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Chronic hepatitis B virus (HBV) infection is a major public
health problem. New treatment approaches are needed because
current treatments do not target covalently closed circular
DNA (cccDNA), the template for HBV replication, and rarely
clear the virus. We harnessed adeno-associated virus (AAV)
vectors and CRISPR-Staphylococcus aureus (Sa)Cas9 to edit
the HBV genome in liver-humanized FRG mice chronically
infected with HBV and receiving entecavir. Gene editing was
detected in livers of five of eight HBV-specific AAV-SaCas9-
treated mice, but not control mice, and mice with detectable
HBV gene editing showed higher levels of SaCas9 delivery to
HBV+ human hepatocytes than those without gene editing.
HBV-specific AAV-SaCas9 therapy significantly improved sur-
vival of human hepatocytes, showed a trend toward decreasing
total liver HBVDNA and cccDNA, and was well tolerated. This
work provides evidence for the feasibility and safety of in vivo
gene editing for chronic HBV infections, and it suggests that
with further optimization, this approach may offer a plausible
way to treat or even cure chronic HBV infections.

INTRODUCTION
An estimated 257 million people are living with chronic hepatitis B
virus (HBV) infection.1 More than 850,000 die annually from compli-
cations such as cirrhosis and hepatocellular carcinoma (HCC).1

Although antiviral drugs can reduce HBV viral loads to almost unde-
tectable levels after several months of therapy, they are only suppres-
sive, and the virus rebounds rapidly when treatment is withdrawn.
Cure of HBV will require elimination of covalently closed circular
DNA (cccDNA), the long-lived viral genomic intermediate that is
the template for HBV replication and persistence. For this reason,
gene-editing approaches that directly target cccDNA have been pro-
posed as potential curative therapies.2,3

Gene editing of viral DNA by the clustered regularly interspaced
palindromic repeat system (CRISPR-Cas9) or other endonucleases
is a promising therapy for several persistent viral infections.2–4
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Gene editing can lead to mutation of essential viral genes, or even
degradation and elimination of viral genomes. Gene editing of HBV
has been demonstrated in experimental models using CRISPR-
Cas9, zinc finger nucleases (ZFNs), and transcription activator-like
effector nucleases. Most of these studies have been performed in
cell culture systems, with few studies having been performed in vivo.
The in vivo studies reported to date have been of limited relevance to
actual human infection, consisting of transgenic mice containing in-
tegrated HBV genomes, or relying on plasmid or adeno-associated
virus (AAV) vectors to introduce HBV genomes into mouse hepato-
cytes, which are not permissive to HBV infection. These models do
not feature a complete HBV replication cycle that includes the ability
to infect and re-infect hepatocytes, and importantly they do not pro-
duce cccDNA.5–24 Rigorous testing of gene editing against chronic
HBV infection requires an animal model that recapitulates these
essential elements of HBV infection.

Recently, humanized liver mouse models have been developed that
faithfully reflect human HBV infection. These models use immuno-
deficient mice with a genetic background lethal for mouse hepato-
cytes; transplanted human hepatocytes are provided to reconstitute
the liver, which becomes chimeric.25 For HBV the most commonly
used liver-humanized models include Alb-uPA-severe combined im-
munodeficiency (SCID), TK-NOG, or fumarylacetoacetate hydrolase
(FAH)�/�/Rag2�/�/Il2rg�/� (FRG) mice,26–28 in which the chimeric
liver provides a site for active HBV replication and cccDNA produc-
tion, allowing for persistent viral infection.29–35 Although complex,
costly, and lacking a functional immune system, these liver-human-
ized mouse models are the gold standard for validation of antiviral
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therapies, and they have been used to investigate new classes of small-
molecule HBV inhibitors.31,36

In this study, we used the liver-humanized FRG mouse model to
study the safety and antiviral efficacy of a hepatotropic AAVLK03
vector delivering Staphylococcus aureus (Sa)Cas9 and two HBV-spe-
cific single guide RNAs (sgRNAs), with concurrent entecavir treat-
ment, in mice chronically infected with genotype C HBV for
>140 days. We show that AAV-SaCas9-mediated gene editing of
HBV is safe, results in mutagenesis of HBV in hepatocytes, and pro-
longs human hepatocyte survival. Our results support the continued
development of CRISPR-Cas9-mediated gene editing as a potentially
curative approach for chronic HBV infection.

RESULTS
Selection of HBV-specific sgRNAs and in vitro efficacy

We chose to use SaCas9, which is among the smallest and most active
Cas9 variants, to enable delivery of both Cas9 and sgRNAs against
HBV targets via a single AAV vector. We identified all
(N)20NNGRRT recognition sequences in the plus and minus strands
of a consensus HBV sequence generated from 2,233 genotype B/C
complete genome sequences found within an alignment of 3,847 pre-
viously described genotype A–H whole-genome sequences.7 From
these, we identified highly conserved sites within overlapping HBV
reading frames with the best combinations of on- and off-target spec-
ificity scores, and further validated their conservation using an alter-
native dataset of 2,179 genotype C complete genome sequences.37 We
then selected from these six genotype C-specific sgRNA target sites
for biological validation (Figure S1A; Table S1) that had no more
than a single mismatch with a consensus sequence generated from
an alignment of 7,108 complete genomes of all genotypes derived
from the distinct dataset (Figure S1B).37

We developed an in vitro assay to analyze sgRNA activity using plas-
mids as a surrogate for HBV cccDNA. We built two reporter con-
structs, each containing tandem copies of three HBV-specific sgRNA
target sites (C1-C3-C6 and C7-C14-C16) fused in-frame to the 50 end
of the green fluorescent protein (GFP) reporter gene, so that a single
continuous open reading frame (ORF) is expressed (Figure S1C). We
transfected each reporter into 293 cells along with a second plasmid
that expresses SaCas9 in combination with an HBV-specific or con-
trol GFP-specific sgRNA. Cells were purposely transfected at low ef-
ficiency (~20%) so that the reporter plasmid copy number per cell
would be low and knockdown of gene expression levels could be
readily detected. For quantification purposes cells were imaged by
fluorescence microscopy (Figure S1D), after which we gated GFP+

cells by flow cytometry into high-MFI cells (Hi), middle- plus high-
MFI cells (Mid), and all GFP+ cells (All) using the no sgRNA control
as shown (Figure S1E). Knockdown of GFP fluorescence by all HBV-
specific sgRNAs in 293 cells was quantified at 24 h post-transfection
in the Hi, Mid, and All groups (Figure S1F), and two previously vali-
dated and highly active SaCas9 sgRNAs targeting GFP (GFP6 and
GFP7)38 were used as internal controls, allowing comparison of activ-
ity across the two reporters. For both reporters, the number of GFP+
Molecular
cells was reduced in the presence of both control GFP-specific
sgRNAs, with GFP7 showing higher activity than GFP6. GFP knock-
down was detected in Hi, Mid, and All cells transfected with each re-
porter, and the relative difference in GFP knockdown between GFP6
and GFP7 was consistent across both reporters. All six HBV-specific
sgRNAs reduced the number of GFP+ cells, although activity varied
across the Hi, Mid, and All groups, and was more pronounced in
the Hi group. The most active HBV sgRNAs, with levels of GFP
knockdown comparable to the control GFP6 and GFP7 sgRNAs
(C7 and C14), were selected as lead candidates for in vivo analysis.
In parallel, human embryonic kidney 293 (HEK293) cells were trans-
fected in duplicate with the same reporter and SaCas9/sgRNA-ex-
pressing plasmids, and gene editing efficiency was quantified using
the T7 endonuclease I assay on PCR amplicons from genomic
DNA isolated 24 h post-transfection (Figure S1G). T7 endonuclease
I cleavage bands of the predicted size were seen for all GFP-specific
and HBV-specific sgRNAs, demonstrating that gene editing had
occurred at all target sites.

