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Abstract

Chronic hepatitis B infection remains incurable because HBV cccDNA can persist indefinitely in
patients recovering from acute HBV infection. Given the incidence of HBV infection and the
shortcomings of current therapeutic options, a novel antiviral strategy is urgently needed. To
inactivate HBV replication and destroy the HBV genome, we employed genome editing tool
CRISPR/Cas9. Specifically, we found a CRISPR/Cas9 system (gRNA-S4) that effectively targeted
the HBsAg region and could suppress efficiently viral replication with minimal off-target effects and
impact on cell viability. The mutation mediated by CRISPR/Cas9 in HBV DNA both in a stable
HBV-producing cell line and in HBV transgenic mice had been confirmed and evaluated using deep
sequencing. In addition, we demonstrated the reduction of HBV replication was caused by the
mutation of S4 site through three S4 region-mutated monoclonal cells. Besides, the gRNA-54
system could also reduce serum surface-antigen levels by 99.91 + 0.05% and lowered serum HBV
DNA level below the negative threshold in the HBV hydrodynamics mouse model. Together, these
findings indicate that the S4 region may be an ideal target for the development of innovative
therapies against HBV infection using CRISPR/Cas9.
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Introduction

Chronic infection of hepatitis B virus (HBV) is a
major public health problem worldwide, with 350-400
million chronic HBV carriers and 0.5-1 million deaths

antiviral treatment with nucleoside/nucleotide
analogs (NAs) or interferon has failed to cure chronic
hepatitis B infection, and the cessation of antiviral

a year as a result of liver cirrhosis, hepatocellular
carcinoma, or HBV related liver failure [1]. China has
about 93 million carriers despite the availability of
highly effective vaccines against HBV [2], leading to
an increased disease burden with treatment costs of
approximately USD 16 billion annually[3]. Current

treatment may cause viremiare bound. Although NAs
can effectively suppress HBV replication by
suppressing the activity of viral reverse transcriptase,
these drugs alone have little or no ability to eliminate
replicative HBV templates, i.e.,, covalently closed
circular DNA (cccDNA) [4, 5]. Moreover, NAs also
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lead to treatment failure because mutant strains are
selected and propagate in quasi-species under drug
pressure. Seroconversion is a more desirable outcome,
because antibody response to HBsAg can lead to virus
clearance and a functional cure [6]. Unfortunately, less
than 10% of patients exhibit HBsAg loss after
HBV-related treatment [7-9], and the rate of HBsAg
clearance by interferon treatment is similarly low.
Given the incidence of HBV infection and the
shortcomings of current therapeutic options,
developing new more effective treatments represents
a global challenge [10, 11].

Over the last decade, novel genome-editing
methods such as ZFNs and TALENs have been
developed. Compared with them, CRISPR/Cas9
system requires only a simple design and operation
process, which makes it an ideal tool for a wide range
of applications [12-14]. The CRISPR/Cas9 system has
been used to genome editing in many types of hosts,
including human cells [15-17], several model
organisms, and proviruses such as HIV [18, 19] and
HPV [20], thus this system represents a potential
means to radically cure chronic viral infection. Several
applications of this technology to HBV research have
also been reported [21-25]. In those studies,
HBV-specific CRISPR/Cas9 systems effectively
mediated gene disruption in HBV templates in
expression vectors [22, 23] and HBV cccDNA [21, 24,
25]. It is interesting that a previous study has shown
that some target sites on HBV DNA are particularly
susceptible to Cas9 cleavage and HBV suppression
[21-28]. Zhen et al. showed that gRNAs-S1 exhibited
lower efficiency than gRNA-52 in reducing HBsAg,
even though both of them targeted HBV S region [29].
In this study, we found a specific site on HBV genome
(S4), whose targeting by the gRNA /Cas9 reduced the
levels of HBV surface-antigen and HBV DNA both in
vitro and in vivo with minimal off-target effects.
Moreover, we established stable S4 site-mutated
HBV-infected cells, in which HBV replication was
completely suppressed. Our results reveal that the S4
site in HBV genome may be an ideal target for Cas9 in

