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Depleting hepatitis B virus relaxed
circular DNA is necessary
for resolution of infection by CRISPR-Cas9
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CRISPR-Cas9 systems can directly target the hepatitis B virus
(HBV) major genomic form, covalently closed circular DNA
(cccDNA), for decay and demonstrate remarkable anti-HBV
activity. Here, we demonstrate that CRISPR-Cas9-mediated
inactivation of HBV cccDNA, frequently regarded as the
“holy grail” of viral persistence, is not sufficient for curing
infection. Instead, HBV replication rapidly rebounds because
of de novo formation of HBV cccDNA from its precursor,
HBV relaxed circular DNA (rcDNA). However, depleting
HBV rcDNA before CRISPR-Cas9 ribonucleoprotein (RNP)
delivery prevents viral rebound and promotes resolution of
HBV infection. These findings provide the groundwork for
developing approaches for a virological cure of HBV infection
by a single dose of short-lived CRISPR-Cas9 RNPs. Blocking
cccDNA replenishment and re-establishment from rcDNA
conversion is critical for completely clearing the virus from in-
fected cells by site-specific nucleases. The latter can be achieved
by widely used reverse transcriptase inhibitors.

INTRODUCTION
Hepatitis B virus (HBV) is a highly contagious virus known to infect
humans and cause chronic hepatitis B (CHB).1 CHB is a leading cause
of liver cancer and cirrhosis worldwide, with approximately 1 million
deaths annually.2 Modern therapeutics suppress viral replication but
cannot clear viral infection and thus do not induce durable post-treat-
ment control of viral replication in a significant portion of CHB pa-
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tients.3 HBV’s covalently closed circular DNA (cccDNA), residing
in the nuclei of infected hepatocytes, is believed to be the source of
viral persistence, causing rebound of viral replication after cessation
of treatment.4 Destroying HBV cccDNA in infected cells is thought
to lead to the virological cure of HBV infection and complete eradi-
cation of the virus from the body.5

To date, the only molecular tools able to directly target HBV cccDNA
are site-specific nucleases, including CRISPR-Cas9.6 CRISPR-Cas9
has been reported to efficiently and precisely cleave HBV cccDNA,
leading to dramatic decline in viral levels.7–13 However, recent find-
ings suggest that HBV replication could also be maintained by re-
infection with circulating HBV particles and nuclear re-import of
relaxed circular DNA (rcDNA), the precursor of HBV cccDNA.14

We therefore asked how a single delivery of highly effective
CRISPR-Cas9 ribonucleoproteins (RNPs) could affect HBV replica-
tion, and whether conversion of rcDNA into cccDNA can result in
re-establishing viral replication after HBV cccDNA degradation.
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Although many studies employed CRISPR-Cas for targeting HBV
cccDNA,7–9,12,13,15–17 they mostly relied on prolonged intracellular
overexpression of CRISPR-Cas from plasmid vectors and thus could
not estimate their antiviral activity in a clinically relevant setting.
Several studies also demonstrated that reverse transcriptase inhibi-
tors, including lamivudine, tenofovir disoproxil fumarate, and enteca-
vir, provide a cumulative improvement when used together with
CRISPR-Cas.11,18 However, the rebound of HBV replication after
CRISPR-Cas delivery has never been directly assessed. In this study,
for the first time we demonstrate the rebound of HBV replication
following highly effective CRISPR-Cas9-mediated suppression of
viral replication and develop a simple strategy to prevent viral reacti-
vation by depleting the HBV rcDNA genomic form using reverse
transcriptase inhibitors.

Here, we report that: (1) a single, transient delivery of CRISPR-Cas9
RNPs eradicates >98% of HBV cccDNA; (2) the cccDNA pool is re-
established, and HBV replication rebounds after CRISPR-Cas9 RNP
degradation; and (3) depleting HBV rcDNA in infected cells with
lamivudine, a reverse transcriptase inhibitor, prevents re-establish-
ment of cccDNA and promotes resolution of HBV infection by a sin-
gle dose of CRISPR-Cas9 RNPs. Besides this, we demonstrate that
epigenetic modification (DNA methylation) of cccDNA hampers or
blocks cccDNA cleavage by Streptococcus thermophilus CRISPR-
Cas9 (StCas9), although this effect can be overcome by increasing
doses of CRISPR-Cas9 RNPs. Overall, in this study we provide the
groundwork for developing approaches aimed at curing HBV
infection.

RESULTS
Robust anti-HBV activity of a single dose of CRISPR-Cas9 RNPs

CRISPR-Cas9 RNPs rapidly edit target DNA shortly after delivery.19

Less than 24 h post delivery, RNPs are largely destroyed by endoge-
nous nucleases and proteases and no longer function. The limited life-
time and burst-like kinetics of RNPs result in very efficient on-target
activity and markedly reduced off-target mutagenesis.19 To test on-
target nucleolytic activity, we assembled RNPs of StCas9 with one
of the in vitro-transcribed, HBV-specific single guide RNAs (sgRNAs)
(St3, St4, or St10) (Figure 1A)13 and performed a biochemical in vitro
cleavage assay with recombinant cccDNA (rcccDNA). Using any of
the three sgRNAs, StCas9 effectively cleaved HBV rcccDNA, as evi-
denced by generation of a single band on gel electrophoresis corre-
sponding to linear rcccDNA (Figure 1B). When transfected into
HepG2 cells with HBV rcccDNA (Figure 1C), RNPs led to reduced
HBV viral transcription (pregenomic RNA [pgRNA] and S-mRNA
levels) and replication (marked decrease in HBV DNA and rcccDNA
levels) (Figure 1D). St3 sgRNA was the least effective, leading to
�50% rcccDNA reduction, while St10 displayed the highest antiviral
activity with over 98% drop in rcccDNA levels. Successful intranu-
clear delivery of StCas9 was validated by immunocytochemistry
20 h post transfection (Figure 1E). Nucleofected StCas9 decayed
and was not detected at 24 h post transfection (Figure S1). Next, we
used StCas9/St10 RNPs and measured anti-HBV activity at the pro-
tein level (Figures 1F–1H). Both hepatitis B core antigen (HBcAg)
and surface antigen (HBsAg) were strongly reduced by StCas9/St10
RNPs (Figures 1G and 1H).

