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Abstract

Chronic hepatitis B virus (HBV) infection is characterized by the presence of high circulating

levels of non-infectious lipoprotein-like HBV surface antigen (HBsAg) particles thought to

contribute to chronic immune dysfunction in patients. Lipid and metabolomic analysis of

humanized livers from immunodeficient chimeric mice (uPA/SCID) revealed that HBV infec-

tion dysregulates several lipid metabolic pathways. Small molecule inhibitors of lipid biosyn-

thetic pathway enzymes acetyl-CoA carboxylase (ACC), fatty acid synthase, and subtilisin

kexin isozyme-1/site-1 protease in HBV-infected HepG2-NTCP cells demonstrated potent

and selective reduction of extracellular HBsAg. However, a liver-targeted ACC inhibitor did

not show antiviral activity in HBV-infected liver chimeric mice, despite evidence of on-target

engagement. Our study suggests that while HBsAg production may be dependent on

hepatic de novo lipogenesis in vitro, this may be overcome by extrahepatic sources (such as

lipolysis or diet) in vivo. Thus, a combination of agents targeting more than one lipid meta-

bolic pathway may be necessary to reduce HBsAg levels in patients with chronic HBV

infection.

Introduction

Hepatitis B virus (HBV) is a global public health threat accounting for the majority of viral

hepatitis related deaths. The worldwide estimated prevalence of HBV infection is 3.5%, with

257 million people living with the chronic infection [1]. A hallmark feature of chronic Hepati-

tis B (CHB) is the presence of high circulating levels of non-infectious small lipid HBV surface

antigen (HBsAg) vesicles, which is associated with a dysfunctional HBV-specific host immune

response [2–5]. Persistence of CHB is attributed to the maintenance of an intrahepatic pool of

the viral covalently closed circular DNA (cccDNA), which serves as the transcriptional tem-

plate for all viral gene products required for replication including HBsAg [6]. In addition to

cccDNA, integration of HBV DNA sequences into the host genome also contribute to viral

persistence and is a major source of HBsAg production [7]. Nucleos(t)ide analogue (NA) treat-

ment is effective at preventing infectious virus production and spread but has no direct impact

on cccDNA levels or the expression of HBsAg and other viral gene products.
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During CHB, HBsAg is expressed in large excess and circulates within small, non-infectious

lipid vesicles; ~ 25% of the HBsAg molecular weight is composed primarily of phospholipids

(60%), cholesterol (15%), cholesteryl esters (14%), and triglycerides (3%) [8]. HBsAg is initially

synthesized as a transmembrane protein within the endoplasmic reticulum, and eventually

becomes integrally associated with the lipid bilayer leading to the formation of mature lipopro-

teins [9]. High levels of circulating HBsAg have been shown to lead to chronic immune dys-

function and failure to eliminate the virus. While HBsAg seroclearance is rarely observed in

CHB patients on long-term NA therapy, it is associated with decreased rates of cirrhosis and

hepatocellular carcinoma [10, 11]. Therefore, sustained HBsAg loss is considered an important

clinical endpoint for HBV therapies and a key goal of functional cure [12].

All viruses rely upon host pathways for successful replication, and there is increasing inter-

est in identifying these pathways as novel therapeutic targets for antiviral drug discovery.

Recently, a number of new host factors essential for HBsAg production were identified

through a genome-wide CRISPR screen including a number of lipid related genes [13]. Inter-

actions between hepatic lipid metabolism and HBV infection has previously been described in

the literature [14, 15] and it has been demonstrated in vitro that depletion of cellular choles-

terol using lovastatin, a competitive inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A

reductase, significantly reduced HBsAg secretion in Hep3B cells [16].

Hepatic lipid homeostasis is mediated by a balance between the rate of fatty acids (FA) in

input (uptake and de novo lipogenesis (DNL) with subsequent esterification to triglycerides)

and the rate of FA output (oxidation and secretion) [17]. DNL is controlled through a complex

cytosolic polymerization in which acetyl-coenzyme A (CoA) is converted to malonyl-CoA by

acetyl-CoA carboxylase and undergoes several cycles of metabolic reactions to form one pal-

mitate molecule. DNL is regulated by the FA synthase (FASN) complex, acetyl-CoA carboxyl-

ase (ACC) 1 and 2, diacylglycerol acyltransferase (DGAT) 1 and 2, stearoyl-CoA desaturase

(SCD) 1, and several nuclear transcription factors (sterol regulatory element binding proteins

[SREBPs], carbohydrate responsive element binding protein, liver X receptor α, farnesoid X

receptor, and peroxisome proliferator-activated receptors) [18].

