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Liver disease, particularly viral hepatitis and hepatocellular carcinoma (HCC),
is a global healthcare burden and leads to more than 2 million deaths per year
worldwide. Despite some success in diagnosis and vaccine development,
there are still unmet needs to improve diagnostics and therapeutics for viral
hepatitis and HCC. The emerging clustered regularly interspaced short
palindromic repeat/associated proteins (CRISPR/Cas) technology may open
up a unique avenue to tackle these two diseases at the genetic level in a
precise manner. Especially, liver is a more accessible organ over others from
the delivery point of view, and many advanced strategies applied for
nanotheranostics can be adapted in CRISPR-mediated diagnostics or liver
gene editing. In this review, the focus is on these two aspects of viral hepatitis
and HCC applications. An overview on CRISPR editor development and
current progress in clinical trials is first given, followed by highlighting the
recent advances integrating the merits of gene editing and nanotheranostics.
The promising systems that are used in other applications but may hold
potentials in liver gene editing are also discussed. This review concludes with
the perspectives on rationally designing the next-generation CRISPR

consequences and severely impair the hu-
man body’s normal functionalities.'l Viral
hepatitis, the inflamed liver damage with a
high incidence, is caused by viral infections
and often compromises the liver functions,
which may consequently threaten patient’s
health. Hepatitis viruses type B (HBV) and
type C (HCV) preferentially infect hepato-
cytes, and chronic HBV and HCV infec-
tions lead to many complications, includ-
ing chronic cirrhosis and liver cancers.[?!
Hepatocellular carcinoma (HCC), account-
ing for nearly 90% of liver tumors, is one
of the most common fatal cancers in the
world.?] Therefore, prevention and confine-
ment of liver-associated diseases, especially
viral hepatitis and HCC, are unmet needs of
the field.

Despite some success in serum detection
and vaccine development,®! there is still a
lack of precise diagnoses and treatments at

approaches and improving the editing performance.

1. Introduction

The liver is the metabolism center of the human body, actively
involved in many necessary physiological reactions. Its dysfunc-
tions caused by liver-associated diseases (e.g., chronic inflam-
mation and cancer) can lead to detrimental pathophysiological

the genetic level for hepatitis viral infections

and HCC. The emerging gene engineer-

ing technologies, such as zinc-finger nu-

cleases (ZFNs), transcription activator-like
effector nucleases (TALENS), and clustered regularly interspaced
short palindromic repeat/associated proteins (CRISPR/Cas),
may fill the technical gaps.I*] Particularly, with its high efficacy
and programmable designs, CRISPR/Cas technology is attractive
for a broad spectrum of applications for diagnostics and thera-
peutics.
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Figure 1. CRISPR/Cas technology for theranostics of viral hepatitis and HCC. This review discusses the emerging CRISPR/Cas toolkits to advance liver-
targeting nanotheranostics, especially for viral hepatitis and HCC. The CRISPR-based diagnostics part in this review mainly focuses on the advance of
new sensing appraoches and discovery of promising markers, while the CRISPR-based nanomedicine part concentrates on the discussion of potential

therapeutic targets and highlights delivery platforms for liver gene editing.

In the last few years, the CRISPR/Cas technology has stim-
ulated significant efforts in gene editing for various application
aspects.®! In the fields of viral hepatitis and HCC, CRISPR/Cas
technology has been applied to advance liver theranostics with
great accuracy and versatility. Notably, as most delivery carri-
ers, especially non-viral nanoparticles, accumulate in the liver
when given through systemic administration,®! the liver may
be the most suitable organ with better editing efficacy outper-
forming other tissues, which may be easier to meet the clini-
cal goals. For one thing, perceived as a site with the privilege of
the immune system, the liver tends to induce immune tolerance
instead of immunogenicity”] For another, many nanoparticles
hold liver tropism, which may accumulate CRISPR/Cas cargos
in nanoscale for further editing applications.

This review overviews various CRISPR/Cas applications and
the potentials for viral hepatitis and HCC, followed by our per-
spectives on how to facilitate the diagnostics and therapeutics of
viral hepatitis and HCC by integrating the merits of CRISPR/Cas
gene editing and nanotheranostics (Figure 1). Recent develop-
ments of CRISPR/Cas technology are first summarized, pro-
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viding an overview of advancements and concerns. We subse-
quently discuss the potential markers for detecting viral hepatitis
and HCC and the emerging CRISPR-based diagnostic (CRISPR-
Dx) platforms. Therapeutic targets and delivery vectors to apply
CRISPR/Cas technology for treating both diseases are then high-
lighted. As the field continues perfecting CRISPR/Cas gene edit-
ing, we end the review with our perspectives on how to engineer
a safe, efficient, and specific CRISPR/Cas system for liver gene
editing and downstream diseases. Leveraging these aspects, this
review is intended to highlight the technological advances with
improving strategies to sketch potential CRISPR/Cas designs for
gene editing in viral hepatitis and HCC, which may add to the
armamentarium of tackling challenging liver diseases.

2. Current Development of CRISPR Gene Editors
2.1. General Mechanisms and Development of CRISPR Systems

The CRISPR/Cas system is originally part of bacterial immunity
and recently developed for gene editing, which enables precise

2102051 (2 0f39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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gene engineering and facilitates genomic studies in the mam-
malian system.

A typical CRISPR/Cas system generally contains a guide RNA
(gRNA) and a corresponding Cas RNA-guided nuclease (RGN).
In bacteria, the CRISPR genes encode various short spacers
and repeats. The spacers are acquired from exogenous DNA se-
quences captured by bacteria and act as a “blacklist” in the im-
mune system. The short direct repeats contain palindromic se-
quences to form a hairpin, which can be processed into func-
tional CRISPR RNA (crRNA) and trans-activating ctRNA (tracr-
RNA). The CRISPR genes are adjacent to highly conserved
CRISPR-associated (Cas) genes, organized in an operon expres-
sion system to perform spacer acquisition, crRNA processing,
target cleavage, and other functions.[®] Under the guidance of cr-
RNA/tractRNA, the Cas RGN can recognize and disrupt the ex-
ogenous sequence to defend against foreign infections.[®!

When adapted to the mammalian cell system, this RNA-
guided targeting and cleavage capability allow the CRISPR/Cas
system to modify a specific region of the genome. To date, vari-
ous engineered CRISPR/Cas systems have been validated across
different cell lines and animal models to knock out or cor-
rect disease-associated mutations, regulate gene expression, and
screen functional gene signatures.[1]

2.1.1. CRISPR/Cas-Mediated Gene Editing: Using CRISPR/Cas9 as
an Example

In general, the CRISPR/Cas gene editing recognizes the tar-
get, induces cleavage, and then triggers the DNA repair mech-
anism. Using the CRISPR/Cas9 system as an example, the
Cas9 RGN recognizes a short protospacer adjacent motif (PAM)
in the target and then performs specific base pairing with a
crRNA/tractRNA hybrid or a 20-nt protospacer-carrying sin-
gle gRNA (sgRNA).''l The Cas9 enzyme acts as an endonu-
clease and cuts both complementary and non-complementary
strands, causing a double-strand DNA break (DSB). The DNA
repair mechanism is subsequently initiated via error-prone non-
homologous end-joining (NHE]) or precise homology-directed
repair (HDR).['®] NHE]J-induced repair tends to produce stag-
gered ends, for which undesirable errors such as genetic in-
sertions and deletions (indels) may occur. By contrast, when
a homologous donor template is available, HDR can intro-
duce specific-site insertions, deletions, nucleotide substitutions,
and genomic sequence rearrangements.!'® Therefore, HDR-
mediated CRISPR/Cas editing is often used for accurate genetic
corrections. Since NHE] is error prone, while HDR has higher
fidelity, a comprehensive understanding of the underlying DNA
repair mechanisms triggered after CRISPR/Cas gene editing war-
rants more studies to better design a proper CRISPR/Cas ap-
proach for different editing desires.

2.1.2. Classification of CRISPR/Cas Systems

There are two classes of CRISPR/Cas with different compositions
of interference effectors, and they have been engineered as toolk-
its for gene editing.['? The class 1 system has multiple subunit
effector complexes, whereas the class 2 system (the focus in this
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review) possesses single-protein effectors and is used for mam-
malian cell gene editing. Nowadays, majority of the field focuses
on the class 2 systems and their derived variants, including DNA-
and RNA-targeting CRISPR systems. These findings adequately
elucidate the vast diversity of functionality and development his-
tory of CRISPR/Cas (Table 1).1%)

Among DNA-targeting CRISPR/Cas systems, Cas9 with HNH
and RuvC nuclease domains is one of the most intensively stud-
ied ones. To date, the Cas9 RGN from Streptococcus pyogenes (Sp-
Cas9) is widely used for DNA gene editing."3] Other Cas9 ortho-
logues, such as Staphylococcus aureus Cas9 (SaCas9), Streptococ-
cus thermophilus Cas9 (StCas9), Neisseria meningitidis Cas9 (Nm-
Cas9), and the SpCas9 variants, have also been optimized.!'*]

Besides CRISPR/Cas9, other CRISPR/Cas systems with
unique properties have been explored for their capability of gene
editing.['?! For example, Cas12, another effective DNA-targeting
subtype, can also disrupt double-stranded DNA (dsDNA) se-
quences. The commonly used Casl2a (also known as Cpfl)
and lately discovered Cas12b are both the members of Cas12
family.">] Unlike Cas9, Cas12 has a relatively smaller physical
size with RuvC domain and is only guided by a single and short
crRNA. It prefers a T-rich PAM at the 5’ end of the protospacer
and produces a sticky end distal to the PAM site.!®]

While as a representative RNA-targeting system, Cas13 with
a pair of higher eukaryotes and prokaryotes nucleotide-binding
(HEPN) nuclease domains was discovered in L. shahii bacterial
pathogens.[1 Cas13a (also known as C2¢2) is the typical one, and
Cas13b, Cas13d (CasRx), and other members were later discov-
ered and showed a broad range of potential applications.7]

Doudna and co-workers recently identified Cas14 (also known
as Cas12f) with a smaller size of 400 to 700 amino acids.!®)
It can target both dsDNA and single-stranded DNA (ssDNA)
without any PAM preference. Casl4 has been used to detect
single-nucleotide polymorphisms, which is of great clinical sig-
nificance for the early diagnosis of various genetic diseases and
cancers.

2.1.3. Development of CRISPR/Cas Systems

In the past few years, significant efforts have been made in
gene editing to improve the performance of the discovered
CRISPR/Cas system and explore more applications in both
diagnostics and therapeutics, including liver gene editing
(Figure 2). In 1987, Nakata and co-workers discovered inter-
spaced short repetitive sequences downstream of the Escherichia
coli iap gene.l'”] These interspaced repeats were later reported in
other bacteria and archaea and formally termed CRISPR.[?%! Cas
genes were also identified to be invariably adjacent to the CRISPR
loci.2%] In 2007, CRISPR/Cas was experimentally confirmed
as part of bacterial immune system for adaptive immunity.l?!]
In 2012, CRISPR/Cas9 was used to cut the target DNA in
prokaryotic cells, symbolizing the burst of CRISPR/Cas gene
engineering.['® One year later, CRISPR/Cas9 was applied in eu-
karyotic cells.??l In 2014, Yin et al. used hydrodynamic injection
for CRISPR gene correction to treat hereditary tyrosinemia type
I in the liver.?}] It was one of the first reports of non-viral delivery
for CRISPR/Cas9 in vivo application in the liver. In the same year,
CRISPR/Cas9 was applied to treat viral hepatitis.**] This report
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Table 1. Comparison of the representative CRISPR/Cas systems (Cas9, Cas12, Cas13, and Cas14).

