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Abstract

About 250 to 350 million people worldwide are chro-
nically infected with hepatitis B virus (HBV), and about
700000 patients per year die of HBV-related cirrhosis

JBaishideng® W]H I WWWW] gnet.com

or hepatocellular carcinoma (HCC). Several anti-viral
agents, such as interferon and nucleos(t)ide analogues
(NAs), have been used to treat this disease. NAs
especially have been shown to strongly suppress HBV
replication, slowing the progression to cirrhosis and
the development of HCC. However, reactivation of HBV
replication often occurs after cessation of treatment,
because NAs alone cannot completely remove covalently-
closed circular DNA (cccDNA), the template of HBV
replication, from the nuclei of hepatocytes. Anti-HBV
immune responses, in conjunction with interferon-y and
tumor necrosis factor-a, were found to eliminate cccDNA,
but complete eradication of cccDNA by immune response
alone is difficult, as shown in patients who recover from
acute HBV infection but often show long-term persistence
of small amounts of HBV-DNA in the blood. Several
new drugs interfering with the life cycle of HBV in he-
patocytes have been developed, with drugs targeting
cccDNA theoretically the most effective for radical
cure of chronic HBV infection. However, the safety of
these drugs should be extensively examined before
application to patients, and combinations of several
approaches may be necessary for radical cure of chronic
HBV infection.

Key words: Covalently-closed circular DNA; Genome
editing technology; Immune response; Immunotherapy;
Program death-1; Interferon-y; Tumor necrosis factor-a

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Among the agents used to treat chronic
hepatitis B virus (HBV) infection are nucleos(t)ide an-
alogues, which have been shown to strongly suppress
HBV replication. HBV replication, however, may be
reactivated after cessation of treatment, because com-
plete removal of covalently-closed circular DNA (cccDNA)
from hepatocyte nuclei is extremely difficult. Immune
responses have been shown to destroy cccDNA, but
immune response alone is insufficient for complete
eradication of template DNA. Several drugs were

July 28,2016 | Volume 8 | Issue 21 |
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recently developed to block the HBV life cycle in hepa-
tocytes, with drugs targeting cccDNA being, at least
theoretically, the most effective for radical cure of
chronic HBV infection. The safety of these agents should
be extensively examined before their use in patients.
Combinations of two or more classes of agent may be
necessary for radical cure of chronic HBV infection.

Tajiri K, Shimizu Y. New horizon for radical cure of chronic
hepatitis B virus infection. World J Hepatol 2016; 8(21): 863-873
Available from: URL: http://www.wjgnet.com/1948-5182/full/
v8/i21/863.htm DOI: http://dx.doi.org/10.4254/wjh.v8.i121.863

INTRODUCTION

About 250 to 350 million people worldwide are chro-
nically infected with hepatitis B virus (HBV)™?, with about
700000 patients per year dying from HBV-related cirrhosis
or hepatocellular carcinoma (HCC)®!. Several anti-viral
agents, including interferons and nucleos(t)ide analogues
(NAs), have been shown effective, with NA-based treat-
ment strongly suppressing the replication of HBV-DNA
and normalizing serum alanine aminotransferase activity,
resulting in little or no progression of liver disease'®!. NAs
target the viral reverse transcriptase, effectively reducing
serum HBV-DNA concentrations. However, intrahepatic
HBV-DNA, such as converted covalently closed circular
DNA (cccDNA), is not a direct target of NAs. cccDNA is a
template for all viral RNAs and HBV-DNA replication can
be induced to start from residual cccDNA after cessation
of treatment with NAs"”). Small amounts of HBV-DNA can
be found in serum long after patients recover from acute
HBV infection, suggesting that cccDNA may persist for
decades'®. Thus, cccDNA is difficult to eradicate once
infection is established, and should be the main target
for the complete eradication of HBV infection. However,
measuring intrahepatic cccDNA concentrations is difficult
in a clinical setting™. The cccDNA levels in HBV-infected
human hepatocytes are low, ranging from 1 to 50 copies
per hepatocyte™™, Real-time polymerase chain reaction
(PCR) amplification with specific primers for cccDNA or
Southern blotting can be used for the detection. How-
ever, PCR amplification may be hampered by other
co-extracted viral DNA and Southern blotting needs
much time and effort. Moreover, the form of cccDNA
may be changed during the DNA extraction procedure.
Therefore, further investigation should be required to
establish the precise evaluation of intrahepatic cccDNA.
As an alternative, the reduction in HBV surface antigen
(HBsAg) concentration has been reported to partly reflect
the decrease in intrahepatic cccDNA, with the goal of
treatment for chronic HBV infection being the complete
disappearance of HBsAg"". Fewer than 10% of patients
receiving interferon-based therapy™®, and few patients
treated with NAs!>*], achieve complete loss of HBsAg.
Various trials have tested agents targeting the life cycle of
HBV in hepatocytes, including the elimination of cccDNA.

Raishidenge ~ WJH | www.wjgnet.com

This review summarizes and discusses the radical cure
(Table 1) of chronic HBV infection, mainly focusing on the
elimination of cccDNA.

HBV REPLICATION CYCLE AND THE
PRODUCTION OF HBV-RELATED

PROTEINS

HBY replication cycle

HBV is a DNA virus that belongs to the family Hepa-
dnaviridae, with a 3.2 kb-long partially double-stranded
relaxed circular DNA (rcDNA) genome!™. The life cycle
of HBV is shown in Figure 1. HBV virions are thought
to enter hepatocytes through a high-affinity interaction
between the myristoylated preS1 region of HBV and
the surface structures of hepatocytes, including sodium
taurocholate cotransporting polypeptide (NTCP)™>72,
After entry into hepatocytes, uncoated rcDNA is released
into the cytoplasm and then enters the nucleus, where
it is converted to cccDNA. The cccDNA remains for a
long time in the nucleus, where it serves as a template
for the transcription of viral mRNA™M®, Al viral RNAs,
pregenomic RNAs (pgRNA) and RNAs encoding the
surface proteins, precore and HBx of HBV, are transcribed
from cccDNA, with efficient transcription regulated by
liver-specific transcription factors™™® and the HBx protein
itself’®®), Epigenetic control of cccDNA transcriptional
activity, such as acetylation, methylation or phosphory-
lation, appears to occur™!, Cytoplasmic pgRNA and poly-
merase protein are subsequently packaged into enve-
lope proteins, with rcDNA produced from the reverse
transcription of pgRNA. Nucleocapsids packaging rcDNA
are encapsulated by HBsAg as the envelope protein
and released from hepatocytes as virions. The precise
understanding of these processes is important for the
development of new strategies for the radical cure of
chronic HBV infection.

HBV-related proteins and their roles in
hepatocarcinogenesis

The HBV-related proteins translated from cccDNA
consist not only of the envelope, core and polymerase
proteins of HBV, but may play a role in hepatocarcino-
genesis itself.

Studies analyzing the role of HBx proteins in hepato-
cellular transformation and HCC progression have found
that low levels of HBx protein are present in non-tumor
tissues of HBV-infected liver, whereas high levels of
HBx protein are present in HCCs arising in HBV infected
individuals, suggesting that this protein has an oncogenic
function®?, Moreover, HBx transgenic mice often de-
velop liver cancer®?’!, and HBx protein has been found
to accumulate in hepatocytes, affecting the expression of
genes associated with signal transduction, cell cycle control,
transcription, and immune response®**, Expression of
genes on the X-chromosome is regulated epigenetically,
including by DNA and histone methyltransferases®®’?,
and by microRNAs™>%,

July 28,2016 | Volume 8 | Issue 21 |
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Serum HBV-DNA  Serum HBsAg

Intraheptic cccDNA  HBV-DNA-intergrated hepatocytes

Low

Q)

Functional cure (clinical cure)
Radical cure (virological cure)

(O)-(+)
()

*)
Q)

()-(+)
0

HBV: Hepatitis B virus; cccDNA: Covalently-closed circular DNA; HBsAg: Hepatitis B virus surface antigen.

U A
’ HBV virion HBsAg release inhibitors
/ \ Reverse transcription inhibitor
1
Entry Immature RNA
inhibitors nucleocapsid
Unooating -~ oo S
\ [, Nucleocapsid
% rcDNA assembly inhibitors
cccDNA formation : @ / Promoter
inhibitors —_—\ § 7| Core
' 2 COC «fwv Anti-HBV.
Precore HBx mRNA —7 CccDNA  ——F——> < SiRNAS
L, M,S  <—Precore mRNA | ; PIRNA
protein PreS/S mRNA . Nucleous '\

cccDNA transcription inhibitors

Hepatocyte

cccDNA destabilization/degradation

Figure 1 Simplified schema of the hepatitis B virus life cycle and possible targets of therapy. HBV: Hepatitis B virus; cccDNA: Covalently-closed circular DNA;
HBsAg: Hepatitis B virus surface antigen; rcDNA: Relaxed circular DNA; siRNAs: Small interfering RNAs; pgRNA: Pregenomic RNAs.

HBx is not only involved in carcinogenesis but in the
progression of HCC. HBx has been shown to increase
beta-catenin signaling through epigenetic control or micro-
RNAP32 and to be an independent predictor of survival
after HCC resection™?.

HBsAg is also involved in hepatocarcinogenesis. The
ground glass appearance of hepatocytes was shown to
be a typical histological finding in HBV-infected livers,
with this ground glass appearance resulting from the
accumulation of HBsAg with preS mutations®">®, PreS-
mutated HBsAg, especially large HBsAg, was found to
accumulate in cytoplasm, leading to the induction of ER
stress and oxidative DNA damage™™". Furthermore
preS mutations upregulated intracellular signaling via
hepatocyte proliferation®®>*®, High serum HBsAg levels
showed a definite correlation with HCC development in
patients with controlled HBV-DNA**", Like HBV-related
proteins, spliced HBV proteins were found to activate
intracellular signaling via hepatocyte proliferation®***.,
These findings suggest that not only HBV replication,
but the production of HBV-related proteins, should be
suppressed to efficiently prevent hepatocarcinogenesis.

IMMUNE RESPONSE AGAINST HBV
INFECTION

Immune responses against HBV are involved in both
the pathogenesis and control of HBV infection***"), There-
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fore, understanding the immune response against HBV
may result in better control of HBV infection.

Acute infection

Analysis of immune responses that occur during acute
HBV infection may provide valuable information on
strategies by which immune responses control HBV
infection.

A mouse model of acute viral hepatitis B was esta-
blished by injecting HBsAg-specific T-cell clones into
HBV transgenic mice'. Although HBsAg-specific T-cells
were found to kill small humbers of HBV-replicating
hepatocytes, these T cell clones destroyed intracellular
HBV-RNA and HBV-DNA in most infected hepatocytes
without killing these cells. This effect was found to be
due to interferon (IFN)-y and tumor necrosis factor
(TNF)-o****!, Because HBV transgenic mice do not have
cccDNARY, the effects of these cytokines on cccDNA were
unclear. In cccDNA-expressing cultured cells, however,
IFN-y and TNF-a inhibited HBV replication and reduced
cccDNA in an additive manner®®!, Moreover, the decay
of cccDNA was found to require activation of APOBEC3
deaminases™!, which are expressed in liver tissues of
individuals with acute, but not chronic, HBV infection.
These observations indicate that HBV-specific T-cell
activation followed by treatment with anti-viral cytokines,
such as IFN-y and TNF-a, could eradicate HBV without
cytolysis.

In a chimpanzee model, cccDNA was found to dis-
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appear during the course of acute hepatitis B, and HBV-
DNA was found to be susceptible to noncytolytic control
by cytokines". Moreover, HBV-DNA titers in these livers
were reduced before T-cell influx, suggesting that non-T-
cells, possibly natural killer cells, may have an important
role in the noncytolytic destruction of HBV-DNA in liver
during early phases of acute HBV infection®™".

Broad and vigorous CD4" and CD8" T-cell responses
have been reported in patients with acute hepatitis B\,
Moreover, HBV-specific T-cell responses were observed
during the incubation period of acute hepatitis, with HBV-
DNA reduced before alanine aminotransferase concentration
peaked, indicating that noncytolytic eradication of HBV
also occurs in acute hepatitis B in humans®®, However,
recovery from acute hepatitis B does not imply complete
eradication of HBV, as small amounts of HBV-DNA can
be detected in the blood for a long time after resolution
of acute hepatitis B®!. T-cell responses are therefore not
sufficient to completely eradicate cccDNA from infected
livers, even in acute hepatitis B.

Chronic infection

Immune responses in patients chronically infected with
HBV were found to consist of four phases: The immuno-
tolerant, immune-active, inactive carrier, and reactivation
phases™. Although the exact mechanism by which HBV
induces immune tolerance is unclear, it may arise from
central deletion or peripheral non-recognition of HBV-
specific T-cells™®. Immune tolerance may be broken after
several decades by as yet undetermined mechanisms,
but these may involve the maturation of dendritic cell (DC)
function®. Breaking immune tolerance to HBV can lead
to the immune-active phase, resulting in some degree
of hepatitis. During this phase, suppression of HBV
replication is observed in 85% to 90% of patients, leading
to an inactive carrier state. Most patients in an inactive
carrier state do not need antiviral treatments, but cccDNA
may be present in their livers. The cccDNA persisting in
inactive carriers may be a template for reactivation of
HBV replication. The 10% to 15% of patients who remain
in the immune-active phase continue to experience liver
inflammation with active replication of HBV, and may
be at high risk for progression to liver cirrhosis and the
development of HCC. The number of HBV-specific CD8*
T-cells was found to be the same in livers with low HBV
replication and little hepatitis and in livers with high
HBV replication and severe hepatitis®®”. These findings
suggest that HBV replication is suppressed by immune
surveillance of HBV-specific T-cells in the liver and that
these T-cells are important in controlling HBV replication
in a noncytolytic manner in inactive carriers. In contrast,
HBV-specific immune responses are thought to be
dysregulated in livers with active hepatitis, and several
possible mechanisms have been proposed.

Impairment of innate immune response

Innate immune system such as pattemn recognition rece-
ptors, macrophages, DCs, natural killer cells or natural
killer T cells are involved in the pathogenesis of HBV
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infection especially at an early stage of infection®®"**. HBV
has been shown to alter the function of macrophages
by modulating the secretion of cytokines®** or type-1
IFN gene expression™®. Hepatitis B e antigen was shown
to directly suppress toll-like receptor (TLR) signaling via
interaction with Toll/IL-1 receptor-containing proteins such
as TRAM and Mal®®, HBV has been shown to downregulate
TLR-2 expression in patients with chronic HBV infection™®’.
Thus, innate immunity alteration plays a role, at least in
part, in the pathogenesis of chronic HBV infection and
TLR-7 agonists have been applied as immune-modulatory
components™®*®, On the other hand, the effect of IFN-o.
on intrahepatic cccDNA has been recently explored™,
and IFN-a in addition to lymphotoxin-p receptor (LTBR)
activation has been shown to induce cccDNA degradation
through upregulation of nuclear APOBEC3 deaminases”.
APOBEC3 can deaminate double-stranded DNA cytidines
to uridines”" and induce cccDNA degradation. IFN-y and
TNF-o produced form T-cells can induce deamination
of cccDNA without cytolysis, supporting the essential
role of APOBEC3 in reduction of cccDNA®®. Collectively,
type-1 IFN-mediated effects, especially APOBEC3
upregulation, will be a key subject for development of
new therapeutics.

Dysfunction of dendritic cells

DCs are the most potent antigen-presenting cells, sti-
mulating both T- and B-cells. In patients with chronic
hepatitis, the cytokine-induced maturation of circulating
myeloid DCs is impaired, possibly by exposure to high
amounts of HBV or HBsAg">”?.. Dysfunctional DCs may
act as tolerogenic antigen-presenting cells, resulting in
a failure to induce HBV-specific immune responses.

Alteration of the hierarchy of epitope-specific CD8'
T-cell responses

In acute hepatitis B, the CD8" T-cell response to the im-
munogenic epitope HBc18-27 (HLA-A2 restricted epitope)
is dominant. In contrast, HBc18-27-specific CD8" T-cell
responses are low and CD8"* T-cell responses against
less immunogenic envelope (183-191) are dominant
in chronic hepatitis B”*. Although the mechanisms un-
derlying changes in the major epitope to CD8" T-cell
response are not yet known, they may account, at least
in part, for the different CD8" T-cell responses observed
in patients with acute and chronic hepatitis.

Regulatory T-cells
Regulatory T-cells (Tregs) expressing the forkhead family
transcription factor, Foxp3, are specialized cells that have
a major role in the maintenance of immunological self-
tolerance by suppressing self-reactive cells”*, Tregs
express CD25 [interleukin (IL)-2 receptor a-chain] and/
or cytotoxic T-lymphocyte antigen-4 (CTLA-4), which are
excellent inhibitors of IL-2 production or downregulation
of CD80 and CD86 on DCs by a CTLA-4-dependent
mechanism™®,

The numbers of CD4*CD25*FoxP3* Tregs were
higher in the livers of patients with chronic hepatitis B,

July 28,2016 | Volume 8 | Issue 21 |



suggesting that these cells suppress intrahepatic HBV-
specific T-cell responses, leading to insufficient immune
control of HBV replication in the liver”””.

Inhibitory receptors

Program death (PD)-1 is a surface receptor critical for
the regulation of T-cell function”®”®. Binding of the ligand
PD-L1 to PD-1 on T-cells results in the antigen-specific
inhibition of T-cell proliferation, with a molecule related
to T-cell exhaustion found in the livers of patients with
chronic hepatitis B. T-cell exhaustion is characterized by
poor cytotoxic activity and cytokine production, as well
as by the expression of inhibitory receptors, including
not only PD-1 but lymphocyte activation gene-3, CTLA-4,
T-cell immunoglobulin domain and mucin domain-3, and
CD244"%, These inhibitory receptors are thought to be
induced by persistent exposure of intrahepatic T-cells
to HBV or HBV-related proteins®®. Exhaustion of T-cells
could also account for impaired T-cell responses in the
livers of patients with chronic hepatitis B, and blockade of
these receptors could be therapeutic.

