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Abstract

There are ~350 million chronic carriers of hepatitis B (HBV). While a prophylactic vaccine and 

drug regimens to suppress viremia are available, chronic HBV infection is rarely cured. HBV’s 

limited host tropism leads to a scarcity of susceptible small animal models and is a hurdle to 

developing curative therapies. Mice that support engraftment with human hepatoctyes have 

traditionally been generated through crosses of murine liver injury models to immunodeficient 

backgrounds. Here, we describe the disruption of fumarylacetoacetate hydrolase directly in the 

NOD Rag1−/− IL2RγNULL (NRG) background using zinc finger nucleases. The resultant human 

liver chimeric mice sustain persistent HBV viremia for >90 days. When treated with standard of 

care therapy, HBV DNA levels decrease below detection but rebound when drug suppression is 

released, mimicking treatment response observed in patients. Our study highlights the utility of 

directed gene targeting approaches in zygotes to create new humanized mouse models for human 

diseases.
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Introduction

Persistent infection with hepatitis B virus (HBV) is a global health problem afflicting 

approximately 400 million individuals worldwide, with Asia being disproportionally 

affected with over 130 million chronic cases (Tian and Jia, 2016). Chronic HBV carriers are 
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at risk of developing fibrosis, cirrhosis or hepatocellular carcinoma (Trepo et al., 2014). 

HBV has a very limited host and cellular tropism, only robustly infecting human and 

chimpanzee hepatocytes. As a result of this limited tropism, and the subsequent paucity of 

animal models, HBV has been notoriously difficult to study. Furthermore, this has become 

more pressing due to the recent moratorium on using chimpanzees for research purposes due 

to ethical concerns.

Liver chimeric xenotransplantation mouse models have become a crucial experimental small 

animal model for the study of HBV as they can be robustly engrafted with primary human 

hepatocytes (PHHs), the natural host for HBV (Bissig et al., 2010; Dandri et al., 2001; 

Meuleman et al., 2005). The creation of liver chimeric mice requires that the xenorecipient is 

immune deficient to ensure that the tissue graft is not rejected. Furthermore, selective 

ablation of the endogenous murine hepatocytes is required to provide a proliferative signal 

and growth advantage for the transplanted human hepatocytes in the murine parenchyma 

(Billerbeck et al., 2013).

The best-characterized xenorecipient to date is a transgenic mouse that expresses the 

urokinase-type plasminogen activator (uPA) driven by the hepatocyte-specific albumin 

promoter (i.e. Alb-uPA mice). The overexpression of uPA in the murine liver leads to a 

hypofibrinogenemic state with accelerated hepatocyte death (Heckel et al., 1990). Alb-uPA 

mice have been crossed to different immunodeficient backgrounds, including severe 

combined immunodeficient (SCID), SCID/beige and recombinase-activating gene 2 

(Rag2−/−) interleukin 2 receptor gamma (IL2γNULL) deficient mice. Alb-uPA mice lacking 

mature B, T and/or NK cells can be engrafted with PHHs at a very high efficiency and have 

been shown to be susceptible to HBV, hepatitis C virus (HCV), hepatitis delta virus (HDV) 

and hepatitis E virus (HEV) infection (Allweiss et al., 2016; Dandri et al., 2001; Giersch et 

al., 2014; Mercer et al., 2001; Sayed et al., 2016). Unfortunately, Alb-uPA mice are 

relatively frail and hypofertile, so alternative liver injury models have been sought and 

created (reviewed in (Vercauteren et al., 2015)).

Expression of herpes simplex virus type-1 thymidine kinase (HSV tk) under the control of 

the mouse albumin promoter enables the selective killing of mouse hepatocytes by 

administration of the prodrug gancyclovir (Kosaka et al., 2013; Zhang et al., 2005). Human 

liver chimeric Alb-HSV tk transgenic mice on the NOD SCID IL2γNULL (NOG) 

background have been shown to be susceptible to both HBV and HCV infection (Hasegawa 

et al., 2011). Alternatively, mice harboring a deficiency in fumarylacetoacetate hydrolase 

(FAH) have been bred to immunodeficient backgrounds (Azuma et al., 2007; Bissig et al., 

2007; de Jong et al., 2014). FAH is the terminal enzyme in the tyrosine catabolic pathway; 

its absence leads to the buildup of toxic metabolites in murine hepatocytes leading to death. 

The administration of 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione (NTBC, 

also known as nitisinone) inhibits the activity of an enzyme, 4-hydroxphenylpyruvate 

dioxygenase, upstream of FAH, thus abrogating the accumulation of the toxic metabolite 

fumarylacetoacetate to maintain FAH−/− mice in a healthy state (Al-Dhalimy et al., 2002). 

As a result, toxic injury can be induced at any time upon removal of NTBC and the growth 

advantage given to the engrafted human hepatocytes. This allows for transplantation to occur 

at the discretion of the researcher.
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FAH−/− mice have been intercrossed with Rag2−/− IL2γNULL (FRG) (Azuma et al., 2007; 

Bissig et al., 2010; He et al., 2010) and completely backcrossed to the NOD Rag1−/− 
IL2RγNULL (FNRG) (de Jong et al., 2014) backgrounds. FRG and FNRG highly engrafted 

with human hepatocytes can sustain persistent HBV (Billerbeck et al., 2016; Bissig et al., 

2010) and HCV infections (Bissig et al., 2010; de Jong et al., 2014). A considerable 

challenge in refining existing and developing new xenorecipient models is performing 

genetic modifications on previously characterized complex genetic backgrounds. Mutant 

alleles have been traditionally combined through inter- and backcrosses, a slow and 

expensive process. Genome engineering approaches using zinc finger nucleases (ZFNs), 

transcription activator-like (TAL) effector nucleases, and most recently, CRISPR/Cas9, have 

been pursued to create targeted, precise DNA breaks and consequently gene disruptions or 

modifications directly in zygotes (Kaneko and Mashimo, 2015). Proof-of-principle for these 

genome engineering methods for creating null alleles on the NSG and NRG backgrounds, 

which are most commonly used for creating humanized xenotransplantation models, was 

previously established by targeting exon 5 of the FAH gene (Li et al., 2014). Here, we used 

ZFNs to disrupt exon 9 of the murine FAH locus and compared them to FNRG mice which 

were previously generated through intercrosses of FAHΔexon9 and NRG mice. We 

demonstrate that FNRGΔexon9 mice reach a similar human hepatic chimerism as 

FNRGΔexon5 mice following injection of PHHs. These human liver chimeric FNRGΔexon9 

mice can be persistently infected with HBV and exhibit similar treatment response profiles 

as observed in chronic HBV carriers treated with anti-HBV reverse transcriptase inhibitors.

