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The clustered, regularly interspaced, short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) sys-
tems are efficient and versatile gene editing tools, which offer enormous potential to treat cancer by editing ge-
nome, transcriptome or epigenome of tumor cells and/or immune cells. A large body of works have been done
with CRISPR/Cas systems for genetic modification, and 16 clinical trials were conducted to treat cancer by
ex vivo or in vivo gene editing approaches. Now, promising preclinical works have begun using CRISPR/Cas sys-
tems in vivo. However, efficient and safe delivery of CRISPR/Cas systems in vivo is still a critical challenge for
their clinical applications. This article summarizes delivery of CRISPR/Cas systems by physical methods, viral
vectors and non-viral vectors for cancer gene therapy and immunotherapy. The prospects for the development
of physical methods, viral vectors and non-viral vectors for delivery of CRISPR/Cas systems are reviewed, and
promising advances in cancer treatment using CRISPR/Cas systems are discussed.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is the main cause of disease-associated fatality despite the
rapid progress in diagnostics and therapeutics [1]. A dramatic advance
in our understanding of cancer biology has contributed to the licensures
of many small molecular drugs, monoclonal antibodies (mAbs), gene
and gene-modified cell-based products for cancer therapy [2]. These
agents targeting key oncogenic signaling pathways or modulating the
immune response have led to unprecedented responses or even cure
in the selected cancer entities. However,many cancers are still incurable
and the treatment options are limited. Therefore, new approaches are
urgently needed for cancer therapy.

More recently, the clustered, regularly interspaced, short palin-
dromic repeats (CRISPR)/CRISPR-associated protein (Cas) systems,
stemmed from adaptive immune systems of most archaea and many
bacteria, have been regarded as brilliant tools for biomedical engineer-
ing. [3–6] Owing to its simplicity, versatility and low cost, these
CRISPR/Cas toolboxes offer a promising platform for targeting treatment
of cancer. The CRISPR/Cas modules were first identified as adaptive an-
tiviral immune systems and could afford protection against alien ge-
netic materials by specific sequence-depend manner [7]. The CRISPR
region contains short direct repeats (known as spacers), which derived
from foreign nucleic acid fragments of invading viruses and plasmids.
These spacers can offer sequence-specific memory for targeted defens-
ing exogenous genetic materials invasion. During the immune re-
sponse，the CRISPR could be transcribed into the precursor
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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transcripts and subsequently produced CRISPR RNA forms (called
crRNA). Consequently, Cas nuclease, guided by crRNAs, can precisely
recognize and cleave homologous nucleic acid of invaders [8]. Advances
in the rapid development of CRISPR/Cas systems have revolutionized
the field from basic research to clinical translation.

Especially as therapeutic tools against cancer, these simple and ver-
satile systems hold great potential for manipulating the genome, tran-
scriptome and epigenome in cancer and the immune related cells by a
variety of strategies. The genome editing approach has been carried
out in engineered autologous or allogeneic T cells for adoptive immuno-
therapy in clinical trials. More clinical translation of CRISPR/Cas systems
to treat cancer mainly relies on the selection of targeting genes, the op-
timization of CRISPR/Cas toolswith less or without off-target effects and
the rational delivery strategies. In this review, we highlight the delivery
strategies of CRISPR/Cas systems by physical methods, viral vectors and
non-viral vectors for cancer gene therapy and immunotherapy, as well
as discuss the latest advances in CRISPR/Cas tools for anti-cancer
therapeutics.

2. The CRISPR/Cas systems

The new advances of prokaryote-derived manipulation systems are
greatly promoting the understanding of mechanism in tumor genesis.
Moreover, the CRISPR/Cas based strategies provide an innovative ave-
nue toward clinical applications in cancer gene therapy and immuno-
therapy. As summarized in Table 1, the common-investigated CRISPR/
Cas systems for cancer therapy are almost based on the nucleases in-
cluding Cas9, Cas12a, Cas13a and their orthologues.

2.1. CRISPR/Cas9

CRISPR/Cas9 systems are commonly used as genetic engineering
tools in most species (Fig. 1A). Cas9, an endonuclease guided by
crRNA that consists of RuvC andHNHnuclease domains, enabled double
strand DNA cleavage of the genome [11]. Meanwhile, a transactivating
crRNA (tracrRNA) is also needed for the formation of RNP (Cas9:
crRNA:tracrRNA ribonucleoprotein) complex. Therein, Streptococcus
pyogenes Cas9 (SpCas9), the most common form of CRISPR/Cas9, can
target to DNA through the protospacer adjacent motif (PAM) recogni-
tion [18]. After DNA cleavage by Cas9module, the genome editing effect
is produced through the non-homologous end joining (NHEJ) or homol-
ogy directed repair (HDR) pathway [19]. The variants of Cas9
orthologues with distinct PAM recognition capacity were discovered
to broaden the range of target locus. For example, Staphylococcus aureus
Cas9 (SaCas9) can recognize 5′-NNGRRT (NNGAAT, NNGAGT, NNGGAT,
NNGGGT) PAM sequence [20]. Additionally, the orthologues with
smaller size or/and higher gene editing efficiencies have also been dis-
covered such as CasX, the minimum size of Cas9 orthologues so far
[21]. Thus far, most applications of CRISPR/Cas systems still focused on
CRISPR/Cas9 technology to reach a new level of site specificity, higher
editing efficiency and easier of use. The development of CRISPR/Cas9
systems has revolutionized the range from biological engineering to
Table 1
Overview of diverse CRISPR/Cas systems.