HBV rcccDNA cleaved by CRISPR-Cas9 is either repaired by non-ho-
mologous end-joining (NHEJ) or alternative pathways with the forma-
tion of disruptive or non-disruptive mutations,7 or is degraded.12,13,20

NHEJ inhibitor NU7026 hinders HBV rcccDNA degradation and
maybeused to assess the rates of rcccDNAdegradation.12Todetermine
the outcomes ofHBVrcccDNAcleavage afterCRISPR-Cas9RNP treat-
ment, we performed experiments with and without NU7026 and
analyzed indels at different time points (Figure 1I). HBV rcccDNA
was reduced >90% in HepG2 cells transfected with StCas9/St10 RNPs
and treated with DMSO only, followed by a steady increase in HBV
rcccDNA by day 4 post transfection (Figure 1J). Treating RNP-trans-
fected cells with NU7026 significantly attenuated HBV rcccDNA
decline at day 1 post transfection, which is consistent with our previous
observations that NU7026 prevents degradation of HBV cccDNA.12

Next, we deep-sequenced target HBV rcccDNA at days 1–4 post trans-
fection and found different kinetics of HBV rcccDNA repair in normal
and altered (treatedwithNU7026) conditions (Figure 1K). Themajority
of HBV rcccDNA was rapidly destroyed as evidenced by PCR (Fig-
ure 1J). The remaining HBV rcccDNAs were extensively edited with
the formation of deletions of different size using StCas9 RNPs 3 days
post transfection, indicating the slow repair kinetics of Cas9-induced
double-strand breaks (DSBs).21 Insertions were absent or extremely
rare, and deletions were absent the following day. In contrast, high rates
of deletions were detected as early as 2 days post transfection at the site
of nucleolytic cleavage when NU7026 was used, followed by a switch to
frequent on-target insertions at day 3 post transfection. Indels were not
detected in the St10 + NU7026 group 4 days post transfection. This is
consistent with the effects of NHEJ inhibitors on DSB repair kinetics,
which alter the outcome of DNA cleavage and result in more rapid
repair of DSBs by alternative pathways.21,22

Disappearance of mutations in HBV rcccDNA at later time points
and markedly reduced HBV cccDNA levels indicate that the majority
of HBV rcccDNA cleaved by RNPs may be destroyed. When using
NU7026, rcccDNA declined less abruptly but harbored frequent
and heterogeneous indels (Figures S2A and S2B).

As off-target mutagenesis inflicted by CRISPR-Cas9 is a major
concern that may compromise its potential clinical application and
may compromise cell function, we deep-sequenced an array of 12
off-target host genome sites with the highest probability of cleavage.
No significant increase in mutations was detected at any of these sites
compared with control RNPs. The indel frequency at all loci ranged
from 0% to 0.1%. Indel distribution analysis revealed background in-
dels that did not form a pattern typical for CRISPR-Cas9-induced
mutagenesis (Figure S3). These results show that the designed RNPs
exclusively target HBV DNA and do not affect the host genome.

Prevention of HBV rcccDNA cleavage by methylation

Methylation of cccDNA is a host defense mechanism aimed at tran-
scriptionally silencing the virus. Three canonical and several
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Figure 1. Potent anti-HBV activity of CRISPR-Cas9 RNPs

(A) Targets of CRISPR-Cas9 in the HBV genome. (B) In vitro digestion assay of HBV rcccDNA by CRISPR-Cas9. Arrows indicate digested rcccDNA, seen as a single band on

gel electrophoresis. (C) Experimental setup of CRISPR-Cas9 RNPs transfection. (D) Anti-HBV activity of CRISPR-Cas9 analyzed by measuring pgRNA and HBV S-mRNA

normalized to GAPDH mRNA, and by measuring HBV DNA and rcccDNA relative to b-globin. (E) Intracellular delivery of StCas9 protein. HBcAg (green) and StCas9 protein

(red); cell nuclei were labeled by Hoechst 33342 dye (blue). (F) Analysis of HBcAg expression, (G and H) Relative levels of (G) HBcAg-positive cells and (H) HBsAg secretion. (I)

NU7026 experimental setup. (J) PCR analysis of HBV cccDNA levels with and without NU7026 treatment (relative to b-globin). (K) Indel rates in cccDNA. All groups were

transfected with rcccDNA and either StCas9 protein with non-targeting sgRNA (Nc) or HBV-specific St10 (St10) sgRNA, and treated with DMSO (+DMSO) or NU7026

(+NU7026). Bp < 0.05, Dp < 0.01, #p < 0.001, *p < 0.0001; ns, not significant. (C) and (I) were created in BioRender.
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non-canonical CpG islands and non-CpG sites in the HBV genome
are subjected to DNA methylation (Figure 2A). Different HBV geno-
types contain distinct CpG islands and are unequally methylated.23

The extent of HBV cccDNA methylation correlates with CHB pro-
gression.23 DNA methylation is a layer of patient-to-patient and in-
ter-genotype variation23 that may change upon disease progression
and treatment24,25 and, potentially, compromise nucleolytic activity
of CRISPR-Cas9 systems.26,27 To unravel the effects of HBV rcccDNA
methylation on RNP activity, we generated heavily methylated
484 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
rcccDNA (meth-rcccDNA) (Figure 2B) as described previously.13

In vitro cleavage assay demonstrated that rcccDNAmethylation dras-
tically reduced StCas9 cleavage with St3 sgRNA (�91% of rcccDNA
versus �47% of meth-rcccDNA) and with St10 sgRNA (�86% of
rcccDNA versus �16% of meth-rcccDNA) (Figure 2C), the target
sites of which are located in CpG I and CpG II islands (Figure 2A),
respectively. Activity of StCas9 with St4 sgRNA, which targets a site
outside CpG islands, was unaltered (Figure 2C). To further charac-
terize the effect of rcccDNA methylation on StCas9 RNP activity,