developing innovative therapies against HBV
infection.
Materials and Methods

Selection of HBV-specific gRNA

To find the potential target regions, we
compared the HBV genome sequences of subtype’s
adr (GenBank accession number. HQ638218), ayw
(U95551), ayr (NC003977), adw (EF103278), and adr
(AB299858), and searched for potential 20-bp target
sequences containing a 3'-downstream protospacer
adjacent motif (PAM), NGG, in relatively conserved

regions (Fig S1). Eight candidate target sequences
were selected from them. These target sequences were
subsequently inserted into dual-expression vectors
with the U6 promoter. GRNA-S3, gRNA-54, and
gRNA-S5 were designed to target the HBV
surface-antigen region and the ORF of HBV DNA
polymerase; gRNA-SP-I and gRNA-SP-II were
designed to target the promoter area of
surface-antigen SP-I and SP-II, respectively; gRNA-XP
was designed to target the promoter of X protein; and
gRNA-CP-BCP and gRNA-CP-URR were designed to
target the basic core promoter region (BCP) and
upstream regulatory region (URR) at the promoter of
the core antigen, respectively.

Plasmids

The gRNA/Cas9 dual-expression vector
pSpCas9(BB)-2A-Puro (PX459) was obtained from
Addgene (plasmid # 48139) through an MTA, and
was constructed according to a previously described
protocol [13]. Another gRNA/Cas9 dual-expression
plasmid with both EGFP and Puro was ordered from
View-solid = Biotech  (Beijing, = China).  The
HBV-expression vector plasmid pGL3-HBV1.2 was
obtained from Beijing Institute of Transfusion
Medicine [30]. All plasmids were purified using the
EndoFree Plasmid Maxi Kit (Qiagen, Germany).

Cell culture and transfections

HepG2.A64 (CCTCC C 201163), a HBV
replicating stable cell line containing 1.1 copies of
integrated HBV DNA (GenBank: HQ638218.1) and an
entecavir (ETV)-resistance mutation, which was
constructed by the 302nd Military Hospital of China
[31] and maintained in medium containing 500 pg/ml
G418. A total of 2 x 10° HepG2.A64 cells were
cultured in a 10 cm plate for 24 h before transfection.
The HBV-specific Cas9/gRNA expression vectors
were transfected into HepG2.A64 cells by
Lipofectamine LTX (Life Technologies). Puromycin
was used to increase transfection efficiency (Fig S2).
At 72 h after transfection, the transfected cells were
inoculated into 24-well plates (4 x 104 cells per well)
for subsequent analysis.

CCK-8 assay for cell viability

Viability of cells was assessed using the Cell
Counting Kit-8 (Dojindo). Cells were inoculated into
48-well plates at densities ranging from 1 x 10* to 2 x
104 cells/well. CCK-8 and medium were mixed at a
ratio of 1:10 per well in a clean 1.5 ml tube. The
medium was discarded, and the cells were washed
with PBS. Premixed CCK-8 and medium were added
to 48-well plates and incubated at 37°C for 0.5-1 h.
Absorbance at 450 nm (A450) was measured using an
automatic detector (Thermo Scientific).
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Immunofluorescence (IF) and Luciferase SSA
recombination assay

HepG2.A64 cells were cultured in 24-well
chamber slides for 1 day and fixed for 10 min in 4%
(wt/vol) paraformaldehyde/PBS. After three rinses
with PBS, the cells were treated with 0.5% Triton
X-100/PBS for 20 min and blocked in 10% (vol/vol)
goat serum for 1 h. Cells were incubated at 4°C
overnight with anti-HBsAg antibody (Abcam). After
three rinses, the cells were incubated for 1 h with
FITC-conjugated secondary antibodies, and then
incubated with Hoechst 33258 for 5 min. After three
rinses with PBS, the cells were cover slipped with
anti-fading aqueous mounting media (Beyotime
Biotechnology) and analyzed under an Olympus
BX61 fluorescence microscope. The SSA assay was
performed as described previously [32]. In brief, a
stop codon and a HBV-derived target site were
inserted into a luciferase reporter. The insertion site
located between two truncated luciferase fragments,
and each of them has an 870bp homologous arm. The
luciferase activity recovered when double-strand
break (DSB) caused by CRISPR/Cas9 was repaired
via  homology-directed repair (HDR). The
CRISPR/Cas9 plasmid with corresponding target,
Renilla plasmid (5ng) and SSA reporter plasmid (30
ng) were co-transfected into HEK293T cells. The
relative luciferase activity was tested by a
dual-luciferase assay system (Promega) at the 2" day
after transfection.