Type/class Effector Nuclease domains Target

I/1 Cas3 HD DNA
II/2 Cas9 RuvC, HNH DNA
III/1 Csm3, Cmr4 Autocatalytic? RNA

Csm6, Csx1 HEPN
Cas10 HD DNA

IV/1 Csf1 ? DNA?
V/2 Cas12 RuvC DNA
VI/2 Cas13 HEPN × 2 RNA
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biomedical applications. Despite the advances, the potential of off-
target effect and delivery difficulties remain challenges for CRISPR/
Cas9-mediated clinical treatment.
2.2. CRISPR/Cas12a

The advances of CRISPR/Cas9 technology has encouraged sweeping
exploration to discovering new systems for expanding applications. An-
other DNA-targeting CRISPR system for genome editing is Cas12a
(known as Cpf1; Fig. 1B) [22]. Differing from the blunt ends generated
by Cas9, Cas12a can product the staggered ends in its own cleavage pat-
tern and PAM sequence, facilitating the DNA integration in a precise ori-
entation. More importantly, Cas12a proteins are single crRNA-guided
enzymes without tracrRNA assistance, and itself is responsible for pre-
crRNA processing. To expand the range of targeting locus, Cas12a vari-
ants were also generated to targeting distinct PAM sequences such as
5′-TATV or 5′-VTTV, 5′-TTTT, 5′-TTCN and 5′-TATV [23,24]. In addition,
CRISPR/Cas12a systems can be applied to the detection of viral DNA in
patients depend on its non-specifically cleavage activity of ssDNA [25].
CRISPR/Cas12a can simplify multiplex genome editing, hence its appli-
cation might be much wider in tumor therapy in the future.
2.3. CRISPR/Cas13a

Cas13a (known as C2c2), another novel RNA-guided system with
the ability to target RNA, has recently been discovered (Fig. 1C) [26].
After recognizing and binding to the target RNA, Cas13a will activate
the capacity of collateral cleavage to the untarget RNAs. However, the
collateral cleavage activity of this system was not identified in eukary-
otic species and its underlying mechanism were poorly understood
[27]. So far, this kind of CRISPR-based RNA-targeting tools have already
been harnessed for biomedical applications, such as detecting specific
sequences of viral RNA and tumor circulating RNA in patients [28,29].
The RNA-targeting gene editing systems have great potential in the
treatment of cancer by manipulating critical RNA molecules (both
mRNAs and non-coding RNAs such as microRNAs, lncRNAs, etc.) [30]
2.4. Re-engineered CRISPR-Cas tools

Furthermore, nuclease-defective systems fused with effector do-
mains or proteins, were repurposed into innovative CRISPR-based
tools. For instance, the conversion of the most commonly used
CRISPR/Cas9 tool into a trans-suppressor were achieved by fusing a
transcription suppressor domain (KRAB) to dCas9 (Fig. 1D). The ob-
tained CRISPR/dCas9 system has been utilized for transcriptional sup-
pression of target genes within the native chromosomal context [31].
These CRISPR-derived nuclease-defective systems thus far may revolu-
tionize the development of life sciences including anti-tumor therapy.
Subtypes Ref

A, B, C, D, E, F, G [9,10]
A, B, C [11–13]
A (Csm), B (Cmr), C,

D

[14,15]

A, B [16,17]
A (Cpf1), B (C2c1), C (C2c3), D (Cas Y), E (Cas X) [13]
A (Cas13a), B, C, D [13]
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Fig. 1. Schematic diagram of frequently used CRISPR/Cas systems in cancer therapy. (A) CRISPR/Cas9 system enables a blunt DNA double-strand cleavage by complementary between
guide RNA and the target locus on the presence of a PAM. (B) CRISPR/Cas12a system relies on RNA guidance (gRNA) for generating a staggered DNA double-strand break next to a
PAM; (C) CRISPR/Cas13a system utilizes crRNA to cleavage the target ssRNA downstream of the PFS and also activates a nonspecific ribonuclease activity of Cas13a; (D) Inactive Cas9
(termed dCas9) with fused effectors can be repurposed as potential site-specific DNA targeting tools.
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3. Anti-tumor targets for gene editing

It is critical for successful CRISPR-based antitumor therapy to select
an appropriate gene target to maximize efficacy as well as minimize
toxicity. The consideration of therapeutic targets for cancer therapy in-
volves elaborate interactions among tumor, host and environment
which will influence the treatment effect of CRISPR/Cas-based systems.
[32–34] Here, the candidate therapeutic targets are described as follows
(Table 2).
Table 2
Representative therapeutic targets in current studies.

Classification Representative targets Comments

Oncogenes BCR-ABL, EGFR, KRAS(G12C), HER2 Tumor maint
Efforts towar

Cell death related genes BCL2, APAF1, ATM, FAS The loss of d
more malign
be determine

Epigenetic genes DNMT1, EZH2, ARID1A, IDH1 Epigenetic en
research for

Immune-related genes PD-1, PD-L1, PD-L2, CTLA4 Both host an
anti-tumor im

Viral oncogenes HBV(HBsAg), HPV(E5, E6, E7) Infection of h
oncogene co

Tumor micro-environment
associated genes

VEGF, bFGF, FGF, PDGF Tumor micro
developmen
associated ta

Others Drug resistance gene, Long
noncoding RNAs

Rapid and af
which facilit
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3.1. Oncogenes

In tumor cells, oncogenes are often mutated or expressed at high
level. Most normal cells undergo a programmed form of apoptosis
when critical functions are altered and malfunctioning. But the acti-
vated oncogenes can cause those cells designated for survival and pro-
liferation instead. The current anti-cancer drug development has been
proved formidable for directly targeting some oncogenes encode pro-
teins (such as Kras and Myc) which were lack of specific active bind-
ing site. Benefiting from CRISPR/Cas systems, specific targeting of
Ref

enance often depends upon the continued activity of certain oncogenes.
d inhibition of oncogene are underway.

[35–38]

eath control allows cancer cells to survive longer and give time to become
ant. As more death-related targets are identified, the promising targets will
d.

[39–42]

zymes have been identified as clear target for cancer therapeutics. The
effective suppressing these targets has been a hot focus.

[43–46]

d tumor immune escape mechanisms can lead to a failure to amount an
mune response and these are key targets in cancer immunotherapy.

[47,48]

igh-risk human virus is a prerequisite for cancer development. The virally
uld serve as targets for treatment of virus-drived cancers.

[49,50]

environment has been recognized as a significant contributor for cancer
t. This concept indicated the potential of tumor microenvironment
rget therapy.

[51–54]

fordable tumor profiling has generated abundant genomic information
ate the discovery of candidate cancer targets.

[55–57]

/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug

https://doi.org/10.1016/j.addr.2020.04.010


4 X. Song et al. / Advanced Drug Delivery Reviews xxx (2020) xxx
mutant Kras resulted in significantly inhibition of tumor growth
in vivo [58]. Similarly, Evan and co-workers found that the inhibition
of oncogenic Myc via CRISPR/Cas system triggered rapid regression
of incipient and established lung tumors [59]. So far, dozens of onco-
genes have been identified as the promising candidate targets for can-
cer treatment.

