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CRISPR/CAS-RELATED METHODS AND COMPOSITIONS FOR TREATING

HERPES SIMPLEX VIRUS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to United States Provisional Application No.

62/414,561, filed October 28, 2016, the content of which is incorporated by reference in

its entirety, and to which priority is claims.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with government support under Grant No.

1R43A1 120302-01 awarded by the National Institutes of Health. The government has

certain rights in the invention.

TECHNICAL FIELD

The present disclosure relates to the field of gene expression alteration, genome

engineering and genomic alteration of genes using Clustered Regularly Interspaced Short

Palindromic Repeats (CRISPR)/CRISPR-associated (Cas) 9-based systems and viral

delivery systems. The present disclosure also relates to the field of genome engineering

and genomic alteration of one or more herpes simplex virus (HSV) viral gene, e.g.,

UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT genes.

SEQUENCE LISTING

The present specification makes reference to a Sequence Listing (submitted

electronically as a .txt file named "084177.0154_ST25.txt" on October 27, 2017). The

084177.0154_ST25.txt file was generated on October 24, 2017 and is 86,022 bytes in

size. The entire contents of the Sequence Listing are hereby incorporated by reference.

BACKGROUND

Herpes simplex virus (HSV), e.g., herpes simplex virus type 1 (HSV-1) and

herpes simplex virus type 2 (HSV-2), is a ubiquitous and highly contagious pathogen.

HSV-1 generally causes intermittent, painful blistering of the mouth and mucous

membranes. HSV-2 generally causes intermittent, painful blistering in the genital

region. HSV can cause lifelong, recurring bouts of viral reactivity. Infection with HSV-

1 and/or HSV-2 is permanent. After initial infection with HSV-1 or HSV-2, the virus

establishes latent infection that lasts for the lifetime of the host. Initial infection with

HSV-1 generally causes painful blistering of the mucous membranes of the mouth,

including the lips, mouth and nose. HSV-1 initial infection less commonly affects the



anogenital region, causing painful blistering of the mucous membranes of the genital and

anal region. Initial infection with HSV-2 generally causes painful blistering of the

mucous membranes of the anogenital region. HSV-2 initial infection less commonly

affects the mouth, causing painful blistering of the mucous membranes of the lips, mouth

and nose.

Following establishment of latent infection, reactivation of HSV-1 or HSV-2 can

occur at any point during the lifetime of the subject. Reactivation of HSV-1 or HSV-2 is

more likely to occur in the elderly and in immunocompromised individuals, including in

those who have cancer, those who have HIV/AIDs and in those who have undergone

solid organ or hematopoietic stem cell transplant. HSV-1 and HSV-2 both cause ocular

herpes. Historically, HSV-1 has been the causative agent in the majority of ocular

herpes infections. However, HSV-2 related ocular infections have been increasing in

incidence worldwide over the recent years.

Ocular infection with HSV-1 or HSV-2 can affect the epithelium of the eye,

causing keratitis. Ocular herpes may also affect the retina, causing retinitis.

There are no curative or preventative treatments for HSV-1 or HSV-2. Therapy

is primarily given during acute infection. Primary HSV-1 or HSV-2 infections can be

treated with antiviral therapy, including acyclovir, valacyclovir and famciclovir.

However, in controlled clinical trials, vaccination efficacy has been limited. A recent

vaccine for both HSV-1 and HSV-2 infections was only 35% effective in preventing

HSV-1 infections (Belshe et al., 2012; New England Journal of Medicine 366(1): 34-

43). Despite advances in antiretroviral therapies, there remains a need for the treatment

and prevention of HSV-1 and HSV-2 infections, particularly the treatment and

prevention of HSV-1 and HSV-2 associated ocular infections, including keratitis and

retinitis. A therapy that can cure, prevent, or treat HSV-1 and HSV-2 ocular infections

would be superior to the current standard of care.

SUMMARY OF THE INVENTION

The presently disclosed subject matter provides a vector encoding a guide RNA

(gRNA) molecule and one Cas9 molecule, wherein the gRNA molecule comprises a

targeting domain comprising the nucleotide sequence selected from SEQ ID NOS: 1 to

23. In certain embodiments, the vector is a viral vector. In addition, the presently

disclosed subject matter provides a composition comprising the vector described herein.

Furthermore, the presently disclosed subject matter provides a genome editing



system comprising: (a) a gRNA molecule comprising a targeting domain that comprises

the nucleotide sequence selected from SEQ ID NOS: 1 to 23, (b) a Cas9 molecule.

In certain embodiments, the vector or genome editing system is configured to

alter a HSV viral gene selected from the group consisting of a UL19 gene, a UL30 gene,

a UL48 gene, a UL54 gene, a RSI gene, or a R gene. In certain embodiments, the

Cas9 molecule is an S. aureus Cas9 molecule. In certain embodiments the Cas9

molecule recognizes a Protospacer Adjacent Motif (PAM) of either NNGRRT (SEQ ID

NO: 24) or NNGRRV (SEQ ID NO: 25).

The presently disclosed subject matter also provides cells comprising the vector

or genome editing system describe herein.

In certaine embodiments, the vector or genome editing system is used in reducing

or preventing herpes simplex virus (HSV) infection in a cell.

The presently disclosed subject matter further provides a method of reducing or

preventing HSV infection in a cell, comprising administering to the cell: (a) a vector

encoding a gRNA molecule and one Cas9 molecule; or (b) a genome editing system

comprising a gRNA molecule and a Cas9 molecule; wherein the gRNA molecule

comprises a targeting domain comprising the nucleotide sequence selected from SEQ ID

NOS: 1 to 23.

In certain embodiments, the cell is infected with HSV. In certain embodiments,

the HSV infection is HSV-1 infection. In certain embodiments, the cell is selected from

the group consisting of an epithelial cell, a neuronal cell and an optic cell.

In certain embodiments, the gRNA comprises a targeting domain comprises a

nucleotide sequence selected from the group consisting of: SEQ ID NOS: 2, 6, 10, 15

and 16.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts the efficiency of plasmids encoding a Cas9 molecule and a

presently disclosed gRNA molecule for reducing HSV-1 infection in HEK293T cells.

DETAILED DESCRIPTION

The genome editing systems, genetic constructs (e.g., vectors), compositions and

methods described herein can be used for editing (altering) one or more HSV viral gene,

e.g., UL19, UL30, UL48, UL54, RSI, and/or RL2 genes, thereby preventing, treating

and/or reducing HSV infection in a cell or a subject. The genome editing systems or



genetic constructs (e.g., vectors) comprise one guide RNA molecule that provide the

DNA targeting specificity for the HSV viral gene, and a Cas9 molecule.

For purposes of clarity of disclosure and not by way of limitation, the detailed

description is divided into the following subsections:

1. Definitions

2 . Herpes Simplex Virus

3 . Methods to Reduce and/or Prevent HSV Infection in Cells

4 . Methods to Treat, Prevent and/or Reduce HSV-related Ocular Infection

5 . Methods of Altering HSV viral gene(s)

6 . Guide RNA (gRNA) Molecules

7 . Genome Editing Systems Targeting HSV Viral Genes

8 . Genetic Constructs for Genome Editing of HSV Viral Genes

9 . Compositions

10. Target Cells

11 . Delivery, Formulations and Routes of Administration

1. Definitions

Unless otherwise defined, all technical and scientific terms used herein have the

same meaning as commonly understood by one of ordinary skill in the art. In case of

conflict, the present document, including definitions, will control. Preferred methods

and materials are described below, although methods and materials similar or equivalent

to those described herein can be used in practice or testing of the presently disclosed

subject matter. All publications, patent applications, patents and other references

mentioned herein are incorporated by reference in their entirety. The materials, methods,

and examples disclosed herein are illustrative only and not intended to be limiting.

The terms "comprise(s)," "include(s)," "having," "has," "can," "contain(s)," and

variants thereof, as used herein, are intended to be open-ended transitional phrases,

terms, or words that do not preclude the possibility of additional acts or structures. The

singular forms "a," "an" and "the" include plural references unless the context clearly

dictates otherwise. The present disclosure also contemplates other embodiments

"comprising," "consisting of, and "consisting essentially of," the embodiments or

elements presented herein, whether explicitly set forth or not.

For the recitation of numeric ranges herein, each intervening number there

between with the same degree of precision is explicitly contemplated. For example, for



the range of 6-9, the numbers 7 and 8 are contemplated in addition to 6 and 9, and for the

range 6.0-7.0, the number 6.0, 6 .1 , 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, and 7.0 are

explicitly contemplated.

As used herein, the term "about" or "approximately" means within an acceptable

error range for the particular value as determined by one of ordinary skill in the art,

which will depend in part on how the value is measured or determined, i.e., the

limitations of the measurement system. For example, "about" can mean within 3 or

more than 3 standard deviations, per the practice in the art. Alternatively, "about" can

mean a range of up to 20%, preferably up to 10%, more preferably up to 5%, and more

preferably still up to 1% of a given value. Alternatively, particularly with respect to

biological systems or processes, the term can mean within an order of magnitude,

preferably within 5-fold, and more preferably within 2-fold, of a value.

"Target gene" as used herein, refers to any nucleotide sequence encoding a

known or putative gene product. In certain embodiments, the target gene is a HSV viral

gene. As used herein, a "HSV viral gene" refers to a {HSV-1 or HSV-2) UL19 gene, a

{HSV-1 ox HSV-2) UL30 gene, a {HSV-1 or HSV-2) UL48 gene, a {HSV-1 ox HSV-2)

UL54 gene, a {HSV-1 ox HSV-2) RSI gene, a {HSV-1 ox HSV-2) RL2 gene, or a {HSV-1

or HSV-2) LAT gene. In certain embodiments, the target gene is a HSV-1 UL 19 gene. In

certain embodiments, the target gene is a HSV-1 UL30 gene. In certain embodiments,

the target gene is a HSV-1 UL48gene. In certain embodiments, the target gene is a HSV-

1 UL54 gene. In certain embodiments, the target gene is a HSV-1 RSI gene. In certain

embodiments, the target gene is a HSV-1 RL2 gene. In certain embodiments, the target

gene is a HSV-1 LAT gene.

As used herein, a "genome editing system" refers to any system having RNA-

guided DNA editing activity. Genome editing systems of the present disclosure include

at least two components adapted from naturally occurring CRISPR systems: a guide

RNA (gRNA) and an RNA-guided nuclease. These two components form a complex

that is capable of associating with a specific nucleic acid sequence in a cell and editing

the DNA in or around that nucleic acid sequence, for instance by making one or more of

a single-strand break (an SSB or nick), a double-strand break (a DSB) and/or a point

mutation.

Genome editing systems may comprise, in various embodiments, (a) one or more

Cas9/gRNA complexes, and (b) separate Cas9 molecules and gRNAs that are capable of



associating in a cell to form one or more Cas9/gRNA complexes. A genome editing

system according to the present disclosure may be encoded by one or more nucleotides

(e.g. RNA, DNA) comprising coding sequences for Cas9 and/or gRNAs that can

associate to form a Cas9/gRNA complex, and the one or more nucleotides encoding the

gene editing system may be carried by a vector as described herein.

In certain embodiments, the genome editing system targets a HSV viral gene

selected from the group consisting of a {HSV-1 or HSV-2) UL19 gene, a {HSV-1 or HSV-

2) UL30 gene, a (HSV-1 or HSV-2) UL48 gene, a {HSV-1 ox HSV-2) UL54 gene, a (HSV-

1 or HSV-2) RSI gene, a (HSV-1 or HSV-2) RL2 gene, and a (HSV-1 or HSV-2) LAT

gene. In certain embodiments, the UL19 gene is HSV-1 UL19 gene. In certain

embodiments, the UL30 gene is a HSV-1 UL30 gene. In certain embodiments, the UL48

gene is a HSV-1 UL48 gene. In certain embodiments, the UL54 gene is a HSV-1 UL54

gene. In certain embodiments, the RSI gene is a HSV-1 RSI gene. In certain

embodiments, the RL2 gene is a HSV-1 RL2 gene. In certain embodiments, the LAT gene

is aHS - gene.

In certain embodiments, the genome editing system is implemented in a cell in an

in vivo contact. In certain embodiments, the genome editing system is implemented in a

cell in an in vitro contact. In certain embodiments, the genome editing system is used in

a medicament, e.g., a medicament for modifying (knocking down or knocking out) one

or more target genes (e.g., one or more HSV viral gene selected from the group

consisting of a (HSV-1 ox HSV-2) UL19 gene, a (HSV-1 ox HSV-2) UL30 gene, a (HSV-1

ox HSV-2) UL48 gene, a (HSV-1 ox HSV-2) UL54 gene, a (HSV-1 ox HSV-2) RSI gene, a

(HSV-1 ox HSV-2) RL2 gene), and a (HSV-1 ox HSV-2) LAT gene, or a medicament for

treating, preventing, or reducing HSV infection (HSV-1 or HSV-2 infection). In certain

embodiments, the genome editing system is used in therapy.

"Genetic construct" as used herein refers to the DNA or RNA molecules that

comprise a nucleotide sequence that encodes a protein. The coding sequence includes

initiation and termination signals operably linked to regulatory elements including a

promoter and polyadenylation signal capable of directing expression in the cells of the

individual to whom the nucleic acid molecule is administered.

A "Cas9 molecule" or "Cas9 polypeptide" as used herein refers to a molecule or

polypeptide, respectively, that can interact with a gRNA molecule and, in concert with

the gRNA molecule, localize to a site comprising a target domain (also referred to as



"target sequence") and, in certain embodiments, a PAM sequence. Cas9 molecules and

Cas9 polypeptides include both naturally occurring Cas9 molecules and Cas9

polypeptides and engineered, altered, or modified Cas9 molecules or Cas9 polypeptides

that differ, e.g., by at least one amino acid residue, from a reference sequence, e.g., the

most similar naturally occurring Cas9 molecule.

In certain embodiments, the Cas9 molecule is a wild-type S. pyogenes Cas9,

which recognizes a NGG PAM sequence. In certain embodiments, the Cas9 molecule is

an S. pyogenes Cas9 EQR variant, which recognizes a NGAG PAM sequence, a NGCG

PAM sequence, a NGGG PAM sequence, a NGTG PAM sequence, a NGAA PAM

sequence, a NGAT PAM sequence or a NGAC PAM sequence. In certain embodiments,

the Cas9 molecule is an S. pyogenes Cas9 VRER variant, which recognizes a NGCG

PAM sequence, a NGCA PAM sequence, a NGCT PAM sequence, or a NGCC PAM

sequence. In certain embodiments, the Cas9 molecule is a wild-type S. aureus Cas9,

which recognizes a NNGRRT PAM sequence, or a NNGRRV PAM sequence.

"Nucleic acid" or "oligonucleotide" or "polynucleotide" as used herein means at

least two nucleotides covalently linked together. The depiction of a single strand also

defines the sequence of the complementary strand. Thus, a nucleic acid also

encompasses the complementary strand of a depicted single strand. Many variants of a

nucleic acid may be used for the same purpose as a given nucleic acid. Thus, a nucleic

acid also encompasses substantially identical nucleic acids and complements thereof. A

single strand provides a probe that may hybridize to a target sequence under stringent

hybridization conditions. Thus, a nucleic acid also encompasses a probe that hybridizes

under stringent hybridization conditions.

Nucleic acids can be single stranded or double stranded, or may contain portions

of both double stranded and single stranded sequence. The nucleic acid can be DNA,

both genomic and cDNA, RNA, or a hybrid, where the nucleic acid may contain

combinations of deoxyribo- and ribo-nucleotides, and combinations of bases including

uracil, adenine, thymine, cytosine, guanine, inosine, xanthine hypoxanthine, isocytosine

and isoguanine. Nucleic acids can be obtained by chemical synthesis methods or by

recombinant methods.

"Operably linked" as used herein means that expression of a gene is under the

control of a promoter with which it is spatially connected. A promoter can be positioned

5' (upstream) or 3' (downstream) of a gene under its control. The distance between the



promoter and a gene can be approximately the same as the distance between that

promoter and the gene it controls in the gene from which the promoter is derived. As is

known in the art, variation in this distance can be accommodated without loss of

promoter function.

"Promoter" as used herein means a synthetic or naturally-derived molecule which

is capable of conferring, activating or enhancing expression of a nucleic acid in a cell. A

promoter can comprise one or more specific transcriptional regulatory sequences to

further enhance expression and/or to alter the spatial expression and/or temporal

expression of same. A promoter can also comprise distal enhancer or repressor elements,

which may be located as much as several thousand base pairs from the start site of

transcription. A promoter can be derived from sources including viral, bacterial, fungal,

plants, insects, and animals. A promoter can regulate the expression of a gene

component constitutively, or differentially with respect to cell, the tissue or organ in

which expression occurs or, with respect to the developmental stage at which expression

occurs, or in response to external stimuli such as physiological stresses, pathogens, metal

ions, or inducing agents.

"Subject" and "patient" as used herein interchangeably refers to any vertebrate,

including, but not limited to, a mammal (e.g., cow, pig, camel, llama, horse, goat, rabbit,

sheep, hamsters, guinea pig, cat, dog, rat, and mouse, a non-human primate (for example,

a monkey, such as a cynomolgous or rhesus monkey, chimpanzee, etc.) and a human).

In certain embodiments, the subject is a human. The subject or patient can be

undergoing other forms of treatment.

"Treat", "treating" and "treatment", as used herein, refers to the treatment of a

disease in a mammal, e.g., in a human, including (a) inhibiting the disease, i.e., arresting

or preventing its development or progression; (b) relieving the disease, i.e., causing

regression of the disease state; (c) relieving one or more symptoms of the disease; and

(d) curing the disease.

"Prevent," "preventing," and "prevention" as used herein, refers to the prevention

of a disease in a mammal, e.g., in a human, including (a) avoiding or precluding the

disease; (b) affecting the predisposition toward the disease; (c) preventing or delaying

the onset of at least one symptom of the disease.

"Vector" as used herein means a nucleic acid sequence containing an origin of

replication. A vector can be a viral vector, bacteriophage, bacterial artificial



chromosome or yeast artificial chromosome. A vector can be a DNA or R A vector. A

vector can be a self- replicating extrachromosomal vector, e.g., a DNA plasmid. For

example, the vector can encode one Cas9 molecule and a pair of gRNA molecules.

2. Herpes Simplex Virus

Herpes simplex viruses (HSVs) are categorized into at least two types: herpes

simplex virus type 1 (HSV-1) and herpes simplex virus type 2 (HSV-2). HSV-1 and

HSV-2 are also known as human herpesvirus 1 (HHV-1) and human herpesvirus (HHV-

2), respectively.

The structure of herpes viruses includes a relatively large double-stranded, linear

DNA genome encased within an icosahedral protein cage (capsid), which is wrapped in a

lipid bilayer called (envelope). The envelope is joined to the capsid by means of a

tegument. This complete particle is known as the virion (Mettenleiter et al. (2006) Curr.

Opin. Microbiol. 9 (4): 423-429). HSV-1 and HSV-2 each contain at least 74 genes (or

open reading frames, ORFs), or even as many as 84 unique protein coding genes by 94

putative ORFs, within their genomes (McGeoch et al. (2006) Virus Res. 117 (1): 90-

104; Rajcani et al. (2004) Virus Genes 28 (3): 293-310). These genes encode a variety

of proteins involved in forming the capsid, tegument and envelope of the virus, as well as

controlling the replication and infectivity of the virus.

The genomes of HSV-1 and HSV-2 are complex and contain two unique regions,

i.e., the long unique region (UL) and the short unique region (US), each containing

multiple viral genes. Immediate early genes encode, e.g., proteins that regulate the

expression of early and late viral genes. Early genes encode, e.g., enzymes involved in

DNA replication and the production of certain envelope glycoproteins. Late genes

encode, e.g., proteins that form the virion particle. Transcription of HSV genes is

catalyzed by RNA polymerase II of the infected host (McGeoch et al. (2006) Virus Res.

117 (1): 90-104).

Entry of HSV into the host cell involves interactions of several glycoproteins

(e.g., glycoprotein B (gB), glycoprotein C (gC), glycoprogein D (gD), glycoprotein H

(gH), and glycoprotein L (gL)) on the surface of the enveloped virus, with receptors

(e.g., herpesvirus entry mediator (HVEM), nectin-1, or 3-0 sulfated heparan sulfate) on

the surface of the host cell. The envelope, when bound to specific receptors on the cell

surface, will fuse with the host cell membrane and create a pore, through which the virus

enters the host cell. The virus can also be endocytosed after binding to the receptors, and



the fusion could occur at the endosome. After the viral capsid enters the cellular

cytoplasm, it is transported to the cell nucleus. Once attached to the nucleus at a nuclear

entry pore, the capsid ejects its DNA contents via the capsid portal. Following infection

of a cell, a cascade of herpes virus proteins, e.g., immediate-early, early, and late, are

produced.

HSVs may persist in a quiescent but persistent form known as latent infection.

