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Abstract: Hepatitis C virus (HCV) infection is a significant risk factor for liver cirrhosis and hepato-
cellular carcinoma (HCC). Traditionally, the primary prevention strategy for HCV-associated HCC
has focused on removing infection through antiviral regimes. Currently, highly effective direct-acting
antivirals (DAAs) offer extraordinary success across all patient categories, including cirrhotics. De-
spite these advancements, recent studies have reported that even after sustained virologic response
(SVR), individuals with advanced liver disease/cirrhosis at the time of DAA treatment may still face
risks of HCC occurrence or recurrence. Based on this premise, this review tries to shed light on the
multiple mechanisms that establish a tumorigenic environment, first, during chronic HCV infection
and then, after eventual viral eradication by DAAs. Furthermore, it reviews evidence reported by
recent observational studies stating that the use of DAAs is not associated with an increased risk
of HCC development but rather, with a significantly lower chance of liver cancer compared with
DAA-untreated patients. In addition, it seeks to provide some practical guidance for clinicians,
helping them to manage HCC surveillance of patients who have achieved SVR with DA As.

Keywords: direct-acting antiviral agents; hepatitis C virus; hepatocellular carcinoma; interferon; liver
carcinogenesis; sustained virological response; advanced fibrosis; occurrence; recurrence; cirrhosis

1. Introduction

The advent of direct-acting antiviral agents (DAAs) has drastically changed the ap-
proach to hepatitis C virus (HCV) infection, a leading cause of hepatocellular carcinoma
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(HCC) in several countries [1]. In this respect, with interferon (IFN)-based therapies,
achieving with interferon (IFN)-based therapies sustained virologic response (SVR), i.e., un-
detectable HCV-RNA at 12-24 weeks after completion of treatment, reduces the incidence
of HCC. However, recent data have suggested an increased risk of HCC after IFN-free treat-
ments (e.g., the aforementioned DAA regimens) [2]. One proposed mechanism to explain
this trend involves a deregulation of the antitumor response following the abrupt reduction
in HCV viral load, potentially promoting the progressive development of pre-existing neo-
plastic clones. In this respect, the lack of both good-quality prospective randomized clinical
trials and adequate planned clinical goals in the early era of DAAs initially complicated the
interpretation of data. Nevertheless, primary evidence suggests that DAAs do not have
a carcinogenic effect per se. Instead, they may lead to the early occurrence of previously
existent neoplastic liver diseases that were underestimated at the time of antiviral treat-
ment [3]. Therefore, patients with HCV infection should be encouraged to initiate DAA
therapy to prevent cirrhosis and subsequent HCC. However, extensive screening to exclude
HCC is recommended before drug administration, especially in patients with cirrhosis
or other significant hepatic comorbidities. Also, since viral eradication does not entirely
eliminate the possibility of ongoing liver disease and HCC, lifelong monitoring is advised
for high-risk patients, even after achieving SVR [4,5].

The present review aims to report the most up-to-date evidence on the epidemiol-
ogy and mechanisms of hepatocarcinogenesis following DA A-induced HCV eradication.
In addition, we present an analysis of the now well-established risk factors for the de-
velopment of HCC in patients with active HCV infection, highlighting both shared and
distinct mechanisms underlying the two conditions. The complexity of this issue, which
has prompted extensive scientific debate, is underscored by the huge amount of evidence
produced in recent years. However, as previously stated, the quality of the research is often
variable, and conflicting results are common. As an indirect confirmation of this, although
a systematic review is beyond the scope of this research, we report a purely numerical
count (updated to October 2024) of all relevant peer-reviewed publications in English
within the literature on this topic (Figure 1). Studies were identified by searching the
PubMed, MEDLINE, Scopus, Web of Science, and Cochrane Library databases, as detailed
in Supplementary Table S1. However, the majority of these studies lacked high levels of
evidence. Indeed, only a few clinical trials were identified, and randomized controlled
trials were even rarer. To date, most evidence derives from expert opinions, but scoping
or integrative reviews far exceed systematic reviews. The vast majority of the available
documents (74.8% of the total) focused on cirrhosis, notoriously being the patient subgroup
most prone to HCC development.
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Figure 1. Available publications (updated to 1 October 2024) concerning the risk of hepatocellular
carcinoma development after hepatitis C virus eradication with direct-acting antivirals. Trials include
both clinical trials and randomized controlled trials; Cochrane Central Register of Controlled Trials
is considered separately, after checking for possible overlaps with PubMed/MEDLINE databases.
Reviews include both systematic and non-systematic reviews. The year 2024 refers to the literature
published from 1 January 2024 to 30 September 2024. (a) Literature analysis including all stages of
liver fibrosis; (b) literature analysis including only cirrhotic patients at the time of antiviral treatments.
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2. Chronic Hepatitis C: Clinical Management and Debated Issues
2.1. Clinical Challenges in HCV Management

Globally, around 50.7 million people have chronic HCV infection, with a reported
prevalence of 0.6% and an annual incidence of 1.04 million [6]. Indeed, the real prevalence
is likely to be underestimated since approximately 80% of infections remain non-diagnosed
worldwide [7-14].

Interestingly, HCV infection was one of the leading causes of HCC until the early 2000s,
at least in the Western world. This trend seems to be diminishing, while other etiologies
are emerging. These include alcoholic (ALD) and non-alcoholic (NAFLD) liver diseases,
the latter currently referred to as metabolic dysfunction-associated steatotic liver disease
(MASLD) and the resulting mixed disorder consisting of both MASLD and increased
alcohol intake (MetALD) [15-19].

In any case, the introduction of safe and effective DA As in clinical practice has now
made the elimination of this public health burden achievable in the medium term, as stated
in the World Health Organization (WHO) global hepatitis strategy [20]. Moreover, prospec-
tive studies on DA A-based therapies have demonstrated the benefit of HCV clearance both
in liver- and non-liver-related mortality [21-25]. More details on some important hepatitis
C-related clinical issues are provided in the Supplementary File S1 [7,26-66].

2.2. Follow-Up of Patients Who Achieved Virologic Response

Handling of patients who have achieved SVR for hepatitis C infection after DAA
treatment remains a subject of current considerable interest. According to the Ameri-
can Gastroenterological Association (AGA), subjects with less severe fibrosis (i.e., FO-F2
METAVIR stages) [67] do not require continued follow-up, particularly in relation to ul-
trasound monitoring for HCC screening. In fact, due to recognized lack of progression,
non-cirrhotic subjects who achieve SVR should receive the same medical assistance as those
who have never been infected with HCV, unless they remain at risk for non-HCV-related
liver disease such as MASLD or ALD [68].

The approach is necessarily different in individuals who have been cured of the in-
fection but have already reached the stage of pre-cirrhosis (METAVIR F3) or cirrhosis
(METAVIR F4). In this subset of patients, decompensated liver disease rarely occurs during
follow-up, and overall survival is thus prolonged, compared with patients who have not
achieved virologic response. Also, bleeding from esophageal varices is uncommon [28,69].
Nevertheless, these subjects remain at risk of HCC development (whether recurrent or
de novo) even after SVR has been achieved. Indeed, this remains a partially unresolved
issue, although it was established that irrespective of the specific antiviral treatment, the
risk persists for an unspecified duration (most authors agree that it is at least 10 years)
even after virologic response. Therefore, it is now widely established that all these patients
should undergo HCC surveillance regardless of viral eradication, i.e., an abdominal ultra-
sound every six months (with or without a-fetoprotein (AFP) testing), despite any fibrosis
regression [70-73]. Instead, for years, researchers have debated whether there is a possible
link between the specific use of DAA agents and the insurgence of HCC. In any case, as
discussed further in this article, numerous publications have suggested that if such risk
exists, it is very low. The reported increase in HCC rates after DAA treatment is likely to be
due to the fact that the first cohorts of patients treated were preselected to be at higher risk
for HCC.

3. Incidence and Mechanisms of HCC Occurrence in HCV Patients
3.1. Epidemiology of HCC

In light of the variable prevalence of underlying risk factors, the global incidence of
HCC is heterogeneous. Over 70% of cases occur in Asia, with half of them in China alone,
10% in Europe, 7.8% in Africa, 5.1% in North America, 4.6% in Latin America, and 0.5% in
Oceania [74]. In 2015, there were an estimated 854,000 new primary liver cancer cases and
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810,000 cancer-related deaths worldwide [75]; about 75-85% of these liver tumors were
represented by HCC, making it a major health problem [76].

HCC mainly occurs in chronic liver disease and cirrhosis, accounting for 80-90% of
total cases. The incidence rate for HCC in patients with cirrhosis from any cause is about
2.3 (95% confidence interval (CI): 2.2-2.4) per 100 person-years (py) [77]. However, aside
from the stage of liver disease, HCC is a highly complex condition with multiple determi-
nants implicated in its etiology. The primary known risk factors include hepatitis B virus
(HBV) and HCV, ALD, and MASLD (including diabetes mellitus (DM) and obesity) [78].
Overall, HBV and HCV are responsible for about 60-85% of all cases of HCC, as both these
chronic infections can result in the development of cirrhosis, while 11% are due to alcohol,
and about 10% are attributable to other causes [79]. Generally speaking, HBV is the main
factor that leads to HCC in most countries in Asia and Africa. The risk can be implemented
by the exposure to region-specific hepatotoxins, such as the food contaminant aflatoxin B1,
which is endemic in many hot climates, or aristocholic acid, commonly used in Chinese
herbal medicine, which may act as a cofactor in liver carcinogenesis. Instead, HCV is a
prevailing cause in most European and North American countries, as well as in Japan [80].

Nonetheless, the current epidemiologic landscape of HCC is predicted to change
due to the rising occurrence of non-viral cirrhosis, at least in the Western world. In the
future, the early onset of MASLD and ALD among younger individuals could attenuate or
even surpass the well-known improvements in HCC incidence that are attributable to the
managing of HBV and HCV infections. Indeed, it is estimated that during the next two
decades, non-alcoholic steatohepatitis (NASH), which is also named metabolic dysfunction-
associated steatohepatitis (MASH) and is the evolving form of MASLD, will be the most
common cause of cirrhosis and thus, of HCC in the more industrialized nations [81]. For
instance, in the USA, up to 20-30% of individuals already have MASLD or some features
of metabolic syndrome, in addition to 25% with ALD [82]. In Europe, while obesity is
increasing, it still accounts for a smaller proportion of HCC cases (around 16%) compared
with the USA [83].

The previous considerations are important because it should be noted that a minor yet
significant proportion of HCC cases (12-20%) develop on non-cirrhotic liver. Patients with
MASLD account for the majority of HCC cases without underlying advanced fibrosis, with
around 30% of such liver cancers occurring in this population [84]. However, traditional risk
factors (such as male sex, older age, Hispanic origin and DM, as well as hepatic cirrhosis),
remain the most critical risk factors for HCC in this setting [81].

3.2. Occurrence of HCC During Chronic Hepatitis C

HCV was recognized as an independent risk factor for HCC, particularly in cirrhotic
subjects, shortly after its discovery. Indeed, this virus is widely acknowledged as a major
cause of both cirrhosis and HCC, as discussed previously [77]. This understanding began
with case reports of HCC arising during chronic non-A, non-B hepatitis [85], and with the
observation from Japan of an increasing incidence of non-HBV-related HCC [86]. Since
HCV was identified as the principal causative agent of blood-borne non-A, non-B hepatitis,
researchers have been able to study more closely the link between this chronic viral infection
and HCC. Although HCV infection prevalence is highly variable among patients with
HCC, sometimes even within the same geographical area, it appears to be a significant
contributor to HCC. As a matter of fact, most patients with HCC who test positive for
anti-HCV antibodies also have detectable HCV RNA in serum, hepatocytes, and even in
tumor tissue, confirming that an active infection is ongoing [87-89].

The exact mechanisms by which hepatitis C leads to HCC are not fully understood.
The next section discusses the most up-to-date evidence in the field of etiopathogenesis.
Regardless of the direct possible viral mechanisms involved, whether alone or in com-
bination, most data on HCV have centered on its indirect pro-tumoral role, it being a
known causative agent for cirrhosis. Indeed, most patients with HCV-related HCC also
have cirrhosis or at least, advanced hepatic fibrosis [90]. On the other hand, cirrhosis is
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an essential precursor of hepatic malignancy, regardless of its etiology, and at autopsy, as
many as 10% to 15% of patients are found also to have HCC [91]. Yet, not all cirrhosis
cases have the same risk of developing hepatocarcinoma. In this respect, HCV-related
cirrhosis appears to be more cancer-prone than the forms caused by many other etiologies,
supporting the idea that HCV may have direct carcinogenic effects [92].

Although the association between HCV infection and subsequent HCC is well known,
determining HCC risk for the individual patient remains challenging. This difficulty is
due to the overall natural history of HCV infection, which is quite variable, and to the
long-term risks that are complex to quantify because of the prolonged duration involved.
Nevertheless, the risk of developing HCC in HCV-positive subjects can be extrapolated
from the results of HCV natural history studies and reports on HCC development in
individuals with HCV-related cirrhosis. Assuming that 20% of patients develop cirrhosis
within ten years from infection, the risk of HCC thereafter is estimated to be 1-4% per
year, which would mean that from 9.6% to 33.5% of HCV cirrhotic subjects develop cancer
after 20 years. However, these estimates must be interpreted with caution, because most
studies have included very heterogeneous patient populations. Furthermore, the additional
risk factors of age and sex as well as cofactors like alcohol use and other environmental
exposures should be used to adjust these estimates [93].

The considerations mentioned above should not overshadow the fact that while HCC
predominantly arises in the context of cirrhosis, nearly 15% of HCV patients who develop
HCC have no definite cirrhosis [14]. This supports the hypothesis that HCV can cause HCC
directly, similarly to MASLD and HBYV infection, although to a lesser extent [84].

3.3. HCC Pathogenesis in Chronic HCV Infection

The development of HCC from HCV infection, as detailed in the following paragraphs,
can be due, alternatively or synergistically, to the following factors: (a) direct virus-induced
cellular programming; (b) indirect host-related inflammatory response; (c) overlapping
host metabolic bystander effect [14].

3.3.1. Direct Viral Oncogenic Mechanisms

Hepatocytes adapt to chronic HCV infection mainly through changes in the pro-
gramming of their cell survival, which can be induced by various structural and/or non-
structural viral proteins altering different intracellular cascades. A pivotal factor in this
adaptation is the stress response of the hepatocytic endoplasmic reticulum (ER). This,
in turn, can be caused by virus-induced cellular protein modifications, occurring at the
synthesis stage or any of the post translational phases (such as degradation or folding).
ER stress can then trigger signals that initiate cell disruption and inflammation; if the
infection persists, this can lead to progressive hepatic damage and fibrosis. Then, when
the cirrhosis stage is reached, this exaggerated stress ultimately favors HCC occurrence,
basically provoking a switch to unregulated cell proliferation.

Direct virus-induced cellular reprogramming includes the down-regulation of tumor
suppressor genes and the promotion of genomic instability consisting of an increased
rate of chromosome gains and losses. In more detail, the multiple intracellular cascades
that are most commonly affected during HCV-mediated hepatocarcinogenesis can induce
alterations in the setting of cell proliferation, since dysregulation in cellular replication
or cell-cycle control are important features of HCC development [94-98]. Additional
alterations include uncontrolled angiogenesis (being the generation of new vessels crucial
for all cancers) [99] and epigenetic modifications (such as DNA methylation, histone
modifications and the production of non-coding RNAs, which in turn can all cause changes
in gene expression and, ultimately, tumorigenesis) (Table 1) [100-107].
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Table 1. HCC pathogenesis in chronic HCV infection: direct HCV oncogenic mechanisms: (A) alter-
ations in the regulation of cell proliferation; (B) alterations in cellular neoangiogenesis; (C) dysregu-
lated gene expression patterns caused by alterations in cellular epigenetic processes.

Pathway/Factor/Gene Implicated Mechanism(s)

(A)

TERT pathway [94]

Promotion of HCC carcinogenesis and induction of more aggressive and
undifferentiated HCC phenotypes

p53-p21-Rb pathway [95]

Induction of genomic instability leading to mitosis disorders and
cell-cycle progression alterations

Wnt/ 3-catenin/c-Myc pathway [96]

Activation of a complex downstream cascade at multiple steps implicated
in HCC stemness, progression, metastasis, and drug resistance

EGF receptor-mediated pathway [97]

Induction of a pro-inflammatory and pro-angiogenic signature which can
promote HCC pathogenesis and emergence of more aggressive types

PI3K/Akt/mTOR pathway [98]

Promotion of cell proliferation and resistance to apoptosis in response to
various harms like hypoxia and nutrient deficiency

(B)

VEGEF-A, angiopoietin-2, and PDGF [99] Promotion of tumor angiogenesis

©

DCAMKILI, Lgr5, CD133, AFP, CK19, LIN28A, c-Myc,

and Nanog [100,101]

Induction of persistent self-renewal, sustained proliferation, tumor
initiation, rarity within tumor tissue, expression of stem cell markers,
differentiation into multiple lineages

CDKN2A [102]

Overcoming of stress-induced hepatocyte senescence

Notch [103]

Promotion of liver tumor formation, proliferation, invasion,
and metastasis

Hedgehog [104] Induction of HCC development, progression, and invasiveness
Rb [105] Inhibition of apoptosis and promotion of chromosomal instability
HATs and HDACs [106] Disturbance of double-strand break repair and promotion of

HCC tumorigenesis

HNF4A and miR-122 [107]

Induction of hepatocyte proliferation and inflammation with promotion
of HCC carcinogenesis and metastasis

Abbreviations: a-fetoprotein (AFP); protein kinase B (Akt); prominin-1 (CD133); cyclin-dependent kinase inhibitor
2A (CDKN2A); cytokeratin-19 (CK19); MYC proto-oncogene, bHLH transcription factor (c-Myc); doublecortin-
like and CAM kinase-like 1 (DCAMKL1); epidermal growth factor (EGF); histone acetyltransferases (HATs);
hepatocellular carcinoma (HCC); hepatitis C virus (HCV); histone deacetylases (HDACs); hepatocyte nuclear
factor-4-alpha (HNF4A); leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5); lin-28 homolog A
(LIN28A); mouse double minute 2 (MDM2); microRNA-122 (miR-122); mammalian target of rapamycin (mTOR);
homeobox transcription factor Nanog (Nanog); neurogenic locus notch homolog protein (Notch); platelet-derived
growth factor (PDGF); cyclin-dependent kinase inhibitor 1A (p21); tumor protein P53 (p53); retinoblastoma
protein (Rb); telomerase reverse transcriptase (TERT); vascular-endothelial growth factor (VEGF); wingless-related
integration site (Wnt).

3.3.2. Indirect Host-Related Inflammatory Response Mechanisms

Chronic HCV replication disrupts liver immune tolerance, triggering protracted in-
flammation that can result in hepatic fibrosis, cirrhosis, and HCC. Moreover, several HCV
proteins are also able to compromise the cytotoxic and regulatory activities of immune
cells, such as antigen-presenting cells (APCs), natural killer (NK) cells, or CD4 and CD8
T cells, eliciting aberrant inflammatory cytokine production from the innate immune re-
sponse and bypassing the hosts’ antiviral adaptive immunity, ultimately resulting in further
progression of hepatic damage (Table 2A) [108-111].



Viruses 2024, 16, 1899

7 of 26

Table 2. Other mechanisms of HCC pathogenesis in chronic HCV infection: (A) indirect host-related
inflammatory response mechanisms; (B) bystander oncogenic mechanisms (concomitant liver and
non-liver comorbidities associated with inflammation and fibrosis/ cirrhosis).