Figure 2. Effects of HBV rcccDNA methylation on target digestion and antiviral activity by CRISPR-Cas9 RNPs

(A) Distribution of CpG islands (I–III) and graphs showing GC content (blue line) and AT content (green line) (a sliding window of 4 nucleotides). St1–St10 sgRNA targets are

shown on the HBV genomemap. (B) Schematic depicting HBV rcccDNAmethylation byM.SssI DNAmethyltransferase. Me,methylated cytosines. (C and D) In vitro digestion

reaction of rcccDNA and meth-rcccDNA by StCas9 RNPs. Arrows indicate digested rcccDNA. (E) Relative levels of rcccDNA/meth-rcccDNA digestion by StCas9 RNPs. (F)

PCR analysis of rcccDNA andmeth-rcccDNA levels (relative to b-globin) after transfection of StCas9/St10 RNPs (St10) or mock treatment (Nc). (G and H) (G) Effect of dose on

the ability of StCas9/St10 RNPs to cleave meth-rcccDNA and (H) its semi-quantitative evaluation. M, marker; K, mock-treated control. Bp < 0.05, Dp < 0.01, #p < 0.001,

*p < 0.0001; ns, not significant. (B) was created in BioRender.
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we assembled StCas9 RNPs with every sgRNA able to target HBV
rcccDNA (Figure 2A)13 and performed in vitro cleavage reactions
(Figures 2D and 2E). Out of ten StCas9 sgRNAs, eight sgRNAs
cleaved rcccDNA with >50% efficiency (Figure 2E); St2 and St6
cleaved less than 20% of rcccDNA and were further not taken into
analysis. In addition to St3 and St10, rcccDNA cleavage with sgRNAs
St8 and St9 was strongly affected by DNA methylation (Figures 2D
and 2E). Along with St4, activity of sgRNAs St1, St5, and St7 was un-
altered at methylated rcccDNA. Surprisingly, analysis of sgRNA
target sequences revealed that target site nucleotide composition
and CpG content were not important for RNP cleavage of methylated
rcccDNA (Figures S4A–S4E), although there was a preponderance for
sgRNAs targeting regions outside of CpG islands to cut rcccDNA
irrespective of DNA methylation (Figures S4A and S4B). Targets of
sgRNAs inside CpG islands were mostly affected by methylation
(Figures S4A and S4B). The lack of strong reliance of DNA methyl-
ation effects on the target nucleotide sequence may arise from
different efficiency of rcccDNA methylation at certain positions.
Indeed, HBV rcccDNA synthesized in vitro was heavily methylated
as evidenced by bisulfite sequencing, but the rates of methylation
differed from 65% to 91% (Figure S5).

Next, we analyzed the effects of rcccDNAmethylation on StCas9 RNP
activity in HepG2 cells. Transfection of StCas9/St10 RNPs with meth-
rcccDNA into HepG2 cells reduced rcccDNA levels similarly to using
unmethylated rcccDNA (Figure 2F). This indicated that intracellu-
larly, DNA methylation does not affect nucleolytic cleavage. Bisulfite
sequencing confirmed that rcccDNA stays heavily methylated up to
3 days post transfection (methylation of cytosines ranged from
21%–52% to 65%–100% at different positions) (Figure S6). Hence,
a potential role of rcccDNA demethylation may be ruled out. The dif-
ference between biochemical assays and cell-culture experiments
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 485
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could be explained by the higher doses of RNPs used in HepG2 trans-
fection in the biochemical assay. Thus, we performed in vitro
biochemical cleavage assays with the same amounts of rcccDNA
and meth-rcccDNA but with different amounts of StCas9 protein
(within a range of 0.25–14 mg per reaction) (Figures 2G and 2H).
At lower dosages (0.25 mg and 1 mg per reaction), rcccDNA methyl-
ation strongly reduced RNP activity, while increasing amounts of
StCas9 protein overcame DNA methylation and effectively cleaved
the target (Figures 2G and 2H). From these results, for the first
time we demonstrate that HBV DNA methylation hinders rcccDNA
cleavage by StCas9, although this effect is overcome by increasing
RNP dosage.

Rebound of HBV replication and the effect of rcDNA depletion

To evaluate the effects of a single StCas9/St10 RNP administration on
HBV replication, we observed HBV rcccDNA, intracellular HBV
DNA, pgRNA, and secreted HBsAg and HBcAg levels for 14 days
(Figures 3A and S7A). By the fourth day post transfection, all HBV pa-
rameters testedwere still prominently (>90%) reduced (Figures 3B–3F
and S7A); however, rcccDNA, intracellular HBV DNA, pgRNA, and
secreted HBsAg and HBcAg levels gradually reached control levels
by the 14th day. This indicates that HBV replication rebounds after
almost complete eradication by StCas9/St10 RNPs. To determine
whether HBV relapse requires rcccDNA to be transcriptionally active,
we performed experiments with rcccDNA and transcriptionally
silenced meth-rcccDNA, as shown in Figure 3A. As expected,
rcccDNA levels recovered by the 17th day while meth-rcccDNA did
not, remaining below 85%–98% of the control (Figure 3G). This sug-
gested that HBV rebound is related either to the activity of uncut
rcccDNA or to rcDNA produced from rcccDNA-transcribed pgRNA.

