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ARTICLE INFO ABSTRACT

A number of novel phenanthridinone derivatives were examined for their inhibitory effect on hepatitis C
virus (HCV) replication in Huh-7 cells harboring self-replicating subgenomic viral RNA replicons with a
luciferase reporter (LucNeo#2). The activity of compounds was further confirmed by inhibition of viral
RNA copy number in different subgenomic and full-genomic replicon cells using real-time reverse tran-
Ke}"{VQ"de scription polymerase chain reaction. Among the compounds, 4-butyl-11-(1,1,1,3,3,3-hexafluoro-2-
Flavivirus hydroxypropan-2-yl)-7-methoxy-[1,3]dioxolo[4,5-c]phenanthridin-5(4H)-one (HA-719) was found to
;ltfe\; anthridinone be the most active with a 50% effective concentration of 0.063 + 0.010 M in LucNeo#2 cells. The com-
Replicon cell pound did not show apparent cytotoxicity to the host cells at concentrations up to 40 uM. Western blot
JFH1 analysis demonstrated that HA-719 reduced the levels of NS3 and NS5A proteins in a dose-dependent
fashion in the replicon cells. Interestingly, the phenanthridinone derivatives including HA-719 were less
potent inhibitors of JFH1 strain (genobtype 2a HCV) in cell-free virus infection assay. Although biochem-
ical assays revealed that HA-719 proved not to inhibit NS3 protease or NS5B RNA polymerase activity at
the concentrations capable of inhibiting viral replication, their molecular target (mechanism of inhibi-
tion) remains unknown. Considering the fact that most of the anti-HCV agents currently approved or
under clinical trials are protease and polymerase inhibitors, the phenanthridinone derivatives are worth
pursuing for their mechanism of action and potential as novel anti-HCV agents.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Hepatitic C virus (HCV) infection is a worldwide problem. More
than 130 million individuals are infected with this virus, and 3-4
million are newly infected every year. In general, HCV infection
proceeds to chronic infection [1], which often induces liver cirrho-
sis and hepatocellular carcinoma [2] liver transplantation is the
only way to rescue patients with the end-stage liver disorders
caused by HCV infection [3]. Protective vaccines are not available
so far, and pegylated interferon (PEG-IFN) and the nucleoside ana-
log ribavirin are the standard treatment for HCV infection [4-6].
However, many patients cannot tolerate the serious side effects
of PEG-IFN and ribavirin. Therefore, the development of novel
agents with better efficacy and tolerability is still mandatory.
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HCV is an enveloped virus belonging to the hepacivirus genus of
the family Flaviviridae [7,8]. The viral genome consists of positive
sense single RNA coding a polyprotein cleaved by viral and host
proteases into four structural and six non-structural proteins.
Non-structural proteins are involved in the replication of HCV gen-
ome [9]. The discovery of effective anti-HCV agents was greatly
hampered by the lack of cell culture systems that allowed robust

-propagation of HCV in laboratories. However, the development of

HCV RNA replicon systems [10] and recent success in propagating
infectious virus particles in vitro have provided efficient tools for
screening new antiviral agents against HCV replication [11,12].
Furthermore, replicons containing a reporter gene, such as lucifer-
ase and green fluorescence protein, have provided fast and repro-
ducible screening of a large number of compounds for their
antiviral activity [13-15].

Currently, two NS3 protease inhibitors, teraprevir and bocepre-
vir, have been licensed and a considerable number of novel anti-
HCV agents are under clinical trials [ 16,17]. Most of them are directly
acting inhibitors of NS3 protease or NS5B polymerase. However, the
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emergence of HCV mutants resistant to most of these agents has also
been reported [18]. To circumvent the drug-resistance, it seems nec-
essary to use more than two directly acting drugs targeting different
molecules for inhibition of viral replication [ 19]. Thus, in addition to
the protease and polymerase inhibitors, novel compounds with a un-
ique mechanism of action are highly desired.

We have recently identified some compounds with a novel phe-
nanthridinone structure as moderate inhibitors of HCV replication
[20]. This prompted us to synthesize a number of phenanthridi-
none derivatives and investigate their anti-HCV activity. After opti-
mization of chemical structures, we have obtained the compounds
that exert anti-HCV activity in the nanomolar range. Interestingly,
these compounds did not inhibit the enzymatic activity of NS3 pro-
tease or NS5B RNA polymerase at the concentrations capable of
inhibiting HCV replication in replicon cells.

2. Materials and methods
2.1. Compounds

More than 100 phenanthridinone derivatives were synthesized
and used in this study. The synthesis of these compounds has been
described previously [20,21]. Cyclosporin A (CsA) was purchased
from Sigma-Aldrish. All compounds were dissolved in dimethyl
sulfoxide (DMSO) (Nacalai Tesque) at a concentration of 20 mM
or higher to exclude the cytotoxicity of DMSO and stored at
—20 °C until use.

2.2. Cells

Huh-7 cells were grown and cultured in Dulbecco’s modified
Eagle medium with high glucose (Gibco/BRL) supplemented with
10% heat-inactivated fetal bovine serum (Gibco/BRL), 100 U/ml
penicillin G, and 100 pg/ml streptomycin. Huh-7 cells containing
self-replicating subgenomic HCV replicons with a luciferase repor-
ter, LucNeo#2 [22], were maintained in culture medium containing
1 mg/ml G418 (Nakarai Tesque). The subgenomic replicon cells
without reporter #50-1 and the full-genomic replicon cells
NNC#2 [23] were kindly provided by Dr. Hijikata (Kyoto Univer-
sity, Kyoto, Japan). These cells were also maintained in culture
medium containing 1 mg/ml G418.

2.3. Anti-HCV assays

The anti-HCV activity of the test compounds was determined in
LucNeo#2 cells by the previously described method with some
modifications [24]. Briefly, the cells (5 x 10? cells/well) were cul-
tured in a 96-well plate in the absence of G418 and in the presence
of various concentrations of the compounds. After incubation at
37 °C for 3 days, the culture medium was removed, and the cells
were washed twice with phosphate-buffered saline (PBS). Lysis
buffer was added to each well, and the lysate was transferred to
the corresponding well of a non-transparent 96-well plate. The
luciferase activity was measured by addition of the luciferase re-
agent in a luciferase assay system kit (Promega) using a lumino-
meter with automatic injectors (Berthold Technologies).

The activity of the test compounds was also determined by the
inhibition of HCV RNA synthesis in LucNeo#2, #50-1, and NNC#2
cells [23,25]. The cells (5 x 10° cells/well) were cultured in a 96-
well plate in the absence of G418 and in the presence of various
concentrations of the compounds. After incubation at 37 °C for
3 days, the cells were washed with PBS, treated with lysis buffer
in TagMan® Gene Expression Cell-to-CT™ kit (Applied Biosystems),
and the lysate was subjected to real-time reverse transcription
polymerase chain reaction (RT-PCR), according to the

manufacturer’s instructions. The 5'-untranslated region of HCV
RNA was quantified using the sense primer 5-CGGGAGAGCCA-
TAGTGG-3/, the antisense primer 5-AGTACCACAAGGCCTTITCG-3',
and the fluorescence probe 5-CTGCGGAACCGGTGAGTACAC-3
(Applied Biosystems).

The inhibitory effect of the test compounds on the replication of
a genotype 2a strain was evaluated by the infection of Huh-7.5.1
cells, kindly provided by Dr. Chisari at Scripps Institute, with
cell-free JFH-1 virus, as previously described [11]. At 48 h after
virus infection, the cells were treated with SideStep Lysis and Sta-
bilization Buffer (Agilent Technologies), and the lysate was sub-
jected to real-time RT-PCR for quantification of HCV RNA [25].

2.4. Cytotoxicity assay

Huh-7 cells (5 x 10 cellsjwell) were cultured in a 96-well plate
in the presence of various concentrations of the test compounds.
After incubation at 37 °C for 3 days, the number of viable cells
was determined by a dye method using the water soluble tetrazo-
lium Tetracolor One® (Seikagaku Corporation), according to the
manufacturer’s instructions. The cytotoxicity of the compounds
was also evaluated by the inhibition of host cellular mRNA synthe-
sis. The cells were treated with lysis buffer in the Kkit, as described
above, and the cell lysate was subjected to real-time RT-PCR for
amplification of a part of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) RNA using a TagMan® RNA control reagent (Applied
Biosystems).

2.5. Immunoblotting

LucNeo#2 cells (5 x 102 cells/well) were cultured in a 96-well
plate in the presence of various concentrations of the test com-
pounds. After incubation at 37 °C for 4 days, the culture medium
was removed, and the cells were washed with PBS and treated with
lysis buffer (RIPA Buffer®, Funakoshi). The protein concentration of
the lysate was measured by Bradford protein assay method (Bio-
Rad). Then, the lysate was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS~PAGE). The primary anti-
bodies used for protein detection were anti-NS3 (Thermo Scien-
tific), anti-NS5A (Acris Antibodies), and anti~-GAPDH (Santa Cruz
Biotechnology) mouse monoclonal antibodies.