3.2. Cell death-related genes

Resistance to cell death, a hallmark of various tumor types, demon-
strated potential therapeutic regimens aiming to directly kill tumor
cells. For example, apoptosis-related genes expressed primarily in can-
cer cells are potential therapeutic targets that acts by inducing dramatic
apoptosis for cancer treatment [60]. MTH1 (the MutT Homolog1), one
of apoptosis-related genes, was successfully disrupted via CRISPR/Cas9
plasmid in ovarian tumor. The inhibition of the tumor growth and me-
tastasis was hence achieved [61]. In addition, the other cell death
types could be also good targets for CRISPR/Cas-based gene editing, in-
volving autophagy and necroptosis.

3.3. Epigenetic genes

Epigenetics, a heritable phenotype changes without alteration in ge-
notype, are necessary for normal development of mammals. This mech-
anism enables temporal and spatial control of gene activity during the
formation of complex organisms. However, anomalous changes in epi-
genetic processes can be contributed to the malignant transformation
of normal cells. [62–64] Recent advances in the study of cancer epige-
netics have indicated that epigenetic-related gene might be promising
target for anti-tumor therapy. It has been reported that disrupted DNA
(cytosine-5) methyltransferase 1 (DNMT1) gene by CRISPR/Cas9 sys-
tem can efficiently reduce DNMT1 expression. Ultimately, paclitaxel-
resistant tumor growth is inhibited in vivo by epigenetic therapy [65].

3.4. Immune-related genes

Immune evasion is essential for cancer growth and progression. This
may be also the cause of tumor resistance against conventional immu-
notherapy. [66–69] Thus, the immune-related genes are emerged as
promising targets for therapeutic genome editing. The CRISPR/Cas9
based methods have been utilized to elevate the properties of the im-
mune cells. The engineered CAR-T cells by disrupting the programmed
cell death 1 (PD-1) enhanced its anti-tumor capacity in tumor-bearing
model [70]. In addition, the disruption of CD47 displayed a potential im-
munotherapeutic strategy for small cell lung cancer [71]

3.5. Viral oncogenes

The oncogenic properties of high-risk human viruses account for the
majority of virus-associated cancers [72,73]. The strategy targeting the
key sequences of viral oncogenes have been proved effective therapeu-
tics to the tumors induced by virus. Delivery CRISPR/Cas9 system
targeting either E6 or E7 (the oncogenes of HPV) intoHeLa cells success-
fully caused the cell death [74]

3.6. Tumor microenvironment-associated gene targets

The tumormicroenvironment (TME) has been identified as a pivotal
factor participating in tumor progression. With the increasing under-
standing of the TME, it has been shown that the components of TME
could be utilized as potential targets against various types of cancer.
For example, VEGF is the key angiogenic factor with multiple functions
which constitutes the most important pathway in tumor angiogenesis.
Bevacizumab (an antibody targeting VEGF) treatment of patients with
advanced breast cancer significantly inhibited tumor growth [75].
Zhang and co-workers thus utilized CRISPR/Cas9 plasmid targeting
Please cite this article as: X. Song, C. Liu, N. Wang, et al., Delivery of CRISPR
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vascular endothelial growth factor A (VEGFA) to treat osteosarcoma
[76]. This new approach successfully impeded orthotopic osteosarcoma
growth and reduced angiogenesis. While the promising result of anti-
angiogenics, inhibition of these signaling has limited impact on overall
survival of cancer patients. Prospectively, combinations of anti-
angiogenics with other therapeutic modalities such as chemotherapy
or checkpoint blockers may become an attractive strategy for effective
cancer treatment.

3.7. Others

The appearance of next-generation sequencing (NGS) technology
has facilitated rapid and affordable tumor profiling and produced a
ton of genomic data. Such advances make enormous identification of
candidate therapeutic gene targets in cancer research. [77–79] The ver-
satile CRISPR/Cas systems have great potentials to take advantage of the
new gene targets to achieve the highly efficient anticancer efficacy.

4. Delivery systems

The effective delivery of CRISPR/Cas gene editing system to cancer
cells or immune cells is crucial to the exertion of CRISPR/Cas tools in
cancer therapy. Generally, three delivery strategies (in vitro, ex vivo
and in vivo) are throughout the investigation of CRISPR/Cas systems
for cancer gene therapy and immunotherapy. Physical methods, viral
vectors and non-viral vectors have been utilized to deliver CRISPR/Cas
systems for gene editing in cancer cells or immune cells. The physical
approaches, via transientmembrane disruption,mainly include electro-
poration, membrane deformation, sonoporation, lance array
nanoinjection (LAN), microinjection and hydrodynamic injection [80].
While the viral vectors, the earliest molecular tool achieving gene trans-
fer into human cells, [81]. involve adenovirus (Ad), adeno-associated
virus (AAV), retrovirus, lentivirus, Epstein-Barr virus (EBV), herpes sim-
plex virus (HSV) and bacteriophages [82]. In addition, the non-viral
vectors for the CRISPR/Cas delivery have been reviewed recently, [83].
specifically comprising lipid nanoparticles, polymer nanoparticles, poly-
meric hydrogel nanoparticles, gold-based hybrid nanomaterials,
graphene oxide, metal-organic frameworks, black phosphorus nano-
sheets, etc.

4.1. In vitro delivery of CRISPR/Cas systems

It's efficient to obtain the optimal CRISPR/Cas tools with high gene
editing activity for cancer therapy based on the in vitro experiment
[84]. Moreover, it's quick and simple to screen the potential delivery
system for the further evaluation of the in vivo anti-tumor efficacy.
Generally, the in vitro delivery of CRISPR/Cas systems to cancer cells or
immune cells have presently been achieved by various approaches
including physical methods, viral vectors and non-viral vectors.

