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Increased liver stiffness
promotes hepatitis B progression
by impairing innate immunity in
CCl4-induced fibrotic HBV*
transgenic mice
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Lincoln, Lincoln, NE, United States, “Department of Pharmacology and Experimental Neuroscience,
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Background: Hepatitis B virus (HBV) infection develops as an acute or chronic
liver disease, which progresses from steatosis, hepatitis, and fibrosis to end-stage
liver diseases such as cirrhosis and hepatocellular carcinoma (HCC). Anincreased
stromal stiffness accompanies fibrosis in chronic liver diseases and is considered
a strong predictor for disease progression. The goal of this study was to establish
the mechanisms by which enhanced liver stiffness regulates HBV infectivity in the
fibrotic liver tissue.

Methods: For in vitro studies, HBV-transfected HepG2.2.15 cells were cultured
on polydimethylsiloxane gels coated by polyelectrolyte multilayer films of 2 kPa
(soft) or 24 kPa (stiff) rigidity mimicking the stiffness of the healthy or fibrotic liver.
For in vivo studies, hepatic fibrosis was induced in C57Bl/6 parental and HBV+
transgenic (HBVTg) mice by injecting CCl4 twice a week for 6 weeks.

Results: We found higher levels of HBV markers in stiff gel-attached hepatocytes
accompanied by up-regulated OPN content in cell supernatants as well as
suppression of anti-viral interferon-stimulated genes (ISGs). This indicates that
pre-requisite “fibrotic” stiffness increases osteopontin (OPN) content and
releases and suppresses anti-viral innate immunity, causing a subsequent rise
in HBV markers expression in hepatocytes. In vitro results were corroborated by
data from HBVTg mice administered CCl4 (HBVTg CCl4). These mice showed
higher HBV RNA, DNA, HBV core antigen (HBcAg), and HBV surface antigen
(HBsAQ) levels after liver fibrosis induction as judged by a rise in Collal, SMA,
MMPs, and TIMPs mRNAs and by increased liver stiffness. Importantly, CCl4-
induced the pro-fibrotic activation of liver cells, and liver stiffness was higher in
HBVTg mice compared with control mice. Elevation of HBV markers and OPN
levels corresponded to decreased ISG activation in HBVTg CCl4 mice vs HBVTg
control mice.
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Conclusion: Based on our data, we conclude that liver stiffness enhances
OPN levels to limit anti-viral ISG activation in hepatocytes and promote
an increase in HBV infectivity, thereby contributing to end-stage liver
disease progression.

KEYWORDS

HBYV, liver stiffness, innate immunity, alcohol, osteopontin (OPN)

Introduction

In approximately 10% of cases, Hepatitis B virus (HBV)
infection becomes chronic and progresses from steatosis,
hepatitis, and fibrosis to end-stage liver diseases such as cirrhosis
and hepatocellular carcinoma (HCC). Approximately 400 million
individuals worldwide have chronic hepatitis B (CHB) and almost
one million die annually from complications due to persistent
infection, liver cirrhosis, and HCC. (1-5) Despite the availability
of an efficient vaccine, chronic HBV infection persists. (6) In adults,
horizontal transmission mainly results in self-limiting acute HBV
infection, while vertical transmission leads to CHB. (7) Current
treatments include interferon-based therapies and several nucleos
(t)ide analogs. While nucleos(t)ide analogs rarely cure CHB, they
suppress viral replication which slows down disease progression
that would otherwise eventually manifest as end-stage liver disease.
(8) HBV is still the most frequent cause of liver fibrosis (9), so
current treatment strategies are focused on the long-term
suppression of HBV replication. Hepatic stellate cells (HSCs)
activation is a crucial pathogenic feature of liver fibrosis that
makes it a hotspot in this research field. HBV triggers HSCs
activation via DAMPs release and the host antiviral immune
response, leading to chronic inflammation. (10) However, unlike
the hepatitis C virus (HCV), the mechanisms of liver fibrosis
development remain less defined in CHB.

HBV is not cytotoxic, and the infected hepatocytes are
eliminated by immune mechanisms. The first line of anti-viral
defense, which secures the effective adaptive immune response, is
related to innate immunity, specifically to the activation of anti-viral
interferon-stimulated genes (ISGs) to resist/control HBV infection

Abbreviations: 0-SMA, o-Smooth Muscle Actin; ALT, Alanine Aminotransferase;
AST, Aspartate Aminotransferase; CCl4, Carbon tetrachloride; CHB, Chronic HBV;
CLD, Chronic Liver Diseases; ddPCR, Digital Droplet PCR; ECM, Extracellular
Matrix; HBcAg, hepatitis B core antigen; HBsAg, HBV Surface Antigen; HBVTg,
HBV+ Transgenic mice; HSCs, Hepatic Stellate Cells; HBV, Hepatitis B Virus;
HCV, Hepatitis C Virus; HCC, Hepatocellular Carcinoma; IFNo., Interferon o
ISGs, Interferon-Stimulated Genes; OPN, Osteopontin; PDAC, Poly
(diallyldimethylammonium) Chloride; PDMS, Polydimethylsiloxane; PEMs,
Polyelectrolyte Multilayer films; RT-PCR, Real-time PCR; rOPN, Recombinant
Human Osteopontin; SPS, Sulfonated Poly(styrene) Sodium salt; TIMPs, Tissue
Inhibitors of Matrix Metalloproteinases.
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in hepatocytes, thereby preventing its spread and persistence. HBV
infects only hepatocytes, which are removed by the immune system,
causing continuous cycles of hepatocyte damage followed by tissue
repair. This requires the deposition of the extracellular matrix with
subsequent progressive liver fibrosis over time. (11, 12) An
increased stromal stiffness accompanies fibrosis in chronic liver
diseases (13) and serves as a strong predictor of disease progression
to end-stage liver diseases (14), including hepatitis B. (15) Clinically
viewed as the indicator of organ fibrosis, tissue stiffness increases
remarkably in line with deposition, cross-linking, and
reconstruction of the matrix. (16) Recent studies have shown that
matrix stiffness plays a pivotal role in fibroblast activation and
outcomes of pathological fibrosis. (16, 17)

