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especially those with HBV/B1, than in AHB patients or chronically
infected patients. This finding may give an insight into the mecha-
nism of FHB and may be useful to predict the development of FHB
in acute HBV infection.
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Abstract

Background The immunopathogenesis of dual chronic
infection with hepatitis B virus and hepatitis C virus (HBV/
HCV) remains unclear. The in vivo suppressive effects of
each virus on the other have been reported. In this study we
aimed to analyze the virological and immunological
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parameters of HBV/HCV coinfected patients during
pegylated interferon/ribavirin (Peg-IFN/RBYV) therapy.
Methods One patient with high HBV-DNA and high
HCV-RNA titers (HBV-high/HCV-high) and 5 patients
with low HBV-DNA and high HCV-RNA titers (HBV-low/
HCV-high) were enrolled. Twenty patients monoinfected
with HBV and 10 patients monoinfected with HCV were
enrolled as control subjects.. In vitro cultures of Huh 7 cells
with HBV/HCV dual infection were used to analyze the
direct interaction of HBV/HCV.

Results Direct interaction of HBV clones and HCV could
not be detected in the Huh-7 cells. In the HBV-high/HCV-
high-patient, the HCV-RNA level gradually declined and
HBV-DNA gradually increased during Peg-IFN/RBV ther-
apy. Activated CD4- and CDS8-positive T cells were
increased at 1 month of Peg-IFN/RBV-therapy, but HBV-
specific IFN-y-secreting cells were not increased and HBV-
specific interleukin (IL)-10 secreting cells were increased.
The level of HBV- and HCV-specific IFN-y-secreting cells
in the HBV-high/HCV-high-patient was low in comparison
to that in the HBV- or HCV-monoinfected patients. In the
HBV-low/HCV-high-patient, HCV-RNA and HBV-DNA
rapidly declined during Peg-IFN/RBV therapy. Activated
CD4- and CD8-positive T cells were increased, and HBV-
and HCV-specific IFN-y-secreting cells were also increased
during Peg-IFN/RBV-therapy.

Conclusion The immunological responses of the HBV-
high/HCV-high patient were low in comparison to the
responses in HBV and HCV monoinfected patients.
Moreover, the response of immune cells in the HBV-high/
HCV-high patient during Peg-IFN/RBV therapy was
insufficient to suppress HBV and HCV,

Keywords Dual infection - HBV - HCV -
Immunopathogenesis
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Introduction

Hepatitis B virus (HBV) and Hepatitis C virus (HCV) are
noncytopathic viruses that cause chronic hepatitis and
hepatocellular carcinoma (HCC) [1, 2]. HBV now affects
more than 400 million people worldwide, and persistent
infection develops in ~5 % of adults and 95 % of neo-
nates who become infected with HBV [3]. HCV infects
about 170 million people worldwide and is a major cause
of chronic hepatitis, cirrhosis, and HCC [4]. Some groups
have mentioned that dual infection with HBV/HCV is not
uncommon in Asian patients [5, 6]. The prevalence of
patients with dual HBV/HCYV infection is approximately
10-15 %, although it likely differs among countries [7-9].
Co-infection with HBV/HCV has been associated with
severe liver disease and frequent progression to cirrhosis
[{0]. Moreover, a significantly higher incidence of HCC
and liver-related mortality was noted in patients with HBV/
HCV co-infection [11, 12]. However, some groups repor-
ted, based on a meta-analysis, that dual infection with
HBV/HCYV did not increase the risk of HCC [13, 14]. These
contradictory reports could be explained by the rarity of
dual infection with HBV/HCV in patients without clini-
cally evident liver disease. It might be difficult to estimate
the hepatocarcinogenic risk of dual infection compared
with that of either infection alone in such clinical settings
[15].

An inverse relationship in the replicative levels of the
two viruses has been noted, suggesting direct or indirect
effects in vivo [16]. More recently, some groups have
reported, using an in vitro infection system, that there is
little direct interaction of HBV/HCV in coinfected hepa-
tocytes [17, 18]. Therefore, the viral interference observed
in coinfected patients is probably due to indirect mecha-
nisms mediated by the innate and/or adaptive host immune
responses.

The cellular immune response to HBV and HCV plays
an important role in the pathogenesis of chronic hepatitis,
cirrhosis, and HCC [19-21]. Hyporesponsiveness of HBV-
or HCV-specific T-helper 1 cells and excessive regulatory
function of CD4*CD25 FoxP3™" regulatory T cells (Tregs)
in peripheral blood have been shown in patients with
chronic hepatitis B and C [22-34]. Recently, we reported
that HBV replication stress could enhance the suppressive
activity of Tregs via TLR2 [35]. However, little is known
about the immunopathogenesis of HBV/HCV dual
infection.

Dual infection can be classified into several groups (e.g.,
group A: HBV active and HCV active; group B: HBV
inactive and HCV active; and group C: HBV active and
HCYV inactive) [36]. HCV is reported to be the dominant
virus in HBV/HCV dual infection, but the dominance of
either virus might be due to the genotypes of each virus

@ Springer

and/or ethnic differences that could affect the proliferative
activity of the viruses [36]. In this study, we investigated
immunopathogenesis in a group A patient and in group B
patients during therapy with pegylated interferon-«2b (Peg-
IFN-a2b) plus ribavirin.

Patients, materials, and methods
Patients

One patient with high HBV-DNA and high HCV-RNA
titers (HBV-high/HCV-high; patient A) and 5 patients with
low HBV-DNA and high HCV-RNA titers (HBV-low/
HCV-high) were enrolled (one of these patients, whose
results were analyzed in detail, was termed patient B; see
findings below in the “Resuits”). Twenty patients mono-
infected with HBV and 10 patients monoinfected with
HCV were enrolled as control subjects. None of the
patients had liver disease due to other causes, such as
alcohol, drugs, congestive heart failure, or autoimmune
diseases. Permission for the study was obtained from the
Ethics Committee at Tohoku University Graduate School
of Medicine (permission no. 2006-194). Written informed
consent was obtained from all the participants enrolled in
this study. Participants were monitored for two years. At
each assessment, patients were evaluated by biochemical
laboratory tests, immunological analysis, and virological
tests. Liver histology was analyzed at the start of Peg-IFN/
RBYV therapy by using laparoscopic liver biopsy samples
and by employment of the METAVIR score.

Detection of interleukin (IL)-28B polymorphism

Genomic DNA was isolated from peripheral blood mono-
nuclear cells (PBMCs) using an automated DNA isolation
kit. Then polymorphism of IL-28B (rs8099917) was ana-
lyzed using real-time polymerase chain reaction (PCR)
(TagMan SNP Genotyping Assay, Applied Biosystems,
CA, USA). Detection of the IL-28B polymorphism was
approved by the Ethics Committee at Tohoku University
Graduate School of Medicine (permission no. 2010-323).

Isolation of peripheral blood mononuclear cells
(PBMCs) and flow cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated
from fresh heparinized blood by means of Ficoll-Hypaque
density gradient centrifugation (Amersham Bioscience,
Uppsala, Sweden). PBMCs were stained with CD3, CD4,
CD8, CD19, CD25, CD40, CD56, CD86, HLA-DR,
NKG2D, and isotype control antibodies (Becton Dickin-
son, NJ, USA) for 15 min on ice to analyze the frequency
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of CD3TCD4THLA-DR™ cells, CD3TCD8THLA-DR *cells,
CD4TCD25" Tregs, CD3~CD16”CD56" & natural killer
(NK) cells, and CD3~CD16TCD56%™ NK cells. The fre-
quencies of the immune subsets were analyzed by flow
cytometry using FACS Canto-II (Becton Dickinson, NJ,
USA).