4.1.1. Physical methods
Electroporation is one of themost commonly used physical methods

to electrotransfer CRISPR/Cas systems into tumor cells with high
efficiency, which achieves enhanced permeability of the cell membrane
through temporary disturbance of the lipid bilayers of the plasma
membrane via an electrical field (Fig. 2A) [85]. It has been successfully
delivered a wide range of CRISPR/Cas tools including plasmid [86–88]
and protein [89]. into tumor cells in vitro. The CRISPR/Cas9 plasmid
was efficiently transduced into the human osteosarcoma U2OS cells
by electroporation and suppressed CDK11 expression (3–5-fold at
48 h vs. 7–15-fold at 72 h), thereby inhibiting proliferation, migration
and invasion [90]. The CRISPR/Cas9 plasmid targeting ASXL1 and the
repair template ssDNA were introduced into the human
myeloidleukemia KBM5 cells using electroporation in vitro and restored
ASXL1 gene expression in 0.46%–2% of KBM5 cells [91]. The human leu-
kemia K562 cells were also reported to be effectively transfected with
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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Fig. 2. Physical methods for delivery of CRISPR/Cas systems in vitro. (A) Electroporation delivers CRISPR/Cas systems into tumor cells or immune cells due to enhanced permeability of the
cell membrane caused by transient disruption of the lipid bilayers of the plasmamembrane via an electrical field. (B)Membrane deformation-basedmicrofluidic device to deliver CRISPR/
Cas systems into several different tumor cells via transientmembrane disruptions or holes [85] (C) Ultrasound-propelled nanomotorsmediate direct and rapid cell-membranepenetration
to deliver CRISPR/Cas systems. Reproduced with permission Ref. [94]. Copyright 2018, Wiley Online Library. (D) LAN makes use of the microfabricated silicon etched array of lances to
produce transient pores (1–2.5 μm in diameter) to deliver CRISPR/Cas systems [95].
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the CRISPR/Cas9 plasmid, crRNA and tracrRNA by electroporation
in vitro [92]. Electroporation is an efficient strategy for delivery
CRISPR/Cas systems into tumor cells in vitro, however, cell death caused
by electroporationmight be a big issue for the in vitro investigation even
after the improvement of the electroporation approaches, parameters
and the composition of the electroporation medium [93]

The membrane distortion of cells can generate temporary mem-
brane disturbance or holes which promotes the passive diffusion of
CRISPR/Cas systems into the cytosol of tumor cells with high cell viabil-
ity. Qin and co-workers designed a membrane deformation-based
microfluidic device to deliver CRISPR/Cas9 system into several different
tumor cells (Fig. 2B) [85]. The plasmid encoding both Cas9 and sgRNA-
EGFP was successfully delivered into human breast cancer MDA-MB-
231 cells expressing EGFP after 3 cycles through the same chip, achiev-
ing highly efficient genome editing (N90% EGFP knockout efficiency).
The delivery of the plasmid encoding both Cas9 and sgRNA-AAVS1 via
membrane deformation resulted in considerable cleavage at the
AAVS1 locus with indels occurring at frequencies between 18% and
46% in human breast cancer MCF7 cells. The membrane deformation
also successfully achieved efficient genome editing at the NUAK2 gene
locus in human cervical cancer HeLa cells by introduction of the plasmid
encoding both Cas9 and sgRNA-NUAK2 (with indels occurring at a fre-
quency of about 30%). Human anaplastic large cell lymphoma SU-
DHL-1 cells, one of difficult-to-transfect cell lines, exhibited N70% EGFP
Please cite this article as: X. Song, C. Liu, N. Wang, et al., Delivery of CRISPR
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knockout efficiency which was much higher than the current transfec-
tionmethods. Thus, themembrane deformation has the potential to de-
liver CRISPR/Cas systems into primary patient cells like immune cells
with both higher delivery efficiency and cell viability.

Ultrasound-propelled nanomotors have shown direct and rapid cell-
membranepenetration andbeen applied for improved intracellular deliv-
ery ofmiRNA, siRNA and apoptotic protease. Cas9/sgRNA complex, a tem-
porary way of editing genes, supplies a substitute approach for the
CRISPR/Cas tool. Wang and co-workers loaded the Cas9/sgRNA complex
onto the nanomotor surface via a disulfide linkage. The obtained Cas9/
sgRNA-loaded nanomotors quickly entered the cytoplasm of the murine
melanoma B16F10 cells expressing GFP after ultrasound treatment for
5 min (Fig. 2C) [94]. Subsequently, 80% GFP knockout was achieved by
the acoustic nanomotors loaded with only 0.6 nm of the Cas9/sgRNA
complex after incubation for 2 h. This intracellular delivery method
based on ultrasound-propelled nanomotors thus offers an alternative
route to the transduction of Cas9/sgRNA complex into tumor cells in vitro.

Recently, a new physical method LAN was utilized to transfer the
CRISPR/Cas9 plasmid into the GFP+/FRT HeLa cell line and achieved
an average level of 93.77% EGFP gene disruption [95]. This transfection
technology makes full use of the microfabricated silicon etched array
of lances to produce transient pores (1–2.5 μm in diameter) in the
targeting cell membranes and delivers any electrically chargedmolecu-
lar loads into the intracellular space via electrostatic attraction (Fig. 2D)
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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Table 3
The CRISPR/Cas-loaded viral vectors potential for tumor therapy.

Virus Insert Capacity Features

Adenovirus 7.5 kb Broad host range
Transient expression
Strong immunogenicity

Adeo-associated viral 4.7 kb Relatively broad host range
Slow expression onset
Chromosomal integration
Immune response

Retrovirus 8 kb Transduction of only dividing cells
Long-term expression
Random integration

Lentivirus 8 kb Broad host range
Low cytotoxicity
Long-term expression

Epstein-Barr virus 5 kb Improved exogenous gene stability
Stable gene expression

Sendai virus 5 kb Broad host range
Low pathogenicity
Powerful capacity
RNA delivery

Baculovirus N38 kb Low cytotoxicity
Large cloning capacity
Lack of pre-existing immunity
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[96] LAN has much higher cell survival rates (78–91%) than conven-
tional electroporation, [97]. providing a potential alternative strategy
for the CRISPR/Cas system delivery to tumor cells in vitro.