To determine if HBV infection modulates host lipid pathways modulated by HBV infection,

we performed metabolomic and RNAseq analyses of liver tissue samples from chimeric

humanized mice with and without HBV infection. Also, to evaluate if perturbation of lipid bio-

synthetic pathways could interfere with HBV infection and/or HBsAg secretion, we assessed

activity of small molecules targeting key enzymes within lipid biosynthesis. Using these

approaches, we observed that HBV infection dysregulated several lipid metabolic pathways,

and small molecules targeting key enzymes within DNL, including ACC1/2, potently inhibited

HBsAg secretion in de novo infected HepG2-NTCP cells. Surprisingly, in vivo administration

of a well characterized liver-targeted ACC inhibitor with confirmed on-target activity showed

no antiviral activity in liver chimeric humanized mice. These results suggest that targeting this

pathway for HBsAg production may not be sufficient in vivo where lipids might be derived

from other sources such as lipolysis or diet and warrants further investigation.

Materials and methods

Generation of humanized mice, infection, and drug administration

Human liver-chimeric uPA/SCID mice were generated by PhoenixBio Co., Ltd. (Higashi-

Hiroshima, Japan) as previously described [19]. Human hepatocytes were derived from donor

BD195 (BD Biosciences, Woburn, MA). The use of these cells for the generation of chimeric

humanized mice has been reported previously [20]. Mice containing human hepatocytes with

a mean estimated replacement index of 86% (range 83–90%), calculated based on the blood
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concentration of human albumin [h-Alb], were infected with 1x105 copies/mouse of HBV

genotype C and followed for eight weeks to establish persistent infection of the human hepato-

cytes in the chimeric liver. At baseline (day 0 post-infection), mean body weights across all

randomized mice were 18.0 g (19.0–21.1 g) with average serum levels of h-Alb of 10.0 mg/mL

(9.2–11.9 mg/mL). Throughout the infection, all mice maintained a body weight of more than

90% of the initial level (HBV-inoculated group ranged from 90% (17.6 g) to 110% (21.6 g) to

that in the control group) and an average blood h-Alb concentration of more than 10 mg/mL

(HBV-inoculated group ranged from 90% (9.7 mg/mL) to 110% (11.9 mg/mL) to that in the

control group).

For the ACC inhibitor efficacy study, HBV-infected mice were randomized into two differ-

ent treatment groups based on body weight, blood h-Alb, and serum HBV DNA concentra-

tions. All mice had blood h-Alb levels above 12 mg/mL and serum HBV DNA levels above

2.5x107 copies/mL. Mice received an oral dose of 10 mg/kg ACC inhibitor or dosing vehicle

(vehicle control) once daily for 29 days. ACC inhibitor was dosed in 0.5% sodium carboxy-

methylcellulose (medium viscosity), 1% w/v ethanol, 98.5% w/v 50 mM Tris buffer, pH 8 in

reverse osmosis water (or equivalent). Terminal livers were collected, weighed, and separated

into pieces that were flash frozen in liquid nitrogen or immersed in RNAlater solution (Life

Technologies, Carlsbad, CA).

All animal work was performed by PhoenixBio Co, Ltd (Higashi-Hiroshima City, Japan).

Detailed observations of general condition and individual body weights were conducted once

daily throughout the in-life phase. All animal protocols were performed in accordance with

the Guide for the Care and Use of Laboratory Animals and approved by the Animal Welfare

Committee of Phoenix Bio Co., Ltd. All mice were housed individually and maintained in

accordance with the Animal Ethics Committee of PhoenixBio (resolution #2518 and 2552). All

surgery was performed under isoflurane anesthesia, and all efforts were made to minimize suf-

fering. On Day 17, Animal ID No. 107 (vehicle-treated) was found dead. Since enlarged thy-

mus, spleen and liver were observed at the necropsy, the cause of death in this animal is

considered to be metastatic thymoma which has been reported to be a spontaneous change in

the SCID mice.

Serological and intrahepatic measurements

Whole blood h-Alb was determined using (BioMajestyTM Series JCA-BM6050, JEOL Ltd.,

Tokyo, Japan). Serum human alanine aminotransferase (h-ALT1) concentration was determined

based on Enzyme-Linked ImmunoSorbent Assay (ELISA) developed by Institute of Immunology

Co., Ltd. (Tokyo, Japan). The real-time detection PCR to measure the serum HBV DNA concen-

tration was performed using the KUBIX HBV qPCR Kit (KUBIX Inc.) and CFX96 Touch™ Real-

Time PCR Detection System. The primers and probes consisted of the following: forward primer

(5’-CACATCAGGATTCCTAGGACC-3’), reverse primer (5’-AGGTTGGTGAGTGATTGG
AG-3’), TaqMan probe (5’-6-FAM-CAGAGTCTAGACTCGTGGTGGACTTC-TAMRA-3’).

Serum HBsAg and HBeAg concentration were determined by SRL, Inc. (Tokyo, Japan) based on

Chemiluminescent Enzyme Immuno Assay (CLEIA) developed by Fujirebio. Serum and intrahe-

patic triglycerides analysis were performed by Skylight Biotech Inc. (Akita, Japan). Terminal

plasma and liver were collected 2-hours after ACC inhibitor dose for PK analysis which was per-

formed by Charles River Laboratories (Wilmington, MA). RNA was isolated from RNAlater1-

immersed liver samples with RNeasy kit following manufacturer’s instructions (Qiagen).

qRT-PCR on the targeted genes was evaluated by Taqman (Assay IDs Hs04984975_m1

(SREBF1), Hs01682761_m1 (SCD), Hs01005622_m1 (FASN), Hs01046047_m1 (ACACA) and

normalized to GAPDH endogenous control (Assay ID 4310884E).
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Metabolomics

Flash frozen liver tissue samples were collected from chimeric humanized mice and delivered

to Metabolon Inc. (Durham, NC, USA) for global untargeted and complex lipid panel analysis.

