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Figure 5. Immuno-gold EM demonstrated that both #37 and #55 recognized HCV intact particles. (A). Equilibrium SDG centrifugation.
4, HCV RNA copies measured by RT-qPCR; A, buoyant densities. (B). The ratio of infectivity titer (FFU) to HCV RNA copies of fractions 3 and 6. (C).
Immuno-gold EM. Viral particles in fraction 3 were treated with #37 (a, b), #55 (c), or a control antibody (d) followed by anti-human IgG conjugated
with colloidal gold particles, and examined under an electron microscope. HCV-like particles in the sample treated with #37 and #55 were observed
with specific labeling of gold particles indicating that the antibodies are capable of binding to viral particles. Bar=50 nm.
doi:10.1371/journal.pone.0055874.g005

HCV were tested in the assays. The one virus-sample contained  JFHI) by #55 was less, with a NTs titer of 219 ug/ml for no.1
102 FFU/0.1 ml (no.1) and another 10° FFU/0.1 ml (no.2).  and >500 ug/ml for no.2.

Table 2 shows the 50% neutralization titers (NT5q) of #55, a

lowest concentration (ug/ml) required for 50% reduction of FFU, Blocking of Viral Adsorption

calculated by curvilinear regression analysis. #55 neutralized
HCV infection of various genotypes (la, 1b, 2a, 3a, 4a, 5a, and
6a), with the N'T'5 titers ranging from 2 to 127 pg/ml for no.1 and
6 to 231 pg/ml for no.2. Neutralization of genotype 7a (QC69/

We examined whether #55 blocked viral adsorption to cells by
measuring the amount of cell-attached HCV RNA using RT-
qPCR. A half ml of the culture supernatant containing 10° FFU/
ml of chimeric HCV, H77/C3, was pre-treated at 4°C for 24 h
with an equal volume of #53, #37 or a control antibody at a final
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Figure 6. Neutralization assay by FFU reduction. The mean numbers of positive foci are shown for viruses H77/C3 (A), Con1/C3 (B), and J6/C3
(C). Compared to the results obtained with an irrelevant control antibody, #55 inhibited the viral infection in dose-dependent manner for all of the 3
samples tested. Inhibition by #37 was not observed. 4, control; B, #55; A, #37.

doi:10.1371/journal.pone.0055874.9006
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Table 2. 50% neutralization titers (NTsq) of #55 by FFU
reduction.

NTso (ng/mi)*

Virus (genotype)

H77C/JFHT (1a) 10.6 10.3

J6/JFH1 (2a) 126.6 99.1

SA13/JFH1 (5a) 5.0 5.7

2185 >500

QC69/JFH1 (7a)

*, calculated by curvilinear regression analysis; ND, not done.
doi:10.1371/journal.pone.0055874.t002

concentration of 500, 50, or 5 pg/ml. The mixtures were then
inoculated onto Huh7.5 cells seeded in 12-well plates
(5x10° cells/well). After incubation for 4 h at 37°C, cells were
washed 3 times with PBS. Amount of cell-associated HCV RNA in
a well was measured by RT-qPCR. Fach test was performed in
duplicate. Compared to the control antibody (human IgG), #55
inhibited viral adsorption in dose-dependent manner, as shown in
Figure 7. Inhibition by #37 was not observed but rather slightly
enhanced at a concentration of 50 pg/ml.

Specific amino acids (W420, Y527, W529, G530, and D535) in
the E2 envelope protein of HCV were reported to be critical for
binding to CD8I1, a principal cellular receptor and they were
conserved across all genotypes [26]. As the epitope of #3535
includes these amino acid residues, it was possible that #55
blocked virus adsorption by competing with CD81 for a binding
site on the E2 envelope. Figure 8A shows sequence alignment of
aa 508 to 607, the epitope of #55, of HCV employed in the
present study. The epitope of #55 contains the residues important
for binding to CD81 (asterisks). Thus, we investigated this
possibility by testing whether CD81 inhibits binding of HCV to
#55 utilizing an assay based on antibody-captured RT-qPCR. A

10000 -
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Figure 7. Blocking of viral adsorption by #55. Blocking of viral
adsorption measured by RT-qPCR. Compared to the control antibody
(human 1gG), #55 inhibited viral adsorption in dose-dependent
manner. Inhibition by #37 was not observed but rather slightly
enhanced at a concentration of 50 ug/ml.
doi:10.1371/journal.pone.0055874.g007
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100 i of the virus solution containing 10* FFU/ml of H77/C3
was incubated with an equal volume of various dilutions of soluble
recombinant human CD81 protein (Origene, Rockville, MD,
USA) for 2h at room temperature. Each mixture was then
imoculated into a 48-well plate which was pre-coated with #55 or
an irrelevant control antibody (human IgG) at a concentration of
10 ng/ml. The plate was incubated at 4°C overnight. After
washing, bound HCV RNA was extracted and quantified by RT-
qPCR. As shown in Figure 8B, CD81 inhibited the binding of
virus to #55 in a dose-dependent manner.

Discussion

In this study, as an approach to obtain human B cell lines
producing antibodies to HCV envelope E2, we applied the EBV
transformation method, which is based on the fact that EBV
transforms B-lymphocytes of humans i vifro into lymphoblastoid
cells that synthesize and secrete immunoglobulins. From PBMC
collected from a patient persistently infected with HCV strain H
(genotype la) we have successfully isolated two clones producing
anti-HCV E2 antibodies, #37 and #55. At the first screening of
culture supernatants, several wells of a 96-well plate were found
positive for anti-HCV E2 antibodies. However, most of them
became negative as further cultured. Finally #37 and #55
remained as stably producing clones.

