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Viral infections are a common cause of morbidity worldwide. The emergence of Coronavirus Disease 2019
(COVID-19) has led to more attention to viral infections and finding novel therapeutics. The CRISPR-Cas9 system
has been recently proposed as a potential therapeutic tool for the treatment of viral diseases. Here, we review the
research progress in the use of CRISPR-Cas technology for treating viral infections, as well as the strategies for
improving the delivery of this gene-editing tool in vivo. Key challenges that hinder the widespread clinical

application of CRISPR-Cas9 technology are also discussed, and several possible directions for future research are

proposed.

1. Background

Viral infections contribute to significant morbidity and mortality
worldwide, and can potentially escalate into an epidemic or a pandemic
that has serious socioeconomic implications [1,2]. The evolution of
drug-resistant viral strains, along with the continual emergence of new
pathogenic viruses, has created a constant need for the design of novel
antiviral therapeutic approaches [3-5]. Nevertheless, the development
of therapeutic compounds based on drugs is challenging, as viruses often
co-opt the host cellular machinery for their replication and transmission;
thus, therapeutic agents that inhibit the replication of the virus are likely
to interfere with the normal biological functions of the host [6]. Besides,

the vastly different molecular characteristics among viruses have
created significant obstacles for developing broad-spectrum antiviral
therapeutic agents [7,8]. For these reasons, the focus of more recent
antiviral therapy development has shifted towards alternative strategies,
such as with the use of RNA interference (RNAi)-based approach [9,10].
However, these approaches have their inherent limitations, such as the
inability to eradicate the cccDNA (covalently closed circular DNA) of
hepatitis B virus (HBV); hence, cessation of RNAi treatment can cause
HBV reactivation [11,12].

In addition to structural proteins, the presence of nucleic acid is
critical to assembling an infectious virion. Accordingly, the virus life
cycle completion within the host cell depends on the efficient replication

* Correspondence to: Department of Medical Biotechnology, School of Advanced Technologies in Medicine, Shahid Beheshti University of Medical Sciences, Tehran

19395-4818, Iran.

** Corresponding author at: Research Center for Biochemistry and Nutrition in Metabolic Diseases, Institute for Basic Sciences, Kashan University of Medical

Sciences, Kashan, Iran.

E-mail addresses: v.jajarmi@gmail.com (V. Jajarmi), mirzaei-h@kaums.ac.ir (H. Mirzaei).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.biopha.2022.112743

Received 13 January 2022; Received in revised form 16 February 2022; Accepted 18 February 2022

Available online 25 February 2022
0753-3322/© 2022 The Author(s).

(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY license


mailto:v.jajarmi@gmail.com
mailto:mirzaei-h@kaums.ac.ir
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2022.112743
https://doi.org/10.1016/j.biopha.2022.112743
https://doi.org/10.1016/j.biopha.2022.112743
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2022.112743&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Najafi et al.

of the viral genome. Hence, it can be argued that one of the best antiviral
methods may be the removal of viral genetic elements. However, this
antiviral strategy of targeting the viral genome can face a major
bottleneck involving the absence of a virus-specific gene degradation
method. Some preclinical studies have recently examined the thera-
peutic activity of sequence-specific endonucleases to directly manipu-
late the viral genome, including clustered regulatory interspaced short
palindromic repeat (CRISPR)-associated nucleases (Cas), transcription
activator-like effectors nucleases (TALENS) and zinc finger nucleases
(ZFNs) [13,14]. In this regard, great attention has been attracted to-
wards the CRISPR/Cas system because of simplicity, specificity and
relative versatility [15-18]. Six variants have been found for the
CRISPR/Cas system [19], the most important of which is type II
CRISPR/Cas9 system separated from Streptococcus pyogenes (Sp). The
CRISPR/Cas9 system has been introduced as a promising approach to
the knock-out of target genes and the knock-in of genetic material at
specific sites in a variety of animal models like nonhuman primates,
mice, Drosophila and zebrafish [20,21]. This technique could enable the
application of in vivo measures to treat some cancers and genetic defects
in human beings. In recent decades, great attention has been paid to-
wards the CRISPR/Cas9 rewiring strategies regarding DNA locus imag-
ing, epigenetic modulation, targeting of human pathogens, gene
activation, target gene inhibition and RNA tracking [22].

The recently emerged CRISPR-Cas have heralded a new era in the
treatment of viral disorders. The nucleases were originally described as a
mechanism of defense in archaea and bacteria, and have since been
exploited as a genome-editing tool for precise manipulation of nucleic
acid sequences in a variety of organisms [23]. The ability to modify the
sequences of not only DNA but also RNA allows the nucleases to edit
both the viral and the host genomes [24]. The nucleases are also capable
of modifying multiple genes simultaneously at high-efficiency rates
[25]. Moreover, unlike other types of sequence-specific endonucleases
including the TALENs and zinc-finger nucleases (ZFNs), the use of the
CRISPR-Cas system eliminates the need for engineering, selecting and
validating the target site-specific protein pairs [26]. Rather, it uses small
RNAs, which are easier to design and cheaper to produce, for its
sequence-specific cleavage activity. These attributes, coupled with its
high specificity and versatility, make the CRISPR-Cas system an ideal
therapeutic option for viral diseases. Here, new advances in the use of
CRISPR-Cas for treating viral disorders, with a special focus on human
immunodeficiency virus (HIV), hepatitis B virus (HBV), herpesviruses,
human papillomavirus (HPV), and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), were reviewed. We further discussed the
use of vector systems to enhance the delivery of CRISPR-Cas. Finally,
limitations of using CRISPR-Cas for antiviral therapy were illuminated,
and possible directions for future research were proposed.

2. CRISPR-Cas systems

CRISPR-Cas is a prokaryotic adaptive immune system that plays a
role in inactivating exogenous genetic elements. The CRISPR-Cas sys-
tems can be divided into two classes based on the effector protein used.
Whereas Class 1 systems utilize multiple Cas effectors for their nucleic
acid cleavage activities, Class 2 systems use a single multidomain
effector, notably Cas9, Cas12 and Cas13, for the same purpose [27]. The
type of effector protein used dictates a number of CRISPR-Cas features,
including the target molecule, trans-cleavage ability, recognition site
sequence, etc. As an example, Cas9-mediated cleavage targets
double-stranded DNA (dsDNA), whereas Cas1l3-mediated cleavage tar-
gets single-stranded RNA molecules.

Among the numerous different CRISPR-Cas systems, CRISPR-Cas9 is
undoubtedly the most well-characterized system. The CRISPR/Cas9
complex is composed of two key components: the Cas9 enzyme, which
performs the endonuclease function; and a guide RNA (gRNA), which
directs Cas9 to the target site. The Cas9 enzyme contains a HNH nuclease
domain and a RuvC-like nuclease domain, each of which is in charge of
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cleaving one of the target DNA strands. The gRNA, on the other hand,
comprises a short (~20 nt) CRISPR RNA (crRNA), which is the crucial
element that determines the target specificity of CRISPR-Cas9, that is
embedded within a longer trans-activating crRNA (tracrRNA). The
CRISPR-Cas9-based genome editing technologies take advantage of the
targeting specificity of the crRNA, such that the crRNA sequence is
synthetically modified to mediate the cleavage of the desired sequence
(s) by Cas9. The CRISPR-Cas9 system can cleave any dsDNA sequence in
the genome, provided that it is located immediately adjacent to a pro-
tospacer adjacent motif (PAM), which serves as the site for Cas recog-
nition [28]. The canonical sequence of the PAM is 5’-NGG-3'.
Nonetheless, Cas also cleaves dsDNA sequence located next to other
non-canonical PAMs, such as the 5°-NAG-3’ and 5’-NGA-3’ sequences,
albeit to a much lower efficiency [28,29].

Cleavage by Cas9 constitutes the first step in gene editing. The
double-strand breaks (DSBs) induced by Cas9 need to be repaired by
cellular DNA repair pathways, during which the gene modification is
achieved. There are two major DNA repair pathways, namely the non-
homologous end joining (NHEJ) and the homology directed repair
(HDR) pathways. The latter pathway is preferred for precise gene edit-
ing, as the NHEJ repair pathway often results in the formation of indels
and causes frameshifts to the genes of interest [30]. However, the choice
of the repair pathway is dependent on a number of cellular regulatory
factors, notably 53BP1 and BRCA1 [30]. High levels of 53BP1 have been
associated with a preferential NHEJ repair pathway, whereas high levels
of BRCA1 may promote HDR [30,31]. A number of small-molecule drugs
targeting the 53BP1 and BRCA1 pathways, including DNA ligase IV in-
hibitors, protein kinase catalytic subunit inhibitors, Rad51 agonists,
Golgi apparatus inhibitors and p3-adrenergic receptor agonists, have
been used to encourage HDR repair over NHEJ for Cas9-induced DSBs to
facilitate precise gene editing [32-36].