During latent infection of a cell, HSVs express Latency Associated Transcript (LAT)

RNA. LAT can regulate the host cell genome and interfere with natural cell death

mechanisms. By maintaining the host cells, LAT expression preserves a reservoir of the

virus, which allows subsequent, usually symptomatic, periodic recurrences or

"outbreaks" characteristic of non-latency. Whether or not recurrences are symptomatic,

viral shedding occurs to produce further infections. Herpes virus DNA contains a gene

that encodes ICP4, which is a transactivator of genes associated with lytic infection

(Pinnoji et al. (2007) Virol. J . 4 : 56). The human neuronal protein Neuronal Restrictive

Silencing Factor (NRSF) or human Repressor Element Silencing Transcription Factor

(REST) can bind to the elements surrounding the ICP4 gene and lead to histone

deacetylation, which prevents initiation of transcription from this gene, thereby

preventing transcription of other viral genes involved in the lytic cycle (Pinnoji et al.

(2007) Virol. J . 4 : 56; Bedadala et al. (2007) Cell Res. 17 (6): 546-555). The inhibition

of ICP4 protein synthesis can be reversed by viral protein ICPO, whcih dissociates NRSF

from the ICP4 gene and thus prevents silencing of the viral DNA (Roizman et al. (2005)

Cell Cycle 4 (8): 1019-21).

2.1 HSV-Infections

The herpes simplex viruses enter the host via infection of epithelial cells within

the skin and mucous membranes. Most commonly, HSV-1 enters the host via infection

of epithelial cells of the oropharynx, including the epithelium of the mouth, lips and

nose. Most commonly, HSV-2 enters the host via infection of epithelial cells of the

anogenital region, including the epithelium of the genitals and anus. However, HSV-1

can primarily infect the anogenital region and HSV-2 can primarily infect the

oropharynx.

HSV-1 causes intermittent sores of the mouth and mucous membranes. It is a

ubiquitous and highly contagious pathogen. Initial infection with HSV-1 generally causes

painful blistering of the mucous membranes of the lips and mouth.



HSV-2 is a sexually transmitted virus. It is most commonly known as genital

herpes. Initial infection with HSV-2 generally causes painful blistering in the genital

region. The disease causes lifelong, recurring bouts of viral reactivity. It is highly

contagious and increases the risk of acquiring HIV infection, especially among patients

with active lesions.

HSV-1 and HSV-2 infections persist for the lifetime of the host. During primary

infection, the virus most often infects cells of the oropharynx and ano-genital region,

causing painful vesicles in the affected region. Re-activation of HSV infections most

often occurs in the oropharynx or ano-genital region. However, re-activation infections

of the eye and central nervous system are the most severe and damaging HSV

manifestations, as they can lead to blindness and permanent neurologic disability,

respectively. Primary and re-activation infections can cause permanent neurologic

sequelae and blindness. HSV-2 also increases a subject's risk of developing HIV. There

is a considerable need for methods to treat and prevent HSV-1 and/or HSV-2 infections.

The herpes simplex virus produces immediate early genes within the epithelial

cells, which encode enzymes and binding proteins necessary for viral synthesis. After

primary infection, the virus travels up sensory nerve axons via retrograde transport to the

sensory dorsal root ganglion (DRG). HSV-1 mainly travels to the trigeminal DRG, but

can travel to other sensory ganglia depending upon the site of primary infection. HSV-2

mainly travels to the sensory DRG located within the sacrum, but can travel to other

sensory ganglia depending upon the site of primary infection. Within the DRG, the virus

establishes a latent infection. The latent infection persists for the lifetime of the host.

Within the DRG cell, the virus uncoats, viral DNA is transported into the nucleus, and

key viral RNAs associated with latency are transcribed (including the LAT RNAs).

During the primary infection, subjects generally experience painful blistering in

the oral or ano-genital region that lasts 4-15 days. The sores most commonly involve the

lips, gums and nasal mucous membranes in HSV-1 primary infections. Less commonly,

HSV-1 primary infections may involve the ano-genital region. HSV-2 primary infections

most commonly involve the ano-genital region, including the vagina, labia, cervix, penis,

scrotum, anus and skin around the thighs. Less commonly, HSV-2 primary infections

involve the oropharynx. Rarely, HSV-1 and HSV-2 primary infections may involve the

eyes, central nervous system, the fingers and fingernail beds (herpetic whitlow). HSV-1

infection is transmitted primarily through saliva and/or sexual activity. HSV-2 infection



is transmitted primarily through sexual activity but may also be transmitted through

saliva. The blisters of an HSV infection may break, releasing clear fluid that is highly

infectious. Primary infection is often accompanied by a flu-like illness, including fever,

chills and muscle aches.

Host immune defense is very important to combating HSV infection. CD4+ T-

cells and CD8+ cells are responsible for recognizing and clearing the pathogen. Subjects

with impaired T-cell responses, including those with HIV, those receiving

immunosuppressants following organ transplants, and neonates with developing immune

systems, are subject to the most severe manifestations of HSV-1 and HSV-2 infections.

Reactivations of latent infections are generally less severe and may be of shorter

duration. Reactivation of HSV-1 infection most often affects the oral region, but can also

affect other areas, including the ano-genital region, the eye, the central nervous system

(CNS), the fingernails, and the pharynx. Reactivation of HSV-2 infection most often

affects the ano-genital region, but can also affect other areas, including the oral region,

the eye, the central nervous system (CNS), the fingernails, and the pharynx. Reactivation

of either HSV-1 or HSV-2 infection can cause ophthalmologic disease, including

keratitis (epithelial keratitis, stromal keratitis and disciform keratitis). Generally,

ophthalmologic manifestations of HSV-1 and HSV-2 include pain, tearing, redness of the

eyes and sensitivity to light. Most HSV-related ocular infections resolve without

permanent visual damage. However, ocular herpes infections may rarely cause scarring,

secondary infection with bacterial pathogens and rarely, blindness. Reactivation of

either HSV-1 or HSV-2 infection can also cause retinitis. HSV-associated retinitis is rare

but severe and carries a high risk of permanent blindness.

Newborns are a population at particular risk for developing severe HSV-1 and

HSV-2 infections. The disease is transmitted from the mother to the fetus during

childbirth. The chance of maternal-fetal transmission is highest in cases where the

mother developed primary HSV infection during pregnancy. The incidence of neonatal

herpes is approximately 4-30 per 100,000 births. Neonates may develop severe HSV-1

or HSV-2 encephalitis and/or meningitis. In spite of prompt treatment with antiviral

therapy, the rate of permanent neurologic sequelae in newborns infected with HSV-1 or

HSV-2 is significant. In a study of infants with HSV-encephalitis or meningitis treated

with high dose antiviral therapy, there was found to be a 4% mortality rate and 69% of



survivors had permanent neurologic sequelae (Kimberlin et al., Pediatrics. 2001;108:

230-238).

Primary HSV-1 and HSV-2 infections may be treated with antiviral therapy,

including acyclovir, valacyclovir and famciclovir. These therapies have been

demonstrated to reduce viral shedding, decrease pain and improve healing time of

lesions. Re-activation of latent infections may resolve without treatment (it may be self-

limiting) or may be treated with anti-viral therapy. Therapy is primarily given during

acute infection. There are no curative or preventative treatments. Therapy may be given

prophylactically in certain situations, including during childbirth in a mother with a

recent HSV-1 or HSV-2 infection or reactivation.

There is no effective therapy that prevents HSV-1 or HSV-2 infection. The use

of antiviral therapy during active infection and the use of condoms decrease transmission

rates by approximately 50%.

Human immunodeficiency virus-1 (HIV-1) acquisition rates are dramatically

increased in subjects who are seropositive for HSV-2. The risk of infection with HIV-1

is 3-fold higher in subjects with HSV-2. Antivirals have no impact on reducing risk of

HIV acquisition.

2.2 HSV-related ocular disease

HSV infections, e.g., HSV-1 and/or HSV-2 infections of the eye, either primary

or reactivation infections, are called HSV-related ocular disease. HSV-related ocular

disease most commonly causes infection of the anterior chamber of the eye, known as

keratitis, stromal keratitis and/or disciform keratitis. HSV-related ocular disease may,

more rarely, cause infection of the posterior chamber of the eye, known as retinitis.

HSV-1 keratitis is acutely painful and unpleasant. It may, in rare instances, cause

scarring, secondary infection with bacterial pathogens and rarely, blindness. HSV-

related retinitis is a rare manifestation of HSV-related ocular disease but carries a much

higher risk of permanent visual damage.

Reactivation infections occur in the eye via anterograde transport of the virus into

the eye from the trigeminal ganglion, along the ophthalmic branch of the trigeminal

nerve (the fifth cranial nerve) and into the eye. Re-activation of the virus may also occur

from within the cornea. Latency within the trigeminal ganglion is established via one of

two mechanisms. First, HSV-1 or HSV-2 can travel via retrograde transport along the

trigeminal nerve from the eye (after an eye infection) into the trigeminal ganglion.



Alternatively, it can spread to the trigeminal ganglion via hematogenous spread

following infection of the oral mucosa, genital region, or other extraocular site. After

establishing latent infection of the trigeminal ganglion, at any time, particularly in the

event of an immunocompromised host, the virus can re-establish infection by traveling

anterograde along the trigeminal nerve and into the eye.

When ocular herpes affects the posterior chamber of the eye, it causes retinitis.

In adults, HSV-1 is responsible for the majority of cases of HSV-retinitis (Pepose et al.,

Ocular Infection and Immunity 1996; Mosby 1155-1 168). In neonates and children,

HSV-2 is responsible for the majority of cases of HSV-retinitis (Pepose et al., Ocular

Infection and Immunity 1996; Mosby 1155-1 168). HSV-related retinitis can lead to

acute retinal necrosis (ARN), which will destroy the retina within 2 weeks without

treatment (Banerjee and Rouse, Human Herpesviruses 2007; Cambridge University

Press, Chapter 35). Even with treatment, the risk of permanent visual damage following

ARN is higher than 50% (Roy et al., Ocular Immunology and Inflammation 2014;

22(3): 170-174).

Keratitis is the most common form of ocular herpes. HSV keratitis can manifest

as dentritic keratitis, stromal keratitis, blepharatis and conjunctivitis. HSV-1 is

responsible for the majority of HSV-associated keratitis, accounting for 58% of cases

(Dawson et. al., Suvey of Ophthalmology 1976; 21(2): 121-135). HSV-2 accounts for

the remainder of HSV-associated keratitis cases, or approximately 42% of cases. In the

U.S., there are approximately 48,000 cases of recurrent or primary HSV-related keratitis

infections annually (Liesegang et. al., 1989; 107(8): 1155-1 159). Of all cases of HSV-

related keratitis, approximately 1.5-3% of subjects experience severe, permanent visual

impairment (Wilhelmus et. al., Archives of Ophthalmology 1981; 99(9): 1578-82). The

risk to a subject of permanent visual damage due to HSV-related ocular disease increases

with increasing numbers of ocular related HSV-reactivations.

Overall, stromal keratitis represents approximately 15% of keratitis cases and is

associated with the highest risk of permanent visual damage from keratitis. Stromal

keratitis results in scarring and irregular astimagtism. Previous ocular HSV infection

increases the risk for developing stromal infection, which means that subjects who have

had a prior ocular HSV infection have an increased risk for permanent visual damage on

reactivation. In children, stromal keratitis represents up to 60% of all keratitis cases.

Therefore, children are particularly at risk for permanent visual damage from HSV-



associated keratitis. A retrospective study in the U.S. from 1950-1982 found that there

are approximately 2.6 new or recurrent stromal keratitis cases per 100,000 person years,

or approximately 8,000 cases of stromal keratitis annually (Liesegang et. al., 1989;

107(8): 1155-1 159). A more recent study in France in 2002 estimated the incidence of

new or recurrent stromal keratitis cases to be 9.6 per 100,000 (Labetoulle et al.,

Ophthalmology 2005; 112(5):888-895). The incidence of HSV-associated keratitis may

be increasing in the developed world (Farooq and Shukla 2012; Survey of

Ophthalmology 57(5): 448-462).

The genome editing systems, genetic constructs (e.g., vectors), and compositions

described herein can be used for treating, preventin, or reducing HSV-1 and/or HSV-2

ocular infections, including but not limited to HSV-1 stromal keratitis, HSV-1 dentritic

keratitis, HSV-1 blepharatis, HSV-1 conjunctivitis, HSV-1 retinitis, HSV-2 stromal

keratitis, HSV-2 dentritic keratitis, HSV-2 blepharatis, HSV-2 conjunctivitis, and HSV-2

retinitis.

3. Methods to Reduce and/or Prevent HSV Infection in Cells

The presently disclosed subject matter provides methods for reducing and/or

preventing HSV infection in a cell. In certain embodiments, the cell is infected with

HSV (HSV-1 and/or HSV-2 infection). In certain embodiments, the HSV infection is

HSV-1 infection. In certain embodiments, the HSV infection is HSV-2 infection.

In certain embodiments, the method comprises administering to a tissue of a

subject a presently disclosed genome editing system, genetic construct (e.g., a vector), or

a composition.

In certain embodiments, the method comprises administering to the cell a

presently disclosed genetic construct (e.g., a vector), which encodes a gRNA molecule

and one Cas9 molecule. In certain embodiments, the method comprises administering to

the cell a presently disclosed genome editing system comprising a gRNA molecule and a

Cas9 molecule.

In certain embodiments, the gRNA molecule comprises a targeting domain

comprising the nucleotide sequence selected from SEQ ID NOS: 1 to 23. In certain

embodiments, the targeting domain comprises a nucleotide sequence selected from the

group consisting of: SEQ ID NOS: 2, 6, 10, 15 and 16.

The UL19, UL30, UL48, UL54, RSI, RL2, and LAT genes of HSV-1 and HSV-2

are associated with viral infection, proliferation and assembly, as well as maintenance of



latency and re-activation of the virus from latency. Knockout or knockdown of any of

these genes singly or in combination can reduce and/or prevent HSV-1 and/or HSV-2

infections.

In certain embodiments, the method comprises knocking out or knocking down

one or more HSV viral gene, e.g., UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT

genes.

In certain embodiments, knockout or knockdown of one or more of the UL19,

UL30, UL48, UL54, RSI, RL2, and/ r LAT genes inhibits viral functions, including, e.g.,

viral gene regulation, viral gene transcription, viral genome replication, expression of

viral latency genes and viral capsid formation.

In certain embodiments, knockout or knockdown of the UL19, UL30, UL48,

UL54, RSI, RL2, and/or J gene disables HSV-1 and/or HSV-2 gene expression, or

reduces one or more of viral replication, assembly, maturation, packaging, or infection.

In certain embodiments, knockout of UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT

gene expression shortens the duration of HSV-1 and/or HSV-2 infections. In certain

embodiments, knockout or knockdown of UL19, UL30, UL48, UL54, RSI, RL2, and/or

J gene expression reduces and/or prevents HSV-1 and/or HSV-2 infections.

In certain embodiments, inhibiting one or more viral functions, e.g., viral gene

regulation, viral gene transcription, viral genome replication and viral capsid formation,

decreases the duration of primary or recurrent infection and/or decreases shedding of

viral particles.

In certain embodiments, the method comprises knocking down one HSV-1 and/or

HSV-2 gene (e.g., UL19, UL30, UL48, UL54, RSI, RL2, or LAT gene). In certain

embodiments, the method comprises knocking out two HSV-1 and/or HSV-2 genes, e.g.,

two of the UL19, UL30, UL48, UL54, RSI, RL2, and LAT genes. In certain

embodiments, the method comprises knocking down two HSV-1 and/or HSV-2 genes,

e.g., two of the UL19, UL30, UL48, UL54, RSI, RL2, and J^J genes. In certain

embodiments, the method comprises knocking out three HSV-1 and/or HSV-2 genes,

e.g., three of the UL19, UL30, UL48, UL54, RSI, RL2, and J^J genes. In certain

embodiments, the method comprises knocking down three HSV-1 and/or HSV-2 genes,

e.g., three of the UL19, UL30, UL48, UL54, RSI, RL2, and J^J genes. In certain

embodiments, the method comprises knocking out four HSV-1 and/or HSV-2 genes, e.g.,

four of the UL19, UL30, UL48, UL54, RSI, RL2, and LAT genes. In certain



embodiments, the method comprises knocking down four HSV-1 and/or HSV-2 genes,

e.g., four of the UL19, UL30, UL48, UL54, RSI, RL2, and LAT genes. In certain

embodiments, the method comprises knocking out five HSV-1 and/or HSV-2 genes, e.g.,

five of the UL19, UL30, UL48, UL54, RSI, RL2, and LAT genes. In certain

embodiments, the method comprises knocking down five HSV-1 and/or HSV-2 genes,

e.g., five of the UL19, UL30, UL48, UL54, RSI, RL2, and J^J genes. In certain

embodiments, the method comprises knocking out six HSV-1 and/or HSV-2 genes, e.g.,

six of the UL19, UL30, UL48, UL54, RSI, RL2, and J^J genes. In certain embodiments,

the method comprises knocking down six HSV-1 and/or HSV-2 genes, e.g., all six of the

UL19, UL30, UL48, UL54, RSI, RL2, and LAT genes. In certain embodiments, the

method comprises knocking out seven HSV-1 and/or HSV-2 genes, e.g., six of the UL19,

UL30, UL48, UL54, RSI, RL2, and LAT genes. In certain embodiments, the method

comprises knocking down seven HSV-1 and/or HSV-2 genes, e.g., all six of the UL19,

UL30, UL48, UL54, RS1, RL2, and LAT genes.

When there are two alterations events (e.g., knocking down or knocking out the

expression of the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT gene), the two

alteration events may occur sequentially or simultaneously. In certain embodiments, the

knockout of the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT gene occurs prior to

knockdown of the ULJ9, UL30, UL48, UL54, RSI, RL2, and/or LAT gene. In certain

embodiments, the knockout of the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT

gene is concurrent with knockdown of the UL19, UL30, UL48, UL54, RSI, RL2, and/or

J^J gene. In certain embodiments, the knockout of the UL19, UL30, UL48, UL54, RS1,

RL2, and/or J gene is subsequent to the knockdown of the UL19, UL30, UL48, UL54,

RSI, RL2, and/or J gene. In certain embodiments, the effect of the alterations is

synergistic.

UL19 (also known as VP5) encodes the HSV-1 major capsid protein, VP5.

Proper assembly of the viral capsid is known to be an essential part of viral replication,

assembly, maturation and infection (Homa et al., Reviews of Medical Virology 1997;

7(2): 107-1 22). RNAi-mediated knockdown of VP5 along with another capsid capsid

protein, VP23, in vitro, greatly diminished HSV-1 proliferation (Jin et al., PLoS One

2014; 9(5): e96623). Knockout of UL19 can disable HSV-1 proliferation and therefore

prevent, treat or cure HSV-1 infection.



UL30 encodes the DNA polymerase catalytic subunit (HSV-1 pol). The 5'

domain of HSV-1 pol is required for viral replication. Knock out of UL30 can disable

HSV-1 replication and therefore prevent and/or cure HSV-1 infection.

UL48 encodes the viral protein known as VP16 in HSV-1. VP- 16 has been

shown to be important in viral egress, the process by which the assembled viral capsid

leaves the host nucleus and enters the cytoplasm (Mossman et al., Journal of Virology

2000; 74(14): 6287-6289). Mutation of UL48 in cell culture decreased the ability of

HSV-1 to assemble efficiently (Svobodova et al., Journal of Virology 2012; 86(1): 473-

483). Knockout of UL48 can disable HSV-1 assembly and egress and therefore prevent

and/or cure HSV-1 infection.

UL54 encodes ICP27, a highly conserved, multi-functional protein. ICP27 is

involved in transcription, RNA processing, RNA export and translation (Sandri-Goldin,

Frontiers in Bioscience 2008; 13:5241-5256). ICP27 also shuts off host gene expression

during HSV-1 infection. Knockout of UL54 can disable HSV-1 transcription, translation

and RNA processing and therefore prevent and/or cure HSV-1 infection.

RSI plays an important role in the expression of the immediate early genes by

HSV-1 and HSV-2. RSI is one of five immediate early genes expressed by herpes

viruses and is a major transcriptional regulator. RSI encodes the viral protein ICP4.

ICP4 is important for controlling the overall expression of both early and late genes

produced by HSV-1 and HSV-2. The RSI gene is similar in HSV-1 and HSV-2.

RL2 encodes the gene ICP0, a 775 amino acid protein that is a transactivator of

gene expression. The RL2 gene is one of five immediate early genes expressed by

herpes viruses. ICP0 is involved in activating the expression of delayed early and late

genes (Lees-Miller et al. 1996, Journal of Virology 70(1 1): 7471-7477). ICP0 is thought

to be involved in neurovirulence. In cell culture, ICP0 has been found to be required for

reactivation from latency (Leib et al. 1989, Journal of Virology 63:759-768). Deletion

mutants not expressing RL2 have been shown to be unable to replicate in vitro (Sacks

and Schaffer 1987, Journal of Virology 61(3):829-839). In certain embodiments, knock

out of RL2 can disable the ability of HSV-1 and/or HSV-2 to reactivate from latency. In

certain embodiments, knock out or knockdown of RL2 can disable the ability of HSV-1

and/or HSV-2 to replicate. In certain embodiments, knockout or knockdown of RL2 can

disable the ability of HSV-1 and/or HSV-2 to infect and/or establish latent infections in

neural tissue.



LAT encodes the only gene expressed by herpes viruses during the latency period.

