
Original Article
Single AAV-Mediated CRISPR-SaCas9
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Herpes simplex keratitis (HSK) is the most common cause of
corneal blindness in developed nations, caused by primary or
recurrent herpes simplex virus 1 (HSV-1) infection of the
cornea. Latent infection of HSV-1, especially in the trigeminal
ganglion (TG), causes recurrence of HSV-1 infection. As anti-
viral treatment is not effective on latent HSV-1, to test the pos-
sibility of inhibiting HSV-1 by SpCas9 (Streptococcus pyogenes
Cas9) or SaCas9 (Staphylococcus aureus Cas9), ICP0 and ICP4,
two important genes required for HSV-1 replication and reac-
tivation, were chosen as targets. In Vero cells, SpCas9 and Sa-
Cas9 targeting ICP0 or ICP4 can effectively inhibit the prolifer-
ation of HSV-1 without affecting cell viability. No significant
guide RNA (gRNA)-dependent off-targets were observed in
the human genome by digenome sequencing and deep
sequencing verification. Adeno-associated virus 1 (AAV1)-
mediated delivery of SaCas9 inhibits HSV-1 replication by tar-
geting ICP4 in mouse primary TG neuronal cells. SpCas9 and
SaCas9 are able to inhibit HSV-1 infection in Vero cells and
mouse TG neuronal cultures with high efficiency and good
biosafety. AAV1-mediated delivery of SaCas9 shows great po-
tential in treating HSK and inhibiting HSV-1 in TG neurons.
Further investigations may be needed to test the inhibition of
latent infections, which may result in the development of novel
methods for treating viral diseases.
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INTRODUCTION
Herpes simplex virus 1 (HSV-1) and HSV-2 are two major double-
stranded DNA (dsDNA) simplexviruses infecting humans. Accord-
ing to the World Health Organization (WHO), around 67% of the
global population under the age of 50 has HSV-1 infection,1 and
11% of the global population aged 15–49 has HSV-2 infection.2

Most infections are asymptomatic. Typical symptomatic infections
are marked by multiple small blisters, fever blisters, or small ulcers.
After primary infection, active HSVs are cleared by the immune sys-
tem. However, the remaining HSVs migrate to neuron cell bodies,
in which they become latent in the ganglion without active
replication.
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A severe type of HSV-1 infection is herpes simplex keratitis (HSK).
HSK is caused by primary or recurrent HSV-1 infection in the
cornea. There are about 40,000 new cases of HSK each year, and
it is the most common cause of cornea-derived blindness in devel-
oped nations.3 Primary infections of HSV-1 in the cornea, oral cav-
ity, or other regions travel from sensory nerves or hematogenously
spread to trigeminal ganglion (TG) and become latent in the gan-
glion. When triggered by certain stimuli, HSV-1 is reactivated and
transported to cornea, which induces a severe immune response
and HSV-1-related lesions in the cornea with blindness as the end
result.3

Acyclovir, valacyclovir, trifluridine, and vidarabine4–6 are nucleoside
analogs that act as viral DNA synthesis inhibitors targeting viral DNA
polymerase or viral thymidine kinase.7 These drugs have been shown
to be useful to shorten the duration or reduce the incidence of primary
or recurrent HSV-1 infections.8,9 However, there is no effective treat-
ment that can eliminate persistent HSV-1 that becomes latent within
TG, resulting in symptom recurrence after treatment.10 More impor-
tantly, mutation or deficiency in viral thymidine kinase leading to
resistance to acyclovir further emphasizes the need for new and effec-
tive therapies.11,12

The emergence of engineered endonucleases such as meganucleases,
zinc finger nucleases (ZFNs), transcription activator-like effector
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Figure 1. Validation of HSV-1 Targeting SpCas9 and SaCas9 gRNAs

(A) Coomassie staining of purified SpCas9 and SaCas9. (B) In vitro cleavage of UL8, UL52, and ICP4 targeted sites by SpCas9 with indicated gRNA. (C) In vitro cleavage of

ICP4 targeted sites by SaCas9 with indicated gRNA. (D) T7E1 assay showing cleavage of HSV-1 genome in SpCas9- or SaCas9-expressing cells. Generation of indels are

indicated by an asterisk. Ctrl, control.
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nucleases (TALENs), and the clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas system have been shown to
interrupt the quiescent HSV-1 genome as well as other DNA vi-
ruses. Meganucleases can inhibit HSV-1 replication and disrupt
latent HSV-1 both in vitro and in vivo to some degree.4,13,14 Success-
ful editing of the HSV-1 genome in gE, thymidine kinase, ICP0,
UL23, UL29, UL52, and UL8 by Streptococcus pyogenes Cas9
(SpCas9, 4,101 bp) was shown recently.15–19 However, the inhibitory
effect of SpCas9 targeting latency-related genes in TG, which limits
the potential application of the CRISPR-Cas system in eliminating
HSV-1 in TG, was not estimated. The large size of SpCas9 also
can become a setback for adeno-associated virus (AAV)-mediated
delivery in TG neurons, whereas Staphylococcus aureus Cas9 (Sa-
Cas9, 3,156 bp) can be packaged in AAV vectors for genome editing
in vivo.20

ICP0 and ICP4 are two important immediate-early proteins
involved in HSV-1 gene expression, viral replication, and reactiva-
tion,21–23 which may be suitable targets for inactivating HSV-1 in
TG neurons. The shorter SaCas9 shows significant advantage in
AAV packaging than SpCas9 and may be a better choice for inhib-
iting HSV-1 in TG neurons. It is not clear whether SaCas9 can
inhibit HSV-1 infection and replication by targeting ICP0 or ICP4
in TG neurons, and the biosafety and off-target effects of SaCas9
in inhibiting HSV-1 remain unknown. The application of SaCas9
to inhibit HSV-1 may be a novel potential method for treating
HSK and HSV-1 acute or latent infection and for previously “incur-
able” viral diseases.
34 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
RESULTS
Effectively Editing HSV-1 ICP0 and ICP4 Loci by SpCas9 and

