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CRISPR/Cas9 System with Dual gRNAs Synergically
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Ling Feil', ShuangShuang Sun®', Qunling Yang!, Yuxian Huang!, Qiang Lil-*
Shuai Tao®*, Liang Chen'*

IDepartment of Liver Disease, Shanghai Public Health Clinical Center, Fudan University, 201508 Shanghai, China
2Liver Disease Center, Shanghai Public Health Clinical Center, Fudan University, 201508 Shanghai, China
3Scientific Research Center, Shanghai Public Health Clinical Center, Fudan University, 201508 Shanghai, China
*Correspondence: liqiang66601(@163.com (Qiang Li); taoshuai@shaphc.org (Shuai Tao); chenliang@shaphc.org (Liang Chen)
TThese authors contributed equally.

Published: 20 June 2024

Background: In recent years, a gene-editing technology known as clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 has been developed and is progressively advancing into clinical trials. While current antiviral therapies are
unable to eliminate the Hepatitis B virus (HBV), it stands as a prime target for the CRISPR/Cas9 technology. The objective of
this study was to enhance the efficacy of CRISPR/Cas9 in suppressing HBV replication, lowering HBsAg and HBeAg levels, and
eliminating covalently closed circular DNA (cccDNA).

Methods: To enhance the anti-HBYV effectiveness of CRISPR/Cas9, our study delved into a dual-guide RNA (gRNA) strategy.
After evaluating the antiviral activities of multiple gRNAs that effectively impeded HBYV replication, we identified three specific
gRNAs—namely 10, 4, and 21. These gRNAs were selected for their targeting of distinct yet conserved regions within the HBV
genome.

Results: In HBV-stable cell lines, namely HepAD38, and HBV infection models of HepG2-NTCP cells, our investigation revealed
that the co-application of gRNA-10 with either gRNA-4 or gRNA-21 within the CRISPR/Cas9 system demonstrated heightened
efficacy in impeding HBV replication, reducing the levels of HBsAg, HBeAg, and cccDNA levels, along with a more pronounced
promotion of HBsAg clearance when compared to the use of a single gRNA.

Conclusions: The CRISPR/Cas9 system employing dual gRNAs has proven highly effective in both suppressing HBV replication
and facilitating HBsAg clearance. This promising outcome suggests that it holds potential to emerge as a novel approach for
achieving the functional cure of patients with HBV infection.
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Introduction get sequence of the gene, the Cas9 protein induces a specific
double-strand break (DSB), potentially causing frameshift
and/or premature termination of codons, effectively dis-
rupting the open reading frame (ORF) of the target gene

[9].

Hepatitis B virus (HBV) impacts nearly 300 million
individuals worldwide and stands as a primary cause of cir-
rhosis and liver cancer in China [1]. Current therapies,
encompassing nucleoside analogues (NAs) and pegylated
interferon (PEG-IFN), effectively manage the progression
of HBV-induced diseases [2—4]. However, complete viral

elimination remains elusive with these treatments due to the ol ) dh ] defici )
. . implex vi an man immunodeficien: i
persistent presence of covalently closed circular DNA (cc- pes SImpiex. VIrus, u unodeticiency virus

cDNA) [5]. Although cccDNA is not currently targeted by [11]. Specifically .reg.ardmg HBV, studies Con,ﬁm,l th?t
. . . . CRISPR/Cas9 can significantly reduce HBV replication in
existing therapies, its endurance poses a substantial barrier

to achieving a cure for chronic hepatitis B (CHB) [6]. models such as the HBV replicon transfection model [12—
The gene-editing technology, clustered regularly in- 14]. Notably, CRISPR/Cas9 has been reported to target cc-
terspaced short palindromic repeats (CRISPR)/Cas9, holds CDNA’ le.:adltn% lto a Sllg,mﬁ?al?t I{Iedu((;tzloznllgl Vlza;{ge?:];;é
the potential to treat diseases by either disrupting disease- P erSTlson 12 s Etlt etcel HIIZS cll N ept t. d th an i etp
relevant genes or correcting deleterious base mutations [14,15]. Scott ef al. [16] demonstrated the effectiveness

[7.8]. Within the CRISPR/Cas9 system, the design of a of CRISPR/Cas9 in reducing HBV replication by targeting

guide RNA (gRNA) plays a crucial role, guiding the Cas9 cccDNA in a HepG2-NTCP cell infection model,
protein to a specific genomic site. Upon binding to the tar-

Research has extensively explored the efficacy of
CRISPR/Cas9 in antiviral therapy by targeting viral
genomes, including human papillomavirus [10], her-
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In vivo experiments further support the potential of
CRISPR/Cas9, revealing its ability to significantly suppress
HBYV replication and antigen expression in mouse models
[17,18]. Collectively, these studies underscore the promis-
ing prospect of CRISPR/Cas9 as a potential cure for CHB.