2.6. Protease and polymerase inhibition assays

The effect of the test compounds on NS3 protease activity was
determined by a fluorescence resonance energy transfer-based as-
say using SensoLyte® 520 HCV Assay Kit (AnaSpec), according to
the manufacturer’s instructions. The inhibition assay for NS5B
polymerase was performed at 37 °C for 60 min in a 384-well plate.
A reaction mixture (30 pl/well) contains 20 mM Tris-HCI (pH 7.6),
10 mM MgCl,, 20 mM Nacl, 1 mM dithiothreitol, 0.05% Tween 20,
0.05% pluronic F127, 1 pM [3H]GTP (0.1 uCi/well) plus cold GTP,
5nM poly(rC), 62.5nM biotinylated dG;;, 45 nM recombinant
NS3 protease, and various concentrations of the compounds. The
reaction was stopped by streatavidin scintillation proximity assay
beads in 0.5M ethylenediaminetetraacetic acid. The plate was
counted with a microbeta reader on the following day.

3. Results

When a number of phenanthridinone derivatives were examined
for their antiviral activity in LucNeo#2 cells, three phenanthridinone
derivatives, 5-butyl-2-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-
y1)-3,8-dimethoxyphenanthridin-6(5H)-one (KZ-16), 4-butyl-11-
(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)-[1,3]dioxolo[4,5-c]
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phenanthridin-5(4H)-one (HA-718), and 4-butyl-11-(1,1,1,3,3,
3-hexafluoro-2-hydroxypropan-2-yl)-[1,3]dioxolo[4,5-c]phenan-
thridin-5(4H)-one (HA-718), and 4-butyl-11-(1,1,1,3,3,3-hexa-
fluoro-2-hydroxypropan-2-yl)-7-methoxy-[1,3]dioxolo[4,5-c]
phenanthridin-5(4H)-one (HA-719) (Fig. 1) proved to be highly
potent and selective inhibitors of HCV (genotype 1b) replication.
KZ-16, HA-718, and HA-719 reduced luciferase activity and viral
RNA copy number in LucNeo#2 cells in a dose-dependent fashion
(Fig. 2A—C). However, they did not affect the viability of Huh-7.5.1
cells at concentrations up to 40 pM (Fig. 2D). When the cytotoxicity
of the compounds was evaluated by the copy number of GAPDH
mRNA in the host cells, a similar result was obtained (data not
shown).

Table 1 summarizes the anti-HCV activity of KZ-16, HA-718, and
HA-719 in different (genotype 1b) replicon cells and in Huh-7 cells
infected with cell-free JFH1 (genotype 2a) virus. The highest activity
was achieved by HA-719 followed by KZ-16 and HA-718. The ECsq of
KZ-16, HA-718, and HA-719 were 0.13 +0.04, 0.23 £0.06, and
0.063 + 0.010 uM, respectively, in LucNeo#2 cells, when determined
by the luciferase reporter activity. The 50% cytotoxic concentrations
(CCso) of all compounds were >40 uM. Therefore, the selectivity indi-
ces (SI), based on the ratio of CCsq to ECsq, 0f KZ-16, HA-718, and HA-
719 were >307, >173, and >634, respectively. The anti-HCV activity
of these compounds was confirmed by reduction of the viral RNA
copy number in different replicon cells. However, they were less po-
tent inhibitors of genotype 2a HCV (JFH1) replication in cell-free
virus infection assay. Furthermore, the phenanthridinone deriva-
tives were much less active in Huh-7 cells transfected with JFH1 rep-
licons than in genotype 1b replicon cells (data not shown).

Immunoblot analysis was conducted to confirm that phenanth-
ridinone derivatives were inhibitory to the expression of NS3 and
NS5A proteins of HCV. As shown in Fig. 3, HA-719 strongly inhibited
NS3 and NS5A expression in LucNeo#2 cells in a dose dependent
fashion without affecting the expression of the host cellular protein
GAPDH. The compound achieved 93% and 86% inhibition of NS3 and

et

HA-719

Fig. 1. Chemical structures of phenanthridinone derivatives.

NS5A, respectively, at a concentration of 0.5 uM, indicating that
HA-719 is a potent inhibitor of HCV protein expression as well as
viral RNA synthesis. Immunoblot analysis was also conducted for
another phenanthridinone derivative, 2-(2-benzyloxy-1,1,1,3,3,3-
hexafluoropropan-2-yl)-5-butyl-3-methoxyphenanthridin-6(5H)-one
(KZ-37), of which anti-HCV activity was weaker than HA-719. KZ-37
also proved inhibitory to NS3 and NS5A expression in a dose-
dependent fashion (data not shown).

In our attempt to elucidate the mechanism of action of the com-
pounds, HA-719 was examined for their ability to inhibit the enzy-
matic activity of genotype 1b NS3 protease and NS5B polymerase
in cell-free assay systems. Little, if any, inhibition of NS3 protease
activity was observed for HA-719. Its 50% inhibitory concentration
(ICsq) for the protease was 5.7 uM (data not shown), which was
much higher than its ECso for HCV replication in replicon cells
(0.063-0.44 pM). HA-719 did not show any inhibitory effect on
NS5B polymerase activity at concentrations up to 20 pM (data
not shown). Furthermore, KZ-37, of which ECsg for HCV replication
was 2.1-4.8 uM, was inactive against these two enzymes at a con-
centration of 20 uM (data not shown). Thus, it is unlikely that the
phenanthridinone derivatives suppress HCV replication by inhibit-
ing the activity of either NS3 protease or NS5B polymerase.

4. Discussion

In this study, we have demonstrated that novel phenanthridi-
none derivatives are potent and selective inhibitors of HCV replica-
tion in vitro. OQur previous study on the synthesis and antiviral
activity of phenanthridinone derivatives demonstrated that some
of them exhibited selective but moderate activity against HCV rep-
lication in replicon cells [20,21]. After optimization of chemical
structures, we succeeded in obtaining a series of potent and selec-
tive derivatives (Fig. 1). Among them, the most active one was HA-
719, a novel phenanthridinone derivative with a dioxole structure.

Previous studies of HCV replicon cell systems indicated that most
replicons had cell culture-adaptive mutations, which arose during
the selection process with G418 and enhanced replication efficiency
[26-29]. Self-replicating subgenomic RNA replicons could be elimi-
nated from Huh-7 cells by prolonged treatment with IFN, and a high-
er frequency of cured cells could support the replication of
subgenomic and full-genomic replicons [30]. The replication effi-
ciency decreased with increasing amounts of transfected replicon
RNA, indicating that viral RNA or proteins are cytopathic or that host
cell factors in Huh-7 cells limit RNA amplification [31]. Therefore,
both viral and cellular factors are considered to be important deter-
minants for the efficiency of HCV replication in cell cultures, which
may be able to explain the difference in ECso values of the
compounds among the subgenomic replicon cells used in this study
(Table 1). Similarly, the difference in ECso values in subgenomic and
full-genomic replicon cells might be due to the difference of HCV
RNA length or the difference of the host cells [32]. In fact, shorter
RNA is known to replicate more efficiently than longer one [33].

The activity of phenanthridinone derivatives against the geno-
type 2a strain JFH1 was weaker than that against genotype 1b (Ta-
ble 1). Although the assay systems were not the same (replicon cell
assay for genotype 1b versus cell-free virus infection assay for
genotype 2b), the compounds were much less active against geno-
type 2a (Table 1 and data not shown). Such difference in drug-sen-
sitivity between genotype 1b and genotype 2a was previously
reported and attributed to the genetic heterogeneity within the
HCV genome [23]. In addition, the anti-HCV activity of compounds
had been optimized in the genotype 1b replicon cells. HCV is clas-
sified into 6 genotypes that are further separated into a series of
subtypes [34,35]. Among the genotypes, genotype 1b virus is epi-
demiologically predominant in Japan, and 65 and 17% of the cases
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Fig. 2. Inhibitory effect of phenanthridinone derivatives on the replication HCV RNA replicons in LucNeo#2 cells and the proliferation of Huh-7 cells. LucNeo#2 cells were
cultured in the presence of various concentrations of (A) KZ-16, (B) HA-718, or (C) HA-719. After incubation for 3 days, the cells were subjected to luciferase assay (closed
diamond) and real-time RT-PCR (open diamond) to measure replicon-associated luciferase activity and RNA copy number, respectively, as parameters of HCV replication. (D)
For the cell proliferation assay, Huh-7 cells were cultured in the presence of various concentrations of KZ-16 (closed diamond), HA-718 (open diamond), or HA-719 (closed
square). After incubation for 3 days, the number of viable cells was determined by a tetrazolium dye method. Data represent means +SD for triplicates experiments.

