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Abstract

Mutations in MPV17 lead to severe mitochondrial DNA depletion syndrome (MTDPS). All known p.R50W variants
in MPV17 are lethal. The homozygous variant p.R50Q in MPV17 among patients with Navajo neurohepatopathy
is known to allow longer survival, although heterozygous variants p.R50Q have not been reported. This is the first
clinical report in compound heterozygosity MPV17 mutation (p.R50W/p.R50Q). Three siblings were admitted
due to multiple hepatic nodules; none presented neurological abnormalities. However, they suffered from severe
hypoglycemia and cyclic vomiting. The diagnosis of MPV17-related MTDPS was confirmed by detection of a
compound heterozygous MPV17 mutation (p.R50W/p.R50Q), and striking reduction of hepatic mitochondrial
DNA. One patient developed pediatric-onset of hepatocellular carcinoma. Notably, all patients survived for
extended periods, including two patients who received liver transplantation, which contrasted the high mortality
rate associated with p.R50W mutations, as previously reported. The p.R50Q mutation might be associated with
longer survival and improved liver transplantation outcomes.

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long

as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.
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INTRODUCTION

The causes of mitochondrial disorders are defects in mitochondrial DNA (mtDNA) or in nuclear genes
that affect mtDNA biogenesis and maintenance. Defects in nuclear genes can result in the accumulation of
mtDNA deletions, or with mtDNA depletion syndrome (MTDPS)"*\. The latter is an autosomal recessive
disease associated with decreased mtDNA copy number in clinically affected tissues . The disease has
three known phenotypes: hepatocerebral, myopathic, and encephalomyopathy. Hepatocerebral MTDPS is
linked to pathogenic variants in DNA polymerase gamma'”, Twinkle (PEO1)", deoxyguanosine kinase'”,
and mtDNA maintenance protein MPV1 7,

MPV17-related MTDPS is a very rare disease. To date, MPV17-related hepatocerebral MTDPS has been

. . [4,5,10-30] . P . . . . .
reported in 96 patients . Disease prognosis is severe, given that ~80% of patients die from liver failure
during early childhood™. Hepatic cirrhosis has been diagnosed in 20 patients, while three patients had
hepatocellular carcinoma Hco) =, Neurological manifestations were also reported in 91% of patients
with developmental delays, and 74% of patients with generalized hypotonia. These patients also experienced
MR imaging (MRI) abnormalities; metabolic manifestations, including hypoglycemia and lactic acidosis;
failure to thrive; feeding difficulties; and retinaltubulopathy.

Currently, 48 pathogenic variants of MPV17 are known, occurring exclusively in a few families. Five
cases with p.R50W mutations (three homozygous and two heterozygous) died of liver failure during early
childhood""****" Previous case studies identified homozygous variant p.R50Q in MPV17 among patients
with Navajo neurohepatopathy (NNH)"***". One specific homozygous mutation, p.R50Q, has been
reported in several Navajo individuals from the southwestern United States and is the cause of NNH. This
condition clinically manifests as severe sensory and motor neuropathy, corneal anesthesia, ulcers, cerebral
leukoencephalopathy, failure to thrive, and metabolic acidosis. To date, compound heterozygous variant
p-R50Q with other mutations has not been reported in MPV17-related MTDPS.

In this case report, we describe for the first time three patients with MTDPS who possessed the compound
heterozygous MPV17 variant p.R50Q/p.R50W. Unlike deceased outcomes of p.R50W variants as previously
reported, our three cases with p.R50Q/R50W mutations survived without signs of typical neurological
manifestations.

CASE REPORT

Patients

The proband was a 6-year-old male (Case 1) and the first child of healthy, nonconsanguineous parents with
no hereditary history of the disease (for family pedigree, see Figure 1A). The child was delivered via caesarian
section after a dinochorionic and diamniotic pregnancy. Case 2 was the first girl of a twin of Case 1. A second
girl (Case 3) was born three years after Cases 1 and 2, delivered without any complication. Cases 1-3
showed similar clinical manifestation: all patients suffered from severe hypoglycemia and cyclic vomiting.
During infancy, Cases 1 and 3 presented with liver failure; although there was a mild spontaneous
remission, acute liver failure was repeated through episodes of febrile infection. Case 2 presented with liver
dysfunction only.

In Case 1, the patient developed recurrent vomiting with hypoglycemia at the age of six, and abdominal
ultrasound found multiple liver masses. Each patient was admitted to our hospital due to multiple hepatic
nodules, detected by abdominal ultrasound at age six in Case 2, and at age three in Case 3 [Figure 2A].
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A B
NM_002437.4: ¢.148C>T NM_002437.4: c.149G>A
23 w3 1890102 3 o8 _ 03 F
° 3
Case 1,23
c.148C>T/WT c.149G>A/WT
Father
€.148C>T/c.149G>A ¢.148C>T/c.149G>A GCTGG CCAGA
c.148C>T/c.149G>A GCCGG CCGGA

Figure 1. Family pedigree (A). Whole-exome and Sanger sequencing revealed compound heterozygous missense mutations with
NM_002437.4:c148C>T (p.R50W) and c.149G>A (R50Q) in MPV17, inherited from each of their parents (B)

Table 1 shows the clinical findings of three patients at first admission to our hospital. Case 2 and 3 showed
no manifestations of neurological abnormality, but Case 1 exhibited mild intellectual disability (IQ 68).
Serological tests for viral hepatitis A, B, and C, cytomegalovirus, and Epstein-Barr virus excluded the
presence of these infections. Wilson’s disease was excluded by measuring ceruloplasmin, serum copper, and
urinary copper.

All three patients had multiple masses with hyper-echogenic occupied lesions and low-echogenic occupied
lesions measuring between 0.5 and 1.0 cm, which were negatively detected by enhanced computed
tomography. Transverse T2-weighted magnetic resonance (MR) image shows numerous well-defined
hypointense masses in the liver, while transverse EOB-enhanced MRI demonstrated negative arterial
enhancement, portal-venous phase, and liver-cell-enhance phase studies showed high intensity with masses
in all three patients.

Liver biopsies revealed advanced fibrosis with regenerative nodules and mild steatosis in Cases 1 and 2
[Figure 3A]. In Case 3, liver biopsy was avoided due to hemorrhagic tendency. Electron microscopy revealed
that these two children had giant mitochondria with increased inclusion-body count in hepatocytes [Figure 3B].

After obtaining approval from the institutional review board of Saiseikai Yokohama-shi Tobu Hospital and
informed consent from parents, biochemical examination and molecular studies were performed.

A biochemical analysis was performed at the Department of Metabolism, Chiba Prefectural Children’s
Hospital. Case 1 and 2 livers were analyzed for tissue-specific enzyme activity and mtDNA levels. Hepatic
respiratory chain complex I, II, III, and IV (CI-CIV) activities were evaluated as described previously[31]
The results of this analysis showed that Case 1 had decreased CI and CIII activities, and increased citrate
synthase (CS) activity (CI, 3.5%; CIII, 28.4% of CS activity; CS, 213.6% of total protein). Similarly, Case 2
exhibited decreased CI, CIII, and CIV activities, and increased CS activity (CI, 9.8%; CIII, 17.0%; CIV,
20.0% of CS activity; CS, 263.7% of total protein). Next, a quantitative PCR was performed to evaluate
the mtDNA copy number using previously reported methods"™, the analysis of which revealed a striking
reduction of hepatic mtDNA in both patients (Case 1, 0.7%; Case 2, 0.6%; normal range 40%-150%).

DNA was extracted from peripheral blood samples of the three patients and their parents. A whole-
exome analysis using Hiseq 2500 (Illumina, Sana Clara, USA) identified compound heterozygous missense
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Figure 2. Abdominal ultrasound showed the mass in the liver (A). EOB-enhanced magnetic resonance images indicated the washed-out
portal-venous phase and liver-cell-enhance phase in S7 hepatic mass (B)

mutations with NM_002437.4:¢.148C>T (p.R50W) and c.149G>A (p.R50Q) in MPV17, respectively,
inherited from each of their parents [Figure 1B]. Sanger sequencing confirmed these results.

These results confirmed a diagnosis of MPV17-related MTDPS.

Clinical treatment

Patients were given ubiquinone carnitine as medication for mitochondrial rescue supplementation. A lipid-
rich diet efficiently controlled hypoglycemia and normalized liver function for a previous case study"".
However, a lipid-rich, carbohydrate-poor diet (lipid 45%, carbohydrate 45%, and protein 10%) caused
severe hypoglycemia with vomiting symptoms in Cases 1-3. Episodic hypoglycemia and vomiting were
dramatically reduced with the avoidance of fasting and uncooked cornstarch, along with the provision of a
carbohydrate-rich diet with medium-chain triglyceride powder (lipid 30%, carbohydrate 60%, and protein
10%) six times per day.

Six months later, Case 2 was readmitted to our hospital because of an increasing mass measuring 2.9 cm
located in segment 7, as revealed by abdominal ultrasound imaging. It showed no evidence of vascular
invasion or metastasis. EOB-enhanced MR images revealed early arterial enhancement, as well as washed-
out portal-venous and liver-cell-enhance phases [Figure 2B]. We diagnosed HCC. At age 7, Case 2
underwent living-donor-liver transplantation from her father. The resected liver was completely cirrhotic,
and histology indicated well-differentiated HCC [Figure 4]. After liver transplantation, Case 2 did not
experience post-transplant complications. Case 1 also developed end-stage liver disease and obtained a
liver transplant from his grandfather five months after Case 2’s operation. Case 1’s resected liver was also
completely cirrhotic but without neoplasm stigma. As with Case 2, Case 1 did not experience post-surgery
complications. We also observed Case 3 to detect any increases in hepatic masses. At the time of writing, all
three patients exhibited normal cognition and neurological function.

DISCUSSION

This is the first clinical report in compound heterozygous mutation (p.R50Q/p.R50W) of MPV17, and
three cases were diagnosed with hepatocerebral MTDPS. In contrast with deceased outcomes of p.R50W
variants previously reported, our three cases with p.R50Q/R50W mutations survived for a more extended
period without neurological manifestations. One case developed HCC. Two of our cases underwent liver
transplantation, and both showed positive post-transplant outcomes at the time of writing.
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Table 1. Clinical findings of three patients with MPV17-related mitochondria hepatopathy at the first visit to our hospital

Casel Case2 Case3
Sex Male Female Female
Height (cm) (SD) 109.9 (-1.3SD) 110 (-0.9 SD) 88.3(-1.8 SD)
Weight (kg) (SD) 17.3 (-11SD) 19.4 (-0.3SD) 13.6 (-0.1SD)
Neurology Normal Normal Normal
IQ 68 92 13
Metabolism Hypoglycemia Hypoglycemia Hypoglycemia
AST (U/D 53 47 82
ALT (U/D 30 28 36
GGT (U/D 201 99 143
Alb (mg/dL) 2.7 31 31
PIt (10%/uL) 213 12.3 281
PT (%) 67.4 61.5 55.3
Lactic acid (mg/dL) 22.0 19.2 18.6
Pyruvic acid (mg/dL) 1.2 1.0 1.0
AFP (ng/mL) 413 1332 3078
Abdominal MRI Multifocal masses Multifocal masses Multifocal masses
Liver histology Cirrhosis/steatosis Cirrhosis/steatosis Not done
Head MRI Normal Normal Normal
Child-Pugh score 6 6 6

IQ: intelligence quotient; AST: aspartate alanine aminotransferase; ALT: alanine aminotransferase; GGT: gamma glutamyl transferase; Alb:
albumin; Plt: platelet; AFP: alpha-feto protein; MRI: magnetic resonance imaging; PT: prothrombin time

Table 2 shows previous patients who had p.R50Q homozygous mutations, and p.R50W homozygous or
heterozygous mutations, and compared with our cases. All previous cases with p.R50W mutations (three
homozygous and two heterozygous) died prematurely during early childhood (age of death: infancy; 1, 1,
and 19 months old; and 10 years old)"*'*****. Although all our patients survived, one p.R50W homozygous
patient died at 10 years old after liver transplantation and showed longer survival. However, while the
patient progressed to end-stage liver disease, she was affected by severe ascites, malnutrition, and jaundice
during pre-liver transplantation period””. In comparison to this case, our patients lacked severe hepatic
manifestations. Regarding p.R50Q mutation, currently there are 11 known cases of homozygous p.R50Q
mutation!™"*""**; eight of them presented with NNH. It is known that patients possessing the p.R50Q
homozygous mutation have higher survival rate (45%; 5 out of 11 patients), although some cases resulted
in death by infantile-onset liver failure (age of death: 7 months old and 2 and 5 years old). It was surprising
that none of the three cases with p.R50Q/R50W mutations died during early childhood (age of follow-up: 8,
8, and 5 years old, respectively), in contrast to 100% mortality observed in cases with p.R50W variants (age
of death: infancy; 1, 1, and 19 months old; and 10 years old, respectively) and 55% in cases with p.R50Q
homozygous variants (age of death: 6 months old and 2, 5, 15, 16, and 20 years old, respectively).

Additionally, our cases with a compound heterozygous p.R50Q/p.R50W mutation were free from
neurological manifestations compared with high occurrence of neurological manifestations in p.R50W and
p-R50Q mutations previously reported. Regarding neurological manifestations, in previous cases, 90% of
p-R50Q homozygous variants and 80% of p.R50W homozygous variants had neurological symptoms such as
ataxia, corneal ulcers, developmental delay, dystonia, hypotonia, peripheral neuropathy, and seizures. MRI
abnormality was also observed in 40% patients who had p.R50Q homo and p.R50W cases, respectively.
Compared with earlier cases, p.R50Q/p.R50W lacked neurological symptoms except mild intellectual
disability observed in Case 1. Taken together, the fact that none of our cases showed mortality even though
they had heterozygous p.R50W mutation and that they had no visible neurological manifestations suggests
the p.R50Q mutation might be associated with longer survival compared with other mutations linked to
severe outcomes of MPV17-related MTDPS, such as p.R50W.
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Figure 3. Liver biopsies at age six showed advanced fibrosis with regenerative nodules and mild steatosis: (A) hematoxylin-eosin staining
(magnification, low power field); and (B) electron microscopy (magnification, x25,000) revealed giant mitochondria with increased
inclusion bodies in hepatocytes

Figure 4. Explanted Case 2 liver with multiple large nodules. A histological analysis (hematoxylin-eosin staining) of the Case 2 S7 mass
revealed: (A) a high nucleo-to-cytoplasm ratio (magnification, low power field); and (B) sharply delineated small aggregates of highly
pleomorphic small hepatocytes, which are typical of well-differentiated hepatocellular carcinoma (magnification, high power field)

Interestingly, one of our cases developed pediatric-onset HCC, increasing the number to four known
patients with MPV17-related MTDPS who had this cancer [Table 3]. Out of four patients with HCC in
MPV17-related MTDPS, no compound heterozygous mutation was reported. In contrast, two patients had
homozygous mutations (another patient was not identified in one MPV17 mutation). Regarding treatment,
all four patients with HCC had liver transplantation (LT), although post-LT course differed widely
according to the types of genotypes. p.R50W homozygous patients died at 10 years old, one year after she
had liver transplantation, while three patients showed extended survival with good-post-LT course.
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Table 2. Clinical phenotype of patients with MPV-17-related mitochondria hepatopathy with p.R50Q, or p.R50W mutations

p.R50Q/p.R50W 7 =3 p.R50W reported 7 =5 p.R50Q reported n = 11
Sex Female 2 (67) 4 (80) 4 (36)
Outcome Alive 3 (100) 0 (0) 5 (46)
Liver transplantation 2 (66) 1 20) 5 (46)
Hepatic symptoms 3 (100) 5 (100) 1 (100)
HCC 1 (33) 1 0) 1 ©)
Hepatomegaly 3 (100) 3 (60) 3 Q7
Cirrhosis 2 (67) 1 (20) 6 (55)
Liver dysfunction 3 (100) 5 (100) 1 (100)
Liver failure 2 (67) 5 (100) 9 (82)
Cholestasis 0 (0) 3 (60) 8 (73)
Steatosis 0 0) 4 (80) 7 (64)
Neurological symptoms 1 (33) 4 (80) 10 ©on
Ataxia 0 0) 0 0) 2 18)
Corneal ulcers 0 0) 0 0) 3 @7
Developmental delay 1 (33) 2 40) 9 (82)
Dystonia 0 ) 2 40) 0 )
Hypotonia 0 ) 2 40) 3 27
Peripheral neuropathy 0 [(®)) 0 [(®)) 8 (73)
Seizures 0 0) 1 (20) 1 )
MRI abnormality
Basal ganglia 0 0) 1 20) 0 0)
White matter 0 0) 2 (40) 5 (46)
Metabolic symptoms 3 (100) 3 (60) 10 ©on
Lactic acidemia 0 0) 3 (60) 8 (73)
Hypoglycemia 3 (100) 2 (40) 7 (64)
Gl symptoms 3 (100) 4 (80) 8 (73)
Feeding difficulties 0 0) 2 (40) 0 0)
Failure to thrive 3 (100) 4 (80) 8 (73)

The data are numbers (percentages). HCC: hepatocellular carcinoma; Gl: gastrointestinal; MRI: magnetic resonance imaging

Table 3. Clinical manifestations of patients with MPV17-related hepatocerebral mitochondrial DNA depletion syndrome who
developed hepatocellular carcinoma

Case 2 Patient 1 Patient 2 Patient 3
Sex Female Male Male Female
Ethnicity Japan Navajo Caucasian India
MPV17
Allele 1 p.R50Q p.R50Q c.22insC p.R50W
Allele 2 p.R50W p.R50Q NA p.R50W
Onset age 4 years Infancy Infancy 5 years
LT (age) Done (7 years) Done (11 years) Done (NA) Done (9 years)
Outcome (age) Alive (8 years) Alive (21 years) Alive (9 years) Died (10 years)
Hepatic manifestation ~ Cirrhosis, HCC LF, Cirrhosis, Steatosis, HCC LF, Cirrhosis, HCC LF, Cirrhosis, Steatosis, HCC
Other manifestation Hypoglycemia, FTT DD, Peripheral neuropathy, MRI DD, Hypotonia, Seizures, Dystonia, MRI
abnormalities, Hypoglycemia, FTT  Seizures, FTT abnormalities, FTT
Ref. This report [10] [15] [25]

HCC: hepatocellular carcinoma; DD: developmental delay; FTT: failure to thrive; Gl: gastrointestinal; LF: liver failure; LT: liver
transplantation; NA: not accessed; MRI: magnetic resonance imaging

Liver transplantation is one of the best treatments for HCC-induced cirrhotic liver. Although a recent
study showed that liver transplantation for pediatric HCC patients with inherited metabolic disease has
better chances of survival compared with pediatric HCC patients with non-inherited metabolic disease’™,
its efficacy in MPV17-MTDPS remains controversial. The reason behind this is that the organ’s systemic
complexity results in high morbidity during post-transplantation. Of the 17 known MPV17-related MTDPS

patients who received liver transplantation, seven (41%) died during the post-transplantation period[w]. Oof
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the five known MPV17-related MTDPS patients with the p.R50Q homozygous mutation who received liver
transplantation, three (60%) survived™*""*) In contrast, four patients with other mutations out of 12 (33%)
survived liver transplantation[12_15’20’25’301. Here, Case 1 received liver transplantation to treat end-stage liver
disease, and Case 2 to treat hepatic cell carcinoma. At the time of writing this report, their post-transplant
outcome was good. None of the patients had serious systemic organ complications. LT indication for
MPV17-related MTDPS is still controversial, but LT may be an optional treatment for HCC with MPV17
related MTDPS with p.R50W mutation. In such cases, careful surveillance for systemic organ involvement
should be applied, because long-term outcomes of post-LT course are still unknown.

As with previous studies of MTDPS, this case report describes a small sample size and short follow-
up period. Therefore, we need to perform further studies on large patient cohorts, to determine the
effectiveness and outcomes of liver transplantation in MPV17-related MTDPS. Long-term follow up should
be performed, including regular neurological assessment.

This case study reported the first compound heterozygous p.R50Q/p.R50W mutation of MPV17. All the
three siblings survived without neurological manifestations, in contrast with total mortality accompanied
by systemic organ involvements in previous MPV17 mutation p.R50W. Two of our cases underwent liver
transplantation, and both showed positive post-transplant outcomes at the time of writing. The p.R50Q
mutation might be associated with more prolonged survival including liver transplantation outcomes, as
compared with other previously described mutations linked to severe outcomes of MPV17-related MTDPS.
Screens of the MPV17 gene should be performed in all cases of unknown, severe hepatic dysfunction in
children.
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Abstract
Aim: We aimed to further investigate the role of hepcortespenlisimut-L (Hepko-V5 or V5), a new oral immunotherapy
developed by us, for hepatocellular carcinoma (HCC) indication.

Methods: The interim data from ongoing Phase Il placebo-controlled, randomized trial were evaluated on the initial
group of patients in advanced stage of HCC with emphasis on liver function and tumor marker alpha-fetoprotein levels.
Additionally, an /n vitro study was undertaken to elucidate the mechanism of action of V5 by measuring with flow
cytometry the expression of cytokines such as IL-2, INF-y, and TNF-o and cell activation markers CD69 and Ki67 on
CD4- and CD8-positive lymphocytes isolated from peripheral blood of healthy volunteers.

Results: As early as one month after treatment initiation, there was a clear improvement in alanine transaminase,
aspartate transaminase, alkaline phosphatase, and bilirubin levels among HCC patients who received daily dose of V5,
but not in the placebo group. Additionally, alpha-fetoprotein (AFP) levels among V5 recipients decreased, while in the
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placebo group they rose. Clinical results are in line with /7 vitro observations indicating immune activation, as evidenced
by many-fold enhancement of CD69, Ki67, and INF-y expression and at the same time marked anti-inflammatory effect
resulting in 10-fold decrease in TNF-a output and lack of influence on IL-2 production.

Conclusion: Hepcortespenlisimut-L, a tableted oral formulation derived from heat-inactivated pooled blood of patients
with HCC and viral hepatitis shows beneficial clinical effect, as demonstrated by improvement in liver function and
reduction of tumor marker AFP levels. These correlate with /7 vitro observations showing potent activation of the
immune response and pronounced oral tolerance effect.

Keywords: Hepatocellular carcinoma, alpha-fetoprotein, alanine transaminase, aspartate transaminase, IL-2, INF-y,
TNF-a, CD69, Ki67, CD4, CD8, T lymphocytes

INTRODUCTION

Primary liver tumors originate from hepatocytes, cholangiocytes, and mesenchymal cells. Hepatoma
is generally defined as a cancer originating from liver cells. It is often called hepatocarcinoma or
hepatocellular carcinoma (HCC). It is the most common cancer of the liver, ranking as the second leading
cause of death from all types of cancers worldwide". Multiple risk factors have been identified including
chronic viral hepatitis, liver cirrhosis, non-alcoholic fatty liver disease (NASH), lifestyle factors comprising
alcohol abuse and smoking, metabolic diseases such as diabetes and obesity, environmental toxins such as
aflatoxin, and occasionally genetic and hereditary disorders”. While the development of HCC is complex,
there is a consensus that the underlying cause is chronic inflammatory damagem. Conventional treatment
with chemotherapy including sorafenib, regorafenib, lenvatinib, and cabozantinib is usually directed
at killing cancer cells - an approach that is quite toxic, leading to liver damage'. This in turn leads to
hepatoma recurrence. Ideally, an effective HCC treatment must be two-pronged: in addition to destroying
malignant liver cells, normal liver cells must be spared from hepatotoxicity caused by treatment.
Immunotherapies are generally regarded as less toxic, although these toxicities can be life-threatening
if not managed promptly™. The FDA has recently approved three antibody-based drugs: nivolumab,
pembrolizumab, and ramucirumab. Additional immune interventions from the checkpoint inhibitor PD
family, i.e., durvalumab, atezolizumab, and bevacizumab, as well as tremelimumab, which belongs to the
anti-CTLA4 class, are being investigatedm. Experience has shown that none of the currently approved
HCC drugs are free from adverse side effects, albeit with varying degrees of severity.

Hepcortespenlisimut-L (also known as Hepko-V5 or V5) is the immunotherapeutic drug from a novel class
that has been through Phase II trial”. Anti-HCC property of V5 was discovered accidentally about ten
years ago during clinical use for original primary indications, which are chronic viral hepatitis and liver
**1 V5 has been commercially available since 2002, has been used by over 30,000 individuals, and
has never been reported of causing any serious adverse reactions. The US FDA granted Hepko-V5 orphan
drug designation status in 2014. The present paper provides preliminary data from the currently ongoing
Phase IIT trial and summarizes some of unpublished studies.

cirrhosis

METHODS

Patients and treatment regimen

This Phase III placebo-controlled, 1:1 randomized trial was initiated with the goal of recruiting a total
of 120 patients with advanced HCC. The preliminary data from the initial batch of 30 enrolled patients
are provided to evaluate whether observed results confirm the data from an earlier published Phase II
open-label trial”. All patients were in advanced stage of HCC and unfit for standard therapy, i.e., surgical
intervention, due to tumor size, its location, or multiplicity. Many patients had single or multiple events of
recurrent lesions after surgical intervention, such as resection, transarterial embolization, radiofrequency
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ablation, percutaneous ethanol injection, or their combinations. At the presentation, all patients were
either under palliative care or pronounced incurable without available treatment options - underlining the
disease gravity. As the overwhelming majority of our HCC patients were in terminal stage of the disease,
they often presented with a variety of symptoms related to decompensated cirrhosis including ascites, edema,
variceal bleeding, portal thrombi, and hepatic encephalopathy. Besides these symptoms, abdominal discomfort
and less frequently pain were common. Other encountered complaints were fatigue or weakness, cachexia,
anorexia, skin itch, bleeding from gums and nose, vomiting, and jaundice. As no other intervention options
except palliative care were available, patients consented to receive a once-per-day pill of Hepko-V5 (n =14) or
identically appearing placebo pill (n =16) with follow-up lab tests at Months 1 and 2. Patients were instructed
to take one pill before bedtime and come back after running out of pills after 30 days. Patients had
baseline measurement for alpha-fetoprotein and standard liver function tests such as alanine transaminase
(ALT), aspartate transaminase (AST), alkaline phosphatase, and total bilirubin. Additional tests included
creatinine and prothrombin time. In such a way, we had a cohort representative of the real-life situation in
Mongolia, where almost every patient is diagnosed only after symptoms of the disease become apparent or
when tumors recur.

V5

Vs is derived from pooled blood of patients with HCC who are often viral hepatitis C, hepatitis B, and
Delta virus carriers by employing proprietary technology developed by us. The process of manufacturing
has been described in detail previously: it involves heat and chemical inactivation with subsequent
formulation into a tablet capable of withstanding digestive degradation in the stomach”. The principle
for mechanism of action of V5 is not much different from established principles with old-fashioned killed
vaccines, e.g., hepatitis B vaccine made from pooled plasma. V5 has been approved in Mongolia as a
biologically active product since 2008. V5 Immunitor is presented as an 850 mg coated pink pill, with 30
pills per one package. The recommended dose is one to two pills per day, and the dose being used in this
study is one pill per day. The preparation is stable at ambient room temperature for at least three years.

Flow cytometry analysis

Peripheral blood mononuclear cells (PBMCs) from the blood of healthy donors were obtained by density
gradient centrifugation. Lymphocytes were isolated from PBMCs using anti-human CD4 or CD8 magnetic
MACS microbeads following the manufacturer’s protocol (Miltenyi Biotec, Somerville, MA 02143, USA).
Obtained cells were incubated with a crushed pill of V5 diluted one million-fold (10°) in saline for 48 h and
then subjected to fluorescence-activated cell sorter (FACS) analysis using a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA). V5-exposed and control cells were stained with antibodies against CD3,
CD4, CD8, IFN-y, TNF-q, and IL-2 obtained from BD Biosciences. Briefly, cells (1 x 10°) were stained either
with anti-CD4 or -CD8 and anti-CD69 or -Ki67 (BD Pharmingen). Labeled cells were fixed with 0.5%
paraformaldehyde and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).

Statistical analysis

The primary endpoint for this study was the effect of Hepko-V5 on serum AFP levels as a surrogate marker
of tumor burden changes. Secondary objectives were safety, adverse effects, and changes in liver function
parameters, creatine levels, and pro-thrombin time. The difference between pre- and post-treatment
parametric values was assessed by paired Student’s t-test and linear regression analysis. Wilcoxon matched
pairs ranking test and contingency table analysis were employed for categorical data using the statistical
calculator GraphPad, which is freely available online (GraphPad Software, 2365 Northside Dr., San Diego,
CA 92108, USA). The significance level for all tests was set at P < 0.05.

Ethics approval and written consent
All patients were explained benefits and risks of the intervention and provided informed written consent
agreeing to participate. The study was approved by the Institutional Review Board of Immunitor LLC
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Table 1. Interim analysis of select data from ongoing Phase Ill trial in 30 advanced-stage HCC patients in Mongolia

Parameters Hepcortespenlisimut-L (7 = 14) Placebo (7 =16)

Entry level Month 1(P) Month 2 (P) Entry level Month 1 (P) Month 2 (P)
ALT (IU/L) 681 36.2 (0.01) 34.4(0.002) 51.2 44.8 (0.51) 50.3(0.93)
AST (1U/L) 89.3 52.7 (0.002) 48.9 (0.006) 72.5 779 (0.71) 76.6 (0.79)
ALP (1U/L) 151.2 111.3 (0.15) 89.4 (0.06) 1601 184.7 (0.49) 221.7 (0.23)
Bilirubin (uM/L) 309 15.4 (0.002) 13.1(0.0008) 281 17.8 (0.1 25.3(0.8)
AFP (IU/mL) 9,619.4 7,649.3 (0.65) 6,994.9 (0.69) 8,2854 1,340.9 (0.55) 23,157.8 (0.6)

The values are expressed as means with £ values shown in parentheses, where appropriate. P values shown for these parameters were
derived from Student-¢ test calculation. P values for this parameter were derived from Wilcoxon ranking test; the difference between
outcomes in AFP levels at study conclusion between two treatment arms at Month 2, i.e., 6994.9 vs. 23,157.8, is highly significant (P <
0.0001; Chi-square). HCC: hepatocellular carcinoma; AFP: alpha-fetoprotein; ALT, alanine transaminase; AST, aspartate transaminase;
ALP, alkaline phosphatase

(#IRB00010671) and conducted in accordance with the declaration of Helsinki in conformity with good
clinical practice as defined by the International Conference on Harmonization. This study is registered at
ClinicalTrials.gov site with ID: NCT02232490.

RESULTS

The interim analysis of data from Phase III placebo-controlled study is summarized in Table 1. At the time
of interim analysis, only 30 patients randomized into two arms, with 14 patients in V5 arm and 16 patients
in the placebo arm, were available for statistical analysis. The total planned number of patients to be
enrolled into this trial is 120. As the study is ongoing, the codes were not broken open; thus, the statistician
had no access to information as to which arm received experimental drug or placebo. Nevertheless, there
is a clear difference between arms starting as early as one-month post-treatment. Pills that were stamped
with “1” (experimental drug; V5) had highly significant effect on measured liver function parameters,
i.e., ALT, AST, total bilirubin, and alkaline phosphatase. In contrast, pills stamped with “5” (placebo) had
no significant effect. Pills “1” had a very distinct effect on liver function improvement and this trend is
consistent with AFP changes, while 5-labeled pills were not able to arrest AFP accrual, which increased
almost three-fold, i.e., from 8285 to 23,158 IU/mL. The patients who received hepcortespenlisimut-L
experienced a decline in AFP levels, from 9619.4 to 6994.9 IU/mL at the end of the second month and
the difference between the outcomes of the two arms was statistically significant (P < 0.0001 by Chi-
Square). Nevertheless, P values for AFP within both arms did not reach significance levels due to wide
inter-individual fluctuation of AFP levels at baseline ranging three or more orders of magnitude. Thus,
the Wilcoxon test had insufficient power. However, when the evolution in AFP trend was compared in
V5 vs. placebo arms, this discrepancy became highly statistically significant, which makes us believe that
the outcome of the trial will be successful, in line with numerous other V5 trials for unrelated clinical
indications. Data were analyzed on intent-to-treat fashion without excluding missing values, deaths, and
non-compliance. These preliminary findings indicate that the batch of pills labeled as 5 (placebo) pills used
in the trial had no desired biological activity and the V5 pills appeared to have clear benefit in terms of
ameliorating baseline values. The trial is currently ongoing at the National Cancer Center, Ulaanbaatar,
Mongolia and, provided additional funding is forthcoming, is expected to be completed by the end of 2021.

Effect of V5 on T cells from healthy donors

This in vitro study was undertaken to elucidate the effect of short exposure (48 h) of a physiologically
relevant dose of V5 (diluted one million-fold, i.e., 0.1 pg/mL of cell culture medium) on effector T cells,
either CD4- or CDs-positive T lymphocytes. The cells from the same donor were incubated in an identical
culture medium without any V5 and they served as controls. This experiment was repeated three times
on venous blood samples from unrelated healthy donors. The results from a representative flow cytometry
analysis are shown in Figure 1. While limited, the data reveal an effect that has never been reported before.
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Flow cytometry data
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Figure 1. Effect of 48-h /n vitro incubation of CD4 T lymphocytes from healthy volunteers with V5 (10 dilution) on expression of cell
activation/proliferation markers, i.e., CD69 and Ki-67, and IL-2, TNF-q, and IFN-y. Controls are unstimulated T cells as analyzed by flow
cytometry at the same time. Except IL-2 expression, all other parameters were statistically distinct in VV5-treated cells vs. controls

It appears that Vs, which contains pooled antigens, including numerous tumor antigens and neoantigens,
hepatitis virus fragments, and alloantigens, all circulating in the blood of patients with HCC, produces
potent immune activation, while also inducing the anti-inflammatory effect. Markers of activation,
i.e., CD69 and Ki67, rose on average 1.5- and 4-fold, respectively, compared to unstimulated CD4 and
CDs cells. The levels of IL-2 expression did not change, but IFN-y expressing cells increased six-fold.
Remarkably, the inflammation marker TNF-o, decreased almost 10-fold compared to control. The response
of CDs cells to V5 followed the same pattern as seen with CD4 cells, except expression of IFN-y, which did
not change compared to controls.

DISCUSSION

This paper provides interim, select data from an ongoing placebo-controlled, randomized Phase III trial
of hepcortespenlisimut-L (Hepko-V5 or Vs), which has successfully passed an open label, one-arm Phase
II, 75-patient retrospective trial published in 2017". Extensive preclinical studies started in 2002 have
shown that V5 does not contain harmful chemical ingredients or live virus; does not cause cytotoxicity,
mutagenicity, teratogenicity, or genotoxicity; and is not toxic to animals after acute or chronic exposure.
Vs is very safe and remarkably well tolerated by healthy individuals as well as those with hepatitis or
tuberculosis”® ™. V5 intake increases body weight, improves the quality of life, and produces desired
clinical benefit with improved liver function. The latest studies have shown that the beneficial effect is
also observed in patients with HCC. As a rule, patients who received V5 experienced improvement in
their baseline symptoms in as short as one week. Nevertheless, V5 has to be subjected to well-controlled
randomized clinical study, such as outlined in this manuscript, to confirm that this intervention holds
promise as a safe and effective immunotherapeutic modality for HCC indication.

Liver cancer is the fifth most commonly occurring cancer in men and the ninth most commonly occurring
cancer in women. There were over 840,000 new cases in 2018 and prognosis is very poor. Mongolia firmly
occupies the first place among all countries when it comes to incidence of HCC, while China has the largest
number of patients with HCC, over 50% of all patients with HCC"". The incidence of HCC is expected to
rise in the United States and across the world, given the increasing prevalence of hepatitis C and B infections,
alcohol consumption, NASH, diabetes, toxin exposure, and obesity. By the time diagnosis of HCC is made,
various surgical interventions or liver transplantation are often not feasible. While we have witnessed a surge
of systemic therapies in recent years, the need for safer and more effective treatment remains.
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Hepcortespenlisimut-L represents an entirely novel class of immunotherapy that has no analogs among
approaches being developed currently[u’wl. This approach is radically different from the checkpoint
inhibitor class of immunotherapies, aimed to revive and keep the “weakened” immune system active.
This approach is also different from classical injectable cancer vaccines that incorporate tumor antigens
common in this type of cancer, such as AFP™, Glypican-3 expressed in > 80% of HCC™, or other multi-
epitope tumor peptides"®. Considering that checkpoint inhibitors have low clinical benefit and single-
or few-antigen vaccines have not delivered the expected success, it is clear that new approaches are still
needed.

Scientists at Arizona State University recently identified more than 200,000 cancer neoantigens, which
could lead to the development of broad-spectrum cancer vaccines'”. Vs inherently incorporates all
circulating antigens from pooled blood of HCC patients, including tumor unrelated immunogens such
as viral hepatitis antigens and very large number of alloantigens, which are not necessarily pathogenic.
It is clear that the identification of these antigens is a task posing enormous challenges. Taking aside the
academic pursuit of finding the mechanism of action, this challenge is not very important to a patient who
needs to be treated immediately, not after the putative antigen(s) are identified.

It is clear that oral delivery route is advantageous since this route eliminates the undesirable cross-
reactivity plaguing injectable vaccines. Another advantage associated with transmucosal passage of
antigens is induction of the immune tolerance - a phenomenon we experience on a daily basis when we
ingest, for example, food, which is composed of non-self, foreign antigens that would normally provoke
violent immune reaction if delivered parenterally"”. The gut immunity has evolved and differs from the
systemic immunity by this critically distinct trait. We would not exist as a species if we did not develop the
oral tolerance.

Our flow cytometry data, despite a limited number of studied parameters, suggest that the immune
tolerance is not a passive state akin to immune anergy, but rather it is a very active process with the
phenomenal activation of effector cells, as demonstrated by several-fold increase of immune activation
markers such as Kis7 and CDe69 in as little as 48 h. At the same, time this process displays pronounced
anti-inflammatory activity, as revealed by ten-fold decrease of TNF-a, and no effect on IL-2 expression
- the hallmark of T-cell activation. Increase in IFN-y output in CD4 but not in CD8 T cells was another
unanticipated result. Thus, the exposure to a pool of antigens derived from a tiny amount of peripheral
blood of patients with HCC produced results that have not been previously described in the literature.

The field of immunotherapy, particularly for oncology, is evolving rapidly, bringing new surprises daily.
Recently, a study was published in Nature by Alspach et al"™, in which they gave more weight to the role
of helper CD4 lymphocytes in immuno-oncology over the usual culprit, i.e., CD8 killer cells. Whether V5
more affects CD4 rather than CD8 cells remains to be established; it is likely that both subpopulations are
required, and that other subsets of immune cells are also critically involved”**".

Our investigation of hepcortespenlisimut-L is in its early stage and we are sure we will make more
surprising discoveries down the road. Besides the profound influence on the immune response, which
is usually expected from cancer vaccines, we see very clear clinical benefits in terms of improved liver
function and decrease in AFP levels, which we have shown to be correlated with tumor shrinkage. We have
successfully used V5 since 2010 in hundreds of patients with HCC and we are confident that the outcome
from this Phase III trial will be consistent with the results of the Phase II retrospective study published in
2017, In conclusion, our experience in dealing with V5 and patients with HCC receiving this simple to
use immunotherapy is supported by the present observation. Further studies will shed more light as to the
mechanism of action and extent of the clinical benefit.
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Abstract

Aim: Patients with chronic hepatitis C virus (HCV) infection who develop hepatocellular carcinoma (HCC) soon
after treatment with direct antiviral agents (DAA) may have been harboring hitherto hidden tumors. If this were
true, they should have a lower sustained viral response (SVR) rate, since active HCC hampers DAA efficacy. We
aimed to verify this hypothesis.

Methods: We included all patients who attended an HCV clinic, provided that they: (1) had no previous history of
HCC; (2) had received at least one DAA dose; and (3) had been followed-up clinically and ultrasonographically for
at least six months after concluding DAA.

Results: The study population included 7= 789 patients (55% males, median age 62 years). A median of 9.3 months
(8.8-11.9) after concluding DAA, n=19 (2.4%) patients were discovered to harbor HCC. In comparison to all others,
patients with HCC were more commonly male (84% vs. 54%, P= 0.009), obese (47% vs. 17%, P= 0.002), and
cirrhotic (95% vs. 35%, £< 0.001) and had less commonly achieved an SVR (68% vs. 98%, £< 0.001). Moreover,
they had a trend for being less commonly treatment naive (58% vs. 67%, = 0.051). Based on multivariate analysis,

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
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the independent predictors of HCC were male sex (P=0.031), cirrhosis (= 0.004), obesity (= 0.006), and failure
to achieve an SVR (< 0.001).

Conclusion: Lack of achieving SVR is a strong independent predictor of development of HCC early after treatment of
hepatitis C with DAA. Treatment failure should further alert clinicians to the possibility of this dreadful complication.

Keywords: Chronic hepatitis C, direct antiviral agent, sustained viral response, hepatocellular carcinoma, obesity,
cirrhosis

INTRODUCTION

Clearance of hepatitis C virus (HCV) infection, a major health problem, is obtainable by treating infected
patients with one of several combinations of direct antiviral agents (DAA)™. Today, this desirable outcome
can be reached so predictably and safely that HCV eradication is considered by many an achievable goal
both on a local scale and on a global scale. Indeed, in 2016, the World Health Organization launched
a campaign that - if successful - would eliminate viral hepatitis as a major threat to global health, with
substantial economic benefits. Most importantly, putting HCV infection under control would prevent
over 1.2 million deaths annually’”. For sure, DAA treatment allows curing HCV infection in patients
with advanced liver disease, including those who had undergone curative treatments for hepatocellular
carcinoma (HCCQC).

Soon after DAA were introduced in practice, however, surprisingly high HCC incidence and/or recurrence
rates were reported, an observation that generated alarm and dismay among clinicians”. In fact, among
HCV-related complications, HCC is the most fearsome; furthermore, in the last few years, its incidence
appears to be increasing'”. Doubts that viral clearance by DAA might favor emergence of HCC clones by
reducing immune pressure on HCV have been dispelled”: In fact, recent studies demonstrate convincingly
that the opposite is true, i.e., DAA-induced sustained viral response (SVR) reduces the risk for de novo
HCC"”. The current interpretation is that the controversy - which has had the merit of highlighting the
need to continue HCC surveillance in patients with cirrhosis, despite their achievement of an SVR - might
have been generated mainly by inconsistencies and methodological limitations that flawed earlier studies'™.

Conceivably, among patients “cured” of HCC, so-called “recurrences” may actually represent prevalent
tumors, whose presence is recognized only after DAA treatment is started. Could the same explanation
apply to the apparent increase of HCC de novo diagnosed after DAA treatment? By definition, the presence
of HCC foci should have been excluded to call these HCCs de novo; however, surveillance of HCC relies on
ultrasonography, whose sensitivity is limited. A clue - if not definitive proof - in favor of the hypothesis that
hidden HCC foci might have already been present when DAA were started would be to observe lower than
expected SVR among DAA-treated patients later found to have an incident HCC, since patients with active
HCC respond sub-optimally to DAA". In the present study, we aimed to substantiate this hypothesis.