Pathway/Factor Implicated Mechanism(s)

(A)

Innate immune system dysregulation [109] Deactivation of the pro-inflammatory function of Kupffer cells

NK-cell-altered responses [109]

Induction of detrimental phenotypic and functional changes influencing
the balance versus Th2 responses

CD8 Tcell-altered responses [11

Contribution to the lack of resolution of HCV infection, which in turn is

0l related to hepatic fibrogenesis

B-cell-altered responses [111]

Dismantling of possible ADCC of HCV-infected cells

(B)

Metabolic disorders ! [112-115]

Promotion of oxidative stress; increased expression of several signaling
molecules known to be important in liver carcinogenesis

Co-infections 2 [116-119]

Promotion of inflammatory reactions and oxidative stress with induction of
accelerated liver damage/ fibrosis; possible carcinogenic synergy

Toxic ingestion 3 [120,121]

Promotion of oxidative stress, direct mutagenesis, aberrant methylation of
DNA or protein on hepatocytes, immune system dysregulation

Abbreviations: antibody-dependent cellular cytotoxicity (ADCC); cluster of differentiation (CD); hepatitis B
virus (HBV); hepatocellular carcinoma (HCC); hepatitis C virus (HCV); hepatitis delta virus (HDV); human
immunodeficiency virus (HIV); natural killer cell (NK); T helper (Th); 1 obesity, diabetes mellitus, iron overload;
2 HBV, HDV, HIV, toxoplasma gondii; ® inadequate alcohol consumption, aflatoxin B1 exposure.

3.3.3. Bystander Oncogenic Mechanisms

Possible concomitant non-viral liver comorbidities can accelerate HCV-mediated
fibrogenesis, cirrhosis development, and HCC. Among these, metabolic disorders such as
obesity and DM have a pivotal role, but alcohol assumption and co-infections, e.g., with
HBV or human immunodeficiency virus (HIV) also have a definite role. This evidence
replaces or at least complements the previous paradigm, which was mainly tumor-centered
(based on the classical activation of oncogenes and/or loss of tumor suppressors), and may
be a critical point that finally starts to explain why HCC can still develop in the absence of
HCV after DAA virological response, as detailed in the next section (Table 2B) [112,115-121].

For instance, DM increases the risk of HCC development in HCV-infected patients,
particularly in patients with early DM diagnosis and concomitant liver cirrhosis [113].
However, further studies with longer follow-ups are required to investigate the effective
influence of DM on survival rate and to determine the potential benefits of intensified HCC
screening in diabetic cirrhotics [114].

The mechanisms of HCC development in all these cases are expected to reside primar-
ily in various forms of mainly sterile bystander inflammation involving neighboring cells,
especially when the cirrhosis stage is finally reached. Cirrhotic microenvironment may
promote HCC mainly through contact-dependent cell—cell mechanisms. So, when adhesion
complexes are variously altered during cirrhosis, normal tissue homeostasis is disrupted
and adverse consequences can occur. These include altered apoptosis and pyroptosis
of non-transformed cells to enhanced expansion/self-renewal or increased susceptibility
of cancer stem cells to chemical hepatocarcinogenesis. Crucial to these processes is the
abnormal expression of Cx26 and Cx32 proteins, which are key elements of cellular gap
junctions [122].

3.4. Occurrence of HCC After Hepatitis C Virus Eradication

HCYV eradication represents a milestone of HCC prevention, as it both reduces chronic
inflammation and prevents the previously cited direct oncogenic viral mechanisms. Viral
clearance is also associated with a decrease in portal venous pressure, resulting in reduced
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mortality, at least for subjects with overt cirrhosis [123]. As expected, HCC risk reduction is sig-
nificant upon achieving SVR rather than the virus merely being suppressed temporarily [124].
This is true irrespective of the baseline fibrosis stage at which the patient is treated, but it
is obviously more evident in individuals with more severe liver disease (i.e., pre-cirrhosis
and overt cirrhosis) [69,82]. Nonetheless, SVR definitely still accounts for some substantial
persistent risk of HCC, as described in more detail below [125].

3.4.1. Occurrence of HCC After SVR Achieved with (PEG)-Interferon

Historically, IFN-based therapies, i.e., standard IFN-« or pegylated (PEG)-IFN-« in com-
bination with ribavirin (RBV), were the standard of care for hepatitis C for several years, as de-
scribed in Supplementary File S1. These treatments, however, were recognized as bearing sub-
stantial residual risk of hepatocarcinogenesis even after SVR. Not being the focus of the present
review, all these aspects are extensively detailed in Supplementary File S2 [21,63,69,126-152].

3.4.2. Occurrence of HCC After SVR Achieved with DAAs

HCV clearance, as previously reported, should avoid or at least reduce the majority
of severe complications of chronic hepatitis C, including HCC occurrence. As the latter is
mainly related to HCV’s direct (i.e., oncogenic) and indirect effects (such as the emergence of
possible cirrhosis with necro-inflammatory activity and the failure of immune surveillance
due to escape mechanisms), it is plausible that viral clearance after DAAs reduces HCC
development by reversing both mechanisms. However, based on the assumption that
DAA-induced SVR does not completely eradicate the HCC risk, in analogy to what we
previously reported for IFN-containing regimens, its exact role in the long-term incidence
or recurrence of HCC remains a matter of debate [125,153-155].

According to AGA recommendations, DAA treatments resulted in nearly 70% reduc-
tion in HCC risk for SVR patients. This effect was evident much earlier than in IFN-based
regimens (within 3-6 months), and it still increased over time. The absolute yearly risk
of HCC was around 0.90% in the largest cohorts with virological response, even after
accounting for socio-demographic and clinical differences among participants. In contrast,
most studies agreed that non-SVR subjects remained at substantial risk for liver cancer.
Summarizing similar findings to those reported with IFN-containing regimens, the inci-
dence of HCC was highest in patients with cirrhosis and no SVR (3 per 100 py), followed
by cirrhosis and SVR (2 py), no cirrhosis and no SVR (1 py), and no cirrhosis and SVR
(around 0.2 py). Most of these multivariable models confirmed that achieving SVR was
associated with a significant reduction in HCC risk, regardless of the specific DAA used.
Moreover, most studies agreed that among treated persons cancer risk was not higher in
those receiving DAAs (DAAs only or DAAs + PEG-IFN) compared with those treated with
PEG-IFN only (hazard ratio (HR): 1.1) [156-169]. This effect was similar across different
races and ethnic groups [170-172].

In essence, cirrhotic patients at the start of DAA regimens carry greater risk of HCC
occurrence and recurrence after viral eradication. Although most studies confirmed a signifi-
cant reduction in this risk for such patients, a few reports, especially between 2015 and 2019,
suggested an unexpected increase in early HCC cases. However, most recent studies have not
consistently confirmed these data, and there is no present evidence to support the suggestion
that DAAs may directly promote HCC [164,173]. Thus, at least as far as the risk of HCC after
HCV clearance is concerned, this remains an important and partially unresolved issue when
evaluating the long-term risks (very few) and benefits (many) of current antiviral treatments.
These considerations are especially relevant given that current evidence on DAAs does not
yet include data on adequately long follow-up after eradication [14].

So, understandably, the development of HCC after DA A-induced virological response
has created a broad scientific debate which has not yet ended. The two dominant hypotheses
that could explain this event are a possible carcinogenic effect of DAAs or the existence of
small HCC nodules not detected by ultrasound screening before the start of treatment [125].
However, while a direct role for DAAs in hepatocarcinogenesis has never been demonstrated,
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further research is necessary to dissect host-related mechanisms that could determine the risk
of HCC in the absence of HCV. In more detail, after fast HCV clearance achieved with DAAs,
the exact contribution of a putative reduction in immune surveillance and a change of cytokine
patterns remains largely unknown. It is believed that the anticancer functions of the immune
system could be altered, resulting in a drastic fall of HCV-stimulated immune surveillance,
possibly promoting early carcinogenesis. Moreover, HCV is known to induce genetic and
epigenetic alterations such as modifications of the histone tail and DNA methylation, which
are known risk factors for liver cancer and may persist long after virological response (further
details are reported in Section 4.2) [14,125,174].

In any case, the multistage process of tumor development, in which HCV is involved,
is usually preceded by the onset of cirrhosis (or, to a lesser extent, advanced stage F3
fibrosis), which plays a pivotal role in tumor initiation. Indeed, as described above, most
cases of HCC that develop after viral eradication occur in the context of cirrhotic livers.
Studies consistently showed that the absolute HCC risk remained high in the patients who
had already reached the cirrhosis stage at the time of achieving SVR with DAAs (yearly
risk: 1.8-2.5%) [175]. This strong evidence supports the hypothesis that the relatively high
incidence of HCC in the first year after virological cure might be at least in part related to
“missed” HCC cases due to unproper surveillance among at-risk patients. This scenario was
particularly common in the early years following the introduction of DAAs, when many
patients had advanced disease or were unable to receive IFN therapy due to intolerance or
contraindications. Moreover, DAA-treated cirrhotic subjects have even higher HCC risk if
other risk factors are present, such as high liver stiffness, elevated AFP values, DM, or male
sex, in analogy with what was described for IFN-based therapies [125,156]. To expand on
the latter concept, a more extensive review of the established evidence on the similarities
and differences in HCC occurrence after treatments with IFN compared with DAAs can be
found in Supplementary File S3 [2,123,125,151,176-181].

4. Potential Mechanisms Underlying the Persistent Risk of HCC in Patients with SVR
Achieved with DAAs

4.1. The Role of the Immunosurveillance

The reasons why HCC develops in patients who have achieved SVR following DAA
treatment are controversial. The leading hypothesis is the reduction of immunosurveillance in
response to the rapid decrease in viral load (Table 3A) [5].

Table 3. HCC pathogenesis in patients with previous chronic active hepatitis C who achieved SVR after
treatment with DAAs: (A) alterations in immunosurveillance; (B) alterations in epigenetic regulations.

Pathway/Factor/Gene Implicated Description Main Physiopathological Mechanisms
(4)
Inhibition of STAT1 Increased expression of viral oncogenes
phosphorylation Decreased expression of onco-suppressor genes

Reduction in type I IFNs
production [182-184]

Inhibition of immunosurveillance
against viruses

Inhibition of immunosurveillance
against bacteria

Inhibition of immunosurveillance
against tumors

Alterations of host and viral cell-cycle progression
Reduced physiological apoptosis

Mitochondrial dysfunction

Increased genomic instability

Reshaping of tissue microenvironment

Altered cellular senescence

Increase in inflammation [185-187]

Increased VEGEF levels
Increased angiopoietin-2 levels

Altered angiogenesis, including tumor angiogenesis
Enhanced cellular proliferation of numerous non-endothelial cells,
including tumor cells

Reduction in anti-inflammatory
responses [185,186]

Decreased IL-10 levels
Decreased TNF-« levels

Dysregulation of the immune system

Stimulation of cancer cell growth, proliferation, invasion,
and metastasis

Stimulation of tumor angiogenesis

Functional inhibition of NK
cells [188,189]

Decreased NKG2D expression

Altered cellular stress sensing and response
Strong inhibition of immune system activity
Early termination of the immune response
Blockage of immune checkpoint proteins
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Table 3. Cont.

Pathway/Factor/Gene Implicated

Description Main Physiopathological Mechanisms

(B)

Histone H3 [190-193]

High expression of SPHK1 oncogene

. Increased production of transcription factor Sp1
e  Cell apoptosis blocking and increased proliferation
H3K27ac ° Increased tumor size
H3K9%ac . Accelerated tumor progression
H3K4Me3 High expression of SOX9 transcription factor
H3K9Me3

. Enhanced tumorigenesis
e  Accelerated tumor progression
. Worse patient prognosis

Persistent altered gene expression in hepatocytes (e.g.,, WNT104A,
JUNB, FOLS2, MYCN, TNFAIP3, KLF4, EDN1)

. Dysregulation of host signaling pathways implicated in HCV

and HCC proliferation
° Increased HCC development
° Increased cancer invasion and metastasis

Overexpression of

DNMT1 [194-197]
Hypermethylation of DKK3 with
functional inhibition [194]

Aberrant activation of
Wnt/ -catenin pathway
EMT induction

Induction of HCC survival, proliferation, invasion,
and neoangiogenesis

Abbreviations: direct-acting antivirals (DAAs); dickkopf WNT signaling pathway inhibitor 3 (DKK3); DNA
methyltransferase 1 (DNMT1); epithelial-mesenchymal transition (EMT); endothelin 1 (EDN1); FOS-like
2 (FOLS2); hepatocellular carcinoma (HCC); trimethylation at the 4th lysine residue of the protein histone
H3 (H3K4me3); acetylation at the 9th lysine residue of the protein histone H3 (H3K9ac); trimethylation at the 9th
lysine residue of the protein histone H3 (H3K9Me3); acetylation of the lysine residue at N-terminal position of
protein histone H3 (H3K27ac); interferon (IFN); interleukin (IL); JunB proto-oncogene, AP-1 transcription factor
subunit (JUNB); KLF transcription factor 4 (KLF4); MYCN proto-oncogene, bHLH transcription factor (MYCN);
natural killer (NK); natural killer group 2 member D (NKG2D); sex-determining region Y-box transcription factor
9 (SOX9); specificity protein 1 (Sp1); sphingosine kinase 1 (SPHK1); signal transducer and activator of transcrip-
tion 1 (STAT1); tumor necrosis factor (TNF); TNF alpha-induced protein 3 (TNFAIP3); vascular endothelial growth
factor (VEGF); wingless-related integration site (Wnt); Wnt family member 10A (WNT10A).

An example of this process is the reduction in expression of endogenous IFNs. Typi-
cally, after the establishment of HCV infection, it is known that type I and type III IFNs
are produced by host hepatocytes [198]. Consequently, after binding to their respective
receptors, they initiate a signaling cascade through the Janus kinase (JAK)-signal trans-
ducer and activator of transcription 1 (STAT1) pathway. The downstream cellular actions
are then mediated by the induction of interferon-stimulated genes (ISGs), which have an-
tiviral and immunoregulatory effects [198,199]. DAA treatment has been proven to inhibit
these processes, thereby leading to a decrease in endogenous IFN levels, both in liver and
in blood [182,200]. The attenuated induction of ISGs can restore IFN- responsiveness,
contributing to DAA-induced alleviation of extrahepatic manifestations. However, these
mechanisms may also taper important IFN-mediated immunomodulatory and antipro-
liferative actions [183,201].With particular reference to type I IFNs, these properties are
quite crucial not only in the host defense against pathogens (including HCV infection
itself) but also for immune surveillance against tumors [202]. Meanwhile, it must be stated
that the anticancer activity of INFs is multifaceted and relies on both direct and indirect
mechanisms [184].

Moreover, the eradication of HCV with DAAs can disrupt the dynamic balance of pro-
and anti-inflammatory signals, thus modifying host tumor surveillance and the subject’s
predisposition to HCC recurrence/occurrence [185]. The risk is particularly pronounced
for the most susceptible patients, including those with severe fibrosis and splanchnic
collateralization, leading to abnormal activation of liver neo-angiogenetic pathways [186].

Other studies have evaluated the possible role of NK lymphocytes in preventing the
development of HCC [203,204]. For instance, after DAA treatment, a rapid decrease in
the quantity of natural killer group 2 member D (NKG2D) cells, one of the most widely
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studied immunoreceptors, was observed; this generally correlates with early HCC occur-
rence. Interestingly, this decrease was not observed in patients treated with IFN-combined
regimens [188,189]. However, it is worth noting that other studies have suggested at least
transient functional recovery of NK cells after various DAA treatments [205].

4.2. The Role of HCV-Induced Epigenetic Regulations

HCV induces epigenetic alterations such as histone tail modifications and DNA methy-
lation, as previously described in Section 3.3.1. Unlike genetic changes, epigenetic modifi-
cations are reversible, regulating gene activity and the consequent production of proteins.
Few epigenetic changes persist after a DAA cure (the so-called epigenetic signature), but
not after IFN treatment, possibly explaining why HCC may be more frequent in the first
group, at least according to some studies (Table 3B) [190].

A paper by Hamdane et al. targeting patients with HCV infection unraveled the
specific genome-wide changes in histone H3K27ac. These were associated with complex
alterations in mRNAs and protein expression, which largely persisted even after SVR was
obtained, with both DAAs and IFN-based therapies, especially in patients with advanced
fibrosis/cirrhosis. In more detail, H3K27ac modifications were positively associated with
the expression of certain oncogenes, the most relevant being sphingosine kinase 1 (SPHK1)
and sex-determining region Y-box transcription factor 9 (SOX9) [191-193].

Perez et al. described a panel of genes that remained persistently altered in hepatocytes
during HCV infection, all of which were modulated by other epigenetic markers like
H3K9Ac. Their high expression correlated with HCC development and more importantly,
these changes also persisted in DA A-treated patients. The authors also demonstrated that
epigenetic inhibitors could revert the epigenetic signatures induced by HCV. In fact, drugs
such as C646 (a specific inhibitor of H3K9Ac) or erlotinib (an inhibitor of the epidermal
growth factor receptor) can restore these epigenetic alterations, thus preventing oncogenesis.
The authors therefore suggested that this sort of epigenetic genome “scarring” may be a
novel mechanism of HCC tumorigenesis after HCV eradication by DAAs [190].

Another example of possible HCV-induced alterations is the epigenetic silencing of the
promoter of dickkopf WNT signaling pathway inhibitor 3 (DKK3) protein through aberrant
hypermethylation, with consequent activation of the Wnt/3-catenin signaling pathway.
A possible effector of these mechanisms is the HCV core protein, a well-recognized pro-
moter of hepatic cancer cell growth, migration, and invasion. Therefore, DKK3 may also
be a potential new diagnostic and therapeutic target for HCC, especially in presence of
cirrhosis [194,195,206]. It must be said that limited data are available regarding the impact
of DAA treatments on these alterations, though there is preliminary evidence suggesting
that these drugs cannot restore Wnt/ 3-catenin signaling, even after HCV eradication [196].

To summarize, understanding epigenetic modifications is crucial for identifying both
patients at significant risk of developing HCC and possible new pharmaceutical targets for
the prevention of this tumor [197].

5. How to Estimate HCC Risk After SVR
5.1. When Surveillance for HCC Is Required

As previously stated, eradicating HCV through antiviral treatment does not eliminate
the risk of HCC. The key question is how we can reliably estimate this risk and its changes
over time, to determine whether the patient might benefit from HCC surveillance.

Patients with advanced fibrosis (F3) or established cirrhosis (F4) at the time of SVR have
a recognized significant residual risk of HCC that persists after viral eradication. However,
the former have lower individual risk than the latter. While there is universal agreement
that both these categories of patients should undergo regular HCC surveillance, proper
staging of F3 fibrosis subjects is more difficult when using only non-invasive diagnostic
tests, and this may complicate HCC vigilance policies. Currently, all patients in the above-
mentioned categories continue this follow-up “indefinitely” or at least, until they are
eligible for potentially curative HCC therapies, because they appear to be at higher risk of
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HCC even years after SVR [207]. This recommendation is based on many lines of evidence.
First, HCV-related pre-neoplastic genetic and epigenetic changes, as well as pre-existent
monoclonal micronodules, may persist for an indefinite period after SVR, predisposing
individuals to the development of HCC even long after virological cure [207]. Secondly,
while fibrosis is generally expected to improve significantly following DAA treatment, as a
consequence of depriving the liver of the pro-inflammatory viral trigger, it may also persist
long after HCV eradication. Fibrosis could even worsen due to major liver comorbidities
(such as ALD, MASLD, or HBV /HIV coinfections) and non-liver-related conditions (such
as DM, obesity, or metabolic syndrome). All these processes can result in a residual, not
exactly definable, persistent risk of HCC [208]. In any case, there is no universal agreement
as to whether liver fibrosis regression may be a factor associated with reduced risk of HCC.
As a matter of fact, while various studies have suggested that this process can actually lower
the rate of HCC [164,165,167,209,210], other authors have reported that HCC occurs despite
any histological stage improvement [208,211,212]. Furthermore, the proper interpretation
of non-invasive methods for the assessment of liver fibrosis (namely, liver stiffness) in
patients following HCV cure remains unclear, possibly complicating HCC surveillance
strategies [213].