There was remarkable contrast between these two antibodies in
their properties: (1) #5355 appeared to be a broadly cross-
neutralizing antibody. In the neutralization assay by FFU
reduction, it inhibited infection by HCV genotypes la, 1b, 2a,
2b, 3a, 4a, 5a, 6a, and, to a lesser extent, 7a. In contrast, #37 did
not neutralize any of the viruses tested. Interestingly it tended to
enhance the infection at low concentrations (Figure 6B and C,
and Figure 7): (2) the epitope of #55 was mapped to the region of
aa 508 to 607 and that of #37 was mapped to the longer region
spanning aa 429 to 652 of the E2 protein. #55 seemed unique for
broadly cross-neutralizing antibody to have a relatively short
conformational epitope, since it has been reported that confor-
mational epitopes reacting with such antibodies are usually
retained in the full length E2 [7,9]: (3) when we tested their
cross-reactivity using transfected Huh7 cells expressing the E2
proteins, #37 was reactive with genotype la but reacted very
weakly with the others, while #55 was broadly reactive with all
genotypes tested. However, when examined using the virus-
infected cells as targets, #37 was reactive with all HCV genotypes
tested, although its binding activity measured by IF was less than
that of #55 except for H77C/JFH1(la) and S52/JFH(3a): (4) in
immuno-gold EM, viral particles recognized by #37 were rather
homogenous in size and measured approximately 5060 nm in
diameter. On the other hand, #55 produced larger aggregates of
various-sized viral particles, probably because of its higher binding
activity: (5) the antibodies showed a different pattern of IF-staining
in the HCV-infected cells. While #37 gave granular reactions
mostly in the periphery of nuclei, #55 gave diffuse staining
throughout the cytoplasm (Figure 4). The nature of the antigens
reacting with #37 and #5355 remains to be studied.

Recently, Keck et al. reported that the region aa 529 to 535 of
the E2 envelope protein is a CD81 binding region that does not
tolerate neutralization escape mutations [27]. The epitope of #55
includes the above mentioned region and #55 blocked virus
adsorption by competing with CD 81 for a binding site on the E2
envelope. As #55 is broadly neutralization cross-reactive, it may
be very useful in preventing infection by HCV of various
genotypes. Sasayama et al. reported that blocking N-glycosylation
of aa 534 (aa 532 of strain H77) in this region by substituting

February 2013 | Volume 8 | Issue 2 | 55874

- 574 -



A

Human Monoclonal Antibodies against HCV E2

508 [N . 552 607 References

H77/C3(1la) CEFTRSPVVVGTTDRSGAPTYSWGANDTDVFVLNNTRPPLGNWFGCTHMNSTGFTKVCGAPPCVE . GGVGNNT . . . . LLCPTDCFPRKHREATYSRCGSGPWITPRC [173
Conl/C3{1b} ~wvussmmmn e FuVomnanaEaEr e e L Qo s i b e I b (NN (173
J6/C3 (2a) —-— B g S 0 RS o [171
JFH1{2a8) =  —-eeeemseemeen 8 O S R A O (51

H77C/JFHL1(la)--~ {203
J4/JFHL{1b) ~wwemmmemew e e e e Bl B e s B e e e Qe e o g e e I R= R [181
J6/JFHL(2a) ~- Bl Bt Sl T DR bR P - Ll ] R {19}
JB/JFHL(2b) -~ e K Qo oo P B e o e Ty G sm e R B e e o o G v Pl s s e R, REKDY S ID o L mmm e s R [181
$52/0FHL{(3a) -- == IK-K-~~-N-~E~E L= Pem===-N-Y~~E-DPERETD-F~-~-~- R [22}
ED43/9FH1 (4a) -~ = V= Vo w P BB e[ § o e e o B e Yo i om e v e e BV  NTRNGT, L, - WH- R T~=AK~~ [201
SA13/JFHL(5a) -~ m=mmK=H= === ~E~E==I~I===m=m=Tommemeammeme e YeTmmme NG, ~PT-=~§, . . . . Koo R===D===TK~ ===~ L~---  [21}
HK6a/JFH1 (6a)~~ ~KL=L===N==E=E= = =M= ESLm = =T G mm e e e R Q- . VPGDY~$SANE~ R Q- [181
QC69/IFRL (Ta) == e R Vo e P e B G o T 0 G e G e § PG e Ko  RPQ= AQSNTS . ~ T wom e R R e = B Lwwm= (18]

¥, important amino acids for binding to CD81[26}

B

2500 -
2000

1500 -

HCVRNA copies/well

1.26 0.32

Concentration of CD81(ug/ml)

0.08 0.02 o

E#55

0 Control

Figure 8. Binding of HCV to #55 was inhibited by soluble recombinant CD81. (A). Sequence alignment of aa 508 to 607, the epitope of
#55, of various genotypes of HCV employed in the present study. Residues identical to the sequences of H77/C3 are indicated by a dash. Dots
indicate gaps. (B). H77/C3 virus was treated with various dilutions of soluble CD81.The mixtures were inoculated into a 48-well plate that was pre-
coated with #55 or the control antibody. Amount of bound HCV RNA was measured by RT-qPCR.

doi:10.1371/journal.pone.0055874.g008

asparagine with histidine markedly enhanced the sensitivity of the
virus to neutralizing antibodies and suggested that the aa 529 to
535 region is usually protected from the antibody’s access by the
N-glycosylation [28]. It is possible that #55 may evade the N-
glycosylation mediated protective mechanism of HCV.