Optimization of AAV delivery to humanized FRG mouse livers

We chose to investigate AAV-SaCas9 therapy for chronic HBV in
liver-humanized FRG mice, in which we previously demonstrated
persistent infection with multiple HBV genotypes, including geno-
type C.31 Humanized FRG mice have chimeric livers that contain
both human and mouse hepatocytes (Figure 1A). To determine effi-
ciency of transgene delivery to human hepatocytes in the humanized
FRG mouse, we packaged self-complementary AAV (scAAV) vector
genomes expressing GFP from the strong constitutive small hybrid
cytomegalovirus (CMV)/chicken b-actin (smCBA) enhancer/pro-
moter into the human hepatocyte tropic AAVLK03 capsid.39 We
delivered this scAAVLK03-smCBA-GFP vector intravenously at
doses of 5 � 1010 and 2 � 1011 vector genomes/mouse and analyzed
hepatocyte transduction 14 days later. By immunohistochemistry
(IHC), GFP expression was detected in hepatocytes throughout the
liver, predominantly around blood vessels found in hepatic lobules
(Figure 1B). Direct in situ detection of GFP fluorescence in whole
livers immediately after necropsy revealed a more intense fluorescent
signal at the higher dose (Figure 1C). IHC staining of liver tissue for
GFP and human albumin expression demonstrated that the GFP
signal predominantly co-localized with human hepatocytes (Fig-
ure 1D). In contrast and for unclear reasons, identical delivery of
the lower dose of this vector to liver-humanized Alb-uPA/scid mice
yielded few GFP+ human hepatocytes (Figure 1E). Based on high
levels of human hepatocyte transduction, we pursued AAVLK03 de-
livery of anti-HBV SaCas9 therapeutics in the liver-humanized FRG
mouse model.

AAV-SaCas9 construct evaluation

The ~4.8-kb packaging limit of single-stranded AAV genomes limits
the genetic payload that can be used in the development of CRISPR-
Cas9 therapeutics; specifically, the smCBA promoter is too large for
use in combination with the SaCas9 gene plus sgRNAs within a single
vector. We therefore evaluated a short EF1a promoter for expression
of SaCas9 that we previously used to express anti-HBV ZFNs from
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Figure 1. Gene delivery to humanized chimeric mouse livers

(A) Livers from liver-humanized FRG mice were stained to show human (red, anti-

human albumin [hAlb]) and mouse (green, anti-mouse albumin [mAlb]) hepatocytes.

(B) GFP expression in humanized livers of FRG mice 14 days after retro-orbital

delivery of scAAVLK03-smCBA-GFP vector at a dose of 5� 1010 vector genomes/

mouse. Livers were stained using an anti-GFP antibody. (C) In situ GFP expression

in whole livers at necropsy detected using an AMG EVOS fluorescence microscope

14 days after retro-orbital administration of a low (5� 1010 vector genomes) or high

(2 � 1011 vector genomes) dose of scAAVLK03-smCBA-GFP. (D) Co-labeling with

anti-GFP (green) and anti-human albumin (red) antibodies in humanized livers from a

FRGmouse treated with 2� 1011 vector genomes of scAAVLK03-smCBA-GFP. (E)

Liver gene delivery in liver-humanized Alb-uPA/scid mice. Liver tissue was har-

vested from Alb-uPA/scid mice 14 days after intravenous retro-orbital delivery of

scAAV-LK03-smCBA-GFP vector at a dose of 5 � 1010 vector genomes/mouse.

Images show human albumin (red, hAlb) and GFP (green, anti-GFP).
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AAV vectors in HCC-derived HepAD38 cells.7 To enhance SaCas9
expression we fused the short EF1a promoter to a minute virus of
mice intron, which can increase promoter expression levels from
AAV vectors in vivo.40,41 This hybrid EFM promoter is only 325 bp
in length, which enables incorporation of two sgRNA expression cas-
settes in the same AAV-SaCas9 vector. We subsequently evaluated
EFM-SaCas9 AAV vector constructs that utilize two different poly-
merase III (pol III) promoters to express two sgRNAs in order to
minimize repeat sequences and potential recombination in the
AAV vector backbone. AAV-SaCas9vector constructs that contain
expression cassettes utilizing a combination of the hU6, hH1, or
tRNAGLN pol III promoters to drive dual sgRNA expression were
generated (Figure S2A). We inserted the GFP7 sgRNA sequence at
each site to ensure that each promoter could produce a functional
sgRNA. GFP knockdown was then analyzed in HEK293 cells and
HCC-derived Huh7 cells transfected with each GFP7-expressing
sgRNA AAV-SaCas9 vector plasmid plus a GFP-expressing reporter
plasmid. At 24 h post-transfection each AAV vector plasmid express-
ing the GFP7 sgRNA from either the hU6 or hH1 promoter was able
to knock down GFP expression in both HEK293 and Huh7 cells, indi-
cating that both SaCas9 and GFP7 sgRNAs were being expressed
(Figures S2B and S2C). When tRNAGLN was used to express the
GFP7 sgRNA we did not see efficient GFP knockdown, in contrast
to previous studies.42 These observations suggest that the EFM,
hU6, and hH1 promoters can function efficiently in human hepato-
cyte-derived cells, and we elected to use the AAV vector construct
AAV-EFM-SaCas9-SV40pA-hH1-sgRNA-hU6-sgRNA for further
studies since the SV40 poly(A) signal has previously enabled higher
AAV expression than a synthetic poly(A) (SPA) signal.43
AAV-SaCas9 evaluation in chronically HBV-infected FRG mice

In order to most closely model the clinical setting and enable viral
gene editing with a minimum of ongoing viral replication, we
analyzed AAV-SaCas9 antiviral activity in combination with RTi
(entecavir) therapy (Figure 2). We used 15 humanized FRG mice
chronically infected with a genotype C HBV clinical isolate.31 To
ensure that the clinical isolate was susceptible to SaCas9 cleavage,
HBV target sites C7 and C14 from the genotype C inoculum were
sequenced by next-generation sequencing (NGS), confirming that
2021



Figure 2. Experimental setup for AAV-SaCas9

treatment of HBV-infected humanized FRG mice

AAV vectors were generated with capsid LK03 and express

SaCas9 in combination with either two control GFP-spe-

cific sgRNAs (GFP early/late) or two HBV genotype

C-specific sgRNAs (HBV early/late). Chronically HBV-in-

fected FRG mice were given entecavir for 17 days to sup-

press viremia and then injected intravenously with either

anti-GFP or anti-HBV AAV SaCas9 vectors, and followed

for levels of viremia for 4 (early) or 9 (late) weeks, before

necropsy. Mice were infected with a genotype C HBV

inoculum 144 days prior to AAV administration and en-

tecavir administration was halted at 4 weeks after AAV

administration. vg, vector genomes; ITR, inverted terminal

repeat; EFM, EF1a short/minute virus of mice intron hybrid

promoter; pA, SV40 poly(A); sgRNA, single guide RNA;

hH1, human H1 promoter; hU6, human U6 promoter.
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both sites were highly conserved (>99%) at each nucleotide position
(Figure S3). sgRNAs for target sites C7 and C14 were incorporated
into the AAV-EFM-SaCas9-SV40pA-hH1-sgRNA-hU6-sgRNA
AAV vector backbone for AAVLK03 vector production (Figure 2).
In parallel, a control AAV vector backbone was generated containing
the GFP-specific target sequences GFP6 andGFP7. At the initiation of
the study all mice had baseline viremia, so they were treated with the
RTi entecavir for 17 days to reduce viral loads and the number of
intra-hepatic targets. Mice were then administered anti-HBV AAV-
SaCas9 vector or control anti-GFP AAV-SaCas9 vector intravenously
at a dose of 5� 1011 vector genomes/mouse. AAV vectors were deliv-
ered 144 days after initial HBV infection, and mice remained on en-
tecavir treatment for 27 days after AAV administration to enable
CRISPR-Cas9 viral gene editing during suppression of ongoing viral
replication. At this time point, a subset of anti-HBV AAV-SaCas9-
treated and anti-GFP AAV-SaCas9-treated mice were sacrificed,
while entecavir treatment was stopped for the remaining animals so
that rebound viremia could be followed until the experimental
endpoint at day 62 after AAV administration.