ELISPOT assay

The detection of IFN-y and IL-10 was performed using an
ELISPOT Set (BD Biosciences, San Jose, CA, USA)
according to the manufacturer’s instructions. Cultures of
PBMCs were established in triplicate on round-bottomed
96-well plates for all time points investigated, at a con-
centration of 3 x 10° cells per well in 100 pl RPMI 1640
containing 10 % fetal bovine serum (FBS). Positive spots
were detected using an automated counting machine.

Detection of HBV-DNA and determination of HBV
genotype

DNA was extracted from 100 pl of serum using SMITEST
EX-R&D (Medical & Biological Laboratories, Nagoya,
Japan) and dissolved in 20 pl of nuclease-free distilled
water. The DNA preparation thus obtained (10 pl) was
subjected to nested PCR with primers targeting the S gene
of the HBV-DNA, as described previously [37]. Briefly,
first-round PCR was carried out for 35 cycles (98 °C for
10 s, 55 °C for 15 s, and 72 °C for 1 min, with an addi-
tional 7 min in the last cycle) in the presence of Prime-
STAR HS DNA Polymerase (TaKaRa Bio, Shiga, Japan)
and primers HB095 (sense, 5'-GAG TCT AGA CTC GTG
GTG GAC-3’) and HB184 (antisense, 5-CGA ACC ACT
GAA CAA ATG GCA CCG-3)), for 25 cycles. This was
followed by a second-round PCR consisting of 25 cycles
using the same conditions as in the first round, with primers
HB097 (sense, 5'-GAC TCG TGG TGG ACT TCT CTC-
3"y and S$2-2 (antisense, 5-GGC ACT AGT AAA CTG
AGC CA-3'). The HBV genotype was determined by
phylogenetic analysis of the S gene sequence (437 nt) of
the HBV isolates.

Detection of HCV RNA

RNAs were extracted from 250 pl of serum using TRIzol
LS (Invitrogen, Tokyo, Japan). They were divided into two
aliquots and each was assayed by reverse transcription
(RT)-PCR with nested primers derived from the core region
and NS5A interferon sensitivity determining region (ISDR)
of the HCV genome. Nested PCR of the core region of the
HCV genome was carried out with primers C008 (sense,
5-AAC CTC AAA GAA AAA CCA AAC G-3) and CO11
(antisense, 5'-CAT GGG GTA CAT YCC GCT YG-3') in

the first round and C0Q9 (sense, 5'-CCA CAG GAC GTY
AAG TTC CC-3’) and C010 (antisense, 5-AGG GTA TCG
ATG ACC TTA CC-3') in the second round. Nested primers
that were derived from NS5A-ISDR of the HCV genomes
were designed to amplify a 188-bp product with C004
(sense, 5-ATG CCC ATG CCA GGT TCC AG-3) and
C005 (antisense, 5-AGC TCC GCC AAG GCA GAA
GA-3') in the first round, and C006 (sense, 5'-ACC GG
ATGT GGC AGT GCT CA-3") and C007 (antisense, 5'-GTA
ATC CGG GCG TGC CCA TA-3') in the second round.

Analysis of nucleotide and amino acid sequences

The PCR products were sequenced directly on both strands
using a BigDye Terminator version 3.1 Cycle Sequencing
Kit on an ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). Sequence analysis was
performed using Genetyx-Mac ver. 12.2.6 (Genetyx,
Tokyo, Japan) and ODEN (version 1.1.1) from the DNA
Data Bank of Japan (National Institute of Genetics,
Mishima, Japan) [38]. Sequence alignments were generated
using CLUSTAL W (Version 1.8) [39]. The phylogenetic
tree was constructed by the neighbor-joining method [40].
The reliability of the phylogenetic results was assessed
using 1000 bootstrap replicants [41]. The final tree was
obtained with the Njplot program (version 2.2) [42].

Plasmid construction

HBYV expression plasmids were constructed by previously
published methods. Serum samples were obtained from
two patients infected with HBV genotype Bj and two
patients infected with HBV genotype C. HBV-DNA was
extracted from 100 pl serum using a QIAamp DNA blood
kit (QIAGEN, Hilden, Germany). Four primer sets were
designed to amplify two fragments covering the entire
HBV genome. Amplified fragments were inserted into a
pGEM-T Easy Vector (Promega, Madison, WI, USA) and
cloned in DH5a competent cells (TOYOBO, Osaka,
Japan). Briefly, at least 5 clones of each fragment were
sequenced and the consensus sequence was identified and
used as a template for 1.24-fold the HBV genome of dif-
ferent genotypes (B1 indicates the genotype Bj35 clone; B2
indicates the genotype Bj56 clone; C1 indicates the geno-
type C-AT clone; and C2 indicates the genotype C-22
clone). The HCV-JFH-1 strain was provided by Dr.
T. Wakita (National Institute of Infectious Diseases,
Japan).

HCV and HBV expression in Huh 7 cells

Cell-culture-derived infectious HCV was generated as
described previously [43]. The HCV was quantified as
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follows: RNA was extracted from the Huh-7 culture super-
natant using a QIAamp Viral RNA Kit (Qiagen, Valencia,
CA, USA). The HCV RNA was quantified by real-time RT-
PCR, using TagMan EZ RT-PCR Core Reagents (Applied
Biosystems) according to the manufacturer’s protocol, using
the published primers and probe [44]. The filtered (0.45 um)
culture supernatant of HCV-infected Huh-7 cells containing
2 x 10® HCV RNA copies/ml [equivalent to 9.7 x 10*
focus-forming units (ffu)/ml] was used for the experiments.
To analyze HCV-RNA in the supernatant, Huh-7 cells
(2 x 10° cells in a 6-well plate) were infected with JFH-1
(multiplicity of infection [MOI] = 0.01) and after 4 h the
cells were washed twice with phosphate-buffered saline
(PBS). The supernatants were then collected and the cells
were reseeded at 2 x 10° cells per 6-well plate. Then the
HBV expression and mock plasmid were transfected by
FuGENES6 (Roche Applied Science, IN, USA). The super-
natant of the culture medium was collected 72 h after
transfection. Quantification of HBV-DNA and HCV-RNA
was carried out using real-time PCR.

IFN-« was added 24 h after the transfection of the HBV
plasmids, and the supernatant of the culture medium was
then collected 48 h after the addition of the IFN-a.

Results
Clinical characteristics of patients A and B
Patient A (high HBV-DNA titer and high HCV-RNA titer)

Patient A was a 44 year-old man with a high aspartate
aminotransferase/alanine aminotransferase (AST/ALT)
level. The prothrombin time-international normalized ratio
(PT-INR) was in the normal range. Patient A had high
HBV-DNA titers and high HCV-RNA titers (Table 1). His
liver histology was classified as A2/F3 (Fig. 1). The lapa-
roscopic analysis indicated moderate inflammation and
intermediate fibrosis. The liver surfaces of the right lobe
and left lobe were almost the same phenotype. Polymor-
phism of IL-28B (rs8099917) was T/G (hetero allele).