SaCas9

As reported by previous studies, ICP0 and ICP4 are two important
immediate-early proteins for HSV-1 gene expression and viral repli-
cation.21,22 To test whether disrupting either ICP0 or ICP4 loci by
SpCas9 or SaCas9 will impair HSV-1 replication, we designed six
guide RNA (gRNA) targets for SpCas9 (SpICP0 g1–g3 targeting
ICP0, SpICP4 g1–g3 targeting ICP4) and four gRNA targets for Sa-
Cas9 (SaICP0-g1 and SaICP0-g2 targeting ICP0, SaICP4-g1 and
SaICP4-g2 targeting ICP4) (Figure S1). As positive controls,
SpCas9/gRNAs for UL8 and UL52 were used for comparison in
our experiment.18 We first expressed and purified SpCas9 and Sa-
Cas9 from E. coli (Figure 1A). Cleavage capabilities of gRNAs were
verified by in vitro digestion. By incubating the cleavage templates
carrying the targeted sites with purified SpCas9 or SaCas9 protein
and gRNAs, cleavage activity was confirmed by gel electrophoresis
(Figures 1B and 1C; Figure S2). All gRNAs showed high activity of
in vitro digestion of targeted sites with purified SpCas9 or SaCas9,
as indicated by the generation of clear cleavage bands (Figures 1B
and 1C; Figure S2). To further confirm the gRNA activity in human
cells, SpCas9/gRNA and SaCas9/gRNA targeting ICP4 were trans-
fected into HEK293T cells followed by infection with HSV-1 (MOI
of 1). Indel formation was clearly shown by a T7E1 assay and Sanger
sequencing in the ICP4 locus, indicating effective editing of targeting
sites (Figure 1D; Figure S3). The above data suggest that SpCas9 or
SaCas9 with gRNAs can cleave HSV-1 ICP0 and ICP4 loci in vitro
and in HEK293T cells.
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SpCas9/gRNA- or SaCas9/gRNA-Overexpressing Cells Resist

HSV-1 Infection

As it was observed that expression of SpCas9 or SaCas9 with gRNAs
can lead to genome modification in the HSV-1 genome, we suspected
that expression of the CRISPR-Cas9 system could defend against
HSV-1 infection. To address this question, we used non-human pri-
mate Vero cell lines, which are known to be a suitable model for
studying HSV-1 infection and replication, for stably expressing
SpCas9 or SaCas9 with the indicated gRNAs. Expression of SpCas9
or SaCas9 was confirmed by RT-PCR (Figures 2A and 2B). When
wild-type (WT) Vero cells were challenged with HSV-1 (MOI of
0.1) for 2 days and checked for signs of HSV-1 infection, all cells
became round and detached from the plate bottom, which are known
as cytopathic effects (CPEs) (Figure 2C, upper panel). As expected,
expression of SpCas9 or SaCas9 alone did not offer resistance to
HSV-1 in Vero cells, while cells bearing SpUL8 or SpUL52 gRNA
showed mild signs of infection (Figure 2C). Surprisingly, SpICP4-
g3 and SaICP4-g1 did not show any symptoms of HSV-1 infection,
while ICP0-targeting SpCas9 or SaCas9 gRNAs showed minimal
CPE formation (Figure 2C; Figure S4A), demonstrating the protective
role of the CRISPR system against HSV-1 infection. To further
confirm the infectivity of HSV-1 in Cas9/gRNA-expressing cells, we
used ICP5, one of the major capsid proteins, to visualize HSV-1-in-
fected cells. Using immunofluorescence, clear reduction of ICP5-pos-
itive cells was found in SpUL8 (10.73% ± 7.90%) and SpUL52
(36.68% ± 9.34%) cells compared to WT Vero cells (100%) (Figures
2D and 2E). Almost no ICP5 signal was detected in SpICP4-g3
(1.58% ± 1.78%) and SaICP4-g1 (0.18% ± 0.25%) in Vero cells (Fig-
ures 2D and 2E). Ring-shaped lysed nuclei were observed as a late
symptom in the HSV-1 lytic stage, indicating a severe CPE. The per-
centage of lysed nuclei was significantly lower in SpICP4-g3 (0.31% ±

0.44%) and SaICP4-g1 (0.32% ± 0.45%) (Figure 2F). In summary, the
above data showed that expression of SpICP4-g3 (1.58%± 2.18%) and
SaICP4-g1 (0.18% ± 0.31%) can reduce HSV-1 infectivity in Vero
cells, suggesting that ICP4 may be a better target to inhibit HSV-1
compared to ICP0 (65.06% ± 7.60% and 73.21% ± 4.76%, p < 0.05),
UL8 (10.73% ± 9.68%, p < 0.05), and UL52 (36.681% ± 11.44%, p <
0.05).