Nevertheless, the capability of CRISPR/Cas9 to ef-
fectively inhibit HBV and disrupt cccDNA remains re-
stricted, particularly in challenging models like the human-
ized chimeric mouse infection [19,20]. In an effort to en-
hance the anti-HBV efficacy of CRISPR/Cas9, we devised
a system incorporating ten gRNAs, each targeting diverse
regions of the HBV genome. Through a comparative ef-
ficacy study, we identified three candidate gRNAs, subse-
quently employing them in combination. Ultimately, we
assessed the advantages of Cas9 with dual HBV-specific
gRNAs in comparison to Cas9 with a single gRNA, focus-
ing on their effectiveness in inhibiting HBV replication, re-
ducing HBsAg and HBeAg levels, and clearing cccDNA in
vitro.

Materials and Methods

Design and Cloning of HBV-Specific gRNA

The sequences of gRNA-4, 10, 11, 21, 60, 69,
159, 178, and 231 were adapted from previously pub-
lished studies [13,14,18,19,21,22], while the sequence for
gRNA-55 was designed using the online Benching [23].
The CRISPR/Cas9 expression vector, lentiCRISPRv2, was
sourced from Addgene (Cambridge, MA, USA), and its
construction method was detailed in a previous study
[24]. For the examination of the antiviral effect of
CRISPR/Cas9 with dual gRNAs, lentiviral vectors express-
ing CRISPR/Cas9 systems targeting gRNA-4, gRNA-10,
gRNA-21, and antibiotic resistance blasticidin were indi-
vidually constructed.

Cell Culture and Transfection

The HepAD38 cells were procured from Shanghai
Yubo Biotechnology Company under the catalog number
AE-312, while the HepG2 cells were obtained from Shang-
hai Xige Biotechnology Company with the catalog num-
ber XG-X3336. Mycoplasma testing confirmed the ab-
sence of mycoplasma contamination, and Short Tandem
Repeats (STR) analysis verified the absence of misidenti-
fied or cross-contaminated cells.

Human embryonic kidney 293, HepG2, and
HepAD38 cells were cultured in complete Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum, 2 puM L-glutamine, high glucose, and
1% penicillin/streptomycin.  HepG2-NTCP cell lines
were sustained in a medium supplemented with 2 pg/mL
puromycin.

For experimental procedures, HepG2 cells were
seeded in a 48-well plate at a density of 5 x 10° cells/well.
The prcccDNA, pCMV-Cre (encoding Cre recombinase),

and EGFP plasmids were co-transfected into HepG2 cells
with the gRNA/Cas9 expression vector at a ratio of 1:1:3.
Transfection of all cells was carried out according to the
manufacturer’s instructions using EZ Cell Transfection
Reagent (Life-iLab, Beijing, China).

Lentivirus Production and Transduction

The lentiCRISPRv2 plasmids, catalog number MZ-
1280, were obtained from Shanghai Qiming Biotechnol-
ogy Company (Shanghai, China). For co-transfection,
lentiCRISPRv2 plasmids, psPAX2 (encoding Gag and
Pol/Addgene plasmid 12260), and pMD2.G (encoding
VSV-G/Addgene plasmid 12259) were combined in a 4:3:1
ratio and introduced into HEK 293T cells. Three days
post-transfection, the supernatant was collected, and cen-
trifugation was employed to remove cell debris. Lentivirus
was concentrated using EZ lentivirus concentrated solution
(Life-iLab, Beijing, China). HepAD38 cells were inoc-
ulated into 24-well plates at a density of 10° cells/well,
and transfected with lentivirus at a multiplicity of infec-
tion (MOI) of 10. The 2 pug/mL puromycin or 10 pg/mL
blasticidin were added to the medium 36 hours after lentivi-
ral transfection and incubated for 12 hours to eliminate un-
transduced cells.