Instead, for all non-advanced fibrosis subjects who achieve SVR with DAAs, the
critical question is how to reasonably estimate the residual risk of HCC and how this risk
changes overtime, to determine whether the individual patient could benefit from liver
cancer surveillance (so-called cost-effectiveness) [207].

5.2. Current Recommendations About HCC Surveillance Before and After DAAs Treatment

The main clinical recommendations for managing patients undergoing HCV therapy
with DAAs can be differentiated based on HCC absence (Supplementary Table S2) or
presence (Supplementary Table S3) at baseline. According to the risk factors extensively
described and, above all, the stage of liver fibrosis, they also include the most important
recommendations for HCC surveillance once SVR has eventually been obtained. These
guidelines are based on the currently available published evidence, including observational
studies and systematic reviews, and incorporate expert opinion where applicable. With
minor differences, they are consistent among the leading scientific hepatological associ-
ations (AGA; American Association for the Study of Liver Diseases, AASLD; European
Association for the Study of the Liver, EASL; Asian Pacific Association for the Study of the
Liver, APASL) [28,156,207,214-217]. One additional consideration to bear in mind is that
DAAs also influence the prognosis and management of HCC, when present, and not just
the other way around [154,218,219].

It should be noted that the aforementioned recommendations on HCC surveillance
apply to HCV mono-infected patients when starting antiviral treatments. Thus, although
HCV patients co-infected with HBV or HIV present faster progression to liver fibrosis,
cirrhosis, and /or HCC, probably due to the increased severity of liver disease, specifically
increased inflammation, and although there may also be some possible carcinogenic syn-
ergy between the different viruses, to the best of our knowledge, there are no dedicated
guidelines for HCC monitoring in these subjects after HCV clearance. Therefore, it is
reasonable to consider these individuals as carriers of important and persistent cofactors of
liver damage. For this subgroup of patients, surveillance should continue indefinitely, at
least as often as in any HCV mono-infected subject bearing important comorbidities, with
special concern for those with already established fibrosis [220-225].

5.3. Current and Future Strategies for HCC Risk Estimation

Currently, the main approach for estimating HCC risk and guiding decisions about
HCC surveillance in HCV patients undergoing DAA treatment is indirect and related to
the fibrosis stage, as previously reported. For instance, liver stiffness obtained by transient
elastography has a good correlation with the baseline fibrosis stage, although, as mentioned
above, this becomes quite unreliable after SVR is achieved [226,227]. Multiple studies have
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shown that it is independently associated with HCC risk, both in patients with established
cirrhosis and in those at a pre-cirrhotic stage [228]. This direct correlation has also recently
been proven to remain generally valid after HCV eradication with DAAs, particularly in
subjects with advanced fibrosis or cirrhosis [229-233]. Also, shear-wave elastography (SWE)
and acoustic radiation force impulse elastography (ARFI), which are novel techniques used
for evaluation of liver fibrosis, have demonstrated good clinical performance in predicting
HCC risk in DA A-treated subjects [229,234,235].

Reasonably, a better and more accurate approach would be to estimate HCC risk
directly. Promising strategies in such a context could include simplified scoring systems,
multivariable HCC risk calculators, or deep learning HCC prediction models. These tools
could enable risk stratification and individualized, risk-based surveillance strategies (so-
called “precision HCC screening”) in the coming years. In the future, more patient-specific
genetic, epigenetic, transcriptomic, or molecular profiling may identify individual patients
at particularly high risk of HCC development [207,236].

5.3.1. Simplified Scoring Systems

The fibrosis-4 (FIB-4) score is a simplified method for estimating HCC risk following SVR.
The scoring formula includes aspartate transaminase (AST), alanine aminotransferase (ALT),
age, and platelet count, and it was originally created as a non-invasive fibrosis biomarker
panel. A high FIB-4 score of 3.25 was subsequently identified as a powerful predictor of
HCC risk in patients both with and without cirrhosis (Supplementary Table S4) [227,237,238].
In addition, dynamic changes in the FIB-4 score following SVR could further improve the
accuracy of HCC risk prediction [207,239].

5.3.2. Multivariable HCC Risk Calculators

Multivariable HCC risk calculators estimate HCC risk in chronic liver disease or
cirrhotic patients, including HCV-infected subjects who have completed antiviral therapy
(Supplementary Table S4).

The Veterans Health Administration (VA) generated a first prediction tool that in-
cluded twelve routinely available variables (treatment response, age, gender, body mass
index, ethnicity, HCV genotype, platelet count, AST, ALT, albumin, international nor-
malized ratio, and hemoglobin) to estimate the 3-year HCC risk after antiviral treatment
through a multivariable Cox proportional hazards model, in patients both with and without
cirrhosis [240].

The age-male-albumin-bilirubin—platelets (aMAP) risk scoring system was recently
created to assess HCC risk in chronic hepatitis patients, including HCV carriers with SVR,
again both in the presence or absence of cirrhosis. This model has performed remarkably
well so far but needs further validation [241].

The GALAD score is a serum biomarker-based model that predicts the presence of
HCC in chronic liver disease, including HCV infection. This is a promising novel artificial
intelligence algorithm derived from demographic parameters including gender and age and
biochemical AFP, AFP-L3 (the L3 isoform of AFP), and des-gamma-carboxy-prothrombin
(DCP) levels, without imaging. It has demonstrated a sensitivity of at least 75% and a
specificity of 92% for HCC diagnosis. This score clearly outperformed methods based on
the clinical significance of single biomarkers (such as AFP, AFP-L3, or DCP used separately)
for early HCC detection in a large cohort of white patients with chronic hepatitis B or C.
Moreover, GALAD proved to have good accuracy in identifying HCC patients, regardless of
tumor burden, extent of concomitant liver disease, or baseline viral load [242]. In any case,
its diagnostic performance in HCV patients should hopefully be validated in upcoming
large international multicenter prospective studies. Additionally, direct comparison with
ultrasound examinations should also be performed. Even more relevant, there is no current
study specifically analyzing this algorithm in HCC surveillance programs after DAA
therapy [242-245].
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Other multivariable validated clinical models to predict HCC risk after SVR may
include GES (i.e., General Evaluation Score), both as a simple score and dynamic algorithm,
ADRESS (i.e., age, DM, race, etiology of cirrhosis, sex, and severity of liver dysfunction),
and Watanabe [246-251], as recently demonstrated in a large comparative study [252].

5.3.3. Deep Learning HCC Prediction Models

Deep machine learning models, like neural networks or complex tree-based mod-
els, are generally designed to outperform conventional linear models in prediction ac-
curacy. Although this generally happens at the expense of interpretability or at risk
of substantial overfitting, incorporating deep learning prediction and diagnostic algo-
rithms into clinical management is presently an area of great growth, and many such tools
are likely to become available in routine practice in the near future. As an example, a
deep learning recurrent neural network (RNN) model predicting HCC in HCV carriers
was recently released (currently limited to cirrhotic subjects), again derived from the VA
(Supplementary Table S4) [253]. However, validation in the context of a virological cure is
still awaited [207].

6. Discussion

The landscape of HCV therapy has dramatically changed over the years. The intro-
duction of DAA therapy in fact has raised the SVR rate up to 96%, with significantly better
tolerance and effectiveness compared with IFN-based regimens.

Nonetheless, despite this outstanding efficacy, many reports, mostly from retrospective
studies, initially suggested a possible increased risk of HCC occurrence and/or recurrence
after DAA treatment. This prompted the debate on the safety profile of these regimens
and their possible association with HCC development. Many objections were soon raised
concerning the unavailability of control groups, generally limited sample sizes, and short
follow-up periods. After years of intense research, there are now several good-quality
studies that definitively indicate no significant increase in HCC occurrence in patients who
achieved sustained eradication of HCV with both IFN or DAAs. What is more, several
reports have highlighted the efficacy of DAAs in substantially lowering the risk of HCC in
such subjects, compared with those with either treatment failure or no therapy at all [254].
This is presumed to be a drug class effect, affecting both old first-generation and newer
second-generation DAAs, regardless of their precise pharmacological mechanisms. How-
ever, those studies also reveal that although DAA-induced SVR reduces the risk of HCC
occurrence, it does not completely eliminate it. This includes but it is not limited to patients
with other concomitant risk factors, such as older age, male gender, and advanced fibrosis
or established cirrhosis. Many possible explanations exist for this long-lasting risk, such as
epigenetic alterations or oxidative stress, suggesting the persistence of hepatocyte damage
and regeneration mechanisms. Some studies have also focused on the altered immunolog-
ical profiles during and after DAA-induced HCV elimination, such as the persistence of
regulatory T cells and the decrease of NKG2D after DAA treatments. Among other things,
these changes may contribute to the reported possibility of early HCC occurrence [189].

Therefore, since SVR achievement does not eliminate the risk of HCC, current clinical
guidelines still recommend surveillance for each individual, at least in principle. However,
understandably, this strategy might not be feasible in a universal setting, despite the proven
benefits. In this context, a more specific and cost-efficient surveillance system is needed
to stratify patients based on their aforementioned individual risk factors. This is all the
more true considering that the vast majority of HCC cases are generally observed within
12-24 months after viral response [255]. Thus, despite any residual controversy regarding
whether DAAs could increase the risk of de novo HCC occurrence after achieving SVR,
there is an urgent need for a risk stratification strategy in decision-making algorithms. This
should combine not only the baseline characteristics of the patients and the most relevant
pre-existing HCC risk factors, but also a selection of longitudinal predictors before and
after DAA treatment, such as newly validated serum biomarkers [256].



Viruses 2024, 16, 1899 15 of 26

7. Conclusions

Current evidence clearly demonstrates that the treatment of HCV-positive chronic
hepatitis with DAAs is effective and safe, and that the risk of HCC should not be a concern
or a reason to postpone or even deny any such curative regimens.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/v16121899/s1. Supplementary File S1: Clinical overview
of HCV infection; Supplementary File S2: Data on occurrence of HCC after SVR achieved with
(PEG)-interferon based regimens; Supplementary File S3: Occurrence of HCC: comparison between
treatments with DA As and IFN; Supplementary Table S1: Search terms and keywords used in the
literature searches; Supplementary Table S2: Main current clinical recommendations about HCC
management and surveillance before and after DAA treatment for HCV hepatitis in patients without
active HCC when starting antiviral therapy; Supplementary Table S3: Main current clinical recom-
mendations about HCC management and surveillance before and after DAA treatment in patients
with active HCC when starting antiviral therapy; Supplementary Table S4: HCC risk calculators.

Author Contributions: Conceptualization, C.S. and M.G.C.; methodology, I.L., N.V. and D.A ; soft-
ware, S.T. and R.M.; resources, D.A.; data curation, D.J.P. and F.V.; writing—original draft preparation,
C.S., M.G.C. and I.L.; writing—review and editing, C.S., D.D., A.O. and C.B.; visualization, L.M.E,
SM., AM.B. and A.C,; supervision, M.C. and M.P,; project administration, C.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: C.S. would like to thank Gino Amisano and the Fondazione Valenza Anziani
for partially funding his researcher position for studies in internal medicine/geriatric medicine.
C.S. is also grateful to Rubina Bertetto (Novara, Italy), Alessandra Guglielmetti (Novara, Italy), and
Alessandra Pietragalla (Milan, Italy) for support with the literature review.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Sallam, M.; Khalil, R. Contemporary Insights into Hepatitis C Virus: A Comprehensive Review. Microorganisms 2024, 12, 1035.
[CrossRef] [PubMed]

2. Kao, Y, Liu, Y,; Cheng, Y.,; Wen, Y.; Hsieh, Y.; Hsu, C.; Su, C; Tai, J.; Chen, Y.; Jeng, W.; et al. Hepatocellular Carcinoma Incidences
and Risk Factors in Hepatitis C Patients: Interferon versus Direct-Acting Agents. Viruses 2024, 16, 1485. [CrossRef] [PubMed]

3.  Salama, LL; Raslan, H.M.; Abdel-Latif, G.A.; Salama, S.I.; Sami, S.M.; Shaaban, F.A.; Abdelmohsen, A.M.; Fouad, W.A. Impact of
Direct-Acting Antiviral Regimens on Hepatic and Extrahepatic Manifestations of Hepatitis C Virus Infection. World |. Hepatol.
2022, 14, 1053-1073. [CrossRef] [PubMed]

4.  Pifiero, F.; Mendizabal, M.; Ridruejo, E.; Herz Wolff, F.; Ameigeiras, B.; Anders, M.; Schinoni, M.I.; Reggiardo, V.; Palazzo, A.;
Videla, M.; et al. Treatment with Direct-Acting Antivirals for HCV Decreases but Does Not Eliminate the Risk of Hepatocellular
Carcinoma. Liver Int. 2019, 39, 1033-1043. [CrossRef]

5. Huang, C.F,; Yu, M.L. Unmet Needs of Chronic Hepatitis C in the Era of Direct-acting Antiviral Therapy. Clin. Mol. Hepatol. 2020,
26, 251-260. [CrossRef]

6. The CDA Foundation. Hepatitis C: The Polaris Observatory Dashboard. Available online: https://cdafound.org/polaris/
dashboard/ (accessed on 8 November 2024).

7. Martinello, M.; Hajarizadeh, B.; Grebely, ].; Dore, G.J.; Matthews, G.V. Management of Acute HCV Infection in the Era of
Direct-Acting Antiviral Therapy. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 412-424. [CrossRef]

8. Mbaeyi, C.; Thompson, N.D. Hepatitis C Virus Screening and Management of Seroconversions in Hemodialysis Facilities. Semin.
Dial. 2013, 26, 439-446. [CrossRef]

9. Spearman, C.W.; Dusheiko, G.M.; Hellard, M.; Sonderup, M. Hepatitis C. Lancet 2019, 394, 1451-1466. [CrossRef]

10. Negro, F. Natural History of Hepatic and Extrahepatic Hepatitis C Virus Diseases and Impact of Interferon-Free HCV Therapy.

Cold Spring Harb. Perspect. Med. 2020, 10, a036921. [CrossRef]


https://www.mdpi.com/article/10.3390/v16121899/s1
https://doi.org/10.3390/microorganisms12061035
https://www.ncbi.nlm.nih.gov/pubmed/38930417
https://doi.org/10.3390/v16091485
https://www.ncbi.nlm.nih.gov/pubmed/39339961
https://doi.org/10.4254/wjh.v14.i6.1053
https://www.ncbi.nlm.nih.gov/pubmed/35978668
https://doi.org/10.1111/liv.14041
https://doi.org/10.3350/cmh.2020.0018
https://cdafound.org/polaris/dashboard/
https://cdafound.org/polaris/dashboard/
https://doi.org/10.1038/s41575-018-0026-5
https://doi.org/10.1111/sdi.12097
https://doi.org/10.1016/S0140-6736(19)32320-7
https://doi.org/10.1101/cshperspect.a036921

Viruses 2024, 16, 1899 16 of 26

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Stanaway, J.D.; Flaxman, A.D.; Naghavi, M.; Fitzmaurice, C.; Vos, T.; Abubakar, I; Abu-Raddad, LJ.; Assadi, R;
Bhala, N.; Cowie, B.; et al. The Global Burden of Viral Hepatitis from 1990 to 2013: Findings from the Global Burden of
Disease Study 2013. Lancet 2016, 388, 1081-1088. [CrossRef]

Hernandez, M.D.; Sherman, K.E. HIV /hepatitis C Coinfection Natural History and Disease Progression, a Review of the Most
Recent Literature. Curr. Opin. HIV AIDS 2011, 6, 478-482. [CrossRef] [PubMed]

Jamma, S.; Hussain, G.; Lau, D.T.Y. Current Concepts of HBV/HCV Coinfection: Coexistence, but Not Necessarily in Harmony.
Curr. Hepat. Rep. 2010, 9, 260-269. [CrossRef] [PubMed]

Dash, S.; Aydin, Y.; Widmer, K.E.; Nayak, L. Hepatocellular Carcinoma Mechanisms Associated with Chronic HCV Infection and
the Impact of Direct-Acting Antiviral Treatment. J. Hepatocell. Carcinoma 2020, 7, 45-76. [CrossRef] [PubMed]

Sayiner, M.; Golabi, P.; Younossi, Z.M. Disease Burden of Hepatocellular Carcinoma: A Global Perspective. Dig. Dis. Sci. 2019, 64,
910-917. [CrossRef]

Smirne, C.; Croce, E.; Di Benedetto, D.; Cantaluppi, V.; Comi, C.; Sainaghi, P.; Minisini, R.; Grossini, E.; Pirisi, M. Oxidative Stress
in Non-Alcoholic Fatty Liver Disease. Livers 2022, 2, 30-76. [CrossRef]

Rinella, M.E,; Lazarus, ].V.; Ratziu, V.; Francque, S.M.; Sanyal, A.].; Kanwal, F; Romero, D.; Abdelmalek, M.E,; Anstee, Q.M.; Arab,
J.P; et al. A Multisociety Delphi Consensus Statement on New Fatty Liver Disease Nomenclature. Hepatology 2023, 78, 1966-1986.
[CrossRef]

Samant, H.; Amiri, H.S.; Zibari, G.B. Addressing the Worldwide Hepatocellular Carcinoma: Epidemiology, Prevention and
Management. J. Gastrointest. Oncol. 2021, 12, S361-S373. [CrossRef]

Kim, D.Y. Changing Etiology and Epidemiology of Hepatocellular Carcinoma: Asia and Worldwide. J. Liver Cancer 2024, 24,
62-70. [CrossRef]

World Health Organization. Global Hepatitis Report 2024: Action for Access in Low- and Middle-Income Countries. Available
online: https://www.who.int/publications/i/item /9789240091672 (accessed on 19 September 2024).

