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Herpes simples virus1 (HSV-1) keratitis is amajor causeofblind-
ness globally. During primary infection,HSV-1 travels to the tri-
geminal ganglia and establishes lifelong latency. Although some
treatments can reduce symptom severity and recurrence, there is
no cure for HSV-1 keratitis. We used CRISPR-Cas9 to co-target
gene sequences encoding two essentialHSV-1proteins, ICP0 and
ICP27, as a potential therapy for HSV-1 keratitis. In HSV-1-in-
fectedVero cells, theHSV-1 viral load and titer were significantly
reduced by plasmid transfection or AAV2 vector transduction
expressing Cas9 nuclease from Staphylococcus aureus (SaCas9)
and paired guide RNAs (gRNAs). Off-target assessment showed
minimal off-target editing activity from the selected gRNAs. We
then tested our CRISPR-Cas9 gene editing approach in a latent
rabbit model of HSV-1 keratitis. Corneal scarification with all-
in-one AAV8(Y733F)-SaCas9 or AAV9-SaCas9 vector reduced
viral shedding by over 50%. Interestingly, intravenous adminis-
tration of the same AAV9-SaCas9 vector eliminated viral shed-
ding in 92% of treated eyes. In addition, treated trigeminal
ganglia showed a reduction inHSV-1DNAandRNAexpression.
Our results support the utility of single-dose AAV9 all-in-one
CRISPR-Cas9 gene editing as a safe and effective strategy for
treating HSV-1 keratitis.

INTRODUCTION
Herpes simplex virus 1 (HSV-1) is one of the most common human vi-
ruses affecting approximately 3.7 billion individuals under the age of 50
(67%) worldwide.1 It is the most frequent cause of infectious blindness
in the developed world.2 HSV-1 is a neurotropic virus that first enters
the axons of sensory neurons then migrates to the trigeminal ganglia
(TG) and other ganglia tissues, where it persists in a latent state. Period-
ically, reactivated HSV-1 travels back along the axons to the cornea,
causing recurrent herpes keratitis.3 Herpes keratitis manifestations
include corneal opacity, edema, corneal scarring, and neovasculariza-
tion, which can lead to irreversible vision impairment and blindness.4

Currently, there is no vaccine to prevent HSV-1 infection or therapies
to eliminate the virus from latent reservoirs. HSV-1 can evade the im-
mune antiviral defenses and establish lifelong latency. The standard of
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care involves using nucleoside analogs such as acyclovir, ganciclovir,
trifluridine, and vidarabine that inhibit HSV polymerase or thymi-
dine kinase during viral replication.5 These treatments reduce the
severity of acute infections, and the frequency of recurrent infections.
However, they cannot eliminate the latent HSV-1 reservoirs, and their
prolonged use can lead to the emergence of resistant HSV-1 strains,
especially in immunocompromised patients.6,7

Genome editing tools such as meganuclease and clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) system have been used to target a variety of genetic
and infectious diseases, including HSV-1 keratitis.8–10 The meganu-
clease-based therapeutic approach inhibitedHSV-1 replication, disrup-
ted latent HSV-1 reservoirs in the mouse model, and led to a reduction
in viral reactivation.11,12 Recently, Wei and colleagues employed a
combinatorial therapeutic approach, using CRISPR-Cas9-mediated
gene editing alongside corneal transplantation, to treat patients with
herpes keratitis in a clinical trial.13,14 The Cas9-coding mRNA and
the guide RNAs were delivered in lentiviral particles directly into the
graft bed of the eye that received a new corneal transplantation. The
three patients treated in this studywere free of viral relapse at 18-months
post-treatment.However, safety risks exist with the use of lentiviral vec-
tors, whichmay integrate into the host genome randomly. In addition, it
is unclear howmuch of the observed benefit in reduction of viral shed-
ding was contributed by the simultaneous corneal transplantation.

Previous studies indicated that using a single guide RNA (gRNA) to
eliminate HIV-1 led to the creation of escape mutants.15–18 Use of a
nical Development Vol. 32 September 2024 ª 2024 The Authors.
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Table 1. Spacer and target sequences of the SaCas9 gRNAs targeting ICP0 and ICP27

Guide name Spacer sequence Target sequence with PAM and flanking sequences (in lower case)

ICP0g1 GUACCCGACGGCCCCCGCGU cccgaGTACCCGACGGCCCCCGCGTCGGAGTggaac

ICP0g2 CUCAGGCCGCGAACCAAGAA cctggCTCAGGCCGCGAACCAAGAACAGAGTctgtg

ICP27g1 AAUCCUAGACACGCACCGCC atcgaAATCCTAGACACGCACCGCCAGGAGTgttcg

ICP27g2 UCGCCAGCGUCAUUAGCGGG ggcaaTCGCCAGCGTCATTAGCGGGGGGGGTgcttg
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single gRNA to disrupt the HSV-1 genome may lead to a similar phe-
nomenon after DNA repair. Therefore, simultaneously targeting two
or more viral sites, which can induce large DNA deletions, can more
effectively prevent viral replication and avoid virus survival. To test
this hypothesis, we delivered Cas9 nuclease from Staphylococcus
aureus (SaCas9) and two chimeric gRNAs targeting two immediately
early genes in HSV-1, ICP0 and ICP27, with an all-in-one (AIO) ad-
eno-associated virus (AAV) vector, as a potential therapeutic
approach to treat latent HSV-1 keratitis.

ICP0 and ICP27 proteins regulate the expression of multiple early and
late genes.19,20 Furthermore, during latency, most of the HSV-1
genome is in a silenced heterochromatin state. Conversely, the tran-
scriptionally active locus of latency-associated transcript (LAT) dis-
plays markers of open chromatin.21 It is known that chromatin mod-
ifications to the genomes can significantly impact the efficacy of gene
editing.22 ICP0 overlaps with LAT locus, and ICP27 is in an adjacent
region as well. The accessibility of these two genes could be important
in the efficacy of targeting latent HSV-1 for gene editing. Last, ICP0 is
duplicated in the HSV-1 genome.19,20 Therefore, using two gRNAs
co-targeting ICP0 and ICP27 may potentially introduce three dou-
ble-stranded DNA breaks in the latent HSV-1 genome. This could
result in various deletions within the HSV-1 viral genome, effectively
preventing viral replication and escape following DNA repair.

We showed that the AIO AAV vector expressing SaCas9 and paired
gRNAs nearly eliminated the viral load and viral titer in HSV-1-in-
fected Vero cells. In vivo, we observed over 50% reduction in viral
shedding in the treated eyes of a latent rabbit model of HSV-1 keratitis
when the vectors were delivered by corneal scarification, and com-
plete inhibition of viral shedding in 11 out of 12 treated eyes when
the vectors were delivered by intravenous (i.v.) administration. More-
over, we observed reduced HSV-1 viral DNA and LAT RNA in the TG
of treated rabbits. Therefore, our therapeutic gene editing approach
could effectively target the latent HSV-1 reservoirs in the rabbit
Table 2. Number of in silico nominated off-target sites in the human genome f

Number of mismatches 0 1 2

Number of bulges 1 0 1 0

ICP0g1 0 0 0 0

ICP0g2 0 0 0 0

ICP27g1 0 0 0 0

ICP27g2 0 0 1 0
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HSV-1 keratitis model. Together, these results suggest that our ther-
apeutic payload may potentially serve as a one-time curative therapy
for patients who are affected by HSV-1 keratitis.