Mice and hydrodynamic injection

pGL3-HBV1.2 (10 pg) and the gRNA/Cas9
dual-expression vector (10 pg) were co-injected into
the tail veins of C57BL/6 mice (males, 4-6 weeks old),
as described previously [30]. After injection, the
C57BL/6 mice were regularly bled at the indicated
time points to detect the HBV surface antigen and
HBV DNA in serum. HBV transgenic (HBV-Tg) mice
(8-10 weeks old) were established by Guangzhou
458t Hospital on BALB/c background. 1.3 copies of
the HBV complete genome (subtype ayw) had been
integrated into the chromosome of HBV-Tg mice, in
which high levels of HBV DNA and HBsAg could be
detected stably. Ten micrograms of gRNA-54 was
injected into HBV-Tg mice, and an equal amount of
gRNA-empty was used as a control. Two weeks after
injection HBV-Tg mice were sacrificed and liver tissue
was taken.

Detection of HBVY DNA and HBYV surface
antigen
HBV DNA inside the viral nucleocapsid was

extracted as described previously [33]. To extract HBV
cccDNA, total DNA was subjected to ATP-dependent

DNase (PSAD). Then, rolling circle amplification
(RCA) was performed to amplify circular DNA
selectively. To rule out the possibility of genomic
DNA contamination, specific primers of HBsAg and
AIAT gene were used (Fig S3). Then, HBV cccDNA
was amplified and quantitated using
cccDNA-selective primers and a specific probe
targeting the gap region of two direct repeat (DR1 and
DR2 in HBV cccDNA[34]. HBsAg in cell supernatants
and HBsAg in serum were determined using Elecsys
HBsAg II (Roche) or enzyme linked immunosorbent
assay (ELISA); data are reported in IU/ml or S/CO.
The amounts of HBV DNA in serum and cell culture
supernatants were measured using the Quantitative
PCR Diagnostic Kit for HBV DNA (SinoMD).

Statistical analysis

Quantitative data were shown as the mean *
standard deviation of usually 3-5 independent
experiments. Student’s t-test was processed using the
SAS software suite. P-values <0.05 or 0.01 were
considered statistically significant.

Ethics Statement

All animal studies were performed in strict
accordance  with the Regulations for the
Administration of Affairs Concerning Experimental
Animals approved by the State Council of People’s
Republic of China. This study was approved by the
ethics committee of the National Beijing Center for
Drug Safety Evaluation and Research. All mice used
for experiments were housed in cages in a controlled
environment (22-25°C, 50% humidity, 12 h light/dark
cycle) and were sacrificed by ether anesthesia.

Deep sequencing of CRISPR/Cas9 modified
target S4 region

The 54 region in HBV genome was amplified by
Phusion high-fidelity polymerase. The DNA samples
and genomic DNA libraries were prepared by the
NGS facility at the AUWIGENE Company (Beijing).
Deep sequencing libraries were made as the Nextera
protocol and were sequenced with paired-end 150-bp
reads on Illumina MiSeq machine. The raw reads
were mapped against the S4 region of HBV DNA
(GenBank: HQ638218.1) using Burrows-Wheeler
Aligner (BWA).