Calvaruso, V.; Petta, S.; Cacciola, 1.; Cabibbo, G.; Cartabellotta, F.; Distefano, M.; Scifo, G.; Di Rosolini, M.A.; Russello, M.;
Prestileo, T.; et al. Liver and Cardiovascular Mortality after Hepatitis C Virus Eradication by DAA: Data from RESIST-HCV
Cohort. |. Viral Hepat. 2021, 28, 1190-1199. [CrossRef]

Laursen, T.L.; Sandahl, T.D.; Kazankov, K.; George, ]J.; Gronbaek, H. Liver-Related Effects of Chronic Hepatitis C Antiviral
Treatment. World |. Gastroenterol. 2020, 26, 2931-2947. [CrossRef]

Butt, A.A.; Yan, P,; Shaikh, O.S.; Lo Re, V.; Abou-Samra, A.B.; Sherman, K.E. Treatment of HCV Reduces Viral Hepatitis-Associated
Liver-Related Mortality in Patients: An ERCHIVES Study. J. Hepatol. 2020, 73, 277-284. [CrossRef] [PubMed]

Ogawa, E.; Chien, N.; Kam, L.; Yeo, Y.H.; Ji, F; Huang, D.Q.; Cheung, R.; Nguyen, M.H. Association of Direct-Acting Antiviral
Therapy with Liver and Nonliver Complications and Long-Term Mortality in Patients with Chronic Hepatitis C. JAMA Intern.
Med. 2023, 183, 97-105. [CrossRef] [PubMed]

Miuma, S.; Miyaaki, H.; Ichikawa, T.; Matsuzaki, T.; Goto, T.; Kamo, Y.; Shigeno, M.; Hino, N.; Ario, K.; Yanagi, K.; et al.
Non-Liver-Related Mortality in the DAA Era: Insights from Post-SVR Patients with and without Previous HCC History. J. Med.
Virol. 2024, 96, €29432. [CrossRef] [PubMed]

Aisyah, D.N.; Shallcross, L.; Hully, A.J.; O’Brien, A.; Hayward, A. Assessing Hepatitis C Spontaneous Clearance and Understand-
ing Associated Factors—A Systematic Review and Meta-Analysis. J. Viral Hepat. 2018, 25, 680—-698. [CrossRef] [PubMed]
Thomas, D.L.; Thio, C.L.; Martin, M.P,; Qi, Y.; Ge, D.; Ohuigin, C.; Kidd, J.; Kidd, K.; Khakoo, S.I.; Alexander, G.; et al. Genetic
Variation in IL28B and Spontaneous Clearance of Hepatitis C Virus. Nature 2009, 461, 798-801. [CrossRef]

Chung, R.T,; Davis, G.L.; Jensen, D.M.; Masur, H.; Saag, M.S.; Thomas, D.L.; Aronsohn, A.I; Charlton, M.R.; Feld, ].J.; Fontana,
R.J.; et al. Hepatitis C Guidance: AASLD-IDSA Recommendations for Testing, Managing, and Treating Adults Infected with
Hepatitis C Virus. Hepatology 2015, 62, 932-954. [CrossRef]

Munir, S.; Saleem, S.; Idrees, M.; Tariq, A.; Butt, S.; Rauff, B.; Hussain, A.; Badar, S.; Naudhani, M.; Fatima, Z.; et al. Hepatitis C
Treatment: Current and Future Perspectives. Virol. . 2010, 7, 296. [CrossRef]

Burlone, M.E.; Cerutti, A.; Minisini, R.; Smirne, C.; Boccato, E.; Ceriani, E.; Rizzo, G.; Bargiacchi, O.; Bocchetta, S.; Occhino, G.;
et al. IL28B Polymorphism, Blood Interferon-Alpha Concentration, and Disease Stage of HCV Mono-Infected and HCV-HIV
Co-Infected Patients. Curr. HIV Res. 2013, 11, 50-55. [CrossRef]

Falade-Nwulia, O.; Suarez-Cuervo, C.; Nelson, D.R.; Fried, M.W.,; Segal, ].B.; Sulkowski, M.S. Oral Direct-Acting Agent Therapy
for Hepatitis ¢ Virus Infection: A Systematic Review. Ann. Intern. Med. 2017, 166, 637-648. [CrossRef]

Bhattacharya, D.; Aronsohn, A.; Price, J.; Lo Re, V.; The American Association for the Study of Liver Diseases-Infectious Diseases
Society of America HCV Guidance Panel. Hepatitis C Guidance 2023 Update: AASLD-IDSA Recommendations for Testing,
Managing, and Treating Hepatitis C Virus Infection. Clin. Infect. Dis. 2023, ciad319. [CrossRef]

Stedman, C.A.M. Current Prospects for Interferon-Free Treatment of Hepatitis C in 2012. ]. Gastroenterol. Hepatol. 2013, 28, 38—45.
[CrossRef]

Yu, M. Hepatitis C Treatment from “Response-Guided” to “Resource-Guided” Therapy in the Transition Era from Interferon-
Containing to Interferon-Free Regimens. J. Gastroenterol. Hepatol. 2017, 32, 1436-1442. [CrossRef] [PubMed]

Ji, E; Wei, B.; Yeo, Y.H.; Ogawa, E.; Zou, B.; Stave, C.D.; Li, Z,; Dang, S.; Furusyo, N.; Cheung, R.C.; et al. Systematic Review
with Meta-Analysis: Effectiveness and Tolerability of Interferon-Free Direct-Acting Antiviral Regimens for Chronic Hepatitis C
Genotype 1 in Routine Clinical Practice in Asia. Aliment. Pharmacol. Ther. 2018, 47, 550-562. [CrossRef] [PubMed]


https://doi.org/10.1016/S0140-6736(16)30579-7
https://doi.org/10.1097/COH.0b013e32834bd365
https://www.ncbi.nlm.nih.gov/pubmed/22001892
https://doi.org/10.1007/s11901-010-0060-4
https://www.ncbi.nlm.nih.gov/pubmed/21258658
https://doi.org/10.2147/JHC.S221187
https://www.ncbi.nlm.nih.gov/pubmed/32346535
https://doi.org/10.1007/s10620-019-05537-2
https://doi.org/10.3390/livers2010003
https://doi.org/10.1097/HEP.0000000000000520
https://doi.org/10.21037/jgo.2020.02.08
https://doi.org/10.17998/jlc.2024.03.13
https://www.who.int/publications/i/item/9789240091672
https://doi.org/10.1111/jvh.13523
https://doi.org/10.3748/wjg.v26.i22.2931
https://doi.org/10.1016/j.jhep.2020.02.022
https://www.ncbi.nlm.nih.gov/pubmed/32145260
https://doi.org/10.1001/jamainternmed.2022.5699
https://www.ncbi.nlm.nih.gov/pubmed/36508196
https://doi.org/10.1002/jmv.29432
https://www.ncbi.nlm.nih.gov/pubmed/38509793
https://doi.org/10.1111/jvh.12866
https://www.ncbi.nlm.nih.gov/pubmed/29345844
https://doi.org/10.1038/nature08463
https://doi.org/10.1002/hep.27950
https://doi.org/10.1186/1743-422X-7-296
https://doi.org/10.2174/1570162x11311010007
https://doi.org/10.7326/M16-2575
https://doi.org/10.1093/cid/ciad319
https://doi.org/10.1111/jgh.12028
https://doi.org/10.1111/jgh.13747
https://www.ncbi.nlm.nih.gov/pubmed/28124463
https://doi.org/10.1111/apt.14507
https://www.ncbi.nlm.nih.gov/pubmed/29327780

Viruses 2024, 16, 1899 17 of 26

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Seo, K.I; Yun, B.C.; Li, W].; Lee, S.U.; Han, B.H.; Park, E.T. Barriers to Treatment of Failed or Interferon Ineligible Patients in the
Era of DAA: Single Center Study. Clin. Mol. Hepatol. 2017, 23, 74-79. [CrossRef] [PubMed]

Liu, C.; Chang, Y.; Kao, J. Cutting-Edge Pharmacotherapy for Hepatitis C Virus Infection: A Comprehensive Review. Expert. Opin.
Pharmacother. 2024, 25, 1691-1706. [CrossRef] [PubMed]

Smirne, C.; Carbone, R.; Colletta, C.; Scivetti, P.; Sainaghi, P.P.; Grossini, E.; Pirisi, M. Efficacy and Safety of Sofosbuvir and
Ribavirin in an Italian Cohort of HCV Genotype 2 Elderly Cirrhotic Patients. Eurasian J. Med. 2022, 54, 113-120. [CrossRef]
Pearlman, B. Direct-Acting Antiviral Therapy for Patients with Chronic Hepatitis C Infection and Decompensated Cirrhosis. Dig.
Dis. Sci. 2024, 69, 1551-1561. [CrossRef]

Smirne, C.; D’Avolio, A.; Bellan, M.; Gualerzi, A.; Crobu, M.G.; Pirisi, M. Sofosbuvir-Based Therapies in Genotype 2 Hepatitis C
Virus Cirrhosis: A Real-Life Experience with Focus on Ribavirin Dose. Pharmacol. Res. Perspect. 2021, 9, e00811. [CrossRef]
Krassenburg, L.A.P; Maan, R.; Ramji, A.; Manns, M.P,; Cornberg, M.; Wedemeyer, H.; de Knegt, R.J.; Hansen, B.E.; Janssen,
H.L.A.; de Man, R.A; et al. Clinical Outcomes Following DAA Therapy in Patients with HCV-Related Cirrhosis Depend on
Disease Severity. J. Hepatol. 2021, 74, 1053-1063. [CrossRef]

Chen, T.; Terrault, N. Treatment of Chronic Hepatitis C in Patients with Cirrhosis. Curr. Opin. Gastroenterol. 2016, 32, 143-151.
[CrossRef]

Maan, R.; van Tilborg, M.; Deterding, K.; Ramji, A.; van der Meer, A.].; Wong, F; Fung, S.; Sherman, M.; Manns, M.P;
Cornberg, M.; et al. Safety and Effectiveness of Direct-Acting Antiviral Agents for Treatment of Patients with Chronic Hepatitis C
Virus Infection and Cirrhosis. Clin. Gastroenterol. Hepatol. 2016, 14, 1821-1830.e6. [CrossRef]

Mangia, A.; Susser, S.; Piazzolla, V.; Agostinacchio, E.; De Stefano, G.; Palmieri, V.; Spinzi, G.; Carraturo, I.; Potenza, D.;
Losappio, R.; et al. Sofosbuvir and Ribavirin for Genotype 2 HCV Infected Patients with Cirrhosis: A Real Life Experience.
J. Hepatol. 2017, 66, 711-717. [CrossRef] [PubMed]

Brzdek, M.; Zarebska-Michaluk, D.; Kukla, M.; Janocha-Litwin, J.; Dybowska, D.; Janczewska, E.; Lorenc, B.; Berak, H.; Mazur, W.;
Tudrujek-Zdunek, M.; et al. Real-World Experience with Direct-Acting Antiviral Therapy in HCV-Infected Patients with Cirrhosis
and Esophageal Varices. Pharmacol. Rep. 2024, 76, 1114-1129. [CrossRef] [PubMed]

Pugliese, N.; Polverini, D.; Arcari, I.; De Nicola, S.; Colapietro, F.; Masetti, C.; Ormas, M.; Ceriani, R.; Lleo, A.; Aghemo, A.
Hepatitis C Virus Infection in the Elderly in the Era of Direct-Acting Antivirals: Evidence from Clinical Trials and Real Life. Trop.
Med. Infect. Dis. 2023, 8, 502. [CrossRef] [PubMed]

Smirne, C.; Crobu, M.G.; Gerevini, C.; Berton, A.M.; Rapetti, R.; Pasini, B.; Ravanini, P,; Pirisi, M. The Impact of the G6PD Gene
Mutations in Patients with Chronic Hepatitis C Infection Treated with Direct-Acting Antivirals: A Multicenter Observational
Study. Genes 2024, 15, 1116. [CrossRef]

Shahid, S.; Asghar, S.; Mahmood, T.; Fatima, M.; Rasheed, A.; Asghar, S. Sofosbuvir and Velpatasvir Regimen Outcome for
Chronic Hepatitis C Patients with End-Stage Renal Disease Undergoing Hemodialysis. Cureus 2023, 15, e45680. [CrossRef]
Okano, H.; Takenaka, T.; Asakawa, H.; Tsuruga, S.; Kumazawa, H.; Isono, Y.; Tanaka, H.; Matsusaki, S.; Sase, T.; Saito, T.; et al.
Direct-acting Antiviral Treatment Is Safe and Effective for Chronic HCV Patients with Psychiatric Disorders. Exp. Ther. Med. 2023,
26,402. [CrossRef]

Gualerzi, A.; Bellan, M.; Smirne, C.; Tran Minh, M.; Rigamonti, C.; Burlone, M.E.; Bonometti, R.; Bianco, S.; Re, A ; Favretto, S.; et al.
Improvement of Insulin Sensitivity in Diabetic and Non Diabetic Patients with Chronic Hepatitis C Treated with Direct Antiviral
Agents. PLoS ONE 2018, 13, 0209216. [CrossRef]

McDaniel, K.; Utz, A.E.; Akbashev, M.; Fuller, K.G.; Boyle, A.; Davidson, K.; Marra, F.; Shah, S.; Cartwright, E.J.; Arora, A.A,; et al.
Safe Co-Administration of Direct-Acting Antivirals and Direct Oral Anticoagulants among Patients with Hepatitis C Virus
Infection: An International Multicenter Retrospective Cohort Study. J. Viral Hepat. 2022, 29, 1073-1078. [CrossRef]

Czarnecka, P.; Czarnecka, K.; Tronina, O.; Baczkowska, T.; Wyczatkowska-Tomasik, A.; Durlik, M.; Czerwinska, K. Evaluation
of Long-Term Outcomes of Direct Acting Antiviral Agents in Chronic Kidney Disease Subjects: A Single Center Cohort Study.
J. Clin. Med. 2023, 12, 3513. [CrossRef]

Patauner, F; Stanzione, M.; Stornaiuolo, G.; Martone, V.; Palladino, R.; Coppola, N.; Durante-Mangoni, E.; Zampino, R. Safety
and Efficacy of Direct Antiviral Agents for Hepatitis C in Patients with Malignancies Other Than Liver Cancer: A Case Series.
Pathogens 2022, 11, 860. [CrossRef]

Crobu, M.G.; Ravanini, P.; Impaloni, C.; Martello, C.; Bargiacchi, O.; Di Domenico, C.; Faolotto, G.; Macaluso, P.; Mercandino, A.;
Riggi, M.; et al. Hepatitis C Virus as a Possible Helper Virus in Human Hepatitis Delta Virus Infection. Viruses 2024, 16, 992.
[CrossRef] [PubMed]

De Santis, A.; Maggi, D.; Lubrano Lobianco, F. Safety and Efficacy of Directly-Acting Antiviral Therapy for Chronic Hepatitis C
Virus in Elderly People. Aging Med. 2021, 4, 304-316. [CrossRef] [PubMed]

Ruiz, I.; Fourati, S.; Ahmed-Belkacem, A.; Rodriguez, C.; Scoazec, G.; Donati, F; Soulier, A.; Demontant, V.; Poiteau, L.;
N’Debi, M.; et al. Real-World Efficacy and Safety of Direct-Acting Antiviral Drugs in Patients with Chronic Hepatitis C and
Inherited Blood Disorders. Eur. J. Gastroenterol. Hepatol. 2021, 33, €191-€196. [CrossRef] [PubMed]

An, J.H,; Park, D.A.; Ko, M.].; Ahn, S.B.; Yoo, ].J.; Jun, D.W,; Yim, S.Y. Direct-Acting Antivirals for HCV Treatment in Decompen-
sated Liver Cirrhosis Patients: A Systematic Review and Meta-Analysis. J. Pers. Med. 2022, 12, 1517. [CrossRef]


https://doi.org/10.3350/cmh.2016.0052
https://www.ncbi.nlm.nih.gov/pubmed/28259115
https://doi.org/10.1080/14656566.2024.2396024
https://www.ncbi.nlm.nih.gov/pubmed/39169665
https://doi.org/10.5152/eurasianjmed.2022.20421
https://doi.org/10.1007/s10620-024-08393-x
https://doi.org/10.1002/prp2.811
https://doi.org/10.1016/j.jhep.2020.11.021
https://doi.org/10.1097/MOG.0000000000000263
https://doi.org/10.1016/j.cgh.2016.07.001
https://doi.org/10.1016/j.jhep.2016.12.002
https://www.ncbi.nlm.nih.gov/pubmed/27965158
https://doi.org/10.1007/s43440-024-00639-9
https://www.ncbi.nlm.nih.gov/pubmed/39162985
https://doi.org/10.3390/tropicalmed8110502
https://www.ncbi.nlm.nih.gov/pubmed/37999621
https://doi.org/10.3390/genes15091116
https://doi.org/10.7759/cureus.45680
https://doi.org/10.3892/etm.2023.12100
https://doi.org/10.1371/journal.pone.0209216
https://doi.org/10.1111/jvh.13750
https://doi.org/10.3390/jcm12103513
https://doi.org/10.3390/pathogens11080860
https://doi.org/10.3390/v16060992
https://www.ncbi.nlm.nih.gov/pubmed/38932284
https://doi.org/10.1002/agm2.12190
https://www.ncbi.nlm.nih.gov/pubmed/34964012
https://doi.org/10.1097/MEG.0000000000002003
https://www.ncbi.nlm.nih.gov/pubmed/33208686
https://doi.org/10.3390/jpm12091517

Viruses 2024, 16, 1899 18 of 26

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Peters, M.G.; Kottilil, S.; Terrault, N.; Amara, D.; Husson, J.; Huprikar, S.; Florman, S.; Sulkowski, M.S.; Durand, C.M,;
Luetkemeyer, A.F,; et al. Retrospective-Prospective Study of Safety and Efficacy of Sofosbuvir-Based Direct-Acting Antivirals in
HIV /HCV-Coinfected Participants with Decompensated Liver Disease Pre— or Post-Liver Transplant. Am. J. Transplant. 2021, 21,
1780-1788. [CrossRef]

Verna, E.C.; Morelli, G.; Terrault, N.A.; Lok, A.S.; Lim, ].K.; Di Bisceglie, A.M.; Zeuzem, S.; Landis, C.S.; Kwo, P.; Hassan, M.; et al.
DAA Therapy and Long-Term Hepatic Function in Advanced/Decompensated Cirrhosis: Real-World Experience from HCV-
TARGET Cohort. . Hepatol. 2020, 73, 540-548. [CrossRef]

Dietz, C.; Maasoumy, B. Direct-Acting Antiviral Agents for Hepatitis C Virus Infection—From Drug Discovery to Successful
Implementation in Clinical Practice. Viruses 2022, 14, 1325. [CrossRef]

Pawlotsky, ].M.; Negro, F.; Aghemo, A.; Berenguer, M.; Dalgard, O.; Dusheiko, G.; Marra, F.; Puoti, M.; Wedemeyer, H. EASL
Recommendations on Treatment of Hepatitis C: Final Update of the Series. J. Hepatol. 2020, 73, 1170-1218. [CrossRef]
Pawlotsky, ].M.; Negro, E; Aghemo, A.; Berenguer, M.; Dalgard, O.; Dusheiko, G.; Marra, F,; Puoti, M.; Wedemeyer, H. EASL
Recommendations on Treatment of Hepatitis C 2018. |. Hepatol. 2018, 69, 461-511. [CrossRef]

Nahon, P; Bourcier, V.; Layese, R.; Audureau, E.; Cagnot, C.; Marcellin, P; Guyader, D.; Fontaine, H.; Larrey, D
De Lédinghen, V.; et al. Eradication of Hepatitis C Virus Infection in Patients with Cirrhosis Reduces Risk of Liver and
Non-Liver Complications. Gastroenterology 2017, 152, 142-156.e2. [CrossRef]

Smith-Palmer, J.; Cerri, K.; Valentine, W. Achieving Sustained Virologic Response in Hepatitis C: A Systematic Review of the
Clinical, Economic and Quality of Life Benefits. BMC Infect. Dis. 2015, 15, 19. [CrossRef] [PubMed]

van der Meer, A.].; Berenguer, M. Reversion of Disease Manifestations after HCV Eradication. J. Hepatol. 2016, 65, S95-S108.
[CrossRef] [PubMed]

Marifio, Z.; Darnell, A; Lens, S.; Sapena, V.; Diaz, A.; Belmonte, E.; Perell6, C.; Calleja, ].L.; Varela, M.; Rodriguez, M.; et al. Time
Association Between Hepatitis C Therapy and Hepatocellular Carcinoma Emergence in Cirrhosis: Relevance of Non-Characterized
Nodules. J. Hepatol. 2019, 70, 874-884. [CrossRef]

The French METAVIR Cooperative Study Group. Intraobserver and Interobserver Variations in Liver Biopsy Interpretation in
Patients with Chronic Hepatitis C. Hepatology 1994, 20, 15-20. [CrossRef]

Yeon, J.E. Recent Update of the 2017 Korean Association for the Study of the Liver (KASL) Treatment Guidelines of Chronic
Hepatitis C: Comparison of Guidelines from Other Continents, 2017 AASLD/IDSA and 2016 EASL. Clin. Mol. Hepatol. 2018, 24,
278-293. [CrossRef] [PubMed]

Morgan, R.L.; Baack, B.; Smith, B.D.; Yartel, A.; Pitasi, M.; Falck-Ytter, Y. Eradication of Hepatitis C Virus Infection and the
Development of Hepatocellular Carcinoma: A Meta-Analysis of Observational Studies. Ann. Intern. Med. 2013, 158, 329-337.
[CrossRef]

Pockros, PJ. Management of Patients Who Have Achieved Sustained Virologic Response for Hepatitis C Virus Infection.
Gastroenterol. Hepatol. 2018, 14, 305-307.