A cross-neutralizing monoclonal antibody that could be
generated in large volume might be particularly beneficial to
prevent the almost universal occurrence of HCV re-infection of
transplanted livers and could play other roles in immunoprophy-
laxis until such time as an effective HCV vaccine is developed and
commercialized.
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Free Cholesterol Accumulation in Hepatic Stellate
Cells: Mechanism of Liver Fibrosis Aggravation in
Nonalcoholic Steatohepatitis in Mice

Kengo Tomita,"** Toshiaki Teratani,”* Takahiro Suzuki,” Motonori Shimizu," Hirokazu Sato,’
Kazuyuki Narimatsu," Yoshikiyo Okada,' Chie Kurihara,' Rie Irie,® Hirokazu Yokoyama,*
Katsuyoshi Shimamura, Shingo Usui,* Hirotoshi Ebinuma, Hidetsugu Saito,” Chikako Watanabe,’
Shunsuke Komoto," Atsushi Kawaguchi,' Shigeaki Nagao,' Kazuo Sugiyama,” Ryota Hokari," Takanori Kanai,>
Soichiro Miura,' and Toshifumi Hibi®

Although nonalcoholic steatohepatitis (NASH) is associated with hypercholesterolemia,
the underlying mechanisms of this association have not been clarified. We aimed to elu-
cidate the precise role of cholesterol in the pathophysiology of NASH. C57BL/6 mice
were fed a control, high-cholesterol (HC), methionine-choline-deficient (MCD), or
MCD+HC diet for 12 weeks or a control, HC, high-fat (HF), or HF+HC diet for 24
weeks. Increased cholesterol intake accelerated liver fibrosis in both the mouse models
without affecting the degree of hepatocellular injury or Kupffer cell activation. The
major causes of the accelerated liver fibrosis involved free cholesterol (FC) accumulation
in hepatic stellate cells (HSCs), which increased Toll-like receptor 4 protein (TLR4)
levels through suppression of the endosomal-lysosomal degradation pathway of TLR4,
and thereby sensitized the cells to transforming growth factor (TGF)p-induced activa-
tion by down-regulating the expression of bone morphogenetic protein and activin
membrane-bound inhibitor. Mammalian-cell cholesterol levels are regulated by way of a
feedback mechanism mediated by sterol regulatory element-binding protein 2
(SREBP2), maintaining cellular cholesterol homeostasis. Nevertheless, HSCs were sensi-
tive to FC accumulation because the high intracellular expression ratio of SREBP
cleavage-activating protein (Scap) to insulin-induced gene (Insig) disrupted the
SREBP2-mediated feedback regulation of cholesterol homeostasis in these cells. HSC
activation subsequently enhanced the disruption of the feedback system by Insig-1
down-regulation. In addition, the suppression of peroxisome proliferator-activated
receptor y signaling accompanying HSC activation enhanced both SREBP2 and
microRNA-33a signaling. Consequently, FC accumulation in HSCs increased and
further sensitized these cells to TGFf-induced activation in a vicious cycle, leading to
exaggerated liver fibrosis in NASH. Conclusion: These characteristic mechanisms of FC
accumulation in HSCs are potential targets to treat liver fibrosis in liver diseases

including NASH. (Herarorocy 2014559:154-169)

Abbreviations: ABCAI, adenosine triphosphate-binding cassette Al; ALT, alanine aminotransferase; Bambi, bone morphogenetic protein and activin membrane-
bound inkibitor; CCly, carbon tetrachloride; CE, cholesterol ester; COPIL, coat protein complex II; ER, endoplasmic reticulum; FBS, fetal bovine serum; FC, fiee
cholesterol; HC, high cholesterol; HE high far; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; HSC, hepatic stellate cell; ICAM-1, intercellular adhesion
molecule-1; Insig, insulin-induced gene; LDLR, low-density lipoprotein receptor; LPS, lipopolysaccharide; MB CD, methyl-B-cyclodextring MCD, methionine-chol-
ine deficient; mRINA, messenger RNA; NASH, nonalcoholic steatobepatitis; NPCI, Niemann-Pick Cl; PCR, polymerase chain reaction; PPAR, peroxisome
proliferator-activated recepror; Scap, SREBP cleavage-activating protein; siRNA, small interfering RNA; SMA, smooth muscle actin; SREBR sterol regulatory
element-binding provein; TGE transforming growth factor; TLR4, Toll-like receptor 4; TNE tumor necrosis factor; TUNEL, terminal deoxynucleotidyl transferase-
mediated deoxyuridine nick-end labeling; VCAM-1, vascular cell adhesion molecule-1.
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onalcoholic steatohepatitis (NASH) is a pro-
Ngressive disease that can cause cirrhosis or
liver-related complications.” It very often
accompanies lifestyle diseases including hypercholester-
olemia. Several studies have shown that statins and
ezetimibe (cholesterol-lowering agents) improve liver
fibrosis in patients with NASH.? Furthermore, we
have recently reported that free cholesterol (FC) accu-
mulation in hepatic stellate cells (HSCs) plays an
important role in the pathogenesis of liver fibrosis.”
These results drew our attention to the role of choles-
terol in the pathogenesis of liver fibrosis in NASH.
Cholesterol homeostasis is tightly regulated by way
of a feedback system mediated by sterol regulatory
clement-binding protein (SREBP)2.*> The low-density
lipoprotein receptor (LDLR) and 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGCR), which play impor-
tant roles in maintaining cholesterol uptake and
synthesis, respectively, are predominantly regulated by
SREBP2.® Nascent SREBP2 localizes to the endoplas-
mic reticulum (ER) membrane and forms tight com-
plexes with SREBP cleavage-activating protein (Scap),
a membrane-embedded escort protein.” When mem-
brane cholesterol levels are low, the SREBP2-Scap
complex is incorporated into the coat protein complex
II (COPI)-coated vesicles.®® Consequently, SREBP2
translocates to the nucleus and activates transcription
of several target genes involved in the biosynthesis and
uptake of cholesterol.® When excess cholesterol accu-
mulates in the ER membranes, it changes Scap to an
alternate conformation, allowing it to bind to resident
ER proteins, insulin-induced gene (Insig)-1, and Insig-
2.2 This binding precludes the binding of COPIL
Consequently, the SREBP2-Scap complex remains in
the ER, transcription of the target genes declines, and
cholesterol synthesis and uptake fall.*®
Furthermore, recent studies have shown that the pri-
mary transcript of SREBP2 also encodes miR-33a, a
microRNA that regulates cholesterol metabolism by

way of factors such as adenosine triphosphate-binding
cassette Al (ABCA1) and Niemann-Pick C1 (NPC1),
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suggesting transcriptional regulation by SREBF2 mod-
ulates the cellular capacity for producing not only an
active transcription factor but also the expression of
miR-33a."