HBYV Infection of HepG2-NTCP Cells

HepG2-NTCP cells were plated in a 48-well plate
at a density of 10° cells per well using complete DMEM
medium. For infection, the cells were exposed to su-
pernatants obtained from HBV-replicating HepAD38 cells.
The culture supernatants were filtered through a 0.45-um
filter and precipitated with 10% PEG-8000 (Sigma-Aldrich,
Dover, DE, USA). Detection of HBV DNA copies was con-
ducted using real-time polymerase chain reaction (PCR).
HBYV infection was initiated at a MOI of 500, employing a
DMEM complete medium supplemented with 2% DMSO
and 4% PEG-8000. Following 16-24 hours of HBV in-
fection, cells underwent triple washing with PBS. Subse-
quently, the culture medium was refreshed every other day,
and culture supernatants were collected for determining
HBYV DNA copy numbers. Once HBV infection was estab-
lished (at 4 days post-infection), HepG2-NTCP cells were
transduced with Cas9/gRNAs lentivirus.

Detection of HBsAg and HBeAg

Cell culture supernatants were collected and refreshed
at 3-day intervals, and the presence of HBsAg and HBeAg
was assessed using the enzyme-linked immunosorbent as-
say (ELISA), following the manufacturer’s instructions
(KHB, Shanghai, China). Optical density readings for anti-
gen levels were measured at 450 nm using a microplate
spectrophotometer.


https://www.discovmed.com/

Quantification of cccDNA

The isolation of HBV cccDNA, or recombinant cova-
lently closed circular DNA (rcccDNA), involved a slightly
modified Hirt procedure [25]. Briefly, the sample was di-
luted in a 10-mM Tris-HCI/10 mM EDTA buffer. SDS was
added, and the mixture was stirred slowly at room tem-
perature for 30 minutes to achieve cell cleavage. Subse-
quently, 1M NaCl was introduced, and the lysate was in-
cubated at 4 °C overnight, followed by centrifugation at
4 °C and 14,500 g for 30 minutes. DNA in the super-
natant underwent two extractions with phenol, one with
phenol/chloroform/isoamyl alcohol (25:24:1), and then was
precipitated overnight with ethanol. The DNA was cen-
trifugally precipitated, washed with 70% ethanol, and dis-
solved in 10 mM Tris-HC1/1 mM EDTA buffer. Next, the
extracted DNA underwent pre-digestion with Exo I and Exo
IIT (NEB, California, USA). The resulting products were
quantified using the TB Green® Premix Ex Taq™ II kit (Tli
RNaseH Plus) (Takara, Kyoto, Japan).

For HepAD38 cccDNA, the forward primer was P5:
5'-TGCACTTCGCTTCACCT-3’, and the reverse primer
was P6: 5-AGGGGCATTTGGTGGTC-3’. The cccDNA
amplification (735 bp) involved denaturation at 95 °C for 5
minutes, followed by 45 cycles of denaturation at 95 °C for
30 seconds, annealing at 62 °C for 25 seconds, and exten-
sion at 72 °C for 45 seconds. The relative cccDNA amount
was determined using the 2=24 method, normalized to
mitochondrial DNA COX-1 as an internal control.

In the rcccDNA model, primers P3: 5'-
CAAGACAGGTTTAAGGAGAC-3’ and P4: 5'-
GAGAGAAAGGCAAAGTGGAT-3’  were  derived
from the loxP-chimeric intron. The relative amount of
rcccDNA in HepG2 cells was determined by the 2~24C4
method, normalized to the co-transfected EGFP plasmid.

Extraction and Reverse Transcription of HBV RNA

Total cellular RNA was extracted using TRIzol
reagent (Invitrogen, California, USA). To achieve this, 1
mL of TRIzol Reagent was directly added to the 6-well
plate containing the cells for cell lysis. After a 5S-minute
incubation, 0.2 mL of chloroform per 1 mL of TRIzol
Reagent was added. The HBV RNA was quantified us-
ing a Nanodrop2000 (Thermo Fisher Scientific, Los Ange-
les, MA, USA), and subsequently, reverse transcription was
performed using a Transcriptor First Strand cDNA Synthe-
sis Kit (Takara, Kyoto, Japan).

Quantification of HBV RNA and HBV DNA

Following the manufacturer’s guidelines, cDNA
quantification was performed using the TB Green® Premix
Ex Taq™ II (Tli RNaseH Plus) kit (Takara, Kyoto, Japan).
The PCR primers for HBV 3.5 kb RNA were HBV2268F:
5'-GAGTGTGGATTCGCACTCC-3’ and HBV2372R:
5'-GAGGCGAGGGAGTTCTTCT-3’.  For HBV total
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RNA, the specific primers used were HBVI803F: 5'-
TCACCAGCACCATGCAAC-3’ and HBVI872R: 5'-
AAGCCACCCAAGGCACAG-3'.