Detection of HBV gene editing in Cas9-treated mice

HBV target site sequences in serum and livers of control and treated
mice collected at necropsy were analyzed by generating PCR ampli-
cons spanning target sites C7 and C14 and sequencing them by
NGS. SaCas9 target site mean read depth was >1,000� (target site
C14) and >4,500� (target site C7). In livers of treated mice, we found
C7- or C14-specific target site mutations in five out of eight mice that
received anti-HBV AAV treatment, presumably as a result of muta-
genic DNA repair following SaCas9 target site cleavage (Figure 3A;
Figure S4). Two treated mice had detectable mutations present within
Molecular Therapy: Methods &
both target sites. Importantly, no mutations were
observed at the C7 or C14 sites in any of the con-
trol mice. The frequency of indels in anti-HBV
SaCas9-treated animals was low, representing
less than 1% of sequencing reads at either site.
We and others have previously detected endonu-
clease-resistant and replication-competent HIV proviruses with in-
dels in multiples of 3 following endonuclease treatment despite
altered amino acid sequences in essential genes,44–47 and notably de-
letions of 3 and 6 nt were detected in HBV target site C14. However,
site C14 contains codons within different reading frames for two
essential genes (core and polymerase), and it is unlikely that altered
amino acid sequences within both of these genes would produce virus
retaining replication competency. At the time of death, all animals
had viral loads of 104–108 IU/mL, so HBV-specific target site ampli-
cons amplified from serum were most likely to be derived from de
novo produced virus. Our analysis of both target sites in serum found
no evidence of gene editing at either location in any anti-HBV
SaCas9-treated animal (data not shown). This likely indicates that
HBV present in blood at the time of death was derived from unmod-
ified template cccDNA in HBV-infected hepatocytes and was thus
likely to be infectious.

Off-target gene editing

A potential concern for gene editing therapeutics is the potential for
cytotoxicity caused by off-target cleavage at similar target sites
throughout the host genome. Although AAV-SaCas9 therapy was
well tolerated by all mice, the potential long-term effects of off-target
gene editing caused by genetic indels may not be visibly manifested
within 62 days of AAV administration. We therefore analyzed a sub-
set of off-target sites closely related to C7 and C14 found in the human
and mouse genomes containing three to five sequence mismatches
and determined whether gene editing was occurring at these sites.
PCR amplicons spanning off-target sites were amplified and then sub-
jected to NGS. No evidence of gene editing above background levels
was seen in mice that received the C7 and C14 sgRNAs in
Clinical Development Vol. 20 March 2021 261
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Figure 3. HBV-specific and off-target gene editing

PCR amplicons spanning the C7 and C14 HBV target sites,

or 20 closely related off-target sites for C7 or C14 within the

human or mouse genomes (five of each) were amplified

from liver genomic DNA and subjected to deep sequencing

for analysis of mutations within the indicated 26-bp SaCas9

sgRNA target sequences. Mutations detected within each

target site were identified using a custom script, and the

mutation rate is based on mutations with multiple reads

(non-singletons). (A and B) Mutation rates for the C7 and

C14 target sites were determined for all mice (A), and the

relative mutation rate for each off-target site was compared

to the mutation rate of mice from the GFP-specific control

sgRNA treatment group (B). The chromosomal location and

starting nucleotide location for each off-target site are

indicated along with the number of mismatches versus C17

or C14. Error bars indicate SD.
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combination with SaCas9 when compared to control animals not
receiving the C7 and C14 sgRNAs (Figure 3B).

Improved human hepatocyte survival in Cas9-treated mice

Levels of human hepatocyte chimerism at the time of death were deter-
mined in each FRGmouse liver by quantifying levels of the human and
mouse RPP30 (hRPP30 and mRPP30) genes via Droplet Digital PCR
(ddPCR), and correcting for the presence of non-hepatocyte mouse
cells in regions of bothmouse and humanhepatocytes, using previously
determined values for the relative numbers of hepatocytes, Kupffer
cells, stellate cells, and sinusoidal endothelial cells found in SCID
mice or humanized uPA-SCID mouse livers (Figure 4A).48 The levels
of human hepatocytes at the time of death/necropsy ranged from 3%
to 44% of total hepatocytes across all animals (Figure 4B). At both early
and late time points, mice receiving anti-HBVAAV-SaCas9 had signif-
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icantly more human hepatocytes (7.1- and 1.7-
fold more, respectively) than did control animals
(anti-HBV early versus anti-GFP early, n = 2,
p = 0.0045; anti-HBV late versus anti-GFP late,
n = 5 versus n = 6, p < 0.0176). This observed dif-
ference in engraftment at the time of death was not
due to differences in the initial levels of engraft-
ment (Figure 4C), as human albumin levels prior
to challenge with HBV were not significantly
different between treatment and control groups
(anti-HBV early versus anti-GFP early, n = 2,
p = 0.0571; anti-HBV late versus anti-GFP late,
n = 5 versus n = 6, p = 0.842). For a subset of these
animals, we were able to evaluate human albumin
levels in serum at the last time point before nec-
ropsy (day 56 after AAV/day 200 after HBV chal-
lenge, anti-HBV late versus anti-GFP late, n = 3
per group). Human albumin levels in two of three
control anti-GFP mice were approximately one-
third of those seen in anti-HBV AAV-SaCas9-
treated mice at this time point (Figure 4D); this
correlated with levels of human cell engraftment in these same control
mice, which were significantly lower (p = 0.0431) than in anti-HBV
mice by ddPCR (Figure 4E). Taken together, these observations suggest
that HBV-specific AAV-SaCas9 therapy provides a selective survival
advantage to human hepatocytes during chronic HBV infection in
this model system.

Intrahepatic HBV DNA levels

Livers of all mice were flash-frozen rapidly after death, DNA was ex-
tracted, and levels of hRPP30, total HBV DNA, and HBV cccDNA in
liver tissues were analyzed by qPCR or ddPCR. HBV DNA was de-
tected in all mouse livers at necropsy, with >1 log more seen in livers
of mice necropsied after entecavir withdrawal (groups anti-HBV late
and anti-GFP late versus anti-HBV early and anti-GFP early) (Fig-
ure 5A), likely due to resumption of viral replication. Levels of
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Figure 4. Levels of human serum albumin and human hepatocyte chimerism

The percentage of human hepatocytes at the time of death was determined by quantifying levels of human and mouse RPP30 by qPCR on total DNA extracted from livers

using primer/probe sets against human andmouse RPP30. Values were corrected for the presence of non-hepatocytemouse cells as described inMaterials andMethods. (A

and B) Levels of human hepatocyte chimerism are shown for each treatment group (A) and for individual mice (B). (C and D) Levels of human serum albumin were quantified by

ELISA and are shown for all animals prior to initial HBV challenge (C) or for surviving animals at day 56 after AAV administration (200 days after HBV challenge) (D). (E) The

percentage of human hepatocytes at death for animals surviving 56 days or longer after AAV is also shown. Asterisks indicate mice with detectable HBV gene editing. Error

bars indicate SD; p values were generated using one-sided t tests. Values for the six mice that survived for 56 days or longer are color coordinated (colored dots).
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cccDNA were also increased in mice necropsied after entecavir with-
drawal, although only approximately 2- to 3-fold (Figure 5B), which
was likely due to replenishment of cccDNA following resumption of
viral replication and hepatocyte re-infection. When mice treated with
anti-HBV AAV-SaCas9 were compared to control anti-GFP AAV-
SaCas9-treated mice, a non-significant decrease in total HBV DNA
was seen both before and after the withdrawal of entecavir (group
anti-HBV early versus anti-GFP early, n = 2; anti-HBV late versus
anti-GFP late, n = 5 versus n = 6, Figure 5A). A more dramatic reduc-
tion was observed in cccDNA levels in anti-HBV AAV-SaCas9-
treated animals compared with control animals, both before and after
entecavir withdrawal (Figure 5B), but again this did not reach statis-
tical significance. Total HBV DNA levels per cccDNA increased in
anti-GFP AAV-SaCas9- and anti-HBV AAV-SaCas9-treated mice
by >1 log upon withdrawal of entecavir, consistent with resumption
of high-level HBV replication, and no significant difference was
seen between control and anti-HBV treatment groups either before
or after entecavir withdrawal (Figure 5C).
Longitudinal serum viral loads

Initially, mice had baseline serum viral loads of 108–109 IU/ml,
which dropped 2–2.5 logs during 17 days of entecavir treatment to
~106 IU/mL at the time of AAV delivery (Figures 6A and 6B),
consistent with previous levels of entecavir suppression over a similar
Molecular
duration of treatment in both humanized uPA-SCID and FRG
mice.31,36 After AAV administration, viral loads dropped an addi-
tional 0.5–1 logs in all experimental groups during 27 days of concur-
rent entecavir treatment. Upon entecavir withdrawal, viral loads in
mice receiving both control and HBV-specific AAV-SaCas9 vectors
rose steadily, approaching initial levels 4 weeks later at week 8 after
AAV delivery. No significant difference in the rate of viral rebound
was seen between the control (anti-GFP late) and treatment
(anti-HBV late) groups. These data indicate that in immune-deficient
mice under conditions where entecavir treatment is not fully suppres-
sive, incomplete targeting of HBV by AAV-SaCas9 therapy has no
effect on viremia once entecavir is withdrawn.
Tolerability of anti-HBV AAV-Cas9 therapy