METHODS

Patients

The study population included a cohort of consecutively recruited patients attending an academic liver
clinic in Northern Italy to receive interferon-free treatment for chronic hepatitis in accordance to the
European Association for Liver Diseases (EASL) guidelines”. Inclusion criteria were: (1) no previous
diagnosis of HCC; and (2) minimum follow-up after the end of treatment of 180 days. Figure 1 presents the
flow chart of the study.
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N.=1,009 HCV RNA paositive patients

» N.=3 never started DAAs

v

N.=1,006 patients who started DAAs

—— N.=19 with a history of HCC
v

N.=987 received DAAs for non-malignant chronic liver disease

N.= 198 either on treatment
+ (N.=93) or awaiting week 24
follow-up (N.=105)

N.=789 final study population

Figure 1. Flow chart of the study. HCV: chronic hepatitis C virus; DAA: direct antiviral agents; HCC: hepatocellular carcinoma

The main demographic and clinical features of the patients enrolled are presented in Table 1.

The direct acting antiviral agent regimens used were sofosbuvir-based in n = 370 cases (47%) and protease
inhibitor-based in 419 cases (53%). Among the n = 12 patients who were DAA-experienced, n = 6 (50%)
had previously failed at least one interferon-based regimen.

Disease stage was assessed in all patients either invasively, with liver biopsy (n = 22, 2.8%), or non-
invasively, with transient elastography (Fibroscan®; n = 744, 94.3%); in further few cases, a clinical diagnosis
of liver cirrhosis was made (n = 23, 2.9%). Liver fibrosis in biopsies was staged from Fo to F4 according to
the METAVIR staging system"". A liver stiffness threshold of 12.5 kPa was indicative of cirrhosis'”. All
patients were screened with ultrasound before starting antiviral treatment, irrespective of the presence of
cirrhosis.

A clinical diagnosis of cirrhosis was reached in the presence of signs of liver decompensation and/or portal
hypertension. HCC was diagnosed according to current EASL guidelines, which require a computed
tomography (CT) scan or dynamic contrast-enhanced magnetic resonance imaging (MRI), showing typical
hallmarks (hypervascularity in the arterial phase followed by washout in the portal or delayed phases).
Focal lesions without typical hallmarks of HCC and those that developed in the absence of cirrhosis were

subjected to a liver biopsy and confirmation by an expert liver pathologist".

The outcomes of antiviral therapy were defined as follows:

- SVR: HCV RNA undetectable by a sensitive real-time polymerase chain reaction (PCR)-based assay,
performed either after 12 or 24 weeks after the end of treatment;

- relapse: presence of detectable HCV RNA at either post-treatment week 12 or post-treatment week 24,
having HCV RNA found undetectable at the end of treatment;

- dropout: patients who did not complete treatment as scheduled;

- lost to follow-up: patients who did not perform a Week 12 or Week 24 after the end of treatment visit,
although they completed treatment as scheduled.

Virological methods

Circulating HCV Ribonucleic Acid (HCV-RNA) was searched with the diagnostic system of Abbott
RealTime HCV (Abbott, Wiesbaden, Germany), which has a sensitivity cut-off of 12 UI/mL; and the
genotyping was performed by means of Abbott RealTime HCV Genotype II (Abbott).
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Table 1. Main characteristics of the study population

Variable n =789
Age, years 62 (52-74)
Male:Female, n 431 (55):358 (45)
Caucasian race, n 762 (97)
Body mass index”, kg/m’ 251(22.6-28.4)
>30 kg/m’ 136 (18)
Diabetes, n 12 (14)
Prediabetes, n 156 (20)
Cirrhosis, n 284 (36)
HCV Genotype, n
HCV-1A 115 (15)
HCV-1B 307 (39)
HCV-2 205 (26)
HCV-3 102 (13)
HCV-4 55(7)
HCV-5 (<N
HCV-6 1(<D
Undetermined 3(<D
HCV RNA, Ul/mL (x1000) 994 (276-2280)
<400 236 (30)
400-4000 462 (59)
> 4000 91(12)
Viral coinfections, n
None 733 (93)
HIV 46 (6)
HBV (included 1HDV positive) 10 (1)
Treatment history, n
Naive 530 (67)
Experienced, interferon based regimens 247 (31)
Experienced, direct antiviral agents 12 (2)

"Body mass index missing in 7 = 18/790 (2%) patients. Continuous variables are presented
as medians (interquartile range), categorical variables as frequencies (7) and percentages
(%). HCV: hepatitis C virus; HIV: human immunodeficiency virus; HBV: hepatitis B virus;
HDV: hepatitis D virus

Statistical analysis

Statistical analysis was performed using Stata Rel. 15.1 (StataCorp LLC, College Station TX, USA). As
for continuous variables, the measures of centrality and dispersion of data were median and interquartile
range, respectively, while comparisons between groups were carried out by the Mann-Whitney test. With
regard to categorical variables, data are presented as frequencies (%), while the associations between groups
were verified by the Fisher’s exact test or the Pearson chi square test, as appropriate. Logistic regression
analysis was conducted to identify predictor(s) of de novo HCC among a set of independent variables. The
threshold for statistical significance was 0.05 (two tails) for all tests used.

RESULTS
Virologic outcomes

When analyzed with an intention-to-treat approach, SVR was 770/789 (97.6%). In detail, among the 19
patients who did not reach a SVR, 14/19 (74%) patients had a relapse, while 5/19 (26%) did not complete
treatment (n = 1), died before reaching the 12 week post-treatment (n = 2), or performed neither the Post-
Treatment Week 12 nor the Post-Treatment Week 24 visits (n = 2). Thus, the rate of virologic failure in this
study was 1.8%. SVR was similar in patients who received a sofosbuvir-based regimen (359/370, 97%) vs.
patients who received a protease inhibitor-based regimen (411/419, 98%) (P = 0.360), and in HCV-3 infected
(98/102, 96%) vs. non-HCV-3 infected patients (672/688, 98%) (P = 0.312). There was a non-significant
trend for lower SVR in patients with cirrhosis (273/284, 96%) vs. non-cirrhotic patients (497/505, 98%) (P =
0.054).
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Table 2. Comparison between patients with and without de novo HCC at the end of follow-up

Variable HCC de novo n =19 (2.4%) No HCC 7 =770 (97.6%) P
Age, years 68 (58-73) 62 (52-74) 0.248
Male sex, 77 16 (84) 415 (54) 0.009
Caucasian race, n 19 (100) 743 (96)" 1.000
Body mass index”, kg/m’ 29.4 (21.3-31.6) 251(22.6-28.3) 0.060
>30 kg/m’ 9 (47) 127/752 (17) 0.002
Either diabetes or prediabetes, 7 9 (47) 259 (34) 0.226
Cirrhosis, n 18 (95) 266 (35) <0.001
HCV-3 Genotype, n 21 100 (13) 1.000
HCV RNA, Ul/mL (x1000) 895 (255-1700) 1001 (276-2281) 0.763
> 4000 201D 89 (12) 1.000
Coinfected, n 0 (0) 56 (7) 0.389
Treatment history,
Naive 6 (32) 524 (68)
Experienced, IFN and/or DAA 13 (68) 246 (32) 0.002
SVR, n 13 (68) 757 (98) <0.001

*Body mass index missing in 7 = 18/790 (2%) patients. Continuous variables are presented as medians (interquartile range), categorical
variables as frequencies (n) and percentages (%). HCV: hepatitis C virus; IFN: interferon-based regimens; DAA: direct antiviral agents;
SVR: sustained viral response

Table 3. Multivariate analysis of factors associated with de novo HCC development at the end of follow-up

Variable Odds ratio 95%Cl P
Age 1.03 0.99-1.08 0131
Male sex 4.45 1.14-17.3 0.031
Obesity 4.68 1.55-14.1 0.006
Cirrhosis 211 2.68-166.1 0.004
Treatment-experienced 1.61 0.52-5.02 0.410
Failure to achieve SVR 24.2 5.76-101.8 <0.001

All dependent variables were categorical except age (7 = 771; pseudo R2 = 0.350). Codes: male sex = 1, female sex = O; obese = 1, not
obese = O; cirrhosis = 1, not cirrhosis = O; treatment experienced (either interferon-based or DAA regimens): no = O, yes = 1; failure to
achieve SVR: SVR achieved = 0, SVR not achieved = 1. SVR: sustained viral response; DAA: direct antiviral agents; HCC: hepatocellular
carcinoma

Development of de novo HCC

Along a median follow-up of 9.3 (interquartile range, 8.8-11.9) months, n = 19/789 (2.4%) patients were
discovered to harbor HCC. The diagnosis was based on radiological criteria in 18/19 of patients (95%).
Table 2 presents the main characteristics of these patients in comparison to all other patients.

Among patients who developed de novo HCC after antiviral therapy, 15/19 (79%) had either one or two
nodules at the diagnosis, 3/19 (16%) had three or more nodules, and one patient had a diffuse infiltrative
pattern (5%). Moreover, 7/19 (37%) had portal vein thrombosis (including complete or partial and
segmental or sub-segmental thrombosis). Twelve patients (63%) fulfilled Milan Criteria.

Based on multivariate analysis, conducted having de novo HCC as dependent variable and age, male sex,
obesity, cirrhosis, previous treatment history, and SVR as independent variables, the only independent
predictors were male sex, obesity, cirrhosis, and SVR. The logistic regression model is summarized in Table 3.

DISCUSSION

The present study documented that, in the experience of a single center, the strongest predictor of HCC
development following treatment of HCV infection was the lack of achieving SVR; other important pre-
treatment factors were presence of cirrhosis, male gender, and obesity. These data confirm findings in other
clinical and experimental studies, but they also have some novel practical implications that, in our opinion,
may be worth considering.
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It is well known that male gender represents a risk factor to develop HCC", although the reasons for the
strong gender difference in HCC remain unclear. In the Italian population, the male to female ratio of HCC
from any cause is 2.2 to 1, similar to what is observed in other western countries. In our cohort, the male to
female ratio was higher, 5.3 to 1, possibly reflecting in part the age-specific sex difference in the incidence
of HCC, which peaks at a slightly younger age than the one we observed in our study population™. The
highest incidence of HCC in men could be related to the higher prevalence of cirrhosis in males due to
more rapid disease progression before age 50 years. In fact, women during their reproductive years have a
better control of HCV replication, possibly due to estrogens, and this fact leads to less necroinflammatory
response and less fibrosis progression”. Others have suggested that estrogens have a direct putative
antifibrogenic activity, or an interference with metabolic parameters and oxidative stress'**". Finally,

higher, genetically determined expression of interleukin-6 in males may also be a factor™.

Most experts would agree that cirrhosis of any etiology is the strongest predictor of HCC. In fact, cirrhosis
can be considered a premalignant condition, independently from the underlying liver disease'*". It is
worth mentioning that we staged liver disease mainly by transient elastography; while this is consistent
with what is recommended by current European guidelines on hepatitis C"", consideration must be given
to the fact that the performance of this test may be suboptimal in obese patients. Hepatocarcinogenesis
represents a multistep process, leading to chronic liver damage through persistent inflammatory damage
that promotes malignant transformation*”, The annual risk of HCC is as high as 3% in patients with
cirrhosis and active HCV infection". Viral hepatocarcinogenesis can be due to direct or indirect
mechanisms, and is affected by host and environmental factors, such as alcohol intake, smoking, and HBV
or HIV co-infections, which also increase the risk of cirrhosis. Indeed, although the estimated risk of HCC
is increased 15-20-fold among persons infected with HCV in comparison to those who are not infected,
most of the excess risk is limited to those with advanced hepatic fibrosis or cirrhosis"”

In the present study, obesity was a major independent predictor of HCC. This observation is fully
consistent with current literature that suggests the existence of a vicious circle linking cirrhosis/fibrosis,
HCV infection, and lipid metabolism derangement. In the obese, the inactivation of negative regulators
of STAT-1 and STAT-3 signaling drives the development of non-alcoholic steatohepatitis and HCC, not
only in cirrhotic patients, but also in patients with chronic hepatitis”**". Moreover, there is evidence that
HCV-infected patients are prone to develop features of metabolic syndrome (MetS), probably due to the
fact that the replication cycle of HCV depends heavily on the pathways of lipid metabolism in hepatocytes
and considerably alters host lipid hemostasis***"". Interestingly, two large population cohort studies from
Taiwan showed that HCV infection was strongly associated with MetS. The prevalence of MetS in these
patients ranged from 13% to 32%; they had an aggressive and severe liver disease, developing more severe
fibrosis than those without MetS, which contributed to cancer development[“'“]. However, MetS did not
affect SVR achievement after DAA"”.

The major novelty of the present study lies in the strong association observed between lack of SVR and
identification of HCC soon after concluding DAA. Overall, the rates of SVR and virologic failure in our
cohort (97.6% and 1.8%, respectively) were comparable with what has been observed in registration

E*%) and in real-life cohorts™*"**. While some authors affirmed in several retrospective studies that

trials
DAA increased the rate of early recurrence/occurrence of HCC, the short follow-up, the small number of
patients, and the study design did not allow definite conclusions™**", In contrast, multiple large cohort
studies and meta-analyses have since demonstrated that DAA-induced SVR is associated with reduced risk

of HCC occurrence™ ™",

One possible explanation for the low SVR in those who develop HCC is that it derives from the sum of
risk factors for HCC, such as older age, high alcohol intake, more severe fibrosis, and co-infections™"
Although the difference did not reach statistical significance, we did observe a numerically lower SVR rate
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in cirrhotic vs. non-cirrhotic patients, which - combined with the low number of cirrhotic patients who
develop HCC - may create a bias. However, the results logistic regression analysis strongly support the
independence of these two variables in predicting the development of HCC (it should also be noted that
the test is not designed to compare the relative strength of each variable in the model).

A different way to reconcile these findings is to hypothesize that the apparent increase of HCC incidence/
recurrence rates might be due to the difficulties of identifying small HCC foci by current screening
methods. Not surprisingly, compared to explant pathology, ultrasound is insufliciently sensitive in detecting
HCC in obese patients” and obesity hampers the quality of HCC surveillance*”. Thus, one may
speculate that, especially in obese patients, what is observed as de novo HCC is in fact missed HCC, hence
the low SVR rate among those who “develop” HCC in our cohort. Most of the DAA failures in patients with
previous HCC diagnosis occurred among patients with active cancers, where DAA failed in almost half of
the cases'”, possibly because HCC may serve as a sanctuary for HCV. In agreement with these findings, in a
preliminary report from our group, we did observe unusually low SVR rates among de novo and recurrent
HCC cases, leading us to suggest that treatment failure should be considered a clue of a yet undetected
HCC™.

We must acknowledge several limitations of our work. First, it is a single-center study, with a short follow-
up, during which - luckily enough - only a relatively small number of patients went on to develop HCC.
Being a retrospective analysis of data generated in clinical practice, we screened our patients before and
after DAA treatment with ultrasound, thus we are unable to provide pre-treatment data on higher level
dynamic imaging (CT or MRI), which was performed only in the presence of suspicious focal liver lesions.
Finally, we do not have reliable data about current and past alcohol intake in our study population, which
are traditionally quite difficult to obtain. Nevertheless, at least in our opinion, the study conveys two
messages worth considering: (1) given the extremely high SVR rates obtainable today in all subgroups of
HCV infected patients, when DAA treatment fails, the possibility that the patient harbors HCC should
come to mind; and (2) in male, obese, cirrhotic HCV-infected patients, a second level imaging technique
should confirm that they are free of HCC before starting a DAA regimen.

In conclusion, the present study indicates virologic failure as a strong independent predictor for de novo
HCC identification early after treatment of hepatitis C with DAA. Clearly, all patients with cirrhosis
regardless of SVR response should be monitored at regular six-month intervals, since cirrhosis - either in
the presence or in the absence of HCV - is the dominant risk factor for HCC. However, lack of achieving
SVR should further alert clinicians to the possibility of this dreadful complication, especially among HCV
carriers who are male, obese, and cirrhotic.
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Abstract

As the world population is continuously aging, the number of older patients requiring liver surgery is also on the
rise. Data have shown that age should not be a limiting factor for liver resection, as it cannot accurately predict
postoperative outcomes. Instead, frailty can serve as a more reliable measure of the patient’s overall health and
functional reserves. Several frailty assessment tools have been implemented for preoperative risk stratification
before liver surgery, and higher scores have commonly been associated with postoperative morbidity, mortality,
and length of hospital stay. However, no consensus has been reached on the most useful screening tool. Future
studies should focus on comparing the currently available assessment tools, constructing a liver resection-specific
tool, and assessing the role of frailty assessment tools in preoperative patient optimization.

Keywords: Frailty, age, elderly, liver resection, liver surgery, morbidity, morbidity, complications

INTRODUCTION

Liver resection is the current standard of care for most patients with benign or malignant liver lesions and
adequate liver function™. Advances in healthcare have led to a continually increasing life-expectancy,
which consequently leads to a higher number of elderly patients (> 60 years) being offered liver surgery[2’3].
Several studies sought to compare liver resection in younger vs. older surgical candidates and reported
varying yet acceptable outcomes in appropriately selected older individuals™**. In fact, morbidity and

mortality rates in patients undergoing liver resection for hepatocellular carcinoma (HCC) seem to range

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
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9%-51% and 0%-42.9%, respectively[gl. Normal aging is associated with a gradual decline in the function of
most organ systems, including the liver. The liver synthetic and metabolic activity, liver volume, and blood
flow to the liver seem to be significantly affected in the elderly[m]. It is well known that the liver remnant
regenerates after liver resection, and the final liver volume after regeneration does not seem to differ
between younger and older individuals®"". However, this process might be delayed in the elderly due to
the liver’s decreased proliferative capacity in the early period after the loss of the liver mass'”. Data have
shown that liver regeneration after living donor liver transplantation can be delayed in older donors when
compared to younger donors"”. These findings indicate that physiological deconditioning and remaining
org[an function might have a more significant effect on clinical outcomes than the actual chronological
14,15
age .

Frailty syndrome is defined as the increased vulnerability to stressors, loss of ability to adapt, and
diminished resiliency secondary to an age-related decline in the physiological reserves and function
of multiple organ systems' """ Tt is essential to distinguish frailty from “comorbidity” and “disability”;
although these three terms overlap to some extent and are often used interchangeably to predict patient
outcomes, they represent entirely different entities"™”. As described by Feinstein, “comorbidity” is “any
distinct additional entity that has existed or may occur during the clinical course of a patient who has
the index disease under study”"”. The term “disability” refers to the abnormal biological functioning
or the defect that renders individuals inferior to the “normal” species around them leading to loss of
social stability and survival™. Frailty should also not be considered synonymous to aging[“], but rather
an intermediate clinical state between normal and pathological aging'*”'. Frail patients commonly fail to
return to their prior homeostasis after a stressor, resulting in adverse clinical outcomes**"'. Therefore, the
need for developing accurate risk-stratification tools that can potentially identify older patients at risk for
postoperative complications is apparent[“].

The aim of the present review is to summarize the impact of age on patient outcomes after liver surgery,
describe the available frailty assessment tools, and discuss the impact of frailty on postoperative outcomes
in patients undergoing liver resection.

LIVER RESECTION AND AGE

Several studies sought to investigate the outcomes of liver resection in young vs. old patients. Fong et al.
published one of the first studies examining the effect of age on liver surgery. Their study included 133
patients older than 65 years undergoing liver resection for colorectal liver metastases, and they found that
age was an independent risk factor for increased risk of morbidity. According to the authors, major hepatic
resection may be safely performed and result in favorable functional outcomes on appropriately selected
older patients””. Cho et al."”’ investigated the safety of liver resection in the elderly and reported favorable
outcomes in patients > 70 years. Although most elderly patients were transferred to rehabilitation facilities
postoperatively, there was no difference in terms of severe postoperative complications. The authors also

[27,28]

[26]

performed a literature review and included 14 previous studies; only two (14.3%)
a statistically significant difference in severe postoperative complications and only two (14.3%
reported a statistically significant difference in mortality between old and young patients. Additionally,
a large single-center study from France showed that age > 75 years is a risk factor of mortality after liver
resection””, while a multicenter study from the US showed that increasing age is associated with increased
postoperative sepsis and overall mortality, but not overall morbidity[“].

of them reported
)[28,29]

32-34]

As liver resection represents the mainstay of treatment in non-metastatic HCC'*”**), several studies aimed to
investigate the difference in outcomes between young and old HCC patients. Therefore, data have proven the
safety and feasibility of liver resection in appropriately selected patients aged not only more than 70 years, but,
in some cases, even more than 80 yearsbs_m. A meta—analysis[”] reported that the morbidity and mortality
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Figure 1. “Physical Frailty Phenotype” model by Fried et a/. "’

rates did not differ significantly between older and younger patients undergoing hepatic resection for
HCC, while the risk of mortality for younger patients was 2.7 times lower when compared to the elderly for
colorectal liver metastases””. Interestingly, another meta-analysis reported that hepatic resection for liver
malignancies is associated with a higher risk of postoperative renal failure, infection, and mortality in older
vs. younger patients, while the length of stay (LOS) in the hospital, transfusions, and disease-free survival
did not differ significantly between the two groups'”. Nevertheless, the considerable variability in patient
outcomes after liver resection in the elderly underlines the inability of age alone to predict postoperative
outcomes accurately. Instead, factors that reflect the overall health status of the patient, such as frailty, may
serve as more accurate predictors of postoperative outcomes. On that grounds, several frailty assessment
tools have been developed in order to preoperatively determine patients at risk of adverse postoperative
outcomes.

FRAILTY ASSESSMENT TOOLS

Numerous frailty screening tools have been described over the years''*

. The most commonly
implemented one is the “Physical Frailty Phenotype” model by Fried et al."*, which describes frailty as
the decrease in physiological reserve secondary to a multisystem functional decline. This tool assesses the
following criteria to identify frail patients: (1) walking speed; (2) grip strength; (3) weight loss; (4) physical
activity; and (5) exhaustion [Figure 1]. Patients meeting one or two of these criteria are deemed “pre-frail”,
while those meeting at least three criteria are categorized as frail ", Makary et al."” further validated this
definition, and at the same time defined as “pre-frail” those fulfilling two or three of the above-mentioned
criteria. The Phenotypic frailty tool requires only a questionnaire, a stopwatch, and a dynamometer, and
thus can be completed in only 10-15 min"”". It is also recognized by the American College of Surgeons
and the American Geriatric Society for the assessment of the elderly preoperatively®’. Nevertheless, the
inherent drawback of this assessment method is the lack of psychosocial evaluation of the older patient[“].

The second most commonly used frailty assessment tool is the “Deficit Accumulation Index” by
Rockwood et al."™* [Figure 2]. It defines frailty using a frailty index (FI) with the number of deficits or
abnormal characteristics accumulated over several areas (i.e., physical, social, functional, and cognitive)
on the numerator and the total number of characteristics assessed on the denominator™****. Higher index
values have been associated with an increased likelihood of frailty, adverse patient outcomes, disability,
hospitalization, and death™. Although it is considered more sensitive than the Phenotypic frailty tool™,
its downsides include the fact that it is time-consuming (up to 70 characteristics assessed sometimes) and
its extensive focus on comorbidities (symptoms, diagnoses, abnormal values on laboratory tests, efc.) rather

[18]

than on functional decline ™. With the aim to assess frailty in a timely fashion and in a more efficient way,

several modified Fls (mFIs), which may measure as few as five factors, have been generated”. In fact,
. . . . . [48,49]
11-point mFIs have already been used to evaluate patients undergoing liver resection™ .

Comprehensive geriatric assessment (CGA) is another well-established approach implemented to evaluate

[50,5

frailty in older patients***"". It utilizes assessment tools and laboratory values to assess patients from several
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Figure 2. “Deficit Accumulation Index” by Rockwood et a/"™

standpoints, including physical medical comorbidities, nutritional status, mental and cognitive status,
physical functioning and fitness, social networking, and environmental status***". A downside that CGA
shares with FI is that it is time-consuming, mostly due to its complexity"*". Two screening tools that can
help identify elderly patients who will benefit from a more comprehensive assessment with the CGA are
the Geriatric-8 (G8) and the Vulnerable Elders Survey-13 (VES—13)[52]. Those take into consideration age,
self-rated health, and physical function along with other factors™, and both of them take only 5 min to
complete™. The first one is specifically designed to identify vulnerable older patients with cancer, while
the latter is designed to detect vulnerable older patients in the community. Hence, G8 was found to be
predictive of postoperative complications in elderly patients with HCC, while VES-13 was not shown to
have a predictive role'. The abbreviated CGA is another screening tool for elderly cancer patients that
incorporates only the 15 most important items of the full assessment tool and requires only 5 min to
complete[“’ssl

The FRAIL (Fatigue, Resistance, Ambulation, Illness, and weight Loss) index is another easy to complete
screening tool that deems patients frail if three or more of its components are present™. A great advantage
of this scale is that it has been validated not only in the elderly but also in middle-aged individuals”***”.
On the other hand, the Edmonton Frail Scale (EFS) assesses the patients’ health over ten frailty domains
(including cognition, general health status, mood, continence, functional performance and independence,
social support, polypharmacy, and nutrition)®”. A score below 5 indicates the “no frailty” patients, a
score between 6 and 11 identifies the “apparently vulnerable” individuals, and a score between 12 and 17
distinguishes the “severe frailty” patients”®. Studies have shown that EFS is a valid and accurate tool that
can be efficiently administered by non-geriatricians to assess and preoperatively optimize geriatric patients
with or without cancer”™***"!. The Clinical Frailty Scale (CFS) is another quick frailty assessment tool based
on clinical judgment[“]. Data suggest that it can accurately identify patients who may need institutional
care, as well as those less likely to survive'’. Data have shown that CFS can reliably distinguish patients
who are going to have a complicated course and prolonged LOS while in the acute medical ward®”. A
screening tool for frailty broadly used in Japan is the Kihon Checklist (KCL)'*". KCL is a self-reporting
“yes/no” survey that can help clinicians assess the status of older individuals in several frailty domains

(functional, physical, psychological, and social),

Moreover, there are some single item tools that are less comprehensive but can serve as quick and easy to
apply screening tools. The most common tool falling into this category is the handgrip test, which utilizes
a hydraulic hand dynamometer to evaluate the maximum strength of the dominant hand™”. Its role in
distinguishing “fit” from “frail” older individuals has been validated not only in the general population but
also in cancer patients, as handgrip strength is highly associated with survival outcomes”**". Although the
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Table 1. Frailty assessment tools

Tools Ref.
Physical frailty phenotype [14,42]
Deficit accumulation index [15]
Comprehensive geriatric assessment [50,51]
Abbreviated comprehensive geriatric assessment [54,55]
Geriatric-8 [52,53]
Vulnerable elders survey-13 [52,53]
FRAIL index [56]
Edmonton frail scale [58,59]
Clinical frailty scale [62]
Kihon checklist [64,65]
The handgrip test [52]
The “Up & Go" test [52,67]

FRAIL: fatigue, resistance, ambulation, illness, and weight loss

handgrip test can be applied in multiple settings, another tool particularly useful for hospitalized patients is
the timed “Up & Go” test”’. This test requires the patient to stand up and walk three meters, then to turn,
walk back and sit down and can accurately assess balance and functional mobility[sz]. Data suggest that it is

. . . . . . . . . [68] .
particularly useful in identifying cancer patients at risk of postoperative complications . A comprehensive
list of the various tools used for the assessment of frailty is shown in Table 1.

LIVER RESECTION AND FRAILTY

There is a growing body of evidence that frailty assessment tools are useful in identifying frail patients
at higher risk of postoperative morbidity and mortality, as well as extended LOS in the hospital. In fact,
Kaibori et al."”* evaluated the utilization of the Gs CGA tool in patients > 70 years undergoing liver
resection for HCC. Patients with a score lower than 14 demonstrated higher postoperative morbidity rate
and extended LOS, but no difference in mortality when compared to patients with scores = 14", Notably,
on multivariate analysis, G8 score < 14 was significantly associated with postoperative morbidity, while
age > 77 years was not found to be a significant risk factor™”. It is worth mentioning that patients with
HCC arising on a background of cirrhosis demonstrated a tendency towards inferior outcomes after liver

. [53] . . . .
resection ; however, further research is warranted in order to deduce meaningful conclusions.

Louwers et al."*” investigated the impact of frailty, assessed by the 11-point mFI tool, on morbidity and
mortality after open hepatectomy in 10,300 patients from the National Surgical Quality Improvement
Project (NSQIP) database. As the mFI score increased, a statistically significant increase was associated
with Clavien 4 complications, mortality, and extended LOS. Notably, this statistical significance was
maintained in all types of hepatectomy (partial, right, left, and extended). Although this study highlighted
the importance of mFI in preoperative planning and risk stratification, the authors stressed the need for
simpler hepatectomy-specific frailty assessment tools™”. Another study utilizing NSQIP hepatectomy
data described the revised FI (rFI) on a “training set” of patients and compared it with the 11-point mFI
(“validation set”) 1l
American Society of Anesthesiologists score, BMI, the extent of liver resection, and underlying pathology.
Higher rFI scores were significantly associated with postoperative complications, prolonged LOS, and
mortality, while higher mFI scores were linked only to a higher risk of morbidity but neither mortality
nor LOS™. Chen et al.'*”' evaluated the use of a five-item mFI to assess the effect of frailty on outcomes
in patients undergoing combined colorectal and liver resection for colorectal cancer and liver metastases.
Patients with higher mFI scores exhibited a higher incidence of mortality, overall and severe morbidity,
as well as prolonged LOS. On multivariate analysis, higher mFI scores were found to be independent risk
factors for overall and severe morbidity, while age was not found to be a significant factor that affects
morbidity.

. rFI incorporates several variables, such as preoperative serum albumin and hematocrit,
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Table 2. Cohort studies on the association between frailty and postoperative adverse outcomes after hepatic resection

Number of Frailty assessment Diagnosis (%) - .

Year Authors Country patients Age (years)* Y tool Primary cancer (HCC)  Metastatic disease Other Morbidity Mortality Los
2016 Kaibori et a/"** Japan 71 783+3.2 G8 100% (100%) 0% 0% P<0.0001 P=0.06 P=0.01
2016 Louwers et a/"** USA 10,300 58 +12.2 11-point mFl 18.1% (N/A) 45.9% 36% P <0.001 P <0.001 P <0.001
2017 Gani et a/t** USA 1900 60 +14.1 rFl 80.4% 19.6% P <0.001 P=0.048 P <0.001

814 593+13.4 11-point mFl 79% 21% P=0.02 P=0.29 P=0.08
2018 Chen et a/."*” USA 1928 58.8+12.3 5-point mFI 0% (0%) 100% 0% P <0.001 P=0.006 P=0.007
2019 Itoh et a/"” Japan 154 64.6+9.4 Gait speed 69.5% (61.7%) 24.7% 5.8% P =0.002 N/A P=0.03
2018 Tanaka et a/'*" Japan 217 747 +4.5 KCL 78.8% (69.1%) 20.3% 0.9% P =018 P=0.02 P =011
2019 Okabe et a/'"" Japan 143 754+ 4 CFS 0% (0%) 100% 0% P=0.02 N/A P =0.01

*Values converted to mean and standard deviation based on Hozo et a/"’?. CFS: clinical frailty scale; FI: frailty index; G8: geriatric-8; HCC: hepatocellular carcinoma; KCL: kihon checklist; LOS: length of
stay; mFl: modified frailty index; N/A: not available; rFl: revised frailty index

Gait speed, which is a component of the Fried’s Phenotype tool, has also been utilized to determine postoperative outcomes in patients undergoing liver
resection at a single-center in Japan™. The authors utilized receiver operating characteristic curves and determined that a cutoff of 1.1 m/s can accurately
identify patients at risk of postoperative complications, based on multivariate analysis. Patients with a gait speed at or below 1.1 m/s had longer LOS and
a higher rate of complications compared to individuals with a gait speed > 1.1 m/s, while both groups had a mortality rate of 0%. Although patients with
complications were not significantly older than those without complications, individuals with a gait speed of < 1.1 m/s were significantly older than those
walking with a speed > 1.1 m/s. As age was not included in the multivariate model, meaningful conclusions cannot be easily deduced. On another note,
low serum albumin (< 4.0 g/dL) was also found to be an independent risk factor for postoperative ooa_u:nmmosm:s. Another Japanese mg&u:_
impact of frailty on morbidity after liver resection for colorectal liver metastases using the CFS (frailty: CFS > 4). Multivariate analysis showed that frailty is
an independent risk factor for severe postoperative complications, while age was not found to be a significant risk factor. In addition, the incidence of severe
postoperative complications, as well as LOS, were significantly higher in frail compared to non-frail patients. Nonetheless, mortality rates were 0% in both
study groups. A prospective multicenter study from Japan sought to evaluate the impact of frailty, as measured by the KCL, on age-related morbidity after
hepatic resection®’. According to this phenotypic FI, patients are deemed frail when KCL is 8 or higher. Based on their multivariate analysis, frailty was
found to be an independent risk factor of age-related events after liver resection, including major cardiopulmonary complications, delirium requiring medical
treatment, transfer to a rehabilitation facility, and dependency. However, the incidence of overall and major complications, 30-day mortality, and LOS did not
differ between frail and non-frail patients, while the 90-day mortality rate was significantly higher in the frailty mwoc@_a_. Details of the studies utilizing frailty

[72]

assessed the

assessment tools to evaluate postoperative outcomes after liver resection are summarized in Table 2

CONCLUSION

Opverall, several studies have proven the feasibility and safety of liver resection in the elderly; however, data do not unanimously support the concept that
chronological age constitutes a valid predictor of postoperative outcomes. Instead, frailty assessed by numerous tools seems to better predict postoperative
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morbidity, mortality, and LOS after liver resection. However, deducing meaningful conclusions remains
challenging due to the lack of consensus regarding frailty definition, assessment tools, and score cutoffs.
Future studies should focus on performing between-tool comparisons, developing a hepatectomy-
specific frailty assessment tool, and evaluating the role of frailty assessment tools in preoperative patient
optimization.
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Abstract

Currently, alcoholic liver disease (ALD) is one of the most prevalent chronic liver diseases worldwide, representing
one of the main etiologies of cirrhosis and hepatocellular carcinoma (HCC). Although we do not know the exact
mechanisms by which only a selected group of patients with ALD progress to the final stage of HCC, the role of the
gut microbiota within the progression to HCC has been intensively studied in recent years. To date, we know that
alcohol-induced gut dysbiosis is an important feature of ALD with important repercussions on the severity of this
disease. In essence, an increased metabolism of ethanol in the gut induced by an excessive alcohol consumption
promotes gut dysfunction and bacterial overgrowth, setting a leaky gut. This causes the translocation of bacteria,
endotoxins, and ethanol metabolites across the enterohepatic circulation reaching the liver, where the recognition
of the pathogen-associated molecular patterns via specific Toll-like receptors of liver cells will induce the
activation of the nuclear factor kappa-B pathway, which releases pro-inflammatory cytokines and chemokines. In
addition, the mitogenic activity of hepatocytes will be promoted and cellular apoptosis will be inhibited, resulting
in the development of HCC. In this context, it is not surprising that microbiota-regulating drugs have proven
effectiveness in prolonging the overall survival of patients with HCC, making attractive the implementation of
these drugs as co-adjuvant for HCC treatment.

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long

as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.
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INTRODUCTION

The metabolic effects of alcohol in humans has been a topic of great interest for many years due to the
important relationship between excessive alcohol consumption and disease even reaching to cancer
development. In this context, The Global Burden of Disease Study 2015 reported the primary liver cancer
incidence, mortality, and disability-adjusted life-years of 195 countries from 1990 to 2015. Surprisingly,
the cases of incident liver cancer increased by 75% between 1990 and 2015. Alcohol-induced liver cancer
globally accounted for 245,000 (30%) deaths with important variations between countries and sex. Only
in 2015, alcohol caused 204,000 [95% uncertainty interval (UI), 177,000-240,000] liver cancer cases in men
and 45,000 (95% UI, 38,000-54,000) cases among women. Eastern Europe was the geographical region
which contributed with the most alcohol-induced liver cancer cases in the world, accounting for 53% of
them". According to WHO statistics, alcohol is involved in more than 200 different diseases”. Among
them, gastrointestinal (GI) disorders (mainly cirrhosis) represent the third cause in mortality secondary
to excessive alcohol consumption®. Interestingly, the metabolism of alcohol goes beyond the liver; in
recent years, the role of the gut-liver axis in the development and aggravation of alcoholic liver disease
(ALD) has emerged as an important element to consider™”. The gut microbiota and a selected group of
catalytic enzymes of the GI tract are key elements in ethanol metabolism and its passage to systemic
circulation. Furthermore, evidence has shown carcinogenic effects of different alcohol and gut metabolites
in ALD patients, bringing new perspectives in the development of hepatocellular carcinoma (HCC) in this
group of subjects. For this reason, this review discusses in a systematic way the role of alcohol-induced
dysbiosis in the development of ALD and its progression to HCC, starting with the different metabolic
pathways of ethanol within the human body and its deregulation in chronic alcohol consumption. Then,
the mechanisms of alcohol-induced dysbiosis with the consequent liver injury and hepatocarcinogenesis
are addressed and finally the future perspectives of microbiota-regulating drugs as adjuvants for HCC
treatment are assessed.

ALCOHOLIC LIVER DISEASE AND HCC

For the development of ALD, the fulfillment of two factors is generally necessary; one is an excessive
alcohol consumption, defined as ingestion of > 20 g/day in females and > 30 g/day in males, and the second
one is the chronicity of this consumption®
progress to HCC'"*”; however, its high prevalence continues to position it as one of the most important
chronic liver diseases (CLDs) for public health. Recently, our group of work conducted a study to
determine the main etiologies of cirrhosis worldwide [Figure 1] finding interesting results among

. 9
countrles[ ].

. On its own, ALD is one of the less frequent etiologies that

In a healthy person, alcohol is metabolized to acetaldehyde mainly in the liver by the alcohol
dehydrogenase (ADH) and the microsomal ethanol-oxidizing system (MEOS), and to a lesser extent
it is also metabolized in the GI tract through ADH, MEOS, and the gut microbiota™. Several factors
predispose the development and progression of ALD to its final stage of HCC, the most important being
genetic predisposition, age, female sex, pre-existing liver disease, and daily alcohol consumption[sl.
Similarly, the GI tract has its own factors that predispose the metabolism and systemic absorption of
ethanol and therefore the severity of ALD. An example of this is the diminished enzymatic activity of ADH
in the stomach commonly seen in young women, elderly, alcoholics, when fasting, and after treatment with
H2-receptor antagonists. Other situations that favor systemic absorption of ethanol are delayed gastric
emptying, chronic atrophic gastritis, and gastric lesion associated with Helicobacter pylori"®. Nonetheless,
in ALD, there is an increase in the metabolization of ethanol to acetaldehyde by the cytosolic enzyme
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Figure 1. Worldwide prevalence of cirrhosis secondary to alcohol abuse compared with other cirrhosis etiologies. Modified from Méndez-
Sanchez et al®’. HCV: hepatitis C virus; ALD: alcoholic liver disease; NASH: non-alcoholic steatohepatitis; HBV: hepatitis B virus; NAFLD:
non-alcoholic fatty liver disease

ADH and then from acetaldehyde to acetate by the mitochondrial enzyme aldehyde dehydrogenase[“].

In the long run, this will generate mitochondrial dysfunction, which is considered a critical step for the
onset and progression of ALD"”. Dysfunctional mitochondrial can undergo a fragmentation pathway
to further be cleared by autophagy or promote the apoptotic cascade in sever liver injury by a multi-step
process called “mitochondrial dynamics” controlled by the activity of the mitochondria shaping proteins
(MSP)™. In a recent study, Palma et al.™ demonstrated that mitochondrial dynamics showed important
changes in alcoholic steatohepatitis (ASH) patients by finding an increased expression of the MSP protein
dynamin-related protein 1 (DRP1) compared with controls. They also found a direct correlation between
DRP1 mRNA levels and blood concentration of aspartate aminotransferase in those patients. Interestingly,
this was only seen in advanced ALD subjects, suggesting the study of mitochondrial deregulation in ALD
progression is an important issue.

On the other hand, high alcohol consumption has been related with increased MEOS activity and its
first constituent, the cytochrome P-450 2E1 (CYP2E1)"** This has a great impact since, unlike the usual
dehydrogenation process, the oxidation of ethanol by MEOS is carried out through several reactive
intermediates known as reactive oxygen species (ROS) via CYP2E1"". An increase in alcohol consumption
upregulates the activity of intestinal MEOS, leading to an increase in ROS production, which interferes
with the barrier function of the gut"”.

MICROBIOTA AND ITS INTERACTION WITH THE INTESTINAL ENVIRONMENT

The GI tract is the natural habitat for several microorganisms, including bacteria, archaea, viruses,
and parasites. In a healthy gut microenvironment, there is a predominant diversity of seven large
groups: Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, Proteobacteria, Verrucomicrobia, and
Cyanobacteria™. The gut microbiome, which refers to the collective genomes of all the microorganisms
that compose the gut microbiota, contains 150 times more genes than the human genome[m]. In addition,
gut bacteria has been appreciated for the benefits they can provide to the host (symbiosis) as they supply
essential nutrients such as vitamins, metabolize non-digestible compounds, and even defend against

. . . [19,20]
pathogemc mlcroorgamsms .

The colonization of the healthy gut environment contributes to the development of the intestinal
architecture and the proper functioning of the immune system. Colon bacteria can ferment nutrients and
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Figure 2. Cell composition of the intestinal barrier. The intestinal epithelium consists of a single layer of epithelial cells. Adjacent cells
are connected by three main junctional complexes: desmosomes, adherens junctions, and tight junctions. The main immune cells of the
intestinal barrier consist of T-cells, mast cells, and eosinophils

endogenous substrates derived from the host, such as mucus and pancreatic enzymes, as well as dietary
components that are not absorbed in the first portions of the GI tract. Thus, the gut microbiota produce
and transform a wide variety of metabolites that are absorbed in the small intestine, which can then travel
through the bloodstream and reach the systemic circulation, especially the brain and liver, where they can
trigger or influence important signaling pathways[“].