Material and Methods

Generation of fumarylacetoacetate hydrolase (FAH) knockout on the complex NRG genetic 
background

A pair of zinc finger (ZFNs) nucleases targeting exon 9 of the FAH gene (5′ 
TACGTCCCACTTGGGCCAT and 5′ GGAAAAGCTTTGGAA) were purchased from 

Sigma Aldrich. ZFN encoding mRNAs were injected (2 ng/μl, cytoplasmic) into NRG 

zygotes, then transferred to pseudopregnant females. Founder animals were screened for 

modification to the locus by PCR and sequencing, those with detectable mutations were 

bred. Subsequent work used one line with a 172bp deletion in exon 9, designated (JAX ref) 

JR018454. This line is viable and fertile, and homozygous animals develop an obvious 

wasting phenotype in the absence of NTBC, consistent with the expected phenotype. 

Maintenance and breeding of homozygous mutant mice requires NTBC in the water at 16 

mg/L. Additionally, use of a semisynthetic diet (SSNIFF: S9541-E006) was found to assist 

in maintaining the strain. This diet, produced by SSNIFF (Germany) is a modified Baker 

Diet that completely lacks Tyrosine and limits phenylalanine availability (0.6%). Routine 

genotyping uses PCR (primers F1: 5′-TCCACCAAGCATCACCATGTCTCA, R1: 

5′TACACACTCCACTCACTGTTGCCA), Standard Taq (NEB: M0273), with a 70° C 

annealing temperature and 30 cycles. Resultant amplicons for wild-type and mutant alleles 

are 632 bp and 460 bp, respectively.
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Assessment of liver injury due to FAH KO

To assess the level of liver injury due to the FAH KO, NTBC was removed for 9 days from 

4-week-old mixed-sex (1F, 2M) mice (n=9; 3 WT, 3 HET, 3 HOM). Weight, ALT, and AST 

levels were monitored over the course of the 9 days. To assess liver damage, blood was 

drawn at three timepoints (initiation, day 7, termination). ALT and AST levels were assessed 

by the Clinical Assessment Service Core at the Jackson Laboratory, using a Beckman 

Coulter AU680 chemistry analyzer.

Generation of human liver chimeric mice

FAHΔexon9 NRG and FAHΔexon5 NRG mice were generated and transplanted as previously 

described (de Jong et al., 2014). Female mice of either strain greater than 6 weeks of age 

were transplanted with ca. 1 × 106 cryopreserved adult human hepatocytes. Primary 

hepatocytes were obtained from Bioreclamation (Westbury, NY). FAHΔexon9 NRG mice 

were cycled on NTBC (Yecuris Inc., Tualatin, OR) supplemented in their water to block the 

build up of toxic metabolites and with water supplemented with L-phenylalanine (Sigma 

Aldrich, St. Luis MO) and 25 mM NaCl. FAHΔexon9 NRG mice were maintained on the No-

Tyr/Low-Phe diet (SSNIFF: S9541-E006).

Assessment of engraftment by human albumin ELISA

Levels of human albumin in mouse serum were quantified by ELISA; 96-well flat-bottomed 

plates (Nunc, Thermo Fischer Scientific, Witham MA) were coated with goat anti-human 

albumin antibody (1:500, Bethel) in coating buffer (1.59g Na2CO3, 2.93g NaHCO3, 1L 

dH2O, pH = 9.6) for 1 hour at 37°C. The plates were washed four times with wash buffer 

(0.05% Tween 20 (Sigma Aldrich, St. Luis MO) in 1x PBS) then incubated with superblock 

buffer (Fisher Scientific, Hampton NH) for 1 hour at 37°C. Plates were washed twice. 

Human serum albumin (Sigma Aldrich, St. Luis MO) was diluted to 1 μg/ml in sample 

diluent (10% Superblock, 90% wash buffer), then serial diluted 1:2 in 135 μl sample diluent 

to establish an albumin standard. Mouse serum (5 μl) was used for a 1:10 serial dilution in 

135 μl sample diluent. The coated plates were incubated for 1 hour at 37°C, then washed 

three times. Mouse anti-human albumin (50 μl, 1:2000 in sample diluent, Abcam, 

Cambridge, UK) was added and plates were incubated for 2 hours at 37°C. Plates were 

washed four times and 50 μl of goat anti-mouse-HRP (1:10,000 in sample diluent, 

LifeTechnologies, Carlsbad, CA) was added and incubated for 1 hour at 37°C. Plates were 

washed six times. TMB (100 μl) substrate (Sigma Aldrich, St. Luis, MO) was added and the 

reaction was stopped with 12.5μl of 2N H2SO4. Absorbance was read at 450λ on the 

BertholdTech TriStar (Bad Wildbad, Germany).