Name Size Enzymatic gRNA length Target PAM Cleavage mechanism Cutting site Ref.
(amino acids) domains (nt)

Cas9 1000—-1600 HNH and 100 dsDNA, RNA 5" NGG; G-rich Blunt ended DSB Proximal to [145]

RuvC recognition site
Cas12 1100—-1300 RuvC 42-44 dsDNA 5' TTN; T-rich Staggered ended DSB in 5’ Distal from the [146]

overhangs target DNA and recognition site

collateral activity

Cas13 900—-1300 HEPN 52-66 RNA 3'A U orC Specific RNA cleavage and Distal from the [36a]

collateral activity recognition site
Cas14 400-700 RuvC 140 dsDNA and For dsDNA targeting: 5’ Super-specific ssDNA Distal from the 18]

ssDNA TTN; T-rich cleavage and collateral recognition site

For ssDNA targeting: no activity
limits
CRISPR/Cas9 CRISPR/Cas9
genome editing in gene knockout for S
Experimental eukaryotic cells HCC therapy QRISPRlCaS Clinical trial of
evidence of (Cong et al.) (Zhu et al.) applied in molecular NTLA-2001 (LNP
CRISPR/Cas- 2013 2015 diagnosis formulation of
mediated (Gootenberg et al.) CRISPR/Cas9) for
adaptive immunity 2017 transthyretin
(Barrangou et al.) amyloidosis
2007 treatment
(Gillmore et al.)

2021

2016 !///!/”

2014
Non-viral Clinical trial of
2012 CRISPR/Cas9 CRISPR/Cas9-
CRISPR/Cas9- delivery for in vivo edited T cells for
mediated cleavage therapy in the liver lung cancer therapy 2020
& of target DNA in (Yin et al.) (Cyranoski etal.)  Clinical trial of EDIT-
rokaryote in vitro 101 (AAV-delivered
Discovery of P ek ot al) CRISPR/Cas9 CRISPR/Cas9) for
interspaced short targeting HBV LCA10 treatment
repetitive sequences cccDNA to treat (Maeder et al.)
(Ishino et al.) viral hepatitis
(Seeger et al.)

Figure 2. Timeline of developing breakthroughs of CRISPR/Cas systems and liver gene editing.

showed that CRISPR/Cas9 gene editing achieved eightfold in-
fectious HBV deletion in vitro. In 2015, CRISPR/Cas9 was used
for gene knockout in HCC cells, remarkably inhibiting tumor
growth.[?] In 2016, the CRISPR-based clinical trial was initiated
using gene-edited T cells to treat lung cancer.? In 2017, Zhang
and co-workers developed a Cas13-based diagnostic platform and
thus established CRISPR/Cas molecular diagnosis.l'’?] In 2020,
in vivo CRISPR/Cas-based therapy (EDIT-101) was carried out to
treat Leber’s congenital amaurosis 10 (LCA10).27] In 2021, the
clinical data of in vivo CRISPR/Cas9-based trial was published.®]
The CRISPR/Cas9-based NTLA-2001 therapy demonstrated its
positive results to cure transthyretin amyloidosis.

Adv. Sci. 2021, 8, 2102051

CRISPR technology opens up a new avenue leading gene en-
gineering toward clinical applications. Significant numbers of
CRISPR/Cas-based gene-editing strategies have entered clinical
trials (Table 2). In 2016, the CRISPR/Cas-based clinical trial was
started in China (NCT02793856). In this ex vivo trial to treat non-
small cell lung cancer (NSCLC), the T cells were engineered via
CRISPR-mediated gene knockout of programmed death ligand-
1 (PD-L1). This gene knockout blocked the PD-L1/programmed
death-1 (PD-1) pathway, and these engineered T cells were sub-
sequently expanded and given back to the patient. The cur-
rent clinical results demonstrated its therapeutic safety and po-
tential for large-scale trials.’®?] On the other hand, EDIT-101

2102051 (4 0f39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Examples of CRISPR/Cas-mediated gene editing technology. A) Primarily, Cas9 performs gene editing to achieve gene deletion and inser-
tion/replacement. B) Some CRISPR systems like Cas13 orthologs can target RNA instead of DNA. C) dCas9 can be engineered with epigenetic modifiers
to induce epigenomic editing. D,E) dCas9 engineered with trans-effectors can establish CRISPRa connected with the activation domain or CRISPRi con-
nected with the repressor domain. F) CRISPR imaging is achieved by fusing a fluorescence protein (FP). G) CRISPR/Cas9 base editing is based on nCas9

integrated with UGI and APOBECT.

got permission for clinical trials (NCT03872479) in 2019. This
virus-delivered CRISPR/Cas system was designed to disrupt the
CEP290 gene for treating LCA10.3%1 The treatment of the first
patient recruited for the EDIT-101 trial was given in early 2020,
remarking a significant CRISPR-based clinical translation mile-
stone.

For liver diseases, CRISPR-based nanotheranostics is still atan
early stage. Nevertheless, the momentum of CRISPR/Cas studies
has pushed forward theranostics of liver diseases, including viral
hepatitis and HCC to get closer to clinical applications. In the fol-
lowing sections, we will discuss how CRISPR/Cas technologies
could be integrated with nanotheranostics to design innovative
CRISPR-based strategies for detecting and treating viral hepati-
tis and HCC.

2.2. DNA-Targeting CRISPR System Used in Liver Disease
Theranostics

CRISPR/Cas-based DNA targeting has been widely studied since
when the initial CRISPR/Cas gene editor, SpCas9, was re-
ported. As one of the most common DNA-targeting gene editors,
CRISPR/Cas9 systems have been used for gene deletion and in-
sertion/replacement in multiple fields (Figure 3A).[1331]
Especially, DNA-targeting CRISPR systems have been an
active and promising field of liver-associated research.®?l As
a representative example, a CRISPR/Cas9-mediated metabolic
pathway reprogramming achieved in vivo gene editing to
delete metabolic enzyme hydroxyphenylpyruvate dioxygenase.**!
CRISPR-edited hepatocytes displayed a reversion from hered-

Adv. Sci. 2021, 8, 2102051

itary tyrosinemia to benign tyrosinemia, making treated mice
asymptomatic within 8 weeks. In the following section, more
and more mentioned studies supported the potential of CRISPR-
based approaches in liver studies.

2.3. RNA-Targeting CRISPR Gene Editors

RNA can also exploit genetic information and participate in var-
ious cellular activities.!'®"! Transcriptional homeostasis is essen-
tial for maintaining physiological functions, so RNA targeting to
correct abnormal RNA levels is one option for treating diseases.
CRISPR-mediated RNA editing is a potential strategy. Distinct
from permanent alterations caused by DNA editing, RNA edit-
ing is reversible and thus suitable for temporary modifications.
The major advantage of RNA editing is to minimize genetic and
mechanistic complications,!'31231034] especially appealing for its
potential in treating RNA virus infections. Notably, as HCV is an
RNA virus, the expansive RNA-targeting CRISPR gene editors
have great potentials for theranostics of HCV-induced viral hep-
atitis. CRISPR/Cas-mediated RNA editing can perform posttran-
scriptional silencing for HCC therapy.

Among CRISPR/Cas systems, the type VI system can be
RNA targeting. The Cas13 family is one of the most repre-
sentative systems to expand RNA-targeting applications (Fig-
ure 3B).['7"] Cas13a and Cas13b have been used for RNA edit-
ing, RNA imaging, splicing modulation, nucleic acid detection,
and so on.[®17#3] Remarkably, Zhang and co-workers reported
a deactivated CRISPR/Cas13-programmable adenosine (A)-to-
inosine (I) replacement (REPAIR) system and a later cytidine

2102051 (9 of 39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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(C)-to-uridine (U) exchange (RESCUE) system.*®] These two
systems had no restrictive targeting sequences and precisely
corrected pathogenic mutations of transcripts. Furthermore, Li
et al. fused dCas13b and N6-methyladenosine (m®A) demethy-
lase AIkB homolog 5 (ALKBHS) as the designed dm®ACRISPR
system.l3”] The dm°®ACRISPR system targeted and then demethy-
lated mRNA, inducing efficient demethylation of m°A oncogene
transcripts to inhibit tumor proliferation. As for the liver ap-
plications, a study innovatively used Cas13d in the mouse liver
for PTEN and PCSK9 gene knockdown to modulate metabolic
functions.*® Results showed more than 15% knockdown, illus-
trating Cas13-based RNA-targeting strategy as a powerful method
to inactivate genes in vivo.

Besides, Cas9 can act as an RNA-guided ribonuclease too. A
PAM-presenting oligonucleotide (PAMmer) designed for spe-
cific RNA sequences can guide Cas9 to target RNA sites. This
RNA-targeting Cas9 system (termed RCas9) has been used to
visualize and eliminate targeted RNAs in vitro.?*) Lei and co-
workers developed a CRISPR-mediated fluorescence in situ hy-
bridization in live cells (CRISPR LiveFISH).[**l They integrated
dCas9-EGFP fusion protein and Cy3-labeled gRNA to form fluo-
rescent ribonucleoprotein (fRNP). CRISPR LiveFISH is verified
to be used for RNA editing and localization. Notably, a Cas9 or-
thologue termed Francisella novicida Cas9 (FnCas9) was also re-
ported with ribonuclease activity. This system was previously ap-
plied to target HCV in eukaryotic cells and achieved over 50%
virus inhibition.[*!]

2.4. Deactivated CRISPR Systems for Nucleic Acid Manipulation

By mutating the two nuclease domains, HNH and RuvC, the cat-
alytically deactivated Cas9 (dCas9) can target the locus without
cleaving the site. Creating a single mutation on one of the nu-
clease domains can make Cas9 nickase (nCas9) only cut one tar-
geted strand. Similarly, the generations of dead Cas12 (dCas12)
and dead Cas13 (dCas13) can also be achieved through mutation
of the RuvC and the HEPN nuclease domains, respectively. These
deactivated CRISPR systems directly manipulate the transcrip-
tion or the recruitment of effector proteins to regulate the gene
expression (Figure 3C).[*2] Furthermore, this way of genetic ma-
nipulation has been under exploration in the field of the liver.

Integration of a deactivated CRISPR/Cas with different effec-
tors can further generate a targeted gene modifier. Many CRISPR
activators (CRISPRa) and CRISPR repressors (CRISPRi) have
been reported for gene regulation applications (Figure 3D,E).l*<l
For instance, Wang et al. synthesized dCas9 epi-suppressors by
fusing dCas9 to three epigenetic suppressor genes for HCC
therapy.¥] They used this system to target the granulin (GRN),
a promotive factor of pluripotent mitogen and growth in tu-
mor progression. In Hep3B hepatoma cells, the epigenetic mod-
ification via tethering catalytically inactive Cas9 with DNMT3a,
EZH2, and KRAB domains was verified to inhibit tumor growth
efficiently.

Besides, the dCRISPR family can be integrated with reporters
like a fluorescent protein (FP) for imaging (Figure 3F).[** This
imaging technology offers extraordinary potential in dynamic
visualization within living cells or even in vivo. More recently,
dCRISPR systems have been under unprecedented revolution

Ady. Sci. 2021, 8, 2102051
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with the development of CRISPR/Cas base editors (BEs), which
are generated by nCas9 fused with uracil glycosylase inhibitor
(UGI) and cytosine deaminase, APOBEC1 (Figure 3G).**) BE-
mediated gene manipulation is promising for correcting point-
mutated genetic disorders, and more BEs have been reported
with the adaptation of fusing with adenosine or cytidine deam-
inases, performing four transition mutations: C-G to T-A or A-T
to G-C substitutions. Recently, Yang et al. used the SpCas9-based
BEs to eliminate HBV in the liver and successfully edited base
in an in vitro HBV infection model.l**] They introduced point
mutations to integrated HBV DNAs and covalently closed circu-
lar DNAs (cccDNAs), indicating the potential to treat HBV via
CRISPR BE systems. This study has demonstrated the potential
use of base editing technology in the liver.