The cDNA amplification protocols for HBV 3.5kb
RNA and HBV total RNA involved denaturation at 95
°C for 30 seconds, followed by 40 cycles of denatura-
tion at 95 °C for 5 seconds and 60 °C annealing for 30
seconds. Gene expression levels were determined using
the 2~22C4 method, with values normalized to GAPDH
expression as an internal control. For HBV DNA ex-
tracted from the supernatant, a TIANGEN DNA Blood
Mini Kit (TIANGEN, BeiJing, China) was used, and qual-
ification was carried out using the TB Green® Premix Ex
Taq™ II (Tli RNaseH Plus) kit (Takara, Japan). The spe-
cific primers used for HBV DNA were HBV DNA-F: 5'-
GAGTGTGGATTCGCACTCC-3’ and HBV DNA-R: 5'-
GAGGCGAGGGAGTTCTTCT-3'.

Cell Counting Kit-8 Assay

For monitoring cell viability, the Cell Counting Kit-8
(CCK-8) from Dojindo Laboratories, Japan, was employed.
Eight days post gRNA/Cas9 lentivirus infection, the culture
medium was refreshed, and each well received 10 puL of the
CCK-8 solution. The plate was then incubated at 37 °C for
4 hours, followed by measuring the absorbance at 450 nm
using a microplate spectrophotometer.

Design of HBV-Targeting CRISPR/Cas9 System

Ten targeting sequences were carefully selected and
incorporated into the lentiCRISPRv2 vector. These se-
quences were designed to maximize conservation across
various HBV genotypes while minimizing homology to
the human genome. Through rigorous screening, these
sequences were demonstrated to be more efficient than
other candidate gRNAs. The sequences and locations of
the HBV-specific gRNAs are presented in Table 1 (Ref.
[13,14,18-22]) and visually represented in Fig. 1a.

Table 1. Sequences of HBV-specific gRNAs.

Name Targeting gRNA sequence (5-37) Location
ORF

4120] S/Pol TATCGCTGGATGTGTCTG 368-385

10 [19] PreC ~ GCTTGGAGGCTTGAACAGT 1859-1877
11[19] X/ep GGAGGCTGTAGGCATAAAT 1776-1794
21[14] Pol/Xp CTCTGCCGATCCATACTG  1256-1273
55 X/Pol GCCGACGGGACGTAAACAA 1421-1439
60 [21] PreC AGCCTCCAAGCTGTGCCTT 1867-1885
69 [21] Core TTGACCCGTATAAAGAATT 1908-1926
159[22] X/Pol GCCGTTCCGACCGACCACG 1503-1521
178 [13] X/Pol ~ GGGCGCACCTCTCTTTACG 1521-1540
231[18] X/Pol GGTCTCCATGCGACGTGCAG 1597-1616
GFP ATGTGATCGCGCTTCTCGT

The names of gRNAs were consistent with the original articles.

OREF, open reading frame; GFP, green fluorescent protein.
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Fig. 1. Ability of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 with Hepatitis B virus (HBV)-specific
gRNAs to inhibit the HBV antigen. (a) Schematic illustration of the guide RNA (gRNA)-targeted sequences located in the HBV genome.
(b) Specific gRNAs could reduce HBsAg levels in HepAD38 cells. (c) Specific gRNAs could reduce HBeAg levels in HepAD38 cells.
(d) Specific gRNAs could reduce HBsAg levels in the rcccDNA model. (e) Specific gRNAs could reduce HBeAg levels in the rcccDNA
model. The 10 gRNAs in the experimental group targeted different regions of the HBV genome. The gRNA of the control group was a
non-HBV-related gRNA sequence, which did not target HBV. The same gRNA was used as a control group in Fig. 1b—e. *p < 0.05, **p
< 0.01, ##**¥p < 0.0001.
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Fig. 2. Ability of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 with HBV-specific gRNAs to inhibit
HBY replication and reduce covalently closed circular DNA (cccDNA). (a) Specific gRNAs could reduce HBV 3.5 kb RNA levels
in HepAD38 cells. (b) Specific gRNAs could reduce HBV DNA levels in HepAD38 cells. (c) Specific gRNAs could reduce cccDNA
levels in HepAD38 cells. (d) CRISPR/Cas9 system with gRNAs had no significant effects on cellular proliferation. ***p < 0.001, ****p

< 0.0001.