Patient B (low HBV-DNA titer and high HCV-RNA titer)

Patient B was a 63 year-old man with a low AST/ALT
level. PT-INR was in the normal range. Patient B had low
HBV-DNA titers and high HCV-RNA titers. The liver
histology was classified as A2/F1 (Fig. 1). The liver sur-
face showed moderate inflammation and was smooth. The
polymorphism of IL-28B (rs8099917) was T/T (major
homo allele).

Biopsy samples from patients with dual HBV and HCV
infection were collected at the main liver centers in Miyagi
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Table 1 Background of HBV/HCV dual-infected patients

Patient B
HCV high titer/
HBYV low titer

Patient A
HCYV high titer/
HBY high titer

Normal range

Gender Male Male
Age (years) 44 63
HCV-RNA 6.5 55 log copies/ml
HCV 1b 1b
genotype
HBV-DNA 55 35 log copies/ml
HBV C Bj
genotype
HBe-Ag 129.5 0.5 0~0.9 index
HBe-Ab 0.1 99.3 0-49 %
Total 0.7 12 0.2-1.2 mg/dl
bilirubin
Direct 0.1 0.1 0-0.3 mg/dl
bilirubin
y-GTP 208 31 8-57 IU/l
AST 138 33 12-30 U/
ALT 256 38 8-35 1U/t
Hb-Alc 53 54 4.3-58 %
Glu 103 83 68-106 mg/dl
BMI 25.34 18.75
T-cho 160 195 128-220 mg/dl
LDL-cho 69 93 70-139 mg/dl
HDL-cho 37 67 36-89 md/dl
WBC 7800 5100 3200-9600/pl
RBC 491 446 428-566 x 10%
pl
Hb 17.1 14.1 13.6-17.4 g/dl
PLT 169000 176000 155000-347000/
ul
PT-INR 0.87 0.96 0-1.15 INR
Liver A2/F3 A2/F1 METAVIR
histology score
IL-28B SNP  T/G T/T
(rs8099917)

HCYV hepatitis C virus, HBV hepatitis B virus, e-Ag envelope antigen,
e-Ab envelope antibody, y-GTP 7-guanosine triphosphate, AST
aspartate aminotransferase, ALT alanine aminotransferase, Hb
hemoglobin, Glu glucose, BMI body mass index, T-cho total cho-
lesterol, LDL low-density lipoprotein, HDL high-density lipoprotein,
PLT platelets, PT-INR prothromin time-international normalized
ratio, IL interleukin, SNP single-nucleotide polymorphism

prefecture. Fifteen HBV/HCV dual-infected patients were
found in this study (Supplementary Table 1). Many of
these patients had HCV-dominant infection and undetect-
able levels of HBV replication (10/15 patients). Most of the
patients were HB envelope antigen (eAg)-negative and HBe
antibody (Ab)-positive (14/14 patients). All HBV/HCV
dual-infected patients who had received Peg-IFN-based
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Fig. 1 Laparoscopic liver biopsy. The laparoscopic images of the liver surfaces of patient A (a) and patient B (b) are shown. Histopathology of

patient A (c) and patient B (d) is also shown. Bars = 50 pm
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Fig. 2 Virological analysis of hepatitis B virus (HBV) and hepatitis
C virus (HCV) in HBV/HCV dual infection. The amino acid
sequences of the HCV-core region including core-70 and core-91,
which were previously reported as determinants of the sensitivity to
pegylated interferon/ribavirin (Peg-IFN/RBV) therapy, in patient A

treatment achieved a sustained viral response (SVR) (5/5
patients). These data indicated that HCV-dominant dual-
infected patients had good responses to treatment for HCV
infection.

and patient B are shown (a). The amino acid sequences of the
interferon sensitivity determining region (ISDR), which were previ-
ously reported as determinants of the sensitivity to IFN, in patients A
and B are shown (b)

Virological analysis of HBV/HCYV in patients A and B

The HCV genotype in both patient A and patient B was 1b.
The sequences of amino acids in the ISDR region and HCV
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core-70 and core-91 amino acids were analyzed by direct
sequencing. Both patients had wild-type core-70 and core-
91 amino acids (Fig. 2a). None of the mutations of the
ISDR region was detected in patient A, but two of the
mutations of the ISDR region were detected in patient B
(Fig. 2b). The genotypes of HBV in patients A and B were
analyzed by direct sequencing and phylogenetic tree
analysis. The genotype of HBV in patient A was genotype
C, which has been reported as difficult-to-treat HBV. The
genotype of HBV in patient B was genotype Bj, which has
been reported as easy-to-treat HBV in comparison to
genotype C [45-47].

Sequential analysis of biochemical and virological data
during Peg-IFN/RBV therapy

Patient A

In patient A, HCV-RNA gradually declined during Peg-
IFN/RBV therapy. On the other hand, the HBV-DNA
gradually increased during Peg-IFN/RBV therapy
(Fig. 3a). The amount of HBeAg started to increase
9 months after the start of Peg-IFN/RBV therapy. HCV-
RNA started to increase 12 months after the start of Peg-
IFN/RBYV therapy, although Peg-IFN/RBV was still being
administered up to 18 months after the start of Peg-IFN/
RBYV therapy (Fig. 3a).

Patient B

In patient B, HCV-RNA and HBV-DNA rapidly declined
after the start of Peg-IFN/RBV therapy (Fig. 3b). HCV-
RNA could not be detected in peripheral blood 2 months
after the start of Peg-IFN/RBV therapy. Peg-IFN/RBV was
administered up to 12 months after the start of the Peg-
IFN/RBYV therapy. The amounts of HBeAb and HBeAg did
not change during the Peg-IFN/RBV therapy (Fig. 3b).

Sequential immunological analysis during Peg-IFN/
RBYV therapy

We analyzed various subsets of immune cells that could
affect the immunopathogenesis of HBV/HCYV dual infection.
NK cells (CD37CD16 CD56M&" and CD3 CDI16"
CD56%™ and NK-T cells (CD3*CD56YCD16%, CD3*
CD567CD16~ and CD37CD56 CD16™) were analyzed
(Supplementary Fig. 1A). The CD3~ gated lymphocytes
were separated into 4 groups (a, b, ¢, and d). For these subsets,
(a) indicated the presence of CD3~CD16~CD56™&" NK cells
that could produce various cytokines vigorously and had low
cytotoxic activity. Subset (b) showed CD3~CD16*CD56%™
NK cells that had weak cytokine production ability and high
cytotoxic activity.

@ Springer

The CD3" gated lymphocytes were separated into 3
groups (a, b, and c). The activated CD3™, CD37CD4™, and
CD3*CD8'" T cells were analyzed (Supplementary
Fig. 1B). HLA-DR" activated CD3", CD3*CD4", and
CD3*CD8" T cells could be clearly distinguished by
FACS analysis. Additionally, representative dot plots of
Tregs and B cells were created (shown in Supplementary
Fig. 1C). The frequencies of CD3~CD167CD56%™ NK
cells, CD3*CD16°CD56" NK-T cells, activated
CD37TCD4™ T cells, and activated CD3TCD8" T cells
fluctuated similarly during Peg-IFN/RBV therapy in patient
A (Supplementary Fig. 1D). Activated T cells were
increased at one month of Peg-IFN/RBV therapy, and the
above subsets of lymphocytes gradually decreased up to 3
months of Peg-IFN/RBV therapy. After that, these cells
gradually increased again up to 9 months of Peg-IFN/RBV
therapy. In patient A, after 9 months of Peg-IFN/RBV
therapy, these cells had decreased again (Supplementary
Fig. 1D). The frequency of Tregs and activated B cells
(data not shown) did not change during Peg-IFN/RBV
therapy in patient A (Supplementary Fig. 1D). On the other
hand, in patient B, the frequencies of CD3 CD16™
CD56%™ NK cells, CD3"CD167CD56™ NK-T cells, acti-
vated CD3TCD4™ T cells, and activated CD3TCD8" T
cells were increased and sustained during Peg-IFN/RBV
therapy (Supplementary Fig. 1E). Five HCV monoinfected
patients were analyzed by the same protocol (Supplemen-
tary Fig 1F). The mean frequency of various kinds of
immune subsets was analyzed (Supplementary Fig 1F).
The tendency of immunological reactions during Peg-IFN/
RBYV therapy in these five patients was similar to that in
patient B.