Collectively, these deactivated CRISPR systems for diverse
gene manipulations demonstrated their potential to be used for
viral hepatitis and HCC in diagnostic imaging and epigenetic
therapy. More systematic investigations have been designed to
balance editing efficiency and side effects in applications of viral
hepatitis and HCC.

2.5. Concerns and Obstacles

Although the CRISPR/Cas technology is promising in treating
genetic-associated mutations and diseases,!*’! some significant
challenges and obstacles hinder the translation of this technol-
ogy, especially on its off-targeting and safety.!*?!

2.5.1. Off-Targeting Effects

Theoretically, the CRISPR/Cas system only disrupts the targeted
DNA that was recognized by its gRNA.[*! However, in some
cases, other sites that are not fully complementary to the pro-
tospacer may also be cleaved by Cas RGNs, known as the off-
targeting effects.[?'"%] Undesired editing at the off-target sites
severely impacts the editing efficacy and may harm cell survival
and other physical activities.

Many efforts have been attributed to reducing off-target ef-
fects, including optimizing the gRNA designs, using a pair of
nCas9. The gRNAs can be modified with sequence truncation,
chemical modifications.>!l In addition, the protospacer sequence
also impacts the editing specificity. Many prediction tools have
been reported to guide the design of CRISPR/Cas system. For
example, “CRISPOR” website (http://crispor.org) is a tool to help
gRNA design according to a scoring algorithm evaluating poten-
tial off-target and on-target activities in over 150 genomes.[>?! Re-
cently, DeepSpCas9 (http://deepcrispr.info/DeepSpCas9), a deep
learning-based model, was developed to predict SpCas9 activities
with various targeting gRNAs.[>*] Besides, bioinformatics tech-
niques and advanced sequencing techniques are on the way to
guide the design of CRISPR/Cas toolkit to reduce potential off-
target effects.[51054]

Proper engineering of Cas proteins is another solution. Slay-
maker et al. generated “enhanced specificity” SpCas9 (eSpCas9)
variants from the neutralization of positively charged residues
within the nontarget strand groove of SpCas9.%! These variants
showed weaker binding between the nontarget strand and the

2102051 (10 Of39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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target one, achieving higher fidelity but maintaining robust on-
target cleavage. Hu et al. generated another Cas9 variant with ex-
panded PAM compatibility (xCas9) through phage-assisted con-
tinuous evolution.[''?] They identified that xCas9 broadened the
PAM scope to NGG, NG, GAA, and GAT for more precise target-
ing and showed genome-wide off-target activity than SpCas9.

Choosing DSB-induced repairing pathways is another improv-
ing direction. HDR-induced gene editing with high fidelity Cas
enzyme can improve targeted integrations, while NHE] is prone
to induce various indels and thus increase the off-target risk.[22°¢]
Recently, a third repair mechanism named microhomology-
mediated end-joining (MME]) was reported and enable efficient
targeted integration of large DNA fragments.”] It came with
high targeted editing efficiency and low off-target effects in trans-
fected hepatocytes, promoting a practical approach for gene ma-
nipulation in the liver.

2.5.2. Immunogenicity

Potential immune reactions might engender another big con-
cern. The introduced CRISPR/Cas systems may be identified
as foreigners to generate immune responses and even activate
anti-Cas antibodies and Cas-specific cellular responses, which are
likely to induce cell death or other consequences.[*>3*%8] The im-
mune system may cause CRISPR/Cas editing failure via graft-
versus-host rejection and severe immune responses. Porteus’
group found that >70% of adults have antibodies of the widely-
used SaCas9 and SpCas9, warning for CRISPR-based clinical
trials with potential inflammation and even death.*! Later, an-
other study indicated pre-existing immunity to SpCas9 appeared
in 85% of healthy volunteers.[*"! All these results emphasize im-
munogenicity as a tricky problem in CRISPR/Cas editing.

Encouragingly, these reports of warning alerted scientists to
carefully design a CRISPR/Cas system for the particular applica-
tion for the future clinic. CRISPR applications into clinical trans-
formation require a thorough study of harmful immune hazards
to prevent reverse immune responses and maintain high editing
efficiency. For theranostics of viral hepatitis and HCC, a safe, ef-
ficient and specific CRISPR/Cas tool is necessary.[3238]

Although off-target effect and immunogenicity could com-
promise the gene-editing efficacy, these may be resolved
with the help of other engineering approaches. Nevertheless,
CRISPR/Cas gene editing holds great potential for viral hepatitis
and HCC. Indeed, the promise of CRISPR/Cas as a tool for cleav-
age, elimination, or inactivation of hepatitis viruses and HCC-
related genes has prompted a significant number of researchers
to explore the possibility to treat viral infections and HCC.

3. CRISPR Technology for Diagnostics of Viral
hepatitis and Hepatocellular Carcinoma

As CRISPR/Cas technology enables precise gene targeting and
editing, it can detect pathogenic nucleic acids. To date, many sen-
sitive CRISPR diagnostic systems have been designed, and those
could also be potentially used for the early detection of viral hep-
atitis and HCC. This section will introduce the current progress
of technology development, highlight the advances of CRISPR
diagnostic methods, and discuss their potential use in viral hep-
atitis and HCC diagnosis.

Adv. Sci. 2021, 8, 2102051
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Table 3. Five typical hepatitis viruses.

Type Classification Viral Route of Chronic
genome  transmission infection
Hepatitis A virus (HAV)  Picornavirus RNA Fecal-oral No
Hepatitis B virus (HBV)  Hepadnavirus DNA Parenteral Yes
Hepatitis C virus (HCV)  Flavivirus RNA Parenteral Yes
Hepatitis D virus (HDV)  Deltavirus RNA Parenteral Yes
Hepatitis E virus (HEV)  Hepevirus RNA Fecal-oral No

3.1. Potential Markers for Liver Disease Diagnostics
3.1.1. CRISPR Screening for Liver Diseases

For liver disease diagnostics, screening and validation of
pathogenic gene signatures involved in liver-associated diseases
are the first points. These have been carried out with transpo-
son mutagenesis and RNA interference-mediated screens,!®! but
the two methods are low efficient or less specific. In contrast, the
CRISPR/Cas technology offers a better alternative approach with
ideal cost efficiency, time consumption, and high genetic identi-
fying capacity.[®?]

There have been several efforts taken for CRISPR screening of
viral hepatitis. Ren et al. reported a real-time live-cell reporter sys-
tem, namely NIrD, with the combination of CRISPR/Cas9 gRNA
library to study HCV infections. Several gene signatures, such as
CLDN1, OCLN, and CD81, were involved in HCV transmission
using high-throughput sequencing analysis. This demonstrates
that CRISPR/Cas9 is a powerful tool to study the response of host
cells under the virus infection.[%3]

On the other hand, both oncogenes and tumor suppressor
genes (TSGs) are promising HCC diagnostic markers. Using Pig-
gyBac (PB) transposon to deliver a gRNA library, in vivo genome-
scale screening in mice was achieved, successfully identifying
several TSGs involved in liver tumorigenesis.[*] Taken together,
liver-associated CRISPR screening is a fruitful direction to iden-
tify potential markers for the detections of viral hepatitis and
HCC. These discovered markers have great potentials for precise
diagnostics.

3.1.2. Potential Markers for Viral Hepatitis Detection

To date, five certain types of viral hepatitis have been identified
(Table 3). All of them have different features with potential di-
agnostic markers. HBV and HCV are the primary focus of this
review. In 1965, Blumberg et al. discovered hepatitis B surface
antigen (HBsAg) associated with HBV in Australian aboriginal
serum.!®] From then on, HBsAg in the serum has become a key
index for HBV active infection. This study also initiated the explo-
rations of specific markers related to viral hepatitis. As a partly ds-
DNA virus, HBV has discovered a series of serological markers:
HBsAg and anti-HBs, hepatitis B e antigen (HBeAg) and anti-
HBe, and anti-hepatitis B core antigen (HBc) IgM and IgG.(%]
Lately, HBV detection has extended to other markers, including
the samples from serum DNA, resistance cccDNA, and so on.[*’]
For HCV detection, HCV RNA, HCV antibody (anti-HCV), and
core antibody (anti-HCc) have been widely used in clinics.[%®]
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HCC molecules Function or significance Related pathway Changes during Ref.
HCC
Methyltransferase-like 3 (METTL3) A major RNA N6-adenosine methyltransferase (m6A), an m6A-YTHDF2 (reader Upregulation (70b,147]
inhibitor of cytokine signaling 2 (SOCS2) expression protein)-dependent
pathway
[70b,148]

Nuclear receptor coactivator 5
(NCOAS)

High mobility group A2 (HMGA2)

Mammalian target of rapamycin
(mTORC2)

Src homolog and collagen homolog 3
(Shc3)

Na*/Ca?* exchanger 1 (NCX1)

Phospholysine inorganic
pyrophosphate phosphatase (LHPP)

Long intergenic non-coding RNA
located on 1q21.2 sequence
(LINCO01138)

Src homology region 2 (SH2)
domain-containing phosphatase 1
(SHP-1 or PTPN6)

Sterol O-acyltransferase 1 (SOAT1)

Hepatic leukemia factor (HLF)

Wingless-type MMTV integration site
family member 3a (Wnt3a)

Taurine upregulated gene 1 (TUGT)

Positively regulating ERa-mediated transcription

Negatively regulating Ras-dependent activation

Promoting fatty acid and lipid synthesis then steatosis and
tumor development

Inducing epithelial-mesenchymal transition (EMT) and
proliferation as well as metastasis of HCC

Regulating the effect of TGFf on tumor migration, invasion,
and metastasis via interacting with canonical transient
receptor potential channel 6 (TRPC6)

A protein histidine phosphatase as TSG

Physically interacting with insulin-like growth factor-2
mRNA-binding proteins 1/3 (IGF2BP1/IGF2BP3) and
arginine methyltransferase 5 (PRMT5)

Inhibiting proliferation, migration, invasion, and
tumorigenicity of HCC

Promoting distribution of cellular cholesterol, proliferation,
and migration of HCC

An oncofetal protein reactivated in HCC by SOX2 and OCT4

A key component of the mesoderm gene in embryonic
development

Positive correlated to AFP mRNA levels in non-hepatitis
B/non-hepatitis C HCC (NBNC-HCC)

EMT process

MAPK-RAS pathway
mTOR pathway

MVP/MEK/ERK

TGFp pathway

mTOR pathway

Downstream PRMT5
ubiquitination and
degradation

STAT3, NF-xB, and
AKT pathway

TGFp pathway

HLF/c-Jun axis
Wnt/f-catenin
pathway

Undiscussed

Downregulation

Downregulation

Upregulation

Upregulation

Upregulation

Downregulation

Upregulation

Downregulation

Upregulation

Upregulation
Upregulation

Upregulation

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

71

On-time detection and corresponding therapy of viral hepati-
tis are expected to have a simple process, take up only minimal
time and cost. The emerging CRISPR/Cas system can provide an
opportunity as a promising precise detection tool.[”] Especially,
HBV DNA and HCV RNA, which are the most important indexes
of virus infection, could be suitable for CRISPR/Cas diagnostics
with DNA or RNA targeting. In addition, designs of high-specific
targeted sequences are necessary. Further efforts should be taken
to design proper targets with high-level affinity and binding be-
tween the disease markers and CRISPR/Cas detectors.