Patients with high serum HBV-DNA concentration
have been reported likely to progress to cirrhosis and
eventually HCC®", Transition of immune-active patients
to an inactive state with low HBV-DNA replication by the
direct stimulation of HBV-specific T-cells or removal of
immunosuppressive factors, may be sufficient to inhibit
progression to cirrhosis or HCC. Inactive HBV carriers
may not require specific treatment, because spontaneous
HBsAg develops at a rate of 1% to 1.9%/year in these
patients, making the development of HCC rare'®”.
Therefore, an inactive HBV carrier may be regarded as
in a state of functional cure (Table 1). However, HBV
replication may be reactivated, either spontaneously
or during treatment with an immunosuppressive or
anticancer agent, resulting in a higher risk of hepato-
carcinogenesis than in the general population®®. The
rate of HCC development was recently reported to be
greater in patients with high than with low serum HBsAg
concentrations, even in inactive HBV carriers with low
serum HBV-DNA concentrations?®**"!,

Collectively, these results suggest that induction of
immune control against HBV infection may result in func-
tional cure of HBV infection. Functional cure, however,
may be an unstable condition, allowing progression to
cirrhosis or HCC under various conditions. Although radical
cure (Table 1) is desirable, it is problematic because of the
difficulty in eliminating HBV cccDNA from the liver.

THERAPEUTIC STRATEGIES FOR HBV
INFECTION

Immunotherapy

Radical cure of HBV infection could be achieved by both
the elimination of cccDNA in the liver and the destruc-
tion of HBV-DNA-integrated hepatocytes. The primary
goals of immunoctherapy in HBV-infected individuals include
the induction or stimulation of HBV-specific immune re-
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sponses, leading to the killing of infected cells or the
degradation of HBV-RNA and HBV-DNA in a noncytolytic
manner, inhibiting progression to liver cirrhosis and hepa-
tocarcinogenesis. Although immune responses involv-
ing cytokines such as IFN-y and TNF-a can eliminate
cccDNAP*** | cccDNA is not completely eliminated even
after resolution of acute hepatitis B, suggesting that
immune responses alone may be insufficient to achieve
radical cure of HBV infection.

Induction or stimulation of HBV-specific imnmune
responses

Efforts to stimulate HBV-specific T-cells have included
immunizations with HBV-peptides, viral proteins, DCs,
and DNA, as well as treatment with cytokines™. Because
HBV-specific T-cells in patients with chronic hepatitis
B are exhausted by long-term exposure to high levels
of HBV-related antigens, activation of those cells by
immunization would be ineffective without functional re-
storation of the cells by blocking the inhibitory signals
responsible for T-cell exhaustion. Blockade of PD-1,
CTLA-4 or Tim-3 has been shown to restore exhausted
HBV-specific T-cells®”, suggesting that the combination
of immunization and blockade of inhibitory signals would
be effective in activating HBV-specific T-cells.

Other immunotherapeutic approaches to HBV infec-
tion include administration of cytokines, such as IFN-y,
IL-6, IL-1B, LTBR-agonists and/or TLR-7 agonist, as well
as IFN-y and TNF-a which were shown to cause silencing
or degradation of cccDNA®®”. This strategy may be more
effective in the complete eradication of HBV infection
than strategies involving the activation of HBV-specific
cells, suggesting that only cytokine administration results
in the elimination of cccDNA.

Elimination of HBV-infected hepatocytes by a novel
approach

A novel approach to eliminate HBV-core containing hepa-
tocytes®! was based on findings showing that elimination
of HBV is impaired by cellular inhibitor of apoptosis
proteins (cIAPs), which inhibit the TNF-a-mediated death
of HBV-infected cells®™. This led to testing the effects of
inhibitors of cIAPs, including birinapant and other Smac
mimetics, on HBV-infected hepatocytes. These inhibitors
of cIAPs resulted in the rapid reduction in serum HBV-
DNA and HBsAg concentrations, possibly by eliminating
HBV-core containing hepatocytes. However, the effects of
those drugs on cccDNA are unclear.

Immunotherapeutic strategies for HBV-DNA-integrated
hepatocytes

Three main mechanisms are responsible for hepa-
tocarcinogenesis: (1) the oncogenic potential of the
HBV-related proteins, HBsAg and HBx; (2) HBV-DNA
integration into the host genome, dysregulating the cell
cycle by the introduction of deletions, cis/trans-activations,
and/or translocations, and/or inducing generalized geno-
mic instability; and (3) persistent inflammation in the
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liver causing rapid turnover of hepatocyte regeneration,
enhancing the instability and/or mutagenesis of host
genomes.

Therefore, if future advances in therapeutic mo-
dalities result in the complete elimination of cccDNA,
hepatocarcinogenesis resulting from HBV-DNA integra-
tion into the host genome should be addressed. HBV-
DNA integration into the hepatocyte genome has been
observed in 86.4% of HBV-related HCCs and in 30.7%
of adjacent liver tissue'™’. Integration of HBV-DNA
into areas of the host genome encoding genes that
regulate cellular proliferation, such as telomerase or
proliferation signal transduction genes, may lead to cis-/
trans-activation, inducing malignant transformation®®.
Furthermore, integration of HBV-DNA may induce genetic
instability by altering the expression of oncogenes, tumor
suppressor genes and microRNAs®"*, In addition, a
viral-human chimeric transcript was reported to function as
a noncoding RNA and promote hepatocarcinogenesis'™.
Integration of HBV-DNA into the host hepatocyte genome
of transiently infected individuals has been reported to be
a rare event, occurring in 0.01%-0.1% of hepatocytes®".
Further investigations are needed to determine the
mechanism by which HBV-DNA integration into the host
genome induces carcinogenesis. The immune cytolysis
of cells expressing HBV-related peptides may be the only
strategy that effectively eliminates HBV-DNA-integrated
hepatocytes. However, if non-immunogenic regions of
HBV-DNA are integrated, elimination of those cells by
immune attack would be impossible.

Taken together, these findings indicate that immu-
notherapy against HBV can control viral replication and
reduce cccDNA, but may not be sufficient to completely
eradicate HBV-infected or -integrated hepatocytes.

Inhibition of HBV replication

Currently available NAs can efficiently reduce viremia
but cannot eliminate intracellular cccDNA. However,
complete suppression of HBV polymerase can result in
the complete elimination of cccDNA through the death
of cccDNA-containing hepatocytes after one natural
lifespan of these cells®®. Among the agents being tested
are prodrugs of HBV polymerase inhibitors®, These
include prodrugs of tenofovir, such as AGX1009 (Agenix)
and TAF (GS-7340, Gilead Sciences), which have been
evaluated in phase 3 trials®*®*, and CMX157, a lipid
conjugate of tenofovir, which has been evaluated in
phase 1/2 trials®*®!, RNase H inhibitors are also being
tested, based on the specificity of HBV replication, which
depends on the RNase H activity of HBV polymerase to
degrade pgRNA!"?, Evaluations of selective inhibitors of
HBV polymerase RNase H activity’®® suggest that they
might be more effective when combined with NAs®?,

Destruction of cccDNA

Eradication of cccDNA in hepatocytes is essential to achi-
eve radical cure of established HBV infection. Several
trials have targeted cccDNA. For example, gene silencing
techniques, such as small interfering RNAs (siRNAs) or
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antisense oligonucleotides (ASOs), have been evaluated
for their ability to reduce viremia and cccDNA. Although
siRNAs may have promising activity, methods to effectively
deliver them to hepatocytes have not been determined™”.
RNAI can inhibit all steps of HBV replication, and ARC-520
has been tested in a phase 2 trial in patients with chronic
hepatitis B, In contrast, a single injection of ASO,
consisting of liver-targeted peptides, into a mouse model
of chronic HBV infection was shown to reduce HBV-RNA,
proteins and HBV-DNA for a long time, suggesting that
ASO may become a promising treatment in patients
with chronic HBV®®. Furthermore, disubstituted sulfona-
mide was shown to selectively inhibit the formation of
cccDNA®?,

In addition, several genome editing technologies
have been developed to silence sequence-specific cle-
avage of cccDNA. These include zinc finger nucleases
(ZFNs)!***°! transcription activator-like effector nucleases
(TALENs)™®*'%1 and the clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR associated
system (Cas). These sequence-specific genome editing
technologies could induce double-stranded breaks at
certain DNA sites. ZFNs consist of a zinc finger domain,
which contains a sequence-specific binding site, and
a Fok / nuclease domain. ZFNs form heterodimers
and induce double-stranded breaks at targeted sites.
These breaks are subsequently repaired by homology-
directed repair or non-homologous end joining. The
specificity of ZFNs may be context-dependent, resulting
from interactions between DNA binding domains and
neighboring zinc fingers"®. TALENs have transcription
activator-like effector specific DNA binding activity, with
DNA-binding sites more specific than those of ZFNs!'®,
However, both ZFNs and TALENs require pairs of site-
specific nucleases for each target to produce customized
proteins'. In contrast, CRISPR/Cas technology is a
novel genome-editing method, which is more useful
than ZFNs or TALENs™®!. CRISPR/Cas loci encode RNA
guided endonucleases, which are induced by immune
responses against foreign genetic elements such as
bacteriophages and plasmids™®”’. The type 2 CRISPR/
Cas system from Streptococcus pyogenes is a chimeric
single-guide RNA with Cas9 protein™®. The CRISPR/
Cas9 system was shown to suppress HBV replication in
cultured cells and in mouse models™®*”, reducing both
HBSAg[109,110,112-116] and CCCDNA[110,113—115,117]. These ﬁndings
suggest that genome editing technology, such as a CRISPR/
Cas system, may be a potential therapeutic option for the
complete eradication of HBV infection in future. However,
cleavage of cccDNA and subsequent DNA repair may
introduce mutations into the host genome. These mutations
may be harmful to the host, resulting in the possible
development of malignancy®**®'*¥!, suggesting the need
for further improvements in efficacy and safety prior to
the therapeutic use of these systems.

Future perspectives on radical cure of chronic HBVY
infection
Various trials have assessed agents that can terminate
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Table 2 Tgerapectic agents against hepatitis B virus currently in clinical development

Mode of actions Target Stage of development Ref.
Entry inhibitions NTCP Myrcludex in phage 2 [14,123]
cccDNA
Formation inhibitions DSS Preclinical [99]
Transcription inhibitions ASO IONIS-HBVRx in phase 1 [98]
Destabilization/ degradation ZFN Preclinical [100,101]
TALEN Preclinical [102,103]
CRISPR/Cas9 Preclinical [109-117]
SiRNA PgRNA ARC-520 in phase 2 [95]
Nucleocapsid assembly inhibitions Capsid formation BAY4109 in phase 1 [93,95]
NV1221 in phase 1 [93,95]
Reverse transcription inhibitions Polymerase TAF in phase 3 [93,94]
Cmx157 in phase 1/2 [93,95]
HBsAg release inhibitions HBsAg secretion Preclinical [109]
HBsAg secretion Rep2139 in phase 1/2 [110]
Immune modulating TLR-7 agonist GS-9620 in phase 2 [67,68]
HBV-specific Preclinical [84]
cIAPS Preclinical [86]

cccDNA: Covalently-closed circular DNA; ZFN: Zinc finger nuclease; TALEN: Transcription activator-like

effector nuclease; CRISPR: Clustered regularly interspaced short palindromic repeat; Cas: CRISPR associated
system; pgRNA: Pregenomic RNAs; HBsAg: Hepatitis B virus surface antigen; TLR: Toll-like receptor; HBV:
Hepeatitis B virus; cIAPS: Cellular inhibitor of apoptosis proteins; DSS: Disubstituted sulfonamide; ASO:

Antisense oligonucleotides; TAF: Tenofovir Alafenamide; NTCP: Na"/taurocholate cotransporting polypeptide.

the HBV life cycle in hepatocytes, including inhibitors of
HBV-DNA polymerase, virus entry, core assembly and
HBsAg secretion (Table 2)®*%*'2%*?!] Especially Myrcludex
B, a synthetic lipopeptide that targets NTCP, has been
shown to efficiently prevent viral spread and has been
applied in dlinical trials'>"’***'*|, These agents, including
Myrcludex, are not themselves sufficient to eliminate HBV
from chronically infected hepatocytes, as shown by the
remaining cccDNA in the nuclei and HBV-DNA-integrated
hepatocytes. Immunotherapy may potentially eliminate
both cccDNA and HBV-DNA-integrated hepatocytes, but
its effects would be limited. Although drugs targeting
cccDNA in hepatocytes are theoretically ideal for complete
eradication of HBV, no single drug or strategy, whether
currently available or under development, has shown
the ability to completely eliminate HBV with established
safety and efficacy. Future trials, testing combination of
different agents or strategies, will be necessary.
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Abstract

Liver transplantation (LT) for hepatocellular carcinoma
(HCC) has been established as a standard treatment in
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selected patients for the last two and a half decades.
After initially dismal outcomes, the Milan criteria (MC)
(single HCC < 5 ¢cm or up to 3 HCCs < 3 cm) have
been adopted worldwide to select HCC patients for LT,
however cumulative experience has shown that MC
can be too strict. This has led to the development of
numerous expanded criteria worldwide. Morphometric
expansions on MC as well as various criteria which incor-
porate biomarkers as surrogates of tumor biology have
been described. HCC that presents beyond MC initially
can be downstaged with locoregional therapy (LRT).
Post-LRT monitoring aims to identify candidates with
favorable tumor behavior. Similarly, tumor marker levels
as response to LRT has been utilized as surrogate of
tumor biology. Molecular signatures of HCC have also
been correlated to outcomes; these have yet to be
incorporated into HCC-LT selection criteria formally. The
ongoing discrepancy between organ demand and supply
makes patient selection the most challenging element
of organ allocation. Further validation of extended HCC-
LT criteria models and pre-LT treatment strategies are
required.

Key words: Hepatocellular carcinoma; Milan criteria;
Liver transplantation; Expanded criteria; Locoregional
therapy; Down staging

© The Author(s) 2016. Published by Baishideng Publishing
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Core tip: Numerous expanded selection criteria for
hepatocellular carcinoma (HCC)-liver transplantation
(LT) have been proposed worldwide. Surrogates of fa-
vorable tumor biology such as Post-locoregional therapy
strategies which observe tumor behavior, and the
addition of HCC biomarkers to selection criteria have
been explored. Further investigation is encouraged to
identify patients beyond MC with the most favorable
tumor biology for LT.

Elshamy M, Aucejo F, Menon KVN, Eghtesad B. Hepatocellular
carcinoma beyond Milan criteria: Management and transplant

July 28,2016 | Volume 8 | Issue 21 |



Elshamy M et a/. HCC management and transplant selection criteria
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common
primary malignancy of the liver, with over 700000 new
cases diagnosed yearly worldwide™, HCC continues to
be a global health problem due to insufficient screening
and surveillance and poorly controlled risk factors.
HCC arises most frequently in patients with chronic liver
disease from diverse etiologies, and liver transplantation
(LT) has been established as a standard treatment in
selected patients for the last two and a half decades™.
However, an ongoing conundrum is the discrepancy between
organ demand and supply, making patient selection the
most challenging piece of the puzzle to prevent organ
misutilization™.

Poor patient selection (excessive tumor burden, un-
known tumor biology) made initial results of LT for HCC
quite dismal®. It wasnt until 1996, when Mazzaferro et
al® defined tumor criteria for patient selection (single
lesion < 5 cm, or up to 3 lesions < 3 cm each in the
absence of tumor vascular invasion or evidence of
extra-hepatic metastases) associated with comparable
outcome to patients undergoing LT without HCC. The
study revealed 4 year post-LT survival > 75% and post-
LT recurrence rate in the order of 8%. These criteria have
since been known as the Milan criteria (MC), and have
been adopted worldwide to select HCC patients for LT,

Patients who present with HCC beyond MC can be
down-staged via loco-regional therapy (LRT). LRT are
trans-catheter, needle based or radiation treatments which
target the tumor and induce selective tumor necrosis'®.
The efficacy of these treatments is gauged radiologically
by the modified Response Evaluation Criteria in Solid
Tumors™. Tumor response to LRT, post LRT observation
before LT, and HCC biomarkers have been described for
selecting the most favorable tumor biology in patients
presenting with HCC beyond MCP®!,

Although strict adherence to MC can produce out-
comes comparable to LT for non-HCC, cumulative ex-
perience over the last two decades have shown that MC
can be too strict, and that select patients beyond MC may
benefit from LT with adequate survival"®. This has led
to the development of numerous HCC expanded criteria
worldwide, applied for both cadaveric and live donor liver
transplantation.

Herein, we review various expanded HCC criteria and
outcomes, impact of tumor response to LRT in post-LT
outcome and emerging HCC molecular signatures that
may be incorporated into patient selection criteria in the
near future.

EXTENDED LT-HCC CRITERIA
In 2001, Yao et ai'*® published one of the most popular

Raishidenge ~ WJH | www.wjgnet.com

expanded LT-HCC criteria. The University of California,
San Francisco (UCSF) criteria considered a single lesion
< 6.5 cm, or 2-3 lesions < 4.5 cm each, with total
tumor diameter < 8 cm.

Tumor recurrence was 11.4% and 5 years post-LT
survival was in the order of 72.4%". The original UCSF
criteria were developed based on explant histopatho-
logical analysis, but subsequently have been validated
utilizing pre-LT imaging. In 2007, Yao et af'* published
a prospective study utilizing the UCSF criteria revealing
80% 5 years post-LT recurrence free survival (RFS).
Alongside MC, UCSF criteria have been the most widely
recognized transplant criteria for HCC, and can expand
5%-20% the indication of LT for HCC patients™. Cur-
rently, some worldwide transplant centers utilize UCSF as
the standard selection LT criteria for HCC™,

The Navarro extended criteria described by Herrero
et al"® in 2001 can expand the MC by considering LT for
a single lesion < 6 cm, or 2-3 lesions < 5 cm each. In
their analysis, 12.7% of the cohort experienced tumor
recurrence. Post-LT 5 years overall survival and RFS was
79% and 70% respectively.

Silva et al*”! published the Valencia criteria in 2008.
These would consider LT in HCC patients with 1-3 lesions
< 5 cm each, and total tumor < 10 cm. Two hundred
and fifty-seven patients undergoing LT for HCC were
analyzed, however only 10% were beyond MC based
on pre-LT imaging. Patients who fell within the Valencia
criteria demonstrated post-LT 5 year survival comparable
to patients within MC. The Valencia criteria expands LT to
a higher maximum tumor burden compared to both MC
and UCSF criteria, without detriment to patient survival,
however similar to the Navarro criteria, due to the small
number of patients in this cohort, these criteria require
further validation.

Correlation of tumor size and number according to
explant pathology and post-LT survival in 1206 patients
from the International Registry of Hepatic Tumors, led
to the recommendation of LT for a single lesion < 6 cm,
or 2-4 lesions < 5 cm each by Onaca et ai® in 2007.
Survival in patients exceeding MC but meeting these
criteria were not significantly lower than for patients
meeting MC. Five years post-LT RFS with a single lesion
5.1-6.0 cm in diameter, or with 2-4 lesions (largest 3.1-5.0
cm) were 63.9%, and 64.6% respectively, compared to
5 years post-LT RFS of 61.8% if MC were met!*®,

Other proposed extended criteria do not put a limit
to number of tumors recommended for LT. Roayaie et
al™ in 2002, demonstrated 55% 5 years post- LT RFS
for patients with lesions 5-7 cm in diameter. In 2004,
Kneteman et al*® reported the outcomes of LT utilizing
extended criteria described as a singles lesion < 7.5
cm, or multiple lesions < 5 cm each. Four year post-LT
survival was 82.9% vs 87.4% in the MC group.