The gut is a large territory occupied by both commensal and pathogenic microorganisms; therefore, it has
the important protective mechanism of selectively choosing which molecules may pass to the systemic
bloodstream. This mechanism is established by a multi-layer intestinal barrier covered by a mucus layer
that provides a physical barrier between the underlying epithelium and the GI tract. This intestinal barrier
consists in two separate sub-layers: an inner layer attached to epithelial cells lacking bacteria and an outer
layer colonized by commensal microorganism. In addition to protecting against harmful agents, it acts as a
selective filter for the correct translocation of nutrients, electrolytes, and water from the intestinal lumen to

the circulation”>*”,

Cell composition of the intestinal barrier
The intestinal barrier has three main cell types aimed to protect the host against external aggressions. This

[24]

group includes the epithelial cells, intestinal goblet cells, and Paneth cells™ Epithelial cells form a physical
barrier connected by many transmembrane proteins called tight junctions (T7), adhesion junctions (AJ), and
desmosomes, each located in the basolateral membrane of epithelial cells. The TJ (also called zonula adherens)
are located in the most apical part, formed by the cadherin-catenin protein junction. Below this zone, in
almost the entire extension of the basolateral membrane, we can find the AJ (also known as zonula occludens),
formed by the union of three main proteins: occludins, claudins, and the junctional adhesion molecules
(JAM). Occludin and claudins are responsible for biochemical permeability and cell adhesion, while JAM bind
cells by anchoring to the actin cytoskeleton of each cell. Finally, desmosomes can be found in the lower area of

the epithelial cells, which also provide junction points by using keratin filaments™ [Figure 2.

Intestinal goblet cells produce different types of mucins (Muc2, Muc5AC, and Muce), contributing to the
viscous properties of the intestinal mucus layer and the protection against the pathogens that penetrate
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Figure 3. Composition of a “healthy” gut microbiota

this layer. Similarly, Paneth cells secrete the derived regenerating islet (Reg) 3B in the mucus layer. These
molecules are involved in gut homeostasis and exhibit antimicrobial activity that shapes the composition
of the intestinal microbiome™”. All these gut defense mechanisms are reinforced by numerous immune
cells in the lamina propria that play an essential role in the protection of the intestinal mucosa against the
invasion of bacteria. Of this large number of immune cells, it is worth highlighting T cells, mast cells, and
eosinophils due to their important contributions™”. First, T cells regulate cell permeability through Na'/
K" ATPase pumps, as well as the release of proinflammatory cytokines such as interferon-gamma (IFNy),
tumor necrosis factor-alpha (TNF-a), and delta-positive intestinal intraepithelial lymphocytes (iIELy&+),
which are also found in the basolateral membrane of epithelial cells, involved in the maintenance of its
function. Mast cells release different proinflammatory mediators such as histamine, leukotrienes, platelet-
activating factor, and cytokines, with important immune-mediated functions throughout the entire
GI tract. Ultimately, eosinophils increase intestinal permeability through different mediators such as

histamine, prostaglandins, and TNF-o"”.

Composition of a “healthy” gut microbiota

In the small intestine, food and nutrients absorption is mainly done in the duodenum through the release
of digestive enzymes. At this site, food transit is faster, and the presence of oxygen limits bacterial density
[10”" Colony-forming unit (CFU)/mL]. Firmicutes and Actinobacteria predominate in this site with an
important growth of Gram-positive aerobes and facultative anaerobes, including Lactobacilli, Enterococci,
and Streptococci with a progressive increase in bacterial density (10" CFU/mL) in the jejunum™. In the
first part of the ileum, the bacterial density increases with a predominance of aerobic species (10" CFU/
mL). In contrast, the distal part of the ileum (near the ileocecal valve) is inhabited by anaerobes and
Gram-negative microorganisms similar to those found in the colon (characterized by a slower transit and
its anaerobic condition). In the colon, the number of anaerobes exceeds aerobes microorganisms with
a bacterial density of 10” CFU/mL and an important predominance of Firmicutes and Bacteroidetes.
Moreover, in the GI lumen, Bacteroides, Bifidobacterium, Streptococcus, Enterobacteriaceae, Enterococcus,
Clostridium, Lactobacillus and Ruminococcus spp. are the bacterial genera that predominate, while
Clostridium, Lactobacillus, Enterococcus, and Akkermansia spp. are more frequent in the mucosa [Figure 3].
In addition, some pathogenic bacteria including Campylobacter jejuni, Salmonella enterica, Vibrio cholera,
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for systemic inflammation and HCC development. ADH: alcohol dehydrogenase; MEOS: microsomal ethanol oxidizing system; ALDH:
aldehyde dehydrogenase; DRP1: dynamin-related protein 1, CYP2E1: cytochrome P450 2E1; ROS: reactive oxygen species; TJ: tight
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Escherichia coli, and Bacteroides fragilis can be found in smaller amounts within the GI tract™,

OXIDATIVE STRESS AND INTESTINAL PERMEABILITY IN ALD

When there is an increase in alcohol consumption, an upregulation of the CYP2E1-dependent ROS
products such as hydroxyethyl, superoxide anion, hydroxyl radicals and numerous free radicals will
accumulate in the liver, developing oxidative stress. An accumulation of ROS produces structural
and functional changes in the DNA that interfere with the cell cycle, playing an important role in
carcmogenesw . One of these changes induced by acetaldehyde and ROS is related to eplgenetlc
regulations by interfering with the folate metabolism (important for DNA synthesis and methylation)®*
ALD patients have been found with polymorphisms in the methylene tetrahydrofolate reductase gene,
leading to an alteration in folate metabolism and HCC development***. Alcohol also has the capacity
to inhibit the synthesis of S-adenosyl-L-methionine (SAMe), an important methyl-donor molecule, by a
diminished activity of methionine adenosyltransferase. The consequence of chronic SAMe depletion seems
to be associated with liver injury by interfering with the regenerative capacity of the liver™. Furthermore,
oxidative stress induces lipid peroxidation products such as malondialdehyde and 4-hydroxy-2-nonenal
with the capacity to modify the gut microbiome, enhancing the creation of endotoxins by gut bacteria™,
as well as induce mutations in the p53 gene, promoting HCC development"™"

In the same way, evidence suggests that intestinal MEOS plays a permissive role in the gut, probably by the
integrity disruption of the narrow epithelial junctions, which induces a decreased expression of binding
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proteins (mainly claudins) with the consequent dysfunction of the AJ, establishing a leaky gut[”]. Rodent
studies have also demonstrated that alcohol-associated intestinal permeability is favored by a reduction
in the intestinal hypoxia-induced factor 1-alpha (HIF-10) activity, a condition reversed by probiotic
Lactobacillus rhamnosus GG supplementation[”’“]. Moreover, ALD patients show a decreased bacterial
diversity associated with an increase of endotoxin-producing Enterobacteriaceae and Proteobacteriaceae
and a reduction in taxa that produce short-chain fatty acids such as Lachnospiraceae, Bacteroidaceae,
pel Interestingly, a reduced expression of lectins Reg3p and regenerating islet-
derived protein 3 gamma (Reg3y) is another important characteristic commonly seen in ALD, associated
with bacterial overgrowth and translocation™. All these factors will induce endotoxins formation such as
lipopolysaccharides (LPS), peptidoglycans, and bacterial DNA. This favors intestinal inflammation and the
activation of the TNF-a. receptor I signaling in intestinal epithelial cells associated with increased intestinal
permeability of endotoxins to the liver, boosting systemic inflammation via recognition of specific toll-
like receptors (TLRs)**), as discussed below in more detail. Moreover, commensal fungi such as Candida
spp., Saccharomyces cerevisiae, and Malassezia spp. will develop tolerance from the host immune system
during chronic alcohol consumption, fomenting an increase in these fungal species””. Interestingly,
studies in ALD patients have also shown higher systemic endotoxemia levels in subjects with an increased
alcohol consumption regardless of the stage of liver disease, demonstrating that alcohol consumption is an

[41,42]

and Ruminococcaceae

independent factor for systemic endotoxemia

MECHANISMS INVOLVED IN HCC DEVELOPMENT

In the liver, Kupffer cells and bone-marrow derived macrophages will recognize small sequences of
molecules formally called pathogen-associated molecular patterns (PAMPs) from endotoxins coming
from enterohepatic circulation via Toll-like receptor-4 (TLR4). The upregulation of TLR4 will promote
binding with its ligand, myeloid differentiation primary response 88, resulting in the activation of c-Jun
N-terminal kinase, the inhibitor of nuclear factor kappa-B kinase 2, and mitogen-activated protein kinase
(MAPK) p38, with the consequent activation of the nuclear factor kappa-B (NF-«kf) pathway. This favors
the release of TNF-q, IFN-y, prostaglandin-2, chemokine C-C motif ligand, IL-1a, IL-1f, IL-6, ROS, and
nitric oxide, perpetuating liver inflammation™”. NF-«f can also induce the antiapoptotic genes (TRAF-1 and
TRAF-2) with important carcinogenic effects””. Increased TNF-o, production has been shown to deregulate
TJ, causing disruption of the intestinal barrier. Interestingly, high levels of TNF-a and IL-6 have been
found in duodenal biopsies of alcohol-dependent subjects, which tend to confirm data obtained in animal
models””. In another study carried out in 52 subjects diagnosed with alcohol dependence according to
the DSM-IV criteria, a biochemical panel measuring LPS, TNFq, IL-6, IL-10, and high C reactive protein
sensitivity showed an important elevation of these biochemical markers*. On the other hand, IL-37 has
been associated with anti-inflammatory effects via IL-18Ra and IL-1R8 expression. In liver samples of ASH
subjects, IL-37 expression was substantially reduced when compared to non-alcoholic fatty liver disease
subjects[“]. An in vivo system in wild-type mice suggested that hepatic IL-37 expression was suppressed by
ethanol through the administration of human recombinant IL-37 followed by oral gavage of an ethanol
shot in those animals*. This is important since HCC clinical specimens have shown that decreased
expression of IL-37 is negatively correlated with tumor size and positively associated with better overall
survival and disease-free survival via the induction of tumor-infiltrating CD571 natural killer cells™

In the liver, TLR4 can also be expressed in hepatic stellate cells (HSCs), endothelial cells, and
hepatocytes[m. In HSCs, this molecule is involved in the upregulation of hepatocytogen epiregulin[“],
an epidermoid growth factor with a potent mitogenic effect on hepatocytes[m. In conjunction with the
antiapoptotic effect of NF-«p, it significantly promotes the hepatocarcinogenesis process. Knock-out mice
studies with TLR-4 deficiency and intestinal sterilization with non-absorbable antibiotics have found a
reduction in steatosis, oxidative stress, and liver inflammation with a consequent decrease in HCC risk
development™*", although the risk for liver injury increased, probably due to a deficiency in the innate
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immunity caused by the suppression of TLR-4. In addition, chronic alcohol consumption has been
associated with immunosuppression though a reduced recruitment of CD8" T cells, an important group of
cells responsible for the anti-tumor response in the human body[szl.

CHANGES IN THE GUT MICROBIOTA OF HCC PATIENTS

The gut microbiota undergoes an important change in the guests with early HCC. In obesity-induced
mouse models, a greater number of Clostridium species has been found"**, while in humans an
important growth of Escherichia coli®, Actinobacteria, Gemmiger, and Parabacteroides species” has
been reported. In addition, due to the large number of bacteria that coexists in the body and the bacterial
translocation caused by a leaky gut, it is not uncommon to find metabolically active bacteria within richly
vascularized tumors attracted through a chemotactic gradient of the necrotic cell debris””. In the case of
HCC, Helicobacter species have been found with some frequency in this type of tumor tissue™ . In fact,
this relationship is so important that an influence of the gut microbiota in the effectiveness and toxicity of
certain chemotherapeutic agents has been pointed out, especially with the immune checkpoint inhibitors
through the interaction among PAMPs, antigen-presenting cells, and TLRs, which leads to an adaptive
immune response that modifies the pharmacodynamics of these types of agents[57]. Moreover, both animal
and human studies have found a significant correlation between alcohol consumption and a disturbance in
the Lactobacillus to Bifidobacterium ratio, with an increase in pathogenic bacteria (namely, Proteobacteria
and Bacilli). Interestingly, this ratio derangement has different presentations according to alcohol
consumption habits, duration, and liver disease stage[m’ﬁz]

Looking at other examples of HCC development related to microbiota imbalances in hepatology, we
can describe the evidence regarding chronic viral hepatitis B and C. Chronic hepatitis B (CHB) patients
show lower bacterial diversity (namely, an increase of Firmicutes and a decrease of Bacterioidetes). There
is an increased concentration of H,S- and CH,SH- producing phylotypes (Fusobacterium, Filifactor,
Eubacterium, Parvimonas, and Treponema) that may produce small bowel bacterial overgrowth,
potentially involved in cirrhosis and HCC development'®. However, the impact of gut microbiota
derangements in CHB patients on hepatocytes neoplastic transformation is different from that of chronic
hepatitis C patients'®’. In fact, obesity and/or diabetes stimulate cellular oncogenesis via gut microbiota
derangement (i.e., an abundance of Bacteroidetes and, at a genus level, Prevotella, Acinetobacter,

Veillonella, Phascolarctobacterium, and Faecalibacterium abundance) in HCC patients'* "

Moreover, both interferon and new interferon-free direct antivirals successfully treated HCC patients
presenting a permanent chronic inflammatory state triggered by an altered gut microbiota with potential
HCC promotion™® ™

MOLECULAR INVOLVEMENT OF THE BILE ACIDS

Bile acids (BAs) are amphipathic molecules obtained from cholesterol synthesized in the liver, which play
an important role in the emulsification of fats obtained from the diet to facilitate their absorption, in
addition to important regulatory effects on the signaling pathways of glucose, lipids, and amino acids”".
In a healthy host, most of the BAs’ pool is reabsorbed by active transport in the terminal ileum, while the
rest is dehydroxylated by the intestinal microbiota, such as the secondary BAs deoxycholic acid (DCA) and

72]

lithocholic acid”.

The disruption in bacterial diversity of the host induced by ALD brings with it an important change in the
BAs’ pool by upregulating bacterial dehydroxylation, resulting in an increase in DCA synthesis, known
for its important cytotoxic and carcinogenic effects. It is known that, under conditions of accumulation
of BAs, activation of farnesoid X receptor (FXR) induces the expression of the bile salt export pump,
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organic solute transporter alpha, and organic solute transporter beta, promoting the efflux of hepatic and
intestinal BAs to systemic circulation”. However, in CLDs, a decrease in these transporters has been
observed due to an inhibition in FXR signaling by the subunit NF-kf p65 binding directly to FXR, which
inhibits its transcriptional activity, thus maintaining liver inflammation and the probable development
of HCC™. In addition, DCA can disrupt the plasma membrane, causing activation of protein kinase C,
which in turn activates p38 MAPK, increasing the activation of NF-«f pathway and resulting in sustained
inflammation””. Furthermore, the NF-«p pathway transcribes genes encoding pro-inflammatory cytokines
such as IL-6 related to the activation of the signal transducer and activator of transcription 3 pathway,
which leads to decreased apoptosis[76], and IL-1B related to the activation of phosphoinositide 3 Kinase-
MDM2 pathway, which negatively regulates p53, thus increasing the survival of DNA-damaged cells and
leading to the development of HCcc™,

Finally, recent findings have suggested an important role of DCA and cellular senescence in the
development of HCC™. Cellular senescence is a protective cell response to telomere erosion or oncogene
activation with the final objective of bringing to an end the compromised cell cycle to prevent the
development of any neoplasm™. Interestingly, senescent cells develop a secretory proinflammatory profile
known as senescence-associated secretory phenotype (SASP)™. An experimental model in mice found that
DCA induces SASP phenotype in HSCs, which in turns favors the secretion of proinflammatory cytokines
and tumor-promoting factors associated with HCC development[ss]. It should be noted that this was an
obesity-induced mice model; nonetheless, the results of this study could be replicated in an animal model
of high-alcohol consumption to determine if there is any important variation between models'””.

MICROBIOTA-REGULATORS AS A THERAPEUTIC OPTION FOR HCC

Due to the close relationship between dysbiosis and HCC, it is not difficult to imagine that certain
microbiota-regulating agents have been used in several experimental studies in both humans and animals
showing encouraging results. In this context, the drugs that have shown greater efficacy are the non-
absorbable antibiotics rifaximin""*" and norfloxacin™*” by presenting an increase in the survival of
patients with cirrhosis and HCC, in addition to preventing associated complications such as hepatic
encephalopathy, portal hypertension, and spontaneous bacterial peritonitis. Other drugs included in
this therapeutic arsenal are probiotics due to their modulating effects on the gut microbiota, by trying
to restore bacterial diversity™. Unfortunately, many pharmaceutical and food companies have made
significant profits with them, which is why many so-called “healthy bacterial compounds” can be
found in both pharmacies and supermarkets, making it difficult for health authorities to regulate them.
Another important option that has not proven its efficacy in cancer but has in other GI conditions such
as Clostridium difficile infection is fecal microbiota transplantation, promising to “reset” the altered
microbiota, thus improving the anti-cancer immune response and preventing its development[”].
Unfortunately, all these therapeutic options are still not included in the guidelines for the management of
HCC due to the lack of standardization in different populations; thus, new clinical studies that focus on
the resolution of intestinal dysbiosis for the management of HCC are necessary to increase its therapeutic

options.

CONCLUSION

ALD is one of the most prevalent CLDs worldwide, representing a major health problem for most
countries. Although it has a low potential for malignancy compared to other CLDs, its wide prevalence
represents a major health problem for most countries. In recent years, great advances have been made
in this field. To date, we know that alcohol metabolites interfere with the mitochondrial regulation
pathways via increased expression of MSP, representing an attractive research field for understanding
ALD pathogenesis. In addition, alcohol has the capacity to disturb gut microbiota, favoring the expansion
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of endotoxin-producing bacteria and intestinal permeability, with the final translocation of bacteria and
bacteria metabolites to the liver, inducing liver injury and carcinogenesis via the recognition of TLR-4 and
the activation of NF-xf3 pathway. Microbiota-regulating drugs have proven an important efficacy in the
survival of patients with cirrhosis and HCC. However, alcohol abstinence will always be the best option for
these patients; thus, emphasis should be placed on dissemination programs that teach the population about
the important complications derived from alcohol consumption.
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Abstract

Coffee, a popular drink around the world, is composed of a complex mix of biologically active molecules, including
caffeine, chlorogenic acid, and diterpenes. These compounds have antioxidant, anti-inflammatory, antifibrotic, and
anticarcinogenic properties, which may explain observational data showing that coffee drinkers have lower rates
of chronic liver disease, including cirrhosis and hepatocellular carcinoma (HCC). Recent studies have also shown
that coffee consumption may also increase patient survival before and after liver transplantation. The mechanism
by which coffee consumption protects against HCC is not clear; however, its relevant role has been demonstrated.
This literature review article focuses on the role of coffee consumption in protecting against the development of
HCC. Methodology: Scientific articles indexed through PubMed, including Medline, Scielo, and Lilacs, published
in English were used as search methods. The terms used in English were: "hepatocellular carcinoma” or “Liver
cancer” or "HCC" and “coffee”. According to the study design or review article, cross-sectional, longitudinal, or
descriptive investigations were included, showing site and year of publication until 2019.

Keywords: Hepatocellular carcinoma, coffee consumption protection, liver cancer

INTRODUCTION

Hepatocellular carcinoma (HCC) is the main and most frequent malignant liver tumor today. Its prevalence
has been increasing steadily around the world in recent decades'"’, and its development is associated with
chronic liver diseases caused by hepatitis B and C viruses, alcoholic cirrhosis, non-alcoholic steatohepatitis,

. . . . [2,3]
and metabolic diseases such as primary hemochromatosis .

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
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Coffee is one of the most consumed beverages in the world. Coffee consists of several components, such as
caffeine, triacylglycerol, tocopherols, chlorogenic acid, cafestol, and kahweol, with relevant antioxidant and
anti-inflammatory properties. Because of their biological properties, these substances can have beneficial

effects on metabolism'.

For many years, coffee intake has been related to adverse effects, mainly cardiovascular, but recent studies
show that daily coffee consumption, in addition to being harmful, can be beneficial and protective, especially
against the development of chronic liver diseases such as HCC. This protection seems to be associated with

the habit and frequency of coffee consumption[sl.

As most studies on this subject have been observational, the mechanisms of coffee protection against various
diseases remain uncertain. However, some hypotheses have been suggested: polyphenols, antioxidants
found in coffee, may protect cells against oxidative stress and damage to DNA molecules'®. The protection
conferred by coffee is believed to occur through antioxidant components, which would influence the lower
liver enzymatic activity. Gamma-glutamyl transpeptidase (GGT) and alanine aminotransferase (ALT) in
these studies showed lower serum levels in coffee drinkers versus nondrinkers'”.

The importance of hepatocarcinogenic pathways for the development of HCC has also been discussed, and
molecular mechanisms that generate liver aggression and metabolic changes in hepatocytes related mainly to
oxidative stress have been observed. The accumulation of several oxidative metabolites directly attacks DNA
molecules or makes the general functioning of the cell unfeasible, generating apoptosis. Thus, it is observed
that the protective mechanisms of substances present in coffee antagonize the hepatic carcinogenic pathways,
which theoretically supports the findings of coffee consumption as a protector of the liver.

Even with the accumulation of evidence in favor of coffee consumption, its dietary prescription remains
controversial. It is estimated that 36% of health professionals still believe that coffee consumption increases
the risk of cancer. Thus, research that reinforces the benefits of coffee is still needed, especially when the

. . . . [8]
outcomes are more impactful and chronic, such as the incidence of hepatocellular carcinoma .

This literature review aims to evaluate the role of coffee consumption in protecting against the development
of HCC.

METHODOLOGY

Scientific articles indexed through PubMed, including Medline, SciELO, and Lilacs, published in English
were used as search methods.

The terms used in English were: “hepatocellular carcinoma” or “liver cancer” or “HCC and “coffee”
According to the study design or review article, cross-sectional, longitudinal, or descriptive investigations
were included, showing site and year of publication until 2019.

This literature review included articles that evaluated the role of coffee consumption in protecting against
the development of HCC and included the following topics: HCC pathogenesis; caffeine and HCC; amount
of coffee consumed and protective effect on hepatocarcinogenesis; impact of coffee consumption on HCC
mortality; and coffee consumption and recurrence of HCC after liver transplantation.

HCC PATHOGENESIS

The pathogenesis of HCC is multifactorial, which initially includes an inflammatory process mediated
by Kupffer cells in the liver or macrophages, which stimulate the production of proinflammatory
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cytokines [interleukin 6 (IL-6) and tumor necrosis factor (TNF-o)] and immunosuppressive cytokineslg’w]
(IL-10). The accumulation of these immunostimulating agents around the liver inflammation focus
induces mitochondrial imbalance in hepatocytes (increased oxygen uptake and increased production
of superoxide anions, hydroxyl radicals, and oxide), leading to the production of high levels of reactive
oxygen species (ROS) and a consequent increase in oxidative stress' """

In addition, hepatic mitochondria are also essential in hepatocyte survival as the mediator of apoptosis and
necrosis, controlling the balance between cell survival and death by regulating membrane permeability,
and activating the intrinsic pathway of apoptosis (cytochrome C protein release, apoptosis formation, and
caspase activation'”). In addition, increased ROS production causes oxidative damage to mitochondrial
proteins (impairing ATP synthesis) and alters the induction of pore production from mitochondrial
transition permeability. These changes make the inner membrane permeable to small molecules that can
cause ischemia or reperfusion injury and DNA damage by activating the intrinsic apoptotic mechanism'”

These mechanisms can induce recurrent cycles of cell damage, repair, and regeneration in hepatocytes,
leading to the formation of dysplastic nodular lesions, which are precursor lesions of HCC. Associated with
these changes are genetic and epigenetic changes that are directly related to tumor progression and Hce,

CAFFEINE AND HCC

Caffeine, one of the components of coffee, appears to play a central role in protecting against the
development of chronic liver disease and HCC. It reduces HCC cell proliferation, and it has been observed
that protection against HCC is lower for decaffeinated coffee"”.

Other substances, such as cafestol and kahweol, tirpenoid molecules present in coffee beans, increase the
activity of liver enzymes, which may improve metabolism and excretion of carcinogens[m’”]. However,
cafestol and kahweol are only present in minimal quantities in filtered coffee, and these coffee varieties
are p{opu}lar in countries, such as Japan and Finland, where studies have shown inverse associations with
HCC™".

Specific coffee protection mechanisms may include inhibition of viral hepatitis activity and prevention of
diabetes mellitus type 2. In addition, coffee has a number of health benefits, including a lower incidence of
neurological diseases, various cancers, and reduced mortality from any cause”™

AMOUNT OF COFFEE CONSUMPTION AND PROTECTIVE EFFECT ON HEPATOCARCINOGENESIS

Several studies report not only the protective effect of coffee use on the pathogenesis of HCC but also that
the protection is related to the amount of coffee ingested. Inoue et al.”" conducted a prospective cohort
of 116,686 Japanese individuals to assess the influence of coffee consumption on the risk of hepatocellular
carcinoma. Coffee proved to be a liver protective factor, with 51% lower risk of developing cancer by daily
consumers compared to those who never drank coffee. An inverse relationship was also noted between
consumption and incidence of this neoplasia, one or two cups per day (HR = 0.52), three or four cups per
day (HR = 0.48), and more than five cups per day (HR = 0.24).

The study by Johnson et al.”” analyzed 63,257 over-middle-aged Chinese individuals over approximately 5
years between 1993 and 1998. They that 18.5% of individuals did not drink coffee, 11.1% were light drinkers
and drank less than one cup per day, 36% were average consumers who drank between one and two cups
a day, and 34.4% were heavy drinkers and drank more than two cups of coffee a day. Of the 362 patients
diagnosed with HCC, an inverse relationship was found between coffee consumption and HCC risk, with
a lower risk for each increase in the number of coffee cups drunk (P = 0.05). Heavy consumers had a 44%
lower risk of HCC than those who did not drink coffee after adjusting for potential confounders.
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A European study by Bamia et al. I evaluated more than 521,000 individuals between 1992 and 2000 in
10 European countries to look for the etiologic factors of cancers and other chronic diseases. Dietary data,
including coffee intake, were obtained through previously validated questionnaires. After 11 years of follow-
up, 133 men and 68 women were diagnosed with HCC, and the results showed an average consumption
of 354 mL per day of coffee among men and 290 mL of coffee per day among women. Seven percent of
participants did not drink coffee. There was an inverse association between coffee consumption and the risk
of HCC, and coffee consumption proved to be a liver protective factor in all groups. The higher the coftee
intake, the lower the risk of liver carcinogenesis, with statistically significant results.

Aleksandrova et al.** analyzed the data obtained from the European Prospective Investigation into Cancer
and Nutrition, a study conducted from 1992 to 2000 on more than 520,000 individuals that aimed to
establish a relationship between protection from coffee consumption and the risk of HCC in addition to
serum markers of inflammation. Coffee consumption showed an inverse association with the development
of HCC, with 20% more coffee consumers having an approximately 70% lower chance of HCC. Conjugate
analysis of serum markers and coffee consumption showed a statistically significant reduction in all markers
of liver inflammation (IL-6, glutamate dehydrogenase, alanine transaminase, aspartate transaminase, GGT,
alkaline phosphatase, total bilirubin, and alpha-fetoprotein). All of these markers were directly associated
with a higher risk of hepatocellular carcinoma.

IMPACT OF COFFEE CONSUMPTION ON HCC MORTALITY

Kurozawa et al.””, through a prospective cohort study from 1988 to 1999, evaluated the impact of coffee
consumption on HCC mortality in a total of 110,792 individuals. In HCC mortality analyses, consumers
of less than one cup of coffee per day had a lower risk of death from HCC, and this risk was even lower in
consumers of at least one cup of coffee per day, showing a quantitative association between consumption and
mortality from hepatocellular carcinoma. In subjects reporting a history of liver disease, coffee consumption
was an even more prominent protective factor when compared to those who did not drink coffee or drinkers
with no history of liver disease.

COFFEE CONSUMPTION AND RECURRENCE OF HCC AFTER LIVER TRANSPLANTATION

Orthotropic liver transplantation (OLT) is the therapeutic option with the most favorable outcome as it
offers radical removal of the tumor and eliminates underlying chronic liver disease in selected patients or
those with early-stage HCC. However, recurrence of HCC after OLT remains a serious problem with up
to 20% risk. Recent studies have identified several risk factors for HCC recurrence, such as biological and
radiological progression on the waiting list, number of tumor nodules, and poor differentiation”**. However,
the mechanisms are still poorly understood, and potential post-OLT strategies to prevent HCC recurrence
are still needed.

Recent studies show that caffeinated coffee consumption is associated with a reduced risk of HCC recurrence
and longer survival following OLT. Experimental data suggest that such benefits of coffee are associated, at
least in part, with the caffeine antagonist activity in promoting adenosine receptor-mediated growth by HCC
cell effects™”.

CONCLUSION

The present review suggests that a daily habit of drinking coffee seems to protect against the development of
HCC. The mechanisms may induce recurrent cycles of cell damage, repair, and regeneration in hepatocytes,
leading to the formation of dysplastic nodular lesions, which are precursor lesions of HCC. Genetic and
epigenetic changes may also influence HCC development. Caffeine is only one of the components of coffee;
however, it appears to play a central role in protecting against the development of chronic liver disease and
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HCC. Some studies have also suggested an impact of coffee consumption on HCC mortality and recent
studies showed that coffee consumption is associated with a reduced risk of HCC recurrence and longer
survival following liver transplantation. These results are encouraging, mainly due to the increase in the
incidence of HCC and its prognosis. Randomized studies are expected to confirm the results of mostly
observational studies.
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Abstract

Hepatocellular carcinoma (HCC) is a major and increasing cause of clinical and economic burden worldwide.
Now that there are effective therapies to control or eradicate viral aetiologies, the landscape of HCC is changing
with alcoholic and metabolic liver diseases becoming major catalysts. The pathogenesis of HCC is complex and
incompletely understood, hampering improvements in therapy. Animal models are essential tools for advancing
study on the cellular and molecular processes in HCC and for screening potential novel therapies. Many models
of hepatocarcinogenesis have been established using various methods including genetic engineering, chemotoxic
agents and dietary manipulation to direct implantation of tumour cells. However, none of these can accurately
replicate all features found in human diseases. In this review, we provide an overview of different mouse models
of HCC with a particular focus on cancer arising from alcoholic liver disease, non-alcoholic fatty liver disease and
hereditary haemochromatosis. We also highlight their strengths and limitations and provide perspectives for future
study.

Keywords: Hepatocellular carcinoma, animal models, mouse models, non-alcoholic fatty liver disease, alcohol,
haemochromatosis
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and ranks as the fifth
most common incident cancer and the fourth most common cause of cancer-related death worldwide.
Major causes for HCC include chronic liver disease such as infection with hepatitis B virus (HBV) or
hepatitis C virus (HCV), alcoholic liver disease (ALD) and non-alcoholic fatty liver disease (NAFLD)[I].
Over 80% of the world’s HCCs are found in less developed countries due to the influence of chronic HBV
infection; however, the incidence and mortality are largely decreasing in these regions due to immunisation
and antiviral therapym. Instead, the burden of HCC is increasing in Western or developed countries due
to the rise of NAFLD-associated HCC™". Indeed, NAFLD has either already become or is on the verge
of becoming the leading cause of HCC in most Western countries”™. Alarmingly, even in non-Western
countries where viral hepatitis-related HCC predominates, the proportion of patients with HCC due to
NAFLD is increasing at an exponential rate™™"”. Moreover, with no effective pharmacologic agents to date,
the burden of NAFLD is expected to rise further in the future.

The epidemiology of HCC in the context of ALD is poorly captured with heterogeneous geographic
distribution™". However, current data show alcohol accounts for 21% of HCC cases globally, making it the
third leading cause (behind HBV and HCV) and the leading cause in many regions *. The age-specific

incidence rates for ALD-related HCC are also increasing.

Alongside NAFLD, hereditary haemochromatosis (HH) is another metabolic liver disease impacted by
HCC which deserves special mention. HCC accounts for up to 28%-45% of deaths in HH patients and
the relative risk of HCC development in those with cirrhosis is greater than 200", HCC has also been
described in HH patients without cirrhosis. Furthermore, iron has been implicated as a cofactor for HCC
development in other liver diseases such as NAFLD"".

Therefore, with continuing improvements in global HBV vaccination coverage and effective therapies to
control HBV and eradiate HCV, alcohol and metabolic liver diseases will take their place as the major
contributors of hepatocarcinogenesis in the coming decades.

WHY DO WE NEED ANIMAL MODELS?

The biology of HCC is complex and incompletely understood with no single dominant molecular
pathology. However, therapeutic approaches for primary intervention over the past ten years have resulted
in numerous negative randomised controlled trials"*'"*. The current approved therapies for advanced
disease prolong survival by only 2-3 months"”. Thus, new targets for therapies are urgently needed.

Unlike other cancers, HCC can be diagnosed by imaging criteria alone and few patients (< 30%) are eligible
for curative surgical resection or liver transplantation”. This has limited the availability of human HCC
tissue samples for study. Indeed, the large number of human studies that have classified human HCC
at the molecular level have almost exclusively used tissue from relatively early HCC obtained at hepatic
resection or transplantation. Thus, animal models of more advanced HCC have proved to be crucial for
investigating the genetic alterations, signalling pathways and microenvironment interactions involved
in hepatocarcinogenesis. Importantly, they also allow for the evaluation of potential novel treatment
paradigms and drugs in preclinical trials.

Although many animal models of HCC exist, this review focuses on mouse (Mus musculus) models,
which are considered some of the best animal models for studying HCC owing to their compact size,
short lifespan, breeding capacity and physiologic and genetic similarities to human biology'”. After a brief
overview of HCC mouse models, the review concentrates on mouse models for HCC arising from ALD,
NAFLD and HH.
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Figure 1. Examples of methodology used in mouse liver cancer models. DEN: di-ethyl-nitrosamine; HFD: high fat diet; i.p: intraperitoneal

MOUSE MODELS FOR HCC (GENERAL APPROACHES)

Hepatocarcinogenesis can be achieved through several different strategies either alone or in combination
[Figure 1].

Genetically engineered mouse models

The most prevalent genetic mutations in human HCC are in the promoter region of TERT (60%), TP53
(20%-30%), CTNNB1 (15%-25%), ARIDA1A (10%-16%) and AXIN1, while genes commonly mutated
in other solid tumours such as EGFR, PIK3CA or KRAS are rarely mutated in HCC (< 5%)[201. Various
genetically engineered mouse (GEM) models have been created to reproduce these molecular features of
human HCC. These models which result in activation of oncogenes or inactivation of tumour suppressor
genes can be achieved via several different mechanisms including microinjection of recombinant DNA into
the pronucleus of an embryo, lentiviral transduction in embryonic stem cells, homologous recombination
in stem cells, conditional mutagenesis (e.g., Cre/loxP recombination system), knockdown using RNA
interference and more recently genome editing with programmable endonucleases (e.g., CRISPR/Cas9
system). Liver-specific GEM models have also been created using the latter two techniques, for example
with Albumin-Cre and hydrodynamic injection of plasmids, respectively”™". Genetic modifications can also
be used to produce mouse phenotypes that represent specific aetiologies of human metabolic liver diseases
such as obese mice (e.g., ob/ob, db/db and foz/foz) to study NAFLD-related HCC or HFE knockout mice
to study HCC in the setting of HH™*",

However, the use of GEM models alone cannot recapitulate human disease. Firstly, there is no single
dominant molecular pathology underlying all HCCs but rather several pathways involved””. Sequencing
of cancer genomes had revealed that a typical cancer initiating cell accumulates at least 2-8 driver
mutations”®. However, GEM models are generally limited to one specific driver mutation"**', hence
restricting models to study only specific genes or pathways in hepatocarcinogenesis. Secondly, GEM
models typically lack chronic liver injury and fibrosis and HCCs develop in almost normal livers (with
the notable exception of MDR2 knockout mice). Despite this, these models have a role in providing
evidence that powerful causation effects can be seen particularly following genetic ablation of key tumour
suppressor genes or over amplification of oncogenic proteins. Examples of the former include liver-
specific knockout of p53 (AlfpCre Trps3™"***"* mice), PTEN (AlbCrePten"™"™) or both”™*". Conversely,
overexpression of oncogenes such as MYC and E2F1 alone or synergistically in combination can also drive
hepatocarcinogenesis”**". Recently, Ruiz de Galarreta et al.”” were able to generate liver tumours with
both MYC overexpression and TP53 depletion by hydrodynamic tail-vein injections of a transposon vector
expressing MYC and a CRISPR/Cas9 vector expressing a single-guide RNA targeting Trp53 into C57BL/6
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mice. Another method is the use of stem cell transduction, which involves retroviral infection of hepatic
progenitor cells isolated from foetal livers of mice to introduce oncogenes or target tumour suppressors into
a healthy liver™. Manipulation of key genetic pathways in combination with liver injury models described
below has now been advocated to achieve a more realistic representation of human HCC"".

Chemically- or diet-induced models

Several chemotoxins can induce hepatocarcinogenesis by causing direct DNA damage (genotoxic) or
promoting clonal expansion of preneoplastic cells (non-genotoxic). Di-ethyl-nitrosamine (DEN) is the most
widely used genotoxic drug for chemically-induced HCC. Once bioactivated by cytochrome P450, DEN
becomes an alkylating agent leading to the formation of mutagenic DNA adducts while also generating
reactive oxygen species (ROS) which damage DNA, overall resulting in hepatocyte death. Similar to what
occurs in humans, subsequent cycles of necrosis and regeneration in the mouse liver promote mutations,
neoplastic transformation and eventual HCC development™. Indeed, DEN tumours have consistently
exhibited high mutation rates””. DEN is most effective at inducing HCC when injected intraperitoneally
into young male mice (less than two weeks old) when hepatocytes are still proliferating. Commonly used
non-genotoxic carcinogens include carbon tetrachloride (CCl,) and thioacetamide (TAA). These agents act
as tumour promoters by damaging cellular structures, increasing the risk of genetic error and stimulating
cell malignant transformation by affecting proliferation, differentiation and apoptosis processes”". CCl, is
a potent hepatotoxin which causes centrilobular liver damage by the production of ROS and peroxidative
degradation of phospholipids in plasma, lysosomal and mitochondrial membranes. Prolonged exposure
(via oral, intraperitoneal or inhaled routes) leads to liver inflammation, fibrosis, cirrhosis and HCC
development. TAA is another centrilobular hepatotoxin which can be administered via intraperitoneal
injections or adding it to drinking water. It is bioactivated by mixed-function monooxygenases leading to
its S-oxide and highly reactive S,S-dioxide, which modifies amine-lipids and proteins to initiate cellular
necrosis”". The carcinogenic effects of all chemically-induced HCC models vary with age, mouse strain
and sex. Ethanol feeding models are discussed in the ALD-associated HCC models section.

Diet-based models are most commonly used to study fatty liver diseases, particularly NAFLD and less so
ALD. Mice are usually fed ad libitum with one of the following diets: high-fat diet (HFD), high-fat high-
cholesterol (HFHC), methionine and choline-deficient diet (MCD), choline-deficient high-fat diet (CD-
HFD), choline-deficient L-amino acid-defined (CDAA) diet or a Western diet (WD). Although these
models can reliably produce steatosis, inflammation and even fibrosis, not many of them will result in HCC
development after a prolonged period”™”. Furthermore, not all models reliably reproduce the accompanying
metabolic features of the disease such as obesity and insulin resistance”™"’. For example, a major drawback
of the MCD model is that mice exhibit the opposite of the human metabolic syndrome with weight loss,
no insulin resistance and low serum glucose, triglyceride and cholesterol. The specifics of these diet-based
models and their combinations are further discussed in the NAFLD-associated HCC models section.

Implantation models

Human or murine HCC cell lines can be injected into recipient mice to form orthotopic tumours
(intrahepatic, intrasplenic or intraportal injection) in the liver or heterotopic tumours (subcutaneous
injection) typically in the flank. The main advantages of implantation models are their quick time to
develop visible tumours (weeks to months in spontaneous models) that are easy to measure (especially
subcutaneous heterotopic tumours) and reproducible - making them popular models for drug screening.
This is counterbalanced by disadvantages such as considerable differences between cell lines necessitating
multiple cell lines to be tested, the lack of tumour-liver microenvironment interactions in heterotopic
models and the need for surgical expertise for orthotopic models”", Implantation of human cells (xenograft
models) requires immunocompromised mice to prevent rejection of these foreign cells while murine
cells can be implanted into immunocompetent mice (syngeneic/allograft models). Mouse tumour cell
lines harbour mutations that are neutral or not relevant in human cancer making xenograft models more
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genetically applicable to human disease™. Patient-derived xenograft (PDX) models in which cells from
a specific patient with HCC are transplanted into immunocompromised mice have been established".
PDXs faithfully recapitulate histologic, genomic and biological characteristics of the primary tumour and
have been shown to predict drug response in HCC patients. However, this model is limited by engraftment
failure rates of up to 60%, long time to engraftment (several months) and high cost, which make it
unsuitable for large-scale drug screening”™*”. Furthermore, the major drawback of xenograft models (PDX
or otherwise) is the lack of a tumoural immune response, which has become increasingly important as we
enter the era of immunotherapies for HCC. Attempts at overcoming this with double humanised mouse
models which express human hepatocytes and haematopoietic stem cells (and hence human immune
cells) are technically intensive, expensive and not yet widely adopted™". Finally, xenograft of human HCC
models which develop metastases (more readily than GEM models) have been established, providing the
opportunity to study late-stage disease'*”

Replicability in human disease

Human HCCs are highly complex and heterogeneous and thus cannot be adequately represented by any
single mouse model. For example, gene expression profiles of tumours from the commonly-used DEN
model was previously shown to be most similar to a subgroup of human HCC with poorer survival*™*.
Correspondingly, many poor prognostic markers in human HCC are also highly expressed in DEN-induced
tumours, e.g., alpha-foetoprotein (AFP). However, the DEN model lacks other hallmarks of human HCC,
particularly fibrosis in the surrounding microenvironment™". In a more recent integrative genomic analysis
of four separate mouse models and 987 human HCC samples, DEN tumours were found to be histologically
hard to classify and least similar to human disease while Stelic Animal Model (STAM) tumours (discussed
further in the NAFLD-associated HCC models section) were most molecularly similar to human HCC,
especially high-grade, proliferative tumours with poor prognosis”*. The authors further argued that DEN
models should be avoided since they are dominated by mutational mechanisms not seen in human HCC.
In contrast to DEN-induced and STAM tumours, MDR2 knockout tumours are most similar to human
HCCs associated with better survival®”. However, the MDR2 knockout model produces a phenotype
resembling humans with primary sclerosing cholangitis or primary biliary cholangitis rather than chronic
“hepatitis” diseases caused by alcohol excess and HBV or HCV infection®”. Very recently, experimental
hepatocyte-specific activation of B-catenin also resulted the development of a phenotype that resembled
the low proliferative subclass of human HCC"™. Interestingly these tumours also had few intratumoural
immune cells and were resistant to immune checkpoint inhibitor therapy. Therefore, it is clear that different
models (and their combinations) are required to simulate specific subgroups of human HCC. Furthermore,
drugs with known anti-tumour activity against human HCC do not demonstrate activity in some animal
models and vice versa. Indeed, the current Food and Drug Administration-approved drugs for treating
advanced HCC such as sorafenib and anti-programmed cell death receptor 1 (PD1) antibodies were trialled
based on success in other cancers (advanced renal cell carcinoma and melanoma, respectively) rather than
positive results in HCC animal models per se.