3.1.3. Potential Markers for Hepatocellular Carcinoma Detection

The landscapes and genetic alterations in the different stages of
HCC have been much clearer with published studies in the past
decades,”! for which considerable factors can be considered as
potential markers. Serum a-fetoprotein (AFP) has been studied
mainly as a reliable HCC marker in diagnostics and prognosis
prediction.”!] Osteopontin (OPN) was identified as a matricellu-
lar protein in the bone matrix, relevant to HCC metastasis.”?!
Recently, methylated DNA markers (MDMs) have been dis-
covered as depicters for HCC-specific genetic and epigenetic
aberrations,”*! so they may be suitably applied for CRISPR/Cas-

Ady. Sci. 2021, 8, 2102051

based diagnosis, surveillance, and prognosis analysis. For exam-
ple, Xu et al. demonstrated that ctDNA methylation markers in
the plasma were closely correlated to HCC DNA, providing a con-
cept for a potential effective blood-based diagnostic method.!”?!
Other markers, such as CINNB1 and TP53, have been discov-
ered and may be suitable for CRISPR-mediated specific HCC
detection.[”*]

In summary, a list of specific HCC markers has been stud-
ied to link with the tumor occurrence and development, and
those could be potential targets for designing a CRISPR-based
HCC diagnosis (Table 4). These potential markers should be se-
lected according to HCC specificity. In addition, as the advances
in CRISPR/Cas technology have driven disease diagnostics,!32!
previous applications can be transferred to HCC diagnosis with
mutation detection. The CRISPR/Cas detectors should be ratio-
nally designed with super sensitivity, and the reporting signals
should be transformed into quantitative data.

3.2. CRISPR-Based Diagnostic Platforms
The CRISPR-Dx has been utilized to detect abnormal genetic

changes for pathogen genotyping, disease monitoring, and so
on.['7#3] Cas proteins like Cas12, Cas13, and Cas14 bind to

2102051 (12 Of39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Advance of CRISPR/Cas detection systems. A) Schematic graph of representative CRISPR detectors: DETECTR,[”3] SHERLOCK and
SHERLOCKv2,[17235] CRISPR-Chip,[77] and CRISDA.I”8] Adapted with permission.!”>] Copyright 2018, Science. Adapted with permission.['72] Copyright
2017, Science. Adapted with permission.[’”] Copyright 2019, Springer Nature. Adapted with permission.[”8] Copyright 2018, Springer Nature. B) Potential

applications of CRISPR detectors as diagnostic platforms.

gRNAs in a working manner as cutting both the target and
the nearby sequences. When these Cas proteins recognize and
cut the specific target, they turn to nonspecific nucleases that
shred all the surrounding ssDNA or RNA substrates. Such col-
lateral effects can be used to develop the CRISPR-Dx platforms.
The emerging CRISPR-Dx systems have been studied for dis-
ease diagnostics with CRISPR-based actors and signal reporters.
As a promising candidate for the next-generation diagnostic
tool, CRISPR-Dx can distinguish genetic alterations for early tu-
morigenesis, long-lasting incubation time, and other signatures,
which is essential for disease prevention or progression monitor-
ing of viral hepatitis and HCC.

3.2.1. DETECTR

Doudna and co-workers developed the DNA Endonuclease Tar-
geted CRISPR Trans Reporter (DETECTR) to integrate Cas12a,
recombinase polymerase amplification (RPA), and ssDNA fluo-
rescence reporters (Figure 4A).”>] The detection method relies
on Cas12a’s collateral effect to realize sensitive DNA detection.
DETECTR was verified to differentiate subtypes of viruses (e.g.,
HPV, human papillomavirus) in both virus-infected cell lines and
clinical patient samples. These results suggested that the DE-
TECTR platform for virus identification may be suitable for hep-
atitis virus detection.

Adv. Sci. 2021, 8, 2102051

3.2.2. SHERLOCK and SHERLOCKv2

Zhang and co-workers reported a Casl3-based sensitive detec-
tor, namely Specific High-Sensitivity Enzymatic Reporter Un-
LOCKing (SHERLOCK)."2] The target sequences were first
amplified by isothermal amplification, including RPA and re-
verse transcriptase-RPA (RT-RPA), and the detection executed
via Casl3a’s trans-cleavage on given RNA beacons. SHER-
LOCK was verified to specifically distinguish viruses and bac-
teria, diagnose human DNA genotypes and relative cancer mu-
tations. This CRISPR-Dx provided rapid DNA or RNA detec-
tion with attomolar sensitivity and single-nucleotide specificity.
The group recently optimized the SHERLOCK system to be a
multiplexed, portable, quick, and quantitative platform (termed
SHERLOCKv2).133] They incorporated Cas13, Cas12a, and Csmé6
(an auxiliary CRISPR-associated enzyme) to achieve 4-channel
simultaneous detection of several virus infections. The up-
graded SHERLOCKv2 also exhibited higher sensitive and field-
deployable detection with lateral-flow readout instead of a fluores-
cence reader. Persistently, the team described a protocol, Heating
Unextracted Diagnostic Samples to Obliterate Nucleases (HUD-
SON), to pair with SHERLOCK and SHERLOCKv2 for instru-
ment free but rapid detection.l”! Potentially, SHERLOCK can be
further developed to detect hepatitis viruses and identify HCC
genetic markers.

2102051 (13 0f39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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3.2.3. CRISPR-Chip

CRISPR/dCas9 has also been used to develop a point-of-care
diagnostic platform by employing dCas9’s sequence-specific
binding capability. A handheld CRISPR/dCas9-based diagnostic
chip was reported (CRISPR-Chip).””] CRISPR-Chip, integrated
dCas9 with a supersensitive graphene-based field-effect transis-
tor (gFET), exploited dCas9-mediated targeting to control gFET’s
changes in conductivity and electrical characteristics, thereby
transforming target recognition into electrical signal outputs.
The CRISPR-Chip system could detect specific mutations in the
genomic DNA samples from the patients with Duchenne muscu-
lar dystrophy without any nucleic acid amplification, and it pre-
sented rapid gene detection within 15 min. Inspired by CRISPR-
Chip, the future detection of viral hepatitis and HCC is expected
to be precise and quantitative.

3.2.4. CRISDA

Zhou and co-workers reported a CRISPR/Cas9-triggered nick-
ing endonuclease-mediated Strand Displacement Amplification
method (namely CRISDA).I”8] They exploited unique conforma-
tional rearrangements of CRISPR effectors after Cas9 binding to
target sequences and combined an endpoint measurement by in-
vading peptide nucleic acid (PNA). First, they combined nCas9
(SpCas9 carrying H840A mutation) with a pair of nCas9/sgRNAs
to induce nicks in both nontarget strands of the target DNA.
Then, they introduced a pair of primers to induce strand dis-
placement amplification (SDA) with the addition of polymerase,
endonuclease, single-stranded DNA binding protein (SSB), and
linearly replaced single strands. Finally, they quantitatively ana-
lyzed amplification products by a PNA invasion-mediated end-
point measurement via magnetic field (MF) and fluorescence.
CRISDA exhibited attomolar sensitivity and single-base speci-
ficity to detect breast cancer genotypes and further demonstrated
sub-attomolar sensitivity with Cas9-mediated target enrichment.
Especially, it may also be a promising detector of HCC-related
mutations.

3.2.5. CRISPR-Dx for Further Applications

Besides the representative CRISPR-Dx platforms aforemen-
tioned, more and more new CRISPR-Dx approaches have been
reported. Timely, a CRISPR-Dx platform to detect and supervise
viruses, SARS-CoV-2 causing coronavirus disease 2019 (COVID-
19), has attracted wide discussion. Hampton et al. reported a
Cas13-developed combinatorial arrayed reactions for multiplexed
evaluation of nucleic acid (CARMEN) assay.l”! This new tech-
nique was proven using over 4500 tests on a large-capacity
microfluidic chip. The detailed process was that the amplified
viral sample would be labeled via fluorescent dye in which
CRISPR/Cas13 could identify the specific viral genetic sequence,
resulting in a related color-coded signal. For rapid detection at
home or in small clinics, Liu and co-workers developed All-In-
One Dual CRISPR-Cas12a (AIOD-CRISPR) assay as a fast, ultra-
sensitive, and visual approach for SARS-CoV-2 detection.[® They
validated the ATOD-CRISPR assay to detect clinical swab samples
in 20 min with a low-cost hand warmer as an incubator.

Ady. Sci. 2021, 8, 2102051
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CRISPR-Dx is such a powerful toolbox with a variety
of biomarkers for further diagnostic applications. Current
CRISPR/Cas diagnostic platforms can detect viral infections (e.g.,
HPV and SARS-CoV-2), cancer markers (e.g., breast cancer mark-
ers), or other genetic signatures. With rapid development, great
efforts would be transformed into molecular diagnostics for more
diseases, including viral hepatitis and HCC discussed in this re-
view. With the patient samples, such as cells, blood, sputum,
urine, and feces, the CRISPR/Cas detection has the potential to
achieve viral detection, cancer subtype classification, and so on
in the fields of viral hepatitis and HCC (Figure 4B).

4. CRISPR Technology for Therapeutics of Viral
Hepatitis and Hepatocellular Carcinoma

CRISPR/Cas system is an emerging approach for gene therapy
in the liver.’?! For treating viral hepatitis and HCC, a safe, effi-
cient, and specific CRISPR delivery system to ensure a functional
Cas9/gRNA complex present into the target sites is the key. In
addition, CRISPR/Cas-based therapy in conjunction with other
therapeutic strategies may enhance therapeutic efficacy. This sec-
tion will focus on these aspects to discuss the applying prospects
and potential use of CRISPR/Cas systems for treating viral hep-
atitis and HCC. Particularly, different delivery approaches for
transfection of the CRISPR elements are highlighted here.

4.1. CRISPR Gene Editing to Target Viral Hepatitis and
Hepatocellular Carcinoma

4.1.1. CRISPR Technology in Viral Hepatitis Gene Therapy

Recently, CRISPR/Cas editing to human viral pathogens has
made significant progress, especially hepatitis viruses like HBV
and HCV.®! Conventionally, antiviral agents such as reverse
transcriptase inhibitors (nucleoside or nucleotide analogs) and
RNA interference (RNAi) technology were utilized to combat
viruses in the liver. Different delivery approaches for transfection
of the CRISPR elements are highlighted. The CRISPR/Cas tech-
nology has added to the armamentarium of therapeutic strate-
gies with higher efficiency and specificity to treat viral hepatitis
(Table 5).

For HBV-induced viral hepatitis, cccDNA is the key therapeu-
tic target (Figure 5A). It contains four long open reading frame-
works (ORFs): surface- (S), core- (C), polymerase- (P), and X
protein-encoding segments. After translation, seven main pro-
teins are highly involved in viral replication. Extracellular HBV
DNA is a relaxed circular dsDNA (rcDNA) generated by the
reverse transcription of pregenomic RNA (pgRNA). With the
help of viral proteins and host cytokines, intracellular cccDNA
is formed via the repair of pgRNA. The episomal cccDNA can
act as a template and guarantee viral production and sustainable
infection in the HBV life cycle.®?] Therefore, targeting the HBV
cccDNA and its intermediates can effectively suppress HBV and
consequent tumorigenesis. Several CRISPR/Cas systems were
reported for HBV-specific gene disruption to target the conserved
regions of cccDNA in vitrol2##683] and in vivo,!?*#4] illustrating the
bright future of HBV elimination via CRISPR/Cas gene editing.