Generation of hepatitis B virus stocks

HepG2.2.15 cells (Sells et al., 1987) were grown in media containing tetracycline until they 

reached a confluency of 100%. At this time media was changed to DMEM F12 media 

supplemented with 10% FBS, 1% Pen/Strep. Media from the HepG2.2.15 culture was 

collected every two to three days for approximately 3 weeks. The collected media was sterile 

filtered through a 0.22 μm filter (Millipore, Darmstadt Germany) and was then concentrated 

100-fold using a stir cell concentrator (Millipore, Darmstadt Germany). After concentration, 
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the virus was run over a HiTrap heparin column (GE, Fairfield CA) to further concentrate 

and purify infectious virus particles from non-infectious sub-viral particles. Concentrated 

virus was applied to the heparin column, which was washed with 5 times column volume 

with wash buffer (20 mM phosphate buffer, 50 mM NaCl, pH= ~7). Afterwards, the virus 

was eluted with elution buffer (20 mM phosphate buffer, 2 M NaCl, pH= ~7). Once all virus 

was eluted, the viral stock was dialyzed using a dialysis cassette (Millipore, Darmstadt 

Germany). After dialysis, virus was aliquoted into cryovial tubes and cryopreserved at 

−80°C until use. The virus was passaged through a human liver chimeric mouse, resulting in 

high viremia. This mouse was euthanized and the serum diluted 1:20. A 200 μl aliquot of 

this 1:20 diluted virus was then used to infect all FAHΔexon9 NRG mice. The same viral 

stock was used for all experiments.

HBV DNA isolation from mouse serum

HBV DNA was isolated following the Qiamp MinElute Virus Spin Kit (50), (Qiagen, 

Hilden, Germany). HBV DNA was eluted in 60 μl, and 5 μl was used per well in the HBV 

DNA qPCR reaction.

Total HBV DNA isolation from liver tissue

20–25 mg of liver tissue was weighed out from HBV infected FAHΔexon9 NRG mice, which 

had been preserved in RNAlater (Thermo Fischer Scientific, Waltham MA) and stored at 

−80C. To isolate total HBV DNA from the liver sample, 100 μl of lysis buffer was added to 

the tissue (50 mM Tris-Base, 50 mM EDTA, 1% SDS, 100mM NaCl pH 8.0). The sample 

was further digested through the addition of 20 μl of Proteinase K per sample from a 

QIAMP DNA mini kit (Qiagen, Hilden, Germany) for 18 hours at 37°C. After digestion 

with Proteinase K, 1 μl of Rnase A (SigmaAldrich, St. Luis MO) was added to the lysate and 

incubated at room temperature for 2 minutes. We subsequently added 500 μl of AL lysis 

buffer (Qiagen, Hilden Germany) to the solution and incubated the sample at 70°C for 4 

hours, vortexing the samples every 20 minutes to digest the tissue completely. Following this 

step, 500 μl of 100% EtOH were added and mixed thoroughly by inverting 10 times. This 

suspension was then applied to a Qiamp DNA mini kit column and centrifuged for 1 minute 

at 13,000 RPM to dry. The samples were spun again in new tubes for 1 min at 13,000 to dry. 

The DNA was then eluted with 50 μl of AE buffer and concentrations measured using a 

Nanodrop spectrophotometer (Thermo Fischer Scientific, Waltham MA).

Isolation of HBV cccDNA from total HBV DNA

A 25 μl aliquot of the respective total HBV DNA sample isolated from liver tissue was 

digested with 1 μl plasmid-safe DNAse (Epicentre, E3101K, Madison WI) to destroy all 

chromosomal DNA along with any linear form of HBV DNA. According to the 

manufacturers’ instructions the reaction mix was incubated at 37°C for 30 minutes in order 

to digest the samples. Following the digestion, plasmid-safe DNase was heat inactivated by 

incubating the samples at 70°C for 30 minutes. The cccDNA was then purified using a DNA 

clean up and concentration kit (Zymo, Irvine, CA), eluted in 30 μl of sterile ddH2O, and the 

residual amount of DNA quantified using a Nanodrop spectrophotomter. This resulted in a 

log drop in overall DNA concentration. Samples were either used immediately for HBV 

cccDNA quantification by qPCR or were stored at −20°C.
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Total RNA isolation from liver tissue

20–25 mg of liver tissue was weighed out from HBV infected mice, which had been 

preserved in RNAlater and stored at −80C. We isolated total RNA using Qiagen RNAeasy 

kit (Qiagen, Hilden, Germany). Stainless steel beads (5 mm, Qiagen, Hilden Germany) and 

350 μl RLT buffer were added to each sample tube RB (2ml, 990381, Qiagen, Hilden 

Germany). The liver tissue with RLT buffer and bead was then homogenized by the 

homogenizer (Fischer Scientific, Hampton NH). The sample was then eluted twice, first by 

the addition of 30 μl of RNase-free water to columns and centrifugation of the samples for 1 

minute at 10,000 RPM, followed by another addition of 50 μl of RNase-free water.

Detection of HBV DNA by qPCR

A 5 μl aliquot of HBV DNA either isolated from mouse serum or from liver DNA was used 

per reaction well. We used the following primers and probes: 

CCGTCTGTGCCTTCTCATCTG (forward primer), 

AGTCCAAGAGTCCTCTTATGTAAGACCTT (reverse primer), and probe FAM-

CCGTGTGCACTTCGCTTCACCTCTGC-TAMRA. Primers were kept at a concentration 

of 600 nM and probe at 300 nM final concentration in the reaction. A master mix was 

created containing 2X TaqMan reaction mix (AppliedBiosystems, Foster City, CA), primer/

probe mix and ddH2O. The master mix was then applied with the samples to the respective 

wells. We added 5 μl of the respective standards and the samples to the respective wells. The 

following PCR program was run on a Step One Plus qPCR machine (Life Technologies, 

Carlsbad CA): Denature 50°C for 5 min, 95°C for 10 min, followed by 40 cycles of 95°C for 

15 sec, 56°C for 40 sec, and 72°C for 20 sec. Lastly, a melt curve was performed at 95°C for 

10 sec, 65°C for 10 sec, 50°C for 5 sec, and 95°C for 5 sec.