Marrero, J.A.; Kulik, L.M.; Sirlin, C.B.; Zhu, A.X,; Finn, R.S.; Abecassis, M.M.; Roberts, L.R.; Heimbach, J.K. Diagnosis, Staging,
and Management of Hepatocellular Carcinoma: 2018 Practice Guidance by the American Association for the Study of Liver
Diseases. Hepatology 2018, 68, 723-750. [CrossRef]

Lemon, S.M.; McGivern, D.R. Is Hepatitis C Virus Carcinogenic? Gastroenterology 2012, 142, 1274-1278. [CrossRef]

Tagkou, N.M.; Goossens, N.; Negro, F. Impact of Direct-Acting Antivirals on the Recurrence of Hepatocellular Carcinoma in
Chronic Hepatitis C. Hepatoma Res. 2022, 8, 28. [CrossRef]

Singal, A.G.; Lampertico, P.; Nahon, P. Epidemiology and Surveillance for Hepatocellular Carcinoma: New Trends. |. Hepatol.
2020, 72, 250-261. [CrossRef] [PubMed]

Global Burden of Disease Liver Cancer Collaboration; Abera, S.; Ahmed, M.; Alam, N.; Alemayohu, M.A.; Allen, C.; Al-Raddadi,
R.; Alvis-Guzman, N.; Amoako, Y.; Artaman, A.; et al. The Burden of Primary Liver Cancer and Underlying Etiologies from 1990
to 2015 at the Global, Regional, and National Level Results from the Global Burden of Disease Study 2015. JAMA Oncol. 2017, 3,
1683-1691. [CrossRef]

Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]
Moon, A.M.; Singal, A.G.; Tapper, E.B. Contemporary Epidemiology of Chronic Liver Disease and Cirrhosis. Clin. Gastroenterol.
Hepatol. 2020, 18, 2650-2666. [CrossRef]

Yang, ].D.; Hainaut, P.; Gores, G.J.; Amadou, A.; Plymoth, A.; Roberts, L.R. A Global View of Hepatocellular Carcinoma: Trends,
Risk, Prevention and Management. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 589-604. [CrossRef]

Bracco, C.; Gallarate, M.; Martini, M.B.; Magnino, C.; D’Agnano, S.; Canta, R.; Racca, G.; Melchio, R,; Serraino, C,;
Mattiot, V.P; et al. Epidemiology, Therapy and Outcome of Hepatocellular Carcinoma between 2010 and 2019 in Piedmont, Italy.
World |. Gastrointest. Oncol. 2024, 16, 761-772. [CrossRef]

Llovet, ] M.; Kelley, R.K,; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.
Hepatocellular Carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [CrossRef]

Grgurevic, I.; Bozin, T.; Mikus, M.; Kukla, M.; O’beirne, ]. Hepatocellular Carcinoma in Non-Alcoholic Fatty Liver Disease: From
Epidemiology to Diagnostic Approach. Cancers 2021, 13, 5844. [CrossRef]

Asrani, S.K.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of Liver Diseases in the World. J. Hepatol. 2019, 70, 151-171. [CrossRef]


https://doi.org/10.1111/ajt.16427
https://doi.org/10.1016/j.jhep.2020.03.031
https://doi.org/10.3390/v14061325
https://doi.org/10.1016/j.jhep.2020.08.018
https://doi.org/10.1016/j.jhep.2018.03.026
https://doi.org/10.1053/j.gastro.2016.09.009
https://doi.org/10.1186/s12879-015-0748-8
https://www.ncbi.nlm.nih.gov/pubmed/25596623
https://doi.org/10.1016/j.jhep.2016.07.039
https://www.ncbi.nlm.nih.gov/pubmed/27641991
https://doi.org/10.1016/j.jhep.2019.01.005
https://doi.org/10.1002/hep.1840200104
https://doi.org/10.3350/cmh.2018.1002
https://www.ncbi.nlm.nih.gov/pubmed/29716179
https://doi.org/10.7326/0003-4819-158-5-201303050-00005
https://doi.org/10.1002/hep.29913
https://doi.org/10.1053/j.gastro.2012.01.045
https://doi.org/10.20517/2394-5079.2022.08
https://doi.org/10.1016/j.jhep.2019.08.025
https://www.ncbi.nlm.nih.gov/pubmed/31954490
https://doi.org/10.1001/jamaoncol.2017.3055
https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.1016/j.cgh.2019.07.060
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.4251/wjgo.v16.i3.761
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.3390/cancers13225844
https://doi.org/10.1016/j.jhep.2018.09.014

Viruses 2024, 16, 1899 19 of 26

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Trichopoulos, D.; Bamia, C.; Lagiou, P; Fedirko, V., Trepo, E.; Jenab, M.; Pischon, T.; Nothlings, U.; Overved, K,
Tjenneland, A.; et al. Hepatocellular Carcinoma Risk Factors and Disease Burden in a European Cohort: A Nested Case-
Control Study. J. Natl. Cancer Inst. 2011, 103, 1686-1695. [CrossRef]

Gawrieh, S.; Dakhoul, L.; Miller, E.; Scanga, A.; deLemos, A.; Kettler, C.; Burney, H.; Liu, H.; Abu-Sbeih, H.; Chalasani, N.; et al.
Characteristics, Aetiologies and Trends of Hepatocellular Carcinoma in Patients Without Cirrhosis: A United States Multicentre
Study. Aliment. Pharmacol. Ther. 2019, 50, 809-821. [CrossRef] [PubMed]

Kiyosawa, K.; Sodeyama, T.; Tanaka, E.; Gibo, Y.; Yoshizawa, K.; Nakano, Y.; Furuta, S.; Akahane, Y.; Nishioka, K,
Purcell, R.H.; et al. Interrelationship of Blood Transfusion, Non-A, Non-B Hepatitis and Hepatocellular Carcinoma: Analysis by
Detection of Antibody to Hepatitis C Virus. Hepatology 1990, 12, 671-675. [CrossRef] [PubMed]

Kiyosawa, K.; Umemura, T.; Ichijo, T.; Matsumoto, A.; Yoshizawa, K.; Gad, A.; Tanaka, E. Hepatocellular Carcinoma: Recent
Trends in Japan. Gastroenterology 2004, 127, 517-526. [CrossRef] [PubMed]

Hasan, E; Jeffers, L.].; De Medina, M.; Reddy, K.R.; Parker, T.; Schiff, E.R.; Houghton, M.; Choo, Q.; Kuo, G. Hepatitis C-Associated
Hepatocellular Carcinoma. Hepatology 1990, 12, 589-591. [CrossRef] [PubMed]

Di Bisceglie, A.M.; Order, S.E.; Klein, ].L.; Waggoner, ].G.; Sjogren, M.H.; Kuo, G.; Houghton, M.; Choo, Q.-L.; Hoofnagle, ]. H. The
Role of Chronic Viral Hepatitis in Hepatocellular Carcinoma in the United States. Am. J. Gastroenterol. 1991, 86, 335-338.
Mangia, A.; Vallari, D.S.; Di Bisceglie, A.M. Use of Confirmatory Assays for Diagnosis of Hepatitis C Viral Infection in Patients
with Hepatocellular Carcinoma. J. Med. Virol. 1994, 43, 125-128. [CrossRef]

Di Bisceglie, A.M.; Simpson, L.H.; Lotze, M.T.; Hoofnagle, ].H. Development of Hepatocellular Carcinoma among Patients with
Chronic Liver Disease due to Hepatitis C Viral Infection. J. Clin. Gastroenterol. 1994, 19, 222-226. [CrossRef]

Shieh, Y.S.; Nguyen, C.; Vocal, M.V.,; Chu, HW. Tumor-suppressor P53 Gene in Hepatitis C and B Virus-associated Human
Hepatocellular Carcinoma. Int. J. Cancer 1993, 54, 558-562. [CrossRef]

Tarao, K.; Nozaki, A.; Ikeda, T.; Sato, A.; Komatsu, H.; Komatsu, T.; Taguri, M.; Tanaka, K. Real Impact of Liver Cirrhosis on
the Development of Hepatocellular Carcinoma in Various Liver Diseases—Meta-Analytic Assessment. Cancer Med. 2019, 8,
1054-1065. [CrossRef]

Di Bisceglie, A.M. Hepatitis C and Hepatocellular Carcinoma. Hepatology 1997, 26, 345-38S. [CrossRef]

Pezzuto, F.; Buonaguro, L.; Buonaguro, EM.; Tornesello, M.L. Frequency and Geographic Distribution of TERT Promoter
Mutations in Primary Hepatocellular Carcinoma. Infect. Agents Cancer 2017, 12, 27. [CrossRef] [PubMed]

Sherr, C.J.; McCormick, F. The RB and P53 Pathways in Cancer. Cancer Cell 2002, 2, 103-112. [CrossRef] [PubMed]

Kanda, T.; Goto, T.; Hirotsu, Y.; Moriyama, M.; Omata, M. Molecular Mechanisms Driving Progression of Liver Cirrhosis towards
Hepatocellular Carcinoma in Chronic Hepatitis B and C Infections: A Review. Int. J. Mol. Sci. 2019, 20, 1358. [CrossRef] [PubMed]
Komposch, K.; Sibilia, M. EGFR Signaling in Liver Diseases. Int. ]. Mol. Sci. 2016, 17, 30. [CrossRef] [PubMed]

Villanueva, A.; Chiang, D.Y.; Newell, P; Peix, J.; Thung, S.; Alsinet, C.; Tovar, V.; Roayaie, S.; Minguez, B.; Sole, M.; et al. Pivotal
Role of MTOR Signaling in Hepatocellular Carcinoma. Gastroenterology 2008, 135, 1972-1983. [CrossRef]

Whittaker, S.; Marais, R.; Zhu, A.X. The Role of Signaling Pathways in the Development and Treatment of Hepatocellular
Carcinoma. Oncogene 2010, 29, 4989-5005. [CrossRef]

Ali, N.; Allam, H.; May, R.; Sureban, S.M.; Bronze, M.S.; Bader, T.; Umar, S.; Anant, S.; Houchen, C.W. Hepatitis C Virus-Induced
Cancer Stem Cell-Like Signatures in Cell Culture and Murine Tumor Xenografts. J. Virol. 2011, 85, 12292-12303. [CrossRef]
Machida, K.; Tsukamoto, H.; Mkrtchyan, H.; Duan, L.; Dynnyk, A.; Liu, HM.; Asahina, K.; Govindarajan, S.; Ray, R,;
Ou, J.H,; et al. Toll-like Receptor 4 Mediates Synergism between Alcohol and HCV in Hepatic Oncogenesis Involving Stem
Cell Marker Nanog. Proc. Natl. Acad. Sci. USA 2009, 106, 1548-1553. [CrossRef]

Feng, Q.; Stern, J.E.; Hawes, S.E.; Lu, H.; Jiang, M.; Kiviat, N.B. DNA Methylation Changes in Normal Liver Tissues and
Hepatocellular Carcinoma with Different Viral Infection. Exp. Mol. Pathol. 2010, 88, 287-292. [CrossRef]

Iwai, A.; Takegami, T.; Shiozaki, T.; Miyazaki, T. Hepatitis C Virus NS3 Protein Can Activate the Notch-Signaling Pathway
through Binding to a Transcription Factor, SRCAP. PLoS ONE 2011, 6, €20718. [CrossRef]

Choi, S.S.; Bradrick, S.; Qiang, G.; Mostafavi, A.; Chaturvedi, G.; Weinman, S.A.; Diehl, A.M.; Jhaveri, R. Up-Regulation of
Hedgehog Pathway Is Associated with Cellular Permissiveness for Hepatitis C Virus Replication. Hepatology 2011, 54, 1580-1590.
[CrossRef] [PubMed]

Aydin, Y.; Chatterjee, A.; Chandra, PK.; Chava, S.; Chen, W,; Tandon, A.; Dash, A.; Chedid, M.; Moehlen, M.\W,;
Regenstein, F; et al. Interferon-Alpha-Induced Hepatitis C Virus Clearance Restores P53 Tumor Suppressor More than
Direct-Acting Antivirals. Hepatol. Commun. 2017, 1, 256-269. [CrossRef] [PubMed]

Hayashi, A.; Yamauchi, N.; Shibahara, J.; Kimura, H.; Morikawa, T.; Ishikawa, S.; Nagae, G.; Nishi, A.; Sakamoto, Y.; Kokudo,
N.; et al. Concurrent Activation of Acetylation and Tri-Methylation of H3K27 in a Subset of Hepatocellular Carcinoma with
Aggressive Behavior. PLoS ONE 2014, 9, €91330. [CrossRef] [PubMed]

Aydin, Y,; Kurt, R.; Song, K.; Lin, D.; Osman, H.; Youngquist, B.; Scott, ] W.; Shores, N.J.; Thevenot, P.; Cohen, A ; et al. Hepatic
Stress Response in HCV Infection Promotes STAT3-Mediated Inhibition of HNF4A-MiR-122 Feedback Loop in Liver Fibrosis and
Cancer Progression. Cancers 2019, 11, 1407. [CrossRef] [PubMed]

Park, S.H.; Rehermann, B. Immune Responses to HCV and Other Hepatitis Viruses. Immunity 2014, 40, 13-24. [CrossRef]


https://doi.org/10.1093/jnci/djr395
https://doi.org/10.1111/apt.15464
https://www.ncbi.nlm.nih.gov/pubmed/31475372
https://doi.org/10.1002/hep.1840120409
https://www.ncbi.nlm.nih.gov/pubmed/2170265
https://doi.org/10.1053/j.gastro.2004.09.012
https://www.ncbi.nlm.nih.gov/pubmed/15508082
https://doi.org/10.1002/hep.1840120323
https://www.ncbi.nlm.nih.gov/pubmed/2169456
https://doi.org/10.1002/jmv.1890430205
https://doi.org/10.1097/00004836-199410000-00011
https://doi.org/10.1002/ijc.2910540407
https://doi.org/10.1002/cam4.1998
https://doi.org/10.1002/hep.510260706
https://doi.org/10.1186/s13027-017-0138-5
https://www.ncbi.nlm.nih.gov/pubmed/28529542
https://doi.org/10.1016/S1535-6108(02)00102-2
https://www.ncbi.nlm.nih.gov/pubmed/12204530
https://doi.org/10.3390/ijms20061358
https://www.ncbi.nlm.nih.gov/pubmed/30889843
https://doi.org/10.3390/ijms17010030
https://www.ncbi.nlm.nih.gov/pubmed/26729094
https://doi.org/10.1053/j.gastro.2008.08.008
https://doi.org/10.1038/onc.2010.236
https://doi.org/10.1128/JVI.05920-11
https://doi.org/10.1073/pnas.0807390106
https://doi.org/10.1016/j.yexmp.2010.01.002
https://doi.org/10.1371/journal.pone.0020718
https://doi.org/10.1002/hep.24576
https://www.ncbi.nlm.nih.gov/pubmed/21793033
https://doi.org/10.1002/hep4.1025
https://www.ncbi.nlm.nih.gov/pubmed/29404458
https://doi.org/10.1371/journal.pone.0091330
https://www.ncbi.nlm.nih.gov/pubmed/24614346
https://doi.org/10.3390/cancers11101407
https://www.ncbi.nlm.nih.gov/pubmed/31547152
https://doi.org/10.1016/j.immuni.2013.12.010

Viruses 2024, 16, 1899 20 of 26

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

De Maria, A.; Fogli, M.; Mazza, S.; Basso, M.; Picciotto, A.; Costa, P.; Congia, S.; Mingari, M.C.; Moretta, L. Increased Natural
Cytotoxicity Receptor Expression and Relevant IL-10 Production in NK Cells from Chronically Infected Viremic HCV Patients.
Eur. J. Immunol. 2007, 37, 445-455. [CrossRef]

Sreenarasimhaiah, J.; Jaramillo, A.; Crippin, J.; Lisker-Melman, M.; Chapman, W.C.; Mohanakumar, T. Lack of Optimal T-Cell
Reactivity Against the Hepatitis C Virus Is Associated with the Development of Fibrosis/Cirrhosis During Chronic Hepatitis.
Hum. Immunol. 2003, 64, 224-230. [CrossRef]

Abdel-Hakeem, M.S.; Shoukry, N.H. Protective Immunity Against Hepatitis C: Many Shades of Gray. Front. Immunol. 2014, 5, 274.
[CrossRef]

Calle, E.E.; Rodriguez, C.; Walker-Thurmond, K.; Thun, M.]. Overweight, Obesity, and Mortality from Cancer in a Prospectively
Studied Cohort of U.S. Adults. N. Engl. ]. Med. 2003, 348, 1625-1638. [CrossRef]

Li, X,; Xu, H.; Gao, Y.; Pan, M.; Wang, L.; Gao, P. Diabetes Mellitus Increases the Risk of Hepatocellular Carcinoma in Treatment-
Naive Chronic Hepatitis C Patients in China. Medicine 2017, 96, e6508. [CrossRef]

Raff, E.J.; Kakati, D.; Bloomer, ].R.; Shoreibah, M.; Rasheed, K.; Singal, A.K. Diabetes Mellitus Predicts Occurrence of Cirrhosis
and Hepatocellular Cancer in Alcoholic Liver and Non-Alcoholic Fatty Liver Diseases. J. Clin. Transl. Hepatol. 2015, 3, 9-16.
[CrossRef] [PubMed]

Kew, M.C. Hepatic Iron Overload and Hepatocellular Carcinoma. Liver Cancer 2014, 3, 31-40. [CrossRef] [PubMed]

Kruse, R.L.; Kramer, J.R.; Tyson, G.L.; Duan, Z.; Chen, L.; El-Serag, H.B.; Kanwal, F. Clinical Outcomes of Hepatitis B Virus
Coinfection in a United States Cohort of Hepatitis C Virus-Infected Patients. Hepatology 2014, 60, 1871-1878. [CrossRef] [PubMed]
Papatheodoridi, A.; Papatheodoridis, G. Hepatocellular Carcinoma: The Virus or the Liver? Liver Int. 2023, 43, 22-30. [CrossRef]
[PubMed]

Merchante, N.; Rodriguez-Fernandez, M.; Pineda, J.A. Screening for Hepatocellular Carcinoma in HIV-Infected Patients: Current
Evidence and Controversies. Curr. HIV/AIDS Rep. 2020, 17, 6-17. [CrossRef] [PubMed]

El-Nahas, H.A.; El-Tantawy, N.L.; Farag, R.E.; Alsalem, A.M.A. Toxoplasma Gondii Infection among Chronic Hepatitis C Patients:
A Case-Control Study. Asian Pac. ]. Trop. Med. 2014, 7, 589-593. [CrossRef]

Donato, F.; Tagger, A.; Gelatti, U.; Parrinello, G.; Boffetta, P.; Albertini, A.; Decarli, A.; Trevisi, P.; Ribero, M.L.; Martelli, C.; et al.
Alcohol and Hepatocellular Carcinoma: The Effect of Lifetime Intake and Hepatitis Virus Infections in Men and Women. Am. J.
Epidemiol. 2002, 155, 323-331. [CrossRef]

Chu, YJ.; Yang, H.I; Wu, H.C; Lee, M.H; Liu, J.; Wang, L.Y,; Lu, S.N,; Jen, C.L.; You, S.L.; Santella, R.M.; et al. Aflatoxin B1
Exposure Increases the Risk of Hepatocellular Carcinoma Associated with Hepatitis C Virus Infection or Alcohol Consumption.
Eur. ]. Cancer 2018, 94, 37-46. [CrossRef]

Sinyuk, M.; Mulkearns-Hubert, E.E.; Reizes, O.; Lathia, J. Cancer Connectors: Connexins, Gap Junctions, and Communication.
Front. Oncol. 2018, 8, 646. [CrossRef]

Serio, I.; Napoli, L.; Leoni, S.; Piscaglia, F. Direct Antiviral Agents for HCV Infection and Hepatocellular Carcinoma: Facts and
FADs. Transl. Cancer Res. 2019, 8, S223-5232. [CrossRef]