It has been suggested that matrix stiffness plays a role
in the regulation of some biochemical markers expression,
such as osteopontin (OPN). (18, 19) OPN is a matricellular
glycophosphoprotein produced by different cells and is associated
with the synthesis and accumulation of the extracellular matrix
(ECM) and, therefore, promotes fibrosis progression. (20)
Importantly, serum osteopontin (OPN) concentrations were
found to be significantly increased in HBV-infected patients and
patients with hepatocellular carcinoma (HCC). (21) In addition, the
role of OPN has been elucidated in inflammatory liver disorders,
such as T cell-mediated hepatitis and alcoholic and nonalcoholic
disorders. (22-24) However, to date, there are no thorough
investigations on liver stiffness, the role of OPN expression, and
HBYV infection pathogenesis. The aim of this study was to establish
the mechanisms by which enhanced liver stiffness regulates HBV
infection levels in liver fibrosis.

In this study, we aimed to analyze both in vitro and in vivo
evidence of a liver stiffness-mediated increase of HBV markers in
HBV-transfected HepG2.2.15 cells and in HBV-infected fibrotic
liver. We hypothesize that a pre-requisite “fibrotic” stiffness
increases OPN levels in hepatocytes and suppresses anti-viral
innate immunity, causing a subsequent rise in the expression of
HBV markers. For in vitro studies, HBV-transfected HepG2.2.15
cells were cultured on an innovative biomimetic platform named
BEASTS (Bio-Engineered Adhesive Siloxane substrate with Tunable
Stiffness) that utilizes a polydimethylsiloxane (PDMS) substrate,
along with polyelectrolyte multilayer film-coating technology. By
employing this approach, we can engineer substrates that closely
mimic physiological (2 kPa) and fibrotic (24 kPa) stiffnesses of the
liver (25-29). In vitro results were confirmed by in vivo studies, in
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which hepatic fibrosis was induced in C57Bl/6 parental and HBV™
transgenic (HBVTg) mice by injecting CCl4 twice a week for 6
weeks to mimic fibrotic liver. This current study will help in
identifying the mechanisms by which liver tissue stiffness
regulates the pathogenesis of HBV infection allowing for the
detection of new targets for treatment.

Materials and methods
Reagents and media

High glucose Dulbecco’s Modified Eagle Medium (DMEM) and
fetal bovine serum were purchased from Invitrogen (Carlsbad, CA).
Trizol was acquired from Life Technologies (Carlsbad, CA). All
RNA isolation, cDNA synthesis, and RT-PCR reagents and primers
(human and mouse) were obtained from ThermoFisher Scientific
(Carlsbad and Foster City, CA). The DNA isolation kit was
obtained from Qiagen (Louisville, KY). Human Osteopontin
DuoSet and Mouse Osteopontin DuoSet ELISA kits were
obtained from R&D Systems (Minneapolis, MN). Interferon o
(IFNo) was purchased from Merck Sharp & Dohme Corp (NJ,
USA; cat# NDC 0085-0571-02). We used the following antibodies:
anti-Hepatitis B core antigen and anti-Hepatitis B surface antigen
from INNOVEX Biosciences Inc (Richmond, CA), aSMA from
Abcam (Cambridge, MA), anti-pSTAT-1, cleaved caspase 3 and
anti-USP18 from Cell Signaling Technology (Beverly, MA), and
anti-STAT-1 and Anti- actin from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA).

Cell culture and treatments

In this study, we used HepG2.2.15 cells that were stably
transfected with HBV and were able to replicate the virus and
produce viral particles (HBV genotype D). (30) HepG2.2.15 cells
were cultured on an innovative biomimetic platform named
BEASTS (Bio-Engineered Adhesive Siloxane substrate with
Tunable Stiffness) based on polydimethylsiloxane (PDMS)
substrate in combination with polyelectrolyte multilayer film-
coating technology to engineer substrates mimicking physiologic
(2 kPa) and fibrotic liver stiffness (24 kPa). (25-29) In summary,
Sylgard 527 and Sylgard 184 were mixed in specific weight
ratios, as outlined in Table 1, and crosslinked according to the
manufacturer’s instructions. For Sylgard 527, components A and B
were mixed in equal parts, while Sylgard 184 was mixed in a ratio of
10:1 of elastomer to the cross-linking agent. The two mixtures were

TABLE 1 Young's Modulus of PEM-coated PDMS substrates used for primary
hepatocyte culture was determined using the indentation load technique.