Detection of HBV pre-genomic RNA by qPCR

A modified iTaq Universal SYBR Green One-Step qPCR kit (BioRad, Hercules, CA) 

protocol was used to quantify HBV pgRNA. A primer mix with each primer at 3 μM was 

created with the forward primer GAGTGTGGATTCGCACTCC and the reverse primer 

GAGGCGAGGGAGTTCTTCT. A master mix was created as follows per reaction: 5 μl of 

SYBR mix, 0.125 μl of RT, 1 μl of primer mix, and 1.875 μl of ddH2O. The following 

cycling time was used: reverse transcription and amplification step at 50°C for 10 min and 

95°C for 1 min; 40 cycles of 95°C 15 sec, and 60°C for 1 min. The melt curve was 

performed at 95°C for 5 sec, 65°C for 5 sec, 95°C for 15 sec, and 50°C for 5 sec.

Detection of HBV cccDNA by qPCR

A 5 μl aliquot of HBV DNA either isolated from mouse serum or from liver DNA was used 

per Rxn well. We used the following primers and probes: GTCTGTGCCTTCTCATCTGC 

(forward primer), AGTAACTCCACAGTAGCTCCAAATT (reverse primer), and probe 

FAM-TTCAAGCCTCCAAGCTGTGCCTTGGGTGGC-TAMRA. The final concentration 

of primers was 0.9 μM, 0.2 μM probe, and 4% DMSO. The following qPCR cycling was 

used: 95°C for 10 min, followed by 50 cycles of 95°C for 15 sec, and 61°C for 1 min. To 

confirm that cccDNA was detected and quantified specifically, primers were used that are 

biased for HBV cccDNA amplification over rcDNA which are 
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GCCTATTGATTGGAAAGTATGT (forward primer), AGCTGAGGCGGTATCTA (reverse 

primer) resulting in a 1,100 bp amplicon (Seeger and Sohn, 2014). Three DNA samples 

isolated from three separate FAHΔexon9 NRG mice chronically infected with HBV were 

used. These samples had been treated with plasmid safe DNase as described in the HBV 

cccDNA isolation section of the material and methods (Figure 3H lanes 2–4). A negative 

control was utilized and showed no amplification (lane 5). The following PCR cycle was 

used in order to amplify the gene product 98°C 30 sec, followed by 36 cycles of 98°C for 10 

seconds, 61°C for 30 seconds, 72°C for 45 seconds, followed by a final elongation step of 

72°C for 2 minutes.

HBsAg ELISA measurements

Sera from mice were obtained through submandibular bleeding approximately every two 

weeks. Detection and quantification of HBsAg levels was performed by ELISA according to 

the manufacturer’s instructions (GS HbsAg EIA 3.1, Bio-Rad, Hercules, CA). A 100 μl 

sample of a 1:20 serum dilution in 1x PBS was used in lieu of undiluted serum. Absorbance 

was read at 450λ on the BertholdTech TriStar (Bad Wildbad, Germany).

HbcAg immunohistology staining

Unconjugated polyclonal rabbit anti-Hepatitis B Virus Core Antigen antibody (Cell Marque 

Corp Cat# 216A-18 Lot# 17099, RRID: AB_1158068) raised against purified lysates of 

Escherichia coli clones containing the viral core DNA (Goodman et al., 1988; Sharma et al., 

2002; Stahl et al., 1982). Antibody optimization was performed on formalin-fixed, paraffin-

embedded murine HBV infected liver tissue based on known immunohistochemical 

conditions for HBV infected human liver samples utilizing the same antibody and run in 

parallel. We regarded hepatocytes clearly expressing cytoplasmic staining as positive for 

HBcAg. Chromogenic immunohistochemistry was performed on a Ventana Medical 

Systems Discovery XT instrument with online deparaffinization using Ventana’s reagents 

and detection kits unless otherwise noted. Paraffin embedded tissues were sectioned at 4-μm. 

The marker was antigen retrieved in extended Cell Conditioner 1 (Tris EDTA, 52 minutes). 

Antibodies were applied neat with Hepatitis B Virus Core Antigen incubated for 2 hours. 

Primary antibody was detected with anti-rabbit horseradish peroxidase conjugated multimer, 

and incubated for 8 minutes. The complex was visualized with 3,3 diaminobenzidene and 

enhanced with copper sulfate. Slides were washed in distilled water, counterstained with 

hematoxylin, dehydrated and mounted with permanent media. Isotype negative controls, 

including wild type C57BL/6 non-infected murine liver tissue, were run in parallel with 

samples sets.

H&E staining

Paraffin embedded tissues were sectioned at 4 microns. H&E staining was performed using 

on a Leica ST5020 automated stainer. Paraffin was removed using xylene followed by 

graded ethyl alcohol dehydration. The sections were rehydrated with tap water and stained 

with Hematoxylin II for 2.0 minutes. After tap water wash, slides where clarified for 15 

seconds, tap water washed and blued for 2.0 minutes. Sections were washed in tap and after 

an ethyl alcohol rinse, stained with Eosin-Y for 1.5 minutes. The sections were then 
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dehydrated in graded ethyl alcohol, cleared with xylene, and cover-slipped (all staining 

components were purchased from Thermo Scientific).

FAH staining

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded human 

chimeric murine liver tissues using mouse anti-human (clone 2) FAH (Abcam). In brief, 

sections were deparaffinized in xylene (three changes), rehydrated through graded alcohols 

(three changes 100% ethanol, three changes 95% ethanol), and rinsed in distilled water. 