One of the more recently proposed extended criteria
is the Up-to-7 criteria proposed by Mazzaferro et af*"! in
2009. A cohort of 1556 patients undergoing cadaveric
LT and LDLT for HCC from 36 transplant centers was
analyzed, 71.5% of the cohort had HCC exceeding
MC. The Up-to-7 criteria are defined as the sum of the
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size of the largest tumor in cm and the total number of
tumors in the absence of tumor microvascular invasion.
Five years post-LT survival for patients within the Up-
to-7 criteria compared to MC were 71.2% vs 73.3%"".
The major limitation of these criteria is the lack of pre-LT
information about microvascular invasion. Currently, this
can only be partially projected via assessment of alpha-
fetoprotein (AFP) level.

Extended LT-HCC criteria using living donors

Outcomes in HCC patients undergoing living donor liver
transplantation (LDLT) were shown to be equivalent
to cadaveric liver transplantation®”. Soejima et al”*”
reported that tumor diameter > 5 cm was associated
with worse prognosis; however the number of tumors
was not. In the cohort of 60 patients who underwent
LDLT for HCC, 67% were beyond MC based on pre-
LT imaging. Three years post-LT survival of 68.6% was
reported for patients beyond MC'**.,

Jonas et al** also described their extended criteria
based on a cohort of 21 patients undergoing LDLT for
HCC. Three year survival rates for patients not meeting
MC or USCF criteria were 62% and 53% respectively.
Sugawara et al* proposed an expansion of selection
criteria to include up to 5 HCC lesions, < 5 cm each. In
their cohort of 78 patients, post-LT RFS at 3 years was
94%.

Table 1 demonstrates an overview of proposed
morphometric based expanded selection criteria.

INCORPORATION OF SURROGATES
OF TUMOR BIOLOGY TO SELECTION
CRITERIA

Tumor markers
Post-LT outcomes in patients with HCC are in part a
consequence of tumor biology. As a result of the impossi-
bility to unveil this feature solely through morphometric
imaging characteristics, multiple studies have attempted
to include other indicators of tumor behavior as selec-
tion criteria. AFP and des-y-carboxyprothrombin (DCP)
both have established correlations with post treatment
prognosis’®**”), A pre-LT AFP level > 1000 ng/mL has been
demonstrated as a significant predictor of HCC recurrence
post-LT, A large scale analysis of United Network for
Organ Sharing (UNOS) data has demonstrated that
patients transplanted beyond MC with an AFP level of O
to 15 ng/mL (normal range) had improved survival®®®.

One of the most popular HCC-LT extended criteria
including biomarkers as surrogates of tumor biology
are the Hangzhou criteria (absence of macrovascular
invasion and total tumor diameter < 8 cm. If the tumor
burden is > 8 cm, histopathology via tumor biopsy
should be non-poorly differentiated HCC and AFP level
should be < 400 ng/mL™,

In the original cohort of 195 patients, fulfiling Hang-
zhou criteria led to a 5 year survival of 70.7% and DFS:
62.4%. On the other hand, patients beyond Hangzhou
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criteria had a 5 year survival of 18.9% and DFS:
4.7%", A large scale comparative study of multiple
extended criteria confirmed post LT survival associated
with LT beyond MC but meeting Hangzhou at 1-, 3-, 5-
and 10-years was 89.5%, 70.8%, 62.4% and 52.9%
respectively. Additionally, 1-, 3-, 5- and 10-year RFS
was 81.6%, 64.3%, 56.5%, and 37.2% respectively.
Compared to MC, expanded criteria expanded trans-
plantable patients by 12.4% for Valencia, 16.3% for
UCSF, 19.6% for Navarro, and 51.5% for Hangzhou. RFS
rates were comparable to MCP”,

In 2012, Lai et a*" also suggested that the com-
bination of total tumor diameter > 8 cm and an AFP
level < 400 ng/mL would result in favorable survival
outcomes. The 5 year DFS rate was 74.4%. It was also
noted that patients with increased AFP values in response
to LRT had higher recurrence rates®®. Duvoux et af*”
have suggested a predictive scoring model that combines
the AFP level at listing with MC. In their model, an AFP
level < 100 ng/mL in the setting of patients beyond MC
(1-3 lesions with a maximum tumor diameter of 6 cm)
demonstrated 5- year survival near 70%">%.

Similar criteria have been applied to LDLT as well. In
a multicenter study from Japan, Todo et al”* suggested
that the combination of an AFP cut of level = 200 ng/mL
and protein induced by vitamin K absence or antagonism
factor I (PIVKA II) = 100 mAU/mL are significant
predictors for poor post LT survival. These combined were
described as the A-P level. Five year DFS for beyond MC
HCC patients and within the A-P cutoff level was similar
to those within MC at 78.7% and 90.4% respectively.

Kwon et al®¥ demonstrated their outcomes incor-
porating an AFP level < 400 ng/mL as a selection
criteria along with any number of lesions < 5 cm each.
In a cohort of 139 patients, 5 year survival was noted
at 79.9%, without a significant difference between
patients within or beyond MCP*, More recently in 2015,
Toso et al™ in a prospective study suggested extended
LT criteria described as a combination of a total tumor
volume < 115 cm’® and an AFP level < 400 ng/mL. Four
year post LT survival was similar between the extended
criteria group and the MC group at 78.7% and 74.6%
respectively™.

A lower AFP cut off rate of < 100 ng/mL as a critera
for HCC-LT was recommended by Grat et al*®. A re-
trospective analysis of a 121 patients demonstrated
significant prediction of recurrence in patients trans-
planted within UCSF and Up-to-7 criteria who surpassed
this limit. Five year RFS for patients meeting UCSF and
within the AFP cut off was superior to those meeting
USCF but beyond the cut off limit at 100% vs 69% re-
spectively. Similarly, when applied to the Up-to-7 criteria,
5 year RFS for those meeting both the criteria and cut off
limit was noted at 100% vs 71.9% for beyond the cut off
limit™,

DCP, often utilized as a tumor marker for HCC in
Japan, has been incorporated into the Kyoto criteria
published by Fujiki et a*”! in 2009: A DCP level of <
400 mAU/mL in addition to morphometric criteria of up
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Table 1 Expanded morphometric criteria for hepatocellular carcinoma-liver transplantation

Ref. Year Description Donor type n Survival
Yao et al™ 2001 1 lesion < 6.5 cm, or 2-3 lesions < 4.5 cm each. Total tumor  Cadaveric 70 5yr OS: 72.4%
diameter < 8 cm
Herrero et al™ 2001 1lesion < 6 cm, or 2-3 lesions < 5 cm each Cadaveric 47 5 yr OS: 79%
Roayaie et al™ 2002 Any number of lesions, 5-7 cm each Cadaveric 43 5 yr RFS: 55%
Keneteman et al®™ 2004 1 lesion < 7.5 cm, or multiple lesions < 5 cm each Cadaveric 40 4 yr OS: 82.9%
4 yr RFS: 76.8%
Onaca et al™ 2007 1 lesion < 6 cm, or 2-4 lesions < 5 cm each Cadaveric 1206 5 yr RFS: 1lesion < 6 cm: 63.9% /or
2-4 lesions 3.1 cm-5 cm each: 64.6%
Soejima et al™ 2007 Any number lesions < 5 cm each Living 67 3 yr OS: 68.6%
Jonas et al®! 2007 Single lesion and diameter, or any number of lesions < 6 cm Living 21 3 yr OS: 53%
each. Total tumor diameter < 15 cm
Sugawara et ™! 2007 Up to 5 lesions < 5 cm each Living 78 3 yr RFS: 94%
Silva et al'"” 2008 1-3 lesions < 5 cm each. Total tumor diameter < 10 cm Cadaveric 257 5yr OS: 67%
Mazzaferro et al® 2009  The sum of the size and number of tumors not exceeding 7 in Both 1556 5yr OS: 71.2%

the absence of microvascular invasion

RFS: Recurrence free survival; OS: Overall survival.

to 10 nodules < 5 cm each. Five year recurrence was
similar for patients within MC, and patients beyond MC
but meeting Kyoto criteria at 7% and 4% respectively.
Five year survival for patients meeting Kyoto criteria was
89%", Takada et al*® also propose similar selection
criteria. In their cohort of 136 patients, those who met
the proposed selection criteria demonstrated a 5 year
survival rate of 87%.

Lee et af*® proposes the incorporation of 18F-Fluoro-
deoxyglucose positron emission tomography (PET) to
HCC-LT selection criteria. Retrospective analysis of 2806
patients demonstrated that patients with PET negative
scans preoperatively in combination with a total tumor
diameter < 10 cm demonstrated 5 year overall survival
and DFS rates of 73.4% and 80.4% respectively, which
was not significantly different from those within MCP,

Table 2 demonstrates an overview of proposed
expanded selection criteria which incorporate biomark-
ers to morphometric tumor measurements.

Downstaging and response to LRT

LRT in HCC-LT candidates is considered an element of
two approaches: For patients listed/to be listed within
MC, LRT is applied neo-adjuvently as bridging therapy to
halt tumor progression™®”. Patients who present initially
beyond MC are downstaged to reduce tumor size to
meet MC*!l, Both strategies provide the opportunity to
evaluate radiological and laboratory surrogates of tumor
response, which could unveil more aggressive tumors with
less favorable biology in order to be excluded from LT.

Since tumor behavior over time is a surrogate of
tumor biology, LRT followed by a required waiting time
before LT can help to unveil tumor biology and has been
coined as the “ablate and wait” strategy"..

A systematic review and pooled analysis of 13 studies
revealed the success rate of downstaging raging between
11%-77%. There was no significant difference in uti-
lizing Transarterial Chemoembolization or Transarterial
Radioemobilzation. Post LT recurrence rates were noted
to be as high as 16%, however survival outcomes could
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not be calculated due to heterogeneity of the data which
prevented adequate analysis. Further investigation is
required to determine the effect of heterogeneous down-
staging protocols in term of LRT modality, frequency, and
waiting period pre- LT™*?,

The correlation between the AFP expression in
response to LRT and post LT survival has also been
investigated. A multicentric study which included 422
patients who underwent LRT before LT for HCC (306
within MC, 116 beyond MC) demonstrated an increased
risk for HCC recurrence and death with an AFP slope >
15 ng/mL per month™®,

Future directions: Molecular signatures

Genetic molecular signatures have been explored for
their potential as biomarkers for HCC**, Dvorchik et
al™ assessed fractional allelic imbalance rates in a panel
of 9 tumor suppressor genes. A higher rate of tumor
suppressor gene mutation correlated with worse post-
LT outcome independently of tumor vascular invasion or
tumor burden®®,

MicroRNA (miRNA) signatures detected in serum
exosomes have also been described as potential bio-
markers for HCC. In a cohort of 6 HCC patients miR-718
was described as significantly linked to HCC; and this
was further validated in a cohort of 59 LDLT HCC cases.
In the validation cohort, miR-718 expression levels were
significantly lower in patients beyond MC, and with
poorer histological differentiation. However, due to the
small incidence of recurrence in this cohort, no direct
association could be linked to miR-718™¢,

Another study analyzed paraffin embedded tissue
from 69 HCC LT patients (which included 40 post LT
recurrences) for miRNA expression. The biomarker
proposed by this study consisted of 67 miRNAs, this
biomarker had significantly identified the HCC recurrent
cases, and it also displayed significance when applied to
patients within and beyond MC*”’,

A predictive scoring system was recently published
combining MC with miRNA markers to identify the risk of
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Table 2 Expanded criteria that incorporate tumor biomarkers for hepatocellular carcinoma-liver transplantation

Ref. Year Morphometric criteria Biomarker criteria Donor type n Survival
Kwon et al®™ 2007 Any number of lesions < 5 cm each AFP < 400 ng/mL Living 139 5yr OS:79.9%
Takada et al®™ 2007 Up to 10 lesions < 5 cm each PIVKA-II < 400 mAU/mL  Living 136 5yr OS: 87%
Zheng et al® 2008 Total tumor diameter < 8 cm or total If total Cadaveric 195 5yr OS: 70.7%, 5 yr DFS: 62.4%

tumor diameter > 8 cm with histopathologic ~ tumor diameter > 8 cm:

grade [ or II AFP < 400 ng/mL

Fujiki et al™ 2009 Up to 10 lesions < 5 cm each DCP < 400 mAU/mL Living 144 5 yr OS: 89%
Lai et al™ 2012 Total tumor diameter < 8 cm AFP < 400 ng/mL Cadaveric 158 5yr DFS: 74.4%
Grat et al™ 2014 UCSF or Up-to-7 criteria AFP <100 ng/mL Cadaveric 121 5 yr OS: 100%
Toso et al™ 2015 Total tumor volume < 115 cm’ AFP < 400 ng/mL Cadaveric 166 4yr OS: 74.6%
Lee et al®™ 2015 Total tumor diameter < 10 cm PET/CT negative uptake Living 280 5yr OS: 73.4%,

5 yr DFS: 80.4%

AFP: Alpha fetal protein; UCSF: University of California, San Francisco; DFS: Disease free survival; PIVKA-II: Protein induced by vitamin K absence or

antagonism factor II; OS: Overall survival.

HCC recurrence post- LT. Two miRNA markers significant
of tumor recurrence (miR-214, miR-3187) were identified
via microarray analysis of paraffin explant samples of 40
patients. In another validation cohort of 22 patients, high
expression of miR-214 and low expression of miR-3187
were significantly associated with HCC recurrence. A
predictive score including levels of these miRNAs and MC
status was successful in identifying patients with a lower
risk for tumor recurrence and death™,

CONCLUSION

Although there remains a large discrepancy between
cadaveric organ availability and demand, numerous
selection criteria for HCC exceeding the well-established
MC have been proposed worldwide. Only a few of these
criteria have been validated by multiple independent
studies. The current direction of incorporating biomarkers
and other surrogates of tumor biology to morphometric
criteria is highly encouraged, however this is not without
challenge. The most commonly used HCC biomarker
AFP, is not a reliable indicator for HCC. AFP levels are not
elevated in up to 40% of cases “**”, furthermore AFP is
challenged by its poor sensitivity and specificity™. Pre-
LT tumor biopsy is somehow discouraged, due in part to
tumor heterogeneity when multifocal HCC is present, as
well as the risk of needle-tract seeding™”.

In light of the current organ shortage, hepatic re-
section followed by salvage LT has also been suggested
as a treatment strategy for HCC. A systematic review
by Chan et al®* demonstrated median overall survival
at 1-, 3- and 5-years post LT was 89%, 80%, and 62%
respectively. Additionally, tissue specimens obtained from
a pre-LT resection can assist in selection of tumors with a
favorable histopathological profile for LT,

Monitoring radiologic and laboratory (tumor markers)
tumor response post-LRT has been utilized to identify
tumors with favorable biology; and in line with this current
UNOS guidelines for organ allocation in the United States
require listing HCC patients for 6 mo before qualification
for HCC exception points®™*.

mMiRNAs are stable in blood and resistant to RNAases,
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which makes them promising HCC biomarkers™*®., Fur-

ther validation of extended HCC-LT criteria models that
incorporate predictors of tumor biology are needed to
optimize organ utilization in an ongoing era of organ
shortage.
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Abstract

Alpha-fetoprotein (AFP) is the main tumor biomarker
available for the management of hepatocellular carcinoma
(HCC). Although it is neither a good screening test nor
an accurate diagnostic tool for HCC, it seems to be a
possible prognostic marker. However, its contribution
in liver transplantation for HCC has not been fully
determined, although its use to predict recurrence after
liver transplantation has been underlined by interna-
tional societies. In an era of organ shortages, it could
also have a key role in the selection of patients eligible
for liver transplantation. Yet unanswered questions
remain. First, the cut-off value of serum AFP above
which liver transplantation should not be performed
is still a subject of debate. We show that a concentra-
tion of 1000 ng/mL could be an exclusion criterion,
whereas values of < 15 ng/mL indicate patients with
an excellent prognosis whatever the size and number
of tumors. Monitoring the dynamics of AFP could also
prove useful. However, evidence is lacking regarding
the values that should be used. Today, the real input
of AFP seems to be its integration into new criteria
to select patients eligible for a liver transplantation.
These recent tools have associated AFP values with
morphological criteria, thus refining pre-existing criteria,
such as Milan, University of California, San Francisco,
or “up-to-seven”. We provide a review of the different
criteria submitted within the past years. Finally, AFP can
be used to monitor recurrence after transplantation,
although there is little evidence to support this claim.
Future challenges will be to draft new international
guidelines to implement the use of AFP as a selection
tool, and to determine a clear cut-off value above
which liver transplantation should not be performed.

Key words: Hepatocellular carcinoma; Downstaging;
Alpha-fetoprotein; Liver transplantation; Selection criteria
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Core tip: Alpha-fetoprotein (AFP) is the main biomarker
available for the management of hepatocellular carcinoma
(HCC). Yet, its contribution in liver transplantation for
HCC has not been fully determined. We discuss the
interest of AFP as a prognostic factor to predict tumor
recurrence after liver transplantation, and as a selection
tool to assess the best candidates to receive a graft. We
also provide an overview of the different ways that AFP
could be included in decisional algorithms before liver
transplantation, through its static and dynamic values.

Charri¢re B, Maulat C, Suc B, Muscari F. Contribution of alpha-
fetoprotein in liver transplantation for hepatocellular carcinoma.
World J Hepatol 2016; 8(21): 881-890 Available from: URL:
http://www.wjgnet.com/1948-5182/full/v8/i21/881.htm DOI:
http://dx.doi.org/10.4254/wjh.v8.i21.881

INTRODUCTION

Hepatocellular carcinoma (HCC) is the second most
common cause of death from cancer worldwide. It is esti-
mated to have caused nearly 745000 deaths in 2012,
It represents a frequent indication for liver transplantation
(LT). Good results are now achieved by accurate selection
of patients. The Milan criteria (MC) are considered as the
reference by health systems worldwide and are currently
used by the United Network for Organ Sharing®®. The
overall survival rates after LT for HCC range from 65%
to 80% at 5 years for patients fulfilling these criteria®"".
As the incidence of HCC is currently rising, several teams
have attempted to extend the selection criteria in order
to treat more patients: i.e., University of California, San
Francisco (UCSF), “up-to-seven”, or “5/5" criteria®™,
These criteria are all based on the number and the size
of nodules, but other features can influence recurrence
rate after LT. Among these, histopathologic findings,
poor differentiation, and microvascular invasion are
negative prognostic factors!**'*, However, data on these
are difficult to obtain before transplantation. Therefore,
we need preoperative prognostic elements to help
improve the selection of patients eligible for LT. Today,
alpha-fetoprotein (AFP) is the main tumor biomarker
available to manage HCC!"®!. It has many advantages, as
it is simple to use, relatively inexpensive, and is widely
available. In this article, we discuss the contribution of
AFP in LT in HCC. First we assess its value as a screening
and diagnosing tool, then we focus on its prognostic
relevance, and finally we analyze its interest for the
selection of the best candidates to receive a graft.

