regorafenib failure in patients with hepatocellular carcinoma (HCC) remain unclear. The
aim of this study was to delineate the determinants of response and survival after regorafenib and
evaluate the post-progression outcomes in the era of multiple-line sequential systemic therapy. We
retrospectively enrolled 108 patients with unresectable HCC receiving regorafenib after sorafenib
failure and reported the predictors of progression-free survival, overall survival, post-progression
survival, as well as the next-line treatments after regorafenib failure. We showed that some well-
known survival predictors of sorafenib treatment and the response to prior sorafenib also had a
prognostic role in patients with HCC undergoing regorafenib treatment. Preserved liver function
and subsequent systemic therapy play important roles in survival after regorafenib failure. We
conclude that the survival outcomes of regorafenib for HCC have improved in the era of multi-line
sequential therapy. Preserved liver function and next-line therapy are important prognostic factors
after regorafenib failure.

Abstract: The predictors of response and survival in patients with hepatocellular carcinoma (HCC)
receiving regorafenib remain unclear. This study aimed to delineate the determinants of response and
survival after regorafenib and evaluate post-progression treatment and outcomes. We retrospectively
enrolled 108 patients with unresectable HCC receiving regorafenib after sorafenib failure. Progression-
free survival (PFS), overall survival (OS), post-progression survival (PPS) and post-progression
treatments were evaluated. The median PFS, OS and PPS were 3.1, 13.1 and 10.3 months, respectively.
Achieving disease control by prior sorafenib, early AFP reduction and hand-foot skin reaction (HFSR)
were associated with significantly better radiologic responses. By multivariate analysis, the time to
progression on prior sorafenib, HFSR and early AFP reduction were associated with PFS; ALBI grade,
portal vein invasion, HFSR and early AFP reduction were associated with OS. ALBI grade at disease
progression, main portal vein invasion, high tumor burden and next-line therapy were associated
with PPS. The median PPS was 12 months in patients who received next-line therapy, and the
PPS was comparable between patients who received next-line targeted agents and immunotherapy.
In conclusion, survival outcomes of regorafenib for HCC have improved in the era of multi-line
sequential therapy. Preserved liver function and next-line therapy are important prognostic factors
after regorafenib failure.

Keywords: hepatocellular carcinoma; sorafenib; regorafenib; progression-free survival; overall
survival; post-progression survival
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1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer in the world and the
fourth leading cause of cancer-related mortality [1,2]. Systemic therapy is recommended as
the standard of care for patients with HCC at advanced stages or patients with unresectable
HCC who are unsuitable for loco-regional therapy (LRT), and it is estimated that about half
of patients with HCC may receive systemic therapies at some time point during the course
of HCC treatment [3]. For patients with unresectable HCC, the multi-targeted tyrosine
kinase inhibitor (TKI) sorafenib has been the standard of treatment since 2008 [4,5], while
regorafenib is the first drug approved as the second-line treatment after sorafenib failure
for HCC. In the RESORCE trial, regorafenib significantly improved overall survival (OS)
and progression-free survival (PFS) compared to the placebo [6]. Currently, the predictors
of response and survival under regorafenib treatment for HCC have not been fully clarified.
Regorafenib is structurally similar to sorafenib but appears to be more pharmacologically
potent than sorafenib [7]. Therefore, regorafenib and sorafenib might share some common
predictors of response and survival. Recent studies suggest that response to prior sorafenib
treatment is associated with the outcomes of regorafenib treatment [8,9]. Several prognostic
predictors in patients with HCC receiving sorafenib, such as the presence of hand-foot skin
reaction (HFSR) [10], ALBI grade [11], early AFP response [12], progression pattern [13,14]
and the PROSASH-II model [15], may also have prognostic value for regorafenib treatment.

With the advance of systemic therapies for HCC in the past decade, lenvatinib and sub-
sequently the immunotherapy combinations of atezolizumab plus bevacizumab have been
approved as first-line systemic therapies for HCC, whereas cabozantinib, ramucirumab,
and immune checkpoint inhibitors (ICIs) pembrolizumab and nivolumab plus ipilimumab
are also currently available second-line treatment options for HCC [16]. With the increased
options for multiple lines of systemic therapies for HCC, the survival of patients with
advanced HCC may improve over time. Several real-world studies of regorafenib for HCC
reported that the OS might be longer than 12 months [9,17–19], suggesting that the OS
of HCC grossly improves under multiple lines of sequential therapy. Nevertheless, the
optimal subsequent treatment and the determinants of survival after sorafenib–regorafenib
failure remain unclear. The aim of this study was to delineate the determinants of response
and survival after regorafenib treatment and evaluate the post-progression outcomes in the
era of multiple-line sequential systemic therapy.

2. Patients and Methods

2.1. Patients

From May 2019 to September 2020, we retrospectively screened 115 patients with
unresectable HCC in Taipei Veterans General Hospital who received regorafenib due to
sorafenib failure. Patients were enrolled if they had histologically confirmed HCC or clini-
cally confirmed HCC based on magnetic resonance imaging (MRI) or contrast-enhanced
computed tomography (CECT) according to the diagnostic criteria of the American Asso-
ciation for the Study of Liver Diseases (AASLD) treatment guidelines [20]; patients with
HCC were classified as being in Barcelona Clinic Liver Cancer (BCLC) stage C or in BCLC
stage B and not suitable for trans-arterial chemoembolization (TACE) or other LRT. Patients
were excluded if they were lost to follow-up within 2 months of treatment (n = 6) or had no
measurable lesion when starting regorafenib (n = 1). For each cycle, the standard dose of
regorafenib was 160 mg once daily for 3 weeks, followed by 1 week off therapy. Modifi-
cation of the initial dose of regorafenib was allowed according to the presence of adverse
events during prior sorafenib treatment. Regorafenib treatment was stopped when there
was confirmation of disease progression by image studies or when patients experienced
intolerable toxicity.

This study was approved by the Institutional Review Board in Taipei Veterans General
Hospital (IRB number: 2021-04-006BC) and adhered to the guidance of the Declaration of
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Helsinki. The Institutional Review Board waived the need for written informed consent
due to the retrospective nature of this study.

2.2. Patient Evaluation

Demographic profiles, biochemistry data and tumor characteristics at baseline and at
the time of disease progression were recorded. The data included age, gender, duration and
response to prior sorafenib treatment, prior or concurrent immune checkpoint inhibitors
(ICI) therapy, concurrent loco-regional therapy (LRT), tumor size, tumor number, macrovas-
cular invasion, extrahepatic metastasis, serum alpha-fetoprotein (AFP), platelet count, as
well as levels of albumin, total bilirubin, creatinine, alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), hepatitis B surface antigen (HBsAg) and anti-hepatitis C virus
antibodies. The ALBI score and grade were calculated as previously described [21]. High
tumor burden was defined as the presence of main portal vein thrombosis (Vp4), bile duct in-
vasion or tumor involvement >50% liver volume [22]. The Prediction Of Survival in Advanced
Sorafenib-treated HCC (PROSASH)-II model was calculated as previously described [15].

2.3. Outcome Assessment

Radiologic responses according to the Response Evaluation Criteria in Solid Tumors
version 1.1 (RECIST v1.1) were evaluated every 8–12 weeks during treatment [23]. The
objective response rate (ORR) was defined as the percentage of patients with a complete
response (CR) or partial response (PR). The disease control rate (DCR) was defined as the
percentage of patients with CR, PR or stable disease (SD).

Progression-free survival (PFS) was defined as the time interval between the day of
starting regorafenib treatment and the onset of progressive disease (PD). Overall survival
(OS) was defined as the time interval between the day of starting treatment and death.
Post-progression survival (PPS) was defined as the time interval between the day of PD and
death. The tumor progression pattern was classified into intrahepatic or extrahepatic tumor
growth (>20% increase in tumor size of the viable target lesions), new intrahepatic lesions,
and new extrahepatic lesions (including new vascular invasion and/or metastasis) [13,14].
Early AFP response was defined as greater than a 10% reduction in AFP levels from baseline
within 1 month of treatment [24].

2.4. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows, Version
22 (IBM, Armonk, NY, USA). Values were expressed as mean ± SD or as median (range)
when appropriate. We used the Mann–Whitney U test to compare continuous variables
and the Pearson chi-square analysis to compare categorical variables. We used the Kaplan–
Meier method to estimate survival rates and the log-rank test to compare survival curves
between patient groups. We used the Cox proportional hazards model to analyze prognostic
factors for survival. Variables that achieved statistical significance (p < 0.05) or those
close to significance (p < 0.1) by univariate analysis were subsequently included in
the multivariate analysis. Statistical significance was considered as a p-value < 0.05
determined by two-tailed tests.

3. Results

3.1. Patient Characteristics

A total of 108 patients receiving regorafenib for unresectable HCC due to sorafenib
failure were ultimately enrolled for analysis. The baseline characteristics of the 108 patients
are summarized in Table 1. The majority of patients belonged to BCLC stage C (81.5%),
Child–Pugh class A (84.3%), and 38 (35.2%) patients presented with a high tumor burden.
Regorafenib was given as the second- and third- to fifth-line therapy after sorafenib failure
in 88 (81.5%) and 20 (18.5%) patients, respectively. The median duration of prior sorafenib
therapy was 3.9 months, and 59.1% and 51% of patients experienced dose reductions
and hand-foot skin reactions (HFSR) during sorafenib treatment, respectively. Nineteen
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patients (17.6%) experienced prior ICI therapy, while sixteen (14.8%) and nineteen (17.6%)
patients received concurrent LRT (TACE 14, radiofrequency ablation 2) and ICI therapy
(nivolumab 10, pembrolizumab 3, atezolizumab 1, durvalumab 5), respectively. Sixty-
two patients (57.4%) experienced dose reduction of regorafenib, and the most frequently
reported adverse events were HFSR (29.6%), diarrhea (15.7%) and hypertension (23.1%).

Table 1. Characteristics of 108 patients receiving regorafenib therapy.

Variables

Age (years) 65.3 ± 12.9
Male gender, n (%) 91 (84.3)
HCC etiology: HBV/HCV/HBV + HCV/Non-viral, n (%) 61/17/4/26 (56.5/15.7/3.7/24.1)
Lines of regorafenib therapy: 2/3/4/5, n (%) 88/12/6/2 (81.5/11.1/5.6/1.9)
Prior immune checkpoint inhibitors therapy, n (%) 19 (17.6)
Prior sorafenib duration (months) † 3.9 (0.5–44)

Dose reduction for sorafenib, n (%) 61 (59.8)
Hand-foot skin reaction during sorafenib treatment, n (%) 52 (51)
BCLC stage B/C, n (%) 20/88 (18.5/81.5)
Portal vein invasion, n (%) 38 (35.2)

Vp4 20 (18.5)
Extrahepatic metastasis, n (%) 71 (65.7)
Tumor size (cm) 4.65 ± 4.75
Multiple tumors, n (%) 74 (68.5)
High tumor burden, n (%) † 38 (35.2)
Child–Pugh class A/B, n (%) 91/17 (84.3/15.7)
ALBI grade 1/2/3, n (%) 44/63/1 (40.7/58.3/0.9)
Bilirubin (mg/dL) 0.99 ± 1.39
Albumin (g/dL) 3.74 ± 0.49
ALT (U/L) 49.5 ± 37.5
AST (U/L) 67.7 ± 58.6
Creatinine (mg/dL) 1.07 ± 0.88
Platelet (109/L) 154 ± 96
AFP (ng/mL) 182.4 (1.2-1397041)
AFP > 400 ng/mL, n (%) 44 (40.7)
Follow-up period (months) 9.6 (0.3–29.0)
Initial dose of regorafenib: 160/120/80/40 mg 63/2/41/2 (58.3/1.9/38/1.9)

Dose reduction for regorafenib, n (%) 62 (57.4)
Adverse events during regorafenib, n (%)

Hand-foot skin reaction 32 (29.6)
Diarrhea 17 (15.7)
Hypertension 25 (23.1)

Concurrent loco-regional therapy during regorafenib use, n (%) 16 (14.8)
Transarterial chemoembolization/radiofrequency ablation 14/2 (13/1.9)

Concurrent immune checkpoint inhibitors during regorafenib use, n (%) 19 (17.6)
Nivolumab/Pembrolizumab/Atezolizumab/Durvalumab 10/3/1/5 (9.3/2.8/0.9/4.6)

Disease progression, n (%) 78 (72.2%)
Death, n (%) 52 (48.1%)

† High tumor burden was defined as the presence of main portal vein thrombosis (Vp4), bile duct invasion or
tumor involvement >50% liver volume. Sorafenib information was available for 102 (94.4%) patients.