SPECIFIC MOUSE MODELS FOR ALCOHOLIC AND METABOLIC LIVER DISEASE-

ASSOCIATED HCC
ALD-associated HCC models

In general, mice and other species (except the golden hamster) dislike alcohol and avoid ingestion when it
is offered ad libitum™ "', Therefore, ALD mouse models are established by one of three ways: (1) replacing
the food and water source with a liquid diet in which 5% ethanol accounts for 36% of total calories (Lieber-
DeCarli model); (2) binge feeding mice with ethanol via gavage in addition to chronic ingestion [National
Institute of Alcohol Abuse and Alcoholism (NIAAA) model]; or (3) intragastric ethanol infusion via a
surgically inserted infusion pump (Tsukamoto-French model) [Table 1].
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Aside from their natural aversion to alcohol, mice metabolise alcohol five times faster than humans'*”

As a result, the aforementioned ALD mouse models tend to exhibit less liver injury than seen in human
disease”™"’. The Lieber-DeCarli model induces mild steatosis with little to no inflammation or fibrosis. The
technically demanding Tsukamoto-French model produces severe steatosis but only mild inflammation and
mild fibrosis. Although chronic or binge ethanol feeding regimens cause minor liver changes by themselves,
their combination in the NIAAA model synergistically induces more severe steatosis and inflammation,
with only mild chicken-wire fibrosis'*”

Many have studied liver injury patterns of ALD mouse models; however, few have examined
hepatocarcinogenesis specifically. As described above, the mild severity of liver inflammation and fibrosis
induced by standalone mouse models of ALD means HCCs do not develop spontaneously. Therefore, a
“second-hit” usually consisting of a chemical hepatotoxin is required for progression of ALD to cirrhosis
and/or HCC. Indeed, of the hepatotoxins, DEN-induced C57BL/6 tumours have recently been matched
to most resemble alcohol-induced HCC both morphologically and by comparative genomic hybridisation
in a study comparing five different HCC models with human data'*”. Ambade et al."" established a
model of alcohol-driven HCC in adult C57BL/6 male mice. The four-week-old mice were administered
six doses of DEN (or saline) intraperitoneally (75 mg/kg weekly for three weeks and then 100 mg/kg
weekly for three weeks) followed by the Lieber-DeCarli diet (or calorie-matched control diet) for seven
weeks before sacrifice at 15 weeks. Compared to mice fed with a control diet, alcohol-fed mice had greater
liver inflammation (raised alanine aminotransferase) and fibrosis. The alcohol-fed group also exhibited
numerous liver nodules of hepatic hyperplasia associated with increased AFP expression and cellular
proliferation, which the authors thought represented signs of early hepatocarcinogenesis. There were no
hyperplastic nodules seen in the alcohol-fed saline-injected group or the control-fed DEN-injected group,
thus confirming the need for a second stressor to initiate hepatocarcinogenesis. Early precancerous lesions
were also described in another model using the combination of DEN and alcohol diet"”. In this study,
male C57BL/6 mice were injected intraperitoneally with DEN (25 mg/kg) at two weeks of age and then
fed with the Lieber-DeCarli diet at eight weeks of age for 21 days. Over half of DEN-injected alcohol-fed
mice developed precancerous basophilic foci compared to none in the DEN-injected control diet group.
Interestingly, dietary luteolin (a flavonoid with anti-cancer properties) co-administration completely
abrogated the development of precancerous lesions potentially by restoring sirtuin 1 activity and increasing
downstream proliferator-activated receptor gamma coactivator 1 alpha protein expression. In a longer
model, Brandon-Warner et al” studied DEN-injected alcohol-fed B6C3 mice for 48 weeks and observed
tumours in 94% and 36% of males and females, respectively. While chronic ethanol feeding exacerbated
tumour formation in DEN-injected males, fewer and smaller tumours were observed in females exposed
to ethanol compared to DEN-injected control-fed mice of respective sexes. Further analysis of liver mRNA
revealed elevated SMAD3 in male compared to female mice in response to liver injury from DEN and
alcohol, suggesting that increased TGFB-SMAD3 signalling may enhance HCC promotion. Indeed, gender
disparity (males > females) in liver cancer both in humans and in DEN-injected mice is well-recognised
and may be related to sex differences in MyDss-dependent IL-6 production mediated by the protective
effect of oestrogen”"

The combination of alcohol and CCl, has also been experimented, although predominantly in rats. Weekly
injections of CCl, and alcohol administration through drinking water led to HCC after 104 weeks in mice'™”
The impact of chemical carcinogens on HCC formation appears to be additive. Recently, Xin et al.””
combined DEN (100 mg/kg intraperitoneal and 50 mg/kg gavage once each), CCl, twice weekly and 9%
alcohol as drinking water together in adult (seven-week-old) BALB/c mice. Multifocal HCC was noted only
five months (150 days) after DEN injection. Tumours were moderate to highly differentiated and secreted
AFP, resembling human HCC. Furthermore, there was no evidence of toxicity in this model as these mice
survived until sacrifice.
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NAFLD-associated HCC models

Many models have been developed to represent NAFLD and non-alcoholic steatohepatitis (NASH),
although, as aforementioned, not all of them exhibit features of metabolic syndrome. This is particularly
important in NAFLD-related HCC since the presence of obesity and/or diabetes are themselves
independent risk factors for the development of cancer™”

Most dietary models of NAFLD (HFD, HFHC, MCD, WD and CD diet) rarely induce HCC development
alone™. If spontaneous HCC does occur, it is time-consuming (e.g., 2.5% for C57BL/6 mice fed HFD for
12 months)”*”. Combination diets such as CD-HFD and CDAA have been shown to significantly increase
rates of tumour formation, although overall rates are still low: 25% after 12 months and 35% after 9 months,
respectivelylss’“]. Indeed, these diets can recapitulate the key features of human NASH (including fibrosis)
and metabolic syndrome more so than single diets. Susceptibility to tumour formation in dietary models
also appears to be strain-dependent with DBA/2J > C57LBL/6 > A/]""*". Asgharpour et al.*” generated an
isogenic strain (B6/129) derived from a cross of two common mouse strains, C57BL/6] and 129S1/SvIm],
and fed them a high-fat-high-carbohydrate diet with high-fructose-glucose water - so-called DIAMOND
mice. This promising model mimicked all the physiological, metabolic, histological and transcriptomic gene
signature and clinical endpoints of human NASH including HCC in 89% at 32-52 weeks. These tumours
had gene signatures which strongly resembled the S1 and S2 human subclasses of HCC. Interestingly,
neither C57BL/6] nor 129S1/SvIm]J parent strain mice fed with the same diet developed HCC.

Combining dietary models with a hepatotoxin substantially hastens and increases HCC formation (i.e.,
up to 100% of male C57BL/6 mice fed CDAA, HFD, CD-HFD or WD + intraperitoneal injections of DEN
or CCl, at 6-9 months) as well as tumour size”™** The addition of cholesterol to a HFD (HFHC) in a
DEN-induced model appears to further increase tumour burden'®”’. In another model, Henderson et al.”*",
treated male C57BL/6 mice with DEN (25 mg/kg once at 14 days old), TAA (300 mg/L in drinking water
ad libitum from four weeks old) and HFD. These agents acted synergistically to develop HCCs in 83% of
mice as early as 24 weeks of age, which was significantly more than control mice or those treated with
DEN and TAA only. However, combining with hepatotoxins needs to be tempered by some limitations.
For example, use of CCl, can induce liver metabolism enzymes (which may impact the use of this model
for drug discovery) and also mitigate metabolic processes involved in NASH, particularly susceptibility to
diet-induced obesity and insulin resistance™. As mentioned above, the STAM mouse was recently shown
to be the mouse model (out of four studied) that most closely resembles human HCC at a molecular level.
Specifically, STAM tumours carried mutations of CTNNB1 at a rate comparable to human tumours, and
(less frequently) mutations of TP53 - the most frequently altered genes in human HCC". In contrast,
CTNNB1 and TP53 were rarely mutated in DEN-induced tumours, which instead carried Hras, Braf
and APC mutations rarely seen in human HCC. The STAM combination involves first treating neonatal
Cs57BL/6 male mice with low-dose streptozotocin (STZ) at Day 2, which induces diabetes by causing death
of pancreatic f cells, resulting in lean mice with hypoinsulinaemia and hyperglycaemia, but no insulin
resistance (the phenotype of type 1 diabetes)'*”. STZ is also a DNA alkylating agent (similar to DEN) with
potential carcinogenic effects”. When these mice are then fed with HFD, they develop weight gain, NASH
by eight weeks, cirrhosis and HCC relatively quickly by 16-20 weeks'*. Takakura et al.”®” characterised
STAM tumours at 20 weeks by clinical parameters used in human liver disease [i.e., Child-Turcotte-Pugh
score and dynamic contrast-enhanced computed tomography (CT) measurements of HCCs]. Interestingly,
the authors deduced that STAM mice had cirrhosis corresponding to Child-Turcotte-Pugh Class B
(significant coagulopathy, occasional ascites, no encephalopathy and normal albumin and bilirubin) and
tumours equivalent to Barcelona Clinic Liver Cancer Stage B (intermediate) or C (advanced) disease in
humans. No HCCs develop when STZ is given alone, again pointing to the need for an additional stimulus.
Female mice treated with the STAM regimen also fail to develop tumours, akin to the gender disparity seen
in other models.
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Genetically obese mice with metabolic syndrome such as ob/ob (leptin deficient) db/db (leptin-receptor
deficient), and foz/foz (mutated Alms1 gene) promote tumourigenesis in the presence of a secondary insult
(e.g., DEN) but do not otherwise develop HCC spontaneously[62’67’69]. Furthermore, ob/ob and db/db mice
fail to develop significant liver fibrosis or NASH histology without the addition of one of the dietary models
above™. Park et al.'*” utilised a dietary (HFD) and genetic (ob/ob) obesity model in combination with
DEN to show that obesity (no matter how it was achieved) promoted the development of DEN-induced
HCC in C57BL/6 mice by enhanced production of the pro-inflammatory cytokines IL-6 and TNE. Many
other genetic models have been developed to study NAFLD-associated HCC including PTEN knockout,
PPARa knockout, AOX knockout, KK-Ay/a (agouti gene mutation) and MAT1A knockout mice. While
they all reliably form HCC, they fail to recapitulate NASH itself (in KK-Ay/a mice) or its associated aspects
such as obesity and metabolic syndrome (in PTEN, PPARa, AOX and MAT1A knockout mice)®"***”, As an
example, PTEN knockout mice (which develop tumours between 40 and 78 weeks) are hyper-responsive
to insulin instead of being insulin resistant. Unsurprisingly, gene expression signatures from PTEN
knockout mice are markedly different from that of other NASH mouse models*"'. One promising genetic
model of NASH-driven HCC is the MUP-uPA transgenic mouse combined with HFD"". MUP-uPA mice
express high amounts of urokinase plasminogen activator in hepatocytes leading to hepatocyte-specific
endoplasmic reticulum stress and liver damage. These mice exhibited weight gain, insulin resistance, classic
signs of NASH (steatosis, inflammation, ballooning), fibrosis and, importantly, spontaneous HCC in 80%
at 40 weeks via processes dependent on TNF produced by inflammatory liver macrophages[”]. As expected,
HFD-fed wild type mice developed simple steatosis and no HCC over the same period. Furthermore,
transcriptomic data from MUP-uPA mice and human NASH datasets showed signalling similarities,
especially in the regulation of the immune system, innate immune response and the response to cytokine
gene sets'”. Recently, Shalapour et al.” used both MUP-uPA and STAM mice fed with HFD to make
a landmark discovery that hepatocarcinogenesis in NASH was facilitated by immunosuppressive liver-
resident IgA” plasma cells, which directly inhibit anti-tumour cytotoxic CD8+ T lymphocyte activation.

Of the models mentioned above, it seems the MUP-uPA and DIAMOND mice (which require a
combination of genetic modification and dietary manipulation) best replicate NASH-associated
HCC. However, tumour formation in these models requires lengthy periods and there is considerable
heterogeneity in their mutational landscapes which may limit utility and reliability in some settings, e.g.,
drug development studies'”. Although STAM mice can develop tumours more quickly than these models
(20 weeks vs. 40 weeks), they are physiologically less similar to human NASH (lacking insulin resistance).

HH-associated HCC models

Hepatocarcinogenesis arising from iron accumulation is thought to be secondary to oxidative DNA
damage from ROS generated by free hepatic iron. This leads to a cycle of cell death, and compensatory
proliferation, which favours the accumulation of mutations in hepatocytes and ultimately malignant
transformation'*””', Recreating this in an animal model is difficult. The most common form of HH is
caused by mutations in the HFE gene. Although HFE gene knockout produces the phenotype of HH in
mice, spontaneous liver tumours do not develop”*. In a dietary model where BALB/c] male mice were
ted ad libitum with chow supplemented with 3% carbonyl-iron, hepatic iron concentrations at 12 months
were 13-fold that of normal chow-fed controls”™. No liver tumours developed; however, hepatocyte nuclei
changes were observed (iron-containing ferritin inclusions, enlarged nucleus, increased mitotic index
and abnormal mitotic figures), which may have represented preneoplastic changes. Rothenberg et al.””
created a model of HH by knocking out B2-microglobulin (the chaperone protein for HFE) in C57BL/6
mice and reported that spontaneous HCCs developed in only a minority (31%) of mice. Because tumour
development was not predictable and time-consuming (taking up to two years), this model has not been
widely used to study HH-related HCC. Recently, Muto et al.”” developed a novel model of HCC induced
by iron overload by deleting the iron-sensing ubiquitin ligase FBXL5 specifically in hepatocytes and
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exposure to DEN. Alb-Cre/Fbxls""™ mice were injected with DEN (25 mg/kg) intraperitoneally at Day 15

and tumours were significantly increased in number and size compared to DEN-injected control mice at
36 weeks in both males and females. The study demonstrated FBXL5 deficiency led to a sequence of events
(iron overload, oxidative stress, liver damage and regenerative proliferation), which, with the addition of
DEN, gave rise to liver tumours with high mutational load. Previously, hepatocyte-specific FBXL5 deletion
without the addition of DEN was shown to cause liver inflammation but not tumours. The authors went
on to analyse FBXL5 mRNA expression in five different human HCC cohorts and found that low FBXL5
expression level was indeed strongly associated with poorer prognosis in human HCC. Finally, the impact
of iron on hepatocarcinogenesis has also been evaluated using a xenograft model. In this study, 3-4-week-
old female BALB/c athymic mice (nu/nu) were injected subcutaneously with human HCC cell lines (Hep3B
or HepG2) and followed for 21 daysm]. The authors showed that TSC24 (a potent iron chelator) suppressed
tumour growth in a dose-dependent manner by reducing available iron, and triggering cell-cycle arrest and
apoptosis.

THE ROLE OF THE GUT MICROBIOME

Increasingly, the role of the gut microbiome has been implicated in alcoholic and metabolic liver diseases
and HCC via the gut-liver axis, which refers to bidirectional communication between the gut (and its
microbiome) and the liver”™. In one direction, the liver secretes bile acids and antibodies into the intestine,
which influences the gut microbiome composition. Reciprocally, the microbiome and its metabolites
translocate the gut to reach the liver via the portal vein (the enterohepatic circulation) and regulate
metabolic functions. This gut-liver axis exists in a homeostasis, which becomes disrupted in metabolic liver
diseases.

Bacterial dysbiosis has been consistently demonstrated in the gut microbiomes of patients and mice with
metabolic liver diseases and HCC"””. Mouse model studies have already revealed several mechanisms by
which the gut microbiome contributes to HCC development.

Bacterial metabolism of compounds

In a model of NASH-associated HCC, Yoshimoto et al.™ induced HCC by treatment with a chemical
carcinogen [dimethylbenz (a)anthracene] and HFD. The authors found a strong increase in Gram-positive
bacteria (particularly Clostridium spp.) as well as levels of deoxycholic acid (DCA), a secondary bile acid
whose production relies on metabolism of primary bile acids by bacteria such as Clostridium. Significantly,
DCA was shown to promote a senescence-associated secretory phenotype in hepatic stellate cells, which
leads to hepatocarcinogenesis via activation of the TLR2 pathway"*".

Leaky gut

Increased levels of lipopolysaccharide in the systemic circulation (due to increased intestinal permeability)
and its interaction with TLR4 have been demonstrated to promote HCC formation in a CD-HFD-fed
NASH model as well as a chemotoxin model with combination DEN and CCI,""*. This process can be
abrogated by gut sterilisation with oral antibiotics, especially in late-stage disease.

Immunosuppressive microenvironment

The gut microbiome also modulates tumoural adaptive immune responses. The aforementioned study by
Shalapour et al.” showed that manipulating the gut microbiome in mice with NASH-driven HCC either
by knocking out their polyimmunoglobulin receptor (which regulates IgA transport into the gut lumen and
maintains microbial homeostasis) or giving them broad-spectrum antibiotics (which reduces gut bacterial
load) promoted and inhibited HCC development, respectively. Both these interventions modulate liver and
circulating IgA levels and hence anti-tumour cytotoxic T cell activation, as discussed above.
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The gut microbiome (and its associated HCC risk) can be transmissible between mice and, interestingly,
this risk can also be transferred via the microbiome across generation to offspring of treated mothers”™*".
This opens up another avenue to induce hepatocarcinogenesis alongside GEM, hepatotoxins and dietary

manipulation in future models.

Thus, as we explore the new frontier of gut microbiome, animal models will be crucial for understanding
causality, pathogenesis and testing of therapeutic options targeting the microbiome (e.g., antibiotics,
probiotics, synthetic bile acids and faecal microbiota transplantation). Although mouse and human gut
microbiome communities are dominated by the same set of bacterial phyla, they are on the whole distinct
from one another””. Therefore, experimental findings from microbiome studies in mouse models need
validation in human studies. The emerging use of a humanised gnotobiotic model (human donor stool
transplanted into germ-free mice) may also improve the applicability of preclinical ﬁndings[“]

CURRENT CHALLENGES AND FUTURE DIRECTIONS

Although, as described above, there are many different animal models for HCC related to alcoholic and
metabolic liver diseases, a single model faithfully recapitulating all features of human disease is lacking
and unlikely to exist. This is partly because human HCC is genetically heterogeneous, consisting of
several subtypes that are clearly different in behaviour, prognosis and response to treatment themselves.
Clearly, the identification of models that represent different human HCC subsets is required. Yan et al.””
argued for combining a chronic injury model (e.g., NASH, CCl, or MDR2 knockout) with alterations
in oncogenes or tumour suppressor genes found in human HCC which alone are not sufficient to cause
hepatocarcinogenesis (e.g., weak activation of pathways by heterozygous deletion or targeting only a
small percentage of hepatocytes) to achieve a more realistic representation of human HCC. The optimal
combinations for each aetiology are yet to be determined and will be an area of further research. When
achieved, this would not only help improve our understanding of the pathobiology of aetiology-specific
HCC but also improve our preclinical testing of new targeted treatments as we work towards personalised
medicine. Humanised mouse models may be a bridge for translating findings from mouse studies to
humans and presents a promising future strategy. However, several major challenges need to be overcome
not the least of which is the engraftment of a humanised immune system.

The amount of time required for tumourigenesis is another obstacle, as most models take more than
nine months to produce macroscopic HCCs. Furthermore, time is also needed to establish steatosis,
inflammation, fibrosis and cirrhosis”™"’. While implantation HCC models are established within weeks,
they are lacking these biologically important changes in the background liver. Indeed, human liver disease
typically takes decades to progress to cirrhosis and HCC. For example, patients with NASH progress at a
mean rate of only 0.09-0.14 fibrosis stages per year"". Thus, the models most representative of human HCC
may require the most time which is suboptimal for studying response to therapy.

At present, almost all mouse studies assess tumour size and number at the one time point of sacrifice;
however, in clinical practice, HCC is diagnosed and monitored regularly using imaging (CT, magnetic
resonance imaging and ultrasound). Although these imaging modalities give reliable measurements that
correlate with tumour size at sacrifice, they are currently time-consuming and labour intensive (requiring
scanners, anaesthesia and injection of intravenous contrast agents)”". Since tumour development can be
lengthy and their responses to treatment (especially new immunotherapies) are dynamic over time'*,
measurement of experimental tumours on imaging will likely play an increasingly important role in the

future.

Recently, three-dimensional in vitro cell culture systems (organoids) using cells isolated from human
biopsies have been developed to study HCC. These tumour organoids (tumouroids) have been shown to



Liu ef al. Hepafoma Res 2020;6:7 | http://dx.doi.org/10.20517/2394-5079.2019.39 Page 13 of 16

recapitulate the histological architecture, expression profile, genomic landscape and in vivo tumourigenesis
of the parental tumour, even after long-term (> 1 year) expansion in culture”™”. Furthermore, tumouroids
could be established within 2-3 months after isolation. Therefore, tumouroids fulfil many of the criteria for
a reliable cancer model which animal models could not and may represent a promising advancement for
understanding tumour biology and drug efficacy testing in future studies of HCC. However, they currently
lack the human immune and stromal microenvironment that is thought to be crucial in understanding
tumour progression and response to treatment, particularly immune-based therapies.

CONCLUSION

Alcoholic and metabolic liver diseases will be major contributors to HCC burden in the future. Many
aspects of human HCC development and progression remain unknown, negatively impacting therapeutic
advancement. Animal models play a crucial role in improving our understanding of human HCC and
developing novel therapeutic strategies. Currently, no animal model can faithfully replicate the complexity
of the cancer and its background liver disease but mere aspects of it with varying degrees of technical
demand. The careful combination of different animal models and use of novel technologies such as human
organoids may help bridge this gap in the future. For the time being, the use of HCC mouse models needs
to be tailored to specific experimental hypothesis or clinical testing.
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Abstract

Hepatocellular carcinoma (HCC) is a significant global health problem with high morbidity and mortality. Its
incidence is increasing exponentially worldwide with a close overlap between annual incidence and death
rates. Even though significant advances have been made in HCC treatment, fewer than 20% of patients with
HCC are suitable for potentially curative treatment. Hereditary hemochromatosis (HH) is an important genetic
risk factor for HCC. HH is an autosomal recessive disorder of iron metabolism, characterised by elevated iron
deposition in most organs including the liver, leading to progressive organ dysfunction. HCC is a complication of
HH, nearly always occurring in patients with cirrhosis and contributes to increased mortality rates. Identifying
the susceptibility of development of HCC in HH patients has gained much traction. This review summarises the
current knowledge with regard to the association of HH and HCC in order to encourage further research. In this
review, we focus particularly on H#FF£ gene-related HH. Herein, we highlight and discuss emerging clinical research
which addresses the prevalence of HCC in HH patients and the coincidence of HH with other risk factors for HCC
development. We also focus on the therapeutic tools in the management of HCC associated with HH.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is considered to be the most frequent primary liver cancer accounting for
80%-90% of cases'. HCC has become a leading cause of cancer-related death globally in the last decades,
accounting for approximately 800,000 deaths annually[z]. The incidence of HCC continues to escalate by
3%-9% cases annually worldwide with a nearly equal proportion of deaths". Surgical resection, trans-
arterial chemoembolization radiofrequency ablation and liver transplantation remain the treatments of
choice for HCC patients and are beneficial for patients in the early stages of the disease'’. The prognosis for
HCC patients in the advanced stages is poor due to the limited efficacy of current therapy[s].

Implementing HCC surveillance among at-risk populations is imperative to identify HCC at early stages
amenable to curative treatments. HCC mostly develops in patients with underlying chronic hepatic
disease®”. Several at-risk populations for HCC have been identified including patients with cirrhosis,
hepatitis B and hepatitis C viral infection, alcoholism, aflatoxin, non-alcoholic steatohepatitis, type 2
diabetes, obesity and Wilson's Disease”. Hemochromatosis is also an important risk factor for HCC.

Hereditary hemochromatosis (HH) is a common inherited iron metabolism disorder, characterised by
increased deposition of iron in the liver and other organs. If left untreated, hepatic iron overload in HH
patients can result in liver injury, which can progress to cirrhosis and subsequently HCC"". Further
clarification of the risk factors in individual HH patients for HCC development remains an area of unmet
clinical need. Herein, we review the current literature concerning the association between HH and HCC
with a focus on HFE gene-related HH. This review highlights and discusses clinical studies that address the
prevalence of HCC in HH and risk factors linked with the development of HCC in patients with HH.

HEREDITARY HEMOCHROMATOSIS

HH comprises a number of inherited diseases of iron metabolism'", Although its geographic distribution
is worldwide, HH is one of the most common genetic disorders in individuals of Northern European
ancestry, particularly Nordic or Celtic ancestry. In this population, the frequency of homozygous HFE
mutation is approximately 1 in 200-250 individuals”"**", There is considerable phenotypic diversity in HH
and associated biochemical changes are more common than the clinical manifestations of iron overload-
related disease. Indeed, advanced clinical expression of HFE-related hemochromatosis is rare™”. This
autosomal recessive condition is characterised by excessive iron absorption by the small intestine. This leads
to progressive iron loading over many years of the affected individual’s adult life. As hepatocytes store most
of the excess iron, the liver is the organ mostly afflicted by iron overload"*"”, Long-term effects of excessive
iron loading include liver fibrosis, cirrhosis, HCC, cardiomyopathy, diabetes mellitus, hypogonadism and
arthropathy[w’”]. Early studies suggested that liver disease was the most frequent cause of death in HH
individuals"*. However, more readily available genetic testing, greater public awareness and an improved
understanding of the natural history of the condition means that most affected subjects are now diagnosed
before significant target organ injury occurs.

HH is classified into 6 groups depending on the nature of the underlying genetic mutation"”. Mutations
in the high iron gene (HFE) (Hemochromatosis Type 1, i.e., C282Y homozygosity, C282Y/H63D
compound heterozygosity and other HFE-related genotypes, e.g., S65C) are responsible for the majority
of hemochromatosis cases"”. Rarer forms of non-HFE associated HH have been attributed to mutations
in hemojuvelin (HJV) (Hemochromatosis Type 2a), hepcidin (HAMP) (Hemochromatosis Type 2b),
transferrin receptor 2 (TFR2) (Hemochromatosis Type 3), ferroportin (SLC40A1) (Hemochromatosis
Type 4) and ferritin heavy chain 1 (FTH1) (Hemochromatosis Type 5) gene[”]. These latter conditions are
thought to account for most of the non-HFE forms of HH".
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Hemochromatosis type 1

HFE is located on chromosome 6p21.3, has seven exons and five introns and encodes for a 343-amino acid
protein that is similar to human leucocytes antigen class 1 molecules™. The HFE gene is important for
normal iron metabolism. Feder et al."” first identified that a mutation in this gene caused HH. The three
most common mutations at exons 2 (187C—»G and 193A—T) and exon 4 (845G—A) of the HFE gene were
linked with HH". However, not all HH patients harbour these mutations, as outlined above'*".

C282Y (845G—A) homozygotes

About 80%-85% of individuals with HH are C282Y (845G—A) homozygotes. This founder mutation
leads to a single-base change, resulting in the substitution of tyrosine (Y) for cysteine (C) in the amino
acid sequence of the HFE protein at position 282"". HFE-related HH is an adult onset disorder and in
expressing patients is characterised by increased transferrin saturation and serum ferritin levels compared
to the healthy population["]. Moreover, C282Y homozygotes are at particular risk of cirrhosis if serum
ferritin levels are greater than 1000 pg/L™. Males and C282Y homozygotes of family members affected by
HH exhibit a higher penetrance of homozygous C282Y gene[“]. However, due to the variable phenotypic
expression of this mutation, only some of these patients develop cirrhosis or HCC™. The frequency of
the C282Y allele is high in European populations and the reported frequency varies from 0%-3% in South
Europe to 4%-10% in North Europe[zo’“].

This HFE mutant protein has reduced cell surface expression and undergoes rapid degradation. The
mechanisms by which HFE protein regulates iron homeostasis at the cellular level are beginning to emerge.
Earlier studies proposed that the HFE protein binds the transferrin receptor 1 (TFR1) to form a stable
complex, which in turn decreases its binding affinity for transferrin. The HFE mutant protein does not
form this complex, which results in transferrin binding to the transferrin receptor, leading to increased
cellular uptake of iron and subsequently causing iron overload™*". Recent studies have demonstrated
that the HFE protein is an upstream regulator of the hormone hepcidin in hepatocytes”™*". Hepcidin is
synthesised and secreted by hepatocytes and is a master regulator of iron homeostasis in the body. Hepcidin
negatively regulates dietary iron uptake by the intestine™. Under physiological conditions, hepatic
hepcidin expression is regulated by proteins that are predominantly expressed in hepatocytes, including
HFE, transferrin receptor 2 (TFR2), HJV, bone morphogenetic protein 6 (BMP6), matriptase-2 and
transferrin™*", HH patients harbouring the HFE mutations have low levels of hepcidin protein allowing a
slow accumulation of iron over the individual’s lifetime, resulting in iron overload™. Tron overload induces
reactive oxygen species (ROS) formation, which causes DNA damage and somatic mutations that may play
a role in the subsequent development of HCC over time"”

HFE compound heterozygotes

Two other mutations in the HFE gene, namely 187C—G (H63D) and 193A-T (S65C), have been
identified®**". These additional mutations alone have not been implicated in iron overload. However, the
co-occurrence of these mutations together with a C282Y mutation forming a compound heterozygote
(C282Y/H63D or C282Y/S65C) has been implicated in iron overload™. HFE compound heterozygotes
might have increased iron indices but iron overload-related disease is most uncommon"**”. Clinical
disease may develop in HFE compound heterozygotes in conjunction with comorbid factors such as
obesity, excess alcohol consumption or diabetes™”. The Netherlands and the Iberian Peninsula have a high
frequency of the H63D allele that varies from 7.9% to 17.5% in the general populationm]. The frequency of
S65C allele is low, 0%-1% in European and Brazilian populations"****. Approximately 5% of individuals
with a clinical diagnosis of HH are compound heterozygotes***"".

THE ASSOCIATION BETWEEN HH AND HCC

HCC develops in HH individuals and contributes to the increased mortalitym’“]. Although the biological
and physiological functions of HFE gene within the liver are not fully understood, several case-control
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and population-based studies have confirmed that HFE mutations confer increased risk for HCC
development'**”. The exact incidence and prevalence of HCC varies considerably between different
studies, which is probably explained by the heterogeneity of the study cohorts. The characteristics of the
study cohort is critical in the interpretation of such studies given the variable phenotype of HH and also
because cirrhosis is such a critical risk factor for the development of HCC. Some studies report on cohorts
where a large proportion of patients had underlying cirrhosis. Other studies have clear referral bias due to
the authors’ interest in disorders of iron metabolism, are retrospective in nature or are from liver transplant
programs where one would expect cirrhosis and HCC to dominate the study cohort.

Population-based studies provide a more realistic assessment of the overall incidence and prevalence of
HCC in HH. In one such study, the US National Centre for Health Statistics reported a close association
between HH and HCC. In this study, patients who were diagnosed with HH and who died were 23-fold
more likely to have HCC in comparison with individuals without a diagnosis of HH"". A further study
conducted in Sweden reported the risk of HCC in HH individuals to be approximately 20-fold higher
than in the general population™. At 10 years of follow up, the absolute risk of HCC among HH men was
6%, which was higher than the risk in women (1.5%)[42]. Willis et al.*” found that HCC patients had a
7% prevalence of the C282Y homozygous mutation. In a similar study, Sinchez-Luna et al.”” found that,
among 118 C282Y homozygotes, eight homozygotes developed HCC, representing 1.8% of patients with
HCC.

Meta-analyses have recently been conducted to clarify the effect of HFE polymorphisms on the
susceptibility to HCC. Ellervik et al.'” conducted a meta-analysis to examine associations between
C282Y and He3D mutations with HCC. An odds ratio of 11 for HCC occurrence was reported for C282Y
homozygotes (YY vs. CC). A further study conducted on 43 published articles (5758 cases and 14,741
controls) demonstrated that the HFE C282Y homozygous mutation was significantly associated with
increased risk of HCC compared to the overall population'®’. Another meta-analysis including nine studies
based on European populations (1102 HCC cases and 3766 controls) showed an association between the Y
allele of C282Y and HCC risk overall as well as in alcohol-related cirrhosis patients but not in viral-related
cirrhosis patients[“]. There are also contrary reports showing no association with the risk of developing
HCC™*****] possibly reflecting the low penetrance of the C282Y mutation in the populations studied.

Cirrhosis and other risk factors for HCC development in HH

HCC accounts for 25%-45% of disease-related premature deaths in HH'*. In HH, the primary risk factor
for the development of HCC is the presence of cirrhosis. Studies that have assessed the association of risk
factors for development of HCC in HH are listed in Tables 1 and 2. Some studies have indicated that the
risk of HCC in cirrhotic HH patients is higher than in patients with cirrhosis from other causes. In a meta-
analysis assessment of eight studies which included follow up of cirrhotic patients, the annual incidence
of HCC was 1.20% per year'®. One other study showed that, once cirrhosis has been established in HH
patients, the annual incidence of HCC is approximately 49%'"*"). Earlier studies have revealed that risk of
HCC developing in cirrhotic HH patients was 200-fold higher than non-cirrhotic control groups[ls’ﬁﬂ. These
studies may have suffered referral bias and lacked HFE genetic testing with the diagnosis of HH based
157l Recent studies utilised a combination of HFE genotyping,
clinical examination and abnormal iron indices including transferrin saturation, serum ferritin, and iron
deposition in liver biopsies to confirm diagnosis of HH"**". These studies have revealed that risk of HCC
developing in cirrhotic HH patients was 20-fold higher than non-cirrhotic control groups*****!. It is
worth noting that HCC has occasionally been found to occur in HH patients with no cirrhosis *****”. In
these patients, hepatic iron accumulation has been suggested to be directly involved in HCC development
independently of cirrhosis'®*”. An increased risk of HCC with cirrhosis among individuals heterozygous
for HFE gene mutations has also been reported and is discussed below'**"".

on clinical features and biochemical tests
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Table 1. Association of liver cirrhosis as a risk factors for development of HCC in HH

Author Risk factor  Study population/country No. of cases HFE mutation analysis Comments
Elmberg et a/. “* Cirrhosis Population study, Sweden 1847 (HH) 5973 (first- C282Y (+/+), C282Y (+/-), compound heterozygotes HH were at a 20-fold risk of developing HCC. Overall
degree relatives) (C282Y/H63D), H63D (+/+), H63D (+/-) cancer risk in first-degree relatives was not increased
Cauzaetal ™ Cirrhosis Case-control study, Austria 162 C282Y (+/+), H63D (+/+), compound heterozygotes (C282Y homozygotes had a 20-fold increased risk to
(C282Y/H63D) develop HCC in patients with cirrhosis
Allen et a/, Cirrhosis Population study, Australia 31,192 C282Y (+/+), C282Y (+/-) compound heterozygotes Homozygotes for the C282Y mutation developed HCC
(C282Y/H63D)
Asberg et al. Cirrhosis Population study, Norway 65,238 C282Y (+/+), compound heterozygotes (C282Y/H63D) Low prevalence of cirrhosis, 3.7% in men and none in
women homozygous for the C282Y mutation
Nowak et a/. /" Cirrhosis Case-control study, Swiss 147 C282Y (+/+), H63D (+/-), compound heterozygotes 9% of C282Y homozygotes develop HCC and majority of
(C282Y/H63D) the individuals had liver cirrhosis
Fargion et a/. %’ Cirrhosis Case-control study, Italy 81 (HCC), 128 (control) ~ C282Y (+/-) and H63D (+/-) C282Y and H63D heterozygotes with cirrhosis have a
high risk of HCC
Lauret et a/. ** Cirrhosis Case-control study, Spain  554(cirrhosis), 159 C282Y (+/-) and H63D (+/-) 20.9% patients with alcoholic cirrhosis and HCC were
(control) heterozygous for the C282Y mutation
Nahon et a/. % Cirrhosis Case-control study, France 301 C282Y (+/-), compound heterozygotes (C282Y/H63D) C282Y heterozygotes increased risk of developing HCC in
patients with alcoholic but not with HCV-related cirrhosis
Blanc et al. "*® Non-cirrhotic  Case-control study, France 35 C282Y (+/+), H63D (+/+), compound heterozygotes 50% of HH patients developed HCC in non-cirrhotic livers

livers

Hiatt et a/ Non-cirrhotic

livers

USA

(C282Y/H63D)
C282Y (+/+)

C282Y mutation increased the risk of HCC development
in HH without cirrhosis

Genotypes: +/+ indicates homozygotes, +/- indicates heterozygotes. HCC: hepatocellular carcinoma; HH: hereditary hemochromatosis; HCV: hepatitis C virus

Table 2. Association of HFE mutations with other risk factors of HCC

Author Risk factor  Study population/country No. of cases HFE mutation analysis Comments
Elmberg et al. “2 - Gender Population study, Sweden 1847 (HH), 5973 (first-  C282Y (+/+), C282Y (+/-), compound heterozygotes The risk of developing HCC in HH patients was 30-fold
degree relatives) (C282Y/H63D), H63D (+/+), H63D (+/-) among men and 7-fold among women

Haddow et a/ “*  Gender Population study, USA 1,000,000 C282Y (+/+) The relative risk for this cancer in C282Y homozygotes is 23

Ezzikouriet al ***  Gender Case-control study, Morocco 222 (control), 96 (HCC)  H63D (+/+), H63D (+/-), C282Y (+/-) Men carrying the H63D mutation had a greater risk of HCC

Willis et a/ 7" Gender Population study, UK 144 C282Y (+/+) The penetrance of C282Y homozygous genotype in HH
with HCC was 1.31%-2.1% for males and zero for females

Allen et a/. Gender Population study, Australia 31,192 C282Y (+/+), compound heterozygotes (C282Y/H63D) In C282Y homozygotes, HCC developed in a substantial
proportion of men but in a small proportion of women

Shietal ®¢ Chronic hepatitis  Case-control study, China 56 (HCC), 60 (control) ~ C282Y (+/+), H63D (+/+) C282Y mutation is associated with susceptibility to HCC

B

Fracanzaniet a/. "> Chronic hepatitis

B and Gender
Nowaketal " Age

/ [421

Elmberg et a, Age

Case-control study, Italy
Case-control study, Swiss

Population study, Sweden

303
147

1847 (HH), 5973 (first-
degree relatives)

HE3D (+/-), C282Y (+/-)

C282Y (+/+), H63D (+/-), compound heterozygotes
(C282Y/H63D)

C282Y (+/+), C282Y (+/-), compound heterozygotes
(C282Y/H6E3D), H63D (+/+), H63D (+/-)

after chronic hepatitis B

C282Y heterozygous males were 3.8-fold more likely to
be HBV positive in HCC patients

Higher age at diagnosis showed the strongest association
with the occurrence of HCC

The risk of developing HCC was not associated with age

Genotypes: +/+ indicates homozygotes, +/- indicates heterozygotes. HCC: hepatocellular carcinoma; HH: hereditary hemochromatosis; HBV: hepatitis B virus
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Other risk factors that may synergise with cirrhosis include chronic viral hepatitis, alcohol abuse, diabetes,
age and gender'””"! [Table 2]. Patients with HCC and diabetes mellitus were 82 times more likely to have
HH'"". The risk of HCC was higher in males who were C282Y homozygotes when compared to C282Y
homozygous females - reflecting in part the higher iron burden in men**7, A study reported 1.3%-2.1%
penetrance of the C282Y homozygous genotype in HH patients with HCC for males and zero for females'"

Another study found penetrance of the C282Y homozygous genotype in male HH patients with HCC was
5.56% " Studies have also found an unequivocal relationship between risk of HCC and C282Y mutation in
patients with chronic hepatitis B and male gender[“’n]. Another study identified increased age at diagnosis
as a strong predictor for the development of HCC in HH patients and the authors suggested that this is a
surrogate marker of duration of exposure to iron””. This latter finding has not been substantiated in other
studies. Serum ferritin level of above 1000 mg/L at diagnosis confirming high iron overload was a risk
factor for HCC in the study by Nowak et al.”!. A serum ferritin concentration of over 1000 mg/L is also
associated with a high risk of cirrhosis, which is the likely explanation for that association. In contrast to
other studies, this study found no association between alcohol consumption and HCC development”.
However, the level of alcohol consumption defined as “considerable” was greater than 10 g/day for women
and 20 g/day for men and this may below the oncogenic threshold.

Collectively, these data illustrate that the presence of cirrhosis is the primary risk factor for the development
of HCC in patients with HH. Other risk factors, as discussed above, seem to amplify the oncogenic
potential of cirrhosis. Importantly, some of these other risks can be reduced by lifestyle modifications and/
or therapy of other liver diseases, particularly chronic viral hepatitis.

HFE heterozygotes and the risk of HCC in patients with cirrhosis of other causes

This area is controversial and there are conflicting data on the role of heterozygosity for HFE mutations in the
development of HCC in patients with cirrhosis from other causes. For example, Hellerbrand et al.”*"’ indicated
that HCC patients with cirrhosis were more likely to be C282Y heterozygotes compared to cirrhotic patients
without HCC or normal controls. Additionally, elevated levels of transferrin saturation, serum ferritin and
liver iron deposition were reported in HCC patients harbouring the heterozygous C282Y mutation compared
to those lacking this mutation, suggesting that altered hepatic iron metabolism played a pathogenic role™.
The prevalence of the heterozygous C282Y and H63D mutation was also observed to be higher in 81 Italian
patients with cirrhosis and HCC than in 128 normal controls (8.6% vs. 1.6%)[50]. Similarly, Lauret et al. ® found
a 20.9% prevalence of the C282Y heterozygous mutation in 43 Spanish HCC patients. In 301 cirrhotic French
patients prospectively followed up for six months, hepatic iron overload and the heterozygous C282Y mutation
were associated with an increase in the incidence of HCC in cirrhotic patients with alcohol-related problems
but not in patients with hepatitis C viral infection™™

In contrast, a large prospective multicentre French study compared the prevalence of HFE mutations in 133
cirrhotic patients with HCC and 100 cirrhotic patients without HCC with a follow up of 2.5 years”™". This
study concluded that C282Y mutation is not linked to an increased risk of HCC in cirrhotic patients’””.
Similarly, in another study of 162 patients with HCC and cirrhosis, the frequency of the C282Y mutation
did not differ between the patients with cirrhosis or healthy controls™.