To study the role of rcDNA in HBV rebound, we pre-treated HepG2
cells with lamivudine (LAM), a reverse transcriptase inhibitor, 1 day
before transfection and kept it in the culture medium for the next
6 days, replenishing the medium with fresh LAM every 2 days (Fig-
ure 3H). LAMprevents formation of rcDNA; rcDNAwas almost absent
in cells, and new cccDNA could not be formed from rcDNA. On day 5,
LAM was removed from culture medium and HBV parameters were
measured for the next 14 days (up to day 19 post transfection so that
the observation periods in LAM and no-LAM experiments are iden-
tical) to evaluate the effect of rcDNA depletion on HBV rebound.
HBV cccDNA, intracellular HBV DNA, pgRNA, and secreted HBsAg
remained virtually at the same residual levels (Figures 3I–3L), and
HBcAg was reduced, but not statistically significantly, compared with
control (Figures 3M and S7B). Southern blotting confirmed rebound
of HBV replication after transfection of RNPs and demonstrated a
substantial reduction in HBV DNA upon rcDNA depletion by LAM
(Figure 3N). Altogether, these results indicate that rebound of HBV
replication after rcccDNA eradication by CRISPR-Cas9 RNPs can be
prevented if the HBV rcDNA/ cccDNA step is abrogated.

Resolution of HBV infection by CRISPR-Cas9 RNPs

Initially, we used a co-transfection model to ensure the highest rates
of HBV rcccDNA and CRISPR-Cas9 RNPs co-delivery into difficult-
486 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
to-transfect HepG2 cells. However, (1) this model does not support
complete HBV replication cycle, (2) rcccDNA-driven replication de-
clines in time due to cell division, and (3) rcccDNA is a mimic of
cccDNA, as a “true” HBV cccDNA is established only in an infection
system. In this respect, we nucleofected CRISPR-Cas9 RNPs into
HBV-infected HepG2-hNTCP cells with or without LAM pre-treat-
ment as shown in Figure 4A.

In this model, all analyzed HBV intermediates were remarkably
reduced (�95% for intracellular HBVDNA,�86% for HBV cccDNA,
and �60% for secreted HBsAg) upon CRISPR-Cas9 RNP nucleofec-
tion with LAM pre-treatment (group St10 + LAM) by day 17 post nu-
cleofection, whereas in a control group (Nc) HBV replication was
amplified (Figures 4B–4D). Notably, in St10 + LAM group not only
HBV levels did not amplify by day 17 post nucleofection but they
consistently declined compared with day 7 post nucleofection.

The effect of CRISPR-Cas9 RNPs (St10) alone was not observed at
day 7 post nucleofection. By the end of the observation HBV DNA,
cccDNA, and HBsAg levels were all amplified but were significantly
lower compared with the Nc group (Figures 4B–4D). Pre-treating
HBV-infected cells with LAM (Nc + LAM) markedly reduced intra-
cellular HBV DNA (Figure 4C) and, less prominently, secreted
HBsAg levels (Figure 4B). HBV cccDNA amplification was blocked
by LAM (Figures 4D and 4E) by day 17 post nucleofection, proving
rcDNA / cccDNA conversion as the major mechanism supporting
cccDNA de novo formation in HepG2-hNTCP cells. No significant
reduction in HBV parameters observed at 7 days post nucleofection
may be related to initially low HBV cccDNA levels formed in
HepG2-hNTCP cells.

These data, acquired from an advanced HBV infection system,
strengthen our major conclusion that HBV rcDNA / cccDNA is a
crucial step supporting HBV persistence after HBV cccDNA was in-
activated by CRISPR-Cas9. This strategy blocks amplification of HBV
and results in gradual resolution of HBV infection. Nevertheless, it is
important to understand whether these effects are reproduced in pri-
mary human hepatocytes and in patients in vivo.

DISCUSSION
The issue of virological cure of CHB is central in HBV research.
Novel drugs and combinations can target virtually every step of
HBV replication but still cannot completely cure CHB.28 CRISPR-
Cas9 systems very efficiently cleave target loci in HBV cccDNA, sup-
pressing viral replication. However, most previous studies relied on
continuous expression of CRISPR-Cas9 components to suppress
HBV.7,8,10,13,17,29 Continuous overexpression of gene-editing com-
plexes is not a viable approach, as it dramatically raises the risks of
off-target mutagenesis and toxicity.30–32 Transient delivery of
CRISPR-Cas9 systems in the form of RNPs is safer and provides
rapid, burst-like editing of target sequences that could remove HBV
cccDNA from infected cells and contribute to viral clearance.19,33

Although we observed a prominent reduction in HBV cccDNA levels
by CRISPR-Cas9 RNPs (Figure 1), they failed to eliminate HBV and



Figure 3. Rebound of HBV replication after CRISPR-Cas9 RNPs transfection and its prevention

(A) Experimental setup of a time-course experiment. (B–F) Changes in (B) HBV cccDNA, (C) intracellular HBV DNA, (D) pgRNA, (E) HBsAg, and (F) HBcAg levels (HBcAg

dynamics is provided in Figure S7). (G) Dynamics of rcccDNA and meth-rcccDNA levels after StCas9/St10 RNPs transfection. (H) Experimental setup with LAM treat-

ment. (I–M) Relative levels of HBV biomarkers compared with mock-treated controls. (N) Southern blot analysis of HBV intermediates at endpoints. HBV DNA and cccDNA

levels are provided relative to b-globin; pgRNA levels are relative to GAPDHmRNA.Bp < 0.05, Dp < 0.01, #p < 0.001, *p < 0.0001; ns, not significant. (A) and (H) were created

in BioRender.
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were followed by reconstitution of HBV cccDNA and viral replication
(Figures 3 and 4). HBV rcDNA, an intermediate able to recycle to the
nucleus, was found to be the reason for viral rebound (Figure 4).

