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In vivo CRISPR gene therapy holds large clinical potential, but

the safety and efficacy remain largely unknown. Here, we in-

jected a single dose of herpes simplex virus 1 (HSV-1)-targeting

CRISPR formulation in the cornea of three patients with severe

refractory herpetic stromal keratitis (HSK) during corneal

transplantation. Our study is an investigator-initiated, open-

label, single-arm, non-randomized interventional trial at a sin-

gle center (NCT04560790). We found neither detectable

CRISPR-induced off-target cleavages by GUIDE-seq nor sys-

temic adverse events for 18 months on average in all three

patients. The HSV-1 remained undetectable during the study.

Our preliminary clinical results suggest that in vivo gene

editing targeting the HSV-1 genome holds acceptable safety

as a potential therapy for HSK.

INTRODUCTION
Herpes simplex virus type 1 (HSV-1) is a common human virus, with

a global seroprevalence of 50%–90%.1–3Ocular HSV-1 infection is the

major cause of herpetic stromal keratitis (HSK), which is one of the

leading causes of infectious blindness in developed countries.4

Approximately 40,000 people develop visual disability among the

1.5 million new cases of ocular HSV infection each year.4 After pri-

mary infection in the cornea, HSV-1 establishes a latent reservoir in

the trigeminal ganglia (TGs), which can be reactivated, leading to

the recurrence.5

Currently, no vaccine is available against HSV infection.6 Acyclovir

(ACV) and analogs that target the viral DNA polymerase are the

first-choice treatments for HSK.7 However, as the antiviral molecules

do not change the existing viral DNA, recurrences are still common.

Additionally, resistance to ACV has been associated with longer dis-

ease duration and subsequent failure of prophylaxis in patients with

recurrent ocular HSV episodes.7,8 Other strategies, including anti-

bodies, peptides, and small molecules, are still under development.9

Corneal transplantation is recommended for HSK-induced corneal

leucoma or perforation. However, the postoperative prognosis is

compromised by high rates of virus recurrence.10 According to previ-

ous studies, there is a high incidence of herpetic keratitis recurrence

following penetrating keratoplasty (PK), even with the topical ACV,

the recurrent rate is still over 55%.10,11 Various studies have reported

the recurrence rate of HSV infection in grafts with prophylactic oral

ACV therapy ranging from 12% to 33%.11–13 Notably, systemic ACV

has been associated with kidney injury and neurotoxicity.11,14 Essen-

tially, neither the drugs nor surgical treatments can diminish the virus

in the corneas or TG reservoir and cleave the virus genome directly,

which drives the exploration of next-generation antiviral strategies

with meganucleases and CRISPR.15–17

CRISPR has been remarkably successful in preclinical research.18–22

So far, it has been applied in clinical trials for treating hemoglobin dis-

eases, cancers, and HIV infection.23–27 However, the published trials

are all ex vivo except the recent report by Gillmore et al. in which

CRISPR was used for in vivo treatment of transthyretin amyloidosis.28

Still, the broader in vivo safety and efficacy profile of CRISPR remains

to be established. To overcome the delivery obstacle for in vivo

CRISPR therapy, several groups, including ours, have reported engi-

neered virus-like particles that are able to transport mRNA or ribonu-

cleoprotein, allowing transient gene editing.29–31 Our group has

developed an mRNA-carrying lentiviral particle (mLP) capable of

incorporating an mRNA of interest such as SpCas9 in the producer

cells via the interaction between aptamer in the mRNA and adaptor

in the viral structural protein.32 We further designed the SpCas9

mRNA-carrying lentiviral particle, termed HSV-1-erasing lentiviral

particle (HELP), to specifically cleave two essential genes for the

HSV-1 life cycle, UL8 and UL29, for HSK therapy.33 A single intra-

corneal injection of HELP significantly diminished HSV-1 in the cor-

neas and TG in mice.33
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Although we have shown HELP efficiently controlled the HSV repli-

cation in vitro, in animal models and ex vivo human corneas, it may

be difficult to clear all the viruses in the reservoir in humans. We hy-

pothesized that reducing the virus load to a certain threshold will

change the balance between virus and host so that the immune system

can control the remaining virus and achieve a functional cure.34,35

Here, we reported data from a clinical trial evaluating the safety

and efficacy of one-dose HELP injection during the PK for three

patients with severe refractory HSK and acute corneal perforation

(Figure 1), all three had completed the 12-month follow-up

(21 months, 18 months, and 14 months for patients 1, 2, and 3,

respectively).

RESULTS
Preclinical results

The presence of HSV-1 in the corneas of the participants was deter-

mined by quantitative polymerase chain reaction (qPCR) analysis of

the viral genome in tear-swabbed samples. The positive result was a

precondition for enrollment (Table 1). HELP was given by intrastro-

mal injection at a dose of 2.4 mg of p24 during PK, as illustrated in Fig-

ure 1. The perforated cornea was removed from the patient during the

operation for subsequent fluorescence microscopy and immunohisto-

chemistry analysis. The viral capsid protein VP5 was detected in the

corneas of three patients by confocal imaging (Figure S1). As HSK is

the consequence of excessive virus-induced corneal infiltration of in-

flammatory cells,36 we therefore stained the removed corneal button

for T cells (CD4+ and CD8+), myeloid-derived cells (CD11b+), and

macrophages (F4/80+). Immunohistochemistry showed their infiltra-

tion in the cornea stroma of three patients (Figure S2). We sequenced

HSV-1 strains isolated from three participants for genes encoding

thymidine kinase (TK) and DNA polymerase (DNA pol). We found

changes in amino acids in TK or in DNA pol, but they were not

drug-resistance mutations (Figure S3 in the supplemental informa-

tion). Additionally, we used anHSV-1-infected healthy cornea to eval-

uate the functionality of CRISPR and found a significant reduction of

HSV-1 genome and viable viruses in addition to the barely detectable

VP5 antigen (Figures 2A–2E). Also, we found direct evidence of viral

genome cleavage in UL8 and UL29 loci with indel frequencies 28.8%

and 14.4%, respectively, by deep sequencing (Figure 2F).