RESULTS
Efficient editing of HSV-1 genes in HEK293FT stable cell line

using SaCas9 and paired gRNAs

To design conserved gRNAs targeting ICP0 and ICP27, we first built
an HSV-1 genome database using the Virus Pathogen Resource
(ViPR) database (Version Feb, 2022; 46,027 HSV-1 strains and
62,554 GenBank IDs) and generated consensus coding sequences
for ICP0 and ICP27 (Figures S1A and S1B). Two SaCas9 gRNAs tar-
geting ICP0 and two SaCas9 gRNAs targeting ICP27 (Table 1) were
selected based on sequence match to HSV-1 strains in our curated
database (>70%) and number of in silico nominated off-target sites
(Table 2).23 The locations of these four SaCas9 gRNAs in the
HSV-1 genome are shown in Figure S2A.

Next, we evaluated the activity of these four guides complexed with
SaCas9 in our HEK293FT stable reporter cell line, which has the
consensus coding sequences of ICP0 and ICP27 inserted in the
AAVS1 locus (Figure S2B and materials and methods). We demon-
strated that co-transfection with two plasmids expressing each
gRNA induced efficient DNA excisions between the two target
sites (Figure S2C). These results demonstrated that SaCas9/gRNA
can induce efficient excision of the HSV-1 DNA in our reporter
cell line.

SaCas9/gRNAs efficiently reduced HSV-1 viral load and titer in

Vero cells

We next evaluated the efficacy of our SaCas9/gRNA multiplex strat-
egy in reducing HSV-1 load and titer by transfecting Vero cells, which
are derived from the kidney of an African green monkey, with six
combinations of gRNA pairs consisting of the four gRNAs targeting
ICP0 and ICP27. Briefly, Vero cells were co-transfected with two
or the four SaCas9 gRNAs

3 4 5

Total1 0 1 0 0

1 1 44 18 294 358

8 5 190 50 657 910

2 1 122 23 295 443

5 1 68 20 221 316
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plasmids, both expressing SaCas9 nuclease and each individual
gRNA, and then infected with HSV-1 17Syn+ virus for 3 h at a mul-
tiplicity of infection (MOI) of 5E�4 plaque-forming units (pfu) per
cell. At 48 h post-infection, the cells were collected for viral DNA
quantification and the supernatants were collected for measuring
the abundance of infectious viral particles (viral titer). Droplet digital
PCR (ddPCR) analysis revealed that Vero cells transfected with the six
different combinations of gRNA pairs resulted in the reduction of
HSV-1 viral load by 62%–71%, compared with the untreated
HSV-1 infected cells (Figure 1A). To determine the impact of
CRISPR-Cas9-mediated gene editing on the generation of HSV-1
progeny, we assessed the viral titer present in the supernatants by pla-
que assay. As expected, we observed a significant reduction in the
HSV-1 viral titer in the treated Vero cells by 47%–71% compared
with the untreated cells (Figure 1B). Both ddPCR and plaque assays
showed that the ICP0g2/ICP27g1 pair, hereinafter referred to as Sa-
Cas9-g2g1, led to the greatest inhibition of HSV-1. Taken together,
these results demonstrated that simultaneous targeting of multiple
HSV-1 sites with CRISPR-Cas9 can efficiently reduce the viral load
and titer in infected Vero cells.

Since the SaCas9-g2g1 pair demonstrated the greatest efficacy
when co-delivered as two plasmids to HSV-1-infected Vero cells,
this gRNA pair was selected for further characterization. We con-
structed an AIO AAV plasmid expressing SaCas9 and both ICP0g2
and ICP27g1 gRNAs (Figure 1C). We first produced AAV2 vector
to test the efficiency of SaCas9-g2g1 in Vero cells, since the AAV2
serotype can efficiently transduce Vero cells. The Vero cells were
transduced with either the AAV2-SaCas9 scrambled vector (non-
targeting gRNA control) or with the AAV2-SaCas9-g2g1 vector
at an MOI of 2E+4, 1E+5, or 5E+5 vector genomes (vg)/cell for
48 h. The cells were then infected with HSV-1 17Syn+ virus at
an MOI of 5E�4 pfu/cell for 3 h. Forty-eight hours later, the
impact of the AAV2 vector on HSV-1 replication was assessed
by ddPCR and plaque assay. Compared with the scrambled vector
control, the AAV2-SaCas9-g2g1 vector significantly reduced the
HSV-1 viral load and infectious titer in a dose-dependent manner.
Specifically, at an MOI of 2E+4, 1E+5, and 5E+5 vg/cell, the
AAV2-SaCas9-g2g1 vector reduced the HSV-1 viral load by
92.39%, 97.92%, and 99.95%, respectively (Figure 1D), and
decreased the HSV-1 viral titer by 97.55%, 99.79%, and 99.99%,
respectively (Figure 1E). Our data showed that SaCas9-g2g1 can
substantially inactivate and reduce the HSV-1 virus in infected
cells and suggested that this pair could be a potential treatment
for HSV-1 infection in vivo.
Figure 1. Different combinations of gRNAs targeting ICP0 and ICP27 reduce H

(A) Effects of transient plasmid delivery of CRISPR-SaCas9 payload on HSV-1 viral load,

telomerase reverse transcriptase (TERT) gene DNA sequence. (B) Effects of transient pla

by plaque assay using supernatants from the same samples as in (A). In (A) and (B), fou

plotted. (C) Schematic illustration of the SaCas9-g2g1 expression construct cloned in

HSV-1 viral load. TheMOIs of AAV2 vectors are 2E+4, 1E+5, and 5E+5 vg/cell. (E) Effects

two biological replicates were normalized to their respective internal controls and then plo

by two-tailed Student’s t test: **p < 0.01; ***p < 0.001; ****p < 0.0001. Note some dat
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Off-target assessment of ICP0g2 and ICP27g1

Although we demonstrated that SaCas9-g2g1 could induce significant
reduction of HSV-1 viral load and titer in our in vitro proof-of-
concept experiments, it is of utmost importance to verify that these
potent cargos did not create undesired gene editing outcomes. Such
off-target DNA cleavage could potentially give rise to chromosomal
rearrangements and other deleterious effects that could lead to
genomic instability.24–26 To assess the specificity of ICP0g2 and
ICP27g1, we performed GUIDE-seq,27 a cell-based homology inde-
pendent method to nominate potential genome-wide off-target sites,
in our HSV-1 reporter cell line transfected with plasmids expressing
SaCas9 with either ICP0g2 or ICP27g1. This tag-based method relies
on non-homologous DNA end joining (NHEJ)-mediated integration
of exogenously supplied blunt, double-stranded oligodeoxynucleoti-
des (dsODNs) of defined sequence into double-stranded breaks
within the cellular genome. GUIDE-seq analysis identified few nomi-
nated off-target sites for both ICP0g2 and ICP27g1 as determined by
Unique Molecular Identifier (UMI) read count (Figures 2A and 2B;
Tables 3, S1, and S2). Importantly, no sites with%3 total mismatches
plus bulges were identified for either gRNAs (Table 3). Additionally,
the total UMI read count at the ICP27g1 on-target site was >20,000
(Figure 2B; Table S2). However, at the ICP0g2 on-target site, the total
read count was almost 70-fold lower (Figure 2A; Table S1), potentially
due to the >85% GC-content in the surrounding region of this gRNA.
The read count at the GUIDE-seq nominated sites was significantly
lower than the read count at the on-target sites (Figures 2A and
2B). Together, the GUIDE-seq results suggested that the two SaCas9
gRNAs may pose minimal risk for off-target activity. However,
further characterization of GUIDE-seq and in silico nominated off-
target sites was necessary.