2102051 (14 Of39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Schematic representation of viral hepatitis and therapeutic strategies. A) HBV viral infections and contemporary therapeutic strategies.
CRISPR/Cas technology mainly targets HBV cccDNA for therapy. B) HCV viral infections and contemporary therapeutic strategies. CRISPR/Cas technol-
ogy mainly targets HCV RNA for treatments with the FnCas9 system. Adapted with permission.l'#22] Copyright 2018, Elsevier.

Unlike HBV, HCV replicates in the cytoplasm, for which the
key to preventing HCV-infected hepatitis is to tackle the virus
RNAs (Figure 5B). The insertion of HCV RNA in hepatocytes al-
lows continuous viral production. To solve the dilemma to rad-
ically remove viral infections, CRISPR/Cas9 systems to silence
HCV RNA have emerged. Price et al. employed FnCas9 with
RNA-targeting guide RNA (rgRNA)to target HCV mRNA.[“!l The
FnCas9 system showed over 50% reduction of HCV protein ex-
pression.

4.1.2. CRISPR Technology in Hepatocellular Carcinoma Gene
Therapy

HCC, one of the most common cancer types, is still challenging
to be effectively treated due to its extraordinary genetic hetero-
geneity. Nowadays, CRISPR technology has emerged as a promis-
ing therapeutic approach to enhance anti-HCC efficacy (Table 6).

Typically, the CRISPR/Cas systems have been utilized to treat
HCC from two directions through editing: 1) the direct targets or
2) an indirect site to reverse the HCC progression. For the direct
targeting, HCC-associated genes, including oncogenes and TSGs
are the direct therapeutic targets. For indirect strategies, CRISPR-
associated gene manipulations can synergize the efficacy in con-
junction with antitumor drugs, immunotherapy, and other ther-
apeutic agents or modifications.!®] For instance, a study showed
that CRISPR/Cas-induced ERK2 kinases inhibition enhanced
the response of HCC cell lines to sorafenib, a clinically recom-
mended drug as the multi-kinase inhibitor to treat HCC.[#¢] Ad-
ditionally, functional screens identified phosphoglycerate dehy-
drogenase (PHGDH), cyclin-dependent kinase 5 (CDKS5), and
CDK12 could be credible targets of CRISPR-mediated inhibition
to synergize the antitumor effects of sorafenib.®°*-4] Besides so-
rafenib, THZ1 (CDK7 oncogene inhibitors), metformin, and oth-

Ady. Sci. 2021, 8, 2102051

ers are potential candidates in conjunction with CRISPR technol-
ogy for HCC therapy.l®”]

4.2. Nanomedicine for CRISPR Delivery

Delivery methods of CRISPR elements are generally both local
and systemic administration approaches, and the latter are dis-
cussed in more details in the following sections. For the ther-
apy of viral hepatitis and HCC, CRISPR delivery systems are
the key to achieving gene editing and therapeutic efficacy. Re-
ported works have demonstrated the possibility of delivering
three different forms of the CRISPR/Cas system: highly negative-
charged plasmid and CRISPR/Cas-encoding mRNA with gRNA,
RNP complex with the integration of Cas9 protein (theoretical
charge about +22 mV), and sgRNA (nearly 100 anionic phos-
phate groups).[+>*+88]

To date, the field has explored different delivery methods, in-
cluding viral, non-viral vectors, and physical delivery. Physical de-
livery strategies, particularly the electroporation method, can di-
rectly deliver gene constructs to target sites and have been ap-
plied in CRISPR-engineered CAR-T/NK cell therapy.!®*d How-
ever, physical strategies are still limited by untenable cell function
and difficulty to apply in vivo.[®8 This section will focus on the
viral and non-viral CRISPR delivery systems (Figure 6), followed
by the perspectives on the current and the future directions of
CRISPR/Cas nanomedicine in viral hepatitis and HCC.

Delivery vectors loaded with CRISPR cargos (plasmid DNA,
mRNA/gRNA, and RNP) for liver delivery should successively
pass through the blood circulation and vessels, space of Disse,
and hepatocytes.®?] Here, hepatitis virus-infected or HCC-
developed hepatocytes should be the target cells for CRISPR/Cas
therapeutic editing.[®"! For the in vivo route, therapeutic applica-
tions of CRISPR systems should overcome the following delivery

2102051 (18 Of39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Emerging and potential CRISPR/Cas liver delivery via viral and non-viral systems. There are three formats of CRISPR/Cas systems: plasmid
DNA, Cas mRNA/gRNA, and RNP. They could be packaged into delivery vectors for in vitro, in vivo, and further human clinical applications of liver-

targeted gene therapy.

barriers: 1) the large size of CRISPR/Cas cargos; 2) the limited
biological stability via degradation by nucleases present in physi-
ological fluids; 3) the restriction of crossing cell membranes with
the hydrophilic characteristics and highly negative charge; 4) the
likely degradation of endosomes and lysosomes even after cell
uptake. Therefore, the CRISPR/Cas delivery system should be
well-protected and stable outside the target site, achieve efficient
cellular internalization, and successfully release the carrier for
therapeutic gene editing (Figure 7).

4.2.1. Viral Vectors

Viral vectors are well-characterized delivery approaches for
CRISPR/Cas gene editing. They have been widely used to deliver
CRISPR/Cas systems to the liver.#468390] Thys, development of
viral vectors is quite active in the field for therapeutic editing in
viral hepatitis and HCC.

Adenovirus and adeno-associated virus (AAV)-mediated
CRISPR vectors are the most common types for viral CRISPR
delivery. For example, Schiwon et al. designed a high-capacity

Ady. Sci. 2021, 8, 2102051

adenovirus to deliver multiplexed CRISPR/Cas9 systems with
gRNAs to target the HBV genome and the cccDNA.[33] Thig
treatment resulted in 70% cccDNA inhibition of chronic HBV
infection. Furthermore, Luo and co-workers designed an ade-
novirus vector encoding the CRISPR/Cas system to target the
fusion gene for HCC therapy. They applied the gRNA to target
the fusions in breakpoints of TMEM135-CCDC67 and MAN2AT1-
FER, and therefore achieved high-specific antitumor effects in
vitro and 30% shrinking of the tumor volumes in vivo.
Compared with adenoviruses, AAV is a single-stranded
DNA virus that the endogenous viral encoded arrays are re-
moved and can deliver transgene up to 4.7 kb. AAV-mediated
CRISPR delivery reduces pathogenicity and possesses inherent
tissue orientation.1*! Lately, Song and co-workers used AAV-
delivered CRISPR/Cas9 to treat chronic HBV hepatitis.[®*] This
system resulted in significant inhibition of HBV in vitro and an
efficient reduction of HBV-related measurements in vivo during
58 days of continuous observation. Besides, Senis et al. used
AAV-delivered CRISPR/Cas9 to target miR-122 locus (hcr) and
integrate an anti-HCV shmiRNA (an RNAI hairpin embedded
in micro-RNA).l This combined therapy with CRISPR/Cas

2102051 (22 O‘F39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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degradation are necessary.

and RNAi was confirmed in vitro and reported ~30% HDR-
induced editing as well as 10- to 100-fold HCV reduction in viral
replication.

Retroviruses and lentiviruses are also commonly used
vectors.[?2] These vectors have been widely used to transduce
CRISPR/Cas9 elements to treat viral hepatitis and HCC.[24+46:93]
Promisingly, to solve the problem of lentivirus-mediated long-
lasting expression of CRISPR/Cas9 machinery, a report devel-
oped a lentivirus-like bio-nanoparticle (LVLP) delivery system for
CRISPR mRNA in a “hit-and-run” manner for safe editing.!
The SaCas9 mRNA was efficiently packaged in LVLP via specific
interaction between MS2 (an RNA aptamer) and MS2-binding
protein termed MCP. The delivery system retained the transduc-
tion efficiency of lentiviral vectors and performed transient edit-
ing expression within 24 h.

However, certain limitations and concerns of viral delivery
have hindered further developments. First, some viral vectors,
such as AAVs, have limited packaging capacity.*! Second, po-
tential viral integration in the genome may lead to carcinogen-
esis. Third, the immunogenicity of the viruses may trigger pre-
existing and adaptive immune responses, thereby increasing
liver toxicity.**! These concerns should be considered and ad-
dressed for virus-delivered gene therapy.

4.2.2. Non-Viral Vectors
Compared with viral delivery, non-viral delivery is safer as its tran-

sient expression nature, and it has been routinely used for gene

Adv. Sci. 2021, 8, 2102051

delivery. Multiple non-viral vectors are under development, and
these may have better potential for translation. Several extracel-
lular and intracellular barriers can compromise the delivery effi-
ciency of non-viral vectors. In general, the CRISPR delivery sys-
tem with optimized dose should in time travel through the blood
vessels and interstitial space without clearance and degradation
of the body’s protective mechanisms, then go across the mem-
brane of the target cell types.!®¥] Inside the target hepatocytes in
the liver, the delivery systems entered through micropinocytosis
or endocytosis should escape from endosomal compartment into
the cytoplasm (RNA format) and further into the nucleus (DNA
and RNP format).[*]

Liposome or Lipid-Based Nanoparticles: Liposome or lipid-
based nanoparticles with hydrophobic tails and hydrophilic head
groups are the most widely used vectors in gene delivery, and
there are many available products in the market.®”! With rela-
tively mature technology, lipid-based vectors can be designed to
diminish off-target effects and adverse immune reactions, and
thus they provide a safe condition to the CRISPR/Cas system to
realize ideal gene-editing efficiency.l¢!

Increasing lipid-delivered CRISPR/Cas systems have been de-
veloped for liver applications. Tan and co-workers pioneered the
well-designed TT3 lipid-like nanoparticle (LLN) to deliver the
Cas9 mRNA/sgRNA therapeutic complex (Figure 8A).3%] First,
they injected Cas9 mRNA LLN to target the PCSK9 gene and
achieve significant gene knockout (Figure 8B). They then turned
to disrupt virus infection for HBV therapy, demonstrating nearly
50% anti-HBYV effects (Figure 8C) and high editing performance
(Figure 8D).
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In 2021, the team of Harashima used a mixer-equipped mi-
crofluidic device to synthesize a lipid nanoparticle (LNP) for
CRISPR RNP delivery and applied this system to exhibit thera-
peutic editing in HBV-infected hepatitis.[’] They prioritized the
CRISPR cargo with an additional single-stranded oligonucleotide
(ssON) to gain more negative charges. After that, they mixed the
RNP-ssON complex and the prepared lipids (PEG lipid, choles-
terol, phospholipid, pH-sensitive cationic lipid) in the microflu-
idic device to establish cargo-loaded LNP by electrostatic inter-
action. The LNP was identified to exhibit robust gene editing in
HBV-infected HepG2 cells and significantly inhibit HBV DNA
and cccDNA to ~60% and 80%, respectively.