All mice were reconstituted at same age and uninfected were also 56 days post “no infection”.

A total of 1698 metabolites were identified in liver tissue samples. Samples were extracted

using methanol in the presence of internal standards and split into equal parts for analysis

using ultraperformance liquid chromatography coupled with high-resolution/accurate mass

spectrometry (UPLC-MS/MS) and Polar LC platforms. Several internal standards were added

to each experimental and process standard sample just prior to injection into the mass spec-

trometers to measure instrument variation. In addition, the relative standard deviation for the

metabolites that were consistently measured in the CMTRX represents the total variability

within the process for the actual experimental samples and the variability in quantitation of

the endogenous metabolites within these samples. QC measurements were within Metabolon’s

QC specifications below 6%. Metabolites were identified by their m/z retention time and

through comparison with library entities of purified known standards. Peaks were quantified

as area-under-the-curve detector ion counts. Non-adjusted p-values for each comparison is

derived from the natural log-transformed data using Welch’s two-sample t-tests. In metabolo-

mics, the directionality and/or pattern of biochemical changes within a pathway often point to

important shifts in biological themes or diseases even if the metabolites have high adjusted p-

values or trending p-values (0.05<p<0.10). Complete metabolomics data is available in S1

Table.

RNAseq

Isolation of total cellular RNA and RNA-Seq was conducted by Expression Analysis (Durham,

NC) as described previously [21]. On-column DNase I treatment was performed during RNA

isolation with the RNeasy Mini Kit (Qiagen) and cDNA libraries were constructed using a

TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, CA). Pair-end sequencing was

conducted using Illumina HiSeq2000 with read length of 50 nucleotides averaging approxi-

mately 30 million reads per sample. RNAseq analysis was conducted as previously described

[22] and sequencing reads aligned to the human and HBV genomes by STAR [23]. The Bio-

conductor packages edgeR and limma were used to normalize sequence count data and con-

duct differential gene expression analysis [24, 25]. False discovery rate (FDR) was calculated

using the Benjamini-Hochberg method. RNASeq data generated in this study were deposited

in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) with accession number

GSE201037.

HBV virion production and infection of HepG2-NTCP cells

Production of wild-type HBV virions from HepAD38 cells was performed as previously

described [26]. HepG2-NTCP cells were bulk plated on collagen coated flasks at a density of

6x106 cells/ T175 flask. Following a 3-day incubation at 37˚C, cells were infected with genotype

D (AD38) virus at 1000 GE/ overnight in the presence of 4% PEG8000 and 2.5% DMSO.

HepG2-NTCP cells were washed 3 times with OPTI-MEM and maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 2% FBS and 2.5% DMSO for the fol-

lowing 4 days. HBV-infected HepG2-NTCP cells were trypsinized, resuspended in DMEM

supplemented with 2% FBS and 1% DMSO, and seeded onto serially diluted small molecule

inhibitors at a 0.5% final DMSO concentration (S1 Table) in 384-well collagen coated plates at

a density of 20,000 cells/well for 3 additional days.
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HBsAg and HBeAg analysis

Cell culture supernatant (3 μL) was transferred to two 1536-well plates and HBsAg and HBeAg

levels subsequently measured by HTRF (Cisbio). HBsAg was measured using Terbium conju-

gated (XTL-17) and D2 receptor conjugated (XTL19) anti-HBsAg antibodies, while HBeAg

was measured using Terbium conjugated (GWB-F19420, Genway Biotech) and D2 receptor

conjugated (GWB-24DEF, Genway Biotech) anti-HBeAg antibodies. Absorbance was mea-

sured using an Envision plate reader at emissions of 665 nm and 615 nm. The ratio of 665/615

was used to plot compound dose response curves and EC50 values were calculated from the fit

of the dose−response curves to a four-parameter equation.

Cell viability analysis

Cells were analyzed for cell viability by addition of CellTiter Glo (Promega) to the assay plates

and analyzed using an Envision plate reader (Perkin Elmer). CC50 values were calculated from

the fit of the dose−response curves to a four-parameter equation. All CC50 values represent

geometric mean values of a minimum of four determinations. These assays generally produced

results within 3-fold of the reported mean.

Statistical analysis

Figs 2 and 3 and Tables 1 and 2. Welch’s two-sample two-sided t-test was used to test whether

two unknown means are different from two independent populations.

Fig 4B and 4D. Dose response curve was fit in GraphPad Prism 8.1.2. using 4 parameter

variable slope dose-response model.

Table 1. Biochemical pathway analysis on HBV induced metabolic changes in free fatty acids metabolism.