As a precise genome modification tool, CRISPR-Cas9 holds great
promise in molecular medicine. It has been widely used for the diagnosis
of genetic and infectious diseases due to its ability to recognize and
cleave specific sequences with high sensitivity, at a rapid rate. Several
CRISPR-based diagnostics are commercially available for the clinical
diagnosis of several viruses [37]. For example, DETECTR [38], SHER-
LOCK [39], FELUDA [40] and AIOD-CRISPR [41] kits have recently
been developed for the detection of SARS-Cov-2 — of which the first two
have received emergency use authorization from the Food and Drug
Administration (FDA) [42]. Apart from diagnosis, CRISPR-Cas9 also
finds its use in the treatment of diseases. In 2016, the CRISPR-Cas9
system was used for the first time in the clinic, where T cells with
CRISPR-edited PD-1 were used to treat a lung cancer patient [43]. It has
since been used in the treatment of pulmonary and gastrointestinal
diseases, hematologic diseases, viral diseases, vector diseases, autoim-
mune and inflammatory diseases, and other cancers, where encouraging
results have been obtained [44].

3. CRISPR-Cas for treatment of viral infections

Viruses are obligate parasites that infect and enter host prokaryotic
or eukaryotic cells through their surface receptors [45,46]. Their
genome is composed of either ribonucleic acid (RNA) or deoxy-
ribonucleic acid (DNA). A complete virus particle with all its structures
is called a virion, which is a fully functional unit capable of infecting and
delivering the viral DNA/RNA to the host cells. They can be good can-
didates to be targeted by CRISPR-based therapeutics due to their intra-
cellular localization and cellular protein requirement for replication and
survival [47,48].

Viral infections may be classified into lytic, latent, or chronic. During
lytic infection, the virus can actively replicate and produce offspring
virions. Once the progeny viral genomes are packaged within the protein
coats or capsids, they are released via cell lysis, a process which kills the
host cell. Certain viruses may also induce latent infection, in which the
virus enters a dormant condition and may stay inactive for years [49,
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50]. Numerous human viruses, such as the herpes simplex virus 1
(HSV-1), Epstein-Barr virus (EBV), cytomegalovirus (CMV), human
herpesvirus 6 (HHV-6) and HBV, may induce latent infections [51].
Finally, chronic infection is characterized by persistent low-level viral
replication, which results in organ damage over time. Several major
human viruses, including HBV and human immunodeficiency virus type
1 (HIV-1), exhibit characteristics of chronic infection [52,53].
Eradication of virus in latent and chronic infections is difficult, as the
viral genome is retained inside the host cell, either in the form of free-
floating viral minichromosomes or incorporated into the host genome.
Fortunately, CRISPR-based technologies allow specific targeting of the
viral genome within the host cell, which abrogates the transcription and
replication of the virus. For this reason, the CRISPR-Cas9 system has
been widely used to target numerous types of human DNA viruses,
including HSV-1, EBV, CMV, human papillomavirus (HPV), and JC
polyomavirus [54-57]. As seen in Table 1, the herpesviruses of HSV-1,
HCMV and EBV were negatively manipulated by CRISPR/Cas9 in a
study of Van Diemen and colleagues [43]. According to their efforts, the
gRNAs were targeted to substantial genes of viruses (like EBNA land
BARTS) to achieve efficient abrogation of HSV-1 and HCMV replication.
Formation of infectious viral particles was completely abolished again
by targeting HSV-1 concurrently with several gRNAs [43]. EBV was also
completely cleared from latently infected tumor cells in human. Ineffi-
cient HCMV targeting via single gRNAs resulted in the choice of viral
escape mutants following long-term replication [43]. Accordingly,
co-targeting of various regions of the viral genome can be considered
important to prevent the CRISPR/Cas9 digestion-resistant viruses with
escape mutation. In the majority of cases, the DSBs induced by Cas9 are
repaired via the NHEJ pathway, during which random nucleotide sub-
stitution, deletion and insertion disrupt the critical protein-coding re-
gions and/or cis-regulatory elements of the viral genome, thus disabling
the virus [58]. Apart from that, CRISPR-Cas complexes can be used to
target RNA viruses. At least two RNA-targeting CRISPR-Cas systems
have been developed for the treatment of viral infection. One such
system uses the Cas9 protein, which, as mentioned above, does not
target RNA by default [59]. However, when a distinct DNA oligomer
carrying the PAM sequence is supplied to the system, the PAM oligomer
can hybridize with the target RNA sequence to produce a
double-stranded target required for Cas9-mediated cleavage [59]. The
second CRISPR-Cas system utilizes Cas13 endonuclease, which has an
affinity towards RNA [60,61]. The CRISPR-Casl3 system has been
suggested as a potential treatment strategy for RNA viruses [62]. Fig. 1
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shows the mechanisms for viral genome editing to prevent or impede the
virus-related infections.

Current progress in the use of CRISPR-Cas systems for treating
selected viral infections is summarized in Table 1 and is discussed in the
following subsections.

3.1. Human immunodeficiency virus (HIV)

HIV is an RNA virus belonging to the Lentivirus genus of the Retro-
viridae family, which is evolutionarily derived from the same viruses
found in chimpanzees [98]. The HIV genome is composed of two copies
of single-stranded RNA molecules, which encode proteins required for
its life cycle. The virus is known to attack the CD4 " T-cells and result in
acquired immunodeficiency syndrome (AIDS), which exposes the
infected person to secondary lethal infections and increases their risk of
developing malignancies. HIV infection is a major global health concern
with an increasing trend of incidence all over the world. There are two
main types of HIV, namely HIV-1 and HIV-2, of which the former ac-
counts for almost all cases of AIDS worldwide. Globally, approximately
40 million individuals are currently living with chronic HIV-1 [99].

HIV infection is treated with highly active antiretroviral therapy
(HAART), which significantly decreases HIV-1 replication in cells and
suppresses plasma viral load to undetectable levels (<40 RNA copies/
ml). Despite this, the treatment cannot completely eradicate the virus
from the patient, as the viral DNA (provirus) is integrated into the
genome of the host cells and continues to be replicated. This necessitates
life-long drug administration to suppress the viral load [100]. Another
key challenge to the effective treatment of HIV-1 infection is the emer-
gence of antiretroviral drug resistance due to the accumulation of
beneficial mutations that confer a selective advantage to the virus [101].

The development of genome editing tools including ZFNs, TALENs
and CRISPR-Cas systems offers great promise for curing HIV infection.
The CRISPR-Cas9 systems can efficiently suppress active HIV infection
by introducing indel mutations to the target genes [102]. Among the
important targets of these genome-editing technologies include C-C
chemokine receptor type 5 (CCR5) and C-X-C chemokine receptor type 4
(CXCR4), which are co-receptors needed for entry of HIV-1 into CD4'T T
cells [100,103]. Defects in these co-receptors can make cells, especially
immune cells, resistant to HIV [104,105]. Disruption of genes encoding
these co-receptors has also been shown to have no significant adverse
effect on cell viability [106]. Preliminary findings from numerous clin-
ical trials have also demonstrated the safety and efficacy of modifying

Table 1
Non-exhaustive list of the use of CRISPR-Cas systems for treating viral infections.
Virus CRISPR/Cas Nuclease used Targets Main findings Ref
HIV Cas9 CCR5, LTR Viral gene expression was reduced.Complete excision of the integrated [63-68]
proviral DNA. Complete virus inactivation.
saCas9 LTR, Gag Viral gene expression was reduced and HIV-1 DNA was eradicated. [17]
Cas13a LTR Viral RNA in the capsid was destroyed. [69]
HBV Cas9 Multiple, HBsAg, S gene, X HBV cccDNA and integrated HBV DNA were disrupted.cccDNA reservoirs [70-78]
gene, cccDNA were destroyed.HBV replication was disrupted.
EBV Cas9 BART, LMP1, LMP2A, EBV infection and replication were inhibited.Latent virus infection was [79-81]
Multiple cleared.BART promoter was deleted.
HCMV Cas9 Multiple Viral replication was impaired.Latent virus infection was cleared. [80]
HSV-1 Cas9 Multiple, ICPO HSV-1 replication and infectivity were impaired.Latent virus infection was [80,82,
cleared. 83]
HPV-6 HPV-11 Cas9 E7 HPV-6 and — 11 E7 protein degradation. [84]
HPV-16 Cas9 E7, E6, PD-1 Deactivated HPV16 E6 and E7 and lead to inhibited cervical cancer cell [85-89]
growth.Downregulated PD-1 expression.
SaCs9 E6, E7 Suppressed HPV-positive anal cancer cell growth. [90]
HPV-18 Cas9 E6, E7 Deactivated HPV-18 E7 E6 protein and suppressed cancer cell development. [91-93]
SpCas9 E7 Downregulated HPV-18 E7 and suppressed carcinogenic potential of HPV. [94]
HPV-16 and — wild-type Cas9 and the highly E6 and E7 Partial virus inactivation and triggered apoptosis of cancer cells. [95]
18 specific FokI-dCas9
HPV pseudo- HCas9 E6 HPV E6 protein degradation. [96]
type virus
SARS-CoV-2 Casl3 Multiple Inhibiting Coronavirus [97]
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Fig. 1. Mechanisms for genome editing to prevent or suppress the viral infections; the antiviral method mediated by genome editing is a facile design capable of
rapidly setting for the control of infections caused by various viruses, thereby deleting latent infections and establishing related new resistance. The CRISPR-Cas
system targets sequence-specific targeting of the viral genome (DNA or RNA) and/or host viral receptor (ligand-receptor interactions) as a way of protecting
against viruses.