Antibody incubation and detection were carried out on a NEXes instrument (Ventana 

Medical Systems) using Ventana’s reagent buffer and iVIEW detection kit unless otherwise 

noted. Endogenous peroxidase activity was blocked with hydrogen peroxide. Heat-induced 

epitope retrieval was performed in a 1200-W microwave oven at 100% power in 10 mM 

sodium citrate buffer (pH 6.0) for 20 min. Sections were allowed to cool for 30 min and then 

rinsed in distilled water. Mouse antihuman FAH was diluted 1:800 in Dulbecco’s phosphate-

buffered saline (PBS) (Invitrogen, Life Technologies) and incubated overnight at room 

temperature. Primary antibody was detected with biotinylated goat anti-mouse followed by 

application of streptavidin-HRP conjugate. The complex was visualized with 3,3-

diaminobenzidine and enhanced with copper sulfate. Matched Ig isotype, at equivalent 

concentration and diluted in PBS, was used as a negative control. Upon completion of 

staining, all slides were washed in distilled water, counterstained with hematoxylin, 

dehydrated, and mounted with permanent medium. Stained slides were scanned at ×40 

magnification using the Leica Microsystems SCN 400F Whole Slide Scanner. Images were 

viewed and captured using SlidePath’s Digital Image Hub (Leica Microsystems).

Quantification of human hepatic chimerism by flowcytometry

To assess the engraftment levels of human hepatocytes in xenotransplanted animals, 

hepatocytes were isolated and fixed with 4% PFA in sterile 1X PBS for 20 minutes at RT. 

Cells were washed after the incubation period with wash Buffer (1X PBS, 1% FBS). 

Afterwards, the cells were permeabilized with permeabilization buffer (1X PBS, 0.1% 

Saponin, 1% FBS) for 20 minutes at RT. Cells were again washed after the incubation period 

with wash Buffer. Afterwards, hepatocytes were incubated with a PE-mouse anti-human 

CD81 (1:100 dilution) from BD pharmingen (Franklin Lakes, NJ) for 1 hour at 4°C. Cells 

were washed again to remove any unbound anti-human CD81 antibody. Stained cells had 

flow cytometry performed for detection of PE using an LSR II (BD, Franklin Lakes, NJ).

Quantification of the frequency of infected human hepatocytes

Images of ten randomly choses fields of views of HBcAg-stained liver sections were taken at 

a 10X magnification with an Evos FL cell system (Thermo Fischer Scientific, Waltham 

MA). The total number of cells in each image was counted along with the number of HbcAg 

positive cells. The total number of cells over the 10 images was 17,883 and the number of 

HbcAg positive cells was 338 resulting in 1.89% of the cells being infected with HBV. The 

hAlb level of ~1.5 mg/mL for the engrafted mouse means that ~5% of cells in the chimeric 

liver are human hepatocytes (Bissig et al., 2010). Based off these calculation approximately 

37.8% of human hepatocytes were infected with HBV.
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Results

Creation of FAHΔexon9 knockout on the NOD Rag1−/− IL2RγNULL background

A set of ZFNs designed to target murine FAH were purchased from Sigma Aldrich. The 

ZFN pairs were injected into multiple NRG oocytes. Mice were assayed for FAH deletion by 

PCR and sequencing with ultimately 17 distinct mutant lines identified. The descendants of 

mutant founder #1207 (JR018454) had the most promising mutation, a large deletion of 172 

bp, easily detectable by PCR (Figure 1A) that resulted in a predicted premature STOP codon 

in exon 9.

Assessment of endogenous murine hepatocyte injury upon NTBC withdrawal

The FAH gene is primarily expressed in both the murine liver and kidneys. FAH mutants 

will develop liver and kidney injury if the protective drug NTBC is not supplied. To assess 

the endogenous murine hepatocyte injury in NRG FAHΔexon9 [+/−] and [−/−] mice, NTBC 

was removed from their water for 9 days. Bleedings were performed at days 7 and 9 post-

NTBC withdrawal, and ALT and AST levels were assessed in addition to the weight of the 

mice. Elevated ALT and AST levels, indicators of liver injury, were observed in FAH−/− 

mice following NTBC withdrawal, suggesting the presence of liver injury and thus an 

environment amenable to the engraftment of PHHs (Figure 1B and C). Both AST and ALT 

levels for Fah+/− and WT mice remained stable over the experimental time course.

To further confirm that NTBC withdrawal resulted in endogenous murine hepatocyte and 

kidney cell injury, both kidney and liver tissue from Fah−/− and WT mice were fixed in 4% 

PFA and paraffin embedded. H&E staining was performed on liver sections to assess any 

pathological changes. Severe diffuse tubular degeneration, increased basophilia, decreased 

brush border/blebbing, sloughed cells in tubular lumens, severe diffuse tubular dilation, and 

multifocal tubular dilatation were observed in the kidneys of FAHΔexon9 NRG mice as 

compared to WT mice. Furthermore, several cysts were observed (Figure 2D–G).

In the livers of FAHΔexon9 NRG mice, moderate diffuse hepatocellular hypertrophy was 

observed, and the cytoplasm was more basophilic than the WT or HET mice. Enlarged cells 

(cytomegaly) and enlarged nuclei (karyomegaly) were also observed (Figure 2H and I). 

While variation in cell and nuclear size as well as multinucleated hepatocytes are expected 

in rodent livers, all of these were more prominent in the Fah−/− livers than in the Fah+/− or 

WT mice (data not shown), indicating endogenous liver injury had occurred due to NTBC 

withdrawal and the subsequent build-up of hepatotoxic metabolites.

FAHΔexon9 NOD Rag1−/− IL2RγNULL mice can be robustly engrafted with human 
hepatocytes

Both FAHΔexon9 and FAHΔexon5 NRG mice (de Jong et al., 2014) were injected with PHHs 

and engraftment levels monitored by quantifying serum human albumin (hAlb) levels via 

ELISA. Three months after surgery, mice had high and stable levels of hAlb in their serum 

(1×102–104 μg/mL in serum), indicating stable engraftment (Figure 2A). The engraftment 

levels of FAHΔexon9 NRG mice were overall about 10 fold lower than FAHΔexon5 mice 

(Figure 2B). When the albumin concentration reached peak levels (ca. 10 weeks following 
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engraftment), liver sections were stained for human FAH (hFAH) to corroborate 

engraftment. Patches of hFAH positive cells were observed only in engrafted mice (Figure 

2C right panel) and not in non-engrafted mice (Figure 2C left panel). To quantify more 

accurately the level of engraftment, single cell suspensions of hepatocytes isolated from a 

mouse with high serum hAlb (104 μg/mL) were stained with an anti-human CD81 antibody. 