Especially, liver-targeting strategies in lipid-based delivery sys-
tems have been in fast development. Siegwart’s group reported
the selective organ-targeting (SORT) strategy for LNP-delivered
CRISPR components.*®! They synthesized LNPs with traditional
lipids (zwitterionic phospholipid, ionizable cationic lipid, choles-
terol, polyethylene glycol (PEG) lipid), and additional SORT lipid,

Ady. Sci. 2021, 8, 2102051

such as DOTAP (permanent cationic lipid) (Figure 9A). The sys-
tematically engineered LNPs could be liver targeted by adjust-
ing the ratio of DOTAP from 0% to 5% (Figure 9B). The mouse
model successfully delivered CRISPR components used SORT-
based LNPs to deliver CRISPR components into the liver. They
achieved multiple gene targeting of p53, PTEN, and RB1 genes
(Figure 9C) and further therapeutic editing of PCSK9 knock-
out (Figure 9D). More recently, they reported a series of syn-
thesized ionizable phospholipids with high membrane desta-
bilizing capacity (iPhos) to deliver CRISPR mRNA or RNP.*I
The iPhos-based nanoparticle (iPLNP) included a broad range
of phospholipid components and could perform SORT delivery
via the improvement of phospholipid structures and the changes
of helper lipids. For liver targeting, they found iPhos with 9—
12 carbon chains or combing the selected iPho, 9A1P9 (Fig-
ure 9E) with ionizable cationiclipids of MDOA and 1,2-dioleoyl-3-
dimethylammonium-propane (DODAP) or 5A2-SC8 (Figure 9F)
could achieve liver-specific delivery. iPLNP for co-delivery of Cas9

2102051 (24 0‘F39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 9. Lipid-based selective organ-targeting (SORT) strategy for liver-targeting CRISPR delivery. A) SORT lipid was added to traditional lipids to
deliver CRISPR components. B) SORT-based LNPs with different ratios of SORT lipid in total lipids impacted the change of luciferase protein expression
in the liver. Reproduced with permission.[®82] Copyright 2020, Springer Nature. C) SORT-mediated liver-specific delivery for multiple targeting of p53,
PTEN, and RB1 genes. D) SORT-mediated liver-specific delivery for therapeutic PCSK9 gene editing. *p < 0.05 (one-way ANOVA). Reproduced with
permission.[98°] Copyright 2020, Springer Nature. E) Chemical structure of 9A1P9, optimized iPho. F) Fluorescence mRNA expression by 9ATP9 iPLNP
with ionizable cationic helper lipids MDOA, DOTAP, and 5A2-SC8. G) T7E1 assay of 9A1P9-5A2-SC8 encapsulating Cas9 mRNA/sgPTEN. H) Size and
delivered fluorescence mRNA expression of 9A1P9-5A2-SC8 iPLNPs. Reproduced with permission.[*] Copyright 2021, Springer Nature.

mRNA/sgRNA-targeting PTEN gene was verified to achieve in
vivo liver-targeting therapeutic editing at nearly 20% indels (Fig-
ure 9G,H).

Liposome or lipid-based nanoparticles have been commonly
used as delivery platforms. The efficient encapsulation and the
affinity of cellular membranes make these systems preferable for
CRISPR delivery.!®¢l Future advancements may focus on physic-
ochemical parameters, such as rigidity, composition, size, and
molecular structure. Promisingly, these vectors have potential as
a protective and functional shell to combine merits with other
biomaterials as multifunctional platforms encapsulating gene-
editing cargo for liver-related applications.

Polymer-Based Nanoparticles: Polymer vectors, usually con-
taining cationic groups, are also widely studied to deliver
CRISPR/Cas components. These vectors’ cationic nature al-
lows the electrostatic complexation and protection of negative-
charged nucleic acid cargoes and enhanced cell uptake.!”] The
physicochemical properties (e.g., charge density, pKa, molecular
weight), branching extents, biodegradability, and surface modi-
fications can significantly impact the delivery capacity of poly-
meric vectors.[19191] Baged on the format of CRISPR cargo, the

Adv. Sci. 2021, 8, 2102051

relational design of polymeric nanocarriers is critical for effective
delivery.12]

Polyethyleneimine (PEI), containing amine groups and re-
peated two-carbon (CH,—CH,), is the most used polymer-based
vector for CRISPR encapsulation. Combined with liposome
materials, Chen et al. synthesized a core—shell 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP) liposome-PEI hydrogel
nanoparticle (LHNP) to achieve efficient CRISPR delivery.'®]
This LHNP contained a PEI hydrogel-core and a cationic lipid
DOTAP-shell modified with iRGD and mHph3 peptide ligands.
Then, the nanoparticle was used to encapsulate both the Cas9
protein and minicircle DNA that encoded an sgRNA targeting
the PLK1 gene (Figure 10A). This strategy could disrupt the PLK1
gene in U87MG cells-bearing mice, exhibiting antitumor effects
with significant reduction of tumor volume (Figure 10B) and over
50% downregulation of PLK1 (Figure 10C). As PLK1 gene editing
is a broad-spectrum antitumor way, this strategy is promising to
be transformed into HCC treatment.

Polymer-based nanoparticles can perform liver-targeting ca-
pacity with modification strategies like targeting ligands. For ex-
ample, Qi et al. developed a lactose-derived branched cationic

2102051 (25 of 39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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biopolymer (LBP) for HCC targeting via the binding of lac-
tose and asialoglycoprotein receptor (ASGPR), which is highly
expressed on the surface (Figure 11A).[1% With cationic poly-
mers and reducible disulfide linkages, LBP was applied to de-
liver plasmid Cas9/sgRNA-targeting survivin gene (Figure 11B)
and showed excellent in vitro gene editing with 21.3% mutation
(Figure 11C). In mouse models with orthotopic HCC xenograft,
the LBP-delivered CRISPR system performed 26.4% editing ef-
ficiency at survivin oncogene, thus inhibiting tumor growth and
metastasis (Figure 11D,E).

There is a wide range of functional polymers available for de-
livering gene-editing tools. Their physicochemical characteristics
are tunable and thus feasible for applications at the cell and/or
animal level. However, delivery with polymer nanoparticles usu-
ally encounters cytotoxicity, especially when the monomers are
not removed completely.l>*85]

Inorganic Nanoparticles: Inorganic nanoparticles, especially
gold nanoparticles and their derivatives, are being tested for
CRISPR delivery in the liver. Zhang et al. modified a gold nan-
ocluster (GNC) with HIV-1 trans-activating transcriptor (TAT)
peptide to combine with a Cas9-encoding plasmid, and then were
further coated with a galactose-based liposome layer for liver tar-
geting (Figure 12A).1'%] The in vitro results reached 57% gene-
editing efficiency and showed corresponding reduced protein ex-
pression (Figure 12B), and the in vivo experiments also demon-
strated a significant decrease of PSCK9 protein (Figure 12C) and
reduced 30% serum level of low-density lipoprotein cholesterol
(LDL-C) (Figure 12D).

Ping’s group reported a photothermal-responsive system sen-
sitive to the NIR-II wavelength, namely nanoCRISPR, com-

Ady. Sci. 2021, 8, 2102051

posed of PSS/Au nanorod (APC) and a heat-responsive HSP70
promoter-driven Cas9 plasmid.'%! For gene editing in the liver,
the galactose-mediated nanoCRISPR was used to treat Fas-
induced fulminant liver failure and showed 18% indel muta-
tion rate in vitro and improved outcomes with reduced liver con-
gestion. More recently, this group reported another PEI-coated
Au nanorod (AuNR) with a high aspect ratio (AR) to deliver
CRISPR/Cas9 plasmids.['%] They identified AuNR with high AR-
enabled excellent CRISPR delivery for Fas gene editing with
10.5% and 7.6% efliciency in vitro and in vivo, respectively, thus
protecting mouse models from liver fibrosis. Lately, they changed
the target into PD-L1 gene for cancer immunotherapy, and the re-
sults demonstrated significant gene disruption and heat-induced
activation of immunogenic cell death (ICD).[1%

While for other inorganic nanoparticles, there gradually ap-
peared mesoporous silicon material (MSN), graphene oxide,
and black phosphorus nanosheet (BP) are also as vectors for
gene-editing components.['] An example for HCC therapy is
that Zhang et al. reported a PAMAM-aptamer-modified hollow
MSN (HMSN) to co-deliver sorafenib and CRISPR/Cas plasmid-
targeting EGFR (epidermal growth factor receptor) as a synergis-
tic strategy for HCC inhibition.[''%) This delivery system showed
efficient accumulation in the HCC tumor site, exerting over 60%
editing efficiency without off-target effect and releasing the side
effects of sorafenib. It is increasingly clear that the new results
with inorganic nanocarriers have provided insight into available
choices for CRISPR-based nanomedicine for viral hepatitis and
HCC.

Cell-Derived Nanoparticles:  Cell-derived vesicle-based delivery
systems, especially exosomes, are another emerging direction for
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tein expression. Gal-LGsiR, gal-conjugated PEG lipid/TAT-GNCs/siRNA. Gal-LGC, gal-conjugated PEG lipid/TAT-GNCs/Cas9. Gal-LGP, Gal-conjugated
PEG lipid/TAT-GNCs/sgPCSK9. Gal-LGCG, gal-conjugated PEG lipid/TAT-GNCs/Cas9/sgGFP), Lipo2000/CP, Lipo2000/Cas9/sgPCSK9. Gal-LGCP, gal-
conjugated PEG lipid/TAT-GNCs/Cas9/sgPCSK9. NC, negative control treated with PBS. D) Analysis of LDL-C levels. Reproduced with permission.[10%]
Copyright 2019, Wiley-VCH.

Adbv. Sci. 2021, 8, 2102051 2102051 (27 of 39) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

A

A o
N/ e
O Cholesterol C?%’,\ 0~ C\o@&
Qg (A —~ [5»‘0’0
eI AR
5 %, 9.5
TLS11a aptamer gé%p - Q%b
53380
Cas9/sgWNT10B SE
C D Low High
i — 150- Saline &% ' ® @ '
- g ns
%30_ ggmo- — Lipo-RNP I ® L ]
2 201 Eé
- SE,) EV-RNP S g N e
10 >.2 ]
2 .
k- ToN1- |Low IR
0- _ ~ 0- p EV-RNP |, . > W
PBS Lipo- EV- TDN1- PBS Lipo- EV- TDN1- High SRS 8 o

RNP RNP EV-RNP RNP RNP EV-RNP

Figure 13. The HEK-293T cell-derived exosome was engineered with TLS11a aptamer-modified TDNs to deliver CRISPR/Cas9 RNP for HCC therapy. A)
Structure of TDN1-EV loaded with CRISPR RNP targeting the WNT10B gene. B) Tumor-targeting efficiency showed by fluorescent biodistribution image
after 12 h of intravenous injection. T, tumor; H, heart; Li, liver; S, spleen; Lu, lung; K, kidney. C) The indel analysis of the HepG2 cells treated by different
Cas9/sgWNT10B vectors. D) Quantification of organoid killing with different Cas9/sgWNT10B vectors. *p < 0.05, **p < 0.01, (one-tailed t-test). ns: p
> 0.05. E) Representative images of xenograft tumors harvested from HCC mouse models. Reproduced with permission.l''2] Copyright 2020, Oxford

EEEERS

University Press.

non-viral CRISPR delivery. As an essential participant in cell-to-
cell signal and material transfer, vesicles are stable as well as
less immunogenic, and can efficiently pass through some hard-
entering membranes. Additionally, cell-derived membranes can
be modified with some targeting ligands, ensuring the specificity
and accuracy of delivery systems.!'!!]

For anti-HBYV therapy, Chen et al. carried out endogenous ex-
osomes to deliver the CRISPR/Cas9 system with HBV-specific
gRNA [8%] and the in vitro results indicated that this system could
efficiently cut the HBV DNA transfected into Huh7 cells. For
HCC therapy, extracellular vesicles (EVs) derived from cancer
cells and modified on the surface have been investigated for tar-
geted delivery of CRISPR components. The representative exam-
ple is a recent study of the HEK-293T cell-derived exosome deco-
rated with aptamer-conjugated tetrahedral DNA nanostructures
(TDNis) to deliver CRISPR cargos (Figure 13A).['12] With the dec-
oration of selected TDN1 (one TLS11a aptamer and three choles-
terol anchors), the engineered exosome packaged the CRISPR
RNP-targeting WNT10B and enabled specific location in the
tumor sites (Figure 13B). The antitumor effects were verified
by about 30% gene-editing efficiency in vitro (Figure 13C) and
<50% tumor cell viability ex vivo (Figure 13D). Besides, intra-
venous injection of TLS11a aptamer-modified exosome loaded
with Cas9/sgRNA showed efficient editing and fivefold tumor
growth inhibition than plain exosomes in the mouse model of
HCC (Figure 13E).