these genes in human subjects [107]. Although all three aforementioned able to induce mutations in a more specific and precise manner, and at
genome-editing tools have been widely used to induce mutations to higher efficiency [63,64]. Interestingly, the CCR5-editing efficiency was
CCR5 and CXCR4 [108,109], CRISPR-Cas9 has the advantage of being found to be further improved when chemical alterations are introduced

Fig. 2. HIV-1 life cycle presents probable CRISPR-Cas9
targets. Five steps make up the life cycle of HIV-1 as fol-
lows: (a) Attachment and introduction: The penetration of
HIV-1 into host cell occurs following the attachment of its
gp120 to the surface receptor CD4 and subsequently to
CXCR4 or CCR5 co-receptor, thereby leading to the fusion
of cell membrane and HIV-1 and then the introduction of
HIV-1 into host cells and the liberation of viral RNA. (b)
Reverse transcription process: the viral RNA reverse
transcription occurs in the host double-stranded DNA
utilizing the reverse transcriptase. (c) Integration: After
nuclear introduction of viral DNA, it is integrated into the
genomic DNA of host cell exploiting the enzyme integrase.
(d) Replication and assembly: After generation of viral
RNA via the pro-viral DNA, the novel genomic RNA takes
part for the synthesis of viral proteins that embrace the
viral RNA to produce immature viral particles near the cell
surface. (e) Budding: The novel particles are liberated
outside to form viral protease capable of cleaving long
protein chain leading to form viral maturation. Engineer-
ing processes convert the Cas9 to inactive Cas9 (dCas9) by
inducing mutations in the two RuvC and HNH domains of
nuclease. The subsequent dCas9 fusion using different
agents into the DNA-binding domain specific to site can
trigger latent virus through sgRNAs that target the LTR
region of HIV-1.
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to the gRNA [110].

Elimination of the integrated proviral DNA represents another
promising avenue for anti-HIV therapy. It was shown for the first time in
2013 that CRISPR/Cas9-targeting HIV-1 long terminal repeat (LTR)
promoter U3 region, a sequence that contributes to the regulation of the
HIV-1 gene expression, could eradicate the integrated HIV-1 DNA [65].
Besides, using Staphylococcus aureus Cas9 instead of the original Strep-
tococcus pyrogens Cas9 used in typical genome engineering experiments
can lead to a precise excision of a 9.7 kb fragment from the integrated
proviral DNA in several organs, including liver, lung, kidney, and
circulating lymphocytes, in vivo [17]. Importantly, apart from eradi-
cating latent HIV infection, targeting proviral DNA using CRISPR-Cas9
has been shown to prevent new HIV infection [66,111].

Besides, targeting genes associated with HIV-1 production, virion
assembly and budding, and viral regulatory elements represent prom-
ising areas of focus for anti-HIV CRISPR-Cas9 therapy [112]. Unfortu-
nately, numerous studies have reported the emergence of mutations at
the gRNA-target site in the HIV-1 genome [18,113,114]. This has led to
the generation of CRISPR-Cas9-resistant HIV-1 strains. To address this
problem, a combinatorial CRISPR-Cas9 gene targeting strategy has been
suggested, where two or more gRNAs are used to target the conserved
HIV-1 regions. Studies utilizing this combinatorial CRISPR-Cas9 gene
targeting strategy have reported successful inhibition of HIV-1 replica-
tion and overcome the problem of viral escape (Fig. 2) [67,68].

Apart from CRISPR-Cas9, the use of CRISPR-Cas13a to target HIV-1
RNA is an alternative strategy that can be used to inhibit HIV infection.
CRISPR-Cas13a targeting of HIV-1 RNA can reduce the expression of
viral genes, as demonstrated by Yin et al. who used Leptotrichia buccalis
(Lbu) Cas13a/crRNA for this purpose. It was found that CRISPR-Cas13a
targeting of HIV-1 RNA resulted in an approximately 50% decrease in
the expression of HIV-1 genes in HEK293T cells compared to the control
group [69]. Promisingly, CRISPR-Cas13a targeted not only the newly
synthesized viral RNA but also the viral RNA that entered the cells
within the viral capsid, which suggests that gene editing using
CRISPR-Cas13a provides a potential alternative for the control of HIV-1
infection [69].

The question is, what are the consequences of designing gRNAs that
target non-conserved regions of the HIV-1 genome? In answer to this
question, observations reported the presence of CD4 + T cells that are
able to continuously express gRNA and Cas9. If non-conserved regions
are targeted, there will be a significant barrier to infection in transient
assays; however, all targeted infections reach high production levels of
HIV-1 following a variable time. An escape was shown by targeting
conserved regions in the genome of HIV-1 following a longer time. Based
on the sequencing of escaped virus genome, multiple mutations through
error-prone NHEJ repair route eliminated the region of PAM and the
binding site of gRNA in HIV-1 genome [115]. There are several ways to
overcome HIV-1 escape, such as concurrent targeting through a devel-
opment of potent gRNAs to guide Cas9 on conserved regions [116], the
use of Cas9 variants detecting various PAM formats [117], the appli-
cation of CRISPR-like enzyme including Cpfl that makes cut in the distal
binding site [31], and NHEJ deletion via chemical agents like SCR7
[118,119].

3.2. HTLV-1

The oncogenic human retrovirus of HTLV-1, Human T-cell leukemia
virus type 1, causes CD4 + T-cell transformation, thereby developing
numerous disorders like HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP) as neurodegenerative condition and adult T-cell
leukemia/lymphoma (ATL) [120]. Although there are scientific pro-
gressions, some questions exist about diseases caused by HTLV-1, pro-
gression of illness and efficient therapies. Although some helper genes
regarding the life cycle of virus are encoded by HTLV-1, Hbz and Tax are
two important viral proteins implicated in HAM/TSP and ATL patho-
physiology. The cellular immortalization and de novo infection are
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managed by Tax [121], but infected cell survival and proliferation by
Hbz [122]. The comprehensive studies reported that these genes can be
targeted to inhibit the survival and growth of cells infected with HTLV-1.
The regions of long terminal repeat (LTR) in virus have role to combine
host chromatin and viral genome, and also are promoters to express all
genes of the virus. Hbz, Tax and LTR are the target regions are poten-
tially effective in the treatment of new cases infected with HTLV-1, of
asymptomatic carriers of the virus and of the subjects suffering from
HAM/TSP and ATL. Two elements of the virus can be simultaneously
impaired by designing gRNAs based on the over-lapping reading frames
between 3’LTR and Tax as well as 3’LTR and Hbz [123]. Currently, the
HIV-1 is the only for CRISPR editing in the retroviral proviruses [124].
Conversely, further concentrated gRNA targeting is presented by the
HTLV-1 due to highly conserved genome of the virus with significant
homogeneity in sequence within both various isolates of HTLV and the
same host.

In a study by Baker et al. [125], the certain gRNAs were developed to
target highly conserved regions of HTLV-1 long LTR and tax within 23
HTLV-1 genomes collected from various parts of the world. Based on
their findings, the certain in vitro cleavage of HTLV-1 LTRs and tax was
found in the gRNA/Cas9 ribonucleoproteins (RNPs). After delivering the
RNPs via electroporation to two different cell lines infected with
HTLV-1-, they exhibited effective HTLV-1 genome editing based on
T7E1 mismatch detection test. In this work, the CIRCLE-SEQ was uti-
lized to determine the specificity of HTLV-1-specific gRNA/Cas9 RNPs to
detect probable off-target cleavage episodes. The HTLV-1 gRNAs were
detected with the least off-target impact on the genomic DNA of human,
which means promising tools to produce extremely specific CRISPR/-
Cas9 therapeutic agents versus HTLV-1. They could detect the pro-viral
integration sites of HTLV-1 applying the data of CIRCLE-SEQ
sequencing, which means a new approach to map the episodes of viral
integration to genomic DNA [125].