Recognizing the pivotal role of the X protein in sus-
taining HBV replication, six gRNAs were directed towards
the X protein, overlapping the polymerase gene, or Cp pro-
moter. Additionally, four gRNAs were targeted towards the
PreC/Core ORF and preS1/S2/S OREF, respectively.

Statistical Analysis

All data are expressed as mean =+ SD. Statistical anal-
ysis was performed using GraphPad Prism 7.04 (San Diego,
CA, USA) software for a two-tailed independent Student’s
T-test. p < 0.05 was considered statistically significant.

Results

HBV-Specific CRISPR/Cas9 could Suppress the
Expression of HBV Antigens

We assessed the anti-HBV effects of the reconstructed
CRISPR/Cas9 in HepAD38 cells replicating HBV under
doxycycline conditions. Upon removing doxycycline from

the culture medium, the cells expressed viral pgRNA and
formed cccDNA. To determine the ability of HBV-specific
CRISPR/Cas9 to suppress the expression of HBV antigens,
ELISA assays were performed using the supernatant of
HepAD38 cells transduced with CRISPR/Cas9 lentivirus.

As depicted in Fig. 1b,c, six specific gRNAs (gRNA-
11, 21, 55, 159, 178, and 231) exhibited the capacity to si-
multaneously reduce both HBsAg and HBeAg. Notably,
gRNA-4 displayed the most significant effect in suppress-
ing HBsAg, while not suppressing HBeAg. Conversely,
gRNA-10 demonstrated the most pronounced reduction in
HBeAg but had no effect on decreasing HBsAg. This dis-
crepancy may be attributed to variations in the functional
regions targeted by these HBV-specific gRNAs.

For the rcccDNA model, where rcccDNA served as
a natural cccDNA surrogate, and HBsAg was expressed
solely from rcccDNA produced by Cre/loxP-mediated re-
combination and subsequent RNA splicing [26], gRNAs-
4, 21, and 231 were observed to significantly reduce HB-
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sAg levels (Fig. 1d). In the same model, gRNAs-10, 21,
and 60 demonstrated significant reduction in HBeAg levels

(Fig. le).

CRISPR/Cas9 System with gRNAs could Inhibit HBV
Replication

HBYV 3.5kb RNA and HBV DNA serve as reliable in-
dicators for HBV replication in HepAD38 cells. Therefore,
we assessed the production of HBV 3.5kb RNA and HBV
DNA in the supernatant of HepAD38 cells transduced with
CRISPR/Cas9 lentivirus. Nine gRNAs (4, 10, 11, 21, 55,
60, 159, 178, and 231) demonstrated a significant reduction
in HBV 3.5 kb RNA levels (Fig. 2a). While the difference
was statistically significant, the ability of gRNA-11 to re-
duce HBV 3.5 kb RNA was weaker compared to the other
eight gRNAs (4, 10, 21, 55, 60, 159, 178, and 231) (Fig. 2a).

All gRNAs (4, 10, 11, 21, 55, 60, 69, 159, 178, and
231) led to a significant decrease in HBV DNA levels in
HepAD38 cells (Fig. 2b). Similarly, although the differ-
ences were statistically significant, gRNA-11 and gRNA-69
exhibited less ability to reduce HBV DNA levels compared
to the other eight gRNAs (4, 10, 21, 55, 60, 159, 178, and
231) in HepAD38 cells (Fig. 2b).

All gRNAs (4, 10, 11, 21, 55, 60, 69, 159, 178, and
231) resulted in a significant decrease in cccDNA levels in
HepAD38 cells (Fig. 2c). The CCK-8 assay indicated that
the CRISPR/Cas9 system with gRNAs affected viral pro-
duction but had no significant effects on cellular prolifera-
tion (Fig. 2d).