3.2. Radiologic Response

Evaluations of the best radiologic response by RECIST v1.1 to regorafenib and to
prior sorafenib treatment were available in 103 (95.4%) and 98 (90.7%) of all patients,
respectively (Table 2). The ORR and DCR to regorafenib treatment in all patients were
10.7% and 43.7%, respectively. Three patients (2.9%), all in the second-line setting, achieved
a complete response. The ORR and DCR to prior sorafenib treatment were 21.4% and
44.9%, respectively. In patients achieving disease control by prior sorafenib treatment,
the DCR to regorafenib was significantly higher (59.1% vs. 29.6%, p = 0.006). Patients
with HFSR and early AFP responses had significantly better radiologic responses. Patients
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with early AFP responses also had significantly higher ORR (21.4% vs. 0%, p = 0.004) and
DCR (64.3% vs. 17.9%, p < 0.001). The ORR and DCR in patients who received regorafenib
monotherapy were 8.6 and 39.1, respectively (Table S1). There was no significant difference
in ORR and DCR between patients who did or did not receive concurrent LRT or ICI
therapy (Table S1).

Table 2. Best radiologic responses to regorafenib therapy by RECIST v1.1 criteria.

Radiologic Response † CR PR SD PD ORR DCR

Overall 3 (2.9%) 8 (7.8%) 34 (33%) 58 (56.3%) 11 (10.7%) 45 (43.7%)
Line of therapy
2nd line (n = 83) 3 (3.6%) 6 (7.2%) 26 (31.3%) 48 (57.8%) 9 (10.8%) 35 (42.2%)

3rd–5th line (n = 20) 0 (0) 2 (10%) 8 (40%) 10 (50%) 2 (10%) 10 (50%)
p value 0.859 1.000 0.702

Achieving disease control by prior sorafenib
Yes (n = 44) 1 (2.3%) 4 (9.1%) 21 (47.7%) 18 (40.9%) 5 (11.4%) 26 (59.1%)
No (n = 54) 1 (1.9%) 4 (7.4%) 11 (20.4%) 38 (70.4%) 5 (9.3%) 16 (29.6%)
p value 0.032 0.744 0.006

Presence of hand-foot skin reaction
Yes (n = 32) 2 (6.3%) 3 (9.4%) 14 (43.8%) 13 (40.6%) 5 (15.6) 19 (59.4)
No (n = 71) 1 (1.4%) 5 (7.0%) 20 (28.2%) 45 (63.4%) 6 (8.5) 26 (36.6)
p value 0.032 0.310 0.052

Early AFP response
Yes (n = 28) 2 (7.1%) 4 (14.3) 12 (42.9%) 10 (35.7%) 6 (21.4%) 18 (64.3)
No (n = 39) 0 (0%) 0 (0%) 7 (17.9%) 32 (82.1%) 0 (0%) 7 (17.9)
p value <0.001 0.004 <0.001

† Evaluations of the best radiologic response to regorafenib and sorafenib treatment were available in 103 (95.4%)
and 98 (90.7%) of all patients, respectively. CR, complete response; PR, partial response; SD, stable disease; PD,
progressive disease; ORR, objective response rate; DCR, disease control rate.

3.3. Factors Associated with Progression-Free Survival (PFS)

During a median follow-up period of 9.3 months, 78 (72.2%) patients developed disease
progression with a median PFS of 3.1 months. The median PFSs were 5.6 and 3.0 months,
respectively, in patients with BCLC stages B and C (p = 0.137, Figure 1A), and was 2.9
and 3.9 months in second-line and later-line settings, respectively (p = 0.418, Figure 1B). By
multivariate analysis, TTP on prior sorafenib >4 months (hazard ratio (HR) = 0.563, p = 0.018,
Figure 1C) was the only baseline predictor of PFS, while the presence of HFSR (HR = 0.238,
p < 0.001, Figure 1D) and early AFP responses (HR = 0.397, p = 0.003, Figure 1E) were
on-treatment predictors of PFS (Tables 3 and S2).

Figure 1. Cont.
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Figure 1. Kaplan–Meier curves of progression-free survival (PFS) in patients with HCC receiving
regorafenib treatment. (A) PFS stratified by BCLC stage. (B) PFS stratified by lines of therapy. (C) PFS
stratified by time-to-progression on prior sorafenib treatment. (D) PFS in patients with and without
hand-foot skin reaction (HFSR). (E) PFS in patients with and without early AFP response. (F) PFS
stratified by radiologic response by mRECIST criteria.

Table 3. Independent factors associated with progression-free survival, overall survival and post-
progression survival by multivariate analysis.

Variables Multivariate

HR (95% CI) p

Progression-free survival
Baseline factor

Time to progression on prior
sorafenib (months) >4/≤4 0.485 (0.302–0.781) 0.003

On-treatment factors
Hand-foot skin reaction Yes/No 0.238 (0.108–0.525) <0.001
Early AFP reduction >10%/≤10% 0.397 (0.214–0.737) 0.003

Overall survival
Baseline factors

ALBI grade 2-3/1 2.758 (1.458–5.216) 0.002
Portal vein invasion Yes/No 3.169 (1.817–5.528) <0.001

On-treatment factors
Hand-foot skin reaction Yes/No 0.173 (0.068–0.442) <0.001
Early AFP reduction >10%/≤10% 0.450 (0.215–0.940) 0.034

Post-progression survival

Main portal vein invasion Yes/No 5.102
(1.578–16.949) 0.007

High tumor burden Yes/No 9.296
(3.379–25.578) <0.001

ALBI grade 1 1

2 4.499
(1.541–13.137) 0.006

3 26.926
(6.638–109.227) <0.001

Next-line therapy Yes/No 0.369 (0.163–0.838) 0.017

None of the three patients achieving CR had disease progression during the observa-
tion period, whereas the median PFSs in patients with PR and SD were 12.7 and 13.1 months,
respectively (Figure 1F). We validated the PROSASH-II model for predicting RFS after
regorafenib treatment, and a significantly poorer RFS was observed in PROSASH-II group
4 (p = 0.001, Figure S1A).
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3.4. Factors Associated with Overall Survival (OS)

Fifty-two patients (48.1%) died during the observation period, with a median OS of
13.1 months. The median OSs in patients with BCLC stage C and second-line setting were
12 and 14.7 months, respectively (Figure S2A,B). The median OS was significantly better
in patients with ALBI grade 1 (not reached vs. 8.5 months for ALBI grades 2–3, p < 0.001,
Figure 2A) and Child–Pugh class A (14.7 vs. 4.1 months for Child–Pugh class B, p < 0.001,
Figure S2C). By multivariate analysis, ALBI grades 2–3 (HR = 2.758, p = 0.002) and the
presence of portal vein invasion (HR = 3.169, p < 0.001) were the baseline predictors of OS
(Figure 2B). Combining the ALBI grades 2–3 and the presence of portal vein invasion could
discriminate patients with high, intermediate and low risk of mortality (Figure 2C). The
presence of HFSR (HR = 0.173, p < 0.001, Figure 2D) and early AFP response (HR = 0.450,
p = 0.034, Figure 2E) were on-treatment predictors of OS (Table 3 and Table S3). Combining
the risk factors of ALBI grade, portal vein invasion, HFSR and early AFP response could
further stratify patients into four mortality risk groups (Figure 2F). The PROSASH-II model
could also significantly stratify the OS after regorafenib treatment (median OS in groups 1,
2, 3, 4: not reached, 14.4, 8, 3.8 months, respectively; p < 0.001, Figure S1B).

Figure 2. Kaplan–Meier curves for overall survival (OS) in patients with HCC receiving regorafenib
treatment. (A) OS stratified by ALBI grade. (B) OS stratified by the status of portal vein invasion.
(C) OS stratified by the number of baseline survival risk factors. (D) OS in patients with and without
hand-foot skin reaction (HFSR). (E) OS in patients with and without early AFP response. (F) OS
stratified by the number of baseline and on-treatment survival risk factors.

3.5. Factors Associated with Post-Progression Survival (PPS)

Patient characteristics at disease progression and the tumor progression patterns for
78 patients with regorafenib failure are shown in Table 4. Twenty (25.6%) and 25 (32.1%)
patients had deterioration of Child–Pugh class and ALBI grade at the time of disease
progression, respectively.
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Table 4. Characteristics at disease progression in 78 patients with regorafenib failure.

Characteristics Descriptive Analysis
Median Post-Progression

Survival (Months)

BCLC stage B/C, n (%) 8/78 (10.3/89.7)
Child–Pugh class A/B/C, n (%) 53/19/6 (67.9/24.4/7.7)

Child–Pugh class deterioration, n (%) 20 (25.6)
ALBI grade 1/2/3, n (%) 21/43/14 (26.9/55.1/17.9)

ALBI grade deterioration, n (%) 25 (32.1)
Bilirubin (mg/dL) 1.84 ± 2.25
Albumin (g/dL) 3.43 ± 0.62
ALT (U/L) 46.8 ± 49.0
AST (U/L) 84.5 ± 119.6
Creatinine (mg/dL) 1.11 ± 1.10
AFP (ng/mL) 242 (1.39–823.19.9)
AFP > 400 ng/mL, n (%) 34 (43.6)
Tumor progression pattern
Intrahepatic tumor growth 39 (50%)
New intrahepatic lesions 33 (42.3%)
Extrahepatic tumor growth 26 (33.3%)
New extrahepatic lesions 24 (30.8%)
Next-line therapy, n (%) 54 (69.2)
Treatment types in 54 patients receiving next-line therapies 12.0

Child–Pugh class A at disease progression 41/53 (77.4%) * Not reached
Child–Pugh class B7 at disease progression 5/9 (55.6%) * 4.3
Child–Pugh class B8–9 at disease progression 7/10 (70%) * 2.2
Child–Pugh class C at disease progression 1/6 (16.7%) * 0.3
ALBI grade 1 at disease progression 18/21 (85.7%) + Not reached
ALBI grade 2 at disease progression 30/43 (69.8%) + 10.3
ALBI grade 3 at disease progression 6/14 (42.9%) + 2.5
Tyrosine kinase inhibitor 29 (53.7%) Not reached

Levnatinib 22 (40.7%) Not reached
Cabozantinib 6 (11.1%) Not reached
Ramucirumab 1 (1.9%) No death event

Immune checkpoint inhibitor-based therapy 13 (24.1%) 11.9
Pembrolizumab + Lenvatinib 10 (18.5%) 8.9
Atezolizumab + Bevacizumab 2 (3.7%) 2.0 and 11.9
Nivolumab 1 (1.9%) No death event

Transarterial chemoembolization 7 (13%) Not reached
Chemotherapy (FOLFOX: fluorouracil, leucovorin, oxaliplatin) 5 (9.3%) 10.3

* p = 0.009; + p = 0.009.