Results

Screening and optimization of an effective
HBYV-specific CRISPR/Cas9 system

The HBV virion has four overlapping open
reading frames (ORFs) that encode seven proteins:
core protein, precore protein, viral polymerase, three
forms of S antigen, and the X protein. We chose eight
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target sequences from conserved regions as gRNAs
(Table 1, Fig S1) to construct the CRISPR/Cas9
systems. In some cases, these gRNAs targeted
overlapping ORFs of the virus so that multiple viral
RNAs would be simultaneously affected by a single
gRNA system (Fig 1A). We examined the efficiency of
the dual-expression vectors in 293T cells using the
luciferase SSA recombination assay and it indicated
that the gRNA-54 gRNA-S5 = gRNA-XP,
gRNA-CP-BCP, and gRNA-CP-URR system could
generated double-strand breaks (DSBs) efficiently (Fig
1B). To determine whether those cassettes could
efficiently target HBV DNA in a stable HBV cell line,
we conducted a T7EI assay[13] after transfecting the
selected gRNAs into HepG2.A64, a stable HBV cell
line containing 1.1 copies of integrated HBV DNA
with an entecavir tablets (ETV)-resistance mutation.
The result showed that gRNA-54 system successfully
introduced DSBs into the HBV genomes in
HepG2.A64 (Fig 1D), whereas the other systems did
not (Fig 1C, D). In addition, to analysis the off-target
effect of gRNA-54, we predicted 20 potential

gRNA-SP-II gRNA-S3
gRNA-S4
gRNA-S5
gRNA-SP-l 1
o gRNA-XP
gRNA-CP-BCP
gRNA-CP-URR
c Target Target Target Target
S5 XP CP-BCP CP-URR
gRNA - + - + - + - +
750 bp
500 bp === — —
P N —— —_——
250 bp
uncut 521 428 542 418 (bp)
cut 192+ 172+ 142+ 189+
329 256 400 229

off-target sites for gRNA-S54 (Table S2) using a
published prediction tool [35]. Then we amplified the
top three potential off-target sites and the target-54
locus and measured the DNA cleavage effects using
the T7EI assay [16]. The result revealed ~11.3% indels
at the target S4 locus in the gRNA-S4-treated cells. By
contrast, there were no detectable indels in the 3
top-ranking off-target sites (Fig 1D), indicating the
off-target effect of gRNA-54 was below the detection
limit of the assay.

Table 1.Sequences of CRISPR gRNAs used in this study.

Name gRNA sequence (5-3") PAM  Nucleotide
position
(in U95551)
gRNA-S3 GGACTTCTCTCAATTTICTA GGG  263-285
gRNA-54 GCTATCGCTGGATGTGTCTG CGG  368-390
gRNA-S5 CCATTTGTTCAGTGGTTCGT AGG  688-710
gRNA-SP-1 TCGCAGAAGATCTCAATCTC GGG 2418-2440
gRNA-SP-II GGGTGGAGCCCTCAGGCTCA GGG  3042-3064
gRNA-XP CCTCTGCCGATCCATACTG  CGG  1257-1278
gRNA-CP-BCP  AAGCCTCCAAGCTGTGCCIT GGG  1868-1890
gRNA-CP-URR  ATGTCAACGACCGACCTTG AGG  1682-1703
B
2
s 12
&’ ‘610
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8& 4
38 =Vector
9 £ 2 ‘ gRNA
2 el nl e d noa
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- ¥ & & £ v* & K
F STy & &
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- !
500 bp e o ' - — e~
-— -
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-
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uncut 365 502 351 638 (bp)
cut 219+ 335+ 111+ 386+
146 167 214 252