3.3. Hepatitis B virus (HBV)

HBV is a non-cytopathic DNA virus belonging to the Hepadnaviridae
family [126]. The HBV genome is circular in shape, partially
double-stranded, and contains four major genes, namely S, C, X and P
that respectively encodes the surface antigen, core protein, X protein
and a DNA polymerase that possesses reverse transcriptase activity
[127]. During infection, the partially double-stranded DNA is converted
into an episomal cccDNA form, which serves as the template for
generating its mRNAs and pre-genomic RNAs [128]. Nine major geno-
types of HBV (A-I), along with a putative genotype (J), have been
identified so far. These HBV genotypes show > 8% genome sequence
divergence and have distinct epidemiology [129,130]. Globally, more
than 250 million people are living with chronic HBV, and roughly 800,
000-900,000 people are dying from HBV-related liver disease each year
[131]. Current antiviral therapies for HBV, such as the use of nucleoside
analogue-based drugs [132], act by targeting different stages of the virus
life cycle, disrupting the production of progeny virions, interfering with
the critical molecular players in the viral pathogenesis, and also aug-
menting the host immune system to facilitate inhibition of the virus.
These therapies are effective in suppressing the viral replication and
diminishing the circulating surface antigen (HBsAg) of the virus. How-
ever, they are unable to fully eradicate the cccDNA and the integrated
HBV DNA, which explains the common relapse of the disease after the
cessation of the treatment [133-135]. Thus, contemporary therapeutic
strategies for chronic hepatitis B have focused on targeting and even-
tually eradicating the HBV cccDNA and the integrated HBV genome.

The HBV cccDNA is double-stranded and contains evolutionarily
conserved sequences. Therefore, it serves as a suitable target for CRISPR-
Cas9 cleavage [77]. The possible use of CRISPR-Cas9 in targeting the
HBV cccDNA and some promising results have been reported in some in
vitro and in vivo investigations [70-78]. In the majority of studies,
CRISPR-Cas9 was found to disrupt the HBV cccDNA and decrease the
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viral gene expression within the first week of transfection. The first use
of CRISPR-Cas9 to target and destroy the HBV cccDNA was reported by
Seeger and Sohn in 2014 [78]. CRISPR-Cas9 was revealed to induce
on-target mutations, including single nucleotide indels and also large
deletions with up to 2.3 kb length, in the cccDNA. This genetic modifi-
cation successfully inactivated the episomal DNA in HBV-permissive
HepG2/NTCP cells, which, in turn, inhibited the expression of HBV
core antigen (HBcAg) and other viral proteins by up to tenfold [78]. In
the same year, Lin et al. [70] demonstrated that CRISPR-Cas9 was
capable of disrupting the intrahepatic HBV genome both in vitro and in
vivo, which resulted in the decreased level of serum HBsAg in mouse
models. This finding was corroborated by a number of subsequent
studies, which showed that CRISPR-Cas9-mediated degradation of
cccDNA suppressed HBV replication and disrupted its genome both in
vitro and in vivo [71-74]. Apart from cccDNA, several studies have
demonstrated that CRISPR-Cas9 can disrupt the full-length integrated
DNA of HBV [75,76]. For example, Li et al. [76] reported the complete
elimination of HBV infection in HepG2. A64 cells after the successful
eradication of both cccDNA and the full-length integrated DNA using
CRISPR-Cas9.

Despite the promising early results, some studies have reported a low
efficiency of CRISPR-Cas9 targeting of the cccDNA [136]. The low ef-
ficiency could be attributed to epigenetic modifications, in particular
DNA methylation, that reduced the accessibility of cccDNA for enzy-
matic excision [136]. Nonetheless, the efficiency could be improved by
using two or more gRNAs to direct Cas9 to the target site. Besides, as
mentioned above, a more precise genome editing can be achieved by
suppressing the NHEJ repair pathway to allow the HDR repair mecha-
nism to take place. With this in mind, Kostyushev et al. [77] suppressed
the NHEJ pathway using the NU7026 inhibitor and observed an
increased on-target deletion and inhibition of cccDNA following cleav-
age by Cas9.

In an in vitro study by Scott et al. [137]., multiple short gRNAs and
SaCas9 were incorporated in ssAAVs, with efficient delivery and ability
for development of HBV DNA mutations and inactivation of cccDNA
[137]. In a recent report on a hydrodynamic in vivo model of HBV, the
AAV vectors were successfully employed as a delivery vehicle for
functional anti-viral SaCas9 and CRISPRs, resulting in decreased levels
of HBV protein. Moreover, there was no important viral abrogation in an
in vivo model of persistent HBV [138].

As Cas9-mediated DSBs expose the host genome to the risk of
genomic damage, one study attempted the use of a modified version of
the CRISPR-Cas system that did not involve DNA cleavage to achieve
cccDNA editing [139]. This modified CRISPR-Cas editing was found to
suppress HBV gene expression and achieve the permanent inactivation
of the HBV genome, indicating its usefulness in treating HBV infection
[139]. Finally, CRISPR-Cas9-mediated knockout of HBsAg in hepato-
cellular carcinoma cell lines was found to suppress the tumor cell pro-
liferation in vitro and also attenuate the tumorigenicity of cancer cells in
vivo [140]. Overall, these in vivo studies show the potential of anti-HBV
CRISPR/Cas9 to disrupt HBV cccDNA in vivo mouse models. Never-
theless, additional studies are needed to assess whether CRISPR/Cas9
holds the therapeutic potential to limit productive HBV infections in
vivo and is capable of eradicating multiple cccDNA copies present in
infected hepatocytes.

3.4. Herpesviruses

Herpesviruses are a group of heterogeneous viruses belonging to the
Herpesviridae family within the order Herpesvirales. To date, more than
100 species of herpesviruses have been identified, although only nine of
the species are known to infect humans [141]. These include herpes
simplex virus (HSV) types 1 and 2, which respectively cause oral cold
sores and genital herpes; Epstein-Barr virus (EBV) or human
herpesvirus-4 (HHV-4), which causes infectious mononucleosis and
Burkitt lymphoma; varicella-zoster virus (VZV), which causes
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chickenpox in younger individuals and shingles in adults; Kaposi’s
sarcoma-associated herpesvirus (KSHV) or HHV-8, which causes Kapo-
si’s sarcoma in AIDS patients; human cytomegalovirus (HCMV), which
usually causes mild harmless symptoms; and HHV types 6 A, 6B and 7,
which also cause mild symptoms [142]. Herpesviruses have a structure
composed of the core particle (within which the genetic material is
enclosed), the icosapentahedral capsid, the protein coat, and the bilayer
envelope [143]. They possess a double-stranded linear DNA genome,
which encodes for more than 20 structural proteins [144].

All herpesviruses have a latent period in their life cycle, during which
the virus is “hidden”, no active virion is produced, and genes normally
expressed during the lytic cycle are suppressed [141]. The ability to
establish a latent infection represents a key challenge in human
herpesvirus therapies. A number of nucleoside analogue-based antiviral
drugs have been developed for the treatment of active herpesvirus
infection by suppressing the virus replication, but they are not able to
eradicate the latent infection. Fortunately, the development of the
CRISPR-Cas9 technology provides a glimpse of hope for the eradication
of latent herpesviruses, as the technology can disrupt the viral genome
directly. The use of CRISPR-Cas9 for the treatment of selected herpes-
viruses is described in the subsections below.

3.4.1. Epstein-Barr virus (EBV)

In one of the earliest studies utilizing CRISPR-Cas9 for anti-EBV
therapy, targeted deletion of the entire BART gene promoter was per-
formed in epithelial cell lines latently infected with the virus [79]. The
deletion was reported to be efficient and resulted in the loss of the gene
expression, with no off-target modification. Another study demonstrated
that targeting of the essential elements of EBV, including the nuclear
antigen 1 (EBNA1) and origin of replication (OriP), resulted in the loss of
the viral gene expression in Akata-Bx1 cells latently infected with the
virus as well as the eradication of the virus from these cells [80]. Besides,
CRISPR-Cas9-mediated knockout of the EBV’s latent membrane protein
1 (LMP1) gene in nasopharyngeal carcinoma (NPC) cell lines was found
to suppress EBV replication and inhibit tumor cell growth through
blockade of signaling activation [81]. These findings suggest that
destruction of the EBV genome can suppress tumorigenicity in the
virus-associated malignancies and may be considered a potential ther-
apeutic strategy for the treatment of the diseases. Nevertheless, it is
worthy of mention that similar to the HBV, the EBV genome contains
copies of episomal cccDNA [145]. Targeting the linear EBV genome
without considering the cccDNA can result in the incomplete eradication
of the virus [79]. Hence, future investigation of the feasibility of using
CRISPR-Cas9 for treating EBV infection should take into account the
cccDNA of the virus.