The median PPS was 10.3 months. The median PPS in patients with ALBI grade
1 was not reached, and was 10.3 and 1.9 months in patients with ALBI grades 2 and 3,
respectively (p < 0.001, Figure 3A). The median PPS in patients with Child–Pugh class
A was not reached, and was 3.7, 2.2 and 0.4 months in patients with Child–Pugh classes
B7, B8–9 and C, respectively (p < 0.001, Figure 3B). By multivariate analysis, ABLI grade
(2 vs. 1: HR = 4.499, p = 0.006; 3 vs. 1: HR = 26.926, p < 0.001), the presence of main
portal vein invasion (HR = 5.102, p = 0.007, Figure 3C), a high tumor burden (HR = 9.296,
p < 0.001, Figure 3D) and receiving next-line therapy (HR = 0.369, p = 0.017, Figure 3E) were
independent predictors of PPS (Table 3 and Table S4).
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Figure 3. Kaplan–Meier curves for post-progression survival (PPS) after regorafenib failure and
overall survival (OS) from starting sorafenib treatment. (A) PPS stratified by ALBI grade at disease
progression. (B) PPS stratified by Child–Pugh class at disease progression. (C) PPS in patients with
and without Vp4 vascular invasion. (D) PPS in patients with and without high tumor burden at
disease progression. (E) PPS in patients who did and did not receive next-line therapy. (F) OS from
starting sorafenib treatment stratified by BCLC stage.

Fifty-four patients (69.2%) received next-line therapy after disease progression, includ-
ing twenty-nine (53.7%) patients who received TKI monotherapy (levnatinib 22, cabozan-
tinib 6, ramucirumab 1), thirteen (24.1%) who received ICI-based therapy (pembrolizumab
plus lenvatinib 10, atezolizumab plus bevacizumab 2, nivolumab 1), seven (13%) who
received TACE and five (9.3%) who received chemotherapy (FOLFOX: fluorouracil, leucov-
orin, oxaliplatin) (Table 4). The percentages of patients who received next-line therapies
were 77.4%, 55.6%, 70% and 16.7% in patients with Child–Pugh classes A, B7, B8–9 and C,
respectively (p = 0.009), and were 85.7%, 69.8% and 42.9% in patients with ALBI grades 1, 2
and 3, respectively (p = 0.009). The median PPS in patients who received next-line therapies
was 12.0 months, and the individual median PPS by different next-line therapy is shown in
Table 4. There was no significant difference in PPS among patients treated with next-line
TKI or ICI-based therapy (p = 0.446).

3.6. OS since the Start of Prior Sorafenib

The median OS from the start of sorafenib treatment was 21.2 months. The median OS
was not reached in patients classified as BCLC B and was 18.4 months in patients classified
as BCLC C (p = 0.052, Figure 3F). The median OS was not significantly different in the
second-line and the third- to fifth-line settings (21.2 vs.24.4 months p = 0.982, Figure S2D).
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4. Discussion

In this study, we reported the detailed survival outcomes of regorafenib for HCC
in the era of multiple-line sequential systemic therapy. The ORR of 10.7% and the PFS
of 3.1 months in this study were consistent with the results from RESORCE and recent
real-world reports [6,8,9,17,18]. The DCR of 43.7% was lower than that in RESORCE but
was similar to the largest real-world report from Korea [9]. The median OS in this study
was 14.7 months in patients with Child–Pugh class A, which was longer than the data
from RESORCE and previous real-world reports. The median OS of 4.1 months in patients
with Child–Pugh B was also similar to the recent Korean report on regorafenib for patients
with Child–Pugh B [25]. The median PPS of 10.3 months in our study suggests that post-
progression treatment after sorafenib–regorafenib failure may further improve the OS in
the era of multiple-line sequential treatment [26].

In our study, the TTP in prior sorafenib treatment was the baseline predictor of PFS
under regorafenib treatment, which is consistent with the results of prior reports [8,9].
Although patients with a shorter TTP on prior sorafenib had a poorer tumor response
and PFS with regorafenib, an exploratory study from RESORCE showed a consistent TTP
benefit over placebo, irrespective of TTP on prior sorafenib, suggesting that shorter TTP on
sorafenib does not preclude the survival benefit of regorafenib for HCC [27].

The presence of HFSR and early AFP reduction during regorafenib treatment were
on-treatment predictors of radiologic response, PFS and OS. Recent studies showed that
HFSR was not only a predictor of survival on sorafenib [10], but also a significant predictor
for patients with HCC on regorafenib treatment [9,17]. Early AFP reduction has been shown
to be an early predictor of response and survival to sorafenib and ICI therapy [12,24]. Our
data showed that early AFP reduction also had a prognostic role for regorafenib treatment.

Compatible with our findings, the ALBI score has been shown to be a predictor of HCC
across the diverse BCLC stages, including patients who received sorafenib–regorafenib
sequential therapy [11,28–30]. Several studies also reported that the presence of vascular
invasion was a poor prognostic factor after sorafenib failure [31–33]. The PROSASH-II
model, which comprised albumin, bilirubin, vascular invasion, extrahepatic spread, tumor
size and AFP, has been shown to have good discriminative value in predicting the survival
of patients with HCC receiving sorafenib treatment [15]. We also confirmed that the
PROSASH-II model could discriminate PFS and OS in patients on regorafenib treatment.
Based on the independent predictors of OS, we propose simple baseline and on-treatment
risk scores that also have good discriminative value for predicting OS after regorafenib
treatment. The risk scores could assist physicians with outcome prediction and considering
an early switch to next-line treatment for patients with a high risk score.

The predictors of PPS and the impact of post-progression treatment after regorafenib
failure remain unclear. In this study, the median PPS was 10.3 months, and 25% and
32% of patients showed a deterioration of Child–Pugh class and ALBI grade, respectively.
Liver function reserve is an important determinant of PPS in this study, and patients with
liver dysfunction at PD had less chance of receiving next-line therapy. In patients who
maintained Child–Pugh A or ALBI grade 1, the median PPS was not reached during the ob-
servation period, whereas survival was significantly poorer in patients with liver function
deterioration. Although progression patterns may have a prognostic impact after sorafenib
failure [13,14], we did not observe a significant correlation between progression pattern and
PPS after regorafenib failure, possibly due to the subsequent treatments after regorafenib
failure. Next-line systemic therapy was shown to be an independent predictor of PPS
after regorafenib failure, and the median PPS was 12 months in patients who were able to
receive next-line therapy. The optimal third-line therapy after sorafenib–regorafenib failure
remains unclear. Current guidelines and experts’ opinions suggest that other options for
systemic agents could be applied as multiple-line sequential therapy [16,26,34]. In clinical
practice, lenvatinib with or without ICI is the preferred subsequent systemic treatment after
regorafenib, followed by cabozantinib. We did not observe a significant difference in PPS
among patients treated with next-line TKI or ICI-based therapy. Although lenvatinib has
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only been evaluated in the first-line setting, recent real-world studies showed that lenva-
tinib could have survival benefits in the third-line setting after regorafenib failure [17,18,35].
In 2020, the phase Ib study of lenvatinib plus pembrolizumab showed promising results of
high ORR and improved OS in the first-line setting [36], and this combination could also be
a treatment option after sorafenib–regorafenib failure. Cabozantinib is the only systemic
agent that has been investigated in the third-line setting in the CELESTIAL trial, and the sur-
vival benefit of cabozantinib is independent of the duration of prior sorafenib treatment [37].
Other treatment options, including ramucirumab, atezolizumab plus bevacizumab, and
nivolumab, have also been applied as multiple-line sequential treatment options in real-
world practice. In view of the PPS from our data according to different next-line systemic
agents, lenvatinib or cabozantinib may be considered following sorafenib–regorafenib
failure. In addition, lenvatinib plus ICI in combination with broadening modes of action
might also be an option [38].

In the RESORCE trial, the median OSs from starting sorafenib were 26.0 and 21.5 months
in the overall cohort and the Asian subgroup, respectively. Other real-world studies from
Asia reported an OS of 25.3 to 28.5 months from starting sorafenib [9,17]. In this study, the
median OSs from starting sorafenib were 28.3 and 13.1 months in patients with Child–Pugh
classes A and B, respectively, and were 35.5 and 13 months in patients with ALBI grades
1 and 2, respectively. Consistent with previous studies, our data underline the crucial
role of preserved liver function in the administration of multi-line sequential therapy and
improved survival [39].

There are some limitations in this study. First, this is a retrospective study. Unin-
tentional biases might exist in patient enrollment and the evaluation of clinical outcomes.
Nevertheless, the National Health Insurance program in Taiwan enforced the strict regula-
tion of clinical and image follow-up for the reimbursement of targeted therapies. Therefore,
the majority of patients had regular clinical and image evaluations during sorafenib and
regorafenib treatment for further drug reimbursement. Second, this is a single-center study
from Taiwan, and the majority of patients had underlying HBV infections. Our findings
need to be validated in other ethnicities and in HCC with other etiologies. Third, quality
of life is an important issue during the application of systemic therapies for patients with
HCC. However, quality of life measurements were not available in this retrospective study.
Although TKI-related adverse events have adverse impacts on quality of life, patients with
HFSR conferred better PFS and OS in our data.

5. Conclusions

In conclusion, the survival outcomes of regorafenib for patients with HCC were
consistent with those of the phase III trial result. Survival predictors and responses to
sorafenib had a prognostic role in patients with HCC undergoing regorafenib treatment.
Subsequent systemic therapy plays an important role in survival after regorafenib failure.
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Simple Summary: Hepatocellular carcinoma is one of the most common cancers in the world with
increasing incidence. In advanced stages, according to the Barcelona Clinic Liver Cancer (BCLC)
staging defined by number, size, vessel infiltration status, and patient’s performance status, the
therapy of choice is systemic therapy. For several years, the tyrosine kinase inhibitor sorafenib was
the only therapeutic option. Atezolizumab and bevacizumab are administered as a combination
therapy promoting PD-L1 inhibition and anti-VEGF activity, which yields synergistic effects against
cancer. The IMBRAVE150 trial investigated the use of this combination therapy versus that of
sorafenib and showed an increase in overall patient survival to nearly 20 months. In this work, we
investigated the real-world efficacy and safety of this combination in different centers.

Abstract: The combination of atezolizumab and bevacizumab (A + B) is the new standard of care for
the systemic first-line treatment of hepatocellular carcinoma (HCC). However, up to now there are
only few data on the safety and efficacy of A + B in real life. We included patients with advanced
HCC treated with A + B as first-line therapy at four cancer centers in Germany and Austria between
December 2018 and August 2021. Demographics, overall survival (OS), and adverse events were
assessed until 15 September 2021. We included 66 patients. Most patients had compensated cirrhosis
(n = 34; 52%), while Child–Pugh class B cirrhosis was observed in 23 patients (35%), and class C
cirrhosis in 5 patients (8%). The best responses included a complete response (CR) in 7 patients (11%),
a partial response (PR) in 12 patients (18%), stable disease (SD) in 22 patients (33%), and progressive
disease in 11 patients (17%). The median progression-free (PFS) survival was 6.5 months, while the
median overall survival (OS) was not reached in this cohort (6-month OS: 69%, 12-month OS: 60%,
18-month OS: 58%). Patients with viral hepatitis seemed to have a better prognosis than patients
with HCC of non-viral etiology. The real-world PFS and OS were comparable to those of the pivotal
IMBRAVE trial, despite including patients with worse liver function in this study. We conclude that
A + B is also highly effective in a real-life setting, with manageable toxicity, especially in patients
with compensated liver disease. In patients with compromised liver function (Child B and C), the
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treatment showed low efficacy and, therefore, it should be well considered before administration to
these patients.