Expression of SpCas9/gRNA or SaCas9/gRNA Compromised

HSV-1 Replication

As HSV-1 infectivity was reduced in SaCas9/gRNA- or SaCas9/
gRNA-expressing Vero cells (Figure 2), it is possible that replication
of HSV-1 was compromised due to disruption of the HSV-1 genome.
Infection of WT and Cas9/gRNA-expressing Vero cells with HSV-1
(Figure 3A) resulted in dramatically decreased plaque formation in
SpICP4-g3 and SaICP4-g1 (105 plaque-forming units [PFU]/mL
versus 107 PFU/mL) cells from 2 days post-infection (dpi) to 4 dpi
(Figures 3B and 3C; Figure S4B). To compare the differences of
HSV-1 replication inWT and Cas9/gRNA-expressing Vero cells, me-
dium was discarded and refreshed after infecting with HSV-1 for 1 h.
Furthermore, we collected the daughter virus-containing supernatant
andmeasuredHSV-1 production inHSV-1-infected cells (Figure 3D).
qPCR quantification showed an almost 1,000-fold reduction of HSV-
Molecular Th
1 was found in supernatants from SpICP4-g3- or SaICP4-g1-express-
ing cells (Figures 3E and 3F; Figure S4C), reflecting impaired HSV-1
replication. To examine the production of active HSV-1, we saw a
similar reduction in viral titer in indicated supernatants using the
50% tissue culture infective dose (TCID50) method (control, 107.7

PFU/mL; SpICP4-g3,103.7 PFU/mL; SaICP4-g1, not detectable) (Fig-
ures 3G and 3H). Expression of ICP4 is important for HSV-1 replica-
tion and its entrance into the lytic cycle.24 Disruption of the transcrip-
tion factor ICP4may likely have greater impact than ICP0 on HSV-1
replication (Figure 3; Figure S4). These data suggest that our gRNAs
targeting ICP4 significantly reduced HSV-1 replication by editing the
ICP4 locus, which demonstrated the ability of CRISPR-Cas9 to inhibit
HSV-1 infection.

Off-target Analysis of SpCas9 or SaCas9 with ICP4 gRNAs

Off-target effects are one of the greatest concerns in the application of
the CRISPR-Cas9 system. Except for SpUL52, no significant changes
in cell proliferation or viability were observed in nearly all SpCas9/
gRNA- or SaCas9/gRNA-expressing cells (Figures 4A–4C). Consid-
ering the potential clinical usage of the anti-HSV-1 gRNAs, we pre-
formed digenome sequencing, a method for higher sensitivity, puta-
tive off-target site detection in the whole human genome,25,26 to
detect any off-target effects in the ICP4-targeted gRNAs. Digenome
sequencing revealed that only a few high-confidence, potential off-
target sites of SpICP4-g3 (20 sites) were identified, while more were
found in the SaICP4-g1-treated sample (57 sites) in the whole genome
(Figures 5A and 5B). Most of the putative off-target sites were in non-
coding regions, including introns (SpICP4-g3, 5 sites; SaICP4-g1, 22
sites) and intergenic regions (SpICP4-g3, 11 sites; SaICP4-g1, 22 sites)
(Figures 5C and 5D). Most of the putative off-target sites found in
SpICP4-g3 and SaICP4-g1 had low cleavage scores (SpICP4-g3,
ranging from 25.86 to 2.84; SaICP4-g1, ranging from 39.61 to 2.6)
(Figures 5E and 5F; Table S1). Considering that the average cleavage
score in control samples was around 10 (Figures 5E and 5F, black
line), those bearing scores less than 10 were less likely to be true
off-target sites. However, the score in LTBP4 was obviously higher
than the others (338.58 versus 39.61), suggesting a higher off-target
potential in this site (Figure 5F). To further confirm whether the
off-target effects can be detected in living cells, HEK293T cells were
transfected with SpICP4-g3 or SaICP4-g1 to examine the high-score
off-target sites. These sites were then amplified and sent for deep
sequencing. Deep sequencing results showed that these sites had no
significant enrichment of indels compared to the negative control
(Figures 5G and 5H; Figures S5 and S6). Collectively, the two best per-
forming gRNAs did not show detectable off-target effects in the hu-
man genome, demonstrating safety in further application of these
gRNAs.

Suppression of HSV-1 Infection in Cultured TG Neuronal Cells

New treatments for latent infection of HSV-1 require efficient trans-
duction of effectors, such as meganucleases and TG neurons.4 AAV
has shown great promise for gene delivery in vivo as well as in TG
neurons.27–31 Due to the packaging limit of AAV (<4,500 bp), SaCas9
(3,156 bp) is more suitable for AAV-mediated delivery than SpCas9
erapy: Methods & Clinical Development Vol. 18 September 2020 35
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Figure 2. Expression of SpCas9/gRNA or SaCas9/gRNA Inhibits HSV-1 Infection

(A) Expression analysis of SpCas9 mRNA in Vero cell lines by RT-PCR. (B) Expression analysis of SaCas9 mRNA in Vero cell lines by RT-PCR. (C) Morphology of HSV-1-

infected SpCas9 or SaCas9 cell lines 3 days after infection with HSV-1 (MOI of 0.1). White arrows indicate the cytopathic effect (CPE). Scale bar, 30 mm. (D) Immunostaining of

ICP5 in HSV-1-infected SpCas9 or SaCas9 cell lines 3 days after infection with HSV-1 (MOI of 0.1). Hoechst 33342 was used to visualize the nuclei. White arrows indicate

ring-shaped lysed nuclei. Scale bar, 10 mm. (E) Statistical analysis of ICP5-positive cells in (D). More than 300 cells were collected from three independent experiments. (F)

Statistical analysis of ring-shaped lysed nuclei in (D). More than 300 cells were collected from three independent experiments. Significance was determined by a one-way

ANOVA. ***p < 0.001.
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(4,101 bp), which leaves no spaces for other regulatory elements.
In vivo genome editing and excision of HIV provirus are possible
by delivery of SaCas9 by AAV.20,32 To test whether SaCas9 can be
used to eliminate HSV-1 in TG neurons, we established in vitro
36 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
mouse primary TG neuronal cultures for further experiments. Cells
in TG were isolated and maintained as previously described.33 TG
neuronal cells were first cultured for 4 days and then infected with
AAV1 for SaCas9/gRNA expression and finally challenged with
ber 2020



Figure 3. Expression of SpCas9/gRNA or SaCas9/

gRNA Inhibits HSV-1 Replication

(A) Schedule of the experimental process in (B) and (C).

