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VIRAL HEPATITIS

Binding of Hepatitis B Virus to Its Cellular
Receptor Alters the Expression Profile of Genes of
Bile Acid Metabolism

Nicola Oehler,"* Tassilo Volz,"* Oliver D. Bhadra,' Janine Kah,"* Lena Allweiss," Katja Giersch,'

Jeanette Bierwolf,> Kristoffer Riecken,* Jorg M. Pollok,’ Ansgar W. Lohse,"” Boris Fehse,* Joerg Petersen,’

Stephan Urban,”’ Marc Liitgehetmann,"® Joerg Heeren,”** and Maura Dandri">**

Chronic hepatitis B virus (HBV) infection has been associated with alterations in lipid
metabolism. Moreover, the Na™-taurocholate cotransporting polypeptide (NTCP), respon-
sible for bile acid (BA) uptake into hepatocytes, was identified as the functional cellular
receptor mediating HBV entry. The aim of the study was to determine whether HBV alters
the liver metabolic profile by employing HBV-infected and uninfected human liver chi-
meric mice. Humanized urokinase plasminogen activator/severe combined immunodefi-
ciency mice were used to establish chronic HBV infection. Gene expression profiles were
determined by real-time polymerase chain reaction using primers specifically recognizing
transcripts of either human or murine origin. Liver biopsy samples obtained from HBV-
chronic individuals were used to validate changes determined in mice. Besides modest
changes in lipid metabolism, HBV-infected mice displayed a significant enhancement of
human cholesterol 7a-hydroxylase (human [h]CYP7A1; median 12-fold induction; P <
0.0001), the rate-limiting enzyme promoting the conversion of cholesterol to BAs, and of
genes involved in transcriptional regulation, biosynthesis, and uptake of cholesterol
(human sterol-regulatory element-binding protein 2, human 3-hydroxy-3-methylglutaryl-
coenzyme A reductase, and human low-density lipoprotein receptor), compared to unin-
fected controls. Significant hCYP7A1 induction and reduction of human small hetero-
dimer partner, the corepressor of hCYP7Al transcription, was also confirmed in liver
biopsies from HBV-infected patients. Notably, administration of Myrcludex-B, an entry
inhibitor derived from the pre-S1 domain of the HBV envelope, provoked a comparable
murine CYP7AI induction in uninfected mice, thus designating the pre-S1 domain as the
viral component triggering such metabolic alterations. Conclusion: Binding of HBV to
NTCP limits its function, thus promoting compensatory BA synthesis and cholesterol pro-
vision. The intimate link determined between HBV and liver metabolism underlines the
importance to exploit further metabolic pathways, as well as possible NTCP-related viral-
drug interactions. (HEPATOLOGY 2014560:1483-1493)

- 350 million individuals chronically infected world-
See Edirorial on Page 1458 wide who are at risk of developing liver cirrhosis and
hepatocellular carcinoma. Although HBV is not directy
nfection with the hepatitis B virus (HBV) still rep-  cytopathic, the establishment of a complex network of

resents a major health burden, with approximately virus-host interactions permits the virus to meet its

Abbreviations: AAT, alpha-antitrypsin; Ab, antibody; APO, apolipoprotein; BA, bile acid; b.w., body weight; cDNA, complimentary DNA; CHB, chronic hepa-
titis By CoA, coenzyme A; CYP7AL, cholesterol Jo-hydroxylase; DMSO, dimethyl sulfoxide; FA, fatty acid; FAS, fatty acid synthase; FXR, farnesoid X receptor; h,
human; HBV, hepatitis B virus; HBsAG, hepatitis B surface antigen; HBx, HBV X protein; HDV, hepatitis delta virus HMG, 3-hydroxy-3-methylglutaryl;
HMGCR, hydroxymethylglutaryl-CoA reductase; HNE hepatocyte nuclear factor; HSA, human serum albumin; IE immunofluorescence; IR intraperitoneal; LDL,
low-density lipoprotein; LDLr, LDL receptor; LRH-1, liver receptor homolog 1; LXR, liver X receptor; m, murine; mRNA, messenger RNA; NTCP Na" -taurocho-
late cotransporting polypeptide; PPAR, peroxisome proliferator-activated receptor; RT-PCR, real-time polymerase chain reaction; SHE small heterodimer partner;
SMYV;, simvastatin; SREBE sterol-regulatory element-binding protein; TC, sodium taurocholate; Tg, transgenic.
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replication requirements and persist within infected
hepatocytes.' Previous studies indicated that transcrip-
tion factors involved in activation of hepatic metabolic
processes, such as hepatocyte nuclear factors (HNFs), far-
nesoid X receptor (FXR), cyclic adenosine monophos-
phate response element-binding protein, and peroxisome
proliferator-activated receptors (PPARs), can be recruited
to the HBV genome,2 whereas studies in transgenic (Tg)
mice have shown that the viral regulatory protein, HBV
X protein (HBx), can induce activation of lipogenic genes
and fatty acid (FA) accumulation, which, in turn, could
contribute to disease progression by promoting steatosis,
generation of oxidative stress, and liver inflammation.>*
Although patient studies indicated an association between
chronic hepatitis B (CHB) and hepatic steatosis, "
knowledge about the effect of HBV infection on meta-
bolic profiles, and on the molecular processes that may be
involved in the alteration of lipid and cholesterol path-
ways in the course of infection, remains limited.

The infectious HBV particle consists of a small DNA-
containing enveloped particle, which is characterized by a
very high tissue and species specificity. The viral mem-
brane contains three envelope proteins that are named,
according to their size, pre-S1 (or large), pre-S2 (or mid-
dle), and S (or small). All three proteins share the same
C-terminal S domain, which contains the hepatitis B sur-
face antigen (HBsAg), whereas the pre-S2 and pre-S1
proteins display progressive N-terminal extensions. Char-
acteristic of HBV infection is the presence of noninfec-
tious subviral particles, exclusively composed of viral
envelope proteins, which are typically secreted in large
excess into the blood of infected individuals. The myris-
toylation and integrity of the first 77 amino acids of the
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pre-S1 domain of the large envelope protein were shown
to be essential for infectivity.” Notably, the entry of both
HBV and hepatitis delta virus (HDV), which also needs
the HBV envelope for infection and propagation, was
shown to be blocked by a myristoylated lipopeptide
(Myrcludex-B) derived from the pre-S1 domain of the
large envelope protein.*'" Previous studies indicated that
cell polarization, in addition to the differentation status
of hepatocytes, plays a fundamental role in the infection
process.'" Recently, Li et al. could identify the Na " -tauro-
cholate cotransporting polypeptide (NTCP) as the func-
tional cellular receptor permitting HBV and HDV o
enter the primary human liver cells,'* a finding that was
confirmed by other groups.'* These studies revealed that
viral binding to NTCP is mediated by the pre-S1 domain
of the HBV envelope protein. NTCP is a transmembrane
transporter localized to the basolateral membrane of
highly differentiated primary hepatocytes, which mediates
most of the hepatocellular Na+-dependent uptake of bile
salts.”> Notably, recent iz vitro studies showed that
Myrcludex-B binding to NTCP inhibits uptake of bile
salts."** These discoveries attribute new importance to
possible HBV-mediated changes in bile acid (BA), choles-
terol, and lipid metabolism.

We employed immune-deficient (severe combined
immunodeficiency [SCID]/beige) urokinase plasmino-
gen activator (uPA) Tg mice harboring livers partially
reconstituted with human hepatocytes to investigate
whether HBV infection can affect the metabolic pro-
file of human hepatocytes. We found that humanized
mice stably infected with HBV displayed remarkable
alterations in key genes of cholesterol and BA metabo-
lism and provided evidence that these changes are
mostly triggered by the binding of HBV to its cellular
receptor.
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Materials and Methods

Generation of Human Chimeric Mice, HBV Infec-
tion, and Treatments. Generation of humanized
mice was conducted as previously described.'” Briefly,
3-week-old homozygous uPA/SCID/beige mice (USB
for short) were anesthetized with isofluoran and
injected intrasplenically with 1 million viable thawed
human hepatocytes that were obtained from four dif-
ferent donors. Animals were housed and maintained
under specific pathogen-free conditions, according to
institutional guidelines under authorized protocols. All
procedures were approved by the ethical committee of
the city and state of Hamburg and accorded with the
principles of the Declaration of Helsinki. Human
hepatocyte repopulation levels were determined by
measuring human serum albumin (HSA) in mouse
serum with the human Albumin ELISA Quantitation
Kit (Bethyl Laboratories, Biomol GmbH, Hamburg,
Germany). Human chimeric mice displaying HSA
concentrations between 1 and 4 mg/mlL, correspond-
ing to levels of human chimerism ranging from 30%
to 70% were employed for the study. To establish
HBV infection, animals received a single intraperito-
neal (IP) injection of HBV-infectious serum (5 X 107
HBV DNA copies per mouse; genotype D). Four dif-
ferent human hepatocyte donors were used for trans-
plantation. Thirteen stably HBV-infected animals (>10
weeks post-HBV injection) and 13 uninfected control
animals were employed to analyze gene expression pro-
files, so that each group contained at least 3 mice
reconstituted with the same human donor. As indi-
cated in the Results, mice were subcutaneously injected
with 2 pg/g body weight (b.w.) of Myrcludex-B and
sacrificed either 8 or 24 hours after receiving one sin-
gle drug injection, or after 6 weeks of daily treat-
ment.'® Uninfected mice received an IP injection of
12.5 ng/g b.w. of simvastatin (SMV; Cayman Chemi-
cal Company, Ann Arbor, MI) dissolved in dimethyl
sulfoxide (DMSO) and were sacrificed after 6 hours.
Control mice received injections with the same
DMSO-containing buffer.