Body weight was monitored for all mice throughout the experiment,
with no apparent changes caused by treatment with either entecavir
or AAV (Figure S5A). Weight loss was seen in some mice before
they were either found dead or were sacrificed due to poor health,
but this did not differ between treatment and control groups. Early
deaths occurred in both groups and were likely due to the age of these
mice, which had also received hepatotoxic injury due to nitisinone
withdrawal and adenovirus-uPA administration prior to human he-
patocyte transplantation and HBV infection (Figures S5B and S5C).
At necropsy, 13 of 15 mice had enlarged livers, and most had liver
Therapy: Methods & Clinical Development Vol. 20 March 2021 263

http://www.moleculartherapy.org


A

B

C

Figure 5. Liver-associated viral DNA levels at the time of death

(A–C) Levels of total HBVDNA (A), cccDNA (B), and total HBV DNA per cccDNAmolecule (C) found in human hepatocytes of each liver were assayed by ddPCR using primers

that detect total HBV DNA, cccDNA, and hRPP30. Grouped (left panel) and individual mouse (right panel) values are shown. Mouse livers were snap-frozen at necropsy, or as

soon as possible following death. Total HBV DNA levels were analyzed using total DNA extracted from livers by a QIAGEN DNeasy blood and tissue kit. cccDNA levels were

analyzed using DNA that was extracted from livers using a modified Hirt procedure, and then digested with T5 exonuclease. Error bars indicate SD; p values were generated

using one-sided t tests.
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nodules and/or hepatocellular adenomas/carcinomas, or less
frequently regions of nodular hepatocellular hyperplasia (Figures
S5C and S6). Such observations are common in fah�/� mice older
than 7 months of age,49 and our mice were 9–13 months old at the
time of death. No significant difference was seen between the day of
analysis for treated and untreated groups for either the early or late
time points, despite spontaneous deaths or the need for early
necropsy of sick animals in all groups (Figure S5B). Tumors were
negative for both human cytokeratin 18 (hCK18) and FAH, confirm-
ing that they originated frommouse and not human hepatocytes (Fig-
ures S7A and S7B), and they contained numerous Ki67+ foci indica-
tive of active proliferation (Figure S7A). Importantly, autopsy reports
for all mice suggested no findings of death that were associated with
the administration of AAV or entecavir.
264 Molecular Therapy: Methods & Clinical Development Vol. 20 March
Liver characterization

To investigate the roles HBV infection, SaCas9 expression, cell pro-
liferation, and cell death may have played in the prolonged hepato-
cyte survival seen in the anti-HBV AAV-SaCas9 treatment groups,
serial liver sections were stained with an antibody specific for
hCK18, in combination with antibodies against hepatitis B surface
antigen (HBsAg), cleaved caspase-3, or Ki67. In parallel, RNAscope
was performed on serial liver sections to detect HBV and SaCas9
RNA. Livers from all anti-GFP and anti-HBV AAV-SaCas9-treated
mice showed widespread expression of HBsAg throughout human-
ized livers that co-localized with hCK18+ cells (Figure 7). No HBsAg
staining was seen in murine tumors, where only sporadic hCK18+

cells could be found (data not shown). Cleaved caspase-3+ cells
were seen at low frequency in regions of both mouse and human
2021
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Figure 6. Longitudinal viral loads

Chronically HBV-infected FRG mice were given entecavir to suppress viremia, then injected intravenously with either anti-GFP or anti-HBV AAV-SaCas9 vectors as shown

and followed for levels of viremia for 4 (anti-GFP early, anti-HBV early) or 9 (anti-GFP late, anti-HBV late) weeks. Mice were infected with a genotype CHBV inoculum 144 days

prior to AAV administration, and entecavir administration was halted at 4 weeks after AAV administration to monitor levels of viremia rebound in control or treatedmice. (A and

B) All mice were monitored weekly during entecavir (days �17 to 28) and AAV (days 0–62) treatment, and viral loads for grouped (A) and individual (B) mice are shown. Error

bars indicate SD.
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hepatocytes, with no obvious difference in levels seen between anti-
GFP and anti-HBVAAV-SaCas9-treated mice (Figure 7). In areas of
non-tumor liver parenchyma, Ki67+ cells were also seen at low fre-
quency in regions of mouse and human hepatocytes, with no
obvious difference in numbers between anti-GFP and anti-HBV
AAV-SaCas9-treated mice (Figure 7). In contrast to parenchymal
tissue, tumors of mouse origin showed multiple dense DAPI+ nuclei
that were also Ki67+, indicative of ongoing tumor proliferation (Fig-
ure S7A). By RNAscope, HBV RNA was abundant in the livers of
HBV+ humanized FRGmice, and it was found in regions containing
hCK18 and HBsAg+ cells in serial sections by IHC (Figure 7). Sa-
Cas9 RNA was much less abundant than HBV RNA and was found
in cells that were both positive and negative for HBV RNA. These
cells were found within regions of livers also containing hCK18
and HBsAg+ cells in serial sections by IHC (Figure 7). Overall, no
apparent differences in HBV replication, cell proliferation, or cell
death were seen between anti-GFP and anti-HBV AAV-SaCas9-
treated mice.

Quantification of HBV and SaCas9 RNA

To determine how gene delivery impacted the levels of HBV gene ed-
iting seen in our mice, we quantified the levels of HBV and SaCas9
RNA by RNAscope in non-tumor tissue using sections taken from
livers of three anti-GFP control and three anti-HBV AAV-SaCas9-
treated mice. We used a previously described machine-learning
RRScell algorithm that converts scanned fluorescent RNAscope im-
ages into a single-cell resolution profiling map of mRNA expression
to identify whether HBV+ or SaCas9+ RNA foci were present in
cells.50,51 For each animal, DAPI+ cells were assigned as HBV+/
SaCas9+, HBV+/SaCas9�, HBV�/SaCas9+, or HBV�/SaCas9� and
were quantified in non-tumor tissue (Figures 8A–8C; Figure S8).
Across the six quantified mice, between 18% and 52% of all DAPI+

cells in non-tumor tissue were positive for HBV RNA (Figure 8D),
Molecular
and SaCas9 RNA was also present in 1.5%–13.6% of the HBV+ cells
(Figure 8E). While the majority of SaCas9 RNA was detected in cells
that also contained HBV RNA (58%–76%, Figure 8F), a significant
proportion of SaCas9+ cells was HBV RNA�. Interestingly, mice
HBV-L1 and HBV-L3, which had the highest detectable levels of
HBV gene editing, had 8.6-fold and 5.6-fold higher levels of SaCas9+/
HBV+ cells than mouse HBV-L5, respectively, despite having roughly
equivalent levels of HBV infection per cell (19%–26%) and levels of
SaCas9 RNA within HBV+ rather than HBV� cells (58%–62%).
This indicates that higher levels of SaCas9 gene transfer into HBV+

cells may be the reason for the higher observed gene editing in these
two mice.

Virus evolution

Mice were followed for up to 62 days after AAV administration, but
they were infected with HBV for 144 days prior to being treated
with our AAV-SaCas9 therapy, during which time they were
exposed to RTi and/or RNase H small-molecule inhibitors as part
of a previous study.31 To determine whether the clinical isolate
used in our study evolved in any of our mice during the 155–
206 days of chronic HBV infection, we obtained a 10� coverage
consensus HBV sequence from the livers of mice using a probe cap-
ture method to isolate HBV-specific DNA from total liver DNA for
NGS sequencing. Full consensus sequences were obtained from 12
of 15 study animals (GFP-E2, HBV-E1, HBV-E2, GFP-L1, GFP-L2,
GFP-L3, GFP-L4, GFP-L5, HBV-L1, HBV-L2, HBV-L3, and HBV-
L4) plus a control animal that was not part of our study but was in-
fected with the same genotype C HBV clinical isolate at the same
time (infected for > 100 days), and were compared to the consensus
sequence obtained from the initial inoculum. Eleven of the 13
consensus sequences obtained from mouse livers at the time of
death were 100% identical to the challenge inoculum. The
consensus from two mice (GFP-L3 and HBV-L4) contained the
Therapy: Methods & Clinical Development Vol. 20 March 2021 265
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Figure 7. Characterization of HBV-infected and AAV-SaCas9-treated humanized FRG mouse livers