Substrate Young's Modulus
(NG
Soft (100% Sylgard 527) 2.4 +0.03
Stiff (91% wt Sylgard 527 + 9% wt Sylgard 184) 24.2 £ 0.03
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then combined in a determined weight ratio and poured into 12-
well tissue culture plates to crosslink at 65 °C. The resulting PDMS
gels were then rendered hydrophilic through a 7-minute oxygen
plasma treatment before being coated with PEMs using poly
(diallyldimethylammoniumchloride) (PDAC) (Mw~100,000-
200,000) as a 20 wt % solution, and sulfonated poly(styrene) and
sodium salt (SPS) (Mw~70,000) polymer solutions. This was
achieved by immersing the PDMS substrates in alternating
polycation and polyanion solutions to form multiple layers and
was repeated five times. The resulting platform was then UV-
sterilized overnight before being used to study the effects of
stiffness on HBV-infected hepatocytes in a non-invasive
environment. To study the type-1 IFNo signaling, cells were
treated or not with interferon-alpha (IFNo) for 8hrs at 400
units concentration.

Recombinant osteopontin treatment

To mimic the overexpression of osteopontin, we used
recombinant human osteopontin (rOPN) Protein from R & D
Systems, Catalog #: 1433-OP. We pre-treated the cells in the
presence or absence of rOPN at 100 nM for 24hrs, and IFNa was
applied for the last 8 hours (400 units) to induce the IFNo. signaling.

Osteopontin siRNA transfection

Transfection was done using the protocol from the
manufacturer (OriGene, Rockville, MD) with control (scrambled)
or osteopontin siRNA (Cat#SR321880 SPPI1). The efficacy of
transfection was monitored for 48hrs for the osteopontin mRNA
expression by RT-PCR. Human OPN Primer (Hs00959010_m1)
was gotten from Thermo Fisher, Catalog #: 4331182.

RNA and DNA isolation, real-time PCR,
and ddPCR

Total RNA was isolated from cells using Trizol Reagent. DNA
was isolated from cells using DNeasy Blood and Tissue kit (Qiagen,
Louisville, KY) following the manufacturer’s instructions. RT-PCR
was used to measure HBV RNA, OAS1, ISG15, APOBEC3G, USP18,
Col1A1, TGFB1, o-SMA, MMP2, and MMP9 mRNA levels in cells as
described previously (31). ddPCR was used to quantify HBV DNA
levels in HepG2.2.15 cells as previously described (32) using the
following primers and probes: HBV sense (5'- CGA CGT GCA GAG
GTG AAG-3'), antisense (5'- CAC CTC TCT TTA CGC GGA CT-
3’) primers, and HBV probe (5'-/56-FAM/ATC TGC CGG/ZEN/
ACC GTG TGC AC/3IABKFQ/-3").

ELISA

HBV surface antigen (HBsAg) and human osteopontin were
measured in cell media by ELISA using LSBio Kit (LifeSpan
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Biosciences, Inc, Seattle, WA) and DuoSet Kit (R&D Systems,
Minneapolis, MN), respectively.

Immunoblotting (western blot)

Cell lysates prepared in 0.5 M EDTA, 2 M Tris, 20 mM Naz;VO,,
200 mM Na,P,0, 100 mM PMSF, 1 M NaF, 20% Triton X-100, and
aprotinin, pH 7 were separated and subjected to the immunoblotting
technique as previously described (32, 33). Blots were developed
using the Odyssey infrared imaging system, and the protein bands
were quantified using the Li-Cor software (Li-Cor Bioscience,
Lincoln, NE).

In vivo studies

Experimental manipulations on HBV+
transgenic mice

HBV+ transgenic (HBVTg) mice are a specially designed strain
that carry the 1.3mer, over-length wild-type HBV genome, which
expresses all viral proteins except the X protein. These mice were
obtained from Dr. Jing-Hsiung James Ou, Professor of Molecular
Microbiology and Immunology, University of Southern California,
Los Angeles (MTA on 04/21/2021). The DNA fragment used for
producing the transgenic mice starts from nucleotide (nt) 1043,
which is located upstream of the ENI enhancer and the X promoter,
and terminates at nt 1987 located downstream of the unique poly
(A) site. Sixteen mice were split equally into four groups (four mice
per group): control C57Bl/6 (HBV-), C57Bl/6 with induced hepatic
fibrosis (CCl4), control HBVTg (HBV+), and HBVTg with induced
hepatic fibrosis (HBV+CCl4). All animals received humane care,
and all methods were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee. Hepatic fibrosis was
induced in male and female C57BL/6] and HBVTg (HBV+) mice
using CCl4 as described (34, 35). Briefly, CCl4 was diluted 1:7 in
sunflower oil and injected intraperitoneally (i.p.) twice per week at a
dose of 1 ul/g body weight (0.125 ul/g CCl4) for 6 weeks (35).

Serum enzyme measurements

The clinical laboratory at the VA NWIHCS analyzed the
activity of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST).

RNA and DNA isolation, Real-time PCR,
and ddPCR

Total RNA was isolated from mouse liver tissue using Trizol
Reagent; DNA was isolated using DNeasy Blood and Tissue kit
(Qiagen, Louisville, KY) following the manufacturer’s instructions.
RT-PCR was used to measure HBV RNA, Collal, o-SMA, TIMP1,
TIMP2, MMP2, MMP9, MMP13, and OPN mRNA levels in liver
tissue as described previously (33). ddPCR was applied to quantify
HBYV DNA levels as previously described (33) using the following
primers and probes: HBV sense (5'- CGA CGT GCA GAG GTG
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AAG-3’), antisense (5'- CAC CTC TCT TTA CGC GGA CT-3')
primers, and HBV probe (5'-/56-FAM/ATC TGC CGG/ZEN/ACC
GTG TGC AC/3IABKFQ/-3").