Keywords: hepatocellular carcinoma; atezolizumab; bevacizumab; real world; immunotherapy

1. Introduction

Hepatocellular carcinoma (HCC) is the most frequent malignant primary liver cancer
and the third leading reason of cancer-related death [1]. Immunotherapy is active and
well tolerated in patients with advanced HCC. However, due to formally negative phase
3 trials, the anti-programmed cell death protein 1 (PD-1) antibodies nivolumab and pem-
brolizumab have not been approved in Europe [2,3]. The IMbrave150 study investigated
the combined therapy with the anti-PD-L1 antibody atezolizumab and the vascular en-
dothelial growth factor (VEGF)-targeting antibody bevacizumab compared to treatment
with sorafenib in a phase 3 trial. The trial reached its coprimary end points of improving
overall survival and progression-free survival and showed a favorable quality of life in
the immunotherapy arm [4–6]. Based on these results, atezolizumab and bevacizumab
have become the new standard of care for advanced HCC and represent the first immune
checkpoint inhibitor-based combination therapy approved for HCC. However, in a real-life
setting, many patients at need for anticancer treatment do not fulfill all inclusion criteria of
the phase 3 trials, mainly due to impaired liver function [7]. Therefore, data from regular
prescription and treatment are urgently needed. Here, we analyzed data from HCC patients
treated with atezolizumab/bevacizumab in four referral centers.

2. Materials and Methods

2.1. Study Design and Selection of Patients

This was a retrospective study of patients treated with atezolizumab and bevacizumab
s first-line therapy across four academic hospitals in Germany and Austria.

All patients with confirmed HCC treated with atezolizumab and bevacizumab in
the individual centers between December 2018 and August 2021 were included into the
analysis. Several patients were treated before the EMA approval, as a result of exceptional
approvals by health care insurance companies to cover the costs.

Patients’ data including history of the disease, treatment course, laboratory results,
radiological data, and follow-up were collected retrospectively from patients’ files.

The study was performed in accordance with the 1975 Declaration of Helsinki. The
retrospective analysis was approved by the local Ethics Committee (SGI03/18, Amendment
01/19) as well as by the Ethics Committees of the individual centers.

2.2. Assessments

Electronic hospital charts were retrospectively analyzed for baseline demographic
data and laboratory results.

Radiological response was recorded by computed tomography (CT) or magnetic reso-
nance imaging (MRI) at baseline, 6–12 weeks after treatment initiation, and about every
2–3 months thereafter according to the local guidelines. Tumor response was assessed ac-
cording to the Response Evaluation Criteria in Solid Tumors (RECIST) V1.1 [8] or modified
RECIST [9] (according to centers’ preference). Side effects were recorded at every visit
and graded according to the Common Terminology Criteria for Adverse Events (CTCAE)
version 4.0 [10] or 5.0 [11] according to centers’ preference.

2.3. Atezolizumab and Bevacizumab

Atezolizumab and bevacizumab are approved by the European Medicines Agency
(EMA) and the United States Food and Drug Administration (FDA) for the treatment of
patients with HCC who have not yet received systemic treatment for HCC. The recom-
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mended doses are 1200 mg for atezolizumab and 15 mg/kg for Bevacizumab every three
weeks. Treatment with the two drugs and discontinuation were performed according to
the recommendations of the manufacturer and at the discretion of the treating physician.

2.4. Statistical Analysis

The present study is as a retrospective cohort study. All patients were followed until
death or last contact. The primary end point was overall survival (OS), the secondary
end points included progression-free survival (PFS), response rate, occurrence of bleeding
complications, and safety.

Data on baseline characteristics, radiological response, and adverse events were sum-
marized using descriptive statistics. Continuous variables are shown as median and full
range, and categorical variables are reported as frequencies and percentages. Median
duration of therapy was defined as the time from the first administration until the last
administration of the drugs. Patients who still received atezolizumab with or without
concomitant bevacizumab at data cut-off were censored. Patients with at least one staging
imaging assessment were evaluated for radiological response.

Data from patients, who died without radiologically confirmed tumor progression,
were censored at the date of the last radiological assessment or death. Progression-free
survival (PFS) was defined as the time from the date of the first therapy administration
until radiological disease progression or death, whatever occurred first. Patients still alive
and without radiologically confirmed progression at the date of the last contact or data
cut-off were censored. Overall survival (OS) was defined as the time from the start of the
treatment with atezolizumab and bevacizumab until the date of death. Survival curves
were calculated with the Kaplan–Meier method and compared by means of the log-rank
test. To analyze prognostic parameters uni- and multivariable Cox regression models with
forward stepwise likelihood ratio were used. Statistical analyses were performed with SPSS
(Version 27.0, IBM, New York, NY, USA) and GraphPad Prism 8.0 (GraphPad Software,
La Jolla, CA, USA). Differences between different patient cohorts were determined using
the nonparametric Wilcoxon–Mann–Whitney and Kruskal–Wallis tests or Fisher’s exact
text. For the sub-analysis of multiple comparisons, the Bonferroni correction was used.
p values < 0.05 were considered significant.

3. Results

3.1. Patients

Sixty-six patients from four centers (one Austrian center, and three German centers)
were included. Data cut-off for the analysis was 15 September 2021. Fifty-four patients
(82%) were male, and the median age was 66 years (range 30–89 years). Additional baseline
characteristics are shown in Table 1. Most patients had compensated cirrhosis (n = 34; 52%),
while Child–Pugh class B cirrhosis was observed in 23 patients (35%), and class C cirrhosis
in 5 patients (8%). For 4 patients, Child–Pugh assessment was not reported.

The median follow-up time was 211 days, with a range of 1 to 995 days from ate-
zolizumab and Bevacizumab treatment initiation. Twenty-seven patients had died at the
date of data cut-off.

Table 1. Patient characteristics.

Parameter Patients

Epidemiology
Patients, n 66

Gender, m/f (%) 54/12 (81.8/18.2)
Age, median, range 65 (30–88)

Etiology of liver disease
Alcohol, n (%) 25 (37.9)

Hepatitis C, n (%) 14 (21.2)
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Table 1. Cont.

Parameter Patients

Hepatitis B, n (%) 9 (13.6)
NASH/NAFLD 1, n (%) 18. (27.3)

BCLC stage 2

A, n (%) 1 (1.5)
B, n (%) 22 (33.3)
C, n (%) 35 (53.0)
D, n (%) 8 (12.1)

MVI 3, n (%) 29 (43.9)
EHS 4, n (%) 18 (27.3)

Child–Pugh score
A, n (%) 35 (53.0)
B, n (%) 23 (34.8)
C, n (%) 5 (7.6)

Albumin–Bilirubin (ALBI) grade
1, n (%) 14 (21.2)
2, n (%) 46 (69.7)
3, n (%) 6 (9.1)

MELD 5, median, range 10 (6–23)
Betablocker medication, n (%) 38 (59.1)

Prior Treatment
Resection, n (%) 9 (13.6)

Local ablation *, n (%) 11 (16.7)
Loco-regional (TACE/SIRT) 6, n (%) 27 (40.9)

Laboratory results
BMI 7, median, range 27.6 (16.9–42.5)

ALT 8 (U/L), median, range 42 (7–1260)
AST 9 (U/L), median, range 64 (10–876)

Bilirubin (mg/dL), median, range 1.5 (0.2–9.4)
Albumin (g/dL), median, range 3.2 (1.8–4.4)

INR 10, mean, median, range 1.27 (0.69–2.99)
CRP 11 (mg/dL), median, range 1.1 (0.15–10.9)
AFP 12 (ng/mL), median, range 17.65 (1–49220)

AFP > 400 ng/mL, n (%) 19 (28.8)

Abbreviations: 1 NASH, non-alcoholic steatohepatitis; 2 BCLC, Barcelona liver clinic; 3 MVI, Macrovascular
invasion; 4 EHS, Extrahepatic spread; 5 MELD, model of end-stage liver disease; 6 TACE/SIRT, transarterial
chemoembolization/selective internal radiotherapy; 7 BMI, Body Mass Index; 8 ALT, alanine aminotransferase,
9 AST, aspartate aminotransferase; 10 INR, internationalized ratio; 11 CRP, C-reactive protein; 12 AFP, alpha-
Fetoprotein. * including radiofrequency ablation (RFA), microwave ablation (MWA).

3.2. Efficacy

At last contact, 51 patients (77%) had stopped atezolizumab and bevacizumab treat-
ment. Thirteen patients (20%) were still on treatment, and two patients (3%) were lost to
follow-up. The median time of treatment was 110 days (+995 days, 33 month), and the
median number of cycles administered to the patients was 21. Overall, 52 patients (79%)
had at least one follow-up imaging for the assessment of tumor response. Best responses
included complete response (CR) in 7 patients (11%), partial response (PR) in 12 patients
(18%), stable disease (SD) in 22 patients (33%), and progressive disease in 11 patients (17%)
(Table 2); for 14 patients (21.1%), staging at data analysis was not available, and therefore,
they were not evaluable for best response. The median progression-free (PFS) survival was
6.5 months (95% confidence interval (CI) of 4.0–9.1 months) (Figure 1A).

Patients with HCC due to viral hepatitis had a more favorable PFS (median PFS
17.3 months, 95% confidence interval (CI) of 5.6–29 months) than patients without a history
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of viral hepatitis (median PFS 6.1 months, 95% confidence interval (CI) of 3.1–8.9 months),
corresponding to a hazard ratio (HR) of 0.48 with a 95% CI of 0.24–0.99 (p < 0.05) (Figure 1B).

Median overall survival (OS) was not reached in this cohort (6-month OS: 69%,
12-month OS: 60%, 18-month OS: 58%) (Figure 2A).

Table 2. Radiological response and survival data.

Parameter Patients

Best documented response
Complete response (CR), n (%) 7 (11.0)

Partial response (PR), n (%) 12 (18.0)
Stable disease (SD), n (%) 22 (33.0)

Progressive disease (PD), n (%) 11 (17.0)
Not evaluable (NA), n (%) 14 (21.0)

Disease control rate (DCR), (%) 62.0%
PFS 1, median (95%CI), month 6.5 (4.0–9.1)

OS 2, median days (95%CI), month Not reached

Abbreviations: 1 PFS, progression-free survival; 2 OS, overall survival.

Figure 1. Progression free survival (A); PFS according to viral and non-viral etiology (B).
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Patients with compensated liver disease (Child Pugh A) had a much more favorable
prognosis than patients with more advanced liver disease (Child Pugh B and C cirrhosis).
The 12-month survival rate in patients with Child A cirrhosis was 78%. (Figure 2B).

Patients with viral hepatitis tended to have a more favorable prognosis (median OS not
reached) than patients without viral-related HCC (median OS 11.8 months, 95% confidence
interval (CI) of 9.4–14.7 months), HR 0.61 with a 95% CI of 0.26–1.45 (p > 0.2) (Figure 2C).

Figure 2. Overal survival (A); Survival according to Child Pugh stage (B); Survival according to viral
and non-viral etiology (C).
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3.3. Safety

At the time of data cut-off, 44 of 66 patients (67%) had stopped the treatment with
atezolizumab and bevacizumab. In 25 patients (38%), bevacizumab was paused during
treatment, and atezolizumab therapy was continued. Fifty-one (77%) of all patients reported
at least one adverse event, and 39 patients (59%) experienced a high-grade (grade 3 or
higher) event. The most common adverse events were bleeding events in 30.3% of the
patients, worsening of renal function in 15.2%, and ascites in 8 patients (12.1%). Seven
(10.6%) patients were diagnosed with variceal bleeding after treatment initiation. Of all
patients with documented baseline variceal status (n = 55; 83%), 12 patients had grade 1,
and 16 patients had varices above grade 1 (13 patients with grade 2, and 3 patients with
grade 3 varices). None of the patients underwent prophylactic ligation therapy at baseline
in this real-world cohort.