Patient demographics and outcomes

Patient 1

Patient 1 was a senior male in his early 70s who was admitted in

November 2020 for corneal perforation due to recurrent HSK in

the right eye and had initial HSK nearly 30 years ago with a recurrence

interval of every 1–2 years. He had been prescribed a high dose of

antiviral medications yet still failed to ameliorate the keratitis. His

left eye was diagnosed with traumatic corneal leucoma. On examina-

tion, uncorrected visual acuity was light perception for both eyes. The

slit-lamp image of the right eye showed an ill-defined central corneal

ulcer of about 3� 3 mmwith iris incarcerated in the perforation. The

left eye showed a cloudy cornea without conjunctival congestion. Pa-

tient 1 had mild anemia and a history of diabetes with a slightly high

glycated hemoglobin of 6.2%.

Topical ganciclovir eye gel was discontinued for the patient 1 day

before the uncomplicated PK. During the PK operation, the iris

was carefully separated and severe lens opacity was found in the

surgical eye. Patient 1 received HELP injection according to the pro-

tocol (Figure 3A). Topical 0.5% levofloxacin and 1% prednisolone

acetate were administered three times per day after the surgery.

Postoperative hyphema was identified immediately after the surgery

and was absorbed on day 7. His visual acuity of the right eye has

remained finger count owing to the severe cataract since day 3.

At 6 months after PK, patient 1 developed an uncontrolled corneal

ulcer related to neurotrophic keratopathy (NK), which mainly re-

sulted from the long-lasting damage to the corneal sensory nerve

induced by chronic HSV infection. In accordance with his decrease

in corneal sensitivity, in vivo confocal microscopy (IVCM) showed

significantly impaired corneal subbasal nerves in the central cornea

graft at the latest follow-up (Figure S4). To further improve the pa-

tient’s vision, we therefore conducted the second corneal transplan-

tation and phacoemulsification with intraocular lens implantation

on his right eye. He had regained an uncorrected visual acuity (dec-

imal) of 20/100 in the surgical eye by the time of discharge (Fig-

ure 3B). The postoperative intraocular pressure was within the

normal range (Table S1 in the supplemental information). Optical

coherence tomography (OCT) showed a relatively shallow anterior

chamber in patient 1 (Figure S5). His corneal graft had remained

transparent since the second PK after 12 months post injection

(Figure 3A).

Before treatment, both the corneal button and aqueous humor were

diagnosed positive for HSV-1 using a Triplex HSV-1 DNADiagnostic

Kit with cycle threshold (Ct) values of 21.35 and 28.37, respectively

(Table S1). However, tear swabs had maintained negative since his

2-month visit (Table 1). Interestingly, the second corneal transplan-

tation in the sixth month gave us a unique opportunity to explore

whether the HELP can diminish the HSV-1 genome in vivo by exam-

ining the excised corneal button. Indeed, we found VP5 signals

neither around the rim nor in the center of the removed corneal but-

ton via fluorescence microscopy and immunohistochemistry analysis

(Figures S6 and S7).

Patient 2

Patient 2 was a male in his early 50s who had an acute corneal perfo-

ration in the right eye caused by recurrent HSK. His right eye had

been suffering from repeated redness and pain for more than a decade

with a recurrence interval of 2–3 months, which could not be effec-

tively controlled by various antiviral and glucocorticoid eye drops.

Five days before admission in January 2021, the patient complained

of sharp, sudden pain and fluid leakage in the right eye. On examina-

tion, uncorrected visual acuity (decimal) was 20/20 in the left eye yet

only handmotion in the right eye. The slit-lamp image of the right eye

revealed a 4-mm-diameter lower paracentral corneal ulcer with a

pinpoint leakage but no hypopyon in the anterior chamber. The

lens of the right eye was slightly cloudy. His left eye was unremark-

able. Patient 2 had a history of chronic B-related hepatitis and

hyperlipidemia.
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Figure 1. The antiviral mechanism of CRISPR in human corneas

HELP is a lentiviral viral particle carrying SpCas9 mRNA and a gRNA-expression cassette. The SpCas9 protein translated frommRNA directly and the gRNA expressed from

the reverse transcribed viral DNA assemble into ribonucleoproteins (RNPs), which cleave the HSV-1 genome at UL8 and UL29 loci for degradation. A total of 0.2mL (2.4 mg of

p24) of HELP formulation was injected into the recipient graft bed in six to eight locations by using a 27G ophthalmic syringe after corneal transplantation.
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Uncomplicated PK was performed for patient 2 who also received

HELP injection subsequently according to the protocol. After the sur-

gery, topical 0.5% levofloxacin and 1% prednisolone acetate were

applied three times a day, whereas the traditional ACV eye drops

(every 2 h) and oral tablets (twice daily) were discontinued. One

day after surgery, topical prednisolone acetate was increased to four

times daily due to corneal graft edema. Two days later, intraocular

pressure of the right eye was 11 mm Hg and visual acuity raised to

finger count. OCT at this time confirmed a flat iris and open anterior

angle in all directions (Figure S8). At later visits, his visual acuity

improved to 20/167 immediately at the 1-month visit and stabilized

as 20/67 at 3 months after the surgery (Figure 3B). In the sixth month

after PK, patient 2 was diagnosed with staphylococcal endophthalmi-

tis, which was confirmed by bacterial and fungal cultures (Table S2)

and subsequently contained by the combination of vitrectomy and

antibiotic injection. His uncorrected visual acuity had decreased to

20/133 because of the secondary cataract in the surgical eye (Fig-

ure 3B). IVCM revealed partial regeneration of corneal nerves at

his 12-month follow-ups (Figure S9). No relapse of herpetic keratitis

or graft rejection was identified at the final visit.