Initially, it was proposed that the H63D mutation has no direct association with HH"*. In line with
this, several studies reported no association between the prevalence of the H63D mutation and the risk
of developing Hcc”, Conversely, other studies have implicated occurrence of H63D mutation with an
increased risk of HCC in HH patients ", In a study of 196 HCC patients and 181 healthy controls,
the H63D mutation was associated with an increased risk of HCC®”. HCC developed in HH patients
exhibiting H63D mutations along with predisposing factors such as liver cirrhosis due to chronic hepatitis
C virus infection and/or ethanol abuse and chronic hepatitis B virus-infection™. Another large study
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involving 5758 cases and 14,741 controls demonstrated that H63D mutation was more likely to be involved
in susceptibility to HCC without cirrhosis in the African population™’. A positive association between
compound heterozygosity for C282Y/He63D and the risk of HCC was also observed"®". Conversely, no
cases of HCC were identified among the 44 compound heterozygotes examined in another study[sg]. In
an Egyptian cohort study, patients with the H63D mutation had a higher risk of developing HCC'*".
Additionally, the role of S65C in HCC remains to be elucidated. A number of other studies demonstrated
that individuals harbouring C282Y or H63D mutation did not develop HCC, suggesting there was no
association between HFE mutation and HCC"**7¥, Thus, whether there is a link between these HFE
mutations and the HCC risk remains somewhat uncertain with significant variation between different
populations groups, and different underlying diseases. More studies are needed to definitively assess the

influence of the HFE mutations on the development of HCC in HH patients.

Mechanisms of iron toxicity in HH leading to HCC

Iron is ubiquitously present in cells and a physiological optimal balance of iron is critical for the normal
functioning of cells”™*. Tron is essential for several important processes including the transfer of oxygen
throughout the body by haemoglobin, the mitochondrial electron transport chain and as a cofactor in
enzymatic reactions. However, excess iron can be very toxic to the cell due to its redox reactivity that
promotes oxidative stress'*"*”. Homeostasis of iron in the body is maintained by four major cell types:
duodenal enterocytes (dietary iron absorption), erythroid precursors (iron utilisation), reticuloendothelial
macrophages (iron storage and recycling) and hepatocytes (iron storage and endocrine regulation)[“].
Duodenal enterocytes absorb dietary iron and store it in the form of ferritin. Enterocytes release iron into
the circulation through the basolateral iron exporter, ferroportin. In the blood stream, iron binds to the
plasma iron transport protein transferrin***. The majority of iron in the body is found in the oxygen-
carrying haemoglobin of erythrocytes. Iron is also stored in the form of ferritin in hepatocytes and
reticuloendothelial macrophages. The macrophages phagocytose the senescent erythrocytes and the iron
from haemoglobin is loaded onto transferrin for iron recyclinglss]. Importantly, in humans, there are no

. . . . [15,42]
active mechanisms to eliminate excess iron from the body ™.

Transferrin is highly saturated during iron overload and additional iron released into the circulation binds
to low-molecular-weight compounds and is termed non-transferrin bound iron (NTBI). Excess iron in
circulation enters into hepatocytes by binding the transmembrane TFR1 and TFR2 on hepatocytesm’“].
While both TFR1 and TFR2 are capable of iron uptake, TFR1 has a higher iron binding affinity than TFR2.
TFR2 is an iron sensor that regulates body iron uptake and is sensitive to changes in transferrin saturation
in the blood"***”. Hepatocytes have a significant role in iron homeostasis as they also produce the hormone
hepcidin, an important regulator of iron balance'™. Hepcidin binds ferroportin and stimulates the
internalisation and subsequent degradation of ferroportin, thus decreasing the absorption of iron from the
gut and release of iron into the circulation™. HFE works in conjunction with multiple proteins including
TFR2 and Hemojuvelin to induce hepcidin expression”. In HH patients harbouring the HFE mutations,
the hepcidin protein is not properly expressed, which leads to uncontrolled iron absorption, resulting
in iron overload"”. In addition, HFE mutation also leads to a loss of transferrin sensitivity, suggesting
that TFR2 and HFE complex may be involved in iron-sensing™”. The hepcidin-mediated increased iron
absorption from the gut leads to preferential iron loading of the hepatocytes. It has been hypothesised that
this in turn causes injury and subsequent malignant transformation of hepatocytes[79’89]. The mechanisms

responsible for a direct hepatocarcinogenic effect of iron have yet to be fully elucidated”™*”",

Increase in iron absorption over time leads to iron accumulation in hepatocytes, leading to injury and
subsequent malignant transformation of hepatocytes[79’89]. The role of iron in hepatocarcinogenesis has
been suggested from epidemiologic studies, animal models and in vitro studies™ . The carcinogenic effect
of iron has been related to its ability to form mutagenic hydroxyl radicals, enhance lipid peroxidation,
promote immune escape or facilitate chronic inflammation leading to cirrhosis.
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One of the mechanisms by which iron accumulation in the liver may promote malignant transformation
of hepatocytes is directly by the mechanism of oxidative stress . It has been proposed that the formation
of free radicals by Fenton reaction causes oxidative stress, leading to the malignant transformation of
hepatocytes[”]. Although the Fenton reaction has been implicated in carcinogenic effect of iron, there is
relatively little direct or experimental data to support this claim. The excess ferrous iron (Fe") accumulates
in hepatocytes and undergoes a Fenton reaction by interacting with hydrogen peroxide to form Fe’" and
highly reactive oxygen free radicals (ROS)™. Generation of ROS causes hepatocyte injury by inducing
peroxidation of membrane fatty acids followed by the production of toxic by-products that disrupt DNA
and protein synthesis[”’“’%]. In addition, ROS causes DNA damage and mutagenesis, which may lead to
neoplastic transformation over time'™”. Iron-generated ROS can induce mutations in p53, an important
tumour suppressor gene[wo]. Iron-generated ROS also contributes to the production of a mutagenic and
cytotoxic oxidatively DNA-damaged product, 8-hydroxy-2’-deoxyguanosine (8-OHdG)"™""*. 8-OHdG
causes G:C to T:A transversions, DNA unwinding and strand breaks"'****. A study has shown correlation
of 8-OHAG levels with iron levels in serum in HCC patients"*"’. In liver tissue, the rate of DNA unwinding
and strand breaks have been associated with 8-OHdG levels™. Another study has highlighted the link
between DNA unwinding and the risk of HCC in HH patients[m]. An abnormal form of NTBI, called labile
plasma iron or reactive plasma iron, also contributes to oxidative stress and the subsequent liver damage
during HH"*. Overall, several studies support the role of iron-induced ROS formation as the main
mechanism of development of HCC in HH***'**"*")

Iron accumulation can also lead to cirrhosis and the subsequent development of HCC, indirectly through
the induction of chronic inflammation"””. Excess hepatic iron promotes the activation of hepatic stellate
cells in HH"”. This can promote fibrogenesis. Iron has also been shown to induce transforming growth
factor-beta, which plays an important role in the development of liver fibrosis"*’. The combination of
elevated iron levels with environmental and acquired factors such as excessive alcohol consumption, viral
hepatitis and steatosis may act synergistically to precipitate the development of HCC™. Iron has a direct
effect on tumour growth by promoting cellular proliferation. In human HCC cell lines, iron enhances
proliferation and iron deprivation leads to cell cycle arrest and increased apoptosis[m]. It has been reported
that increased iron concentration in HCC cells was associated with enhanced migration, invasion, high

. [111]
metastasis rate and recurrence

In addition, iron reduces immune surveillance for malignant transformation by impairing T-cell
proliferation and inhibiting tumoricidal activity of macrophages[w’m’m"12’”3]. Epigenetic alterations due to
iron overload have also been implicated in hepatocarcinogenesis. Epigenetic defects such as increased DNA
methylation commonly occur in HCC™. Lehmann et al."** found 84% of the non-cancerous liver biopsies
derived from HH patients exhibited hypermethylation of genes that are often hypermethylated in HCC.
DNA hypermethylation was independent of age, cirrhosis or hepatitis infection. Several studies support the
role of iron in the development of HCC in HH.

Diagnosis and treatment of HCC in HH patients

Prior to the identification of HFE, the diagnosis of HH was based on parameters including clinical features,
increased ferritin levels, high serum transferrin saturation and characteristic findings on liver biopsy"”.
After the discovery of the HFE mutations, genetic screening became the preferred diagnostic test for HH.
HFE genetic testing together with measurements of serum transferrin saturation and ferritin levels have
gained traction as the diagnostic test of choice for HH""". A serum ferritin concentration of > 1000 pg/L in
patients with HH has been associated with an increased risk of cirrhosis and HCC""'. Magnetic resonance
imaging (MRI) has recently been applied as an imaging modality for the detection and quantification of
hepatic iron in those patients where there is diagnostic uncertainty. Additionally, MRI can be utilised to

evaluate HCC in HH patients'"”
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Excess iron should be removed by venesection (phlebotomy) therapy and this should eliminate the risk of
progression to cirrhosis and the development of HCC in non-cirrhotic individuals. Early diagnosis and iron
depletion therapy has the potential of improving the survival rate of patients[gl. HH is readily treated by
venesection therapy, which is very efficient in removing excess iron and involves two successive treatment
phases[”é]. In the initial induction phase, the excess iron present at the time of diagnosis is removed by
1-2 weekly venesections (7.5 mL/kg body weight per venesection). After the removal of excess iron,
maintenance therapy, the second treatment phase, prevents recurrent iron overload. Maintenance therapy
involves removal of 2-4 units/year[m].

Although venesection is the treatment of choice in hemochromatosis, other iron depletion therapies have
also been tested in HH patientsms’m]. Another iron depletion therapy involves the application of iron
chelation therapy to facilitate iron mobilisation and excretion. The iron chelating drugs desferioxamine,
deferiprone and deferasirox have been tested in HH patients'™""". A phase I/II clinical trial for
deferasirox has shown it to reduce iron burden in HH patients homozygous for the C282Y mutation'".
Desferioxamine is administered either by intravenous or subcutaneous route, while deferiprone and
deferasirox are oral iron chelators. These iron chelators have several side effects including skin rashes,
gastrointestinal disturbances and occasionally abnormal liver function tests and should only be considered
in patients in whom venesection is not a possibility[m]. Of interest, iron chelators with antitumor properties
and favourable toxicity profiles have emerged[m]. Several iron chelators with effective antitumor activities
have been identified [Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone), DpT (di-2-
pyridylketone thiosemicarbazone) and PKIH (di-2-pyridylketone isonicotinoyl hydrazone) analogues] but
these are not routinely used in clinical practice*"*, Both venesection and iron chelation therapies do
not target the biological mechanisms involved in iron metabolism. HH is characterised by low hepcidin
synthesis and clinical trials evaluating the role of therapeutic hepcidin by subcutaneous administration
are currently underway. Patients with cirrhosis should undergo six monthly surveillance by ultrasound
(with or without alpha-fetoprotein measurement) to detect HCC at an early stage when curative therapy
is more likely to be successful. Of interest, liver transplantation remains an option for some patients with
HCC within appropriate criteria and this procedure will also normalise hepcidin synthesis and prevent iron
overload (provided the donor does not have HH)"'"**",

DISCUSSION

Early diagnosis and treatment of HH by preventing the development of cirrhosis may reduce the incidence
of HCC in the future. The American Association for the Study of Liver Diseases guidelines recommend
regular surveillance for HCC in cirrhotic patients onlylg]. It has been recommended that screening for HCC
be continued throughout life of the HH patients as HCC may develop years after the depletion of iron has
been achieved. Whilst controversial, some recommend iron depletion therapy in patients with even minor
increases in iron stores, when non-alcoholic fatty liver disease, hepatitis B or C coexist, in an attempt to
reduce the risk of progressive fibrosis and subsequent HCC"™. It is also recommended that family screening
for HH mutations and iron overload in all first-degree relatives of HH patients be performed. As HFE
gene mutation often synergises with other risk factors of HCC, HH patients with known HCC risk factors
should be regularly counselled to avoid environmental or toxic injury to the liver.

Besides HH, there are many other causes of iron overloading that result in excessive iron accumulation in
the liver and other organs. It has been reported that patients with high total body iron have a higher risk of
developing HCC in the absence of HH"*"*. As iron overload is not a benign condition, it is recommended
that HCC surveillance be undertaken in patients with excess body iron, particularly in patients with

. . 127
cirrhosis™”,

Further studies to identify genetic or environmental factors that could act in concert with HFE mutations
to increase the risk of developing HCC are warranted. Investigations are underway to determine the role



Page 10 of 14 Jayachandran et al. Hepatoma Res 2020;6:8 | http://dx.doi.org/10.20517/2394-5079.2019.35

of iron-regulatory proteins in abnormal iron uptake in HCC. In-depth understanding of the intricate
pathways involved in HH-associated HCC needs attention and future research needs to be focused on the
prevention of HCC in these patients.

CONCLUSION

Despite the controversies in the field regarding the degree of penetrance of HFE mutations in different
patient populations and their role in hepatic iron overload, HH patients with cirrhosis are at a high risk of
developing HCC. Further study in this field is needed to better understand the pathogenic process toward
HCC and to prevent HCC development in HH patients, considering that there are currently no effective
therapies for HCC. Furthermore, an in-depth understanding of the metabolic iron regulatory pathways
in HFE-related HCC in HH patients will allow the discovery of novel druggable targets for effective
therapeutic approaches.
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Abstract

Direct-acting antivirals (DAAs) have been introduced for the treatment of hepatitis C virus, and the sustained
virological response rate after DAAs was reported to be over 95%. Because of the high sustained virological
response rate, the risk of hepatocellular carcinoma (HCC) was expected to be reduced. However, an unexpected
high risk of HCC recurrence after DAA treatment was reported, and thus the dispute about the association of DAA
and HCC arose. The present article reviews the interplay between DAAs and HCC.

Keywords: Chronic hepatitis C, hepatocellular carcinoma, direct-acting antivirals

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common cancer in the world and the most common
primary liver cancer. The major causes of HCC are cirrhosis of any cause, chronic hepatitis B, chronic
hepatitis C (CHC), alcohol, and nonalcoholic fatty liver disease. Among the causes, the incidence of
chronic viral hepatitis-related HCC is 3%-5% per year in patients with cirrhosis and < 1.5% per year in
patients with both hepatitis C and stage 3 fibrosis'. The sustained virological response (SVR) rate for
pegylated interferon (IFN)-based therapy has been reported to be 42%-65% for genotype 1 and 74%-93%
for genotype 2 virus” . Despite the low SVR, several previous retrospective studies suggest that achieving
SVR after pegylated IFN plus ribavirin therapy reduces the risk of hepatic decompensation, liver related
mortality, liver transplantation, and HCC®”.

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
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Recently, an IFN-free regimen as a treatment for CHC including NS3/4A protease inhibitor, NS5A
inhibitor, and NS5B polymerase inhibitor was introduced. There have been several reports indicating that
the SVR rate is up to 97.8% and the adverse event rate at all stages of CHC is lower in patients treated with
direct-acting antivirals than IFN-based therapy[s'u]. Despite expectations of a decrease in the incidence of
HCC because of the high rate of SVR, Reig et al™ reported an unexpected high rate of HCC recurrence
after treating with direct-acting antivirals (DAA) in patients who experience previous HCC. Conti et al"
also reported a high rate of HCC recurrence (28.81%) 24 weeks after DAAs. Since the two aforementioned
reports were published, much debate has been raised about the recurrence and occurrence of HCC after

treating DA As.
In this article, we review the pros and cons of the effects of the DAAs on occurrence/recurrence of HCC.

THE INTERPLAY BETWEEN DIRECT-ACTING ANTIVIRALS AND OCCURRENCE OF
HEPATOCELLULAR CARCINOMA

CHC is the most common cause of HCC worldwide. The incidence of HCC is below 1% per year in
CHC patients without liver cirrhosis'”. However, the risk of HCC increases by 2%-8% in CHC with liver

. . 16
cirrhosis™

The papers on HCC occurrence related to DAAs are listed in Table 1. A negative paper was first published
on the occurrence of the HCC after the treatment of DAAs. In 2016, Conti et al."* published the first
report about early occurrence of HCC in hepatitis C virus-related cirrhosis treated with DAAs. They
retrospectively analyzed 285 consecutive cirrhotic patients who completed antiviral therapy with DAA
regimens and HCC developed in 9 of 285 patients (3.16%, 95%CI: 1.45-5.90) during the 24-week post-
treatment evaluation. The report concluded that DAA-induced resolution of HCV infection does not seem
to reduce occurrence of HCC.

Since the publication of the previous paper, several papers have been published indicating that DAAs are not
associated with occurrence of HCC. A thesis against the previous study was published by Kanwal et al."” in
2017. This retrospective cohort study included 22,500 patients who received DAA treatment; 39.0% of the
patients had cirrhosis and 86.74% achieved SVR. The incidence rate of HCC was 0.90 per 100 person-year
(95%CI: 0.77-1.03) in patients with SVR and 3.45 per 100 person-year (95%CI: 2.73-4.18) in patients without
SVR.

A large prospective study of 2249 patients with HCV-associated cirrhosis was published in Italy by
Calvaruso and his colleagues”. SVR after DAA treatment was achieved in 95.2% of patients and the overall
rate of HCC occurrence was 3.4%. They analyzed the HCC incidence according to achieved SVR, and HCC
occurrence was 3% in SVR group and 12.8% in non-SVR group (P < 0.001). Although this study did not
contain the analysis of control group, they found the SVR to DAA treatment decreased the incidence of
HCC. A similar study in the same country including 3917 patients with fibrosis stage > F3 was published
by Romano and colleagues'™”. This large, prospective cohort study showed that the incidence of HCC
occurrence was 0.42% in F3, 1.88% in cirrhosis, and 0.97 per 100 person-year (95%CI: 0.73-1.26) in all
patients.

Nagata et al.” compared data between IFN-based and IFN-free regimens for occurrence of HCC. This
report included 1085 patients treated with IFN and 669 patients treated with DAAs. The cumulative
incidence of HCC occurrence after SVR was 2.6% (five-year incidence) in IFN-based and 3.3% (three-
year incidence) in IFN-free therapies. Although the incidence of HCC appears to be higher in IFN-free
group than IFN-based group, there are no significant differences between the two groups after performing
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Table 1. Studies about de novo HCC occurrence after receiving DAAs in patients with hepatitis C virus infection

Median follow-up

Author Study design Patient number N SVRrate Outcomes Conclusion
period (months)
Contiet a/"™ Retrospective observational HCV-associated cirrhosis with 5.6 91.00% HCC occurrence rate DAA-induced resolution of HCV infection does not seem to
cohort study DAAs (n = 285) (316%) reduce occurrence of HCC
Kanwal et a/ " Retrospective observational Chronic hepatitis C with DAAs NA 86.74% HCC occurrence rate Among patients treated with DAA, SVR was associated with a
cohort study (n =22,500) (1.2%) considerable reduction in the risk of HCC

- SVR (0.90/100 PY)
- non-SVR (3.45/100 PY)

Prospective observational HCV-associated cirrhosis with 14 95.20% HCC occurrence rate SVR to DAA treatment decreased the incidence of HCC over a
cohort study DAAs (n = 2249) - CPCA +SVR (21%) mean follow-up of 14 months

- CPC A +no SVR (6.6%)

- CPCB+SVR (7.8%)

- CPC B +no SVR (12.4%)

Calvaruso et a/."™

Romano et a/,"” Prospective observational Fibrosis stage U F3 CHC with 17.9 93.90% HCC occurrence rate In patients with advanced hepatitis C receiving DAAs, the risk of
cohort study DAAs (n =3917) (1.4%) “de novo” HCC during the first year is not higher, and might be
lower, than that of untreated patients
Nagata et a/."*” Retrospective Chronic hepatitis C IFN 81.6 96.00% HCC occurrence rate after The risks of early HCC occurrence and recurrence after viral
observational -IFN (n = 1145) DAAs 21.6 viral eradication eradication were similar between IFN-based and IFN-free
cohort study -DAAs (n =752) - IFN (3.3%), DAAs (1.4%) therapies
Nahon et a/."”" Prospective observational ~ Biopsy-proven HCV-associated 67.5 HCC occurrence rate (5 There is no statistically significant increase in risk of HCC was
cohort study cirrhosis with DAAs (7 = 1270) year-Cuml 14.7%) associated with DAA use
-DAAs (n = 336) - DAAs 3-year Cuml: 5.9%
-SVR-IFN (7 = 495) - SVR-IFN 3-year Cuml:
-non-SVR (n = 439) 31%
- non-SVR 3-year Cuml:
12.7%
loannou et a/."“? Retrospective Chronic hepatitis C 73.2 NA HCC occurrence rate DAA-induced SVR is associated with a 71% reduction in HCC
observational -IFN only (7 = 35,871, 58%) (5.2%) risk. Treatment with DAAs is not associated with increased HCC
cohort study -DAA +IFN (7 = 4535, 7.2%) risk compared with treatment with IFN
-DAA only (7 = 21,948, 35%)
Yoo et al,'*”! Retrospective observational Chronic hepatitis C IFN 43.6 DAAs  HCC occurrence rate The rate of early development of HCC did not differ between
cohort study -DAAs (n = 574) DAAs 10.4 951%  (0.89%) patients treated with IFN and those treated with DAAs
-IFN (7 = 211) IFN - DAAs (1.05%)
75.4% - IFN (0.47%)
Singer et al.'** Retrospective observational Chronic hepatitis C DAAs1.05PY NA HCC occurrence rate DAA-based treatment was associated with a reduced risk of
cohort study -DAAs (7 =30,183) Untreated 1.24 - DAAs 0.64/100 PY incident liver cancer relative to both no HCV treatment and to
-Untreated (7 =137,502) PY - Untreated 1.18/100 PY  IFN-based treatment in the pre-DAA era
-IFN (7 =12,948)
Carrat et /" Prospective observational Chronic hepatitis C 334 94.00% HCC occurrence rate Treatment with direct-acting antivirals is associated with reduced
cohort study -DAA (n =7344) of DAA treated group risk for mortality and hepatocellular carcinoma
-Untreated (7 = 2551) (2.54%)
Ide et a/."** Prospective Chronic hepatitis C with DAAs NA NA HCC occurrence rate Achieving SVR by DAA treatment reduces the incidence of HCC
observational (n = 2552) (2.7%)
cohort study

HCV: hepatitis C virus; DAAs: direct-acting antivirals; HCC: hepatocellular carcinoma; NA: not available; SVR: sustained virological response; PY: person-year; CPC: Child-Pugh Class; IFN: interferon;
Cuml: cumulative incidence
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propensity score-matched analysis (three-year incidence: 3.3% in IFN-based therapy and 1.4% in IFN-free
therapy; P = 0.49). In a study from France, Nahon et al.”"". published a report about the incidence of HCC
after DAA for HCV in patients with cirrhosis included in surveillance programs The retrospective cohort
study included 1270 patients with biopsy-proven cirrhosis and classified into DAA group (n = 336), SVR-IFN
group (n = 495), and non-SVR group (n = 439). The three-year cumulative incidences of HCC were 5.9% in
the DAA group, 3.1% in the SVR-IFN group, and 12.7% in the non-SVR group (HR: 2.03, 95%CI: 1.07-3.84,
P = 0.03 for the DAA group vs. the SVR-IFN group). However, under propensity score matched analysis,
there was no significant increase in risk of HCC for DAA use (HR: 0.89, 95%CI: 0.46-1.73, P = 0.735). The
DAA group was older, and had a higher rate of diabetes or portal hypertension than SVR-IFN group. These
features suggested that a more advanced liver disease, older age, and higher rates of comorbidities favor liver
carcinogenesis. Yoo et al. - published similar comparative data of de novo HCC occurrence in DAA group
and IFN group. The cumulative incidence of HCC occurrence was not different between DAA group and
IFN group (P = 0.827). In USA, Singer et al.”” analyzed 30,138 patients receiving DAA treatment, 137,502
patients without any treatment, and 12,948 patients receiving IFN treatment. This study revealed that DAA
treatment was associated with a reduced risk of HCC compared to IFN treatment after performing inverse
probability of treatment weighting (adjusted HR: 0.69, 95%CI: 0.59-0.81).

In 2019, the debate on the interplay between DAA and HCC continued, and Carrat ef al.”" and Ide et al."*”
published prospective cohort studies. In the former study in France, 7344 patients with DAA treatment,
and 2551 patients without treatment were enrolled””. DAA treatment seems to increase the risk of HCC
(HR: 2.77, 95%CI: 2.07-3.71). However, after adjustment for variables, DAA treatment was associated with a
decrease in HCC (adjusted HR: 0.66, 95%CI: 0.46-0.91) and all-cause mortality (adjusted HR: 0.48, 95%CIL:
0.33-0.70). A prospective study from Japan by Ide et al.” enrolled 2552 patients who were treated with
DAAs and achieved a SVR. The three-year cumulative incidence of HCC was 4.9% in all patients, 10.0% in
patients with cirrhosis, and 2.9% in patients without cirrhosis. They concluded that DAAs do not increase
the risk of HCC occurrence after achieving SVR.

THE INTERPLAY BETWEEN DIRECT-ACTING ANTIVIRALS AND RECURRENCE OF
HEPATOCELLULAR CARCINOMA

HCC is treated with curative treatment or non-curative interventions according to tumor stage, liver

function, and performance status. After curative treatment such as surgical resection for HCC, the risk of

recurrence is 60%-70% at five years " Several studies have shown that adjuvant IFN therapy after curative
[28-32]

treatment can reduce the recurrence rate of HCC™ .

The papers published on the HCC recurrence after DAA treatment are organized in Table 2. Despite
expectations that achieving SVR after DAA treatment will reduce the recurrence of HCC, Reig et al.""”
reported an unexpected high rate of early tumor recurrence in patients with HCV-related HCC undergoing
DAA therapy in 2016. The study included 58 patients with prior history of treated HCC with complete
response who lacked “non-characterized nodules” They reported unexpected high recurrence rate of
27.6% and median time from DAA start to recurrence was 3.5 months (range 1.1-8 months). Conti et al.™
published another similar report about early recurrence of HCC. In this retrospective cohort study, the
recurrence rate of HCC after completing DAA therapy was 28.81% (17 of 59 patients, 95%CI: 17.76-42.07)
during the 24-week post-treatment evaluation. Fifty-nine patients with a history of previous HCC included
11 patients who received transarterial chemoembolization”. This term has only been mentioned once for
previous HCC. The study indicated that patients previously treated for HCC still have a high risk of tumor
recurrence.

Opposite opinions to the previous paper were subsequently published. One prospective study used three
French multicenter ANRS cohorts™. The DAA group and untreated group were analyzed and the rate
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Table 2. Studies about HCC recurrence after receiving DAAs in patients with hepatitis C virus infection

Median follow-up

Author Study design Patient number N SVR rate Outcomes Conclusion
period (months)
Reig et a/ "™ Retrospective observational  Prior history of treated HCC 57 97.50% Tumor recurrence (27.6%) The study showed an unexpected high rate and pattern
cohort study with DAAs (7 =103) of tumor recurrence coinciding with HCV clearance
Conti et a/ "™ Retrospective observational  Prior history of treated HCC 5.6 91.00% HCC recurrence rate (28.81%) DAA-induced resolution of HCV infection does not seem
cohort study in HCV-associated cirrhosis to reduce recurrence of HCC
with DAAs (7 = 59)
ANRS"? Collaborative study HEPATHER cohort 20.2 NA HCC recurrence rate The study did not find an increase in HCC recurrence rate
Prospective observation Prior history of treated HCC - DAA 0.73/100 person-month during the first 3 months of the treated period
cohort study - DAAs (n =189) - Untreated 0.66/100 person-month
- Untreated (7=78)
CirVir cohort 58.6 NA HCC recurrence rate There was no evidence of an increased risk of HCC
Prior history of treated HCC - DAA 111/100 person-month recurrence in treated compared with untreated patients
in HCV-associated cirrhosis - Untreated 1.73/100 person-month
-DAAs (n =13)
- untreated (7 = 66)
CUPILT cohort 70 months 96.80% HCC recurrence rate (2.2%) The observed recurrence rate of 2.2% was lower than
Liver transplanted patients from LT the expected rate according to previous studies with
for HCC with DAA (7 = 314) interferon regimen
Cabibbo et a/. "% Prospective observational Prior history of treated HCC 9.1 96.50% HCC recurrence rate (20.3%) The risk of HCC early recurrence was comparable and not
cohort study with DAAs (7 =143) higher than that observed in DAA unexposed patients
Nagata et a/,'*"’ Retrospective observational ~ Chronic hepatitis C IFN 81.6 96.00% HCC recurrence after viral eradication The risks of early HCC occurrence and recurrence after
cohort study -IFN (7 = 1145) DAAs 21.6 - IFN (54.2%) viral eradication were similar between IFN-based and
- DAAs (n =752) - DAAs DAAs (45.1%) IFN-free therapies
Nishibatake Retrospective observational ~ RFA for HCV-related HCC IFN 86.4 NA HCC recurrence rate at 2years There is no significant difference in early HCC recurrence
Kinoshitaera/®™  cohort study - DAAs (n =147) DAAs 21.6 - DAAs (60%) rates and patterns between patients who received
- IFN (7 =156) - IFN (61%) interferon-based and direct-acting antiviral therapy after
HCC treatment
Singal et al.®" Retrospective observational  Prior history of treated HCC 10.4 NA HCC recurrence rate (52.5%) DAA therapy was not significantly associated with
cohort study (n=793) - DAAs (55.4%) increased or decreased risk of HCC recurrence
- DAAs (n =231) - Untreated (51.2%)

- Untreated (7 = 562)

HCC: hepatocellular carcinoma; DAAs: direct-acting antivirals; NA: not available; HCV : hepatitis C virus; LT: liver transplantation; IFN: interferon

of HCC recurrence was not different between the two groups. This suggested that there was no evidence that DAA treatment increases the risk of HCC
recurrence.

Cabibbo et al.”* reported a prospective multicenter study in Italy. The study included 143 patients with complete response after curative treatment of HCC,
and the incidences of HCC recurrence were 12%, 26.6%, and 29.1% at 6-, 12-, and 18-month follow-ups. Although risk of HCC recurrence remained high, the
risk was comparable between DAA group and untreated group.
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Table 3. Risk factors for occurrence/recurrence of HCC

Author/Study design Occurrence/Recurrence Risk factors for the development of HCC
Conti et a/"™ Occurrence No associate factor
Recurrence Age, liver stiffness
Kanwal et a/ """ Occurrence non-SVR, alcohol use, non-African Americans, cirrhosis
Calvaruso et a/ "™ Occurrence Albumin < 3.5 g/dL, platelet count < 120 x 10° /L, absence of SVR
Romano et a/."’ Occurrence Positive for HBsAg, APRI score > 2.5, CPC B, treatment failure
Nagata et a/,*"’ Occurrence IL-28 genetic polymorphism, post-treatment WFA*M2BP
Recurrence IL-28 genetic polymorphism, post-treatment WFA*M2BP
Nahon et a/"*" Occurrence non-SVR, older age, excessive alcohol consumption, lower platelet count, high
GGT levels, HCV genotype 1
loannou et a/."“” Occurrence non-SVR, cirrhosis
Yoo et al,'*”! Occurrence Alpha-fetoprotein level > 9.5 ng/mL
Singer et a/. > Occurrence Older age, male gender, cirrhosis, thrombocytopenia, portal hypertension,
diabetes, tobacco use, alcoholic liver disease
Carrat et a/"*¥ Occurrence Untreated, non-SVR
Ide et al."*” Occurrence Age > 62 years old, male gender, FIB-4 index > 4.6, and GGTP level > 44 |U/L
Cabibbo et a/ Recurrence Main tumor size > 2.5 cm, history of prior recurrence
Nishibatake Kinoshita et /. Recurrence Higher lens culinaris agglutinin-reactive fraction of alpha-fetoprotein level,

a history of multiple HCC treatments, and a shorter interval between HCC
treatment and initiation of antiviral therapy

/7 Recurrence No associate factor

Singal et a

HCC: hepatocellular carcinoma; SVR: sustained virological response; CPC: Child-Pugh Class; HCV: hepatitis C virus; IFN: interferon

The retrospective cohort study from Japan by Nagata et al.” analyzed 60 patients in the IFN-based therapy
group and 83 patients in the IFN-free therapy group. The incidence of HCC recurrence after locally curative
treatment was not significantly different between IFN-based and IFN-free therapy groups by propensity
score-matched analysis (five-year incidence: 54.2% in IFN-based and 45.1% in IFN-free therapy, P = 0.54).
Nishibatake Kinoshita et al.”” enrolled HCC patients previously treated with radiofrequency ablation (147
patients in DAA group and 156 patients in IFN group). The rate of HCC recurrence at one and two years
was 39% and 61% in IFN group and 39% and 60% in DAA group, respectively (P = 0.43). There was also no
significant difference between the two groups after performing matching analysis (P = 0.68). To compare the
rate of HCC recurrence between the patients who received DAA and IFN-based therapies, Waziry et al
published meta-analyses study containing 17 studies. The incidence of HCC recurrence after SVR was 9.21
per 100 person-year in DAA group and 12.16 per 100 person-year in IFN group. After adjusting analysis,
DAA treatment was not associated with HCC recurrence (Relative risk: 0.62, 95%CI: 0.11-3.45, P = 0.56). To
solve this debate firmly, a large study from USA and Canada was published by Singal e al.*” in 2019. In total,
793 patients with HCV-associated HCC, including 304 patients who received DAA and 489 patients without
treatment, were analyzed. HCC recurred in 42.1% patients in the DAA group and 58.9% in the untreated
group. Although DAA treatment seems to decrease the risk of HCC recurrence (HR: 0.32, 95%CI: 025-0.41),
after accounting for time-varying exposure, DAA treatment was not associated with increasing or decreasing
the risk of HCC recurrence after complete response (HR: 0.90, 95%CI: 0.70-1.16).

RISK FACTORS FOR OCCURRENCE/RECURRENCE OF HEPATOCELLULAR CARCINOMA
AFTER TREATING WITH DIRECT-ACTING ANTIVIRALS

In most of the studies on the interplay between DAA and HCC, non-SVR, advanced liver disease, and
older age were associated with risk of HCC. Table 3 contains the risk factors for development of HCC.

In a report about the early occurrence and recurrence of HCC in HCV-related cirrhosis treated with DAA,
Child-Pugh class (OR: 4.18, 95%CI: 1.17-14.8, P = 0.03) and history of HCC (OR: 12.0, 95%CI: 4.02-35.74,
P < 0.0001) were associated with HCC development. There was no significant factor in patients without
history of previous HCC, while age (OR: 0.82, 95%CI: 0.69-0.97, P = 0.02) and liver stiffness (OR: 1.19,
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95%CI: 1.01-1.39, P = 0.03) were significant factors prone to experience HCC recurrence’, A study from Japan
reported on the impact of DAA on early recurrence of HCC and higher alpha-fetoprotein (AFP)-L3 level (HR:
1.47, 95%Cl: 1.02-2.11, P = 0.04), larger number of HCC treatments (HR: 1.65, 95%CI: 1.16-2.35, P = 0.007), and
shorter interval between the last HCC treatment and initiation of antiviral therapy (P = 0.007) were associated
with the risk of HCC recurrence™. In the comparative study for occurrence and recurrence of HCC in IFN-
based and IFN-free therapies, AFP and WFA*M2BP levels were significantly associated with HCC occurrence
after achieving an SVR™. This study suggested that AFP > 5.4 ng/mL and WFA*M2BP > 1.8 COI could be
helpful markers of HCC occurrence. A prospective cohort study including 2249 patients with HCV-associated
cirrhosis reported that albumin level < 3.5 g/dL (HR: 1.77, 95%CI: 1.12-2.82, P = 0.01), platelet count < 120 x
10°/L (HR: 3.89, 95%Cl: 2.11-7.15, P < 0.001), and absence of SVR (HR: 3.40, 95%Cl: 1.89-6.12, P < 0.001) were

. . . . [18]
associated with an increased risk of HCC occurrence .

The retrospective cohort study using national data of 22,500 patients revealed that the patients with SVR (HR:
0.24, 95%Cl: 0.19-0.31, P < 0.0001) and African American patients (HR: 0.56, 95%CI: 0.39-0.81, P = 0.02) were
associated with low risk of HCC"”. Patients with cirrhosis (HR: 4.73, 95%CI: 3.34-6.68, P < 0.0001) and alcohol
abuse (HR: 1.56, 95%CI: 1.11-2.18, P = 0.01) were associated with high incidence of HCC. A large, prospective,
population-based study from Italy including 3917 patients with fibrosis stage > F3 revealed that DAA
treatment failure (HR: 9.09, 95%CI: 5.2-16.1, P = 0.0001), HBV coinfection (HR: 3.99, 95%CI: 1.24-12.91,
P =0.021), and APRI score > 2.5 (HR: 2.03, 95%CI: 1.14-3.61, P = 0.016) were significantly associated with
HCC occurrence . A comparative study including DAA group, SVR-IFN group, and non-SVR group
suggested that increased age, alcohol consumption, HCV genotype 1, and impaired liver function were
statistically significantly associated with risk of HCC™"'. There was no significant association between DAA
use and risk of HCC. In our study, we compared the rates of HCC between DAA group and IFN group,
and alpha-fetoprotein > 9.5 ng/mL at the time of end-of treatment response was the only significant risk
factor for HCC occurrence””. Moreover, in a prospective study in France, exposure to DAA was strongly
associated with a decrease in all-cause mortality (adjusted HR: 0.34, 95%CI: 0.22-0.55, P < 0.0001) and risk
of HCC (adjusted HR: 0.57, 95%CI: 0.40-0.81 P = 0.016)*. A study including HCV patients with received
DAAs and who achieved SVR showed that male gender (HR: 2.40, 95%CI: 1.46-3.96, P = 0.0006), older
age (HR: 1.51, 95%CI: 1.20-1.91, P = 0.0005), higher FIB-4 index (HR: 1.12, 95%CI: 1.07-1.17, P < 0.0001),
and higher GGTP level (HR: 1.04, 95%CI: 1.02-1.06, P < 0.0001) were independently associated with HCC

[25]
occurrence

CONCLUSION

Since the initial reports about the unexpected high rate of early recurrence of HCC were published, most
recent reports showed favorable effects of DAA treatment in regard to HCC occurrence/recurrence.
Several published studies have indicated that non-SVR, older age, advanced liver disease, combined liver
disease (chronic hepatitis B and alcohol abuse), higher AFP, and history of previous HCC may play roles
in increasing HCC risk. Accordingly, the Asian Pacific Association for the Study of the Liver guidelines
suggest that surveillance be performed every six months for patients with SVR and liver cirrhosis and
every four months for patients with SVR and previous history of HCC™. Achieving SVR in patients with
HCV improved their outcomes in terms of deaths, Child-Pugh Class, and model for end-stage liver disease
of advanced liver disease, as well as the incidence of HCC. In addition, patients with previous HCC after
achieving SVR had significantly better survival than untreated patients, thus patients eligible for HCC
therapy should be considered for DAA treatment™. However, the risk of HCC is not completely eliminated
by achieving SVR after DAA treatment, and regular surveillance of HCC including biomarkers for tumor
should be considered in patients with cirrhosis, combined liver disease, and previous history of Hcc
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Abstract

Aim: To evaluate wether it is safe and meaningful to treat octogenarians with microwave ablation for hepatocellular
carcinoma. With an ageing population being healthier than previous generations, old limits for treating disease
founded on patient age need to be revised. One of the most common tumour related death causes is hepatocellular
carcinoma (HCC). With the development of minimally invasive therapies with curative potential, new ground is
being broken offering treatments to older patients in the hope of achieving prolongation and better quality of life.

Methods: In this retrospective single centre study of patients having a first microwave ablation therapy for HCC in
a national referral centre for ablative liver treatments, septuagenarians (n = 161, age 70-80) were compared with
octogenarians (7= 32, age 80-90).

Results: Octogenarians selected for microwave ablation of HCC at a regional multidisciplinary team conference have
similar outcomes as their younger control group. Survival, complications and length of stay are not different.

Conclusion: Octogenarians who are fit for ablative treatment of HCC should not be disqualified on grounds of age,
recognising that this group has an obvious immortality, or lead-time, bias as well as a probable selection bias in part
explaining their good results.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and the fourth most
common cause of cancer death according to the 2018 WHO report'. During the last 30 years, life
expectancy, worldwide, has increased from 63 to 71.7 years with countries such as Japan and South Korea,
as well as those in Western European and Northern America having a life expectancy of 80-84 years in
2015"". At present, a 70-year-old person in Sweden is expected to live 16.3 more years and a person of 80
has on average 9.2 years left”.

Curative treatment of HCC is foremost surgical. Postoperative complications increase with age. In a UK
study, patients over 75 had a 62% increase in risk of complications and a more than three-fold increased
risk of one-year overall mortality compared to patients younger than 65. For one-year overall mortality,
the risk was increased by 349% after surgery for colorectal cancer'. Leal ef al."” investigated the impact
of liver resection for colorectal liver metastases on octogenarians compared to younger patients in a
matched cohort study and found twice the morbidity (19% vs. 9%) and a 90-day mortality of 7% vs. 0%.
In a recent review by Cho et al.”, curative intended treatments for hepatocellular cancer with resection
or radiofrequency ablation (RFA) was found to be safe in selected patients over the age of 75", namely
patients who generally had less severe underlying liver disease, were predominantly female and had more
well-differentiated tumours, indicating that there was a clear selection bias when comparing the elderly
with younger HCC patients. With careful selection, excellent results of resection can be achieved””.
However, with increasing age, comorbidities amass and resective surgery is often not deemed appropriate
and patients can be offered local ablative treatments with RFA instead without having age or comorbidities
affecting outcome*""’, In a recent publication, octogenarians undergoing stereotactic RFA for primary liver
tumours were compared to a younger control group using propensity score matching and no significant
differences in terms of local recurrence, major complications and overall survival were found"”.

With microwave technology (MWA) entering the scene, with quicker energy delivery and larger ablation

13]

volumes compared to RFA™, the present study aimed to evaluate the results of treating octogenarians with

HCC using MWA in comparison with septuagenarians in a highly specialised centre in northern Europe.

METHODS

We retrospectively analysed all patients undergoing microwave ablation for HCC who were seventy years
or older at first ablation in a single centre specialised in minimally invasive ablative treatments in Sweden,
from June 2010 to December 2018. The collection and publication of data was approved by the regional
ethics committee.

All patients were selected for ablative treatment for their HCC at the regional multidisciplinary team
conference. Patients without cirrhosis or with cirrhosis without portal hypertension were typically firstly
considered for resection, general condition permitting. For the others, with Child-Pugh grade below C and
performance status 0-2 as well as with the possibility of curative treatment and largest tumour diameter
below 30 mm, ablative treatment was the first choice. The diagnosis was based on radiological LIRADS
criteria and not primarily on histology. Microwaves was the energy source of choice for ablative treatment.
Tumour targeting was performed with computer-assisted technologies such as ultrasound fused with
computed tomography (CT) images or with the aid of computer assisted CT-guided navigation technology
(CAS-one, Cascination AG, Bern). Details on the set-up, ablation technique, energy devices and targeting
technologies applied were described previously[“].

Patients were followed-up with CT or MRI imaging every three months for one year and according to the
national surveillance guidelines*. Ablation site recurrence was defined as viable tumour tissue detected
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on follow-up imaging within an area of 1 cm surrounding the ablation zone, applying the LIRADS criteria
for HCC". In the case of ablation site recurrence or new intrahepatic lesions on follow-up, patients were
retreated with minimally invasive microwave ablation whenever possible.