The latency period is the time in which the virus establishes a quiescent infection in host

tissue, often in neural tissue, including the trigeminal ganglion or the sacral ganglia. LAT

is thought to be involved in the reactivation of herpes virus infections, allowing the virus

to re-infect epithelial and other tissue. In certain embodiments, knockout or knockdown

of J can disable HSV-1 and/or HSV-2 gene latency and/or reactivation, disrupting the

ability of HSV-1 and/or HSV-2 to sustain a latent infection and/or reactivate following

latent infection. In certain embodiments, knockout or knockdown of LAT expression

eliminates latent infection by HSV-1 and/or HSV-2. In certain embodiments, knockout

or knockdown of LAT expression shortens the duration of, treats, and/or cures HSV-1

and/or HSV-2 infections.

4. Methods to Treat, Prevent and/or Reduce HSV-related Ocular Infection

The presently disclosed subject matter provides methods for treating, preventing,

and/or reducing HSV-related ocular infections by using the genome editing systems,

genetic constructs, and compositions described herein. In certain embodiments, the

method comprises administering to a tissue of a subject a presently disclosed genome

editing system, genetic construct (e.g., a vector), or a composition. In certain

embodiments, the method comprises administering to the one or both eyes of the subject

a presently disclosed genome editing system, genetic construct (e.g., a vector), or a

composition. In certain embodiments, the subject is suffering from HSV-related ocular

infection, e.g., HSV-1 infection and/or HSV-2 infection. HSV-related ocular infection

may be caused by an HSV-1 and/or HSV-2 infection. For example, and not by way of

limitation, the methods, genome editing systems, genetic constructs, and compositions

disclosed herein can be used to treat, prevent and/or reduce HSV-1 infection, HSV-2

infection, or both HSV-1 and HSV-2 infections.

In certain embodiments, the method comprises knocking out or knocking down

one or more HSV viral gene, e.g., UL19, UL30, UL48, UL54, RSI, and/or RL2 genes of

HSV-1 and HSV-2. As the HSV-1 or HSV-2 virus establishes latency in discrete,

localized regions within the body, it is highly amenable to local delivery that delivers a

disabling treatment in the region of latency. Targeting knock-out to a discrete region or

regions, (e.g., the trigeminal dorsal root ganglion, the cornea, the cervical dorsal root

ganglia, or the sacral dorsal root ganglia) can reduce or eliminate latent infection by

disabling the HSV-1 and/or HSV-2 virus.



In certain embodiments, knockout or knockdown of the UL19, UL30, UL48,

UL54, RSI, and/or RL2 gene disables HSV-1 and/or HSV-2 gene expression, or reduces

one or more of viral replication, assembly, maturation, packaging, or infection. In

certain embodiments, knockout of UL19, UL30, UL48, UL54, RSI, and/or R 2 gene

expression shortens the duration of HSV-1 and/or HSV-2 infections. In certain

embodiments, knockout or knockdown of UL19, UL30, UL48, UL54, RSI, and/or RL2

gene expression treats or cures HSV-1 and/or HSV-2 infections.

In certain embodiments, reducing the duration, number and/or frequency of

ocular related HSV-reactivations can decrease the risk of permanent visual damage in

subj ects infected with HSV-1 and/or HSV-2.

In certain embodiments, knocking out and/or knocking down UL19, UL30, UL48,

UL54, RSI, and/or RL2 gene, individually or in combination can make HSV-1 and/or

HSV-2 more susceptible to antiviral therapy. Mutations in important genes can render

HSV-1, HSV-2 and other viruses more susceptible to treatment with antivirals (Zhou et

al., Journal of Virology 2014; 88(19): 11121-1 1129). Knockout or knockdown of the

UL19, UL30, UL48, UL54, RSI, and/or RL2 genes, individually or in combination may

be combined with an antiviral therapy to prevent, treat and/or reduce HSV-1 and/or

HSV-2 infection. The genome editing systems, genetic constructs, compositions, and

methods described herein can be used in combination with another antiviral therapy, e.g.,

another anti-HSV-1 therapy or anti-HSV-2 therapy described herein, to prevent, treat

and/or reduce HSV-1 or HSV-2 infection.

In certain embodiments, the method comprises knocking out one, two, three,

four, five, six or seven HSV-1 and/or HSV-2 gene (e.g., UL19, UL30, UL48, UL54, RSI,

or RL2 gene). In certain embodiments, the method comprises knocking down one, two,

three, four, five, six or seven HSV-1 and/or HSV-2 gene (e.g., UL19, UL30, UL48,

UL54, RS1, or RL2 gene).

In certain embodiments, inhibiting one or more viral functions, e.g., viral gene

regulation, viral gene transcription, viral genome replication and viral capsid formation,

decreases the duration of primary or recurrent infection and/or decreases shedding of

viral particles. Subjects mayalso experience shorter duration(s) of illness, decreased risk

of transmission to sexual partners, decreased risk of transmission to the fetus in the case

of pregnancy and/or the potential for full clearance of HSV-1 and/or HSV-2 (cure).



Knockout or knockdown of one or more copies (e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

20, 30, 40 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000 or more copies) of one

or more target gene(s) (e.g., the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT gene)

may be performed prior to disease onset or after disease onset, preferably early in the

disease course.

In certain embodiments, the method comprises initiating treatment of a subject

prior to disease onset. In certain embodiments, the method comprises initiating

treatment of a subject after disease onset.

In certain embodiments, the method comprises initiating treatment of a subject

after disease onset, e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 16, 24, 36, 48 or more months

after onset of an HSV-1 and/or HSV-2 infection. In certain embodiments, the method

comprises initiating treatment of a subject after disease onset, e.g., 1, 2, 3, 4, 5, 10, 15,

20, 25, 40, 50 or 60 years after onset of an HSV-1 and/or HSV-2 infection.

In certain embodiments, the method comprises initiating treatment of a subject in

an advanced stage of disease, e.g., during acute or latent periods. In certain

embodiments, the method comprises initiating treatment of a subject in severe, acute

stages of the disease affecting the central nervous system, eyes, oropharynx, genital

region, and/or other regions.

Overall, initiation of treatment for subjects at all stages of disease is expected to

improve healing, decrease duration of disease and be of benefit to subjects.

In certain embodiments, the method comprises initiating treatment of a subject

prior to disease progression. In certain embodiments, the method comprises initiating

treatment of a subject in an early stage of disease, e.g., when a subject has been exposed

to HSV-1 and/or HSV-2 or is thought to have been exposed to HSV-1 and/or HSV-2.

In certain embodiments, the method comprises initiating treatment of a subject

prior to disease progression. In certain embodiments, the method comprises initiating

treatment of a subject in an early stage of disease, e.g., when a subject has tested positive

for HSV-1 and/or HSV-2 infections but has no signs or symptoms.

In certain embodiments, the method comprises initiating treatment at the

appearance of one or more of the following findings consistent or associated with an

HSV-1 and/or HSV-2 infection: fever, headache, body aches, ano-genital blistering, oral

ulceration, encephalitis, or keratitis.



In certain embodiments, the method comprises initiating treatment of a subject at

the appearance of painful blistering in or around the mouth, e.g., oral or oropharynx, e.g.,

in an infant, child, adult or young adult.

In certain embodiments, the method comprises initiating treatment of a subject at

the appearance of painful blistering in the ano-genital region, geneital ulcers, and/or a

flu-like symptom, e.g., in an infant, child, adult or young adult.

In certain embodiments, the method comprises initiating treatment of a subject

suspected of having HSV-1 and/or HSV-2 meningitis and/or HSV-1 and/or HSV-2

encephalitis.

In certain embodiments, the method comprises initiating treatment at the

appearance of one or moreof the following symptoms consistent or associated with HSV-

1 and/or HSV-2 meningitis and/or encephalitis: fever, headache, vomiting, photophobia,

seizure, decline in level of consciousness, lethargy, or drowsiness.

In certain embodiments, the method comprises initiating treatment at the

appearance of any of the following signs consistent or associated with HSV-1 and/or

HSV meningitis and/or encephalitis: positive CSF culture for HSV-1 and/or HSV-2,

elevated WBC in CSF, neck stiffness/positive Brudzinski's sign. In certain

embodiments, the method comprises initiating treatment in a patient with signs

consistent with HSV-1 and/or HSV-2 encephalitis and/or meningitis on EEG, CSF exam,

MRI, PCR of CSF specimen, and/or PCR of brain biopsy specimen.

In certain embodiments, the method comprises initiating treatment at the

appearance of any of the following symptoms consistent or associated with optic HSV-1

and/or HSV-2: pain, photophobia, blurred vision, tearing, redness/injection, loss of

vision, floaters, or flashes.

In certain embodiments, the method comprises initiating treatment at the

appearance of any of the following findings on ophthalmologic exam consistent or

associated with optic HSV-1 and/or HSV-2, also known as HSV-1 and/or HSV-2

keratitis: small, raised clear vesicles on corneal epithelium; irregular corneal surface,

punctate epithelial erosions; dense stromal infiltrate; ulceration; necrosis; focal,

multifocal, or diffuse cellular infiltrates; immune rings; neovascularization; or ghost

vessels at any level of the cornea.

In certain embodiments, the method comprises initiating treatment at the

appearance of any of the following findings on ophthalmologic exam consistent or



associated with HSV-1 and/or HSV-2 retinitis or acute retinal necrosis: reduced visual

acuity; uveitis; vitritis; scleral injection; inflammation of the anterior and/or vitreous

chamber/s; vitreous haze; optic nerve edema; peripheral retinal whitening; retinal tear;

retinal detachment; retinal necrosis; evidence of occlusive vasculopathy with arterial

involvement, including arterioloar sheathing and arteriolar attenuation.

In certain embodiments, the method comprises initiating treatment at the

appearance of symptoms and/or signs consistent or associated with either an HSV-1 or

an HSV-2 infection of the eye, oropharynx, ano-genital region or central nervous system.

In certain embodiments, intiating treatment for an HSV-1 and/or HSV-2 infection in a

case of suspected HSV-1 or HSV-2 infection early in the disease course is beneficial.

In certain embodiments, the method comprises initiating treatment in utero. In

certain embodiments, the subject is at high risk of maternal -to-fetal transmission.

In certain embodiments, the method comprises initiating treatment during

pregnancy in case of mother who has an active HSV-1 and/or HSV-2 infection or has

recent primary HSV-1 and/or HSV-2 infection.

In certain embodiments, the method comprises initiating treatment prior to organ

transplantation or immediately following organ transplantation.

In certain embodiments, the method comprises initiating treatment in case of

suspected exposure to HSV-1 and/or HSV-2.

In certain embodiments, the method comprises initiating treatment

prophylactically, in case of suspected HSV-encephalitis or meningitis.

In certain embodiments, both HIV positive subjects and post-transplant subjects

may experience severe HSV-1 and/or HSV-2 activation or reactivation, including HSV-

encephalitis and meningitis, due to immunodeficiency. Neonates are also at risk for

severe HSV-encephalitis due to maternal-fetal transmission during childbirth. Inhibiting

one or more viral functions, e.g., viral gene regulation, viral gene transcription, viral

genome replication, and viral capsid formation, may provide superior protection to said

populations at risk for severe HSV-1 and/or HSV-2 infections. Subjects may experience

lower rates of HSV-1 and/or HSV-2 encephalitis and/or lower rates of severe neurologic

sequelae following HSV-1 and/or HSV-2 encephalitis, which will profoundly improve

quality of life.

In certain embodiments, the method comprises initiating treatment of a subject

who suffers from or is at risk of developing severe manifestations of HSV-1 and/or



HSV-2 infections, e.g., a neonates, a subjects with HIV, a subject who is undergoing an

immunosuppressant therapy, e.g., following organ transplantation, a subject who

hascancer, a subject who is undergoing chemotherapy, a subject who is undergoing

chemotherapy, a subject who is undergoing radiation therapy, a subject who will undergo

radiation therapy.

In certain embodiments, both HIV positive subjects and post-transplant subjects

may experience severe HSV-1 and/or HSV-2 activation or reactivation, including HSV-

encephalitis and meningitis, due to immunodeficiency. Neonates are also at risk for

severe HSV-encephalitis due to maternal-fetal transmission during childbirth. Inhibiting

essential viral functions, e.g., viral gene regulation, viral gene transcription, expression

of viral latency genes, viral genome replication and viral capsid formation, may provide

superior protection to said populations at risk for severe HSV-1 and/or HSV-2 infections.

Subjects may experience lower rates of HSV-1 and/or HSV-2 encephalitis and/or lower

rates of severe neurologic sequelae following HSV-1 and/or HSV-2 encephalitis, which

will profoundly improve quality of life.

In certain embodiments, the method comprises initiating treatment of a subject

who has tested positive for HSV-1 and/or HSV-2.

In certain embodiments, the method comprises initiating treatment in a subject

who has tested positive for HSV-1 and/or HSV-2 infection. HSV-1 and/or HSV-2

infections can be tested, e.g., using viral culture, direct fluorescent antibody study, skin

biopsy, PCR, blood serologic test, CSF serologic test, CSF PCR, or brain biopsy. In

certain embodiments, the method comprises initiating treatment in a subject who has

tested positive for HSV-2 infection via diagnostic vitrectomy, endoretinal biopsy, or

PCR of aqueous fluid, PCR of vitreous sample.

In certain embodiments, the method comprises initiating treatment in a subject

exposed to HSV-1 and/or HSV-2 and at high risk for severe sequelae from HSV

infection.

In certain embodiments, a cell is manipulated by editing (e.g., introducing a

mutation in) one or more target genes, e.g., the UL19, UL30, UL48, UL54, RSI, and/or

RL2 gene. In certain embodiments, the expression of one or more target genes (e.g., one

or more of UL19, UL30, UL48, UL54, RSI, d RL2 gene described herein) is

modulated, e.g., in vivo.



In certain embodiments, the method comprises delivery of gRNA molecule by an

adeno-associated virus (AAV). In certain embodiments, the method comprises delivery

of gRNA molecule by a lentivirus (LV). In certain embodiments, the method comprises

delivery of gRNA molecule by a nanoparticle.

In certain embodiments, the method further comprising administering to the

subject a second antiviral therapy or therapeutic agent, e.g., an anti-HSV-1 or anti-HSV-

2 therapy or therapeutic agent described herein. The composition and the other therapy

or therapeutic agent can be administered in any order. For example, the compositions

described herein can be administered concurrently with, prior to, or subsequent to, one or

more additional therapies or therapeutic agents. In certain embodiments, the effect of the

two or more therapies or therapeutic agents is synergistic. Exemplary anti-HSV-1 and

anti-HSV-2 therapies and therapeutic agents include, but are not limited to, acyclovir,

valacyclovir, famciclovir, penciclovir, or a vaccine.

5. Methods of Altering HSV Viral Gene(s)

As disclosed herein, the HSV viral gene(s) (e.g., UL19, UL30, UL48, UL54, RSI,

and/or RL2 gene) can be altered by the genome editing systems, genetic constructs,

compositions or methods disclosed herein.

Alteration of the HSV viral genes can be achieved, e.g., by:

(1) knocking out the HSV viral gene (UL19, UL30, UL48, UL54, RSI, RL2,

and/or LA T gene) by :

(a) insertion or deletion (e.g., NHEJ-mediated insertion or deletion) of one

or more nucleotides in close proximity to or within the early coding region of the

UL19, UL30, UL48, UL54, RS1, and/or RL2 gene; or

(b) deletion (e.g., NHEJ-mediated deletion) of a genomic sequence or

multiple genomic sequences including at least a portion of the UL19, UL30,

UL48, UL54, RSI, RL2, and/or LAT gene gene; or

(2) knocking down the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT gene

mediated by an eiCas9 molecule or an eiCas9-fusion protein by targeting a non-coding

region, e.g., a promoter region, of the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT

gene gene.

All approaches give rise to alteration (e.g., knockout or knockdown) of the HSV

viral gene(s) (e.g., the UL19, UL30, UL48, UL54, RSI, RL2, and/or J gene(s)).

Exemplary mechanisms that can be associated with an alteration of the HSV viral genes



include, but are not limited to, non-homologous end joining (e.g., classical or

alternative), microhomology -mediated end joining (MMEJ), homology-directed repair

(e.g., endogenous donor template mediated), SDSA (synthesis dependent strand

annealing), single strand annealing or single strand invasion.

In certain embodiments, the methods, genome editing systems, genetic

constructs, and composition described herein introduce one or more breaks near the early

coding region of the HSV viral gene(s). In certain embodiments, methods, genetic

constructs, genome editing systems, and compositions described herein introduce two or

more breaks to flank at least a portion of the HSV viral gene(s). The two or more breaks

remove (e.g., delete) a genomic sequence including at least a portion of the HSV viral

gene(s). In certain embodiments, the methods described herein comprise knocking down

the HSV viral gene(s) mediated by eiCas9 molecule or an eiCas9-fusion protein by

targeting the promoter region of the UL19, UL30, UL48, UL54, RSI, RL2, and/or LAT

genes.

5.1 Knocking Out the HSV Viral Gene By Introducing An Indel Or A

Deletion in the Gene

In certain embodiments, the method comprises introducing an insertion or

deletion of one or more nucleotides in close proximity to the early coding region of the

HSV viral gene(s). In certain embodiments, the method comprises the introduction of

one or more breaks (e.g., single strand breaks or double strand breaks) sufficiently close

to (e.g., either 5' or 3' to) the early coding region of the HSV viral gene, such that the

break-induced indel could be reasonably expected to span a target position of the HSV

viral gene. NHEJ-mediated repair of the break(s) allows for the NHEJ-mediated

introduction of an indel in close proximity to or within the early coding region of the

HSV viral gene.

In certain embodiments, the method comprises introducing a deletion of a

genomic sequence comprising at least a portion of the HSV viral gene. In certain

embodiments, the method comprises introducing two double stand breaks - one 5' and

the other 3' to (i.e., flanking) a target position at the HSV viral gene. In certain

embodiments, two gRNAs, e.g., unimolecular (or chimeric) or modular gRNA

molecules, are configured to position two double strand breaks on opposite sides of a

target position in the HSV viral gene.



In certain embodiments, a single strand break is introduced (e.g., positioned by

one gRNA molecule) at or in close proximity to a target position in the HSV viral gene.

In certain embodiments, a single gRNA molecule (e.g., with a Cas9 nickase) is used to

create a single strand break at or in close proximity to a target position in the HSV viral

gene, e.g., the gRNA molecule is configured such that the single strand break is

positioned either upstream (e.g., within 200 bp upstream) or downstream (e.g., within

200 bp downstream) of a target position in the HSV viral gene. In certain embodiments,

the break is positioned to avoid unwanted target chromosome elements, such as repeat

elements, e.g., an Alu repeat. In certain embodiments, a double strand break is introduced

(e.g., positioned by one gRNA molecule) at or in close proximity to a target position in

the HSV viral gene. In certain embodiments, a single gRNA molecule (e.g., with a Cas9

nuclease other than a Cas9 nickase) is used to create a double strand break at or in close

proximity to a target position in the HSV viral gene, e.g., the gRNA molecule is

configured such that the double strand break is positioned either upstream (e.g., within

200 bp upstream) or downstream of (e.g., within 200 bp downstream) of a target position

in the HSV viral gene. In certain embodiments, the break is positioned to avoid

unwanted target chromosome elements, such as repeat elements, e.g., an Alu repeat.

In certain embodiments, two single strand breaks are introduced (e.g., positioned

by two gRNA molecules) at or in close proximity to a target position in the HSV viral

gene. In certain embodiments, two gRNA molecules (e.g., with one or two Cas9

nickases) are used to create two single strand breaks at or in close proximity to a target

position in the HSV viral gene, e.g., the gRNAs molecules are configured such that both

of the single strand breaks are positioned upstream (e.g., within 200 bp upstream) or

downstream (e.g., within 200 bp downstream) of a target position in the HSV viral gene.

In certain embodiments, two gRNA molecules (e.g., with two Cas9 nickases) are used to

create two single strand breaks at or in close proximity to a target position in the HSV

viral gene, e.g., the gRNAs molecules are configured such that one single strand break is

positioned upstream (e.g., within 200 bp upstream) and a second single strand break is

positioned downstream (e.g., within 200 bp downstream) of a target position in the HSV

viral gene. In certain embodiments, the breaks are positioned to avoid unwanted target

chromosome elements, such as repeat elements, e.g., an Alu repeat.

In certain embodiments, two double strand breaks are introduced (e.g., positioned

by two gRNA molecules) at or in close proximity to a target position in the HSV viral



gene. In certain embodiments, two gRNA molecules (e.g., with one or two Cas9

nucleases that are not Cas9 nickases) are used to create two double strand breaks to flank

a target position in the HSV viral gene, e.g., the gRNA molecules are configured such

that one double strand break is positioned upstream (e.g., within 200 bp upstream) and a

second double strand break is positioned downstream (e.g., within 200 bp downstream)

of a target position in the HSV viral gene. In certain embodiments, the breaks are

positioned to avoid unwanted target chromosome elements, such as repeat elements, e.g.,

an Alu repeat.