Before treatment, the patient was positive for HSV-1 by qPCR anal-

ysis of the removed corneal tissue (Ct = 26.34) and tear swabs

(Ct = 35.01) and the aqueous humor, which was weakly positive

(Ct = 36.50) (Table S1). In the subsequent 12- and 18-month

follow-ups, however, we found the tear swab samples during the post-

operative visits showed that the HSV-1 tests were all negative by

qPCR examination (Table 1).

Patient 3

Patient 3 was a male in his late 60s who had 6-year history of HSK and

eventual corneal perforation in the left eye 10 days before admission

in May 2021. His HSK relapsed every 2–3 months. The same eye had

phacoemulsification with intraocular lens implantation 8 years ago.

His right eye was unremarkable. On examination, uncorrected visual

acuity (decimal) was 20/50 in the right eye and handmotion in the left

eye. Conjunctiva congestion and limbal neovascularization were se-

vere in his left eye, with a gray ulcer of 5 � 5 mm at the center of

the opaque cornea. Subacute cornea perforation and hypopyon indi-

cated a high-risk corneal transplantation. OCT confirmed partial

perforation on the cornea (Figure S10). Patient 3 had a history of

hypertension.

After the uneventful PK and HELP injection, the patient had been

prescribed 0.3% tobramycin and 0.1% dexamethasone ophthalmic

ointment four times daily. Brinzolamide timolol drops (twice per

day) were prescribed for his elevated intraocular pressure owing to

postoperative hyphema. Ganciclovir eye gel (four times daily) and

ACV oral tablets (twice daily) were discontinued after treatment.

One day after the surgery, 0.5% cyclosporine eye drops were added

to suppress inflammation of the ocular surface. Due to the intraocular

lens opacity induced by corneal perforation, the visual acuity of pa-

tient 3 had been hand motion since PK operation and finger count

at 12-month follow-up (Figure 3B). On his 3-month follow-up, we

observed corneal edema and inflammatory cell infiltration around

the corneal sutures, indicating an occurring graft rejection, which

was controlled after receiving topical treatment for the graft rejection

and secondary glaucoma. Postoperative B-scan ultrasonography sug-

gested no significant abnormal changes in the retina (Figure S12).

Although we did not detect HSV-1 in aqueous humor in patient 3

before CRISPR treatment, the patient was diagnosed as HSV-1 pos-

itive for detecting HSV-1 in the tear swab (Ct = 29.5) and the

removed corneal tissue (Ct = 34.9) during PK by qPCR and the viral

VP5 antigen using confocal imaging (Tables 1 and S1; Figure S1).

However, in the 12- and 14-month follow-ups, we found the swab

samples during the postoperative visits were all negative for

HSV-1 (Table 1).

Table 1. HSV-1 diagnosis

Number Sex Age range Cornea Aqueous Tear swab (time post injection)

�1 day 1 week 1 month 2 months 3 months 6 months 12 months Last visita

1 male 70–74 + + + – + – – – – –

+ + + – – – – –

+ – + – – – – –

2 male 50–54 + +/� + – – – – – – –

+ – – – – – – –

+ – – – – – – –

3 male 65–69 + – + – – – – – – –

– – – – – – – –

– – – – – – – –

+, positive, Ct value %36.

+/�, weak positive, 36 < Ct value < 40.

–, negative, Ct value = 40 or “no Ct.”

HSV-1 diagnosis was via nucleic acids detection by qPCR.
aLast visit: patient 1, 21 months; patient 2, 18 months; patient 3, 14 months.
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Additional safety assessment

The potential HELP (CRISPR)-relevant side effects are the immune

response attacking the CRISPR-transduced cells expressing Cas9 and

off-target cleavages. ELISA showed intrastromal injection of HELP

did not provoke an anti-vector immune response as no p24-specific

immunoglobulin (Ig)Gwas induced (Table S3). Interestingly, by exam-

ining the blood samples, all the patients were SpCas9 positive before

treatment, while the Cas9-specific IgG was not significantly enhanced

after treatment (Figure S20). To analyze the potential off-target effects

of our virus-targeting HELP in the human genome, we performed

genome-wide, unbiased identification of DNA double-stranded breaks

enabled by GUIDE-seq to reveal genome-wide integrations of double-

stranded oligodeoxynucleotides in the double-strand DNA breaks

caused by CRISPR (Figure 3C).37 However, in subsequent deep

A
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C D

Figure 2. Preclinical results of HELP eliminating HSV-1 in tissue culture of a healthy cornea

(A) Flowchart for evaluating the antiviral effects of HELP in HSV-1-infected healthy human cornea. (B) Schematic illustration of the HSV-1 genome and gRNA loci. TRL,

terminal repeat long; UL, unique long; IRL, internal repeat long; IRS, internal repeat short; US, unique short; TRS, terminal repeat short. (C) qPCR analysis of HSV-1 genome

(fold change); p < 0.0001. (D) HSV-1 titer of supernatants from human corneal cultures measured by plaque assay; mock versus ACV and HELP, p < 0.0001, respectively. (E)

Immunohistochemistry analysis of HSV-1 dissemination in a human cornea; scale bar, 20 mm. (F) The profile of HELP-induced mutations in HSV-1 UL8 and UL29 loci in a

human cornea. Frequencies >0.035% and 0.07% in UL8 and UL29 loci are shown, respectively. The minus symbol indicates a deletion and the plus symbol indicates an

insertion. PAM, protospacer adjacent motif; WT, wild type. Data and error bars represent mean ± SEM; n.s., not significant. One-way ANOVA with Dunnett’s multiple

comparisons test was performed.
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sequencing, we did not detect indels on the three GUIDE-seq-identified

sites in the detached epithelial cells from wiping the cornea of the pa-

tients 1 week after the treatment as well as in 293T cells (Figures 3D

and 3E). The whole-genome sequencing (WGS) analysis of off-target

sites identified only one potential off-target site for UL29 single guide

RNA (sgRNA), whereas no potential off-target sites for UL8 sgRNA

were found(supplemental results ofWGSare in the supplemental infor-

mation). As shown in Table S6, the potential off-target site was located

in the intergenic region and would not change the gene function. Struc-

tural variants (SVs) analysis revealed that all the SVs have a low risk of

affecting the gene function and causing pathogenicity (Tables S7–S9),

suggesting that HELP has a minimal risk of inducing off-target effects.