Data on patient and tumour characteristics were extracted from the Swedish Liver registry'”.
Complications were classified according to the Clavien-Dindo classification™, with major complication
defined as a grade 3b or higher within thirty days of treatment. Data on tumour recurrence were extracted
from patient’s medical records. Overall survival (OS) was calculated from the day of the index treatment,
with all patients being followed until death or censored on 15 October 2019.

Descriptive statistics was used to describe baseline characteristics with medians and range for non-
normally distributed data. Categorical variables were expressed as total and percentages. Ratios were
analysed with the y’-test. Overall survival was illustrated using Kaplan-Meier curves and differences in
survival analysed with log-rank test. Factors influencing survival were analysed with the Cox proportional
hazards method. All statistical computations were made with SigmaPlot 13.0 (Systat software, Inc, San Jose
CA)

RESULTS

In total, 193 patients treated with MWA at the age of 70 or above were included in this study. Of these,
32 (17%) were 80 or above years of age and 161 (83%) were 70-80 years of age. Patient and tumour
characteristics are outlined in Table 1.

In the group of octogenarians, there was less underlying liver disease with cirrhosis of various reasons (59%
vs. 80%, P = 0.021) and the proportion of females was higher (34% vs. 19%, P = 0.08). In the other baseline
characteristics, and somewhat fewer tumours treated. The age distribution is presented in Figure 1.

Major complications within one month occurred in seven (5%) of the septuagenarians and none of the
octogenarians. These were one liver abscess that responded well to drainage and antibiotics, one hematoma,
one patient with ascites that was drained, one with a pneumothorax that was evacuated, one patient had a
coronary infarction one week after the ablation and one patient had a bleeding oral polyp a week after the
ablation. The last developed progressive liver failure with intensive care needs, alas irreversible and died
two months after the ablation.

There was no difference in OS between the two groups with a median survival time of 3.9 years for patients
between 70 and 80 years of age and 4.3 years for octogenarians (P = 0.416). One-, three- and five-year OS were
89%, 59% and 38% (70-80 years of age) and 100%, 100% and 30% (octogenarians), respectively [Figure 2].

In the Cox proportional hazards model, no single analysed factor significantly influenced survival including
gender, associated liver disease, ASA-score, Child-Pugh grade, number of tumours treated and largest
tumour treated.

Local ablation site recurrence occurred in 19 % (36/194) and 26% (50/194) had a new tumour in another
part of the liver within one year of follow-up.

The distribution of repeat treatments is shown in Figure 3. Patients were retreated when there was a chance
of cure, not as an upfront palliative measure.
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Figure 1. Age distribution of subjects in the study. The Y-axis is the number of patients per age group and the X-axis the age groups

Table 1. Baseline and outcome characteristics

80+ % 70-80 % P
n 32 161
Age [median (min-max)] 74.2 (70-79.6) 82.3(80.1-86.3)
Male 21 66% 131 81% 0.08
Associated liver disease 19 59% 129 80% 0.021
Alcohol 8 25% 63 39% 0.189
Hemochromatosis 1 3% 5 3% NS
Hepatitis B 0 0% 4 2% NS
Hepatitis C 1 3% 34 21% 0.016
NASH 5 16% 25 16% NS
Porfyria 1 3% 2 1% NS
Child-Pugh
A 24 75% 14 71% NS
B 4 13% 18 1% NS
C 0 0% 0 0% NS
Missing 4 13% 28 17% NS
MELD [median (min-max)] 6.58 (0.86-22.78) 6.26 (0-19.32) NS
ASA
1 0 0% 2 1% NS
2 7 22% 39 24% NS
3 21 66% 93 58% NS
4 4 13% 25 16% NS
Number of tumours
1 20 63% 88 55% NS
2 6 19% 34 21% NS
3+ 6 19% 36 22% NS
Max diameter [median (min-max)] 22 (1-37) 20 (8-58) NS
Clavien-Dindo class
0-1 28 84% 142 88% NS
2 4 13% 12 7% NS
3a 0 0% 5 3% NS
3b 0 0% 1 1% NS
4a 0 0% 1 1% NS
4b 0 0% 0 0% NS
5 0 0% 0 0% NS
Postop stay [median (min-max)] 1(0-5) 1(0-32) NS
Number of subsequent liver treatments 1 (1-6) 20-7) NS

Baseline characteristics and complications following microwave ablation for hepatocellular carcinoma in elderly patients. Only
associated liver disease reached statistical significance with a P-value < 0.05. NASH: Non Alcohol Steato Hepatitis; MELD: Model for
Endstage Liver Disease; ASA: American Society of Anaesthetists physical status classification



Freedman. Hepafoma Res 2020;6:10 | http://dx.doi.org/10.20517/2394-5079.2019.32 Page 5 of 7

1,0 ¢
- 70-80
- S0+
0,8 —
— 0,6
2
c
=
w
0,4
0,2 —
0!0 T T T T 1
0 2 4 6 8 10
Years
Octogenarians 32 4 2 0
Septuagenarians 86 30 10 2

Figure 2. Overall survival after a first microwave ablation of hepatocellular carcinoma in octogenarians compared to septuagenarians
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Figure 3. Number of interventions performed during follow-up of the patient cohort grouped into the two age groups. The y-axis
represents the number of patients and the x-axis the different strata of interventions

DISCUSSION

The presented data show that microwave ablation of HCC in selected octogenarians can be performed with

low morbidity and with results that are equal to those for septuagenarians, which was the primary aim of
the study.

This is well in line with previous findings by Shen et al."” and Zhang et al."" offering a potentially curative
treatment for octogenarians not deemed fit for surgical resection or as a first-line therapy.
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Survival in the presented cohort is well comparable to results presented in a meta-analysis of elderly
patients resected for HCC by Cho et al.", but with much shorter length of stay and much fewer
complications, where, typically, resected elderly patients stay for 9-18 days in hospital and with 13%-36%
having postoperative complications. In a US study from 2012 on RFA"™ the postoperative mortality was
worse, as was survival with 72% surviving the first year and 39% and 34% at three and five years compared
to the present study’s 100%, 69% and 40%, respectively, for the octogenarian group, numbers that are
somewhat inferior to what Takahashi et al.” presented. Numbers are difficult to compare as underlying
causes of HCC and expected life span varies greatly among the US, Japan and Sweden.

In the present study, the mean age in the older cohort was 82 with a median survival of 4.3 years and the
younger cohort with a mean age of 74 had a median survival of 3.9 years. This is considerably shorter than

[21]

the average life expectancy for a 74-year-old (13 years) or an 82-year-old (8 years) in Sweden

Selection bias is an obvious disadvantage when analysing this kind of dataset. Associated liver disease and
hepatitis C was more prevalent in the younger group.

The small size of the octogenarian cohort could easily mask a Type 2 error. On the other hand, there is the
obvious problem with immortality bias as the octogenarians have by necessity survived until 80 and are
thus a selected group with a slightly higher life expectancy. This could perhaps in part explain the excellent
three-year survival of 100% in that cohort.

In conclusion, as the population steadily has a greater life expectancy, the indications for treating tumours
in older and healthier age groups becomes necessary. The results of the present study indicate that ablating
hepatocellular carcinomas in octogenarians can safely be performed with good results if no obvious
contraindication is present.
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Abstract

Aim: We aimed to study the clinical and pathological characteristics of liver transplant recipients with hepatocellular
carcinoma recurrence.

Methods: We reviewed the data for 26 patients who had tumor recurrence after deceased donor liver transplant for
hepatocellular carcinoma at the Johns Hopkins Hospital from January 2005 to December 2015.

Results: In total, 88% of recipients were males. The mean age was 59 years. On explant, poor differentiation was
detected in 43%, while 73% had microvascular invasion. Overall, 62% were diagnosed to be outside of Milan criteria.
Out of these, 15% met the criteria for downstaging. Twenty (77%) patients had pre-transplant alpha fetoprotein levels
> 20 ng/mL. In 54% of patients, the location of hepatocellular carcinoma (HCC) recurrence was extrahepatic, followed
by intrahepatic in 31% and both intra- and extrahepatic in 15%. The post-transplant tumor recurrence was diagnosed
at a mean of 427 days (range 34-1502). Fifty percent of HCC recurrences were diagnosed within one year following
liver transplant. Twenty (77%) patients received treatment for their recurrent HCC: external radiation (» = 10), surgical
resections (» = 8; brain 4, spine 2, bone 1, and Whipple surgery 1), sorafenib (n = 7), locoregional therapy (7 = 5).
Overall, 24 out of 26 (92%) recipients died within four years after the transplant.

Conclusion: HCC recurrence after liver transplant is infrequent. More than fifty percent of HCC recurrences following
liver transplant are extrahepatic. Despite better recipient selection for liver transplant, the curative options are limited in
recurrent cases and associated with extremely poor outcomes.

Keywords: Hepatocellular carcinoma, liver transplant, liver resection, locoregional therapy
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INTRODUCTION

Liver transplant (LT) has become the treatment of choice in patients with hepatocellular carcinoma (HCC)
and cirrhosis who meet the Milan criteria (MC)M. Although additional extended criteria models have been
proposed, HCC recurrence following LT remains an unfortunate incident associated with poor survival™.
Tumor biology and alpha fetoprotein (AFP), as well as tumor size and number, have been proposed by

various groups as other potentially relevant factors of tumor recurrence ",

Overall, two thirds (2/3) of patients, who develop recurrent HCC post-LT, present with extrahepatic
recurrence”™”. The treatment of choice in post LT HCC recurrence is determined based on the site and the
extent of the recurrence”. However, treatments are not standardized and mostly based on expert opinion
and retrospective studies”. Surgical treatment options have been proposed with promising outcomes in
selected patients[m’“]. Locoregional therapy options, transarterial chemoembolization, radiofrequency

. . .. . . [9]
ablation, and stereotactic radiation are considered in selected cases .

In a recent report, we published our experience in LT recipients with HCC at the Johns Hopkins University
Comprehensive Liver Transplant Center”. As a follow-up study, we aimed to study the clinicopathological
features and outcomes of 26 cases with HCC recurrence following LT. In addition, we evaluated the details
on the outcomes and the application of different treatment modalities in this group.

METHODS

The study was approved by the institutional review board at the Johns Hopkins Hospital. HCC-related
deceased donor LT recipients between January 2005 and December 2015 were evaluated. In total, 26
patients with post-LT HCC recurrence were identified among 165 recipients who were included in the
study. All recipients were listed following a standard work up and discussion at the weekly selection
meeting. They were within Milan criteria or downstaged into Milan criteria. The transplant was performed
by piggyback technique. Postoperative HCC surveillance consisted of contrasted cross-sectional imaging
with computerized tomography or magnetic resonance imaging with AFP every three months for the
first year and every six months for the second and third years. There was no set therapeutic protocol for
recurrence; treatment options were discussed in a multidisciplinary fashion. The Pre-LT AFP was obtained
within the past three months prior to deceased donor liver transplantation (DDLT) and immediate post-LT
AFP was obtained within three months post DDLT.

Data on clinical, radiologic, pathology, HCC recurrence, and survival were collected from the records,
reviewed, and analyzed. Explant pathologies were reviewed retrospectively, and the following tumor
parameters were collected: size, number of lesions, microvascular invasion status, and differentiation. It was
determined whether patients met the Milan or University of California San Francisco (UCSF) criteria based
on the number and size of HCC lesions on explant pathology. The data collected for categorical variables
were reported as percentages. Data for continuous variables were reported by the mean and standard
deviation. Patient survivals were analyzed using Kaplan-Meier statistics. STATA V.13 (StataCorp college
station, TX) was used to perform the statistical analyses.

RESULTS

Patient characteristics

Among the deceased donor LT recipients, HCC was the primary indication for transplantation varying
from 21% to 53% of patients [Figure 1] according to the year. Clinical information on the 26 LT recipients
with recurrent HCC is summarized in Table 1. Patients were predominantly male (88.5%) with a mean age
of 59 years (range 47-72 years). The majority of recipients were white (1 = 17, 65.4%), followed by African
American (n = 7, 27.0%) and Asian (n = 2, 7.6%) ethnicities. Primary etiology of liver disease was chronic
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Figure 1. Overall, rate of deceased donor liver transplant for hepatocellular carcinoma indication at the Johns Hopkins Hospital from 2005
to 2015. HCC: hepatocellular carcinoma

hepatitis C (positive hepatitis C antibody and/or hepatitis C RNA) in 13 patients (50%) and hepatitis C and
alcoholic liver disease in 6 (23%) patients. Chronic hepatitis B (positive hepatitis B surface antigen and/or
hepatitis B DNA) was seen in three patients (11.5%), followed by alcoholic liver disease (n = 2, 7.7%), and
non-alcoholic fatty liver disease (1 = 1, 3.9%).

Laboratory results

The average model for end-stage liver disease (MELD) score was 13, ranging from 6 to 35. Mean AFP was
27.6 ng/mL for pre-LT vs. 23.6 ng/mL for post-LT time periods [Tables 1 and 2]. Four patients had pre-LT
AFP levels of > 1000 ng/mL. The other available laboratory results are summarized in Table 1.

Immunosuppression
Overall, nine (34.6%) patients were treated with mammalian target of rapamycin (mTOR) treatment with
sirolimus in eight and everolimus in one patient. Seventeen patients received Tacrolimus-based therapy.

Explant-pathology findings

In the explant pathologies of LT recipients, 9 (34.6%) patients had only one lesion and 11 (42.4%) had 4
or more lesions. The average for the largest lesion size was 4.3 cm. In total, 12 patients (46.1%) had multi-
lobar tumors and 13 (50%) had tumors that were located in the right lobe. Overall, 10 patients (38.4%)
were within MC criteria and 11 patients (42.3%) were within UCSF criteria. Four patients (15.4%) were
downstaged to MC with locoregional treatment. Seventeen (65.4%) patients underwent locoregional
therapy before transplant. None of the tumors were well-differentiated. Overall, 14 (53.8%) patients had
moderately differentiated HCC. Eleven (42.3%) patients had HCC with poor differentiation. Microvascular
invasion was detected in 19 of the 26 cases (73.1%) while one patient had bile duct invasion only.

Recurrence and survival
The overall rate of HCC recurrence following LT in our series was 15%. The rate of HCC recurrence has
improved over the years with a recurrence rate of 10% in 2015 [Figure 2]. Mean time for diagnosis of
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Table 1. Characteristics of the study population

Variable

n=26

Clinical features
Male sex, 7 (%)
Age (years)
Ethnicity, 7 (%)
White
African American
Asian
Etiology
HCV
HBV
ALD
NAFLD
HCV/ALD
Other
Explant pathology
Number of lesions, 77 (%)
1
2
3
>4
Largest lesion (cm)
Tumor location, 77 (%)
Right lobe
Left lobe
Multi-lobar
Tumor differentiation, 7 (%)
Well
Moderate
Poor
Unknown
Microvascular invasion, 7 (%)
Yes
No
Bile duct invasion
Total number of loco-regional therapies, 7 (%)
0
1
2
>2
Patients with viable tumor, 7 (%)
Yes
No
Within Milan, 7 (%)
Yes
No
Downstaged to Milan, 7 (%)
Within UCSF, 7 (%)
Yes
No
Downstaged to UCSF, 7 (%)
Laboratory
Pre-LT AFP (ng/mL)
Post-LT AFP (ng/mL)
MELD
WBC (10%/L)
Hgb (g/dL)
MCV (fL)
PLT (10°/uL)
BUN (mg/dL)
Creatinine (mg/dL)
TP (g/dL)
Alb (g/dL)
ALP (U/L)
AST (U/L)
ALT (U/L)
T.Bili (mg/dL)
PT (sec)
INR

23 (88.5%)
58.9 (6.8)

17 (65.4%)
7 (27.0%)
2(7.6%)

13 (50%)
3 (11.5%)
2(7.7%)
1(3.9%)
6 (23%)
1(3.9%)

9 (34.6%)
3 (11.5%)
3 (11.5%)
11(42.4%)
43(3.8)

13 (50%)
1(3.9%)
12 (46.1%)

0 (0%)
14 (53.8%)
11(42.3%)
1(3.9%)

19 (73.1%)
6 (23%)
1(3.9%)

9 (34.6%)
9 (34.6%)
5(19.2%)
3 (11.6%)

25 (96.2%)
1(3.8%)

10 (38.4%)
16 (61.6%)
4 (15.4%)

11(42.3%)
15 (57.7%)
3 (11.5%)

27,578 (133,183)
23,586 (81,707)
137

6(2.2)
12927
91(6)

16 (67)

15(6)

11(0.6)
7.2(0.8)
36(0.7)

141 (58)

109 (167)
71(122)
2224)
14.(4.1)
1.3(0.4)

Clinical and pathological characteristics of the 26 recipients with hepatocellular carcinoma recurrence following liver transplant.
Quantitative data are expressed as mean and categorical variables are reported as percentages. AFP: alpha fetoprotein; ALD: alcoholic
liver disease; Alb: albumin; ALP: alkaline phosphatase; AST: aspartate aminotransferase; ALT: alanine aminotransferase; BUN: blood urea
nitrogen; HBV: hepatitis B virus; HCV: hepatitis C virus; Hgb: hemoglobin; INR: international normalized ratio; LT: liver transplant; MCV:
mean corpuscular volume; MELD: model for end-stage liver disease; NAFLD: non-alcoholic fatty liver disease; PLT: platelet count; PT:
prothrombin time; TP: total protein; T.Bili: total bilirubin; UCSF: University of California San Francisco; WBC: white blood cell count
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Table 2. Alpha fetoprotein levels pre and post-liver transplant
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Patient Pre-LT AFP Initial post-LT AFP AFP at recurrence
1 9 7 2019

2 28139 365,210 NA

3 135 41 15

4 3.6 0.6 1.7

5 27 3864 NA

6 488 57 86

7 22 2 26

8 23 12 1416

9 162 6.4 7

10 169 682 3342
n 34 3 389

12 48 4 12

13 323 76 157

14 7 21 NA

15 23 10 51

16 4659 25154 NA

17 304 35 54

18 33 4.3 210

19 1707 100 47,304
20 34 2 3.7

21 680,000 217,576 120,848
22 22 2 17

23 4 2 NA

24 207 317 409
25 486 104 3677
26 52 55 4

Alpha fetoprotein levels (ng/mL) pre- and post-liver transplant in 26 liver transplant recipients with hepatocellular carcinoma recurrence.
AFP: alpha fetoprotein; LT: liver transplant; NA: data not available
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HCC recurrence after LT was 427 days, ranging from 34 to 1502 days. The site of HCC recurrence was
intrahepatic in 8 (31%), extrahepatic in 14 (54%), and both intra- and extrahepatic in 4 (15%) patients.
Overall, 31% of recipients had intrahepatic HCC recurrence following LT when compared to 69% with
extrahepatic recurrence. Twenty-two percent of the patients who had extrahepatic involvement had
concomitant liver involvement. The most common sites of extrahepatic involvement were the lungs (44.4%)
and bones (44.4%) (spine, rib, pelvis, and humerus), followed by mediastinum (27.8%), brain (22.2%),
portal lymph nodes (11.1%), gastro-hepatic ligament (5.6%), adrenal gland (5.6%), pleura (5.6%), and
peritoneum (5.6%).

A range of different treatment modalities was used for recurrences [Table 3]. Six (21.4%) of the 26 patients
were managed with supportive care. The remaining 20 cases received various treatment modalities
including locoregional therapy (transarterial chemoembolization in 3, Y 90 in 1, and radiofrequency
ablation in 1), external radiation in 10, and surgical resections in 8 (brain 4, spine 2, bone 1, and Whipple
surgery in 1). Nine (32%) patients received combination therapies of the above-mentioned modalities.
Seven patients (27%) received sorafenib. An additional two patients received chemotherapy regimens other
than sorafenib [Table 3]. Recurrence-free survival and overall survival are shown in Figure 3. Patients who
developed HCC recurrence following LT had an extremely poor overall survival (7.7%). In total, 19% of
patients died within one year following LT. Overall, 24 out of 26 (92.3%) patients died throughout the four-
year follow-up period. Timing of death relevant to the time of LT is shown in Table 3.

DISCUSSION

In this series, we report a rate of 15% HCC recurrence following deceased donor LT at our transplant
program. This rate is consistent with the literature report of 15%-20% post-LT HCC recurrence'™. It is well
known that the patients who are outside of MC prior to LT have higher rates of tumor recurrence following
LT, compared to those within the Mc'", Although all of the patients within our series were thought to be
within MC radiographically prior to LT, according to radiology findings, only 34% were within the criteria
by reviewing the explant. When including an additional four (15%) patients who were downstaged, in total
49% were within MC based on pathology. This discrepancy between radiology and pathology has been
previously described by other groups in the literature'"!

Our sites of recurrence findings are very similar to the recent reports[sl. In a systematic review of post-LT
HCC recurrence, extrahepatic site was the most common site of recurrence in 67% of cases, compared to
intrahepatic in 33%". The extrahepatic sites of involvement included: bone, pulmonary, adrenal, lymph
nodes, and brain'.

Within our series, 54% of the HCC recurrences were diagnosed within 1 year post-OLT, while 81% and
96% of recurrences occurred within 2 and 3 years following OLT, respectively. The average time to HCC
recurrence within our series was 427 days (range 34-1502 days). It is shown by others that early versus
late recurrence is a predictor of post-LT survival'". The patients with early HCC recurrence, defined as
recurrence within 24 months post-LT, have a worse prognosis[“]. There are a few potential theories for early
HCC recurrence post-LT: (1) biologically rapid growing, aggressive tumors; (2) lack of high-quality pre-LT
imaging or overlooking intra- or extrahepatic imaging'; (3) extrahepatic microscopic viable HCC cells that
could not be detected by conventional imaging prior to LT; and (4) presence of circulating tumor cells that
seed to other sites. The mechanism by which the late recurrence occurs is unclear™. Presence of pre-LT HCCs
that are biologically slow growing, or development of de novo HCC recurrence in the liver allograft could
be the cause. Within our series, we did not have any cases who had HCC recurrence that occurred or were
diagnosed beyond five years following LT.

The selection of an ideal treatment for post LT HCC recurrence is a matter of debate, and the evidence is
mainly based on expert opinion and non-randomized cohort studies”. The treatment modality will vary
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Table 3. Specific characteristics of the tumors, treatment, and outcomes

Patient z":.:._u er of _..m_ rgest <<=_..m n 3__2_ Downstaged @ MVI  Differenti _ummm_._o.m_m of FECUITENCE  gite of recurrence Survival .:_._._.m of death Treatment of recurrence
esions lesion (cm) criteria following LT (in days) following LT (days)
1 5 4 No No Yes Moderate 984 Gastro-hepatic Died 1466 Sorafenib
ligament, mediastinal
2 1 8 No Yes Yes Poor 314 Liver Died 369 Supportive care
3 5 8.5 No Yes Yes Moderate 950 Brain Died 1062 Brain metastasis resection
4 Infiltrative 11 No No Yes Moderate 536 Liver Died 780 Y90
5 1 1 Yes No No Moderate 80 Porta-hepatis Died 366 Chemotherapy with
capecitabine
6 1 7.5 No No Yes Poor 102 Perihilar, lung Died 222 Supportive care
7 Infiltrative 2 No No Yes Poor 224 Brain, liver, adrenal Died 1459 Brain metastasis resection
and radiation, cryoablation
of adrenal metastasis, YOO
in liver
8 3 1 Yes No No Moderate 490 Humerus, brain Died 663 Bone resection and radiation,
brain met resection
9 8 4.3 No No Yes Poor 291 Ribs, spine Died 602 Sorafenib
Spine surgery and radiation
10 2 15 Yes No No Moderate 94 Portal nodes, Died 253 Sorafenib, external radiation
mediastinal, lung
n 2 1.6 Yes No Yes Poor 464 Bone, lung Died 547 Supportive care
12 1 5 Yes No Yes (bile  Poor 482 Bile ducts Died 131 Whipple surgery, Sorafenib
duct)
13 5 6 No No Yes Moderate m Lung, peritoneal Died 332 Supportive care
carcinomatosis
14 Infiltrative 2.8 No No Yes Moderate 544 Pelvic bone Died 1079 External radiation, Sorafenib
15 1 2.3 Yes No No Moderate 795 Spine Died 1319 Spine surgery and radiation
16 1 7.2 No No Yes Poor 93 Pelvic bone, lung Died 493 External radiation
17 5 35 No No Yes Poor 261 Liver Alive - TACE
18 3 3.5 No Yes Yes Moderate 713 Lung, liver Died 861 TACE
19 1 29 Yes No Yes Poor 346 Liver Died 407 Supportive care
20 1 2.8 Yes No Yes Moderate 1502 Liver Alive - RFA, TACE, Sorafenib
21 Infiltrative 19 No No Yes Poor 78 Lung, bone, liver Died 178 Chemotherapy with
Gemcitabine/Cisplatin,
external radiation
22 2 2.6 Yes No Yes Poor 199 Liver Died 260 Supportive care
23 5 2 No No No Moderate 594 Brain Died 156 Brain metastasis resection
24 3 7.5 No Yes Yes Moderate 147 Mediastinal lymph Died 697 Sorafenib
nodes, pleura
25 Infiltrative 4 No No Yes Moderate 34 Spine, mediastinal Died 1065 Spine radiation
26 1 2.2 Yes No No No viable tissue 917 Lung, mediastinal Died 1359 External radiation

Specific characteristics of the tumors, treatment, and outcomes in 26 liver transplant recipients with a recurrence of hepatocellular carcinoma following liver transplant. LT: liver transplant; MVI:

microvascular invasion; RFA: radiofrequency ablation; TACE: transarterial chemoembolization
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Figure 3. Survival analysis for 26 liver transplant recipients with hepatocellular carcinoma recurrence: A: Kaplan-Meier curve for
recurrence-free survival; B: Kaplan-Meier curve for overall survival

based on the type of recurrence (intrahepatic versus extrahepatic), organ of involvement, and extent of
involvement. This includes a wide range of surgical (intra- or extrahepatic resection and re-transplantation)
and non-surgical treatments (locoregional therapies, sorafenib, other systemic chemotherapy, mTOR
inhibitors, and best supportive care)".

Surgical options including extrahepatic resection, liver graft resection, and liver re- transplant have also been
considered for patients presenting with HCC recurrence. In 2004, the Mount Sinai group reported resection of
the liver allograft in five out of 18 recipients with HCC recurrence”. The authors concluded that, in selected
cases with recurrent intrahepatic-HCG, liver resection improved survival" Similarly, Kornberg et al™”
reported that HCC recurrence should be treated surgically in eligible patients with good long-term outcomes.
In multivariate analysis of post-LT HCC recurrence, late tumor recurrence (> 24 months) and surgical
resection were the two independent predictors of survival™. A systematic review in 2015 reported that the
surgical approach to localized intra- or extra-hepatic recurrences are uneventful and not associated with
higher mortality[sl. Retransplantation for recurrent HCC is not a practical option["] due to the higher risk of

recurrence with a limited organ availability.

Sorafenib, a multikinase inhibitor, has been approved as first-line treatment for the management of
advanced-stage HCC following two clinical trials in 2008 and 2009, In a multicenter phase 2, blinded
placebo-controlled, clinical trial, the efficacy of sorafenib for preventing HCC recurrence post-LT in high-
risk recipients is being actively investigated [ClinicalTrials.gov identifier (NCT number): NCT01624285].
There are currently no systemic therapies that have been shown to improve survival in HCC recurrence
post-LT. Recently, other tyrosine kinase inhibitors were approved as first- or second-line treatment in HCC
in the non-transplant settingm]. The role of these agents as adjuvant therapy or post-LT HCC recurrence
is unclear and deserves further investigation in the near future. Nivolumab, an anti-PD1 inhibitor, was
recently approved for the treatment of HCC, as second line, in the non-transplant setting, with the
objective response rate of 20%"". The role of immunotherapy among post-LT recipients with HCC has not
been yet established. It is possible that the immunotherapy will affect the liver allograft leading to acute

cellular rejection™,

Mammalian target of rapamycin (mTOR), a serine/threonine protein kinase, has been shown to be
upregulated in 40%-50% of HCCs. mTOR is involved in the regulation of cell metabolism and growth"™.
Therefore, various studies have suggested that mTOR inhibitors may have antineoplastic properties in
HCC patients and mTOR inhibitors should be used after LT. In a meta-analysis of 2950 patients from five
studies, sirolimus-based immunosuppression reduced the rate of tumor recurrence and improved overall
survival**.



Simsek et al. Hepatoma Res 2020;6:11 | http://dx.doi.org/10.20517/2394-5079.2019.51 Page 9 of 10

HCC recurrence following LT is an unfortunate event and associated with poor outcomes. In a recent
meta-analysis, the median overall survival was 13 months following the diagnosis of HCC recurrence post-
LT". Herein, supportive care was associated with the lowest survival rate of 3.3 months'®. There is no
standardized protocol regarding the type and frequency of post-LT cross-sectional imaging in surveillance
of HCC LT recipients. It is important to note that more than 50% of patients develop tumor recurrences
that are outside of liver (extrahepatic), therefore imaging limited to the liver may not be sufficient for
the diagnosis of majority of HCC recurrences. We also note that AFP is a useful marker in post-LT HCC
surveillance only for high-AFP-secreting tumors. Four patients in our study had pre-AFP levels of > 1000
ng/mL. It is well known that patients with high AFP producing tumors have worse tumor biology and have
worse outcomes'**. HCC candidates need to have AFP of < 1000 ng/mL to receive extra points to shorten
the waiting period for liver transplantation™. The overall prognosis of HCC recurrence following LT is
poor in the majority of cases and there are no available studies evaluating cost-effectiveness of surveillance
protocols specific to this group of patients.

In conclusion, HCC recurrence post liver transplant is an unfortunate event associated with extremely poor
survival. The majority of the cases are early recurrence occurring 1-2 years following liver transplantation.
More than 50% of HCC recurrences are extrahepatic. Therefore, post-liver transplant imaging confined
to the liver may not be enough to detect all of the recurrences. In patients with AFP producing tumors,
this marker may also be helpful to diagnose the HCC recurrence. There is no general consensus on the
treatment for post liver transplant hepatocellular carcinoma recurrence. The current reports are mainly
based on single-center retrospective experience.
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Abstract

Aim: The aim of the present study was to evaluate the characteristics of the magnetic resonance imaging features
of hepatocellular carcinoma (HCC) that developed early after the eradication of hepatitis C virus (HCV) by direct-
acting antiviral (DAA) treatment.

Methods: This study included 26 patients who achieved sustained viral response with DAA and developed HCC
thereafter within one year (DAA-SVR HCC). The radiologic characteristics of these patients were evaluated by
contrast-enhanced magnetic resonance imaging, including diffusion-weighted imaging (DWI) and T2-weighted
imaging (T2WI). For comparison, 80 HCC patients with positive HCV RNA (HCV-positive HCC) were included.
Among 42 patients where tumor biopsy was available, histological grade and radiologic findings were compared.

Results: The rates of high intensity on DWIand T2WI were significantly higher in DAA-SVR HCC compared to HCV-
positive HCC (DWI1:100% vs. 67.5%, P< 0.001; T2WI: 92.6% vs. 67.5%, P= 0.01). HCC with high intensity on DWI
or T2WI was more likely to have moderately or poorly differentiated HCC compared to well-differentiated HCC
(DWI: 69.7% vs.30.3%, P=0.02; T2WI: 66.7% vs. 27.3%, P=0.03).

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long

as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.
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Conclusion: High intensity on DWI and hyperintensity on T2WI were distinctive features of HCC that developed
within one year after the end of DAA treatment.

Keywords: Hepatocellular carcinoma, direct-acting antivirals, sustained viral response, contrast enhanced magnetic
resonance imaging

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common cancer typesm and the major cause of cancer-
related deaths™. Chronic liver disease and cirrhosis are closely associated with the development of HCC".
In patients with chronic hepatitis C virus (HCV) infection, sustained viral response (SVR) can be observed
in more than 90% of the cases by antiviral therapy using direct-acting antivirals (DAAs)". However, it
remains controversial whether HCC that developed after the eradication of HCV with DAA regimens
differs from those that developed during active infection with HCV. Although the incidence of HCC
development may not be suppressed or enhanced by the eradication of HCV with DAA®), the question
remains whether there are differences in the biological characteristics, such as histology or radiologic
findings, or the clinical course after curative treatment. Imaging features of HCC after SVR with DAA have
not been studied in detail.

For the diagnosis of HCC, contrast-enhanced magnetic resonance imaging (MRI) using gadolinium
ethoxybenzyl diethylenetriamine penta-acetic acid (Gd-EOB-DTPA) is often used'”’. MRI has an
advantage over computer tomography (CT) in that various images, including diffusion-weighted images
(DWI) or T2-weighted images (T2WT), can be obtained in addition to the vascularity information of HCC
nodules. DWT is imaging associated with the restriction of water molecule movement and reflects the
histopathologic features of organs and tissues by virtue of high scan speed. It is widely known that DWI
is valuable for the diagnosis and differential diagnosis of neoplasm in the liver, including small (< 2 cm)
HCC"™. In this study, we evaluated the MRI features of HCC that developed within one year after the end
of DAA treatment.

METHODS
Patients

In our hospital cohort, 695 patients with chronic hepatitis C were treated with DAA regimens and achieved
SVR between October 2014 and September 2016. At baseline and after SVR, the surveillance for HCC
was performed using ultrasonography, contrast-enhanced CT, or EOB-MRI. Among these 695 patients,
26 patients developed HCC within one year after the end of DAA therapy (DAA-SVR HCC). All of these
patients had no previous history of HCC treatment. For comparison, 80 HCC patients with positive HCV
RNA (HCV-positive HCC) were selected from 208 consecutive HCC patients with HCV infection who
were treated for the first time from December 2011 and February 2018 according to the following inclusion
criteria: (1) HCV RNA positive at the time of HCC diagnosis; (2) Child-Pugh A; (3) tumor diameter < 3 cm
and number of nodules < 3; (4) no vascular invasion and no extrahepatic metastasis; (5) EOB-MRI
available; and (6) radiofrequency ablation (RFA) was performed. This study was conducted according to
the ethical principles of the Declaration of Helsinki and STROBE guidelines. This study was approved by
the Ethics Committees of Musashino Red Cross Hospital (approval number 28077).

HCC diagnosis

The radiologic diagnosis for HCC was based on the Japan Society of Hepatology[”], the American Association
for the Study of Liver Disease""”, and the European Association for the Study of the Liver™ guidelines.
Typical radiographic findings on dynamic study (CT or MRI) or needle biopsy were used for diagnosis.
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Magnetic resonance examinations were performed in all patients using a 1.5 T scanner (Signa Excite HD;
GE Healthcare, USA). Gd-EOB-DTPA was used as a contrast agent. The contrast material was administered
as a bolus at a dose of 0.1 mL/kg body weight at a rate of 2 mL/s followed by flushing with 20 mL
saline solution using a power injector. Images of the arterial phase, portal venous phase, late phase, and
hepatobiliary phase (HPB) were obtained 18 s, 60 s, 150 s, and 20 min after the peak time, respectively, after
contrast injection. DWT was acquired before HPB with b values of 0 and 1000 s/mm’. Apparent diffusion
coefficient (ADC) maps were obtained automatically by two images of b values of 0 and 1000 s/mm”.
Dynamic CT scan with a section thickness of 2 mm was performed. For triple-phase dynamic CT scans,
arterial, portal, and equivalent phases were set at 35, 70, and 150 s, respectively, after injection of the
contrast agent. Board-certified radiologists diagnosed HCC based on typical patterns, such as an early-
phase hyperattenuation area and a late-phase hypoattenuation area on dynamic study. Pathologic diagnosis
was confirmed by a certified pathologist who was unaware of the patient’s clinical data.

RFA procedure

RFA was percutaneously performed by using local anesthesia. We used an internally water-cooled 17
G cooled-tip electrode with an impedance-controlled generator (Cosman generator, Cool-Tip System,
Radionics, Burlington, MA, USA). When the target nodule was more than 20 mm in diameter, multiple
needle insertions and multiple ablations of one nodule were performed.

Statistical analysis

All statistical analyses were performed using Easy R (EZR) version 3.4.1 (Saitama Medical Center, Jichi
Medical University, Saitama, Japan)"", a graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). P < 0.005 was considered statistically significant. Fisher’s exact test, paired t
test, and Mann-Whitney U test were adopted to determine the differences between the two indexes. Fisher’s
exact test was used to evaluate the intensity of DWI and T2WI. Survival curves were estimated using the
Kaplan-Meier method. Overall survival (OS) was defined as the period between the treatment date of HCC
and the patients death or last visit, and progression-free survival (PFS) was defined as the period between
the treatment date of HCC and the recurrence confirmation date of dynamic CT or EOB-MRI.

RESULTS
Comparison of demographics and laboratory data

The baseline clinical characteristics of all patients are shown in Table 1. Among them, 26 patients achieved
SVR with DAAs before HCC diagnosis (DAA-SVR HCC) and HCV RNA was detected in the remaining 80
patients (HCV-positive HCC). The median age of all patients was 75 years old and the median tumor size
was 18 (8-29) mm. Serum alanine aminotransferase (ALT; 18.5 vs. 53.0 IU/mL, P = 0.001) and o.-fetoprotein
(AFP; 3.42 vs. 25.3, P < 0.001) were significantly lower in DAA-SVR HCC patients than in HCV-positive
HCC patients and the mean platelet count was higher in DAA-SVR HCC patients than in HCV-positive
HCC patients (149 x 10°/uL vs. 102 x 10°/uL, P = 0.009). There was no significant difference in age, tumor
size, tumor number, albumin, total bilirubin, and prothrombin time international normalized ratio between
DAA-SVR and HCV-positive HCC patients. The median value of Wisteria floribunda agglutinin-positive
Mac-2 binding protein (WFA + M2BP) in 25 patients with DAA-SVR HCC was 1.48.

Imaging features

The imaging features are shown in Table 2. There was no difference between DAA-SVR and HCV-positive
HCC in terms of features of arterial phase, late phase, or HPB. In contrast, all DAA-SVR HCC was depicted
as high intensity on DWI, whereas only 67.5% HCV-positive HCC was found (P < 0.001). Moreover, high
intensity on T2WI was significantly higher in DAA-SVR HCC than in HCV-positive HCC (92.6% vs.
67.5%, P = 0.01). The typical imaging features of DAA-SVR HCC are shown in Figure 1. We also measured
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Table 1. Patients' characteristics

Shimizu et al. Hepatoma Res 2020;6:12 | http://dx.doi.org/10.20517/2394-5079.2019.48

DAA-SVR HCC (7 = 26) HCV-positive HCC (7 = 80) P value
Age (years), median (range) 75 (63-83) 75 (44-93) 0.27
Sex (male/female) 10/16 43/37 0.26
Number of tumors (single/multiple) 21/5 60/20 0.61
Tumor diameter (cm), median (range) 18.0 (10-29) 17.6 (8.0-29) 0.7
BCLC stage A/B/C 26/0/0 80/0/0 1.0
AFP (ng/mL) 3.4 (2.0-6116.5) 25.3 (2.0-1660) <0.001
PIVKA-II (mAU/mL) 19.0 (12-94) 53.0 (13-245) 0.2
Albumin (g/dL) 4.0 (29-4.7) 3.7 (2.8-273) 0.6
ALT (IU/mL) 18.0 (12-94) 53 (13-245) <0.001
Platelet (10°/pL) 149 (45-189) 102 (33-344) 0.009
Total bilirubin (mg/dL) 0.7 (0.3-2.0) 0.8 (0.3-2.6) 0.71
PT% 91 (57-113) 89 (31-120) 0.24
Child-Pugh score 5/6 25/1 68/12 0.18
Fib 4 index 3.22(0.55-11.5) 6.01(1.66-25.2) <0.001

BCLC: barcelona clinic liver cancer; AFP: alpha-fetoprotein; PIVKA-II: protein induced by vitamin K absence or antagonist-1I; ALT: alanine
aminotransferase; PT: prothrombin time; DAA: direct-acting antiviral; SVR: sustained viral response; HCC: hepatocellular carcinoma;
HCV: hepatitis C virus

Table 2. Image features of EOB-MRI at HCC diagnosis

Early high Late low HBP low T2WI high DWI high
DAA-SVR HCC (7 = 26) 19/26 (73.0%) 24/26 (92.3%) 24/26 (92.3%) 24/26 (92.3%) 26/26 (100%)
HCV-positive HCC (7 = 80) 63/74 (85.1%) 74/74 (100%) 70/74 (94.6%) 54/80 (67.5%) 54/80 (67.5%)

HBP: hepatobiliary phase; DWI: diffusion-weighted imaging; T2WI: T2-weighted imaging; DAA: direct-acting antiviral; SVR: sustained
viral response; HCC: hepatocellular carcinoma; HCV: hepatitis C virus; EOB: ethoxybenzyl; MRI: magnetic resonance imaging

the ADC values of HCC lesions on DWI; however, there was no significant difference between the two
groups.

Tumor biopsy was performed in 9 patients with DAA-SVR HCC and 33 patients with HCV-positive HCC.
In nine patients with DAA-SVR HCC, four patients showed well-differentiated HCC and five patients
were diagnosed with moderately or poorly differentiated HCC. In 33 patients with HCV-positive HCC,
13 patients showed well-differentiated HCC and 20 patients were diagnosed with moderately or poorly
differentiated HCC. There were significant associations with MRI and pathologic findings. HCC with high
intensity on DWT or T2WI was more likely to have moderately or poorly differentiated HCC compared to
well-differentiated HCC (DWT: 69.7% vs. 30.3%, P = 0.02; T2WI: 66.7% vs. 27.3%, P = 0.03).

Prognosis after curative HCC treatment

Among patients with DAA-SVR HCC, 1 patient received resection, 2 patients were treated by transcatheter
arterial chemoembolization, 1 patient was not treated, and the remaining 22 patients were treated with
RFA. All patients with HCV-positive HCC were treated with RFA. OS and PFS were not different between
DAA-SVR and HCV-positive HCC [Figure 2].

DISCUSSION

The present study evaluated the imaging features of HCC that developed early after the eradication of
HCV by DAA therapy. All of these HCC showed high intensity on MRI DWT and more than 90% showed
high intensity on T2WI, which was significantly different from HCC with positive HCV RNA. The stage of
HCC, such as the number of HCC nodules and the maximum diameter, was not different between these
two groups, indicating that high intensity on DWI or T2WT on MRI is the characteristic imaging feature of
HCC after DAA treatment.
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Figure 1. Hepatocellular carcinoma in an 82-year-old male. In hepatic segment VI, a 2-cm nodule shows: A: hyperintensity on axial
T2-weighted imaging; B: hyperintensity on diffusion-weighted imaging (b value = 800 s/mm?); C: hyperintensity on arterial phase;
D: hypointensity on late phase; E: hypointensity on hepatobiliary phase; F: hypointensity on apparent diffusion coefficient map; G:
pathology was moderate

The high signal intensity on DWI or T2WTI is reported to be linked to the pathology of HCC. Among small
hepatic nodules with hypovascularity on arterial phase, high intensity on DWT or T2WT is the characteristic
feature of HCC compared to dysplastic nodules*"
increased intratumoral arterial supply and decreased intratumoral portal blood supply. Among HCC with

hypovascularity on arterial phase, high signal intensity on T2WT was associated with histologic grade"”.