In certain embodiments, one double strand break and two single strand breaks are

introduced (e.g., positioned by three gRNA molecules) at or in close proximity to a target

position in the HSV viral gene. In certain embodiments, three gRNA molecules (e.g.,

with a Cas9 nuclease other than a Cas9 nickase and one or two Cas9 nickases) to create

one double strand break and two single strand breaks to flank a target position in the

HSV viral gene, e.g., the gRNA molecules are configured such that the double strand

break is positioned upstream or downstream of (e.g., within 200 bp upstream or

downstream) of a target position in the HSV viral gene, and the two single strand breaks

are positioned at the opposite site, e.g., downstream or upstream (within 200 bp

downstream or upstream), of a target position in the HSV viral gene. In certain

embodiments, the breaks are positioned to avoid unwanted target chromosome elements,

such as repeat elements, e.g., an Alu repeat.

In certain embodiments, four single strand breaks are introduced (e.g., positioned

by four gRNA molecules) at or in close proximity to a target position in the HSV viral

gene. In certain embodiments, four gRNA molecule (e.g., with one or more Cas9

nickases are used to create four single strand breaks to flank a target position in the HSV

viral gene, e.g., the gRNA molecules are configured such that a first and second single

strand breaks are positioned upstream (e.g., within 200 bp upstream) of a target position

in the HSV viral gene, and a third and a fourth single stranded breaks are positioned

downstream (e.g., within 200 bp downstream) of a target position in the HSV viral gene.

In certain embodiments, the breaks are positioned to avoid unwanted target chromosome

elements, such as repeat elements, e.g., an Alu repeat.

In certain embodiments, two or more (e.g., three or four) gRNA molecules are

used with one Cas9 molecule or Cas9-fusion protein. In certain embodiments, when two

or more (e.g., three or four) gRNAs are used with two or more Cas9 molecules, at least



one Cas9 molecule is from a different species than the other Cas9 molecule(s). For

example, when two gRNA molecules are used with two Cas9 molecules, one Cas9

molecule can be from one species and the other Cas9 molecule can be from a different

species. Both Cas9 species are used to generate a single or double-strand break, as

desired.

5.2. Knocking Out the One Or More Of the HSV Viral Gene(S) by Deleting

(E.G., -Mediated Deletion) A Genomic Sequence or Multiple Genomic

Sequences Comprising At Least A Portion of the Gene(S)

In certain embodiments, the method comprises deleting (e.g., NHEJ-mediated

deletion) a genomic sequence including at least a portion of the HSV viral gene(s) or

multiple genomic sequences including at least a portion of the HSV viral gene(s). In

certain embodiments, the method comprises introducing two double stand breaks - one 5'

and the other 3' to (i.e., flanking) a target position in the HSV viral gene. In certain

embodiments, two gRNAs, e.g., unimolecular (or chimeric) or modular gRNA

molecules, are configured to position the two double strand breaks on opposite sides of a

target position in the HSV viral gene. In certain embodiments, two gRNAs, e.g.,

unimolecular (or chimeric) or modular gRNA molecules, are configured to position the

two double strand breaks on opposite sides of a target position in the HSV viral gene. In

certain embodiments, two gRNAs, e.g., unimolecular (or chimeric) or modular gRNA

molecules, are configured to position the two double strand breaks on opposite sides of a

target position in the HSV viral gene.

5.3 Genome Editing Approaches

In certain embodiments, the alteration of the HSV viral gene is mediated by

Homology-directed repair (HDR). In certain embodiments, "Homology-directed repair"

or "HDR" refers to a mechanism in cells to repair double strand DNA lesions when a

homologous piece of DNA is present in the nucleus, mostly in G2 and S phase of the cell

cycle.

In certain embodiments, the HDR-mediated sequence alteration uses an

exogenously provided template nucleic acid (also referred to herein as a donor template).

If a donor template is provided along with the genome editing system (CRISPR/Cas9-

based systems), then the cellular machinery will repair the break by homologous

recombination, which is enhanced several orders of magnitude in the presence of DNA

cleavage. When the homologous DNA piece is absent, nonhomologous end joining may



take place instead. In certain embodiments, a plasmid donor is used as a template for

homologous recombination. In certain embodiments, a single stranded donor template is

used as a template for the targeted alteration.

In certain embodiments, the donor template is double stranded. In certain

embodiments, the donor template is single stranded. In certain embodiments, the donor

template comprises a single stranded portion and a double stranded portion.

In certain embodiments, the alteration of the HSV viral gene is mediated by

nuclease-induced non-homologous end-joining (NHEJ). In certain embodiments, "N on

homologous end joining (NHEJ) pathway" or "NHEJ" refers to a pathway that repairs

double-strand breaks in DNA by directly ligating the break ends without the need for a

homologous template. As described herein, nuclease-induced non-homologous end-

joining (NHEJ) can be used to target gene-specific knockouts. Nuclease-induced NHEJ

can also be used to remove (e.g., delete) sequence insertions in a gene of interest.

In certain embodiments, the genomic alterations associated with the methods

described herein rely on nuclease-induced NHEJ and the error-prone nature of the NHEJ

repair pathway. NHEJ repairs a double-strand break in the DNA by joining together the

two ends; however, generally, the original sequence is restored only if two compatible

ends, exactly as they were formed by the double-strand break, are perfectly ligated. The

DNA ends of the double-strand break are frequently the subject of enzymatic processing,

resulting in the addition or removal of nucleotides, at one or both strands, prior to

rejoining of the ends. This results in the presence of insertion and/or deletion (indel)

mutations in the DNA sequence at the site of the NHEJ repair. Two-thirds of these

mutations typically alter the reading frame and, therefore, produce a non-functional

protein. Additionally, mutations that maintain the reading frame, but which insert or

delete a significant amount of sequence, can destroy functionality of the protein. This is

locus dependent as mutations in critical functional domains are likely less tolerable than

mutations in non-critical regions of the protein.

The indel mutations generated by NHEJ are unpredictable in nature; however, at

a given break site certain indel sequences are favored and are over represented in the

population, likely due to small regions of microhomology. The lengths of deletions can

vary widely; they are most commonly in the 1-50 bp range, but can reach greater than

100-200 bp. Insertions tend to be shorter and often include short duplications of the

sequence immediately surrounding the break site. However, it is possible to obtain large



insertions, and in these cases, the inserted sequence has often been traced to other

regions of the genome or to plasmid DNA present in the cells.

Because NHEJ is a mutagenic process, it can also be used to delete small

sequence motifs (e.g., motifs less than or equal to 50 nucleotides in length) as long as the

generation of a specific final sequence is not required. If a double-strand break is

targeted near to a target sequence, the deletion mutations caused by the NHEJ repair

often span, and therefore remove, the unwanted nucleotides. For the deletion of larger

DNA segments, introducing two double-strand breaks, one on each side of the sequence,

can result in NHEJ between the ends with removal of the entire intervening sequence. In

this way, DNA segments as large as several hundred kilobases can be deleted. Both of

these approaches can be used to delete specific DNA sequences; however, the error-

prone nature of NHEJ may still produce indel mutations at the site of repair.

Both double strand cleaving eaCas9 molecules and single strand, or nickase,

eaCas9 molecules can be used in the methods and compositions described herein to

generate NHEJ-mediated indels. NHEJ-mediated indels targeted to the early coding

region of the HSV viral gene can be used to knockout (i.e., eliminate expression ) of the

HSV viral gene. For example, early coding region of a HSV viral gene includes

sequence immediately following a transcription start site, within a first exon of the

coding sequence, or within 500 bp of the transcription start site (e.g., less than 500, 450,

400, 350, 300, 250, 200, 150, 100 or 50 bp).

6. Guide RNA (gRNA) Molecules

The presently disclosed subject matter provides gRNA molecules targeting a

HSV viral gene (e.g., a (HSV-1 or HSV-2) UL19 gene, a {HSV-1 or HSV-2) UL30 gene, a

(HSV-1 or HSV-2) UL48 gene, a {HSV-1 or HSV-2) UL54 gene, a {HSV-1 or HSV-2) RSI

gene, a {HSV-1 or HSV-2) RL2 gene), or a {HSV-1 or HSV-2) LAT gene). In certain

embodiments, the gRNA molecule targets a HSV-1 UL19 gene, a HSV-1 UL30 gene, a

HSV-1 UL48 gene, a HSV-1 UL54 gene, a HSV-1 RSI gene, a HSV-1 RL2 gene, or a HSV-

1 LAT gene. gRNA can target a coding region or a non-coding region of a HSV viral

gene. Non-limiting examples of non-coding regions include a promoter region, an

enhancer region, an intron, the 3' UTR, the 5' UTR, or a polyadenylation signal region

of the HSV viral gene. In certain embodiments, the coding region comprises an early

coding region of the HSV viral gene.



6.1 Structures of gRNA molecules

A gRNA molecule, as used herein, refers to a nucleic acid that promotes the

specific targeting or homing of a gRNA molecule/Cas9 molecule complex to a target

nucleic acid. gRNA molecules can be unimolecular (having a single RNA molecule)

(e.g., chimeric), or modular (comprising more than one, and typically two, separate RNA

molecules). In certain embodiments, a gRNA molecule comprises a targeting domain

comprising, consisting of, or consisting essentially of a nucleic acid sequence fully or

partially complementary to a target domain (also referred to as "target sequence") in a

target gene, e.g., a HSV viral gene). In certain embodiments, the gRNA molecule further

comprises one or more additional domains, including for example a first

complementarity domain, a linking domain, a second complementarity domain, a

proximal domain, a tail domain, and a 5' extension domain. In certain embodiments, one

or more of the domains in the gRNA molecule comprises a nucleotide sequecne identical

to or sharing sequence homology with a naturally occurring sequence, e.g., from S.

pyogenes, or S. aureus.

In certain embodiments, the targeting domain comprises a core domain and an

optional secondary domain. In certain embodiments, the core domain is located 3' to the

secondary domain, and in certain of these embodiments the core domain is located at or

near the 3' end of the targeting domain. In certain embodiments, the core domain

consists of or consists essentially of about 8 to about 13 nucleotides at the 3' end of the

targeting domain. In certain embodiments, only the core domain is complementary or

partially complementary to the corresponding portion of the target sequence, and in

certain of these embodiments the core domain is fully complementary to the

corresponding portion of the target sequence. In certain embodiments, the secondary

domain is also complementary or partially complementary to a portion of the target

sequence. In certain embodiments, the core domain is complementary or partially

complementary to a core domain target in the target sequence, while the secondary

domain is complementary or partially complementary to a secondary domain target in

the target sequence. In certain embodiments, the core domain and secondary domain

have the same degree of complementarity with their respective corresponding portions of

the target sequence. In certain embodiments, the degree of complementarity between the

core domain and its target and the degree of complementarity between the secondary

domain and its target may differ. In certain embodiments, the core domain may have a



higher degree of complementarity for its target than the secondary domain, whereas in

other embodiments the secondary domain may have a higher degree of complementarity

than the core domain.

In certain embodiments, the targeting domain and/or the core domain within the

targeting domain is 3 to 100, 5 to 100, 10 to 100, or 20 to 100 nucleotides in length, and

in certain of these embodiments the targeting domain or core domain is 3 to 15, 3 to 20,

5 to 20, 10 to 20, 15 to 20, 5 to 50, 10 to 50, or 20 to 50 nucleotides in length. In certain

embodiments, the targeting domain and/or the core domain within the targeting domain

is 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, or 26 nucleotides

in length. In certain embodiments, the targeting domain and/or the core domain within

the targeting domain is 6 +1-2, 7+/-2, 8+/-2, 9+/-2, 10+/-2, 10+/-4, 10 +/-5, 11+/-2, 12+/-

2, 13+/-2, 14+/-2, 15+/-2, or 16+-2, 20+/-5, 30+/-5, 40+/-5, 50+/-5, 60+/-5, 70+/-5, 80+/-

5, 90+/-5, or 100+/-5 nucleotides in length.

In certain embodiments, the targeting domain includes a core domain that is 3 to

20 nucleotides in length, e.g., 5 to 15, or 8 to 13 nucleotides in length. In certain

embodiments, the targeting domain includes a secondary domain that is 0, 1, 2, 3, 4, 5, 6,

7, 8, 9, 10, 11, 12, 13, 14 or 15 nucleotides in length. In certain embodiments, the

targeting domain comprises a core domain that is 8 to 13 nucleotides in length, the

targeting domain is 26, 25, 24, 23, 22, 21, 20, 19, 18, 17, or 16 nucleotides in length, and

the secondary domain is 13 to 18, 12 to 17, 11 to 16, 10 to 15, 9 to 14, 8 to 13, 7 to 12, 6

to 11, 5 to 10, 4 to 9, or 3 to 8 nucleotides in length, respectively.

gRNA molecule can comprise a "G" at the 5' end of the targeting domain. The

targeting domain of a gRNA molecule can be at least a 10 base pair, at least a l l base

pair, at least a 12 base pair, at least a 13 base pair, at least a 14 base pair, at least a 15

base pair, at least a 16 base pair, at least a 17 base pair, at least a 18 base pair, at least a

19 base pair, at least a 20 base pair, at least a 2 1 base pair, at least a 22 base pair, at least

a 23 base pair, at least a 24 base pair, at least a 25 base pair, at least a 30 base pair, or at

least a 35 base pair. In certain embodiments, the targeting domain of a gRNA molecule

has 19-24 nucleotides in length. In certain embodiments, the targeting domain of a

gRNA molecule is 20 nucleotides in length. In certain embodiments, the targeting

domain of a gRNA molecule is 2 1 nucleotides in length. In certain embodiments, the

targeting domain of a gRNA molecule is 22 nucleotides in length. In certain

embodiments, the targeting domain of a gRNA molecule is 23 nucleotides in length. In



certain embodiments, the targeting domain of a gRNA molecule is 24 nucleotides in

length.

The first and second complementarity (sometimes referred to alternatively as the

crRNA-derived hairpin sequence and tracrRNA-derived hairpin sequences, respectively)

domains are fully or partially complementary to one another. In certain embodiments,

the degree of complementarity is sufficient for the two domains to form a duplexed

region under at least some physiological conditions. In certain embodiments, the degree

of complementarity between the first and second complementarity domains, together

with other properties of the gRNA, is sufficient to allow targeting of a Cas9 molecule to

a target nucleic acid.

In certain embodiments, the first complementarity domain is 5 to 30, 5 to 25, 7 to

25, 5 to 24, 5 to 23, 7 to 22, 5 to 22, 5 to 21, 5 to 20, 7 to 18, 7 to 15, 9 to 16, or 10 to 14

nucleotides in length. In certain of these embodiments, the first complementarity domain

is 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 nucleotides

in length. In certain embodiments, the second complementarity domain is 5 to 27, 7 to

27, 7 to 25, 5 to 24, 5 to 23, 5 to 22, 5 to 21, 7 to 20, 5 to 20, 7 to 18, 7 to 17, 9 to 16, or

10 to 14 nucleotides in length. In certain embodiments, the second complementarity

domain is 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, or 26

nucleotides in length. In certain embodiments, the first and second complementarity

domains are each independently 6 +1-2, 7+/-2, 8+/-2, 9+1-2, 10+/-2, 11+/-2, 12+/-2, 13+/-

2, 14+/-2, 15+/-2, 16+/-2, 17+/-2, 18+/-2, 19+/-2, or 20+/-2, 21+/-2, 22+/-2, 23+/-2, or

24+/-2 nucleotides in length. In certain embodiments, the second complementarity

domain is longer than the first complementarity domain, e.g., 2, 3, 4, 5, or 6 nucleotides

longer. In certain embodiments, the duplexed region formed by the first and second

complementarity domains is, for example, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,

19, 20, 21, or 22 bp in length, excluding any looped out or unpaired nucleotides.

The linking domain is disposed between and serves to link the first and second

complementarity domains in a unimolecular or chimeric gRNA. In certain embodiments,

part of the linking domain is from a crRNA-derived region, and another part is from a

tracrRNA-derived region. In certain embodiments, the linking domain links the first and

second complementarity domains covalently. In certain embodiments, the linking

domain comprises a covalent bond. In certain embodiments, the linking domain links the

first and second complementarity domains non-covalently. In certain embodiments, the



linking domain is ten or fewer nucleotides in length, e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10

nucleotides. In certain embodiments, the linking domain is greater than 10 nucleotides in

length, e.g., 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 or more

nucleotides. In certain embodiments, the linking domain is 2 to 50, 2 to 40, 2 to 30, 2 to

20, 2 to 10, 2 to 5, 10 to 100, 10 to 90, 10 to 80, 10 to 70, 10 to 60, 10 to 50, 10 to 40, 10

to 30, 10 to 20, 10 to 15, 20 to 100, 20 to 90, 20 to 80, 20 to 70, 20 to 60, 20 to 50, 20 to

40, 20 to 30, or 20 to 25 nucleotides in length. In certain embodiments, the linking

domain is 10 +/-5, 20+/-5, 20+/-10, 30+/-5, 30+/-10, 40+/-5, 40+/-10, 50+/-5, 50+/-10,

60+/-5, 60+/-10, 70+/-5, 70+/-10, 80+/-5, 80+/-10, 90+/-5, 90+/-10, 100+/-5, or 100+/-

10 nucleotides in length.

In certain embodiments, a modular gRNA as disclosed herein comprises a 5'

extension domain, i.e., one or more additional nucleotides 5' to the second

complementarity domain. In certain embodiments, the 5' extension domain is 2 to 10 or

more, 2 to 9, 2 to 8, 2 to 7, 2 to 6, 2 to 5, or 2 to 4 nucleotides in length. In certain

embodiments, the 5' extension domain is 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more nucleotides

in length.

In certain embodiments, the proximal domain is 5 to 20 or more nucleotides in

length, e.g., 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, or

26 nucleotides in length. In certain embodiments, the proximal domain is 6 +1-2, 7+/-2,

8+/-2, 9+1-2, 10+/-2, 11+/-2, 12+/-2, 13+/-2, 14+/-2, 14+/-2, 16+/-2, 17+/-2, 18+/-2,

19+/-2, or 20+/-2 nucleotides in length. In certain embodiments, the proximal domain is

5 to 20, 7, to 18, 9 to 16, or 10 to 14 nucleotides in length.

In certain embodiments, the tail domain is absent. In certain embodiments, the

tail domain is 1 to 100 or more nucleotides in length, e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20,

30, 40, 50, 60, 70, 80, 90, or 100 nucleotides in length. In certain embodiments, the tail

domain is 1 to 5, 1 to 10, 1 to 15, 1 to 20, 1 to 50, 10 to 100, 20 to 100, 10 to 90, 20 to

90, 10 to 80, 20 to 80, 10 to 70, 20 to 70, 10 to 60, 20 to 60, 10 to 50, 20 to 50, 10 to 40,

20 to 40, 10 to 30, 20 to 30, 20 to 25, 10 to 20, or 10 to 15 nucleotides in length. In

certain embodiments, the tail domain is 5 +/-5, 10 +/-5, 20+/-10, 20+/-5, 25+/-10, 30+/-

10, 30+/-5, 40+/-10, 40+/-5, 50+/-10, 50+/-5, 60+/-10, 60+/-5, 70+/-10, 70+/-5, 80+/-10,

80+/-5, 90+/- 10, 90+/-5, 100+/- 10, or 100+/-5 nucleotides in length,

In certain embodiments, the tail domain includes sequences that are

complementary to each other and which, under at least some physiological conditions,



form a duplexed region. In certain of these embodiments, the tail domain comprises a

tail duplex domain which can form a tail duplexed region. In certain embodiments, the

tail duplexed region is 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 bp in length. In certain

embodiments, the tail domain comprises a single stranded domain 3' to the tail duplex

domain that does not form a duplex. In certain of these embodiments, the single stranded

domain is 3 to 10 nucleotides in length, e.g., 3, 4, 5, 6, 7, 8, 9, 10, or 4 to 6 nucleotides in

length.

In certain embodiments, the tail domain includes nucleotides at the 3' end that are

related to the method of in vitro or in vivo transcription. When a T7 promoter is used for

in vitro transcription of the gRNA, these nucleotides may be any nucleotides present

before the 3' end of the DNA template. In certain embodiments, the gRNA molecule

includes a 3' polyA tail that is prepared by in vitro transcription from a DNA template.

In certain embodiments, the 5' nucleotide of the targeting domain of the gRNA molecule

is a guanine nucleotide, the DNA template comprises a T7 promoter sequence located

immediately upstream of the sequence that corresponds to the targeting domain, and the

3' nucleotide of the T7 promoter sequence is not a guanine nucleotide. In certain

embodiments, the 5' nucleotide of the targeting domain of the gRNA molecule is not a

guanine nucleotide, the DNA template comprises a T7 promoter sequence located

immediately upstream of the sequence that corresponds to the targeting domain, and the

3' nucleotide of the T7 promoter sequence is a guanine nucleotide which is downstream

of a nucleotide other than a guanine nucleotide.

When a U6 promoter is used for in vivo transcription, these nucleotides may be

the sequence UUUUUU. When an H I promoter is used for transcription, these

nucleotides may be the sequence UUUU. When alternate pol-III promoters are used,

these nucleotides may be various numbers of uracil bases depending on, e.g., the

termination signal of the pol-III promoter, or they may include alternate bases.

6.2. Methodsfor Designing gRNA Moleculs

Methods for selecting, designing, and validating targeting domains for use in the

gRNAs described herein are provided. Exemplary targeting domains for incorporation

into gRNAs are also provided herein.