By studying two mouse models of NASH, we
attempted to clarify the precise role of cholesterol in
the pathophysiology of NASH. As we found that the
major causes of the exacerbation of liver fibrosis in
NASH involved FC accumulation in HSCs, we inves-
tigated the underlying mechanisms of FC accumula-
tion in HSCs and its role in the pathogenesis of
NASH.

Materials and Methods

Please refer to the Supporting Materials and Meth-
ods for more detailed descriptions.

Reagents. Reagents were obtained as follows: low
density  lipoprotein  (LDL), methyl-S-cyclodextrin
(MBCD)/cholesterol ~ complex,  lipopolysaccharide
(LPS), chloroquine, and MG-132 were from Sigma
(St. Louis, MO). 25-HC was from Wako Pure Chemi-
cal Industries (Osaka, Japan). Transforming growth
factor beta (TGFf) was from R&D Systems (Minne-
apolis, MN). Peroxisome proliferator-activated receptor
gamma (PPARy)-small interfering RNA (siRNA),
SREBP2-siRNA, LDLR-siRNA, Scap-siRNA, Insig-1-
siRNA, bone morphogenetic protein and activin
membrane-bound  inhibitor (Bambi)-siRNA, and
control-siRNA were from Invitrogen (Carlsbad, CA).
Anti-miR33a, pre-miR33a, and control-miR33a were
from Ambion (Austin, TX).

Animal Studies. Nine-week-old male C57BL/6]
mice (CLEA Japan, Tokyo, Japan) were fed a CE-2
(control; CLEA Japan), CE-2 with 1% cholesterol
(HC), methionine-choline-deficient (MCD; Cat. No.
960439; ICN, Aurora, OH), or MCD with 1% choles-
terol (MCD-+HC) diet for 12 weeks. As another ani-
mal model of NASH, 9-week-old male C57BL/6] mice
were also fed a CE-2, HC, high-fat (HF; prepared by
CLEA Japan according to the #101447 composition of
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Dyets, Bethlehem, PA), or HF with 1% cholesterol
(HF+HC) diet for 24 weeks. In the same way, 7-8-
week-old C57BL/6 Toll-like receptor (TLR)4-deficient
mice (Oriental BioService, Kyoto, Japan) were fed the
control, HC, MCD, or MCD+HC diets for 8 weeks
or the control, HC, HE or HF+HC diets for 20
weeks. All animals received humane care in compliance
with the criteria outlined in the “Guide for the Care
and Use of Laboratory Animals,” prepared by the US
National Academy of Sciences and published by the US
National Institutes of Health.

HSC Isolation and Cell Culture. Wild-type or
TLR4-deficient HSCs were isolated from the livers of
mice as described.” We cultured HSCs on uncoated
6-well plastic tissue culture dishes in serum-depleted
Dulbeccos modified Eagle’s medium (DMEM),
DMEM containing 1% or 10% fetal bovine serum
(FBS), and used them as nonpassaged primary cultures
or cultures at passage 3-6.

Statistical Amnalysis. All data are expressed as
means (standard error of the mean [SEM]). Statistical
analyses were performed using the unpaired Student
¢ test or one-way analysis of variance (ANOVA) (2 < 0.05
was considered significant). When the ANOVA
analyses were applied, differences in mean values among
groups were examined by Fisher's multiple comparison
test.

Results

Increased Cholesterol Intake Accelerates Liver
Fibrosis in NASH Without Affecting the Degree of
Hepatocellular Injury or Macrophage Recruitment
or Activation. Compared with the livers of the
MCD diet-fed mice, the livers of the MCD+HC
diet-fed mice showed markedly increased centrizonal
fibrosis (Supporting Fig. 1A-C). As observed in the
MCD diet-induced NASH model, the extent of fibro-
sis was significantly enhanced in the livers of the
HF+HC diet-fed mice, compared with the HF diet-
fed mice (Supporting Fig. 1D-F).

HC diet feeding alone was not sufficient to cause
liver fibrosis over 12 and 24 weeks (Supporting
Fig. 1). In addition, increased intake of cholesterol did
not significantly impact hepatocellular damage in the
two mouse models of NASH (Supporting Fig. 2).
There was no impact on the hepatic messenger RNA
(mRNA) levels of Cyp27al or on the hepatic content
of mitochondrial FC (Supporting Fig. 3).

Similarly, the increased cholesterol intake did not
increase macrophage recruitment or activation in

either of the two mouse models of NASH (Support-
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ing Fig. 4). Neither did the increased cholesterol
intake induce the formation of hepatic macrophage
foam cells or cause liver inflammation in these mouse
models (Supporting Figs. 1A,D, 5A). In Kupffer cells,
there was also no impact on the mRNA levels of
Cyp27al or on the cholesterol content of both the
mitochondria and late endosomes/lysosomes (Sup-
porting Fig. 5B-D). Furthermore, the increased cho-
lesterol intake significantly exaggerated liver fibrosis
in Kupffer cell-depleted mice with NASH (Support-
ing Fig. 6).