HSV-1 was used to infect Cas9 stably expressing Vero

cells. (B) Control and SpCas9/gRNA-expressing Vero

cells were infected with gradient-diluted HSV-1. Infection

progress on each day after infection was determined by

the Karber method. (C) Control and SaCas9/gRNA-ex-

pressing Vero cells were infected with gradient-diluted

HSV-1. Infection progress on each day after infection was

determined by the Karber method. (D) Schedule of the

experimental process in (E) and (F). HSV-1 (MOI of 0.1)

was used to infect Cas9 stably expressing Vero cells.

Culture medium containing HSV-1 was collected 3 days

post-infection (dpi) and then qPCR was performed to

measure HSV-1 genomes. (E) qPCR analysis of HSV-1

genomes in the culture medium of control and SpCas9-

expressing Vero cells infected with HSV-1 (MOI of 0.1) at

72 h. (F) qPCR analysis of relative HSV-1 genome copy in

the culture medium of control and SaCas9-expressing

Vero cells infected with HSV-1 (MOI of 0.1) at 72 h. Data

were collected from three independent experiments. Er-

ror bars represent standard deviation (SD). Significance

was determined by a one-way ANOVA. **p < 0.01. (G)

Schedule of the experimental process in (H). HSV-1 (MOI

of 0.1) was used to infect Cas9 stably expressing Vero

cells. Culture medium containing HSV-1 was collected at

3 dpi. Viral titer in the medium was measured by the

standard Karber method. (H) Titer of HSV-1 in the culture

medium of control, SpCas9/gRNA-, or SaCas9/gRNA-

expressing Vero cells infected with HSV-1 (MOI of 0.1) at

72 h. Titer was determined by infecting WT Vero cells and

calculated by the Karber method on the fifth day after

infection. Data were collected from three independent

experiments. Error bars represent SD. Significance was

determined by a one-way ANOVA. **p < 0.01, ***p <

0.001.
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HSV-1 for another 4 days (Figure 6A). Successful delivery of SaCas9
was confirmed by both immunofluorescent microscopy and RT-PCR
(Figures 6B and 6C). After challenging with HSV-1, neuronal features
were greatly lost in control TG neuronal cultures compared to
SaICP4-g1-expressing cells (Figure 6D). We measured HSV-1 levels
in all TG neuronal cells. As predicted, HSV-1 replication was greatly
compromised in cells expressing SaICP4-g1 (control, 104 PFU/mL;
SaICP4-g1, <100 PFU/mL), as no detectable HSV-1 was found by
qPCR (Figure 6E). Furthermore, DNA was extracted to quantify
the HSV-1 genomes in TG neuronal cells. Consistent with the
HSV-1 titer, an almost 10-fold decrease of HSV-1 was observed in
SaICP4-g1 cells (Figure 6F). Taken together, these data indicate
that AAV1-mediated delivery of SaCas9 together with ICP4-targeting
gRNAmay suppress HSV-1 replication in TG neuronal cultures, sug-
gesting this may be a promising treatment for inhibition of HSV-1 in
TG neurons.
Molecular Th
DISCUSSION
Latent infection of HSV-1 is considered incurable due to the quiescent
existence of HSV-1 genomes in cell bodies, especially in the TG neu-
rons, in which HSV-1 hides from the immune system.21 In this study,
we attempted to inhibit HSV-1 replication through gene-editing tech-
nology, which permits direct abrogation of the HSV-1 genome. We
showed that both SpCas9 and SaCas9 can cleave ICP0 and ICP4
in vitro and in cell models. Expression of SpCas9 or SaCas9 together
with ICP0- or ICP4-targeted gRNAs can inhibit HSV-1 infection and
replication in Vero cells without affecting cell viability. We further
identified a new target site on the ICP4 locus to inhibit HSV-1 repli-
cation by SaCas9. Digenome sequencing combined with deep
sequencing confirmation revealed that both selected ICP4-targeting
gRNAs showed high biosafety without gRNA-dependent off-target
effects in the human genome. Additionally, we demonstrated for
the first time that AAV1 delivery of SaCas9 can inhibit HSV-1
erapy: Methods & Clinical Development Vol. 18 September 2020 37
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Figure 4. Normal Cell Viability in SpCas9/gRNA- and SaCas9/gRNA-Expressing Cells

(A) Growth curve of control, SpCas9/gRNA-, and SaCas9/gRNA-expressing Vero cells. Error bars represent SD. Significance was determined by a one-way ANOVA. **p <

0.01, ***p < 0.001. (B) Fluorescence-activated cell sorting (FACS) analysis of SpCas9/gRNA- and SaCas9/gRNA-expressing Vero cells. Cells were stained with propidium

iodide (PI) for measurement of dead cells. (C) Statistical analysis of PI-positive cells in (B). Data were collected from three independent experiments. Significance was

determined by one-way ANOVA.
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replication in cultured primary TG neurons. In this study, we showed
that the CRISPR-Cas9 system can effectively inhibit HSV-1 replica-
tion in Vero cells or TG neurons. Furthermore, our data suggest a
novel method for inactivating HSV-1 in HSK by AAV1-mediated Sa-
Cas9 delivery, which may be useful for targeting HSV-1 in TG neu-
rons. To date, gene therapy has shown great promise in treating pre-
viously incurable diseases. In our study, we showed the potential
application of AAV1-mediated SaCas9 delivery for inhibiting
HSV-1 replication by targeting the ICP4 locus. In-depth research
on whether SaCas9 can inhibit HSV-1 recurrence, eliminate
quiescent HSV-1, and treat primary or recurrent HSK remains to
be conducted.