As a confirmation of the GUIDE-seq results, amplicon-seq was per-
formed at a selection of GUIDE-seq (%5 total mismatches plus
bulges) and in silico (%3 total mismatches plus bulges; Table 2) nomi-
nated off-target sites for ICP0g2 and ICP27g1 (Table S3). For ICP0g2,
15 out of 16 (93.75%) tested nominated off-target sites did not show
significantly higher editing compared with the non-targeting control
(Figure 2C). At one off-target site (OT1) of ICP0g2, which aligns to an
intergenic region within chromosome 8, the editing was statistically
significant, although the editing at this site was only 0.06%. For
ICP27g1, 5 out of 6 (83.33%) tested nominated off-target sites did
not show significantly higher editing compared with the non-target-
ing control (Figure 2D). At OT1 of ICP27g1, which primarily aligns to
the intron of ZNF331 within chromosome 19, the editing was 0.54%
and statistically significant compared with the non-targeting control.
SV-1 viral load and titer in Vero cells

which was measured by ddPCR of viral DNA probing forUL28 and normalized to the

smid delivery of CRISPR-SaCas9 payload on HSV-1 viral titer, which was measured

r biological replicates were normalized to their respective internal controls and then

an AAV plasmid. (D) Effects of AAV2 transduction of CRISPR-SaCas9 payload on

of AAV2 transduction of CRISPR-SaCas9 payload on HSV-1 viral titer. In (D) and (E),

tted. Results are presented asmean + SEM. Statistical significance was determined

a points are zero and are not shown on the plots with logarithmic scale.
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Figure 2. Off-target analysis of ICP0g2 and ICP27g1

(A) GUIDE-seq analysis of ICP0g2. (B) GUIDE-seq analysis of ICP27g1. In (A) and (B), sequences shown are the top 38 recovered sites based on UMI count. Underline

indicates the PAM of the SaCas9 nuclease. Dots indicate matches with the cognate spacer sequence. Colored letters indicate mismatches with the cognate space

sequence. Dashes indicate truncated sequences compared with the cognate spacer sequence. Small font letters indicate the inserted nucleotides compared with the

cognate spacer sequence. (C) Quantification of editing activity by SaCas9 programmed with ICP0g2 at the top 16 GUIDE-seq and in silico nominated off-target sites in the

(legend continued on next page
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It is critical to note that these experiments were performed in
HEK293FT transformed cells, which is not a clinically relevant cell
type. Therefore, further characterization in primary cells and more
therapeutically relevant model systems will be needed to confirm
such off-target editing. Due to the observed in vitro efficacy and min-
imal off-target activity, these results prompted us to proceed with the
in vivo proof-of-concept experiments.

Rabbit as a model for HSV-1 infection and reactivation

Since HSV-1 can be efficiently targeted with CRISPR-Cas9 in cells, we
reasoned that targeting the HSV-1 viral genome in vivo could render
the virus unstable, resulting in elimination of the latent viral reservoir
in the TG. To test this hypothesis, we adapted our experiments to the
rabbit keratitis model because HSV-1 infection in rabbit is more pro-
totypical of human disease than that of other animal models.28

Furthermore, the large size of the rabbit eyes makes virus inoculation
and corneal examination simpler compared with mouse eyes, and it
provides an abundant tear film for viral shedding analysis.

New Zealand White (NZW) rabbits were infected with HSV-1 strain
17Syn+ virus at 1.5E+5 pfu/eye through corneal scarification (Fig-
ure S3A). In this model, primary infection resolves within the first
2 to 3 weeks. At 4 weeks post-infection, latency has been established
within the TG and no infectious virus can be detected in the ocular
swabs.28 To reactivate the virus from latency, a stress stimulus was
applied in which each rabbit’s eye received transcorneal iontophoresis
of epinephrine (TCIE), a procedure in which a small electric current
drives the uptake of epinephrine into the eye, for 3 consecutive
days.28,29 Plaque assay was used to measure virus reactivation by
determining the presence or absence of infectious virus in the daily
ocular swabs from each eye. As expected, we observed no infectious
virus from ocular swabs of the non-TCIE-treated control group (Fig-
ure S3B). In contrast, we observed infectious virus from ocular swabs
of all (12 of 12) TCIE-treated eyes. Two to six viral positive ocular
swabs were observed from each reactivated eye (Table S4; Figure S3B).
This finding confirmed that the rabbit keratitis model is an appro-
priate tool for modeling human HSV-1 infection and viral
reactivation.

CRISPR-Cas9 gene editing reduced HSV-1 shedding in rabbits

when delivered by corneal scarification

To assess the efficacy of our CRISPR-Cas9 gene editing strategy
in vivo, we employed AAV vectors to deliver our payload to the latent
rabbit keratitis model. First, we evaluated the ability of two neuro-
tropic AAV serotypes, AAV8-Y733F and AAV9, to deliver SaCas9-
g2g1 to the latent rabbit keratitis model via a corneal scarification
route of administration (Figure 3A).29,30 At 4 weeks post HSV-1
infection, AAV vectors were administered at a dose of 1E+11 vg/
eye. After an additional 4 weeks, HSV-1 reactivation was induced
by TCIE for 3 consecutive days. Viral shedding frequency was
HEK293FT reporter cells. (D) Quantification of editing activity by SaCas9 programmed w

target sites in the HEK293FT reporter cells. Results were obtained from three independe

by two-tailed Student’s t test: *p < 0.05; **p < 0.01; ***p < 0.001.
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analyzed by the presence of infectious virus in the daily ocular swabs
measured by plaque assay.

HSV-1 shedding frequency was presented as the percentage of swabs
per eye that tested positive for the infectious virus (Figure 3B).
Compared with the corresponding control groups, the rabbit eyes
treated with the AAV8-Y733F or AAV9 vector expressing SaCas9-
g2g1 experienced an �70% and �56% reduction in viral shedding,
respectively (Figure 3B). More specifically, all rabbit eyes adminis-
tered with the control vectors, AAV8-Y733F-EGFP or AAV9-
SaCas9 scrambled, exhibited viral shedding (Table S5). In contrast,
four out of eight eyes (50%) treated with AAV8-Y733F-SaCas9-
g2g1, and 11 out of 18 eyes (61%) treated with AAV9-SaCas9-g2g1
showed no viral shedding, suggesting that CRISPR-Cas9 treatment
suppressed virus reactivation. However, when we investigated AAV
load in some of the rabbits’ TG (Figures S4A and S4B) and cornea
(Figures S4C and S4D), we detected few copies of AAV vector ge-
nomes (<0.1 copy/cell), suggesting that corneal scarification may
not be an optimal route of administration for the delivery of our
AAV9-CRISPR-Cas9 therapeutic payload to the TG. Therefore, addi-
tional routes of administration may need to be evaluated to improve
the in vivo delivery efficacy in the rabbit keratitis model.