Virological Measurements and Analysis of Gene
Expression. Extraction of HBV DNA from serum
samples was conducted with the QiAmp MinElute
Virus Spin kit (Qiagen, Hilden, Germany). For quanti-
fication, real-time polymerase chain reaction (RT-PCR)
was performed using a Lightcycler (Roche Applied Sci-
ence, Mannheim, Germany) and HBV-specific probes,'”
whereas cloned HBV-DNA references were amplified in
parallel to establish a standard curve for quantification.
Viral RNA was extracted from mouse liver samples
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using the RNeasy RNA purification kit (Qiagen)'” and
was reverse transcribed from 1 pg of total RNA using
oligo-dT primers and the Transkriptor kit (Roche
Applied Science). To determine gene expression levels,
human- and mouse-specific primers from the TagMan
Gene Expression Assay System were used and samples
were analyzed in the ViiA™ 7 Real-Time PCR System
(both Life Technologies, Carlsbad, CA). The mean of
the human housckeeping genes, glyceraldehyde 3-
phosphate dehydrogenase and ribosomal protein 130,
was used for normalization. The same protocols were
also used to determine gene expression in NTCP-
transduced HepG2 cells (see also the Supporting Infor-
mation). Mouse gene expression levels were normalized
using primers specifically recognizing the murine f-
actin transcripts. To validate the species specificity of the
primers, reverse-transcribed complementary DNAs
(cDNAs) from murine, human, and human chimeric
samples were employed.'”

Analysis of Human Liver Biopsies. Human liver
tissues were obtained from needle liver biopsy specimens
taken from 6 HBV chronically infected patients and 6
uninfected individuals, which were observed in the out-
patient clinic of the University Medical Center
Hamburg-Eppendorf and underwent biopsy to deter-
mine grading and staging of liver disease.'® All HBV-
infected patients were HBsAg positive, negative for
HCV, human immunodeficiency virus, and HDV sero-
logical markers of infection, and were not receiving anti-
viral treatments. A small piece of tissue not needed for
histological examination was immediately frozen in lig-
uid nitrogen, stored at —80°C, and utilized for nucleic
acid extraction. The protocol for the study was per-
formed according to the principles of the Declaration of
Helsinki and approved by the ethical committee of the
city and state of Hamburg (OB-042/06 and PV4081).
RNA extraction, reverse transcription, and gene expres-
sion analysis were conducted as described above.

Protein Analysis and Immunofluorescence Stain-
ing in Humanized Mice. Total proteins (280 pug)
extracted from liver tissue of HBV-infected and unin-
fected humanized mice were used for immunoprecipita-
ton following the manufacturers instructions
(Dynabeads Protein G Kit; Invitrogen GmbH, Karls-
ruhe, Germany). Precipitates of polyacrylamide gel elec-
trophoresis  (CYP7A1) and alpha-andtrypsin  (AAT)
were further analyzed by western blotting on 10%
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis and blotted onto a nitrocellulose membrane
(Hybond ECL Nitrocellulose Membrane; GE Health-
care, Buckinghamshire, UK). Both the rabbit ant-
CYP7A1 (C-terminal; precipitation, 1:250; detection,
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1:1000; Abcam, Cambridge, UK) and the mouse AAT
antibody (Ab; precipitation, 1:10; detection, 1:1,000;
Biotrend Chemikalien GmbH, Cologne, Germany)
used for immunoprecipitation and detection do not
exhibit cross-reactivity with mouse proteins. Immuno-
fluorescence (IF) staining was performed on acetone-
fixed cryostat liver sections from humanized mouse liv-
ers using a human-specific FXR mouse Ab (1:100 dilu-
tion; NRI1H4, clone 1B10; Abnova, Taipei City,
Taiwan). Nuclear staining was achieved by Hoechst
33258 (Invitrogen, Eugene, OR). Stained sections were
analyzed by fluorescence microscopy (Biorevo BZ-9000;
Keyence, Osaka, Japan) using the same settings for all
groups.

Statistical Analysis. Statistical analysis was per-
formed with GraphPad Prism 5 software (GraphPad
Software Inc., La Jolla, CA). Mann-Whitney’s U test
was performed for nonparametric pair-wise compari-
sons. Kruskal-Wallis' nonparametric test was applied
using Dunn’s test to compare group-wise as a posttest
P values <0.05 were considered statistically significant.

Results

Effect of HBV Infection on the Expression Profile
of Genes of the Lipid, Cholesterol, and BA Metabo-
lism in Human Hepatocytes. To determine the
expression profile of human hepatocytes within
mouse liver, primers specifically recognizing human
transcripts and not cross-reacting with murine genes
were validated by RT-PCR using artificial mixtures of
human and mouse ¢cDNAs, as previously reported
on."” We assessed whether persistent HBV infection
altered the steady-state expression of genes involved
in lipid, cholesterol, and BA metabolism in human
liver-chimeric mice by comparing intrahepatic RNA
expression levels of the human apolipoproteins,
sterol-regulatory element-binding protein (hSREBP),
FA synthase (hFAS), and PPARs (hPPARs) in 13
HBV stably infected versus 13 uninfected animals
(Table 1). Although HBV-infected mice displayed
only modest changes in genes regulating FA and lipo-
protein metabolism at the transcriptional level, our
analysis revealed a significant enhancement of human
apolipoprotein (hAPO) Al (P = 0.005) and hPPAR-
7 (p = 0.01) genes, whereas expression levels of other
human apolipoproteins (hAPO B, hAPO C, and
hAPO E), hPPAR-o, and hSREBPlc remained
unchanged or differences did not reach statistical sig-
nificance (human liver X receptor [hLXR]-o, hLXR-
f, and hFAS). Notably, we found that various human

genes involved in transcriptional regulation, biosyn-
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Table 1. Expression Profile of Genes Involved in Lipid,

Cholesterol, and Bile Acid Metabolism

Gene Fold Difference (Median/Median) P Value
Genes of lipid metabolism
hPPARa 1.217 NS
hPPARg 2.0747 0.0120*
hLXRa 1.412 NS
hLXRb 1.499 NS
hFASN 1.991 NS
hSREBP1c 0.434 NS
hAPO Al 1.6437 0.0056**
hAPO A5 0.765] 0.0355*
hAPO B 1.512 NS
hAPO C3 1.384 NS
hAPO E 1.030 NS
Genes of cholesterol metabolism
hSREBP2 29127 0.0001***
hLDLr 2.3607 0.0015**
hHMGCR 4.0077 0.0009***
hABCA1 0.972 NS
hABCG5 1.4657 0.0313*
hABCG8 1.060 NS
hSRB-1 0.880 NS
Genes of bile acid metabolism
hCYP7A1 12.1347 <0.0001***
hFXR 1.8307 0.0018**
hSHP 0.624] 0.0355*
hLRH-1 1.5027 0.0240*
hNTCP 1.401 NS
hBSEP 1.086 NS

Determined by quantitative RT-PCR in uninfected (n = 13) versus HBV stably
infected (n = 13) humanized mice. P values reaching significance are shown
as bolded terms; *P < 0.05; **P < 0.01; ***P < 0.001.

Abbreviation: NS, not significant.

thesis, and uptake of cholesterol, such as hSREBP2
(P = 0.0001), hydroxymethylglutaryl-coenzyme A
(CoA) reductase (hLHMGCR; P = 0.0009), and low-
density lipoprotein receptor (hLDLr; P = 0.001)
were significantly enhanced in infected mice, com-
pared to uninfected controls (Fig. 1A-C).