Serial liver sections from humanized liver FRG mice were stained with hematoxylin and eosin (H&E), subjected to RNAscope for the presence of HBV and SaCas9 RNA, or

co-labeled by immunohistochemistry for human cytokeratin 18 (hCK18) in combination with HBV surface antigen (HBsAg), activated caspase-3, or Ki67. Representative

serial sections are shown for animal GFP-L3, which received control GFP6 and GFP7 sgRNAs. Scale bars, 1 mm.
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single-nucleotide polymorphism (SNP) G782T. Both the G782 and
T782 variants were found in the challenge inoculum by deep
sequencing (G, 58%; T 41.8%), and the T variant is more prevalent
in 7108 complete HBV sequences found in the HBVdb 2019
genome database.37 The consensus sequence from mouse GFP-L3
also contained the SNPs A287G, A1764T, and G1766A, and for
each of these SNPs both variant alleles were detected in the chal-
lenge inoculum by Sanger sequencing (data not shown), indicating
they were present in at least 15%–20% of the inoculum at the time of
HBV challenge. Each variant allele detected at positions 287, 1764,
and 1766 is also highly prevalent in the HBVdb genome database.
Importantly, none of the four consensus SNPs detected in either
of these two mice is found in regions of the genome that would
likely be under selective pressure due to treatment with RTi
266 Molecular Therapy: Methods & Clinical Development Vol. 20 March
inhibitors, RNase H inhibitors, or our HBV-specific AAV-SaCas9
therapy.

DISCUSSION
In this work, we used a highly physiological liver-humanized
mouse model to evaluate CRISPR-Cas9 as a therapeutic in the
setting of chronic HBV infection. CRISPR-Cas9 was well tolerated,
and we were able to demonstrate gene editing in five of eight
treated animals. Treated animals demonstrated a highly significant
improvement in human hepatocyte survival compared with con-
trol animals. Treated animals also trended toward reduced hepatic
cccDNA levels at both early and late time points, although neither
reached statistical significance. Taken together, these results
constitute the most rigorous testing to date of anti-HBV gene
2021
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editing in vivo, and they strongly support the continued develop-
ment of this approach.

The liver-humanized FRGmouse represents one of themost physiolog-
ically relevantmodels for humanHBV infection, in which the dynamics
ofHBV replication and responses to classical RTi therapy closelymimic
those seen in infected patients. Although there have been numerous re-
ports of gene-editing approaches to targetHBVusing Streptococcus pyo-
genes (Sp)Cas9 or other gene-editing enzymes,5–24 our study utilizing
SaCas9 is the first to show successful gene editing of HBV in a liver-hu-
manized mouse model. Our work in the liver-humanized FRG mouse
builds on several previous studies that also utilized AAV vectors to
deliver SaCas9 as an anti-HBV therapeutic.11,14,52 In one study, Scott
et al.11 showed that AAV2-SaCas9 vectors could efficiently inhibit
HBV replication in vitro, and they could target cccDNA in HBV-in-
fectedHepG2-NTCP cells. In another study, Liu et al.14 saw efficient in-
hibitionofHBVantigenproduction in vitro, andalso in ahydrodynamic
injectionHBVmousemodel in vivo inwhich SaCas9 andHBVplasmids
were co-injected. In contrast, however, this group saw only limited anti-
HBV efficacy from an AAV8-SaCas9 vector in AAV-HBV-transduced
C3H mice. In a third study, Li et al.52 showed in HBV-transgenic mice
that an AAV8-SaCas9 vector can efficiently lower HBV DNA, HBsAg,
and hepatitis B e antigen (HBeAg) levels in blood or livers. As noted
above, none of these models is fully permissive for HBV hepatocyte
infection, and thus they do not fullymimic a natural persistent infection
in which cccDNA is present and reinfection of SaCas9-treated cells
might occur. Thus, the barriers for success in thesemodelsmay be lower
than they would be in a natural HBV infection. Our results extend these
previous studies of AAV-SaCas9 therapeutics into a realistic model sys-
tem in which cccDNA is present, concurrent antiviral RTi therapy can
be used, and hepatocyte infection/reinfection can occur. As such, our
work reveals several additional issues that must be resolved before
gene editing can become a viable curative approach for HBV infection.

To achieve meaningful therapeutic benefit, the efficiency of HBV gene
editing must be maximized, and it is clear that gene-editing efficacy is
dependent on both efficient gene delivery of Cas9 to target cell popula-
tions, as shownby ourRNAscope data, and the expression levels ofCas9
within a target cell.53,54 In previous work using a herpes simplex virus
(HSV)-specific meganuclease, gene editing was more efficient when
the meganuclease was expressed at higher levels from the strong ubiq-
uitous smCBA promoter or from more transcriptionally active scAAV
vectors.55,56 The EFM promoter used in the present study may be sub-
optimal for high-level expression in human hepatocytes in vivo, despite
its demonstrated activity in HCC-derived Huh7 and HepG2.2.15 cells
Figure 8. Quantification of HBV and SaCas9 RNA levels

(A) Liver sections from three AAV-SaCas9 control and three AAV-SaCas9-treated huma

specific probes. Cells in each image were assigned based on DAPI staining, and those c

using a RRScell image analysis algorithm, which was used to assign individual cell type

(green circles), HBV�/SaCas9+ cells (blue circles), and HBV-/SaCas9- cells (purple c

appropriate, semi-automated image masking by RRScell was used to analyze non-tumo

DAPI+ cell (D), SaCas9+ cells per HBV+ cell (E), and HBV+ cells per SaCas9+ cell (F) is

margins (dotted lines) are indicated where present.
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in vitro (Figure S2C).7 Previous studies showed that the EF1a promoter
(fromwhich our EFMpromoter is derived) produced~1 log less human
factor IX than did the CMVenhancer/chickenb-actin promoter (which
is highly similar to the smCBApromoter)when delivered tomouse liver
by an AAV vector.57 Unfortunately, the smCBA and related promoters
are too large to drive SaCas9 expression from an AAV vector, so alter-
native short promoters that are highly active in human hepatocytes
in vivo will need to be identified.

Although high-level Cas9 expression in target cells appears to be a
prerequisite for successful CRISPR-mediated gene editing in vivo,
recent data suggest that pre-existing immunity to Cas9 may be a ma-
jor impediment in a clinical setting. Several groups recently showed
that within the human population there is a high prevalence of anti-
bodies and T cells with specificity for SaCas9 and SpCas9, and it has
been suggested that these Cas9-specific immune responses may pro-
mote elimination of Cas9-transduced target cells in vivo.58–61 This is
supported by data that show pre-immunization with recombinant
SaCas9 or AAV-SaCas9 reduces the levels of gene editing and
AAV-SaCas9-transduced hepatocytes in mouse livers following sub-
sequent delivery of an AAV-SaCas9 vector,62,63 and that this occurs
concurrently with a rise in CD8+ T cells within livers. Future studies
will need to take into account how pre-existing immunity may
impede the efficiency of CRISPR-mediated gene editing.

Gene-editing efficiency may also be affected by the accessibility of viral
target sequences, particularly within epigenetically modified targets
such as cccDNA.64,65 A detailedmap of histone posttranslationalmodi-
fication provided by a recent chromatin immunoprecipitation
sequencing (ChIP-seq) analysis of cccDNA from HBV+ liver tissue66

may prove useful in identifying the regions of HBV most amenable
to gene editing. The C7 and C14 target sites used in our study are
located within regions of active chromatin based on this dataset, so it
is not clear that alternative targets would allow higher rates of gene ed-
iting. An attractive concept is the use of chromatin-modifying agents,
which may increase target site accessibility by further opening up areas
of heterochromatin within cccDNA. Previous studies have shown that
histone deacetylase inhibitors such as trichostatin A and sodium buty-
rate can increase transcription from cccDNA,67 and we have previously
shown that HSV genomes with highly organized epigenetic modifica-
tions can be edited more efficiently in the presence of histone deacety-
lase inhibitors including, trichostatin A and sodium butyrate.56