For the rest, we performed a complete ophthalmic examinationon three

patients after HELP treatment (supplemental information). The ocular

adverse events (AEs) we observed included corneal graft edema, hy-

phema, post-herpes NK, concurrent cataract, and secondary glaucoma,

which were mainly attributed to the high-risk PK with acute corneal

perforation (Table S2).38–40 B-scan ultrasonography of the patients on

7 days, 1 month, 6 months, and 12 months post injection showed no

abnormal changes in the vitreous body and retina (Figures S12–S14).

Retinal OCT demonstrated relatively intact fundus in HELP-injected

eyes (Figures S15 and S16). Additionally, we found no apparent change

in rod or cone responses in the participants by electroretinography

(ERG) (Figures S17–S19).No systemicAEswere foundduring the study

period.

Deficiencies of current work

To fulfill the ethics requirements by the committee as the first in vivo

CRISPR human trial in infectious disease, the severe HSK participants

enrolled in this pioneering study with corneal perforation demanded

PK, which is prone to causing a myriad of postoperative manifesta-

tions and HSK recurrence for the surgery alone.38 Additionally, the

recurrent cases who urgently need corneal transplantation with defin-

itive etiological evidence of HSV-1 infection, as suggested inclusion

criteria by the ethical committee of China, brought limited partici-

pants in this prospective study, which is attributed to the single-

arm nature of our work with a primary goal to explore the

CRISPR-related safety and initial conclusion regarding the efficacy

A

C D E

B

Figure 3. The main clinical results of CRISPR-treated HSK patients

(A) The time scheme and corresponding anterior segment photographs of three participants. (B) The changes of visual acuity in each participant during follow-ups, wherein

last visit means 14months, 18months, and 21months for patients 1, 2, and 3, respectively. (C) Potential off-target loci of HELP in the human genome identified by theGUIDE-

seq. (D) Deep-sequencing results on the potential off-target sites in the patients’ corneal epithelial cells at 1 month post HELP treatment. (E) Deep-sequencing results on the

potential off-target sites in 293T cells. The genome was isolated 48 h post HELP transduction. OT, off-target site. Data and error bars represent mean ± SEM; n.s., non-

significant; unpaired two-tailed Student’s t tests.
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of HELP. Once the safety and effectiveness of CRISPR is preliminarily

determined, less severe HSK cases and subsequently more partici-

pants would be treated with HELP. By then, negative and positive

control groups in the later-stage clinical trials would be embedded.

DISCUSSION
We report three refractory HSK cases with acute corneal perforation

receiving in vivo CRISPR therapeutics. After a single intrastromal in-

jection of HELP in combination with corneal transplantation, corneal

grafts and tear swabs in the three patients were still free of viral relapse

at their last visits, with the average follow-ups reaching 18 months

even though we discontinued the antiviral therapy after the

CRISPR injection. In the HSV-1-infected healthy corneas, HELP effi-

ciently diminish the HSV-1 in terms of genome, viable viruses, and

antigen (Figure 2). Moreover, we did not detect HSV-1 in the

removed corneal button from patient 1 at 6 months post HELP treat-

ment due to NK, supporting that the HELP could diminish the HSV-1

in the corneas (Figure S6). The laboratory data suggested no CRISPR

off-target cleavage in the human genome or Cas9 and vector-specific

immune response induced by intrastromal injection of HELP. These

results suggest that HELP might be an effective strategy in restricting

HSV-1 replication in the human corneas with no remarkable

CRISPR-related side effects.

Although the HSV-1 DNA levels became undetectable immediately

after treatment in patients 2 and 3, the virus was still detected in

the first month for patient 1 but not at later time points. We reason

several mechanisms may be responsible for this phenomenon. It is

likely that HELP reduces viral load by targeting both productive repli-

cation and the latent reservoir without achieving full elimination,

especially in cases such as patient 1 who had a much higher virus

load than patient 2 and patient 3 (Table S1; Figure S1). Therefore,

the acute stress-associated host response is likely to augment viral

replication.41,42 Second, immune activities are also likely required to

fully inhibit the virus after the HELP treatment. Patient 1 was in

his 70s and therefore might have a relatively weak immune system

not fully capable of controlling residual viruses in the corneas and

TG the first months after treatment. To balance the benefit-risk of

the first antiviral CRISPR therapy, patient 1 was chosen because he

had very high pre-operational viral loads in the cornea, aqueous

humor, and tear swabs. Therefore, it is not surprising that HELP

was unable to clear the virus completely in this patient but only reduce

the virus burden in vivo. However, as the cornea of patient 1 was

transparent at the 1-month visit without signs of recurrence, we

continued an antiviral-drugs-free protocol on the patient. Notably,

his swabs of both cornea and tear film remained negative for

HSV-1 from 2 months to the final visit. According to the current

study, patients 2 and 3, who had lower pre-operational HSV-1 loads

compared with patient 1, had obtained amore thoroughHSV-1 clear-

ance by HELP judging from their virus tests. Future studies enrolling

more patients with different degrees of HSK will answer whether

patients with lower pre-operational corneal virus load than the three

patients in this study will have an even more beneficial outcome after

HELP treatment.