Flow cytometric quantification demonstrated that approximately 21% of the hepatocytes 

were of human origin (Figure 2D). Taken together, these results demonstrate that FAHΔexon9 

NRG mice can be robustly engrafted with human hepatocytes.

Characterization of hepatitis B virus infection in human liver chimeric FAHΔexon9 NRG mice

A stringent assessment of the functionality of engrafted human hepatocytes is their 

susceptibility to human hepatotropic viruses. HBV infects and replicates robustly only in 

differentiated, mature human hepatocytes. Thus, we next tested whether human liver 

chimeric FAHΔexon9 NRG mice are susceptible to HBV infection. Humanized FAHΔexon9 

NRG mice were intravenously injected with tissue culture-derived HBV passaged through a 

human liver chimeric FAHΔexon5 NRG mouse. Serum levels of HBV DNA (Figure 3A) and 

HBsAg (Figure 3B) were assessed by qPCR and HbsAg ELISA, respectively, in the 

chimeric animals at the indicated time-points. The time until establishment of HBV infection 

varied from 2–9 weeks post-HBV challenge, with more highly engrafted animals becoming 

viremic earlier, which is consistent with previous reports (Allweiss et al., 2014; Bissig et al., 

2010; Dandri and Lutgehetmann, 2014). After 13 to 17 weeks following infection, mice 

were euthanized and their serum isolated and liver harvested. At the time of harvest, small 

sections from each lobe were preserved in RNAlater for analysis and quantification of total 

HBV DNA, HBV pre-genomic RNA (HBV pgRNA), and HBV covalently closed circular 

DNA (HBV cccDNA) by qPCR. Engrafted FAHΔexon9 NRG mice became highly viremic as 

indicated by significant levels of total HBV DNA (1E2-1E6 GE/mL, Figure 3E), detectable 

levels of HBV cccDNA (1E3-1E4 Figure 3F and Figure 3H), and pgRNA (1E7-1E8 GE/mL, 

Figure 3G) in their livers. The range of HBV DNA correlates with the hAlb levels of the 

human engrafted mice, where higher levels of HBV DNA in the liver is observed mice with 

higher hAlb levels and therefore higher engraftment (Figure 3D). Furthermore, liver sections 

from HBV-challenged mice had more HbcAg stained hepatocytes as compared to 

unchallenged control mice (Figure 3C). It was determined that ~38% of the engrafted human 

hepatocytes were infected with HBV (see M&M for details about quantification).

Characterization of drug treatment with a HBV reverse transcriptase (RT) inhibitor in 
human liver chimeric FAHΔexon9 NRG mice persistently infected with HBV

Finally, we aimed to test the utility of this chimeric mouse model to test antiviral therapies. 

While HBV is rarely cured, viremia can be suppressed with (combinations) of nucleot(s)ide 

inhibitors. To assess the effect of antiviral drugs on HBV infection in humanized FAHΔexon9 

NRG mice (n=4), mice persistently infected with HBV, as evidenced by high serum levels of 

HBV DNA for at least two time points (11 weeks post HBV challenge), were treated for 4 

weeks with entecavir (ETV; 100 ng/g body weight of the animal), a nucleoside analog used 

to suppress HBV in chronic HBV patients. The treatment dose in mice was calculated based 

on the daily dose given to patients. Consistent with a previous report (Allweiss et al., 2014), 

levels of HBV DNA dropped 4–5 logs in all four mice (Figure 4A) after 4 weeks of 
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treatment, but HbsAg levels remained unchanged (data not shown). Two mice of the cohort 

died unrelated to the drug administration while the remaining two mice had ETV treatment 

suspended. Two weeks post-cessation of treatment, viral rebound was observed, with HBV 

DNA levels rising (Figure 4A) and ultimately plateauing at pre-treatment levels around 6 

weeks thereafter. The levels of hAlb stayed stable during the course of ETV treatment and 

cessation of treatment (Figure 4B). Total HBV DNA was quantitated from liver tissue 

(Figure 4C) and was comparable to levels observed in the untreated cohort (Figure 3E). 

HBV cccDNA levels were unaffected by ETV treatment or ETV cessation (Figure 4D), and 

HBV cccDNA levels were comparable to untreated FAHΔexon9 NRG mice. HBV pgRNA 

was also detected in the liver of ETV-treated FAHΔexon9 NRG mice (Figure 4E), with HBV 

pgRNA levels being ~1.5 logs lower for ETV-treated mice as compared to untreated 

FAHΔexon9 NRG mice.

Discussion

Humanized mice, in particular mice harboring a partially human liver, have become a crucial 

tool to study human liver (patho-)biology. Human liver chimeric mice have proven useful for 

pharmacokinetic and toxicologic studies (Nishimura et al., 2013; Xu et al., 2015a; Xu et al., 

2014; Xu et al., 2015b), as highly engrafted animals exhibit human-like metabolic profiles 

(Tateno et al., 2004). Humanized mice have also proven to be an enabling technology to 

study human hepatotropic pathogens including human hepatitis viruses and the liver stages 

of parasites causing malaria in humans. Previous reports showed that human liver chimeric 

mice support persistent infections with HBV (Bissig et al., 2010; Dandri et al., 2001; 

Meuleman et al., 2005), HCV (Bissig et al., 2010; de Jong et al., 2014; Mercer et al., 2001; 

Meuleman et al., 2005), HDV (Lutgehetmann et al., 2012) and HEV (Allweiss et al., 2016; 

Sayed et al., 2016) and also faithfully recapitulate the hepatic stages of Plasmodium (P.) 
falciparum (Morosan et al., 2006; Sacci et al., 2006; VanBuskirk et al., 2009; Vaughan et al., 

2012), P. vivax (Mikolajczak et al., 2015) and P. ovale (Dembele et al., 2014). A variety of 

liver injury models, including Alb-uPA (Dandri et al., 2001; Mercer et al., 2001; Meuleman 

et al., 2005), MUP-uPA (Carpentier et al., 2014; Heo et al., 2006), Alb-HSV-tk (Hasegawa et 

al., 2011) and FAH−/− mice (Azuma et al., 2007; Bissig et al., 2007; He et al., 2010), are 

being used to facilitate human hepatic engraftment on immunodeficient mouse backgrounds. 