AFP: WHAT IS IT?
AFP is a 67-kDa glycoprotein that is produced in early
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fetal life by the liver and by a variety of tumors including
HCC, hepatoblastoma, and non-seminomatous germ-
cell tumors of the ovary and testis (e.g., yolk sac and
embryonal carcinoma). Tumor cells synthesize fetal
proteins because of the “de-differentiation” of adult
hepatocytes'®.. During fetal life, AFP is synthesized at
first by the yolk sac, then by the liver. By the end of
the first trimester, the fetal liver produces nearly all
of the AFP. Although synthesis is reduced markedly
shortly after birth, small amounts of AFP continue to be
produced during adulthood™”). Normal concentrations of
AFP in adult serum are < 20 ng/mL. AFP can increase
temporarily in cases of liver injury or regeneration,
particularly after liver resection, during fulminant viral
hepatitis, or chronic viral hepatitis!***?!. Patients with
chronic hepatitis or cirrhosis and persistently elevated
AFP levels are at higher risk of developing HCC?****,
More than the AFP rate at a given time, it is the increased
expression of AFP that suggests the presence of HCC?*.,
Up to 20% of cases of HCC do not produce AFP**,
For others, AFP can raise from normal to = 100000
ug/L"*. AFP concentrations do not differ if HCC is developed
on a cirrhotic liver or not. Serum AFP levels increase by
20%-80% in patients with HCC and are strongly related
to tumor aggressiveness®?®, Its concentrations are
correlated with tumor size, microvascular invasion and
poorly differentiated HCC!*>*?%*, However, the utility of
AFP is restricted by the existence of non-AFP-secreting

tumors®*,

AFP: A POOR MARKER FOR SCREENING
AND DIAGNOSING HCC AMONG PATIENTS
ON A LT-WAITING LIST

Use of AFP for HCC screening
Literature has shown that serum AFP (> 15 or 20 ng/mL)
as a screening test for HCC had a sensitivity of between
39% and 64%, and a specificity of between 76% and
91%. The positive predictive value is estimated at
between 9% and 33%"™%*"%,

The association of AFP with ultrasonography only
improved the sensitivity by 6%-7% and the specificity
by 2% compared to ultrasonography alone®®*, while
also increasing the cost of HCC screening™.

These results clearly show that AFP is not a useful
screening tool for HCCP®!, The first reason is that fluc-
tuating levels of AFP in patients with cirrhosis can reflect
flare-ups of HBV or HCV infection, or exacerbation of an
underlying liver disease other than HCC development”*”.,
In addition, only a small proportion of tumors at an early
stage (10%-20%) present with abnormal AFP serum
levels".

Current guidelines from the American Association for
the Study of Liver Disease and the European Association
for the Study of the Liver (EASL) have stopped recom-
mending the use of AFP anymore to screen for HCC in
cirrhotic patients. Only ultrasonography must be performed

every 6 mo'’~®,
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AFP for the diagnosis of HCC

In a case-control study of 340 cirrhotic patients, Trevisani
et al” have shown that AFP levels of > 20 ng/mL had a
sensitivity of 60% and a specificity of 91% to diagnose
HCC. At this threshold, 40% of all cases of HCC would
be missed. An increase in this cut-off value would result
in a lower rate of HCC detection whereas a lower cut-off
value would increase the false-positive rate. These results
demonstrate that AFP should not be used to diagnose
HCC. Thus, AFP is no longer part of the diagnostic algo-
rithm for HCCY%,

AFP: A PREDICTOR OF RECURRENCE
AFTER LT

Although AFP is no longer used to diagnose HCC, several
teams have shown that it could be a very interesting tool
for prognosist*®*!,

Thus, it could prove useful when discussing LT. Shetty
et al*? in 2004, were among the first to suggest the
potential prognostic usefulness of AFP when used speci-
fically for patients who have received a liver graft. In
their study, they have shown that elevated serum levels
of AFP before LT were significantly associated with
poorer recurrence-free survival and overall survival. In
the following years, multiple studies have confirmed the
prognostic role of AFP to predict outcomes after LT. Most
of them are based on small cohorts of patients!?®***”]
and their main drawbacks are their retrospective
designs. Yet all of them display the same tendency:
Elevated AFP at the time of LT is associated with a worse
prognosis after LT. Between 2008 and 2011, three large
cohort studies that included thousands of patients, also
showed the same pattern™®*%, As a result, the EASL-
EORTC advises on the prognostic relevance of AFP in
their Clinical Practice Guidelines for the management
of HCC., Nevertheless, AFP alone is not sufficient to
predict recurrence. Its interpretation must be associated
with other demonstrated prognostic factors such as his-
topathologic findings, tumor differentiation, and micro-
vascular invasion**%,

USE OF AFP TO SELECT LT CANDIDATES

Although the prognostic value of AFP seems well esta-
blished today, one issue remains: How can we use AFP
to improve the selection of LT candidates and ensure
acceptable outcomes?

This question raises other issues: What cut-off value
must we use to define an “elevated” level of AFP? Is it
important to consider the evolution of AFP over time?
Can AFP be included in an algorithm to help assess the
best candidates for LT?

Defining a cut-off value for AFP
To this day, there is no clear consensus regarding the

level of AFP above which a patient should not be a
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candidate for LT. The international consensus report
regarding liver transplantation, published in 2012, men-
tions that “"AFP concentration adds prognostic information
in HCC patients and may be used for making decisions
regarding transplantation”™, but with a weak level of
evidence. According to these recommendations, what-
ever the level of AFP, LT can be considered as long as a
patient fits within the Milan, UCSF, “up-to-seven” or “5/5"
criterial>®*=4,

More than 20 studies have tried to define a cut-off
value for pre-LT AFP, above which the prognosis would
be too impaired to propose a LT. The main studies are
reported Table 1. Several values have been studied,
ranging from 15 ng/mL®*** to 1000 ng/mL™*****>"), Three
reviews have also focused on the static values of AFP in
an attempt to synthesize these various findings®>®®”, but
none have been designed as a meta-analysis and thus
no clear conclusion could be drawn.

However, three values appear repeatedly in the
different studies: 15 ng/mL, 400 ng/mL and 1000 ng/mL.

The value of 15 ng/mL is interesting because it could
indicate a population with a very good prognosis, even
for patients with HCC graded beyond the MC. Lai et a/*”
and Berry et al®¥ report almost identical conclusions
regarding this 15 ng/mL cut-off point: Patients outside
the MC but with AFP < 15 ng/mL and no other adverse
prognostic factors have excellent outcomes after a LT.
This suggests that, in some cases, AFP could be used to
select people with excellent outcomes and who would
have been unfairly excluded from receiving a LT because
they exceeded the MC.

The value of 1000 ng/mL appears as a value that
should exclude patients from receiving a LT, at least in
the absence of downstaging. Yao et af’®!, when defining
UCSF criteria in 2001, had already pointed out that an
AFP of > 1000 ng/mL was related to a worse outcome,
but only in univariate analyses. Later, the same team
published a study concluding that AFP > 1000 ng/mL
was an independent predictor of vascular invasion and
should be an exclusion criterion for LT, According
to their study, using this cut-off value could have led
to the exclusion of 4.7% of patients from receiving a
LT, while decreasing tumor recurrence by 20%. Other
publications observed that an AFP > 1000 ng/mL was a
predictor of recurrence after a LT***>", In 2012, Duvoux
et al*” proposed a score that integrated AFP for the
selection of patients eligible for LT. The value of 1000
ng/mL automatically led to the exclusion of these patients.
In France, Duvoux’s algorithm is currently in use and an
AFP value of 1000 ng/mL is recognized as a limit over
which a LT should not be performed. The UCSF team
now applies a similar policy®”.

What about the values in between 15 and 1000
ng/mL? Several cut-off values have been studied over
the last few years. The endpoints differ between studies:
Some teams have studied the relationships between
AFP and recurrence, whereas other have focused
on the relationships between AFP and microvascular

July 28,2016 | Volume 8 | Issue 21 |



Charriére B et a/. Alpha-fetoprotein in liver transplantation for HCC

Table 1 Main studies suggesting a cut-off value for a-fetoprotein when selecting candidates for liver transplantation

Ref. Year No. of patients Country Study design AFP cut-off value Endpoint
Yamashiki et al*” 2004 93 United States Prospective 100 ng/mL Drop-out from list
Shetty et al*? 2004 109 United States Retrospective 300 ng/mL Recurrence, death
Todo et al™ 2007 653 Japan Retrospective 200 ng/mL Recurrence
1000 ng/mL
Parfitt et al'" 2007 75 Canada Retrospective 1000 ng/mL Recurrence
Pérez-Saborido et al'*" 2007 95 Spain Retrospective 200 ng/mL Recurrence
Onaca et al"” 2007 902 United States Retrospective 200 ng/mL Recurrence
Adler et al™ 2008 226 Belgium Retrospective 100 ng/mL Recurrence
Zou et al™ 2008 303 China Retrospective 1000 ng/mL Fatal recurrence
Toannou et al™ 2008 5028 United States Retrospective 455 ng/mL Death
Xu et al*®! 2009 97 China Retrospective 400 ng/mL Recurrence
Toso et al*”! 2009 6478 Canada Retrospective 400 ng/mL Death
Lao et al™ 2009 124 United States Prospective 1000 ng/mL Recurrence
Xiao et al™ 2009 224 China Retrospective 800 ng/mL Death
McHugh et al*” 2010 101 United States Retrospective 100 ng/mL Recurrence, death
Levi et al®™ 2010 244 United States Retrospective 100 ng/mL Recurrence
Merani et al'® 2011 6817 United States Retrospective 400 ng/mL Death
Lai et al®” 2011 153 Italy Retrospective 210 ng/mL Recurrence
Mailey et al*" 2011 2253 United States Retrospective 400 ng/mL Death
Muscari et al™” 2012 122 France Retrospective 500 ng/mL Recurrence, death
Ciccarelli et al™ 2012 137 Belgium Retrospective 400 ng/mL Recurrence
Wong et al™ 2013 211 United States Retrospective 400 ng/mL Recurrence
Harimoto et al”” 2013 167 Japan Retrospective 300 ng/mL Recurrence
Abdel-Wahab et al'*” 2013 170 Egypt Retrospective 200 ng/mL Recurrence, death
Grat et al” 2014 121 Poland Retrospective 100 ng/mL Recurrence
Hameed et al™ 2014 211 United States Retrospective 1000 ng/mL Microvascular invasion
Lee et al™ 2014 69 South Korea Retrospective 200 ng/mL Recurrence
Grat et al™ 2016 146 Poland Retrospective 100 ng/mL Recurrence

AFP: Alpha-fetoprotein.

invasion, or AFP and drop-out rates from waiting lists.
The most frequent cut-off value reported in the literature
is 400 ng/mL. This has been reported by authors from
various countries in Asia®®”, Europe'®® and the United
States'**>*®), It appears to be linked to recurrence but
also to the risk of dropout while on a waiting list. However,
it seems difficult to use the cut-off value of 400 ng/mL to
directly exclude patients from a waiting list, because this
value has been mostly studied as part of algorithms that
include tumor volume, tumor size, the MC, and/or the
UCSF-criteria. Moreover, many other cut-off values have
been suggested, such as 100 ng/mL**"¢” and 200 ng/
mL"*%¥, The level of evidence to define an optimal value
is very weak and thus calls for further studies.

As to which AFP value should be considered, Merani
et al®® showed that only the last pre-transplant value of
AFP independently predicted survival, unlike the AFP at
the time of listing. Most of the studies cited above also
used the last pre-transplant value of AFP to perform

their analyses.

Evolution of AFP over time: A critical marker
Studies have tried to assess the impact of the dynamic

behavior of AFP. They are presented Table 2. The first
team to address this issue was Han et a*” in 2007.
Although focusing on only 47 patients, this Canadian
study found out that the preoperative AFP slope was
an independent prognostic factor for recurrence, with a
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cut-off at 50 ng per month. Later, Vibert et a’” studied
the outcomes of 153 patients in a monocentric French
cohort, and concluded that a progression of AFP of >
15 ng per month was associated with decreased overall
survival. Lai et a®” in 2013, in a multicentric European
study, obtained the same results. A fourth study pro-
posed the cut-off value of 0.1 ng per day”".. The main
drawback of these four studies was the small humber of
data points used to determine the slope of AFP: Only two
values were used by Vibert et a’ (lowest and highest)
and by Lai et al*? (time of listing and time of LT). Han et
al® used a median of 4 values (ranging from 2 to 11).
Other studies have focused on AFP dynamics,
but with a different goal. They have evaluated the
prognostic value of AFP evolution after loco-regional
therapy. One of the first teams to address this question
was Riaz et al’? in 2009. They showed that a drop in
AFP following loco-regional therapy was associated with
better outcomes after LT. Bhat et a/”* used a logistic
regression model to show that a decrease in AFP value
after trans-arterial chemoembolization was significantly
associated with better overall survival”. Wong et a/*”
also obtained similar results. These studies enabled AFP
to be part of the definition of a successful downstaging,
along with radiological features. In fact, Yao et af*” in
California require that patients with an initial AFP > 1000
ng/mL have AFP decreased to < 500 ng/mL after loco-
regional therapy, before undergoing LT. Similarly, in
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Table 2 Studies focusing on dynamic values of o-fetoprotein
before liver transplantation

Ref. Year No. of patients AFP slope
Han et al*” 2007 47 50 ng/mo
Vibert et al”™ 2010 153 15 ng/mo
Lai et al™ 2013 422 15 ng/mo
Dumitra et al”" 2013 92 0.1 ng/d

AFP: Alpha-fetoprotein.

France, the use of the Duvoux algorithm enables a
patient with an AFP of > 1000 ng/mL to be back on the
waiting list if AFP drops below this value®™. Yet, to this
day, the international recommendations only mention
the number and size of viable tumors as criteria for
successful downstaging™. The AFP concentrations before
and after downstaging are just considered as giving
“additional information” because evidence is not strong
enough to enforce the wider use of AFP dynamics in the
management of LT candidates. These recommendations
date back from 2012 and they may evolve based on the

recent studies mentioned above.

Designing new scores that integrate AFP: The end
of the MC?

If AFP can be used to obtain additional information to
select LT candidates, then it appears logical to integrate
it into an algorithm, along with other prognostic factors.
Since Mazzaferro’s study in 1996, attempts have been
made to improve the MC. Including AFP to create a new
selection tool could be a key.

This idea arose as early as 2007, when a Korean
team designed a score based on tumor size, humber
of tumors, and value of AFP in order to select the best
candidates for living donor LT™®. For each feature, the
patient was awarded between 1 and 4 points. In this small
study (n = 63), the different values of AFP used were
< 20 ng/mL, 200 ng/mL, and 1000 ng/mL. According
to the authors, this score allowed a slight expansion
of the MC with comparable outcomes. Five years later,
Duvoux et a*”! developed a very similar score. Their
multicentric French study was based on a much larger
cohort of patients (n = 492), and used the same three
characteristics for the selection of patients: i.e., tumor
size, number, and AFP. However, the number of points
awarded for each feature was different; as were the
cut-off values for AFP: j.e., 100 ng/mL and 1000 ng/mL. It
is interesting to note that in this latter score, an AFP >
1000 ng/mL provided enough points for patients to be
excluded directly from LT, whatever the size and number
of tumors. This means that, according to this score, AFP
overpowers the MC. In France, Duvoux et al*"'s study
precluded to a radical change in the allocation policy for
LT: This score is now used to select candidates for LT.
Patients exceeding the criteria are classed as having a
temporary contra-indication as long as a downstaging
is not successfully performed. A recent study by Varona
et al’ has confirmed the accuracy of this model for the
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prediction of recurrence and survival after a LT.

Other teams have come up with different scoring
systems that include AFP when selecting LT candidates.
The main ones are presented in Table 3. In 2008, a
Chinese team designed the Hangzhou criteria™®”!, based
on total tumor diameter, AFP, and histopathologic grade.
The main issue with this score was the necessity for
histopathologic evaluation prior to LT, which is not easy to
obtain and may be inaccurate as it is based on a biopsy.
Nevertheless, this work raised the idea of total tumor
size, rather than maximum size of tumor, or number
of tumors. Lai's team simplified the Hangzhou score
and suggested using a score that featured only AFP
and total tumor diameter (TTD), with a cut-off value at
400 ng/mL for AFP and 8 cm for TTD'". Various teams
have developed slightly different scores, still using an
AFP cut-off value of 400 ng/mL but replacing TTD with
total tumor volume™®”® or actual tumor volume®!, More
recently, a Korean team suggested that a combination
of AFP and F-FDG PET data could be a very interesting
selection tool””’: A positive PET (cut-off at 1.10) and an
AFP of > 200 ng/mL defined a group of patients with a
high risk of recurrence and who should not be selected
for LT. The main drawback of this study is the cost of
F-FDG PET, but the authors point out the usefulness of
PET to predict tumor aggressiveness, rather than sheer
size and number.

Despite a few discrepancies, these studies share
many common points: All of them agree that an AFP
value of > 1000 ng/mL should lead to exclusion of these
patients from receiving a LT; most suggest an association
between AFP and morphological characteristics (size,
number, and/or volume of tumors); and a few of these
studies suggest the probable need for another marker for
aggressiveness, such as histopathologic findings or PET.

MONITORING AFP AFTER LIVER
TRANSPLANTATION: A WISE POLICY OR
A WASTE OF TIME (AND MONEY)?

In the absence of HCC recurrence, AFP levels decrease
to < 20 ng/mL within 2 mo post-transplantation”®.
Hepatocellular carcinoma recurs in 10%-20% of trans-
plant recipients, despite careful patient selection®”75%,
There is no evidence-based recommendation to be applied
after transplantation in order to promptly detect and
treat HCC recurrence.