FC Accumulation in HSCs Is Enbhanced in NASH
and Up-Regulates TLR4 Protein Expression and
Down-Regulates Bambi mRNA Expression in
HSCs. HC, MCD, and HF diet feeding significantly
increased FC levels in HSCs compared with the corre-
sponding control diet feeding (Supporting Fig. 7A,D).
Further, FC levels were significantly higher in HSCs
from the MCD+HC and HF+HC diet-fed groups
than in those from the other corresponding groups
(Supporting Fig. 7A,D).

The mRNA expression levels of Bambi, the TGFf
pseudoreceptor, were significantly lower in HSCs from
the HC, MCD, and HF diet-fed groups than in those
from the corresponding control diet-fed groups and in
HSCs from the MCD+HC and HF+HC diet-fed
groups than in those from the other corresponding
groups (Supporting Fig. 7B,E).

HC, MCD, and HF diet feeding increased the
amount of TLR4 protein expressed in HSCs. In addi-
tion, HSCs from the MCD-+HC and HF+HC diet-
fed groups showed higher TLR4 protein expression
than those from the other corresponding groups (Sup-
porting Fig. 7CF). No significant difference was
observed in the mRNA expression levels of TLR4
among the corresponding groups (Supporting
Fig. 7C,F).

HSC Activation in NASH Down-Regulates PPARy
Expression and Enhances Both SREBP2 and miR-
33a Signaling; Increased Cholesterol Intake Intensi-
fies These Effects. As noted in the whole livers, the
mRNA expression levels of collagen 1al, collagen
102, and o smooth muscle actin (¢SMA) were signifi-
cantly increased in HSCs from the MCD and HF
diet-fed groups compared with the corresponding
control diet-fed groups. These increases were signifi-
cantly enhanced by the increased intake of cholesterol
(Fig. 1A,D).

The mRNA expression levels of PPARy1 in HSCs
were significantly lower in the MCD and HF diet-fed
groups than in the corresponding control diet-fed
groups. In addition, these decreases were significantly
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Fig. 1. Down-regulated PPARy expression and enhanced SREBP2 and miR-33a signaling after HSC activation in the two mouse models of
NASH. C57BL/6 mice (9 weeks old, male; n = 6-9/group) were fed (A-C) the control, HC, MCD, or MCD+HC diet for 12 weeks or (D-F) the
control, HC, HF, or HF+HC diet for 24 weeks. (A,D) Quantification of collagen 1«1, collagen 122, xSMA, PPARy1, and SREBP2 mRNA in HSCs
isolated from the mice in each group. **P < 0.01 and *P < 0.05, compared with the control diet group. (B,E) Total and nuclear expression of
PPARy and SREBP2 protein in HSCs isolated from the mice in each group. The relative protein levels are indicated below the corresponding
bands. (C,F) Quantification of LDLR and HMGCR mRNA, and miR-33a in HSCs isolated from the mice in each group. **P < 0.01 and *P <
0.05, compared with the control diet group. All data are expressed as means (SEM).
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enhanced by the increased intake of cholesterol
(Fig. 1A,D). Contrarily, the mRNA expression levels
of SREBP2 were significantly higher in HSCs from
the MCD and HF diet-fed groups than in those from
the corresponding control diet-fed groups, and these
increases were significantly enhanced by the increased
intake of cholesterol (Fig. 1A,D).

The total and nuclear protein levels of PPARy were
lower in HSCs from the MCD and HF diet-fed
groups than in those from the corresponding control
diet-fed groups and these decreases were significantly
enhanced by the increased intake of cholesterol (Fig.
1B,E). Meanwhile, the levels of the nuclear form of
SREBP2 were significantly higher in HSCs from the
MCD and HF diet-fed groups than in those from the
corresponding control diet-fed groups. Furthermore,
these increases were significantly enhanced by the
increased intake of cholesterol (Fig. 1B,E).

Similar to SREBP2 expression, the expression levels
of LDLR and miR-33a in HSCs were significantly
higher in the MCD and HF diet-fed groups than in
the corresponding control diet-fed groups. These
increases were significantly enhanced by the increased
intake of cholesterol (Fig. 1C,F).

In Vitro HSC Activation Down-Regulates PPARy
Signaling, Which Enhances SREBP2 and miR-33a
Signaling. The total and nuclear forms of PPARy
were abundant in day 1 (quiescent) HSCs but declined
in day 3 and 5 (activating) and day 7 (activated)
HSCs (Fig. 2A). Meanwhile, the nuclear form of
SREBP2 was scarce in day 1 HSCs, and its expression
increased at days 3 and 5, and day 7 HSCs (Fig. 2A).
Correspondingly, the PPARyl and SREBP2 mRNA
expression levels were similar to the protein expression
levels (Fig. 2A). Furthermore, the expression levels of
LDLR and miR-33a in HSCs increased along with
their activation (Fig. 2B).

PPARy-siRNA treatment significantly increased the
expression levels of SREBP2, LDLR, and miR-33a in
quiescent HSCs (Fig. 2C). Similarly, treatment with
the PPARy antagonist significantly increased the
expression levels of SREBP2, LDLR, and miR-33a
in quiescent HSCs in a dose-dependent manner
(Fig. 2D). On the other hand, overexpression (O/E) of
PPARy1 significantly decreased the levels of SREBP2,
LDLR, and miR-33a expression in activated HSCs
(Fig. 2E).

SREBP2-siRNA treatment significantly ~decreased
the mRNA expression level of LDLR (Fig. 2F). The
addition of PPARy-siRNA did not affect the mRNA
expression level of LDLR in quiescent HSCs treated
with SREBP2-siRNA (Fig. 2F).