Bang, C.S.; Song, LH. Impact of Antiviral Therapy on Hepatocellular Carcinoma and Mortality in Patients with Chronic Hepatitis
C: Systematic Review and Meta-Analysis. BMC Gastroenterol. 2017, 17, 46. [CrossRef] [PubMed]

Rinaldi, L.; Nevola, R.; Franci, G.; Perrella, A.; Corvino, G.; Marrone, A.; Berretta, M.; Morone, M.V.; Galdiero, M.;
Giordano, M; et al. Risk of Hepatocellular Carcinoma after HCV Clearance by Direct-Acting Antivirals Treatment Predictive
Factors and Role of Epigenetics. Cancers 2020, 12, 1351. [CrossRef] [PubMed]

Yoshida, H.; Shiratori, Y.; Moriyama, M.; Arakawa, Y.; Ide, T.; Sata, M.; Inoue, O.; Yano, M.; Tanaka, M.; Fujiyama, S.; et al.
Interferon Therapy Reduces the Risk for Hepatocellular Carcinoma: National Surveillance Program of Cirrhotic and Noncirrhotic
Patients with Chronic Hepatitis C in Japan. Ann. Intern. Med. 1999, 131, 174-181. [CrossRef] [PubMed]

Yu, M.L; Lin, SM.; Chuang, W.L.; Dai, C.Y.; Wang, ] H.; Lu, S.N.; Sheen, I.S.; Chang, W.Y.; Lee, CM.; Liaw, Y.F. A Sustained
Virological Response to Interferon or Interferon/Ribavirin Reduces Hepatocellular Carcinoma and Improves Survival in Chronic
Hepatitis C: A Nationwide, Multicentre Study in Taiwan. Antivir. Ther. 2006, 11, 985-994. [CrossRef]

Janjua, N.Z.; Chong, M.; Kuo, M.; Woods, R.; Wong, J.; Yoshida, E.M.; Sherman, M.; Butt, Z.A.; Samji, H.; Cook, D.; et al.
Long-Term Effect of Sustained Virological Response on Hepatocellular Carcinoma in Patients with Hepatitis C in Canada.
J. Hepatol. 2017, 66, 504-513. [CrossRef]

Huang, C.E; Yeh, M.L,; Tsai, P.C.; Hsieh, M.H.; Yang, H.L.; Hsieh, M.Y,; Yang, ].E; Lin, Z.Y.; Chen, S.C.; Wang, L.Y,; et al. Baseline
Gamma-Glutamyl Transferase Levels Strongly Correlate with Hepatocellular Carcinoma Development in Non-Cirrhotic Patients
with Successful Hepatitis C Virus Eradication. J. Hepatol. 2014, 61, 67-74. [CrossRef]

El-Serag, H.B.; Kanwal, F;; Richardson, P.; Kramer, J. Risk of Hepatocellular Carcinoma after Sustained Virological Response in
Veterans with Hepatitis C Virus Infection. Hepatology 2016, 64, 130-137. [CrossRef]

Na, S.K.; Song, B.C. Development and Surveillance of Hepatocellular Carcinoma in Patients with Sustained Virologic Response
After Antiviral Therapy for Chronic Hepatitis C. Clin. Mol. Hepatol. 2019, 25, 234-244. [CrossRef]

Van Der Meer, A.].; Veldt, B.J.; Feld, ].].; Wedemeyer, H.; Dufour, J.F.; Lammert, F; Duarte-Rojo, A.; Heathcote, E.J.; Manns, M.P;
Kuske, L.; et al. Association Between Sustained Virological Response and All-Cause Mortality Among Patients with Chronic
Hepatitis C and Advanced Hepatic Fibrosis. JAMA 2012, 308, 2584-2593. [CrossRef]


https://doi.org/10.1002/eji.200635989
https://doi.org/10.1016/S0198-8859(02)00781-4
https://doi.org/10.3389/fimmu.2014.00274
https://doi.org/10.1056/NEJMoa021423
https://doi.org/10.1097/MD.0000000000006508
https://doi.org/10.14218/JCTH.2015.00001
https://www.ncbi.nlm.nih.gov/pubmed/26356325
https://doi.org/10.1159/000343856
https://www.ncbi.nlm.nih.gov/pubmed/24804175
https://doi.org/10.1002/hep.27337
https://www.ncbi.nlm.nih.gov/pubmed/25065513
https://doi.org/10.1111/liv.15253
https://www.ncbi.nlm.nih.gov/pubmed/35319167
https://doi.org/10.1007/s11904-019-00475-0
https://www.ncbi.nlm.nih.gov/pubmed/31933273
https://doi.org/10.1016/S1995-7645(14)60100-0
https://doi.org/10.1093/aje/155.4.323
https://doi.org/10.1016/j.ejca.2018.02.010
https://doi.org/10.3389/fonc.2018.00646
https://doi.org/10.21037/tcr.2019.04.01
https://doi.org/10.1186/s12876-017-0606-9
https://www.ncbi.nlm.nih.gov/pubmed/28376711
https://doi.org/10.3390/cancers12061351
https://www.ncbi.nlm.nih.gov/pubmed/32466400
https://doi.org/10.7326/0003-4819-131-3-199908030-00003
https://www.ncbi.nlm.nih.gov/pubmed/10428733
https://doi.org/10.1177/135965350601100811
https://doi.org/10.1016/j.jhep.2016.10.028
https://doi.org/10.1016/j.jhep.2014.02.022
https://doi.org/10.1002/hep.28535
https://doi.org/10.3350/cmh.2018.0108
https://doi.org/10.1001/jama.2012.144878

Viruses 2024, 16, 1899 21 of 26

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

152.

153.

154.

Lok, A.S.; Seeff, L.B.; Morgan, T.R.; di Bisceglie, A.M.; Sterling, RK.; Curto, T.M.; Everson, G.T.; Lindsay, K.L.; Lee, WM,;
Bonkovsky, H.L.; et al. Incidence of Hepatocellular Carcinoma and Associated Risk Factors in Hepatitis C-Related Advanced
Liver Disease. Gastroenterology 2009, 136, 138-148. [CrossRef]

Camma, C.; Giunta, M.; Andreone, P,; Crax, A. Interferon and Prevention of Hepatocellular Carcinoma in Viral Cirrhosis: An
Evidence-Based Approach. . Hepatol. 2001, 34, 593-602. [CrossRef] [PubMed]

Burlone, M.E.; Fangazio, S.; Croce, A.; Ceriani, E.; Rapetti, R.; Rigamonti, C.; Smirne, C.; Tonello, S.; Ravanini, P.; Minisini, R.; et al.
Response Rates to Direct Antiviral Agents Among Hepatitis C Virus Infected Patients Who Develop Hepatocellular Carcinoma
Following Direct Antiviral Agents Treatment. Hepatoma Res. 2020, 6, 3. [CrossRef]

van der Meer, A.].; Feld, ].].; Hofer, H.; Almasio, P.L.; Calvaruso, V.; Fernandez-Rodriguez, C.M.; Aleman, S.; Ganne-Carrié, N.;
D’Ambrosio, R.; Pol, S.; et al. Risk of Cirrhosis-Related Complications in Patients with Advanced Fibrosis Following Hepatitis C
Virus Eradication. |. Hepatol. 2017, 66, 485-493. [CrossRef] [PubMed]

Bruno, S.; Stroffolini, T.; Colombo, M.; Bollani, S.; Benvegnu, L.; Mazzella, G.; Ascione, A.; Santantonio, T.; Piccinino, F;
Andreone, P; et al. Sustained Virological Response to Interferon-a Is Associated with Improved Outcome in HCV-Related
Cirrhosis: A Retrospective Study. Hepatology 2007, 45, 579-587. [CrossRef]

Shiratori, Y.; Ito, Y.; Yokosuka, O.; Imazeki, F.; Nakata, R.; Tanaka, N.; Arakawa, Y.; Hashimoto, E.; Hirota, K.; Yoshida, H.; et al.
Antiviral Therapy for Cirrhotic Hepatitis C: Association with Reduced Hepatocellular Carcinoma Development and Improved
Survival. Ann. Intern. Med. 2005, 142, 105-114. [CrossRef]

Aleman, S.; Rahbin, N.; Weiland, O.; Davidsdottir, L.; Hedenstierna, M.; Rose, N.; Verbaan, H.; Stal, P; Carlsson, T,
Norrgren, H.; et al. A Risk for Hepatocellular Carcinoma Persists Long-Term After Sustained Virologic Response in Patients with
Hepatitis C—Associated Liver Cirrhosis. Clin. Infect. Dis. 2013, 57, 230-236. [CrossRef]

Singal, A.G.; Volk, M.L.; Jensen, D.; Di Bisceglie, A.M.; Schoenfeld, P.S. A Sustained Viral Response Is Associated with Reduced
Liver-Related Morbidity and Mortality in Patients with Hepatitis C Virus. Clin. Gastroenterol. Hepatol. 2010, 8, 280-288.el.
[CrossRef]

Hattori, N.; Ikeda, H.; Watanabe, T.; Satta, Y.; Ehira, T.; Suzuki, T.; Kiyokawa, H.; Nakahara, K.; Takahashi, H.; Matsunaga, K.; et al.
Risk Factors for Liver-Related Mortality of Patients with Hepatitis C Virus after Sustained Virologic Response to Direct-Acting
Antiviral Agents. J[GH Open 2022, 6, 685—-691. [CrossRef]

Khan, A.S.; Adams, N.; Vachharajani, N.; Dageforde, L.A.; Wellen, J.; Shenoy, S.; Crippin, ].S.; Doyle, M.B.; Chapman, W.C. Liver
Transplantation for Hepatitis C Patients in the Era of Direct-Acting Antiviral Treatment: A Retrospective Cohort Study. Int. J.
Surg. 2020, 75, 84-90. [CrossRef]

Belli, L.S.; Perricone, G.; Adam, R.; Cortesi, P.A.; Strazzabosco, M.; Facchetti, R.; Karam, V.; Salizzoni, M.; Andujar, R.L.;
Fondevila, C.; et al. Impact of DAAs on Liver Transplantation: Major Effects on the Evolution of Indications and Results. An
ELITA Study Based on the ELTR Registry. . Hepatol. 2018, 69, 810-817. [CrossRef]

Gottrup, F; Apelqvist, J.; Price, P. Outcomes in Controlled and Comparative Studies on Non-Healing Wounds: Recommendations
to Improve the Quality of Evidence in Wound Management. ]. Wound Care 2010, 19, 237-268. [CrossRef] [PubMed]

Imai, Y.; Kawata, S.; Tamura, S.; Yabuuchi, I.; Noda, S.; Inada, M.; Maeda, Y.; Shirai, Y.; Fukuzaki, T.; Kaji, I; et al. Relation of
Interferon Therapy and Hepatocellular Carcinoma in Patients with Chronic Hepatitis C. Ann. Intern. Med. 1998, 129, 94-99.
[CrossRef] [PubMed]

Mazzella, G.; Accogli, E.; Sottili, S.; Festi, D.; Orsini, M.; Salzetta, A.; Novelli, V.; Cipolla, A.; Fabbri, C.; Pezzoli, A.; et al. Alpha
Interferon Treatment May Prevent Hepatocellular Carcinoma in HCV-Related Liver Cirrhosis. ]. Hepatol. 1996, 24, 141-147.
[CrossRef] [PubMed]

Nishiguchi, S.; Kuroki, T.; Nakatani, S.; Morimoto, H.; Takeda, T.; Nakajima, S.; Shiomi, S.; Seki, S.; Kobayashi, K.; Otani, S.
Randomised Trial of Effects of Interferon-a on Incidence of Hepatocellular Carcinoma in Chronic Active Hepatitis C with
Cirrhosis. Lancet 1995, 346, 1051-1055. [CrossRef] [PubMed]

Melén, K.; Keskinen, P.; Lehtonen, A.; Julkunen, I. Interferon-Induced Gene Expression and Signaling in Human Hepatoma Cell
Lines. J. Hepatol. 2000, 33, 764-772. [CrossRef]

Yamashita, Y.; Koike, K.; Takaoki, M.; Matsuda, S. Suppression of HBsAg Production in PLC/PRF/5 Human Hepatoma Cell Line
by Interferons. Microbiol. Immunol. 1988, 32, 1119-1126. [CrossRef]

Kew, M.C. Prevention of Hepatocellular Carcinoma. HPB 2005, 7, 16-25. [CrossRef]

Rutledge, S.M.; Zheng, H.; Li, D.K.; Chung, R.T. No Evidence for Higher Rates of Hepatocellular Carcinoma after Direct-Acting
Antiviral Treatment: A Meta-Analysis. Hepatoma Res. 2019, 2019, 31. [CrossRef]

Mezzacappa, C.; Kim, N.; Vutien, P; Kaplan, D.; Ioannou, G.; Taddei, T. Screening for Hepatocellular Carcinoma and Survival in
Patients with Cirrhosis After Hepatitis C Virus Cure. JAMA Netw. Open 2024, 7, €2420963. [CrossRef]

Maekawa, S.; Takano, S.; Enomoto, N. Risk of Hepatocellular Carcinoma After Viral Clearance Achieved by DAA Treatment.
J. Formos. Med. Assoc. 2024, 123, 1124-1130. [CrossRef]

Munekage, F.; Yoh, T.; Ogiso, S.; Kato, T.; Nam, N.H.; Nagai, K.; Uchida, Y.; Ito, T.; Ishii, T.; Hatano, E. Trends in Long-Term
Outcomes of Patients with HCV-Associated Hepatocellular Carcinoma After Hepatectomy: A Comparison Before and After
Introduction of Direct-Acting Antivirus Therapy. Ann. Gastroenterol. Surg. 2024, 8, 133-142. [CrossRef]


https://doi.org/10.1053/j.gastro.2008.09.014
https://doi.org/10.1016/S0168-8278(01)00005-8
https://www.ncbi.nlm.nih.gov/pubmed/11394661
https://doi.org/10.20517/2394-5079.2019.37
https://doi.org/10.1016/j.jhep.2016.10.017
https://www.ncbi.nlm.nih.gov/pubmed/27780714
https://doi.org/10.1002/hep.21492
https://doi.org/10.7326/0003-4819-142-2-200501180-00009
https://doi.org/10.1093/cid/cit234
https://doi.org/10.1016/j.cgh.2009.11.018
https://doi.org/10.1002/jgh3.12805
https://doi.org/10.1016/j.ijsu.2020.01.145
https://doi.org/10.1016/j.jhep.2018.06.010
https://doi.org/10.12968/jowc.2010.19.6.48471
https://www.ncbi.nlm.nih.gov/pubmed/20551864
https://doi.org/10.7326/0003-4819-129-2-199807150-00005
https://www.ncbi.nlm.nih.gov/pubmed/9669992
https://doi.org/10.1016/S0168-8278(96)80022-5
https://www.ncbi.nlm.nih.gov/pubmed/8907566
https://doi.org/10.1016/S0140-6736(95)91739-X
https://www.ncbi.nlm.nih.gov/pubmed/7564784
https://doi.org/10.1016/S0168-8278(00)80308-6
https://doi.org/10.1111/j.1348-0421.1988.tb01476.x
https://doi.org/10.1080/13651820410024030
https://doi.org/10.20517/2394-5079.2019.19
https://doi.org/10.1001/jamanetworkopen.2024.20963
https://doi.org/10.1016/j.jfma.2024.01.015
https://doi.org/10.1002/ags3.12725

Viruses 2024, 16, 1899 22 of 26

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Radu, P; Becchetti, C.; Schropp, J.; Schmid, P.; Kiinzler-Heule, P.; Mertens, J.; Moradpour, D.; Miillaupt, B.; Semela, D.;
Negro, F.; et al. Effect of Direct Acting Antiviral Drugs on the Occurrence and Recurrence of Intra- and Extra-Hepatic Malignancies
in Patients with Chronic Hepatitis C Virus Infection. Cancers 2024, 16, 2573. [CrossRef]

Singal, A.G.; Lim, ] K.; Kanwal, F. AGA Clinical Practice Update on Interaction Between Oral Direct-Acting Antivirals for Chronic
Hepatitis C Infection and Hepatocellular Carcinoma: Expert Review. Gastroenterology 2019, 156, 2149-2157. [CrossRef]

Conti, E; Buonfiglioli, F.; Scuteri, A.; Crespi, C.; Bolondi, L.; Caraceni, P.; Foschi, F.G.; Lenzi, M.; Mazzella, G.; Verucchi, G.; et al.
Early Occurrence and Recurrence of Hepatocellular Carcinoma in HCV-Related Cirrhosis Treated with Direct-Acting Antivirals.
J. Hepatol. 2016, 65, 727-733. [CrossRef]

Romano, A.; Angeli, P.; Piovesan, S.; Noventa, F.; Anastassopoulos, G.; Chemello, L.; Cavalletto, L.; Gambato, M.; Russo, F.P;
Burra, P; et al. Newly Diagnosed Hepatocellular Carcinoma in Patients with Advanced Hepatitis C Treated with DAAs: A
Prospective Population Study. . Hepatol. 2018, 69, 345-352. [CrossRef]

Calvaruso, V.; Cabibbo, G.; Cacciola, I; Petta, S.; Madonia, S.; Bellia, A.; Tine, E; Distefano, M.; Licata, A.; Giannitrapani, L.; et al.
Incidence of Hepatocellular Carcinoma in Patients with HCV-Associated Cirrhosis Treated with Direct-Acting Antiviral Agents.
Gastroenterology 2018, 155, 411-421.e4. [CrossRef]

Ravi, S.; Axley, P; Jones, D.A.; Kodali, S.; Simpson, H.; McGuire, B.M.; Singal, A.K. Unusually High Rates of Hepatocellular
Carcinoma After Treatment with Direct-Acting Antiviral Therapy for Hepatitis C Related Cirrhosis. Gastroenterology 2017, 152,
911-912. [CrossRef]

Cheung, M.C.M.; Walker, A.].; Hudson, B.E.; Verma, S.; McLauchlan, J.; Mutimer, D.J.; Brown, A.; Gelson, W.T.H.; MacDonald,
D.C.; Agarwal, K.; et al. Outcomes after Successful Direct-Acting Antiviral Therapy for Patients with Chronic Hepatitis C and
Decompensated Cirrhosis. |. Hepatol. 2016, 65, 741-747. [CrossRef]

Akuta, N.; Kobayashi, M.; Suzuki, F; Sezaki, H.; Fujiyama, S.; Kawamura, Y.; Hosaka, T.; Kobayashi, M.; Saitoh, S.; Suzuki, Y.; et al.
Liver Fibrosis and Body Mass Index Predict Hepatocarcinogenesis Following Eradication of Hepatitis C Virus RNA by Direct-
Acting Antivirals. Oncology 2016, 91, 341-347. [CrossRef]

Calleja, J.L.; Crespo, J.; Rincén, D.; Ruiz-Antoran, B.; Fernandez, I.; Perell6, C.; Gea, F; Lens, S.; Garcia-Samaniego, J.;
Sacristan, B.; et al. Effectiveness, Safety and Clinical Outcomes of Direct-Acting Antiviral Therapy in HCV Genotype 1 Infection:
Results from a Spanish Real-World Cohort. J. Hepatol. 2017, 66, 1138-1148. [CrossRef]

Kanwal, F,; Kramer, J.; Asch, S.M.; Chayanupatkul, M.; Cao, Y.; El-Serag, H.B. Risk of Hepatocellular Cancer in HCV Patients
Treated with Direct-Acting Antiviral Agents. Gastroenterology 2017, 153, 996-1005.e1. [CrossRef]

Ioannou, G.N.; Green, PK.; Berry, K. HCV Eradication Induced by Direct-Acting Antiviral Agents Reduces the Risk of Hepatocel-
lular Carcinoma. J. Hepatol. 2018, 68, 25-32. [CrossRef]