Experiments were repeated at least twice, and a representative result is shown.

Table 1
Anti-HCV activity of phenanthridinone derivatives.
Compound ECso (uM) CCsp (UM)
Virus genotype 1b 2a
Cell LucNeo#2 #50-1 NNC#2 Huh-7.5.1 Huh-7
Assay Luciferase Real-time RT-PCR Tetrazolium
KZ-16 0.13 +0.04 0.28 +0.01 0.40+0.12 040+0.14 26109 >40
HA-718 0.23+£0.06 0.68 £ 0.02 0.97 £0.56 0.90 + 0.44 1445 >40
HA-719 0.063 £0.010 0.14 +0.01 0.25 £0.05 0.44 +0.20 49+22 >40
CsA 0.24+0.05 0.16 + 0.01 0.18 £0.03 N.D. 0.58 +0.01 12+3

ECs0: 50% effective concentration; CCsp: 50% cytotoxic concentration. N.D.: not determined.
Antiviral assay against the genotype 2a HCV was evaluated by the infection of Huh-7.5.1 cells with cell-free JFH-1 virus (see Section 2).
Except for the results in NNC#2 cells, all data represent means = SD for three independent experiments. The data in NNC#2 cells represent means + ranges for two

independent experiments.

of HCV-related chronic hepatitis were caused by genotype 1b and
genotype 2b, respectively [36].

At present, the target molecule of our phenanthridinone deriv-
atives for inhibition of HCV replication remains unknown.
Although it cannot be completely excluded that the compounds
are inhibitors of NS3 protease or NS5B polymerase, biochemical as-
says revealed that HA-719 proved not to inhibit the activity of
these enzymes at the concentrations capable of inhibiting viral
replication. Therefore, the compounds may interact with another
non-structural protein essential for viral replication, such as NS3

helicase and NS5A. In fact, a highly active inhibitor targeting
NS5A has recently been identified [37]. Alternatively, the phe-
nanthridinone derivatives may inhibit HCV replication through
the interaction with host cellular factors deeply involved in HCV
replication process [38—40]. It was reported that PJ34, a phenanth-
ridinone derivative, had immunomodulatory activities and was
protective against autoimmune diabetes [41], liver cancer [42],
and stroke [43]. These studies suggested that the effects of PJ34
were attributed to the inhibition of poly(ADP-ribose) polymerase
(PARP). Therefore, HA-719 was tested for its inhibitory effect on
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Fig. 3. Inhibitory effect of HA-719 on the expression of HCV proteins in LucNeo#2
cells. The cells were cultured in the presence of various concentrations of the
compound. After incubation for 4 days, the cells were subjected to electrophoresis
and immunoblot analysis for expression of (A) NS3 and (B) NS5A proteins. The band
images were quantified by an image scanner and densitometer. Experiments were
repeated at least twice, and a representative result is shown.

PARP activity and found to be inactive (data not shown). It was re-
ported that some phenanthridinone derivatives had anti-human
immunodeficiency virus (HIV) activity through the inhibition of
viral integrase [44]. However, our compounds did not show selec-
tive inhibition of HIV replication in cell cultures (data not shown).
Further studies, including the establishment of drug-resistant rep-
licons, are in progress to determine the mechanism of action of the
phenanthridinone derivatives.

In conclusion, our results clearly demonstrate that the novel
phenanthridinone derivatives, especially HA-719, are highly potent
and selective inhibitors of HCV replication in vitro. Although fur-
ther studies, such as determination of their target molecule and
pharmacological properties in vivo, are required, this class of com-
pounds should be pursued for their clinical potential in the treat-
ment of HCV infection.
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Abstract

Background: Hepatocyte growth factor (HGF) stimulates hepatocyte proliferation, and also acts as an anti-
apoptotic factor. Therefore, HGF is a potential therapeutic agent for treatment of fatal liver diseases. We performed
a translational medicine protocol with recombinant human HGF (th-HGF), including a phase I/Il study of patients
with fulminant hepatitis (FH) or late-onset hepatic failure (LOHF), in order to examine the safety, pharmacokinetics,
and clinical efficacy of this molecule.

Methods: Potential adverse effects identified through preclinical safety tests with rh-HGF include a decrease in
blood pressure (BP) and an increase in urinary excretion of albumin. Therefore, we further investigated the effect of
rh-HGF on circulatory status and renal toxicity in preclinical animal studies. In a clinical trial, 20 patients with FH or
LOHF were evaluated for participation in this clinical trial, and four patients were enrolled. Subjects received rh-HGF
(0.6 mg/m?/day) intravenously for 12 to 14 days.
Results: We established an infusion method to avoid rapid BP reduction in miniature swine, and confirmed
reversibility of renal toxicity in rats. Although administration of rh-HGF moderately decreased BP in the participating
subjects, this BP reduction did not require cessation of rh-HGF or any vasopressor therapy; BP retumed to resting
levels after the completion of rh-HGF infusion. Repeated doses of rh-HGF did not induce renal toxicity, and severe
adverse events were not observed. Two patients survived, however, there was no evidence that rh-HGF was
effective for the treatment of FH or LOHF.
Conclusions: Intravenous rh-HGF at a dose of 0.6 mg/m? was well tolerated in patients with FH or LOHF;

| therefore, it is desirable to conduct further investigations to determine the efficacy of rh-HGF at an increased dose.

Background

Acute liver failure (ALF) is a rare but fatal clinical syn-
drome marked by the abrupt loss of hepatic cellular
function, with the subsequent development of coagulo-
pathy, jaundice and encephalopathy [1-3]. In Japan,
ALF with the histological appearance of hepatitis,
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caused by viral infection, autoimmune hepatitis and
drug allergy-induced liver injury, is classified as fulmi-
nant hepatitis (FH) or as the related disease late-onset
hepatic failure (LOHF) [4]. FH is identified as hepatitis
in which hepatic encephalopathy develops within 8
weeks after the onset of disease symptoms, with pro-
thrombin time (PT) less than 40% of the standardized
values. Also, FH is further classified into two subtypes:
acute (FHA) and subacute type (FHSA) in which the
encephalopathy occurs, respectively, within 10 days or
after 11 days or more. Patients in whom the

© 2011 Ido et al: licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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encephalopathy develops between 8 and 24 weeks after
disease onset with PT less than 40% are diagnosed as
having LOHF. This distinction is useful in guiding
prognosis: the time to onset of encephalopathy is nega-
tively correlated with outcome. The only effective ther-
apy for FH is liver transplantation. Other therapies,
including corticosteroids, have no demonstrable benefit
[5], lamivudine for acute hepatitis B [6], and plasma-
pheresis [7]. Therefore, patients with FH who did not
receive liver transplantation had extremely poor prog-
noses: the survival rates were 53.7% in FHA and 24.4%
in FHSA, and 11.5% in LOHF in Japan [4].

Hepatocyte growth factor (HGF) was first purified as a
potent mitogen for hepatocytes from the plasma of
patients with FH [8,9]. HGF is one of the primary agents
promoting the proliferation of mature hepatocytes
[10-12]. The stimulatory effect of HGF on liver regen-
eration has been observed in vivo using normal and par-
tially hepatectomized rats [11]. Additionally, HGF
stimulates proliferation of hepatic progenitor cells,
which appear following hepatic injury [13]. Furthermore,
recent investigations using mice deficient in c-met, a
specific receptor for HGF, demonstrated that the HGF/
c-met signaling pathway is essential for efficient liver
regeneration and repair [14,15]. Conversely, HGF exerts
protective and anti-apoptotic functions toward hepato-
cytes in vitro [16-18] and in vivo [19-21], and is able to
prevent Fas (CD95/APO-1)-triggered death of adult
hepatocytes, leading to rescue from Fas-induced fulmi-
nant hepatic failure [20]. These results indicate that
HGF has the potential to be a new therapeutic agent for
ALF through its mitogenic and anti-apoptotic activities.

We have worked to develop translational medicine
protocols for recombinant human HGF (rh-HGF), and
have performed an investigator-initiated International
Conference on Harmonization of Technical Require-
ments for Registration of Pharmaceuticals for Human
Use (ICH)-Good Clinical Practice (GCP)-registered
phase I/II clinical trial of rh-HGF. As this application is
the first clinical trial to administer rh-HGF to humans,
we performed additional preclinical studies to ensure
minimization of the predicted side effects, and then
treated four patients with repeated doses of rh-HGF in
order to evaluate the safety, pharmacokinetics and clini-
cal efficacy of FH therapy.

Methods

Animal experiments to ensure safety of rh-HGF
administration

Animals

Female Crown miniature swine, six to seven months of
age, and male Wistar rats, seven weeks of age, were
obtained from Japan Farm (Kagoshima, Japan) and
Charles River Laboratories Japan Inc. (Yokohama,
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Japan), respectively. The animals were maintained under
constant room temperature (25°C), and given free access
to water and the indicated diet throughout the study.
The protocol for animal studies was approved by the
ethics committee of the Graduate School of Medicine,
Kyoto University (Kyoto, Japan). All animal experiments
were performed after one to three weeks acclimation on
a standard diet.