Pathway Biochemical Name HBV/ No HBV (fold change) p-value (non-adjusted)

Fatty Acid Synthesis Malonyl carnitine 0.96 0.709

Fatty Acid Metabolism acetyl CoA 0.72 0.549

Long Chain Saturated Fatty Acid myristate (14:0) 1.65 0.156

pentadecanoate (15:0) 1.18 0.470

palmitate (16:0) 1.37 0.176

margarate (17:0) 1.17 0.590

stearate (18:0) 1.27 0.226

arachidate (20:0) 1.12 0.592

Long Chain Monounsaturated Fatty Acid palmitoleate (16:1n7) 1.69 0.123

10-heptadecenoate (17:1n7) 1.39 0.297

oleate/vaccenate (18:1) 1.28 0.268

10-nonadecenoate (19:1n9) 1.23 0.591

Long Chain Polyunsaturated Fatty Acid (n3 and n6) stearidonate (18:4n3) 1.62 0.174

heneicosapentaenoate (21:5n3) 1.29 0.368

docosapentaenoate (n3 DPA; 22:5n3) 1.28 0.362

nisinate (24:6n3) 1.12 0.756

hexadecadienoate (16:2n6) 1.58 0.147

linoleate (18:2n6) 1.33 0.277

linolenate [alpha or gamma; (18:3n3 or 6)] 1.57 0.189

dihomo-linoleate (20:2n6) 1.17 0.645

dihomo-linolenate (20:3n3 or n6) 1.20 0.410

docosadienoate (22:2n6) 1.35 0.365

https://doi.org/10.1371/journal.pone.0270273.t001
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Fig 5C–5E. Statistical analysis between ACC inhibitor and vehicle-treated groups was per-

formed using unpaired two-tailed t-test in GraphPad Prism 8.1.2. �, p-value� 0.05.

Results

HBV infection modulates lipid metabolism in the livers of HBV-infected

chimeric humanized mice

Metabolomic and RNAseq analysis of liver tissue samples from uninfected (n = 5) and HBV-

infected (n = 5) humanized chimeric liver (uPA/SCID) mice were performed to identify poten-

tial new host factors and pathways modulated by HBV infection (Fig 1A). Although immuno-

deficient, this model closely mimics human HBV infection as it can support a long-term

persistent infection with the full HBV replication cycle [27]. Stable and complete infection of

the majority of human hepatocytes was confirmed by measuring several parameters of viral

infection, including serum HBsAg, HBeAg and HBV DNA. Terminal mean serum HBsAg lev-

els were 4.5x102 IU/mL (Fig 1B), serum HBeAg levels were 1.1x105 cut-off index (C.O.I.) (Fig

1C), and HBV DNA was 1.5x108 copies/mL (Fig 1D) at 56 days post-inoculation. As expected,

no significant difference in serum h-ALT1 across HBV-inoculated and control groups as HBV

is not cytopathic and there is no immune system in this model (Fig 1E).

Metabolomic profiling of livers from these mice revealed HBV-dependent changes in cellu-

lar metabolites within selective lipid metabolic pathways. HBV-dependent increases were

observed in several of the long-chain free fatty acids (FFA), including monounsaturated,

Table 2. Biochemical pathway analysis of HBV induced changes in cholesterol and lipid metabolites.

Pathway Biochemical Name HBV/ No HBV (fold change) p-value (non-adjusted)

Mevalonate Metabolism 3-hydroxy-3-methylglutarate 1.56 0.018

Sterol cholesterol 0.99 0.924

cholesterol sulfate 0.91 0.268

4-cholesten-3-one 1.07 0.591

campesterol 0.81 0.598

7-hydroxycholesterol (alpha or beta) 0.87 0.357

Phosphatidylserine (PS) 1-palmitoyl-2-arachidonoyl-GPS (16:0/20:4) 0.93 0.635

1-stearoyl-2-oleoyl-GPS (18:0/18:1) 0.77 0.019

1-stearoyl-2-linoleoyl-GPS (18:0/18:2) 0.81 0.018

1-stearoyl-2-arachidonoyl-GPS (18:0/20:4) 0.93 0.520

Sphingolipid Synthesis sphinganine 1.18 0.062

sphingadienine 1.21 0.186

phytosphingosine 1.10 0.265

Sphingosines sphingosine 1.18 0.041

sphingosine 1-phosphate 0.96 0.884

hexadecasphingosine (d16:1)� 1.22 0.022

heptadecasphingosine (d17:1) 1.14 0.274

Glycosyl PE 1-palmitoyl-2-arachidonoyl-glycosyl-GPE (16:0/20:4)�� 2.00 0.120

1-palmitoyl-2-docosahexaenoyl-glycosyl-GPE (16:0/22:6)�� 1.96 0.292

1-stearoyl-2-linoleoyl-glycosyl-GPE (18:0/18:2)�� 1.88 0.087

1-stearoyl-2-arachidonoyl-glycosyl-GPE (18:0/20:4)�� 1.78 0.147

1-stearoyl-2-docosahexaenoyl-glycosyl-GPE (18:0/22:6)�� 2.25 0.091

� Indicates a compound that has not been confirmed based on a standard

�� indicates a compound for which a standard is not available. Metabolites were identified by virtue of their recurrent nature (both chromatographic and mass spectral).