The participants enrolled in our study were all experiencing recurrent

HSK episodes for decades, raising the possibility of drug-resistant

HSV-1 infection. Accordingly, we found respective rather than simul-

taneously changes of amino acids in TK and DNA pol in the patients’

isolates that were different from both the KOS and 17syn+ strains of

HSV-1 (Figure S3), suggesting that the constant release of HSV-1

from the reservoir, instead of drug resistance, may have contributed

to the refractory HSK in these patients. To date, the HSV-1 reservoir

in TGs has still been untargetable with antiviral drugs. We have pre-

viously shown in the preclinical model that HELP is capable of modu-

lating the virus in the reservoir via retrograde transportation of

CRISPR to TG.33High-risk corneal transplantation for the perforated

cornea is prone to HSK recurrence and corneal rejection. Therefore,

the discontinuation of antiviral therapy after PK could make partici-

pants more vulnerable to HSV-1 recurrence than other patients.

However, among the 21 tests of HSV-1 on three participants, except

two tests in the first month of patient 1 that were positive without any

clinical symptoms, all the other tests with the longest follow-up up to

21 months after treatment were negative. Thus, all three participants

had no HSK recurrence during this study, although the specific role of

HELP on HSV-1 in the human TG reservoir remains elusive.

We summarized all the AEs divided by the patients and by follow-up

visits in a table (supplementary information Table S2). Although

HELP treatment may not be fully excluded from the observed compli-

cations due to the limited cases and lack of controls, this was very un-

likely except for corneal edema. Numerous complications, such as

graft rejection, hyphema, glaucoma, or cataract, could be found in

postoperative treatment of PK despite the progress of surgical tech-

niques, especially in the high-risk cases with acute corneal perfora-

tion.38 Hyphema in patient 1 is mainly attributed to the tear of the

iris during the surgery, which finally resolved. Cataract in our three

cases may happen because of acute corneal perforation and the usage

of corticosteroid after the surgery. The incidence of glaucoma in pa-

tients 1 and 3 is not rare after corneal transplantation. Several etiologic

factors have been identified, the most common being synechial angle

closure and corticosteroid-induced intraocular pressure (IOP) eleva-

tion. IVCM revealed HSV-related corneal epithelium abnormality

and low nerve density in all three participants, indicating their high

susceptibility to post-herpes NK. Damage to the sensory nerve ending

of the trigeminal nerve by HSV-1 could result in decreased corneal

sensitivity, loss of epithelial integrity, and corneal ulceration in severe

cases.43 This possibly could explain why patient 1, a senior male with

30 years of HSK history, ultimately developed NK 6 months after PK.

The endophthalmitis of patient 2 stemmed from bacterial infection,

identified as gram-positive cocci (Staphylococcus caprea) using bacte-

rial culture. TheHELP product was produced and stored under GMP-

like regulation, with a quality-control report (Table S11). Additionally,

the HELP was injected into the cornea of patient 2, which remained

transparent during the 18-month follow-up. To sum up, the potential

HELP-relevant clinical AEs were minimal after CRISPR treatment.

Immune responses against the viral vector or Cas9 can be problematic

for in vivo CRISPR gene therapy.44,45 In our study, no vector-specific
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IgG was detected after the HELP treatment. Indeed, prednisolone ac-

etate has been prescribed throughout the follow-up course of the pa-

tients, as instructed by the standards for corneal transplantation to

prevent rejection, which may have played a role in the restrained in-

flammatory and immune reactions in the patients.9 Additionally, we

have previously characterized that HELP is low immunogenic,33 so

both the low immunogenicity and prednisolone acetate may have

contributed to the absence of inflammatory and immune reactions

after the HELP treatment. Finally, the lack of HELP-related adverse

effects may also be due to the transient nature of SpCas9mRNA deliv-

ered by HELP.

HELP was originally designed for a single-dose administration. In the

case of repeated dosing, the effectiveness of HELP may be compro-

mised if the vector-specific IgG antibodies were induced, as they

may block HELP at the entry level. However, the intracorneal injec-

tion may not be an effective route to induce anti-vector IgG as all

three patients were p24 negative after HELP treatment (Table S3).

Additionally, repeated administration may not cause safety problems

for HELP as the SpCas9 expressed frommRNA exists only for several

days, thus minimizing the chance to be attacked by cytotoxic T cells.32

A preclinical study by Aubert and colleagues showed that adeno-asso-

ciated virus (AAV)-delivered meganucleases have the potential to

cure latent HSV infection.15 Although the efficacy may not be a chal-

lenge for this method, the long-term expression of nucleases from

AAV may cause safety concerns. In certain scenarios, our HELP or

other similar technologies may be administered ex vivo to remove

the virus that existed in the infected corneas from donors before

the cornea transplantation surgeries. In conclusion, our clinical re-

sults from three HSK patients with an average of 18-month follow-

up after receiving HELP suggest that in vivo CRISPR gene editing tar-

geting the HSV-1 genome holds promise as a safe antiviral adjuvant

therapy for which the efficacy may further be improved in combina-

tion with existing antiviral molecules such as ACV for severe refrac-

tory HSK to prevent the virus recurrence.46Dose escalation may clear

the virus in high-virus-load patients more thoroughly than was

achieved in patient 1. As our study is a single-arm pilot trial, a

more complete study including a head-to-head comparison to the

conventional ACV treatment and longer-term follow-up is necessary

to fully evaluate the safety and efficacy of in vivo CRISPR therapy. It

will also be interesting to adapt neuron tropic vial envelopes such as

the envelope from rabies virus to pseudotype HELP, whichmight gain

the additional advantage to target TGs where the latent HSV-1 hid.

Future studies may also expand the treatment to patients with less se-

vere HSK to protect them from getting refractory HSK and corneal

perforation complications. Overall, our study provides clinical proof

of concept for in vivo CRISPR gene editing as a potential antiviral

strategy.