General pharmacological test

After Female Crown miniature swine were anesthetized
by inhalation of sevoflurane, nitric dioxide and oxygen,
catheters were inserted into one internal jugular vein
(for injection of rh-HGF) and to one common carotid
artery (to measure BP). One mg/kg of rh-HGF was
injected through the internal jugular vein over the
course of 20 min. HR was recorded by electrocardio-
graphic monitoring, and cardiac function was measured
via echocardiography. To evaluate the effect of stepwise
infusion of rh-HGF on BP, 0.4 mg/kg of rh-HGF was
injected over the course of three hours, with a stepwise
increase in dose rate (10% of the total dose over the
first 60 min, 30% over the next 60 min, and 60% over
the last 60 min) through the catheter inserted into an
internal jugular vein.

Evaluation of renal toxicity of repeat dose of rh-HGF
rh-HGF (0.4, 1.0 and 4.0 mg/kg) was administered to
rats intravenously in a bolus for 14 days, followed by
observation for 2 weeks. Urinary excretion of albumin
and protein were measured periodically during and after
rh-HGF administration. Animals were sacrificed at the
ends of rh-HGF administration (day 14) and the obser-
vation period (day 28) to evaluate renal involvement,
including serum creatinine and histological findings.

A phase I/ll clinical trial for patients with acute liver
failure

Overview

This single-arm, open-labeled, and dose-escalation study
was conducted at Kyoto University Hospital, Kyoto,
Japan. Study protocols were reviewed and approved by
the Investigational Review Board and Ethics Committee
governing Kyoto University Hospital before the com-
mencement of patient enrollment. Studies were per-
formed in accordance with principles of GCP, and
conformed to ethical guidelines of the Declaration of
Helsinki. All participating patients, or (when participants
were not able to subscribe because of hepatic encepha-
lopathy) their legal representatives provided written
informed consent before being enrolled into the study.
Selection of patients

Consenting patients were prospectively screened from
September 2005 to June 2008. Eligible patients with
FHSA or LOHF, who were not able to receive liver
transplantation, met at least one of the following four
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parameters: (1) aged 45-year-old or above, (1) PT 10%
or less of the standardized values, (3) total bilirubin (T-
Bil) level of 18.0 mg/dL or more, or (4) direct/total bilir-
ubin ratio less than 0.67. The following patients were
not eligible: those under 16 years old; those treated with
glucagon and insulin, or prostaglandin E1 48 hours
before registration; those with presence or past-history
of malignant tumors; those with heart failure; those with
severe complication including pneumonia, sepsis, disse-
minated intravascular coagulation syndrome or gastroin-
testinal bleeding; and those with allergic reaction against
rh-HGF. Pregnancy-aged women were also ineligible,
because toxicity of rh-HGF to reproductive development
in female animals has not been examined. Additionally,
patients were also excluded on the grounds of renal
involvement, including urinary excretion of 21 mg/mL
protein, deformed red blood cells or RBC casts in sedi-
mentary urine, a serum creatinine level of 2.0 mg/dL or
more, or urine volume less than 400 mL/day.

Protocol therapy and observation after rh-HGF dosing
period

rh-HGF was prepared as a GMP-grade material. The
initial dose of rh-HGF was fixed at 0.6 mg/m?/day,
which ensured not only safety but also clinical efficacy,
as determined by several preclinical animal studies. In
this dose escalation study, dose of rh-HGF can be
increased from the initial dose (0.6 mg/m?) to 1.2, 1.8
or 2.4 mg/m®. rh-HGF was administered intravenously
with a stepwise increase during 3 hours for up to 14
days, followed by a 14-day observation period. All
patients were followed in order to determine the out-
comes after the study period (up to 28 days).

End points

The primary endpoint of interest was the safety of
repeated doses of intravenous rh-HGF, which was evalu-
ated on the basis of the occurrence, frequency, and
severity of adverse events. All patients were treated in
an intensive care unit. During the on-study period,
patients were monitored for safety at regular intervals
from the start of rh-HGF administration until 14 days
after completion of study drug dosing. Safety assess-
ments included physical examination, clinical laboratory
test and adverse events. Adverse events were monitored
throughout the duration of the study, and evaluated in
terms of adverse events graded according to the Com-
mon Toxicity Criteria grading system. Causal association
of adverse events with rh-HGF was determined by clini-
cian’s best judgment. All adverse events were treated
appropriately regardless of the cause; where necessary,
patients were withdrawn from the study. The incidence
of adverse events was computed from the number of
patients experiencing at least one adverse event from
among those who received at least a single dose of rh-
HGF.
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The secondary endpoints were the pharmacokinetics
of intravenously injected rh-HGF and clinical efficacy,
including survival period and outcome. To examine
pharmacokinetics of rh-HGF, blood samples were col-
lected for analysis of rh-HGF at multiple time points on
days 1, 3, 5, 8, and 11 for assessment. Serum concentra-
tions of HGF were determined by enzyme-linked immu-
nosorbent assay (ELISA) (Otsuka Co., Ltd., Tokushima,
Japan) [22]. Laboratory data, including PT-international
normalized ratio (PT-INR), T-Bil, serum albumin, ala-
nine aminotransferase (ALT), and a-fetoprotein (AFP),
were examined before plasma exchange or rh-HGF
administration.

Statistical analysis

To evaluate survival benefits by administration of rh-
HGF, the stratified proportional hazards model was
used for analyzing matched datasets. All statistical ana-
lyses were done using SAS version 9.1 (SAS Institute,
Inc., Cary, NC).

Results

Establishment of rh-HGF dosing method to respond to a
decrease in blood pressure in miniature swine

In general pharmacological tests, intravenous rh-HGF
(1.0 or 0.2 mg/kg) caused a rapid decrease in systolic
blood pressure (BP) in miniature swine, whereas respira-
tory status was not affected (data not shown). Therefore,
before starting the clinical trial, we further investigated
the effect of rh-HGF on circulatory status in miniature
swine under general anesthesia. When a total dose of
rh-HGF of 1.0 mg/kg was administered over the course
of 20 min, a decrease in systolic BP occurred promptly,
and continued throughout rh-HGF administration (Fig-
ure 1A). Although heart rate (HR) gradually decreased,
no electrocardiographic abnormalities, including
arrhythmia and ischemic changes, were observed
throughout the experimental period. Additionally, car-
diac ultrasonography showed a decrease in left ventricu-
lar end-diastolic volume (LVEDV) as well as ejection
fraction (EF), in parallel with a decrease in BP, but no
abnormalities of left ventricular movement (Figure 1A).
These results indicate that intravenous injection of rh-
HGF reduced BP through dilatation of capacitance
vessels.

Next, we tried to develop a method for rh-HGF
administration that would avoid rapid BP reduction. We
finally established a stepwise infusion method in which
rh-HGF was administered with a stepwise increase over
the course of three hours (10% dose for 60 min, 30% for
next 60 min, and 60% for the last 60 min) (Figure 1B).
We found that appropriate infusion effectively prevented
the decrease in BP caused by intravenous rh-HGF
administration (Figure 1C). The preventive effect of
additional infusion also supports the idea that dilatation
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Figure 1 Intravenous injection of rh-HGF reduced blood pressure through capacitance vessels in miniature swine. Effect of intravenously
administered rh-HGF on BP, HR, and cardiac function was examined in miniature swine under general anesthesia. (A) Intravenous injection of rh-
HGF (1.0 mg/kg) rapidly reduced systolic and diastolic BP. Reduced BP was persistent during rh-HGF administration (for 20 min), and was
immediately recovered after the rh-HGF injection. Echocardiography showed that ejection fraction (EF) and left ventricular end-diastolic volume
(LVEDV) were reduced during rh-HGF administration. (B) rh-HGF (04 mg/kg) administered for three hours with a stepwise increase (0.01 mg/kg
for first 60 min, 0.03 mg/kg for the next 60 min, and 0.36 mg/kg for the last 60 min) gradually decreased BP and HR. (C) Infusion of 100 mL of
saline prior to rh-HGF administration prevented a decrease in BP during exposure to rh-HGF.

of capacitance vessels is a cause of HGF-induced BP  dosing during the 14-day observation period. In histolo-

reduction. gical analysis, mesangial expansion, hyaline droplet

deposition in glomeruli and tubules, and renal hypertro-
Evaluation of renal toxicity induced by repeated dose of phy were observed after repeated doses of rh-HGF for
rh-HGF in rats 14 days; however, these histological findings were in the