Figure 1. ldentification of an effective HBV-specific CRISPR/Cas9 system. (A) lllustration of eight target sequences on the HBV genome. (B) SSA
recombination assay of gRNA-Cas9 systems in 293T cells. The cleavage activity of the gRNA-54 system was ~9-fold higher than that of the vector control. Error bars
indicate SD, n = 3. (C) DNA extracted from HepG2.A64 cells transfected with gRNA-S5, gRNA-XP, gRNA-CP-BCP, and gRNA-CP-URR was analyzed by T7El assay.
None of these constructs could generate an apparent cleavage in target DNA. (D) Assessment of off-target cutting by gRNA-S4. T7EI assay in HepG2.A64 cells
treated with gRNA-empty (-) and gRNA-S4 (+). gRNA-S4 and gRNA-S4 off-target sites 1, 2, and 3 were amplified using PCR. T7El nuclease-cleaved gRNA PCR
products are indicated by Red arrow heads. The sizes of cut and uncut bands are indicated below.
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Figure 2. Inhibition of both HBV antigen expression and HBV replication by gRNA-S4 in HepG2.A64 cells. (A, B) Inhibition of HBsAg and HBY DNA
in cell culture supernatant at the indicated times points after transfection of HepG2.A64 cells with gRNA-54. (C) CCK-8 assay performed at the indicated time points
after transfection (absorbance at 450 nm, A450); cell viability did not significantly differ between the gRNA-empty and gRNA-S4 samples on 3 successive days after
transfection. (D) qPCR-based determination of concentrations of HBY DNA inside viral nucleocapsids on the 9th day after transfection. (E) Representative views of
target S4 region deletion in gRNA-S4—treated cells. Black bars represent deletions. Arrowhead indicates the predicated cleavage site of Cas9. (F) The percentage of

each indel type which calculated by the length of indels modulo 3.

GRNA-S4 system specifically inactivates HBY
replication without affecting cell viability

GRNA-54 expression cassettes target the region
encoding the HBV surface antigens and DNA
polymerase. To determine the knockdown efficiency
of gRNA-54 in HepG2.A64 immediately after efficient
transfection, we used the Elecsys HBsAg Ilsystem
(Roche) to determine the amount of HBsAg in
supernatants at various time points. HBsAg levels
were significantly reduced after transfection with
gRNA-54 (Fig 2A). Also, compared with cells
transfected with gRNA-empty vectors, the level of
HBV DNA in HepG2.A64 cell culture supernatants
decreased after transfection with the gRNA-54 system
(Fig 2B). In order to determine whether gRNA-54
affected viral production via an effect on cell viability,
we performed the CCK-8 assay at various time points
after transfection. The results indicated that gRNA-54
had no significant effect on cellular proliferation (Fig
2C). Next, to more sensitively detect HBV replication,
we measured the amount of HBV DNA inside the

viral nucleocapsid at the 9% day post-transfection by
quantitative real-time PCR, which revealed that
gRNA-S4 reduced HBV replication by 47.52 +10.78%
relative to the gRNA-empty-treated control cells (Fig
2D). These results indicated that the HBV-specific
gRNA-54 system could reduce overall viral load in
HBV stable cell lines. Also, to confirm that the
mutation of the S4 region was caused by gRNA-54, we
performed deep sequencing of the 54 region in total
DNA from cells transfected with HepG2.A64.
Sequencing revealed that 10.76 £ 0.19% of sequencing
reads from gRNA-S4-treated cells had insertion (Fig
S4) or deletion (Fig 2E) (indel) mutations in the S4
region, versus 0.00 £0.00% in gRNA-empty-treated
cells (n=3, P <0.001). In the gRNA-S4-treated cells,
most of the mutations were predicted to lead to frame
shifts, as inferred from the length of indels (Fig 2F).

Suppression of HBV replication in the mutated
S4 region cell line

Next, to determine whether mutation of the S4
region could lead to inactivation of HBV replication,
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we established 4 monoclonal cell lines from
HepG2.A64  transfected with gRNA-54 and
gRNA-empty, 3 of which—T9, T10 and T11contained
different mutations in the target 54 region (Fig 3A)
and monoclonal cell line N1 was established from
HBV stable cell line transfected with gRNA-empty.
The HBsAg levels were assessed by ELISA. As shown
in Figure 3B and 3C, the supernatant HBsAg levels
and the amount of supernatant HBV DNA levels
markedly maintained below negative threshold
(HBsAg <1S/CO, HBV DNA < 1000IU/ml) in both 3
mutated monoclonal cell lines during 3 days
continuous cultivation. In order to measure a more
detailed assessment, 9 consecutive days observation
had been conducted on monoclonal cell T11 (Fig S5).
The level of supernatant HBsAg in T11 cell clone was
under the detection threshold (0.05 IU/ml) (Fig S5A),
and the amount of supernatant HBV DNA level in
gRNA-S4-treated group (111) kept a very low level
(792.67+504.11 IU / ml) during all those days (Fig S5B).
Compared with gRNA-empty-treated group (N1) at