Analysis of HBV- and HCV-specific immune responses

The analysis of HBV- and HCV-specific-immune responses
was carried out by ELISPOT assay. Representative spots of
IFN-y are shown in Fig. 4a. In patient A, HCV- and HBV-
specific IFN-y secretion activities were remarkably low in
comparison to the IL-10 secretion activity. Moreover, in
patient A, the induction of IFN-y-secreting cells could not be
detected after Peg-IFN/RBYV therapy, especially in regard to
HBV-core specific IFN-y secretion in PBMCs (Fig. 4b). On
the other hand, in patient B, the HBV-core specific IFN-y-
secreting cells were high in comparison to those in patient A
(Fig. 4c). Moreover, the induction of IFN-y-secreting cells
could be detected during Peg-IFN/RBYV therapy in patient B
(Fig. 4c). The mean numbers of IFN-y- and IL-10-secreting
spots in HBV-dominant dual-infected patients, patients with
monoinfection with HBV genotype Bj (HBeAb™), Bj
(HBeAg™),C (HBeAb™), C(HBeAg™), or HCV genotype 1b
are shown in Fig. 4d. In patient A, HB core antigen
(HBcAg)-specific IFN-y secretion was weaker than that in

— 146 -



J Gastroenterol (2012) 47:1323-1335

1329

Fig. 3 Sequential biochemical
data analysis during Peg-IFN/
RBV therapy. The titers of
HBV-DNA and HCV-RNA; the
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HBV-genotype C-monoinfected patients who were HBeAg-
positive. However, HBcAg-specific IL-10 secretion in
patient A was stronger than that in HBV-genotype C
monoinfected patients who were HBeAg-positive. These
data indicated that the presence of HCV might also suppress
the HBV-specific immune response in regard to certain host

012 345678 9101112131415161718192021222324

{Month)

factors (e.g., in the presence of IL-28B polymorphism, and
depending on the body mass index [BMI] and y-guanosine
triphosphate [y-GTP] level), because the presence of HCV
did not suppress the HBV-specific immune response either in
patient B or in the patients with dual HCV-dominant infec-
tion. Otherwise, we could deny the possibility indicating that
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Fig. 3 continued
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the certain background of host factors could allow the exis-
tence of dual virus actively. These data indicated that HBV-
specific IL-10-secreting cells and/or certain kinds of host
factors had an important role in HBV- and HCV-specific
immune suppression in patient A, but not in patient B.

In vitro analysis of HBV/HCV dual infection

We carried out in vitro analysis of HBV/HCYV infection using
Huh-7 cells that were susceptible to the HCV-JFH-1 strain

@ Springer

{Month)

and HBV expression plasmids. The amount of the JFH-1
strain did not change with the various kinds of HBV
expression plasmids (Fig. 5a). Moreover, the amounts of the
various HBV strains did not change in the presence of JFH-1
infection. These data indicated that no direct effect of HBV
and HCV could be detected in Huh 7 cells. We carried out
experiments to analyze the effect of IFN-« treatment on HCV
Huh-7 cells with various kinds of HBV expression (Fig. 5b).
In our systems, it appeared that HBV expression could not
significantly affect the suppressive effect of IFN-a.
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Fig. 4 The sequential analysis of HBV/HCV-specific immune reac-
tions during Peg-IFN/RBV therapy. Representative spots of the
ELISPOT assay are shown (a). The sequential data of IFN-y- and
interleukin-10 (JL-10)- secreting spots in patient A are shown (b). The
sequential data of IFN-y- and IL-10-secreting spots in patient B are
shown (c). Comparison of IFN-y- and IL-10- secreting spots in patient
A before starting therapy, patient B before starting therapy, dual
HCV-dominant patients, HCV-monoinfected patients, HBV-Bj

o 3M 8M 9M 12 18M

(HBeAb') monoinfected patients, HBV-Bj (HBeAg*) monoinfected
patients, HBV-C (HBeAb™) monoinfected patients, and HBV-C
(HBeAg+) monoinfected patients (d). In these bar graphs, the blue
bars indicate HCV-core specific reaction. The red bars indicate HCV-
NS3 specific reaction. The green bars indicate HBV-core specific
reaction. The aqua blue bars indicate the negative control (Cont.).
Error bars indicate standard deviations (color figure online)
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Fig. 4 continued

Discussion

The immunopathogenesis of dual hepatitis B and C infec-
tion is not clear, given the complexity of viral and host
factors [19, 21, 48-50]. However, detailed understanding
of specific patients with dual hepatitis B and C infection
could contribute to improving the treatment and follow up
of these patients. Therefore, we focused on two represen-
tative patients with HBV/HCV dual infection who received
Peg-IFN/RBV therapy.