Intravenous administration of AIO AAV9-SaCas9-g2g1 vector

eliminated HSV-1 viral shedding and reduced HSV-1 viral load in

the TG of the latent rabbit keratitis model

To improve delivery of our therapeutic payload, we explored the use
of i.v. administration and evaluated the efficacy of CRISPR-Cas9 in
targeting the latent HSV-1 reservoir in the TG. We proceeded for-
ward with AAV9 due to its wide use for systemic delivery and its
high tropism for targeting the brain.30,31 The AAV9 vector carrying
SaCas9-g2g1 was administered to the rabbit keratitis model at an
AAV dose of 6E+12 vg/kg (low dose) or 3E+13 vg/kg (high dose),
through ear vein injection. After TCIE-induced viral reactivation,
we first evaluated the viral shedding frequency in the rabbits’ eyes.
We observed that all eyes in the control groups (buffer and scram-
bled) exhibited HSV-1 shedding in the collected ocular tear swabs,
except for one eye (Table S6). Remarkably, we observed that no
eyes in the AAV9-SaCas9-g2g1 low-dose-treated group and only
one eye in the high-dose treatment group exhibited viral shedding
in the collected ocular tear swabs (Figure 4A; Table S6).

We next assessed if the absence of viral shedding in the treated groups
correlated with a reduction in the HSV-1 viral load in the TG where
the virus establishes lifelong latency. One random tissue sample from
each group was removed from this analysis and kept for further char-
acterization (data not shown), and the rest of the tissues were used for
DNA and RNA extractions. We first analyzed HSV-1 DNA from the
TG using two primer/probe sets targeting the LAT and UL28 regions.
We observed a 50% reduction in HSV-1 viral load relative to the
ith ICP27g1 at the on-target site and top 6 GUIDE-seq and in silico nominated off-

nt experiments and presented as mean + SEM. Statistical significance is determined
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Table 3. Number of GUIDE-seq nominated off-target sites in the HEK293FT reporter cell line

Number of mismatches and bulges 1 2 3 4 5 6 Total

ICP0g2 0 0 0 1 6 31 39

ICP27g1 0 0 0 1 12 123 137
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controls in both AAV9-SaCas9-g2g1-treated groups (Figures 4B
and S5). Additionally, amplicon-seq analysis at the ICP27g1 target
site showed mean InDel percentages of 0.78% and 1.65% in the
low- and high-dose groups, respectively (Figure S6). During HSV-1
latent infection, LAT is the only highly expressed HSV-1 viral
gene product.32 Therefore, it is plausible that the reduction in
HSV-1 viral DNA in the TG will lead to reduced LAT RNA. To test
this hypothesis, we quantified the level of LAT RNA in the rabbit
TG by reverse transcription digital PCR (RT-dPCR) analysis.
Compared with the controls, the LAT RNA was reduced by 80%
and 60% in the low-dose and high-dose treatment groups, respec-
tively (Figure 4C).

Compared with corneal scarification, in vivo efficacy of AAV9-
SaCas9-g2g1 was improved when delivered by i.v. administration, a
finding we attributed to the efficient delivery of SaCas9 and gRNAs
to the HSV-1 reservoirs. Therefore, we evaluated AAV load in the
TG and cornea of the rabbits that were treated with AAV9-SaCas9-
g2g1 delivered by i.v. administration. The AAV vector genome copies
were quantified by dPCR. In the TG, rabbits that received a low dose
of AAV9 vector had approximately one AAV copy per cell, while rab-
bits that received a high dose had approximately 10 AAV copies per
cell (Figures S7A and S7B). In the cornea, rabbits that received a low
dose had approximately 0.5 AAV copy per cell, while rabbits that
received a high dose had about one AAV copy per cell (Figures S7C
and S7D).

Finally, we evaluated expression of SaCas9 mRNA and gRNAs in the
TG by RT-dPCR. The expression of all three RNAs was comparable
between AAV low- and high-dose treatment groups, and there was
a positive correlation in the expression of the SaCas9 mRNA and
gRNAs (Figure S8). Importantly, we found that the TG corresponding
to the singular eye that exhibited viral shedding in the high-dose treat-
ment group (Figure 4A, Rabbit-9 OS, square cyan) had no detectable
expression of SaCas9 mRNA or gRNAs. This finding was an anomaly.
However, the volume for delivery of vector in the high-dose AAV
group required multiple injections into both of the rabbit ear veins.
Therefore, this finding could be a result of technical challenges in
delivering large volumes into a single animal.

These results demonstrated that delivery of CRISPR-Cas9 by AAV9
vector using i.v. administration is effective in reaching the cornea,
where the virus actively replicates, and the sensory neurons in the
TG, where the virus establishes lifelong latency. Additionally, i.v.
administration of 6E+12 vg/kg AAV9-SaCas9-g2g1 was effective in
inhibiting HSV-1 shedding in the eyes and reducing the viral load
in the TG of the latent rabbit keratitis model. Last, a single AAV
Molecular T
copy per cell in the TG may be sufficient to completely abolish viral
shedding and reduce viral load in the HSV-1 latent reservoir.

DISCUSSION
HSV-1 keratitis, a leading cause of infectious blindness worldwide, is
caused by recurrent infections of the cornea by HSV-1. Currently,
there is no approved cure or therapeutic vaccine for HSV-1 keratitis.
Existing treatments with nucleoside analogs are primarily palliative.
The rise of drug-resistant HSV-1 virus strains warrants significant
attention from the research field. Several prophylactic and therapeutic
vaccine candidates are currently under development.33 Although a
vaccine may reduce the frequency of viral reactivation and lesion out-
breaks, it may not eliminate the latent HSV-1 virus.

Recent studies have shown that genome editing technologies,
including CRISPR-Cas9 and meganuclease, can effectively inhibit
viral replication and may potentially eradicate latent HSV-1 reser-
voirs. However, the gene therapies outlined in those studies may
not be the most ideal therapeutic payload. First, recent studies have
demonstrated robust and efficacious reduction of both genital and or-
ofacial HSV-1 infection by AAV delivery of dual meganucleases.11,12

Although they are compact and active, meganucleases can be compli-
cated to engineer andmay require extensive effort to improve potency
and specificity. CRISPR-Cas9 systems have transformed the genome
editing field by removing the need for extensive engineering to
customize targeted DNA-binding proteins. Second, two independent
groups have used lentiviral vectors to deliver CRISPR-Cas9 into the
HSV keratitis mouse models.13,34 Recently, one such study has been
further carried out in a human clinical trial.14 However, lentiviral vec-
tors can present major safety risks due to insertional mutagenesis and
large-scale lentiviral vector manufacturability remains unclear.
Therefore, a scalable, effective, and safe treatment for HSV-1 keratitis
that can prevent HSV-1 reactivation from latency is needed.