Four distinct regions can be identified in the structure of HSV-1,
i.e., the dsDNA genome, capsid, tegument, and envelope.7 ICP0
and ICP4 are two components that can be found in the HSV-1 tegu-
ment.34 Further investigation on the function of ICP0 and ICP4
reveal that they work as transcription activators for the transition
from latency to reactivation.34 The E3 ubiquitin ligase ICP0 is
38 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
important for initiating early and late gene transcription and anti-
host defense.35 ICP4 acts as a transcription activator by promoting
viral replication and controlling early- and late-related gene tran-
scription, such as latency-associated promoters.24,36,37 Previous at-
tempts have been made to inhibit HSV-1 replication by editing
UL19, UL30, ICP0, UL7, UL23, UL24, UL8, and UL52,4,18,19,27,38

all of which show a certain degree of reduction of HSV-1 infectivity
in cultured cells. Importantly, we found that a single gRNA target-
ing ICP4 can effectively inhibit HSV-1. A single gRNA targeting the
ICP4 locus with SpCas9 or SaCas9 effectively compromised HSV-1
replication in culture cells. Since ICP0 and ICP4 can be upregulated
by stress-induced transcription factors in the cells,39,40 it is consider-
able that the major activator ICP4 may be a more suitable target for
inhibiting HSV-1. We identified no putative gRNA-dependent off-
target effects of SpCas9 and SaCas9 targeting the ICP4 locus
compared to control. This indicates that ICP4 might be a better
target for attenuating HSV-1 infection in terms of effectivity and
biosafety. However, not all of the tested ICP0 or ICP4 gRNAs
were effective in inhibiting HSV-1, which suggests that careful
ber 2020
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selection and testing of the gRNA are of great importance in further
applications.

It had been shown that the combination of different gRNAs targeting
different loci would enhance the inhibition effect in other studies.17,18

A combination ofUL8 andUL52 SpCas9/gRNA had been shown pre-
viously, which can greatly enhance the HSV-1 inhibition efficiency
(nearly no detectable HSV-1 production).18 However, the presence
of two gRNAs may likely double the probability of off-targets. One
of the advantages of using ICP4 as a target is that ICP4 is the repeat
region on the HSV-1 genome. Each HSV-1 genome has two repeats
of ICP4, which means the SaCas9/gRNA would have two cut sites
with one sequence accounting for off-targets, compared to UL8 and
UL52 bearing only a single digestion site in the HSV-1 genome (Fig-
ure S1C). Also, we have shown that a single SaCas9/gRNA targeting
ICP4 would effectively inhibit HSV-1 production without harnessing
dual gRNAs.

AAV-mediated gene therapy is greatly described in preclinical tests,
and AAV drugs are widely accepted in clinical settings as well.41,42

Current AAV therapy mainly focuses on delivery of functional genes
to treat loss-of-function diseases.43,44 However, infectious diseases,
especially those that have become latent, require disrupting the viral
genome or gene regulation to inhibit viral reactivation. Recently, it
was reported that meganucleases targeting HSV-1 genome can effec-
tively inhibit HSV-1 replication and disrupt the latent HSV-1 genome
in mice models.4 Due to the large size of SpCas9, it is difficult to pack-
age both the SpCas9 and gRNA in a single AAV, even though it has
been shown that SpCas9 can edit and inhibit HSV-1 in cell
models.15,18,19,27 With this consideration, smaller Cas9 orthologs
may be better choices than SpCas9. SaCas9 is much smaller than
SpCas9, and it has been confirmed that AAV-mediated delivery of Sa-
Cas9 achieves effective gene editing in vivo.20 It has been reported that
SaCas9 is also capable of inhibiting HIV and hepatitis B virus
(HBV).32,45,46 In the present study, we showed that HSV-1 can be in-
hibited by SaCas9 through single AAV1 delivery strategy in TG neu-
rons, which suggests that a potential therapy using AAV1 in combi-
nation with SaCas9 to attenuate HSV-1 infection and interrupt the
HSV-1 genome in the TG neuron could prevent HSV-1 recurrence
or treat HSK. Further investigation may require in-depth study on
the effect of AAV-mediated delivery of SaCas9 to inhibit HSV-1 reac-
tivation in latent infection in animal models, and may contribute to
the development of novel methods for treating viral diseases, espe-
cially those caused by recurrence of latent infections.
Figure 5. Digenome Sequencing-Based Off-target Analysis of ICP4-Targeted S

(A) Distribution of off-target sites of SpICP4-g3 discovered by digenome sequencing in

digenome sequencing in the whole genome. (C) Distribution of off-target sites of SpICP

tribution of off-target sites of SaICP4-g1 discovered by digenome sequencing in differe

site. Black line indicates average score of the control sample. (F) Off-target scores of the S

the control sample. (G) Example of deep sequencing confirmation of SpICP4-g3 off-targ

the “indel enrichment” score. Scores of control and sample were plotted to identify Ca

sites in HEK293T cells. Frequency of indels in a certain position was calculated as the

cleavage.
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MATERIALS AND METHODS
Mice