Methods for selection and validation of target sequences as well as off-target

analyses have been described previously (see, e.g., Mali 2013; Hsu 2013; Fu 2014;

Heigwer 2014; Bae 2014; Xiao 2014). For example, a software tool can be used to



optimize the choice of potential targeting domains corresponding to a user's target

sequence, e.g., to minimize total off-target activity across the genome. Off-target

activity may be other than cleavage. For each possible targeting domain choice using S.

pyogenes Cas9, the tool can identify all off-target sequences (preceding either NAG or

NGG PAMs) across the genome that contain up to certain number (e.g., 1, 2, 3, 4, 5, 6, 7,

8, 9, or 10) of mismatched base-pairs. The cleavage efficiency at each off-target

sequence can be predicted, e.g., using an experimentally-derived weighting scheme.

Each possible targeting domain is then ranked according to its total predicted off-target

cleavage; the top-ranked targeting domains represent those that are likely to have the

greatest on-target cleavage and the least off-target cleavage. Other functions, e.g.,

automated reagent design for CRISPR construction, primer design for the on-target

Surveyor assay, and primer design for high-throughput detection and quantification of

off-target cleavage via next-gen sequencing, can also be included in the tool. Candidate

targeting domains and gRNAs comprising those targeting domains can be functionally

evaluated using methods known in the art and/or as set forth herein.

As a non-limiting example, targeting domains for use in gRNAs for use with S.

pyogenes and S. aureus Cas9s were identified using a DNA sequence searching

algorithm. 17-mer and 20-mer targeting domains were designed for S. pyogenes targets,

while 18-mer, 19-mer, 20-mer, 21-mer, 22-mer, 23-mer, and 24-mer targeting domains

were designed for S. aureus targets. gRNA design was carried out using custom gRNA

design software based on the public tool cas-offinder (Bae 2014). This software scores

guides after calculating their genome-wide off-target propensity. Typically matches

ranging from perfect matches to 7 mismatches are considered for guides ranging in

length from 17 to 24. Once the off-target sites are computationally determined, an

aggregate score is calculated for each guide and summarized in a tabular output using a

web-interface. In addition to identifying potential target sites adjacent to PAM

sequences, the software also identifies all PAM adjacent sequences that differ by 1, 2, 3,

or more than 3 nucleotides from the selected target sites. Genomic DNA sequences for

each gene were obtained from the UCSC Genome browser and sequences were screened

for repeat elements using the publically available RepeatMasker program.

RepeatMasker searches input DNA sequences for repeated elements and regions of low

complexity. The output is a detailed annotation of the repeats present in a given query

sequence.



Targeting domains were identified for both single-gRNA nuclease cleavage and

for a dual-gRNA paired "nickase" strategy. Criteria for selecting targeting domains and

the determination of which targeting domains can be used for the dual-gRNA paired

"nickase" strategy is based on two considerations:

(1) Targeting domain pairs should be oriented on the DNA such that PAMs are

facing out and cutting with the D10A Cas9 nickase can result in 5' overhangs; and

(2) An assumption that cleaving with dual nickase pairs will result in deletion of

the entire intervening sequence at a reasonable frequency. However, cleaving with dual

nickase pairs can also result in indel mutations at the site of only one of the gRNAs.

Candidate pair members can be tested for how efficiently they remove the entire

sequence versus causing indel mutations at the target site of one targeting domain.

6.3 Exemplary gRNA molecules

Exemplary targeting domains comprised in gRNA molecules for knocking out a

HSV {e.g. , HSV-1) UL19 gene, HSV {e.g. , HSV-1) UL30 gene, HSV {e.g. , HSV-1)

UL48 gene, a HSV {e.g. , HSV-1) UL54 gene, a HSV {e.g. , HSV-1) RSI gene, or a HSV

{e.g. , HSV-1) RL2 gene are provided in Table 1 below. Any of the targeting domains

disclosed in Table 1 can be used with an S. aureus Cas9 molecule to generate a double

stranded break (Cas9 nuclease) or a single-stranded break (Cas9 nickase). In certain

embodiments, the S. aureus Cas9 molecule is a wild type S. aureus Cas9 molecule,

which recognizes an NNGRRT (SEQ ID NO: 24) or NNGRRV (SEQ ID NO: 25) PAM.

In certain embodiments, the S. aureus Cas9 molecule is a wild type S. aureus Cas9

molecule, which recognizes an NNGRRT (SEQ ID NO: 24) PAM.

Table 1



GCCCCUCCGGGGGGGUUGGGGU (SEQ ID NO: 17) HSV-1 RL2 gene
GGGGGGCGUCUGGCCCCUCCGG (SEQ ID NO: 18) HSV-1 RL2 gene

UCGGGGCCGUACUGUUUCAC (SEQ ID NO: 19) HSV-1 UL30 gene
GGUCCGUGCUGUCCGCCUCGGAGG (SEQ ID NO: 20) HSV-1 RL2 gene
GCCUGAUAGUGGGCGUGACGCCCA(SEQ ID NO: 21) HSV-1 RL2 gene
GUCAUCGUCGUCGGCUCGAAAGGC (SEQ ID NO: 22) HSV-1 RL2 gene
GCCCCGCUCGUCGCGGUCUGGGCU (SEQ ID NO: 23) HSV-1 UL30 gene

In certain embodiments, the gRNA comprises a targeting domain comprising a

nucleotide sequence that is identical to, or differs by no more than 1 nucleotide, no more

than 2 nucleotides, or no more than 3 nucleotides from, a nucleotide sequence selected

from the group consisting of: SEQ ID NOS: 1-23. In certain embodiments, the gRNA

comprises a targeting domain comprises a nucleotide sequence selected from the group

consisting of: SEQ ID NOS: 1-23.

In certain embodiments, the gRNA comprises a targeting domain comprises a

nucleotide sequence that is identical to, or differs by no more than 1 nucleotide, no more

than 2 nucleotides, or no more than 3 nucleotides from, a nucleotide sequence selected

from the group consisting of: SEQ ID NOS: 20-23. In certain embodiments, the gRNA

comprises a targeting domain comprises a nucleotide sequence selected from the group

consisting of: SEQ ID NOS: 20-23.

In certain embodiments, the gRNA comprises a targeting domain comprises a

nucleotide sequence that is identical to, or differs by no more than 1 nucleotide, no more

than 2 nucleotides, or no more than 3 nucleotides from, a nucleotide sequence selected

from the group consisting of: SEQ ID NOS: 2, 6, 10, 15 and 16. In certain embodiments,

the gRNA comprises a targeting domain comprises a nucleotide sequence selected from

the group consisting of: SEQ ID NOS: 2, 6, 10, 15 and 16.

7. Genome Editing Systems Targeting HSV Viral Genes

Provided herein are genome editing systems (e.g., CRISPR/Cas9-based

engineered systems) for use in altering one or more HSV viral gene, and in treating,

preventing or reducing HSV infection. The genome editing systems are designed to

target one or more HSV viral gene. The genome editing system (e.g., a CRISPR/Cas9

system) includes a gRNA molecule targeting a HSV viral gene (e.g., a UL19 gene (e.g., a

HSV-1 UL19 gene), a UL30 gene (e.g., a HSV-1 UL30 gene, a UL48 gene (e.g., a HSV-1

UL48 gene), a UL54 gene (e.g., a HSV-1 UL54 gene), a RSI gene (e.g., a HSV-1 RSI

gene), aRL2 gene (e.g., a HSV-1 RL2 gene), or a J gene (e.g., a HSV-1 LAT gene).



The genome editing system can include two or more gRNA molecules, which target

different DNA sequences.

7. 1 CRISPR/Cas System Specificfor a HSV Viral Gene

In certain embodiments, the genome editing system is a CRISPR/Cas9 system.

"Clustered Regularly Interspaced Short Palindromic Repeats" and "CRISPRs", as used

interchangeably herein, refers to loci containing multiple short direct repeats that are

found in the genomes of approximately 40% of sequenced bacteria and 90% of

sequenced archaea. The CRISPR system is a microbial nuclease system involved in

defense against invading phages and plasmids that provides a form of acquired

immunity. The CRISPR loci in microbial hosts contain a combination of CRISPR-

associated (Cas) genes as well as non-coding RNA elements capable of programming the

specificity of the CRISPR-mediated nucleic acid cleavage. Short segments of foreign

DNA, called spacers, are incorporated into the genome between CRISPR repeats, and

serve as a "memory" of past exposures. Cas9 forms a complex with the 3' end of the

sgRNA, and the protein-RNA pair recognizes its genomic target by complementary base

pairing between the 5' end of the sgRNA sequence and a predefined 20 bp DNA

sequence, known as the protospacer. This complex is directed to homologous loci of

pathogen DNA via regions encoded within the crRNA, i.e., the protospacers, and PAMs

within the pathogen genome. The non-coding CRISPR array is transcribed and cleaved

within direct repeats into short crRNAs containing individual spacer sequences, which

direct Cas nucleases to the target site (protospacer). By simply exchanging the 20 bp

recognition sequence of the expressed sgRNA, the Cas9 nuclease can be directed to new

genomic targets. CRISPR spacers are used to recognize and silence exogenous genetic

elements in a manner analogous to RNAi in eukaryotic organisms.

In certain embodiments, complementarity refers to a property shared between two

nucleic acid sequences, such that when they are aligned antiparallel to each other, the

nucleotide bases at each position will be complementary.

There are three known classes of CRISPR systems (Types I, II and III effector

systems). The Type II effector system carries out targeted DNA double-strand break in

four sequential steps, using a single effector enzyme, Cas9, to cleave dsDNA. Compared

to the Type I and Type III effector systems, which require multiple distinct effectors

acting as a complex, the Type II effector system may function in alternative contexts

such as eukaryotic cells. The Type II effector system consists of a long pre-crRNA,



which is transcribed from the spacer-containing CRISPR locus, the Cas9 protein, and a

tracrRNA, which is involved in pre-crRNA processing. The tracrRNAs hybridize to the

repeat regions separating the spacers of the pre-crRNA, thus initiating dsRNA cleavage

by endogenous RNase III. This cleavage is followed by a second cleavage event within

each spacer by Cas9, producing mature crRNAs that remain associated with the

tracrRNA and Cas9, forming a Cas9:crRNA-tracrRNA complex.

The Cas9:crRNA-tracrRNA complex unwinds the DNA duplex and searches for

sequences matching the crRNA to cleave. Target recognition occurs upon detection of

complementarity between a "protospacer" sequence in the target DNA and the remaining

spacer sequence in the crRNA. Cas9 mediates cleavage of target DNA if a correct PAM

is also present at the 3' end of the protospacer. For protospacer targeting, the sequence

must be immediately followed by the PAM, a short sequence recognized by the Cas9

nuclease that is required for DNA cleavage. Different Type II systems have differing

PAM requirements. The S. pyogenes CRISPR system may have the PAM sequence for

this Cas9 (SpCas9) as 5'-NRG-3', where R is either A or G, and characterized the

specificity of this system in human cells. A unique capability of the CRISPR/Cas9

system is the straightforward ability to simultaneously target multiple distinct genomic

loci by co-expressing a single Cas9 protein with two or more gRNAs. For example, the

S. pyogenes Type II system naturally prefers to use an "NGG" sequence, where "N" can

be any nucleotide, but also accepts other PAM sequences, such as "NAG" in engineered

systems (Hsu et al, Nature Biotechnology (2013) doi: 10.1038/nbt.2647). A Cas9

molecule of S. aureus recognizes the sequence motif NNGRRT (SEQ ID NO: 24) or

NNGRRV (SEQ ID NO: 25) (R = A or G) and directs cleavage of a target nucleic acid

sequence 1 to 10, e.g., 3 to 5, bp upstream from that sequence. In certain embodiments,

a Cas9 molecule of S. aureus recognizes the sequence motif NNGRRT (R = A or G)

(SEQ ID NO: 24) and directs cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to

5, bp upstream from that sequence. In certain embodiments, a Cas9 molecule of S.

aureus recognizes the sequence motif NNGRRV (R = A or G) (SEQ ID NO: 25) and

directs cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to 5, bp upstream from

that sequence. In the aforementioned embodiments, N can be any nucleotide residue,

e.g., any of A, G, C, or T. Cas9 molecules can be engineered to alter the PAM

specificity of the Cas9 molecule.



7.2 Cas9 molecules

In certain embodiments, the genome editing system further comprises at least one

Cas9 molecule (a Cas9 protein or Cas9 fusion protein) in addition to at least one gRNA

molecule. The Cas9 fusion protein may, for example, include a domain that has a

different activity that what is endogenous to Cas9, such as a transactivation domain.

The Cas9 protein can be from any bacterial or archaea species, including, but not

limited to, Streptococcus pyogenes (S. pyogenes), Staphylococcus aureus (S. aureus),

Acidovorax avenae, Actinobacillus pleuropneumoniae, Actinobacillus succinogenes,

Actinobacillus suis, Actinomyces sp., cycliphilus denitrifwans, Aminomonas

paucivorans, Bacillus cereus, Bacillus smithii, Bacillus thuringiensis, Bacteroides sp.,

Blastoporellula marina, Bradyrhizobium sp., Brevibacillus laterosporus, Campylobacter

coli, Campylobacter jejuni, Campylobacter lari, Candidatus Puniceispirillum,

Clostridium cellulolyticum, Clostridium perfringens, Corynebacterium accolens,

Corynebacterium diphtheria, Corynebacterium matruchotii, Dinoroseobacter shibae,

Eubacterium dolichum, gamma proteobacterium, Gluconacetobacter diazotrophicus,

Haemophilus parainfluenzae, Haemophilus sputorum, Helicobacter canadensis,

Helicobacter cinaedi, Helicobacter mustelae, Ilyobacter polytropus, Kingella kingae,

Lactobacillus crispatus, Listeria ivanovii, Listeria monocytogenes, Listeriaceae

bacterium, Methylocystis sp., Methylosinus trichosporium, Mobiluncus mulieris,

Neisseria bacilliformis, Neisseria cinerea, Neisseria flavescens, Neisseria lactamica,

Neisseria sp., Neisseria wadsworthii, Nitrosomonas sp., Parvibaculum lavamentivorans,

Pasteurella multocida, Phascolarctobacterium succinatutens, Ralstonia syzygii,

Rhodopseudomonas palustris, Rhodovulum sp., Simonsiella muelleri, Sphingomonas sp.,

Sporolactobacillus vineae, Staphylococcus lugdunensis, Streptococcus sp.,

Subdoligranulum sp., Tistrella mobilis, Treponema sp., or Verminephrobacter eiseniae.

In certain embodiments, the Cas9 molecule is an S. pyogenes Cas9 molecule. In

certain embodiments, the Cas9 molecule is an S. pyogenes Cas9 variant.

In certain embodiments, the S. pyogenes Cas9 variant is an S. pyogenes Cas9

EQR variant. In certain embodiments, an S. pyogenes Cas9 EQR variant recognizes a

PAM sequence selected from the group cosisting of NGAG, NGCG, NGGG, NGTG,

NGAA, NGAT and NGAC, and directs cleavage of a target nucleic acid sequence at 1 to

10, e.g., 3 to 5, base pairs upstream from that sequence. See Kleinstiver et al., NATURE

2015; 523(7561):481-5. In certain embodiments, an S. pyogenes Cas9 EQR variant



recognizes a PAM sequence of NGAG and directs cleavage of a target nucleic acid

sequence at 1 to 10, e.g., 3 to 5, base pairs upstream from that sequence. See Kleinstiver

et al, NATURE 2015; 523(7561):481-5.

In certain embodiments, the S. pyogenes Cas9 variant is an S. pyogenes Cas9

VRER variant. In certain embodiments, a S. pyogenes Cas9 VRER variant recognizes a

PAM sequence selected from the group consisting of NGCG, NGCA, NGCT, and NGCC

and directs cleavage of a target nucleic acid sequence at 1 to 10, e.g., 3 to 5, base pairs

upstream from that sequence. In certain embodiments, an S. pyogenes Cas9 VRER

variant recognizes an NGCG PAM sequence and directs cleavage of a target nucleic acid

sequence 1 to 10, e.g., 3 to 5, base pairs upstream from that sequence. See Kleinstiver

Kleinstiver etal., NATURE 2015; 523(7561):481-5.

In certain embodiments, the Cas9 molecule is an S. aureus Cas9 molecule. In

certain embodiments, the S. aureus Cas9 molecule recognizes a PAM sequence of

NNGRR (R = A or G) (SEQ ID NO: 39) and directs cleavage of a target nucleic acid

sequence 1 to 10, e.g., 3 to 5, bp upstream from that sequence. In certain embodiments,

the S. aureus Cas9 molecule recognizes a PAM sequence of NNGRRN (R = A or G)

(SEQ ID NO: 39) and directs cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to

5, bp upstream from that sequence. In certain embodiments, the S. aureus Cas9

molecule recognizes a PAM sequence of NNGRRT (R = A or G) (SEQ ID NO: 24) and

directs cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to 5, bp upstream from

that sequence. In certain embodiments, the S. aureus Cas9 molecule recognizes a PAM

sequence of NNGRRV (R = A or G) (SEQ ID NO: 25) and directs cleavage of a target

nucleic acid sequence 1 to 10, e.g., 3 to 5, bp upstream from that sequence.

In certain embodiments, the Cas9 molecule is an an enzymatically active Cas9

(eaCas9) molecule. An eaCas9 molecule or eaCas9 polypeptide is a Cas9 molecule or

Cas9 polypeptide that is capable of cleaving a target nucleic acid molecule.

In certain embodiments, an eaCas9 molecule or eaCas9 polypeptide comprises

one or more of the following enzymatic activities:

a nickase activity, i.e., the ability to cleave a single strand, e.g., the non-

complementary strand or the complementary strand, of a nucleic acid molecule;

a double stranded nuclease activity, i.e., the ability to cleave both strands of a

double stranded nucleic acid and create a double stranded break, which in certain

embodiments is the presence of two nickase activities;



an endonuclease activity;

an exonuclease activity; and

a helicase activity, i.e., the ability to unwind the helical structure of a double

stranded nucleic acid.

In certain embodiments, an eaCas9 molecule or eaCas9 polypeptide cleaves both

DNA strands and results in a double stranded break. In certain embodiments, an eaCas9

molecule or eaCas9 polypeptide cleaves only one strand, e.g., the strand to which the

gRNA hybridizes to, or the strand complementary to the strand the gRNA hybridizes

with. In certain embodiments, an eaCas9 molecule or eaCas9 polypeptide comprises

cleavage activity associated with an HNH domain. In certain embodiments, an eaCas9

molecule or eaCas9 polypeptide comprises cleavage activity associated with a RuvC

domain. In certain embodiments, an eaCas9 molecule or eaCas9 polypeptide comprises

cleavage activity associated with an HNH domain and cleavage activity associated with a

RuvC domain. In certain embodiments, an eaCas9 molecule or eaCas9 polypeptide

comprises an active, or cleavage competent, HNH domain and an inactive, or cleavage

incompetent, RuvC domain. In certain embodiments, an eaCas9 molecule or eaCas9

polypeptide comprises an inactive, or cleavage incompetent, HNH domain and an active,

or cleavage competent, RuvC domain.

In certain embodiments, the Cas9 molecule is an enzymatically inactive Cas9

("eiCas9") eiCas9 molecule or eiCas9 polypeptide. A eiCas9 molecule or eiCas9

polypeptide is a Cas9 molecule or polypeptide that has no or no substantial cleavage

activity. Knockdown of one or more HSV viral gene can be mediated by an eiCas9

molecule or polypeptide.

Alternatively or additionally, the genome editing system (e.g., CRISPR/Cas9-

based system) can include a fusion protein. The fusion protein can comprise two

heterologous polypeptide domains, wherein the first polypeptide domain comprises a Cas

protein and the second polypeptide domain has an activity such as transcription

activation activity, transcription repression activity, transcription release factor activity,

histone modification activity, nuclease activity, nucleic acid association activity,

methylase activity, or demethylase activity. The fusion protein can include a Cas9

protein or a mutated/engineered Cas9 protein, fused to a second polypeptide domain that

has an activity such as transcription activation activity, transcription repression activity,



transcription release factor activity, histone modification activity, nuclease activity,

nucleic acid association activity, methylase activity, or demethylase activity.

A Cas9 molecule or a Cas9 fusion protein can interact with one or more gRNA

molecule and, in concert with the gRNA molecule(s), localizes to a site which comprises

a target domain, and in certain embodiments, a PAM sequence. The ability of a Cas9

molecule or a Cas9 fusion protein to recognize a PAM sequence can be determined, e.g.,

using a transformation assay as described previously (Jinek etal., SCIENCE 2012;

337(6096):816-821).

In certain embodiments, the ability of a Cas9 molecule or a Cas9 fusion protein to

interact with and cleave a target nucleic acid is PAM sequence dependent. A PAM

sequence is a sequence in the target nucleic acid. In certain embodiments, cleavage of

the target nucleic acid occurs upstream from the PAM sequence. Cas9 molecules from

different bacterial species can recognize different sequence motifs (e.g., PAM

sequences).

In certain embodiments, the at least one Cas9 molecule is an S. pyogenes Cas9

molecule. In certain embodiments, an S. pyogenes Cas9 molecule recognizes a PAM

sequence of NGG and directs cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to

5, bp upstream from that sequence (see, e.g., Mali 2013).