https://doi.org/10.1371/journal.pone.0270273.t002
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saturated, and polyunsaturated fatty acids containing fourteen or more carbon atoms

(Table 1). Even though p-values for individual FFA were not statistically significant, the

whole group of twenty metabolites within the FFA group show an elevated trend with HBV

infection which suggests dysregulation of the pathway. Specifically, HBV infection resulted in

a 1.7-fold increase of myristate (C14:0), 1.4-fold increase of palmitate (C16:0), 1.3-fold increase

of oleate (C18:1), and 1.3-fold increase of linoleate (C18:2) compared to non-infected samples

(Fig 2A–2D).

In addition to modulation of FFA, HBV infection also resulted in statistically significant

changes in the levels of metabolites within mevalonate and several other lipid pathways,

Fig 1. Chimeric humanized mouse model to identify host factors and pathways modulated by HBV infection. (A) Schematic overview of the study design

and samples analyses. (B-D) Levels of serum viral markers at 0- and 56-days post HBV infection: HBsAg (B), HBeAg (C) and HBV DNA (D). (E) Serum levels

of h-ALT in HBV-infected and non-infected mice measured at 0- and 56-days post- infection. Data is shown as box plots; the box represents the upper and

lower quartile, error bars denote the max and min of distribution, the ‘+’ sign represents the mean value and the horizontal line indicates the median value.

https://doi.org/10.1371/journal.pone.0270273.g001
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including modulations in phospholipid and sphingolipid metabolites (Table 2). In particular,

HBV infection resulted in a 1.6-fold increase of 3-hydroxy-3-methylglutarate (p-value = 0.02),

0.8-fold (p-value = 0.02) decreases in both 1-stearoyl-2-linoleoyl-GPS (18:0/18:2) and 1-stear-

oyl-2-oleoyl-GPS (18:0/18:1), and 1.2-fold increases in both sphingosine (p-value = 0.02) and

sphinganine (p-value = 0.06) levels (Fig 3A–3E). Furthermore, several plasmalogens glycosyl-

PEs, such as 1-stearoyl-2-linoleoyl-glycosyl-GPE (18:0/18:2), derived from a linoleic acid and

an octadecanoic acid (fold change of 1.9, p-value = 0.09) (Fig 3F) were increased albeit did not

reach statistical significance.

We also performed RNAseq on the same uninfected and HBV-infected livers from the chi-

meric humanized mice. No genes were found to be significantly dysregulated in the HBV-

infected livers compared to the control group. The list of the top significantly dysregulated

Fig 2. Metabolomic profiling of humanized chimeric mouse livers shows upregulation in long-chain fatty acids following

HBV infection. (A-D) Intrahepatic levels of several saturated and unsaturated long chain fatty acids upregulated in HBV-infected

mice compared to non-infected mice are shown: myristate (14:0) (A), palmitate (16:0) (B), oleate/vaccenate (18:1) (C) and linoleate

(18:2n6) (D). Data is scaled such that the median value measured across all samples was set to 1.0. Data is shown as box plots; the

box represents the upper and lower quartile, error bars denote the max and min of distribution, the ‘+’ sign represents the mean

value and the horizontal line indicates the median value.

https://doi.org/10.1371/journal.pone.0270273.g002
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genes (p� 0.001) without adjusting for multiple hypothesis testing is provided in S2 Table and

includes changes in genes regulating cell survival and protein homeostasis. Overall, HBV infec-

tion did not lead to substantial changes in cellular gene expression or metabolomic profiles

within livers of chimeric mice. However, HBV infection likely post-transcriptionally impacted

several important aspects of lipid metabolism which could be central for virus infection and/or

HBsAg particle formation.

Compounds targeting enzymes within lipid biosynthetic pathways inhibit

HBsAg secretion in HBV-infected HepG2-NTCP cells

To evaluate if perturbation of lipid biosynthetic pathways modulated by HBV infection could

interfere with the HBV replication cycle, we assessed the antiviral activity of small molecules in

HBV infected HepG2-NTCP cells targeting key enzymes within lipid biosynthesis. Using pre-

clinical tool compounds with well-characterized mechanism of action, we targeted enzymes

within DNL pathways, triglyceride esterification, and cholesterol biosynthesis (Fig 4A and S3

Table). Compounds targeting ACC, FASN and subtilisin kexin isozyme-1/site-1 protease

(SKI-1/S1P) all inhibited HBsAg secretion (up to 80%) with EC50 values of 29, 81, and 790 nM,

respectively (Fig 4B–4D). Compounds which showed HBV activity included a liver-directed

Fig 3. Metabolomic profiling of humanized chimeric mouse livers shows dysregulation in the levels of metabolites within mevalonate, phospholipid and

sphingolipid pathways. Hepatic levels of metabolites from HBV-infected and non-infected mice within (A) mevalonate pathway (3-hydroxy-