3.4.2. Herpes simplex virus (HSV)

HSVs are highly contagious DNA viruses that cause oral and genital
herpetic sores. There are two types of HSVs, namely HSV-1 and HSV-2.
As in all herpesviruses, the HSV-1 is also able to develop a lytic infection
because of exerting progeny and developing latent infection, which can
persist throughout the host’s lifetime [146]. HSV-1 is a ubiquitous virus
living with over 50% of the US people, which can develop cold sores,
keratitis and encephalitis [147,148]. HSV-1 is a causative agent for mild
or asymptomatic infections in immunocompetent or healthy people, as
well as severe or life-threatening infections in infants with immature
immunity or patients with immunodeficiency [146]. The HSV has highly
prevalent, but no vaccine is available [149,150]. However, acyclovir
(ACV) is the first-line treatment for HSV-1 infection, with a history of
about 50 years and subsequent analogs targeting the DNA polymerase of
the virus. In a certain group of patients, such as those with immuno-
deficiency or those chronically treated with antiviral prophylaxis, there
are repeated drug resistance episodes [151-153]. One of the earliest
uses of CRISPR-Cas9 for HSV-1 therapy was reported by Bi et al., who
replaced heterologous genes in the virus genome via HDR mechanisms
and subsequently observed the inhibition of the viral replication [154].
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Several other in vitro studies that followed found that CRISPR-Cas9
could modify the HSV-1 genome accurately and attenuate their viru-
lence without causing off-target effects [82,155,156]. Besides, a study
showed that gRNA-mediated targeting of HSV-1 ICPO gene inhibited the
virus replication in human oligodendroglioma cell line TC620 [83]. This
observation was corroborated by the findings of other studies, which
showed that CRISPR-Cas9 could target and destruct the HSV-1 genome
at high efficacies [80,157,158]. Besides, similar results have been re-
ported in HSV-2, where CRISPR-Cas9-mediated deletion of RL1 and LAT
decreased neurovirulence, viral replication and plaque formation in
Vero cells and also augmented immunity in virus-infected mice [159].
These observations suggest that CRISPR-Cas9 has the potential to be
used clinically for HSV treatment in the future.

In a study by David Knipe et al., the CRISPR/Cas9 system was
evaluated versus HSV-1 to detect the tricks of Cas9/gRNA to cleave the
target lytic and latent viral genomes [160]. According to previous ob-
servations, the CRISPR/Cas9 editing system needs accessibility to target
sites in the chromatin [161,162]. Moreover, differential pathways of
host cell are able to regulate chromatin assembly on the DNA of virus in
epithelial cells (permissive) against nerves (non-permissive), helping the
virus to develop the lytic versus latent infection [161]. In the latency,
the chromatin of viral DNA is more compacted than replicating viral
DNA, which results in less accessibility of Cas9/gRNA to the target sites
of DNA [161,162]. Accordingly, four main genes, including UL30, UL29,
ICP4 and UL54, of virus are targeted by a complex of gRNAs [160].
Under an in vitro condition, a cleavage test based on SaCas9 was used to
screen these gRNAs for detecting those capable of targeting lytic and
quiescent genomes of HSV-1 in human cells. Staphylococcus
aureus-derived SaCas9 is small and can be encoded by vector delivery
systems based on AAV [163]. Numerous gRNAs constructed in the
HSV-1-infected human foreskin fibroblasts could effectively decrease
the replication of HSV-1 [160], in line with prior reports [164,165]
regarding the inhibition of lytic infection of HSV-1 by Cas9/gRNA sys-
tem. Knipe et al. investigated the impact of generated gRNAs on the
latent genome of virus using quiescent infection system of HSV-1 with
replication-defective HSV-1 d109 virus. Based on their findings, het-
erochromatin loading in viral DNA [166] was the same as latent infec-
tion of mice [167,168]. According to this model of quiescence infection,
the reactivation of quiescent d109 genomes was decreased by anti-
HSV-1 gRNAs, with two various gRNAs showing the additive impact
[160]. Moreover, it was found that a significant level of indel mutations
was triggered in the CRISPR/Cas9 in quiescent genomes of HSV-1.
Therefore, the gRNAs targeting quiescent genomes of HSV-1 were
detected and the indel mutations caused by SaCas9/gRNA resulted in
loss-of-function mutations in related proteins [160]. Both replicating
and non-replicating genomes were edited by CRISPR/Cas9, although it
edited more effectively replicating genomes.

In a recent study by Yin et al. [169], the lentiviral particles carrying
mRNA were applied to directly target the genomes of HSV-1, thereby
concurrently delivering the mRNA of SpCas9 and the guide RNAs tar-
geting viral gene (HELP or HSV-1-erasing lentiviral particle). In three
various models of infection, the HELP could suppress the replication of
HSV-1 and the incidence of herpetic stromal keratitis (HSK). The HELP
could also remove the viral reservoir through retrograde transport to
trigeminal ganglia from corneas. Further, the HELP suppressed viral
replication in corneas derived from human with no off-target influences
[169], highlighting the promising clinical application of HELP to
manage refractory HSK. Together, these studies provide hope for po-
tential future treatment of (latent) herpesvirus infections via anti-viral
CRISPR/Cas9. Additional research, predominantly geared to in vivo
studies, is needed.

3.4.3. Human cytomegalovirus (HCMV)

HCMYV is a highly prevalent virus responsible for some congenital
malformations like mental retardation and many disorders mainly
among those suffering from some degree of immunodeficiency [170,
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171]. Most HCMV-infected persons do not exhibit any sign or symptom
throughout life. However, in a small number of patients, the clinical
manifestation of HCMV infection can range from mild conditions such as
rash and jaundice, to long-term health problems such as permanent
neurological disorders. Currently available drugs for treating HCMV
infection (e.g. ganciclovir, valganciclovir and foscarnet) are effective in
attenuating the active infection and improving the clinical symptoms
but are not useful for eliminating the latent infection [172]. The
CRISPR-Cas9 system, as mentioned previously, enables the targeting of
viruses in the latent phase; therefore, it serves as a potential therapeutic
tool for eradicating latent HCMV. The use of CRISPR-Cas9 for manipu-
lating the HCMV genome was reported by King and Munger, who
explored the technology for the generation of recombinant HCMV [173].
It was demonstrated that CRISPR-Cas9 was capable of inducing precise
mutagenesis at high efficiency [173]. Besides, Diemen et al. [80] dis-
rupted seven essential genes of the HCMV genome using CRISPR-Cas9,
and successfully impaired the replication of the virus. Nevertheless,
virus escape was reported in the usage of single gRNAs [80]. Despite
this, a more encouraging finding was reported in a more recent in vitro
study, which demonstrated that targeting of the HCMV immediate-early
genes not only decreased the viral gene expression and halted its virion
production, but also inhibited viral replication and reactivation. Hence,
genome editing using CRISPR-Cas9 may serve as a promising thera-
peutic strategy against the latent infection of the virus [174].

3.5. Human papillomavirus (HPV)

HPV is a part of Papillomaviridae family, which has DNA as its
genomic material. It is the most prevalent sexually transmitted infection
all over the world [175]. To date, more than 200 subtypes of HPV have
been identified, which can be categorized into either low-risk or
high-risk types. Low-risk HPVs cause genital warts, whereas high-risk
HPVs cause lesions that can develop into various malignancies,
notably cervical cancer, and multiple anogenital cancers (like penis,
anus and vulva) and also head/neck cancers [176-178]. Among the
many proteins encoded by the HPV genome, the E6 and E7 oncoproteins
are the main driving force for malignant transformation. Hence, inac-
tivation of the E6 and E7 oncogenes represents a possible strategy for
inhibition of tumor cell proliferation. The CRISPR-Cas9 system allows
precise disruption of these genes, so as to abolish their oncogenic
functions [179]. Indeed, several in vitro and in vivo studies have
investigated the applicability of CRISPR-Cas9 in the treatment of
HPV-related cervical cancer. The findings indicate that
CRISPR-Cas9-mediated knockdown of the HPV oncogenes not only in-
duces apoptosis and suppresses tumorigenesis [85,180,181], but also
improves radiosensitivity in cancer cells [181].