Engraftment levels vary due to a number of factors, including the specific liver injury, the 

severity of the immunodeficiency and the quality (donor age, underlying liver diseases, fresh 

or cryopreserved) of the human hepatocytes (Kawahara et al., 2010; Vanwolleghem et al., 

2010). FAH deficient mice are particularly attractive as they can be easily propagated, and 

the liver injury can be simply controlled by addition or removal of the liver protective drug 

NTBC.

The FAH gene has been independently inactivated several times. Chemical mutagenesis gave 

rise to mice harboring point mutations that led to frame shifts in exons 6 and 7 of the FAH 

gene (Aponte et al., 2001). The FAH gene has also been disrupted using traditional knock-

out (FAHΔexon5) (Grompe et al., 1993) and, more recently, using Crispr/Cas9-mediated 

approaches (Li et al., 2014), albeit the latter strain has not been extensively characterized. 

Here, we describe the disruption of FAH exon 9 on the NRG background using a nuclease 

directed by an allele-specific ZFN. FAHΔexon9 NRG mice have a large deletion of 172 bp in 
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exon 9 while FAHΔexon5 NRG mice (de Jong et al., 2014) have a 91 bp deletion in exon 5, 

each inactivating the FAH gene. The deletion in exon 9 of FAHΔexon9 NRG leads to the same 

histopathology in both the liver and kidney that is observed in FAHΔexon5 NRG mice, such 

as severe diffuse tubular degeneration, multifocal tubular dilatation, and cyst formation. 

While the histopathology is similar, FAHΔexon9 NRG mice had human hepatocyte 

engraftment levels approximately 10 fold lower on average than FAHΔexon5 NRG mice, as 

assessed by quantifying the concentration of serum hAlb. The lower engraftment levels of 

FAHΔexon9 NRG mice might be explained by the varying severity of liver injury inflicted 

after NTBC withdrawal due to the slightly different genetic backgrounds of the two models. 

A possibility is that FAHΔexon5 NRG mice have residual FAH activity. In both FAHΔexon5 

and FAHΔexon9 NRG mice, there is a strong sex bias in the survival of animals upon 

engraftment, with male mice more susceptible to the buildup of toxic metabolites due to 

tyrosine catabolism upon NTBC withdrawal (data not shown). As a result, all FAHΔexon9 

NRG mice used in this study were female mice, and liver injury had to be very finely 

controlled. In contrast to FAHΔexon5 NRG, FAHΔexon9 NRG mice were kept on a diet low in 

aromatic amino acids to prevent premature death; upon NTBC withdrawal, the mortality rate 

was high. The high mortality rate of FAHΔexon9 NRG mice on regular chow is likely due to 

aromatic amino acids being present, leading to the buildup of toxic metabolites in these 

mice. It is also noteworthy that in engraftment experiments, FAHΔexon9 NRG mice were kept 

on water supplemented with L-phenylalanine once NTBC was removed to help control 

induction of endogenous murine liver damage. Phenylalanine is converted to tyrosine by 

phenyalanine hydrolase, facilitating the build-up of toxic metabolites upon withdrawal of 

NTBC. The combination of a diet low in aromatic amino acids and water supplemented with 

phenylalanine suggests that fine tuning is required to reach optimum levels of aromatic 

amino acids in FAHΔexon9 NRG mice for facilitating endogenous liver damage in murine 

hepatocytes and the robust engraftment of human hepatocytes. Further optimization of the 

phenyl water/NTBC cycling, as well as the engraftment procedure, should further improve 

the human hepatocyte engraftment. This combination of phenyl water/NTBC cycling 

presumably provides greater control of induction of liver injury in this model versus the 

current FAHΔexon5 NRG mice.

We have shown here that FAHΔexon9 NRG mice, similar to immunodeficient FAHΔexon5 

mice, are susceptible to HBV infection once engrafted with human hepatocytes (Billerbeck 

et al., 2016; Bissig et al., 2010). All viral intermediates can be observed in these mice, 

including HbsAg in serum, HBcAg-positive human hepatocytes, HBV total DNA in serum 

and liver, HBV pgRNA and HBV cccDNA.

The standard of care treatment for HBV is pegylated interferon and/or nucleos(t)ide analogs. 

Nucleos(t)ide analogs suppress HBV viremia by targeting the viral polymerase. ETV and 

tenofovir (TDF) have the highest barrier to resistance (Lazarevic, 2014). As a result, we 

decided to treat with ETV a cohort of FAHΔexon9 NRG mice chronically infected with HBV. 

Upon treatment with ETV (100 ng/g weight mouse), HBV DNA levels significantly 

decreased in the serum by ~4–5 logs, which is approximately one log more than what has 

been observed in human hepatocyte-engrafted uPA-SCID mice (Allweiss et al., 2014). This 

approximately one log greater reduction of HBV DNA in serum could be due to the fact that 

FAHΔexon9 NRG mice had on average approximately one log lower engraftment levels, 
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making the ETV dosage per human hepatocyte greater than in the uPA-SCID mice (Allweiss 

et al., 2014). However, this would only be the case if ETV is metabolized at a faster rate by 

human hepatocytes as compared to murine hepatocytes. Upon withdrawal of ETV, HBV 

DNA levels in the serum of FAHΔexon9 NRG rebounded. This is the first time that viral 

rebound has been shown in a human liver chimeric mouse model upon cessation of ETV 

treatment. This is similar to what is observed in chronic HBV patients that have developed 

resistance to ETV treatment (Tenney et al., 2004). Resistance to ETV is rather rare, with 

rates at <1.2% unless a patient has been previously treated with lamivudine (LAM) and 

developed LAM escape mutations (Chang et al., 2010). These LAM-resistant strains of 

HBV become resistant to ETV 51% of the time, with the M204V strain comprising the 

majority of ETV-resistant viruses (Lee et al., 2013; Tenney et al., 2009). Upon viral 

breakthrough in these patients, HBV DNA levels rebound with a corresponding increase in 

ALT and AST levels and liver damage.