In certain embodiments, the at least one Cas9 molecule is an S. aureus Cas9

molecule. In certain embodiments, an S. aureus Cas9 molecule recognizes the PAM

sequence of NNGRRT (R = A or G) (SEQ ID NO: 24) and directs cleavage of a target

nucleic acid sequence 1 to 10, e.g., 3 to 5, bp upstream from that sequence. In certain

embodiments, an S. aureus Cas9 molecule recognizes a PAM sequence of NNGRRV (R

= A or G) (SEQ ID NO: 25) and directs cleavage of a target nucleic acid sequence 1 to

10, e.g., 3 to 5, bp upstream from that sequence. In the aforementioned embodiments, N

can be any nucleotide residue, e.g., any of A, G, C, or T. Cas9 molecules can be

engineered to alter the PAM specificity of the Cas9 molecule.

In certain embodiments, the at least one Cas9 molecule is a mutant Cas9

molecule. Exemplary mutations with reference to the S. pyogenes Cas9 sequence

include: DIOA, E762A, H840A, N854A, N863A and/or D986A. Exemplary mutations

with reference to the S. aureus Cas9 sequence include DIOA and N580A. In certain

embodiments, the Cas9 molecule is a mutant S. aureus Cas9 molecule. In certain



embodiments, the mutant S. aureus Cas9 molecule comprises a D10A mutation. The

nucleotide sequence encoding this mutant S. aureus Cas9 is set forth in SEQ ID NO: 26.

In certain embodiments, the mutant S. aureus Cas9 molecule comprises a N580A

mutation. The nucleotide sequence encoding this mutant S. aureus Cas9 molecule is set

forth in SEQ ID NO: 27.

A nucleic acid encoding a Cas9 molecule can be a synthetic nucleic acid

sequence. For example, the synthetic nucleic acid molecule can be chemically modified.

The synthetic nucleic acid sequence can be codon optimized, e.g., at least one non-

common codon or less-common codon has been replaced by a common codon. For

example, the synthetic nucleic acid can direct the synthesis of an optimized messenger

mRNA, e.g., optimized for expression in a mammalian expression system, e.g., described

herein.

Additionally or alternatively, a nucleic acid encoding a Cas9 molecule or Cas9

polypeptide may comprise a nuclear localization sequence (NLS). Nuclear localization

sequences are known in the art.

An exemplary codon optimized nucleic acid sequence encoding a Cas9 molecule

of S. pyogenes is set forth in SEQ ID NO: 28. The corresponding amino acid sequence

of an S. pyogenes Cas9 molecule is set forth in SEQ ID NO: 29. In certain embodiments,

the S. pyogenes Cas9 molecule is an S. pyogenes Cas9 variant. In certain embodiments,

the S. pyogenes Cas9 variant is a EQR variant that has a sequene set forth in SEQ ID

NO: 30. In certain embodiments, the S. pyogenes Cas9 variant is a VRER variant that

has a sequene set forth in SEQ ID NO: 31.

Exemplary codon optimized nucleic acid sequences encoding an S. aureus Cas9

molecule are set forth in SEQ ID NOs: 32-36. An amino acid sequence of an S. aureus

Cas9 molecule is set forth in SEQ ID NO: 37.

If any of the above Cas9 sequences are fused with a peptide or polypeptide at the

C-terminus, it is understood that the stop codon can be removed.

8. Genetic Constructs for Genome Editing of HSV Viral Genes

The presently disclosed subject matter provides for genetic constructs for genome

editing or genomic alteration of a HSV viral gene (e.g., a UL19 gene (e.g., aHSV-1

UL19 gene), a UL30 gene (e.g., aHSV-1 UL30 gene, a UL48 gene (e.g., aHSV-1 UL48

gene), a UL54 gene (e.g., aHSV-1 UL54 gene), aRSI gene (e.g., aHSV-1 RSI gene), a

RL2 gene (e.g., aHSV-1 RL2 gene), or aLAT (e.g., aHSV-1 LAT gene)).



A presently disclosed genetic construct encodes a genome editing system (e.g., a

CRISPR/Cas9 system) that comprises at least one Cas9 molecule or a Cas9 fusion

protein and at least one gRNA molecule. The presently disclosed subject matter also

provides for compositions comprising such genetic constructs. The genetic construct can

be present in a cell as a functioning extrachromosomal molecule. The genetic construct

can be a linear minichromosome including centromere, telomeres or plasmids or

cosmids.

The genetic construct can be part of a genome of a recombinant viral vector,

including recombinant lentivirus, recombinant adenovirus, and recombinant adenovirus

associated virus. The genetic construct can be part of the genetic material in attenuated

live microorganisms or recombinant microbial vectors which live in cells. The genetic

constructs can comprise regulatory elements for gene expression of the coding sequences

of the nucleic acid. The regulatory elements may be a promoter, an enhancer, an

initiation codon, a stop codon, or a polyadenylation signal.

In certain embodients, the genetic construct is a vector. The vector can be an

Adeno-associated virus (AAV) vector, which encode at least one Cas9 molecule and at

least one gRNA molecule; the vector is capable of expressing the at least one Cas9

molecule and the at least gRNA molecule, in the cell of a mammal. The vector can be a

plasmid. The vectors can be used for in vivo gene therapy.

In certain embodiments, an AAV vector is a small virus belonging to the genus

Dependovirus of the Parvoviridae family that infects humans and some other primate

species.

Coding sequences can be optimized for stability and high levels of expression. In

certain instances, codons are selected to reduce secondary structure formation of the

RNA such as that formed due to intramolecular bonding.

The vector can further comprise an initiation codon, which can be upstream of

the genome editing system (e.g., CRISPR/Cas9-based system), and a stop codon, which

can be downstream of the genome editing system (e.g., CRISPR/Cas9-based system) or

the site-specific nuclease coding sequence. The initiation and termination codon can be

in frame with the genome editing system (e.g., CRISPR/Cas9-based system) or the site-

specific nuclease coding sequence. The vector can also comprise a promoter that is

operably linked to the genome editing system (e.g., CRISPR/Cas9-based system). The

promoter operably linked to the genome editing system (e.g., CRISPR/Cas9-based



system) can be a promoter from simian virus 40 (SV40) (e.g., SV40 early promoter,

SV40 late promoter), bacteriophage T7 promoter, bacteriophage T3 promoter, SP6

promoter, lac operator-promoter, tac promoter, a mouse mammary tumor virus (MMTV)

promoter, a human immunodeficiency virus (HIV) promoter (e.g., the bovine

immunodeficiency virus (BIV) promoter), a long terminal repeat (LTR) promoter (e.g.,

RSV-LTR promoter), a Moloney virus promoter, an avian leukosis virus (ALV)

promoter, a cytomegalovirus (CMV) promoter (e.g., the CMV immediate early (MIE)

promoter), Epstein Barr virus (EBV) promoter, a Rous sarcoma virus (RSV) promoter,

Elongation Factor- l a short (EFS) promoter, EF-la promoter, murine stem cell virus

(MSCV) promoter, phosphogly cerate kinase (PGK) promoter, or a CAG promoter. The

promoter can also be a promoter from a human gene such as human ubiquitin C (hUbC),

human actin, human myosin, human hemoglobin, human muscle creatine, or human

metalothionein.

The vector can also comprise a polyadenylation signal, which can be downstream

of the genome editing system (e.g., CRISPR/Cas9-based system). The polyadenylation

signal can be a SV40 polyadenylation signal, LTR polyadenylation signal, bovine growth

hormone (bGH) polyadenylation signal, human growth hormone (hGH) polyadenylation

signal, or human β- globin polyadenylation signal. The SV40 polyadenylation signal can

be a polyadenylation signal from a pCEP4 vector.

The vector can also comprise an enhancer upstream of the genome editing system

(e.g., CRISPR/Cas9-based system) for DNA expression. The enhancer can be human

actin, human myosin, human hemoglobin, human muscle creatine or a viral enhancer

such as one from CMV, HA, RSV or EBV. Polynucleotide function enhancers are

described in U.S. Patent Nos. 5,593,972, 5,962,428, and WO94/016737, the contents of

each are fully incorporated by reference. The vector can also comprise a mammalian

origin of replication in order to maintain the vector extrachromosomally and produce

multiple copies of the vector in a cell. The vector can also comprise a regulatory

sequence, which may be well suited for gene expression in a mammalian or human cell

into which the vector is administered. The vector can also comprise a reporter gene,

such as green fluorescent protein ("GFP") and/or a selectable marker, such as

hygromycin ("Hygro").

The vectors can be expression vectors or systems to produce protein by routine

techniques and readily available starting materials including Sambrook et al., Molecular



Cloning and Laboratory Manual, Second Ed., Cold Spring Harbor (1989), which is

incorporated fully by reference.

The presently disclosed genetic constructs (e.g., vectors) can be used for genome

editing a HSV viral gene (e.g., a UL19 gene (e.g., aHSV-1 UL19 gene), a UL30 gene

(e.g., a HSV-1 UL30 gene, a UL48 gene (e.g., a HSV-1 UL48 gene), a UL54 gene (e.g., a

HS - gene), a R gene (e.g., aHSV-1 RSI gene), aRL2 gene (e.g., a HS -7

gene), or a J gene (e.g., aHSV-1 LAT gene)) in eye(s) of a subject.

9. Compositions

The presently disclosed subject matter provides for compositions comprising the

above-dsecribed gRNA molecules or genetic constructs (e.g., vectors). The

compositions can be in a pharmaceutical composition. The pharmaceutical compositions

can be formulated according to the mode of administration to be used. In cases where

pharmaceutical compositions are injectable pharmaceutical compositions, they are

sterile, pyrogen free and particulate free. An isotonic formulation is preferably used.

Generally, additives for isotonicity may include sodium chloride, dextrose, mannitol,

sorbitol and lactose. In certain embodiments, isotonic solutions such as phosphate

buffered saline are preferred. Stabilizers include gelatin and albumin. In certain

embodiments, a vasoconstriction agent is added to the formulation.

The composition may further comprise a pharmaceutically acceptable excipient.

The pharmaceutically acceptable excipient may be functional molecules as vehicles,

adjuvants, carriers, or diluents. The pharmaceutically acceptable excipient may be a

transfection facilitating agent, which may include surface active agents, such as immune-

stimulating complexes (ISCOMS), Freunds incomplete adjuvant, LPS analog including

monophosphoryl lipid A, muramyl peptides, quinone analogs, vesicles such as squalene

and squalene, hyaluronic acid, lipids, liposomes, calcium ions, viral proteins, polyanions,

polycations, or nanoparticles, or other known transfection facilitating agents.

The transfection facilitating agent is a polyanion, polycation, including poly-L-

glutamate (LGS), or lipid. The transfection facilitating agent is poly-L-glutamate, and

more preferably, the poly-L-glutamate is present in the composition for genome editing

in skeletal muscle or cardiac muscle at a concentration less than 6 mg/ml. The

transfection facilitating agent may also include surface active agents such as immune-

stimulating complexes (ISCOMS), Freunds incomplete adjuvant, LPS analog including

monophosphoryl lipid A, muramyl peptides, quinone analogs and vesicles such as



squalene and squalene, and hyaluronic acid may also be used administered in

conjunction with the genetic construct. In certain embodiments, the DNA vector

encoding the composition may also include a transfection facilitating agent such as

lipids, liposomes, including lecithin liposomes or other liposomes known in the art, as a

DNA-liposome mixture (see for example W09324640), calcium ions, viral proteins,

polyanions, polycations, or nanoparticles, or other known transfection facilitating agents.

Preferably, the transfection facilitating agent is a polyanion, polycation, including poly-

L-glutamate (LGS), or lipid. 17.

10. Target Cells

The presently disclosed genome editing systems, genetic constructs (e.g., vectors)

and compositions can be used to manipulate a cell, e.g., to edit a target nucleic acid, in a

wide variety of cells.

In certain embodiments, a cell is manipulated by editing (e.g., introducing a

mutation in) one or more HSV viral gene. In certain embodiments, the cell is infected

with HSV-1 and/or HSV-2. In certain embodiments, the cell is from a subject having an

HSV-1 and/or HSV-2 infection. In certain embodiments, the cell or subject has a latent

HSV-1 and/or HSV-2 infection. In certain embodiments, the expression of one or more

HSV viral genes is modulated, e.g., in vivo.

The presently disclosed genome editing systems, genetic constructs (e.g., vectors)

and compositions can be delivered to a target cell. In certain embodiments, the target

cell is an epithelial cell, e.g., an epithelial cell of the oropharynx (including, e.g., an

epithelial cell of the nose, gums, lips, tongue or pharynx), an epithelial cell of the finger

or fingernail bed, or an epithelial cell of the ano-genital area (including, e.g., an epithelial

cell of the penis, scrotum, vulva, vagina, cervix, anus or thighs). In certain

embodiments, the target cell is a neuronal cell, e.g., a cranial ganglion neuron (e.g. a

trigeminal ganglion neuron, e.g., an oculomotor nerve ganglion neuron, e.g., an abducens

nerve ganglion neuron, e.g., a trochlear nerve ganglion neuron), e.g. a cervical ganglion

neuron, e.g., a sacral ganglion neuron, a sensory ganglion neuron, a cortical neuron, a

cerebellar neuron or a hippocampal neuron. In certain embodiments, the target cell is an

optic cell, e.g. an epithelial cell of the eye, e.g. an epithelial cell of the eyelid, e.g., a

conjunctival cell, e.g., a conjunctival epithelial cell, e.g., a corneal keratocyte, e.g., a

limbus cell, e.g., a corneal epithelial cell, e.g., a corneal stromal cell, e.g., a ciliary body

cell, e.g., a scleral cell, e.g., a lens cell, e.g., a choroidal cell, e.g., a retinal cell, e.g., a rod



photoreceptor cell, e.g., a cone photoreceptor cell, e.g., a retinal pigment epithelium cell,

e.g., a horizontal cell, e.g., an amacrine cell, e.g., a ganglion cell.

11. Delivery, Formulations and Routes of Administration

Provided herein is a method for delivering a presently disclosed genome editing

system, a presently disclosed genetic construct (e.g., a vector) or a composition

comprising thereof to a cell or a tissue of a subject (e.g., a subject suffering from HSV

infection). Upon delivery, the transfected cells can express the Cas9 molecule and the

gRNA molecule. The genome editing systems, genetic constructs or compositions

comprising thereof can be administered to a mammal to alter gene expression or to re-

engineer or alter the genome. For example, the genome editing systems, genetic

constructs or compositions comprising thereof can be administered to a mammal to alter

a HSV viral gene (e.g., knock out a HSV viral gene) in a mammal. The mammal can be

human, non-human primate, cow, pig, sheep, goat, antelope, bison, water buffalo,

bovids, deer, hedgehogs, elephants, llama, alpaca, mice, rats, or chicken, and preferably

human, cow, pig, or chicken.

In certain embodiments, a presently disclosed genetic construct (e.g., a vector) or

a composition comprising thereof is administered to a target cell (e.g., any of the target

cells disclosed in Section 9) to genetically alter (e.g., knock out) a HSV viral gene (e.g.,

a HSV-1 viral gene). In certain embodiments, the cell is from a subject suffering from

HSV infection (HSV-1 or HSV-2 infection).

The components (e.g., at least one Cas9 molecule and at least one gRNA

molecule, optionally a donor template nucleic acid) of a presently disclosed genome

editing system, composition or genetic construct can be delivered, formulated, or

administered in a variety of forms, see, e.g., as those disclosed in Tables 2 and 3 .

Table 2



DNA DNA In certain embodiments, a Cas9
molecule and a gRNA are transcribed
from DNA. In certain embodiments,
they are encoded on separate
molecules. In certain embodiments, the
donor template is provided on the same
DNA molecule that encodes the gRNA.

DNA DNA In certain embodiments, a Cas9
molecule and a gRNA are transcribed
from DNA, here from a single
molecule. In certain embodiments, the
donor template is provided as a separate
DNA molecule.

DNA 1DNA 1 In certain embodiments, a Cas9
molecule, and a gRNA are transcribed
from DNA. In certain embodiments,
they are encoded on separate
molecules. In certain embodiments, the
donor template is provided on the same
DNA molecule that encodes the Cas9.

DNA RNA DNA In certain embodiments, a Cas9
molecule is transcribed from DNA, and
a gRNA is provided as in vitro
transcribed or synthesized RNA. In
certain embodiments, the donor
template is provided as a separate DNA
molecule.

DNA RNA 1 In certain embodiments, a Cas9
molecule is transcribed from DNA, and
a gRNA is provided as in vitro
transcribed or synthesized RNA. In
certain embodiments, the donor
template is provided on the same DNA
molecule that encodes the Cas9.

mRNA RNA DNA In certain embodiments, a Cas9
molecule is translated from in vitro
transcribed mRNA, and a gRNA is
provided as in vitro transcribed or
synthesized RNA. In certain
embodiments, the donor template is
provided as a DNA molecule.

mRNA DNA DNA In certain embodiments, a Cas9
molecule is translated from in vitro
transcribed mRNA, and a gRNA is
transcribed from DNA. In certain
embodiments, the donor template is
provided as a separate DNA molecule.

mRNA DNA In certain embodiments, a Cas9
molecule (e.g., an eaCas9 or eiCas9



molecule) is translated from in vitro
transcribed mRNA, and a gRNA is
transcribed from DNA. In certain
embodiments, the donor template is
provided on the same DNA molecule
that encodes the gRNA.

Protein DNA DNA In certain embodiments, a Cas9
molecule is provided as a protein, and a
gRNA is transcribed from DNA. In
certain embodiments, the donor
template is provided as a separate DNA
molecule.

Protein DNA In certain embodiments, a Cas9
molecule is provided as a protein, and a
gRNA is transcribed from DNA. In
certain embodiments, the donor
template is provided on the same DNA
molecule that encodes the gRNA.

Protein RNA DNA In certain embodiments is provided as a
protein, and a gRNA is provided as
transcribed or synthesized RNA. This
delivery method is referred to as "RNP
delivery". In certain embodiments, the
donor template is provided as a DNA
molecule.

Table 3



Herpes Simplex YES Stable NO DNA
Virus

Non-Viral Cationic YES Transient Depends on Nucleic
Liposomes what is Acids and

delivered Proteins
Polymeric YES Transient Depends on Nucleic
Nanoparticles what is Acids and

delivered Proteins
Biological Attenuated YES Transient NO Nucleic
Non-Viral Bacteria Acids
Delivery
Vehicles Engineered YES Transient NO Nucleic

Bacteriophages Acids

Mammalian YES Transient NO Nucleic
Virus-like Acids
Particles
Biological YES Transient NO Nucleic
liposomes: Acids
Erythrocyte
Ghosts and
Exosomes

10.1 DNA-based Delivery of a Cas9 molecule and or one or more gRNA

molecule

Nucleic acid compositions encoding Cas9 molecules, gRNA molecules, a donor

template nucleic acid, or any combination (e.g., two or all) thereof can be administered

to subjects or delivered into cells by art-known methods or as described herein. For

example, Cas9-encoding and/or gRNA-encoding DNA, as well as donor template nucleic

acids can be delivered, e.g., by vectors (e.g., viral or non-viral vectors), non-vector based

methods (e.g., using naked DNA or DNA complexes), or a combination thereof.

Nucleic acid compositions encoding Cas9 molecules and/or gRNA molecules can

be conjugated to molecules (e.g., N-acetylgalactosamine) promoting uptake by the target

cells (e.g., the target cells described herein). Donor template molecules can likewise be

conjugated to molecules (e.g., N-acetylgalactosamine) promoting uptake by the target

cells (e.g., the target cells described herein).

In certain embodiments, the Cas9- and/or gRNA-encoding DNA is delivered by a

vector (e.g., viral vector/virus or plasmid).

Vectors can comprise a sequence that encodes a Cas9 molecule and/or a gRNA

molecule, and/or a donor template with high homology to the region (e.g., target

sequence) being targeted. In certain embodiments, the donor template comprises all or



part of a target sequence. Exemplary donor templates are a repair template, e.g., a gene

correction template, or a gene mutation template, e.g., point mutation (e.g., single

nucleotide (nt) substitution) template). A vector can also comprise a sequence encoding

a signal peptide (e.g., for nuclear localization, nucleolar localization, or mitochondrial

localization), fused, e.g., to a Cas9 molecule sequence. For example, the vectors can

comprise a nuclear localization sequence (e.g., from SV40) fused to the sequence

encoding the Cas9 molecule.

One or more regulatory/control elements, e.g., promoters, enhancers, introns,

polyadenylation signals, a Kozak consensus sequences, internal ribosome entry sites

(IRES), a 2A sequence, and splice acceptor or donor can be included in the vectors. In

certain embodiments, the promoter is recognized by RNA polymerase II (e.g., a CMV

promoter). In other embodiments, the promoter is recognized by RNA polymerase III

(e.g., a U6 promoter). In certain embodiments, the promoter is a regulated promoter

(e.g., inducible promoter). In certain embodiments, the promoter is a constitutive

promoter. In certain embodiments, the promoter is a tissue specific promoter. In certain

embodiments, the promoter is a viral promoter. In certain embodiments, the promoter is

a non-viral promoter.