The HPV infections is progressed to invasive cancer via the regions of
E6 and E7 integrated within the host cell with the aid of non-viral risk
factors [182]. The high-risk HPV E6/E7 genes deactivated by
CRISPR/Cas9 systems resulted in the restoration of pRb and p53 net-
works, thereby declining apoptosis and cell cycle arrest [87,93,95]. In a
study by Jubair et al., the systemic Cas9/gRNAs in liposomes versus
HPV16 E7 Caski cell and HeLa cell tumors removed the tumors through
apoptosis in mice [95]. In line with this, lentiviral transduction of
Cas9/gRNA versus HPV 18 E6/E7 genes caused an induction of cell
death in HeLa cells after 10 days [93]. In a recent work by Inturi et al.
[92], the HPV E6/E7 oncogenes were suppressed by the CRISPR/Cas9 in
cervical cancer cell lines. Based on their findings, the knockout of E6/E7
exposed to CRISPR/Cas9 induced cellular senescence in the HeLa cells
immortalized with HPV18. The HelLa cells inactivated with E6/E7 spe-
cifically displayed unique senescence indices such as large cell surface
area, lamin B1 loss and high expression level of p-galactosidase. The
bicistronic transcripts of E6 and E7, they are suppressed and the levels of
pRb/p21 and p53/p21 are elevated by inactivating the HPV18 E6.
HPV18 E7 knockout caused a reduced the expression of E6 by triggering
the pRb/p21 pathway. Overall, cellular senescence was introduced to be
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alternative outcome of CRISPR/Cas9-inactivated HPV oncogene [92]. In
a study by Gao et al. [183], the impact of CRISPR/Cas9 system was
evaluated in the treatment of cervical carcinogenesis, in particular cer-
vical precancerous lesions. The HPV16 E7 targeted CRISPR/Cas9, ZFN,
TALEN plasmids were transfected in cervical pre-cancer/cancer cell
lines. Based on their observations, when comparing with prior TALEN
and ZFN systems, CRISPR/Cas9 had remarkable specificity and effi-
ciency to impede colony generation and cell growth and to trigger
apoptosis in cervical pre-cancer/cancer cell lines, especially in S12 cell
line obtained from low-grade cervical lesion. During xenograft forma-
tion assays, the CRISPR/Cas9 could impede tumorigenesis in S12 cell
line and influenced the expression of related protein in vivo. The cer-
vical CRISPR/Cas9 therapy in K14-HPV16 transgenic mice model of
HPV-driven spontaneous cervical carcinogenesis developed E7 gene
mutations and restored E2F1, RB and CDK2 expression, which reversed
the phenotype of cervical carcinogenesis. In their work, HPV16
E7-targeting CRISPR/Cas9 reverted cervical carcinogenesis associated
with HPV under in vitro condition and also in K14-HPV16 transgenic
mice, highlighting potent clinical application to treat cervical precan-
cerous lesions [183].

In a study by Zhen et al., the performance of CRISPR/Cas9 to target
HPV E6/E7 oncogenes was confirmed as promising sensitizer to cisplatin
[184] and radiotherapy in the suppression of cervical carcinoma [185].
The E6 or E6/E7-targeting CRISPR/Cas9 in combination with cytotoxic
factors may synergistically influence the restoration of pRB and/or TP53
performance, and may act as therapeutic option to eliminate the cervical
cancer [185]. All these unknown points and the development of clini-
cally CRISPR/Cas9-based combination therapies need further research.
The basic pathway of synergy between therapies needs to be cleared to
create proof-of-concept for combination therapies based on CRISPR/-
Cas9. Based on in vivo observations, the combination therapy is
remarkably superior to both methods. Evaluation to confirm the absence
of off-target impacts and minimal interferon induction are needed for
the clinical use of combination therapies based on CRISPR/ Cas9.
Though anti-viral CRISPR clinical trials are in preparation, it is still a
long way to go before application in the clinic can become a reality.
General challenges remain the efficient and specific targeted delivery of
CRISPR/Cas9 to infected cells in vivo and the potential of the system to
induce editing at undesired locations.

3.6. Merkel cell polyomavirus

Cyril Toker in 1972 introduced for the first time the Merkel cell
carcinoma (MCC), as an aggressive skin cancer alongside immunodefi-
ciency. Although rare, the diagnoses of MCC have tripled in the last
twenty years. The introduction of a new human virus in 2008 called
Merkel Cell polyomavirus (MCPyV) motivated researchers to investigate
the virus as a major cause in 80% of MCC cases [186]. Evidence showed
that MCPyV integrates into the tumor cell genome in the majority of
MCCs. Tumor cells that are positive for this virus express two viral
oncoproteins, including small (sT) and large (LT) tumor antigens (TAs)
tumor antigens, which result in increased cell growth. Although
immunotherapy has been a promising measure in MCC patients, not
everyone has been able to respond to such therapies, which underscores
the need to develop effective treatment strategies. In a recent work by
Temblador et al. [187], the MCPyV TAs were inactivated by CRISPR/-
Cas9 editing in the MCPyV+ MCC cell lines of WAGA and MS-1. Ac-
cording to their observations, mutations in the frameshift of target
sequence after repair of Cas9-induced DNA break resulted in a decrease
in LT protein content, thereby disrupting cell proliferation, causing cell
cycle arrest, and inducing apoptosis. There was no anti-proliferative
activity in HEK293T cells (MCPyV—), which means no off-target per-
formance of TAs-targeting sgRNAs capable of influencing the cell pro-
liferation. The levels of cellular proteins responsible for the regulation of
cell cycle did not change in WAGA cells, supporting the cell cycle. They
found a central role for the MCPyV TAs in maintaining MCPyV+ MCC
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cells. There is a need for the evaluation of TAs impacts on cell cycle
regulators to recognize the targets for new treatments of MCC. In total,
they reported documents about obtaining a CRISPR/Cas9-based candi-
date for treatment of virus-positive MCC. They suggested that future
experiments should focus on the development of a safe and efficient
delivery system, especially in cases where the lesions are not directly
reachable [187-189].

3.7. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

SARS-CoV-2 is an RNA virus which is responsible for the ongoing
Coronavirus Disease 2019 (COVID-19) pandemic. At the time of this
writing, close to 240 million COVID-19 cases have been recorded
worldwide, along with nearly 5 million deaths [190,191]. One impor-
tant lesson from this pandemic is that antiviral strategies capable of
targeting new viruses for which no vaccines or medications are available
are urgently needed. In line with this, a CRISPR-Cas-based technique,
termed the prophylactic antiviral CRISPR in human cells (PAC-MAN),
has been developed and evaluated for its potential to combat novel vi-
ruses, including SARS-CoV-2 [97]. The strategy involves the use of
CRISPR-Cas13d to target highly conserved sequences of the SARS-CoV-2
genomes, which were identified using a bioinformatics workflow [97].
The approach was proven to be capable of cleaving SARS-CoV-2 frag-
ments in human lung epithelial cells [97]. It was shown that the use of a
six-crRNA panel allows targeting of 91% of the sequenced SARS-CoV-2,
whereas a panel of 22-crRNAs was capable of targeting all sequenced
coronaviruses [97]. It has also been proposed that the CRISPR-Cas13
machinery can be delivered into the airway epithelium with the use of
a modified adeno-associated virus (AAV), i.e. a non-pathogenic human
virus with an affinity for the airway epithelial cells, in order to improve
the delivery efficiency [192]. Nonetheless, additional research is
necessary to establish whether the approach is efficient against live
SARS-CoV-2 and whether it is safe to be used in patients. Although a
number of challenges need to be overcome before PAC-MAN can be
applied clinically, the strategy shows great promise as a novel antiviral
approach and has the potential to be quickly implemented in the event
of future viral outbreaks.

4. Delivery strategies for CRISPR-Cas9-based therapeutics

Effective and safe delivery of genome editing agents to the intended
target tissue is essential for the clinical application of CRISPR-Cas9-
based therapeutics. Whilst carrier-free delivery of CRISPR-Cas9 agents
has been demonstrated to be fairly effective in certain applications,
there are still obvious potential limitations, including unwanted
immunostimulation, difficulties in renal clearance, insufficient transport
into the cytoplasm and nucleus, and unwanted degradation by cellular
enzymes. To resolve these hurdles, several viral vectors for the delivery
of CRISPR-Cas9 have been developed and used in preclinical contexts
[193,194]. These viral-based delivery systems offer numerous advan-
tages, including a high transduction rate and transgene expression
levels.

One of the most commonly used delivery platforms for CRISPR-Cas9
is the lentiviral vectors, which are derived from the HIV-1 [195]. The
lentiviral vectors are replication-defective; they are produced by
removing all unnecessary genes from the HIV-1 genome and segregating
their cis-acting sequences from the trans-acting elements that are
absolutely needed for viral particle production, infection, and integra-
tion into the host genome [196]. The third-generation lentiviral vector
systems contain four plasmids: a transfer plasmid, which encodes the
insert of interest; two separate packaging plasmids, one of which en-
codes Gag and Pol, and another encodes Rev; and an envelope plasmid,
which encodes VSV-G. Lentiviral transfer vectors allow not just trans-
genes, but also short hairpin RNA (shRNAs) to be expressed in single
units or in various combinations. Three more plasmids, namely pMDL,
pRev and pVSVG, can be added to provide necessary packaging for the
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trans-acting components. Additionally, improved safety can be accom-
plished by introducing a deletion in the promoter-enhancer region
located in the 3’ long terminal repeat (LTR), leading to the construction
of self-inactivating vectors [197-199]. The lentiviral vectors have
multiple strengths: they have the ability to integrate into the host
genome in both dividing and non-dividing cells; possess broad cellular
tropism; contain large packaging size for carrying the
CRISPR-Cas9-gRNAs complex; allow easy assembly and modification;
and ensure the stability of their payloads [200,201]. For these reasons,
lentiviral vectors have been used for delivering CRISPR-Cas9 compo-
nents in many studies. In mice model with herpetic stromal keratitis (a
condition caused by HSV-1 infection), for example, the introduction of
SpCas9 mRNA and gRNA into the corneal tissue with the use of lentiviral
particles was found to be effective in suppressing HSV replication and
eradicating the latent HSV-1 [169].