Concerning the virological results, patient A had geno-
type 1b, HCV-Core 70 wild-type and low mutation of
ISDR HCV and genotype C HBV. It has been reported that
genotype 1b HCV is common in Japan and is usually dif-
ficult to treat in comparison to genotypes 2a and 2b [51].
Among genotype 1b HCV strains, HCV-Core 70 wild-type
HCV is easily decreased by Peg-IFN/RBV therapy [S51]. On
the other hand, it has been reported that in genotype lb
HCV low mutation of ISDR is difficult to treat [52]. Patient
B had almost the same background of HCV-genotype 1b,
HCV-Core 70 wild-type, and low mutation of ISDR-as
patient A. However, the background of host factors that
could affect the responsiveness of IFN-based therapy was
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different between patients A and B. For example, patient A
had a hetero allele of the IL-28B polymorphism, advanced
fibrosis, and fatty changes of the liver. On the other hand,
patient B had the major allele of the IL-28B polymorphism
and mild fibrosis. Moreover, the background of HBV in
patient B was completely different from that in patient A. It
has been reported that HBV genotype Bj is usually more
susceptible to IFN-based therapy than genotype C [45, 53].
Therefore, not only the HBV factors but also the combi-
nation of host factors and HBV factors might affect the
responsiveness to IFN-based therapy. In patient A, the
responsiveness of HCV during Peg-IFN/RBV therapy was
relatively poor. However, the viral titers of HCV were
lower than 1.2 log copies/ml at 7 months after the start of
therapy. During the reduction of the HCV viral titers, the
titers of HBV and HBc-Ag specific IL-10-secreting cells
were gradually increased. Although patient A had received
Peg-IFN/RBV therapy for up to 18 months, HCV-RNA
increased again 12 months after the start of the therapy.
The sustained Thl immune suppression might have con-
tributed to the relapse of HCV. Not only weak up-regula-
tion of HCV-specific Thl immune reaction but also strong
up-regulation of HBV-specific IL-10-secreting activity was
detected during Peg-IFN/RBV therapy in patient A [26,
35]. Moreover, increased HBeAg could be detected
9 months after the start of the therapy. Fluctuations of
activated CD4 cells, CDS8 cells, NK cells, and NK-T cells
could be seen in patient A. On the other hand, in patient B,
the responsiveness of HBV and HCV during Peg-IFN/RBV
therapy was good. Moreover, the immune response of
patient B was almost comparable to the responses in
the patients with HCV monoinfection and those with
HBV-genotype Bj monoinfection. Previously, it has been
reported that Peg-IFN/RBV therapy could achieve almost
the same SVR rates in patients with HCV/HBV dual
infection and those with HCV monoinfection [54-56]. We
assume that the results in these studies were obtained from
patients similar to our patient B, because the number of
patients with HCV-dominant infection is much higher than
the number of those with HBV/HCV dual active infection
such as our patient A. Patients with HBV/HCV dual active
infection such as patient A are relatively rare in Japan.
However, it is necessary to understand the immunopatho-
genesis of these patients, because Peg-IFN/RBV therapy
might not be sufficient to eradicate or control HBV/HCV in
these difficult-to-treat patients. One of the candidate ther-
apies for such patients might be Entecavir (ETV)/Peg-IFN/
RBV sequential therapy. The effect of HBV specific
regulatory T cells might contribute to the immunosup-
pression of not only HBV but also HCV [35]. In some
previous studies, including ours, it has been reported that
HBYV replication might contribute to immune suppression
[19, 29].
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Fig. 5 In vitro analysis of
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In the present study, we employed an in vitro coinfec-
tion system to analyze the direct interaction between HBV
and HCV. In our system, we used several different HBV
clones, because it is necessary to consider the effects of
different genotypes. Although we could not detect the
direct interaction of HBV/HCYV in our system, we could not
exclude the possibility of indirect interaction between
cytokines and chemokines produced from virus-infected
hepatocytes. We are now analyzing the chemokines pro-
duced from hepatoma cells with different HBV genotype
clones (ongoing study).

In conclusion, we analyzed data from representative
patients with HBV/HCV dual infection sequentially and
precisely. Because many different kinds of backgrounds
might affect immunoreactions, we focused on representa-
tive patients and analyzed the immunological responses
extensively. There might be a group of patients with very

B1 B2 C1 c2

difficult-to-treat dual infections. We need to understand the
immunopathogenesis of such patients to develop the
appropriate therapy.
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FGF7 is a functional niche signal required
for stimulation of adult liver progenitor
cells that support liver regeneration
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The liver is a unique organ with a remarkably high potential to regenerate upon injuries. In severely damaged
livers where hepatocyte proliferation is impaired, facultative liver progenitor cells (LPCs) proliferate and are
assumed to contribute to regeneration. An expansion of LPCs is often observed in patients with various types
of liver diseases. However, the underlying mechanism of LPC activation still remains largely unknown. Here we
show that a member of the fibroblast growth factor (FGF) family, FGF7, is a critical regulator of LPCs. Its
expression was induced concomitantly with LPC response in the liver of mouse models as well as in the serum
of patients with acute liver failure. Fgf7-deficient mice exhibited markedly depressed LPC expansion and higher
mottality upon toxin-induced hepatic injury. Transgenic expression of FGF7 in vivo led to the induction of cells
with characteristics of LPCs and ameliorated hepatic dysfunction. We revealed that Thyl* mesenchymal cells
produced FGF7 and appeared in close proximity to LPCs, implicating a role for those cells as the functional LPC
niche in the regenerating liver. These findings provide new insights into the cellular and molecular basis for LPC

regulation and identify FGF7 as a potential therapeutic target for liver diseases.

[Keywords: liver regeneration; progenitor cells; niche signal; FGF7; Thyl™ cells]
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In the liver, hepatocytes and cholangiocytes (bile duct
epithelial cells [BECs]] are the only two epithelial cell line-
ages among various types of the constituent cells. Cells
that give rise to both hepatocytes and BECs are generally
regarded as bipotential liver progenitors or stem cells. In
liver development, hepatoblasts emerging from the fore-
gut endoderm fulfill this criterion and are thus consid-
ered to be fetal liver stem/progenitor cells (Tanimizu and
Miyajima 2007). During adult liver homeostasis, liver
maintenance is achieved by cell division of mature he-
patocytes and BECs {Ponder 1996). It is important to note
that the adult liver can regenerate under conditions of
massive parenchymal loss. After surgical removal or partial
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hepatectomy (PHx), residual mature hepatocytes restore
the liver mass. The contribution of liver stem/progenitor
cells to regeneration seems to be minimal if any in this
type of liver injury (Michalopoulos and DeFrances 1997),
although several recent studies have suggested the pres-
ence of newborn hepatocytes originating from sources
other than pre-existing hepatocytes (Furuyama et al. 2011;
Iverson et al. 2011; Malato et al. 2011). In contrast, when
the liver is severely damaged, as in the case of hepatocyte-
selective proliferation defect caused by some drugs or
toxins, the contribution of adult liver progenitor cells
(LPCs) is assumed (Fausto 2004; Knight et al. 2005; Bird
et al. 2008; Duncan et al. 2009). The LPCs are a cell
population with a high nuclear/cytoplasmic ratio and
are known as “oval cells” in rodent models because of
their ovoid appearance [Farber 1956). Upon liver damage,
LPCs emerge from periportal regions, proliferate exten-
sively, migrate into the hepatic lobule, and are considered
to differentiate into both hepatocytes and BECs (Fausto
2004; Knight et al. 2005). As these types of progenitor
cells are not observed in the uninjured liver, they are
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often referred to as facultative stem/progenitor cells in
the adult liver (Alison et al. 1996; Yanger and Stanger 2011}

There are several experimental models to induce LPCs.
In mice, 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC])
diet and choline-deficient, ethionine-supplemented (CDE]
diet models are often used {Preisegger et al. 1999; Akhurst
et al. 2001). The LPC response, also termed as ductular
reaction, has been found in human chronic liver diseases
and severely injured livers, such as acute hepatitis, ful-
minant hepatitis, cholestatic disorders, and liver cancers
{Libbrecht and Roskams 2002; Turanyi et al. 2010). This
suggests that LPCs are broadly activated to restore the
function of the liver when mature hepatocytes fail to
proliferate. Despite previous notions that the degree of
the LPC response correlates with the severity of liver
disease {Lowes et al. 1999), it has not been demonstrated
whether LPCs indeed engage in liver regeneration. In
addition, the underlying mechanism of the activation of
LPCs still remains largely unknown.