3-methylglutarate); (B-C) phospholipid pathway: 1-stearoyl-2-linoleoyl-GPS (18:0/18:2) (B) and 1-stearoyl-2-oleoyl-GPS (18:0/18:1) (C); (D-E) sphingolipid

pathway: sphingosine (D) and sphinganine (E); (F) plasmalogens glycosyl-PEs (1-stearoyl-2-linoleoyl-glycosyl-GPE (18:0/18:2)). Data is scaled such that the

median value measured across all samples was set to 1.0. Data is shown as box plots; the box represents the upper and lower quartile, error bars denote the max

and min of distribution, the ‘+’ sign represents the mean value and the horizontal line indicates the median value.

https://doi.org/10.1371/journal.pone.0270273.g003
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Fig 4. Compounds targeting enzymes within lipid biosynthetic pathways inhibit HBsAg secretion in HepG2-NTCP cells. (A)

Schematic overview of the pathways involved in lipid biosynthesis, such as DNL, TG esterification and cholesterol biosynthesis. The

enzymes targeted by compounds that showed anti-HBV activity in HepG2-NTCP cells are indicated with blue ellipse. The enzymes with

no activity against HBV in HepG2-NTCP cells are indicated with pink ellipse. (B-D) HepG2-NTCP cells infected with HBV for three days

were treated with selected compounds in an eight-point dose response. After three days of treatment, extracellular HBsAg and HBeAg
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allosteric inhibitor of ACC, selective inhibitor of FASN, and an active-site-directed aminopyr-

rolidineamide-based inhibitor of SKI-1/S1P [28, 29]. Of note, both the FASN and SKI-1/S1P

inhibitors were selective for HBsAg, while inhibition of ACC also showed inhibition of HBeAg

but at a higher concentration than HBsAg (Fig 4B–4D). These compounds showed only mild

HBV DNA reduction (up to 40%), but no measurable activity against intracellular HBV RNA

levels, intracellular HBsAg and HBV core levels (S1A and S1B Fig). No measurable cellular

cytotoxicity was observed at the tested concentrations for these compounds (Fig 4B–4D).

Compounds targeting other enzymes within lipid biosynthesis pathways had no anti-HBV

activity (S3 Table).

ACC inhibitor has no effect on HBV infection in vivo
Given the potency of the ACC inhibitor against HBsAg secretion in HBV-infected

HepG2-NTCP cells and its previously reported on-target activity in vivo [30], we next per-

formed an efficacy study in the HBV-infected chimeric humanized mouse model. Using the

same batch of human hepatocytes and HBV virus used for the metabolomic and RNAseq anal-

yses, mice (n = 7/group) were dosed orally eight weeks post HBV infection with vehicle or 10

mg/kg ACC inhibitor once daily for four weeks. HBV viral markers (HBsAg, HBeAg, and

HBV DNA) and liver toxicity markers (ALT, h-Alb) were measured weekly (Fig 5A). On-tar-

get activity was evaluated by monitoring changes in triglycerides and liver mRNA expression

levels of genes in the targeted pathway (Fig 5A). Firsocostat (FIR) is a clinical stage liver-tar-

geted allosteric ACC inhibitor that has been shown to reduce hepatic fat content in patients

with NASH [31]. The ACC inhibitor used here and in our in vitro studies is a structural analog

of FIR with similar potency of DNL and palmitic acid-induced triglyceride accumulation

(EC50 = 6.6 nM and 23 nM in HepG2 cells, respectively), and selectivity [28, 32]. Additionally,

its pharmacokinetic properties in rodents replicate those of FIR in human, allowing its use as a

convenient tool to mimic human FIR pharmacology in rodent models [28]. There were com-

parable levels of serum triglycerides (mean of 107 mg/mL per group) in both groups one week

prior to compound administration (S2A Fig).

Liver exposure of the ACC inhibitor was 740 nM two hours post dosing, which is equivalent

to 4.5-fold over protein-adjusted EC50 (paEC50) based on HepG2-serum free-DNL assay (Fig

5B). One mouse died in the vehicle treated group, but there was no evidence of toxicity in the

mice treated with the ACC inhibitor based on body weight change, serum ALT, and h-Alb lev-

els (S2B–S2D Fig). Statistically significant reductions in liver triglycerides (40%) (Fig 5C) and

an increase in serum triglycerides (30%) (Fig 5D) confirmed on-target activity. Additionally,

statistically significant increase in liver mRNA expression levels of FASN, SCD and Acetyl-

CoA Carboxylase Alpha (ACACA) further support on-target engagement [30] (Fig 5E). Liver

mRNA expression levels of SREBF1 also increased with ACC treatment albeit did not reach

statistical significance (Fig 5E). Despite the confirmed on-target activity, there was no reduc-

tion in serum HBsAg, HBeAg or HBV DNA levels throughout the study (Fig 5F and S2E and

S2F Fig).