4.1.2. Viral vectors
The viral vectors are one of the popular CRISPR/Cas delivery strate-

gies [82]. Various viral delivery systems have been used for delivery of
CRISPR/Cas systems into tumor cells in vitro. AAV has been largely ap-
plied for CRISPR genome editing due to its good safety exhibited in
many clinical trials (Fig. 3). However, the carrying capacity of single
AAV (4.7 kb) limits the package of large genes encoding the enzyme
in the CRISPR/Cas systems (Table 3). Thus, Mizukami and co-workers
combined Cas9 plasmid and AAV-sgE6 to treat HPV 18-positive
human cervical cancer cell lines (HeLa, HCS-2, SKG\\I) in vitro. E6 ex-
pression was successfully downregulated, thereby inducing improved
expression of p53, enhanced apoptosis and growth inhibition in a
dose-dependent manner [98]. It was reported that retrovirus coding
SpCas9 (Fig. 3) can efficiently transduce human cervical carcinoma
HeLa cells [99]. Lentiviral vectors (Fig. 3), a subtype of retrovirus, can
package Cas9 and either E6- or E7-specific sgRNA and transduce ~90%
of HeLa cells in vitro, which resulted in almost complete death of the
transduced cells by targeted disruption of HPV E6 or E7 in HeLa cells
[74]. Lentiviral libraries targeting 19,052 genes, encoding six sgRNAs
per virus, can also transduce HeLa cells stably expressing Cas9 [99].
Moreover, lentiviral CRISPR/Cas9 system successfully mediated the effi-
cient deletion of MCL-1 (80% mutation rate) and thus induced the apo-
ptosis in vitro in human Burkitt lymphoma cells which required this
anti-apoptotic BCL-2 protein for continuous survival and growth [100].
The lentiviral vector production is generally based on transfection of
four plasmids (three packaging constructs and a transfer vector) into
HEK293T cells [101]. Thus, in vitro optimization of CRISPR/Cas systems
using the lentiviral vectors is inefficient and time-consuming.

4.1.3. Non-viral vectors
The simple easy-to-get commercial transfection reagents seem to be

viable non-viral vectors for the delivery of CRISPR/Cas systems in the
in vitro experiments (Table 4). X-tremeGENE HP DNA transfection re-
agent (Roche) can efficiently transduce Cas9 plasmid and sgRNA-E7
plasmid into the human cervical cancer Siha cells to enhance apoptosis
Fig. 3. The CRISPR/Cas-loaded viral vectors potential for tumor therapy involved Ad, AAV, retr
viruses have been successfully utilized to deliver CRISPR/Cas systems to tumor cells in vitro, w
the vectors of CRISPR/Cas systems for cancer immunotherapy. Furthermore, both Ad and lentiv
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and inhibit cellular viability via disruption of the E7 gene [102]. For the
human cervical cancer Caski cells, jet-PEI polymer-based DNA transfec-
tion reagent (Polyplus) reached the similar efficacy in the delivery of
Cas9 plasmid and sgRNA-E7 plasmid [102]. The common cationic lipid
nucleic acid transfection reagent RNAiMAX has been shown to be capa-
ble of delivering Cas9/sgRNA complex into cultured U2OS cells in the
media containing 10% serum and resulted in up to 80% genome editing
efficiency in contrast to DNA transfection [103]

It's still challenging to realize high efficiency in the delivery of large
genome editing tools such as CRISPR/Cas systems using the traditional
cationic transfection reagents. Thus, it's urgent to explore innovative
vectors. Iyer and co-workers found that Lipofectamine 2000 cannot de-
liver large plasmid (~10.3 kb) as well as small plasmid (~5 kb) [104]. So
they designed flexible dendrimer to deliver CRISPR/dCas9-VP64
(dCas9-VP64: 9.8 kb; sgRNAs: 3.2 kb) with high transfection efficiency
ovirus, lentivirus, Epstein-Barr virus (EBV), Sendai virus and Baculovirus. The former four
hile the latter four viruses can transfer the primary cells and thus have great potential as
irus have displayed powerful delivery of CRISPR/Cas systems to tumor cells in vivo.

/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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Table 4
The CRISPR/Cas-loaded non-viral vectors for in vitro gene editing.

Types Vectors Cargos Features Ref.

Commercial transfection reagents X-tremeGENE HP DNA Transfection Reagent Cas9 plasmid and sgRNA Commercial [102]
PolyJet™ In Vitro DNA Transfection Reagent Cas9 plasmid and sgRNA Commercial [102]
Lipofectamine RNAiMAX Cas9/sgRNA complex Commercial

Serum resistance
80% gene editing efficiency

[103]

Innovative vectors Flexible dendrimer CRISPR/Cas9 plasmid High transfection efficiency and
packaging capacity for large plasmid

[104]

Cationic polymer PEI-β-cyclodextrin CRISPR/Cas9 plasmid ~7% gene editing efficiency [105,106]
Protamine and co-precipitated it with CaCO3 CRISPR/Cas9 plasmid ~28.4% gene editing efficiency [107]
Gold nanoclusters Cas9/sgRNA complex ~34% gene editing efficiency [108]
Cationic arginine-decorated gold
nanoparticles

Cas9/sgRNA complex Highly efficient cytosolic and nuclear
delivery (up to 90%)
~30% gene editing efficiency

[109]

Graphene oxide (GO)-polyethylene glycol
(PEG)-polyethylenimine (PEI)

Cas9/sgRNA complex ~39% gene editing efficiency [110]
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and packaging capacity, which could significantly upregulate the tumor
suppressor MASPIN in the human breast cancer MCF-7 cells at the
mRNA and protein levels. Huang and co-workers explored cationic
polymer PEI-β-cyclodextrin to deliver CRISPR/Cas9 plasmid for in vitro
genome editing in HeLa cells, [105]. which resulted in indel rates of
7.0% at the genome locus of rhomboid 5 homolog 1 (RHBDF1) essential
to epithelial cancer cell growth [106]. Cheng and co-workers combined
CRISPR/Cas9 plasmid with protamine and co-precipitated it with CaCO3

[107]. The co-precipitated nanoparticle was further decorated by
AS1411 functionalized carboxymethyl chitosan and TAT peptide func-
tionalized carboxymethyl chitosan to enhance the cellular uptake and
nuclear transportation. This CRISPR/Cas9 plasmid loaded nanocarriers
can efficiently cause the knockout of CTNNB1 gene coding β-catenin
(28.4% at mRNA level) and favorable anti-cancer features involving
inhibited growth, suppressedmigration and invasion, and reduced can-
cer stemness. Gao and co-workers used gold nanoclusters (GNs) to self-
assemble Cas9 protein fused with nuclear localization sequences (NLS)
[108]. The obtained SpCas9 − AuNCs can induce 34% of mutation fre-
quency in HeLa cells when combined with sgRNA specific to HPV18 E6
gene which was transfected with Lipofectamine RNAiMAX. Rotello
and co-workers constructed cationic arginine-decorated gold nanopar-
ticles capable of loading Cas9/sgRNA complex containing engineered
Cas9 protein modified with a negatively charged glutamate peptide
tag [109]. The formed nanoassemblies achieved highly efficient cyto-
solic and nuclear delivery (up to 90%) of Cas9/sgRNA complex to HeLa
cells in vitro, leading to effective gene editing efficiency (~30%) in the
target genes (AAVS1 or PTEN). Xing and co-workers developed a
Table 5
Ex vivo delivery of CRISPR/Cas systems for cancer therapy.