We have shown here that FAHΔexon9 NRG mice have a non-functional FAH gene which 

leads to endogenous damage of murine cells in both the liver and kidney, providing a growth 

advantage for engrafted human hepatocytes. Once engrafted, these mice are capable of being 

infected with HBV and upon treatment with ETV, show a reduction in HBV DNA levels in 

their serum. Cessation of ETV treatment leads to HBV DNA levels rebounding, which is in 

accordance with observations in chronic HBV patients who have been treated with 

nucleoside analogs and subsequently developed viral escape mutations or were non-

compliant in their treatment. These data in aggregate show the utility of this model for 

investigating HBV pathology.

Recently, a few studies have engrafted mice with both human hepatocytes and hematopoietic 

stem cells, creating mice with both a human/mouse chimeric liver and a partial human 

immune system. These mouse models have been utilized to investigate HBV or HCV 

pathogenesis and the host immune response to infection (Bility et al., 2014; Billerbeck et al., 

2016; Strick-Marchand et al., 2015; Washburn et al., 2011). The NOD Rag1−/− IL2RγNULL 

background is amenable to human hematopoietic stem cell engraftment (Brehm et al., 2010; 

Pearson et al., 2008). Thus, FAHΔexon9 NRG mice can be dually engrafted with both human 

hepatocytes and hematopoietic stem cells, allowing for the investigation of host immune 

responses in the context of HBV infection. In total, the FAHΔexon9 NRG mouse model 

generated here is a versatile xenorecipient model for the investigation of HBV pathogenesis.
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Highlights

• Targeted gene disruption on complex genetic backgrounds

• Robust engraftment of human hepatocytes in novel xenorecipient strain

• Persistent HBV viremia in human liver chimeric mice

• Viral suppression upon HBV treatment

• Potential utility for anti-HBV drug testing
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Figure 1. Creation of FAH knockout using ZFN’s NOD Rag1−/− IL2RγNULL background and 
characterization of resultant pathology upon NTBC withdrawal
A) Schematic of FAH gene and comparison of exon 9 nucleotide and amino acids sequence 

between WT and mutant founder #1207 (JR018454). B). Comparison of ALT levels upon 

withdrawal of NTBC between FAH−/− (solid black line), FAH+/− (thin dotted line), and WT 

(thick dotted line). C). Comparison of AST levels upon withdrawal of NTBC between WT 

FAH−/− (solid black line), FAH+/− (thin dotted line), and WT (thick dotted line). D). 100X 

magnification H&E staining FAH−/− kidney. E). 400X magnification H&E staining FAH−/− 

kidney. F). 100X magnification H&E staining WT kidney. G). 400X magnification H&E 

staining WT kidney. H). 400X magnification H&E staining of FAH−/− liver. I). 400X 

magnification H&E staining of WT liver.
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Figure 2. FAHΔexon9 NRG mice can be robustly engrafted with human hepatocytes
A) Engraftment kinetics of human liver chimeric FAHΔexon9 NRG mice generated with 

improved engraftment procedure. B) Comparison between peak hAlb levels in serum of 

FAHΔexon9 NRG and FAHΔexon5 NRG mice. C) Human FAH staining of a FAHΔexon9 NRG 

mouse engrafted with human hepatocytes. D). hCD81+ staining and quantification of 

percent engrafted by flow cytometry of isolated hepatocytes from a FAHΔexon9 NRG mouse 

with high engraftment levels as assessed by hAlb ELISA.

Winer et al. Page 20

Virology. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Characterization of HBV infection in FAHΔexon9 NRG mice
A). Quantification of HBV DNA in serum of HBV challenged mice by qPCR. B). HbsAg 

ELISA kinetics data. C). HbcAg immunohistochemistry staining of liver sections of a 

FAHΔexon9 NRG mouse chronically infected with HBV (right) and uninfected control (left). 

D). Correlative graph between HBV DNA copies (GE/mg tissue) and hAlb levels show a 

significant correlation, with higher levels of HBV DNA observed in mice with higher levels 

of hAlb, i.e. higher engraftment levels. E). Quantification of total HBV DNA in the liver of 

persistently infected FAHΔexon9 NRG mice by qPCR. F). Quantification of HBV cccDNA in 

the liver of persistently infected FAHΔexon9 NRG mice by qPCR. G). Quantification of HBV 

pgRNA in the liver of infected mice by RT-qPCR. H). PCR products generated from HBV 

cccDNA biased primers. Sample templates were of DNA isolated from the liver of infected 

mice treated with plasmid-safe DNase (lanes 2–4), negative control (lane 5). Lane 1 is 

molecular weight size marker (1 kb ladder).
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Figure 4. Kinetics of viral parameters of ETV treatment for HBV infected FAHΔexon9 NRG mice
A). Quantitation of HBV DNA in serum by qPCR. Black arrows indicate start and cessation 

of ETV treatment. B). hAlb ELISA data confirming mice are stably engrafted with human 

hepatocytes. Quantification of HBV viral DNA and RNA intermediates determined by qPCR 

and RT-qPCR respectively C). Total HBV DNA in liver. D). HBV cccDNA in liver. E). HBV 

pgRNA. The arrow indicates time point when mice were challenged with HBV.
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