Innes, H.; Barclay, S.T.; Hayes, P.C.; Fraser, A.; Dillon, ].E,; Stanley, A.; Bathgate, A.; McDonald, S.A.; Goldberg, D.; Valerio, H.; et al.
The Risk of Hepatocellular Carcinoma in Cirrhotic Patients with Hepatitis C and Sustained Viral Response: Role of the Treatment
Regimen. J. Hepatol. 2018, 68, 646-654. [CrossRef]

Li, D.K;; Ren, Y; Fierer, D.S.; Rutledge, S.; Shaikh, O.S.; Lo Re, V.; Simon, T.; Abou-Samra, A.B.; Chung, R.T.; Butt, A.A. The
Short-Term Incidence of Hepatocellular Carcinoma Is Not Increased after Hepatitis C Treatment with Direct-Acting Antivirals:
An ERCHIVES Study. Hepatology 2018, 67, 2244-2253. [CrossRef]

Quaranta, M.; Cavalletto, L.; Russo, F.; Calvaruso, V.; Ferrigno, L.; Zanetto, A.; Mattioli, B.; D’Ambrosio, R.; Panetta, V,;
Brancaccio, G.; et al. Reduction of the Risk of Hepatocellular Carcinoma over Time Using Direct-Acting Antivirals: A Propensity
Score Analysis of a Real-Life Cohort (PITER HCV). Viruses 2024, 16, 682. [CrossRef]

Lv, G;Ji, D.; Yu, L,; Chen, H; Chen, J.; He, M.; Wang, W.; Wang, H.; Tsang, C.; Wang, J.; et al. Risk of Hepatocellular Carcinoma
Occurrence After Antiviral Therapy for Patients with Chronic Hepatitis C Infection: A Systematic Review and Meta-Analysis.
Hepatol. Int. 2024, 18, 1459-1471. [CrossRef]

Park, ].E.; Nguyen, V.H.; Tsai, P.C.; Toyoda, H.; Leong, J.; Guy, J.E.; Yeh, M.L.; Huang, C.F; Yasuda, S.; Abe, H.; et al. Racial
and Ethnic Disparities in Untreated Patients with Hepatitis C Virus-Related Hepatocellular Carcinoma but Not in Those with
Sustained Virologic Response. Aliment. Pharmacol. Ther. 2024, 59, 742-751. [CrossRef]

Itani, M.; Farah, B.; Wasvary, M.; Wadehra, A.; Wilson, T.; Rutledge, B.; Naylor, P; Beal, E.; Mutchnick, M. Impact of DAA
Treatment for HCV on Hepatocellular Carcinoma in a Predominately African American Population. J. Gastrointest. Cancer 2024,
55, 1324-1332. [CrossRef]

Moschouri, E.; Salemme, G.; Baserga, A.; Cerny, A.; Deibel, A.; Miillhaupt, B.; Meier, M.; Bernsmeier, C.; Ongaro, M;
Negro, F.; et al. Real-Life Experience of Chronic Hepatitis C Treatment in Switzerland: A Retrospective Analysis. Swiss Med. Wkly.
2024, 154, 3698. [CrossRef]

Cardoso, H.; Vale, AM.; Rodrigues, S.; Gongalves, R.; Albuquerque, A.; Pereira, P.; Lopes, S.; Silva, M.; Andrade, P;
Morais, R.; et al. High Incidence of Hepatocellular Carcinoma Following Successful Interferon-Free Antiviral Therapy for
Hepatitis C Associated Cirrhosis. J. Hepatol. 2016, 65, 1070-1071. [CrossRef]

Zhao, P; Malik, S.; Xing, S. Epigenetic Mechanisms Involved in HCV-Induced Hepatocellular Carcinoma (HCC). Front. Oncol.
2021, 11, 677926. [CrossRef]

Jin, D.Y. Molecular Pathogenesis of Hepatitis C Virus-Associated Hepatocellular Carcinoma. Front. Biosci. 2007, 12, 222-233.
[CrossRef]


https://doi.org/10.3390/cancers16142573
https://doi.org/10.1053/j.gastro.2019.02.046
https://doi.org/10.1016/j.jhep.2016.06.015
https://doi.org/10.1016/j.jhep.2018.03.009
https://doi.org/10.1053/j.gastro.2018.04.008
https://doi.org/10.1053/j.gastro.2016.12.021
https://doi.org/10.1016/j.jhep.2016.06.019
https://doi.org/10.1159/000450551
https://doi.org/10.1016/j.jhep.2017.01.028
https://doi.org/10.1053/j.gastro.2017.06.012
https://doi.org/10.1016/j.jhep.2017.08.030
https://doi.org/10.1016/j.jhep.2017.10.033
https://doi.org/10.1002/hep.29707
https://doi.org/10.3390/v16050682
https://doi.org/10.1007/s12072-024-10700-7
https://doi.org/10.1111/apt.17863
https://doi.org/10.1007/s12029-024-01076-w
https://doi.org/10.57187/s.3698
https://doi.org/10.1016/j.jhep.2016.07.027
https://doi.org/10.3389/fonc.2021.677926
https://doi.org/10.2741/2060

Viruses 2024, 16, 1899 23 of 26

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Gigi, E.; Lagopoulos, V.I.; Bekiari, E. Hepatocellular Carcinoma Occurrence in DAA-Treated Hepatitis C Virus Patients: Correlated
or Incidental? A Brief Review. World ]. Hepatol. 2018, 10, 595-602. [CrossRef]

El Kassas, M.; Elbaz, T.; Salaheldin, M.; Abdelsalam, L.; Kaseb, A.; Esmat, G. Impact of Treating Chronic Hepatitis C Infection
with Direct-Acting Antivirals on the Risk of Hepatocellular Carcinoma: The Debate Continues—A Mini-Review. ]. Adv. Res. 2019,
17,43-48. [CrossRef]

Guarino, M.; Sessa, A.; Cossiga, V.; Morando, F.; Caporaso, N.; Morisco, F. Direct-Acting Antivirals and Hepatocellular Carcinoma
in Chronic Hepatitis C: A Few Lights and Many Shadows. World ]. Gastroenterol. 2018, 24, 2582-2595. [CrossRef]

Miuma, S.; Miyamoto, J.; Taura, N.; Fukushima, M.; Sasaki, R.; Haraguchi, M.; Shibata, H.; Sato, S.; Miyaaki, H.; Nakao, K.
Influence of Interferon-Free Direct-Acting Antiviral Therapy on Primary Hepatocellular Carcinoma Recurrence: A Landmark
Time Analysis and Time-Dependent Extended Cox Proportional Hazards Model Analysis. Intern. Med. 2020, 59, 901-907.
[CrossRef]

Frazzoni, L.; Sikandar, U.; Metelli, F; Sadalla, S.; Mazzella, G.; Bazzoli, E.; Fuccio, L.; Azzaroli, F. Hepatocellular Carcinoma
Recurrence After Hepatitis C Virus Therapy with Direct-Acting Antivirals. A Systematic Review and Meta-Analysis. J. Clin. Med.
2021, 10, 1694. [CrossRef]

Mugzica, C.M,; Stanciu, C.; Huiban, L.; Singeap, A.M.; Sfarti, C.; Zenovia, S.; Cojocariu, C.; Trifan, A. Hepatocellular Carcinoma
after Direct-Acting Antiviral Hepatitis C Virus Therapy: A Debate near the End. World . Gastroenterol. 2020, 26, 6770-6781.
[CrossRef]

Sung, PS.; Lee, E.B.; Park, D.J.; Lozada, A.; Jang, ] W.; Bae, S.H.; Choi, ].Y.; Yoon, S.K. Interferon-Free Treatment for Hepatitis
¢ Virus Infection Induces Normalization of Extrahepatic Type i Interferon Signaling. Clin. Mol. Hepatol. 2018, 24, 302-310.
[CrossRef]

Iuliano, M.; Mangino, G.; Chiantore, M.V.; Di Bonito, P; Rosa, P.; Affabris, E.; Romeo, G. Virus-Induced Tumorigenesis and IFN
System. Biology 2021, 10, 994. [CrossRef]

Platanias, L.C. Mechanisms of Type-I- and Type-II-Interferon-Mediated Signalling. Nat. Rev. Immunol. 2005, 5, 375-386. [CrossRef]
Villani, R.; Facciorusso, A.; Bellanti, F.; Tamborra, R.; Piscazzi, A.; Landriscina, M.; Vendemiale, G.; Serviddio, G. DAAs Rapidly
Reduce Inflammation but Increase Serum VEGF Level: A Rationale for Tumor Risk During Anti-HCV Treatment. PLoS ONE 2016,
11, e0167934. [CrossRef]

Faillaci, F.; Marzi, L.; Critelli, R.; Milosa, F; Schepis, F; Turola, E.; Andreani, S.; Vandelli, G.; Bernabucci, V.; Lei, B.; et al. Liver
Angiopoietin-2 Is a Key Predictor of De Novo or Recurrent Hepatocellular Cancer After Hepatitis C Virus Direct-Acting Antivirals.
Hepatology 2018, 68, 1010-1024. [CrossRef]

Suzuki, T.; Matsuura, K.; Nagura, Y.; Kawamura, H.; Fujiwara, K.; Ogawa, S.; Nagaoka, K.; Ilio, E.; Watanabe, T.; Kataoka, H.; et al.
Serum Angiopoietin-2 Levels Predict the Development of Hepatocellular Carcinoma Following Hepatitis C Virus Eradication
Using Direct-Acting Antiviral Agents. Oncology 2024, 102, 611-620. [CrossRef]

Babic, M.; Romagnani, C. The Role of Natural Killer Group 2, Member D in Chronic Inflammation and Autoimmunity. Front.
Immunol. 2018, 9, 1219. [CrossRef]

Chu, PS.; Nakamoto, N.; Taniki, N.; Ojiro, K.; Amiya, T.; Makita, Y.; Murata, H.; Yamaguchi, A.; Shiba, S.; Miyake, R.; et al.
On-Treatment Decrease of NKG2D Correlates to Early Emergence of Clinically Evident Hepatocellular Carcinoma After Interferon-
Free Therapy for Chronic Hepatitis C. PLoS ONE 2017, 12, e0179096. [CrossRef]

Perez, S.; Kaspi, A.; Domovitz, T.; Davidovich, A.; Lavi-ltzkovitz, A.; Meirson, T.; Holmes, J.A.; Dai, C.Y.; Huang, C.F;
Chung, R.T.; et al. Hepatitis C Virus Leaves an Epigenetic Signature Post Cure of Infection by Direct-Acting Antivirals. PLoS
Genet. 2019, 15, €1008181. [CrossRef]

Hamdane, N.; Juhling, E; Crouchet, E.; El Saghire, H.; Thumann, C.; Oudot, M.A ; Bandiera, S.; Saviano, A.; Ponsolles, C.;
Roca Suarez, A.A; et al. HCV-Induced Epigenetic Changes Associated with Liver Cancer Risk Persist After Sustained Virologic
Response. Gastroenterology 2019, 156, 2313-2329.e7. [CrossRef]

Xu, Z.P; Liu, Y.; Wu, Z.R.; Gong, ].P.; Wang, Y.B. Prognostic and Diagnostic Value of SOX9 in Cirrhotic and Noncirrhotic
Hepatocellular Carcinoma. Transl. Cancer Res. 2021, 10, 2738-2746. [CrossRef]

Rohrbach, T.; Maceyka, M.; Spiegel, S. Sphingosine Kinase and Sphingosine-1-Phosphate in Liver Pathobiology. Crit. Rev. Biochem.
Mol. Biol. 2017, 52, 543-553. [CrossRef]

Wang, X.; Zhou, Y.; Wang, C.; Zhao, Y.; Cheng, Y;; Yu, S.; Li, X.; Zhang, W.; Zhang, Y.; Quan, H. HCV Core Protein Represses
DKK3 Expression via Epigenetic Silencing and Activates the Wnt/3-Catenin Signaling Pathway during the Progression of HCC.
Clin. Transl. Oncol. 2022, 24, 1998-2009. [CrossRef]

Cheng, J.; Chen, Z.; Zuo, G.; Cao, W. Integrated Analysis of Differentially Expressed Genes, Differentially Methylated Genes, and
Natural Compounds in Hepatitis C Virus-Induced Cirrhosis. J. Int. Med. Res. 2022, 50, 3000605221074525. [CrossRef]

Lin, D.; Reddy, V.; Osman, H; Lopez, A.; Koksal, A.R,; Rhadhi, S.M.; Dash, S.; Aydin, Y. Additional Inhibition of Wnt/3-Catenin
Signaling by Metformin in Daa Treatments as a Novel Therapeutic Strategy for HCV-Infected Patients. Cells 2021, 10, 790.
[CrossRef]

Lin, D.; Chen, Y.; Koksal, A.R.; Dash, S.; Aydin, Y. Targeting ER Stress/PKA /GSK-3f3 / 3-Catenin Pathway as a Potential Novel
Strategy for Hepatitis C Virus-Infected Patients. Cell Commun. Signal. 2023, 21, 102. [CrossRef]

Sung, P.S.; Shin, E.C.; Yoon, S.K. Interferon Response in Hepatitis C Virus (HCV) Infection: Lessons from Cell Culture Systems of
HCV Infection. Int. ]. Mol. Sci. 2015, 16, 23683-23694. [CrossRef]


https://doi.org/10.4254/wjh.v10.i9.595
https://doi.org/10.1016/j.jare.2019.03.001
https://doi.org/10.3748/wjg.v24.i24.2582
https://doi.org/10.2169/internalmedicine.3382-19
https://doi.org/10.3390/jcm10081694
https://doi.org/10.3748/wjg.v26.i43.6770
https://doi.org/10.3350/cmh.2017.0074
https://doi.org/10.3390/biology10100994
https://doi.org/10.1038/nri1604
https://doi.org/10.1371/journal.pone.0167934
https://doi.org/10.1002/hep.29911
https://doi.org/10.1159/000536154
https://doi.org/10.3389/fimmu.2018.01219
https://doi.org/10.1371/journal.pone.0179096
https://doi.org/10.1371/journal.pgen.1008181
https://doi.org/10.1053/j.gastro.2019.02.038
https://doi.org/10.21037/tcr-20-3385
https://doi.org/10.1080/10409238.2017.1337706
https://doi.org/10.1007/s12094-022-02859-y
https://doi.org/10.1177/03000605221074525
https://doi.org/10.3390/cells10040790
https://doi.org/10.1186/s12964-023-01081-9
https://doi.org/10.3390/ijms161023683

Viruses 2024, 16, 1899 24 of 26

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Snell, L.M.; Brooks, D.G. New Insights into Type I Interferon and the Imnmunopathogenesis of Persistent Viral Infections. Curr.
Opin. Immunol. 2015, 34, 91-98. [CrossRef]

Meissner, E.G.; Wu, D.; Osinusi, A.; Bon, D.; Virtaneva, K.; Sturdevant, D.; Porcella, S.; Wang, H.; Herrmann, E,;
McHutchison, J.; et al. Endogenous Intrahepatic IFNs and Association with IFN-Free HCV Treatment Outcome. ]. Clin.
Investig. 2014, 124, 3352-3363. [CrossRef]

Urbanowicz, A.; Zagozdzon, R.; Ciszek, M. Modulation of the Immune System in Chronic Hepatitis C and During Antiviral
Interferon-Free Therapy. Arch Immunol. Ther. Exp. 2019, 67, 79-88. [CrossRef]

Snell, L.M.; McGaha, T.L.; Brooks, D.G. Type I Interferon in Chronic Virus Infection and Cancer. Trends Immunol. 2017, 38, 542-557.
[CrossRef]

Sung, P.S.; Jang, ].W. Natural Killer Cell Dysfunction in Hepatocellular Carcinoma: Pathogenesis and Clinical Implications. Int. J.
Mol. Sci. 2018, 19, 3648. [CrossRef]

Sajid, M.; Liu, L.; Sun, C. The Dynamic Role of NK Cells in Liver Cancers: Role in HCC and HBV Associated HCC and Its
Therapeutic Implications. Front. Immunol. 2022, 13, 887186. [CrossRef]

Zhang, X,; Jiang, Y.; Li, S.; Bian, D.; Liu, M.; Kong, M.; Chen, Y.; Duan, Z.; Zheng, S. Direct-Acting Antiviral-Induced Transient
Recovery of NK Cells in Early-Stage Treatment of Chronic Hepatitis C Patients. J. Clin. Transl. Hepatol. 2022, 10, 1117-1124.
[CrossRef]

Ying, Y.; Tao, Q. Epigenetic Disruption of the WNT/Beta-Catenin Signaling Pathway in Human Cancers. Epigenetics 2009, 4,
307-312. [CrossRef]

Ioannou, G.N. HCC Surveillance After SVR in Patients with F3/F4 Fibrosis. ]. Hepatol. 2021, 74, 458-465. [CrossRef]
Abu-Freha, N.; Abu-Kosh, O.; Yardeni, D.; Ashur, Y.; Abu-Arar, M.; Yousef, B.; Monitin, S.; Weissmann, S.; Etzion, O. Liver
Fibrosis Regression and Associated Factors in HCV Patients Treated with Direct-Acting Antiviral Agents. Life 2023, 13, 1872.
[CrossRef]

Shiha, G.; Soliman, R.; Hassan, A.A.; Mikhail, N.N.H. Changes in Hepatic Fibrosis and Incidence of HCC Following Direct-Acting
Antiviral Treatment of F3 Chronic Hepatitis c¢ Patients: A Prospective Observational Study. Hepatoma Res. 2022, 8, 29. [CrossRef]
Shiha, G.; Mousa, N.; Soliman, R.; NNH Mikhail, N.; Adel Elbasiony, M.; Khattab, M. Incidence of HCC in Chronic Hepatitis C
Patients with Advanced Hepatic Fibrosis Who Achieved SVR Following DAAs: A Prospective Study. J. Viral Hepat. 2020, 27,
671-679. [CrossRef]

Nahon, P.; lusivka-Nzinga, C.; Merle, P; Zoulim, F; Decaens, T.; Ganne-Carrié, N.; Pageaux, G.; Leroy, V.; Alric, L,;
Bronowicki, J.P.; et al. Hepatocellular Carcinoma Development despite Histological Regression of Liver Fibrosis Following HCV
Cure (ANRS CirVir, Hepather, LICAVIR). In Proceedings of the European Association for the Study of the Liver (EASL) Congress
2024, Milan, Italy, 5-8 June 2024; pp. S41-542.

Rockey, D.C.; Friedman, S.L. Fibrosis Regression After Eradication of Hepatitis C Virus: From Bench to Bedside. Gastroenterology
2021, 160, 1502-1520.e1. [CrossRef]

Elsharkawy, A.; Samir, R.; El-Kassas, M. Fibrosis Regression Following Hepatitis C Antiviral Therapy. World ]. Hepatol. 2022, 14,
1120-1130. [CrossRef]

D’Ambrosio, R.; Ioannou, G.N. Hepatocellular Carcinoma Risk, Outcomes, and Screening After Hepatitis C Eradication. Hepatol.
Commun. 2021, 5, 1465-1468. [CrossRef]

Luan, C.H,; Su, PS.; Chu, C.J.; Lin, C.C.; Su, C.W.,; Luo, ].C.; Lee, I.C.; Chi, C.T,; Lee, S.D.; Wang, Y.J.; et al. Analyzing Risk Factors
and Developing a Stratification System for Hepatocellular Carcinoma Recurrence after Interferon-Free Direct-Acting Antiviral
Therapy in Chronic Hepatitis C Patients. J. Chin. Med. Assoc. 2024, 87, 357-368. [CrossRef]

American Association for the Study of Liver Diseases; Infectious Diseases Society of America. HCV Guidance: Recommendations
for Testing, Managing and Treating Hepatitis C. Monitoring Patients Who Are Starting HCV Treatment, Are on Treatment, or
Have Completed Therapy. Available online: https:/ /www.hcvguidelines.org/evaluate/monitoring (accessed on 3 October 2024).
Kanda, T.; Lau, G.K.K.; Wei, L.; Moriyama, M.; Yu, M.L.; Chuang, W.L.; Ibrahim, A.; Lesmana, C.R.A.; Sollano, J.; Kumar, M.;
et al. APASL HCV Guidelines of Virus-Eradicated Patients by DAA on How to Monitor HCC Occurrence and HBV Reactivation.
Hepatol. Int. 2019, 13, 649-661. [CrossRef]

Ohama, H.; Hiraoka, A.; Tada, T.; Kariyama, K.; Itobayash, E.; Tsuji, K.; Ishikawa, T.; Toyoda, H.; Hatanaka, T.; Kakizaki, S.;
et al. Changes in Clinical Outcomes in Japanese Patients with Hepatocellular Carcinoma Due to Hepatitis C Virus Following the
Development of Direct-Acting Antiviral Agents. |. Gastroenterol. Hepatol. 2024, 39, 1394-1402. [CrossRef]

Wu, K; Lee, L; Chi, C.; Liu, C.; Chiu, N.; Hsu, S.; Lee, P.; Wu, C.; Luo, J.; Hou, M.; et al. Impact of HCV Eradication on Recurrence
Pattern and Long-Term Outcomes in Patients with HCV-Related Hepatocellular Carcinoma Undergoing Radiofrequency Ablation.
Aliment. Pharmacol. Ther. 2024, 60, 940-952. [CrossRef]

Kohli, A. The Relationship between Hepatocellular Carcinoma and Hepatitis B and C Virus. Clin. Adv. Hematol. Oncol. 2016, 14,
116-118.