Discussion

In search of new potential therapeutic targets, we investigated HBV-dependent metabolic and

transcriptional changes utilizing the humanized chimeric liver mouse model to mimic chronic

levels as well as cell viability were measured. Effect of ACC (B), FASN(C) and SKI-1/S1P (D) inhibitors on extracellular HBsAg and HBeAg

and cell viability in HBV-infected HepG2-NTCP cells. Results are presented as mean and standard deviation (SD).

https://doi.org/10.1371/journal.pone.0270273.g004
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Fig 5. ACC inhibitor as no effect on HBV infection in vivo. (A) Schematic overview of ACC inhibitor efficacy study in the chimeric humanized mouse

model. (B) Plasma and liver PK analysis at 2 hours post-dosing. (C) Liver triglycerides measured on day 29 of treatment. (D) Serum triglycerides measured on

day 17 of treatment. (E) Liver RNA PD markers of ACC inhibitor were analyzed by qRT-PCR. (F) Longitudinal analysis of serum HBsAg levels during 4-week

treatment. All data are presented as mean +/- SD. Asterisks denote p-value below 0.05.

https://doi.org/10.1371/journal.pone.0270273.g005
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human HBV infection as closely as possible. This model is better suited for host metabolic

pathways analysis compared to other HBV animal models as it can support a long-term persis-

tent infection undergoing the full HBV replication cycle in human hepatocytes following

direct inoculation. High levels of HBV DNA and antigens can be detected in the serum,

cccDNA can be isolated from hepatocytes, and mice do not resolve the infection [27, 33].

However, the immune response pathways against HBV cannot be investigated as these mice

are immunodeficient. Overall, the results of our analysis demonstrated that HBV establishes

infection in vivo with only subtle changes to the host metabolome and RNA transcription pro-

files, consistent with RNAseq data in HBV-infected primary hepatocytes [22].

Changes induced by HBV infection in this model were largely limited to post-transcrip-

tional modulation of lipid metabolic pathways which are potentially important for assembly

and secretion of HBsAg particles. One such upregulated lipid pathway belongs to a group of

long-chain FFAs, including monounsaturated, saturated, and polyunsaturated fatty acids.

These findings are consistent with the previous literature showing increases in long-chain

FFAs in primary rat hepatocytes infected with recombinant adenovirus expressing the HBV

genome, and increased lipid biosynthesis through sterol regulatory element-binding protein

1c (SREBP1c) in HBV transgenic mice [34–36]. Furthermore, HBV-dependent increases in

total fatty acid content was observed in a stable HBV-producing cell line (HepG2.2.15) com-

pared to the parental control [37]. As the rapid HBsAg particle assembly and secretion is

accompanied by the continuous replenishment of cellular membranes [38, 39], the observed

increases in fatty acid synthesis and metabolism likely support this.

In addition to increased FFAs, we also identified HBV-dependent alterations of the mevalo-

nate pathway with specific downregulation of 3-hydroxy-3-methylglutarate. Thought to be an

antilipemic agent, 3-hydroxy-3-methylglutarate lowers cholesterol, triglycerides, serum beta-

lipoproteins, and phospholipids by interfering with the enzymatic steps involved in the con-

version of acetate to hydroxymethylglutaryl coenzyme A as well as inhibiting the activity of the

cholesterol rate-limiting enzyme, hydroxymethylglutaryl CoA reductase (HMGCR) [40, 41].

Together, these results suggest HBV-dependent increases in cholesterol demand. Indeed,

depletion of cellular cholesterol in vitro using lovastatin significantly reduced HBsAg secretion

in Hep3B cells [16]. In our study we were not able to reduce HBsAg levels in de novo infected

HepG2-NTCP cells with HMGCR inhibitor, though this discrepancy is likely due to the differ-

ences in the cell culture media as it has previously been shown that effects of HMGCR on

HBsAg required serum starvation. Another recent report supporting the importance of choles-

terol for HBV infection showed that inhibition of acyl-CoA:cholesterol acyltransferase

(ACAT) has antiviral activity against both secreted HBV DNA and HBsAg in HepG2-NTCP

cells, as well as boosting protective anti-HBV and anti-hepatocellular carcinoma T cells [42].

Our metabolomic analysis indicated that HBV infection results in modulation of several

phospholipid and sphingolipid metabolites in the liver. Together, these shifts in phospholipid

and sphingolipid levels may reflect changes in cellular membrane composition and/or integ-

rity, or lipoprotein particle composition and abundance. The latter hypothesis is supported by

the glycosyl-PE shifts which is a crucial player in lipoprotein secretion [43, 44]. Since phospho-

lipids constitute the surface layer of lipid droplets (LD), their reduction in the liver may

decrease the storage capacity of LDs. This raises the possibility that HBV infection might alter

the breakdown of hepatic phospholipids in LDs resulting in an altered lipid storage capacity of

the liver. Indeed, this could be one reason why cholesterol and sphingolipid synthesis are ele-

vated in the HBV-infected mice. In support of this hypothesis, a study demonstrated that the

content of intracellular TGs and the average size of a single LD were significantly reduced in

HBV-infected or transfected cells compared to control cells. This reduction was due to

decreased levels of proteins involved in LD expansion and lipid storage [45]. Significant
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changes in phospholipids and sphingolipids have also been observed in CHB patients [46–48].