Because few recurrences after LT can benefit from
curative treatment, this raises questions about the use-
fulness of active surveillance after LT®"*?, Roberts™®”
suggest that screening all patients for HCC recurrence
after transplantation, using both imaging and serum
biomarkers, is probably not cost effective. However,
AFP monitoring, in itself, is not very costly and may be
appropriate at regular intervals®, Yamashiki et a/t’®
proposed to measure AFP at monthly periods for the first
two years after LT, to detect any HCC recurrence. When
a cut-off level of 20 ng/mL was used, the sensitivity and
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Table 3 Suggestions for new selection criteria for liver transplantation that integrate o-fetoprotein

Ref. Year No. of patients Study design Criteria AFP cut-off values
Yang et al™ 2007 63 Retrospective AFP 20 ng/mL, 200 ng/mL, 1000 ng/mL
Tumor size
Number of tumors
Zheng et al'®” 2008 195 Retrospective AFP 400 ng/mL
Total tumor diameter
Histopathologic grade
Lai et al'* 2012 158 Retrospective AFP 400 ng/mL
Total tumor diameter
Duvoux et al"™” 2012 435 Prospective AFP 100 ng/mL, 1000 ng/mL
Tumor size
Number of tumors
Kashkoush et al” 2014 115 Retrospective AFP 400 ng/mL
Actual tumor volume
Toso et al™ 2015 233 Prospective AFP 400 ng/mL
Total tumor volume
Hong et al” 2015 123 Retrospective AFP 200 ng/mL

F-FDG PET positivity

AFP: Alpha-fetoprotein; F-FDG PET: F-fluorodeoxyglucose positron emission tomography.

specificity of AFP to detect HCC recurrence after liver
transplantation were 67% and 100%, respectively!®.
Several other studies suggest that active surveillance
with AFP should be performed, but the optimal frequency
is not clear®®!, Since 2010, international guidelines
state that post-transplant monitoring may be performed
every 6 to 12 mo, using contrast-enhanced computed
tomography or magnetic resonance imaging imaging in
addition to AFP measurements!”.,

CONCLUSION

Today, AFP is a key element to consider in the mana-
gement of patients with HCC and who are eligible for LT.
Although it does not contribute to screening or obtaining
a diagnosis of HCC among patients on a LT waiting list,
it can help predict the aggressiveness of the tumor and
its risk of recurrence after LT.

The main usefulness of AFP regarding LT for HCC
is its ability to assess the best LT candidates. It can
be considered as an excellent selection criterion in
association with the size and number of HCC nodules.
This enables a reasonable enlargement of the MC while
also guaranteeing satisfactory outcomes. Integrating an
upper limit of 1000 ng/mL to the selection criteria would
also allow exclusion of the few patients within the MC but
who have a high risk of recurrence after LT. Furthermore,
AFP can be used to monitor the evolution of HCC while
on a waiting list, particularly in cases where there is
downstaging.

Future challenges lie in the drafting of new inter-
national guidelines to implement the use of AFP as a
selection tool, and to clarify the exact values that must
be considered when using this biomarker in LT for HCC.
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Abstract

Currently, partial hepatectomy is the treatment of choice
for a wide variety of liver and biliary conditions. Among
the possible complications of partial hepatectomy, acute
kidney injury (AKI) should be considered as an important
cause of increased morbidity and postoperative mortality.
Difficulties in the data analysis related to postoperative
AKI after liver resections are mainly due to the multiplicity
of factors to be considered in the surgical patients,
moreover, there is no consensus of the exact definition of
AKIT after liver resection in the literature, which hampers
comparison and analysis of the scarce data published
on the subject. Despite this multiplicity of risk factors for
postoperative AKI after partial hepatectomy, there are
main factors that clearly contribute to its occurrence.
First factor relates to large blood losses with renal
hypoperfusion during the operation, second factor relates
to the occurrence of post-hepatectomy liver failure with
consequent distributive circulatory changes and hepa-
torenal syndrome. Eventually, patients can have more
than one factor contributing to post-operative AKI, and
frequently these combinations of acute insults can be
aggravated by sepsis or exposure to nephrotoxic drugs.

Key words: Hepatectomy; Liver resection; Acute renal
injury; Hepatorenal syndrome; Kidney

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: In the specific scenario of liver resections,
there are limited and heterogeneous data regarding
the occurrence of acute kidney injury (AKI) in the post-
operative period, and its clinical relevance (mortality,
morbidity and hospital stay) were not conclusively
explored and clarified. Difficulties in the data analysis
related to postoperative AKI after liver resections are
mainly due the scarce data published on the subject.
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INTRODUCTION

Currently, partial hepatectomy is the treatment of choice
for a wide variety of primary liver tumors (benign or
malignant), tumors of the bile ducts and secondary ma-
lignant liver tumors. The partial liver resections may
also be necessary in the management of complex cystic
liver diseases, benign biliary structures, some cases
of hepatic trauma and more recently with living donor
liver transplantation™. With the refinement of surgical
techniques, improved selection of patients to procedure,
advances in anesthetic support and perioperative care,
this traditionally complex and feared operation has
become a routine procedure in the past 20 years, with
acceptable mortality rates ranging from 3.1% to 4.5%".

Among the possible complications of major surgical
procedures, including the partial hepatectomy, acute
kidney injury (AKI) should be considered as an important
cause of increased morbidity and postoperative mor-
tality™®!, with an incidence ranging from 10% to 30%
after major operations”®. Literature data report an
incidence of 1% of AKI in the postoperative major non-
cardiac surgery without liver resection™ about 20%
after cardiac surgery®™" and 50% after liver trans-
plantation™*"®,

In the specific scenario of liver resections, there are
limited and heterogeneous data regarding the occurrence
of AKI in the postoperative period, with an incidence
ranging from 0.9% to 15.1% of the patients!***, and its
clinical relevance (mortality, morbidity and hospital stay)
were not conclusively explored and clarified.

Difficulties in the data analysis related to post-
operative AKI after liver resections are mainly due to
the multiplicity of factors to be considered in this sur-
gical patients, such as general medical conditions and
comorbidities, nutritional disorders, metastatic malignancy
with low physiological reserve systems, immunological
disorders, chemotherapy treatment, functional capacity
and volume of liver parenchyma to be preserved, and
the perioperative hemodynamic effects of the different
modalities of partial hepatectomy. Moreover, there is
no consensus of the exact definition of AKI after liver
resection in the literature, which hampers comparison
and analysis of the scarce data published on the subject™.

Despite this multiplicity of risk factors for posto-
perative AKI after partial hepatectomy, there are main
factors that clearly contribute to its occurrence. First
factor relates to large blood losses with renal hypo-
perfusion during the operation®”, that very often can
be associated by the deleterious renal effects of red
blood cell transfusion'®®, and in some occasions this
renal hypoperfusion occurs in patients with increased
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renal susceptibility to ischemia, usually elderly patients
with underlying cardiovascular or renal disorders, or
eventually it may be drug-induced® ¥, Second factor
relates to the occurrence of post-hepatectomy liver failure
(PLF) with consequent distributive circulatory changes
and hepatorenal syndrome (HRS)™. Eventually, patients
can have more than one factor contributing to post-opera-
tive AKI, and frequently these combinations of acute
insults can be aggravated by sepsis®?* or exposure to
nephrotoxic drugs, such as aminoglycosides®.,

The aim of this review is to present the definition of
postoperative AKI after partial hepatectomy, the different
pathophysiological mechanisms for its occurrence and
methods for preventing these events.

DEFINITION OF POSTOPERATIVE AKI
AFTER PARTIAL HEPATECTOMY

AKI is characterized by the deterioration of kidney
function over a period of hours to days, resulting in the
failure of the kidney to excrete nitrogenous waste products
and to maintain fluid and electrolyte homeostasis™®. In
recent years, several criteria have been proposed for
the diagnosis of AKI in general population, particularly
the “Risk, Injury, Failure, Loss of Renal Function and
End-Stage Renal Disease” (RIFLE) criteria™®”, the “Acute
Kidney Injury Network” (AKIN) criteria’®® and more
recently, the criteria suggested by a panel of experts,
which combine the AKIN and the RIFLE criteria, thus
proposing a new classification: The “Kidney Disease Im-
proving Global Outcomes” criteria®’ (Table 1).

The first question regarding the definition of post-
operative AKI after partial hepatectomy, would be de-
termining which of these proposed AKI criteria is most
appropriate for these patients undergoing liver resection.
Whereas acute tubular necrosis (ATN), resulting from
hypoxic damage to the renal medulla, is considered as a
maijor cause of postoperative AKI®?, different from general
population, liver resections are often performed in the
presence of functional deficit of the hepatic parenchyma,
as in fibrosis, steatosis, cirrhosis, chemotherapy-induced
injury and also in biliary obstruction®. Moreover, the
recent technical improvements in liver surgery have
resulted in an expansion and more liberal indications for
major hepatectomies in patients with these underlying
liver conditions®®**'>%, however, the risk of postopera-
tive complications, such as AKI, have remained important
concernst>*"**,

In the specific case of hepatocellular carcinoma, the
tumor generally appears in a cirrhotic liver, which is a
contributor to unfavorable postoperative results in large
procedures, regarding renal dysfunction, AKI is a
common and potentially fatal event in patients with cirr-
hosis™ ¥, with a reported prevalence of 14%-50% in
patients with cirrhosis™**, this wide range in prevalence
is likely due to different study populations and varying
definitions of renal dysfunction. Studies evaluating sur-
vival predictors in cirrhosis, renal dysfunction was a
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Table 1 Current diagnostic criteria for acute kidney injury in general population

AKIN criteria™®! KDIGO criteria™”

Increase in sCr by = 0.3 mg/dL (26.5 Increase in sCr by = 0.3 mg/dL (26.5 mmol/L)
mmol/L) within 48 h; or increase in
sCr = 1.5 times baseline within 48 h; or
urine volume < 0.5 mL/kg per hour for
6h
Stage 1: sCr increase 1.5-1.9 times

RIFLE criteria™®”

Increase in SCr to = 1.5 times baseline,
within 7 d; or GFR decrease > 25%; or urine

volume < 0.5 mL/kg per hour for 6 h

Diagnostic criteria
within 48 h; or increase in SCr to = 1.5 times
baseline, which is known or presumed to have
occurred within the prior 7 d; or urine volume
< 0.5 mL/kg per hour for 6 h
Stage 1: sCr increase 1.5-1.9 times baseline; or
sCr increase = 0.3 mg/dL (26.5 mmol/L); or
urine output < 0.5 mL/kg per hour for 6-12 h

Risk: sCr increase 1.5-1.9 times baseline; or
GFR decrease 25%-50%; or urine output < 0.5 baseline; or sCr increase = 0.3 mg/dL
mL/kg per hour for 6 h (26.5 mmol/L); or urine output < 0.5
mL/kg per hour for 6 h
Injury: sCr increase 2.0-2.9 times baseline; or ~ Stage 2: sCr increase 2.0-2.9 times
GFR decrease 50%-75%; or urine output < 0.5 baseline; or urine output < 0.5 mL/kg

Staging Stage 2: sCr increase 2.0-2.9 times baseline; or

urine output < 0.5 mL/kg per hour for = 12 h

mL/kg per hour for 12 h
Failure: sCr increase = 3.0 times baseline:
or GFR decrease 50%-75%; or sCr increase
= 4.0 mg/dL (353.6 mmol/L) with an acute

24 h; or anuria for = 12 h

per hour for 12 h

Stage 3: sCr increase 3.0 times baseline;
or sCr increase = 4.0 mg/dL (353.6
mmol/L) with an acute increase of at
increase of at least 0.5 mg/dL (44 mmol/L); least 0.5 mg/dL (44 mmol/L); or urine
or urine output < 0.3 mL/kg per hour for = output < 0.3 mL/kg per hour for = 24

Stage 3: sCr increase 3.0 times baseline; or sCr
increase to = 4.0 mg/dL (353.6 mmol/L); or
initiation of renal replacement therapy; or
urine output < 0.3 mL/kg per hour for = 24 h;
or Anuria for = 12 h

h; or anuria for = 12 h

AKIN: Acute Kidney Injury Network; GFR: Glomerular filtration rate; KDIGO: Kidney Disease Improving Global Outcome; RIFLE: Risk, Injury, Failure,

Loss, End stage renal disease; sCr: Serum creatinine.

[46-48]

powerful predictor of death, as Child-Pugh score

Along with parenchymal dysfunction, the portal
hypertension levels and its hemodynamic consequences
are directly related to the degree of underlying liver
injury=Y  as it is observed in cirrhosis and others
conditions, such as severe steatosis and chemotherapy-
induced injury™?. The types of chemotherapy-induced
liver toxicity include steatosis™, sinusoidal changes™,
steatohepatitis™’, and hemorrhagic central lobular ne-
crosis’®?, Steatosis represents fatty changes in the liver,
with the presence of fat droplets within the hepatocytes™,
and it has been shown that steatosis may interfere with
circulation through sinusoids and impair regeneration,
and in addition the liver's protective mechanism against
oxidative stress appear to be impaired®™"*®, The morbidity
following liver resection associated with steatosis has
been reported by Belghiti et af”, in this study with 747
patients, the mortality rate was higher in patients having
steatosis than in those with no steatosis, 22% vs 8%,
respectively (P = 0.003). Likewise, according to Behrns
et al®¥ in 135 liver resections, morbidity was seen in
29% and 10% of the patients with steatosis and without
steatosis, respectively.

Besides the fact that a significant portion of patients
eligible for partial hepatectomy have underlying chronic
liver disease or were exposed to systemic therapies
with liver toxicity, the hemodynamic changes in patients
after major liver resections may have similarities with
those of patients with cirrhosis or acute liver failure, and
depending on the remnant liver volume and functional
quality of parenchyma (steatosis/cirrhosis) the clinical
effects may be more evident™,

In 1953, Kowalski and Abelmann®® reported the re-
sults of a study which have demonstrated that cardiac
output in cirrhotic patients was significantly higher
compared with healthy volunteers. The reason for this
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so-called hyperdynamic state is that patients with
cirrhosis develop portal hypertension with resultant
splanchnic vasodilation and pooling of blood secondary
to increased resistance to portal flow. This is due to (1)
vasodilators such as nitric oxide, carbon monoxide, and
endogenous cannabinoids™®?; and (2) vasodilation from
inflammatory cytokines such as tumor necrosis factor-
alpha and interleukin-6 induced by bacterial translocation
from the gut®. As a result, the concentration of cydlic
guanosine monophosphate cyclic is increased, resulting
in splanchnic vasodilation, decrease in central and
arterial blood volume, low capillary pressure, low central
venous pressure (LCVP), low systemic vascular resistance,
and reduction of mean arterial pressure®, This com-
pensatory increase in cardiac output via activation of
the sympathetic nervous system by carotid barorecep-
tors maintains sufficient renal perfusion, however, with
decompensation of cirrhosis and increasing severity
of portal hypertension, the compensatory increase in
cardiac output is inadequate to maintain circulatory blood
volume and adequate renal perfusion'®®. Therefore, it
would be reasonable that diagnostic and staging AKI
criteria that consider this circulatory impairment could
be better applied in patients undergoing liver resections,
particularly large resections and those with chronic liver
disease.

It is extremely important to point out that in the case
of patients with chronic liver disease, isolated dosages of
serum creatinine (sCr) levels can not reveal the actual
renal function of the patient, because: (1) there is decreas-
ed creatine formation in the secondary muscles loss of
musde mass’®; (2) is increased renal tubular secretion of
creatinine (Cr)®”; (3) increasing the circulating volume
of distribution in cirrhosis can dilute the sCr®; and (4)
interference in the measurement of Cr due to elevated
bilirubin®?. As a result, the serum levels of Cr in patients
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with cirrhosis overestimate glomerular filtration rate
(GFR). Therefore, a dynamic definition referring to the
elevation of serum Cr of = 50% of preoperative levels
to a final value = 1.5 mg/dL (133 mol/L) could be more
suitable for these patients, and clinical studies have
shown that AKI according to these criteria was a strong
predictor of hospital mortality in patients with liver
disease!"7%.

Another situation relates to the measurement of
urine output of patients with chronic liver disease and
ascites, since these patients can often present oliguria
with high sodium retention, but they can still maintain
a relatively normal GFR. On the other hand, these
patients can also have an increased diuresis because of
diuretics therapy.

Thus, the current criteria suggested by the “Inter-
national Ascites Club” for definition of AKI in cirrhotic
patients do not include unreal measurements for these
patients® (Table 2), and apparently would be the most
appropriate criteria for the diagnosis and management
of AKI after partial hepatectomy, especially in cases of
large resections and underlying chronic liver disease.

HEMODYNAMIC INSTABILITY AND
RENAL HYPOPERFUSION

Although the extent of liver resection correlates with the
magnitude of the procedure, and patients undergoing
resection of more than three segments or an additional
extrahepatic procedure have an increased risk of com-
plications!”#78], this is not a rigid rule. For example,
an isolated resection of segment I is technically more
demanding than a right hepatectomy, similarly, resection
of segments IV, V, VIl or posterior right segments
(segments VI, VII) may be technically more difficult than
the left or right hepatectomy, although the transection
area is larger. Therefore, a minor hepatectomy should
not be considered as an operation of less magnitude,
and most important, the prevention of intraoperative
hemorrhage should not be neglected. If excessive blood
loss persists and a reduction in oxygen delivery is not
corrected, the renal medulla may be susceptible to
ischemic ATN"7], and as a result, patients may suffer
from AKI. The results of two large studiest3! suggest
that a blood loss of 1250 mL is the cutoff value for
major complications after liver resections, such as
AKI. Furthermore, red blood cell transfusion, that can
be necessary in the case of haemorrhage, can be an
additional risk factor for postoperative AKI8],

Increased susceptibility to renal hypoperfusion

The kidneys are most vulnerable to moderate hy-
poperfusion when autoregulation is impaired. Factors
increasing susceptibility to renal hypoperfusion may be
seen in elderly patients or in patients with atherosclerosis,
hypertension, or chronic renal failure, in whom hyalinosis
and myointimal hyperplasia cause structural narrowing
of the arterioles”*®", Increased susceptibility to renal
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ischemia may also occur in malignant hypertension
because of intimal thickening and fibrinoid necrosis of
the small arteries and arterioles’®. In addition, in chronic
kidney disease, afferent arterioles in the functioning
glomeruli become dilated with impairment of the kidney’s
ability to autoregulate the glomerular filtration rate in
low-perfusion states'®”,

Impaired decreasing of afferent arteriolar resistance
can occur when a patient is receiving nonsteroidal anti-
inflammatory drugs or cyclooxygenase-2 inhibitors, which
reduce the synthesis of prostaglandins in the kidneys,
as consequence a decreasing in glomerular capillary pre-
ssure occurs in occasions of low-perfusion states®®®%¢!, In
other situations, calcineurin inhibitors™”, and radiocontrast
agents®™ can act through various vasoconstrictor me-
diators to increase afferent arteriolar resistance, the
later may have direct toxic effects on the tubules as
well®828 92 Decreased renal perfusion may also may
have an exaggerated drop in the GFR in low-perfusion
states as a consequence of not raising efferent arteriolar
resistance by angiotensin II in patients who are receiving
angiotensin-receptor blockers or angiotensin-converting-
enzyme inhibitors.