Our results also revealed an interesting dichotomy, in which there was a
dramatic improvement in human hepatocyte survival after more than
nized liver FRG mice were subjected to RNAscope using custom HBV and SaCas9-

ontaining foci indicative of HBV and/or SaCas9 probe hybridization were quantified

s. (B) Examples of assigned HBV+/SaCas9+ cells (red circles), HBV+/SaCas9� cells

ircles) present within the boxed region of mouse HBV-L1 shown in (A). (C) where

r regions only (yellow areas). (D–F) Quantification of the percentage of HBV+ cells per

shown for individual humanized mouse livers. Tumors (T) and approximate tumor
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200 days of persistent viremia following infection with a genotype (ge-
notype C) that is known to cause more severe disease in humans,68–72

despite only modest indel formation in HBV DNA as measured by
PCR amplification of SaCas9 target sites followed by NGS. At the
same time, we observed a trend toward reduced HBV cccDNA load
in hepatocytes of SaCas9-treated animals (although this did not reach
statistical significance given our sample size). Since our AAV-SaCas9
vector expresses two sgRNAs targeting different parts of the HBV cod-
ing sequence, one explanation is that individual HBV genomes
frequently undergo two independent cleavage events, which splits the
molecule into two parts. Repair would therefore require rejoining of
two independent DNA fragments, likely to represent an inefficient pro-
cess, favoring degradation of the cleaved genomes. A similar phenom-
enon has been described by Khalili and colleagues,73–75 who have
demonstrated that excision of latent HIV after gene editing in both
the flanking long terminal repeats (LTRs) is inherently more efficient
than mutagenesis occurring after a single cleavage event within the
HIV genome. In our own work with latent HSV infection in mice,
we have observed that simultaneous targeting of two sites in the viral
genome leads to elimination of >90% of latent HSV, while indel fre-
quencies in the virus remaining after therapy are typically only 5%–
10%.76 In a surrogate in vitro assay in which an episomal template
was cleaved by one to three independent sgRNAs, we did not see evi-
dence of template degradation in either HepG2 or Huh7 cells (Fig-
ure S9), but these HepG2 and Huh7 models do not contain cccDNA,
and 72 hmay not be a sufficient period of time for degradation to occur,
so the significance of this finding is unclear. It therefore remains un-
clear whether degradation of Cas9-linearized cccDNA is responsible
for the reduction in cccDNA levels. Future studies should continue
to evaluate this issue, which may also have relevance for genomic
and other targets beyond persistent viruses.

The observation that anti-HBV AAV-SaCas9 treatment can promote
survival of human hepatocytes was surprising, and our study does not
provide a clear reason for this observation, since the levels of viremia
and expression of cell death or proliferative markers did not appear to
differ between groups. Of relevance to this, our ddPCR method for
determining the levels of chimerism takes into account the expected
levels of mouse and human cells within a humanized mouse liver
but is based on assumptions made using data from “normal” liver tis-
sue in humanized uPA-SCID mice. Unlike uPA-SCID mice, FRG
mice are highly prone to develop tumors, and it is possible that the
mass percentage of livers containing mouse cell-derived tumors could
have been higher in anti-GFP AAV-SaCas9-treated mice, which
would artificially deflate the levels of human cell chimerism found
in non-tumor regions of chimeric livers. Since tumors in FRG mice
are found throughout all lobes of the liver, it is challenging to deter-
mine what proportion of each liver may be made up of mouse cell-
derived tumors. Further studies are needed to identify the mechanism
causing the observed increase in human cell chimerism anti-HBV
AAV-SaCas9-treated mice.

The unique biology of chronic HBV infection may also pose specific
challenges for gene editing. Unlike cellular genomic targets, which
Molecular
are present at one to two copies per cell, in anHBV-infected hepatocyte
multiple HBVDNA forms are present, including relaxed circular DNA
(rcDNA) and cccDNA. In chronically infected humans, HBV-infected
cells have been reported to contain one to five cccDNA copies per
cell,77–79 but the total HBV DNA levels can range from 4 to 2,000
copies/cell.78,80–82 Furthermore, unlike in truly latent viral infections
such as HSV, HBV cccDNA is slowly but continually replenished by
ongoing viral replication. In our mice, the average cccDNA levels per
human hepatocyte were lower (<0.1 copies/cell). The levels of total
HBV DNA were two to four copies/cell in mice necropsied before en-
tecavir withdrawal, and >60 copies/cell inmice necropsied after enteca-
vir withdrawal. Importantly, despite entecavir therapy, viral loads in
our mice remained higher during AAV-SaCas9 therapy (>105 IU/
mL) than would typically be observed in human patients receiving en-
tecavir. Thus, cells in which HBV gene editing may have occurred
could retain some intact HBV, or even potentially be re-infected with
HBV, thus blunting any therapeutic effect. We also note the possibility
that RTi therapy might directly inhibit AAV-SaCas9 therapy. In previ-
ous work using humanized NRGmice, expression of HIV-neutralizing
antibodies from AAV vectors was significantly inhibited in mice
receiving an antiviral drug combination that included the RTi drugs te-
nofovir and emtricitabine.83 The authors suggested these nucleoside/
nucleotide analogs might inhibit AAV transduction by interfering
with the necessary second strand synthesis through which AAV vectors
convert their single-stranded DNA genomes to double-stranded
DNA.84,85 More complete suppression of HBV replication in future
studies, especially using newer non-nucleoside/nucleotide compounds,
may thus enable more efficacious HBV gene editing.

To summarize, our results represent the first demonstration of suc-
cessful gene editing of persistent HBV infection in a liver-humanized
mouse model. Despite modest levels of HBV mutagenesis at the
sequence level, we observed a strong positive effect on human hepa-
tocyte survival in treated animals, and a trend toward reduced hepatic
cccDNA load. Our work reinforces the need for improved small an-
imal models for HBV, which compared to the highly complex model
used in the present study would allow increased experimental group
sizes and improved statistical power. Model systems containing an
intact immune system would also be beneficial, by allowing investiga-
tion of whether the immune response might successfully contain
HBV after reduction of the reservoir by gene editing. Despite these
challenges, our work warrants cautious optimism about the promise
of gene editing as a potential cure for chronic HBV infection.

MATERIALS AND METHODS
Plasmids

Plasmids pscAAV-MND-GFP and pscAAV-smCBA-GFP have been
described in detail before.44,56 Reporters containing HBV targets sites
C1-C3-C6 and C7-C14-C16 were generated by placing three target
sites in-frame with each other and then inserting them between the
ATG start codon and the 50 end of the GFP ORF within the plasmid
pscAAV-MND-EGFP so that one continuous N-terminal GFP fusion
ORF would be transcribed from the MND promoter (a fusion of the
murine leukemia virus and myeloproliferative sarcoma virus LTRs).
Therapy: Methods & Clinical Development Vol. 20 March 2021 269

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
For each reporter, a gBlock (Integrated DNA Technologies, Coral-
ville, IA, USA) was inserted between the HindIII and NcoI sites of
pscAAV-MND-EGFP by Gibson Assembly86 (comprehensive clon-
ing details are available upon request). The AAV vector plasmid
pAAV-short CMV (sCMV)-SaCas9-SV40pA-hU6-sgRNA, which
expresses SaCas9 and a single sgRNA, was generated by four-piece
Gibson Assembly using the px601 XbaI/NotI linearized vector back-
bone, a PCR product containing the 371-bp sCMV promoter, a PCR
product containing nuclear localization signal (NLS)-SaCas9-NLS-
hemagglutinin (HA), and a gBlock containing the SV40 poly(A), a
hU6-sgRNA expression cassette, and AarI sites for cloning sgRNA
target sequences (comprehensive cloning details are available upon
request). The NLS-SaCas9-NLS-HA gene was amplified from
plasmid px601 (Addgene plasmid 61591), a gift from Feng Zhang.87

AAV vector plasmids were also made that express SaCas9 plus
two sgRNAs using hU6, hH1, or tRNAGLN pol III promoters. Plasmid
pAAV-EFM-SaCas9-SV40pA-hU6-sgRNA-hH1-sgRNA was gener-
ated by a four-piece Gibson Assembly using the pAAV-sCMV-Sa-
Cas9-SV40pA-hU6-sgRNA AscI/SpeI linearized vector backbone, a
gBlock containing the 325-bp EFM promoter, a XhoI/NheI NLS-Sa-
Cas9-NLS-HA fragment from pAAV-sCMV-SaCas9-SV40pA-hU6-
sgRNA, and a gBlock containing the SV40 poly(A), a hH1-sgRNA
expression cassette, and BbsI sites for cloning sgRNA target sequences
(comprehensive cloning details are available upon request). The EFM
promoter contains a short EF1a promoter sequence7 fused to a min-
ute virus of mice intron. We used gBlocks that contain the SV40
poly(A), a tRNAGLN-sgRNA expression cassette, and BbsI sites
for cloning sgRNA target sequences, or an SPA, a hH1-sgRNA
expression cassette, and BbsI sites for cloning sgRNA target
sequences, to generate plasmids pAAV-EFM-SaCas9-SV40pA-
hU6-sgRNA-tRNAGLN-sgRNA and pAAV-EFM-SaCas9-SPA-hU6-
sgRNA-hH1-sgRNA, respectively. Sequences for all GFP- or
HBV-specific sgRNA sequences are indicated in Table S1.