The important point is that even short-term LAM pre-treatment was
sufficient to markedly improve anti-HBV activity of CRISPR-Cas9
RNPs and promote resolution of infection. The remaining (but
declining) HBV intermediates (Figures 3 and 4) may be related to a
small portion of cells which were not transfected/nucleofected or,
potentially, to a small portion of HBV cccDNA which failed to be tar-
geted by CRISPR-Cas9. Alternatively, new, deficient types of HBV
cccDNA episomes may arise from activity of gene-editing complexes
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 487
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Figure 4. Effects of CRISPR-Cas9 RNPs and LAM at HepG2-NTCP infection model

(A) Experimental design. (B–D) Anti-HBV activity of CRISPR-Cas9 RNPs measured by (B) HBsAg, (C) HBV DNA, and (D) cccDNA. HBV DNA and cccDNA levels are provided

relative to b-globin. (E) Southern blot analysis of HBV intermediates at an endpoint. Control rcccDNA was used in the same experiment as in Figure 3N. Nc, nucleofection of

CRISPR-Cas9 RNPs with a non-targeting sgRNA; St10, nucleofection of CRISPR-Cas9 RNPs with HBV-targeting sgRNA St10. Bp < 0.05, Dp < 0.01, #p < 0.001,

*p < 0.0001; ns, not significant. (A) was created in BioRender.
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which appear to be produce transcriptionally silenced7 or active18 var-
iants. Importantly, this study also explains previous observations that
combination of CRISPR-Cas9 with reverse transcriptase inhibitors
enhances their antiviral potency.11,18 As shown in the HepG2-
hNTCP infection model (Figure 4), rcDNA / cccDNA conversion
appears to be the leading mechanism of de novo cccDNA synthesis.
Our findings highlight the role of this step in HBV persistence,
revealing it as an important barrier to a sterilizing cure of HBV infec-
tion and rcDNA as the important perpetrator of viral persistence. Un-
derstanding the role of HBV rcDNA / cccDNA conversion in
persistence of HBV infection in other, non-transformed cell lines,
such as primary human hepatocytes, as well as in CHB patients
in vivo, is instrumental in developing “sterilizing” cure strategies.

RNA-interference (RNAi)-based anti-HBV therapies are rapidly
advancing into the clinic, demonstrating potent antiviral activity by
reducing all major viral RNA molecules.34 Despite the promising re-
sults RNAi therapies are unlikely to become monotherapies, so
revealing new, effective drug combinations is of critical importance.35

RNAi therapies are currently studied in combination with traditional
nucleot(s)ide analogs, peg-interferon-a, and viral entry inhibitors36 to
improve treatment outcomes and achieve a cure or stable post-treat-
ment control of HBV replication. In light of our results, the use of
RNAi therapies may have benefits compared with nucleot(s)ide ana-
logs by effectively destabilizing pgRNA and countering HBV cccDNA
de novo formation.
488 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
The fate of HBV cccDNA targeted by CRISPR-Cas9 is currently not
clear. The pioneering studies observed both mutational inactiva-
tion7,17,37 and degradation of HBV cccDNA.11,13,20 Previously,12 we
identified that targeted HBV cccDNA (Figure 1D) is mostly destroyed
by high-efficiency CRISPR-Cas9; the same effect of short-lived
CRISPR-Cas9 RNPs was observed in this study, with >98% of targeted
cccDNA undergoing degradation. In contrast, Martinez et al.18 have
recently argued that upon CRISPR-Cas targeting with two sgRNAs,
HBV cccDNA is rather prone to the formation of new episomal, tran-
scriptionally active cccDNA variants. The authors explain this
discrepancy by non-physiological levels of HBV cccDNA in some
in vitro systems used previously, which may be beyond the repair ca-
pacities of DNA repair pathways. However, HBV cccDNA was stud-
ied previously in infection systems.7,8 Moreover, the overload of DNA
repair systems is unlikely, as the capacity of DNA repair machinery is
very high; hundreds of DSBs per cell are repaired when induced by
irradiation, laser beams, or chemical treatment.38 For understanding
of the phenomenon of DNA degradation even upon a single nucleo-
lytic cleavage, it is important to note the kinetics and repair of Cas9-
induced DSBs. In contrast to physiological DSBs, DNA damage
response factors are not recruited to Cas9-induced DSBs immediately
because Cas9 stays tightly bound to one or both DNA ends. This re-
sults in slower and more erroneous repair and may lead to the loss of
genomic sites, formation of large deletions or, when the target is small
(as HBV cccDNA), may potentially lead to its decay by cellular
nucleases. Another explanation could be that the dose, the type of
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CRISPR-Cas9 system and target site, structure of damaged and local
chromatin, and cell type per se could all potentially affect the out-
comes of HBV cccDNA cleavage.21,39–41 It is tempting to speculate
that the fate HBV cccDNA cleavage could be controlled by different
doses of gene-editing complexes.42

An intriguing feature of the HBV cccDNA pool is that it likely exists
in many epigenetically distinct forms that can change in different
phases of infection and during treatment.24 Owing to reduced acces-
sibility, gene editing in heterochromatin is diminished.43,44 DNA
methylation is not only associated with heterochromatin but can
lower CRISPR-Cas9 activity per se.26,27 We experimentally addressed
whether the epigenetic state (DNAmethylation) can impede antiviral
properties of CRISPR-Cas9 RNPs and showed that it can severely
reduce on-target nucleolytic activity. Even more importantly, this ef-
fect can be negated by increased RNP dosage (higher RNP-to-target
ratio). Whether the presence of other epigenetic modifications or
epigenetic profiles of HBV cccDNA interfere with CRISPR-Cas9 anti-
viral efficiency is unknown. According to our findings, DNA methyl-
ation blocks StCas9 nucleolytic and antiviral activity, but this effect
can be resolved by using higher doses of RNPs.

Efficient systemic delivery of CRISPR-Cas9 RNPs is yet not possible,
but many vehicles for packaging and tissue-specific delivery are under
investigation.45 We did not detect off-target activity of StCas9 either
after continuous StCas9/sgRNA overexpression13 or after transient
RNP delivery (Figure S3). Nevertheless, the effects of different doses
of CRISPR-Cas9 RNPs on off-target sites in the presence and, impor-
tantly, in the absence of target sequences must be determined. In
uninfected cells, RNPs cannot occupy viral targets but instead may
preferentially target host cell nucleic acids and induce undesirable
mutagenesis. Although the question of off-target activity of
CRISPR-Cas9 is apparently losing importance because of invention
and discovery of high-fidelity Cas9 variants, for HBV therapy new
molecular tools must be able to discriminate between episomal
HBV cccDNA and integrated HBV genomes. Clearly, cleaving multi-
ple HBV DNA integrations in infected cells can result in mutations,
chromosome loss,46 and eventual cell death, or, in the worst and
very probable case, carcinogenesis.