In total, 38 patients were administered a betablocker at the study start (59.1%), whereas
27 (40.9%) were not. Eleven of 38 (28.9%) patients received a selective betablocker, mostly
prescribed for past cardiovascular reasons (bisoprolol and nebivolol), while 27 (71.1%)
received a non-selective betablocker (19 were administered carvedilol, and 8 patients
propranolol) explicitly for variceal bleeding prevention. Eighteen of the 27 patients without
betablocker did not present diagnosed varices, while 9 patients with diagnosed varices
used a betablocker. There was no statistical difference in betablocker use in patients with
variceal bleeding compared to patients without bleeding; however, two patients with a
bleeding event did not use betablockers.

Bleeding events were associated with the stage of varices (p < 0.05). In a multivariable
analysis, the stage of varices was the only significant risk factor for bleeding, whereas
betablocker intake, ALBI score, MELD score, and Child–Pugh score where not significantly
associated with the risk of bleeding. For a detailed list of adverse events, see Table 3.

Table 3. Documented adverse events.

Any Grade,
(n/%)

≥Grade 3,
(n/%)

Leading to Any
Treatment

Discontinuation
(n/%)

Leading to Death,
(n/%)

Bleeding events 20 (30.3) 18 (27.3) 11 (16.7) 3 (4.5)
Gastrointestinal bleeding

Variceal bleeding
14 (21.2)
7 (10.6)

14 (21.2)
7 (10.6)

6 (9.1)
5 (7.5) 1 (1.5)

Subarachnoidal hemorrhage 2 (3.0) 2 (3.0) 2 (3.0)
Epistaxis 4 (6.0) 2 (3.0)

Worsening of renal function 10 (15.2) 8 (12.1)
Acute kidney failure 7 (10.6) 7 (10.6) 1 (1.5)

Acute on chronic kidney failure 1 (1.5) 1 (1.5) 1 (1.5)
Ascites 8 (12.1) 6 (9.1) 1 (1.5)
Pruritus 6 (9.1)
Diarrhea 5 (7.6) 2 (3.0)

Rash 4 (6.1)
Fatigue 4 (6.1)

Hyponatremia 3 (4.5) 1 (1.5)
Arterial hypertension 3 (4.5)

Ulcus lower extremities 3 (4.5) 1 (1.5)
Acute on chronic liver failure 2 (3.0) 2 (3.0) 1 (1.5)

Hepatic encephalopathy 2 (3.0) 2 (3.0)
Allergic reaction 2 (3.0) 1 (1.5) 1 (1.5)

Nausea 2 (3.0)
Emesis 1 (1.5)

Cholangitis 1 (1.5) 1 (1.5) 1 (1.5)
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Table 3. Cont.

Any Grade,
(n/%)

≥Grade 3,
(n/%)

Leading to Any
Treatment

Discontinuation
(n/%)

Leading to Death,
(n/%)

Pyrexia 1 (1.5) 1 (1.5)
Transient ischemic attack 1 (1.5) 1 (1.5) 1 (1.5)

Pulmonary embolism 1 (1.5) 1 (1.5) 1 (1.5)
Flare of autoimmune disease 1 (1.5)

Insomnia 1 (1.5)
Hyperbilirubinemia 1 (1.5) 1 (1.5)

Spontaneous bacterial peritonitis 1 (1.5) 1 (1.5)
Cough 1 (1.5)

Hyperkalemia 1 (1.5)
Hoarseness 1 (1.5)
Vasculitis 1 (1.5)
Anemia 1 (1.5) 1 (1.5)

Proteinuria 1 (1.5)
Edema 1 (1.5)

Worsening of heart failure 1 (1.5)
Stomatitis 1 (1.5)
Nephritis 1 (1.5)
Dry skin 1 (1.5)

Immune checkpoint-inhibitor hepatitis (ICI) 1 (1.5) 1 (1.5) 1 (1.5)
Esophageal candidiasis 1 (1.5) 1 (1.5) 1 (1.5)

Urogenital abscess 1 (1.5) 1 (1.5) 1 (1.5)

3.4. Factors Associated with Survival

Known predictors of survival in patients with HCC include liver function and AFP levels.
The variables gender, age (≤65 years vs. >65 years), hepatotropic virus infection,

BCLC stage, AFP levels (≤400 ng/mL vs. >400 ng/mL), albumin–bilirubin (ALBI) score,
Child–Pugh score, extrahepatic spread, and prior therapy were included in a multivariable
model. Furthermore, all factors from univariable analysis with a p-value < 0.1 were included
in the multivariable model. As shown in Table 4, Child–Pugh A cirrhosis and prior local
therapy were independently associated with OS.

Table 4. Univariate and multivariate analyses of parameters associated with overall survival.

Univariate Analysis Multivariate Analysis

Parameter HR 95% CI p Value HR 95 % CI p Value

Male gender 1.609 0.555–4.662 0.381
Age < 65 years 0.645 0.302–1.380 0.259
Viral Hepatitis 0.612 0.258–1.449 0.264

BCLC AB 0.632 0.276–1.445 0.277
AFP < 400 ng/mL 0.928 0.402–2.142 0.861

ALBI score 1 0.043 0.005–0.337 0.003
Child Pugh A 0.152 0.045–0.515 0.002 0.112 0.024–0.534 0.006

Extrahepatic spread of HCC 2.182 0.996–4.780 0.051
Prior local therapy/surgery 0.450 0.205–0.988 0.047 0.346 0.122–0.978 0.045

Abbreviations: HR, hazard ratio; CI, confidence interval; BCLC stage AB. Barcelona Clinic Liver Cancer stage A
and B; AFP, alpha-fetoprotein, ALBI score, albumin–bilirubin score.
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4. Discussion

Atezolizumab and bevacizumab have become the new standard of care for the first-line
treatment of advanced HCC. We report our first experience with atezolizumab and beva-
cizumab in real-life European patients. Treatment was feasible and effective. The median
PFS of 6.5 months was similar to that reported in the pivotal phase 3 trial (6.8 months) [4].
Furthermore, the 12-month survival rate in our patients with compensated liver disease
was even better than in the patients in the trial (78% versus 67%). The subgroup of patients
with viral hepatitis, namely, hepatitis B or hepatitis C, had a more favorable prognosis
than patients without a history of viral hepatitis concerning PFS and OS. Also an ex-
ploratory subgroup analysis of the IMbrave150 trial favored immunotherapy for patients
with viral hepatitis [12]. The high efficacy of atezolizumab and bevacizumab compared to
sorafenib was also supported by the analysis of Chinese patients treated in the IMbrave150
trial [13]. In this group of patients, more than 90% had a history of viral hepatitis infection,
mainly hepatitis B; 77% of the patients were alive 12 months after treatment initiation.
Treatment response in our real-life cohort was 29%, which is nearly the same as in the
phase 3 trial, which reported a treatment response of 27% [4]. In our multivariable analysis,
only Child–Pugh stage A cirrhosis and prior local therapy were independently associated
with survival. In support of these findings, emerging data are showing less effectiveness of
immunotherapy in NASH/NAFLD patients with HCC, most probably due to an altered
immune environment [14,15].

Comparable real-world data on atezolizumab/bevacizumab are scarce. Iwamoto
and colleagues retrospectively analyzed 61 patients from Japan and found a median PFS
of 5.4 month, a disease control rate of 86.3%, and adverse event rates of any grade and
higher than grade 3 of 98% and 29.4%, respectively. However, 23 patients (62.7%) in this
study underwent at least one line of prior small-molecule treatment, hampering a direct
comparison [16].

Another group from Japan published real-world data concerning tumor response
and safety for atezolizumab/bevacizumab in 40 patients with Child–Pugh A cirrhosis [17].
Twenty-four patients had a previous treatment experience with molecular agents (TKI).
They found an ORR of 22.5% based on mRECIST. Multivariate analysis showed that an
AFP ratio <1.0 at 3 weeks (odds ratio 39.2, 95% confidence interval CI 2.37–649.0, p = 0.0103)
was the only significant factor for predicting an early response.

Hiraoka et al., aimed at the evaluation of early response (6 weeks) to atezolizumab/be-
vacizumab and included 171 HCC patients from Japan; again, 96 patients were systemically
pretreated [18]. In initial imaging examination findings, they described objective response
rates for early tumor shrinkage and disease control after 6 weeks (ORR-6W/DCR-6W)
of 10.6% and 79.6%, respectively. Hayakawa et al., published a short report describing
52 patients undergoing atezolizumab/bevacizumab treatment (only 23 receiving it as first-
line treatment). They found an objective response rate (ORR) and disease control rate (DCR)
in all patients of 15.4% and 57.7%, respectively, and suggested AFP response as a predictive
marker [19].

Sho et al., investigated 64 patients, 46 of whom 46 (71.9%) did not meet the inclusion cri-
teria of the IMBRAVE 150 trial; 44 of these 46 patients where systemically pretreated. They
showed good safety and efficacy for these patients. Interestingly, none of the 15 patients
with hepatitis B experienced progressive disease [20].

Liver function is well known to be highly prognostic for survival in patients with
HCC [21]. We recently reported that patients with more advanced cirrhosis receiving
nivolumab obtain only a marginal benefit from a tumor-specific treatment and have a poor
overall prognosis [22,23]. Therefore, immunotherapy seems to be of value only for patients
with a relatively well-preserved liver function [24,25]. Interestingly, the 12-month survival
in patients with Child B cirrhosis was still 39%, indicating that a subgroup of these patients
does benefit from a tumor-specific treatment. These could be patients whose liver function
impairment is mainly driven by a large intrahepatic tumor load.
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In our cohort, patients with non-viral HCC tended to have a worse outcome compared
to patients with viral-related HCC, which, however, was not significant in the uni- or multi-
variate analysis. Recently, Pfister et al., published highly discussed evidence of lowered
effectiveness of immunotherapy in HCC patients than in non-alcoholic steatohepatitis
(NASH) patients with HCC due to the presence of special resident-like activated CD8+ cells
in patients with NASH [15]. The poorer response of NASH patients is supported by find-
ings of Inada et al., and others [14,26]. A meta-analysis of the two first-line trials that used
sorafenib as the comparator (CheckMate 459 trial and IMbrave150 trial) [3,4] showed the
same trend (non-viral HCC OS HR = 0.94, but HBV OS HR = 0.65 and HCV OS HR = 0.60).

Patient-reported outcomes of the IMBRAVE 150 trial were published separately [6]
and showed benefits in terms of patient-reported quality of life, functioning, and disease
symptoms with atezolizumab plus bevacizumab compared with sorafenib. In the pivotal
trial, 98% patients with any AE were reported, and 56.5% of them had higher-than-grade 2
events, which corresponds to our data. We documented treatment discontinuation (com-
plete, or stopping, or discontinuation of bevacizumab) due to an AE in 20 patients (30%),
which fits the trial data as well. In the trail, 7% of the patients reported bleeding, while
our event rate was higher, most probably due to a less strict patient inclusion for treatment
in real life and the overall worse liver function in our patients. As recently published, an
important adverse event seems to be hypertension in atezolizumab/bevacizumab-treated
patients (up to 30% of patients with grade 3) [27], which was reported at a much lower
frequency in our cohort, and this may implicate underdiagnosis in real-life practice.