As liver injuries accompanying the LPC responses are
usually associated with inflammation and fibrosis, inter-
action between LPCs and multiple other cell populations,
such as immune cells and fibroblastic cells, has been
postulated. In many cases of adult stem/progenitor cell
regulation, the importance of the extracellular signals
provided by the surrounding cells, forming the so-called
stem cell niche, are well recognized. However, little has
been documented as to whether and how the LPCs are
regulated by the niche signals. Cell-to-cell interactions
involve paracrine growth factors and cytokines that can
be grouped into several major families (Gerhart 1999),
among which the fibroblast growth factor (FGF) family is
one of the best characterized. FGFs constitute a family of
growth factors that have diverse activities in develop-
ment and adulthood. It has been reported that FGF sig-
nals participate in tissue development and organization,
branching morphogenesis, angiogenesis, and wound re-
pair, as well as the regulation of stem cell systems in
various organs (Itoh and Ornitz 2008; Turner and Grose
2010). The mammalian FGF family is classified as para-
crine (canonical) ligands, endocrine ligands, and FGF
homologous factors. The paracrine FGF families can be
further subdivided into five subfamilies—FGF1/2, FGF3/
7/10/22, FGF4/5/6, FGF8/17/18, and FGF9/16/20—in mice
and humans. There are four members of the FGF receptor
family: FGFR1, FGFR2, FGFR3, and FGFR4. Since FGFR1,
FGFR2, and FGFR3 each have splice variant isoforms “b”
and “c,” seven different FGFR subtypes can be expressed. It
is known that their specific functions are achieved by
spatially and temporally regulated expression patterns of
particular ligands and receptors; for example, the FGF3/7/
10/22 subfamily ligands are typically expressed by mesen-
chymal cells and exert their effects through the cognate
receptor FGF receptor 2 isoform HIb (FGFR2b), whose
expression is restricted in epithelial cells {Steiling and
Werner 2003).

In the present study, we aimed at elucidating the cellular
and molecular framework that underlies the LPC reg-
ulation upon liver injury. Based on the characteristic
expression profile and the results of in vivo functional
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analyses, we found evidence that FGF7 is an essential
signal for induction of the LPC response and contributes
to the progenitor-dependent liver regeneration.

Results

Thy1* cell population is a candidate for the LPC niche

As previous studies have suggested that nonepithelial
populations such as mesenchymal cells and immune cells
reside near and around LPCs (Paku et al. 2001; Knight
et al. 2007; Strick-Marchand et al. 2008), we suspected
that those cells may functionally interact with LPCs and
provide a putative LPC niche. To identify and character-
ize such an LPC-niche interaction, we first induced the
LPC response in the mouse liver with a well-established
protocol of the hepatotoxin DDC diet application
(Preisegger et al. 1999). Cytokeratin 19* (CK19") LPCs
expanded from around the portal vein after liver damage
by feeding DDC diet {Fig. 1A). Immunostaining of the
liver sections with several cell surface markers led to the
finding that a Thyl* cell population appeared in close
proximity to LPCs in DDC-induced liver damage (Fig. 1A).
We selected and focused on this marker for further
analysis, as its expression in injured livers has also been
described in rats and humans {Dezso et al. 2007; Yovchev
et al. 2009). An established marker for fibroblastic cells
(Elastin} and a stellate cell marker {Desmin) partially over-
lapped with the Thyl* area (Supplemental Fig. S1A,B).
Quantitative analysis of the Thyl and CK19 immuno-
staining revealed that the expansion of Thyl™ cells occurred
prior to LPC activation (Fig. 1B). Thus, we presumed that
Thyl* cells could provide a niche for LPCs that allows
them to proliferate.

We sought to identify the nature of the niche signals for
LPCs possibly provided by Thyl* cells. Among several
major groups of paracrine factors, we especially focused
on the FGF family because an LPC-specific marker, Trop2
(Okabe et al. 2009), has previously been reported as a
target gene of FGF10 in lung development (Lu et al. 2005).
We analyzed expression patterns of all of the paracrine
Fgf ligands and found Fgf7 to be highly expressed, while
we could not detect any expression of Fgf10 or Fgf3/22
belonging to the same subfamily (Supplemental Fig. S2).
The expression of Fgf7 was increased significantly during
the time course of DDC-induced liver damage, along with
that of Epcam and Krt19, encoding the LPC/BEC markers
epithelial cell adhesion molecule (EpCAM) and CK19,
respectively (Fig. 1C). Accordingly, expression of FGF7
protein was barely detected in normal livers but was
markedly induced in the vicinity of LPCs after DDC (Fig.
1D,F). Intriguingly, some Thyl* cells costained with
FGF7 in the injured liver (Fig. 1E). We also examined a
recovery model for liver injury, where mice were initially
fed a DDC diet for 4 wk and then returned to the normal
diet for another 2 wk (Supplemental Fig. S3). In this
injury/recovery setting, the overall level of Fgf7 expres-
sion strongly correlated with that of the LPC response as
well as the progression of liver damage as measured by
serum markers. These results suggest that FGF7 is a
strong candidate for the niche signal for LPCs.
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Figure 1. FGF7 expression in the damaged liver is up-regulated around LPCs. (A} Liver sections prepared from DDC diet-fed mice were
subjected to immunofluorescent double-staining analysis. Thyl™ cells (green) were observed in the immediate vicinity of CK19* LPCs
(red) during the course of LPC activation. Bars, 80 um. (PV) Portal vein. (B) Thy1- and CK19-positive areas were increased in the DDC-
treated livers, as determined by quantitative analysis of immunofluorescence-stained images. Mean + SD (n = 3). {***) P < 0.001; {**)
P <0.01;(*) P<0.05, compared with normal liver (0 wk). (C) Total RNA was isolated from whole-liver samples of normal diet-fed {0 wk)
or DDC diet-fed mice, reverse-transcribed, and subjected to quantitative PCR analyses to determine expression of the LPC markers
Epcam and Krt19, the mesenchymal cell marker Thy1, and Fgf7. Expression was normalized to that of Gapdh. Mean + SD (n=3). (***)
P <0.001; (**) P < 0.01; (*) P < 0.05, compared with the value at 0 wk. (D,E) Confocal immunofluorescence images of the livers show
that FGF7 (green) protein localized in the proximity of EpCAM™ LPCs (D, red) and colocalized with Thyl* mesenchymal cells (E, red) in
the periportal region in injured livers. Bars, 50 pm. (PV) Portal vein. (F) Expression of FGF7 protein was increased in the DDC-treated
livers, as determined by quantitative analysis of immunofluorescence-stained images of at least 11 periportal fields from three livers for

each time point. Mean = SE. (***) P < 0.001; {(**) P < 0.01.

LPCs receive the FGF7 signal from Thy1* mesenchymal
cells

To determine whether FGF7 can act on LPCs directly, we
analyzed the expression of the FGF7 receptor FGFR2b in
LPCs. In situ hybridization analysis of liver sections
detected expression of the Fgfr2 transcript in the CK19*
LPC population (Fig. 2A). To validate expression of the
cognate isoform for FGF7, EpCAM" LPCs and EpCAM™
cells were isolated from the nonparenchymal cell (NPC)
population of the DDC-treated liver and immunostained
with a IIb isoform-specific anti-FGFR2 antibody. We de-
tected strong expression of FGFR2b in EpCAM* cells but
not in EpCAM ™ cells (Fig. 2B,C).