. High signal intensity on T2WT correlates with

In a report that classified the signal intensity of DWTI into three stages (iso/slight, moderate, and obvious)
in 254 resected HCC, the prevalence of well-differentiated HCC was high and that of moderately or poorly
differentiated HCC was low in the iso/slight intensity imaging group compared to the obvious intensity
imaging group: the pathology of well/moderate/poor HCC was 38.9%/57.4%/3.7% for the iso/slight
intensity group and 5.8%/77.4%/16.8% for the obvious intensity group™. Other reports showed that DWI
features were linked to poor differentiation on pathology, vascular invasion, and recurrence risk factor after
resection of small HCC"**”". Although the number of patients with the information of pathology was small
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Figure 2. Kaplan-Meier analysis of overall survival and progression-free survival. DAA: direct-acting antiviral; SVR: sustained viral
response; HCV: hepatitis C virus

in our study, HCC with high intensity on DWI or T2WI was more likely to have moderately or poorly
differentiated HCC compared to well-differentiated HCC. Taken together, these results suggest that high
intensity on DWT or T2WI, the characteristic feature of HCC that developed early after the eradication of
HCV by DAA therapy, may be the hallmark of the possible malignant phenotype of HCC in general.

Despite having these imaging features of malignant potential, the prognosis of HCC after DAA treatment
was comparable to HCV-positive HCC that received curative RFA therapy in terms of OS or PES. The
possible reason for this fair prognosis is that all DAA-SVR HCC was found in the early stage (mean
diameter of 18 mm and 81% as single nodule), and actually 25 of 26 patients received curative therapy
(resection or RFA in 23 patients and transcatheter arterial chemoembolization with curative consent in 2
patients). However, if these patients were found in a more advanced stage, the prognosis may have been
worse due to rapid progression or by the inability to receive curative therapy. Marifio et al.”" recently
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reported that HCC incidence was 3.73 HCC/100 person-years in 1123 cirrhotic patients treated with
interferon (IFN)-free regimens and 72 patients developed HCC within a median of 10.3 months after
starting antiviral treatment. Although some large-cohort studies and systemic reviews revealed that there
were no significant differences in hepatocarcinogenesis after achieving SVR between patients treated with
IFN and those treated with DAAs, there are still unknown mechanisms involved in the increased risk of
HCC emergence in IFN-free regimens. Yoshimasu et al.”” reported that the HCC occurrence rate after
DAA treatment was very low and the recurrence rate was lower than that in previous IFN reports.

The AFP level and AFP-L3% were identified as important factors in predicting the occurrence/recurrence of
HCG; thus, patients with such levels are still at risk of developing cancer after SVR. Villani et al.”*' reported
that DAA administration induced an early increase in serum vascular endothelial growth factor (VEGF)
and a change in the inflammatory pattern, coinciding with HCV clearance. Debes et al.”** identified a set
of 12 immune mediators whose levels were significantly higher in serum before DAA treatment of patients
who eventually developed de novo HCC compared to controls. A panel of nine cytokines, measured in
serum before treatment (MIG, IL22, TRAIL, APRIL, VEGE, IL3, TWEAK, SCF, and IL21), identified
patients who developed de novo HCC with an area under the receiver operating characteristic curve value
higher than 0.8. Further analyses of the mechanism also provide important information about HCV-
induced carcinogenesis and the effects of DAAs. In this study, we focused on the HCV status; however,
HCC recurrence and overall survival are associated with multiple factors including liver fibrosis, immune
status, life style, and comorbidities.

Several studies revealed that the ADC value was a predictive factor of the histological grade of HCC*”.
However, in this study, we could not find a significant difference in ADC values between DAA-SVR
and HCV-positive HCC. In contrast to these studies that included patients who received resection or
transplantation, our patients had a smaller size of HCC, which led to inaccurate quantification values due
to technical error.

There are some limitations in this study. The sample size was small and this study was conducted in a
single center. DAA-SVR HCC patients received HCC screening within six months before administration of
DAAs; however, the imaging modality was not uniform, including CT, MRI, or ultrasound. Therefore, we
could not definitely exclude the possibility that small hepatic nodules that could be detected only by HPB
of EOB-MRI were missed in some patients before DAA treatment. Tumor biopsy was performed only when
the patients agreed to the procedure and the location of the tumor was not near large vessels, liver surface,
and other organs. Therefore, the correlation between pathological and MRI features should be evaluated in
a large cohort in which patients received liver resection.

Our study is the first to reveal the significant differences in MRI findings between DAA-SVR and HCV-
positive HCC. According to our results, HCC that develop within one year after the end of DAA treatment
would have unique imaging features that may be linked to malignant phenotype if not found and treated
early. Today, most patients with HCV infection can achieve viral eradication with DAA therapy. However,
in high-risk patients such as those with cirrhosis, the surveillance of HCC should be done at early
time points after SVR to diagnose HCC at an early stage and curatively treat it with resection, RFA, or
microwave ablation, which may lead to better OS in these patients.
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Abstract

Ageing population of first world economies pose unique challenges to surgical community. Enhanced recovery after
surgery protocols and pathways do not attempt to optimize or enhance physical function of patients by customized
program of physical activity. Increasingly, prehabilitation programs (PP) have gained momentum in orthopaedics,
urology, colorectal surgery and hepatopancreaticobiliary surgery. Current evidence of PP in various elective surgical
procedures have shown improved outcomes with minimal to none drawback or harm. There is emerging evidence of
role of PP in elective liver resection. The aim of this paper is to review the basis of PP and share local multidisciplinary
team protocol specifically customized to frail and elderly population - Recovery Of Surgery in Elderly.

Keywords: Prehabilitation, liver resection, hepatocellular carcinoma, pre-operative exercise, ageing

INTRODUCTION

Liver is the largest solid intra-abdominal organ and common site for primary and metastatic cancers. The
most common liver malignancy is secondary from gastrointestinal tract with colorectal liver metastasis
being the commonest. Hepatocellular carcinoma is the most common primary liver cancer and fifth most
common cancer worldwide". Hepatocellular carcinoma occurs in elderly population and the incidence is
expected to rise with epidemic of diabesity as well as ageing population. With increased participation in
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screening programs for Hepatitis B, increasing awareness and advances in imaging technology facilitating
early diagnosis, surgery has an increasing role in management of hepatocellular carcinoma. Age-related
comorbidities increase operative morbidity and impacts peri-operative outcomes. Enhanced recovery
after surgery (ERAS) programs emphasize on intra-operative and post-operative care standardization
with minimal guidance on pre-operative phase except nutritional optimization and carbohydrate loading.
Pre-operative phase provides an opportunity for surgeons to optimize patients to meet up for impending
physiologic stress imposed by surgery. In this paper, we discuss the role of prehabilitation program in
elderly patients scheduled for liver resection and also discuss the current protocol of Recovery Of Surgery
in Elderly (ROSE) program.

AGEING

Along with greying of hair, development of cataracts, degenerative bone disorders and declining cognition,
ageing leads to a myriad of other physiologic changes in organ systems. Atherosclerosis, hypertension and
decreased cardiac output are noted in the cardiovascular systems. Impaired gas exchange, reduction in
vital capacity and reduced expiratory flow rates are noted in pulmonary system. Furthermore, decline in
lean body mass, createnine clearance reduction, hepatic drug metabolism impairment and gastrointestinal
motility reduction are noted. This functional and metabolic alteration is compounded with polypharmacy
for managing chronic illnesses. Figure 1 shows age related physiologic changes in organ systems. Frailty
and sarcopenia are common in elderly too".

FRAILTY AND SARCOPENIA

Frailty is a pre-disability syndrome in the elderly when exposed to stressors with increased risk of disability
or need for hospitalization. The European Working Group on Sarcopenia in Older People has defined
sarcopenia as progressive, generalized loss of skeletal mass with associated functional losses™. Low skeletal
muscle mass'*! and low functional capacity™ associated with sarcopenia lead to increased post-operative
complications as well as reduced long term survival. As such the elderly are vulnerable, especially when
faced with peri-operative stress. Morley et al. o reported that sarcopenia and frailty are closely linked to
ageing. They reported decreased hand grip strength, walking speed and weight in the elderly and concluded
lack of muscle usage as one of the reasons which impacts outcomes. Prehabilitation aims to mitigate the
drawbacks of frailty.

PREHABILITATION

Rehabilitation is integrated in routine clinical medicine. It focuses on recovery following a surgical stressor.
Prehabilitation is defined as the process of augmenting functional capacity before surgery with aim of
reducing post-operative morbidity and/or mortality. This is done through a personalized regimen of
aerobic, functional and strength training. It aims to optimize pre-operative functional cardiorespiratory
and nutritional reserves. As the scope of prehabilitation overlaps with concept of rehabilitation and
rehabilitation is integral to orthopaedic surgery, orthopaedic teams were early adopters of prehabilitation'”.
Rooks et al." reported 108 patients scheduled for total hip arthroplasty and total knee arthroplasty
and showed improvements in preoperative and post-operative muscle strength and reduced need for
inpatient rehabilitation. In a systemic review by Coudeyre et al."”, prehabilitation contributed to reduced
hospitalization and improved discharge conditions in patients with total hip arthroplasty and total knee
arthroplasty. A pilot randomized study including 30 elderly patients above 65 years old undergoing total hip
arthroplasty showed that home based physical therapy was feasible to implement and it improved 6-min
walk test™ as compared to standard care. Prehabilitation is also implemented in urology and colorectal
surgery. Au et al."" reported increased inpatient physical activity on post-operative day 1 in patients
undergoing radical prostatectomy. A randomized controlled trial by Painter et al."" included 167 patients
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Figure 1. Age related physiological changes by system"”

undergoing renal transplant and showed improved graft function, aerobic fitness, quality of life and patient
reported physical functionality. Similar reports were also found in reviews of patients undergoing renal
transplant>", Mayo et al."" reported 95 patients with colorectal resections and showed increased functional
outcomes such as in the 6-min walking test in 33% of patients. A recent meta-analysis by Gillis et al."”
also showed that prehabilitation could reduce post-operative admissions by two days in patients who
underwent colorectal surgery. A systemic review by Cabilan et al."”, included 13 orthopedic, one
colorectal, two cardiac and one foregut study. Prehabilitation did not demonstrate benefits in objective and
self-reported function or reduction in inpatient rehabilitation admission. Some studies include cognitive
behavioral therapy in addition to prehabilitation and this introduces heterogeneity"”. As such, more studies
are needed to establish the role of prehabilitation and define patient selection criteria. Prehabilitation
should be personalized based on various factors such as: (1) surgery: type, duration, expected blood loss,
predicted morbidity and mortality; (2) patient factors: age, frailty, sarcopenia, co-morbidity, caregiver
support; and (3) pathology: malignancy, burden of disease, malnutrition, cachexia, emotional impact.

PREHABILITATION IN HEPATO-PANCREATICO-BILIARY SURGERY

Hepato-pancreatico-biliary surgery is complex and many units have adopted prehabilitation. In a local
study"” including 245 patients with liver resection the post-operative morbidity, 30-day mortality and 90-day
mortality was 38.3%, 2.4% and 3.7% respectively. In a local study™” including 196 patients with pancreatic
resection, the rate of grade B and C post-operative pancreatic fistula, 30-day mortality and 90-day mortality
was 5.1%, 0.5% and 2%, respectively. Prehabilitation has potential to improve peri-operative outcomes.
In a propensity-score matched study including 76 patients undergoing major hepato-pancreatico-biliary
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surgery, Nakajima et al.”” reported improvements in serum albumin levels and reduction in hospital stay
length but no difference in complication rates. Low serum albumin is associated with increased morbidity in
elective and emergency procedures™. In 40 patients undergoing pancreaticoduodenectomy, Ausania et al. el
reported improvement in delayed gastric emptying but not in post-operative complications such as post-
operative pancreatic fistula. Most studies do not report significant negative outcomes even though some
trials fail to demonstrate benefit.

Outcomes of success of prehabilitation program are multifaceted: (1) mortality/morbidity related outcomes:
disease progression during prehabilitation, infectious morbidity during prehabilitation; (2) resource
related outcomes: total cost of care, value driven outcomes; and (3) efficacy related outcomes: length of
stay, admission to rehabilitation unit, morbidity/mortality post operatively, long term disease progression,
acceptance of chemotherapy and adjunct therapy post operatively.

Most trials report clinical outcomes through careful patient selection and elimination of emergent
cases and those in need of urgent intervention. Janssen et al. *I has reported single centre uncontrolled
before and after study including 627 patients aged 70 years and older and undergoing elective abdominal
surgery for colorectal carcinoma or aortic aneurysm. The prehabilitation group received interventions to
improve patients’ physical health, nutritional status, frailty and anaemia prior to surgery. With a mean
prehabilitation of 39 days duration, they showed that the incidence of delirium was reduced significantly
from 11.7% to 8.2% (OR = 0.56, 95%CI: 0.32-0.98, P = 0.043). Some studies such as that by Nielsen et al”?
report that even though intervention costs increase, overall costs reduce by about 15%; however, this
remains to be validated for liver resection.

Prehabilitation has also shown improved outcomes in patients with liver resection. For most of these
patients the effects of ageing are compounded by ongoing cirrhosis and oncological burden. A prospective
study including 104 patients treated with elective liver resection showed reduced overall complication rates
by up to 22.9% and median length of hospital stay by 2.5 days less™. The authors also highlighted social
benefits of prehabilitation. These included less social issues that may delay discharge, increased quality
of life and reduced median cost by up to 16.5% ", Though this study was not randomized and included
small sample, it sets the precedent for positive outcomes of prehabilitation. Another trial by Dunne et al."*”
on 35 randomized patients undergoing liver resection for colorectal liver metastases, reported significant
preoperative score increase in both mental and physical aspects of the Short Form Health Survey 36.
This supports the idea of both quality of life and physical fitness improvement due to prehabilitation. In
a review by Tandon et al. ) elderly patients with cirrhosis have shown improvements in muscle mass,
strength and functional capacity. They have also reported reduction in hepatic venous gradient and hepatic
steatosis. These results were replicated in a review by Locklear et al.®” which showed such decreases in
hepatic venous gradient and increased scores on 6-min walk tests for patients with end stage liver disease.
Prehabilitation includes components of ERAS and more comprehensive preoperative strategy. ERAS
has shown lower major complication rates and reduced cost in patients undergoing liver resection™. A
systemic review on ERAS application in liver surgery by Brustia et al.”” suggests positive outcomes such as
reduced time taken for functional recovery by 2.5 days. Similar to ERAS, the American College of Surgeons
have implemented a program called strong for surgery”", which is aimed at identifying and evaluating
evidence-based practices to optimize the health of patients before surgery. It includes optimisation of
nutrition, smoking cessation, pain control and prehabilitation. We have started ROSE program at Tan Tock
Seng Hospital, Singapore to improve outcomes of elderly patients undergoing elective liver resection. In
this paper we shall discuss our protocol of implementation of ROSE program.

ROSE

In Singapore, a population health strategy is designed to meet evolving healthcare needs for ageing society
and “future ready”. National Healthcare Group is the central cluster serving a population of 1.4 million
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and embraces the concept of “River of Life”. This defines five segments of care - Living Well, Living with
Ilness, Crisis and Complex Care, Living with Frailty and Leaving Well - rooted by strong partnerships
amongst care providers. Six population care streams feed into “River of Life” - Preventive Care, Primary
Care, Hospital Care, Intermediate Care, Transitional and Community Care, End-of-Life and Long-Term
Care. With the increasing burden of chronic diseases, primary care will take on an even bigger role in the
community. Though there are reports of safe surgery with acceptable outcomes in elderly as compared
to non—elderly[“’”]; elderly do have additional needs to ensure comparable outcomes. Hence, additional
resources have to be invested to achieve good outcomes. ROSE program was initiated in 2018 by a
multidisciplinary group of healthcare professionals who recognized the need for our elderly patients to be
optimized prior to major abdominal oncology surgery. It aims to identify elderly (> 65 years old) and frail
patients and our discussion in this chapter is relevant to elective liver resection.

CURRENT IMPLEMENTATION OF ROSE

Target population

Not all elderly patients are the same and hence patient selection is essential to streamline the resources.
One method of patient selection is by virtue of risk prediction. Various risk prediction models are reported in
diverse pathologies and surgeries to enhance resource allocation*****, A prospective study on 162 patients
undergoing hepatopancreaticobiliary surgery by van der Windt et al.*”, showed that scoring systems such
as the Risk Analysis Index, was able to accurately predict post-operative outcomes in patients. The study
further elaborates on the possible use of such a scoring system to identify target groups for prehabilitation
to optimise outcomes. Tan Tock Seng Hospital Nutrition Screening Tool is a locally developed tool which
is validated against subjective global assessment in a cohort of elderly patients”. In a local study including
281 acute admissions with age range of 61-102 years, Tan Tock Seng Hospital Nutrition Screening Tool
predicted risk of malnutrition with high accuracy (area under the curve 0.87) and malnutrition predicted
6-month mortality (adjusted OR = 2.2; P = 0.05) and hospital length of stay[”] (P <0.05).

Currently ROSE program is piloted for patients who undergo liver, pancreas and colorectal surgeries.
Initially, patients (> 65 years old) are screened for frailty and malnutrition. Those at risk will be enrolled
into ROSE program [Figure 2].

Multidisciplinary team

Upon decision for liver resection, an assessment of frailty and nutrition is done by consultant surgeon.
Patient who fulfil the criteria are then sent to allied healthcare members to be enrolled and seen as part of
the ROSE program. Members of the program and their role are as follows (further details on workflow in
Appendix 1),

Dietician

Nutritional counseling pre and post operatively: the role of the dietician has been studied in multimodal
care teams such as in Poindessous et al.”” which demonstrates the benefit in a dietician functioning as an
educator as well, with decreased recidivism and increased return to independence.

To obtain initial anthropometric and to conduct subjective global assessment: this is especially important

in context of liver resection as malnutrition is very common in patients with cirrhosis”™ and to add to this,

precise evaluation of their nutrition status is difficult with the presence of ascites and edema”. A review

by Doherty et al. " identifies intra hepatic fat as an independent risk factor for post-operative morbidity
following hepatic resection. Dietary interventions such as calorie restriction, carbohydrate restriction or a

[40]

Mediterranean diet have shown reductions in pre-operative intra hepatic fat by up to 55% .
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Figure 2. Recovery of surgery in elderly patient journey flowchart
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Nutritional supplementation and monitoring pre and post-operatively: supplementation could include
Branch chain amino acids for protein and glycogen synthesis promotion and for the regulation of immune

system[‘“’].

Glutamine is a conditionally essential amino acid and is a fuel for neutrophils, lymphocytes and

[42] . [43] . . . .. . . .
enterocytes . A Cochrane review  reporting 4671 patients with critical illness or elective major surgery
showed that glutamine supplementation reduced infection rates by 21% and days on mechanical ventilation

by 0.69 days.

Physiotherapist

To assess objective and subjective markers of functional capacity pre and post-operatively: 6-min walk
test, sit to stand test, Gait speed test and balance tests. Structured exercise program, either inpatient or
outpatient is essential to prehabilitation®, these show improved outcomes such as in functional physical
tests such as the sMWT.

To conduct physiotherapy sessions pre operatively to increase functional capacity, respiratory function and
mobility training in preparation for post-operative period: in a review by Guinan et al." on patients who
underwent esophagectomies, it was reported that inspiratory muscle training conducted by physiotherapists
may improve post-operative outcomes such as lowering hospitalization by 4.5 days and reducing the rate of
high grade post-operative pulmonary complications.

To conduct physiotherapy as required to rehabilitate to baseline fitness post operatively.

Nurse

Modified Barthel Index assessment pre and post operatively: this is to ascertain patients pre and post-
operative baselines and ensure return to function. In a study by Fortinsky et al."* on 89 chronically il
patients, the Modified Barthel Index was able to reliably measure and track patient’s ability to perform
activities of daily living effectively. Furthermore, the Modified Barthel Index was easy to administer without

[47]

much variability in reporting activities of daily living ™.

Geriatric surgery service

Peri-operative medicine aims to provide high quality evidence based cross-specialty multidisciplinary
care for surgical patients. Partridge et al."” has reported a prospective randomized controlled study
including 176 patients aged 65 years and older undergoing elective aortic aneurysm repair or lower-limb
arterial surgery comparing standard preoperative assessment with preoperative comprehensive geriatric
assessment and optimization. They reported lower incidence of delirium (11% vs. 24%, P = 0.018), cardiac
complications (8% vs. 27%, P = 0.001) and bladder/bowel complications (33% vs. 55%, P = 0.003) in the
intervention group. We have a geriatric surgical service capability with a consultant lead team and includes
geriatric trained nursing staff. The team assists in managing diverse care needs upon referral: (1) optimize
medical co-morbidity and assist with peri-operative care; (2) combined care provided by the geriatrician,

anesthesiologist and surgeon is pivotal in the functioning of the prehabilitation program'”

Financial counselor

Finance is an important element of health care and often considered less important in context of public
healthcare as treatment/intervention is “paid for” by the state in many high income countries. In Singapore,
patient co-share the cost burden and hence it is imperative to appropriately counsel patients with estimated
bill size and how does it vary based on different choices of therapy, e.g., open surgery vs. laparoscopic
surgery, etc. A trained professional supplements the multidisciplinary team for this task and the role is: (1)
to ensure financial security and if needed to counsel patients on financial aid programs pre operatively; (2)
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financial counselors aim to allow patients to attain financial security through: inpatient bill estimates to
appropriately plan, advice on available financial schemes, subsidies and aid, payment modalities available.

Anesthesiologist

To conduct pre admission anesthesia risk assessment for patient, these are done through pre-anesthetic
clinics in which all pre-operative testing, specialist consultation, nursing and laboratory reviews are
integrated into a one-stop clinic with minimal repeat visits. This has also been shown to reduce overall
healthcare costs and manpower wastage due to cancellations'™”

Case manager
To oversee patient journey and ensure seamless process through the ROSE program, e.g., same day
appointment scheduling, efc.

In conclusion, age itself is not a risk factor for inferior peri-operative outcomes of elderly patient
undergoing liver resection. Co-morbidities should be optimized prior to elective surgery. With an ageing
society, prehabilitation has an important and integral role in surgical care. Structured programs involving
multidisciplinary teams are essential to enhance peri-operative outcomes. To increase compliance and
ensure direct oversight of implementation, resources are needed. Further research into the efficacy of
specific prehabilitation regimes is needed to guide patient selection, define best practices and establish the
value of such initiatives.
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Abstract

Cancer is a major cause of death worldwide. Hepatocellular carcinoma (HCC) is one of the malignancies with the
highest mortality-to-incidence ratio (> 0.9), and in some countries this value is up to 1. Unfortunately, many patients
are diagnosed at advanced stages of the disease. Therefore, HCC early markers, as well as novel therapeutic
approaches, are urgently needed. HCC is the main type of liver cancer and it is associated with different factors
including alcohol use, viral infections, and fatty liver disease. A significant percentage of HCC patients previously
had liver cirrhosis. Several ion channels have been proposed as novel potential markers and therapeutic targets
for diverse cancers including HCC. Here, we review most of the findings associating ion channel expression with
HCC and its etiological factors, as well as some possible pro-tumorigenic mechanisms of action for ion channels in
HCC. Novel therapies for HCC treatment and prevention are also discussed. lon channel targeting offers a plethora
of opportunities for HCC prevention, early diagnosis, and therapy that may help to reduce the extremely high
mortality-to-incidence ratio of this malignancy.
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INTRODUCTION

Cancer is a leading cause of death worldwide, despite the existence of hundreds of clinical trials testing

novel therapies”. There are several types of liver cancer including hepatoblastoma, cholangiocarcinoma,

and angiosarcoma, but hepatocellular carcinoma (HCC) accounts for up to 90% of primary liver cancers™”.

Liver cancer is one of the malignancies with the worst prognosis, representing the second leading cause of
[3-5]

cancer-related deaths in the world ™.

The liver plays a central role in regulating whole-body carbohydrate, lipid, and protein homeostasis, as well
as playing additional very important physiological roles including the synthesis and transport of bile acids
and the detoxification of endogenous and exogenous metabolites™”. This very important organ is exposed
to several factors including infections by hepatitis viruses B and C, alcohol use, aflatoxin B1, and fatty
diet. Several of these factors lead to liver cirrhosis, which is the major HCC-associated risk factor ™. In
fact, a significant percentage (> 80%) of HCC patients previously had liver cirrhosis. Unfortunately, HCC
is rarely detected at early stages, and is usually fatal within a few months of diagnosis. The percentage of
mortality-to incidence ratio of liver cancer is very high; it is more than 90% globally, reaching up to 100%
in some countries"’. Therefore, novel early HCC markers and therapeutic strategies are urgently needed.
In this regard, ion channels have gained great interest in oncology, as novel tools for both diagnosis and
treatment”. Here, we summarize most of the research associating ion channels with HCC. We also discuss
the potential tumorigenic mechanisms of action of ion channels in HCC, as well as ion channel-based
therapies for HCC prevention and treatment. The growing research field of ion channels in cancer may lead
to reduce the incidence and mortality of liver cancer.

ION CHANNELS AND CANCER

Ionic channels are pore-forming membrane proteins allowing ion flux across membranes, including the
plasma membrane and those from of intracellular organelles. In most cases, these proteins selectively
transport specific ions and the vast majority need special stimulus to be activated"?”. These gating stimuli
include changes in membrane potential (voltage-gated ion channels), different ligands such as hormones or
neurotransmitters, temperature, mechanical forces, etc. Thus, the role of ion channels in human physiology
comprises very important phenomena such as neural transmission, cardiac function, hormone release,
sensory physiology, etc. Accordingly, many channelopathies exist including epilepsy, cardiac arrhythmias,
renal diseases, blindness, skeletal muscle disorders, etc."”. Cancer is a multi-factorial disease characterized
by an increased cell proliferation rate; ion channels are essential for regulation of proliferation and are also
involved in many relevant processes occurring during carcinogenesis, which convert these proteins into
potential cancer diagnostic tools and therapeutic targets.

lon channels associated with cancer

The roles that ion channels have during carcinogenesis depend on the step of tumor development and the
tissue type™**.

Calcium channels participate in pivotal functions in the body such as regulation of blood pressure, muscle
contraction, secretion, metabolism, excitability, and cell proliferation"*. These channels are important
in the cell cycle, especially to enter and accomplish the S and M phase[ms]; thus, their participation in
cancer cell proliferation is very relevant'*'*"”. In addition, because these ions are very important for cell
migration, they also play a very important role in cancer cell migration and metastasis"*"”.

Potassium channels play crucial roles in every cell type and in all species. Based on their structure and
function, they are categorized into three major classes: the voltage-gated (Kv), inwardly rectifying (Kir),
and tandem pore domain (K2P) channels. Furthermore, various messengers can stimulate the ligand-
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gated (Kligand) channels”. Membrane hyperpolarization due to potassium channel activity is needed for

cell cycle progression from G1 to S phase. Potassium flux is also very important for apoptosis, cell volume
regulation, and cytokine release. Therefore, even though the precise molecular mechanism of K' channel
participation in cancer remains elusive, these channels have a significant role in the cell proliferation,

. . . . . . [14,21,22]
migration, and angiogenesis of a variety of carcinoma cells .

Different subtypes of voltage-gated sodium channels (VGSC) are differentially expressed throughout the
body, and they have essential roles in the generation and propagation of action potentials in electrically
excitable cells such as neurons and cardiac and skeletal muscle™. Several carcinoma cells express
VGSC"*****! Interestingly, these channels are active in metastatic cells*”. Accordingly, sodium currents
through VGSC enhance migration, invasion, and metastasis in vivo™

Chloride channels are involved in many biological functions such as epithelial fluid secretion, cell-volume
regulation, modulation of excitability, smooth-muscle relaxation, and pH regulation. Cystic fibrosis is a
disease where the relevance of alterations in chloride flux has been shown””. CI” channels are involved in
. . . . . . . . . [14,21,28-30]
apoptosis, and in cancer cells these proteins promote proliferation, migration, and invasion . These
channels are over-expressed in many cancer tissues including liver compared to noncancerous tissues, and

are significantly associated with tumor size, metastasis, and poor prognosis""

Before going into the details of ion channels in liver diseases leading to HCC, we first review some of the
channels for which expression has been reported in the normal liver.

ION CHANNELS IN HEALTHY LIVER

The importance of ion channels in different functions of the normal healthy liver has been reported by
several studies. Water crosses the plasma membrane either directly through the lipid bilayer or via protein
water channels [aquaporins (AQPs)][”]. The liver expresses at least six AQPs (AQP1, -3, -7, -8, -9, and -11).
Immunohistochemical studies showed the expression of AQPs in different hepatic cell types including
cholangiocytes (AQP1 and -7), endothelial cells (AQP1), Kupffer cells (AQP3), and hepatocytes, (AQ?7},

-8, and -9)**). AQPs and -9 are relevant for bile synthesis regulation, secretion, and modification
Additionally, AQP9 functions as a glycerol channel in the liver"™.

The ATP-sensitive potassium channel (K,,,) is composed of two types of subunits, namely an inwardly
rectifying K* channel (Kire.x) and a sulfonylurea receptor. Kirs.x subunits form the pore, while sulfonylurea
receptor subunits have regulatory activity. Depending on its localization at the plasma membrane or in
organelles, these channels are classified as sarcolemmal (“sarcK,;,”), mitochondrial (“mitoK,;,”), or nuclear
(“nucK,,,”) channels**”. Interestingly, K,,, channel opening has been shown to alleviate liver injury by
preventing inflammation and increasing the liver tolerance to ischemia/reperfusion injury[38’39]. Besides,
DNA synthesis demonstrated that these channels play significant roles in liver growth control™”.

Nucleotides act as extracellular signaling molecules via purinergic receptors. These receptors are separated
into seven P2X jonotropic receptors and eight P2Y G protein-coupled receptors[“’“]. For instance, the
P2X4 receptor is the dominant P2X isoform expressed in cholangiocytes in the liver*’. ATP is released
by hepatocytes, and it regulates hepatocyte glycogen metabolism, cell volume, bile formation, and other
cell functions. When activated by ATP, P2X receptors function as cation-permeable channels that allow the
influx of sodium and calcium ions"***", Interestingly the expression of P2X7 receptors is decreased in HCC
Huh-7 cells"”".

Acid sensing ion channels (ASICs) are H' channels that mediate tumor cell migration and invasion™",
and store-operated calcium entry (SOCE) controls HCC cell proliferation and migration[“]. T-type Ca™'



Page 4 of 16 Chavez-Lopez et al. Hepatoma Res 2020;6:14 | http://dx.doi.org/10.20517/2394-5079.2019.023

channels participate in modulating the proliferation of some HCC cells"*”. Because the expression levels of
these channels (ASICs, SOCE, and T-type)"***" are increased in HCC in comparison with the normal liver,
they may be used as markers of the disease.

In the following, we describe several findings associating ion channels with HCC, beginning with some
liver diseases representing important HCC etiological factors.

ION CHANNELS IN LIVER DISEASES

Several liver diseases have been identified as HCC etiological factors, and many ion channels have been
found to have a role in liver diseases. Table 1 summarizes the ion channel expression changes for the most
common liver diseases.

Viral hepatitis and ion channels

It is estimated that 350 million people are chronic hepatitis B virus (HBV) carriers in the world, and that
up to 30% of them develop progressive chronic liver disease appearing as hepatitis, fibrosis, cirrhosis, and
HCC"”. HBV infection produces chronic necro-inflammation with subsequent fibrosis and hepatocyte
proliferation. One of the viral factors potentially involved in HBV-related hepatocarcinogenesis is the HBx
protein, which promotes cell cycle progression and inactivates negative growth regulators. This protein also
binds to and inhibits the expression of p53, as well as other tumor suppressor genes and senescence-related
factors™**". The HBx protein regulates calcium signaling through the activation of store-operated calcium
channels (SOCs), which stimulate HBV replication™"*”. In addition, HBx can activate SOCs by binding
C-terminal of Orail protein channels'™. Interestingly, co-immunoprecipitation experiments and pull-down
assays demonstrated the interaction between HBx and the Orail protein; the C-terminus of the Orai1
protein was involved in such interaction. The authors concluded that the HBx protein binds to the STIM1-
Orail complexes regulating the activity of SOCs™. In this same direction, the HBV PreS2-mutant large
surface antigen activates store-operated calcium entry and promotes chromosome instability”**.

On the other hand, miR-125b inhibits HBV expression in vitro by targeting the sodium channel SCNN1A
gene™. It has also been observed that P2X7 function is necessary for the infection of human hepatocytes
by HBV. Because P2X7 activation is a major component of inflammatory responses, HBV may contribute
to liver inflammation”™

In the case of hepatitis C virus (HCV) infections, it is estimated that 130 million people have chronic HCV
infection and most of them develop chronic liver disease'”. Continuous inflammation and hepatocyte
regeneration in the setting of chronic hepatitis and subsequent progression to cirrhosis are thought to
lead to chromosomal damage, and possibly to initiate hepatic carcinogenesis. HCV also induces steatosis;
oxidative stress causes steatohepatitis and these pathways lead to liver injury or HCC in chronic HCV
infection™”*"". Interestingly, the HCV p7 protein forms a cation channel in vitro”*", and p7 deletions and
point mutations markedly reduce the production of infectious virions in cell culture'*”. p7 is a proton
channel required for the production of infectious virions*”. There are some small molecules that block the

p7 channel function and virion production in culture, rendering it an attractive antiviral target[sg’“’"].

P2X4 receptors expression form part of the purinergic signaling complex in HCV-induced liver
pathogenesis”*”". Additionally, the modulation of the gamma-aminobutyric acid type A (GABA-A)
receptor activity was observed in several chronic hepatitis failures, including hepatitis C. Increased
expression of GABA-A a1 receptor subunit, and decreased expression of GABA-A B3 subunit have been
found in chronic hepatitis C patients. Thus, the expression of GABA-A receptor subunits may be associated

with either current or previous HCV infection'””
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Table 1. lon channel expression in major liver diseases
Trans- Genomic Expression
L[ver Channel/ Gene Developed name ported mapping change Ref.
disease Transporter  symbol 5 (chromosomein  (compared to
ion(s) . .
homo sapiens)  normal tissue)
Viral p7 - Hepatitis C virus p7 protein Ca” - Overexpression  [59-61]
hepatitis
SCNNTA SCNNIA  Sodium channel non-voltage- Na"® 12 Overexpression  [55]
gated 1alpha
P2X7 P2RX7 Purinergic receptor P2X, ligand- Na‘, Ca™ 12 Overexpression  [56]
gated ion channel 7
P2X4 P2RX4 Purinergic receptor P2X, ligand- ~ Na®, Ca® 12 Overexpression  [72,73]
gated ion channel 4
SOCs ORAIT Calcium release- activated Ca™ 12 Overexpression  [51-54]
calcium modulator
GABA Aal GABRAT ~ Gamma-aminobutyric acid type ~ CI’ 5 Overexpression  [74]
A receptor alpha 1 subunit
NAFLD Keas KCNN4  Calcium-activated potassium K* 19 Overexpression  [79,80]
channel subfamily N member 4
P2X7 P2RX7 Purinergic receptor P2X, ligand- Na‘, Ca*" 12 Overexpression  [81-83]
gated ion channel 7
SOCs -- Store-operated calcium channels ~ Ca®* NS Overexpression  [8,84]
TPC2 TPCNZ2 Two-pore segment channel 2 Ca™ n Overexpression  [21,85]
TRPV1 TRPVT Transient receptor potential Non 17 Overexpression  [86,87]
cation channel subfamily V selective
member 1 cation
Fibrosis TRPV4 TRPV4 Transient receptor potential Non- 12 Overexpression  [88]
cation channel subfamily V selective
member 4 cation
TRPC6 TRPC6 Transient receptor potential Ca” n Overexpression  [89]
cation channel subfamily C
member 6
TRPM7 TRPM 7 Transient receptor potential Ca’', Mg* 15 Overexpression  [90]
cation channel subfamily M
member 7
ASICla ASICT Acid sensing ion channel subunit  Na® 12 Overexpression  [91]
1
Cirrhosis ~ TRPV2 TRPVZ2 Transient receptor potential Non- 17 Overexpression  [95]
cation channel subfamily V selective
member 2 cation
TRPC6 TRPC6 Transient receptor potential Ca”* n Overexpression  [96]
cation channel subfamily C
member 6
Nav;, SCNZA Voltage-gated sodium channel Na® 2 Overexpression  [96]
alpha subunit 2
Keas KCNN4  Calcium-activated potassium K* 19 Overexpression  [96]
channel subfamily N member 4
ABCC3 ABCC3 ATP binding cassette subfamily C  -- 17 Overexpression  [96]
member 3
|ITPRs ITPR Inositol 1,4,5-trisphosphate Ca”" NS Overexpression  [97]
receptor
AQP1 AQPT Aquaporin 1 water 7 Overexpression  [98-100]
channel
Kean (BK) KCNMAT  Calcium-activated potassium K* 10 Overexpression  [21,101]
channel subfamily M alpha 1
NCC SLCI2A3  Solute carrier family 12 member 3 Na’, CI’ 16 Overexpression  [102]
HCC Keasn KCNN4  Calcium-activated potassium K* 19 Overexpression  [103,104]
channel subfamily N member 4
KCNQ1 KCNQT  Voltage-gated potassium channel K" n Downregulation  [105]
subfamily Q member 1
KCNJ11 KCNJTT Inwardly rectifying potassium K" n Overexpression  [106]
channel subfamily J member 1
Kare channels -- ATP-sensitive potassium K* NS Overexpression  [37]
channels
Eagl KCNH1 Voltage-gated potassium channel K" 1 Overexpression  [115]

subfamily H member 1
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T-type Ca’*  CACNAIG Voltage-gated calcium channels ~ Ca® 17 Overexpression  [117]
channels CACNATH 16
CACNATI 22
P2X3 P2RX3 Purinergic receptor P2X, ligand Na', Ca®' M Overexpression  [119]
gated ion channel 3
SOCs ORAIT Store-operated calcium channels  Ca”* 12 Overexpression  [120,121]
CIC-3 CLCN3 Voltage-gated chloride channel 3 CI° 4 Overexpression  [122]
CLICT cLICT Chloride intracellular channel 1 ClI 6 Overexpression  [123]
VGSCB1 SCNIB Voltage-gated sodium channel Na"® 19 Downregulation  [124]
beta subunit 1
Nav,, SCN2A Voltage-gated sodium channel Na® 2 Overexpression  [96]
alpha subunit 2
AQP5 AQP5 Aquaporin 5 water 12 Overexpression  [125,126]
channel
AQP9 AQP9 Aquaporin 9 water 15 Downregulation  [127,128]
channel
TRPC6 TRPC6 Transient receptor potential Cca” n Overexpression  [129-131]
cation channel subfamily C
member 6
TRPC1 TRPCT Transient receptor potential Non- 3 Overexpression  [132,133]
cation channel subfamily C selective
member 1 cation
TRPV1 TRPVT Transient receptor potential Non- 17 Downregulation  [134,135]
cation channel subfamily V selective
member 1 cation
TRPV2 TRPV2 Transient receptor potential Non- 17 Overexpression  [136]
cation channel subfamily V selective
member 2 cation
TRPV4 TRPV4 Transient receptor potential Non- 12 Overexpression  [137]
cation channel subfamily V selective
member 4 cation
TRPM7 TRPM7  Transient receptor potential Ca”, Mg”* 15 Overexpression  [138]
cation channel subfamily M
member 7
ASICla ASICT Acid sensing ion channel subunit  Na“ 12 Overexpression  [139]
1
ITPR3 /TPR3 Inositol 1,4,5-trisphosphate Ca” 6 Overexpression  [141]

receptor type 3

NS: no specific channel indicated in the original source; HCC: hepatocellular carcinoma; NAFLD: nonalcoholic fatty liver disease; NCC:
NaCl cotransporter

lon channels in nonalcoholic fatty liver disease and liver fibrosis

Nonalcoholic fatty liver disease (NAFLD) defines liver abnormalities ranging from simple steatosis
(abnormal hepatic fat accumulation) or nonalcoholic fatty liver to nonalcoholic steatohepatitis (NASH)
that have been identified as a cause of fibrosis, cirrhosis, and HCC. It is closely related to obesity and
metabolic[syn(]irome. The precise mechanism of HCC development from NAFLD has not yet been fully
elucidated ™"

K.,,, potassium channels are expressed in non-excitable tissues such as epithelia affecting proliferation,
L. . . . . 24 . . [78]
migration, and vascular resistance, and play an important role in the modulation of Ca™ signaling . In
cas, channel inhibitor TRAM-34 downregulates fibrosis-associated gene expression
and reduces portal perfusion pressure””’. It has also been found that the K, channel inhibitor senicapoc

mitigates both steatosis and fibrosis in non-alcoholic liver disease models™™’. P2X7 deficiency™™ or blockage
[83]

liver disease, the K

attenuates nonalcoholic steatohepatitis*” and liver fibrosis

Intracellular Ca”* homeostasis is altered in steatotic hepatocytes. Decreased Ca™" concentration in the
endoplasmic reticulum may lead to endoplasmic reticulum stress, which has been identified as an
important mediator of the progression from liver steatosis to nonalcoholic steatohepatitis, type 2 diabetes,
and HCC. SOCs are responsible for proper Ca”" maintenance in the hepatocyte endoplasmic reticulum
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lumen. Accordingly, SOCE is substantially inhibited in steatotic hepatocytes. This inhibition enhances
lipid accumulation by positive feedback and may contribute to the development of NASH and insulin

resistance™"’. The antidiabetic drug exendin-4 reverses the lipid-induced inhibition of SOCE and decreases
liver lipid with rapid onset".

Two-pore channels (TPCs) are cation-selective intracellular ion channels, and their activation mediates
calcium release from lysosomal stores. TPC2-deficient mice show hepatic cholesterol accumulation,
hyperlipoproteinanemia, and finally NASH""*"". Interestingly, the activation of transient receptor potential
type vanilloid 1 (TRPV1) by capsaicin prevents nonalcoholic fatty liver disease*™*”. Additionally, the
TRPV4, TRPCs, TRPM7, and acid-sensing ion channels (ASIC1a) have been suggested as liver fibrosis
mediators. The blockage of these channels inhibits hepatic fibrosis, positioning them as promising
therapeutic targets ™",

Liver cirrhosis and ion channels

Liver cirrhosis from any cause is the most important clinical risk factor for HCC with an annual incidence
between 2% and 4%. The transition from chronic liver disease to cirrhosis involves inflammation
and activation of hepatic stellate cells with ensuing fibrogenesis and angiogenesis. Liver cirrhosis is
characterized by diffuse regenerative nodule of hepatocytes surrounded by dense fibrotic septa with
subsequent parenchymal extinction and liver structure collapse. Over time, compensated cirrhosis may

[3,92-94]

progress to decompensated cirrhosis that results in liver failure and death .