5. Conclusions

The combination of atezolizumab and bevacizumab is highly effective for patients with
hepatocellular carcinoma in real life. Patients with cirrhosis and hepatocellular carcinoma
of viral origin seemed to respond better than those with non-viral HCCs. Variceal bleeding
is an important adverse event of this drug combination. In patients with compromised
liver function (Child–Pugh B and C cirrhosis), the drug combination showed low efficacy;
therefore, treatment for these patients should be well considered.
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Simple Summary: The combination of atezolizumab and bevacizumab has changed the therapeutic
algorithm of advanced hepatocellular carcinomas. Therefore, the place of tyrosine kinase inhibitors,
and among them, lenvatinib, which exhibits promising antitumour activity compared to other TKIs,
needs to be redefined. Lenvatinib is still an option in case of contra-indication of immunotherapy or
anti-vascular endothelial growth factor (anti-VEGF), but its place can also be discussed in second-line
treatment. Otherwise, emerging strategies are currently being studied to assess the efficacy of the
combination of lenvatinib with immunotherapy or loco-regional treatment for advanced HCC, as
well as the efficacy of lenvatinib alone or in combination at earlier stages of the disease. The aim of
this review was to define potential indications for lenvatinib treatment in different clinical situations
of hepatocellular carcinoma.

Abstract: The systemic treatment of hepatocellular carcinoma is changing rapidly. Three main
classes of treatment are now available. Historically, multi-targeted tyrosine kinase inhibitors (TKIs)
(sorafenib and lenvatinib as first-line; regorafenib and cabozantinib as second-line) were the first to
show an improvement in overall survival (OS). Anti-vascular endothelial growth factor (anti-VEGF)
antibodies can be used in first-line (bevacizumab) or second-line (ramucirumab) combination therapy.
More recently, immuno-oncology (IO) has profoundly changed therapeutic algorithms, and the
combination of atezolizumab-bevacizumab is now the first-line standard of care. Therefore, the
place of TKIs needs to be redefined. The objective of this review was to define the place of TKIs in
the therapeutic algorithm at the time of IO treatment in first-line therapy, with a special focus on
lenvatinib that exhibits one of the higher anti-tumoral activity among TKI in HCC. We will discuss
the place of lenvatinib in first line (especially if there is a contra-indication to IO) but also after
failure of atezolizumab and bevacizumab. New opportunities for lenvatinib will also be presented,
including the use at an earlier stage of the disease and combination with IOs.

Keywords: hepatocellular carcinoma; lenvatinib; tyrosine kinase inhibitor

1. Introduction

Hepatocellular carcinoma (HCC) is a major public health issue and, as the most
common primary liver tumour, its incidence reaches one million new cases per year
worldwide [1]. Although screening programs diagnose approximately 40% of HCCs at a
curative stage, at least 50% of patients will be diagnosed at an intermediate or advanced
stage [2]. The prognosis remains unfavourable at these later stages due to extensive tumour
burden, a high frequency of liver dysfunction, and deterioration of health status, which
limit access to any treatment, including systemic therapies. HCC is the second leading
cause of cancer death worldwide [3–5].
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In patients with advanced HCC (Barcelona Clinic Liver Cancer (BCLC) C) or with
intermediate-stage (BCLC B) disease not eligible for, or progressing despite, locoregional
therapies, systemic therapies are the gold standard of care. Preliminary results of the
TARGET-HCC study demonstrated that patients with BCLC stage C were more than twice
as likely to receive any systemic therapy compared to all other stages [6].

Sorafenib has been the standard treatment of care since 2007, based on improved
overall survival (OS) in randomised controlled trials compared to placebo [7–9]. However,
the management of advanced HCC has been modified since 2017 with the development of
new and effective systemic treatments that improve both OS and progression free survival
(PFS). Lenvatinib has been approved by the United States Food and Drug Administration
and the European Medicines Agency after demonstration of the non-inferiority to sorafenib
as first-line treatment for patients with advanced or unresectable HCC who have not
received prior systemic therapy, based on the results of the phase III REFLECT study.
Two other TKIs, regorafenib and cabozantinib, were also approved in second line after
sorafenib.

More recently, immune checkpoint inhibitors (ICIs) have shown promising results in
the treatment of HCC, and the combination therapy with atezolizumab and bevacizumab is
now the first-line standard of care for advanced HCCs from the IMbrave150 study, showing
a clear superiority of the combination among sorafenib for OS, PFS, and quality of life.

However, TKIs (lenvatinib and sorafenib) remain an alternative in first-line standard
of care in international guidelines (the European Association for the Study of the Liver,
American Association for the Study of Liver Diseases, Asian Pacific Association for the
Study of the Liver, European Society for Medical Oncology, and National Comprehensive
Cancer Network [6,10–13]). However, TKIs are now currently indicated in patients with
advanced or unresectable HCC not eligible for atezolizumab plus bevacizumab, with well-
preserved liver function (Child-Pugh (CP) class A) and an Eastern Cooperative Oncology
Group (ECOG) Performance Status (PS) of 0–2, [14,15]. The place of TKIs in second line
after atezolizumab and bevacizumab is not consensually defined due to a lack of data from
clinical trials.

This review aims to discuss the place of lenvatinib in HCC at the time of immunother-
apy emergence.

2. Lenvatinib in the First Line Setting

2.1. Efficacy in Clinical Trials and in the Real Life Compared to Sorafenib

Lenvatinib is an oral inhibitor of multiple tyrosine kinase receptors, targeting vas-
cular endothelial growth factor receptor (VEGFR1–3), fibroblast growth factor receptor
(FGFR1–4), platelet-derived growth factor receptor α (PDGFR α), KIT-ligand (stem cell
factor receptor), and RET (rearranged during transfection), with a distinct in vitro tyrosine
kinase inhibitory profile compared to sorafenib [16–19].

Clinical evidence of the antitumour activity of lenvatinib was demonstrated in pre-
clinical studies, with inhibition of both VEGF- and FGF-driven angiogenesis, and direct
antiproliferative activity on liver cancer cells in vitro and in vivo, depending on the FGF-
signalling pathway [20–24].

Following positive preliminary data, the REFLECT trial was conducted by Kudo et al.
to compare lenvatinib with sorafenib as first-line treatment for unresectable HCC [25,26]
(Table 1).
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Table 1. Summary of first-line validated treatments for unresectable HCC based on the results of the REFLECT and
IMbrave150 trials.

Atezolizumab-Bevacizumab Sorafenib Lenvatinib

Patients’ characteristics at baseline

OMS 0/1 0/1/2 0/1

BCLC B/C, % 15%/82% 18%/82% 22%/78%

Age, % 64 (56–71) 64.9 ± 11.2 63 (20–88)

Male Sex, % 82% 87% 85%

Non-viral-related HCC
aetiology, % 30% 52% 29%

Geographic region Asia vs.
rest of the world, % 40%/60% Unknown 67%/33%

Macrovascular invasion, % 38% 36% 23%

Metastatic status, % 63% 53% 61%

OS, months NE 12.3 (10.4–13.9)
//13.2 (10.4–NE) ↑ 13.6 (12.1–14.9)

ORR, % 27.3 (22.5–32.5) 9.2 (6.6–11.8)//11.9 (7.4–18.0) 24.1 (20.2–27.9)

PFS, months 6.8 (5.7–8.3) 3.7 (3.6–4.6)//4.3 (4.0–5.6) ↑ 7.4 (6.9–8.8)

TTP, months NE 3.7 (3.6–5.4) ↑ 8.9 (7.4–9.2)

DCR, % 73.6% 55.3% to 60.5% ↑ 75.5%

TEAEs, % 98.2% 95% to 98.7% 94%

Hypertension 29.8% 24.4% to 30% ↑ 42%

Diarrhoea 18.8% 46% to 49.4% 39%

Decreased appetite 17.6% 24.4% to 27% ↑ 34%

Decreased weight 11.2% 9.6% to 22% ↑ 31%

PPES 0.9% 48.8% to 52% 27%

TEAEs grade 3
4 , % 56.5% 49% to 55.1% 57%

Hypertension 15.2% 14% ↑ 23%

PPES 0% 11% 3%

OS: Overall Survival; ORR: Objective Response Rate; PFS: Progression-free survival; TTP: Time To Progression; DCR: Disease Control Rate;
TEAEs: Treatment-Emergent Adverse Events; PPES: Palmar-plantar erythrodysaesthesia syndrome; NE: Not Evaluated. //: REFLECT vs.
IMbrave150. ↑: higher result.

This was a non-inferiority, multicentre, international, open-label, randomised phase
3 trial in 954 patients [14]. Patients were performance status (PS) 0–1, CP-A, and BCLC
B or C without previous systemic therapy. Patients were randomised 1:1 to lenvatinib or
sorafenib (478 to lenvatinib and 476 to sorafenib), stratified by region (Asia-Pacific or West-
ern), macroscopic portal vein invasion and/or extrahepatic spread (yes or no), PS (0 or 1),
and body weight (<60 or ≥60 kg). Baseline patient characteristics were similar between the
two groups, except for hepatitis C virus (HCV) aetiology (lower in the lenvatinib group)
and alpha-foetoprotein (AFP) baseline levels (higher in the lenvatinib group). The study
was positive for all primary and secondary outcomes: the median OS was 13.6 months vs.
12.3 months (hazard ratio (HR): 0.92, 95% CI, 0.79–1.06); the PFS was 7.4 months (6.9–8.8)
vs. 3.7 months (3.6–4.6) (HR: 0.66 (0.57–0.77); p < 0.0001); the time to progression (TTP) was
8.9 months (7.4–9.2) vs. 3.7 months (3.6–5.4) (HR: 0.63 (0.53–0.73); p < 0.0001); the overall
response rate (ORR) according to response evaluation criteria in solid tumours (RECIST)
was 24.1% (20.2–27.9) vs. 9.2% (6.6–11.8) (Odds ratio (OR) 3.13 (2.15–4.56); p < 0.0001), and
the disease control rate (DCR) was 75.5% (71.7–79.4) vs. 60.5% (56.1–64.9).
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Subsequently, several publications confirmed significant improvements in PFS, TTP,
and ORR compared to sorafenib in real life conditions reflecting a greater anti-tumoral
activity [27–32].

2.2. Safety and Tolerability

Lenvatinib had a manageable tolerability profile in the REFLECT study. Most common
treatment-emergent adverse events (TEAEs) were hypertension (42%), diarrhoea (39%),
decreased appetite (34%), and decreased weight (31%). The overall safety profile was
comparable to other TKIs, with similar rates of grade ≥3 TEAEs. TEAEs led to lenvatinib
interruption in 40% of cases, a dose reduction in 37%, and drug withdrawal in 9% [33].
Patients treated with lenvatinib had a higher level of high blood pressure (23% vs. 14% of
grades 3–4). The higher response rate and the higher frequency of severe hypertension with
lenvatinib may indicate a greater anti-angiogenic effect of this drug. On the other hand,
patients treated by lenvatinib exhibited a lower level of palmar-plantar erythrodysaesthesia
syndrome (PPES) (3% vs. 11% of grades 3–4). Therefore, in patients with pre-existing skin
diseases (outside non-healing ulcers), lenvatinib could be preferred to avoid an additional
skin toxicity impacting the quality of life. Similarly, pre-ulcerative diabetic foot might
benefit from the absence of the neuropathic-like pain induced by the hand–foot syndrome.

Regarding cost-effectiveness analyses, there was an increase of 0.27 life years (LY), an
improvement of 0.23 quality-adjusted LY (QALY), and a decrease in costs for lenvatinib
compared with sorafenib [34–36]. The AE treatment costs were very small and accounted
for <1% of the total cost, suggesting that lenvatinib could represent a new long-awaited
alternative option to sorafenib for the first-line systemic treatment of patients with unre-
sectable HCC.

2.3. Predictive Biomarkers for Response to Lenvatinib

Preclinical studies demonstrated that inhibition of FGF19 signalling may play a role
in the anti-tumour effects of TKIs against HCC. FGF19 is expressed in approximately one-
third of HCC tissue samples and is associated with tumour aggressiveness, represented by
a poorly differentiated tumour and an unfavourable prognosis [37].