Types Approaches or vectors Target cells

Physical approaches Electroporation Human primary T
Electroporation Human primary T
Electroporation Human primary T
Electroporation Human primary B
Electroporation Human primary N

Viral vectors AAV Human primary re
endothelial cells (H

Lentiviral Human primary na
EBV Human primary B
Sendai virus Human primary m
Baculovirus Human induced pl

Non-viral vectors LPEI (25 kDa) Mesenchymal stem
Murine leukemia virus like particles
(MLVLPs)

iPS and human he

NaCl-mediated hyperosmolality in
combination with a transduction
compound (a propanebetaine)

Various primary ce
cells, glia cells and
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novel nanocarrier for cellular delivery of CRISPR/Cas9 complex based
on graphene oxide (GO)-polyethylene glycol (PEG)-polyethylenimine
(PEI). The CRISPR/Cas9 complex entrapped in the nanocarrier can suc-
cessfully enter human gastric cancer AGS cells expressing GFP via endo-
cytosis and escape from endosomes, hence reaching 39% of GFP gene
editing efficiency [110]. According to the highly efficient efficacy on
in vitro gene editing, the in vivo delivery efficiency is worthy of being in-
vestigated for most of the above-mentioned novel carriers.

4.2. Ex vivo delivery of CRISPR/Cas systems

In the application of ex vivo editing with CRISPR/Cas systems, cells
derived from the body, an organism or primary cells are treated by
CRISPR/Cas tools in vitro, and they are subsequently transplanted back
into the living body. The ex vivo CRISPR/Cas gene editing technology al-
lows us to adequately analyze and characterize the engineered cells,
which is safer and easier to be employed to the cancer gene therapy
and immunotherapy due to the minimum alteration of natural
conditions [111]

Electroporation is themost commonly used physical methods in the
ex vivo delivery of CRISPR/Cas tools. This method, independent on the
cell type, can transfer CRISPR/Cas systems into most of the primary
cells with high efficiency including T cells, B cells and NK cells (Table 5).

The powerful gene editing for primary human T cells holds great
promise for cancer immunotherapy. The PD-1 gene can be knocked-
out by electroporation of CRISPR/Cas9 plasmid on human primary T
cells from cancer patients, with up-regulated IFN-γ production and
Cargos Ref.

cell CRISPR/Cas9 plasmid [112]
cell Cas9/sgRNA complex [113]
cell Cas12a mRNA + crRNA and HDR template [115]
cell Cas9/sgRNA complex [116]
K cell Cas9/sgRNA complex [117]
tinal microvascular
RECs)

CRISPR/Cas9 system [119]

sal airway epithelial cells CRISPR/Cas9 system [120]
cell CRISPR/Cas9 system [122]
onocytes CRISPR/Cas9 system [123]
uripotent stem cells (iPS) CRISPR/Cas9 system [124]
cells (MSC) Plasmid DNA [125]

matopoietic stem cells Cas9/sgRNA complex [126]

lls, including dendritic
neurons

Cas9/sgRNA complex [126]

/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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improved cytotoxicity toward cancer cells [112] A successful genome
engineering by electroporated delivery of Cas9/sgRNA complex was re-
ported in PD-1, a regulator of T-cell consumption that is a confirmed tar-
get for tumor immunotherapy [113] Cas9-mediated genetic knock-in of
specific nucleotides to PD-1 with up to ~20% efficiency was achieved in
primary human T cells. The electroporation of Cas9/sgRNA complex can
also be employed to perform multiplex gene editing in CAR-T cells, in-
volving TRAC (TCRα constant chain), B2M (β2-microglobulin) and
PD-1 [114] 85% of double (TRAC/B2M)- and 64.7% of triple (TRAC/
B2M/PD-1)-negative CAR-T cells were conducted successfully. These
gene-edited CAR-T cells could efficiently induce cell death of co-
cultured tumor cells in a CAR-dependentmanner. In the intraperitoneal
xenograft mice with FFLuc-transduced Raji lymphoma cells, the TRAC/
B2M double-knockout CAR-T cells exhibited CD19-specific anti-tumor
feature comparable to standard CD19 CAR-T cells after intraperitoneal
administration. In addition, Chen and co-workers achieved high-
efficiently targeting of both HDR-mediated dual-CAR knock-in and
immune-checkpoint knockout in primary humanT cells using amixture
of messenger RNA electroporation for Cas12a and AAV6 for delivery of
crRNA and HDR template [115]

Except for primary T cells, CRISPR/Cas9-dediated locus-specific ge-
nome editing in primary human B cells was performed using electropo-
rationwith Cas9/sgRNA complex [116]. The engineered B cells obtained
the ability to secrete therapeutic proteins potential for the application in
cancer therapy. Moreover, human primary and expanded NK cells also
could be edited with CRISPR/Cas systems for cancer gene therapy
and immunotherapy. The TGFBR2 and HPRT1 genes in NK cells
were efficiently knocked-out using Cas9/sgRNA complex via
electroporation [117]