HEPATOLOGY, January 2014

Enhancement of LDLR Expression and miR-33a
Signaling Plays a Role in FC Accumulation in
HSCs, Which Subsequently Increases TLR4 Protein
Expression Through Suppression of the Endosomal-
Lysosomal Degradation Pathway of TLR4. Suppres-
sion of LDLR mRNA expression by LDLR-siRNA
treatment significantly decreased FC accumulation in
HSCs treated with LDL or FBS (Fig. 3A). In HSCs
treated with LDL or FBS, FC accumulation signifi-
cantly decreased with the addition of anti-miR33a and
increased with the addition of pre-miR33a (Fig. 3B).
Furthermore, FC accumulation in HSCs increased
along with their activation (Fig. 3C).

TLR4 protein expression, but not mRNA expres-
sion, in HSCs increased along with their activation
(Fig. 3D). Treatment with LDL significantly increased
TLR4 protein expression in HSCs and suppression of
LDLR expression significantly decreased it (Fig. 3E).
Similarly, the LDL-induced increase in TLR4 protein
expression was significantly suppressed by the addition
of anti-miR33a and significantly enhanced by the
addition of pre-miR33a (Fig. 3E).

Furthermore, treatment with LDL significantly sup-
pressed the ligand-mediated enhanced degradation of
TLR4 in HSCs (Fig. 4A). Both chloroquine, an inhib-
itor of the endosomal-lysosomal pathways, and
MG-132, an inhibitor of the proteosomal pathways,
significantly increased TLR4 protein expression in
HSCs (Fig. 4B). The addition of LDL did not affect
the protein expression levels of TLR4 in HSCs treated
with chloroquine, whereas it significantly increased the
protein levels of TLR4 in HSCs treated with MG-132
(Fig. 4C,D).

FC Accumulation in HSCs Sensitizes These Cells
to TGFp-Induced Activation Through Enhancement
of TLR4-Mediated Down-Regulation of Bam-
bi. The mRNA level of Bambi significantly decreased
with LPS treatment, and furthermore, the addition of
LDL significantly enhanced the decrease in wild-type
HSCs (Fig. 5B). A deficiency in TLR4 signaling
reversed these decreases (Fig. 5B).

Wild-type HSCs, pretreated with LPS, demon-
strated significant enhancement of collagen lal and
102 mRNA expressions when stimulated with TGFp,
and showed a further increase in mRNA expression of
collagen 1ol and 102 when treated with LDL
(Fig. 5C). A deficiency in TLR4 signaling, however,
eliminated these increases (Fig. 5C).

Bambi mRNA expression did not decrease in HSCs
treated with LDL, LDLR-siRNA, anti-miR33a, or pre-
miR33a in the absence of LPS, but it significantly
decreased when HSCs were treated with LPS
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(Fig. 5D). This decrease was significantly enhanced in
cells treated with LDL, whereas treatment with LDLR-
siRNA reversed the LDL-induced decrease in Bambi
mRNA expression (Fig. 5D). Similarly, treatment with
anti-miR33a reversed the LDL-induced decrease in
Bambi mRNA expression. On the other hand, treat-
ment with pre-miR33a enhanced the LDL-induced
decrease in Bambi mRNA expression (Fig. 5SD). These
results were in accordance with the results of FC accu-
mulation and TLR4 protein expression in HSCs, and
a deficiency in TLR4 signaling reversed all these
changes (Fig. 5D).

Treatment with LDLR-siRNA reversed the LDL-
induced increase in the mRNA expressions of collagen
1ol and 142 in wild-type HSCs treated with LPS and
TGEFf (Fig. 5E). In accordance with the results of FC
accumulation and Bambi mRNA expression in HSCs,
treatment with anti-miR33a reversed the LDL-induced
increase in collagen lal and 102 mRNA expression
and treatment with pre-miR33a enhanced it (Fig. 5E).
As is the case in Bambi mRNA expression, a deficiency
in TLR4 signaling canceled all these LDL-induced
changes in collagen 1x1 and 102 mRNA expression
(Fig. 5E). In addition, treatment with Bambi-siRNA
reversed the LDL-induced increase in the mRNA
expression of collagen 1ol and 1a2 in HSCs treated
with LPS and TGFp (Fig. SF). Furthermore, in the
same way as in the in vitro study, treatment with anta-
gomirs against miR33a significantly alleviated the acti-
vation of HSCs in the mouse model of liver fibrosis
induced by carbon tetrachloride (CCly). This occurred
through the suppression of FC accumulation and the
subsequent inhibition of TLR4-mediated down-regula-
tion of Bambi in HSCs (Supporting Fig. 8).

Increased Intake of Cholesterol Does Not Impact
Liver Fibrosis in NASH in TLR4-Deficient
Mice. We used TLR4-deficient mice to assess whether
the exacerbation of liver fibrosis in NASH by increased
cholesterol intake was dependent on TLR4 signal
transduction. Significant differences were not observed
in the extent of liver fibrosis or in the hepatic mRNA
levels of collagen 1laol, collagen 102, and aSMA,
between MCD diet-fed and MCD+HC diet-fed
TLR4-deficient mice (Fig. 6A-C). Similarly, the
increased cholesterol intake did not enhance liver
fibrosis in the HF diet-induced NASH in TLR4-
deficient mice (Fig. 6D-F).

SREBP2-Mediated Feedback Regulation of Cho-
lesterol Homeostasis Is Disrupted in HSCs and HSC
Activation Further Enbances the Disruption. Nu-
clear accumulation of hepatic SREBP2 decreased in
the two mouse models of NASH and further declined
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following supplementation with cholesterol (Support-
ing Fig. 9A). Cholesterol supplementation significantly
decreased the hepatic mRNA levels of LDLR and
HMGCR, which are downstream molecules of
SREBP2, in both the animal models (Supporting Fig.
9B,C).