MATERIALS AND METHODS
Study oversight

The study is designed to evaluate the safety and efficacy of HELP for

in vivo treatment of refractory HSK patients. This clinical practice was

approved by the ethics committee of the Eye & ENT Hospital of

Fudan University, China, and the National Health Commission,

China (IRB-220113), and is registered with ClinicalTrials.gov

(NCT04560790). Written informed consent was provided by the pa-

tients under video recording. The healthy donors involved in this

study all signed the informed consent for biological sample donation

and data sharing before the operation, with an agreement that the

samples should be used for biomedical research. All the authors

had access to the data and vouch for their accuracy and completeness.

The manuscript was written and revised by the corresponding au-

thors with help from all authors and was approved for publication

by each of the authors.

Trial design and eligibility

In this investigator-initiated, open-label, single-arm, non-random-

ized interventional trial of 12 months at a single center, participants

with refractory HSK were designed to receive a single dose of HELP

formulation via intrastromal injection during the PK for acute corneal

perforation. The trial is a completed analysis for this pilot study. Adult

(ages 1870 years) patients with refractory keratitis who were repeat-

edly infected with HSV-1 virus (more than three times per year)

and unresponsive to the standard regimen for HSK (oral ACV,

800 mg twice a day for 10 days, then 400 mg twice a day for at least

1 year) or those who were suffering from relapsed HSV infections

with corneal perforation requiring corneal transplantation were

enrolled. Patients who had serious ocular or systemic comorbidities

(i.e., trauma, other infections, immune diseases, tumors) judged by

investigators to be were unsuitable for the trial were excluded from

this study. The follow-up strategy of this study consisted of two stages,

a treatment period (1 day to 12 months) and a monitoring period (1–

15 years). Participants entered the treatment follow-up period on the

day after operation, from which researchers monitored predefined in-

dicators according to the study protocol. After the end of the clinical

trial (12 months post injection) patients transitioned into the moni-

toring period. Every 12 months, researchers would appoint a

follow-up visit or phone call to acquire the latest data of patient status,

continuing for 15 years or until the death of participants.

Compared with the original protocol, the major revisions on the

current one were listed as adjusting the contents and priorities of

outcomes and modifying the inclusion criteria (Table S11). These re-

visions will not increase the risk to subjects and have been approved

by the ethics committee. From April 2020 to April 2022, a total of six

HSK patients had provided informed consent: two did not meet eligi-

bility criteria, one withdrew before undergoing HELP injection on

their own decision, and three received intervention and had

>12 months of follow-up; the preliminary analysis of our study was

based on these last three patients (trials flow diagram from supple-

mental information).

Main outcomes and safety

The primary outcome was the ocular surface HSV-1 of the interven-

tion eye on 1 week, 1 month, 2 months, 3 months, 6 months, and

12months post operation and serious AEs post injection. The second-

ary outcome was cornea graft survival and best corrected visual acuity

Molecular Therapy

3170 Molecular Therapy Vol. 31 No 11 November 2023

http://ClinicalTrials.gov


(BCVA) at every follow-up visit. Safety assessment included HELP-

provoked humoral immune reaction, off-target effects of CRISPR-

Cas9 technology, tolerability assessments based on HELP-related

AEs, clinical ophthalmic examinations and vital signs, and all-cause

mortality. Owing to the small sample size (n = 3), the data are primar-

ily descriptive. More details are provided in the supplemental

information. Routine assessments included a complete ophthalmic

examination (measurement of BCVA and intraocular pressure; slit-

lamp examination), IVCM to analyze the corneal structures at the

cellular level (corneal epithelium/endothelium and corneal subbasal

nerves), time-domain OCT to investigate the anterior segment, the

spectral-domain OCT to document the retinal status, postoperative

B-scan ultrasonography to evaluate the status of the posterior

segment of the eye, and ERG to measure the electrical activity gener-

ated by the retina in response to a light stimulus. Aqueous humor and

the surgically removed corneal button were collected for HSV-1

genome detection. Tear swabs of pre-injection and at 1 week, 1month,

2 months, 3 months, 6 months, and 12 months post injection were

also collected and quantified for HSV-1 genome by qPCR using

HSV-1 DNA Diagnostic Kit (Triplex International Bioscience). The

virus testing outcome was indicated as positive (+) or negative (�)

by Ct values that are equal or above 40 for negative, 36–40 for weakly

positive, and equal or below 36 for positive according to the manufac-

turer’s instruction. Blood samples of the participants were collected at

1-month, 3-month, 6-month, and 12-month visits to confirm

whether intrastromal injection of HELP induces SpCas9-specific

IgG and vector-specific IgG, which were determined by ELISA.44

Deep sequencing of the detached epithelial cells by wipes was used

for analyzing the potential off-target effects caused by CRISPR in

the human genome.

Preparation and administration of HELP

The SpCas9 mRNA-carrying HELP was produced and quality

controlled following Good Manufacturing Practice (GMP) guide-

lines by OBiO Technology. To manufacture the GMP-like level

HELP, 293T cells were seeded in cell factories 24 h before polyethy-

lenimine (PEI) transfection. Six hours after transfection, the media

were refreshed and the supernatants were harvested 48 h post trans-

fection. The virus-rich supernatants were filtered through a 0.45-mm

filter and treated with Benzonase. After ultrafiltration/diafiltration

using tangential flow filtration, the viral particles were purified by

chromatography and then passed through 0.22-mm filters for

sterilization.