A gRNA-S4 PAM

the 9t day, the amount of supernatants HBV DNA in
gRNA-54-treated group decreased 99.95£0.01% (Fig
S5B), HBV cccDNA decreased 95.37+0.64% (Fig S5C),
replicable HBV DNA in cell decreased 99.87+0.25%
(Fig S5D). Besides, immunofluorescence (IF) staining
of T11 and N1 at the 9 days revealed that gRNA-54
exhibited an antiviral effect with a reduction of
HBsAg in the cytoplasm (Fig 3D, E).

Inhibition of HBV expression and replication in
vivo by gRNA-S4

As a model of HBV persistence, HBV
hydrodynamics mouse has been widely used [21-23,
26, 27, 30]. In this study, the HBV-expression vector
pGL3-HBV1.2 and CRISPR/Cas9 expressing vector
gRNA-54 were co-injected into the tail veins of
C57BL/6 mice by hydrodynamics. In the sera of
gRNA-empty-treated group, the average
concentration of HBsAg was 2.35x104 IU/ml at the 3rd
day post injection (dpi) and continued to stay at high
level during 7 days post injection. Notably, we found
the level of HBsAg in serum were continually

N1 GTCCTGGCTATCGCTGGATGTGTCTGCGGCGTTTTATCATATTCCTCTTCATCCTG

T9 GTCCTGGCTATCGCTGGA TGCG T A TTCCTCTTCTTCATG
T10 GTCCTGAATATCGCTGCATGTG CCCCGTGTAATACCACTCTGCCCCGTTTGG
T1l GTCCTGGCTATC AGCTTCATCCTG
B C
=~ 101 = 20000+
9 m N1 = = N1
o m T €3 15000 =m T
c = O T10 ; = i 0 T10
o8 e = To =2 = T
< g O & 100004
2E @ ¢
ga_ 24 T E,_ 5000
=] =1
@ oA w 04
N “v o LN 4" -]
Days Days
D Hoechst Merge E
so-
o
GRNA- z | =
empty (N1) G .
8_ 40+
(=]
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JRNA- 8 20+
S4(T11) = =
gRNA-empty (N1) gRNA-S4 (T11)

Figure 3. Suppression of HBV expression and replication in S4 region mutated cell lines. (A)Sanger sequencing results of $4 region of 4 individual
monoclonal cell lines, which were separated from transfected HepG2.A64 cell lines, showing indels (red) introduced by gRNA-S4. (B, C) Titers of supernatants
HBsAg and HBV DNA in those 4 monoclonal cell lines during three consecutive days’ cultivation, the test results of HBsAg were always negative (<15/CO) and
the amount of HBV DNA is around or under the negative critical value in these three S4 site mutated monoclonal cells (T9, T10, T11, n=3). (D)
Immunofluorescence analyses with anti-HBsAg antibody showed the high expression level of HBsAg in a gRNA-empty—treated cell clone (N1) and low level in a
gRNA-S4-treated cell clone (T11). Scale bars represent 200 um. (E) Results from a quantitative analysis of HBsAg-positive cells from three different micros.
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significantly lower (18.93 IU/ml on 3t dpi) among
five independent mice receiving HBV-specific
gRNA-54 system after hydrodynamics (Fig 4A). The
level of serum HBV DNA was quantified using qPCR
and the average titer between two groups was
6.25x10* IU per milliliter at 1st dpi. However, serum
HBV DNA level in gRNA-S4-treated group rapidly
decreased to the negative value (<1000 IU/ml) and
maintained below negative threshold since the 34 dpi
while the serum HBV DNA in gRNA-empty-treated
group maintained a high level (>10000 IU/ml) during
the 7 days (Figure 4B). To confirm the effect of the