Histology and immunohistochemistry

To visualize collagen accumulation, sections of paraffin-
embedded liver tissue were subjected to picrosirius red staining
(36). For the immunohistochemical detection of oi-smooth muscle
actin (0-SMA), HBcAg, and HBsAg, sections were heated in
antigen unmasking solution (Vector Labs, Burlingame, CA, USA),
then probed with respective antibodies, and visualized using a
Keyence BZ-X810 fluorescence microscope. Staining intensity in
the captured images was quantified using the Keyence BZ-X810
Analyzer software. At least, 10 non-overlapping fields per low
magnification (20X) section were analyzed.

ELISA

Mouse osteopontin DuoSet Kit (R&D Systems, Minneapolis,
MN) was used to measure osteopontin levels in the media
and serum.

Mechanical analysis of liver tissue

To determine the compressive Young’s modulus of the liver
tissue, a microscale mechanical testing apparatus called the
CellScale BioTester (Waterloo, Canada) was used. The samples
were equilibrated at 37 °C and preconditioned for two cycles at 0.8
um/s strain rate to eliminate hysteresis effects before each
measurement. Compression was then performed at 10% strain
with 30 s compression followed by a 2-second hold and 10-
second recovery. The force versus displacement curve was
analyzed using a custom MATLAB code to calculate Young’s
modulus by measuring the slope of the curve.

Statistical analyses

The data were expressed as mean values + standard error. A one-
way analysis of variance (ANOVA) was performed on the multiple
groups of this study and a comparison was made using a Tukey post-
hoc test. A Student’s t-test was used to compare two groups at a time.
Results were considered significant at a probability value of 0.05 or less.

Results

Increased matrix stiffness upregulates HBV
infection markers and OPN levels in
HBV-transfected HepG2.2.15 cells

To investigate the role of increased matrix stiffness in the
regulation of HBV expression in HepG2.2.15 cells, we quantified
HBV RNA and DNA by RT-PCR and ddPCR, respectively, and used
ELISA to quantify HBsAg levels (Figures 1A-C). We found that
plating the cells at the increased matrix stiffness upregulated HBV
markers by approximately 2.5-fold as evident from the results of stiff
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gel- (25 kPa) vs soft gel-attached cells. Enhanced matrix stiffness also
increased OPN expression in these cells, and there is a correlation
between osteopontin (OPN) levels and the expression of HBV
markers. We measured OPN protein levels in the cell media and
mRNA expression in cells and observed that higher levels of HBV
markers in fibrotic stiff gel-attached hepatocytes were accompanied
by up-regulated OPN protein content (p<0.05) in cell supernatants as
well as OPN mRNA expression in cells (Figures 1D, E). In addition,
we confirmed that there was no apoptotic cell death in fibrotic
stiffness gel-attached HepG2.2.15 cells (Figure 1F).

Increased matrix stiffness suppresses
IFNo signaling in HBV-transfected
HepG2.2.15 cells

Next, we tested whether the up-regulation of HBV infection
markers was related to suppressed anti-viral interferon-stimulated
genes and the impairment of IFNo.-signaling via the JAK-STAT1
pathway. In this regard, in healthy (2 kPa) and fibrotic stiffness (25
kPa) gel-attached HepG2.2.15 cells, we measured mRNA expression
of ISGs (OASI1, 1SG15, and APOBEC3G) as well as STATI1
phosphorylation (Immunoblotting) in response to IFNa. We
found that fibrotic stiffness gel-attached cells show a significant
decrease (p<0.05) in ISGs mRNA expression (Figures 2A-C) and
also a 2-fold reduction in the pSTAT1/STATI ratio (Figures 2D, E),
when compared to the healthy stiffness gel-attached HBV-expressing
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cells, suggesting that fibrotic stiffness suppresses downstream events
of IFNa; signaling. In addition to this, we also found that both mRNA
(Figure 2G) and protein expression (Figures 2D, F) of USP18, a
negative regulator of IFN signaling, were significantly increased in
fibrotic stiffness gel-attached HepG2.2.15 cells when compared to
healthy stiffness gel-attached cells.

OPN increases the expression of HBV
markers by suppressing IFNo-inducible
anti-viral genes activation in soft
gel-attached HBV+ transfected
HepG2.2.15 cells

To prove that OPN downregulates ISGs, we treated soft (2 kPa)
gel-attached HBV-transfected HepG2.2.15 cells with rOPN (to mimic
overexpression). The rOPN treatment of soft gel-attached HepG2.2.15
cells successfully impaired the IFNo signaling by suppressing the
mRNA expression of ISGs, OAS1, APOBEC3G, and ISG15 as well as
the protein expression of pSTAT-1 in response to IFNo, resulting in
increased HBV RNA levels when compared to soft gel-attached cells
not exposed to OPN (Figures 3A-F). This experiment (Figure 3) was
performed on soft gels since OPN expression is higher in stiff gel vs soft
gel. Thus, we tried to mimic OPN levels in the cells plated on stiff gels
by overexpressing OPN (treatment with recombinant OPN) in cells
plated on soft gels and then measured ISG expressions. In addition, we
silenced OPN by specific siRNA transfection, (to mimic knock-down)
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in soft (2 kPa) and stiff (25 kPa) gel-attached HBV-transfected
HepG2.2.15 cells. Silencing OPN (Figure 4A) enhanced anti-viral
gene activation with reduced HBV RNA levels. IFNo significantly
suppressed the HBV RNA levels (Figures 4B-E).