We next performed quantitative PCR analysis using
specific cell populations to further confirm the FGF7-
producing cells and their target cells. Hepatocyte, NPC,

EpCAM* LPC, Thyl* CD45 cell (Thyl* MC [for mesen-
chymal cell]) {see below), Thyl* CD45" cell (T-cell), and
Thyl™ CD45" cell (blood cell) fractions were isolated
from the livers of mice fed DDC. We checked for adequate
cell separation by the specific expression of each marker
[Supplemental Fig. S3A). As expected from the aforemen-
tioned immunostaining patterns, Fgf7 and Fgfr2 isoform
b were detected in Thyl* MC and LPC fractions, respec-
tively (Fig. 2D). These results suggest that FGF7 signal
may function directionally from Thyl™ CD45" cells to
LPCs. The Thyl* CD45™ cells strongly expressed Elastin
(Eln), nerve growth factor receptor (Ngfr; p75NTR} and «
smooth muscle actin (Acta2; «-SMA), which are markers
for fibroblastic cells, hepatic stellate cells, and myofi-
broblasts, respectively (Fig. 2D; Supplemental Fig. S4A).
Thus, they are considered to be a mesenchymal cell pop-
ulation and distinct from T-cell populations. We also
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Figure 2. FGF7 signal emanates from Thyl* cells and acts on
LPCs. (A, left panel] Liver sections prepared from mice fed DDC
diet for 3 wk were subjected to in situ hybridization analysis for
Fgfr2 expression. (Right panel) The same section was subse-
quently overlaid with immunohistochemical staining using
anti-CK19 antibody to confirm its expression in LPCs. Bars,
200 pm. (B,C) EpCAM"* and EpCAM™ cells were sorted from
NPCs in the livers of the mice fed the DDC-containing diet for 5
wk. Cytospin preparations of these cells were stained for
FGFR2b (green) and EpCAM (red). Representative images are
shown in B, and the result of quantitation are shown in C
(EpCAM™, n = 980; EpCAM*, n = 1454). Mean =* SD. Bars, 40
wm. (***] P < 0.001. (D) Hepatocyte, NPC, EpCAM" cell (LPC),
Thyl* CD45” mesenchymal cell (Thyl*MC|, Thyl* CD45*
T-cell {T-cell), and Thyl™ CD45" cell (blood cell, excluding T-cell)
fractions were isolated from the livers of DDC-treated mice.
Expression of the indicated genes was examined by quantitative
RT-PCR. Mean = SD (n = 3). (*) Significantly different from
each of the other five fractions (ANOVA, with Tukey post hoc
tests, P < 0.05).
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performed genetic lineage tracing experiments using an
Alfp-Cre transgenic (Tg) mouse strain, where expression
of the Cre recombinase occurred in fetal hepatoblasts
and adult hepatocytes and hence enabled us to label and
track their descendants. After DDC injury, hepatocytes,
BECs, and LPCs were virtually all lineage-labeled. Thy1*
cells, on the other hand, were of a distinct lineage from
liver epithelial cells (Supplemental Fig. S4B,C).

FGF-binding protein 1 (FGFBP1) is a soluble protein
that can bind a subset of FGFs, including FGF7, and en-
hance their activities (Beer et al. 2005). Previous studies
on skin and renal tube regeneration have shown FGFBP1
to be expressed in epithelial cells rather than mesenchy-
mal cells and to be a target of FGF7 signaling (Liu et al.
2001; Beer et al. 2005). Fgfbpl was almost exclusively
expressed in LPCs, which further strengthened the notion
that LPCs are the primary target of FGF7 signaling from
Thyl* cells (Fig. 2D).

Up-regulation of FGF7 is concurrent with expansion
of LPCs and Thy1* cells

We then examined the correlation of FGF7 with the
induction of LPCs and Thyl1* cells in other models of
liver injury. First, ligation of the common bile duct {[BDL)
in mice was used as a model for cholestatic liver disease.
FGF7 expression was increased in the BDL-manipulated
liver with the LPC response (Fig. 3A,B). As is the case
with DDC-induced liver injury, FGF7 in this model was
also produced predominantly in Thy1™* cells, while LPCs
were the primary target for the signal by expressing the
receptor (Supplemental Fig. S5). Second, we checked the
activation of LPCs and expression of FGF7 in liver-
specific Tak1-deficient (Alfp-Cre; Tak17°¥/0% hereafter
referred to as Tak1-LKO) mice. Loss of Tak1 in the liver
results in chronic inflammation and eventually leads
to fibrosis and carcinogenesis (Bettermann et al. 2010;
Inokuchi et al. 2010). It is thus considered a faithful model
for the progression of human liver diseases. We observed
apparent LPC response and expansion of Thyl* cells in
8-wk-old Tak1-LKO mice (Fig. 3C). Concomitantly with
the increase of CK19-positive (Fig. 3E) and Thyl-positive
(Fig. 3F) areas, the expression of FGF7 was significantly
induced (Fig. 3D,G). Although the immunostaining re-
sults showed some colocalization of FGF7 with EpCAM”*
LPCs, gene expression analysis using isolated cell frac-
tions confirmed that, also in this model, Fgf7 was mainly
produced in Thyl* cells but not in LPCs (Supplemental
Fig. S6). Finally, serum FGF7 levels were found to be
increased in human patients with liver diseases such as
fulminant hepatic failure and acute hepatitis (Fig. 3H),
which often accompany LPC activation. Together, these
data suggest that induction of FGF7 upon liver disorders
associated with the LPC response is generally conserved
in both rodents and humans.

FGF7 plays a necessary function as a niche signal
for induction of LPCs

To address the physiological relevance of FGF7 expres-
sion in the course of the LPC response, we used Fgf7
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knockout mice {Guo et al. 1996). They exhibit relatively
normal growth and are fertile, with some phenotypes
including defects in kidney development, postnatal thy-
mic regeneration, and neurogenesis in the hippocampus
[Qiao et al. 1999; Alpdogan et al. 2006; Terauchi et al.
2010; Lee et al. 2012). No liver phenotype during de-
velopment or in adulthood has been reported. In order to
analyze the LPC response in Fgf7 knockout mice, adult
littermates of wild-type and knockout mice were fed
a DDC-containing diet or subjected to BDL. We mea-
sured the degree of LPC activation by CK19 immuno-
staining and confirmed that CK19* LPC numbers were
increased by DDC or BDL in the wild-type liver (Fig. 4A H).
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However, the LPC response was almost completely sup-
pressed in Fgf7 knockout mice (Fig. 4A,B,H,I). In contrast,
quantitative analysis of the Thyl™ area in Fgf7 knockout
mice revealed little change when compared with the
wild-type control in both normal and damaged livers
(Fig. 4C,]). In other words, Thy1* cells were capable of ex-
panding in response to liver damage even in the absence
of FGF7 function, consistent with the notion that FGF7
acts directly on LPCs rather than upstream of Thy1* cells.
Ki67 or TUNEL staining with CK19 revealed that Ki67*
proliferating cells among the CK19* LPCs were signifi-
cantly decreased, although not completely abrogated, in
the knockout mice compared with the wild-type control,
while no statistically significant difference was observed
in the TUNEL" cell population (Supplemental Fig. S7).
These results suggest that the suppressed LPC response in
Fgf7 knockout mice can be attributed, at least in part, to
reduced proliferation of LPCs rather than augmented
induction of their apoptosis.