Mice were housed under standard conditions (22�C ± 1�C) in a spe-
cific pathogen-free animal facility with a 14-h light/10-h dark cycle in
Sun Yat-sen University. The Institutional Animal Care and Use Com-
mittee of Sun Yat-sen University (P.R. China) approved all experi-
mental protocols concerning the handling of mice.
Expression and Purification of SpCas9 and SaCas9

BL21 Star (DE3) E. coli cells were transformed with pET28a-His-
SpCas9 or pET28a-His-SaCas9. A single clone was cultured in
5 mL of Luria-Bertani (LB) broth with 50 mg/mL kanamycin at
37�C overnight. The cells were inoculated into 1 L of LB broth
at 37�C and grown to an optical density 600 (OD600) of 0.6. The
cells were incubated at 4�C for 1 h and added with 0.5 mM
IPTG (isopropyl b-D-thiogalactoside) to induce protein expression
at 18�C for 14–16 h. Induced cells were collected by centrifugation
at 5,000 � g for 10 min and lysed by sonication (2 s pulse-on, 5 s
pulse-off for 6 min total) in 10 mL of lysis buffer (50 mM tris(hy-
droxymethyl)aminomethane [Tris]-HCl [pH 8.0], 0.5 M NaCl, 5%
glycerol, and 20 mM imidazole; Sigma-Aldrich). The lysate super-
natant was poured into a column with Ni Sepharose 6 FF (fast
flow) (GE Healthcare) and washed with about 40 mL of lysis
buffer. Protein was eluted with elution buffer (50 mM Tris-HCl
[pH 8.0], 0.5 M NaCl, 5% glycerol, 270 mM imidazole) and further
purified by a 1-mL SP Sepharose cation exchange column (GE
Healthcare) with 20 mL of low-salt buffer (50 mM Tris-HCl [pH
8.0], 0.1 M NaCl, 5% glycerol) and washed. The Cas9 protein
was eluted by elution buffer (50 mM Tris-HCl [pH 8.0], 0.5 M
NaCl, 5% glycerol) for gel filtration chromatography. The final
protein was concentrated to 300 mL and filtered through a 0.22-
mm polyvinylidene fluoride membrane (Millipore) and stored at
4�C.
In Vitro Cleavage of dsDNA Target

Synthetic target DNA was cloned to pGSI by Igebio (the sequence of
pGSI is shown in the Supplemental Information). Plasmid was incu-
bated with FastDigest ScaI (Thermo Scientific) overnight and purified
with a PCR cleanup kit (QIAGEN). 100 ng of linearized DNA was
used for Cas9 digestion in a reaction volume of 10 mL containing
1 mL of 10� NEBuffer 3, 300 nM Cas9, and 900 nM gRNA for 1 h
at 37�C, after removal of gRNA and protein using RNase A (Takara)
and Proteinase K (Thermo Scientific).
pCas9 and SaCas9 gRNAs

the whole genome. (B) Distribution of off-target sites of SaICP4-g3 discovered by

4-g3 discovered by digenome sequencing in different genomic elements. (D) Dis-

nt genomic elements. (E) Off-target scores of SpICP4-g3 in each putative off-target

aICP4-g1 gRNA in each putative off-target site. Black line indicates average score of

et sites in HEK293T cells. Frequency of indels at a certain position was calculated as

s9 cleavage. (H) Example of deep sequencing confirmation of SaICP4-g1 off-target

indel enrichment score. Scores of control and sample were plotted to identify Cas9
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Figure 6. Expression of SaCas9/gRNA Inhibits HSV-1

Replication in Cultured Trigeminal Ganglion (TG)

Neuronal Cells

(A) Schedule of the experimental process. (B) Immunostain-

ing of SaCas9-HA in TG neurons infected with AAV (MOI of

106). Hoechst 33342 marks the nuclei. SaCas9-HA was

visualized through immunostaining with hemagglutinin (HA)

antibody. Scale bar, 10 mm. (C) Expression analysis of Sa-

Cas9 mRNA in TG neurons by RT-PCR. Ttn served as the

endogenous control. (D) Morphology of HSV-1-infected TG

neuronal cells 4 dpi at and MOI of 0.1. Arrows indicate

neuronal morphology remaining in the culture. Scale bar,

30 mm. (E) Titer of HSV-1 in the culture medium of control or

SaCas9-expressing TG neuronal cells infected with HSV-1

(MOI of 0.1) at 96 h. Titer was determined by infecting WT

Vero cells and calculated by the Karber method on the fifth

day after infection. Data were collected from three indepen-

dent experiments. Error bars represent SD. (F) qPCR quan-

tification of HSV-1 in TG neuronal cultures infected with

HSV-1 (MOI of 0.1) at 96 h. Data were collected from three

independent experiments. Error bars represent SD. Signifi-

cance was determined by one-way ANOVA. **p < 0.01.
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Plasmid Construction

Oligonucleotides corresponding to HSV-1 targets were annealed and
ligated to lentiCRISPR v2, SaCas9 lenti V2, or pX601 as previously
described.44,45 gRNA sequences for different targets were as follows:
SpICP0-g1, 50-GCCCCCCCTCGAGAGGACGG-30; SpICP0-g2, 50-
AGGCGGAGTCGTCGTCATGG-30; SpICP0-g3, 50-ACCAGCTTG
GCGTTGCACAG-30; SpICP4-g1, 50-CGGCCCTCATGTTTGACC
CG-30; SpICP4-g2, 50-GGGGGTCTTCGCGCGCGTGG-30; SpICP4-
g3, 50-GAAGGAGCTGCTGTTGCGCG -30; SaICP0-g1, 50-GGCT
GCTGGGGCCGCAGGGC-30; SaICP0-g2, 50-GATAGTGGGCGT
GACGCCCA-30; SaICP4-g1, 50-CACGTCCCCGGGGACCACGC-
30; and SaICP4-g2, 50-CACCCCGGACGCGGAGGCCA-30.