The most striking change regarded the strong induc-
tion of hCYP7A1 (median, 12-fold; 2 = 0.0001), the
rate-limiting enzyme converting cholesterol into BAs
in hepatocytes (Fig. 2A). The clear enhancement of
hCYP7A1 in HBV-infected mice could be appreciated
also when the four different groups of mice harboring
distinct human donor hepatocytes were analyzed sepa-
rately (Supporting Fig. 1). The hCYP7Al increase
determined at the transcription level could be con-
firmed also at the protein level (Fig. 2B). Further gene
expression alterations regarded a reduction (P =
0.0355) of the expression levels of the nuclear receptor,
small heterodimer partner (hSHP), the corepressor of
hCYP7A1 transcription (Table 1; Fig. 2C-E), as well
as a modest enhancement of human hFXR (P =
0.0018) and of liver receptor homolog 1 (hLRH-1;
P = 0.0240) among the HBV-infected group.
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Fig. 1. Enhancement of human genes involved in transcriptional regulation, biosynthesis, and uptake of cholesterol in HBV-infected versus
uninfected control mice. (A) Significant up-regulation of hSREBP2 (P = 0.0001), (B) hHMGCR (p = 0.0009), and (C) hLDLr (P = 0.0015).

Taking into account the crucial role played by
NTCP in mediating both viral entry and uptake of BAs
in hepatocytes, we determined whether HBV altered
steady-state transcript levels of human NTCP Our
measurements indicated that HBV infection did not
affect hNTCP at the RNA level (Supporting Fig. 2).
Also, expression levels of hBSEP (Table 1), which regu-
lates the canalicular efflux of bile salts from the infected
human hepatocytes, did not differ between HBV-
infected and uninfected humanized mice, indicating
that HBV did not alter, at least at the transcriptional
level, the total amounts of the two important bile salt
transporters required for bile salt homeostasis.

Importantly, hCYP7A1 was also found significantly
induced (P = 0.0022) in liver biopsy samples obtained
from patients chronically infected with HBV. Intrahe-
patic messenger RNA (mRNA) expression of hCYP7Al
was comparatively analyzed by RT-PCR in 6 uninfected
and 6 high-HBV chronic carriers (median, 5x10E9
HBV-DNA/mL; range, 8x10E7-4x10E9; Fig. 3). A sig-
nificant enhancement of CYP7A1 expression was also
determined in a small group of patients displaying low
viremia (data not shown), suggesting that even lower
amounts of circulating virions and/or HBsAg may affect
NTCP function. The greater than 1 log induction of
hCYP7A1 and significant reduction of the repressor,

A hCYP7A1 B
1 **%<0,0001 .
"' a® uninfected HBYV infected
107 o’ ™ ; -
oo . hCYPTA1 R 8 . W o,
2esl !
102 .
oo AAT N g A — T —
10 ®
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uninfected HBV
C hFXR D hLRH-1 E hSHP
107 **0,0018 1075 *0,0240 1 *0,0355
L ] ..
g0 !0-'%’4— ., ese® %
w [ ] o0 4 - -
102 ®e® 1024 ol 134 10, o
¢ e ® o o : . [
. °*,
. .
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uninfected HBV uninfected HBV uninfected HBV

Fig. 2. HBV-infected mice displayed a strong induction of human CYP7A1 (P = 0.0001), the enzyme converting cholesterol into bile.
Enhancement was demonstrated both at the transcriptional (A) and protein level (B). Further gene expression alterations regarded the enhance-
ment of the hFXR (P = 0.0018) (C) and of hLRH-1 (P = 0.0240) (D), as well as the reduction of the CYP7A1 corepressor, hSHP (P =

0.0355) (E) in infected human hepatocytes.
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hSHP (P = 0.009), determined in infected patients
strongly support the findings obtained in human-liver
chimeric mice.

Effect of HBV on Expression of Mouse Genes in
Humanized Mice. To assess whether HBV infection,
or rather the presence of circulating virions and subvi-
ral particles in mouse blood, could also alter the
expression pattern of murine genes involved in BAs
and cholesterol metabolism, we employed mouse-
specific primers not recognizing human transcripts and
the same two groups of animals (13 HBV-infected vs.
13 uninfected) were analyzed. These analyses revealed
significant up-regulation of murine (m)CYP7AL (P =
0.0002), mLDLr (» = 0.0002), mHMGCR (P =
0.0003), and mSREBP2 (” = 0.0056; Supporting Fig.
3). The observation that the induction of genes
involved in the synthesis of BAs and cholesterol provi-
sion occurred also in murine hepatocytes, which are
not susceptible to HBV infection, but were shown to
permit the binding of the pre-S1-derived lipopeptide
to the mNTCP receptor,19 suggested that the binding
of HBV to mNTCD, rather than intracellular viral rep-
lication, may trigger the alterations observed in choles-
terol and BA metabolism.

The HBV  Pre-S1-Derived
Myrcludex-B, Induces
Humanized Mice.

Lipopeptide,
CYP7Al1 Expression in
To narrow down the viral com-
ponents responsible for the described expression pro-
file shift in metabolic genes, we assessed whether
treatment of uninfected humanized mice (n = 6)
with the HBV pre-S1-derived peptide, Myrcludex-B,
which can bind both to human and with lower affin-
ity also to murine NTCB'”*° could induce similar
alterations. A strong enhancement of human CYP7A1
expression (median, 35-fold) could be induced after
one single administration of the HBV entry inhibitor,
Myrcludex-B, both 8 and 24 hours posttreatment
(Fig. 4A; P = 0.0238), whereas mCYP7A1 appeared
to be induced to a lesser extent (Fig. 4B; P = not sig-

uni nf'ected

HBV and 6 HBV chronic carriers.

nificant). Moreover, in agreement with previous stud-
ies showing remarkable stability in serum and
accumulation of Myrcludex-B in  mouse liver,'®
hCYP7A1 mRNA levels appeared even higher after
24 hours (n = 3). Notably, repeated administration
of Myrcludex-B in HBV-infected mice (3 weeks; daily
injection: 2 mg/kg) did not induce further alterations
in hCYP7A1 mRNA expression, because hCYP7Al
levels determined in Myrcludex-B-treated, HBV-
infected mice were comparable to levels found in
untreated HBV-infected littermates (Fig. 4C). In line
with the results presented here, expression levels of
hSHP, hSREBP2, and hLDLr were also affected upon
Myrcludex-B administration (Supporting Fig. 4). But,
again, these changes were comparable to those
detected in HBV-infected animals.

To assess whether a limited bile salt uptake, mediated
by the binding of the pre-S1 domain to NTCP, may lead
to up-regulation of hCYP7A1, we also analyzed CYP7A1
expression levels in wvitro after incubating NTCP-
transduced HepG2 cells with Myrcludex-B or sodium
taurocholate (TC). Despite the generally low expression
levels of this hepatocyte-specific enzyme in hepatoma
cells, CYP7AL1 expression was enhanced upon Myrcludex-
B administration and further reduced after incubating
cells with TC (Supporting Fig. 5). Altogether, these results
provide evidence that binding of the pre-S1 domain of
HBYV envelope to its cellular receptor, NTCE can trigger
gene expression changes in bile acid metabolism.

Several U.S. Food and Drug Administration-
approved drugs, including simvastatin (SMV), were
shown to limit NTCP-mediated uptake of bile salts.”'
To explore whether binding of SMV to NTCP in
humanized mice may also induce metabolic gene altera-
tions resembling those determined in HBV stably
infected mice, we administered SMV to 2 uninfected
humanized mice and sacrificed them 6 hours after injec-
tion. Gene expression analysis showed that SMV admin-
istration also increased hCYP7A1 expression (Fig. 4D),
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Fig. 4. Administration of the HBV entry inhibitor, Myrcludex-B. CYP7A1 induction was determined 8 and 24 hours after one single Myrcludex-B
administration both in human (A; P = 0.0238) and murine hepatocytes (B). hCYP7A1 induction determined in untreated HBV-infected mice was
comparable to the levels determined after repeated administration of Myrcludex-B in HBV chronic infected mice (C). Induction of hCYP7A1 was
also found upon administration of SMV, which is known to inhibit NTCP function (D).

suggesting that binding of the pre-S1 component of
HBV to NTCP induces effects resembling, at least in
part, those observed after administration of compounds
that were shown to act as NTCP inhibitors.