Possible mechanisms of the regulation of
HBV infection markers by OPN in fibrotic
stiffness gel-attached HBV+ transfected
HepG2.2.15 cells

To investigate how OPN regulates the levels of HBV infection
markers in fibrotic stiffness (25 kPa) gel-attached HBV-transfected
cells, we measured the USP18 mRNA expression (a negative
regulator of IFN signaling) in the presence of IFNa either in
OPN-silenced soft (2 kPa) and stiff (25 kPa) gel-attached
HepG2.2.15 cells or in rOPN-treated soft (2 kPa) gel-attached
HepG2.2.15 cells. We observed that OPN silencing significantly
(p<0.05) decreased USP18 mRNA levels (Figure 4F) in fibrotic
stiffness gel-attached HepG2.2.15 cells, whereas rOPN treatment
did not increase the USP18 mRNA expression in soft gel-attached
HepG2.2.15 cells when compared to IFNa-treated group
(Figure 4G). We performed this experiment (4G) on soft gels.
Since we found that OPN expression was higher on stiff gel vs soft
gel, we tried to mimic this by overexpressing OPN (treatment with
recombinant OPN) in cells plated on the soft gel. In addition, we
observed that recombinant OPN treatment significantly increased
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the USP18 protein expression in soft gel attached HepG2.2.15 cells
when compared to control cells (Figure 4H).

In vivo evidence of the role of liver tissue
stiffness in HBV infection pathogenesis

To confirm our in vitro findings that an increased matrix stiffness
regulates HBV-replication/enhanced expression of HBV markers,
liver fibrosis was induced by injecting CCl4 for 6 weeks in C57Bl/6
parental and HBV+ transgenic (HBVTg) mice. Liver tissue stiffness
was measured using the Biotester (CellScale Biomaterial Testing). We
observed that the liver stiffness was higher (2-fold) in CCl4-
administered HBVTg mice as well as in wild-type mice compared
with control mice of each group (Figure 5A). As shown in Figure 5A,
the ex vivo liver tissue stiffness of control mice reads 17 kPa. This is
due to possible alterations in mechanical properties in ex vivo tissues
due to perfusion pressure, tissue degradation, and boundary
condition compared to in vivo environment. Also, this study
indicates that the mechanical properties change drastically within
only several minutes postmortem. (37) To account for this deviation,
we processed all the conditions on the same day to measure the
stiffness and the comparison in stiffness to indicate the changes in the
original stiffness under each treatment condition. Based on the above-
mentioned changes, the liver tissue stiffness in wild-type control mice
is considered to represent the stiffness in the healthy liver, while the
CCl4-induced increase in liver stiffness corresponds to fibrotic
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Recombinant OPN treatment increases the expression of HBV marker by suppressing IFNo.-inducible anti-viral genes activation in soft gel (2 KPa)
attached HBV+ transfected HepG2.2.15 cells: To mimic overexpression, we treated soft (2 kPa) gel-attached HBV transfected HepG2.2.15 cells with
rOPN for 24hrs. RT-PCR analysis was done for mRNA expression of IFN-induced genes and HBV RNA. (A) 2'-5" oligoadenylate synthetase 1 (OAS1);
(B) Interferon-stimulated gene 15 (ISG15); (C) Apolipoprotein B Editing Complex (APOBEC3); (D) HBV RNA. GAPDH acted as an internal control.

(E) STAT-1 phosphorylation (pSTAT-1) was measured by immunoblotting. Total STAT-1 was used to normalize the data. (F) Quantification of
immunoblotting data. Data are from three independent experiments presented as Mean + SEM. Bars marked with the same letter are not significantly
different from each other; bars with different letters are significantly different (P <0.05)

stiffness. Interestingly, control HBVTg mice showed higher liver
tissue stiffness when compared to control wild-type mice. To
determine whether the observed increased liver tissue stiffness plays
a role in the up-regulation of HBV infection markers in CCl4-
administered HBVTg mice, we measured HBV RNA and DNA in
mouse livers and HBV DNA levels in serum by COBAS Amplicor
HBV monitor test and performed immunohistochemical analysis of
HBcAg and HBsAg in the liver (Figures 5B-H). These HBV-specific
markers were significantly elevated (p < 0.05) in the livers of CCl4-
administered HBVTg mice. In addition, we found that both mRNA
and protein expressions of OPN were significantly increased in the
livers and serum of CCl4-administered control and HBVTg mice
when compared to the respective control wild-type and control
HBVTg mice (Figures 6A, B).

Liver tissue stiffness suppresses ISGs
expression in the livers of CCl4-
administered HBVTg mice

Since in our in vitro study we found that increased stiffness
induced up-regulation of OPN and regulates HBV-infection markers
due to the suppression of IFNca-inducible anti-viral genes, we wanted
to check whether an increase in liver tissue stiffness exerts the same
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effect in CCl4-administered HBVTg mice. To this end, we measured
the mRNA expression of ISGs, OASL1, ISG15, and APOBEC. These
mRNA expressions were significantly (P<0.05) decreased in the livers
of CCl4-administered HBVTg mice when compared to control
HBVTg mice (Figures 6C-E). We also found that the mRNA
expression level of the negative regulator of IFNo signaling,
USP1I8, was increased both in the CCl4-administered wild type and
HBVTg mice (Figure 6F). There was no alteration in the mRNA
expression of ISGs in CCl4-administered wild-type mice when
compared to control wild-type mice.