Conserveness Evaluation of HBV-Specific gRNAs
Targeting Sequences

To assess the conserveness of HBV-specific gRNAs
targeting sequences across known HBV variants, 9777
full-length HBV sequences spanning genotypes A~H and
recombinant genotypes were retrieved from the HBV
database [27]. As depicted in Fig. 3, gRNA-60 targeted the
most highly conserved region of the HBV genome across
all HBV genotypes. Similarly, gRNA-10 and gRNA-21 tar-
geted highly conserved regions of the HBV genome. The
conserveness of gRNA-10 targeting HBV sequences ex-
ceeded 92% among different HBV genotypes, except for
a slightly lower conserveness (75.7%) in genotype A. For
gRNA-21, the conserveness targeting HBV sequences was
over 81.4% in all HBV genotypes and recombinant HBV
strains. In addition to genotype F and genotype H, gRNA-
4 and gRNA-178 also targeted highly conserved regions of
the HBV genome (Fig. 3). In summary, five gRNAs target-
ing relatively highly conserved regions of the HBV genome
were identified, namely gRNA-60, 10, 21, 4, and 178, in-
dicating that the corresponding Cas9/gRNAs had a wide
range of reactivity.

0
<
Z
©
(=)
A B C D E F G H RG
1066 2110 3104 1523 397 304 49 28 1196
Fig. 3. Conserveness of the targeting sequences of HBV-

specific gRNAs. Correspondingly, intensities of red and green
indicate low and high rates of conserveness. The numbers at the
bottom of the picture represent the number of HBV sequences for
different genotypes.

Anti-HBYV Effect of CRISPR/Cas9 with Dual gRNAs
in HepAD38 Cells

As illustrated in Fig. 4a, the combination of gRNA-
4 and gRNA-10 effectively reduced HBsAg to very low
levels, even though CRISPR/Cas9 with gRNA-10 alone
showed no significant effect on HBsAg. Moreover, the
combination of gRNA-10 and gRNA-21 exhibited a syn-
ergistic effect on reducing HBsAg levels, significantly
outperforming the individual use of these two gRNAs.
Additionally, the combination of gRNA-4 and gRNA-21
(gRNA-4+gRNA-21) led to a greater reduction in HBsAg
compared to gRNA-4 alone, although the difference was
not statistically significant (Fig. 4a).

Similarly, gRNA-4+gRNA-21 demonstrated a syn-
ergistic effect in inhibiting HBeAg production (Fig. 4b).
The optimal impact on inhibiting HBeAg production was
achieved when combining gRNA-10 with gRNA-21, a re-
sult not attainable with the use of gRNA-4 or gRNA-21
alone (Fig. 4b).

In Fig. 4c, the synergistic effect of dual gRNAs on sup-
pressing HBV replication was observed. The combination
of gRNA-4 and gRNA-10 (gRNA-4+gRNA-10) synergis-
tically reduced the level of HBV DNA in the supernatant
of HepAD38 cells. Although the combination of gRNAs
did not exhibit a synergistic effect in reducing cccDNA
compared to gRNA-10 alone, the combination of gRNA-
4+gRNA-10 and gRNA-10+gRNA-21 surpassed the effi-
cacy of gRNA-4 or gRNA-21 used alone in reducing cc-
cDNA (Fig. 4d). Fig. 4e,f demonstrated that the effect of
gRNA-10 combined with other gRNAs was comparable to
that of gRNA-10 used alone in inhibiting HBV total RNA
and 3.5kb RNA.

Anti-HBYV Effect of CRISPR/Cas9 with Dual gRNAs
in HBV Infection HepG2-NTCP Cells

As depicted in Fig. 5a,b, both HBsAg and HBeAg
decreased compared to the control group, indicating the
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Fig. 4. Anti-HBYV effect of CRISPR/Cas9 with dual gRNAs in HepAD38 cells. (a) The combination of two gRNAs had a synergistic
effect on reducing HBsAg levels. (b) The combination of two gRNAs had a synergistic effect on reducing HBeAg levels. (c) The
combination of two gRNAs had a synergistic effect on suppressing HBV replication. (d) The combination of two gRNAs had a synergistic
effect on reducing cccDNA levels. The effect of gRNA-10 combined with other gRNA is the same as that of gRNA-10 used alone in
inhibiting HBV total RNA (e) and HBV 3.5kb RNA (f). “p < 0.05, ’p < 0.01. ®p showed that the combination of two gRNAs had a
significantly higher inhibition efficiency than that of a single gRNA, named a synergistic effect. *p showed that the combination of two
gRNAs did not produce a synergistic effect.
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Fig. 5. Anti-HBV effect of CRISPR/Cas9 with dual gRNAs in HBV infection HepG2-NTCP cells. (a) The combination of two
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had a significantly higher inhibition efficiency than that of a single gRNA, named a synergistic effect. °p showed that the combination

of two gRNAs did not produce a synergistic effect.