In this study, we applied CRISPR-SaCas9 to target and disrupt ICP0
and ICP27, two critical genes in the HSV-1 genome, proposing a po-
tential curative therapeutic approach for HSV-1 keratitis. In our
in vitro experiments, we demonstrated that our therapeutic approach
can successfully inhibit viral infection in cell culture. Transient
expression of SaCas9 and the paired gRNAs, delivered via plasmids,
in Vero cells resulted in a significant reduction in HSV-1 viral load
and titer. Furthermore, transduction with AIO AAV2 vector nearly
abolished the virus in vitro. In our in vivo experiments, we demon-
strated that the delivery of SaCas9-g2g1 with AAV9 vector via i.v.
administration led to a reduction of 50% in HSV-1 viral DNA and
a reduction of 60%–80% in LAT RNA in the TG of treated rabbits.
These reductions resulted in complete elimination of viral shedding
herapy: Methods & Clinical Development Vol. 32 September 2024 7
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Figure 3. AAV-SaCas9-g2g1 vectors delivered by

corneal scarification reduce viral shedding in the

latent rabbit keratitis model

(A) Schematic representation of experimental design

and timeline of ocular infection with HSV-1 and treatment

with AAV-SaCas9-g2g1 vectors delivered by corneal

scarification. (B) HSV-1 virus shedding frequency in tear

swabs presented as the percentage of infectious viral

positive swabs per eye. Results are presented as

individual points with mean. Statistical significance is

determined by two-tailed Student’s t test: *p < 0.05.
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from rabbits’ tears, except in one eye, which showed no expression of
SaCas9 mRNA and the guide RNAs in the corresponding TG. This
would fully eliminate the risk of viral transmission, since the trans-
mission and spread of the virus from infected individuals to healthy
subjects is one of the big concerns of the disease.35

AAV load analysis (measured by dPCR) revealed that rabbits that
received a low dose of the AAV9 vector had approximately one
AAV copy per cell in the TG. This level of the AAV9-SaCas9-g2g1
vector resulted in a 50% reduction in HSV-1 DNA, an 80% reduction
in LAT RNA, and complete elimination of viral shedding in the eyes.
Previous studies have shown that HSV-1 establishes latency in neu-
rons,36,37 which make up about 10% of the cell population in the
TG.38,39 The remaining 90% predominantly consists of glial cells,
such as satellite glial cells and Schwann cells. AAV9 is relatively effec-
tive at transducing peripheral neurons, but it has limited efficiency for
glial cells in the peripheral nervous system.40 In addition to this, other
labs, including the Neumann and Bloom labs have shown using indi-
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rect immunofluorescence that AAV vectors co-
localize with HSV-1 in the neuron.29,41,42 Given
this information, our findings suggest that the
low dose of the AAV9 vector could potentially
lead to delivery of more than one AAV copy
per TG neuron. Additionally, the high dose of
the AAV9 vector resulted in approximately 10
AAV copies per cell. However, the higher AAV
load in the TG did not result in a greater reduc-
tion in HSV-1 DNA and LAT RNA in the TG, or
viral shedding in the eyes. It is likely that the low
dose of the AAV9 vector (6E+12 vg/kg) is suffi-
cient to reach saturating expression of CRISPR-
Cas9 payload in HSV-1-infected TG neurons,
and increasing the dose of the AAV9 vector
would not lead to higher activity. Within the
HSV-1-infected and AAV9-transduced TG neu-
rons, only a few copies of the AAV9 vectormight
be required to inactivate the latent HSV-1 DNA.
Additionally, we observed a higher reduction in
LAT RNA than in HSV-1 DNA, which suggests
that the remaining HSV-1 DNA in the TG may
have undergone repair and possesses gene edit-
ing outcomes (InDel or excision) that hinder the ability to transcribe
LAT RNA and/or reactivate the virus. Preliminary analysis of the
HSV-1 DNA in the TG showed mean InDel percentages of approxi-
mately 1% at the ICP27g1 target site. Furthermore, ICP0g2 amplicon
proved to be challenging to amplify and sequence due to the high GC-
content surrounding the target site (>85%). It is important to note
that InDel analysis was performed on tissues at 40 days post AAV9
administration and 12 days post TCIE treatment. Because the
HSV-1 DNA in the TG is present as a nonreplicating circular
episomal form,43 it is possible that at this late time point, the majority
of the DNA that received two or three double-stranded breaks
induced by CRISPR-Cas9 was not repaired properly or recircularized,
and was therefore degraded and not present for our InDel analysis.
The HSV-1 DNA analyzed by amplicon-seq at the endpoint was likely
either unedited DNA or DNA that was repaired by the cellular ma-
chinery. Analyzing at an earlier time point might reveal higher InDel
rates. Future work will focus on better understanding the percentage
of HSV-1 infected TG neurons that are transduced by AAV9 vectors



Figure 4. AAV-SaCas9-g2g1 vector delivered by i.v.

administration eliminates viral shedding and

reduces viral load in the latent rabbit keratitis model

(A) HSV-1 virus shedding frequency in tear swabs

presented as the percentage of infectious viral positive

swabs per eye. The eye IDs are shown in the table on

the right. Circles: right eyes (OD), squares: left eyes (OS).

The two eyes from the same rabbit are represented with

the same color. The right eye of Rabbit-2 from the buffer

group did not receive TCIE due to cornea opacity, and

the shedding data were not included for this eye. Results

are presented as individual points with mean. Statistical

significance is determined by two-tailed Student’s t test:

**p < 0.01. (B) HSV-1 viral load in the rabbit TG as

measured by dPCR of viral DNA probing for the HSV-1

LAT sequence and normalized to the rabbit TERT DNA.

(C) The level of LAT RNA in the rabbit TG as measured

by RT-dPCR. The level of LAT RNA was normalized to

the level of rabbit HPRT1 mRNA.
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in the latent rabbit keratitis model, the influence of different CRISPR-
Cas9 editing events in the TG neurons, and the viral load reduction
threshold needed for a “functional cure.”

AAV vectors have shown promise in gene therapy, and numerous
preclinical and clinical studies have demonstrated their good safety
profile particularly in comparison with other gene therapy vectors.44

However, at high doses, AAV vectors can induce serious adverse
events, such as thrombotic microangiopathy and hepatotoxicity.45–47

Moreover, AAV toxicity can cause neuronal injury in both animal
models and humans.45,48–50 Fortunately, one encouraging finding in
our study is the high effectiveness of our AAV9-SaCas9-g2g1 vector
with the low dose (6E+12 vg/kg) in inhibiting HSV-1 shedding in rab-
bits. This dose is more than 16 times lower than the 1E+14 vg/kg dose
used in several ongoing AAV gene therapy trials, suggesting a safe and
potentially cost-effective therapy for the patients. It has also been re-
ported that AAV vectors can integrate into the CRISPR-Cas9-
induced DNA breaks, raising significant safety concerns.51 However,
the HSV genome does not integrate into the host genome but persists
as a circular episomal form during latency. It is unknown if the AAV
vector will be integrated into the HSV-1 DNA-induced breaks. In the-
Molecular Therapy: Methods & C
ory, AAV integration into the HSV genome will
not pose significant safety risks. However, more
in-depth analysis is warranted to ensure the
safety of our delivery modality.