CCl4 induces hepatic fibrosis in HBV- and
HBV+ transgenic mice

The livers were analyzed by picrosirius staining and
immunohistochemical analysis to identify the collagen content and
o-smooth muscle actin (SMA) (Figures 7A-D). The mice receiving
CCH4 had a 2-fold increase in collagen and SMA expression when
compared to control (unmanipulated) mice, which confirmed that
fibrosis had been established. In addition, there was an increase in ALT
and AST levels in CCl4-treated mice when compared to control mice
(Figures 7E, F). HBVTg control mice showed elevated AST levels when
compared to control wild-type mice. Total body and liver weights were
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Silencing of OPN decreases expression of HBV marker by increasing IFNa-inducible anti-viral genes activation in soft gel (2 KPa)-attached HBV+
transfected HepG2.2.15 cells, and USP18 is partially responsible for the regulation of HBV infection markers by OPN in fibrotic stiffness gel-attached HBV+
transfected HepG2.2.15 cells: We silenced OPN by specific siRNA transfection, in soft (2 kPa) and stiff (25 kPa) gel-attached HBV transfected HepG2.2.15
cells. RT-PCR analysis was done for mRNA expression of IFN-induced genes and HBV RNA. (A) Transfection efficiency of OPN silencing and OPN mRNA;

(B) 2'-5’ oligoadenylate synthetase 1 (OAS1); (C) Interferon-stimulated gene

15 (ISG15); (D) Apolipoprotein B Editing Complex (APOBEC3); (E) HBV RNA.

GAPDH acted as an internal control. We silenced OPN by specific siRNA transfection in soft (2 kPa) and stiff (25 kPa) gel-attached HBV-transfected
HepG2.2.15 cells, and to mimic overexpression, we treated only soft (2 kPa) gel-attached HBV transfected HepG2.2.15 cells with rOPN for 24hrs. RT-PCR
analysis was done for mRNA expression of USP18 (F, G). GAPDH acted as an internal control for RT-PCR analysis. (H) USP18 protein was measured by
immunoblotting and B-actin was also used as an internal control. Data are from three independent experiments presented as Mean + SEM. Bars marked
with the same letter are not significantly different from each other; bars with different letters are significantly different (P <0.05).

not significantly different between the groups (Data not shown). The
rate of collagen I gene (Col1A1) and SMA expression was determined
using RT-PCR. A significant increase (p < 0.05) in ColIAI and SMA
expression was established by CCl4 treatment in wild-type and HBVTg
mice (Figures 8A, B). Proteolysis is a major mechanism in the
regulation of collagen levels. MMPs degrade collagen and other
extracellular matrix proteins and are also regulated by their
endogenous inhibitors and tissue inhibitors of matrix
metalloproteinases (TIMPs). We found that expression of MMPs
(MMP2, 9, and 13) and TIMPs (TIMP1 and 2) were significantly
0.05) in CCl4-exposed wild-type and HBVTg mice
when compared to control mice of these types (Figures 8C-G).

increased (p <

Discussion

Though adaptive immune response by HBV-specific CD8+ T cell
(cytotoxic T-lymphocytes-CTLs) is largely responsible for clearing
HBV-infected hepatocytes and disease pathogenesis (38), we cannot
ignore the host’s first line of defense, the innate immune response. (39,
40) During HBV infection, antiviral innate immunity is activated when
host-pathogen recognition receptors (PRRs) recognize the pathogen-
associated molecular patterns (PAMPs) of the virus. (41, 42) The liver
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is an important immune organ, enriched with innate immune cells
mounting a rapid and robust immune response. (43, 44) Hepatocytes
are responsible for the biosynthesis of 80-90% of innate immune
proteins. (45, 46) Furthermore, dysfunctional immune responses play
an essential role in liver inflammation and persistent HBV infection.
(4, 47-49) The increase in liver stiffness is driven by the inflammatory
process, significantly pronounced CHB, (50), and correlates with liver
decompensation, development of hepatocellular carcinoma, and
patient survival. Thus, the measurement of liver stiffness is a non-
invasive tool for monitoring CHB progression (51) to determine liver
fibrosis and evaluate the efficiency of the treatment. (52) In this study,
we aimed to investigate the role of increased liver stiffness in HBV
infection pathogenesis addressed by both in vitro and in vivo
experiments. Here, we hypothesized that matrix stiffness enhances
OPN levels to limit anti-viral ISG activation and promote the increase
in HBV infectivity, thereby contributing to end-stage liver
disease progression.