Cell Lines and Virus

293Tcells came fromATCC.Verocells andHSV-1virusweregifts from
J.C. 293T cells and Vero cells were cultured in DMEM (HyClone,
SH30022.01B) containing penicillin/streptomycin (Invitrogen,
10378016) and 10% fetal bovine serum (FBS) (HyClone, SH30084.03).

Establishment of Cas9-gRNA Co-expression Cell Lines

HEK293T cells were seeded in six-well plates and transfected at about
80% confluency with Cas9-gRNA co-expressive plasmid lentiCRISPR
v2 and lentivirus packaging vectors pMD2.G and pSPAX2. Vero cells
were infected with the lentivirus produced form HEK293T cells sup-
plemented with 8 mg/mL Polybrene. Two days after infection, Vero
Molecular Therapy: Methods & Cl
cells were selected in culture media with puromy-
cin (2.5 mg/mL) for at least 5 days.

HSV-1 Titer Assay

5,000 Vero cells were planted in 96-well plates
per well and infected by gradient dilution of
HSV-1 after 48 h. The percentage of herpesvirus-infected wells was
monitored 2 days to 5 days after infection. The HSV-1 titer from
the origin sample was calculated by Karber’s method.

HSV-1 Produced from Cas9-gRNA Co-expression Cells

Cas9-gRNA co-expression Vero cells were seeded in six-well plates
and infected with HSV-1 (MOI of 0.1) at approximately 85% conflu-
ency for 1 h before refreshing culturing medium. The cells were
cultured for 72 h. Then, the supernatant was gradient diluted and in-
fected WT Vero cells in 96-well plates for titer determination by
Karber’s method.

HSV-1 Genome Copy Number Detection

We performed quantitative real-time PCR (GoTaq qPCRmaster mix;
Promega, Madison, WI, USA, A6002) using the supernatant collected
from HSV-1-infected cells at 72 h (for those collected from TG
neuronal cultures, detected at 96 h) to quantify the relative level of
HSV-1 genomic DNA in HSV-1-infected wells at an MOI of 0.1.
The reaction mixture was heated at 95�C for 10 min, then 40 cycles
of amplification at 95�C for 15 s and 60�C for 60 s. Data were analyzed
by the StepOnePlus system (Applied Biosystems). PCR primers were
as follows: HSV, forward, 50-TTCTCGTTCCTCACTGCCTCCC-30,
reverse, 50-CGTCTGGACCAACCGCCACAC-30; Ttn, forward, 50-
GACACCACAAGGTGCAAAGTC-30, reverse, 50-CCCACTGTTCT
TGACCGTATCT-30.
inical Development Vol. 18 September 2020 41
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Immunofluorescence Assay

Vero cells were infected with HSV-1 (MOI of 1). 48 h after infection,
the cells were washed with PBS twice and fixed in 4% paraformalde-
hyde in PBS for 30 min at 4�C. Then, samples were permeabilized by
0.5% Triton X-100, 20 mM HEPES, 50 mM NaCl, 3 mMMgCl2, and
300 mM sucrose in water and incubated with 5% goat serum in PBS.
Mouse anti-ICP5 (1:200, Abcam, anti-HSV1 + HSV2 ICP5 major
capsid protein antibody [3B6; ab6508]) antibody was used for immu-
nostaining for 2 h at room temperature. Alexa Fluor 555-conjugated
donkey anti-mouse immunoglobulin G (IgG) (1:2,000, Life Technol-
ogies) antibody containing 10 mg/mL Hoechst 33342 in PBS (Invitro-
gen, H3570) was used to visualize the primary antibody and label the
nuclei.

Cell Viability Assay

Vero cells were harvested in a 1.5-mL Eppendorf (EP) tube from six-
well plates after 48 h and planted using 0.25% trypsin. The samples
were centrifuged for 3 min at 1,200 rpm. The pellets were washed
with 1 mL of PBS once and mixed with 1 mL of propidium iodide
(PI) staining reagent (Beyotime). The samples were incubated for
30 min at room temperature in the dark and analyzed by fluores-
cence-activated cell sorting (FACS).

Digenome Sequencing

Human genomic DNA was purified from HEK292T cells using a
DNeasy Blood & Tissue Kit (QIAGEN). About 8 mg of genomic
DNA was used for Cas9 digestion in a reaction volume of 400 mL,
which contained 40 mL of 10� NEBuffer 3, 300 nM Cas9, and
900 nM gRNA for 8 h at 37�C. After removal of gRNA and protein us-
ing RNase A and Proteinase K, genomic DNAwas purified again with
a DNeasy Blood & Tissue Kit (QIAGEN). The digenome sequencing
sample was prepared and sequenced as previously described.25,26 Di-
genome sequencing to discover in vitro cleavage sites was performed
using a program at https://github.com/snugel/digenome-toolkit. The
off-target score was calculated accordingly.25,26

Deep Sequencing

According to the analysis results of digenome sequencing, the off-
target sites were amplified with a KOD PCR kit (Toyobo) and bar-
code-containing primers to generate a deep sequencing library. Bar-
code-containing products were then sequenced by paired-end 150Hi-
Seq 2000 (Illumina). Indel formation was analyzed as previously
described.25,26

Culture of TG Neuronal Cells

Neuronal cells in TG were isolated from female C57BL/6 mice
(8 weeks old) and cultured as previously reported with modification.4

After removing the brain, ganglia were cut and cleaned by Hanks’
balanced salt solution (HBSS) (130 mM NaCl, 5 mM KCl, 2 mM
KH2PO4, 10 mM glucose, and 10 mM HEPES [pH 7.2]), then chop-
ped and incubated with papain and then collagenase II/dispase II. TG
neurons were separated by Percoll gradients by centrifugation. Disso-
ciated cells were seeded in 12-well plates and cultured with media
(Neurobasal A supplemented with 2% B27, 50 ng/mL nerve growth
42 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
factor, L-glutamine, and penicillin/streptomycin). TG neuronal cells
were infected with AAV1 at day 4 and HSV-1 at day 8, and analyzed
by qPCR and immunofluorescence (IF) at day 12.