Ady. Sci. 2021, 8, 2102051

Peptide/Protein-Based Nanoparticles: Various proteins and
peptides have become attractive delivery systems for CRISPR
cargos with their advantages of easy conjugation, biocompat-
ibility, and biodegradability.''3] The positive charges and sur-
face modifications of protein/peptide-based systems can con-
dense CRISPR components and improve delivery and gene
transfection.[''* Therefore, the in vitro and in vivo gene editing
in the liver can be facilitated by peptide/protein-based methods.

The cell-penetrating peptides (CPPs) with short peptide se-
quences can go through the cell membrane and chemically mod-
ify with CRISPR cargos.!®¥] Recently, a tandem peptide-based
nanocomplex, CRISPR-GPS (guiding peptide sequences), was
used to delivered RNP for gene editing in multiple cell lines.!'15]
The tandem peptide lipid was composed of a cell-targeting pep-
tide head, a CPP, and a lipid tail. The demonstrated CRISPR-GPS
system could be further developed to target hepatic cells with a
change into liver-targeting peptide.

Viral Vectors and Non-Viral Nanoparticles: Status and Prospects:
Viral and non-viral vectors are the two main streams as CRISPR
delivery platforms for the next-generation gene therapy, and the
field of non-viral CRISPR delivery is developing exponentially
(Table 7). Viral vectors, for example, AAVs, are common carriers
in clinics.>'® In contrast, non-viral vectors show lower immuno-
genicity, minimal genomic integration, flexible universality,
and lower production cost.[*>*%34] In the field of CRISPR/Cas-
based nanomedicine, though viral vectors are common and
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Delivery methods Characteristics Advantages Disadvantages Applications Ref.
Viral Adenovirus Small, simple, episomal, High delivery efficiency - Strong immunoreactivity ~ Transient Cas9 protein [62,142b,175]
vectors and broad host range Low off-target effects Limited to a small expression
producing scale requirements in gene
therapy
AAV Small, simple, relatively High delivery efficiency Low loading capacity - Gene therapy [15.176]
safe Rare immune responses (<5kb), -Non- - Modeling of genetic
specific tropism diseases
High cost
Limited to a small
producing scale
Retrovirus (mainly, Replication via reverse - Stable expression Random integration Gene therapy for cancer, 138.177]

lentivirus)
Non-viral Liposome or
vectors lipid-based NPs

Polymer NPs

Inorganic NPs

Cell-derived NPs

Peptide/protein-
based
NPs

transcription; broad
host range

Easy and suitable
customization to be
hepatocyte-specific

Tunable chemical and
physical properties

Easy surface modification

Direct derivation from
cells

Small size, controllable
construction

High delivery efficiency
High loading capacity

Low immune responses
Easy synthesis and
modification

Low cost

High loading capacity
Low immune responses
High stability
Programmable

High loading capacity
Easy synthesis and
modification

High cell uptake

High loading capacity
Non-immunogenicity
Easy synthesis and
modification
Biocompatibility

Easy synthesis and
modification

High cell uptake

causing insertional
mutagenesis, oncogene
activation

Not suitable for in vivo
experiments

Low delivery efficiency

Low delivery efficiency
Unclear long-time toxicity

Unclear long-time toxicity
High-dose toxicity

Low delivery efficiency
Difficult for clinical use

Unclear long-time toxicity

genetic diseases, and
so on

Gene therapy 1175]

Gene therapy 1178]

Gene therapy 158]

Gene therapy 179]

Gene therapy 162]

conventional carriers for gene delivery, they have gradually faced
issues, such as tissue-specific tropism that limits the targeting
diversity, immunogenicity, and tumorigenic dangers due to
random genome insertion.l''®! A recent study indicated that the
10-year-long AAV gene therapy in dogs showed unexpected gene
integrations and may induce cancer.['”]

In the recent years, non-viral nanomaterials have shown great
potential for precise and controllable delivery of CRISPR. The
non-viral CRISPR nanocarriers have a great prospect when mea-
sures are taken to optimize the bio-safety, efficiency, and target-
ing ability. First, considerations of safety include biocompatibil-
ity and low cytotoxicity.'*®! Second, the improved efficiency ben-
efits from stable encapsulation and shielding, modified ligands,
increased cellular and nuclear entry.>®#"119] Third, the targeting
ability highlights the individual designs, such as targeting ligands
and responsibility to external conditions. #3411

More importantly, recent studies with non-viral delivery sys-
tems have achieved effective genome editing in vivo, particularly
in the liver,’’l but further improvement for optimizing in vivo

Adv. Sci. 2021, 8, 2102051

therapeutic applications of viral hepatitis and HCC should be de-
veloped.

4.2.3. Combination of Viral and Non-Viral Vectors

The combination of viral and non-viral vectors may be benefi-
cial by integrating the merits of both. For example, non-viral
delivery of CRISPR systems can give decent on-target genome
efficiency with minimal off-target effects, whereas viral vectors
deliver the sgRNA and the donor template with extremely high
efficiency.'! Qi et al. transfected Cas9 with lipofectamine and
transduced gRNA via lentivirus in the HBV-infected HepG2
cells."?%l They used CRISPR/Cas9 to target the POLK gene
for the suppression of rcDNA conversion, which significantly
eliminated virus production. Moreover, Zhu et al. reported a
comprehensive magnet-sensitive transmission with a complex
of magnetic nanoparticle and recombinant baculoviral vector
(MNP-BV) loaded with CRISPR/Cas plasmids (Figure 14A).[121]
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Figure 14. A complex of magnetic nanoparticle with recombinant baculoviral vector (MNP-BV) for CRISPR delivery to achieve tissue-specific gene editing.
A) MNP-BV loaded with CRISPR/Cas9 plasmid for liver-targeting gene editing via extra magnetic field (MF). B) MF-dependent gene editing in vitro. The
targeting gene was vascular endothelial growth factor receptor 2 (VEGFR2). C) MF-triggered liver-specific accumulation of mice injected by MNP-BV-
luciferase. *p < 0.05 (one-tailed t-test). D) Fluorescence image after transfection and T7E1 assay of VEGFR2 gene editing in vitro. Scale bar: 100 um. E)
T7E1 assay of VEGFR2 gene editing in vivo. CTL, control. Reproduced with permission.['2l Copyright 2018, Springer Nature.

They applied the local presence of an MF to achieve spatial con-
trol of gene editing both in Hepa 1-6 cells (Figure 14B) and in
the mouse liver (Figure 14C,D), achieving over 30% indel mutant
rate. Promisingly, combinational strategies of viral and non-viral
CRISPR delivery are regarded as reliable strategies to treat liver
diseases.

5. Potential CRISPR Therapeutics for Viral
Hepatitis and Hepatocellular Carcinoma

5.1. Potential Key Molecules as CRISPR Therapeutic Targets

Moving forward, CRISPR/Cas editing to treat viral hepatitis ma-
jorly focuses on targeting HBV cccDNA and HCV RNA. Poten-
tially, CRISPR/Cas9 could also be applied to target crucial host
factors and cofactors in viral replication.['??] Such key molecules
under CRISPR-mediated engineering may inhibit the infection
of five types of hepatitis viruses and may act as alternatives for
antiviral therapy in the liver.

For CRISPR-mediated therapy, it is also necessary to discover
liver cancer mutations of TSGs, oncogenes, and other tumor-
associated targets. Recently, approaches like CRISPR/Cas screen-
ing and disease models for validation have discovered a list of
potential therapeutic targets of CRISPR-based therapy in HCC
(Table 8). The emerging promising therapeutic targets with well-
designed CRISPR delivery systems can contribute to the bright
future of nanomedicine.

Ady. Sci. 2021, 8, 2102051

5.2. CRISPR Technology in CAR-T Cell Therapy for Hepatocellular
Carcinoma

Combining CRISPR/Cas9 and chimeric antigen receptor T
(CAR-T) cells, both revolutionary technologies, perform excellent
prospects for enhanced therapeutic efficiency and safety in can-
cer immunotherapy.

CAR-T cell therapy is one emerging area of cancer im-
munotherapy. The T cells, isolated from the patient body, are
engineered with “GPS navigation” and “combat equipment” to
rapidly recognize and kill cancer cells. Subsequently, these T cells
are given back to the same patient.[!?*] CAR-T therapy has been
developed into the third generation and has achieved remarkable
efficacy in treating chronic myelogenous leukemia, acute myel-
ogenous leukemia, non-Hodgkin lymphoma, multiple myeloma,
and some solid tumors.[123124]

CRISPR/Cas technology could advance CAR-T immunother-
apy by enhancing efficiency, alleviating toxicity, and saving cost
to perform super-additive “1 + 1 > 2” effects (Figure 15A). CAR
T-cell therapy has been synergized with CRISPR/Cas editing for
active ex vivo trials.[2¢3% Recently, Guo et al. used CRISPR/Cas
technology to knock out immune checkpoints for HCC therapy
(Figure 15B).1%5] They achieved CRISPR editing at the PD-1 gene
and thus improved the immunotherapeutic effects of CAR-T
cells. Besides, Jiang et al. produced the CRISPR-edited CAR-T
cells targeting glypican-3 (GPC3), the protein highly expressed in
most liver cancers (Figure 15C).['2¢] This strategy showed specific
killing activity against the GPC3* HCC cells in vitro and in vivo.
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Table 8. Potential therapeutic targets of CRISPR-based therapy in HCC.

Potential targets

Mechanisms Ref.
Suppressor Nf1 A tumor suppressor mutated in neurofibromatosis negative regulator of RAS [149]
genes signaling pathway with the downstream protein HMGA2
AT-rich interactive domain 2 (ARID2) A component of the SWlitch/Sucrose Non-Fermentable (SWI/SNF) complex 1130]
which frequent mutated in HCC
PRDI-BF1 and RIZ homology domain Frequently downregulated in HCC and inhibiting PI3K/AKT/mTOR signaling nan
containing 8 (PRDM8) pathway via regulating nucleosome assembly protein 1-like T (NAP1LT)
CDH1 Downregulated in HCC, encoding E-cadherin for cell-cell interaction and 1182]
negatively regulating of EMT as well as metastasis
Axis inhibition protein 1 (AXIN1) A negative regulator of the Wnt/g-Catenin cascade 1183]
Oncogenes High-affinity hexokinase (HK2) Performing high-affinity to HCC cells (87b]
Hepatic leukemia factor (HLF) An oncofetal protein reactivated in HCC by SOX2 and OCT4 11571
Facilitates chromatin transcription (FACT) A histone chaperone participating in DNA repair-related and transcription-related [852]
chromatin dynamics, essential to expeditious HCC oxidative stress response;
synergistic antitumor effects of FACT inhibition and sorafenib
Transformation/transcription Promoting HCC cell proliferation by activating mitotic genes [134]
domain-associated protein (TRRAP)
Cyclin-dependent kinase 12 (CDK12) Synergistic antitumor effects of CDK12 inhibition and sorafenib 185d]
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Figure 15. Integration of CAR T therapy and CRISPR/Cas technology. A) Description of combined CAR T and CRISPR therapy. (1) Isolation of T cells
from the patient; (2) CRISPR-mediated engineering in T cells; (3) amplification of edited T cells; (4) re-infusion of edited T cells into the patient. B)
Established PD-1 disable GPC3-CAR T cells via CRISPR/Cas technology to treat HCC. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). Reproduced
with permission.['2%] Copyright 2018, Frontiers. C) CRISPR-edited GPC3-CAR T cells to treat HCC in patient-derived xenograft (PDX). ***p < 0.001 (two-
tailed t-test). Reproduced with permission.!'26] Copyright 2017, Frontiers.
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Figure 16. Rational designs of CRISPR therapeutics with cargos and delivery systems. The better CRISPR therapeutics can be improved by both well-
designed CRISPR/Cas cargos and safe, efficient, and targeted delivery vehicles.