Repeated dose toxicity tests using rats or cynomolgus  slight-to-mild range, and still identified as reversible
monkeys identified an increase in urinary excretion of changes (data not shown). In a clinical trial, the clinical
albumin and protein as a potential adverse event in a  dose of rh-HGF, 0.6 mg/m?, corresponds to 0.1 mg/kg
clinical trial. Therefore, we further examined whether in rodents. Therefore, renal toxicity, induced by
renal toxicity induced by repeated rh-HGF dosing for 14  repeated rh-HGF dosing for 14 days, would be predicted
days was reversible. We intravenously administered 0.4,  to be reversible; furthermore, excretion of urinary albu-
1.0, and 4.0 mg/kg/day of rh-HGF to rats for 14 days, min is a useful way to monitor renal toxicity.

followed by a 14-day observation. Urinary excretion of

albumin increased in rats treated with rh-HGF from day  Patient characteristics

4 in a dose dependent manner (Figure 2). In animals Between September 2005 and June 2008, 20 patients
treated with 0.4 or 1.0 mg/kg/day of rh-HGF, excretion  with FHSA or LOHF were evaluated for participation in
of urinary albumin preceded an increase in proteinuria  the clinical trial of rh-HGF. Sixteen patients were
(Figure 2A and 2B). Conversely, neither serum creati- excluded because they met one or more of the exclusion
nine nor BUN were affected throughout the experimen-  criteria. Consequently, four patients were enrolled;
tal period, and increased urinary excretion of albumin  despite a dose-escalation study, only the initial dose of
gradually decreased after the completion of rh-HGF  rh-HGF (0.6 mg/m®) was administered. Among the
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Figure 2 Repeated dose of rh-HGF induced an increase in urinary excretion of albumin and protein in rats. Rats were administered rh-
HGF, 04 (A), 1.0 (B), and 4.0 mg/kg/day (O (n = 4 for each), intravenously for 14 days, and urinary excretion of albumin and protein was
measured before (day 1), during (days 7 and 14), and 7 and 14 days after HGF administration. Repeated doses of rh-HGF induced an increase in
urinary albumin excretion in dose dependent manner. Urinary excretion of albumin was reversible even when dosing 4.0 mg/kg/day of rh-HGF
(©), and preceded an increase in proteinuira in rats treated with 0.4 and 1.0 mg/kg of rh-HGF (A and B, respectively).
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participating subjects, the age was between 40 and 71,
and two were male (Table 1). Patients 1, 2 and 4 were
diagnosed as having FHSA, and patient 3 as having
LOHE. These four patients were not able to receive liver
transplantation, because patients 1, 3, and 4 lacked
appropriate donors, and patient 2 was over 70 years old.
FHSA in patients 1 and 4 was caused by HEV and a
supplement containing coenzyme Q-10, respectively,
whereas the cause of hepatic failure in patients 2 and 3
was undetermined. Two patients with FHSA (patients 1
and 2) and one with LOHF (patient 3) exhibited hepatic
encephalopathy at grade II and V, respectively, whereas
the consciousness level of patient 4 with FHSA was not
impaired at the time of enrollment. In all patients,
markedly prolonged PT and an increase in T-Bil and
serum HGF were observed. Patient 2, with FHSA, and
patient 3, with LOHF, exhibited reduced liver volume as
determined by CT volumetry at enrollment. Treatment
with rh-HGF was started between five and seven days
after appearance of hepatic encephalopathy. rh-HGF (0.6
mg/m?/day) was intravenously administered for 14 days
in patients 2 and 4. Patients 1 and 3 required cessation
of rh-HGF on days 14 and 13, respectively, because of
increased serum creatinine (2.1 mg/dL) and oliguria,
respectively. Both of these symptoms were determined
to accompany hepatic failure, but not rh-HGF dosing.
Thus, these patients were subject to a total of 13- and
12-day HGF administration regimens, respectively.
Plasma exchange was performed in all patients. Three
patients, except for patient 1 with FHSA caused by

Table 1 Patient characteristics
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HEV, were treated with corticosteroid (Additional file 1,
Additional file 2, Additional file 3, Additional file 4).
Finally, two of the patients with FHSA (2 and 4) sur-
vived, whereas the other two patients died. Patient 1,
who had FHSA, died after the study period; patient 3,
who had LOHEF, died during the study period (Table 1).

Pharmacokinetics of stepwise infusion of rh-HGF for three
hours

In patients 1, 2, and 3, rh-HGF was administered after
plasma exchange. Serum levels of HGF increased in par-
allel with a stepwise increase of rh-HGF dosing, and
reached maximum drug concentration (Cmax) at the
end of a three-hour rh-HGF injection (Figure 3). Cmax
gradually increased from 18.8 + 6.0 ng/mL on day 1 to
22.3 + 9.6 ng/mL on day 11 during the HGF dosing per-
iod (Table 2). The mean value of half-life (T,,) was
approximately 630 to 840 min. The area under the
blood concentration-time curve (AUC) gradually
increased, and the clearance (CL) and steady-state
volume of distribution (Vdss) appeared to gradually
decrease, during the HGF dosing period.

Intravenous rh-HGF was well tolerated in all patients with
FH or LOHF

Preclinical safety studies revealed that a decrease in BP
during rh-HGF infusion and renal toxicity induced by
repeated rh-HGF dosing, including an increase in urin-
ary excretion of albumin, were potential adverse events
in a human study. In the phase I/II study of patients

Patient No. 1 2 3 4
Age/Gender 67/M 71/F 64/F 40/M
Diagnosis/Etiology FHSA/HEV FHSA/unknown LOHF/unknown FHSA/drug
Reason for not receiving LT donor! age® donor' donor’
Before rh-HGF administration
Grade of HE il Il \ 0
Prothrombin time INR (%) 207 (33) 1.55 (49) 1.78 (37) 162 (43)
Albumin (g/dL) 29 32 29 29
T-Bil (mg/dL) 1.2 6.9 mn7 276
Direct/total bilirubin ratio 058 041 044 071
ALT (IU/L) 32 131 260 253
Serum HGF (ng/mL) 0.77 1.94 1.07 188
AFP (ng/ml) 70 229 39 397
Liver volume (mL) 1055 595 640 1110
Days between HE and rh-HGF administration (days) 7 5 5 5
Duration of rh-HGF dosing (days) 13 14 12 14
QOutcome
during the smdy period alive alive dead alive
during the follow-up period dead alive - alive

FHSA, fulminant hepatitis subacute type; LOHF, late onset hepatc failure; HEV, hepatitis E virus; LT, liver transplantation; HE, hepatic encephalopathy. 'lack of an

appropriate donor; 2age 70 or over.
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Figure 3 Sequential changes in serum HGF concentration
during and after rh-HGF administration. rh-HGF (0.6 mg/mz) was
administered intravenously with a stepwise increase for three hours
(0.06 mg/m? for 60 min, 0.18 mg/m? for next 60 min, and 0.36 mg/
m? for last 60 min). Serum levels of HGF were measured by ELISA.
Sequential changes in (A) serum HGF levels on day 1 of rh-HGF

dosing period.

with FH or LOHF, respiratory status was not affected by
rh-HGF administration in any patient, but BP was
decreased mildly to moderately from approximately one
hour after the beginning of HGF injection in patients 1,
2 and 3 (Figure 4). As HGF reduces BP through dilata-
tion of capacitance vessels, the HR increased up to 30%.
However, this decrease in BP did not require cessation
of rh-HGF or any vasopressor therapy, and BP returned

Table 2 Pharmacokinetic parameters of rh-HGF

parameters Estimate values  95% confidence interval
Day 1

Crax (Ng/mL) 188 13.0 24.7
AUCq 300 (Ng/mML*min) 1485.6 9913 1979.8
AUCy... (ng/mL*min) 1994.0 12146 27733

Ti/2 (min) 756.2 5268 985.7
CL {(mL/m?%/min) 0.000361 0.000160 0.000561
Vgss (ML/M?) 0.125 0063 0.186

Day 5 .

Crnax (Ng/mL) 213 12.8 299
AUCq 300 (Ng/mML*min) 17272 1099.7 2354.7
AUCp-.. (ng/mL*min) 24938 1647.0 3340.5

T2 (min) 8436 540.5 11466
CL {(mL/m%/min) 0.000277 0.000138 0.000416
Vgss (ML/M?) 0.106 0.059 0.153

Day 11

Crnax (Ng/mL) 223 114 331
AUCq.300 (ng/mL*min) 1965.5 8016 31295
AUCq... (Ng/mL*min) 31264 13552 48975

Ty/2 (min) 6333 3180 948.6
CL (mL/m?/min) 0.000230 0.000095 0.000365
Vgss (ML/M?) 0.088 0.031 0.146
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to resting levels after the completion of HGF adminis-
tration. Patient 2, who awoke from hepatic encephalopa-
thy on day 3 of the HGF dosing period, did not suffer
from any symptoms during HGF administration, even
though the HR increased up to ~30% (Figure 4).