While our therapeutic approach shows promise,
there is room for improvement. For example, in
our study, we only evaluated AAV delivery via
two administration routes, corneal scarification
and i.v. administration. Future studies may
explore alternative or combined routes for safer
and more efficient delivery of the therapeutic
payload. Moreover, while AAV vectors are
widely used in gene therapy, emerging research into non-viral deliv-
ery methods shows great potential in terms of safety and efficacy.
However, much remains unknown about targeting non-viral vectors
to the peripheral nervous system (PNS). Last, we observed editing at a
single nominated off-target site for each gRNA (OT1 of ICP0g2 –

0.06%; OT1 of IC27g1 – 0.54%). OT1 of ICP0g2 aligns to an inter-
genic region within chromosome 8. OT1 of ICP27g1 primarily aligns
to the intron of multiple transcript variants of ZNF331. However, it
does map to the first exon in one transcript variant. ZNF331 encodes
for a transcriptional repressor that is frequently methylated in human
esophageal, gastric, and colorectal cancer.52–54 While such activity
may warrant some concern, it is critical to note that these off-target
assessment activities were performed in a transformed mammalian
cell line. Additional characterization in therapeutically relevant pri-
mary cells is critical to ascertain the genotoxic potential of SaCas9-
g2g1. Furthermore, we can apply methods to improve our specificity
of our therapeutic payload, including gRNA modification or use of
high-fidelity SaCas9 variants.55–57 Additionally, identifying more spe-
cific and potent guide RNAs for SaCas9 or other Cas endonucleases
will enhance the safety of CRISPR-Cas gene editing therapy. None-
theless, we believe that our CRISPR-Cas9 gene editing approach
linical Development Vol. 32 September 2024 9
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has the potential to be a curative therapeutic application for HSV-1
keratitis.

In conclusion, we present a proof-of-principle study for a CRISPR-
Cas9-based therapy with potential to eradicate latent HSV-1 infections
in HSV-1 keratitis. Our CRISPR-Cas9 gene editing approach may be
applicable to the treatment of other HSV-1 related diseases, such as
herpes labialis, herpes simplex encephalitis, and genital herpes. Addi-
tionally, identifying robust and safe gRNAs that are conserved in
both HSV-1 and HSV-2, will enable the use of a single gene therapy
product for all herpes diseases. This “one drug fits all” strategy would
significantly reduce the development cost for various herpes diseases.

MATERIALS AND METHODS
HSV-1 genome library construction and consensus sequence

generation

An internal HSV-1 genome library was created with the HSV-1
genome sequences. Strain information and coding sequence (CDS)
fasta sequences for the HSV-1 were downloaded from the ViPR data-
base (https://www.bv-brc.org/view/Virus/10239; Version Feb 2022;
46,027 strains and 62,554 GenBank IDs). The GenBank IDs and
CDS fasta sequences were filtered using the 9,409 GenBank IDs
obtained from the NCBI Nucleotide database using the keyword “hu-
man alphaherpesvirus 1.”

To identify the CDS sequences for the ICP0 and ICP27 genes in
different HSV-1 strains, the HSV-1 strains and GenBank IDs contain-
ing “ICP0$jICP0.jRL2$jRL2.” and “ICP27$jICP27.jUL54$jUL54.”
were identified from the HSV-1 genome library and labeled as ICP0
and ICP27, respectively. The percentage of guide conservation was
calculated by dividing the strain counts for each guide RNA by the to-
tal strain counts of the ICP0 or ICP27 in the database.

To build the ICP0 and ICP27 consensus sequences, all CDS fasta se-
quences for ICP0 and ICP27 genes were fetched, and a multiple
sequence alignment (MSA) was built separately for ICP0 and ICP27
using the Clustal Omega alignment (ClustalOmegaCommandLine
package of BioPython). A consensus sequence was built based on
the MSA using the AlignIO package of BioPython. The threshold
parameter was set to 0.5, which determines the base to be added
per position of the consensus sequence. If the percentage of the
most common base was greater than 50%, then that base was added,
otherwise an ambiguous character (N) was added. A position-specific
scoring matrix (PSSM) was generated and the consensus bases that
were observed in at least 25% of CDS sequences were selected to
form the final consensus sequences.

In silico off-target analysis

In silico off-target analysis of the selected SaCas9 gRNA sequences was
obtained using an in-house-developed Nextflow pipeline. Briefly, we
utilized BWA aln tool to select for genomic sites in the hg38 genome
with homology to the guide sequence, CasOFFinder tool23 to obtain
all possible guide/target sequence alignments at the selected sites, and
a downstream post-processing step to select for sites with up to
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
(1) 1 mismatch + 1 bulge in guide sequence.
(2) 2 mismatches + 1 bulge in guide sequence.
(3) 3 mismatches + 1 bulge in guide sequence.
(4) 4 mismatches + 0 bulge in guide sequence.
(5) 5 mismatches + 0 bulge in guide sequence.

CasOFFinder run was done using the “NNGRRN” PAM sequence
and allowing for up to five mismatches and one bulge. The identified
sites were clustered by assigning a cluster ID based on PAMposition if
the identified genomic coordinates of the in silico site PAM start po-
sitions are within 5 bp distance. Clustered sites were deduplicated
based on the cluster ID by selecting the lowest total mismatch/bulge
in guide sequence, lowest bulge in guide sequence, and lowest
mismatch in guide sequence.

Design of HSV-1 reporter construct and generation of HSV-1

HEK293FT stable reporter cell line

The HSV-1 reporter construct consists of two cassettes flanked by two
AAVS1 CRISPR target sites (Figure S2B). The first cassette is used to
screen for the construct integration and includes a PGK promoter
driven EGFP, followed by a P2A self-cleaving peptide, a puromy-
cin-resistant gene, and human growth hormone (hGH) polyA signal.
The second cassette contains the HSV-1 consensus sequences for
ICP27 and ICP0 flanking a minCMV-mTagBFP2-PEST-BGH pA
cassette. This construct was synthesized at GenScript. To generate
the HSV-1 knockin reporter cells, 0.5 mg of the construct and 20
pmol of RNP complex of SpCas9 and AAVS1 gRNA (Synthego)
were nucleofected into 2.5E+5 HEK293FT cells (Thermo Fisher Sci-
entific). Nucleofection was performed using 4D-Nucleofector System
(Lonza), SF Cell Line Kit S, and the CM-130 program following the
manufacturer’s protocol. Four days after nucleofection, the media
was removed, and fresh media containing 0.5 mg/mL of puromycin
dihydrochloride (Thermo Fisher Scientific) was added to the cells.
Ten days post-selection, cells were collected, and single-cell clones
were established by serial dilution in 96-well plates. A single-cell clone
containing over 95% EGFP-positive cells was selected for further
expansion and used in the current study.

Plasmid transfection in HSV-1 HEK293FT reporter cells

HSV-1HEK293FT reporter cells were seeded in 24-well plates (Thermo
Fisher Scientific) and cultured in Dulbecco’s modified Eagle’s media
(DMEM; Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific) for 24 h in a 37�C incu-
bator with 5% CO2. At approximately 70% confluency, the cells were
transfected with 500 ng of plasmid DNA and Lipofectamine 3000
(Thermo Fisher Scientific) following the manufacturer’s directions.
The cells were collected 72 h post transfection for DNA analysis.