The final formulation of HELP is a phosphate buffered saline (PBS)-

dissolved lentiviral vector that contains two types of RNA all in one;

one is SpCas9 mRNA (four copies on average in each particle) and the

other is a guide RNA (gRNA)-expression viral RNA cassette.33 A

D64V mutation was introduced in the integrase so that the gRNA-

expression cassette will not integrate into the host genome. The

gRNA-expression cassette is reverse transcribed in the host cells

and maintained as circular episomal DNA, which encodes two

gRNAs targeting UL8 and UL29, respectively. The formulation was

kept at �80�C for long-term storage. It was recovered to room tem-

perature 10 min before injection. Each formulation, 0.2 mL in total,

was drawn into a 27G ophthalmic syringe for the injection. PK

was performed following the routine procedures. After sewing up

the donor cornea, the graft bed of the recipient was injected with

the HELP formulation in six to eight locations (Figure 1; Video S1).

HSV-1 plaque assay

Vero cells were seeded in a 12-well plate and infected with various di-

lutions of culture supernatants on the following day. Two hours after

infection, cells were overlaid with 1% agarose solution. The cells were

cultured for 3 days before being fixed with 4% formaldehyde and

stained with 1% crystal violet solution. After three washes with water,

the number of plaques was counted. HSV-1 titers were calculated as

plaque-forming units (PFU) per milliliter. Each biological sample was

performed in triplicate in a plaque assay.

ELISA

The humoral immune response to p24 was evaluated by an HIV p24

ELISA kit according to the manufacturer’s protocol (Abnove). To

detect the humoral immune response to SpCas9 in three patients, re-

combinant SpCas9 protein (Novoprotein), human albumin (Sigma),

or tetanus toxoid (Astarte Biologics) were used to coat the ELISA

plates, respectively. The plates were washed five times using ELISA

wash buffer after incubation at 4�C overnight. One-percent BSA

blocking solution was used to block plates at room temperature for

1 h, and then washed five times. Fifty-fold diluted serum samples

were added to each well and incubated for 2 h. Plates were washed

three times before adding HRP-conjugated goat anti-human antibody

(Sangon), which was diluted 1,000-fold in blocking buffer. Plates

incubated for 1 h at room temperature and then washed five times

with washing buffer. TMB Single-Component Substrate solution (So-

larbio) was added to the plate and developed for 15 min. The reaction

was stopped by ELISA Stop Solution (Solarbio). The optical density

(OD) value of each sample was analyzed by a microplate reader.

HSV-1 infection diagnosis

HSV-1 DNA in tear swabs, corneal buttons, and aqueous humor was

amplified using HSV-1 DNA Diagnostic Kit (Triplex International

Bioscience) according to the manufacturer’s instructions. Quantita-

tive PCR was performed using a LightCycler 96 real-time PCR system

(Roche).

Immunofluorescence microscopy

An immunofluorescence protocol was adapted from a previous

study.33 Briefly, the corneal buttons were fixed in 4% paraformalde-

hyde (PFA) overnight at 4�C and then transferred to 30% sucrose.

The optimal cutting temperature compound-embedded tissues were

sectioned to 10-mm thickness using a freezing microtome (Leica)

and processed for immunofluorescence. Slides were blocked in block-

ing buffer and incubated with primary antibody against HSV-1 VP5

(Santa Cruz Biotechnology, sc56989) overnight at 4�C. After washing

five times, the slides were incubated with Alexa Fluor 488-conjugated

secondary antibody (Jackson ImmunoResearch, 711-545-152).
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Fluorescent images were collected using a laser scanning confocal mi-

croscope (Nikon).

Immunohistochemistry

Corneal button fixed in 4% formaldehyde and embedded in paraffin.

The sections were then blocked with 1% BSA at room temperature for

30 min and incubated with anti-HSV-1 VP5 (Santa Cruz Biotech-

nology, sc56989), anti-CD4 (Servicebio, gb13064), anti-CD8 (Service-

bio, gb11068), anti-CDllb antibody (Servicebio, gb11058), or anti-F4/

80 antibody (Servicebio, gb11027) at 4�C overnight. The sections

were then incubated with an anti-rabbit secondary antibody

(Servicebio, gb23303) or anti-mouse secondary antibody (Servicebio,

gb23301) followed by incubation with freshly prepared diaminoben-

zidine (DAB) substrate solution to detect the antibody. Sections were

counterstained with hematoxylin, blued with ammonia water, and

then dehydrated and coverslipped.

CRISPR off-target analysis

The off-target analysis was designed according to the original

GUIDE-seq protocol.37 Briefly, 293T cells (5 � 105) were electric

transfected with 2 mL of double-stranded oligodeoxynucleotide

(100 mM), 1.5 mg of SpCas9-expressing plasmid, and 0.75 mg of

UL29-UL8 gRNA-expressing plasmid or an empty plasmid. Genomic

DNA was isolated 72 h after transfection to generate a DNA

sequencing library. The remaining steps for sequencing were

completed following the GUIDE-seq method described in the study

of Montagna et al.47 The potential off-target sites identified by

GUIDE-seq were PCR amplified and pooled for double-end

sequencing using an Illumina nova-seq6000 (Genefund Biotech).

Raw data of deep sequencing were analyzed by Cas-analyzer.

Human corneal HSV-1 infection

Human corneas were supplied by the Eye Bank of the Eye, Ear, Nose

and Throat Hospital, Fudan University, under the approval of the

hospital ethics committee (EENTIRB-2017-06-07-01). Experiments

were conducted according to the Declaration of Helsinki and in

compliance with Chinese law. Corneas were evenly divided into 12

halves, and four halves were dosed with 1.5 mg of p24 HELP or the

same volume of PBS by intrastromal injection while the other four

halves were incubated with 20 mM ACV. Corneas were infected

with 2� 106 PFU of HSV-1 17syn+ at 24 h post treatment. The media

were refreshed at 2 h post infection and maintained with minimum

essential medium (MEM) (containing 10% FBS and 1% P/S). The cul-

ture supernatant and cornea were harvested on day 3 to perform the

plaque assay, immunohistochemical analysis, and RNA/DNA isola-

tion (TaKaRa MiniBEST viral RNA/DNA extraction kit). The UL8

and UL29 on-target sites were PCR amplified and pooled for dou-

ble-end sequencing using an Illumina nova-seq6000 (Genefund

Biotech). Raw data from deep sequencing were analyzed by Cas-

analyzer online (version 2016/12/14).