All patients showed slight to mild increase in urinary
excretion of albumin at enrollment and a decrease in
urine volume during the rh-HGF study period. However,
repeated doses of rh-HGF did not increase urinary
excretion of albumin, and urine volume was affected by
several factors other than rh-HGF administration,
including volume of infusion, amount of circulating
plasma, and diuretic dosing. Although hypokalemia, ane-
mia, a decrease in platelet count, prolonged PT, a
decrease in anti-thrombin III, and hematuria were also
observed in three of four patients, there was no appar-
ent evidence for a causal relationship between these
adverse events and rh-HGF administration. Patient 3,
who died of advanced hepatic failure during the obser-
vation period, exhibited respiratory failure. However,
this severe adverse event was associated with progres-
sion of hepatic failure, not rh-HGF; no other severe
adverse events directly caused by single or repeated
doses of rh-HGF were observed during the study period.

HGF administration did not show a beneficial effect on
hepatic encephalopathy, laboratory data results, or
patient survival
Three out of four patients exhibited hepatic encephalo-
pathy at enrollment (Table 1). Patient 1 presented with
grade II hepatic encephalopathy at the beginning of pro-
tocol therapy. This patient did not recover from hepatic
encephalopathy either during or after the study period.
The patient ultimately died 68 days after the onset of
hepatic encephalopathy (Additional file 1). In patient 2,
who had FHSA and ultimately survived, plasma
exchange was performed on days 2, 4, and 8 during the
HGF dosing period (Additional file 2), and hepatic ence-
phalopathy had improved by day 3. Patient 3 showed
advanced hepatic encephalopathy at enrollment.
Although the consciousness level was transiently alle-
viated during the rh-HGF dosing period, hepatic ence-
phalopathy continued to progress during the
observation period; the patient died 28 days after the
onset of hepatic encephalopathy (Additional file 3).
Patient 4 had already recovered from hepatic encephalo-
pathy at enrollment, and did not show any impairment
of consciousness level during the study period (Addi-
tional file 4). Consequently, we did not observe a defi-
nite effect of rh-HGF administration on hepatic
encephalopathy.

Laboratory data results, including PT-INR, T-Bil,
serum albumin, and ALT, were not affected during the
rh-HGF dosing and observation period (Figure 5). In
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Figure 4 Blood pressure decreased during infusion of rh-HGF in patients with FH or LOHF. BP and HR were monitored during rh-HGF
infusion for three hours. Intravenous rh-HGF (0.6 mg/m?) reduced systolic BP, and increased HR in patients 1, 2 and 3. BP reduction during rh-
HGF infusion did not affected patients’ general condition. BP immediately recovered following the completion of rh-HGF administration.

Patient 2

a0 L Patient 4

0 30 60 90 120 150 180
Time after rh-HGF administration (min)

patient 1, serum AFP, which is known to increase not
only during development of hepatocellular carcinoma
but also liver regeneration, modestly increased during
the rh-HGF dosing period, followed by a gradual
decrease during the observation period. Conversely,
patients 2 and 4, who ultimately survived, exhibited an
increase in serum AFP at enrollment, whereas AFP
levels gradually decreased throughout the study period.
However, no definite effect of rh-HGF dosing on serum
AFP levels was observed.

To assess the effect of administration of rh-HGF on
patient survival, we selected subjects as a control, who
matched each patient in diagnosis (FHSA or LOHF), age
(245 or <45), gender, PT (<10% or 210%), T-Bil (<18.0
or >18.0 mg/dL) and direct/total bilirubin ratio (<0.67
or >0.67), from the data of national survey of FH and
LOHEF in Japan between 1998 and 2006. Consequently,
we set 57 control subjects for patients 1 and 2, 13 for
patient 3, and 17 for patient 4, and estimated hazard
ratios using the stratified proportional hazards model.
The survival time from the onset of hepatic encephalo-
pathy or disease in patients treated with rh-HGF was
slightly longer than that in control subjects, but the dif-
ference was not statistically significant (Table 3).

Discussion

This clinical trial covered patients with FH, an extremely
severe and fatal liver disease: subjects enrolled in this
trial are predicted to die without liver transplantation.
Indeed, a nationwide survey of the patients with FH or
LOHF (1998-2002) in Japan revealed that the survival
rate of the patients (n = 192) who met this study’s inclu-
sion criteria was 17.7% (n = 34). Additionally, FH is a
relatively rare syndrome in Japan (698 patients between
1998 and 2003) [4]; patients with severe complications,
especially renal dysfunction and heart failure, were
excluded in order to more precisely evaluate the safety
and efficacy of the proposed therapy. Therefore, we had
difficulty with recruitment of trial subjects. Ultimately,
we recruited only four patients to our institute, Kyoto
University Hospital, for treatment with the initial dose
of rh-HGF.

Predicted adverse events included a decrease in BP, by
dilatation of capacitance vessels, and proteinuria. There-
fore, we established a stepwise infusion method to avoid
a rapid reduction of BP, and confirmed reversibility of
renal toxicity through additional preclinical studies. In
this clinical trial, rh-HGF was administered intrave-
nously for 12 to 14 days, and severe side effects and
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Figure 5 Changes in laboratory data results during rh-HGF dosing and observation period. PT-INR, T-Bil, serum albumin, ALT and AFP,
were measured before rh-HGF administration (day 1 of rh-HGF dosing); on day 7 of the rh-HGF dosing period; and one, seven and 14 days after
the protocol therapy (days 1, 7 and 14 of the observation period, respectively). Laboratory data results were not affected during or after rh-HGF
administration.

complications caused by rh-HGF dosing were not
observed. BP was gradually reduced during stepwise
infusion of rh-HGF in three of the four patients,
whereas repeated doses of rh-HGF did not affect albu-
minuria. In the first patient, when BP decreased during
rh-HGF administration, 200-300 mL of infusion was suf-
ficient to restore BP immediately; prior infusion amelio-
rated HGF-induced BP reduction, as observed in
preclinical animal experiments (Figure 1C). In any
event, the decrease in BP observed during HGF infusion
was reversible, and did not affect patients’ general con-
dition. Although patients 2 and 3, but not 4, also exhib-
ited BP reduction during rh-HGF infusion, their general
condition was stable without additional infusion or ces-
sation of rh-HGF. Of particular importance, patient 2,
who had awakened from hepatic encephalopathy,
showed no symptom or sign during rh-HGF administra-
tion. Therefore, we concluded that rh-HGF administered

Table 3 Effect of rh-HGF administration on survival time

hazard 95% Cl p
ratio value
Survival time from:
onset of hepatic 0.20 003 145 008
encephalopathy
onset of disease 0.28 004 204 018

intravenously with a stepwise increase for up to 14 con-
secutive days was very well tolerated.

In this study, although two of four patients survived,
there was no evidence that rh-HGF was effective in
improving outcome of patients with FHSA or LOHF.
There are three potential reasons for the failure of this
trial to demonstrate the efficacy of rh-HGF in patients
with FH or LOHE.

First, the dose of rh-HGF and/or the 14-day treatment
schedule used in this study might have been too low to
produce beneficial effect. The dose chosen for this study
was based on a scaling of the doses used in pre-clinical
animal studies, and ensured safety in several repeated
dose toxicity tests. Also, this dose, corresponding to 0.1
mg/kg in rodents, has been reported to accelerate liver
regeneration in normal and partially hepatectomized
rats [11]. Conversely, the treatment duration was based
on a nationwide survey of FH and LOHF in Japan
between 1998 and 2002. In this survey, 90.4% (n = 47)
of surviving patients from FHSA and LOHF (n = 52)
awaked within 14 days after hepatic encephalopathy
occurred, and 71% (n = 135) of non-surviving patients
(n = 190) died within 28 days following the onset of
hepatic encephalopathy. Therefore, th-HGF administra-
tion for up to 14 days, followed by a 14-day observation
period, was considered to be sufficient to evaluate both
safety and efficacy. However, in the current study, there
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was no evidence of inhibited disease progression or sti-
mulated liver regeneration. This suggests either that the
dose of rh-HGF administered in this study was insuffi-
cient to induce liver regeneration and suppress liver
injury, or that the 14-day treatment regimen was too
short.