As stated above, TRPV4, TRPCe6, TRPM7, and ASIC1a channels could act as liver fibrosis mediators.
Fibrosis is the prelude to cirrhosis, thus these channels might somehow also modulate cirrhosis. Other
studies have also observed over-expression of TRPV2"™", TRPC6, Nav1.2, and K, , channels as well as the
Abccs transporter™ in liver cirrhosis, suggesting them as potential markers of the disease. Ca”" signals
mediate the hepatic effects of numerous hormones and growth factors. Liver Ca™" signals are elicited by
the intracellular Ca*" channel inositol trisphosphate receptor (ITPRs). Three isoforms of this receptor have

been identified, and cirrhosis affects the isoform expression'™”.

Some reports have shown an overexpression of AQP1 in liver cirrhosis”; this protein contributes to
microvascular resistance in cirrhosis””. It has been also proposed that AQP1 polymorphism may be
involved in the genetic susceptibility to develop water retention in patients with liver cirrhosis"*". The
large conductance K, , K" channels (BK) are activated by membrane depolarization and/or elevations in
intracellular Ca™ concentration. Cirrhotic livers display increased activity of BK channels; accordingly,
blockage of these channels increased the baseline portal perfusion pressure in cirrhotic livers"""*",
Liver cirrhosis is associated with enhanced renal tubular sodium retention, but the mechanism involved
is unknown. Interestingly, liver cirrhosis is associated with increased renal abundance of the NaCl
cotransporter ™, Then, diverse ion channels may serve as potential markers and drug targets for several
liver diseases leading to HCG; if so, these proteins could be used as targets for HCC prevention.

al.l

lon channels in hepatocellular carcinoma

Because the above-mentioned liver diseases may lead to HCC, and because cancer is a multi-factorial
disease, a significant amount of ion channels have been studied as potential markers and therapeutic targets
of this very poor prognosis malignancy.

Potassium channels play an important role in a variety of carcinoma cells. K, , , channels are over-expressed
in HCC and the channel blockade with TRAM-34 inhibits HCC cell proliferation in a time- and dose-
dependent manner"*"*. A recent work showed that KCNQ1 was frequently downregulated in HCC cell
lines and HCC tissues, and that HCC patients with low KCNQ1 expression had poor prognosis. Gain-of-
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function studies showed that KCNQ1 exhibited remarkable inhibitory roles on tumor metastasis in vitro
and in vivo; thus, this channel could represent a prognostic marker, as well as a promising therapeutic
target for HCC"'. Another study found that the KCNJ11 channel was differentially expressed in HCC,
and it predicted the poor prognosis in HCC patients. KCNJ11 promotes tumor progression through
interaction with lactate dehydrogenase A (LDHA). Pharmacological inhibition of LDHA or knockdown of
KCNJ11 expression inhibited cell proliferation, promoted apoptosis, and reduced cell invasive capacity[m].
K,;p channels regulate mitogen-induced proliferation in the human liver cell lines HepG2, which could
have implications for liver growth control and serve as a potential therapeutic target””. The voltage-gated
potassium channel ether a-go-go-1 (Eag1) has gained enormous interest in cancer research because of
its oncogenic properties"”"*". Eag1 channels have also been proposed as early tumor biomarkers and
therapeutic targets for different types of cancers*""". Moreover, the inhibition of Eag1 reduces tumor
cell proliferation in vitro and in vivo"* ™", We reported that HepG2 and HuH-7 HCC cells displayed Eag1
channel expression, and that the anti-histamine astemizole (a non-specific Eag1 inhibitor) decreased cell
proliferation and induced apoptosis in both cell lines. In addition, an increase in Eagl expression was
found during HCC development in rats. Astemizole treatment prevented HCC development and seems to

115]

induce tumor regression in rats with HCC™',
T-type calcium channels play an important role in cell cycle progression in different types of cancer'.
The expression of the three T-type calcium channel subunits was observed in HCC cell lines and T-type
channel blockage with mibefradil decreased cell proliferation in the SNU449 cell line"'”. P2 purinergic
receptors are overexpressed in certain cancer tissues; the levels of P2Y2 receptor are enhanced in HCC
compared with human normal hepatocytes. These receptors are involved in ATP-induced (Ca™), increase.
Silencing P2Y2R expression inhibited ATP-induced human HCC cell proliferation and migration, and
P2Y2R blockage inhibited cell growth in mice”""”. In addition, high P2X3 receptor expression is associated
with poor recurrence-free survival in HCC, while high P2Y13 expression is associated with improved
recurrence-free survival. Moreover, extracellular nucleotide treatment induce cell cycle progression and
extracellular ATP-mediated activation of P2X3 receptors promotes proliferation of HCC cells™™. SOCE
is a major Ca”™" influx pathway controlling the intracellular Ca” concentration in normal hepatocytes and
HCC cells, and Ca”" influx has been demonstrated to be involved in liver oncogenesis. Accordingly, the
blockade of SOCE inhibits hepatocarcinoma cell migration and invasion, by regulating focal adhesion
turnover ™. The activation of SOCE channels is implicated in cancer cell chemoresistance, although the
underlying molecular mechanisms are not well understood. However, inhibition of Orai1-mediated Ca*
entry enhances chemosensitivity to 5-fluorouracil of HepG2 hepatocarcinoma cells"*"'. The specific roles
and molecular mechanisms of calcium entry in drug response deserve further investigation.

CIC-3 chloride channels have multiple functions in tumorigenesis and tumor growth in HCC; the CIC-3
channel blocker DIDS (4,4’-diisothiocyanostilbene-2,2’-disulfonic acid) arrests the cell at the G1 phase,
inhibiting the proliferation of Hep3B HCC cells"**. Proteomic approaches found that the chloride
intracellular channel 1 (CLIC1) is upregulated in HCC tissues, and that it participates in HCC migration
and invasion by targeting maspin'*”

The voltage-gated sodium channel B1 subunit was proposed as a cell adhesion molecule in some HCC
cell lines. The analgesic-antitumor peptide (a scorpion toxin polypeptide with antitumor activity) inhibits
the migration and invasion of HepGz2 cells by an upregulated VGSC B1 subunit"*. Additionally the over-

expression of Nav, , channels has been observed in an HCC in vivo model.

AQPs is highly expressed in HCC cell lines and its downregulation inhibits HCC cell invasion and tumor
metastasis. Downregulation of AQP5 suppressed the epithelial-to-mesenchymal transition process in HCC
cells"*!. Another report found that microRNA-325-3p inhibits cell proliferation and induces apoptosis
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in HBV-related hepatocellular carcinoma by downregulation of AQP5"*". These findings suggest that
AQP5 may be a potential therapeutic target for HCC. AQP9 is the main aquaglyceroporin in the liver
and its mRNA and protein levels are downregulated in HCC tissues compared to normal hepatocytes.
Moreover, AQP9 over-expression inhibits hepatocellular carcinoma by upregulating FOXO1 expression,
and suppresses invasion by inhibiting epithelial-to-mesenchymal transition. These findings suggest that the

restoration of AQP9 expression can inhibit development of liver cancer'*"*".

The TRP channel family has gained great relevance due to its role in several diseases. A recent study
investigated the roles of the Na'/Ca*" exchanger 1 (NCX1) and the canonical transient receptor potential
channel 6 (TRPCs) in regulating TGFp in human HCC. They found that TGFf induces the formation and
activation of a TRPC6/NCX1 molecular complex, which mediates the effects of TGFB on the migration,
invasion, and intrahepatic metastasis of HCC. These findings suggest TRPCé6 and NCX1 as potential
targets for HCC therapy'”"*”. HCC develops multi-drug resistance in most cases; interestingly, multi-
drug resistance regulation by TRPCé and calcium-dependence has been shown in HCC cells"*"". Silencing
of TRPC1 channels suppressed cell proliferation while store-operated Ca’* entry was significantly
increased™**"*". On the other hand, it has been found that high expression of the vanilloid receptor-1
(TRPV1) is associated with better prognosis of HCC patients'"*"

The combined effect of static magnetic field and anti-cancer drugs has gained great interest in cancer. Static
magnetic field enhances the anti-cancer effect of capsaicin on HepG2 cells through the mitochondria-
dependent apoptosis pathway. This synergy may be explained if static magnetic field increased the binding
efficiency of capsaicin to TRPV1 channels™*”. TRPV2 contributes to the stemness of liver cancer and is
a potential target in the treatment of human liver cancer patients[m]. TRPV4 is over-expressed in HCC
tissues when compared with non-tumoral liver. Furthermore, pharmacological inhibition of TRPV4
suppressed cell proliferation, induced apoptosis, and decreased the cell migration capability by attenuating
the epithelial-to-mesenchymal transition process in HCC via modulation of the ERK signaling pathway'*”.
TRPM7 channels play a role in the migration and invasion of different types of cancer; actually, bradykinin

promotes cell migration and invasion of HCC cells via TRPM?7 channels™*”

ASICs are H'-, Ca”'-, and Na'-gated cation channels activated by changes in the extracellular pH, and
ASIC1a (ASIC1a) has been associated with tumor proliferation and migration. ASIC1a is overexpressed
in HCC tissues and associated with advanced clinical stage. Silencing of ASIC1a, expression inhibited the
migration and invasion of HCC cells, suggesting a novel approach for HCC therapy"*”

The R-Tf-D-LP4 cell-penetrating peptide derived from the mitochondrial multifunctional protein VDAC1
(voltage-dependent anion channel) induced apoptosis in liver cancer cell lines and inhibited liver tumor
growth in vivo, representing a promising therapeutic approach for HCC"*. Inositol 1,4,5-trisphosphate
receptors (ITPRs) are intracellular Ca’* channels. ITPR3 is either absent or expressed at low levels in
normal hepatocytes, but it is over-expressed in HCC patients; its increased expression level was associated
with poor survival. Besides, cell proliferation and liver regeneration were enhanced in vivo, and ITPR3
deletion in human HCC cells increased apoptosis™*".

Discussion: ion channels as potential tools for chronic liver diseases and HCC prevention,
diagnosis, and therapy

HCC is a leading cause of cancer-death worldwide and is one of the most chemo-resistant tumors™"**.
The combination of new therapeutic targets with existing therapies may be very helpful. Several ion
channels play very important roles in cancer-associated processes including inflammation, oxidative stress,
cell proliferation, apoptosis, migration, invasion, angiogenesis, metastases, and drug response. These

proteins are differentially expressed in HCC and liver diseases compared to their expression in the healthy
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Table 2. lon channel inhibitors as potential therapeutic agents studied in HCC

Inhibitor Targeted ion channel lon channel gene symbol’ Ref.
TRAM-34 Keas KCNN4 [103,104]
ASTEMIZOLE Eagl, Herg KCNH1, KCNHZ2 [115]
MIBEFRADIL T-type Ca*' channels - m7]
2-APB, SKF96365 SOCs - [21,118,121]
DIDS CIC-3 CLCN3 [122]
MicroRNA-325-3P AQP5 AQP5 [126]
CAPSAICIN TRPV1 TRPV1 [135]
HC-067047 TRPV4 TRPV4 [137]

*When the specific ion channel has been reported to be targeted. HCC: hepatocellular carcinoma

Table 3. lon channels suggested as HCC prognostic markers

Channel Gene symbol Expression in HCC Association to prognosis Ref.
KCNQ1 KCNQT7 Downregulated Poor prognosis [105]
KCNJN KCNJTT Differentially expressed Poor prognosis [106]
P2X3 P2RX3 Overexpression Poor recurrence-free survival [119]
TRPV1 TRPVT Overexpression Better prognosis [134]
ASICla ASICT Overexpression Advanced clinical stage [139]
ITPR3 /TPR3 Overexpression Poor survival [141]

HCC: hepatocellular carcinoma

liver. Thus, patients at risk of developing some liver diseases, e.g., people infected with hepatitis viruses,
patients with liver cirrhosis, or those suffering from alcoholism, might be candidates in whom ion channel
expression can be studied. Nevertheless, an important issue to solve is how to detect ion channel expression
in not easily accessible tissues such as the liver. An option may be ion channel detection by imaging studies.
For instance, Eag1 channel expression has been detected in vivo with labeled antibodies and near-infrared
imaging techniques, even in non-palpable tumors, in mice""*”. Another option may be the detection of ion
channels in extracellular vesicles released to the bloodstream by the liver. The investigation of ion channel
expression in extracellular vesicles released by the liver in different pathological conditions is needed. These
approaches should benefit patients by being diagnosed at earlier stages of the disease.

The precise molecular mechanisms involved in the association of ion channel function with cancer remain
elusive. The antiproliferative effect of channel blockage on cell proliferation indicates that ion flux may
play an important role. However, non-canonical functions of ion channel may also play a role, as occurs in
other tissues and diseases'"*". For instance, mutant non-conducting Kv10.1 potassium channels partially
preserve their oncogenic potential’*’. On the other hand, cleavage and translocation to the nucleus of a
fragment of the carboxy-terminus of some calcium channels induce the transcription of genes associated
with proliferation*”. Thus, the potential role of non-canonical functions of ion channels in liver diseases
warrants investigation.

In accordance with the potential role of ion channels in liver diseases, blockage of over-expressed ion
channels or activation of downregulated channels results in the inhibition of hepatitis virus replication,
development of NAFLD, NASH, liver cirrhosis, and/or HCC [Table 2].

However, because of the relevance of ion channels in normal physiology, targeting these proteins may
have non-desirable side-effects. In this direction, drug repurposing is a very good alternative to reduce
costs and time for approval, as well as unknown side effects. Actually, several drugs have been suggested
for repurposing in cancer, including anti-histamines such as astemizole (which also blocks potassium
channels) and loratadine, as well as calcium and potassium channel blockers such as mibefradil and

glibenclamide, respectively """,
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Figure 1. lon channel-based therapy for HCC prevention and treatment. The expression of several ion channels is altered in liver disorders
leading to HCC, as well as in HCC. Because of the very relevant participation of ion channels in cellular processes leading to HCC,
targeting either the expression or activity of these proteins may lead to the prevention and treatment of liver diseases including HCC.
HCC: hepatocellular carcinoma; HCV: hepatitis C virus; HBV: hepatitis B virus; NAFLD: nonalcoholic fatty liver disease

CONCLUSION

Ion channels offer a plethora of opportunities for the prevention, diagnosis, and treatment of liver diseases
[Figure 1], as well as represent potential tools as HCC prognostic markers [Table 3]. This ion-channel-
based approach may help to reduce the mortality of this very poor prognosis disease.
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Abstract

Hepatocellular carcinoma (HCC) is one of the most common solid tumors with poor clinical prognosis. Novel
therapeutic regimens are urgently required for patients with advanced HCC. Both pre-clinical and clinical studies
suggest immunotherapy as an attractive alternative for advanced HCC treatment. Natural killer (NK) cells
and CD8" T cells are the most important cytotoxic immune cells involved in cancer treatment and elimination.
Reinvigorating the anticancer activity of NK and CD8" T cells is the fundamental guarantee for the success of
immunotherapy in advanced HCC treatment. Therefore, in this review, we aim to summarize the characteristics
and roles of NK and CD8" T cells in HCC development, describe the frontiers of immunotherapy for advanced
HCC based on immune checkpoint inhibitors and adoptive cell transfer, and discuss their limitations and scope for
future improvement.

Keywords: Hepatocellular carcinoma, immunotherapy, natural killer cells, CD8" T cells

INTRODUCTION

Although hepatocellular carcinoma (HCC) is only the fifth-most common cancer worldwide, it ranks second
in cancer-related mortality[l]. Local regional therapies such as surgical resection, cryoablation, radiofrequency
ablation, transarterial chemoembolization, and liver transplantation are effective only for patients with early-
stage HCC?. Multi-targeted tyrosine kinase inhibitors (TKIs) provide options for systemic treatment of
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patients with advanced HCC. The first-line agent sorafenib modestly extends the survival in advanced HCC
by about 3 months"”. Lenvatinib has been approved for HCC treatment based on the results of a randomized
phase III trial, in that lenvatinib is non-inferior to sorafenib in overall survival assessment in patients with
advanced HCC, with similar safety and tolerability profiles as sorafenib'™. Regorafenib and cabozantinib
have been approved as second-line options for patients with progressive HCC despite on-going sorafenib
treatment, in that they improve overall survival in such patients””. Nonetheless, the survival benefit from
the TKIs is limited and unexpected. Therefore, novel clinical therapies are urgently required for treatment of
early-stage and advanced HCC. Recently, immunotherapy with immune checkpoint blockade and adoptive
immune cell transfer has been clinically tested in various types of cancers, which provides a novel therapeutic
strategy for difficult-to-treat HCC cases. The present review aims to summarize the characteristics and
roles of natural killer (NK) cells and CD8" T cells during HCC development, describe the frontiers of
immunotherapy for advanced HCC based on immune checkpoint inhibitors (ICIs) and adoptive cell transfer
(ACT), and discuss their limitations and scope for future improvement.

NK CELLS AND CD8" T CELLS IN HCC

The liver contains diverse types of immune cells such as T cells, NK cells, B cells, NKT, and Kupffer cells™”.
However, the liver is a tolerogenic immune organ in the physiological state, in that the liver remains tolerant
to stimuli from the hepatic artery and portal vein, such as bacterial products, environmental toxins, and
food antigens, to avoid tissue damage"*""". This immune-tolerant microenvironment of the liver contributes
to the immunoescape of HCC™. Studies have extensively discussed the properties and contribution of
immunosuppressive cells during HCC progression[”]. However, to our best knowledge, the characteristics and
contribution of the two most important anticancer immune cells in the liver - NK cells and CD8" T cells - have
not been well-documented.

NK cells in HCC

Innate lymphoid cells (ILCs) function as the first line of immune defense against infections and cancers.
Paralleling with T cell subsets, ILCs comprise NK cells, ILC1, ILC2, and ILC3, amongst which the NK and
ILC1 cells are abundant in the liver***. Unlike helper ILC subsets, NK cells are classified as a cytotoxic
ILC subset because of their direct killing of cancer cells and infected cells via cytotoxicity and cytokine
secretion™*. NK cells express activating receptors such as CD16, NKp30, NKp44, NKp46, NKpso, NKG2D,
CD244, CD226; cytokine receptors such as IL-2R, IL-28R, IL-12R, IFNR, IL-15R, IL-18R, IL-1R8, IL-10R,
and TGFR; and inhibitory receptors such as NKG2A, KLRG1, KIRs, TIGIT, TIM3, Siglecs, PD-1, LAGS3,
A2AR, LAIRs, and ILTs"”""). The activation of NK cells is determined by the net value of activating signal
strength determined by the competition between activating and inhibitory receptors[”’w]. The abundance
and activity of NK cells are modulated by multiple signals within the tumor microenvironment, which
significantly influence cancer development. Compared with healthy controls, HCC patients have a dramatic
reduction of tumor-infiltrating NK cells; their abundance in HCC tissues is positively correlated with patient
survival ™. NK cells in the HCC tissues of patients with advanced HCC show dysfunctional or exhausted
state™, suggesting that NK-cell exhaustion contributes to HCC progression. The regulators for NK cell
exhaustion have been extensively investigated. For example, the up-regulation of inhibitory receptors on
NK cells leads to NK-cell exhaustion and predicts poor prognosis in HCC patients[“]. TGEF-B and IL-10
promoted NK-cell exhaustion in HCc ™, Hypoxia-induced mitochondrial fragmentation limits NK-
cell anticancer activity[“]. Additionally, immunosuppressive cells such as myeloid-derived suppressor cells,
monocyte/macrophage, and HCC-associated fibroblasts in intratumor tissues of HCC contribute to NK-
cell exhaustion™”. The plasticity of NK cell activity provides the foundation of NK-cell-based cancer
immunotherapy. Immunotherapeutic drugs triggering NK-cell activation are being developed and assessed
in pre-clinical and clinical trials. Nevertheless, it is still crucial to decipher the mechanisms by which NK
cells undergo exhaustion in patients with advanced HCC, in order to offer more patient benefits in terms of
effective reinvigoration of NK-cell anticancer activity and precision therapy in HCC.
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NK cells have been reported to account for 20%-40% of human hepatic lymphocytes and 10%-20% of murine
hepatic lymphocytes, more than half of which bona fide comprise ILC1 or liver-resident NK cells™"’. The
observations from the parabiosis model show that the liver contains conventional NK cells and liver-resident
NK cells®, further supported by the findings that hepatic irradiation could persistently eliminate liver-
resident NK cells™”. Early evidence has shown that liver-resident NK cells expressed higher levels of CD160,
CD69, CD44, CXCR3, CXCR6, TRAIL, FasL, GM-CSF, and TNF-¢*”. CXCRGé is required for the retention of
. CDs" T cells promote liver-resident NK cell maturation through the
CD70-CD27 axis™. Liver-derived TGF-B maintains the property of liver-resident NK cells™. Functionally,
liver-resident NK cells were originally found to mediate skin-contact inflammation”. Zhou et al.**' reported
that liver-resident NK cells inhibited T cell antiviral activity via PD-L1 during viral infection. Additionally,
liver-resident NK cells can suppress autoimmune cholangitis by limiting the expansion of CD4" T cells™.
These findings suggest that liver-resident NK cells play versatile roles in liver diseases. Human liver-resident
NK cells are CD56"" Eomes” Tbet" Hobit” TIGIT" CD69" CXCRé" CD49¢’; express higher levels of
NKG2D, NKp46, TRAIL, and FasL; and possess cytotoxicity against HCC cells”. However, liver-resident
NK cells within the HCC tissue down-regulate NKG2D"". Moreover, liver-resident NK cells express more
types of inhibitory receptors such as PD-1, CD96, and TIGIT™, Therefore, liver-resident NK cells undergo
exhaustion during HCC progression. Fortunately, IL-15 could recover HCC-induced liver-resident NK-cell
dysfunction"”. In addition, the mTOR inhibitor - everolimus - enhances their anticancer activity through
upregulation of TRAIL™. Thus, liver-resident NK cells have the potential for application in HCC therapy,
although the complete underlying mechanism of liver-resident NK cells’” exhaustion remains unclear.

liver-resident NK cells within the liver

CD8' T cells in HCC

The abundance of tumor-infiltrating CD8" T cells and the frequency of IFN-y" CD8" T cells were
associated with improved survival of HCC patients ", CDs" T cells were enriched in early-stage HCC,
but progressively reduced with tumor progression, accompanied with increased expression of checkpoints
on tumor-infiltrating CDs" T cells'*”. Therefore, CDs" T cells in HCC tissues progressively underwent
functional compromise during cancer progression, characterized by high levels of immune checkpoints,
low effector cytokines, and impaired cytotoxicity and proliferation. In detail, however, CDs" T cells in HCC
tissues expressed different PD-1 levels and displayed different anticancer capacity'”. Among PD-1"¥" CDs’
T cells, 4-1BB’ PD-1"" CDs" T cells displayed stronger anticancer activity and proliferative potential*’. In
recent times, several studies have reported that TCF-1" PD-1" T cells sustained the stemness and response
to immune checkpoint blockade in certain types of cancers*™*, Therefore, the identification of functional
tumor-infiltrating CD8" T cells for immunotherapy will likely benefit clinical outcomes and promote
precision medicine for HCC patients.

The systemic, local, cellular, and molecular mechanisms of T-cell exhaustion in HCC have been
extensively investigated. The hepatic inflammatory microenvironment had been confirmed to be critical
for HCC development'”. Lim et al."” found that HBV-related HCC microenvironment displayed more
immunosuppression than non-viral-related HCC microenvironment, indicating increased difficulty in
the immunotherapy of HBV-related HCC. Hepatoma cells, LSECs, suppressive immune cells, inhibitory
receptors, and cytokines have been found to trigger tumor-infiltrating CD8" T-cell exhaustion™. For
instance, myeloid-derived suppressor cells and T regulatory cells in HCC tissues had been found to impair
T-cell functionality[sol. The inhibitory cytokine - IL-35 - dampened CDs" T cells activity in HCC patients™",
14-3-3(, a suppressor of apoptosis, is highly expressed in HCC and promotes epithelial-mesenchymal
transition of HCC cells"™ Wang et al.®! reported that 14-3-3¢ delivered by HCC-derived exosomes
contributed to impaired anticancer activity of CD8" T cells. The thymocyte selection-associated high mobility
group box (TOX) transcription factor belongs to an evolutionarily conserved DNA-binding protein family
and regulates the development of T cells™. Recently, several studies have confirmed that TOX was critical
for CD8" T cell exhaustion™*. Moreover, it was found that TOX could promote CDs" T-cell exhaustion in
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HCC tissues by restraining PD-1 degradation[57]. The complicated immunosuppressive microenvironment
in HCC tissues severely impairs the efficacy of immunotherapy. Therefore, the mechanisms of CD8" T-cell
exhaustion in HCC needs to be further elucidated.

CYTOTOXIC IMMUNE CELL-BASED IMMUNOTHERAPY OF HCC

The increased understanding of CD8" T cells and NK cells promotes the development of effective
immunotherapy. These two immune cell populations follow many similar patterns and/or complementary
patterns to eliminate cancer cells. Moreover, their activities are regulated by common immune checkpoints.
Here, we discuss the application and outcomes of cytotoxic cell-based ICIs and ACT in HCC treatment.

Immune checkpoint inhibitors

ICIs have displayed impressive efficacy in treating a variety of cancers. An increasing number of studies
are being conducted on novel immune checkpoints and their inhibitors. Additionally, studies on ICI-
based immunotherapy for advanced HCC treatment are also increasing, with some showing encouraging
therapeutic effects.

Anti-PD-1 antibody and anti-PDL1 antibodies

PD-1 is mainly expressed on CD8" T cells, whose binding with PD-L1/PD-L2 induces CDs8" T-cell
exhaustion™. T cells from HCC tissues express high levels of PD-1""*"" Interestingly, PD-1"" B cells in HCC
tissues suppressed CD8" T-cell anticancer immunity by secreting IL-10". Moreover, PD-1" dendritic cells
(DCs) in HCC tissues also suppressed CD8" T-cell anticancer immunity[“]. In addition, PD-1 ligands are
associated with aggressiveness and recurrence of HCC'***, Wu et al."*” reported that PD-L1 on Kupffer cell
blocks CD8" T-cell anti-HCC activity. Besides, hepatoma cell-expressed PD-L1 induces apoptosis of CD8"
T cells and promotes HCC recurrence'®. Additionally, PD-L1-expressing monocytes induce polarization
of Th22 cells through PD-1 in HCC tissues'”’. PD-L1 on intratumoral hepatic stellate cells or peritumoral
neutrophils also contributes to the impairment of T cell-mediated anti-HCC immunity[“’”]. These
findings indicate that blockade of PD-1/PD-L might be promising immunotherapy for HCC. Nivolumab
and pembrolizumab gained approval for treatment of advanced HCC based on encouraging results from
phase I/II studies in advanced HCC patients with objective response rates of 17%-20%"""". However,
results from two phase III clinical studies did not reveal statistically significant improvement in survival
benefit """, There are several ongoing trials with monoclonal antibodies against PD-1, such as nivolumab,
pembrolizumab, tislelizumab, and camrelizumab, in HCC patients, either as monotherapy or in combination
with other treatments. A phase-I/II study reported that the combination of atezolizumab and bevacizumab
resulted in a 62% response rate in advanced HCC patients”*. The breakthrough therapy of atezolizumab
in combination with bevacizumab is recently approved as a first-line treatment for patients with advanced
or metastatic HCC. Moreover, a randomized phase III study demonstrated superior overall survival and
progression-free survival compared to sorafenib in the first-line treatment of advanced HCC". In addition,
another antiangiogenic drug ramucirumab has been approved as a second-line therapy for advanced HCC
following first-line therapy with sorafenib”. The clinical efficacy from the combination of anti-PD-L1 with
antiangiogenic agents encourages researchers to extensively develop novel combination strategies to improve
the clinical efficacy of HCC treatment.

Anti-CTLA-4 antibody

CTLA-4 is expressed on Treg cells and activated T cells and inhibits T-cell activation by competing for
CDs0/CDs6 with CD28"”. Liu et al.”™ found that CTLA-4 polymorphism may have negative effects on
HCC. CTLA-4" Treg cells impair T cell-mediated anti-HCC immunitylso]. HCC-derived Treg cells limit
DCs function by CTLA-4"". Furthermore, CTLA-4" DCs suppress T cell-mediated anti-HCC immunity by
IL-10 and IDO™". Fortunately, CTLA-4 blockade with glucocorticoid-induced tumor necrosis factor receptor
family-related protein (GITR) engagement completely abrogates Treg-mediated immunosuppression in
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HCC"™". These findings indicate that CLTA-4 is a promising target for HCC treatment. Recently, the
CTLA-4 blockade agent, ipilimumab, has been tested in clinical trials of HCC treatment, with a partial
response rate of 18% and a disease control rate of 76% " Duffy et al’s"™” study demonstrated that
tremelimumab could achieve a partial response rate of 26% and a disease control rate of 84%. Furthermore,
the combination therapy of ipilimumab and nivolumab could achieve objective response rates of 31% and
a median duration of 17.48 months in advanced HCC patients*”. As with other cancers, the combination
regimens of nivolumab and ipilimumab led to grade 3-4 treatment-related adverse events occurring in
37.7% patients, which were more frequently observed with combination regimens than with single-agents,
especially in patients who received higher dosages of ipilimumab. However, most of the adverse events were
manageable with timely recognition, steroid treatment, and discontinuation of immunotherapy, with a very

low rate of liver failure”*>*,

Other immune checkpoint inhibitors

The binding of inhibitory killer-immunoglobulin-like receptors (KIRs) expressed on NK cells with HLA
class T molecules inhibit the activation of NK cells””. Antibodies against inhibitory KIRs enhance NK
cell cytotoxicity. It was reported that KIR/HLA immunogenetic background influenced the evolution of
HCC"*. Anti-KIR antibodies - IPH2101 and IPH2102 - were well tolerated in patients with relapsed
multiple myeloma***"'. However, little evidence emerged to confirm the efficacy of these anti-KIR antibodies
against HCC. NKG2A is an inhibitor receptor expressed on both CD8" T cells and NK cells”**”. Therefore,
anti-NKG2A mAb promoted anticancer immunity of both CD8" T and NK cells®*_ It has been shown that
NKG2A mediated NK-cell exhaustion in patients with HCC™. However, the effect of anti-NKG2A mAb on
HCC needs to be confirmed in clinical trials. Increasing inhibitory receptors such as IL-1R8, TIM3, TIGIT,
and CD96 have been found to be important for regulating NK cell activity against tumors”*"*”". Clinical trials
have been performed to evaluate the efficiency of antibodies against these checkpoints for cancer therapy.
The efficacy of NK cell-based checkpoint inhibitors in HCC needs further preclinical and clinical studies.

Combination therapy with immune checkpoint inhibitors

Immune checkpoint blockade leads to recovery of immune response against HCC cells and suppression
of tumor growth in HCC. However, most HCC patients still do not achieve clinical benefit from ICI
immunotherapy, highlighting the need for creative strategies to improve therapeutic efficacy. First, novel
checkpoints need to be identified in HCC. For example, B and T cell lymphocyte attenuator has been
found to participate in suppressing CD4" T cell function in HCc! . Siglec-15 has been confirmed to be
an immune suppressor and displays promising efficacy in cancer immunotherapy"*”. The roles of novel
checkpoints in HCC have not been addressed. Second, novel combinations of checkpoints need to be
designed. Zhou et al.*”! found that T cells isolated from HCC tissue expressed high levels of PD-1, CTLA4,
TIM3, and LAG3, suggesting the involvement of multiple checkpoints in T-cell exhaustion in HCC. The
efficacy achieved by combining blockade of checkpoints was better than that by single checkpoint alone™”!,
Therefore, a combination of ICIs might achieve better results than just monotherapy for HCC treatment.
Moreover, the individualized combination for HCC patients can be designed based on omics-data to achieve
precision medicine. Third, novel comprehensive combination needs to be tested. Wehrenberg-Klee et al"®
reported that combining radioembolization with nivolumab could enhance the ICI-induced anticancer
immune response. Shigeta et al."*" found that dual anti-PD-1/VEGFR-2 therapy enhanced CD8" cytotoxic
T cell anticancer immune response in HCC. PD-1/PD-L1 double blockade increased anticancer immune
response of vaccine-induced CD8" T cells in advanced HCC patientsms]. To improve the benefits of ICI, it
is necessary to integrate ICI therapy with targeted agents, locoregional therapy, vaccines, or other forms of
therapy. Of note, the clinical outcomes of such integration require further investigation in future studies.

Adoptive cell transfer

NK cells and CD8" T cells eliminate cancer cells by direct cytotoxicity. In advanced HCC, the scarcity of
NK cells and CD8" T cells in HCC tissues eliminates the ICI-induced anticancer efficacy. In this setting, it is
absolutely necessary to adaptively transfer cytotoxic immune cells into patients with advanced HCC.
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NK cell therapy

NK cells have potent anticancer capacity. HLA class I molecule-independent activation endows NK cells
with more potential for extensive applications. HLA class I molecules block the NK cell killing though
interaction with KIRs or CD94/NKG2A/B on NK cells"*. Meanwhile, stress-induced ligands on cancer
cells can activate NK cells by interacting with activation receptors on them"””. However, NK cell function is
impaired and hardly restored in advanced cancers. Hence, adoptive transfer of NK cells is a valuable option
for cancer therapy. However, adoptive transfer of autologous lymphokine-activated NK cells with IL-2 into
patients with metastatic cancer led to a poor clinical outcome'*", which might be attributed to high levels of
HLA class I molecules on cancer cells and the exhausted function of patients’ NK cells. To overcome these
defects, allogeneic NK cells - especially allogeneic haploidentical NK cells - are harnessed to treat various
malignancies[m]. Encouraging clinical efficacy has been observed in trials of acute myeloid leukemia'"".
Moreover, cryoablation combined with allogeneic NK cell therapy markedly improved the progression-free
survival of patients with advanced HCC"". Besides autologous and allogeneic NK cells, NK-92 cells, an
NK cell line, is also used in clinical trials of cancer therapy, with encouraging results observed in patients
with advanced lung cancer"”. To enhance the targetability of NK cells, Chimeric antigen receptor (CAR)-
NK cells have also been developed and pre-clinically evaluated. NK-92 cells with CD19-CAR display potent
ability to kill CD19" leukemia cell lines and lymphoblasts from patients with leukemia**, NK-92 cells with
GPC3-CAR show significant in vitro cytotoxicity to GPC3" HCC cells and potent anticancer activity in
HCC Xenografts[m]. Accumulating evidence indicates that NK cell therapy is a potential approach for HCC
treatment with technical improvements in the activation and expansion of NK cells.

Cytokine-induced killer cell adjuvant therapy

Cytokine-induced killer (CIK) cells generated from blood mononuclear cells cultured with IFN-y, anti-
CD3, and IL-2 show potent anticancer activity[m]. Jia et al.™" reported that CIK cells improved overall
survival in HCC. CIK cell adjuvant therapy also reduces the recurrence in HCC patients undergoing curative
treatment"'”. Lee et al.""™” found that the efficacy of CIK cells in patients with HCC lasted over 5 years.
Chang et al"™ reported that the high number of PD-1" tumor infiltrating lymphocytes could predict the
response and clinical benefits of CIK cell adjuvant immunotherapy in HCC patients. Pan et al."” reported
that CIK cell cytotoxicity is a predictive biomarker for adjuvant CIK cell immunotherapy of HCC patients
after surgery. Collectively, increasing evidence suggests that CIK cell-based adjuvant immunotherapy shows
modest efficacy in early-stage HCC. Although Wang et al."*" showed that intraperitoneal perfusion of CIK
cells with local hyperthermia was safe for patients with advanced HCC, more clinical data on the efficacy of
CIK cell therapy in advanced HCC is currently lacking. Further detailed studies on the characteristics of CIK
cells and their recognition and effector function are required to improve the clinical outcomes of CIK cell
adjuvant immunotherapy in HCC.

CAR-redirected T cell therapy

CAR-T cells have shown tremendous clinical efficacy in the therapy of hematological malignancies
Moreover, CAR-T cell therapy is expected to convert cold tumors into hot tumors, which represents a
promising immunotherapeutic option for HCC treatment. Glypican-3 (GPC3) is a membrane heparan
sulfate and is highly expressed in HCC tissues**'"*. Unfortunately, the GPC3-targeted antibody - GC33 -
was unsuccessful in bringing about clinical benefit to patients with HCC"**'. However, the anti-GPC3/anti-
CD3 bispecific antibody - ERY974 - could activate T cells and convert the microenvironment of a cold tumor
to that of a hot one"*. Therefore, GPC3 is a promising target of CAR-T cells in HCC. Indeed, GPC3-CAR-T
cells could eliminate GPC3” HCC cells and tumors in a patient-derived xenograft model™””. GPC3-CAR-T
therapies have been registered for clinical trials. To overcome T-cell exhaustion induced by checkpoints, an
enhanced version of CAR-T cells is being currently designed. For instance, PD-1 is disrupted via CRISPR/
Cas9 to enhance the activity of GPC3-CAR T cells against HCC"™". A soluble PD-1-CH3 fusion protein
is expressed to increase anticancer activities of GPC3-CAR-T cells™™, Co-expressing GPC3-CAR and co-

[122]
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stimulatory molecule ICOSL-41BB promotes CAR-T cell proliferation and tumor rejection ", Besides
GPC3, MUC-1, EpCAM, AFP, and CEA might be potential targets of CAR T cells for HCC treatment,
which have been registered for clinical trials on the applicability of CAR-T therapy as a treatment strategy
for HCC™". Moreover, these classical tumor-associated antigens and ligands for receptors expressed on T
cells also act as the targets for HCC recognition. For instance, NKG2D-based CAR-T cells could potently
eliminate NKG2DL' HCC cells"*”. A CD147-targeted inducible CAR-T cell system has been developed
for HCC treatment™”, Although clinical trials of CAR-T therapy against HCC have not been completed,
CAR-T therapy might provide effective therapeutic modalities for HCC treatment. Nonetheless, to date,
the therapeutic efficacy of CAR-T cells remains limited owing to the lack of cancer-specific targets, weak
expansion, poor infiltration, and induced exhaustion of CAR-T cells. Hence, smarter optimization strategies
and more clinical trials are required for the confirmation and improvement of clinical outcomes of CAR-T
cells in HCC treatment.

T cell receptor-genetically engineered T cell therapy

The success of T cell receptor-genetically engineered T (TCR-T) cells in melanoma treatment has encouraged
the use of TCR-T cells in HCC treatment. Autologous T cells forced to express an HBV-specific TCR
recognized HBsAg" HCC cells and decreased HBsAg levels in a patient who underwent liver transplant[m].
T cells genetically engineered with HCV NS3:1406-1415-reactive TCR recognized the naturally processed
antigen and led to suppression of HCV' HCC in vivo™ T cells genetically engineered with AFP-specific
TCR specifically recognized and killed AFP" HepGz2 cells, both in vitro and in vivo™, Although there
remain many challenges such as off-target cross-reactivity and low TCR affinity that need to be overcome
before successful translation into clinical practice”"*", increasing findings suggest that TCR-T therapy

might be an attractive alternative immunotherapeutic modality for HCC treatment.

DC-vaccines adjuvant immunotherapy

Briefly, DCs are professional antigen-presenting cells with the capacity to prime antigen-specific T-cell
immunity. DC vaccines are recognized as promising agents for activating T cells to eliminate cancer cells;
their role and functions have been evaluated in some malignancies in clinical trials, including HCC. A phase
IT study using intravenous vaccination with DCs pulsed with HepGz2 lysate was found to be safe and showed
evidence of anticancer efficacy in some patients with advanced HCC"™”. Another phase I/1I study reported
that vaccination with DCs pulsed with AFP peptides induced strong T-cell immunity against AFP but no
clinical responses in HCC patients[m’]. Other phase I/IIa studies also reported that subcutaneous vaccination
with DC pulsed with multiple antigens such as AFP, glypican-3 (GPC-3), and melanoma-associated antigen
1 (MAGE-1) enhanced anticancer immunity and prolonged time-to-recurrence and recurrence-free survival
in HCC patients"*" ™. Interestingly, Lu et al."* showed that exosomes derived from AFP-expressing DCs
elicited potent anticancer immune responses and cancer regression in HCC mice, thus providing a novel
option for vaccine-based immunotherapy of HCC. Pang et al"! reported that DCs fused with cancer stem
cells could efficiently stimulate T lymphocytes to generate specific CD8 T cells against cancer stem cells.
Collectively, several studies indicate that DC vaccine-based adjuvant therapy enhances anticancer immunity
and improves the survival of patients with HCC. Nonetheless, further improvements such as specific
immunogenic neoantigens for HCC, safe and feasible DC source, potent adjuvant, and access to vaccination
are required for future success of DC-based HCC immunotherapy.

Combination therapy of immune checkpoint blockade and adoptive cell transfer

The existence of cancer immunosuppressive microenvironment limits the effector function of adoptive
immune cells. Therefore, it is reasonable to improve the cancer immunosuppressive microenvironment to
enhance the curative efficacy of adoptive immune cells on HCC. Kodumudi et al.l" reported that adoptive
transfer of tumor infiltrating lymphocytes from tumors with anti-PD-L1 antibody treatment led to a
significant delay in tumor growth, suggesting that pretreatment with immune checkpoint blockade could be
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an effective strategy to improve tumor infiltrating lymphocyte infiltration and function. Moreover, CAR-T
cell therapy in combination with PD-1 blockade overcomes PD-L1-mediated cancer immunosuppression
and leads to enhanced therapeutic efficacy[m]. The combination of CTLA-4 blockade with ACT also
generates greater therapeutic efﬁcacy[l“]. Besides systemic delivery of checkpoint blockade, the knockout of
immune checkpoint in CAR-T cells by gene-editing technologies improves anti-tumor efficacy of CAR-T
cells in various cancer models by enhancing effector function and survival of T-cells™*”. It is understood that
the immunosuppressive trait of the HCC microenvironment requires combinational therapeutic modalities
for effective outcome*”. These findings support combination immunotherapy with immune checkpoint
blockade and ACT for cancers, which is expected to result in greater anticancer immune response than with
either intervention alone.

CONCLUSION

Following significant therapeutic progress made on the basis of basic research, immunological studies offer
a new era of clinical application. Immunotherapy brings a new hope to depressed patients with chronic
infection, autoimmune disease, or cancers. More importantly, cytotoxic immune cell-based immunotherapy
has markedly improved survival in patients with advanced cancers. The high mortality of patients with
advanced HCC owing to resistance to chemotherapy highlights the importance and value of immunotherapy
in HCC treatment, although the clinical efficiency has not been as promising as expected. The development
of novel ICIs, cytokines, tumor-specific antigens, gene-modified/CAR NK cells, and TCR/CAR CDs" T cells
is expected to improve the curative effect. Furthermore, the flexible combination of immunotherapy and
other therapies might offer the much required breakthrough in clinical efficacy of HCC treatment.
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