Human FXR Cellular Distribution Differs in
HBV-Infected Humanized Mouse Liver. BAs also
serve as intracellular sensor molecules that can activate
EXR transcription factor. Upon nuclear translocation,
activated FXR was shown to induce SHP expression, the
suppressor of CYP7A1 transcription.”” To assess whether
HBV-mediated reduction of NTCP function may also
lead to a decreased FXR activation and hence nuclear
localization, we analyzed, by I, the intracellular distribu-
tion of hFXR in liver tissues of HBV-infected and unin-
fected humanized mice. We observed a clear decrease of
FXR amounts in human hepatocyte nuclei of HBV-
infected mice (Fig. 5C), in comparison to uninfected
controls (Fig. 5A). However, no clear differences could be
appreciated in uninfected mice upon one single
Mpyrcludex-B administration (Fig. 5B), indicating that
repeated exposure to the pre-S1 peptide may be needed
to detect a clear localization shift at protein level, by IF

techniques. Moreover, the FXR cellular distribution pat-
tern in HBV-infected and Myrcludex-B-treated mice was
similar to the pattern observed in untreated HBV-
infected animals (data not shown).

Discussion

The discovery of the BA transporter, NTCD, as the
functional cellular receptor mediating viral entry'? placed
new emphasis on analysis of the involvement of HBV in
BA metabolism. However, the function and integrity of
metabolic pathways and hepatocyte-specific transporters
are known to be altered or lost in cell lines and primary
human hepatocyte cultures and the narrow tissue and
host tropism of HBV limited studies about interactions
established by HBV in infected human hepatocytes.
Thus, it is not clear to which extent HBV infection can
affect cellular pathways related to host metabolism. In an
attempt to overcome these limitations, we have analyzed
the expression profile of human genes known to play key
roles in the regulation, synthesis, and provision of FAs,
cholesterol, and BAs, using four groups of mice
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Fig. 5. Cellular distribution of FXR protein (red staining) in human hepatocytes in chimeric liver tissues obtained from uninfected mice (A), as
well as from uninfected animals that were treated once with Myrcludex-B (B) or were stably infected with HBV (C). A strong reduction of nuclear
FXR (red dots) is shown in the setting of HBV infection. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole.

harboring distinct human donor hepatocytes, which were
either stably infected with HBV or left untreated for com-
parison. The maintenance of a high differentiation status
with production of hepatocyte-specific factors and trans-
port proteins in chimeric mice has already proven valua-
ble, both for infection studies with human hepatotropic
viruses®”*> and for investigations of human liver-
mediated metabolism.*

Studies performed 77 vitro and in Tg mice reported
that the expression of HBx protein can cause lipid accu-
mulation by up-regulation of various lipogenic genes.”*
However, our analysis shows only modest alterations of
the activity of these genes in HBV-infected human
hepatocytes. These differences were mainly limited to a
light, but significant, enhancement of hAPO Al (P =
0.005), a component of high-density lipoprotein par-
ticles that plays an important role in reverse cholesterol
transport,25 and of hPPAR-y (P = 0.01), a nuclear
receptor protein known to regulate FA storage and adi-
pocyte differentiation.”® The less pronounced induction
of lipogenic genes determined in HBV-infected human-
ized mice could be a result of the lower concentrations
of HBx protein expected in the infection setting, com-
pared to the levels reached in HBx Tg mice. Notably,
and in line with a previous study determining gene
expression in HBV Tg mice,”” we found that various
human genes involved in transcriptional regulation
(hSREBP2), biosynthesis (hHMGCR), and uptake of
cholesterol (hLDLr) were up-regulated in HBV-infected
mice. The observed enhancement of cholesterogenic
genes suggests that HBV may alter cholesterol metabo-
lism to meet its replication requirements, because deple-
tion of cholesterol was shown to inhibit HBV secretion
in hepatoma cells.?®%? Thus, promotion of cholesterol
synthesis and uptake underlines the importance of these
pathways in HBV infection and morphogenesis.

The most dramatic change determined in this study
regarded induction of hCYP7A1 (median, 12-fold up-
regulation) in HBV-infected mice, which was demon-
strated both at the transcriptional and protein level.
CYP7AL is the rate-limiting enzyme of BA synthesis
and is responsible for conversion of cholesterol into 7-
o-hydroxycholesterol and hence into BAs within hepa-
tocytes.‘%o The strong enhancement of hCYP7A1, which
was also observed in vitro upon treatment of NTCP-
transduced HepG2 with Myrcludex-B, prompted us to
examine the expression profile of factors that are
involved in regulation of CYP7AI transcription.”’
Interestingly, significant alterations regarded the lower
expression levels of hSHE which is known to act as a
corepressor of hCYP7Al transcription. Notably, the
strong induction of hCYP7Al transcription and sup-
pression of hSHP was also confirmed in liver biopsy
samples obtained from CHB patients.

Enhancement of cholesterogenic genes could be, at
least in part, a consequence of CYP7Al induction,
because previous studies indicated that overexpression
of CYP7ALI increased transcription levels of SREBP2,
LDLr, and HMGCR.?® Within hepatocytes, BAs oper-
ate as signaling molecules that activate FXR, a BA sen-
sor that can initiate various signaling cascades involved
in regulation of CYP7A1. Nuclear translocation of the
EXR/retinoid X receptor complex was shown to induce
expression of SHP which, in turn, can suppress
CYP7A1 transcription also by interacting with LRH-1
and HNF-4o. The reduced presence of hFXR proteins
observed by IF in the nuclei of HBV-infected human
hepatocytes, along with the transcriptional changes
determined upon HBV infection, suggest that the
lower levels of hSHP and induction of hCYP7A1 may
reflect the attempt of hepatocytes to maintain BA
homeostasis, whereas the light up-regulation of hFXR
could be a result of feedback mechanisms.**
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Fig. 6. Proposed mechanism possibly contributing to the induction of hCYP7A1 and genes related to BA and cholesterol metabolism upon
binding of HBV pre-S1 to hNTCP. Binding of HBV or Myrcludex-B to the cellular receptor, NTCP (1), which is responsible for most of the hepato-
cellular uptake of bile salts, limits its function. This, in turn, appears to hinder the activity and nuclear translocation of the BA sensor, FXR (2),
leading to reduced expression of SHP, a nuclear factor that, in normal conditions, represses CYP7A1 transcription by interacting with LRH-1 and
HNF-4 (3). The higher levels of CYP7A1 promote BA synthesis by increasing the conversion of intracellular cholesterol to BAs (4). As a means
of compensation, activation of SREBP2 processing (5) may lead to expression of genes involved in transcriptional regulation (SREBP2) of choles-
terol synthesis (HMGCR) (6) and increased uptake of lipoprotein-associated cholesterol through LDLr-mediated endocytosis (7).

Up-regulation of mCYP7A1 and genes involved in
cholesterol and BA metabolism was determined also in
murine hepatocytes present within livers of the same
HBV-infected humanized mice. Because mouse hepato-
cytes do not support HBV infection, but permit binding
of HBV to mNTCP,'*?%3? we assumed that interactions
occurring between circulating viral components and the
hepatocyte surface, rather than intracellular viral replica-
tion, may provoke the alterations determined in hepato-
cytes of both species. Because NTCP is responsible for
the majority of hepatocellular uptake of conjugated bile
salts,'” we hypothesized (Fig. 6) that binding of HBV to
its receptor limits BA uptake and, as a means of compen-
sation, activates pathways promoting BA synthesis.

Myrcludex-B is a synthetic lipopeptide derived from
the pre-S1 domain of HBV, which has entered clinical
trials after demonstration of its capacity to block HBV
and HDV infection in humanized uPA/SCID mice®"
upon binding to NTCP'® We showed here that also
administration of Myrcludex-B  induced a strong
enhancement of human and, to a lesser extent, murine
CYP7AL1 expression in uninfected humanized mice, thus
providing evidence that binding of the pre-S1 domain of
the HBV envelope to its cellular receptor is sufficient to
limit BA uptake, thereby triggering alterations of BA
metabolism. It is worth noting that repeated administra-
tion of Myrcludex-B in HBV stably infected mice did
not cause further changes in gene expression, because
hCYP7A1 expression levels determined in Myrcludex-B-

treated, HBV-infected mice were comparable to those
achieved in untreated HBV-infected controls.

Our findings raise important questions about the
fate and transport function of hNTCP after viral bind-
ing, as well as the molecular mechanisms by which
pre-Sl-mediated binding to NTCP triggers the
observed expression changes in vivo. Besides transport-
ing bile salts, NTCP is involved in the uptake of vari-
ous drugs that have been shown to affect its capacity
to uptake BAs.>® To this regard, SMV was shown to
limit, but not completely inactivate, NTCP-mediated
uptake of bile salts,”" and we showed here that admin-
istration of SMV to uninfected humanized mice also
enhanced hCYP7A1 expression, thus strongly suggest-
ing that binding of HBV to NTCP induces effects
resembling those observed upon administration of sub-
stances that are known to act as NTCP inhibitors.