Second, HGF/c-Met pathways may be impaired in
patients with FH or LOHF. When rh-HGF was intrave-
nously injected in a bolus, most rh-HGF was distributed
into the liver, and development of liver injury or cirrho-
sis retarded clearance of rh-HGF [23,24]. In this clinical
study, serum levels of HGF increased to 10-20 ng/mL
(Cmax) just after a stepwise infusion of rh-HGF (0.6
mg/m?). HGF is known to stimulate proliferation of
both mature hepatocytes and hepatic progenitor cells:
less than 10 ng/mL of HGF was sufficient to induce
proliferation of primary cultured rat hepatocytes [12,25],
and in vivo proliferation of rat hepatic progenitor cells
was stimulated by serum levels of ~2 ng/mL human
HGF [13,26]. In patients with FH, serum levels of
growth and growth-inhibitory factors were elevated
[27-29], and reciprocal action of these factors in FH
patients results in impaired liver regeneration. In this
clinical trial, the increase in serum HGF concentration
did not lead to improvement of hepatic reserve; further-
more, serum levels of transforming growth factor
(TGF)-B, a growth-inhibitory factor, were not affected
by HGF administration (Additional file 5). However,
patient 1 revealed an increase in serum AFP, a marker
of liver regeneration in patients with FH, during rh-
HGF dosing period, and gradually decreased after the
completion of rh-HGF administration. In contrast,
patients 2 and 4, who survived, showed an increase in
serum AFP at enrollment, but serum AFP levels
decreased during the rh-HGF dosing period. These two
patients received PSL in parallel with rh-HGF (Addi-
tional files 2 and 4); AFP expression is known to be
affected by a glucocorticoid responsive element (GRE)
present in the 5’-flanking region of AFP gene [30]. Once
serum AFP levels decreased, slowly tapered PSL did not
affected serum AFP in these surviving patients. How-
ever, AFP expression at enrollment may be suppressed
via the GRE, leading to a decrease in serum AFP levels.
Therefore, dose escalation or prolonged exposure to rh-
HGF may be able to overcome impaired liver
regeneration.

Third, both FH and LOHF patients enrolled in this
trial were predicted to die without liver transplantation;
thus, the subjects already presented with an extremely
serious condition. This life-threatening condition was
influenced by the degree of impaired hepatic reserve
and varying complications. Indeed, in this trial, all eligi-
ble patients with FH or LOHF developed hepatic ence-
phalopathy, and the impaired hepatic reserve and
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general condition varied in severity. In these patients,
even though safety could be evaluated, it may be diffi-
cult to evaluate the clinical efficacy. Therefore, it will be
desirable to examine the clinical efficacy of rh-HGF in
additional clinical trials involving patients with less
severe conditions.

Systemic administration of potent growth factors
could theoretically stimulate premalignant lesions in dis-
tant organs. Therefore, in this first clinical trial of rh-
HGF, it was prudent to limit systemic therapy to life-
threatening conditions. Although the two surviving
patients in this study should be observed over the long
term, we showed here that repeated doses of intrave-
nous rh-HGF were well tolerated even in patients with a
fatal disease. Recent investigations have indicated that
HGF has the potential to improve treatment for intract-
able diseases of various organs, including the nervous
system [31,32], lung [33], heart [34-36], intestine [26,37],
kidney [38], and vessels [39]. Therefore, the safety
assessment of protein-based therapy of HGF described
here sheds light on the development of new therapeutic
modalities aimed at treating patients with intractable
diseases.

Conclusions

Despite a mild BP reduction during rh-HGF infusion,
intravenous rh-HGF at a dose of 0.6 mg/m? was well
tolerated in patients with FH or LOHF. However, there
was no evidence that those dose of rh-HGF was effective
for the treatment of these patients. Additional studies of
rh-HGF at doses higher than 0.6 mg/m?, for longer peri-
ods, or in treatment of patients with less severe condi-
tions, will be valuable in determining the clinical
efficacy of rh-HGF.

Additional material

Additional file 1: Clinical course of patient 1 with FHSA, the first
patient receiving intravenous rh-HGF. We first administered rh-HGF to
a 67-year-old Japanese man with FHSA caused by hepatitis E virus
infection. On admission, he presented with hepatic encephalopathy,
jaundice, ascites, edema, and microhematuria caused by bladder
catheter. Although ALT had already decreased to 32 1U/L, we observed
thrombocytopenia (6.1 x 10%/uL), increased T-Bil (11.2 mg/dL), a marked
decrease in serum albumin (2.9 g/dl), and prolonged PT (33%) (PT-INR
2.07), indicating severely impaired hepatic reserve. Serum HGF and AFP
levels were 0.77 and 7.0 ng/mL, respectively, and liver volume measured
by CT was 1055 mL. Following observation of general condition for two
days, administration of rh-HGF (0.6 mg/m?%day) was initiated. Because of
an increase in serum creatinine level of 20 mg/dL, caused by diuretics
administration to reduce massive ascites, protocol therapy was
discontinued on day 14, resulting in 13-day administration of rh-HGF.
Although prolonged PT was stable during rh-HGF dosing and
observation period, T-Bil gradually increased and hepatic encephalopathy
did not improve. Hepatic failure gradually progressed after the
observation period; the patient ultimately died 68 days after the onset of
hepatic encephalopathy. PE, plasma exchange; CHDF, continuous
hemodiafiltration.
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Additional file 2: Clinical course of patient 2 with FHSA, who
survived. The second patient (patient 2) was a 71-year-old Japanese
woman with FHSA of undetermined etiology. She presented with mild
hepatic encephalopathy with flapping tremor, jaundice, and urinary
findings, including proteinuria and microhematuria, caused by bladder
catheter. Platelet count and serum albumin level decreased to 6.9 x 10%
L, and 3.2 g/dL, respectively, and PT was prolonged to 49% (PT-INR
1.55). In addition to increased T-Bil level of 6.9 mg/dL, serum ALT level
increased to 131 IU/L. Serum HGF and AFP levels were 1.94 and 22.9 ng/
mL, respectively, and liver volume was 595 mL. Following observation of
general condition for 24 hours, treatment with rh-HGF was initiated, and
the protocol therapy was continued for 14 days without any severe
adverse events. Hepatic encephalopathy disappeared after plasma
exchange (PE) on day 2; consciousness level was not impaired
throughout the study period. Intravenous rh-HGF reduced systolic BP.
The patients with lucidity, however, did not complain any symptom.
Although prednisolone (PSL) was administered to reduce ALT, blood
biochemical findings and patient condition were stable throughout the
study period. After the completion of the study, biochemical findings
were gradually improved, and, finally, the patient survived.

Additional file 3: Clinical course of patient 3, with LOHF, who died
within the observation period. Sixty four-year-old Japanese woman
with LOHF of undetermined etiology suffered from advanced hepatic
encephalopathy (HE). She presented with platelet count of 9.2 x 10%L,
PT of 37% (PT-INR 1.78), T-Bil level of 11.7 mg/dL, ALT level of 260 IU/L,
and serum albumin level of 2.9 g/dL. Serum HGF and AFP levels were
1.07 and 3.9 ng/mL, respectively, and liver volume was 640 mL. Because
of oliguria (392 mL/day), protocol therapy was discontinued on day 13,
resulting in 12-day rh-HGF dosing. Additionally, PSL was administered to
reduce serum ALT, and plasma exchange (PE) and/or continuous
hemodiafiltration (CHDF) was performed throughout the study period.
Serum ALT levels reduced immediately, and hepatic encephalopathy was
transiently improved during rh-HGF dosing period. However, hepatic
encephalopathy, prolonged PT, and an increase in T-Bil progressed
during the observation period, and the patient died during the
observation period (28 days after the onset of hepatic encephalopathy).

Additional file 4: Clinical course of patient 4, with FHSA caused by
a drug, who survived. Forty-year-old Japanese man with FHSA, which
was caused by a supplement containing coenzyme Q-10, showed
platelet count of 7.0 x 10%L, PT of 43% (PT-INR 1.62), T-Bil level of 276
mf/dL, ALT level of 253 IU/L, and serum albumin level of 2.9 g/dL, but
not hepatic encephalopathy (HE), which was temporarily observed
before enrollment. Serum HGF and AFP levels were 1.88 and 39.7 ng/mL,
respectively, and liver volume was 1110 mL. Administration of rh-HGF
was continued for 14 days, and PSL was administered to reduce ALT
throughout the study period. An increase in T-Bil and prolonged PT was
modestly improved during rh-HGF dosing, followed by further
improvement after the observation period. Ultimately, the patient
survived. PE; plasma exchange.