Another frequently used virus-based gene delivery system is the
adeno-associated virus (AAV) vectors. AAV is a non-enveloped, small
(25 nm) virus with a linear single-stranded DNA genome of approxi-
mately 4.7 kb. There are higher than 200 molecularly manufactured or
naturally occurring forms of AAV [202]. Of these, two AAV-based drugs
have received the FDA approval for gene therapy: Glybera used to treat
people who have a lack of lipoprotein lipase and Zolgensma used for
children under the age of two who have spinal muscular atrophy (SMA)
[203]. AAV vectors possess several characteristics that make them a
suitable vehicle for delivering therapeutics: broad range of serotype
specificity; capability to impact both dividing and non-dividing cells;
non-pathogenicity; and low immunogenicity [204]. AAV8, an AAV
vector, has been used for liver-specific delivery of reconstituted
CRISPR-SaCas9, along with a liver-specific promoter [205]. The use of
this vector was found to successfully enhance liver delivery and suppress
HBV replication both in vitro and in vivo [205]. It should be noted,
however, that the loading capacity of AAV vectors is modest (approxi-
mately 5 kb). For this reason, encapsulation of SpCas9 along with the
efficient promoters into the vector may prove difficult. Fortunately, new
Cas proteins that are remarkably smaller than the commonly used ones
have been discovered recently [206,207].

The third class of viral vectors that have great potential for CRISPR-
Cas9 delivery is the adenoviral vectors (AdVs). These vectors are derived
from adenoviruses, which are non-enveloped icosahedral viruses with
linear DNA genomes of 30-40 kb that can be genetically modified with
minimal effort [208,209]. Typically, the antigen expression cassette is
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introduced into the E1 genomic region of the virus, rendering them
incapable of replication. Furthermore, up to 7 kb expression cassettes
can be accommodated by vectors in which nonessential E3 genes have
been removed [210]. Schiwon and colleagues developed high-capacity
adenoviral vectors (HCAdVs) that could efficiently deliver a multi-
plexed complete CRISPR-Cas9 system for the treatment of HBV. Specific
delivery of this genome editing system contributed to a dramatic
decrease in antigen production while enhancing the introduction of
mutations in the HBV genome [211]. This allows a more potent degra-
dation of the HBV genome, including the HBV cccDNA [211].

Although viral vectors serve as promising delivery vehicles for
CRISPR-Cas systems, they have some inherent limitations. For example,
the use of viral vectors increases the risk of tumorigenesis and may
induce excessive immunogenicity [212,213]. It is also difficult to insert
new sequences to the viral vectors, and the scale-up process is difficult
and time-consuming [212,213]. On the other hand, non-viral vectors
such as nanoparticles can overcome the drawbacks of viral-based de-
livery systems and have been shown to be highly efficient in delivering
various therapeutic agents to the target tissue (Fig. 3). However, no
non-viral vectors have been used to deliver the CRISPR-Cas systems for
the treatment of viral diseases so far. This represents an interesting
avenue for future research.

5. CRISPR/Cas9 gene editing mechanism and anti-viral vaccine
production

Despite numerous works regarding gene performance, gene therapy
and interaction of host with virus, the researchers tried to produce
vaccines using the gene editing mechanism based on CRISPR/Cas9
because of its admirable features, including specificity, high efficiency,
flexibility, versatility, simplicity and cost-effectiveness versus other viral
genome editing pathways, thereby promising an effective approach to
construct genetically engineered vaccines. Okoli et al. presented an
overview on the advances in the employment of CRISPR/Cas9 in viral
genome editing and the promotion of recombinant orthopoxvirus
(OPXV) vaccines and vectors [214]. CRISPR/Cas9 genome-wide
screening is an approach for detecting and ranking host limiting fac-
tors of HIN1 influenza virus in a production of cell-based vaccines,
thereby potentially advancing vaccine production in the future [215].

Recent investigations focused on the use of CRISPR/Cas9 system
regarding the development of animal anti-viral vaccine. Knock-in of

Fig. 3. CRISPR/Cas9 delivery system being
plasmid protein, mRNA or DNA. The elements
of this delivery system (being protein, mRNA or
DNA) are delivered into cells to win a deter-
mined gene-editing performance. During de-
livery mediated by non-viral nano-particle, the
encapsulation occurs for each element in nano-
carriers to intracellularly uptake. Following the
endocytosis, the nanoparticles inside the cell
must move away from the endosome/ lyso-
some. To deliver the plasmid DNA, the DNA
must be transported to the nucleus, and the
pathway of native transcription of target cells
needs be used for gene transcription to the
mRNA, the mRNA transportation to the cyto-
plasm and then translation to the protein. The
protein returns to the nucleus in which the
CRISPR pathway influence the genomic DNA of
the cell. To deliver the mRNA, it must be
liberated in the cytosol to be translated to pro-
tein. Transient and instantaneous delivery of
the protein results in the fastest initiation of
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gene editing, thus preventing the permanent
integration of CRISPR genes into the host
genome.
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DNA cassettes longer than 4 kb mediated by CRISPR/Cas9 system into
PRV genome at 50% positive rate via NHEJ makes PRV a potent vector
for vaccine development [216]. A study successfully employed
CRISPR/Cas9 system to produce a vaccine through double-deletion of gE
and TK genes of PRV [217]. HeN1 PRV strain inactivated by a triple
gE/gl/TK gene was completely attenuated, which established immune
protection versus parental PRV effort [218,219]. According to NY strain
(a PRV variant), a mutant deleted for triple gE/gl/TK was established via
CRISPR/Cas9 gene-editing pathway and homologous DNA recombina-
tion, which was introduced as a next-generation vaccine to control novel
PRV strains [220]. A non-essential gene of 8-DR was knocked out from
the genome of virulent ASFV strain Georgia07 using CRISPR/Cas9 sys-
tem in porcine macrophages, which was able to rescue the recombinant
virus and was proposed as a platform for the development of the next
generation vaccine to control African swine fever [218,221].
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CRISPR/Cas9 gene editing mechanism was introduced for the first in
2016 in avian herpesvirus mutagenesis in the live attenuated vaccine
vector based on herpesvirus of turkeys (HVT) [222]. NHEJ and
CRISPR/Cas9 system was recruited to insert a red fluorescent protein
(RFP) into HVT UL45/UL46 region to generate a general donor plasmid.
In the next step, the Cre-Lox system was applied to delete the inserted
RFP gene and the gene VP2 from infectious bursal disease virus (IBDV)
was inserted into the region UL45/UL46 to generate a recombinant
vaccine of HVT/IBDV-VP2. After that, the expression cassettes of avian
influenza virus (AIV)-HON2 hemagglutinin (HA) and ILTV gD/gl genes
were positioned in US2 and 065/066 regions of recombinant
HVT/IBDV-VP2 virus, thereby promising a triple inserted HVT-VP2-
gDgI-HA vaccine [223,224]. In some studies, the HDR and CRISPR/-
Cas9 systems were recruited to position the expression cassette of AIV
H7N9-HA into the same UL45/UL46 location in HVT genome, thereby

New virus packaging and rclcasy‘

(-) genomic &

Viral RNA (+) genome RNA . subgenomic RNAS o (+) genome RN.A
release —)> 5'/\/\/} el 3 /NN\NS —>Repl|catlon ‘;'/\f\f3
'l‘ranslationl R dRI’lRNA-dCPCI?dcm —+
o ’ transcription —
OO ~/\/\» o OO
Viral mRNAs |52/ /" — N protein
A

N

/

B) (+) genome RNA

CACR

Casl3d-crRNA|
complex | ‘
IS

(-) genomic &

WA

-/ \‘/ ~7 N7
Genome degradation Gene expression 5

Degradation

| subgenomic RNAs
—_— NS

Viral packaging & release

%)

‘<_
v

7N
s N

Genome degradation

Gene expression

Fig. 4. Hypothetical life cycle of SARS-CoV-2 and CRISPR-based pathway of PAC-MAN for RNA-guided degradation and suppression of viral RNA in CRISPR-Cas13-
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developing a bivalent HVT-H7N9-HA vaccine [225]. In other works, the
HON2-HA gene from AIV BJ/15 strain was inserted into the UL45/UL46
site from HVT-BAC genome and residual HVT-BAC fragments were
deleted by CRISPR/Cas9 mechanism for development of a recombinant
vaccine of rHVT-HON2-HA [226].