Cell culture

HEK293 cells88 were grown in DMEM (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal calf serum, and
HCC-derived Huh7 cells89 were grown in DMEM supplemented
with 10% fetal calf serum (HyClone, Logan, UT, USA), 10 mmol/L
L-glutamine (Thermo Fisher Scientific), and 1� non-essential amino
acids (Thermo Fisher Scientific).

HBV sequence analysis and sgRNA design

Geneious Pro90 was used to generate consensus sequences and logo
plots using 3,847 previously described whole-genome GenBank se-
quences,7 or whole-genome sequences found within anHBV database
(i.e., HBVdb).37 All sgRNA design was performed using the algo-
rithms of Doench et al.91 and Hsu et al.92 for on- and off-target spec-
ificity, respectively, with the sgRNA design tool available at https://
benchling.com.

In vitro sgRNA activity assays

To test HBV-specific sgRNA activity, HEK293 cells were plated in
12-well plates at 4 � 105 cells/well and the following day transfected
270 Molecular Therapy: Methods & Clinical Development Vol. 20 March
using polyethylenimine 25K (PEI) (Polysciences, Warrington, PA,
USA) with 200 ng of C1-C3-C6 or C7-C14-C16 reporter plasmids,
and 1 mg of each corresponding plasmid that expresses SaCas9 in
combination with either control GFP-specific or HBV-specific
sgRNAs. Gene knockdown was monitored by flow cytometry at
24 h post-transfection. For analysis of dual sgRNA AAV-SaCas9
expression constructs, 12-well plates were seeded with HEK293 or
Huh7 cells at 4 � 105 cells/well or 2 � 105 cells/well, respectively.
The following day, cells were transfected with 0.5 mg of pscAAV
AAV-MND-GFP reporter plasmid and 0.5 mg of each expression vec-
tor using PEI (HEK293 cells) or Lipofectamine 3000 (Huh7 cells). Im-
ages demonstrating gene knockdown were taken at 24 h post-trans-
fection. PCR amplicons spanning target sites were amplified from
genomic DNA isolated after 48 h post-transfection and 200 ng of
each product was digested with T7 endonuclease I (NEB) and visual-
ized on a 2% agarose gel.

AAV vectors

AAV vectors were generated by transiently transfecting HEK293 cells
using PEI according to the method of Choi et al.93 Briefly, HEK293
cells were transfected with AAV vector plasmids pscAAV-smCBA-
GFP, pAAV-EFM-SaCas9-hH1-GFP6-hU6-GFP7, or AAV-EFM-Sa-
Cas9-hH1-C7-hU6-C14, in combination with a plasmid that
expresses the AAV2 replication (rep) and AAV-LK03 capsid proteins,
and a helper plasmid that expresses adenovirus helper proteins
(pHelper). At 24 h post-transfection media were changed to serum-
free DMEM, and after 72 h cells were collected and re-suspended
in AAV lysis buffer (50 mM Tris, 150 mM NaCl [pH 8.5]) before
freeze-thawing four times. AAV stocks were purified by iodixanol
gradient separation93,94 followed by concentration into PBS using
an Amicon Ultra-15 column (EMD Millipore, Burlington, MA,
USA) before storage at�80�C. All AAV vector stocks were quantified
by quantitative PCR using primers against the AAV inverted terminal
repeat, with linearized plasmid DNA as a standard, according to the
method of Aurnhammer et al.95 AAV stocks were treated with DNase
I (Thermo Fisher Scientific) and Proteinase K (Thermo Fisher Scien-
tific) prior to quantification.

In vivo studies

All mice were housed in accordance with the institutional, NIH, or
Canadian Council onAnimal Care guidelines on the care and use of an-
imals in research, and all procedures were conducted with local Institu-
tional Animal Care and Use Committee approval. For AAVLK03 gene
transfer studies in the absence of HBV, liver-humanized chimeric FRG
mice (Yecuris, Tualatin, OR, USA) with a human hepatocyte engraft-
ment rate of >70%,26 or human Alb-uPA/scid28,96 mice with human al-
bumin levels >5 mg/mL at 8 weeks after hepatocyte engraftment, were
used. Alb-uPA/scidmice of both sexes were transplanted as previously
described.28 ForHBV studies, male FRGmicewith a humanhepatocyte
engraftment rate of >90% were challenged with HBV at 5–6 months of
age,31 following human hepatocyte transplantation at 6 weeks of age.
Standard housing, diet, bedding, enrichment, and light/dark cycles
were implemented, except for HBV-infected mice, which were kept in
sterile microisolator housing and provided a high-energy mouse diet.
2021
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For AAVLK03 gene transfer studies in the absence of HBV, AAV vec-
tors were delivered via retro-orbital injection at the indicated doses in a
volume of 50 mL, and mice were euthanized 14 days later to analyze
levels of liver transduction. For HBV studies we used 15 humanized
FRG mice infected with HBV genotype C (BioIVT, Westbury, NY,
USA; human serum/BRH996810) at a dose of 2.6 � 108 vector ge-
nomes/25 g for 144 days, and mice were administered 5 � 1011 vector
genomes of AAV vectors via tail vein injection in a volume of 100 mL.
These HBV-infected mice had been used in a previous study validating
small-molecule inhibitors of HBV replication.31 Prior toAAV adminis-
tration, small-molecule HBV inhibitors were allowed to clear from all
mice for 4weeks and viral loadswere allowed to return to post-infection
baseline levels. From days �17 to 27 relative to AAV administration,
mice received entecavir daily (1 mg/kg in 5 mL/kg by oral gavage).
On days �17 through �15 and days 42 through 44, HBV-infected
mice were given water containing 8 mg/mL nitisinone, 640 mg/mL sul-
famethoxazole, 128mg/mL trimethoprim, and 3%dextrose. Clinical ob-
servations and body weight measurements were recorded daily, and
blood was drawn weekly for analysis. Human albumin levels in blood
were determined using a human albumin ELISA quantitation set
(Bethyl Laboratories, Montgomery, TX, USA, E80-129).

IHC

IHC was performed on 5-mm paraffin or OCT-embedded cryosections
from humanized FRGmouse liver. For cryosections, sections were per-
meabilized in methanol for 10 min and blocked with PBS containing
13% donkey serum and 8.7% fetal bovine serum. For human and
mouse albumin co-staining, sections were serially incubated with
goat anti-human albumin polyclonal antibody (1:200 dilution; Bethyl
Laboratories, A80-299A), Alexa Fluor 594-conjugated donkey anti-
goat immunoglobulin G (IgG) secondary antibody (1:1,000 dilution;
Invitrogen, Carlsbad, CA, USA, A11058), and then fluorescein isothio-
cyanate (FITC)-conjugated goat anti-mouse albumin polyclonal anti-
body (1:200 dilution; Bethyl Laboratories, A90-234F), with three PBS
wash steps after each antibody exposure. For GFP and human albumin
co-staining, sections were incubated with rabbit anti-GFP polyclonal
(1:100 dilution; Thermo Fisher Scientific, A11122) and goat anti-hu-
man albumin polyclonal primary antibodies followed by incubation
withAlexa Fluor 594-conjugated donkey anti-goat IgG andAlexa Fluor
488-conjugated goat anti-rabbit IgG (1:1,000 dilution; Thermo Fisher
Scientific, A11008) secondary antibodies. All antibody incubations
were done in PBS containing 1% bovine serum albumin (v/v), 1%
donkey serum (v/v), and 0.3% Triton X-100, and sections were stained
with DAPI before mounting with Vectastain fluorescence mounting
medium. For some mice, 5-mm paraffin sections were treated with cit-
rate antigen retrieval buffer after rehydration and stained using anti-
bodies against human FAH (hFAH) (Sigma-Aldrich, AV41681),
hCK18 (Agilent Technologies, DC10 #M701029-2), HBsAg (Bio-
Rad, OBt0990), Ki67 (Cell Signaling Technology, D3B5 #12202), or
cleaved caspase-3-Asp175 (Cell Signaling Technology, 9661). Signals
were detected with secondary antibodies donkey anti-mouse Alexa
Fluor 647 (Thermo Fisher Scientific, A31571) and donkey anti-rabbit
Alexa Fluor 594 (Thermo Fisher Scientific, A21207), and sections
were counterstained with DAPI and mounted with ProLong Gold.
Molecular
RNAscope and RRScell quantification