Although less than a decade has elapsed since CRISPR-Cas9 was first
used for gene editing in humans, these tools are now investigated in
clinical trials as therapies for hereditary and infectious diseases and
cancer. Our studies substantiate the utility of CRISPR-Cas9 RNPs
for targeting HBV and provide the first strategy for resolution of
HBV infection with a single dose of CRISPR-Cas9 RNPs.

MATERIALS AND METHODS
Cell culture and transfection

The human HepG2-1.1MerHBV, HepG2-1.5HBV (kindly provided
by Dr. Dieter Glebe), and HepG2 cell lines were cultured in complete
DMEM (high glucose) with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, and 1% penicillin/streptomycin. HepG2-1.1MerHBV
was supplemented with 100 ng/mL doxycycline for 24 h to induce
HBV replication, then doxycycline was removed, cells were washed
twice with PBS, and fresh culture medium was added. HepG2 cells
were transfected with rcccDNA or meth-rcccDNA and CRISPR-
Cas9 RNP complexes using Lipofectamine CRISPRMAX transfection
kit (Invitrogen). In brief, recombinant StCas9 protein was mixed with
in vitro-transcribed sgRNA at 1:1 M ratio and rcccDNA/meth-
rcccDNA in OptiMEM (Gibco) and incubated for 10 min. After
10 min, Cas9 Plus reagent was added to the StCas9/sgRNA com-
plexes, mixed, and incubated for 10 min. In parallel, CRISPRMAX re-
agent was mixed with OptiMEM (Gibco) and was left for 10 min.
Thereafter, CRISPRMAX mix was added to the Cas9/sgRNA com-
plexes and incubated for another 10 min. The final mixture was added
to the cells at 50% confluence.
Nucleofection

HepG2-hNTCP cells were transfected with StCas9/sgRNA pre-
assembled complexes using LONZA Nucleofector according to the
manufacturer’s instructions with available HepG2-specific parame-
ters. In brief, a total of 1 million cells were resuspended in SF Nucle-
ofector solution and Supplement 1 containing pre-assembled StCas9
protein with sgRNA at a 1:1 M ratio. Cells were washed the next day
post nucleofection and supplemented with complete medium.
Chemicals

Solution of NU7026 was added to cells at a final concentration of
7.5 mM in complete DMEM medium. NU7026-containing medium
was changed every 1–2 days until harvest. DMSO was used as a
mock-treatment control in experiments with NU7026. Lamivudine
(LAM) was added to cells at a final concentration of 2 mM mixed
with complete DMEM medium. Cells were incubated with LAM for
6 days, and fresh medium with LAM was added every 2 days. All
chemicals were first added to cells 1 day before the transfection.
Synthesis of rcccDNA

rcccDNAwas produced using minicircle technology as described pre-
viously.47 In brief, HBV genome of genotype D sequence was cloned
into minicircle producing plasmid containing attB and attP recombi-
nation sites (mini-HBV). Chemically competent E. coli strain
ZYCY10P3S2T (System Biosciences) was transformed with the
mini-HBV. Clones of successfully transformed cells were selected,
and three colonies of E. coli were incubated in lysogeny broth (LB)
with kanamycin at 37�C for 4 h. Next, 1 mL of the resulting cell sus-
pension was inoculated to 200mL of Terrific broth medium and incu-
bated at 37�C overnight to an OD600 of 6–8 and pH of 7.0. Thereafter,
it was mixed with 200 mL of induction medium (1 N NaOH and 0.2%
L-arabinose in LB) and incubated first for 3 h at 30�C, then for 1 h at
37�C. rcccDNA was isolated from the resulting bacterial pellet using a
Plasmid Maxi Kit (Qiagen, Germany).
Methylation of rcccDNA

HBV rcccDNA was methylated by M.SssI CpG methyltransferase
(SibEnzyme) according to the manufacturer’s protocol. In brief,
1 mg of rcccDNA was incubated with the M.SssI CpG
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methyltransferase at 37�C for 30 min and then purified by a Qiagen
PCR purification kit.

HBV infection of HepG2-hNTCP

HepG2-hNTPC cells were seeded onto collagen 1 (from rat tails)
coated 6-well plates in high-glucose DMEM (Gibco) supplemented
with 10% FBS (Biosera) at a density of 6 � 104 cells/well and grown
to monolayer. After maintaining additional 3 days at monolayer
without splitting, the mediumwas replaced with similar medium con-
taining also 2%DMSO (Sigma). After an additional 72 h the cells were
infected with HBV. In brief, HBV was added at a density of 650
genomic equivalents/cell in the presence of 4% polyethylene glycol
8000 (PEG-8000) in Williams E medium (Gibco) supplemented
with GlutaMAX, 50 mM hydrocortisone, 5 mg/mL insulin, 2%
FetalClone II (Thermo Fisher Scientific), 50 units/mL penicillin,
and 50 mg/mL streptomycin. Twenty-four hours after infection the
cells were washed with PBS (3� 3 mL), and the fresh medium lacking
PEG-8000 was added. Three days after infection, lamividin was added
to the respective samples to a final concentration of 2 mM, and theme-
dium was changed every 3 days.

HBV stock was obtained from HepG2.2.15 cells. These cells were
seeded onto 20 10-cm Petri dishes coated with collagen 1 from rat tails
at a density of 2 � 106 cells/dish in DMEM supplemented with 10%
FBS (Biosera). Three days after themonolayer was formed, 2%DMSO
was added for cell differentiation. After an additional 48 h the me-
dium was replaced with DMEM-F12 medium (Gibco) containing
2.5% FetalClone II, and the conditioned medium was collected every
3 days during 2 weeks and stored at 4�C. Thereafter, the aliquots were
combined, the virus was precipitated by addition of PEG-8000 to the
final concentration of 4% with subsequent gentle shaking during 18 h,
and centrifuged (3,000� g, 1 h, 4�C). The supernatant was discarded,
and the pellet was resuspended in 20 mL of Williams E medium with
GlutaMAX, 50 mM hydrocortisone, 5 mg/mL insulin, 2% FetalClone
II, and 50 units/mL penicillin/50 mg/mL streptomycin, aliquoted,
and stored at �70�C.