In a post hoc analysis of the REFLECT study of Finn et al., lenvatinib (and not so-
rafenib) was associated with an increase in FGF19 and FGF23 levels at four weeks (FGF19:
55.2% vs. 18.3%, p = 0.0140; FGF23: 48.4% vs. 16.4%; p = 0.0022, respectively), suggesting
efficient inhibition of the FGF signalling pathway [38]. In the lenvatinib arm, patients with
a complete or partial response had a greater increase in FGF19 and FGF23 from baseline vs.
non-responders (FGF19: 55.2% vs. 18.3%, p = 0.0140; FGF23: 48.4% vs. 16.4%; p = 0.0022).

Otherwise, early changes in serum FGF19 and Ang-2 (an angiogenesis regulator that
plays a role through TEK tyrosine kinase and endothelium receptor levels during lenvatinib
treatment) might predict clinical response and PFS. In a recent study of 74 patients (BCLC
stages B and C), including patients previously treated with sorafenib or regorafenib, with a
median follow-up of 157 days, significantly increased FGF19 levels and decreased Ang-2
levels were seen in lenvatinib responders compared with non-responders (ratio of FGF19
level at 4 weeks/baseline in responders vs. non-responders: 2.09 vs. 1.32, respectively,
p = 0.0004; ratio at 8 weeks: 2.19 vs. 1.40, p = 0.0015) [39,40]. In multivariate analysis, the
combination of serum FGF19 and Ang-2 was the most independent predictive factor for
lenvatinib response (OR: 9.143; p = 0.0012) and PFS (HR: 0.171; p = 0.0240). The ability of
FGF19 to predict an early lenvatinib response had a receiver operating characteristic (ROC)
curve area of 0.726 at the optimal cut-off value of 1.51 for the FGF19 ratio vs. baseline,
and with 68.6% specificity and sensitivity in discriminating the responder group from the
non-responder group. Similarly, patients who experienced a greater decrease in Ang-2
levels were observed in the responder group compared with the non-responder group at 2
weeks (Ang-2 level ratio at 2 weeks vs. baseline: 0.709 vs. 0.893, p = 0.0041), 4 weeks (Ang-2
ratio: 0.584 vs. 0.810, p = 0.0002), and 8 weeks (Ang-2 ratio: 0.500 vs. 0.804, p < 0.0001).
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3. Could Lenvatinib Compete with Atezolizumab Plus Bevacizumab?

Following the results of the recent IMbrave150 trial, the combination of atezolizumab
and bevacizumab has become the first-line standard of care [41] (Table 1).

This open-label phase 3 study compared the combination of atezolizumab/bevacizumab
with sorafenib in patients with advanced unresectable and never treated HCC. The HR for
mortality was 0.58 (95% CI, 0.42–0.79; p = 0.001) in favour of atezolizumab/bevacizumab.
The PFS was 6.8 months (95% CI, 5.7–8.3) for the atezolizumab/bevacizumab group vs.
4.4 months (95% CI, 4.0–5.6) for the sorafenib group. The ORR was 27.3% vs. 11.9%, with a
5.5% complete response in the atezolizumab/bevacizumab group. Arterial hypertension
was the most common Grade 3 or 4 adverse reaction in the atezolizumab/bevacizumab
group (15.2% of patients).

This shift in first-line therapies led us to reconsider the place of lenvatinib in the
sequential management of patients. To date, all randomised trials compare new first
line therapies with sorafenib as the control arm, making it difficult to demonstrate the
superiority of a specific drug.

Several recent reviews including meta-analysis aimed to compare first-line therapies
of advanced HCC, most of them featuring sorafenib as the comparator [42–45]. Lenvatinib
was associated with the greatest ORR benefit (OR, 3.34, 95% CI 2.17–5.14) in one study,
whereas atezolizumab plus bevacizumab was superior to all other therapies including
lenvatinib in others.

A cost-utility analysis was conducted in Canada, using a partitioned survival analysis,
comparing atezolizumab and bevacizumab (from a de novo network meta-analysis based
on patients data and clinical input from REFLECT, extrapolated using parametric survival
models), and lenvatinib and sorafenib [46]. Lenvatinib was associated with cost savings of
CAD 4640 and CAD 120,095 and an improvement in quality of life of 0.15 and −0.28 vs.
sorafenib, and atezolizumab and bevacizumab, respectively.

However, we still need more large cohort observational studies or randomised con-
trolled trials to confirm the difference in efficacy and safety between lenvatinib and
atezolizumab–bevacizumab combination.

Lenvatinib is first line in cases of contraindication to immunotherapy plus anti-
angiogenic combinations or in special populations.

Sorafenib and lenvatinib remain two possible first-line drugs in patients with a con-
traindication to atezolizumab and/or bevacizumab, e.g., patients with active dysimmunity
disease, cardiovascular comorbidities such as uncontrolled arterial hypertension, recent
myocardial stroke, recent surgery or lack of wound healing, or marked portal hypertension
(including significant oesophageal or cardio-tuberositary varices).

If atezolizumab–bevacizumab is not suitable for the patient, the choice of TKI treat-
ment should consider clinical, radiological, and biological features: (i) tumour charac-
teristics (number of tumours, vascular invasion, extrahepatic spread, and AFP level),
(ii) underlying liver disease (CP score and portal hypertension), and (iii) general status
(ECOG, comorbidities and symptoms associated with the disease). Thus, the distinct safety
profile of TKI could be taken into account in the choice of TKI according to comorbidities
as arterial hypertension or vascular diseases for example.

The higher response rate and the improved TTP with lenvatinib compared to other
TKI reflecting a high anti-tumoral activity could also be a selection criterion especially in
symptomatic patients with a high tumour burden and threatening lesions. In patients with
major liver involvement, a significant response is likely to prevent or to delay liver failure
due to tumoral infiltration. Similarly, a symptomatic lesion (e.g., a painful bone metas-
tasis) will benefit from a combination of TKIs and locoregional antalgic treatments. Less
frequently in HCC, a deep response in selected patients can also lead to the consideration
of curative treatments (e.g., surgical resection or ablation) through downstaging [28].

First-line treatment in some special situations:
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3.1. Child-Pugh B Patients

Like most pivotal HCC phase III studies, patients with a CP-B score were not included
in the REFLECT or the IMbrave150 study.

However, the benefit of TKI in CP-B patients remains highly uncertain. Thus, results of
the use of sorafenib in CP-B patients are poor according to large observational studies [47].
Moreover, in a recent multicentric prospective randomized trial reporting the role for
sorafenib versus best supportive care (BSC) in CP-B patients with HCC [48], median TTP
and OS were similar in the sorafenib and BSC arms; nevertheless, there was a possible
benefit in the CP-B7 sub-group.

Real-world studies have attempted to describe the profile of efficacy and safety of
lenvatinib within this fragile population [29–32]. CP-B patients (19%, n = 10 in Wang’s
study, n = 18, 19.6% in Cheon’s study) had a similar survival compared to CP-A [29–31,49].
The ORR (p = 0.8293) and DCR (p = 0.7965) were not statistically different according to
REFLECT inclusion criteria, for example, in Sho’s study. However, in a recent multicentre
retrospective study, the OS at 12 months was significantly different between CP 5–7 (59.2%)
and CP 8 patients (34.8%, p = 0.003) [50].

The data on the atezolizumab–bevacizumab combination in CP-B patients are also too
scarce to rule on the ratio benefit/risk of this treatment in this weak population.

These results confirm the importance of considering hepatic function before intro-
ducing a treatment and the 2018 guidance AASLD noticed that systemic treatment could
be administered in “well-selected patients with CP-B”. Systemic therapies, among them
lenvatinib, could therefore represent an alternative to palliative care after discussion in the
case of a multidisciplinary consultation meeting.

3.2. Liver Transplantation

Liver transplantation is one of the curative treatments for HCC and a classic exclusion
criterion of most pivotal phase III studies. Despite the optimisation of selection criteria, post-
transplant HCC recurrence remains a major cause of death, but there is no standard of care
for these poor prognosis diseases. While immunotherapies are today contra-indicated after
liver transplantation, TKIs appear to be the treatment of choice. Some small retrospective
cohort studies have reported heterogenous effects of sorafenib on post-recurrence survival,
but there are very little data concerning the use of lenvatinib in this indication [51–53]. A
recent case report of a patient with a five-year recurrence of HCC after liver transplantation
who received lenvatinib as first-line systemic therapy reported no severe AEs, no liver
dysfunction, and stable blood tacrolimus levels during the entire follow-up period.

In the pre-transplantation setting, the use of systemic treatment can be considered,
particularly because of the expected long time on the waiting list. There are few data about
the safety of immunotherapy in this situation. A recent review of three liver transplant
recipients treated by immunotherapy before liver transplantation showed that two patients
developed an acute rejection [54]. The authors also performed a retrospective cohort study
with seven transplant receipts previously treated by PD-1 inhibitors of their centre (cam-
relizumab or pembrolizumab combined with lenvatinib). An acute rejection occurred in
14.3% of patients. Moreover, to avoid transplant rejection, immunosuppressive treatments
should be prescribed at an optimal dose, and an addition of corticoids may be necessary,
which could increase the risk of tumour recurrence. Overall, due to the unknown duration
effects of immunotherapy, and because anti-VEGF should be stopped within six weeks be-
fore liver transplant, whereas its date is uncertain, the use of a TKI is considered in clinical
practice. The prolonged time to progression with lenvatinib compared to sorafenib could
be a strong argument for using lenvatinib in this situation, but this hypothesis requires
further studies.

3.3. Severe Portal Hypertension

In case of advanced portal hypertension with an increased hemorrhagic risk, the
use of anti-angiogenesis agents could be limited. For patients who cannot receive beta
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blockers, the protocol of ligation of esophageal varices may be long before eradication.
If the risk of bleeding is increased by bevacizumab in the IMBrave study, there is no
clear signal for an increase in bleeding related to portal hypertension in TKIs studies. In
preclinical studies, sorafenib had beneficial effects on portocollateral circulation in cirrhotic
animals [55]. Similarly, Hidaka demonstrated that sorafenib could reduce the portal venous
flow in a prospective cohort study with 25 CP-A patients with advanced HCC [56]. The
congestion index (portal venous area (PVA)/portal venous flow velocity (PVV)), which
reflects the pathophysiological haemodynamics of portal venous system, significantly
decreased (3.9 ± 1.7 vs. 3.0 ± 1.4, p = 0.042), but there were no significant differences in
the portal venous flow velocity (PVV; cm/s). Sorafenib could therefore be used in case of
severe portal hypertension.

There are few studies regarding the safety of lenvatinib in case of advanced portal
hypertension. Hidaka conducted analyses of the portal venous flow in 28 patients with
advanced HCC treated with lenvatinib [57]. There was, in this study, 15% CP-B patients.
The congestion index significantly worsened (0.037 ± 0.025 vs. 0.043 ± 0.024, p = 0.045), but
there were no significant differences (p = 0.39) in the portal venous area (p = 0.665). Finally,
in the REFLECT trial, as well as in a recent prospective multicenter study of 93 patients
treated with lenvatinib, the efficacy and the safety of lenvatinib do not seem to be impacted
by the level of portal hypertension.

Overall, there is no strong argument for choosing sorafenib rather than lenvatinib
in case of severe portal hypertension, and lenvatinib could be administered in case of
advanced portal hypertension (without recent bleeding).

3.4. Etiology of the Liver Disease

The efficacy of lenvatinib does not appear to be influenced by the etiology of the
liver disease. Hiraoka et al. recently conducted a multicentre retrospective study with
103 patients with NAFLD and 427 patients with AFLD or viral -related HCC treated by
lenvatinib [58] without significant difference in overall survival (OS) (20.5 vs. 16.9 months,
p = 0.057) between viral and NAFLD group.