For in vitro studies, an innovative biomimetic platform called
BEASTS (Bio-Engineered Adhesive Siloxane substrate with Tunable
Stiffness) was developed by combining a polydimethylsiloxane
(PDMS) substrate with polyelectrolyte multilayer film-coating
technology. This enabled us to engineer substrates that mimic both
physiologic (2 kPa) and fibrotic liver stiffness (25 kPa) on which we
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Increased liver tissue stiffness regulates HBV replication/enhanced expression of HBV markers in livers of CCl4-administered HBV+ transgenic mice (HBVTQg)
(A) Liver tissue stiffness was measured using the Biotester (CellScale Biomaterial Testing); (B) HBV RNA levels were measured by Real-Time PCR; (C) HBV
DNA levels in serum by COBAS Amplicor HBV monitor test; (D) HBV DNA levels in the liver was measured by ddPCR; (E-H) Immunohistochemical detection
of HBcAg, and HBsAg was visualized using a Keyence BZ-X810 fluorescence microscope. Staining intensity in the captured images was quantified using the
Keyence BZ-X810 Analyzer software. At least, 10 nonoverlapping fields per low magnification (20X) section were analyzed. GAPDH was used as an internal
control for HBV RNA and HBV DNA. Data are given as Mean + SEM (n = 4). The data bars marked with the same alphabetical letter are considered not
significantly different, while those marked with differing alphabetical letters are considered significantly different from each other (p < 0.05).

cultured HepG2.2.15 cells to study their behavior under these two
conditions. We found that with increasing matrix stiffness, there was
upregulation of HBV markers and OPN levels. This might be due to
the ability of OPN to suppress innate immunity that controls viral
replication in HBV-transfected HepG2.2.15 cells. One of the most
potent mechanisms of anti-viral defense is the induction of ISGs in
hepatocytes activated by IFNo via the JAK-STAT1-2 pathways.
Therefore, we tested IFNo. signaling via the JAK-STAT1 pathway in
cells plated on healthy and fibrotic stiffness gels. We found that both
upstream STAT1 phosphorylation and downstream activation of ISGs,
namely, OAS1, ISG15, and APOBEC3G, were impaired in fibrotic
stiffness gel-attached HBV-transfected HepG2.2.15 cells. In addition,
we observed that USP18, a negative regulator of IFN signaling, was
significantly increased at both the mRNA and protein levels in fibrotic
stiffness gel-attached HBV-transfected cells. Importantly,
overexpression of OPN (exposure of cells to rOPN) suppressed ISGs
and increased HBV RNA levels. In addition, OPN silencing by specific
siRNA transfection increased ISG expression and decreased the HBV
RNA levels in fibrotic stiffness gel-attached, IFNo.-treated, HBV-
transfected cells, suggesting that OPN plays a partial role in
impairing innate immune response via ISGs suppression. Thus,
when cells are under fibrotic stiffness conditions (attached to stiff
gels), this leads to an increase in HBV RNA levels.

Our findings were supported by other studies showing that
higher matrix stiffness upregulates OPN expression in HCC cells.
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(19) In addition, OPN concentrations were increased in CHB
patients (53), and OPN was identified as a biomarker of liver
fibrosis in hepatitis B. (54) The suppression of STATI
phosphorylation by increased OPN found in our study is not
unique to only chronic HBV infection. In fact, similar to our
findings in HBV-infected cells, for HCV infection, a study has
reported that OPN-overexpressing Huh7 cells significantly
increased HCV replication by suppressing IFNo stimulated genes
(ISGs) via the inhibition of STAT-1 phosphorylation and
degradation. (55) Moreover, the modulation of OPN levels by
overexpressing or silencing OPN increased HCV and HIV
replication in Huh 7.5 cells or primary macrophages, respectively.
(56, 57) Importantly, a study has reported that OPN drives HBV
replication and HBV-driven fibrogenesis. (58) However, these
studies provided no link between enhanced liver stiffness and
upregulation of HCV-HIV markers. Interestingly, our previous
studies demonstrated an increased HCV-HIV mRNA expression
and apoptosis induction in hepatocytes plated on fibrotic stiffness.
(26) While hepatocyte apoptosis has been shown to induce pro-
fibrotic activation of HSC in these infections (59-61), HBV
infection seems to have different properties since we observed no
increased apoptosis in cells transfected with HBV. At that point, we
were not able to identify the mechanisms of increased viral
infectivity in hepatocytes under fibrotic conditions and to link an
increased liver stiffness to OPN upregulation and suppression of
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Increased liver tissue stiffness promotes osteopontin which suppresses Interferon-Stimulated Gene (ISG) expression in the livers of CCl4-
administered HBVTg mice: Liver fibrosis was induced by injecting CCl4 for 6 weeks in C57Bl/6 parental and HBV+ transgenic (HBVTg) mice. RT-PCR
analysis was done for mRNA expression of OPN, IFN-induced genes, and USP18. (A) Osteopontin (OPN); (C) 2'-5' oligoadenylate synthetase-like 1
(OASLY); (D) Interferon-stimulated gene 15 (ISG15); (E) Apolipoprotein B Editing Complex (APOBEC3); (F) USP18. (B) OPN protein levels were
measured by Elisa in serum. Data are expressed as Mean + SEM (n =4). The data bars marked with the same alphabetical letter are considered not
significantly different, while those marked with differing alphabetical letters are considered significantly different from each other (p < 0.05).
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CCl4 induces hepatic fibrosis in HBV- and HBV+ transgenic mice: Liver fibrosis was induced by injecting CCl4 for 6 weeks in C57Bl/6 parental and HBV+
transgenic (HBVTg) mice. (A, B) Collagen accumulation was visualized using sections of paraffin-embedded liver tissue which were subjected to picrosirius
red staining; (C, D) o.-Smooth muscle actin (o.-SMA) protein levels were detected by immunohistochemical detection. Pictures were captured using a
Keyence BZ-X810 fluorescence microscope. Staining intensity in the captured images was quantified using the Keyence BZ-X810 Analyzer software. At least,
10 nonoverlapping fields per low magnification (20X) section were analyzed. (E, F) ALT and AST (serum enzymes) activities were determined in the serum of
control and HBV-infected CCl4-administered mice. Data are expressed as Mean + SEM (n =4). The data bars marked with the same alphabetical letter are
considered not significantly different, while those marked with differing alphabetical letters are considered significantly different from each other (p < 0.05).
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CCl4-administered HBV- and HBV+ transgenic mice show an increase in pro-fibrotic markers: Liver fibrosis was induced by injecting CCl4 for 6 weeks in
C57Bl/6 parental and HBV+ transgenic (HBVTg) mice. RT-PCR analysis was done for mRNA expression of (A) CollAl; (B) a.-SMA; (C) MMP2; (D) MMP9;