In certain embodiments, the vector or delivery vehicle is a viral vector (e.g., for

generation of recombinant viruses). In certain embodiments, the virus is a DNA virus

(e.g., dsDNA or ssDNA virus). In certain embodiments, the virus is an RNA virus (e.g.,

an ssRNA virus). In certain embodiments, the virus infects dividing cells. In other

embodiments, the virus infects non-dividing cells. Exemplary viral vectors/viruses

include, e.g., retroviruses, lentiviruses, adenovirus, adeno-associated virus (AAV),

vaccinia viruses, poxviruses, and herpes simplex viruses.

In certain embodiments, the virus infects dividing cells. In other embodiments,

the virus infects non-dividing cells. In certain embodiments, the virus infects both

dividing and non-dividing cells. In certain embodiments, the virus can integrate into the

host genome. In certain embodiments, the virus is engineered to have reduced immunity,

e.g., in human. In certain embodiments, the virus is replication-competent. In other

embodiments, the virus is replication-defective, e.g., having one or more coding regions

for the genes necessary for additional rounds of virion replication and/or packaging

replaced with other genes or deleted. In certain embodiments, the virus causes transient

expression of the Cas9 molecule or molecules and/or the gRNA molecule or molecules.



In other embodiments, the virus causes long-lasting, e.g., at least 1 week, 2 weeks, 1

month, 2 months, 3 months, 6 months, 9 months, 1 year, 2 years, or permanent

expression, of the Cas9 molecule or molecules and/or the gRNA molecule or molecules.

The packaging capacity of the viruses may vary, e.g., from at least about 4 kb to at least

about 30 kb, e.g., at least about 5 kb, 10 kb, 15 kb, 20 kb, 25 kb, 30 kb, 35 kb, 40 kb, 45

kb, or 50 kb.

In certain embodiments, the viral vector recognizes a specific cell type or tissue.

For example, the viral vector can be pseudotyped with a different/alternative viral

envelope glycoprotein; engineered with a cell type-specific receptor (e.g., genetic

modification(s) of one or more viral envelope glycoproteins to incorporate a targeting

ligand such as a peptide ligand, a single chain antibody, or a growth factor); and/or

engineered to have a molecular bridge with dual specificities with one end recognizing a

viral glycoprotein and the other end recognizing a moiety of the target cell surface (e.g.,

a ligand-receptor, monoclonal antibody, avidin-biotin and chemical conjugation).

Exemplary viral vectors/viruses include, e.g., retroviruses, lentiviruses,

adenovirus, adeno-associated virus (AAV), vaccinia viruses, poxviruses, and herpes

simplex viruses.

In certain embodiments, the Cas9- and/or gRNA-encoding sequence is delivered

by a recombinant retrovirus. In certain embodiments, the retrovirus (e.g., Moloney

murine leukemia virus) comprises a reverse transcriptase, e.g., that allows integration

into the host genome. In certain embodiments, the retrovirus is replication-competent.

In certain embodiments, the retrovirus is replication-defective, e.g., having one of more

coding regions for the genes necessary for additional rounds of virion replication and

packaging replaced with other genes, or deleted.

In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

(optionally the donor template nucleic acid) is delivered by a recombinant lentivirus. For

example, the lentivirus is replication-defective, e.g., does not comprise one or more

genes required for viral replication.

In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

(optionally the donor template nucleic acid) is delivered by a recombinant adenovirus.

In certain embodiments, the adenovirus is engineered to have reduced immunity in

human.



In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

(optionally the donor template nucleic acid) is delivered by a recombinant AAV. In

certain embodiments, the AAV does not incorporate its genome into that of a host cell,

e.g., a target cell as describe herein. In certain embodiments, the AAV can incorporate at

least part of its genome into that of a host cell, e.g., a target cell as described herein. In

certain embodiments, the AAV is a self-complementary adeno-associated virus

(scAAV), e.g., a scAAV that packages both strands which anneal together to form

double stranded DNA. AAV serotypes that may be used in the disclosed methods,

include AAVl, AAV2, modified AAV2 (e.g., modifications at Y444F, Y500F, Y730F

and/or S662V), AAV3, modified AAV3 (e.g., modifications at Y705F, Y73 IF and/or

T492V), AAV4, AAV5, AAV6, modified AAV6 (e.g., modifications at S663V and/or

T492V), AAV8, AAV 8.2, AAV9, AAV rhlO, and pseudotyped AAV, such as AAV2/8,

AAV2/5 and AAV2/6 can also be used in the disclosed methods. In certain

embodiments, an AAV capsid that can be used in the methods described herein is a

capsid sequence from serotype AAVl, AAV2, AAV3, AAV4, AAV5, AAV6, AAV7,

AAV8, AAV9, AAV.rh8, AAV.rhlO, AAV.rh32/33, AAV.rh43, AAV.rh64Rl, or

AAV7m8.

In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

(optionally the donor template nucleic acid) is delivered in a re-engineered AAV capsid,

e.g., with about 50% or greater, e.g., about 60% or greater, about 70% or greater, about

80% or greater, about 90% or greater, or about 95% or greater, sequence homology with

a capsid sequence from serotypes AAVl, AAV2, AAV3, AAV4, AAV5, AAV6, AAV7,

AAV8, AAV9, AAV.rh8, AAV.rhlO, AAV.rh32/33, AAV.rh43, or AAV.rh64Rl .

In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

(optionally the donor template nucleic acid) is delivered by a chimeric AAV capsid.

Exemplary chimeric AAV capsids include, but are not limited to, AAV9il, AAV2i8,

AAV-DJ, AAV2G9, AAV2i8G9, or AAV8G9.

In certain embodiments, the AAV is a self-complementary adeno-associated virus

(scAAV), e.g., a scAAV that packages both strands which anneal together to form

double stranded DNA.

In certain embodiments, the Cas9- and/or gRNA-encoding DNA (optionally the

donor template nucleic acid) is delivered by a hybrid virus, e.g., a hybrid of one or more

of the viruses described herein. In certain embodiments, the hybrid virus is hybrid of an



AAV (e.g., of any AAV serotype), with a Bocavirus, B19 virus, porcine AAV, goose

AAV, feline AAV, canine AAV, or MVM.

A packaging cell is used to form a virus particle that is capable of infecting a

target cell. Exemplary packaging cells include 293 cells, which can package adenovirus,

and ψ2 or PA3 17 cells, which can package retrovirus. A viral vector used in gene therapy

is usually generated by a producer cell line that packages a nucleic acid vector into a

viral particle. The vector typically contains the minimal viral sequences required for

packaging and subsequent integration into a host or target cell (if applicable), with other

viral sequences being replaced by an expression cassette encoding the protein to be

expressed, e.g., components for a Cas9 molecule, e.g., two Cas9 components. For

example, an AAV vector used in gene therapy typically only possesses inverted terminal

repeat (ITR) sequences from the AAV genome which are required for packaging and

gene expression in the host or target cell. The missing viral functions can be supplied in

trans by the packaging cell line and/or plasmid containing E2A, E4, and VA genes from

adenovirus, and plasmid encoding Rep and Cap genes from AAV, as described in "Triple

Transfection Protocol." Henceforth, the viral DNA is packaged in a cell line, which

contains a helper plasmid encoding the other AAV genes, namely rep and cap, but

lacking ITR sequences. In certain embodiments, the viral DNA is packaged in a

producer cell line, which contains E l A and/or E1B genes from adenovirus. The cell line

is also infected with adenovirus as a helper. The helper virus (e.g., adenovirus or HSV)

or helper plasmid promotes replication of the AAV vector and expression of AAV genes

from the helper plasmid with ITRs. The helper plasmid is not packaged in significant

amounts due to a lack of ITR sequences. Contamination with adenovirus can be reduced

by, e.g., heat treatment to which adenovirus is more sensitive than AAV.

In certain embodiments, the viral vector is capable of cell type and/or tissue type

recognition. For example, the viral vector can be pseudotyped with a

different/alternative viral envelope glycoprotein; engineered with a cell type-specific

receptor (e.g., genetic modification of the viral envelope glycoproteins to incorporate

targeting ligands such as peptide ligands, single chain antibodies, growth factors); and/or

engineered to have a molecular bridge with dual specificities with one end recognizing a

viral glycoprotein and the other end recognizing a moiety of the target cell surface (e.g.,

ligand-receptor, monoclonal antibody, avidin-biotin and chemical conjugation).



In certain embodiments, the viral vector achieves cell type specific expression.

For example, a tissue-specific promoter can be constructed to restrict expression of the

transgene (Cas9 and gRNA) to only the target cell. The specificity of the vector can also

be mediated by microRNA-dependent control of transgene expression. In certain

embodiments, the viral vector has increased efficiency of fusion of the viral vector and a

target cell membrane. For example, a fusion protein such as fusion-competent

hemagglutin (HA) can be incorporated to increase viral uptake into cells. In certain

embodiments, the viral vector has the ability of nuclear localization. For example, a

virus that requires the breakdown of the nuclear envelope (during cell division) and

therefore can not infect a non-diving cell can be altered to incorporate a nuclear

localization peptide in the matrix protein of the virus thereby enabling the transduction of

non-proliferating cells.

In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

is delivered by a non-vector based method (e.g., using naked DNA or DNA complexes).

For example, the DNA can be delivered, e.g., by organically modified silica or silicate

(Ormosil), electroporation, transient cell compression or squeezing (e.g., as described in

Lee, et al, 2012, Nano Lett 12: 6322-27), gene gun, sonoporation, magnetofection, lipid-

mediated transfection, dendrimers, inorganic nanoparticles, calcium phosphates, or a

combination thereof.

In certain embodiments, delivery via electroporation comprises mixing the cells

with the Cas9-and/or gRNA-encoding DNA in a cartridge, chamber or cuvette and

applying one or more electrical impulses of defined duration and amplitude. In certain

embodiments, delivery via electroporation is performed using a system in which cells are

mixed with the Cas9- and/or gRNA-encoding DNA in a vessel connected to a device

(e.g„ a pump) which feeds the mixture into a cartridge, chamber or cuvette wherein one

or more electrical impulses of defined duration and amplitude are applied, after which

the cells are delivered to a second vessel.

In certain embodiments, the Cas9- and/or gRNA-encoding nucleic acid sequence

is delivered by a combination of a vector and a non-vector based method. In certain

embodiments, the donor template nucleic acid is delivered by a combination of a vector

and a non-vector based method. For example, virosomes combine liposomes combined

with an inactivated virus (e.g., HIV or influenza virus), which can result in more efficient



gene transfer, e.g., in respiratory epithelial cells than either viral or liposomal methods

alone.

In certain embodiments, the delivery vehicle is a non-viral vector. In certain

embodiments, the non-viral vector is an inorganic nanoparticle. Exemplary inorganic

nanoparticles include, e.g., magnetic nanoparticles (e.g., Fe3Mn0 2) and silica. The outer

surface of the nanoparticle can be conjugated with a positively charged polymer (e.g.,

polyethylenimine, polylysine, polyserine) which allows for attachment (e.g., conjugation

or entrapment) of payload. In certain embodiments, the non-viral vector is an organic

nanoparticle (e.g., entrapment of the payload inside the nanoparticle). Exemplary

organic nanoparticles include, e.g., SNALP liposomes that contain cationic lipids

together with neutral helper lipids which are coated with polyethylene glycol (PEG) and

protamine and nucleic acid complex coated with lipid coating.

Exemplary lipids for gene transfer are shown below in Table 4 .

Table 4: Lipids Used for Gene Transfer



rac-[(2,3-Dioctadecyloxypropyl)(2 -hydroxyethyl)]- CLIP-1 Cationic
dimethylammonium chloride
rac-[2(2,3-Dihexadecyloxypropyl- CLIP-6 Cationic
oxymethyloxy)ethyl]trimethylammonium bromide
Ethyldimyristoylphosphatidyl choline EDMPC Cationic
l,2-Distearyloxy -N,N -dimethyl-3-aminopropane DSDMA Cationic
1,2-Dimyristoyl-trimethylammonium propane DMTAP Cationic
O,O '-Dimyristyl-N-lysyl aspartate DMKE Cationic
l,2-Distearoyl-sn-glycero-3-ethylphosphocholine DSEPC Cationic
N -Palmitoyl D-erythro-sphingosyl carbamoyl- CCS Cationic
spermine
N-t -Butyl-N O-tetradecyl-3 - diC14-amidine Cationic
tetradecy1aminopropionamidine
Octadecenolyoxy[ethyl-2-heptadecenyl-3 DOTIM Cationic
hydroxyethyl] imidazolinium chloride

-Cholesteryloxy carbonyl-3 ,7-diazanonane- 1,9- CDAN Cationic
diamine
2-(3-[Bis(3-amino-propyl)-amino]propylamino )-N- RPR209120 Cationic
ditetradecy1carbamoy1me-ethyl-acetamide
l,2-dilinoleyloxy-3- dimethylaminopropane DLinDMA Cationic
2,2-dilinoleyl-4-dimethylaminoethyl-[l,3]- DLin-KC2- Cationic
dioxolane DMA
dilinoleyl- methyl-4-dimethylaminobutyrate DLin-MC3- Cationic

DMA

Exemplary polymers for gene transfer are shown below in Table 5 .

Table 5: Polymers Used for Gene Transfer



Poly(phosphoester)s PPE
Poly(phosphoramidate)s PPA
Poly(N-2-hydroxypropylmethacrylamide) pHPMA
Poly (2-(dimethylamino)ethyl methacrylate) pDMAEMA
Poly(2-aminoethyl propylene phosphate) PPE-EA
Chitosan
Galactosylated chitosan
N-Dodacylated chitosan
Histone
Collagen
Dextran-spermine D-SPM

In certain embodiments, the vehicle has targeting modifications to increase target

cell update of nanoparticles and liposomes, e.g., cell specific antigens, monoclonal

antibodies, single chain antibodies, aptamers, polymers, sugars (e.g., N-

acetylgalactosamine (GalNAc)), and cell penetrating peptides. In certain embodiments,

the vehicle uses fusogenic and endosome-destabilizing peptides/polymers. In certain

embodiments, the vehicle undergoes acid-triggered conformational changes (e.g., to

accelerate endosomal escape of the cargo). In certain embodiments, a stimuli-cleavable

polymer is used, e.g., for release in a cellular compartment. For example, disulfide-

based cationic polymers that are cleaved in the reducing cellular environment can be

used.

In certain embodiments, the delivery vehicle is a biological non-viral delivery

vehicle. In certain embodiments, the vehicle is an attenuated bacterium (e.g., naturally

or artificially engineered to be invasive but attenuated to prevent pathogenesis and

expressing the transgene (e.g., Listeria monocytogenes, certain Salmonella strains,

Bifidobacterium longum, and modified Escherichia coli), bacteria having nutritional and

tissue-specific tropism to target specific tissues, bacteria having modified surface

proteins to alter target tissue specificity). In certain embodiments, the vehicle is a

genetically modified bacteriophage (e.g., engineered phages having large packaging

capacity, less immunogenic, containing mammalian plasmid maintenance sequences and

having incorporated targeting ligands). In certain embodiments, the vehicle is a

mammalian virus-like particle. For example, modified viral particles can be generated

(e.g., by purification of the "empty" particles followed by ex vivo assembly of the virus

with the desired cargo). The vehicle can also be engineered to incorporate targeting

ligands to alter target tissue specificity. In certain embodiments, the vehicle is a

biological liposome. For example, the biological liposome is a phospholipid-based



particle derived from human cells (e.g., erythrocyte ghosts, which are red blood cells

broken down into spherical structures derived from the subject (e.g., tissue targeting can

be achieved by attachment of various tissue or cell-specific ligands), or secretory

exosomes -subject (i.e., patient) derived membrane-bound nanovesicle (30 -100 nm) of

endocytic origin (e.g., can be produced from various cell types and can therefore be

taken up by cells without the need of for targeting ligands).

In certain embodiments, one or more nucleic acid molecules (e.g., DNA

molecules) other than the components of a Cas system, e.g., the Cas9 molecule

component or components and/or the gRNA molecule component or components

described herein, are delivered. In certain embodiments, the nucleic acid molecule is

delivered at the same time as one or more of the components of the Cas system are

delivered. In certain embodiments, the nucleic acid molecule is delivered before or after

(e.g., less than about 30 minutes, 1 hour, 2 hours, 3 hours, 6 hours, 9 hours, 12 hours, 1

day, 2 days, 3 days, 1 week, 2 weeks, or 4 weeks) one or more of the components of the

Cas system are delivered. In certain embodiments, the nucleic acid molecule is delivered

by a different means than one or more of the components of the Cas system, e.g., the

Cas9 molecule component and/or the gRNA molecule component, are delivered. The

nucleic acid molecule can be delivered by any of the delivery methods described herein.

For example, the nucleic acid molecule can be delivered by a viral vector, e.g., an

integration-deficient lentivirus, and the Cas9 molecule component or components and/or

the gRNA molecule component or components can be delivered by electroporation, e.g.,

such that the toxicity caused by nucleic acids (e.g., DNAs) can be reduced. In certain

embodiments, the nucleic acid molecule encodes a therapeutic protein, e.g., a protein

described herein. In certain embodiments, the nucleic acid molecule encodes an RNA

molecule, e.g., an RNA molecule described herein.

11.2 Delivery of a RNA encoding a Cas9 molecule

RNA encoding Cas9 molecules and/or gRNA molecules can be delivered into

cells, e.g., target cells described in Section 9, by art-known methods or as described

herein. For example, Cas9-encoding and/or gRNA-encoding RNA can be delivered, e.g.,

by microinjection, electroporation, transient cell compression or squeezing (e.g., as

described in Lee, et al., 2012, Nano Lett 12: 6322-27), lipid-mediated transfection,

peptide-mediated delivery, or a combination thereof. Cas9-encoding and/or gRNA-



encoding RNA can be conjugated to molecules to promote uptake by the target cells

(e.g., target cells described herein).

In certain embodiments, delivery via electroporation comprises mixing the cells

with the RNA encoding Cas9 molecules and/or gRNA molecules with or without donor

template nucleic acid molecules, in a cartridge, chamber or cuvette and applying one or

more electrical impulses of defined duration and amplitude. In certain embodiments,

delivery via electroporation is performed using a system in which cells are mixed with

the RNA encoding Cas9 molecules and/or gRNA molecules with or without donor

template nucleic acid molecules, in a vessel connected to a device (e.g., a pump) which

feeds the mixture into a cartridge, chamber or cuvette wherein one or more electrical

impulses of defined duration and amplitude are applied, after which the cells are

delivered to a second vessel. Cas9-encoding and/or gRNA-encoding RNA can be

conjugated to molecules to promote uptake by the target cells (e.g., target cells described

herein).

11.3 Delivery of a Cas9 moleculeprotein

Cas9 molecules can be delivered into cells by art-known methods or as described

herein. For example, Cas9 protein molecules can be delivered, e.g., by microinjection,

electroporation, transient cell compression or squeezing (e.g., as described in Lee, et al,

2012, Nano Lett 12: 6322-27), lipid-mediated transfection, peptide-mediated delivery, or

a combination thereof. Delivery can be accompanied by DNA encoding a gRNA or by a

gRNA. Cas9 protein can be conjugated to molecules promoting uptake by the target

cells (e.g., target cells described herein).

In certain embodiments, delivery via electroporation comprises mixing the cells

with the Cas9 molecules and/or gRNA molecules with or without donor nucleic acid, in a

cartridge, chamber or cuvette and applying one or more electrical impulses of defined

duration and amplitude. In certain embodiments, delivery via electroporation is

performed using a system in which cells are mixed with the Cas9 molecules and/or

gRNA molecules in a vessel connected to a device (e.g., a pump) which feeds the

mixture into a cartridge, chamber or cuvette wherein one or more electrical impulses of

defined duration and amplitude are applied, after which the cells are delivered to a

second vessel. Cas9-encoding and/or gRNA-encoding RNA can be conjugated to

molecules to promote uptake by the target cells (e.g., target cells disclosed in Section 9).



11. 4 RNP delivery of Cas9 moleculeprotein and gRNA

In certain embodiments, the Cas9 molecule and gRNA molecule are delivered to

target cells via Ribonucleoprotein (RNP) delivery. In certain embodiments, the Cas9

molecule is provided as a protein, and the gRNA molecule is provided as transcribed or

synthesized RNA. The gRNA molecule can be generated by chemical synthesis. In

certain embodiments, the gRNA molecule forms a RNP complex with the Cas9 molecule

protein under suitable condition prior to delivery to the target cells. The RNP complex

can be delivered to the target cells by any suitable methods known in the art, e.g., by

electroporation, lipid-mediated transfection, protein or DNA-based shuttle, mechanical

force, or hydraulic force. In certain embodiments, the RNP complex is delivered to the

target cells by electroporation.

11.5 Route of Administration

Systemic modes of administration include oral and parenteral routes. Parenteral

routes include, by way of example, intravenous, intrarterial, intraosseous, intramuscular,

intradermal, subcutaneous, intranasal and intraperitoneal routes. Components

administered systemically may be modified or formulated to target the components to

epithelial or neuronal cells.

Local modes of administration include, by way of example, intrathecal,

intraspinal, intra-cerebroventricular, and intraparenchymal (e.g., into the parenchyma of

the brain or spinal cord).