On the other hand, in the IMbrave150 study, non-viral HCC etiologies (i.e., nonalco-
holic fatty liver disease and alcohol) seem to be associated with a lower response rate and
a lower survival with immunotherapies when compared to viral etiologies [59].

A recent meta-analysis of eight first-line high-quality phase three randomised clinical
trials in advanced HCC (2002–2020) was published, reporting the relationship between
aetiology and outcomes after systemic therapies with either TKI, anti-angiogenic, or ICI
therapy [60]. Of these, five trials studied TKI/anti-VEGF (REACH, REACH-2, METIV-HCC,
CELESTIAL, and JET-HCC; total of 2083 patients), and three studied immunotherapies
(CheckMate-459, Journal Pre-proof 14, IMbrave150 and KEYNOTE-240; with a total of
1656 patients). The pooled HR for OS of patients with viral-related HCC treated with
ICI was 0.64 (95% CI 0.5–0.83), compared with those in the standard of care group. The
pooled HR for OS in patients with non-viral-related HCC treated with ICI was 0.92 (95%
CI 0.77–1.11). The difference in efficacy between viral and non-viral-related HCC treated
with ICI was significant (p of heterogeneity = 0.0259), and the effect of ICI was remarkably
similar in HBV- and HCV-related HCC (HR 0.64 (95% CI 0.49–0.83) vs. HR 0.68 (95% CI
0.47–0.98), respectively).

Since not all patients benefit from immunotherapy, the role of the aetiology of the
underlying liver disease deserves to be investigated in further studies. However, even if
viral-related HCCs could therefore benefit more from immunotherapy, there are currently
not enough data to support the use of TKIs rather than ICI in first-line setting in non-viral-
related HCCs.
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4. Lenvatinib as Second-Line Treatment

In patients eligible for second-line therapy, after progression on atezolizumab/
bevacizumab, treatment options include TKIs (sorafenib, lenvatinib, regorafenib, and
cabozantinib), ramucirumab, and IO (pembrolizumab), according to local approvals.

The development of IO as a gold standard at first line has opened new perspectives of
the use of TKIs and among them lenvatinib as a second line therapy. In vitro studies of PD-1
inhibitor demonstrated that anti-PD-1 antibodies can remain bound to CD8+ T cells for
more than 20 weeks [61]. The introduction of a TKI, and among them, lenvatinib, could act
synergistically with anti-PD-1 antibodies even after the interruption of the immunotherapy.
Aoki et al. reported encouraging results of lenvatinib when used after failure of PD-1/PD-
L1 antibodies [62]. The ORR was 55.6%, the DCR was 86.1%, PFS was 10 months, and OS
was 15.8 months. The OS since initiation of ICI therapy was 29.8 months, which is much
longer than that conferred by lenvatinib alone as first-line therapy [63]. Yamauchi et al.
conducted a study of 40 patients with HCC and reported that lenvatinib achieved a high
response rate (81%) in tumours with a high expression of FGFR4 [64]. In addition, treatment
with lenvatinib resulted in longer PFS in patients with a high FGFR4 expression than in
those without FGFR4 expression (5.5 vs. 2.7 months, respectively), indicating that lenvatinib
shows higher antitumour activity against tumours with high FGFR4 expression. However,
there is a positive correlation between β-catenin mutations and FGFR4 expression, and
its expression is higher in the population of tumours with WNT/β-catenin-activating
mutations, which are found in approximately 20–30% of all HCCs [37,62,64,65].

Thus, even in patients who did not respond well to previous treatment with ate-
zolizumab plus bevacizumab due to β-catenin activating mutations, subsequent treatment
with lenvatinib would still provide better results due to its potent inhibitory effect on
FGFR4.

A multinational, multicentre, and retrospective study reported clinical outcomes of
patients who received subsequent systemic therapies after progression on atezolizumab-
bevacizumab [66]. Of the 49 patients, 19 received lenvatinib. The ORR and DCR were
6.1 and 63.3%, respectively, across all patients. With a median follow-up duration of
11.0 months, PFS and OS were 3.4 months (95 CI 1.8–4.9) and 14.7 months (95% CI 8.1–21.2),
respectively. Median PFS with lenvatinib was significantly longer than with sorafenib
(6.1 vs. 2.5 months; p = 0.004), although there was no significant difference in median OS
(16.6 vs. 11.2 months; p = 0.347). Patients treated with sorafenib had significantly more
hand–foot syndromes than those treated with lenvatinib (69.0 vs. 26.3%, p = 0.004), while
patients with lenvatinib seemed to have more fatigue and hypertension than those with
sorafenib (fatigue; 42.1 vs. 17.2%, p = 0.058, and hypertension; 42.1 vs. 17.2%, p = 0.058).

In addition, a retrospective study has recently investigated the potential use of lenva-
tinib (based on real-life experience and in vitro assessment) as second-line for patients
intolerant to sorafenib, and as third-line for patients resistant to regorafenib [67]. The
results suggest that lenvatinib is active and safe as a second/third-line treatment for unre-
sectable HCC. Another study in a few patients treated with at least three different systemic
therapies also reported the efficacy of lenvatinib as later treatment, with a tolerable toxicity
profile [68].

Cabozantinib has demonstrated an improved OS and PFS in the phase 3 CELESTIAL
study and is now validated for patients progressive after sorafenib [69]. Only retrospective
data are available about the use of cabozantinib after ICI in HCC. In the recent multinational
multicentre retrospective study of 49 patients who received subsequent systemic therapy
after progression on atezolizumab-bevacizumab, only one received cabozantinib as second
line [66]. There is not enough evidence in the literature to choose from the four available
TKIs after failure of atezolizumab and bevacizumab.
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5. Emerging Strategies

5.1. Lenvatinib and Pembrolizumab

Lenvatinib combined with immunotherapy has demonstrated promising antitumour
activity with a tolerable safety profile in preclinical and clinical studies.

Regarding the mechanism of action of pembrolizumab and lenvatinib combination
therapy, a preclinical study including in vitro and in vivo studies showed that suppres-
sion of tumour-associated macrophages, regulatory T cells, and other constituents of the
tumour-suppressive microenvironment resulted in decreases in TGF-β and IL-10, the down-
regulation of PD-1 and Tim3, and the upregulation of ICOS and OX40, thereby inducing
tumour immunity through IL-12 [70].

The combination of lenvatinib and pembrolizumab was recently approved as a second-
line therapy for advanced endometrial carcinoma after the failure of systemic therapy [71].
For patients with advanced HCC, a phase 1b trial has recently shown promising results in
terms of antitumoral activity, with a median OS of 22 months (95% CI, 20.4 months–not
estimable), and an acceptable toxicity profile [72]. In this study, the ORR was 46.0% with
mRECIST. Including a complete response in 11 patients, the median duration of response
was 8.6 months, and median PFS was 9.3 months.

A phase three study is currently underway to confirm these promising results as first-
line therapy [73]. For patients with intermediate HCC, eligible for locoregional treatment,
a phase three trial (LEAP-012) is investigating lenvatinib and pembrolizumab vs. placebo
in combination with transarterial chemoembolisation (TACE) [74]. Recruitment for this
study began in April 2020 (Supplementary Data Table S1).

5.2. Lenvatinib in the Intermediate Stage

TACE is one of the most widely used palliative treatments in the world. However,
repeated chemoembolisation sessions can lead to impaired liver functions, limiting access
to subsequent systemic treatments, and cohort studies have shown that only <20% of
patients treated with chemoembolisation will be able to receive systemic treatment [75]. In
addition, patients with intermediate-stage HCC constitute a very heterogeneous group,
and some systems for subclassification (based in particular on CP score, beyond Milan,
and up-to-seven criteria [76,77]) have been proposed to identify patients who will not
benefit from TACE [78,79]. The arrival of new effective systemic treatments has led to
consideration of the optimal timing for the switch from loco-regional to systemic therapies
including lenvatinib as an interesting alternative to TACE as first-line treatment.

A proof-of-concept retrospective study with a propensity matching score showed that
lenvatinib could be more beneficial than TACE in HCC beyond up-to-seven criteria [80].
The lenvatinib group had a significantly higher ORR (73.3% vs. 33.3%; p < 0.001), a longer
median PFS (16.0 vs. 3.0 months; p < 0.001), and a longer OS (37.9 vs. 21.3 months; HR: 0.48).
Liver function, based on the albumin–bilirubin (ALBI) score, was well preserved in the
lenvatinib group compared to the TACE group at the end of treatment. The preservation
of liver function with lenvatinib allows full dose administration over a long period and
can indirectly explain the high response rate with this treatment, optimising the access to a
second-line therapy. In this same study, more than half the patients previously treated with
lenvatinib were subsequently treated by TACE [81].

Patients who receive early lenvatinib administration may have a better prognosis
than those who receive TACE [82]. A cohort study with 208 patients who were considered
candidates for repeated TACE showed that cumulative survival rates were higher in
patients treated with lenvatinib vs. patients treated with TACE (the 6-, 12-, 18-, and 24-
month cumulative survival rates were 96.0, 90.4, 65.7, and 65.7%, respectively, vs. 94.1, 78.5,
65.3, and 48.4%, respectively, p < 0.001). The median survival time in the lenvatinib group
was not available (95% CI, 17.1–not available), while that in the TACE group was 22.5 (95%
CI, 20.9–26.7) months.

Further studies are necessary to confirm these encouraging results in patients with in-
termediate stage HCC, in whom TACE alone is not helpful (Supplementary Data Table S1).
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5.3. Lenvatinib in an Adjuvant Setting

Despite a high recurrence rate after curative surgery (estimated at 70% at 5 years),
there are currently no validated adjuvant therapies for patients with HCC [83,84]. The
phase three, randomised, double-blind, placebo-controlled STORM trial studied sorafenib
as an adjuvant treatment after surgical resection or local ablation of HCC [85]. There was
no statistical difference in median recurrence-free survival between the sorafenib group
vs. the placebo group (33·3 months vs. 33·7 months, respectively; p = 0·26), and sorafenib
could not, therefore, be recommended as an adjuvant setting.

Another recent preliminary study demonstrated a potential benefit of adjuvant lenva-
tinib on disease-free survival and recurrence in high-risk patients with HBV-related HCC
following liver transplantation [86]. A phase two study is underway to assess the efficacy
and safety of adjuvant lenvatinib for patients after radical resection of HCC with a high
risk of tumour recurrence [87]. In addition, the interim analysis of the LANCE study sug-
gests that lenvatinib combined with TACE would be efficient and safe [88]. More studies
attesting a benefit in recurrence-free survival of lenvatinib are necessary (Table S1).

6. Conclusions

The rapid implementation of new therapeutic options, including immunotherapies
and combination therapies, has dramatically modified the treatment landscape of HCC,
requiring a reassessment of sequential therapeutic strategy (Figure 1).

 

Figure 1. Proposed therapeutic algorithm for the use of systemic treatments in advanced, unresectable HCC.

As the combination of bevacizumab and atezolizumab is now the first-line standard
of care, the place of TKIs in monotherapy is moving to subsequent lines of treatment.
Lenvatinib displays strong antitumoral activity, with the highest response rate among
TKIs, and therefore, its early use in sequential therapy should be considered. Future
developments could include the use of lenvatinib at an earlier stage of the disease, at
stage BCLC B (in association with or vs. TACE), and first line in stage BCLC C HCC in
association with immunotherapies, but further studies are required with atezolizumab and
bevacizumab as a group control.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13246310/s1, Table S1. Clinical trials of lenvatinib for HCC.
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HCC hepatocellular carcinoma
HBV hepatitis B virus
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ICIs immune checkpoint inhibitors
IO immuno-oncology
IT immunotherapy
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PDGFR platelet-derived growth factor receptor
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PS performance status
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TEAEs treatment-emergent adverse events
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TKIs tyrosine kinase inhibitors
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