Red blood cell transfusion and postoperative AKI
Despite the deleterious effect of hemodynamic instability
in renal perfusion, red blood cell transfusion, that can
be necessary in the case of haemorrhage, can be an
additional risk factor for postoperative AKI®, Although
the exact causal link between red blood cell transfusion
and postoperative AKI is not fully elucidated, there are
several mechanisms that may be implicated: Deficiency
in 2,3-diphosphoglycerate with impaired oxygen unload-
ing from hemoglobin, less deformability of stored red
blood cells with obstruction of smaller capillaries’ stored
red blood cells hemolysis with an increase in circulating
free iron®*. Other mechanisms might include loss of
the ability to generate nitric oxide, release of procoagu-
lant phospholipids, increased adhesiveness to vascular
endothelium, and accumulation of proinflammatory phos-
pholipids®**>°%,

POSTHEPATECTOMY LIVER FAILURE
AND HEPATORENAL SYNDROME

Apart from blood loss, that can leads to ATN because of
severe hemodynamic instability, others risk factors for
postoperative AKI after partial hepatectomy would be
those that favor PLF, characterized by jaundice, coagulo-
pathy, encephalopathy, ascites, and renal and pulmonary
failure, all of which may become apparent only 3 to
5 d after surgery™. These risk factors for PLF are well
described, such as a small volume of remaining liver with
marked volume reduction of organ parenchymat®>®%°%
associated to parenchymal cell injury due portal hyper-
perfusion™'®", liver cirrhosis or steatosis™**'**, and liver
toxicity induced by chemotherapy!'®. In patients with
liver cirrhosis, the postoperative liver failure may occur
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Table 2 International Club of Ascites new definitions for the diagnosis and management of acute kidney injury in patients with

cirrhosis'®!

Baseline sCr

A value of sCr obtained in the previous 3 mo, when available, can be used as baseline sCr. In patients with more than one value

within the previous 3 mo, the value closest to the admission time to the hospital should be used. In patients without a previous
sCr value, the sCr on admission should be used as baseline

Increase in sCr = 0.3 mg/dL (= 26.5 mmol/L) within 48 h; or a percentage increase sCr = 50% from baseline which is known,

Stage 3: Increase of sCr > threefold from baseline or sCr = 4.0 mg/dL (353.6 mmol/L) with an acute increase = 0.3 mg/dL (26.5

Definition of AKI
or presumed, to have occurred within the prior 7 d

Staging of AKI Stage 1: Increase in sCr = 0.3 mg/dL (26.5 mmol/L) or an increase in sCr = 1.5-fold to twofold from baseline
Stage 2: Increase in sCr > two to threefold from baseline
mmol/L) or initiation of renal replacement therapy

Progression of AKI Progression: Progression of AKI to a higher stage and/or need for RRT

Regression: Regression of AKI to a lower stage

Response to treatment ~ No response: No regression of AKI

Partial response: Regression of AKI stage with a reduction of sCr to = 0.3 mg/dL (26.5 mmol/L) above the baseline value
Full response: Return of sCr to a value within 0.3 mg/dL (26.5 mmol/L) of the baseline value

AKI: Acute kidney injury; RRT: Renal replacement therapy; sCr: Serum creatinine.

due the compromised liver microcirculation, with less
resistance to ischemia-reperfusion injury™® and impaired
regeneration™™®, in addition, portal hypertension, if
present, is associated with a poor outcome because of
compromised portal flow and the risk of postoperative
upper gastrointestinal bleeding!®”.,

Liver steatosis is usually related to obesity, the
presence of metabolic disorders, or the intake of alcohol
or drugs, and this liver disorder increases the operative
risk of partial hepatectomy'>**'%®, The extent of liver
resection in these patients with steatosis in order to avoid
PLF is unclear, but the severity of fatty infiltration must
be considered: Mild steatosis (up to 30% of hepatocytes
containing fat) represents a minimal additional risk, in
moderate steatosis (30% to 60% containing fat) caution
is necessary, thus, a conservative resection should be
favored, and patients with severe steatosis (more than
60% of hepatocytes containing fat) should undergo only
limited resection!**®,

Regarding the chemotherapy-induced liver aggres-
sion, the rates of complications and death after major
liver resection are likely to be increased™'*, Oxaliplatin
can induce a veno-occlusive syndrome, occasionally
associated with nodular regenerative hyperplasia, these
vascular obstructions result in a bluish appearance of
the liver (blue liver syndrome)™* %", and irinotecan
can cause chemotherapy associated steatohepatitis™?,
and liver impairment can be amplified after partial hepa-
tectomy in both situations, triggering PLF™*1,

A major concern regarding PLF is the onset of HRS.
HRS is a reversible functional renal impairment that
occurs in patients with advanced liver cirrhosis or hepatic
failure. It is characterized by marked decrease in GFR
and renal plasma flow in the absence of other cause of
renal failure™* (Table 3). The pathophysiological alte-
rations of SHR consist of intravascular hypovolemia with
activation of the renin-angiotensin-aldosterone system
and vasoconstrictive sympathetic nervous system,
leading to renal vasoconstriction of the afferent vessels
and subsequent decrease in GFR™®™, Two subtypes of
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HRS have been identified: SHR type 1 is characterized
by a rapidly progressive renal insufficiency defined as a
doubling of the initial serum creatinine to a level greater
than 2.5 mg/dL or 220 umol/L in less than 2 wk, it is
associated with very poor prognosis, and SHR Type 2
is characterized by a moderate renal insufficiency (Cr
greater than 1.5 mg/dL or 133 umol/L), follows a steady
course or slowly progressive, often associated with
refractory ascitest**".,

KEYPOINTS FOR PREVENTION OF AKI
AFTER PARTIAL HEPATECTOMY

Despite the fact that patients can have more than one
factor contributing to post-operative AKI after partial
hepatectomy, eventually aggravated by sepsis®?****" or
exposure to nephrotoxic drugs™®, there are particular
risk factors that must be controlled and specific operative
and non-operative procedures that must be undertaken
for prevention of post-operative renal injury in these
patients (Figure 1).

Vascular control of the liver

For prevention of intraoperative blood loss with conse-
quent hemodynamic instability during the partial hepa-
tectomy, there are intraoperative maneuvers that may
be crucial in the moment of parenchymal transaction,
such as vascular control of the liver®®",

The vascular control of the liver is an effective method
to reduce bleeding during the hepatectomy. While
various techniques have been proposed, the two most
widely used methods are the vascular inflow occlusion
and complete vascular exclusion™****!, Occlusion of the
hepatic vascular inflow™”! by the application of tourniquet
in hepatoduodenal ligament!'*® is the oldest and simplest
way to reduce blood loss during hepatectomy. The “Pringle
maneuver” can be used continuously to normal livers
under normothermic conditions for a maximum of 60
min, and for 30 min in cirrhotic or steatotic livers, although
longer periods have already been described!****%,
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Figure 1 Main risk factors and prevention of acute kidney injury after partial hepatectomy. LCVP: Low central venous pressure; PLF: Posthepatectomy liver

failure; FLR: Future liver remnant.

Table 3 Diagnostic criteria of hepatorenal syndrome type of

acute kidney injury in patients with cirrhosis™®!

HRS-AKI
Diagnosis of cirrhosis and ascites
Diagnosis of AKI according to ICA-AKI criteria (Table 2)
No response after 2 consecutive days of diuretic withdrawal and
plasma volume expansion with albumin 1 g/kg bodyweight
Absence of shock
No current or recent use of nephrotoxic drugs (NSAIDs,
aminoglycosides, iodinated contrast media, etc.)
No macroscopic signs of structural kidney injury, defined as
Absence of proteinuria (> 500 mg/d)
Absence of microhaematuria (> 50 RBCs per high power field)
Normal findings on renal ultrasonography
Patients who fulfil these criteria may still have structural damage such
as tubular damage. Urine biomarkers will become an important element
in making a more accurate differential diagnosis between HRS and
acute tubular necrosis

HRS: Hepatorenal syndrome; AKI: Acute kidney injury; ICA: International
club of ascites; NSAIDs: Non-steroidal anti-inflammatory drugs; RBCs:
Red blood cells.

According Belghiti et a*** there is no significant difference
in blood loss during surgery using the Pringle mane-
uver continuously or intermittently (15 min of ischemia
for 5 min reperfusion). These concerns about longer
periods of hepatic vascular inflow is mainly because
that obstruction of the portal blood flow causes venous
congestion of the bowel, and in combination with warm
ischemic liver injury it results in a flush of anaerobic
metabolites and cytokines back into the circulation on the
clamp release™. In the total vascular exclusion™®, the
occlusion of the hepatic vascular inflow is combined to
hepatic venous exclusion. The complete hepatic ischemia
can be associated to hypothermic perfusion with cooled
preservation solution'®® and extracorporeal venovenous
bypass, with “ex situ” liver resection™ ! or “in situ” liver
resection™?®,

LCVP anesthesia
During the parenchymal transaction, a LCVP prevents

WJH | www.wjgnet.com

JRaishideng®

896

the back bleeding from hepaticveins*®****%, and along

with vascular control of the liver, these techniques test
the patients cardiovascular reserve’®'l. LCVP anesthesia
is based on patients being maintained in hypovolaemic
state until liver resection has been completed™****, this
is in contrast to most other major surgical procedures,
where patients receive large volumes of crystalloid and
colloid during the peri-operative period™". Moreover,
vasodilators are often used to further reduce central
venous pressure (CVP), leading to distributive changes
in blood flow*”, and whereas these techniques are
applied for haemorrhage control and consequently
promoting AKI prevention, a potential consequence of
such circulatory changes is ATN, with subsequent renal
impairment or failure®®. The kidneys are at greater risk
with abrupt fall in blood pressure, if the mean arterial
pressure reaches values below 80 mmHg, there is a
significant decrease in GFR?Y,

In the study of Wang et ai*!l, the maintenance of
CVP < 4 mmHg has reduced blood loss during partial
hepatectomy, and has shortened the length of hospital
stay, with no detrimental effects on hepatic or renal
function. According to Melendez et al''”, in 496 liver re-
sections with an anesthetic protocol of fluid restriction,
with the use of nitroglycerin, furosemide, and with
the maintenance of a systolic blood pressure of 90
mmHg, the median volume blood loss was 645 mL
and the incidence of AKI was 3.1%. A study with 2116
LCVP-assisted hepatectomies reported an estimated
mean blood loss of 300 mL (IQR: 200-600 mL),
90-d mortality of 2%, and postoperative AKI of 16%
in the whole cohort (13% at risk, 2% at injury and
1% experienced failure)***, A study reported a low
incidence of AKI requiring renal replacement therapy
after liver resection (< 1%), confirming that the routine
use of LCVP anaesthesia in combination with intermittent
inflow occlusion is safe!*".

Although there are strong evidences that LCVP
during partial hepatectomy can minimize blood loss and
mortality™?, it is not clear whether it would play a role
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in AKI prevention, as renal perfusion pressure can be
decreased during relative hypovolemia, thus, further
studies are required to prove this hypothesis.

Prevention of post-hepatectomy liver failure
In order to reduce the incidence of PLF, a careful pre-
operative planning and patient selection is mandatory. In
the case of underlying cirrhosis, the best candidates for
surgical resection are the exclusive Child-Pugh A patients
with normal bilirubin values, the absence of clinical signs
of portal hypertension (platelet count, splenomegaly
and esophageal varices), only tumor diameter < 5 cm
(without vascular invasion), asymptomatic and MELD <
87133134 Hyperbilirubinemia, portal hypertension and
clinical deterioration criteria are considered signs of poor
postoperative course, despite the tumor resectability™.
Analyzing the issue of remnant liver volume after
partial hepatectomy, the functional quality of paren-
chyma should not be ignored. In obtaining the computed
tomography images, it enables the calculation of the
future liver remnant (FLR), in patients with normal
liver function, it must be greater than 25% of the
liver total volume, corresponding to 0.5 of the patient
weight. In patients with cirrhosis, prolonged exposure
to chemotherapy and biliary obstruction, this value is
40%, corresponding to 0.7 of the patient weight!**®!, The
occlusion of a branch of the portal vein can be performed
in order to minimize the occurrence of hepatic insuf-
ficiency after major resections. This procedure makes
possible the treatment of tumors previously classified as
unresectable, providing contralateral liver hypertrophy,
thereby increasing the FLR™”"**¥, In some situations
resectability only occurs when performing two sequential
hepatectomies associated with portal ligation for mani-
pulation of the FLR, the two-stage hepatectomy™*.

FINAL CONSIDERATIONS

In the context of liver resections, the risk assessment
of postoperative AKI requires the analysis of multiple
variables involved in this complex universe, but probably
there are main factors which significantly influence
these patients for the occurrence of AKI: The massive
blood loss during operation with or without an increased
renal susceptibility to ischemia, and the occurrence
of PLF. Certainly, the key interventions for preventing
postoperative AKI after partial hepatectomy would be
an appropriate preoperative work up, careful patient
selection for surgery and rigorous perioperative control of
the patient hemodynamic status by the surgical team.
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Abstract

AIM: To evaluate the antiviral potency of a new anti-
hepatitis C virus (HCV) antiviral agent targeting the
cellular autophagy machinery.

METHODS: Non-infected liver slices, obtained from
human liver resection and cut in 350 pm-thick slices
(2.7 x 10° cells per slice) were infected with cell
culture-grown HCV Con1b/C3 supernatant (multiplicity
of infection = 0.1) cultivated for up to ten days. HCV
infected slices were treated at day 4 post-infection
with GNS-396 for 6 d at different concentrations. HCV
replication was evaluated by strand-specific real-time
quantitative reverse transcription - polymerase chain
reaction. The infectivity titers of supernatants were
evaluated by foci formation upon inoculation into naive
Huh-7.5.1 cells. The cytotoxic effect of the drugs was
evaluated by lactate dehydrogenase leakage assays.

RESULTS: The antiviral efficacy of a new antiviral
drug, GNS-396, an autophagy inhibitor, on HCV infection
of adult human liver slices was evidenced in a dose-
dependent manner. At day 6 post-treatment, GNS-396
EC50 was 158 nmol/L without cytotoxic effect (compared
to hydroxychloroquine EC50 = 1.17 umol/L).

CONCLUSION: Our results demonstrated that our ex
vivo model is efficient for evaluation the potency of auto-
phagy inhibitors, in particular a new quinoline derivative
GNS-396 as antiviral could inhibit HCV infection in a dose-
dependent manner without cytotoxic effect.

Key words: Host antiviral therapy; Hepatitis C virus;
Tissue culture; Autophagy; Quinoline derivative

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Hepatitis C virus (HCV) infection (or spread) is
a serious public health challenge counting approximately
170 million people that are chronically infected world-
wide. Efficient interferon-free treatments with new
direct acting antivirals are expected to cure more than
90% of HCV-infected patients but they are not available
in all the countries. Autophagy machinery is required
to initiate HCV replication. Host antiviral therapy is an
additional option for the treatment of HCV infection.
The new autophagy inhibitor GNS-396 demonstrated
significant efficacy and additive activity in inhibiting HCV
replication and might be an additional option to treat
HCV infected individuals.
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INTRODUCTION

Approximately 170 million people worldwide are chroni-
cally infected with hepatitis C virus (HCV)™. Until recently,
the most effective treatment against HCV infection
was the combination of pegylated interferon-a. 2a or b
and ribavirin (PR) which achieved sustained virological
response (SVR) in about 45% of individuals infected
by HCV genotype 1, 65% by HCV genotype 4, 70% by
HCV genotype 3 and more than 85% by HCV genotype
23 The frequent side effects associated with PR and
the rates of non response to PR includes partial or null
virologic response and breakthrough or relapse after PR
discontinuation. Thus, development of novel and more
effective antiviral treatments were essential™.

Two HCV NS3 protease inhibitors (PI), boceprevir
(BOC) and telaprevir (TVR) have been approved and
combined with PR, have increased the SVR to about 75%
in therapy naive HCV genotype 1 infected patients™”,
Over the past few years, other direct acting antivirals (DAAs)
were developed™® ' as second generation of PI with
higher antiviral potency, HCV NS5A replication complex
inhibitors and nucleotide analogue HCV NS5B polymerase
inhibitors!*® as well as host-targeted indirect antivirals
like cyclophilin inhibitors™ and lambda interferon'*!, In-
terferon-free treatments with new DAAs are expected
to cure more than 90% of HCV-infected patients!*®.
But they are not available in all the countries!'”. At the
present time, triple therapy combining PR with NS3 PI
(TVR or BOC) is going to remain the main treatment
for HCV patients™®*"). That is why it appears important
to continue research in limiting virus replication and the
autophagy inhibition could be a new additional pathway
because of recent evidences obtained regarding to an
increased autophagic response in the liver of chronically
HCV infected patients™.

Autophagy is a catabolic process which degrades a
cellular own component through the lysosomal machi-
nery™®. It has been shown that autophagy is activated
during virus and bacterial infection® and that some viruses
can use the autophagy system to facilitate their own
replication®>??), Previously, several studies evidenced
that HCV infection resulted in endoplasmic reticulum
stress and autophagy responses, that HCV regulated the
autophagy pathway, that the autophagy machinery was
required to initiate HCV replication, and finally, that the
suppression of autophagy inhibited HCV replication™"*,
Interestingly, it has been demonstrated that HCV induces
autophagosomes via a Class Il PI3K-independent path-
way and uses autophagosomal membranes as sites for
its RNA replication®®,

The lysosomotropic anti-malarial drugs, chloroquine
(CQ) and hydroxychloroquine (HCQ), belonging to the
quinoline family, are among the autophagy inhibitors,
which act by preventing the acidification of lysosomes,
leading to the inhibition of both fusion of autophagosome
with lysosome and lysosomal protein degradation’®*.
In fact, CQ exerts an inhibitory effect for several RNA
viruses including coronaviruses, flaviviruses and human
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immunodeficiency virus®¥>%, Recently, it has been shown
that a treatment with CQ of HCV infected cells suppressed
the replication of the virus in a dose-dependent manner
by preventing the autophagic proteolysis'*”.

In the present study, we used the established ex
vivo model of primary human liver slices culture which
allows to the de novo replication of primary viral isolates
and production of high titer infectious HCV particles™"
to evaluate the potential antiviral potency GNS-396,
a new autophagy inhibitor in comparison with a well-
known autophagy inhibitor, HCQ. Presented results might
be additional options to treat HCV infected individuals.