(E) MMP13; (F) TIMPL; and (G) TIMP2. Data are expressed as Mean + SEM (n =4). The data bars marked with the same alphabetical letter are considered not
significantly different, while those marked with differing alphabetical letters are considered significantly different from each other (p < 0.05)

innate immunity. However, in the current study, we observed a
decrease in STAT-1 phosphorylation in stiff gel-attached HBV-
transfected cells, and OPN overexpression suppressed ISGs, thereby
increasing HBV RNA levels. As a next step, we investigated the
relationship between OPN levels and USP18. We measured the
USP18 mRNA levels in rOPN-treated and OPN-silenced stiff gel-
attached HBV-transfected cells (under fibrotic conditions). We
found that only OPN-silenced cells show a decrease in USPI8
mRNA, while rOPN did not further increase the USP18 mRNA
levels. Interestingly, rOPN treatment significantly increased the
USP18 protein levels. This finding indicates that OPN partially
contributes to the elevation of USP18 and suggests that while OPN
affects USP18 expression, this protein is not a direct target for OPN
and requires some intermediate “inserts”. Our in vitro study
provides evidence that fibrotic stiffness induced OPN expression
in hepatocytes, causing upregulation of HBV replication and HBV
markers due to decreased innate immunity. In fact, it has been
reported that in HBV infection, chronic liver inflammation co-
exists with impaired antiviral immunity though the exact
mechanism has not been previously discovered (62).

As proof of concept that liver stiftness-induced OPN releases
increased HBV replication, we conducted an in vivo experiment
using C57Bl/6 parental (wild type) and HBV+ transgenic (HBVTg)
mice. Although recent studies have shown the role of tissue stiffness
in liver fibrogenesis, little is known about its role in HBV infection
pathogenesis. This is the first in vivo study where we investigated
the role of liver stiffness in HBV infection pathogenesis using
HBVTg mice. To mimic fibrotic liver, hepatic fibrosis was
established by administering CCl4 for 6 weeks. Here, we observed
an enhanced liver stiffness and an upregulation of HBV-specific
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markers with an increase in OPN expression in livers and serum of
CCl4-administered HBVTg mice. Interestingly, the expression of
IFN type 1-inducible anti-viral genes was decreased with an
upregulation in USP18 mRNA expression in fibrotic HBVTg
mice. ALT and AST levels and fibrosis markers were higher in
CCl4-administered HBVTg mice. The findings from this in vivo
study were supported by our in vitro results as well as clinical
studies by others, demonstrating that a high serum OPN level and
high liver stiffness in chronic HBV infection predict the failure of
virological response and hepatic fibrosis regression. (63) It has been
reported that hepatic stiffness was important for monitoring the
outcomes of hepatic fibrosis in HBV antiviral therapy, and long-
term viral inhibition was correlated with the outcomes of hepatic
fibrosis. (64) The present study provides valuable evidence on the
importance of liver stiffness, OPN, and their relationship in the
regulation of innate immunity in advanced HBV infection.

We cannot exclude that in the presence of macrophages and
hepatic stellate cells, OPN release will be more potent and co-
culture of hepatocytes with these cells would provide a more robust
effect on hepatocyte infectivity. In fact, we observed it in our in vivo
studies, where the magnitude of OPN response in the liver was
higher than in hepatocyte monoculture. However, here, we tried to
find an explanation for the up-regulation of HBV markers in
infected hepatocytes plated on the stiff gel, and we believe that it
is related to OPN-induced suppression of anti-viral ISGs. This has
been demonstrated by overexpressing and knocking down OPN in
HBV+ HepG2.2.15 cells. In future studies, we are planning to
perform co-culture experiments for liver parenchymal and non-
parenchymal cells or to look at their cell-to-cell interactions using
liver organoids.
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The proposed model for increased liver stiffness inducing hepatitis B progression and end-stage liver diseases: In vitro and In vivo data show that an
increased matrix stiffness upregulates the release of OPN, which limits the IFNa-induced innate immune response by suppressing the STAT-1 and
ISGs activation, thereby upregulating the expression of HBV markers and inflammation and promoting the development of end-stage liver diseases.
This provides an optional explanation for continued and fast HBV infection progression when the disease comes to the liver fibrosis stage.

Based on our in vitro and in vivo data, we conclude that an
increased matrix stiffness upregulates the release of OPN, which
limits the IFNo.- induced innate immune response by suppressing
the STAT-1 and ISGs activation, thereby upregulating the
expression of HBV markers and promoting the development of
end-stage liver diseases (Figure 9). This provides an optional
explanation for continued and fast HBV infection progression
when the disease comes to the liver fibrosis stage.
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