Analysis of the gRNA pairs-induced excision in the reporter cell

line

Genomic DNA was extracted from HSV-1 HEK293FT reporter cells
transfected for 72 h with the six gRNA pairs targeting ICP0 and ICP27
genes. A total of 50 ng of genomic DNA was used for PCR amplifica-
tion with high-fidelity Primestar GXL-DNA polymerase (Takara Bio)
ber 2024
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and the HSV-1 Excision Forward and HSV-1 Excision Reverse
primers listed in Table S7, which anneal in regions that encompass
all target sites in ICP0 and ICP27. Tenmicroliters of the PCR products
were used for agarose gel electrophoresis and the excision bands were
determined based on their predicted sizes.

Plasmid transfection in Vero cells

Vero cells (ATCC, CCL-81) were seeded in six-well plates (Thermo
Fisher Scientific) and cultured in DMEM supplemented with 10%
FBS for 24 h in a 37�C incubator with 5% CO2. At approximately
70% confluency, the cells were transfected with 2 mg of plasmid
DNA and Lipofectamine 3000 (Thermo Fisher Scientific) following
the manufacturer’s directions.

HSV-1 infection in Vero cells

Vero cells were infected 48 h post plasmid transfection with HSV-1
17Syn+ virus resuspended in Opti-MEMmedia (Theromo Fisher Sci-
entific) for 3 h at an MOI of 5E�4 pfu per cell. HSV-1-containing
Opti-MEM media was then removed, the cells were washed with
phosphate-buffered saline (PBS) and cultured in fresh 500 mL of
DMEM supplemented with 10% FBS media for 48 h. Supernatants
were used for plaque assay analysis, and cells were collected for
DNA analysis.

Design of scrambled gRNA controls

The scrambled gRNAs controls (ICP0g2-scrambled, ACAUCAA
GCGCCGAGCGAAC; ICP27g1-scrambled, GCCAGCGCAACA
CACAUCUC) were designed by shuffling the spacer sequences of
ICP0g2 and ICP27g1. Our internal CasOFFinder tool was used to
confirm that there were no genomic targets with two mismatches
and one bulge or with three mismatches without bulge in the human
genome, African green monkey genome (for Vero cells), or rabbit
genome.

Production of AAV vectors

The AIOAAV2-SaCas9-g2g1 and scrambled vectors were prepared at
PackGene Biotech. The AAV8-Y733F-EGFP and AAV8-Y733F-
SaCas9-g2g1 vectors were prepared at the University of Florida
Ocular Gene Therapy Core. The AAV9-SaCas9-g2g1 and scrambled
vectors were prepared at the University of North Carolina Vector
Core. All these AAV vectors were produced using triple plasmid
transfection in adherent HEK293 cells. Subsequently, the AAV vec-
tors were purified using iodixanol density gradient centrifugation
and formulated in PBS containing 0.001% pluronic F-68. The titers
of the vectors were determined using QIAcuity digital PCR (Qiagen)
with two primer/probe sets targeting the CMV promoter and the
SV40 polyA sequences. The primer and probe sequences are listed
in Table S7. The average titer was used in the experiments.

Transduction of Vero cellswith AAV2-SaCas9 vectors andHSV-1

infection

Vero cells were seeded in 12-well plates and cultured in DMEM sup-
plemented with 10% FBS for 24 h. At approximately 70% confluency,
the cells were transduced with AAV2-SaCas9-g2g1 or scrambled vec-
Molecular T
tor at different MOIs. After 48 h, the cells were infected with HSV-1
strain 17Syn+ virus for 3 h at an MOI of 5E�4 pfu per cell. The virus-
containing media was then removed and replaced with fresh culture
media. Forty-eight hours later, the cells were collected for DNA anal-
ysis, and the supernatants were used for plaque assay analysis.

ddPCR analysis

Genomic DNA was isolated from Vero cells using the NucleoSpin
Tissue, Mini kit for DNA from cells and tissue (MACHEREY-
NAGEL) following the provided instructions. ddPCR was performed
using the 2X ddPCR Supermix for Probes (No dUTP) in the QX200
Droplet Digital PCR system (Bio-Rad Laboratories; data in Figure 1).
A total of 500 pg of genomic DNA was used as a template with the
following thermal cycling conditions: 95�C for 10 min, followed by
40 cycles of 94�C for 30 s and 60�C for 1 min, and final incubation
at 98�C for 10 min. Data acquisition and analysis were conducted us-
ing the QX200 droplet reader and QuantaSoft software provided with
the instrument. The number of HSV-1 copies in the Vero cells was
quantified using a primer/probe set targeting the HSV-1 UL28
gene,58 which is approximately 49 kb and 68 kb away from each
copy of the duplicated ICP0g2 target sites, and approximately 61 kb
away from the ICP27g1 target site. The HSV-1 copy numbers were
normalized to the copy number of the endogenous TERT gene
DNA sequence to calculate the HSV-1 copy numbers per cell.

Plaque assay for the Vero cell supernatants

The infectious titers of HSV-1 were determined using plaque assay.
Vero cells were grown in a 24-well plate until they reached 100%
confluence. The cells were then treated with HSV-1 virus-containing
supernatants at different dilutions. After a 3-h incubation with the vi-
rus, the viral inoculum was removed, and the cells were overlaid with
500 mL of a 0.4% methyl cellulose (MilliporeSigma) in complete cul-
ture medium to allow only cell-to-cell spread of the virus. Two days
after HSV-1 infection, the Vero cells were fixed with 5% Trichloroace-
tic acid (TCA; MilliporeSigma) for 10 min at room temperature. The
cells were then stained with 0.05% crystal violet in a mixture of 25%
methanol and 75% water for 15 min at room temperature. The stain-
ing was washed off with running water, and the 24-well plate was left
to dry overnight at room temperature. The plaques in each well were
counted individually. The dilutions that resulted in fewer than 100
plaques per well were used to determine the infectious titers.

GUIDE-seq analysis

We performed GUIDE-seq experiment with some modifications to
the original protocol.27 Briefly, in 24-well plates, HEK293FT reporter
cells were transfected with 400 ng of Cas9 plasmids and 7.5 pmol of
annealed GUIDE-seq oligonucleotide using Lipofectamine 3000
transfection reagent (Thermo Fisher Scientific) according to the man-
ufacturer’s protocol. Genomic DNA was extracted at 72 h after trans-
fection. Library preparations were conducted according to protocols
described previously,27 and quantified by a 4150 TapeStation System
(Agilent) and Qubit 4.0 (Thermo Fisher Scientific). Equal amounts
were pooled and sequenced on Illumina MiSeq instrument using a
MiSeq reagent kit v2 (300 cycles).
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The raw sequencing data were analyzed using an in-house developed
Nextflow bioinformatics pipeline, which is based on the GUIDE-seq
analysis code27 with some modifications.