MATERIALS AND METHODS

Human liver tissue specimens

Adult human primary liver tissue samples were obtained
from HCV and also hepatitis B virus, and human immuno-
deficiency virus seronegative patients who underwent
liver resection surgery, mainly for liver metastasis in
the absence of underlying liver disease. Experimental
procedures were carried out in accordance with French
laws and Regulations.

Liver slices preparation, culture and infection

Slices were prepared and cultured as described™*,
Briefly, uninfected human liver slices, obtained from
human liver resection, were cut into 350 um thick slices
of (2.7 x 10° cells per slice) with a vibratome (Leica,
VTS1200) and transferred to 0.4 um organotypic cul-
ture inserts (Millipore) in 12-wells plates (1 slice/well)
containing 2 mL of complete Dulbecco’s modified eagles's
medium (DMEM) culture media and maintained at 37 °C
under a constant flow of humidified 95% 02/5% CO: for
up to 24 h before viral infection. Cell number for tissue
slices was estimated at approximately 2.7 x 10° cells
per slice based on a 14-cell thick slice (cell diameter
approximately 25 pm)™", The complete culture medium
consisted of DMEM with 4.5 g/L D-glucose and glutamine
(Life Technologies) supplemented with 10% fetal calf
serum (Life Technologies, 16000-044), 5% penicillin-
streptomycin (Life Technologies, 10378-016), 1%
amphotericin (Sigma Aldrich), 5 ug/mL insulin (Life
Technologies, 51500-056), 0.4 pg/mL dexametha-
sone (Sigma Aldrich, D4902), 10 mmol/L HEPES (Life
Technologies, 15630080), non-essential amino acids
(Life Technologies), 20 mmol/Lsodium pyruvate (Life
Technologies) and 50 ug/mL ascorbic acid (Sigma
Aldrich). One day post-culture in twelve-transwell plates,
human primary liver slices were inoculated with HCV
Con1/C3 at a multiplicity of infection equal to 0.1 at 37 °C
in the same culture conditions as described above, for
overnight. The infectious clone Con1/C3 (genotype 1b)
(JFH1-derived chimeric viruses whose structural proteins
are encoded by the genotype 1b-HCV sequence Con1)"
could efficiently infect human liver slices which main-
tain their hepatocyte differentiation and retain normal
physiological and biochemical parameters for at least
10 d. The inoculum was then removed; the slices were
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washed three times with PBS and then supplemented
with complete culture medium. Then, liver slices were
cultured without medium replacements, as previously
described™".

HCV RNA transfection and virus production

To produce HCVcc, viral RNAs were transcribed in vitro
and electroporated into Huh-7.5.1 cell line (kindly provided
by Professor Francis V Chisari, The Scripps Research
Institute, La Jolla, CA), as described previously™*?. The
infectious titer of cell culture supernatants was evaluated
by classical titration assay™. In brief, the HCV infection
of Huh-7.5.1 cells was performed with serial 10-fold dilu-
tion of viral supernatants. Seventy-two hours later, the
formation of infected cells foci were detected by staining
with human HCV positive sera or mouse monoclonal
antibodies directed against HCV core (Ozyme) and nons-
tructural (NS5A) (Virostat, clone1877) proteins. Titrations
were performed in duplicate.

Quantification of HCV strands RNA by real-time
quantitative reverse transcription- polymerase chain
reaction

A strand-specific real-time quantitative reverse trans-
cription-polymerase chain reaction technique to quantify
the intracellular levels of positive and negative strand
HCV RNA was performed as previously described™ ),
The quantification of 28S rRNA was used as an internal
standard to quantify HCV in total liver RNA, as pre-
viously described™®, (threshold of detection: 25 copies/
reaction). Briefly, reverse transcription was carried out
using oligo(dT) primer (Life Technologies) and Moloney
murine leukemia virus reverse transcriptase (Promega)
as recommended by the manufacturer. Real-time
polymerase chain reactions were performed using the
Light CyclerR (Roche Applied Science) and Fast Start
DNA Master SYBR Green [ kit (Life Science, Roche)
according with the manufacturer’s protocol.

Reverse transcription was performed using primers
located in the 5" NCR region of HCV genome, tag-RC1
(5'-GGC CGT CAT GGT GGC GAA TAA GTC TAG CCA
TGG CGT TAG TA-3)""! and RC21 (5-CTC CCG GGG
CAC TCG CAA GC-3")"® for the negative and positive
strands, respectively, as described previously™®. After a
denaturation step performed at 70 ‘C for 8 min, the RNA
template was incubated at 48 °C for 5 min in the presence
of 200 ng of tag-RC1 primer and 1.25 mmol/L of each
deoxynudleoside triphosphate (dNTP) (Promega) in a total
volume of 12 pl. Reverse transcription was carried out
for 60 min at 60 C in the presence of 20 U RNaseOutTM
(Life Technologies) and 7.5 U ThermoscriptTM reverse
transcriptase (Life Technologies), in the buffer recom-
mended by the manufacturer. An additional treatment
was applied by adding 1 uL (2U) RNaseH (Life Tech-
nologies) for 20 min at 37 °C. The first round of nested
PCR was performed with 2 uL of the cDNA obtained in
a total volume of 50 pL, containing 3 U Tag polymerase
(Promega), 0.5 mmol/L dNTP Mix (Promega), and 0.5
umol/L RC1 (5'-GTC TAG CCA TGG CGT TAG TA-3')
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Figure 1 GNS-396 and hydroxychloroquine structures. HCQ: Hydroxy-
chloroquine.

and RC21 primers for positive-strand amplification, or
tag (5-GGC CGT CAT GGTGGC GAA TAA-3") and RC21
primers for negative strand amplification. The PCR pro-
tocol consisted of 18 cycles of denaturation (94 °C for
1 min), annealing (55 C for 45 s), and extension (72 C
for 2 min). The cDNA obtained was purified using the
Quick-clean kit (Qiagen), according to the manufacturer’s
instructions, and 2 ulL of the purified product suspended
in 10 puL nuclease free water (Promega) were then
subjected to real-time PCR. The reaction was carried out
using the DNA Fast Start SYBR Green Kit (Life Science,
Roche), with LightcyclerTM instruments and technology
(Roche Diagnostics). PCR amplifications were performed
in a total volume of 20 uL, containing 3 mmol/L MgClz,
2 puL DNA Master green (Life Science) and 50 ng of
the 197 R (5-CTTTCGCGACCCAACACTAC-3") and 104
(5'-AGAGCCATAGTGGTCTGCGG-3') primerst*®*, The
PCR protocol consisted of one step of initial denaturation
for 10 min at 94 °C, followed by 40 cycles of denaturation
(95 °C for 15 s), annealing (57 °C for 5 s), and extension
(72 °C for 8 s). After amplification, the specificity of PCR
products was checking by a melting curve analysis.

Western blotting

Western blotting was performed as following. Each liver
slice was washed 3 times in PBS, incubated in Laemmli
buffer™ at 100 ‘C for 10 min. The lysate was passed
through a 26 G needle, 10 times and kept at -80 C.
Before electrophoresis in pre-cast sodium dodecyl sul-
fate polyacrylamide gel 4%-12% (Life Technologies),
the samples were incubated at 95 °C for 5 min. After
electrophoresis, proteins were transferred to a 0.22 ym
Protran membrane BA83 (Schleicher and Schuell) and
HCV proteins were detected by Western blotting using
mouse monoclonal antibodies to core (C7-50, 1:10000)
(Ozyme), to NS5A (1:2000) (Virostat, clone 1877), to
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LC3 proteins (Sigma-Aldrich) and to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Abcam), and to
B-actin (Pierce biotechnology). Horseradish peroxidase-
conjugated anti-mouse IgG (GeHealthCare Life Sciences)
at the dilution of 1:50000 were used as secondary
antibodies. The reactions were developed using enhanced
chemiluminescence detection reagents (GeHealthCare
Life Sciences), followed by exposure to X-OMAT film
(GeHealthCare Life Sciences). LC3-1I protein expression
analysis was performed with Image J software.

Drugs inhibition of HCVcc Con1/C3 replication and
cytotoxicity assays

The HCVcc Con1/C3 inhibition either by pegylated-inter-
feron a-2a (peg-INF) (Roche, Pegasys) or/and ribavirin
(RBV) (Schering Plough, Rebetol) or TVR (Janssen-
Cilag, Incivo) or BOC (Schering-Plough, Boceprevir) or
SOF (Gilead Sciences Intl Ltd, Sofosbuvir) or GNS-396
(Figure 1) (Genoscience Pharma, Marseille, France) or
HCQ (Figure 1) (Genoscience Pharma, Marseille, France)
or 0.5% dimethylsufoxide (DMSO) (Sigma Aldrich) as a
carrier control, and the cytotoxicity assays were performed
as following. At day 4 post-infection with HCVcc Conl/
C3 the human liver slices were treated by addition of
different concentrations of the following drugs: peg-
INF or/and RBV or TVR or BOC or SOF or HCQ (0.1, 1,
2.5, 5 umol/L or a new quinoline derivative, GNS-396
(0.1, 1, 2.5, 5 umol/L) alone or 0.5% DMSO as a carrier
control, to culture medium, twice daily, up to day 10
post-infection. The infectivity (ffu/mL) was measured at
day 2, day 4 or day 6 post-treatment depending on the
experiment as described™*!, All the experiments were
performed in triplicate. The cytoTox 96R Non-Radioac-
tive Cytotoxicity Assay (Promega, G1780) was used to
assess the potential cytotoxicity of the drugs. Results of
lactate deshydrogenase (LDH) leakage were compared
to the carrier control calculated (Figure 2) as described

previously™.,

Evaluation of autophagy modulation and inhibition

Autophagy modulation was evaluated on Hela cells
treated with GNS-396, a new quinolone derivative. For
tracking different stages of autophagy the tandem fusion
of mRFP and EGFP fused to LC3 make a pH-sensitive
sensor (MRFP-EGFP-LC3) that is used to monitor auto-
phagy in live cells®®. The EGFP tag is acid-sensitive
while the mRFP tag is not. The double tagged LC3 can
be used to label autophagosomes, amphisomes and auto-
lysosomes. In autophagosomes, both tags emit yellow
light. However, the fusion of autophagosomes to acidic
lysosomes results in acidic autolysosomes where the
green fluorescence from GFP is lost. Subsequently, the
red fluorescence from mRFP is lost when the double
tagged protein is degraded. The autophagic flux inhibition
was shown using a SkBr3 mRFP1-EGFP-LC3 stable
breast cancer cell line treated with 100 umol/L GNS-396
or 100 umol/L HCQ during 6 h. HCQ was used as a
positive control of autophagy inhibition. Cell images were
obtained using an epifluorescence microscope (Nikon,
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Figure 2 Cytotoxicity assays of the drugs used hydroxychloroquine (A) and GNS-396 (B). Percentages of lactate deshydrogenase (LDH) leakage are relative to
DMSO control-treated liver slices. Drugs cytotoxicity is significant at % of control > 120. All experiments were performed on triplicate. Values are expressed as means
+ SE, comparisons were performed using the Mann-Whitney rank-sum test (P < 0.001). HCQ: Hydroxychloroquine; DMSO: Dimethylsufoxide.

Eclipse Ci).

Autophagy inhibition was evaluated on Hela cells
treated with GNS-396, at different drug concentrations
(1, 10, 100 pmol/L) during 4 h or 6 h in the presence or
absence of bafilomycine A1 (100 nmol/L) (Sigma-Aldrich)
added for the last 2 h. Bafilomycin Al (BafAl) is an
autophagy inhibitor as endosomal acidification inhibitor.
It is a known inhibitor of the late phase of autophagy.
Bafilomycin Al prevents maturation of autophagic
vacuoles by inhibiting fusion between autophagosomes
and lysosomes. Bafilomycin Al acts by inhibiting vacuolar
H+ ATPase™*, HCQ was used as a positive control of
autophagy inhibition. The LC3-1I protein expression in
cell lysates was evaluated by Westem-blot assay [anti-LC3
antibody (Sigma-Aldrich)] compared to either GAPDH
protein expression [anti-GAPDH antibody (Abcam)] or
B-actin protein expression [anti-actin antibody (Pierce
biotechnology). LC3-1I protein expression analysis was
performed with Image J software.

Statistical analysis

At different days of the kinetics, the results were obtained
from the mean of the three slices culture. Statistical tests
were performed using the GraphPad Prism 5.0 software
(GraphPad Software, La Jolla, CA, United States). Values
are expressed as means + standard errors of the mean.
The data were compared using an unpaired two-tailed
student’s t-test or the Mann-Whitney rank-sum test.
P-value < 0.05 was considered significant.

RESULTS

Validation of GNS-396, a new quinoline derivative, as
inhibitor of autophagy

We evaluated the effect of GNS-396 (Figure 1)*?, a new
quinoline derivative, on autophagy by treatment of HelLa
cells with various concentrations of GNS-396 during
6 h. HCQ was used as a positive control of autophagy
inhibition. The microtubule-associated protein 1A/1B-
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light chain 3 (LC3) is a soluble ubiquitin-like protein with
a molecular mass of approximately 17 kDa that exists
ubiquitously in mammalian tissues and cultured cells,
as an unconjugated form (LC3- 1) or conjugated to
autophagosomes membranes (LC3-1I : lipidated form).
During autophagy, a cytosolic form of LC3 (LC3-1) is
conjugated to phosphatidylethanolamine to form LC3-
phosphatidylethanolamine conjugate (LC3-1I), which is
recruited to autophagosomal membranes allowing for
the closure of the autophagic vacuole. Autophagosomes
fuse with lysosomes to form autolysosomes, and intra-
autophagosomal components are degraded by lysosomal
hydrolases. At the same time, LC3-1I in autolysosomal
lumen is degraded. Thus, lysosomal turnover of the
autophagosomal marker LC3-1I reflects autophagic
activity. Analysis of LC3 intracellular expression by
Western blotting demonstrated an increase of normalized
LC3-1I protein expression when Hela cells were treated
with GNS-396, in a dose-dependent manner (Figure 3A),
reflecting the accumulation of autophagosomes in cells,
and therefore an effective modulation of the autophagy.
Consequently, GNS-396 is a dose-dependent autophagy
modulator with a magnitude of normalized LC-3 1I
similar to which achieved with HCQ treatment, a well-
known autophagic inhibitor (Figure 3B). Similar results
were obtained on Huh7.5.1 cell line (data not shown).
To evaluate if the observed accumulation of autopha-
gosomes after GNS-396 treatment was a consequence of
either a stimulated production of new autophagosomes (in
this case, GNS-396 would be an autophagy inducer) or a
result of autophagosome clearance blockage (in this case,
GNS-396 would be an autophagy inhibitor), HelLa cells
were treated with different concentrations of GNS-396
in the absence or presence of a lysosomal protease
inhibitor, Bafilomycin Al, that increases lysosomal pH
and blocks autophagosome-lysosome fusion (Figure 3C)
and LC3 protein levels were measured. HCQ was used
as a positive control of autophagy inhibition (Figure 3D).
After 4 h exposure of Hela cells to GNS-396 (100 pmol/L),

July 28,2016 | Volume 8 | Issue 21 |



Lagaye S et a/. New autophagy inhibitor as potent HCV antiviral

the accumulation of LC3-1I was observed (Figure 3C)
which was not enhanced in the presence of BafAl, sup-
porting the idea that GNS-396 inhibits autophagic flux
as HCQ (Figure 3D). To confirm that GNS-396 is an
autophagy inhibitor, the autophagic flux was monitored
by fluorescence microscopy, using the mRFP-EGFP-LC3
tandem-tagged fluorescent protein in SkBr3 mRFP-EGFP-
LC3 stable cell line (Figure 4). In green/red merged
images, yellow dots (i.e., mRFP+EGFP+) indicate
autophagosomes or non-acidic autolysosomes, while
red dots (i.e., mRFP+EGFP-) indicate autolysosomes.
The autophagy flux is increased when both yellow
and red punctua (dots) are increased in cells while the
autophagic flux is blocked when only yellow punctua
(dots) are increased without an accompanying increase
of red punctua in cells. SkBr3 mRFP-EGFP-LC3 stable cell
line was treated during 6 h with either GNS-396 (Figure
4C) or HCQ, a well-known autophagic inhibitor (Figure
4B) (100 umol/L). An accumulation of yellow punctua
(dots) corresponding to autophagosomes or non-acidic
autolysosomes was noticeable (Figure 4B and C), indicating
that GNS-396 blocks the autophagic flux, and may act as
lysosomotropic agent as HCQ.

Modulation of autophagy and inhibition of HCV infection
in human liver slices model by GNS-396 treatment

The level of LC3 and viral proteins expression were
analysed by Westemn blotting after 1, 4, 6 and 10 d post-
infection (Figure 5). HCV infection induced autophagy
with an increase of protein LC3-1 expression (Figure
5B) as compared to non-infected liver slices (Figure 5A),
along with an increase of intracellular expression of the
core and NS5A proteins consistent with the previous
reports™®*), Intracellular expression of the viral proteins
was decreased significantly at day 6 post-treatment with
HCQ (1 pmol/L) or GNS-396 (1 umol/L) (Figure 5D) in
comparison with HCVcc infected liver slices not treated
(Figure 5B). The HCQ- and GNS-396-treatment induced
an accumulation of LC3-1I protein in HCV infected liver
slices treated with 1 pmol/L HCQ or 1 umol/L GNS-396
(Figure 5D) in comparison either with not infected liver
slices treated (Figure 5C) or not (Figure 5A), or with HCV
infected liver slices without treatment (Figure 5B). At day
10, the normalized LC3-1I protein expression increased
when liver slices infected (Figure 5D) or not (Figure 5C)
were treated either with GNS-396 (1 umol/L) or HCQ (1
umol/L). The GNS-396 and HCQ effects were tested on
the de novo viral production of HCVcc Conl infected liver
slices (Figures 6 and 7). At day 4 post-infection, HCVcc
Con1 infected liver slices were treated for 6 d with different
concentrations either of GNS-396 or HCQ. From day 1 to
day 6 post-treatment, the HCV RNA replication (Figure 6A
and B) and the infectivity (Figure 7A and B) were inhibited
in a dose-dependent manner. The addition of RBV with the
new drug GNS-396 showed no significant difference in the
viral inhibition (data not shown).