Bisulfite sequencing

Unmethylated cytosines in the extracted DNA were converted to ura-
cils using the EpiTect 96 Bisulfite Kit (Qiagen) according to the man-
ufacturer’s instructions. One microgram of DNA was subjected to a
bisulfite conversion PCR protocol. PCR amplification of selected
markers was performed using primers (Table S1) designed with the
PyroMark Assay Design Software 1.0 (Qiagen). PCR reactions were
carried out in a total volume of 25 mL, containing 0.2 mM of each
of the primers, 20 ng of template DNA, and PCR Mix with TaqF po-
lymerase, PCR buffer, and dNTPs (AmpliSens Biotechnologies). The
amplification program consisted of an initial denaturation step at
95�C for 10 min, followed by five cycles comprising: denaturation
(95�C for 45 s), annealing (60�C for 90 s), and extension (72�C for
2 min), followed by 25 cycles of denaturation (95�C for 45 s), anneal-
ing (60�C for 90 s), and extension (72�C for 90 s), and a final exten-
sion of 72�C for 10 min. Negative PCR controls were included in each
PCR amplification. Pyrosequencing was performed using PyroMark
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Gold Q24 Reagents (Qiagen) with the PyroMark Q24 VacuumWork-
station and PyroMark Q24 instrument following the manufacturer’s
instructions. A 10-mL aliquot of the PCR product was immobilized to
2 mL of Streptavidin Sepharose High Performance (GE Healthcare).
Annealing was carried out for 2 min at 80�C with 25 mL of 0.3 mM
sequencing primer. The resulting Pyrogram traces were automatically
analyzed using PyroMark analysis software v.2.0.8 (Qiagen).
In vitro transcription and purification of sgRNA

PCR product encoding appropriate sgRNA sequence under T7 pro-
moter was synthesized using Q5 polymerase based on U6-PCR
product as described previously,12 with primers ultramerT7_f and
ultramerSt1_r. Next, T7 containing PCR product was used as a tem-
plate for in vitro transcription (IVT) reaction using the HiScribe
Quick T7 High Yield RNA synthesis kit (NEB) according to the man-
ufacturer’s protocol. The IVT reaction was incubated overnight and
then treated with DNAse I (NEB) for 15 min at 37�C followed by iso-
propanol purification. In brief, isopropanol and 0.5 M NaCl were
added to the reaction mixture and centrifuged for 30 min. Next, the
pellet was consecutively washed twice with 70% and 95% ethanol.
The air-dried pellet was resuspended in RNase-free water and stored
at�80�C. sgRNA spacer sequences and primers used for sgRNA syn-
thesis are listed in Table S2.
Generation of recombinant Cas9 proteins

The protein was expressed in E. coli strain BL21 (DE3) pLysS cells
(Novagen). Cells were grown in LB medium (supplemented with
the appropriate antibiotic, 0.5% sucrose, 0.5% glycerol, 1 mMmagne-
sium chloride, 50 mM Na2HPO4, 50 mM KH2PO4, and 25 mM
(NH4)2SO4) at 30�C to an OD600 of 1.2. Expression was induced by
incubation for a further 16 h with 0.1 mM isopropyl b-D-1-thiogalac-
topyranoside at 18�C. The protein was purified by a combination of
affinity and ion exchange chromatographic steps. Cells were resus-
pended in 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM PMSF,
0.2% Triton X-100, and 0.1% Tween 20, sonicated on ice, and centri-
fuged at 15,000� g for 40 min. Clarified lysate was treated with 0.05%
polyethyleneimine for 30 min at 4�C, the resulting suspension was
centrifuged at 15,000� g for 40 min, and the pellet was discarded. Su-
pernatant was bound to Ni-chelating Sepharose (GEHealthcare). The
resin was washed extensively with 50 mMTris-HCl (pH 8.0), 500mM
NaCl, 0.05% and Igepal CA-630, and the bound protein was eluted in
50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.3 M imidazole, and 10%
glycerol. The protein was further bound to SP Sepharose (GE Health-
care) in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.01% Triton
X-100, and 2 mM DTT, eluting with a linear gradient of 150 mM
to 1 M NaCl. The glycerol was added to 50% and protein stored
at �20�C.
In vitro digestion reaction

Recombinant Cas9 was mixed with IVT sgRNA at a 1:1 M ratio in
NEB3.1 buffer and incubated for 10 min to assemble ribonucleopro-
tein complexes, after which 300 ng of target rcccDNA/meth-
rcccDNA was added to the mixture. The in vitro reaction was
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incubated for 1 h at 37�C followed by an inactivation step at 98�C for
2 min. Results were visualized by gel electrophoresis using 0.8% gel.

Isolation of nucleic acids

Cell-culture medium was removed, then cells were washed twice with
PBS and lysed in AmpliSens Riboprep lysis buffer (AmpliSens Bio-
technologies). Nucleic acids were isolated using the AmpliSens Ribo-
prep kit (AmpliSens Biotechnologies) according to the manufac-
turer’s instructions. For RNA isolation, nucleic acids were treated
with RNase-free DNase I (NEB) for 30 min at 37�C, purified by using
an AmpliSens Riboprep kit (AmpliSens Biotechnologies), and reverse
transcribed using AmpliSens Reverta-FL (AmpliSens Biotechnol-
ogies). HBV cccDNA was isolated via Hirt procedure as described
previously,48 followed by treatment with T5 exonuclease (NEB) at
37�C for 60 min and inactivation at 70�C for 20 min.