A + pHBV1.2+gRNA-empty
- pHBV1.2+gRNA-S4
f 1.00E+05
5 . o
‘E 1.00E+04 ./—\\.{.
2
© 1.00E+03
n
£
o 1.00E+02
<
"] w—~_,__'__1
@ 1.00e+01} - e
T 0 1 2 3 4 5 6 7 8
Days after hydrodynamic injection

= insertion
= deletion

Variant Count

1 23 4567
Inedel length (bp)

gRNA-54 system in HBV transgenic mice (HBV-Tg
mice), the CRISPR/Cas9 system was delivered via
hydrodynamic tail-vein injection into the liver of
adult HBV-Tg mice [36] and we also injected the
gRNA-empty plasmid into an equal number of mice
as a control. Afterward, liver genomic DNA was
isolated two weeks later and the result of deep
sequencing revealed 1.33 + 0.31% indels in the S4
region of gRNA-S4-treated mice, versus 0.63 + 0.01%
in the gRNA-empty-treated group (n = 3, P < 0.05)
(Fig 4C-E and Fig S4).

B - pHBV1.2+gRNA-empty
~ pHBV1.2+gRNA-S4
1.00E405 - -
&
53 1.00E+04 |
z 2
> g 1.00E+03
om =~
e
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12 3 4 5 6 7 8
Days after hydrodynamic injection
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Figure 4. GRNA-S4-mediated mutations and inhibition of HBV replication in vivo. (A, B) The reduced efficiency of gRNA-S4 on serum HBsAg in HBV
hydrodynamics mouse (A) The difference in serum HBsAg between the gRNA-empty— and gRNA-S4—treated groups. The differences between the two groups are
significant (**P < 0.01, n = 5) on all days. (B) The level of serum HBV DNA in mice after injection of gRNA-empty control or the gRNA-S4 system (*P < 0.05,
*#P < 0.01, n = 5). The negative critical value is represented by a dashed line. (C-E) Representative target S4 indels in the liver of HBV-Tg mice two weeks after
gRNA-S4/Cas9 injection. (C) The percentage of each indel type which calculated by the length of modulo 3. (D) Distribution of $4 indel length. (E) Representative
views of target S4 region deletion in gRNA-S4—treated mice. Black bars indicate deletions. Arrowhead indicates the predicated cleavage site of Cas9.

Discussion

Many novel and efficient antiviral drugs are
undergoing clinical trials, such as non-nucleoside
antiviral ARC-520 from Arrowhead Research and
immune-based drugs GS-9620 from Gilead Science.
Although RNAi gene silencer ARC-520 [37] and
TLR7-agonist GS5-9620 [38] are able to reduce serum

levels of HBsAg, HBeAg and HBV DNA, they fail to
disrupt HBV cccDNA and HBV integrated DNA, both
being the roots of HBV replication. The third
genome-editing method, CRISPR/Cas9 system has
been predicated to be a promising genome-editing
tool to radically cure chronic hepatitis B wviral
infections because this system could disrupt HBV
cccDNA with favourable effects [21, 24, 25]. In this
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study, we developed an effective CRISPR/Cas9
system (gRNA-54) targeting the region of overlap
between ORF S and P, which effectively suppressed
markers of viral replication by disrupting HBV DNA
both in HBV stable cell lines and in a HBV
hydrodynamic mouse model. Using monoclonal cell
lines, we further demonstrated that mutation of the S4
region could cause the inactivation of HBV
replication. Moreover, we confirmed and evaluated
the mutation caused by gRNA-54 in the HBV stable
cell line and HBV-Tg mice. Particularly worth
mentioning was that we reduced serum
surface-antigen levels by 99.91 +0.05%, significantly
more than the largest reduction (93%) reported in
previous studies [21]. Thus, the CRISPR/Cas9 system
targeting the surface antigen region (S4) could be used
as a gene therapy to reduce the inflammation and
necrosis associated with HBV.