ECS50 analysis of HCV replication with GNS-396

treatment compared to that of validated antiviral drugs
The ability of various concentrations of different antiviral
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drugs to inhibit HCV replication was measured by de-
tecting the replication of negative strands HCV RNA
(Figure 6A and C) (Table 1). The calculated EC50 of
different antiviral drugs is listed as Table 1 and compared
to GNS-396. In summary, our model confirms that the
antiviral activity of triple therapy was higher than that of
the dual therapy by PR as extensively reported in clinical
trials™®. The new quinoline derivative GNS-396 has
about 10-fold lower EC50 than HCQ (0.158 pumol/L as
compared to 1.17 umol/L) (Figure 6B and D). No significant
cytotoxic effects were observed when evaluated by the
lactate dehydrogenase leakage (LDH) assays (Figure
2A and B). A 50% cytotoxic concentration (CC50 value)
of 25 umol/L was obtained for GNS-396 in the human
liver slices culture at day 6 post-treatment. Similar CC50
values were obtained in proliferating Huh-7-5-1 replicon
cells (23 pmol/L).

DISCUSSION

Our study evidenced that: (1) the ex vivo model of human
liver slices HCVcc Conl infection may be efficiently used
for the assay of the antiviral potency of a new inhibitor
(GNS-396 compared to HCQ) which interfered with
autophagy; and (2) GNS-396 was a potent autophagy
inhibitor, acting as “lysosomotropic agent” which was
able to inhibit HCV replication in primary human adult
HCVcc infected liver slices culture.

The establishment of the ex vivo model (feasibility,
rapidity, specificity, potency) was already described in
detail in 2012™" with comparison between primary
human hepatocytes, Huh-7.5.1 cell line. The Huh-7 cell
system has several limitations that includes the inability
to study the effects of pharmacologic inhibitors targeting
the non-structural proteins of the most prevalent and
problematic viral strains (e.g., genotypes 1a and 1b).
Moreover, the study of virus/host cell interactions is
limited since the permissive cell lines are transformed
and poorly differentiated. Firstly, the human liver slices
culture maintains the original three-dimensional structure
of the liver that allows cell crosstalk: The extra-cellular
matrix and Kupffer cells essential for the normal function
of the hepatocytes and the lobular structure. Secondly,
the gene expression profiles in liver tissue slices were
similar to that of the in vivo gene expression. Thirdly,
primary hepatocytes preparations undergo treatment
with collagenase (a treatment might have a negative
effect on integrity of the proteins repertoire on the cell
surface), but not the liver slices. Noteworthy, using esta-
blished procedures, the tissue slices remained viable for,
at least 10 d as it was shown by the secretion of albumin
and urea. Moreover, the Huh-7 cell infection with primary
isolates from patients are not very efficient. The infection
of adult human liver slices culture allowed to achieve
the robust replication of HCVcc genotype 2a, 1a and 1b
genome and to obtain infectivity titers above 105 ffu/mL.
In addition, we reported robust and productive infec-
tion using human primary isolates HCV genotype 1b.
Stem cell-derived hepatocytes (hESC-Heps) displayed
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Figure 3 Modulation and inhibition of autophagy by treatment with GNS-396 in HeLa cells. A and B: Autophagy modulation was evaluated using HelLa
cells treated either with (A) GNS-396 or (B) HCQ at different concentrations (1, 10 and 100 umol/L) during 6 h. HCQ was used as a positive control of autophagy
modulation. Intracellular expression of proteins LC3 was evaluated by Western-blot assay and normalized for LC3-II; C and D: Autophagy inhibition by treatment
with GNS-396 in HeLa cells. Autophagy inhibition was evaluated using HeLa cells treated either with (C) GNS-396 or (D) HCQ at different concentrations (1, 10 and
100 umol/L) during 4 h in the presence or absence of 100 nmol/L bafilomycine A1. HCQ was used as a positive control of autophagy inhibition. LC3-1I intracellular
expression was evaluated by Western-blot assay and normalized. HCQ: Hydroxychloroquine; LC3: Microtubule-associated protein 1A/1B-light chain; DMEM:
Dulbecco’s modified eagles’s medium; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; BafA1: Bafilomycin A1.

equivalence to primary adult hepatocytes. HESC-Heps parameters and in particular, complete inhibition of viral
were capable of supporting the full HCV life cycle (JFH1), production (data not shown).

including the release of infectious virions. Although Previous studies have reported that autophagy pro-
supportive, hESC-Hep viral infection levels were not as teins are required to initiate HCV replication and trans-
great as those observed in Huh7 cells. Up to now, the lation®°°*%), Some data demonstrated that the suppres-
hESC-Heps were not infected with primary isolates™. sion of LC3 protein lipidation, a necessary step for the

Currently, we are establishing a culture of liver slices for formation of autophagosomes could also suppress HCV
21 d, which allows us to follow the variation of different replication®®., CQ is a well-known autophagic inhibitor
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Figure 4 Inhibition of autophagic flux by treatment with GNS-396 in SkBr3 mRFP-EGFP-LC3 stable cell line. Autophagic flux was monitored using the mRFP-
EGFP-LC3 tandem-tagged fluorescent protein in SkBr3 mRFP-EGFP-LC3 stable cell line. A: SkBr3 mRFP-EGFP-LC3 stable cell line without any treatment is
representative of basal autophagy; SkBr3 mRFP1-EGFP-LC3 stable cell line was treated either with (B) 100 umol/L HCQ or (C) 100 pumol/L GNS-396 during 6 h.
In green/red merged images, yellow punctua (i.e., mMRFP+EGFP+) indicate autophagosomes or non-acidic autolysosomes, while red punctua (i.e., mRFP+EGFP)
indicate autolysosomes. HCQ is used as a positive control of autophagy inhibition. HCQ: Hydroxychloroquine; DMEM: Dulbecco’s modified eagles’s medium; LC3:
Microtubule-associated protein 1A/1B-light chain.
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Figure 5 Inhibition of autophagy by treatment with GNS-396 (1 umol/L) in primary adult human liver slices infected with cell culture-grown hepatitis
C virus Con1 (multiplicity of infection = 1). A: Intracellular expression of LC3- I /LC3-1I proteins in non-infected liver slices without treatment; B: Intracellular
expression of LC3- T /LC3-1I proteins and the normalization of intracellular protein LC3-1I expression, for 10 d in non-infected liver slices with treatment either by
GNS-396 (1 umol/L) (G) or HCQ (1 umol/L) (H) or without treatment (D: day); C: Expression of LC3- 1 /LC3-1I proteins and HCV core and NS5A proteins in HCVce
Con1 infected liver slices either without treatment or (D) either with treatment by GNS-396 (1 umol/L) or HCQ (1 pumol/L) and the normalization of Intracellular protein
LC3-1I expression for 10 d in HCVcc Con1 infected liver slices with treatment either by GNS-396 (1 umol/L) (G) or HCQ (1 umol/L) (H) or without treatment (D: day).
LC3: Microtubule-associated protein 1A/1B-light chain; HCVcc: Cell culture-grown hepatitis C virus; NS5A: HCV nonstructural protein 5A.

Raishidenge ~ WJH | www.wjgnet.com 909 July 28,2016 | Volume 8 | Issue 21 |



Lagaye S et a/. New autophagy inhibitor as potent HCV antiviral

A
o 100 -
a
o . c EC50 = 0.158 pmol/L
*gw —&— Positive strand CTRL S 80r
Lz —— Negative strand CTRL E
© 2z -| Positive strand + GNS 396 0.01 pmol/L @ 60 |
23 Positive strand + GNS 396 0.1 pmol/L k]
g2 — Positive strand + GNS 396 1 umol/L § ol
EZ — Positive strand + GNS 396 5 pmol/L 5
—_ <
'g £ 2L
8 8
_g.’ 0 —¢ 1 1 1 |
= -4 3 2 <1 0 1

Days post-infection Loguo (GNS 396) pmol/L

0
O

T 8. 100
2
2 EC50 = 1.17 I/L
‘g’a —A— Positive strand CTRL s wmol/
<z 61 — Negative strand CTRL 8
2= B Positive strand + HCQ 0.1 umol/L s
g g 4l % Positive strand + HCQ 1 pumol/L s 50}
[t — Positive strand + HCQ 2.5 pmol/L S
gz —— Positive strand + HCQ 5 pmol/L =
S8 5L =
a / <
Q ‘ o
g 2
_g OE I I I I | 0= . . ! )
0 2 4 6 8 10 4 3 2 10 1

Days post-infection Logro (HCQ) pmol/L

Figure 6 Inhibition of hepatitis C virus RNA replication by treatment either with GNS-396 or hydroxychloroquine in a dose-dependent manner in primary
adult human cell culture-grown hepatitis C virus Con1 infected liver slices. Human liver slices were infected overnight with HCVce Con1 (MOl = 0.1). The
supernatant is then removed, the human liver slices washed and cultured. The liver slices and culture supernatants were collected different times post-infection. At day
4 post-infection, the liver slices were treated with increasing concentrations either of GNS-396 (0.01, 0.1, 1, 5 umol/L) (A, B) or HCQ (C, D) for 6 d (black arrow: Start
of the treatment either with GNS-396 or HCQ). Human HCVcc Con1 infected liver slices were lysed to evaluate intracellular levels of positive- and negative-strand
HCV RNA by specific strand RT-gPCR at 1, 4, 6, 8, 10 d post-infection. The results were compared using the two-paired Student’s test. Values are expressed as
means + standard errors: (A) HCV RNA replication by treatment with GNS-396: Positive strand (black line), P < 0.03; negative strand (grey line), P < 0.013, GNS-396
0.01 pmol/L (red line), P < 0.04; GNS-396 0.1 umol/L (green line), P < 0.05; GNS-396 1 umol/L (pink line), P < 0.05; GNS-396 5 umol/L (blue line), P < 0.05; (C) HCV
RNA replication by treatment with HCQ: Positive strand (black line), P < 0.03; negative strand (grey line), P < 0.015; HCQ 0.1 umol/L (red line), P < 0.0001; HCQ 1
umol/L (green line), P < 0.0001; HCQ 2.5 umol/L (pink line), P < 0.01; HCQ 5 pumol/L (blue line), P < 0.03. The detection of negative strand of HCV RNA evidences
active replication as well as the increase overtime of both positive and negative strands of HCV RNA; B: Inhibition of HCV replication (%) with GNS-396 treatment P
< 0.0038; D: Inhibition of HCV replication (%) with HCQ treatment P < 0.0013. The replication was significantly inhibited in a dose-dependent manner in presence of
increasing concentrations either of GNS-396 (B) or HCQ (D) for 6 d. HCVcc: Cell culture-grown hepatitis C virus; HCQ: Hydroxychloroquine; gRT-PCR: Quantitative
technique consisting of reverse transcription followed by real-time polymerase chain reaction; MOI: Multiplicity of infection; CTRL: Control-treated liver slices.
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Figure 7 Dose-dependent inhibition of primary-culture-derived virus infectivity in primary adult human cell culture-grown hepatitis C virus Con1 infected
liver slices by treatment either with GNS-396 (A) or hydroxychloroquine (B). Kinetics of infectivity of culture supernatants from human liver slices infected by
HCV Con1 (MOI = 0.1) and treated either GNS-396 (A) or with HCQ (B) or at day 4 post-infection for 6 d. A: Con1 (black line), P < 0.0001; GNS-396 0.01 umol/L (green
line), P < 0.0003; GNS-396 0.1 umol/L (blue line), P < 0.019; GNS-396 1 umol/L (red line), P < 0.05; GNS-396 5 umol/L (purple line), P < 0.05; B: Con1 (black line), P
<0.0001; HCQ 0.1 umol/L (red line), P < 0.0001; HCQ 1 pumol/L (green line), P < 0.0001; HCQ 2.5 umol/L (red line), P < 0.0001; HCQ 5 umol/L (purple line), P < 0.0003.
Each curve represented the average of 2 independent infections performed in triplicate from 2 different donors. Values are expressed as means + SE. The results
were compared using the two-paired student’s test. HCV: Hepatitis C virus; HCQ: Hydroxychloroquine; MOI: Multiplicity of infection; CTRL: Control-treated liver slices.
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Table 1 Inhibition of hepatitis C virus infectivity and 50% effective concentration of hepatitis C virus replication with direct active

antivirals and autophagy inhibitors

Drugs' Infectivity inhibition Average  Replication inhibition ~ Average (SD)* CC50 (SD)°
(%) (SD)* (EC50)°

INF (2.6 to 260 nmol/L)° Up to 95% 5 17 ng/mL 72 40 ng/mL (£ 4)
RBV (1 to 100 pmol/L) 3% to 37% 3 146 pmol/L 13 400 pmol/L ( 21)
"TVR (0.01 to 50 pmol/L) 62% to 89% 4 0.395 pmol/L 0.038 40 pmol/L (¢ 3)
"BOC (0.01 to 50 pmol/L) 61% to 95% 5 0.417 pmol/L 0.024 41 pmol/L (¢ 5)
"SOF (0.01 to 50 wmol/L) 75% to 95% 4 0.147 pmol/L 0.017 23 pmol/L (¢ 2)
"HCQ (0.1 to 50 pmol /L) 25% to 94% 4 1.17 pmol/L 0.023 27 pmol/L (2)
"GNS-396 (0.01 to 5 pmol /L) 6% to 93% 3 0.158 pmol/L 0.014 25 pmol/L (¢ 2)
INF (2.6 to 260 nmol/L)/RBV 100 pmol/L Up to 98% 6 10 ng/mL 3.1 43 ng/mL (£ 4)
"HCQ (0.1 to 5 umol/L)/RBY 50 pmol/L 27% to 85% p) 0.456 pmol /L 0.044 31 pmol/L (¢ 3)
"GNS-396 (0.01 to 5 pmol/L)/RBV 100 pmol/L 9% to 94% D) 0.157 pmol/L 0.012 26 pmol/L (¢ 2)
"TVR (0.01 to 50 wmol/L)/RBV 100 ymol/L Up to 98% 3 0.310 pmol/L 0.029 49 pmol/L (¢ 3)
"BOC (0.01 to 50 pmol/L)/RBV 100 pmol /L Up to 95% P! 0.370 pmol /L 0.035 48 pmol /L (¢ 4)
"SOF (0.01 to 50 wmol/L)/RBV 100 wmol/L Up to 100% 2 0.080 umol,/L 0.028 17 pmol/L (£ 5)
"TVR 1 umol/L/7BOC 1 umol/L Up to 89% D) 0.410 pmol /L 0.039 50 pmol/L (¢ 3)
"TVR 1 pmol/L/INF 26 nmol/L/RBV 100 umol/L Up to 9% 3 0.315 umol/L 0.031 44 umol/L (x 4)
"BOC 1 pmol/L/INF 26 nmol/L/RBV 100 wmol/L Up to 97% 2 0.350 umol/L 0.033 47 umol/L (¢ 3)
"SOF 1 pmol/L/INF 26 nmol/L/RBV 100 umol/L Up to 100% 3 0.055 umol,/L 0.029 18 pmol/L (+ 3)

'Drugs added at day 4 post-infection for 6 d; *Average (SD) of infectivity inhibition at day 6 post-treatment; >EC50 of the drugs written in bold at day
6 post-treatment; *Average (SD) of EC50 at day 6 post-treatment; *CC50 (SD): 50% cytotoxic concentration of the drugs written in bold at day 6 post-
treatment (standard deviation); ‘INF 26 nmol/L: Peg-INF concentration corresponding to SOC; "DAAs and autophagy inhibitors in bold. EC50: 50%
effective concentration; BOC: An inhibitor of the HCV-encoded NS3 protein; TVR: An inhibitor of the HCV-encoded NS3/4A hepatitis C protease; SOF: An
uridine analogue inhibitor of the HCV NS5B polymerase; HCV: Hepatitis C virus; TVR: Telaprevir; BOC: Boceprevir; SOF: Sofosbuvir; RBV: Ribavirin; SD:
Standard deviation; Peg-INF: Pegylated-interferon a-2a; DAAs: Direct acting antivirals; HCQ: Hydroxychloroquine.

which is often used as an anti-malarial agent. HCQ is a
“lysosomotropic” weak base that raises the lysosomal
pH quickly®. Furthermore, many studies have reported
the antiviral effect of CQ on other positive strand RNA
viruses, such as polioviruses, coxsackieviruses, dengue
viruses, coronaviruses (SARS-CoV virus)?**!, HIV-17,
In our study, we demonstrated the antiviral effect of HCQ
and the new quinoline derivative GNS-396 on HCVcc
replication in a dose - dependent manner. Compared to
the treatment with HCQ alone, HCQ inhibition was more
pronounced in combination with RBV or with other direct
antivirals, suggesting a synergistic effect of the combined
drugs on HCVcc infection in human liver slices. This result
is consistent with a previous study which demonstrated
the antiviral effect of CQ in combination with peg-IFN
in HCV infected Huh-7 cell line. Similarly, on Huh-7
cells infected with HCVpp (genotype 1la and 3a), it has
been shown that CQ reduced by 50% virus infectivity
at 50 umol/L concentration, when the antiviral effect
was tested™. Recently, ferroquine (FQ), an antimalarial
ferrocenic analog of CQ, has been described as a novel
inhibitor of HCV. FQ potently inhibited HCV infection of
hepatoma cell lines®®®. Compared to these investiga-
tions, our study using the quinoline derivative GNS-396,
revealed an inhibition of the virus infectivity up to 93%
respectively at day 6 post-treatment with lower drug
amounts (EC50 = 0.158 pymol/L). This demonstrates that
GNS-396 is a stronger antiviral than HCQ (EC50 = 1.17
umol/L). EC50 is a measure of the effectiveness of the
drug in inhibiting the biochemical function. In our study,
we evaluated the EC50 of HCV replication at day 6 post-
treatment. The lower EC50 value indicates the greater
potency of inhibiting HCV replication. As shown in Table
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1, the infectivity inhibition, consistent with the inhibition
of HCV replication, demonstrated that the new drug
evaluated in the human HCV infected liver slices culture
model, had a potent antiviral effect compared to the
well-known established antivirals. In combination with
the other well established drugs like DAA or inhibitors
of other host targets (cyclophilin), quinoline derivatives
could be additional therapeutic options for HCV infected
patients.

In conclusion, this study demonstrated the relevance
of the human HCV infected liver slices culture in
preclinical studies of the new anti-viral drugs. New host-
targeted therapies inhibiting autophagy (GNS-396, HCQ)
have demonstrated significant efficiency and additive
activity in inhibiting HCV replication. The ex vivo model
of culture of human HCV infected liver slices might allow
further evaluation of the efficacy of new antiviral drugs in
single or in combined therapy and their potential toxicity
in particular for patients "difficult to treat”. Moreover, the
infection of human liver slices culture with primary viral
isolates from patients that we succeed to establish™,
should allow highlighting the potential of early emergence
of drug resistant viral variants during the anti-viral
treatments.
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