Fgf7 knockout mice were highly sensitive to DDC and
had a low survival rate, whereas the wild-type mice were
more resistant to hepatotoxin-induced liver injury (Fig. 4D).
Upon DDC administration, systemic symptoms were
obvious and generally more severe in the knockout than
in the wild-type control, including jaundice, hemorrhagic
diathesis, and weight loss, which are typically observed in
end-stage liver disease (Figs. 4E,F; data not shown). Gross
pathological and histopathological examinations of the
mice that survived at 11 wk of injury confirmed that liver
failure with severe leakage of bile into the liver vascula-
ture is the most plausible cause of death in Fgf7 knockout
mice, while no fatal abnormality was recognized in any
organs/tissues other than the liver (data not shown). We
also performed serum biochemical tests using the mice
fed DDC for 10 wk. The cholestasis markers total bili-
rubin (TBIL) and alkaline phosphatase (ALP) were both

Figure 3. FGF7-mediated LPC activation is conserved in sev-
eral liver injuries. (A,B) Liver samples prepared from sham-
operated (Sham) or BDL mice were subjected to the following
experiments. [A) Confocal immunofluorescent double staining
using anti-FGF7 (green) and anti-EpCAM (red) antibodies. Bars,
50 wm. (PV] Portal vein. (B) Quantitative RT-PCR analysis
of Fgf7 mRNA. Mean *+ SE (n = 3). (**) P < 0.01. (C-G)
Liver samples from 8-wk-old liver-specific Tak1-LKO (Alfp-Cre;
Tak170%/f1ox) or control (Tak17°¥°%) mice were subjected to the
following experiments. (C) Representative images for immuno-
fluorescent double staining of CK19 (red) and Thyl (green). {PV)
Portal vein. Bars, 80 wm. (D} Confocal immunofluorescent
double staining using anti-FGF7 (green) and anti-EpCAM (red)
antibodies. Bars, 50 wm. (PV) Portal vein. (E) Quantitative image
analysis of CK19-positive area. Mean * SD (n = 3). (*] P < 0.05.
{F) Quantitative image analysis of Thyl-positive area. Mean *
SD (n=3).(*) P<0.05. (G) Quantitative RT-PCR analysis of Fgf7
mRNA. Mean = SD (n = 3). {**) P < 0.01. (H) Serum FGF7 levels
in human samples. enzyme-linked immunosorbent assay
(ELISA) for human FGF7 was performed on serum samples
harvested from healthy controls {n = 6) and patients with
fulminant (n = 6} or acute (n = 43) hepatitis. The data are
presented as median (25-75 percentile).

GENES & DEVELOPMENT 173

—158—



Takase et al.

Normal diet DDC diet 2 wk

NoOA O ®

Thy1t-positive area (%)

o

DDC 8wk

WT KO

G
TBIL (mg/dL) AST (IUAL)

NS

ALP (IUL) ALT (UIL)

f

ol
Normal DDC

2000

1500
Ewr

1000 Exo

S00F ns

0
Normal DDC

e Normal DDC

Q
Normal DDC

Sham surgery BOL 2wk

1 g3 =g ge
g 3
® 2 s 8
2 H
¢ :
X :
So Fo
Sham BDL 2wk

Sham  BDL 2wk

Figure 4. FGF7 is essential for LPC activation and liver re-
generation in injured livers. Adult littermates of Fgf7 knock-
out (KO) and wild-type {WT} mice were fed normal or DDC diet
(A~G) or subjected to BDL or a sham operation (H-]). (A,H)
Representative images for immunofluorescent double staining
of CK19 (red) and Thyl (green). Bars, 80 pm. (PV) Portal vein.
(B,I) Quantitative image analysis of CK19-positive area. Mean =+
SD (n=3).(***) P<0.001; (NS) not significant. (C,]) Quantitative
image analysis of Thyl-positive area. Mean = SD (n = 3). (NS]
Not significant. (D) Kaplan-Meier survival curves of control
(wild-type, n = 23) and Fgf7 knockout (n = 21} mice given DDC,
showing that the lack of FGF7 leads to the increased mortality
after DDC feeding. Statistical analysis was performed using the
log-rank (Mantel-Cox) test. (E,F) Appearance of Fgf7 knockout
and wild-type mice fed DDC diet for 8 wk. (F) More severe
symptoms for jaundice, such as yellow-colored skin, were
typically observed in the knockout animal. (G} Serum TBIL,
ALP, AST, and ALT levels were measured in control and Fgf7
knockout mice fed a normal (wild type, n = 3; knockout, n = 3}
or DDC-containing (wild type, n = 6; knockout, n = 3) diet for
10 wk. Mean = SE. (**) P<0.01; (*) P < 0.05; (NS) not significant.
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significantly increased in Fgf7 knockout mice (Fig. 4G).
At the same time, the level of the hepatocyte injury
marker alanine transaminase {ALT) was significantly ele-
vated in the knockout mice compared with the wild type,
and that of aspartate transaminase (AST) also trended
higher, but the difference was not statistically significant
(Fig. 4G). At that point, the LPC numbers in the knockout
mice could not keep up with those in wild-type mice
(Supplemental Fig. S8A-C). These results indicate that
the lack of FGF7 exacerbates damages in both hepato-
cytes and bile ducts and that the LPC response directly
correlates with liver function and survival of an organism
upon toxic insult. Taken together, we conclude that FGF7
is necessary for LPC activation in vivo at least in two dif-
ferent experimental models, and its expression and func-
tion may counter liver dysfunction.

Forced expression of FGF7 is sufficient to induce
expansion of the LPC population in vivo

We next performed gain-of-function experiments to fur-
ther explore the function of FGF7 in regulating the LPC
response. First, we examined the effect of FGF7 on LPCs
in vitro. We found that a recombinant FGF7 stimulated the
proliferation of HSCE1, a cell line derived from EpCAM"*
LPCs of adult mice (Okabe et al. 2009), in a dose-dependent
manner (Fig. 5A). To examine the effect of FGF7 in vivo,
we used Alfp-Cre; Rosa26-rtTA-IRES-EGFP; tetO-CMV-
FGF7 triple Tg mice in which overexpression of FGF7
in the liver is achieved by doxycycline (Dox) treatment
(Fig. 5B,C). A significant increase in CK19* LPC-like cell
numbers was observed in the periportal regions of the
triple Tg (hereafter referred to as FGF7 Tg) mouse livers
compared with control Alfp-Cre; Rosa26-rtTA-IRES-EGFP
double Tg mouse livers (Figs. 5D,E). These expanding cells
coexpressed other well-known LPC markers: A6, EpCAM,
and SOX9 (Fig. 5E; Supplemental Fig. S9A B). Notably, A6*
CK19 cells, which can be regarded as a fraction of newly
formed hepatocytes (Engelhardt et al. 1990; Ishikawa et al.
2012), were clearly detected adjacent to A6* CK19* LPCs
in FGF7 Tg mouse livers as well as in DDC-injured livers
(Fig. 5D; Supplemental Fig. S6A), implying that the cell
population induced by FGF7 has a potential to differentiate
to hepatocytes.

Previous studies have shown that the extracellular
matrix (ECM) plays an important role in regulating the
LPC response and liver regeneration [Boulter et al. 2012,
Espafiol-Sufier et al. 2012). Immunostaining analysis of
the type I and type IIT collagen proteins revealed that
there was a significant accumulation of these ECM com-
ponents around the expanding LPCs in response to FGF7
overexpression, similar to the case observed in the livers
of DDC-treated animals (Fig. 5G). This strongly supports
the notion that the FGF7-induced LPC induction in the
normal liver faithfully recapitulates the phenomenon
that occurs under the pathophysiological conditions in
diseased livers. Meanwhile, the level of collagen gene
expression (Collal and Col3al for type I and type III col-
lagens, respectively) using the whole-liver mRNA sam-
ples showed no significant increase in the expression of
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