PCR analysis

Viral pgRNA and S-RNA expression levels were normalized to
GAPDH mRNA as a reference. Total intracellular HBV DNA and
cccDNA levels were normalized to genomic b-globin. All PCRs
were performed with specific sets of primers and probes (Table S3).
Relative expression levels were calculated via the DDCt method.

Immunofluorescence

Cells seeded on glass coverslips were fixed in 4% paraformaldehyde
for 10 min. Next, coverslips were washed three times in 50 mM
Tris-HCl (pH 8.0), incubated for 30 min with blocking buffer
(0.02% Triton X-100, 10% horse serum, and 150 mM NaCl in
50 mM Tris-HCl [pH 8.0]), and incubated with primary goat poly-
clonal anti-6XHis-tag antibodies to detect StSas9-6XHis-tag protein
(ab9136, Abcam) and with mouse monoclonal anti-HBc antibodies
(ab8637, Abcam) at room temperature for 1 h. The cells were washed
three times for 5 min in washing buffer (0.02% Triton X-100 and
200 mMNaCl in 50mMTris-HCl [pH 8.0]), then incubated with sec-
ondary Alexa Fluor 647 donkey anti-goat immunoglobulin G (IgG)
H&L (ab150131, Abcam) and Alexa Fluor 488 donkey anti-mouse
IgG H&L antibodies (ab150105, Abcam). Alternatively, coverslips
were stained only with primary mouse monoclonal anti-HBc anti-
bodies (ab8637, Abcam) and secondary Alexa Fluor 594 goat anti-
mouse IgG H&L antibodies (ab150116, Abcam). Cell nuclei were
counterstained with Hoechst 33342 (1/10,000; ab228551, Abcam) at
room temperature for 1 h. Coverslips were washed three times for
5 min in washing buffer and mounted with Fluoroshield reagent (Ab-
cam). Images were captured using a Leica DMI6000 microscope with
100� immersion objectives. The research was done using equipment
of the Core Centrum of Institute of Developmental Biology RAS.

Next-generation sequencing and analysis

On-target regions (Table S4) and potential off-target regions
(Table S5) were amplified with pairs of specific primers using Q5 po-
lymerase (NEB); amplicons were gel purified and extracted using a
QIAquick Gel Extraction Kit (Qiagen), quantified with a Qubit 2.0
Fluorometer (Life Technologies), and pooled in equimolar ratios.
Adapters for Illumina sequencing were then attached. Libraries
were sequenced with paired-end 250 reads using MiSeq instrument
(Illumina). FASTQC software and Geneious software were used for
quality assessment, reference alignment, discarding low-quality reads
and nucleotides, and calculating indels. Indels were calculated using
custom Python scripts (available upon request).

HBsAg analysis

Cell-conditioned medium was harvested and filtered through 0.2-mm
filters to remove cell debris. HBsAg quantification was performed us-
ing a colorimetric ELISA-based test system, DS-IFA-HBsAg-0,01
(Diagnostic Systems), according to the manufacturer’s instructions
(Diagnostic Systems, Nizhniy Novgorod, Russia).

Western blotting

Cells were harvested from 6-well plates at indicated time points, first
lysed on ice with RIPA buffer for 10 min, then mixed with an equal
volume of Laemmli buffer on ice and kept on ice for another
10 min. Thereafter, samples were denaturized by incubation at
95�C for 10 min. Samples were stored at �20�C until use. Proteins
were resolved by 16% SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (Immobilon P, Sigma). Membranes were blocked
with 5% fat-free powdered milk in PBST buffer (80 mM Na2HPO4,
20 mM NaH2PO4, 100 mM NaCl, 0.1% Tween 20) at room temper-
ature for 1 h. Next, membranes were incubated with primary mouse
anti-HBcAg (sc-23945, diluted at 1:5,000, Santa Cruz Biotechnology)
monoclonal antibodies at 4�C overnight with gentle shaking, washed
three times for 10 min with PBST, and incubated with secondary goat
anti-mouse IgG (ab6789, diluted at 1:10,000, Abcam) antibodies con-
jugated with horseradish peroxidase. Finally, membranes were
washed three times with PBST, and signal was developed using
ECL reagent (Thermo Fisher) and detected with X-ray films or
G-box. Membranes were then stripped using mild stripping buffer
(1.5% glycine, 0.1% SDS, 1% Tween 20 [pH 2.2]) and restained
with primary mouse anti-b-actin (A5441, 1:10,000, Sigma) mono-
clonal antibodies for 1 h at room temperature, washed three times
with PBST, and incubated with secondary goat anti-mouse IgG
(ab6789, 1:10,000, Abcam) antibodies conjugated with horseradish
peroxidase. Results were analyzed using ImageJ software.

Southern blotting

HBV cccDNA was isolated from cells using a RiboPrep kit (Ampli-
sense Biosciences) and detected by Southern blotting as described
previously48 with modifications. In brief, DNA isolates were heated
at 85�C for 5 min, run on 1.2% agarose gel electrophoresis, and
blotted onto a HybondTM-N+membrane (GEHealthcare). Biotin la-
beling of a mixture of HBV-specific DNA probes was performed us-
ing a North2South Biotin Random Prime DNA Labeling kit (Thermo
Fisher). After pre-hybridization at 55�C for 30 min in North2South
Chemiluminescent Detection kit hybridization buffer (Thermo
Fisher), 30 ng/mL labeled probes was hybridized at 55�C for 48 h
in hybridization buffer. DNA probe-cccDNA hybrids were visualized
using Streptavidin:HRP conjugates with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher) peroxide/luminol
solution.
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Statistical analysis

Values were expressed as mean ± SD of triplicate experiments in
GraphPad Prism software. Student’s t test with Tukey’s HSD post
hoc test was used to compare variables and calculate p values to iden-
tify statistically significant differences in means. To determine
whether each off-target indel rate in deep-sequencing analysis is sig-
nificant compared with mock-treated control samples, a two-tailed
p value was calculated using Fisher’s exact test.
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