Altogether, these results support previous iz vitro
observations reporting a limited uptake of bile salts
upon Myrcludex-B  administration'®"> and suggest
that, even in the setting of CHB infection, hepatocel-
lular uptake of BAs may be affected. This may lead to
different levels of compensatory metabolic alterations.
As a result of serum sampling limitations and differen-
ces in levels of human liver chimerism, which are
known to affect the ratio and type of circulating BA,**
we could not detect clear bile salt concentration differ-
ences among the different groups of humanized mice
(M. Haag, personal communication). Future studies

11



1492 OEHLER, VOLZ, ET AL.

will be needed to address such questions and evaluate
the consequences that the described metabolic altera-
tions may have on liver disease progression, drug-drug
interactions, and other metabolic pathways. Moreover,
it will be important to assess whether viral replication
may be also affected by factors interfering with BA
and cholesterol metabolism. It is tempting to speculate
that the intimate link shown between HBV and liver
metabolism may be further exploited for host-targeted
therapeutic strategies.
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Supplementary Materials and Methods

Cloning of NTCP cDNA into a lentiviral vector. To construct a lentiviral expression vector, human
NTCP cDNA (OriGene, clone SC118232) has been amplified by PCR using the following primers
hNTCP-forward: tataGAATTCcgccaccATGGAGGCCCACAACGCG (adding a EcoRI site and
Kozak-sequence) and hNTCP-reverse: tataGCGGCCGCCTAGGCTGTGCAAGGGGAGC (adding a
Notl site). The PCR fragment was cloned using EcoRI and Notl into the third-generation self-
inactivating HIV-1 derived lentiviral vector LeGO-iG2-Puro” [1], expressing NTCP under control of
an SFFV promoter on a bicistronic mRNA together with eGFP as fluorescent marker linked by a 2A-
sequence to a puromycin resistance for drug selection. The integrity of the PCR fragment in the final
vector LeGO-iG2-Puro’-NTCP has been verified by sequencing. As indicated by OriGene, a silent
point mutation is present compared to the reference sequence (accession number: NM_003049), not
changing the amino acid sequence of the protein. Vector maps and sequences are available upon
request. The vector LeGO-G2-Puro” expressing eGFP and the puromycin resistance only served as
control.

Generation and titration of viral particles. Viral particles were produced as cell-free supernatants
by transient transfection of HEK-293T packaging cells as described [2]. In brief, lentiviral vectors
were packaged using the third-generation packaging plasmids pMDLg/pRRE and pRSV-Rev [3]
together with phCMV-VSV-G [4] expressing the vesicular stomatitis virus envelope protein.
Supernatants containing viral particles were titrated on 293T cells, plated at 5 x10* cells in 0.5 ml
medium in each well of a 24 well plate in the presence of 8 pg/ml polybrene. After addition of viral
particle containing supernatant, the plate has been centrifuged at 1,000xg for 1 hour at 25°C. Initial
gene transfer rates were analysed 6 days after transduction by FACS.

In vitro experiments with hNTCP-transduced HepG2 cells. To generate human hepatoma HepG2
cells stably expressing the human NTCP, HepG2 cells were transduced with a lentiviral vector. LeGO-
iG2-Puro'-NTCP and the control vector LeGO-G2-Puro” were added to the cells plated at a density of
5x10" in 0.5 ml medium in each well of a 24 well plate. Transduced cells were selected with 1pg/mL
puromycin starting two days after addition of the viral particles.To determine CYP7A1 gene
expression profile hNTCP-transduced HepG2 cells were seeded in 12-well plates and cultivated in
Dulbecco’s Modified Eagle’'s Medium (DMEM) GlutaMAX (+4.5g/L D-glucose, + pyruvate)
containing 10% fetal calf serum (FCS), 10 pg/mL gentamicin and 0.25 pg/mL amphotericin B. After
two days the medium was changed and cells were kept in medium containing 2% dimethyl sulfoxide
(DMSO) and 2% FCS for treatment experiments. Cells were incubated either with 2pg/mL
Myrcludex-B or 100uM sodium taurocholate hydrate (TC, Sigma-Aldrich). In one experimental
setting, 30 minutes after pre-incubation with Myrcludex-B, TC was added. Cells were harvested after
4 hours of treatment, lysed and RNA was purified with Qiagen RNeasy Micro Kit as described in the
methods section.
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Suppl. Fig. 1. Relative expression of human CYP7AL1 in uninfected (c) and HBV-infected (HBV) mice
was determined in four different groups of mice harbouring distinct human donor hepatocytes (donor 1-
4).
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Suppl. Fig.2. Expression levels of human NTCP in chronically HBV infected humanized mice compared
to levels determined in uninfected humanized mice.
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Suppl. Fig. 3. The presence of HBV infection in humanized mice also affected the expression profile of
murine genes involved in bile acids and cholesterol metabolism. By using mouse-specific primers not
recognising human transcripts we found significant up-regulation of murine CYP7A1 (A), HMGCR (B),
LDL-R (C) and SREBp2 (D) in HBV not-permissive murine hepatocytes.
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Suppl. Fig. 4. RNA expression levels of human SHP, SREBP2 and LDLr in uninfected humanized mice
sacrificed 8 or 24 hours after one single administration of Myrcludex-B.

hCYP7A1/ hGAPDH

0.0001 =

a

=3 A

a

. y.
0.00001 "1 —¢o-
o LLoD

0.000001 T T T T

BL TC MyrB MyrB+TC

Suppl. Fig. 5. RNA expression levels of human CYP7A1 in NTCP-transduced HepG2 left untreated
(BL), or harvested after 4h of incubation either with sodium taurocholate (TC), or Myrcludex-B (MyrB),
or after a 30min incubation with MyrB followed by 4h of TC administration. CYP7A1 expression was
reduced after incubation with TC and enhanced upon MyrB administration.
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Zusammenfassende Darstellung der Publikation

Hintergrund
Infektionen mit dem Hepatitis B Virus zahlen zu den haufigsten Infektionskrankheiten

weltweit. Trotz der Existenz einer effektiven Impfung gegen HBV und verschiedener
Therapiekonzepte mit Interferon-a oder Nukleos(t)id-Analoga, die sowohl zum
Ruckgang der Inzidenz als auch der krankheitsassoziierten Komplikationen gefuhrt
haben, stellt die Infektion mit geschatzten 350 Millionen chronisch Infizierten noch
immer ein gravierendes globales Gesundheitsproblem dar (Trépo et al. 2014).

Die Ubertragung von HBV erfolgt parenteral oder sexuell und fiihrt abhangig von
vielfaltigen Faktoren wie der Infektionsdosis, dem Immunstatus oder dem Alter des
Patienten zu unterschiedlichen Manifestationen der Infektion (Trépo et al. 2014).
Zumeist entwickelt sich eine akute Hepatitis, bei der es fast immer zu einer
spontanen Ausheilung kommt. In anderen Fallen zeigt sich bei Viruspersistenz das
Bild einer chronischen Hepatitis, die - bei klinisch sehr vielfaltiger Manifestation - im
Verlauf zu Lebersteatose, Leberzirrhose und der Entwicklung eines hepatozellularen
Karzinoms fuhren kann (Dandri und Locarnini 2012, Kim et al. 2007).

Zwar ist bekannt, dass HBV nicht direkt zytopathisch ist und die koérpereigene
Immunantwort zum Fortschreiten des Krankheitsprozesses beitragt, um jedoch in
infizierten Hepatozyten persistieren zu kénnen, etabliert das Hepatitis B Virus ein
komplexes Netzwerk aus Virus-Wirts-Interaktionen. Eben diese Pathogenese der
Erkrankung sowie aktuellste Erkenntnisse weisen auf die zentrale Rolle des
hepatozellularen Stoffwechsels im Krankheitsverlauf und insbesondere auf die grofRe
Bedeutung des Zusammenspiels zwischen Virus und metabolischen Prozessen hin
(Bar-Yishay et al. 2011, Dandri und Locarnini 2012, Yan et al. 2012).

Dennoch sind die genauen Pathomechanismen und molekularen Prozesse wahrend
der persistierenden Infektion und vor allem die Auswirkungen einer Infektion mit HBV
auf zellulare Signalwege im Rahmen des hepatischen Wirtsmetabolismus bislang nur

in Ansatzen verstanden.