At the same time, this approach has been utilized to study other
poultry herpesviruses. The HDR and CRISPR/Cas9 mechanisms have
been recruited to insert HA gene of significantly pathogenic AIV H5N1,
gE and pre-membrane (PrM) genes duck Tembusu virus (DTMUV) into
the regions of US7/US8 and UL27/UL26 in the genome of DEV C-KCE
strain for the construction of trivalent vaccine in controlling DTMUV,
H5N1-AIV and DEV infections [223,227]. The insertion of AIV H5N1-HA
into the region of UL27/UL26 in the genome of DEV was carried out
exploiting Cre-Lox and NHEJ-CRISPR/Cas9 systems for the development
of a recombinant vaccine of DEV-AIV. Similarly, the genes of unique
short 4 (US4) and thymidine kinase (TK) were omitted from the in-
fections laryngotracheitis virus (ILTV) genome, and inserted fusion (F)
gene of Newecastle disease virus (NDV) caused no complication on the
replication of ILTV and the expression of F protein [228,229]. For the
first time, this study suppressed virulence factors and positioned heter-
ologous genes into the genome of virus for production of multivalent
recombinant vaccine. According to such documents, the CRISPR/Cas9
system can be employed for fast modification of genome and develop-
ment of recombinant vaccine of avian herpesviruses.

A vaccine has been generated versus infections in dogs using
CRISPR/Cas9 genome editing approach. The canine distemper virus
(CDV) causes an infection in both domestic and wild carnivores, called
canine distemper (CD). The CRISPR/Cas9 gene editing pathway was
recently recruited to create an effective a recombinant virus consisting
of CDV virus-like particles (VLPs), the matrix (M), F and H genes,
capable of assembling CDVVLPs and presenting rapid seroconversion
and greater antibody positivity when comparing with parental virus
strain in minks and foxes [230]. For the first time, an effective and fast
vaccine was developed applying the CRISPR/Cas9 pathway to prevent
CD in foxes, dogs and minks. As seen in Fig. 4, the findings offered the
CRISPR-Cas13 strategy as a therapeutic system for SARS-CoV-2.

Highly infectious and wild strains of SARS-CoV-2 result from rapid
evolution, which negatively affects human health. These continuous
health concerns emphasize the availability of reliable diagnostic
equipment with adjustable scales. In this regard, some promising
CRISPR-based techniques include FELUDA, DETECTR and SHERLOCK
for the diagnosis and management of SARS-CoV-2-induced COVID-19.
There are several affordable portable detection kits that can be applied
in hospitals and poor regions like small clinics, schools, airports and
even at home. SARS-CoV-2 and its emerging strains can be detected by
such CRISPR-supported diagnostic tools, thus providing one-hour results
with high sensitivity, accuracy, and specificity when compared to
standard PCR assay. Screening and early diagnosis of communities with
COVID-19 at the individual level affects the community in impeding the
spread of SARS-CoV-2 through immediate quarantine measures. Success
has been reported for CRISPR-supported diagnostic tools, however, the
use of these tools is restricted to the laboratory. There are needs for
additional translational investigations to advance the laboratory
achievements of these rapid diagnostic kits towards large-scale pro-
duction and commercialization. The diagnosis of COVID-19 can be made
anywhere by developing cost-effective, portable microfluidic cartridges
based on CRISPR and lyophilized reagents. The kit needs to be used by
trained and experienced staff in the field.

6. Potential challenges for CRISPR/Cas-based antiviral therapy

Promising applications are available for the CRISPR/Cas9 system for
anti-virus purposes through manipulation. However, various obstacles
have been reported to achieve these goals in human use. The safety of
these strategies in vivo may be ensured by minimizing off-target per-
formance. Incorrect deletion of a host gene with a high level of similarity
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with 20 bp seeding plus the PAM sequence at CRISPR/Cas9 target site
can be highly destructive to the host cell. This off-target performance of
the CRISPR/Cas9 system for human use can be precisely controlled
through a various variant of Cas9 (Cas9nickase with decreased off-target
features) resulting from the trigger of single-stranded DNA cutting
rather than double-stranded [231,232]. Three high gene-editing per-
formance CRISPR/Cas systems with negligible off-target cleavage must
be a much safer option for the clinical use of CRISPR/Cas9-supported
antiviral approach [233,234]. One major problem is to carry the com-
ponents of CRISPR/Cas9 to any cells infected with virus, which must be
bypassed for successful clinical use of this novel approach. This may be
because the presence of cells infected with the remaining unmodified
virus could be considered another repository of virus to release a novel
virion into the previously modified healthy cells. One of the best de-
livery systems is AAV due to the high capability of viral titers with the
potential to completely transmit all cells infected with virus to a patient
[235]. Recombinant engineering of a capsid protein of AAV through
tissue tropism for an infection site can lead to targeted delivery of AAV
to specific tissues. One of the most important delivery strategies for
CRISPR/Cas9 is a consistent record of safety and absence of AAV inte-
gration [235]. Based on previous findings, these AAV delivery methods
were studied for feasibility in CRISPR/Cas9-supported antiviral in-
vestigations [90,137,138,236,237]. Viral vectors are extensively
applied in CRISPR/Cas9 delivery under in vitro and in vivo conditions.
Nevertheless, there are multiple bottlenecks for them, such as size lim-
itations in the insertion of foreign gene, post-integration disruption of
host gene and subsequent cancer development, difficulty in mass pro-
duction, and strong immune behaviors. These limitations may be
addressed by constructing non-viral vectors like lipid- or
polymer-supported nanocarriers as an alternative delivery system for
CRISPR/Cas9 [238-240]. Viruses can become resistant to the
CRISPR/Cas9 system by producing an escape virus mutant, which must
be addressed before it can be used in clinical applications. This episode
can be prevented by carefully choosing the most essential and most
conserved regions of the viral genome for gRNA design. The gRNAs must
be carefully selected and optimally designed to effectively control viral
infection via CRISPR/Cas9 resulting from variants of viruses with
various sequences. The antiviral impact can be eliminated in many
gRNA-supported monoplex strategies by selecting a mutant virus with a
modified target site, which can no longer be separated by the
CRISPR/Cas9 system. Accordingly, effective and successful effects were
reported for multiplex strategies to suppress the production of a virus
escape mutant and maintain long-term antiviral activity. The next issue
is to more accurately validate the CRISPR/Cas9-supported host-target-
ing anti-virus strategy. A common example of an indirect use of the
CRISPR/Cas9 technique is the removal of host factors essential for a
particular stage of the virus life cycle. This host targeting through
CRISPR/Cas9 has the advantage of greatly reduced viral resistance to
direct modification of the virus genome. It is very difficult to choose a
host dependency factor, which is unnecessary for a host and essential for
a virus. We recommend a thorough analysis of the host’s immune
response to the CRISPR/Cas system to predict the side effects of this
antiviral treatment. In practice, this CRISPR/Cas9-spported antiviral
treatment should be cost-effective for patients.

7. Conclusion and future perspectives

The CRISPR-Cas systems allow precise targeting and modification of
both the viral and the host genomes, and offer a promising prospect for
the therapy of viral diseases. However, before the approach can be
translated into widespread clinical use, a number of key challenges need
to be overcome. The most important consideration is to ensure that
CRISPR therapeutics can be delivered specifically to their intended
target site. This increases the efficiency of CRISPR-Cas-mediated tar-
geting and at the same time avoids undesired effects of nonspecific
targeting in other organs. Several viral vectors have been used as
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delivery systems for CRISPR-Cas therapeutics, including lentiviral vec-
tors, AAV vectors and AdVs. However, each of these vectors has its own
limitations. Non-viral vectors have not been used for the delivery of
CRISPR-Cas, but they hold considerable promise to help mitigate the
shortcomings of viral-based delivery systems. Therefore, it is imperative
that future studies focus on investigating the feasibility of using non-
viral vectors as a delivery vehicle for the CRISPR-Cas system.

Another challenge that needs to be addressed is the off-target genetic
effects, in which DSBs occur at undesired genomic sites within the target
cells. Many strategies have been proposed to decrease the off-target
genetic effects, such as by using the Cas9-gRNA ribonucleoprotein
(RNP) [241], employing RNA-targeting Cas systems, including RCas9
and Casl3 [242], modifying the Cas systems to improve DNA target
sequence recognition [243], and altering the PAM preferences [244].
Interestingly it has been reported that by decreasing the length of gRNA
from 20 bp to 17/18 bp, off-target effects can be reduced by 500-fold,
without any adverse effects on the accuracy of Cas9 protein [245].
Modification of gRNA ribose-phosphate backbone with 2’-O-meth-
yl-3’-phosphonoacetate was also found to significantly decrease the
off-target events [246]. In addition to these strategies, using the natural
inhibitors of CRISPR-Cas complexes, known as Anti CRISPR proteins,
can reduce off-target cleavages [247]. However, these findings have not
been extensively replicated. Hence, future studies should investigate
whether the aforementioned strategies could reduce off-target genetic
effects in the treatment of viral infections. Identification of additional
strategies for optimizing the CRISPR-Cas system should also be
encouraged.

In conclusion, the CRISPR-Cas systems are powerful tools that have a
lot of potential as a new therapeutic technique for the treatment of viral
infections. However, several key challenges must be overcome before
this technology can be used in routine clinical settings. Further studies
aimed at improving the safety and efficiency of the CRISPR-Cas therapy
are also highly warranted.
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