WGS

Human corneal stromal cells (HCSCs) were used to assess the poten-

tial effect of HELP in the genome. HCSCs (Qingqi (Shanghai)

Biotechnology Development, #BFN60804061) were transduced with

4.5 mg of p24 HELP (36.1 mg p24/mL, BD111VD20220601) per well

24 h after being seeded in a 12-well plate at a density of 3 � 105 cells

per well. Cells were cultured in DMEM (Gibco) supplemented with

10% FBS (Gibco) and 1% penicillin- streptomycin-amphotericin B

solution (BFB, BFNS001) at 37�C in a 5% CO2 incubator. Two weeks

later, a total of 1.0 � 106 HCSCs from the experimental (HELP-

treated) group were collected and WGS was conducted. Untreated

HCSCs were used as negative control groups (wild-type [WT] group).

WGS as well as off-target and SV analysis were performed in

Sequanta Technologies.

To construct a sequence library, DNA was extracted from the cells

and fragmented into 350- to 450-bp fragments randomly using son-

ication. The library was subjected to 2 � 150 paired-end sequencing

on an Illumina NovaSeq 6000 system. The raw data underwent qual-

ity-control analysis using FastQC (v0.11.9) software and were then

aligned to the reference genome (hg19) using the maximal exact

matched algorithm in BWA (v0.7.17) software. Following sequence

alignment, Sentieon (202010.01) was employed to detect SNV and

InDel. To predict potential off-target sites across the genome for iden-

tifying whether the detect SNV and InDel caused by CRISPR, the Cas-

OFFinder software was utilized. The tool accepted NGG protospacer

adjacent motif (PAM) sequence and searched sgRNA (UL8 and UL29

sgRNA) homology regions across the genome. During the homology

region search, a maximum of five mismatches were allowed between

the query sequence and target sequence. By calling out all SNP/InDel

sites detected by Sentieon within 500 bp upstream and downstream of

the sgRNA homology region predicted by Cas-OFFinder,48 potential

off-target sites were screened out. Manta software (version 1.6.0) was

used to analyze the structural variations of samples. The potential

off-target site and structural variations were annotated by using the

software annovar (date 20180416).

BCVA

BCVA was assessed at day�1 (pre-injection), week 1, month 1 (M1),

M2,M3, M6, andM12 using a standard visual acuity chart via the log-

MAR method. It was scored as the number of correctly read opening

directions of letter E after adjusting for distance (4 or 1 m) and

described as logMAR to measure the range of acuities from 20/10

to 20/800 (or from �0.30 to +1.6 logMAR). For patients unable to

correctly distinguish the opening direction of letter E at 1 m, the Ber-

keley Rudimentary Vision Test battery was performed49 at distances

of 1 and 0.25 m to measure the range of acuities from +1.4 to +2.9

log10 MAR. Light perception was assigned +4.0 log10 MAR, and

hand motion and counting fingers were assigned +3.0 logMAR

and +2.0 logMAR, respectively.50,51

Time-domain OCT

An OCT system (Stratus OCT, Carl Zeiss Meditec, Dublin, CA)

developed for ophthalmology research was used to visualize the ante-

rior segment (cornea, anterior chamber, iris, etc.) of participants in

this trial at day�1 (pre-injection), week 1, M6, and M12. In this clin-

ical trial, time-domain OCT was mainly used for confirmation of
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corneal perforation, assessment for synechia of iris, and postoperative

status of the anterior segment using a 12-mm high-resolution telecen-

tric lens designed for imaging the anterior segment of the eye.

Electroretinogram

A full-field cone and rod ERG was performed via Espion (E2, E3) sys-

tems (Diagnosys LLC, Lowell, MA) 12 months post injection. As

described earlier,52 ERG recordings were obtained in nondilated

eyes using DTL electrodes secured deep in the conjunctival sac.

Ground and reference electrodes were taped to the forehead and

external canthi of participants, respectively. Flashes and background

light were induced by a Ganzfeld color dome to achieve full-field stim-

ulation. By convention, the amplitude and latency of both the a-wave

and b-wave generate a total of four parameters to define an ERG

waveform.

IVCM

Laser IVCM (Heidelberg Retina Tomograph 3 with the Rostock

Cornea Module, Heidelberg Engineering, Germany) was routinely

conducted on participants 12 months post injection. As described,53

IVCM images were recorded at 30 frames/s. Adjacent images were

separated by 1 mm with a lateral resolution of 1 mm/pixel. Performed

eyes were topically anesthetized and administered with a layer of gel

before reaching the equipment. Fifty to 100 images of the corneal sub-

basal layer were obtained and the most representative images were

selected by the same masked observer.

Spectral-domain OCT

Spectral-domain OCT (Cirrus OCT 5000, Zeiss) was used for the

cross-sectional imaging of the retina, which were aligned by straight-

ening the major retinal pigment epithelium reflection.54,55 Partici-

pants were measured for full retinal thickness, outer nuclear layer

thickness, photoreceptor outer segment layer thickness, and presence

of macular edema on the sixth month post injection. Quantitative an-

alyses of the photoreceptor cilial anatomy was performed via longitu-

dinal reflectivity profiles. En face imaging with near-infrared illumi-

nation was conducted with autofluorescence mode or reflectance

mode via a confocal scanning laser ophthalmoscope.54,55

Statistics

Data were analyzed using GraphPad Prism 8 and presented as mean ±

SEM in all experiments (n = 3). Unpaired two-tailed Student’s t tests

and one-way ANOVAwith Dunnett’s multiple comparisons test were

performed to determine the p values (95% confidence interval).
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