Molekulare Grundlagen zur HBV Infektion und zum hepatozelluldren Stoffwechsel
Das Hepatitis B Virus ist ein leber- und speziesspezifisches DNA-Virus, dessen

Genom aus einer partiell doppelstrangigen zirkularen DNA (rcDNA) besteht und von

einem Kapsid, dem Hepatitis-B-Core-Protein (HBc-Antigen) sowie einer Hulle
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umgeben ist. Die Hulle besteht neben Lipiden der Wirtszelle aus drei unterschiedlich
grolien Oberflachenproteinen. Das kleine Oberflachenprotein (SHB) besteht aus der
S-Domane (HBs-Antigen), wahrend das mittlere (MHB) und das grole
Oberflachenprotein (LHB) neben diesem zusatzliche N-terminale praS2- und praS1-
Domanen enthalten, wovon die praS1-Domane flur die Bindung des Virus an den erst
kurzlich charakterisierten zellularen Rezeptor essentiell ist (Urban et al. 2014, Yan et
al. 2012). Nach Aufnahme in die Zelle wird die virale rcDNA in ein stabiles
Minichromosom, die covalently closed circular DNA (cccDNA) umgewandelt, die im
Zellkern persistieren kann und als Vorlage fur die viralen Genprodukte wie die
pragenomische RNA, die HBV-Polymerase, das HBc-Antigen sowie das
regulatorische HBx Protein und die Hullproteine fungiert. Nach Formation des reifen
Viruspartikels und sogenannter subviraler Partikel, die nur aus der viralen Hulle

bestehen, erfolgt schliel3lich die Sekretion (Dandri und Locarnini 2012).

Der hepatische Lipid-, Cholesterin- und Gallenséurestoffwechsel unterliegt durch ein
komplexes Netzwerk spezifischer Transkriptionsfaktoren und Effektormolekulen
strengen Regulationsmechanismen.

Auf den Lipid- und Cholesterinstoffwechsel soll im Folgenden nur kurz eingegangen
werden. Die zentralen Transkriptionsfaktoren im hepatozellularen Fettstoffwechsel
sind peroxisome-proliferator-activated receptors (PPARs), liver X receptors (LXRs)
und das sterol regulatory element-binding protein 1c (SREBP1c), wobei Letztere
unter anderem Uber Zielproteine wie SREBP1c selbst, fatty acid synthase (FASN)
und weitere die Lipogenese fordern. LXRs vermitteln zudem Uber die Induktion von
Genen wie Apolipoprotein E (APO E), ATP-cassette binding protein (ABCG5/8,
ABCA1) und cholesterol 7a-hydroxylase (CYP7A1) den retrograden
Cholesterintransport, die Verwertung von Cholesterin zu Gallensauren und dessen
Sekretion in die Galle (Hong und Tontonoz 2014, Horton et al. 2002, Wagner et al.
2011). Eine Schlusselfunktion bei der Cholesterinhomdostase kommt auch dem
Transkriptionsfaktor sterol regulatory element-binding protein 2 (SREBP2) zu, der bei
Absinken des intrazellularen Cholesterinspiegels durch Translokation in den Zellkern
zur kompensatorischen Induktion von Zielproteinen wie der hydroxymethylglutaryl-
CoA reductase (HMGCR), dem zentralen Enzym der Cholesterinbiosynthese, und
dem LDL Rezeptor (LDLr), der die Aufnahme von Cholesterin in die Zelle vermittelt,
fuhrt (Horton et al. 2002).
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Im Rahmen des enterohepatischen Kreislaufs werden Gallensduren uUber den
Gallensauretransporter Na'-taurocholate cotransporting polypeptide (NTCP), in
geringerem Ausmall auch Uber sogenannte organic anion-transporting polypeptides
(OATPSs), in die Hepatozyten aufgenommen und gelangen Uber den Transporter bile
salt export pump (BSEP) wiederum in die Gallencanaliculi (Claudel et al. 2011). Der
hepatozellulare Gallensaurehaushalt wird primar Gber einen negativen Feedback-
Mechanismus reguliert. Bei Anstieg des zellularen Gallensaurespiegels wird der
Gallensauresensor und Transkriptionsfaktor farnesoid X receptor (FXR) aktiviert und
induziert im Zellkern die Expression seines Zielproteins small heterodimer partner
(SHP). SHP wiederum supprimiert Uber die Interaktion mit den Cofaktoren liver
receptor homolog 1 (LRH-1) und hepatocyte nuclear factor 4a (HNF4a) die
Expression der cholesterol 7a-hydroxylase (CYP7A1), dem Schlisselenzym der
Gallensauresynthese, das Cholesterin in Gallensduren umwandelt (siehe Abbildung
1). Weiterhin kommt es FXR-abhangig zur Supprimierung der Expression von NTCP
und der Induktion von BSEP (Claudel et al. 2011).
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Abb. 1 Regulationsmechanismen des hepatozellularen Gallensauremetabolismus (modifiziert nach Oehler et al. 2014)

Aktueller Stand der Forschung zur Bedeutung von HBV im hepatischen Stoffwechsel

Bislang konnten an unterschiedlichen Ansatzpunkten wechselseitige Interaktionen
zwischen dem Hepatitis B Virus und dem hepatischen Stoffwechsel beleuchtet
werden.

Einerseits konnte gezeigt werden, dass die Genexpression von HBV eng mit

metabolischen Prozessen verzahnt ist, indem verschiedene Transkriptionsfaktoren
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wie LXRa, FXR, PPARs, HNFs und andere, deren natlrliche Funktion die Regulation
verschiedener Stoffwechselprozesse ist, auf das Genom von HBV rekrutiert werden,
um die Persistenz und Replikation von HBV sicherzustellen (Bar-Yishay et al. 2011,
Kim et al. 2011, Wagner et al. 2011). Auch unter Bedingungen erhdhter
Gallensaurekonzentrationen konnte in  verschiedenen Zelllinien humaner
Hepatozyten ein replikationsfordernder Effekt nachgewiesen werden (Kim et al.
2010). Zudem ist bekannt, dass die Sekretion reifer HBV Partikel und damit die
Intaktheit des viralen Lebenszyklus eng mit dem intrazellularen Cholesterinangebot
verknupft ist (Bremer et al. 2009, Dorobantu et al. 2011).

Andererseits weisen Studien mit transgenen Mausen darauf hin, dass HBV Einfluss
auf den Lipidmetabolismus ausubt, indem durch das regulatorische HBx Protein
Gene wie LXR, SREBP1c, PPARy und FASN aktiviert werden, die die
Fettsauresynthese und deren Akkumulation férdern und somit tber die Induktion von
Steatose, oxidativem Stress und Inflammation die Progredienz  des
Krankheitsprozesses zu begunstigen vermogen (Kim et al. 2007, Na et al. 2009).
Ferner konnte ein cDNA Microarray bei HBV-transgenen Mausen unter anderem
einen Einfluss von HBV auf Schlisselgene des Cholesterinstoffwechsels wie
SREBP2 zeigen (Hajjou et al. 2005).

Kirzlich gelang es Li et al. den Gallensauretransporter NTCP als funktionellen
zellularen Rezeptor zu identifizieren, der die Aufnahme von HBV und HDV in primare
humane Leberzellen vermittelt (Yan et al. 2012). Weiterhin konnte gezeigt werden,
dass fur die Bindung des Viruspartikels an NTCP die praS1-Doméane der viralen
Hulle essenziell ist (Konig et al. 2014). Auch fur Myrcludex B, ein von der praS1-
Domane abgeleitetes Lipopeptid, von dem bekannt ist, dass es die Aufnahme von
HBV in die Zelle effektiv blockiert, stellt NTCP die Bindungsstelle dar (Petersen et al.
2008, Volz et al. 2013, Ni et al. 2014). Aktuellste in vitro Studien weisen zudem
darauf hin, dass sowohl die Bindung von Myrcludex B als auch der myristoylierten
praS1-Domane von HBV selbst an NTCP dessen Funktion als
Gallensauretransporter inhibieren (Konig et al. 2014, Ni et al. 2014, Nkongolo et al.
2014, Watashi et al. 2014).

Die Entdeckung des Gallensauretransporters NTCP als Rezeptor von HBV (Yan et
al. 2012) stellt eine wichtige Verbindung zwischen der Infektion mit dem Hepatitis B

Virus und dem hepatischen Stoffwechsel, insbesondere dem
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Gallensaurestoffwechsel, dar und ruckt somit den Zusammenhang dieser beiden
Bereiche deutlich in den Fokus. Diese Erkenntnisse geben Anlass die Auswirkungen
von HBV auf zellulare Signalwege im Rahmen des hepatischen Wirtsmetabolismus

genauer zu analysieren.