All RNAscope was performed by the Experimental Histopathology
Core at the Fred Hutchinson Cancer Research Center using a probe
against SaCas9 (RNAscope 2.5 LS probe-SaCas9-C3, #501628-C3,
Advanced Cell Diagnostics) and a custom probe that binds to nucle-
otides 2–1687 of genotype C HBV isolates (RNAscope 2.5 LS probe
V-HBV-C-03-C2, #860678-C2, Advanced Cell Diagnostics). Briefly,
5-mm formalin-fixed, paraffin-embedded sections were baked for
1 h at 60�C before staining on the Leica Biosystems Bond RX auto-
mated staining platform. Sections were dewaxed, antigen retrieval
was performed using Bond Epitope Retrieval 2 solution (Leica Bio-
systems), and enzyme digestion was performed with protease (Leica
Biosystems). In situ hybridization was performed using the ACD
RNAscope LS multiplex fluorescent reagent kit (Advanced Cell
Diagnostics), and detection was performed using Akoya’s Opal re-
agents (Akoya Biosciences). Nuclear counterstaining was performed
with DAPI, and coverslips were mounted with ProLong Gold
mounting media (Thermo Fisher Scientific). Images were obtained
from the HALO Link platform (Indica Labs) using images acquired
at �20 or �40 using the Leica Biosystems Aperio VERSA 200 slide
scanner using DAPI, Cy3, and Cy5 filters.

A previously described RRScell image analysis algorithm developed
for use with RNA in situ hybridization was used to quantitate the
number of cells containing HBV and SaCas9 RNA.50,51 Briefly,
RRScell creates artificial membranes surrounding each individual
DAPI+ nuclei, performs single-cell resolution segmentation of multi-
color fluorescence images, and quantitates RNA expression levels
within the cell boundaries.

Quantitative PCR

Total HBV DNAwas detected in DNA extracted from serum using the
MagNA Pure 96 system (Roche, Basel, Switzerland). Total HBV DNA,
HBV cccDNA, AAV inverted terminal repeat, hRPP30, and mRPP30
were all detected in DNA extracted from chimeric humanized FRG
mouse livers. For total HBV DNA, hRPP30, and mRPP30, ddPCR
was performed using genomic DNA extracted using a DNeasy blood
and tissue kit (QIAGEN, Hilden, Germany). For cccDNA, ddPCR
was performed using genomic DNA extracted using a modified Hirt
procedure as described below, followed by treatment with either
plasmid-safe nuclease (Epicenter, Charlotte, NC, USA) or T5 exonu-
clease (NEB, Ipswich, MA, USA) at 37�C for 1 h. Primer/probe sets
forHBV total DNAandhRPP30,7 cccDNA,97 andAAV inverted termi-
nal repeat95 have been described previously. mRPP30 was detected us-
ing primers mRPP30F (50-GGCGTTCGCAGATTTGGA-30) and
mRPP30R (50-TCCCAGGTGAGCAGCAGTCT-30) and probe musR
PP30P (50-HEX-ACCTGAAGGCTCTGCGCGGACTC-BHQ-30).

Modified Hirt extraction

The modified Hirt extraction was performed using a previously
described protocol.98 Briefly, homogenized liver tissue extracts under-
went a neutral pH, three-step alkaline lysis before the supernatant was
passed over a QIAGEN mini prep column to capture extra-chromo-
somal DNA.
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HBV target site sequencing

HBV target site-specific PCR products were amplified directly from
the HBV+ human serum used to infect humanized FRG mice or
from serum or liver tissue isolated from HBV-infected humanized
FRG mice. HBV target sites C7 and C14 were sequenced by Illumina
sequencing. A 582-bp PCR product spanning target site C7 was
amplified using primers HBV-534F (50-CTGCTCAAGGAACCT
CTATG-30) and HBV-1115R (50-GCCTTGTAAGTTGGCGAGA
A-30) and then submitted for Illumina sequencing. An 813-bp PCR
product spanning target site C14 was amplified using primers
HBV-2021F (50-GCCTTAGAGTCTCCGGAACA-30) and HBV-
2833R (50-TCCCAAGAATATGGTGACCC-30) and then submitted
for Illumina sequencing.

NGS sequencing

Target site-specific PCR products were diluted to 1 ng/mL and
quarter-volume NexteraXT reactions were performed following the
manufacturer’s protocol (Illumina, San Diego, CA, USA) with a sam-
ple volume of 1.25 mL. Libraries were amplified and barcoded using 12
cycles of PCR with the Nextera XT index kit (Illumina), and samples
were pooled and quantitated by an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA) such that approximately 200,000 130-
to 150-bp reads were achieved per sample on a MiSeq sequencer
(Illumina). Raw reads were pre-processed using tools from the Galaxy
suite99 or using a previously described pipeline.100 Briefly, reads were
trimmed using BBDuk (https://jgi.doe.gov/data-and-tools/bb-tools/),
Trimmomatic,101 and cutadapt102 to remove adaptor contaminants
and low-quality regions (Q < 30) at the 30 and 50 ends; any remaining
reads shorter than 20 nt were discarded. Trimmed reads were mapped
to the HBV sequence using Bowtie 2103 and exported for further anal-
ysis. Variant analysis was performed using a custom script that used
functions from the Rsamtools, ShortRead, and Biostrings packages in
R/Bioconductor.104–106 Aligned reads that completely overlapped the
endonuclease target region of interest were scanned for insertions and
deletions and the length and positions of each indel were recorded.
Finally, the percentage of reads containing each mutation was
tabulated to compute the mutation rate for each treatment.

Off-target gene-editing analysis

Genomic DNA was extracted from flash-frozen liver tissue using
the DNeasy blood and tissue kit (QIAGEN, Hilden, Germany),
and PCR amplicons spanning putative human or mouse off-target
sites were amplified using target site-specific primers (Table S3).
Each amplicon was sequenced by Illumina sequencing as
described.

Quantification of liver chimerism

The percentages of human and mouse cells in chimeric livers were
determined at death by quantifying hRPP30 and mRPP30 levels by
ddPCR, and the results were used to calculate the percentage of hu-
man hepatocytes using values previously reported for percentages
of hepatocytes, Kupffer cells, sinusoidal endothelial cells, and stellate
cells in livers of SCID mice and humanized uPA-SCID mice.48 The
following assumptions were made: (1) non-hepatocyte mouse cells
272 Molecular Therapy: Methods & Clinical Development Vol. 20 March
are found in regions of mouse and human liver tissue at different
levels; (2) levels of polyploid human and mouse hepatocytes are
not different; (3) all hRPP30 signals are exclusively from human
hepatocytes; (4) the levels of hepatocytes, Kupffer cells, sinusoidal
endothelial cells, and stellate cells previously reported for SCID and
uPA-SCID mice are for areas of liver that contain 100% mouse or
100% human hepatocytes;48 (5) in regions of human cells there is
0.58 non-hepatocyte mouse cell per human hepatocyte;48 and (6)
34.2% of the mRPP30 signal that is not associated with human
hepatocytes is derived from mouse hepatocytes.48 Extrapolation of
the percentage of total hepatocytes that are human in chimeric livers
was performed as follows: (1) the mRPP30 copy number associated
with human hepatocytes (non-mouse hepatocyte area derived) was
determined by multiplying the total hRPP30 copy number by 0.58;
(2) the levels of mRPP30 found in mouse hepatocyte areas was deter-
mined by subtracting the value from step 1 from the total mRPP30
copy number; (3) the levels of mouse hepatocyte-derived mRPP30
in mouse tissue was determined by multiplying the values from
step 2 by 0.34; and (4) the percentage of human hepatocytes = total
hRPP30 copy number/(total hRPP30 copy number + value from
step 3) � 100.

Data and materials availability

Raw sequencing data associated with this paper are available via the
NCBI sequence read archive (BioProject: PRJNA547828), and code
and analysis scripts are available at https://github.com/proychou/
TargetedMutagenesis.

Statistical analyses

Statistical analysis was performed using one-sided t tests.
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