Theoretically, all the approaches mentioned in the above for in vitro
experiments have potential for ex vivo delivery of CRISPR/Cas systems
for cancer gene therapy and immunotherapy, especially those methods
suitable for the transfection of human primary cells. Among these, the
viral vectors have great potentials. AAV has been used to effectively in-
fecting a wide variety of primary cells, including human primary retinal
microvascular endothelial cells (HRECs), primary human umbilical vein
endothelial cells (HUVECs) and human primary retinal pigment epithe-
lial cells (hPRPE) [118]. The vascular endothelial growth factor receptor
2 (VEGFR2) was depleted by 80% with rAAV5-CRISPR/Cas9 in HRECs
[119]. The lentiviral CRISPR/Cas9 system successfully knocked out
MUC18 (also known as CD146 or melanoma cell adhesion molecule)
in human primary nasal airway epithelial cells with high efficiency
(N90%) [120]. The lentivirus also can efficiently transform Cas9/sgRNA
complexes to lymphoblastoid cell lines including CD4+ T cells [121].
and primary human B cells [122] EBV also have been used to efficiently
transforms Cas9/sgRNA complexes to lymphoblastoid cell lines includ-
ing primary human B cells (Fig. 3) [122]. Additionally, Sendai virus
[123]. and Baculovirus [124] (Fig. 3), directly incorporating Cas9 protein
and sgRNA, have been reported to transfer primary human monocytes
and human induced pluripotent stem cells (iPS), respectively. Normally,
traditional cationic non-viral vectors are difficult to transfect the pri-
mary cells. Though coordinated endosomal release and down-
regulated α-tubulin deactylase, LPEI (25 kDa) successfully delivered
CRISPR/Cas9 plasmid tomesenchymal stem cells (MSC) by combination
with DOPE/CHEMS and HDAC6i [125] A kind of novel murine leukemia
virus like particles (MLVLPs) was developed to allow the efficient trans-
fer of Cas9/sgRNA complex to primary cells ex vivo including iPS cells
and human hematopoietic stem cells. Furthermore, Cas9/sgRNA com-
plex can also be highly efficiently transduced into various primary
cells, including dendritic cells, glia cells as well as neurons via an NaCl-
mediated hyperosmolality in combination with a transduction com-
pound (a propanebetaine), independent of any vectors or setups
[126]. Taken together, all these promising strategies for the transfection
of the human primary cells are worthy of being investigated for the
ex vivo delivery of CRISPR/Cas systems in cancer gene therapy and
immunotherapy.
Please cite this article as: X. Song, C. Liu, N. Wang, et al., Delivery of CRISPR
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4.3. In vivo delivery of CRISPR/Cas systems

Despite lots of successful confirmation of applying CRISPR/Cas sys-
tems in cell line-based experiments, in vivo gene editing based on
CRISPR/Cas systems for cancer treatment remains obstacle due to the
difficult transport of CRISPR/Cas systems across multiple physiological
barriers to cancer cells or immune cells in vivo [83]. It is crucial to ex-
plore riskless and efficient in vivo delivery systems for the translational
application of CRISPR/Cas systems in tumor therapy. Both viral and non-
viral vectors have been developed to deliver CRISPR/Cas systems for
in vivo gene editing of tumor cells or immune cells.

4.3.1. Physical methods
Physical methods for delivery of CRISPR/Cas systems usually utilize

vector-free DNA/mRNA/protein. The naked cargo without protection
of carriers is prone to enzymatic degradation and fast clearance when
delivered directly into tissues or systemic circulation [80]. Although
physical methods have been widely utilized in vitro and ex vivo, only a
few strategies have been used for the in vivo delivery of CRISPR/Cas sys-
tems, involving hydrodynamic injection [127]. and electroporation
[128]. Hydrodynamic injection is one of reliable physical methods for
CRISPR/Cas-based gene editing in vivo, which delivers plasmids into
cells by a high pressure in a short time to produce temporary pores in
the cell membrane [80]. With hydrodynamic injection into the tail
vein of M-TgHBV mouse model, the HBV specific CRISPR/Cas9 system
successfully deleted two open reading frames (ORFs) of HBV transcrip-
tion template, causing significantly decrease in liver HBcAg and serum
HBsAg [129]. This approach has great potential to treat HBV-induced
hepatocellular carcinoma (HCC) in human. Although hydrodynamic in-
jection has been applied in clinic, [130]. it has high risk of severe damage
to the liver due to a large injection volume [80]. Electroporation has
been used to deliver CRSPR/Cas systems to various organs and tissues
like utero, [131]. retina [132], skeletal muscles, [133]. skin, [134]. spinal
cord [135]. and neural tissues [136]. in animal experiments. Neverthe-
less, cell death is still problematic. Up to now, there is still no report
about using electroporation for in vivo delivery of CRISPR/Cas systems
in cancer therapy. It is clear that physical methods still need further im-
provement for the translational study in clinic.

4.3.2. Viral vectors
Viral vectors are regarded as effective tools for CRISPR/Cas systems

to treat tumor. Liu and co-workers used a lentivirus-mediated CRISPR/
Cas9 system with sgRNA-721 (LV-H721) to knock out HIF-1α for the
therapy of human HCC [137]. They directly injected LV-H721 into the
tumor tissues in the subcutaneous SMMC-7721 xenograft HCC model.
The lentivirus-mediated CRISPR/Cas9 dramatically reduced the expres-
sion of HIF-1α in the tumor tissues 3 days post treatment. Kim and co-
workers harnessed lentivirus and AAV expressing Cas9 and sgRNA to
target mutant KRAS alleles in SW403 cancer cells (~50%) [138]. With
intratumoral (i.t.) injection into the subcutaneous xenograft colon carci-
noma model, the tumor growth was effectively inhibited.

Compared with lentiviral and retroviral vectors, Ad vectors (Fig. 3)
can transfer CRISPR/Cas9 systems into an expansive range of dividing
and nondividing cells both in vitro and in vivo [82]. Conventional Ad
vectors can package ~8.1–8.2 kb of foreign DNA, much longer than
AAV vectors. Thus, Ad is ideal for delivery of the entire CRISPR/Cas9 sys-
tems in one vector. Kim and co-workers used a replication-incompetent
Ad vector to deliver CRISPR/Cas9 system to treat non-small cell lung
cancer (NSCLC) with a mutation in the epidermal growth factor recep-
tor (EGFR) gene [139] A mixture of Cas9-expressing Ad (Ad/Cas9) and
EGFR mutation-specific sgEGFR-expressing Ad (Ad/sgEGFR) was
intratumorally injected into the subcutaneous xenograft NSCLC model
with H1975 cells containing the mutant alleles. The co-treatment
caused indels at frequencies of 50 ± 5.3% at day 7 after the first injec-
tion, while no indels were detected in A549-derived tumors without
the mutant alleles. Fast tumor regression and extended survival rate
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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were observed in H1975-derived tumor models after treatment for
three times (every other day). These results indicated that Ad-
mediated CRISPR/Cas9 delivery can potently treat NSCLC via efficient
gene editing of the EGFR mutant allele in H1975 cells in vivo. However,
Ad vectors cannot achieve efficient gene transfer into cells lacking the
coxsackievirus and Ad receptors (CAR) [140]. Koizumi N et al. designed
a fiber-modifiedAd vector (AdK7) comprising a stretch of lysine residue
(K7) peptides which target heparan sulfates on the cellular surface
[141]. Kazuo Takayama and Hiroyuki Mizuguchi found that AdK7 suc-
cessfully transduced the high-grade cancer cell line PC-3 with lower ex-
pression of CAR [142]. They subsequently constructed a light-activated
CRISPR/Cas9 system-loaded AdK7 (Opt/Cas-Ad) to upregulate the ex-
pression of Dkk-3 gene, which could inhibit the growth and metastasis
of prostate cancer [143,144] Opt/Cas-Ad showed illumination-
dependent spatiotemporally controllable CRISPR/Cas9-based gene
editing and efficient antitumor activity after i.t. injection into the subcu-
taneous PC-3-derived tumor models.