We next detailed the SREBP2-mediated feedback
system of cholesterol homeostasis in hepatocytes and
HSCs in vitro. The nuclear form of SREBP2 in hepa-
tocytes was dramatically decreased by treatments with
LDL (Fig. 7A) and 25-hydroxycholesterol, which pro-
motes Scap-Insig complex formation."" These treat-
ments also significantly decreased the nuclear form of
SREBP2 in quiescent HSCs but did not affect that in
activated HSCs (Fig. 7A). Quantitative analysis showed
that the decrease was significantly enhanced in hepato-
cytes, compared with HSCs, and quiescent HSCs,
compared with activated HSCs (Fig. 7A).

MpBCD reportedly delivers cholesterol to cells with-
out passing through lysosomes.'* Treatment with a
cholesterol-MBCD  complex  also  dramatically
decreased the nuclear form of SREBP2 in hepatocytes
(Fig. 7A). This treatment significantly decreased the
nuclear form of SREBP2 in quiescent HSCs but did
not affect that in activated HSCs (Fig. 7A). Quantita-
tive analysis showed that the decrease was significantly
enhanced in hepatocytes, compared with HSCs, and in
quiescent HSCs, compared with activated HSCs (Fig.
7A). Scap expression levels were much higher in quies-
cent and activated HSCs than in hepatocytes (Fig.
7B). However, the Insig-1 expression level in hepato-
cytes was comparable to that in quiescent HSCs; we
did not detect any expression of Insig-1 in activated
HSCs (Fig. 7B). Hepatocytes expressed Insig-2 pro-
tein, whereas we could not observe any expression of
Insig-2 in HSCs (Fig. 7B).

A Scap trypsin cleavage assay'> was subsequently
performed to examine whether or not cholesterol-
induced Scap conformational changes occurred in
these cells. Scap, without cholesterol-induced confor-
mational changes, yields a protected band of 27 kDa
on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), whereas Scap, with the confor-
mational change, yields a protected band of 26 kDa.
Our data showed that the cholesterol-induced Scap
conformational change in activated HSCs occurred to
the same degree as that in quiescent HSCs or hepato-
cytes (Supporting Fig. 10A,B).

LDL treatment decreased the nuclear level of
SREBP2 in quiescent HSCs. Treatment with Scap-
siRNA or Insig-2-overexpression vector enhanced the
effect, ~whereas treatment with  Insig-1-siRNA
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counteracted the effect (Fig. 7C, upper and middle).
However, LDL treatment did not affect the nuclear
level of SREBP2 in activated HSCs; overexpression of
Insig-1 or Insig-2 in HSCs significantly decreased the
nuclear level of SREBP2 after the addition of LDL
(Fig. 7C, lower).

LDL treatment increased the level of the Scap-Insig-
1 complex in quiescent HSCs, whereas cotreatment
with  Scap-siRNA  or Insig-1-siRNA reversed this
change (Fig. 7D). We could not detect any Scap-Insig-
2 complex in quiescent HSCs after the addition of
LDL. Overexpression of Insig-2 increased the level of
the Scap-Insig-2 complex in LDL-treated quiescent
HSCs (Fig. 7D). On the other hand, neither the Scap-
Insig-1 nor the Scap-Insig-2 complex could be
detected in activated HSCs treated with LDL or not
(Fig. 7E). Overexpression of Insig-1 increased the level
of the Scap-Insig-1 complex in activated HSCs treated
with LDL, and similarly, overexpression of Insig-2
increased the level of the Scap-Insig-2 complex after
treatment with LDL (Fig. 7E).

In addition, the feedback regulation system of cho-
lesterol homeostasis impacted the sensitization of
HSCs to TGFp-induced activation, in a manner simi-
lar to the FC accumulation system mediated by LDLR
or miR33a (Supporting Fig. 11).

HSC Activation in NASH Down-Regulates Insig-1
Expression Through the Suppression of PPARy Sig-
nal Transduction. The Insig-1 expression level was
significantly lower in HSCs from the MCD and HF
diet-fed groups than in those from the corresponding
control diet-fed groups (Fig. 8A,B; Supporting Fig.
12A,B). These decreases were significantly enhanced by
the increased intake of cholesterol (Fig. 8A,B; Support-
ing Fig. 12A,B). We could not detect any difference in
the Scap expression level in HSCs among the groups
(Fig. 8A,B; Supporting Fig. 12A,B).

" Furthermore, Insig-1 protein was abundant in quies-
cent HSCs but its level declined at days 3 and 5, and
day 7 HSCs (Supporting Fig. 12C). We could not
detect any significant difference in the Scap expression
level among the groups (Supporting Fig. 12C). Similar
results were obtained in terms of the mRNA expres-
sion levels of Insig-1 and Scap (Supporting Fig. 12C).
Treatment with the PPARy antagonist significantly
decreased the Insig-1 expression level in quiescent
HSCs in a dose-dependent manner (Fig. 8C).

Discussion

This study showed that increased cholesterol intake
accelerated liver fibrosis in the two mouse models of
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NASH without affecting the degree of hepatocellular
injury or Kupffer cell activation. The exacerbation of
liver fibrosis mainly involved FC accumulation in
HSCs, which increased TLR4 protein levels through
suppression of the endosomal-lysosomal degradation
pathway of TLR4, down-regulated the expression of
the TGFp pseudoreceptor Bambi, and thereby sensi-
tized the cells to TGFf-induced activation. This study
also showed that FC loading of HSCs is not sufficient
to induce activation but serves to enhance activation
initiated by TGFS These results are compatible with
our previous finding® that showed that FC accumula-
tion in HSCs increased membrane TLR4 levels; sup-
pressed the HSC expression of Bambi, the TLR4
target gene'?; and subsequently exaggerated liver fibro-
sis in mouse models of liver fibrosis.