Additional file 5: Serum levels of TGF-B were not affected by rh-
HGF dosing. Serum TGF-f concentrations before and after the rh-HGF
dosing period were determined by ELISA. Although patient 2 exhibited
an increase in serum TGF-B after 14-day rh-HGF administration, there was
no significant difference in serum levels of TGF-B (mean + SE: 2304 +

210 vs 2664 + 68.1 pg/ml, p = 0.52).
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Introduction

Abstract

Acute liver failure in Japan usually consists of fulminant hepatitis (FH) due to viral
infection, autoimmune hepatitis and drug-allergy-induced liver injury. The annual inci-
dence of FH was estimated at 429 cases in 2004. FH is classified into acute or subacute
type, and the prognosis of the latter is poor. Hepatitis B virus (HBV) is the most frequently
identifiable agent that causes FH in Japan. Transient HBV infection is more prevalent in the
acute than subacute type, whereas the frequency of HBV carriers is greater in the subacute
type. FH due to HBV reactivation from resolved hepatitis B has been increasingly observed
in patients with malignant lymphoma treated with rituximab and corticosteroid combina-
tion therapy. The prognosis is poor in HBV carriers with acute exacerbation, especially in
patients with HBV reactivation from resolved hepatitis B. Despite careful investigation, the
etiology is still unknown in 16% and 39% of the acute and subacute type of FH, respec-
tively. Autoimmune hepatitis and drug-allergy-induced liver injury are found in 7% and
10%, respectively, and are more frequently observed in the subacute type of FH. Living
donor liver transplantation is now the standard care for individuals with poor prognosis.
Artificial liver support with plasmapheresis and hemodiafiltration plays a central role while
waiting for a donor liver or for the native liver to regenerate. Further research is necessary
to identify the causes of unknown origin. In addition, to improve the prognosis of FH, it is
necessary to establish treatment modalities that are effective for liver regeneration.

hepatic illness, and in the absence of pre-existing liver disease.!
Thereafter, patients with hepatic encephalopathy that develops

Acute liver failure is a clinical syndrome that is marked by the
sudden loss of hepatic function in a person without chronic liver
disease. The causes of acute hepatic failure are varied and differ
geographically. In Japan, fulminant hepatitis (FH) is defined as
having hepatitis, when grade II or worse hepatic encephalopathy
develops within 8 weeks of the onset of the disease symptoms,
with a prothrombin time of =40%. FH due to viral infection,
autoimmune hepatitis and drug-allergy-induced liver injury is the
main cause of acute liver failure in Japan. In contrast, other causes,
including paracetamol overdose, other drug toxicity, metabolic
liver disease, and acute fatty liver of pregnancy, are infrequent.

The Intractable Hepato-biliary Diseases Study Group of Japan
annually performs a nationwide survey of patients with FH and
late-onset hepatic failure (LOHF). This paper summarizes the
results of the survey and addresses the characteristics and trends of
acute liver failure in Japan.

Definition and methods

In 1969, Trey and Davidson defined acute liver failure as the
occurrence of encephalopathy within 8 weeks of the onset of acute

Journal of Gastroenterology and Hepatology 26 (2011) Suppl. 1; 65-71

between 8 and 24 weeks after disease onset are defined as having
LOHEF? Other definitions based on the duration of illness have
subsequently been used to classify patients:** hyperacute,
<7 days; acute, 7-28 days; and subacute, 28 days to 6 months. In
Japan, patients with FH are classified into acute or subacute type,
in which the encephalopathy occurs within 10 days, or later than
11 days, respectively, of the onset of disease symptoms.>® Based
on the previous survey, patients with FH who present within
10 days of symptom onset have significantly higher survival rates
than similar patients who present with encephalopathy at 10 days
after symptom onset.”®

The survey was performed in hospital with active members of
the Japan Society of Hepatology and the Japanese Society of
Gastroenterology. Patients who meet the diagnostic criteria for FH
and LOHF were entered into the survey (Table 1). Besides the
diagnostic criteria, patients under 1 year of age and those with
alcoholic hepatitis were excluded from the analysis.

The etiology of acute liver failure is classified into five catego-
ries: viral infection, autoimmune hepatitis, drug-allergy-induced
liver injury, unknown, and indeterminate (Table 2). Patients with
viral infection consist of those with hepatitis A virus (HAV),
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Table 1 Diagnostic criteria for fulminant hepatitis in Japan according to
the Intractable Liver Diseases Study Group of Japan, the Ministry of
Health, Welfare and Labour (2003)

Fulminant hepatitis (FH) is defined as hepatitis in which hepatic
encephalopathy of coma grade greater than Il develops in the
patients within 8 weeks after the onset of disease symptoms with
highly deranged liver functions showing prothrombin time less than
40% of the standardized values.

FH is classified into two subtypes: the acute typeand subacute type
in which the encephalopothy occurs within 10 days and later than
11 days, respecitvely.

Note 1: Patients with chronic liver diseases are excluded from FH,
but asymptomatic HBV carriers who develop acute exacerbation are
diagnosed with FH.

Note 2:  Acute liver failure accompanying no liver inflammation, such
as drug or chemical intoxication, microcirculatory disturbance, acute
fatty liver of pregnancy, and Reye's syndrome are excluded from FH.

Note 3: The grading of hepatic encephalopathy is based on the
criteria from the Inuyama Symposium in 1972.

Note 4:  The etiology of FH is based on the criteria from the
Intractable Liver Diseases Study Group of Japan in 2002 (Table 2).

Note 5:  Patients with no hepatic encephalopathy or encephalopathy
of coma grade |, even showing prothrombin time <40% of the stan-
dardized values, are diagnosed with severe acute hepatitis. Patients
in whom encephalopathy develops between 8 and 24 weeks after
disease onset, with prothrombin time <40% of the standardized
values, are diagnosed with late onset hepatic failure (LOHF). Both
are related to FH, but are regarded differently from FH.

hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis E virus
(HEV) and other viruses. Patients with HBV infection are further
classified into transient infection and acute exacerbation of HBV
carrier status. In 2002, the criteria were modified to define FH due
to autoimmune hepatitis and HEV, and the etiology of patients
between 1998 and 2001 was re-assessed according to these new
criteria.

Demographic features

From 1998 to 2006, 934 patients were enrolled in the surveil-
lance.® Among these patients, 856 (432, acute type and 424, sub-
acute type) were classified as having FH and 78 as having LOHF
(Table 3). Based on the nationwide epidemiology surveillance, the
annual incidence of FH was estimated at 3700 cases in 1972, 1050
cases in 1995, and 429 cases in 2004.1° About 30% of patients with
severe acute hepatitis were presumed to develop hepatic encepha-
lopathy of coma grade II or more.!!

The male : female ratio was higher for the acute type than sub-
acute type and LOHF. The age of the patients was significantly
higher for the subacute type and LOHF than for the acute type. The
frequency of HBV carriers was highest for the subacute type and
lowest for LOHF. There were many patients with complications,
such as metabolic syndrome, malignancy and psychiatric disor-
ders, which preceded the onset of acute liver failure, and most of
these patients had received daily medication. This tendency was
more obvious in patients with the subacute type and LOHF.

The survival rates of non-liver-transplanted patients were 54%
for acute and 24% for subacute type FH, and 15% for LOHF. The
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Table 2 Criteria for etiology of fulminant hepatitis and late onset
hepatic failure

I Viral infection
1. HAV: positive for serum IgM anti-HAV
2. HBV: positive for either serum HBsAg, IgM anti-HBc or HBV
DNA
A. Transient infection: fulfilling either (a) or (b):
(a) Negative for serum HBsAg before onset of acute liver
injury.
(b) Positive for serum IgM anti-HBc and negative for anti-HBc
in serum diluted to 1:200.
B. Acute exacerbation of carrier status: fulfilling either (a) or (b):
(a) Positive for serum HBsAg before onset of acute liver injury
(b) Negative for serum IgM anti-HBc and positive for anti-HBc
in the serum diluted to 1:200.
C. Undetermined: neither (a) nor (b)
3. HCV: fulfilling either (a) or (b):
(a) Negative for serum anti-HCV or HCV RNA before onset of
acute liver injury.
(b) Positive for serum HCV RNA and low titer positive for serum
anti-HCV core protein.
4. HEV: positive for serum HEV-RNA
5. Other virus: e.g. EBV.
IIl. Autoimmune hepatitis: fulfilling either (a) (b) or (c):
(a) Diagnosed as definite or probable according to the International
Scoring System for autoimmune hepatitis.
(b) Attenuation of liver injury after glucocorticosteroid administration
and/or aggravation of liver injury following withdrawal of
glucocorticoid.
(c) Positive for serum antinuclear antigen and/or serum IgG levels
>2 g/dL.
Ill. Drug-allergy-induced: drugs responsible for liver injury are
determined by clinical course of liver injury and/or d-LST.
IV. Unknown: etiology is unknown despite sufficient examinations
available.
V. Undetermined: etiology is undetermined because of insufficient
examinations.

HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C virus;
HEV, hepatitis E virus; EBV, Epstein-Barr virus; d-LST, drug-induced
lymphocyte stimulation test.

prognosis of patients with subacute type FH and LOHF was evi-
dently poor. These annual rates have not improved between 1998
and 2006. When compared to a previous survey,'? prognosis of FH
in acute type patients improved until 1998, although the prognosis
remained poor in the subacute type with no liver transplantation
during that period (Fig.1). This improvement was probably
achieved by progress in artificial liver support.

Causes of FH

Viral hepatitis

In Japan, the cause of FH has been identified as HAV, HBV or
other viruses in about 50% of patients (Table 4). The causes of
acute liver failure differed depending on the disease type. The
frequencies of viral infection were 69% and 31% for patients with
the acute and subacute types of FH, respectively, and 17% for
LOHF patients.
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