Additionally, since sphingosine and sphinganine are bioactive lipids that are involved in lipid

signaling, a rise in these two metabolites after HBV infection may warrant further

investigation.

Given the observed HBV-dependent increases of FFA, we sought to investigate whether

modulation of lipid biosynthesis pathways can inhibit viral infection and/or HBsAg particle

formation. As primary human hepatocytes require lipid supplements in their media for sur-

vival in vitro, we utilized HBV-infected HepG2-NTCP cells for this profiling. We observed

inhibition of enzymes involved in DNL, such as ACC, FASN, and SKI-1/S1P, selectively

reduced extracellular HBsAg levels. SKI-1/S1P is one of two proteases required to cleave and

activate SREBP precursors, while FASN and ACC are direct targets of SREBP1c directly

involved in the biosynthesis of fatty acids [29, 49]. Inhibition of these enzymes has been previ-

ously reported to be effective in vitro against human RNA viruses, including Hepatitis C, Den-

gue, West Nile, and Zika, underlining the importance of lipid pathways for viral infection [50–

53].

ACC inhibitors are being evaluated in several clinical studies in patients with non-alcoholic

steatohepatitis (NASH). Phase 1b clinical studies in F1-F3 NASH patients with FIR, an alloste-

ric liver-targeted inhibitor of both ACC isoforms (ACC1 and ACC2), demonstrated a reduc-

tion in hepatic fat content and markers of liver injury [31, 54]. ACC1 and ACC2 catalyze the

conversion of acetyl coenzyme A to malonyl-CoA [55, 56]. Cytosolic ACC1 generates a pool of

malonyl-CoA used by FASN to generate palmitate as a part of DNL, which is further incorpo-

rated into multiple lipid species including ceramides, diacylglycerides, and triglycerides.

ACC2, located at the mitochondrial membrane, supplies a local pool of malonyl-CoA to allo-

sterically inhibit carnitine palmitoyl transferase 1, the rate-limiting enzyme that imports

medium- and long-chain fatty acids into the mitochondria for β-oxidation [56]. Together, the

two isoforms of ACC increase the total lipid burden by coupling increased lipid production via

DNL with decreased lipid oxidation via mitochondrial β-oxidation. While potent inhibition of

HBsAg secretion was observed in the cell culture system with an inhibitor of ACC1/2, no activ-

ity was observed in a four-week efficacy study in HBV-infected liver chimeric mice, despite

confirmed on-target activity. The dose selected for our in vivo studies was intended to mimic

the partial target inhibition (~70% DNL inhibition) affording ~30% liver fat reduction

observed clinically [31, 54]. Consistent with this, Fig 5C shows partial inhibition of liver tri-

glycerides with the 10 mg/kg dose in the HBV-infected chimeric humanized mice. It is possible

that dependence of HBsAg on the DNL pathway may be less relevant in vivo where lipid con-

tributions towards HBsAg production may be derived from other sources such as lipolysis or

diet. Thus, a combination treatment targeting several lipid metabolic pathways may be neces-

sary to reduce HBsAg levels in vivo.

Overall, our study identified several novel lipid metabolic pathways dysregulated during

HBV infection in the HBV-infected liver chimeric mouse model. Modulation of these lipid

pathways offer new potential avenues for HBV cure. We show that the levels of FFAs are

increased in the livers following HBV infection and targeting lipogenic enzymes inhibits

HBsAg secretion in a cell culture system. The discrepancy between the anti-HBsAg effect of

the ACC inhibitor in vitro and in vivo models warrants further investigation.

Supporting information

S1 Fig. ACC, FASN and SKI-1/S1P inhibitors activity against HBV infection. (A, B)

HepG2-NTCP cells infected with HBV for three days were treated with selected compounds in

an eight-point dose response. After three days of treatment, extracellular HBV DNA,
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intracellular HBV RNA and intracellular HBsAg levels were measured. EC50 values are shown

in the table. (B) Fixed cells were stained for cell nuclei using DAPI stain (blue), HBsAg (green)

and HBV core protein (yellow). Representative images of HepG2-NTCP cells treated with

selected compounds at 10 μM obtained with confocal Opera Phenix with a 20x objective are

shown. Scale bar represents 100 μm.

(TIF)

S2 Fig. ACC inhibitor efficacy study in the chimeric humanized mouse model. (A-F) Labo-

ratory parameters measured during the study in ACC inhibitor- and vehicle-treated groups.

Serum triglycerides levels 7 days before treatment (A); body weights (B); serum ALT activity

(C); h-Alb concentration (D); serum HBeAg concentration (E); serum HBV DNA (F). Data is

shown as mean +/- SD.

(TIF)

S1 Table. HBV metabolomics data tables.

(XLSX)

S2 Table. Top dysregulated genes in the HBV-infected livers from chimeric humanized

mice compared to non-infected mice based on RNAseq analysis.

(PDF)

S3 Table. Anti-HBV activity and toxicity of compounds modulating lipid pathways.

(PDF)

S1 File. Supporting materials and methods.

(PDF)
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