This study also helped to elucidate the main mecha-
nisms by which HSCs are sensitive to FC accumula-
tion. The SREBP2-mediated feedback system, which
plays a major role in maintaining cellular cholesterol
homeostasis,” © was disrupted in HSCs; this disruption
could be attributed to high expression of Scap and no
expression of Insig-2 in these cells. This could explain
why the HC diet significantly reduced SREBP2 signal-
ing in hepatocytes but not in HSCs, and resulted in
enhanced FC accumulation in HSCs.

Furthermore, HSC activation sensitized these cells
to FC accumulation. Repression of PPARy signaling
underlies HSC transdifferentiation.”® In the present
study, the level of PPARy decreased along with the
activation of HSCs. The suppression of PPARy signal-
ing in activated HSCs decreased the cellular expression
of Insig-1, which resulted in enhancing the disruption
of the SREBP2-mediated cholesterol-feedback system.
This could partly explain why SREBP2 signaling in
HSCs was enhanced, along with their activation,
although FC accumulation continued to increase.

In addition, the decreased PPARY signaling in acti-
vated HSCs also enhanced SREBP2 expression and
signaling, resulting in enhanced expression of the
LDLR, the SREBP2 target gene, in HSCs. As SREBF2
is a bifunctional locus encoding SREBP2 and miR-
33a,'" suppression of PPARy signaling also increased
the level of miR-33a in HSCs, in turn suppressing the
levels of NPC1 and ABCA1 (data not shown), which
are negatively regulated by miR-33a.'® These results
showed that HSC activation enhanced FC accumula-
tion, in part because of the increased LDLR level and
the decreased NPC1 and ABCA1 levels.

The present results suggest that these characteristic
mechanisms in HSCs could sensitize the cells to
enhanced FC accumulation after increased intake of
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cholesterol and/or activation of HSCs. They also sug-
gest that such accumulation could play an important
role as a mediator of the vicious cycle of HSC activa-
tion in NASH (Fig. 8D).

There are two major pathways for cell surface recep-
tor degradation after ubiquitination: a ubiquitin-
proteasome pathway and a lysosomal degradation
pathway.'® Our present results showed that FC accu-
mulation in HSCs inhibited the degradation of TLR4,
mainly by down-regulating a lysosomal degradation
pathway, which resulted in increased levels of TLR4
protein. These results are compatible with our previous
report” showing that FC accumulation in HSCs could
be involved in endosomal-lysosomal dysfunction.

The MCD diet-induced mouse model is commonly
used as a model of NASH, and the resulting character-
istic pathology of steatosis, mixed cell inflammatory
infiltrate, hepatocellular necrosis, and pericellular fibro-
sis mimics that found in humans with NASH.'”'®
Nevertheless, the mice do not develop the accompany-
ing metabolic syndrome that is often associated with
human NASH. Therefore, we also used an HF diet-
induced model of NASH to examine the precise role
of cholesterol in the pathophysiology of NASH. As the
results were similar in both mouse models of NASH,
our findings may indicate a role for cholesterol in the
pathophysiology of NASH.

Mari et al.'” reported that mitochondrial FC load-
ing accounted for hepatocellular sensitivity to TNFo
Furthermore, they showed that the mitochondrial FC
content in mouse hepatocytes increased transiently
only during the first 6 days of HC feeding, and there-
after returned to its prior level.'” Our results also
showed that chronic HC feeding did not significantly
increase mitochondrial FC accumulation in hepato-
cytes. This could be one reason why an increased
intake of cholesterol did not impact the hepatocellular
damage in our two mouse models of NASH.

A recent report showed that accumulation of choles-
terol in the lysosomes of Kupffer cells increased
hepatic inflammation in the mouse model of
NAFLD.”  27-Hydroxycholesterol is enzymatically
generated from mitochondrial cholesterol by the mito-
chondrial P450 enzyme, Cyp27al.*! Further, it mobi-
lizes cholesterol from the lysosomes to the cytoplasm,
resulting in a reduction in the accumulation of lysoso-
mal cholesterol in Kupffer cells.”® In both mouse mod-
els of NASH, an increased intake of cholesterol did
not affect the lysosomal cholesterol levels in Kupffer
cells, nor did it impact the mitochondrial cholesterol
levels or Cyp27al expression levels in Kupffer cells.
These could be some reasons why increased cholesterol

HEPATOLOGY, January 2014

intake did not accelerate Kupffer cell activation in our
mouse models of NASH.

In conclusion, FC accumulation in HSCs was
enhanced mainly by two mechanisms: enhancement of
both SREBP2 and miR-33a signaling through the sup-
pression of PPARy signaling along with HSC activa-
tion and disruption of the SREBP2-mediated
cholesterol-feedback system in HSCs, which was char-
acterized by a high Scap-to-Insig ratio and exaggerated
by the down-regulation of Insig-1 through the suppres-
sion of PPARy signaling along with HSC activation.
Enhanced FC accumulation in HSCs plays an impor-
tant role in the progression of liver fibrosis in NASH
by promoting TLR4 signal transduction through sup-
pression of the endosomal-lysosomal degradation path-
way of TLR4, and subsequently sensitizing HSCs to
TGFf-induced activation. HSC activation dysregulates
their cholesterol metabolism, resulting in further FC
accumulation and exaggerating liver fibrosis in a
vicious cycle (Fig. 8D). We believe that the characteris-
tic mechanisms of FC accumulation in HSCs should
be further studied as potential targets to treat liver
fibrosis in liver diseases including NASH.
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