Furthermore, Liu and co-workers used CAR T cells with antigen
modification to target the AFP gene in AFP* liver cancer cells.['?’]
The results showed obvious tumor growth suppression in vivo
and provided a targeting strategy for CRISPR-based applications.

CAR T-cell therapy combined with CRISPR can promote HCC
therapy. Introducing a CRISPR/Cas system targeting immune-
related genes allows the engineered CAR T cells for better
killing activities.['?8] However, CAR-T therapy for solid tumors
is generally harder than hemopoietic cancers due to the tumor
heterogeneity,'?! which becomes a significant obstacle for this
combined strategy for HCC therapy.

5.3. Rational Designs of Better CRISPR Therapeutics

To advance CRISPR/Cas-mediated nanomedicine in the liver, im-
munogenicity and other adverse effects from CRISPR/Cas car-
gos or delivery vehicles should be solved. A rational design of
CRISPR gene therapy to enhance the advantages as well as min-
imize side effects is necessary. In summary, successful CRISPR
therapeutics require both a well-designed CRISPR/Cas cargo and
a safe, efficient and targeted delivery vehicle to go across extra-
cellular and intracellular environments and completely execute
therapeutic editing at the targeted site (Figure 16).

5.3.1. Designing Tips for CRISPR/Cas Cargos
A rational design for CRISPR/Cas cargo is the precondition of
therapeutic editing. Selecting CRISPR/Cas tools and their de-

livery formats are the major factors that impact editing effi-
ciency and in vivo delivery. First, the potential off-target sites of

Ady. Sci. 2021, 8, 2102051

CRISPR/Cas editing should be carefully assessed. Modifying the
gRNA structure is a strategy to minimize off-target severity that
may cause tumorigenesis.l>1#51¢130] Besides, applying nCas9 with
single strand cutting can enhance the editing specificity and po-
tentially reduce undesirable indel mutations. Second, relieving
immune responses can be realized by choosing alternative ver-
sions and construction-regulated mutations of Cas endonucle-
ases or fused with other functional agents.>>'*!] Third, editing
activities should be designed according to associated targets, dis-
ease state, and the physical properties of the liver. It has previ-
ously been said that the NHE] pathway can be used for gene
knockout with indels, while HDR-induced editing tends to gen-
erate precise modification at a target locus. The HDR-based path-
way is encouraged when accurate gene correction is needed, and
a repair template is required for this scenario. Next, CRISPRa or
CRISPRi, without changes to the genome, is suitable for treating
associated diseases by activating or repressing gene expression.
Additionally, base editors can repair point mutations in genomic
DNA without generating DSBs. Finally, the dose of CRISPR car-
gos should be sufficient to achieve therapeutic effects. Though
the editing requirements for different diseases vary, ideal thera-
peutic outcomes generally come with high-enough gene-editing
efficiency.

Furthermore, choosing the form of CRISPR/Cas tools for de-
livery should be careful. Since long-term genetic modifications
and Cas nuclease existence significantly increase off-target cases,
reducing the interaction duration between the Cas protein and
the target DNA can safely decrease off-target effects.l>1¢%8%] It
thus prefers RNA or RNP delivery to avoid adverse gene inte-
gration, thus improving the editing specificity and reducing the
off-target potentials.!13153458] Alternatively, the replacement of a
liver-specific promoter in the CRISPR/Cas plasmid can realize
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selective CRISPR expression. Some cell-specific or signal-specific
(such as drug-, light- or other-responsive) promoters have been
studied before,[1%132] 50 equipping promoters into CRISPR plas-
mids is a practical way to control the editing expression.

5.3.2. Designing Tips for Delivery Systems

Delivery systems for CRISPR/Cas cargos can ensure the ultimate
success of therapeutic applications by balancing the benefits and
risks of in vivo editing. Among the in vivo routes for nanopar-
ticles loading with CRISPR/Cas components, the whole deliv-
ery system should first reduce unwanted clearance and degrada-
tion in the extracellular environment. Here, PEGylation is one of
the most shielding methods for enhanced biocompatibility and
prolonged body circulation.33] Moreover, directed liver-targeting
is the next goal to guarantee efficient gene delivery. Consider-
ing physiological barriers and molecular properties of hepato-
cytes, various target ligands and responsive materials sensitive
to GSH, pH, magnetic field and so on, have been studied for this
purpose.[891162134] After the arrival in the liver, CRISPR activation
needs entry into the cell membrane, endosomal escape, and loca-
tion into cytosol or nucleus. In general, delivery strategies should
be considered with their safety, efficiency, and targeting ability.

First, for safety, delivery vehicles should be biocompatible,
minimize the immune harm and optimize the biodistribution
in the body.>'™!%°! Recently, delivery vehicles with biorespon-
sive elements have attracted research attention due to the on-
time release of the CRISPR cargos and the biodegradability of
the stimuli-responsive materials.[*13*"] Besides, cell-targeting ca-
pacity, delivering to target lesions without impacting other nor-
mal parts, also decreases potential safety risks, which will be dis-
cussed as the following strategy.

Second, for efficacy, nanoparticles for delivery need enough
capacity to load relatively large CRISPR elements (such as the
plasmid form over 10 000 bp in length), and organizing a core—
shell structure for inner packaging may benefit to protect the
CRISPR cargo as stable encapsulation.''?13%] The physical prop-
erties, such as size and zeta potential, and the release kinet-
ics of the CRISPR/Cas elements also need to be optimized
for improved delivery efficacy.'® Next, approaches for endo-
somal escape, including lipid-mediated membrane fusion, PEI-
mediated osmotic pressure, cationic polymer-mediated swelling,
and membrane destabilization, can facilitate the release of com-
plete CRISPR cargos.I*] Besides, nuclear localization sequences
(NLSs) can stimulate signals for transport into the nucleus to fit
the requirement that Cas9 reach the cell nucleus.'**! For exam-
ple, Rouet et al. fused Cas9 with three NLS tags showed dou-
ble increased indels in HepG2 cells.!**”] Finally, co-delivery sys-
tems for both CRISPR cargos and other therapeutic agents (e.g.,
photosensitizers!'*! and sorafenibl®*11%133"]) can synergistically
improve therapeutic efficacy.

Third, for targeting ability, liver targeting can be passive and
active, namely decorating the delivery vehicles with targeting
ligands and responsive materials to externally specific signals
are the general strategies. In general, the liver is a unique or-
gan that can rapidly passively accumulate systematically injected
nanoparticles. Mainly, nanoparticles with a diameter <100 nm
would selectively distribute toward hepatocytes.['*] Besides the
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particle properties, the injection route also has effects, so tak-
ing a standard applying route-like intravenous injection can im-
prove passive liver targeting. In terms of active liver-targeting,
CRISPR/Cas delivery systems can locate and functionalize in
the liver with the help of stimuli-responsive materials and cer-
tain types of chemical or biological ligands. A given stimu-
lus to control spatial and temporal delivery has received lots
of attention.l*%! Stimuli-responsive nanoparticles can facilitate
endosome escape and liberate the CRISPR cargo with remote
control. Moreover, designing ligands for ASGPR-mediated hep-
atocyte targeting has been investigated most in the relative ap-
plications. A PEI-modified gold nanorod for CRISPR delivery
achieved triple-targeting capacity via employing TAT (a typical
CPP), NLS, and galactose (aligand for ASGP receptor-expressing
hepatocytes).l'””] The galactose-modified system was used for
PCSK9 gene knockout in the liver and disrupted the target gene
and relative protein expression. Another liver-targeting exam-
ple conjugated triantennary N-acetylgalactosamine to a CRISPR
RNP with a disulfide bond. The resulting trimeric complex
showed higher cell uptake and editing efficiency in HepG2 cells
than unmodified RNP.

6. Perspectives and Future Directions

CRISPR/Cas technology is a practical strategy for gene manip-
ulation, including gene knockout, knockin, regulations, modifi-
cations, imaging, and base substitution. Although there are still
concerns on off-target effects and immunogenicity, it is promis-
ing to advance the nanotheranostics of liver diseases. In the past
few years, studies on the CRISPR/Cas system have achieved re-
markable results in hepatology.[*?>'#!l Focusing on viral hepatitis
and HCC, there has been emerging research for the CRISPR-
based application for diagnostics and therapeutics.[81142]

On one hand, CRISPR-Dx for detecting viral hepatitis and
HCC has tremendous potential for emerging diagnostic mark-
ers and developing CRISPR-based detectors. As more disease-
related molecules have been discovered, significant considera-
tions should be taken to choose suitable markers that specifi-
cally indicate a defined diagnosis. At the same time, CRISPR-
Dx as a disruptive innovation can enhance general performance
and practicality. The assessments of performance include sensi-
tivity and accuracy, robustness, signal transformation and quan-
titation, and multiplexing capability. The improved practicality
needs: 1) free from equipment, 2) ease and portability of use, 3)
broad applicability, and 4) rapid speed of assay.

On the other hand, recent years have witnessed consid-
erable expansion of CRISPR/Cas toolbox by exploring the
therapeutic targets and delivery vectors. We anticipate that the
nanotechnology-based delivery of CRISPR/Cas can serve as
powerful therapeutic genome editing strategy for viral hepatitis
and HCC treatment. From the clinical point of view, detailed
accounts of both therapeutic targets and delivery systems are
critical. Targets had better be focused on the specific lesion sites,
for which CRISPR/Cas therapeutic editing can be carried out
without damaging non-target organs or cells. To achieve en-
hanced efficacy, multiple targets might be in need. Importantly,
a safe, efficient, and specific delivery system ensures practical
CRISPR/Cas editing at various targets. Safety requires mainly
the transient CRISPR/Cas expression and the nanoparticles with
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good biocompatibility as well as sufficient encapsulation capacity.
The efficiency can be improved by optimizing the CRISPR/Cas
itself, implementing delivering measures of rapid endosome
escape and nucleus location. Finally and most significantly, ratio-
nal strategies for specifically targeting hepatocytes can be divided
into two parts. For one thing, the Cas9 protein can be driven via
a liver-specific promoter. In this regard, several excellent papers
reported tissue-specific promoters to trigger CRISPR/Cas9 activ-
ity with specificity and accuracy.['%132] Nanoparticles can be also
engineered with externally controlled spatially and temporally
as well as active ligand-mediated targeting. Targeted delivery
vehicles can be activated locally with different pH environments
and additional optical, thermal, or magnetic fields. In another
way, currently applied liver-associated ligands are HBV-related
pre-S1 peptide, 341431 lactose, or galactose (Gal) for targeting to
ASGPR,[8104107] trangferrin receptors,!'**] and so forth.

In the future, the next-generation CRISPR/Cas-based systems
will hopefully advance this exciting area of diagnostics and ther-
apeutics for liver-associated diseases, especially viral hepatitis
and HCC. Since there are also significant challenges that hinder
translating the CRISPR/Cas technology into accurate diagnostics
and therapeutics, how to find the balance between editing efficacy
and potential side effects, mainly off-target effects and immuno-
genicity, is the key. With emerging markers and targets discov-
ered, approaches for CRISPR-associated designing and delivery
will take great efforts to push forward the theranostics of viral
hepatitis and HCC.
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