Bislang blieben jedoch Untersuchungen Uber Stoffwechseleffekte von HBV in
infizierten humanen Hepatozyten durch den Mangel an geeigneten
Infektionsmodellen limitiert, was zum einen auf die Instabilitdt und eingeschrankte
Vollstandigkeit metabolischer Signalwege in Zelllinien und Kulturen primarer
humaner Hepatozyten und zum anderen auf den engen Wirts- und Gewebetropismus
von HBV zurlckzufuhren ist. Die Entwicklung humanisierter chimarer
uPA/SCID/beige (USB) Mause, die sich durch Aufrechterhaltung eines hohen
Differenzierungsgrades mit der Produktion hepatozytenspezifischer Faktoren und
Transportproteine als wertvolles Modell fur die Durchfiihrung von Infektionsstudien
mit  humanen  hepatotropen Viren und Analysen  humanspezifischer
Stoffwechselprozesse erwiesen haben, ermdglicht die Uberwindung dieser
Einschrankungen und so ein tieferes Verstandnis uber die Virus-Wirts-Interaktionen
im Rahmen einer HBV Infektion zu erlangen (Dandri und Petersen 2012,
Lathgehetmann et al. 2012, Strom et al. 2010).

Ziel der Arbeit

Ziel der vorliegenden Arbeit war die Untersuchung der Auswirkung einer chronischen
Infektion mit dem Hepatitis B Virus auf den hepatischen Lipid-, Cholesterin- und
insbesondere Gallensaurestoffwechsel in humanisierten chimaren USB Mausen.
Zudem sollten mdgliche funktionelle Mechanismen und die genauen zellularen

Signalwege ermittelt werden, die derartigen Veranderungen zugrunde liegen.

Methodik

Als in-vivo Infektionsmodell wurde das USB Mausmodell verwendet. Hierbei wird
durch das spezifisch hepatotoxische uPA (Urokinase-Typ Plasminogen Aktivator)
Transgen das Absterben muriner Hepatozyten induziert und somit die Repopulation
der Mausleber mit humanen Fremdhepatozyten ermdglicht, die aus nicht
verwendeten Teilen von Lebertransplantaten gewonnen und den Mausen

intrasplenisch injiziert werden. Durch Einkreuzen von immundefizienten SCID/beige
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Mausen (severe combined immunodeficiency), die weder funktionelle B- und T-
Lymphozyten, noch NK-Zellen aufweisen, wird eine AbstolRungsreaktion der
transplantierten humanen Leberzellen verhindert. In der Folge kdnnen die humanen
Hepatozyten der chimaren Mauslebern mit dem Hepatitis B Virus infiziert werden.

Die Expressionsprofile stoffwechselspezifischer Gene chronisch HBV-infizierter
Mause wurden mit denen uninfizierter Kontrolltiere verglichen, wobei in beide
Gruppen jeweils Tiere mit humanen Hepatozyten aus insgesamt vier verschiedenen
Spenderlinien eingeschlossen waren. Fur die Analyse bindungsspezifischer Effekte

erfolgte die Behandlung mit Myrcludex B (siehe Abbildung 2).
LAY
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Abb. 2 Versuchsaufbau zur Expressionsanalyse stoffwechselspezifischer Gene in HBV-infizierten und uninfizierten
chiméaren Mausen

Die Genexpressionsanalyse wurde mittels Real-Time PCR (RT-PCR) durchgeflhrt,
wobei Primer verwendet wurden, die entweder spezifisch humane oder murine Gene
erkennen. Auch die Analyse von Leberbiopsien chronisch HBV-infizierter und
uninfizierter Patienten erfolgte mittels RT-PCR.

Um die intrazellulare Verteilung stoffwechselspezifischer Proteine zu detektieren,
wurden kryokonservierte Leberproben HBV-positiver und -negativer Tiere
immunhistochemisch gefarbt und mittels Fluoreszenzmikroskop ausgewertet. Zudem
konnten Proteinexpressionslevel nach Immunoprazipitation mittels Westernblot

quantifiziert werden.
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Analysen und Ergebnisse
A. Auswirkung einer HBV Infektion auf das Expressionsprofil von Genen des Lipid-,

Cholesterin- und Gallensduremetabolismus in humanen Hepatozyten

FUr die Analyse des Genexpressionsmusters humaner Hepatozyten innerhalb der
Mauselebern wurden Primer verwendet, die spezifisch humane Gene und nicht Gene
murinen Ursprungs erkennen. Die Expressionslevel von Schlisselgenen des Fett-,
Cholesterin- und Gallensaurestoffwechsels von insgesamt 13 HBV-infizierten Tieren
wurden mit 13 uninfizierten Tieren verglichen.

Im Rahmen des Lipidmetabolismus zeigten nur wenige Gene wie hPPARy und
hAPOA1 signifikant erhdohte RNA-Level, wahrend weitere mit der Lipogenese
assoziierte Gene (hPPARa, hSREBP1c, hLXRa/B, hFASN) und Apolipoproteine
(hAPOB, hAPOC3, hAPOE) nur leicht veranderte oder nicht signifikante Werte
aufwiesen.

Dagegen zeigten Gene, die an der Transkriptionsregulation, Neusynthese und der
zellularen Aufnahme von Cholesterin beteiligt sind wie hSREBP2, hHMGCR und
hLDLr deutlich erhdhte Expressionswerte bei infizierten Tieren im Vergleich zu
uninfizierten Kontrollen.

Die auffallendste Veranderung stellte die Induktion des Schlusselenzyms der
Gallensauresynthese, hCYP7A1 dar, das Cholesterin in Gallensauren umwandelt.
Diese Beobachtung konnte auch mittels Westernblot auf Proteinebene bestatigt
werden.

Auch Gene, die im Rahmen des Feedbackmechanismus an der Regulation von
CYP7A1 beteiligt sind, zeigten deutliche Veranderungen. Neben verminderten
Expressionswerten von hSHP, dem Corepressor von CYP7A1, wies hLRH-1 eine
signifikante Erh6hung auf.

Bemerkenswerterweise konnten auch in Leberbiopsien chronisch HBV-infizierter
Patienten deutlich erhéhte RNA-Level von hCYP7A1 und eine Reduktion von hSHP
im Vergleich zu uninfizierten Proben gemessen werden, wodurch die Ergebnisse der

Analysen in chimaren Mausen untermauert wurden.
B. Auswirkungen von HBV auf murine Gene in chiméren M&usen

Um herauszufinden, ob die beobachteten Veranderungen durch die Infektion selbst

oder durch im Blut zirkulierende Virionen hervorgerufen wurden, wurden wiederum
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Hepatozyten derselben Versuchstiere analysiert, nun jedoch unter Verwendung von
Primern, die ausschlieldlich Gene murinen Ursprungs erkennen.

Erstaunlicherweise zeigten auch hier infizierte Tiere erhohte Expressionswerte flr
Gene wie mCYP7A1 und mSREBP2 im Vergleich zu uninfizierten Kontrollen. Da
Maushepatozyten zwar die Bindung der praS1-Domane an den Rezeptor mNTCP
zulassen, eine anschlieBende Infektion jedoch durch eine erst kirzlich
charakterisierte fehlende Aminosauresequenz im murinen NTCP nicht mdglich ist (Ni
et al. 2014, Schieck et al. 2013), liellen diese Ergebnisse darauf schlie®en, dass
nicht die intrazellulare Virusreplikation, sondern vielmehr die Interaktion von HBV mit
der Hepatozytenmembran ursachlich fur die beobachteten Veranderungen sein

musste.

C. Das von der prdS1-Doméne von HBV abgeleitete Lipopeptid Myrcludex B
induziert die Expression von CYP7A1

Um die fur die beobachteten Veranderungen verantwortlichen viralen Komponenten
naher einzugrenzen, wurden uninfizierte chimare Mause mit dem von der praS1-
Domane von HBV abgeleiteten Lipopeptid Myrcludex B behandelt, das sowohl an
den humanen als auch mit geringerer Affinitdt an den murinen NTCP bindet (Meier et
al. 2013, Schieck et al. 2013). Auch hier zeigte sich ein deutlicher Anstieg der
Expressionslevel von hCYP7A1 und weiteren Schlusselgenen wie hSREBP2 und
hLDLr, wodurch die Bindung der praS1-Doméane von HBV an NTCP als ursachlich fur
die beobachteten Auswirkungen auf den Gallensaurestoffwechsel bestatigt wurde.
Die Behandlung NTCP-transduzierter HepG2 Zellen mit Myrcludex B bewirkte
ebenfalls eine Induktion von CYP7A1; durch die darauffolgende Inkubation mit der
Gallensaure Natriumtaurocholat, die wiederum zu einer Reduktion der
Expressionslevel von CYP7A1 flhrte, konnte die Annahme gestitzt werden, dass
eine gehemmte Gallensaureaufnahme, vermittelt durch die Bindung der praS1-
Domane an NTCP, zur Induktion der Gallensauresynthese fiihren kdnnte.