anti-HBV effect of CRISPR/Cas9. The combination of
gRNA-4 and gRNA-10 exhibited a synergistic effect on
reducing HBsAg levels compared to gRNA-4, gRNA-10,
or gRNA-21 used alone (Fig. 5a). Similarly, the combi-
nation of gRNA-10 and gRNA-21 displayed a synergistic
effect on reducing HBeAg levels compared to gRNA-10 or
gRNA-21 used alone (Fig. 5b). In line with the results from
the HepAD38 cell and the rcccDNA models, gRNA-10
demonstrated the most potent inhibition effect on HBeAg
in the HBV infection HepG2-NTCP cell system. Although
the combination of gRNA-4 and gRNA-10 did not show a
synergistic effect in reducing HBeAg levels compared to
gRNA-10, it was superior to gRNA-4 used alone (Fig. 5b).

Furthermore, we observed that the combination of
gRNA-10 with either gRNA-4 or gRNA-21 resulted in a
more significant decline in HBV DNA levels than a sin-
gle gRNA (Fig. 5c¢). Additionally, the combination of
gRNA-10 and gRNA-21 led to an almost 50% reduction
in cccDNA compared to gRNA-10 or gRNA-21 used alone
(Fig. 5d).

Discussion

Chronic HBV infection continues to pose a global
health challenge. In recent years, therapeutic genome edit-
ing has emerged as a potential cure strategy for HBV infec-
tion. The development of CRISPR/Cas9 technology for an-
tiviral therapies has garnered significant attention [28-30].
While CRISPR/Cas9 has demonstrated effective cleavage
of HBV both in vitro and in vivo, further advancements are
necessary to enhance its ability to inhibit HBV replication,
reduce HBsAg and HBeAg, and clear cccDNA.

While gRNA-11 has shown significant effectiveness
in reducing HBsAg and HBeAg in the HepAD38 cell line
(Fig. 1b,c), its impact on reducing HBsAg and HBeAg
in the rcccDNA model is not as pronounced (Fig. 1d,e).
Consequently, gRNA-11 was not selected for combina-
tion. In the rcccDNA model, gRNA-21 demonstrated the
ability to simultaneously reduce HBsAg and HBeAg lev-
els (Fig. 1d,e). On the other hand, gRNA-4 and gRNA-
231 could only reduce HBsAg levels, while gRNA-10 and
gRNA-60 could solely reduce HBeAg levels (Fig. 1d,e).
Therefore, gRNA-21 was chosen for combination.
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In our exploration of strategies to enhance the antivi-
ral effects of CRISPR/Cas9, we screened several gRNAs
targeting different regions of the HBV genome, aiming to
identify those that effectively inhibit HBV replication or
reduce HBV antigen levels. Our findings revealed that
gRNA-10, targeting the preCore ORF, demonstrated op-
timal effects in reducing cccDNA, inhibiting HBV repli-
cation, and decreasing HBeAg levels, albeit with no sig-
nificant impact on reducing HBsAg levels. On the other
hand, gRNA-4 exhibited the most pronounced inhibitory
effect on HBsAg but proved ineffective in inhibiting HBV
replication and reducing HBeAg levels. Notably, gRNA-21
showed a moderate impact on cccDNA, HBV replication,
and antigen expression.

The observed differences in inhibitory effects could
be attributed to two potential reasons: (1) The cleavage of
cccDNA by the CRISPR/Cas9 system may lead to its inabil-
ity to be repaired by non-homologous end joining (NHEJ),
resulting in the destruction of cccDNA integrity [31]. (2)
Some cccDNAs might undergo mutations at the cleavage
site during NHEJ repair, potentially influencing transcrip-
tion or specific antigen expression. Consequently, the in-
hibitory efficiency of different gRNAs varies depending on
the functional regions they target.

A crucial factor in the development of CRISPR/Cas9-
based anti-HBV therapeutics is the conservation of target
regions within the HBV genome. In our study, the targeted
areas of the five selected gRNAs (60, 21, 10, 4, 178) were
found to be highly conserved across HBV genotypes A—H
(Fig. 3). Beyond genotypic variations, the absence of proof-
reading functionality in the viral reverse transcriptase and
a high replication rate contribute to the presence of genet-
ically distinct yet closely related variants within individual
HBYV populations [32].