Magsood, Q.; Sumrin, A.; Igbal, M.; Younas, S.; Hussain, N.; Mahnoor, M.; Wajid, A. Hepatitis C Virus/Hepatitis B Virus
Coinfection: Current Prospectives. Antivir. Ther. 2023, 28, 13596535231189644. [CrossRef]

Mavilia, M.G.; Wu, G.Y. HBV-HCV Coinfection: Viral Interactions, Management, and Viral Reactivation. J. Clin. Transl. Hepatol.
2018, 6, 296-305. [CrossRef]


https://doi.org/10.1016/j.coi.2015.03.002
https://doi.org/10.1172/JCI75938
https://doi.org/10.1007/s00005-018-0532-8
https://doi.org/10.1016/j.it.2017.05.005
https://doi.org/10.3390/ijms19113648
https://doi.org/10.3389/fimmu.2022.887186
https://doi.org/10.14218/JCTH.2021.00427
https://doi.org/10.4161/epi.4.5.9371
https://doi.org/10.1016/j.jhep.2020.10.016
https://doi.org/10.3390/life13091872
https://doi.org/10.20517/2394-5079.2022.13
https://doi.org/10.1111/jvh.13276
https://doi.org/10.1053/j.gastro.2020.09.065
https://doi.org/10.4254/wjh.v14.i6.1120
https://doi.org/10.1002/hep4.1733
https://doi.org/10.1097/JCMA.0000000000001051
https://www.hcvguidelines.org/evaluate/monitoring
https://doi.org/10.1007/s12072-019-09988-7
https://doi.org/10.1111/jgh.16553
https://doi.org/10.1111/apt.18199
https://doi.org/10.1177/13596535231189643
https://doi.org/10.14218/JCTH.2018.00016

Viruses 2024, 16, 1899 25 of 26

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Garcia-Samaniego, J.; Rodriguez, M.; Berenguer, J.; Rodriguez-Rosado, R.; Carbo, J.; Asensi, V.; Soriano, V. Hepatocellular
Carcinoma in HIV-Infected Patients with Chronic Hepatitis C. Am. J. Gastroenterol. 2001, 96, 179-183. [CrossRef]

Brau, N.; Fox, RK,; Xiao, P; Marks, K.; Naqvi, Z.; Taylor, L.E.; Trikha, A.; Sherman, M.; Sulkowski, M.S.; Dieterich, D.T,; et al.
Presentation and Outcome of Hepatocellular Carcinoma in HIV-Infected Patients: A U.S.-Canadian Multicenter Study. J. Hepatol.
2007, 47,527-537. [CrossRef]

Jeyarajan, A.J.; Chung, R.T. Insights into the Pathophysiology of Liver Disease in HCV/HIV: Does It End with HCV Cure?
J. Infect. Dis. 2020, 222, S802-5813. [CrossRef]

Stasi, C.; Brillanti, S. Liver Stiffness Evaluation in Chronic Hepatitis C Patients with Cirrhosis Before and After Direct-Acting
Antivirals. Microorganisms 2024, 12, 1418. [CrossRef]

Masuzaki, R.; Tateishi, R.; Yoshida, H.; Goto, E.; Sato, T.; Ohki, T.; Imamura, J.; Goto, T.; Kanai, F.; Kato, N.; et al. Prospective
Risk Assessment for Hepatocellular Carcinoma Development in Patients with Chronic Hepatitis C by Transient Elastography.
Hepatology 2009, 49, 1954-1961. [CrossRef]

Nakai, M.; Yamamoto, Y.; Baba, M.; Suda, G.; Kubo, A.; Tokuchi, Y.; Kitagataya, T.; Yamada, R.; Shigesawa, T.; Suzuki, K,
et al. Prediction of Hepatocellular Carcinoma Using Age and Liver Stiffness on Transient Elastography after Hepatitis C Virus
Eradication. Sci. Rep. 2022, 12, 1449. [CrossRef]

Esposto, G.; Santini, P.; Galasso, L.; Mignini, I.; Ainora, M.E.; Gasbarrini, A.; Zocco, M.A. Shear-Wave Elastography to Predict
Hepatocellular Carcinoma After Hepatitis C Virus Eradication: A Systematic Review and Meta-Analysis. World ]. Gastroenterol.
2024, 30, 1450-1460. [CrossRef]

Xu, S.; Qiu, L.; Xu, L,; Liu, Y.; Zhang, J. Development and Validation of a Nomogram for Assessing Hepatocellular Carcinoma
Risk After SVR in Hepatitis C Patients with Advanced Fibrosis and Cirrhosis. Infect. Agents Cancer 2024, 19, 17. [CrossRef]
Ragazzo, T.; Zitelli, P.; Mazo, D.; Oliveira, C.; Carrilho, F; Pessoa, M. Noninvasive Assessment of Liver Fibrosis Can Predict
Clinical Outcomes at Late Follow-up After a Sustained Virological Response in HCV Patients? Clinics 2024, 79, 100381. [CrossRef]
John, B.V,; Dang, Y.; Kaplan, D.E.; Jou, ].H.; Taddei, T.H.; Spector, S.A.; Martin, P.; Bastaich, D.R.; Chao, H.H.; Dahman, B. Liver
Stiffness Measurement and Risk Prediction of Hepatocellular Carcinoma After HCV Eradication in Veterans with Cirrhosis. Clin.
Gastroenterol. Hepatol. 2024, 22, 778-788.e7. [CrossRef]

Nicoletti, A.; Ainora, M.E.; Cintoni, M.; Garcovich, M.; Funaro, B.; Pecere, S.; De Siena, M.; Santopaolo, F.; Ponziani, FR,;
Riccardi, L.; et al. Dynamics of Liver Stiffness Predicts Complications in Patients with HCV Related Cirrhosis Treated with
Direct-Acting Antivirals. Dig. Liver Dis. 2023, 55, 1472-1479. [CrossRef]

Aoki, T.; lijima, H.; Tada, T.; Kumada, T.; Nishimura, T.; Nakano, C.; Kishino, K.; Shimono, Y.; Yoh, K.; Takata, R.; et al. Prediction
of Development of Hepatocellular Carcinoma Using a New Scoring System Involving Virtual Touch Quantification in Patients
with Chronic Liver Diseases. J. Gastroenterol. 2017, 52, 104-112. [CrossRef]

Matono, T.; Tada, T.; Nishimura, T.; Takashima, T.; Aizawa, N.; Ikeda, N.; Shiomi, H.; Enomoto, H.; lijima, H. VFMAP Predicted
Hepatocellular Carcinoma Development in Patients with Chronic Hepatitis C Who Were Treated with Direct-Acting Antiviral
and Achieved Sustained Virologic Response. J. Med. Ultrason. 2024, 51, 293-300. [CrossRef]

Pascut, D.; Pratama, M.Y,; Tiribelli, C. HCC Occurrence After DAA Treatments: Molecular Tools to Assess the Post-Treatment
Risk and Surveillance. Hepatic Oncol. 2020, 7, HEP21. [CrossRef] [PubMed]

Zou, H.; Yang, X.; Li, Q.L.; Zhou, Q.X,; Xiong, L.; Wen, Y. A Comparative Study of Albumin-Bilirubin Score with Child-Pugh
Score, Model for End-Stage Liver Disease Score and Indocyanine Green R15 in Predicting Posthepatectomy Liver Failure for
Hepatocellular Carcinoma Patients. Dig. Dis. 2018, 36, 236-243. [CrossRef] [PubMed]

Vergniol, J.; Foucher, J.; Terrebonne, E.; Bernard, P; Le Bail, B.; Merrouche, W.; Couzigou, P.; De Ledinghen, V. Noninvasive
Tests for Fibrosis and Liver Stiffness Predict 5-Year Outcomes of Patients with Chronic Hepatitis C. Gastroenterology 2011, 140,
1970-1979. [CrossRef] [PubMed]

Ioannou, G.N.; Beste, L.A.; Green, PK.; Singal, A.G.; Tapper, E.B.; Waljee, AK,; Sterling, R.K.; Feld, ]J.J.; Kaplan, D.E,;
Taddei, T.H.; et al. Increased Risk for Hepatocellular Carcinoma Persists up to 10 Years After HCV Eradication in Patients
with Baseline Cirrhosis or High FIB-4 Scores. Gastroenterology 2019, 157, 1264-1278.e4. [CrossRef]

Ioannou, G.N.; Green, PK,; Beste, L.A.; Mun, E.J.; Kerr, K.F,; Berry, K. Development of Models Estimating the Risk of Hepatocellu-
lar Carcinoma After Antiviral Treatment for Hepatitis C. . Hepatol. 2018, 69, 1088-1098. [CrossRef]

Fan, R.; Papatheodoridis, G.; Sun, ].; Innes, H.; Toyoda, H.; Xie, Q.; Mo, S.; Sypsa, V.; Guha, LN.; Kumada, T.; et al. AMAP
Risk Score Predicts Hepatocellular Carcinoma Development in Patients with Chronic Hepatitis. J. Hepatol. 2020, 73, 1368-1378.
[CrossRef]

Schotten, C.; Ostertag, B.; Sowa, J.P.; Manka, P.; Bechmann, L.P; Hilgard, G.; Marquardt, C.; Wichert, M.; Toyoda, H.; Lange, C.M,;
et al. Galad Score Detects Early-Stage Hepatocellular Carcinoma in a European Cohort of Chronic Hepatitis b and ¢ Patients.
Pharmaceuticals 2021, 14, 735. [CrossRef]

Deng, L.X.; Mehta, N. Does Hepatocellular Carcinoma Surveillance Increase Survival in At-Risk Populations? Patient Selection,
Biomarkers, and Barriers. Dig. Dis. Sci. 2020, 65, 3456-3462. [CrossRef]

Yang, J.D.; Addissie, B.D.; Mara, K.C.; Harmsen, W.S,; Dai, J.; Zhang, N.; Wongjarupong, N.; Ali, HM.; Ali, H.A.; Hassan, FA;
et al. GALAD Score for Hepatocellular Carcinoma Detection in Comparison with Liver Ultrasound and Proposal of Galadus
Score. Cancer Epidemiol. Biomark. Prev. 2019, 28, 531-538. [CrossRef]


https://doi.org/10.1016/S0002-9270(00)02167-5
https://doi.org/10.1016/j.jhep.2007.06.010
https://doi.org/10.1093/infdis/jiaa279
https://doi.org/10.3390/microorganisms12071418
https://doi.org/10.1002/hep.22870
https://doi.org/10.1038/s41598-022-05492-5
https://doi.org/10.3748/wjg.v30.i10.1450
https://doi.org/10.1186/s13027-024-00578-3
https://doi.org/10.1016/j.clinsp.2024.100381
https://doi.org/10.1016/j.cgh.2023.11.020
https://doi.org/10.1016/j.dld.2023.04.018
https://doi.org/10.1007/s00535-016-1228-7
https://doi.org/10.1007/s10396-023-01398-5
https://doi.org/10.2217/hep-2020-0010
https://www.ncbi.nlm.nih.gov/pubmed/32647566
https://doi.org/10.1159/000486590
https://www.ncbi.nlm.nih.gov/pubmed/29495004
https://doi.org/10.1053/j.gastro.2011.02.058
https://www.ncbi.nlm.nih.gov/pubmed/21376047
https://doi.org/10.1053/j.gastro.2019.07.033
https://doi.org/10.1016/j.jhep.2018.07.024
https://doi.org/10.1016/j.jhep.2020.07.025
https://doi.org/10.3390/ph14080735
https://doi.org/10.1007/s10620-020-06550-6
https://doi.org/10.1158/1055-9965.EPI-18-0281

Viruses 2024, 16, 1899 26 of 26

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Berhane, S.; Toyoda, H.; Tada, T.; Kumada, T.; Kagebayashi, C.; Satomura, S.; Schweitzer, N.; Vogel, A.; Manns, M.P;
Benckert, J.; et al. Role of the GALAD and BALAD-2 Serologic Models in Diagnosis of Hepatocellular Carcinoma and Pre-
diction of Survival in Patients. Clin. Gastroenterol. Hepatol. 2016, 14, 875-886.e6. [CrossRef]

Shiha, G.; Soliman, R.; Mikhail, N.N.H.; Carrat, F.; Azzi, J.; Nathalie, G.C.; Toyoda, H.; Uojima, H.; Nozaki, A.; Takaguchi, K ; et al.
International Multicenter Validation of GES Score for HCC Risk Stratification in Chronic Hepatitis C Patients. ]. Viral Hepat. 2022,
29, 807-816. [CrossRef] [PubMed]

Shiha, G.; Waked, I.; Soliman, R.; Elbasiony, M.; Gomaa, A.; Mikhail, N.N.H.; Eslam, M. GES: A Validated Simple Score to
Predict the Risk of HCC in Patients with HCV-GT4-Associated Advanced Liver Fibrosis after Oral Antivirals. Liver Int. 2020, 40,
2828-2833. [CrossRef] [PubMed]

Shiha, G.; Soliman, R.; Mikhail, N.; Hassan, A.; Eslam, M. Development of a Simple Dynamic Algorithm for Individualized
Hepatocellular Carcinoma Risk-Based Surveillance Using Pre- and Post-Treatment General Evaluation Score. Liver Int. 2021, 41,
2768-2776. [CrossRef] [PubMed]

Flemming, ].A.; Yang, ].D.; Vittinghoff, E.; Kim, W.R,; Terrault, N.A. Risk Prediction of Hepatocellular Carcinoma in Patients with
Cirrhosis: The ADRESS-HCC Risk Model. Cancer 2014, 120, 3485-3493. [CrossRef] [PubMed]

Watanabe, T.; Tokumoto, Y.; Joko, K.; Michitaka, K.; Horiike, N.; Tanaka, Y.; Hiraoka, A.; Tada, F.; Ochi, H.; Kisaka, Y.; et al. Simple
New Clinical Score to Predict Hepatocellular Carcinoma After Sustained Viral Response with Direct-Acting Antivirals. Sci. Rep.
2023, 13, 8992. [CrossRef]

Tada, T.; Kumada, T.; Hiraoka, A.; Kariyama, K.; Yasuda, S.; Tada, F.; Ohama, H.; Nouso, K.; Matono, T.; Nakamura, S.;
et al. MADRES Predicts Hepatocellular Carcinoma Development in Patients with Hepatitis C Virus Who Achieved Sustained
Virological Response. |. Gastroenterol. Hepatol. 2024, 39, 1164-1171. [CrossRef]

Shiha, G.; Mikhail, N.N.H.; Soliman, R.; Hassan, A.; Eslam, M. Predictive Performance and Clinical Utility of HCC Risk Scores in
Chronic Hepatitis C: A Comparative Study. Hepatol. Int. 2022, 16, 159-170. [CrossRef]

Ioannou, G.N.; Tang, W.; Beste, L.A.; Tincopa, M.A.; Su, G.L.; Van, T.; Tapper, E.B.; Singal, A.G.; Zhu, ].; Waljee, A K. Assessment
of a Deep Learning Model to Predict Hepatocellular Carcinoma in Patients with Hepatitis C Cirrhosis. JAMA Netw. Open 2020, 3,
€2015626. [CrossRef]

Mendizabal, M.; Pifiero, F.; Ridruejo, E.; Herz Wolff, F.; Anders, M.; Reggiardo, V.; Ameigeiras, B.; Palazzo, A.; Alonso, C,;
Schinoni, M.L; et al. Disease Progression in Patients with Hepatitis C Virus Infection Treated with Direct-Acting Antiviral Agents.
Clin. Gastroenterol. Hepatol. 2020, 18, 2554-2563.e3. [CrossRef]

Ruggeri, M. Hepatocellular Carcinoma: Cost-Effectiveness of Screening. A Systematic Review. Risk Manag. Healthc. Policy 2012, 5,
49-54. [CrossRef]

Yang, C.; Lv, F; Yang, J.; Ding, D.; Cui, L.; Han, Y. Surveillance and Management of Hepatocellular Carcinoma After Treatment of
Hepatitis C with Direct-Acting Antiviral Drugs. Ann. Hepatol. 2024, 30, 101582. [CrossRef] [PubMed]

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


https://doi.org/10.1016/j.cgh.2015.12.042
https://doi.org/10.1111/jvh.13717
https://www.ncbi.nlm.nih.gov/pubmed/35657138
https://doi.org/10.1111/liv.14666
https://www.ncbi.nlm.nih.gov/pubmed/32946647
https://doi.org/10.1111/liv.14995
https://www.ncbi.nlm.nih.gov/pubmed/34174150
https://doi.org/10.1002/cncr.28832
https://www.ncbi.nlm.nih.gov/pubmed/25042049
https://doi.org/10.1038/s41598-023-36052-0
https://doi.org/10.1111/jgh.16512
https://doi.org/10.1007/s12072-021-10284-6
https://doi.org/10.1001/jamanetworkopen.2020.15626
https://doi.org/10.1016/j.cgh.2020.02.044
https://doi.org/10.2147/RMHP.S18677
https://doi.org/10.1016/j.aohep.2024.101582
https://www.ncbi.nlm.nih.gov/pubmed/39276980

	Introduction 
	Chronic Hepatitis C: Clinical Management and Debated Issues 
	Clinical Challenges in HCV Management 
	Follow-Up of Patients Who Achieved Virologic Response 

	Incidence and Mechanisms of HCC Occurrence in HCV Patients 
	Epidemiology of HCC 
	Occurrence of HCC During Chronic Hepatitis C 
	HCC Pathogenesis in Chronic HCV Infection 
	Direct Viral Oncogenic Mechanisms 
	Indirect Host-Related Inflammatory Response Mechanisms 
	Bystander Oncogenic Mechanisms 

	Occurrence of HCC After Hepatitis C Virus Eradication 
	Occurrence of HCC After SVR Achieved with (PEG)-Interferon 
	Occurrence of HCC After SVR Achieved with DAAs 


	Potential Mechanisms Underlying the Persistent Risk of HCC in Patients with SVR Achieved with DAAs 
	The Role of the Immunosurveillance 
	The Role of HCV-Induced Epigenetic Regulations 

	How to Estimate HCC Risk After SVR 
	When Surveillance for HCC Is Required 
	Current Recommendations About HCC Surveillance Before and After DAAs Treatment 
	Current and Future Strategies for HCC Risk Estimation 
	Simplified Scoring Systems 
	Multivariable HCC Risk Calculators 
	Deep Learning HCC Prediction Models 


	Discussion 
	Conclusions 
	References