Auch die Behandlung uninfizierter Mause mit Simvastatin, von dem neben vielen
weiteren Medikamenten bekannt ist, dass es die Transportfunktion von NTCP hemmt
(Dong et al. 2013), erbrachte ebenfalls erhohte RNA Level fur hCYP7A1 und
bekraftigte einen mit einer Inhibition von NTCP vergleichbaren ursachlichen

Mechanismus.
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D. Das zelluldre Verteilungsmuster von FXR ist in HBV-infizierten chimdren M&usen
veréndert

Um den genauen intrazellularen Signalweg aufzudecken, der durch den
verminderten Gallensaureeinstrom induziert wird und somit das veranderte
Expressionsprofil im Gallensauremetabolismus vermittelt, wurde der negative
Feedbackmechanismus Uber den Transkriptionsfaktor FXR, der durch Gallensauren
aktiviert Uber die Induktion von SHP die Expression von CYP7A1 hemmt (Claudel et
al. 2011), naher analysiert. In der Annahme, dass die HBV-vermittelte reduzierte
Transportfunktion von NTCP eine verminderte Aktivierung von FXR und damit
reduzierte Translokation in den Zellkern bedingt, wurde mittels Immunfluoreszenz die
intrazellulare Verteilung von FXR in Lebergewebe HBV-infizierter und uninfizierter
humanisierter Mause analysiert. Damit im Einklang zeigte sich FXR in den Nuclei
HBV-positiver Hepatozyten im Vergleich zu uninfizierten Kontrollen deutlich
vermindert und so konnte die Feedbackregulation Uber FXR als zugrunde liegender

intrazellularer Signalweg bestatigt werden.

Fazit und Ausblick

Im Rahmen dieser Arbeit konnte gezeigt werden, dass eine HBV Infektion
unmittelbaren Einfluss auf den Gallensaure- und Cholesterinhaushalt hat, dass diese
Auswirkungen durch Bindung des Virus an seinen Rezeptor NTCP verursacht sind
und dass eine dadurch bedingte Inhibition von NTCP den vermittelnden
Mechanismus darzustellen vermag.

Erste Analysen im Bereich des Lipidmetabolismus ergaben im Gegensatz zu Studien
an transgenen Mausen, die eine HBx-abhangige Induktion zentraler Gene des
anabolen Fettstoffwechsels zeigten (Kim et al. 2007, Na et al. 2009), nur vereinzelte
Effekte bei HBV-infizierten Tieren. Als ursachlich fur diese Unterschiede werden die
geringeren Konzentrationen des HBx Proteins in infizierten humanisierten Mausen im
Vergleich zu HBx-transgenen Mausen vermutet.

Im Rahmen des Cholesterinstoffwechsels dagegen zeigten sich in Ubereinstimmung
mit einer vorangegangenen Studie (Hajjou et al. 2005) deutliche Veranderungen des
Genexpressionsprofils bei chronisch HBV-infizierten Tieren, indem Gene induziert
waren, die uber die Begunstigung der Neusynthese und zellularen Aufnahme von

Cholesterin dessen intrazellulare Bereitstellung fordern.
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Am eindrucksvollsten zeigte sich jedoch der Gallensaurestoffwechsel mit der
erheblich gesteigerten Expression des Schlusselenzyms der Gallensauresynthese
CYP7A1 beeinflusst. In Ubereinstimmung hiermit ergab die anschlieRende
Expressionsanalyse der an der Regulation von CYP7A1 beteiligten Faktoren Effekte,
die mit einer gesteigerten Gallensauresynthese Uber CYP7A1 vereinbar sind. Diese
schlossen die mittels Immunfluoreszenz detektierte verminderte nukleare
Translokation und damit reduzierte Aktivierung des Transkriptionsfaktors FXR sowie
die daraus resultierende reduzierte Transkription von hSHP, dem Corepressor von
CYP7A1, ein. Durch die Untersuchung von Leberbiopsien chronisch HBV-infizierter
Patienten konnten diese Effekte auf CYP7A1 und SHP untermauert werden.

Ein Zusammenhang zwischen den beobachteten Auswirkungen auf den Cholesterin-
und Gallensaurestoffwechsel lasst sich insofern ableiten, als die vermehrte
intrazellulare Bereitstellung von Cholesterin als Konsequenz der Induktion von
CYP7A1 und damit der Gallensauresynthese aus Cholesterin anzusehen sein
kénnte, da in Studien die Uberexpression von CYP7A1 eine Induktion von SREBP2,
HMGCR und LDLr nach sich zog (Li et al. 2011).

Zusammen mit der beschriebenen FXR- und SHP- abhangigen Forderung der
Neusynthese von Gallensauren durch CYP7A1 koénnte die vorliegende
Stoffwechsellage insgesamt den Versuch der Hepatozyten widerspiegeln die
Gallensaurehomoostase aufrecht zu erhalten.

Erste funktionelle Hintergrinde ergaben Analysen von mCYP7A1 und anderen
Genen des Cholesterin- und Gallensaurestoffwechsels in murinen Hepatozyten
derselben Mauselebern. Da sich auch hier vergleichbare Stoffwechseleffekte zeigten,
ruckte vielmehr die Interaktion viraler Komponenten mit der Hepatozytenoberflache
als die Infektion selbst als modgliche Ursache in den Fokus. Die Behandlung
uninfizierter Tiere mit Myrcludex B ergab ebenfalls entsprechende Expressionsprofile
und bestatigte somit die Bindung der praS1-Domane der HBV Hdille an NTCP als
auslosende Komponente flur die beobachteten Stoffwechseleffekte.

Da NTCP auch fur den Grolteil des Gallensauretransports verantwortlich ist,
vermuteten wir abschlielend als zugrunde liegenden Mechanismus, dass die
Bindung von HBV Uber eine Inhibition von NTCP die Aufnahme von Gallensauren
hemmt und folglich als Kompensationsmechanismus Signalwege aktiviert werden,

die die Gallensauresynthese fordern (siehe Abbildung 3).
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Abb. 3 Vorgeschlagener Mechanismus der Induktion von CYP7A1, an dessen Regulation beteiligter Gene und von
Genen des Cholesterinmetabolismus nach Bindung von HBV Uber die praS1-Domane an NTCP (modifiziert
nach Oehler et al. 2014)

Zusammen bestatigen unsere Analysen aktuellste Beobachtungen in vitro Uber
limitierte Gallensaureaufnahme Uber NTCP sowohl durch Myrcludex B als auch
durch die praS1-Domane von HBV selbst (Konig et al. 2014, Ni et al. 2014, Nkongolo
et al. 2014, Watashi et al. 2014) und deuten darauf hin, dass auch eine chronische
HBV Infektion in vivo die hepatozellulare Aufnahme von Gallensauren beeinflusst
und dadurch verschiedene metabolische Kompensationsmechanismen fur die

Aufrechterhaltung der Gallensaurehomdostase zu aktivieren vermag.

In der Gesamtheit gewahren unsere Ergebnisse vollig neue Einblicke in die
Pathophysiologie der Infektion mit dem Hepatitis B Virus und erweitern grundlegend
das Verstandnis Uber das komplexe Zusammenspiel zwischen HBV und dem
Lebermetabolismus.

Gleichermalen eroffnen sich neuartige Fragestellungen wie die Ermittlung moglicher
Folgen im Rahmen von Medikamenteninteraktionen (Patman 2014) und
insbesondere wie sich die beobachteten Veranderungen auf den enterohepatischen
Kreislauf und den Gesamtmetabolismus auswirken, was bereits Ergebnis aktuellster
Studien an NTCP Knockout-Mausen ist (Slijepcevic et al. 2015). Zudem ergibt sich
die Frage, ob derartige Veranderungen das Potential fur den Einsatz als neue, frihe
Biomarker einer HBV Infektion haben konnten (Romero et al. 2015).

Aus virologischer Perspektive dagegen, basierend auf dem Wissen, dass die

Replikation des Hepatitis B Virus abhangig von metabolischen Prozessen ist, werfen

28



unsere Ergebnisse insbesondere die Frage auf, ob die beobachteten
Stoffwechseleffekte einen Vorteil fir das Virus und den Krankheitsprozess darstellen
und folglich ob Faktoren, die mit dem Gallensaurestoffwechsel interagieren die virale
Replikation zu beeinflussen vermdgen (Geier 2014).

Somit wird durch die vorliegende Studie der Weg fur einen neuen Ansatz fur
mdgliche Therapiestrategien erdffnet und es bedarf nachfolgender Studien um

derartige Fragestellungen zu ergrinden.
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