Statistical Analysis

The statistical significances among multiple mean values were exam-
ined using one-way ANOVA with the Holm-Sidak test for data with
equal variance and normal distribution (SigmaPlot 12.5). Otherwise,
ANOVA on ranks with the Kruskal-Wallis test was used (SigmaPlot
12.5). Arcsine transformation was performed before testing of per-
centage data. Data were considered significant at p < 0.05 (*p <
0.05, **p < 0.01, ***p < 0.001.

Data Accessibility

Supporting information is available from theWiley Online Library or
from the author.
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Figure S1. gRNAs designed for ICP0 and ICP4 targeting. (A) Map of HSV-1 ICP0 

loci showing SpCas9 and SaCas9 gRNAs. (B) Map of HSV-1 ICP4 loci showing 

SpCas9 and SaCas9 gRNAs. (C) Map of HSV-1 genome showing UL8, UL52, ICP0, 

and ICP4. 

 

Figure S2. Validation of HSV-1 targeting SpCas9 gRNAs. In vitro cleavage of 

ICP0 and ICP4 targeted sites by SpCas9 with indicated gRNA.  

 

Figure S3. Validation of HSV-1 targeting SpCas9 or SaCas9 gRNAs in cultured 

cells. (A) Sanger sequencing revealed cleavage of SpICP4-g3 target. Black arrow 

indicated cleavage site. (B) Sanger sequencing revealed cleavage of SaICP4-g1 target. 

Black arrow indicated cleavage site. 

 

Figure S4. Expression of SpCas9/gRNAs inhibits HSV-1 infection. (A) 

Morphology of HSV-1 infected SpCas9 cell lines 3 day post infection at 0.1 MOI 

viruses. White arrows indicated cytopathic effect (CPE). Scale bar, 30 μm. (B) 

Control and SpCas9 expressing Vero cell were infected with gradient diluted HSV-1. 

Infecting progress on each day post infection was determined by Karber's method. 

Data was collected from three independent experiments. Error bars represent S.D. 

Significance was determined by one way ANOVA. **, P<0.01, ***, P<0.001. (C) 

qPCR analysis of relative HSV-1 genome copy HSV-1 in the culture medium of 

control and SpCas9 expressing Vero cells infected with HSV-1 (MOI = 0.1) at 72 

hours. Data was collected from three independent experiments. Error bars represent 

S.D. Significance was determined by one way ANOVA. **, P<0.01, ***, P<0.001. 

 

Figure S5. Deep sequencing confirmation of SpICP4-g3 off-target sites in 

HEK293T cells. Frequency of InDels in a certain position was calculated as “InDel 

enrichment” score. Scores of control and sample were plotted to identify Cas9 

cleavage. 

 



 

Figure S6. Deep sequencing confirmation of SaICP4-g1 off-target sites in 

HEK293T cells. Frequency of InDels in a certain position was calculated as “InDel 

enrichment” score. Scores of control and sample were plotted to identify Cas9 

cleavage. 

 

Table S1 Digenome sequencing score of SpICP4-g3 and SaICP4-g1 

 

Supplemental Methods 

Sequence of pGSI： 

ctgacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgcca

gcgccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctc

taaatcgggggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtg

atggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttctttaata

gtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgc

cgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgc

ttacaatttgccattcgccattcaggctgcgcaactgttgggaagggcgatcggtgcgggcctcttcgctattac

gccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgccagggttttcccagtcacgacgtt

gtaaaacgacggccagtgaattgtaatacgactcactatagggcgaccctataaagcggccgcatatggcgcgcc

ttgtaaaacgacggccagtcataacttcgtataatgtatgctatacgaagttattgctgtacaccccggacgcgg

aggcaggaggcgcgacgccggttcgaggccgccccggagcgagtacccgccggcgggggtcgttcacgatcggga

tggttggacaccgcagatatcgtgtgggtagccgtcggtcgcataaagcgcggtcaccagcttggcgttgcacag

cgggtgaaggagctgctgttgcgcgcggcggctgctggggccgcagggcgtggatgatagtgggcgtgacgccca

gcgggtcacgtccccggggaccacgcgcgggtcaccccggacgcggaggccatggggttggtcatagctgtttcc

tggcaggatccaaatatggggatatcctcgaggttccctttagtgagggttaattgcgagcttggcgtaatcatg

gtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtg

taaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcggg

aaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttc

cgcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggt

aatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaa

ccgtaaaaaggccgcgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctc

aagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgcgctc

tcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctcatag

ctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttca

gcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggc

agcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaa

ctacggctacactagaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttgg

tagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcag

aaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgtta

agggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatc

aatctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcgat



ctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatc

tggccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagc

cggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgggaagc

tagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctc

gtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaa

aaaagcggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttat

ggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaa

gtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacgggataataccgcgccaca

tagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgtt

gagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgg

gtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatact

cttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtattta

gaaaaataaacaaataggggttccgcgcacatttccccgaaaagtgccac 
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