These variants may introduce mismatches between de-
signed gRNAs and the targeted HBV sequences. However,
our study revealed that gRNA-4, gRNA-10, and gRNA-21
could effectively recognize nearly all HBV variants tested.
Furthermore, the combination of these gRNAs could po-
tentially broaden the range of HBV sequences targeted by
the CRISPR/Cas9 system with dual gRNAs. This approach
may help mitigate the emergence of HBV quasispecies that
could evade the CRISPR/Cas9 treatment.

Several studies have explored the potential of
CRISPR/Cas9 in combating HBV infection, showcasing
various strategies to enhance its effectiveness. Chen et
al. [33] demonstrated that gRNA and Cas9 could be
transported via endogenous exosomes from CRISPR/Cas9-
expressing cells, acting as vectors to deliver functional
Cas9 and HBV-specific gRNA to cleave HBV DNA in
HuH7 cells. Zhang et al. [34] showed that gRNAS and/or
gRNA9 RNPs significantly reduced HBV cccDNA, HBV
total DNA, pre-genomic RNA, HBsAg, and HBeAg levels.
Additionally, Wang et al. [19] reported the greater inhibi-
tion efficacy of dual gRNAs on HBsAg and HBeAg com-
pared to single gRNA alone. Consistent with these findings,
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our study also demonstrated the superior effectiveness of
CRISPR/Cas9 with dual gRNAs compared to single gRNA.
Specifically, the combination of gRNA-4 and gRNA-10
achieved a simultaneous reduction of approximately 85% in
HBsAg and HBeAg levels, synergistically decreased HBV
DNA levels, and significantly reduced cccDNA levels. In
contrast, gRNA-4 or gRNA-10 alone could not achieve
the same reduction in all these virological indicators. In
the HepG2-NTCP cell infection model, the combination of
gRNA-10 and gRNA-21 exhibited a significant synergistic
effect on reducing HBV indicators, particularly cccDNA.
This synergistic effect is likely attributed to the cumulative
anti-HBV effects of gRNA-10 and gRNA-21.

Ensuring the safety of the CRISPR/Cas9 system re-
quires consideration of potential off-target effects. A
study conducted whole-genome sequencing on liver ge-
nomic DNA from chimeric mice treated with AAV2-
Cas9/gRNA10, revealing no specific insertion/deletion
variations [35]. Similarly, next-generation sequencing
demonstrated the absence of indel formations at eight
gRNA-21 off-target sites after the constitutive expression
of CRISPR/Cas9 and gRNA-21 in HepG2.2.15 cells for
over four weeks [14]. Although no evidence of off-target
effects has been observed, conducting a comprehensive
genome-wide analysis of potential off-target effects for the
CRISPR/Cas9 system with dual gRNAs is essential. This
analysis is particularly important due to the low homology
between viral and human genomic Cas9 targets.

This study has some limitations that warrant acknowl-
edgment.

(1) While our results indicate that CRISPR/Cas9 with
dual gRNAs may reduce cccDNA levels, it is crucial to
delve further into the fate of the HBV mini-chromosome
post-gene editing. A study reported that dual gRNAs could
cleave cccDNA into two fragments, giving rise to two novel
viral episomes that remain transcriptionally active [36].
Further investigation is needed to understand the dynam-
ics and consequences of cccDNA editing in greater detail.
(2) The delivery of CRISPR/Cas9 with dual gRNAs could
be explored using different modalities, such as RNPs or
mRNA delivery methods [37,38]. This avenue is worth ex-
ploring in primary human hepatocytes and liver-humanized
mice models [39] to better understand the applicability and
efficiency of the approach in more complex and relevant
biological systems.

Conclusions

To summarize, our study demonstrated that
CRISPR/Cas9 with dual gRNAs effectively inhibited
HBYV replication and reduced levels of HBsAg, HBeAg,
and cccDNA in both HBV-stable cell lines HepAD38 and
HBYV infection models of HepG2-NTCP cells. Specifically,
combining gRNA-10 with either gRNA-4 or gRNA-21 in
the CRISPR/Cas9 system showed enhanced efficacy in
inhibiting HBV infection, reducing HBsAg and HBeAg
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levels, and promoting HBsAg clearance. This suggests that
the CRISPR/Cas9 system with dual gRNAs holds promise
as a valuable tool for eradicating HBV, offering a potential
new method for achieving the functional cure of patients
with CHB.
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