In certain embodiments, local modes of administration include intra-parenchymal

into the dorsal root ganglion at the level of the trigeminal nerve. In certain embodiments,

local modes of administration include intra-parenchymal into the dorsal root ganglion at

the level of the sacral ganglia. In certain embodiments, local modes of administration

include intra-parenchymal into the dorsal root ganglion at the level of the lumbar

ganglia. In certain embodiments, local modes of administration include intra-

parenchymal into the dorsal root ganglion at the level of the thoracic ganglia. In certain

embodiments, local modes of administration include intra-parenchymal into the dorsal

root ganglion at the level of the cervical ganglia, e.g., superior cervical ganglion, e.g.,

middle cervical ganglion, e.g., inferior cervical ganglion. In certain embodiments, local

modes of administration include intra-parenchymal into the dorsal root ganglion at the

level of the cranial nerve ganglia, e.g. cranial nerve ganglia I-XII.



In certain embodiments, significantly smaller amounts of the components

(compared with systemic approaches) may exert an effect when administered locally

compared to when administered systemically (for example, intravenously). Local modes

of administration can reduce or eliminate the incidence of potentially toxic side effects

that may occur when therapeutically effective amounts of a component are administered

systemically.

In certain embodiments, components described herein are delivered to epithelial

cells, e.g., epithelial cells of the oropharynx (including, e.g., epithelial cells of the nose,

gums, lips, tongue or pharynx), epithelial cells of the finger or fingernail bed, or

epithelial cells of the ano-genital area (including, e.g., epithelial cells of the penis, vulva,

vagina or anus). In certain embodiments, components described herein are delivered to

the eye (including, e.g., corneal epithelium, e.g., corneal stroma, e.g., epithelium of

upper and lower eyelid, e.g., lens).

Administration may be provided as a periodic bolus or as continuous infusion

from an internal reservoir or from an external reservoir (for example, from an

intravenous bag). Components may be administered locally, for example, by continuous

release from a sustained release drug delivery device.

Administration may be provided as continuous infusion from an internal reservoir

(for example, from an implant disposed at an intra- or extra-ocular location (see, U.S.

Pat. Nos. 5,443,505 and 5,766,242)) or from an external reservoir (for example, from an

intravenous bag). Components may be administered locally, for example, by continuous

release from a sustained release drug delivery device immobilized to an inner wall of the

eye or via targeted transscleral controlled release into the choroid (see, for example,

PCT/USOO/00207, PCT/US02/14279, Ambati et al. (2000) Invest. Ophthalmol. Vis. Sci.

41:1 181-1 185, and Ambati et al. (2000) Invest. Ophthalmol. Vis. Sci. 41:1 186-1 191). A

variety of devices suitable for administering components locally to the inside of the eye

are known in the art. See, for example, U.S. Pat. Nos. 6,251,090, 6,299,895, 6,416,777,

6,413,540, and PCT/USOO/28187.

In certain embodiments, components may be formulated to permit release over a

prolonged period of time. A release system can include a matrix of a biodegradable

material or a material which releases the incorporated components by diffusion. The

components can be homogeneously or heterogeneously distributed within the release

system. A variety of release systems may be useful, however, the choice of the



appropriate system will depend upon rate of release required by a particular application.

Both non-degradable and degradable release systems can be used. Suitable release

systems include polymers and polymeric matrices, non-polymeric matrices, or inorganic

and organic excipients and diluents such as, but not limited to, calcium carbonate and

sugar (for example, trehalose). Release systems may be natural or synthetic. However,

synthetic release systems are preferred because generally they are more reliable, more

reproducible and produce more defined release profiles. The release system material can

be selected so that components having different molecular weights are released by

diffusion through or degradation of the material.

Representative synthetic, biodegradable polymers include, for example:

polyamides such as poly(amino acids) and poly(peptides); polyesters such as poly(lactic

acid), poly(glycolic acid), poly(lactic-co-glycolic acid), and poly(caprolactone);

poly(anhydrides); polyorthoesters; polycarbonates; and chemical derivatives thereof

(substitutions, additions of chemical groups, for example, alkyl, alkylene,

hydroxylations, oxidations, and other modifications routinely made by those skilled in

the art), copolymers and mixtures thereof. Representative synthetic, non-degradable

polymers include, for example: polyethers such as poly(ethylene oxide), poly(ethylene

glycol), and poly(tetramethylene oxide); vinyl polymers-polyacrylates and

polymethacrylates such as methyl, ethyl, other alkyl, hydroxyethyl methacrylate, acrylic

and methacrylic acids, and others such as poly(vinyl alcohol), poly(vinyl pyrolidone),

and poly(vinyl acetate); poly(urethanes); cellulose and its derivatives such as alkyl,

hydroxyalkyl, ethers, esters, nitrocellulose, and various cellulose acetates; polysiloxanes;

and any chemical derivatives thereof (substitutions, additions of chemical groups, for

example, alkyl, alkylene, hydroxylations, oxidations, and other modifications routinely

made by those skilled in the art), copolymers and mixtures thereof.

Poly(lactide-co-glycolide) microsphere can also be used for injection. Typically

the microspheres are composed of a polymer of lactic acid and glycolic acid, which are

structured to form hollow spheres. The spheres can be approximately 15-30 microns in

diameter and can be loaded with components described herein.

11.6 Bi-Modal or Differential Delivery of Components

Separate delivery of the components of a Cas system, e.g., the Cas9 molecule

component or components and the gRNA molecule component or components, and more



particularly, delivery of the components by differing modes, can enhance performance,

e.g., by improving tissue specificity and safety.

In certain embodiments, the Cas9 molecule or molecules and the gRNA molecule

or molecules are delivered by different modes, or as sometimes referred to herein as

differential modes. Different or differential modes, as used herein, refer modes of

delivery that confer different pharmacodynamic or pharmacokinetic properties on the

subject component molecule, e.g., a Cas9 molecule or gRNA molecule, a donor template

nucleic acid. For example, the modes of delivery can result in different tissue

distribution, different half-life, or different temporal distribution, e.g., in a selected

compartment, tissue, or organ.

Some modes of delivery, e.g., delivery by a nucleic acid vector that persists in a

cell, or in progeny of a cell, e.g., by autonomous replication or insertion into cellular

nucleic acid, result in more persistent expression of and presence of a component.

Examples include viral, e.g., AAV or lentivirus, delivery.

By way of example, the components, e.g., a Cas9 molecule and a gRNA

molecule, can be delivered by modes that differ in terms of resulting half-life or

persistence of the delivered component within the body, or in a particular compartment,

tissue or organ. In certain embodiments, a gRNA molecule can be delivered by such

modes. The Cas9 molecule component can be delivered by a mode which results in less

persistence or less exposure to the body or a particular compartment or tissue or organ.

In certain embodiments, two Cas9 molecules can by delivered by modes that differ in

terms of resulting half-life or persistence of the delivered component within the body, or

in a particular compartment, tissue or organ. In certain embodiments, two or more gRNA

molecules can by delivered by modes that differ in terms of resulting half-life or

persistence of the delivered component within the body, or in a particular compartment,

tissue or organ.

More generally, in certain embodiments, a first mode of delivery is used to

deliver a first component and a second mode of delivery is used to deliver a second

component. The first mode of delivery confers a first pharmacodynamic or

pharmacokinetic property. The first pharmacodynamic property can be, e.g.,

distribution, persistence, or exposure, of the component, or of a nucleic acid that encodes

the component, in the body, a compartment, tissue or organ. The second mode of

delivery confers a second pharmacodynamic or pharmacokinetic property. The second



pharmacodynamic property can be, e.g., distribution, persistence, or exposure, of the

component, or of a nucleic acid that encodes the component, in the body, a compartment,

tissue or organ.

In certain embodiments, the first pharmacodynamic or pharmacokinetic property,

e.g., distribution, persistence or exposure, is more limited than the second

pharmacodynamic or pharmacokinetic property.

In certain embodiments, the first mode of delivery is selected to optimize, e.g.,

minimize, a pharmacodynamic or pharmacokinetic property, e.g., distribution,

persistence or exposure.

In certain embodiments, the second mode of delivery is selected to optimize, e.g.,

maximize, a pharmacodynamic or pharmacokinetic property, e.g., distribution,

persistence or exposure.

In certain embodiments, the first mode of delivery comprises the use of a

relatively persistent element, e.g., a nucleic acid, e.g., a plasmid or viral vector, e.g., an

AAV or lentivirus. As such vectors are relatively persistent product transcribed from

them would be relatively persistent.

In certain embodiments, the second mode of delivery comprises a relatively

transient element, e.g., an RNA or protein.

In certain embodiments, the first component comprises gRNA, and the delivery

mode is relatively persistent, e.g., the gRNA is transcribed from a plasmid or viral

vector, e.g., an AAV or lentivirus. Transcription of these genes would be of little

physiological consequence because the genes do not encode for a protein product, and

the gRNAs are incapable of acting in isolation. The second component, a Cas9

molecule, is delivered in a transient manner, for example as mRNA or as protein,

ensuring that the full Cas9 molecule/gRNA molecule complex is only present and active

for a short period of time.

In certain embodiments, the second component, two Cas9 molecules, is delivered

in a transient manner, for example as mRNA or as protein, ensuring that the full

Cas9/gRNA complex is only present and active for a short period of time. In certain

embodiments, the second components, two Cas9 molecules, are delivered at two separate

time points, e.g. a first Cas9 molecule delivered at one time point and a second Cas9

molecule delivered at a second time point, for example as mRNA or as protein, ensuring

that the full Cas9/gRNA complexes are only present and active for a short period of time.



Furthermore, the components can be delivered in different molecular form or

with different delivery vectors that complement one another to enhance safety and tissue

specificity.

Use of differential delivery modes can enhance performance, safety and efficacy.

E.g., the likelihood of an eventual off-target modification can be reduced. Delivery of

immunogenic components, e.g., Cas9 molecules, by less persistent modes can reduce

immunogenicity, as peptides from the bacterially-derived Cas enzyme are displayed on

the surface of the cell by MHC molecules. A two-part delivery system can alleviate these

drawbacks.

Differential delivery modes can be used to deliver components to different, but

overlapping target regions. The formation active complex is minimized outside the

overlap of the target regions. Thus, in certain embodiments, a first component, e.g., a

gRNA molecule is delivered by a first delivery mode that results in a first spatial, e.g.,

tissue, distribution. A second component, e.g., a Cas9 molecule is delivered by a second

delivery mode that results in a second spatial, e.g., tissue, distribution. Two distinct

second components, e.g., two distinct Cas9 molecules, are delivered by two distinct

delivery modes that result in a second and third spatial, e.g., tissue, distribution. In

certain embodiments, the first mode comprises a first element selected from a liposome,

nanoparticle, e.g., polymeric nanoparticle, and a nucleic acid, e.g., viral vector. The

second mode comprises a second element selected from the group. The third mode

comprises a second element selected from the group. In certain embodiments, the first

mode of delivery comprises a first targeting element, e.g., a cell specific receptor or an

antibody, and the second mode of delivery does not include that element. In

embodiment, the second mode of delivery comprises a second targeting element, e.g., a

second cell specific receptor or second antibody. In embodiment, the third mode of

delivery comprises a second targeting element, e.g., a second cell specific receptor or

second antibody.

When the Cas9 molecule or molecules are delivered in a virus delivery vector, a

liposome, or polymeric nanoparticle, there is the potential for delivery to and therapeutic

activity in multiple tissues, when it may be desirable to only target a single tissue. A two-

part delivery system can resolve this challenge and enhance tissue specificity. If the

gRNA molecule or molecules and the Cas9 molecule or molecules are packaged in



separated delivery vehicles with distinct but overlapping tissue tropism, the fully

functional complex is only be formed in the tissue that is targeted by both vectors.

In certain embodiments, components designed to alter (e.g., introduce a mutation

into RL2, LAT, or RSI) in one target position are delivered prior to, concurrent with, or

subsequent to components designed to alter (e.g., introduce a mutation into RL2, LAT, or

RSI) a second target position.

11. 7 Ex vivo delivery

In certain embodiments, each component of the genome editing system or genetic

construct described in Table 2 are introduced into a cell which is then introduced into the

subject, e.g., cells are removed from a subject, manipulated ex vivo and then introduced

into the subject. Methods of introducing the components can include, e.g., any of the

delivery methods described in Table 3 .

EXAMPLES

It will be readily apparent to those skilled in the art that other suitable

modifications and adaptations of the methods of the present disclosure described herein

are readily applicable and appreciable, and may be made using suitable equivalents

without departing from the scope of the present disclosure or the aspects and

embodiments disclosed herein. Having now described the present disclosure in detail,

the same will be more clearly understood by reference to the following examples, which

are merely intended only to illustrate some aspects and embodiments of the disclosure,

and should not be viewed as limiting to the scope of the disclosure. The disclosures of

all journal references, U.S. patents, and publications referred to herein are hereby

incorporated by reference in their entireties.

The presently disclosed subject matter has multiple aspects, illustrated by the

following non-limiting examples.

Example 1 —Reduction of HSV-1 Infection in Cells Transfected by Plasmids

Encoding a Cas9 Molecule and a Presently Disclosed gRNA molecule

24 plasmids (see Table 6), each of which encodes a wild-type S. aureus Cas9

molecule and one gRNA molecule targeting one HSV-1 viral gene were made.

Table 6



pAF061 GUCAUCGACCUCGUCGGACU (SEQ ID NO: 2) 20 HSV-1 RSI gene
pAF062 GGGCGCGGCGACAGGCGGUCCG (SEQ ID NO: 3) 22 HSV-1 RSI gene
pAF063 GCGCGGCGACAGGCGGUCCG (SEQ ID NO: 4) 20 HSV-1 RSI gene
pAF064 GACGGGCCUCCAUCCCGGGU (SEQ ID NO: 5) 20 HSV-1 UL19 gene
pAF065 GCGAGGUCGUGAAGCUGGAAU (SEQ ID NO: 6) 2 1 HSV-1 UL48 gene
pAF066 GACACGCACCGCCAGGAGUGU (SEQ ID NO: 7) 2 1 HSV-1 UL54 gene
pAF067 GGAGUGUUCGAGUCGUGUCU (SEQ ID NO: 8) 20 HSV-1 UL54 gene
pAF068 GGAGAGCCGCCGCGACGACC (SEQ ID NO: 9) 20 HSV-1 UL54 gene
pAF069 GACCUGGAAUCGGACAGCAGCG (SEQ ID NO: 10) 22 HSV-1 UL54 gene
pAF070 GCGACCGUCUCCUCUACCUC (SEQ ID NO: 11) 20 HSV-1 UL30 gene
pAF071 GCCCCCCCGGCCCUGAGUCGGAGG (SEQ ID NO: 12) 24 HSV-1 RL2 gene
pAF072 GUCUCUGUUGUUUGCAAGGGGG (SEQ ID NO: 13) 22 HSV-1 RL2 gene
pAF073 CCUUGUGAAACAGUACGGCC (SEQ ID NO: 14) 20 HSV-1 UL30 gene
pAF074 GUACGGCCCCGAGUUCGUGA (SEQ ID NO: 15) 20 HSV-1 UL30 gene
pAF190 GAGGCCGCCGAGGACGUCAG (SEQ ID NO: 16) 24 HSV-1 RL2 gene
pAF191 GCCCCUCCGGGGGGGUUGGGGU (SEQ ID NO: 17) 24 HSV-1 RL2 gene
pAF192 GGGGGGCGUCUGGCCCCUCCGG (SEQ ID NO: 18) 24 HSV-1 RL2 gene
pAF193 UCGGGGCCGUACUGUUUCAC (SEQ ID NO: 19) 24 HSV-1 UL30 gene
pAF075 GGUCCGUGCUGUCCGCCUCGGAGG (SEQ ID NO: 20) 20 HSV-1 RL2 gene
pAF076 GCCUGAUAGUGGGCGUGACGCCCA (SEQ ID NO: 21) 22 HSV-1 RL2 gene
pAF077 GUCAUCGUCGUCGGCUCGAAAGGC (SEQ ID NO: 22) 22 HSV-1 RL2 gene
pAF078 GCCCCGCUCGUCGCGGUCUGGGCU (SEQ ID NO: 23) 20 HSV-1 UL30 gene

All 24 plasmids were transfected into HEK293T cells. The transfected

HEK293T cells were challenged with lytic HSV-1 viruses and assayed by qPCR for

HSV-1 viral genomes. In particular, on Day 0, a multi-well plate with seeded HEK293T

cells was transfected with the plasmids including one for the expression of S. aureus

Cas9, one for the expression of different HSV-1 targeting gRNAs, and one for the

expression of Blasticidin resistance, e.g., those listed in Table 6 . On Day 2, cells were

challenged with Blasticidin to kill off any that had failed to be transfected. On Day 5,

cells were infected with HSV-1 viruses at a dose of 0.1 MOI (Multiplicity of Infection).

On Day 6, cells were removed from the plate and the DNA was harvested with Qiagen's

DNeasy kit. SYBR-green qPCR was run on DNA samples using primers specific for

HSV-1 genome and for actin.

As shown in Figure 1, the qPCR results illustrate knockdown or reduction of

HSV-1 replication in some plasmids but not all tested plasmids.

It is understood that the foregoing detailed description and accompanying

examples are merely illustrative and are not to be taken as limitations upon the scope of

the presently disclosed subject matter, which is defined solely by the appended claims

and their equivalents.

Various changes and modifications to the disclosed embodiments will be

apparent to those skilled in the art. Such changes and modifications, including without



limitation those relating to the chemical structures, substituents, derivatives,

intermediates, syntheses, compositions, formulations, or methods of use of the presently

disclosed subject matter, may be made without departing from the spirit and scope

thereof.



What is claimed is:

1. A vector encoding a guide RNA (gRNA) molecule and one Cas9 molecule,

wherein the gRNA molecule comprises a targeting domain comprising the nucleotide

sequence selected from SEQ ID NOS: 1 to 23.

2 . The vector of claim 1, wherein the targeting domain comprises a nucleotide

sequence selected from the group consisting of: SEQ ID NOS: 2, 6, 10, 15 and 16.

3 . The vector of claim 1 or 2, wherein the vector is configured to alter a HSV viral

gene selected from the group consisting of a UL19 gene, a UL30 gene, a UL48 gene, a

UL54 gene, a RSI gene, or a RL2 gene.

4 . The vector of any one of claims 1-3, wherein the Cas9 molecule is an S. aureus

Cas9 molecule.

5 . The vector of any one of claims 1-4, wherein the Cas9 molecule recognizes a

Protospacer Adjacent Motif (PAM) of either NNGRRT (SEQ ID NO: 24) or NNGRRV

(SEQ ID NO: 25).

6 . The vector of any one of claims 1-5, wherein the vector is a viral vector.

7 . The vector of any one of claims 1-6 for use in reducing or preventing herpes

simplex virus (HSV) infection in a cell.

8 . The vector for use of claim 7, wherein the cell is infected with HSV.

9 . The vector for use of claim 7 or 8, wherein the HSV infection is HSV-1 infection.

10. A composition comprising the vector of any one of claims 1-6.

11 . A genome editing system comprising:

(a) a gRNA molecule comprising a targeting domain that comprises the

nucleotide sequence selected from SEQ ID NOS: 1 to 23,

(b) a Cas9 molecule.

12. The genome editing system of claim 11, wherein the targeting domain comprises

a nucleotide sequence selected from the group consisting of: SEQ ID NOS: 2, 6, 10, 15

and 16.

13. The genome editing system of claim 11 or 12, wherein the genome editing

system is configured to alter a HSV viral gene selected from the group consisting of a a

UL19 gene, a UL30 gene, a UL48 gene, a UL54 gene, a RSI gene, or a RL2 gene.

14. The genome editing system of any one of claims 11-13, wherein the Cas9

molecule is an S. aureus Cas9 molecule.

15. The genome editing system of any one of claims 11-14, wherein the Cas9



molecule recognizes a PAM of either NNGRRT (SEQ ID NO: 24) or NNGRRV (SEQ

ID NO: 25).

16. The genome editing system of any one of claims 11-15 for use in reducing or

preventing HSV infection in a cell.

17. The genome editing system for use of claim 16, wherein the cell is infected with

HSV.

18. The genome editing system for use of claim 16 or 17, wherein the HSV infection

is HSV-1 infection.

19. A cell comprising the vector of any one of claims 1-6 or the genome editing

system of any one of claims 11-15.

20. A method of reducing or preventing HSV infection in a cell, comprising

administering to the cell:

(a) a vector encoding a gRNA molecule and one Cas9 molecule; or

(b) a genome editing system comprising a gRNA molecule and a Cas9 molecule;

wherein the gRNA molecule comprises a targeting domain comprising the nucleotide

sequence selected from SEQ ID NOS: 1 to 23.

2 1. The methd of claim 20, wherein the targeting domain comprises a nucleotide

sequence selected from the group consisting of: SEQ ID NOS: 2, 6, 10, 15 and 16.

22. The method of claim 20 or 21, wherein the cell is infected with HSV.

23. The method of any one of clais 20-22, wherein the HSV infection is HSV-1

infection.

24. The method of any one of claims 20-23, wherein the cell is selected from the

group consisting of an epithelial cell, a neuronal cell and an optic cell.
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