The raw sequencing reads were demultiplexed using deML tool
(https://github.com/grenaud/deML) by allowing up to two mis-
matches in the barcode sequences. After UMI tagging and consolida-
tion of reads that share the same UMI, the paired end reads were
aligned to the hg38 reference genome using the BWA-MEM algo-
rithm with default parameters. During identification of dsODN inte-
gration sites, different from the published pipeline, dsODN primers
were searched across the reads with up to two mismatches allowance.
This approach allows identification of primer sequences, which have
sequencing errors. Identified sites were realigned using Calitas tool,
but using ±20 bp window at the identified dsODN integration
genomic coordinate. Mosdepth tool was used to calculate base
coverage at the identified sites and provided in silico off-target sites.
Annotations, such as gene names, descriptions, phenotypes, TSG
overlaps, and locations, were prepared for the identified sites. The re-
sults of identified sites, target annotations, Calitas alignments, and
read QC and genome coverage were sent to AWS S3 bucket locations.
An AWS Athena database and corresponding tables were created for
the output results. The downstream analysis was performed using
Tableau software by connecting to the AWS Athena database.
Targeted amplicon deep sequencing and data analysis

Regions flanking each target site were PCR-amplified using Q5 High-
Fidelity 2x Master Mix (New England Biolabs) for 30 cycles. For bar-
coding PCR, 0.5 mL of each reaction was amplified for 10 cycles with
barcoded primers to reconstitute the TruSeq adaptors. Equal amounts
of the barcoded PCR products were pooled and purified with 0.7�
SPRIselect bead-based reagent (Beckman Coulter), washed twice
with 80% ethanol, and eluted in 30 mL of 1� TE buffer. Sequencing
of the pooled amplicons was performed using MiSeq reagent kit v2
(500 cycles; Illumina) following the manufacturer’s protocol.

MiSeq data analysis for indel frequencies at the on-target and off-target
sites was performed using the CRISPResso2 software (CRISPResso
–fastq_r1 –fastq_r2 –amplicon_seq –guide_seq –ignore_substitutions
–plot_window_size 20 –window_around_sgrna 5.59 “–fastq_r1” and
“–fastq_r2” denote the r1 and r2 Fastq files that are output from the
MiSeqmachine. “–amplicon_seq” and “–guide_seq” are the input antic-
ipated amplicon and guide RNA sequence. “–cleavage_offset” is the cen-
ter of quantification window to use within respect to the 30 end of the
provided sgRNA sequence. “–ignore_substitutions” is used to ignore
subtitutions around the cleavage positions as these may be caused by
sequencing error. “–plot_window_size” defines the size of the window
extending from the quantificationwindow center to plot. “–window_ar-
ound_sgrna” defines the size (in base pairs [bp]) of the quantification
window extending from the position specified by the "–cleavage_offset"
parameter in relation to the provided guide RNA sequence(s) (–guide_-
seq). Mutations within this number of bp from the quantification win-
dow center are used in classifying reads as modified or unmodified.
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Latent rabbit keratitis model

Rabbit keratitis study was completed as previously described42

with some modifications. New Zealand White (NZW) rabbits
were anesthetized using intramuscular injections of ketamine
(MilliporeSigma; 30 to 45 mg/kg) and xylazine (MilliporeSigma; 7.5
to 11.5 mg/kg). Rabbits were then infected with the HSV-1 strain
17Syn+ virus at a concentration of 1.5E+5 pfu/eye in a volume of
15 mL directly onto the cornea following light corneal scarification
in a 2� 2 crosshatch pattern. Rabbits were monitored daily for health
and signs of blepharitis and conjunctivitis. Eyes were cleaned daily
with saline solution. Slit lamp exams were performed every 2–
3 days during this acute infection stage to assess ocular lesions. Rab-
bits that exhibited acute lesions with subsequent recovery were
considered latently infected and used for further procedures. Four
weeks later, 1E+11 vg of AAV vectors in 30 mL were administered
by corneal scarification into each eye. For the i.v. administration,
6E+12 vg/kg or 3E+13 vg/kg of AAV was injected into one or both
of the rabbit ear veins, depending on the dosing volume. Four weeks
after AAV administration, HSV-1 reactivation was induced by TCIE
for 3 consecutive days as described previously.42 Swabbing was con-
ducted daily from each eye, starting on the first day of TCIE and
continuing for 12 days. The applicators containing the ocular swabs
were placed in a tube containing 1mL of sterile DMEM supplemented
with 1% FBS and 1% antibiotic/antimycotics and stored at�80�C for
a minimum of 48 h. Animals were humanely euthanized 9 days after
the last TCIE, and tissues were collected and snap frozen for further
analysis.

Protocols for the rabbit ocular infection experiments were approved
by the University of Wisconsin-Madison Institutional Animal Care
and Use Committee.

Plaque assay for ocular swab samples

Vero cells were seeded in a 24-well plate and incubated for 24 h until
they reached approximately 90% confluence. The tubes containing
the daily ocular swabs were thawed at 37�C. Next, the normal growth
media was removed from the Vero cells, and the media from each
ocular swab tube was transferred to individual wells. The plate was
then incubated at 37�Cwith 5%CO2 for 7 days. Finally, the individual
wells were examined under a microscope to determine the presence or
absence of plaques daily beginning at 24 h post-plating. In total, 12
consecutive days of ocular swab samples for each rabbit eye were
analyzed. The samples from day 1, day 11, and day 12 were negative
for all the rabbit eyes. These results were not included in the figures
and tables.

Genomic DNA extraction from rabbit tissues

Rabbit tissues were mechanically homogenized in lysis buffer with the
Bead Ruptor homogenizer (Omni International) as described by the
manufacturer. The genomic DNA was extracted using Maxwell
RSC Instrument with the tissue DNA kit following themanufacturer’s
protocol (Promega). In the corneal scarification study, genomic DNA
extractions were performed on two right TGs in the control group,
three right TGs in the AAV8-g2g1 group, and seven right TGs in
ber 2024
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the AAV9-g2g1 group. In the i.v. delivery study, each TG was divided
into halves, with each half used for either DNA or RNA extraction.
Two TGs from the buffer group and three TGs from the scrambled
group served as controls, while five TGs from both the g2g1 low-
dose and high-dose groups were used for DNA and RNA analyses.

Total RNA extraction from rabbit tissues

Rabbit tissues were preserved in RNAlater after collection, and the tis-
sues were homogenized with the Bead Ruptor homogenizer (Omni
International). Total RNAs from tissue homogenates were extracted
with RNeasy Plus kit following the manufacturer’s protocol (Qiagen).

Reverse transcription

A total of 100 ng of total RNA from rabbit tissues was used for cDNA
synthesis using SuperScript IV VILO Master Mix with ezDNase
(Thermo Fisher Scientific) in a 20-mL reaction as described by the
manufacturer. The cDNA was then diluted 10-fold or more, depen-
dent on the target, for analysis with dPCR.

dPCR analysis

Analysis of DNA or cDNA from tissue samples was performed using
the QIAcuity digital PCR system from Qiagen (data in Figures 4, S3–
S5, and S7). DNA (between 4 and 40 ng) or diluted cDNAwas used as
a template for amplification using the following conditions: 95�C for
2 min, followed by 40 cycles of 95�C for 15 s and 60�C for 1 min. Data
acquisition and analysis were conducted from the same instrument as
described by the manufacturer (Qiagen). The primers and probes
used for dPCR are listed in Table S7. The LAT primer/probe set tar-
gets a location about 2 kb upstream of the nearest copy of the dupli-
cated ICP0g2 target sites and approximately 4.5 kb downstream of the
ICP27g1 target site.
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