HBV is transmitted through the blood and
infects hepatocytes in the liver. The sustained
production of viral antigens especially HBsAg could
cause inflammation and elevation of liver enzymes,
which may result in hepatitis, cirrhosis, hepatocellular
carcinoma, and liver failure [39]. Thus, the resultant
reduction in surface-antigen production would also
prevent inflammation and necrosis [39]. At present,
no NA treatment is available to reduce HBsAg
expression in patients [7-9], and the rate of HBsAg
clearance by interferon treatment is similarly low.
Besides, HBV DNA must be destroyed if a definitive
and long lasting cure for HBV infection is to be
obtained. Fortunately, three forms of the envelope
protein HBsAg and the viral polymerase were
encoded by the overlapping ORF where designed S4
target right located. Therefore, in this study, targeting
54 region could affect not only the synthesis of those
three envelope proteins but the viral polymerase and
it is plausible that the inflammation and necrosis may
not be induced because of lacking of surface antigen
[39]. Besides, generating mutation in polymerase
region by gRNA-54 could also affect the synthesis of
viral polymerase and eliminates polymerase activity
which may result in reduction of HBV replication.
Interestingly, although the rate of indel at S4 site was
10.76 £ 0.19%, the percentage declines in HBV
antigens was much more than it. It possibly because
that HBV cccDNA had been effectively cleaved into a
high percentage of linear DNAs which is not repaired
but destroyed [26]. Moreover, the cell model we use in
this study has ETV resistance mutation, thus, it also
indicates that the CRISPR/Cas9 system is not only a
perfect strategy for eradicating the HBV but also a
simple pathway to overcome drug resistance.

In a previous study, a HBV-specific
CRISPR/Cas9 system effectively mediated gene

disruption on HBV templates in an expression vector
[22]. In this study, we designed eight different
anti-HBV gRNA systems; however, most of them
were insufficiently effective in the HBV stable cell line
HepG2.A64 using the T7EI assay (although they were
effective in 293T cells, as demonstrated by the SSA
assay). It indicates that not all HBV-target gRNAs can
disrupt and inactivate the HBV genome efficiently as
reported in previous studies [21-28]. Besides,
considering most of the less effective targets are
located in the promoter regions and conserved
regions, we hypothesize that disruption of RNA
polymerase-binding sites, or some structures within
conserved regions, can lead to competitive inhibition
of gRNA/Cas9. Thus, it indicates that the 54 region is
an effective CRISPR/Cas9 target site on HBV genome.
Specifically, we found that the cell lines carrying the
CRISPR/Cas9 mediated S4-mutation had much lower
levels of supernatant HBsAg (Fig 3B), supernatant
HBV DNA (Fig 3C), HBV cccDNA (Fig S5C) and
replicable HBV DNA in the viral nucleocapsid (Fig
S5D), compared with the wild type. One potential
mechanism is that the transcription of mutated HBV
DNA into pre-genomic RNA, its export to the
cytoplasm, and its packaging into virions could result
in cccDNA that is defective being a template for the
HBYV expression. Still, more efficient cleavage targets
on HBV genome are expected. Fortunately, a gDNA
guided NgAgo system has been found suitable for
genome editing in human cells [40]. This system has
lower off-target effect and does not require any PAM
sequence, which can be used to select more efficient
targets in the future.

In HBV-Tg mice, we delivered the gRNA-54
system to the liver of adult HBV-Tg mice using
hydrodynamic tail-vein injection and found only 1.33
£ 0.31% indels in the corresponding target site in mice
liver at 14 dpi using deep sequencing. This could have
been due to the low transfection efficiency, which may
not significantly lowered the levels of surface antigen
in serum; thus, for HBV gene therapy using
CRISPR/Cas9 system, it will be necessary to develop
a more efficient delivery system [41]. As HBV infected
liver cells in HCC patients, the stable HBV cell line
also contains many different HBV replication
templates such as HBV cccDNA and many integrated
subgenomic HBV DNA fragments. Although we
introduced mutations in HBV genome and
suppressed the expression of HBV, there are still
many integrated HBV DNA fragments on the
chromosomes which play an important role in
carcinogenesis [42] and we still could not remove
them all. It largely limited the prospect of developing
a fundamental therapeutic method of chronic HBV
infection through CRISPR/Cas9. Therefore, more
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researches about the mechanisms of HBV integration
and HBV pathogenesis are still needed.
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