As seen in Fig. 3, several viral vectors have been utilized to deliver
CRISPR/Cas systems. Although lentivirus, AAV and Ad have shown
great potential for the in vivo cancer therapy, other viral vectors are
still worthy of further exploration for the in vivo delivery of CRISPR/
Cas systems to treat cancer.

4.3.3. Non-viral vectors
In comparison with viral vectors, non-viral carriers are more diverse

for the powerful in vivo delivery of CRISPR/Cas tools (Table 6).
Generally, most of the non-viral carriers are in the form of nano-sized
preparations which have chiefly been enlightened by traditional gene-
delivery methods [145]

4.3.3.1. Common nano-sized preparations. Self-assembledmicelles with a
lower charge density have been designed to encapsulate CRISPR/Cas9
plasmid targeting HPV18-E7 oncogene in HeLa cells [146]. This micelle
comprised quaternary ammonium-terminated poly(propylene oxide)
and amphiphilic Pluronic F127, which successfully delivered the
CRISPR/Cas9 system into HeLa cells in the subcutaneous HeLa xenograft
model after i.t. injection. The Cas9-inducedmutation reduced E7 expres-
sion and thus efficiently delayed the tumor growth. Wang and co-
workers used (PEG-PLGA)-based cationic lipid-assisted polymeric
nanoparticles (CLANs) to encapsulate CRISPR/Cas9 plasmid for over-
hanging fusion region of BCR-ABL gene in chronic myeloid leukemia
(CML)mousemodels by intravenous (i.v.) injection of K562 cells into ir-
radiated NOD-SCID mice (Fig. 4A) [164]. After i.v. administration, 19.3%
and 16.1% of BCR-ABL gene was knocked out in K562 cells from blood
and bone marrow, respectively. The survival of CML model mice was
correspondently prolonged.

A polyethylene glycol phospholipid-modified cationic lipid nanopar-
ticle (PLNP) can also be used to encapsulate Cas9/sgRNA plasmid for the
genome editing of polo-like kinase 1 (Plk1), [148]. a highly conserved
serine-threonine kinase that promotes cell division and is
overexpressed in various tumors [165]. An i.t. injection into subcutane-
ous A375-derived melanoma model mice resulted in significant down-
regulation of Plk1 protein and inhibition of the tumor growth (N67%)
in vivo.

The yarn-like DNA nanoclew, a novel nano-preparation, can
capsulate Cas9/sgRNA complex via the optimal DNA sequence partially
complementary to the sgRNA, [149]. following coating of the cationic
polymer PEI to facilitate endosomal escape [166]. The NLS peptides
fused to Cas9 can further help the Cas9/sgRNA complex be transported
into the nucleus. After i.t. injection of Cas9/sgRNA delivery system into
U2OS.EGFP xenograft tumors in nude mice, ~25% the U2OS.EGFP cells
near the site of injection lost EGFP expression. Yu and co-workers sub-
sequently loaded the NLS-engineered Cas9/sgRNA complex into a bio-
degradable two-dimensional black phosphorus nanosheets (BPs)
[150]. This system can enter tumor cells via membrane penetration
and endocytosis pathways, followed by a BPs biodegradation-
Please cite this article as: X. Song, C. Liu, N. Wang, et al., Delivery of CRISPR
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associated endosomal escape. An i.t. injection significantly reduced
EGFP signals in A549/EGFP tumor-bearing nude mice models.

A recent study showed that a fluorinated acid-labile branched
hydroxyl-rich polycation can deliver CRISPR/Cas9 plasmid targeting
survivin gene to inhibit tumor growth and enhance sensitivity to the an-
ticancer drug temozolomide via i.v. injection in A549/EGFP tumor-
bearing nude mice models (Fig. 4B) [151]. This carrier was reported to
possess excellent acid degradability, biocompatibility and transfection
performance, which showed great potential for the systemic adminis-
tration of the plasmid form of CRISPR/Cas system in the cancer
treatment.

Exosomes are natural nano-vesicles (30 nm to 120 nm) secreted by
various cells, including immune cells, epithelial cells and tumor cells.
They are capable of carrying and transferring bioactive molecules,
thereby having been proposed as a new vehicle for CRISPR/Cas delivery
[167,168]. Lu and co-workers prepared arrestin domain containing pro-
tein 1 (ARRDC1)-mediated microvesicles (ARMMs) using HEK293 cells,
which can package Cas9/sgRNA complex through the interaction of
ARRDC1 with the WW domain in the modified Cas9 [169]. This novel
carrier has great potential for the in vivo delivery of CRISPR/Cas system.
Tumor-derived exosomesmight accumulate in the tumor tissues due to
their cell tropism, thus SKOV3 cell-derived exosomes (SKOV3-Exo) was
used as natural carriers of CRISPR/Cas9 plasmid to treat ovarian cancer
(Fig. 4C) [152]. They were harvested from the culture media of SKOV3
cells and loaded them with CRISPR/Cas9 plasmid via electroporation.
SKOV3-Exo selectively accumulated in ovarian cancer tumors of the
subcutaneous SKOV3 xenograft mice after i.v. injection. Both i.v. and i.t.
injection of SKOV3-Exo successfully disrupted the targeting gene poly
(ADP-ribose) polymerase-1 (PARP-1), a potential therapeutic target
BRCA1/2 deficient breast and ovarian cancers [170,171]. Meaningfully,
the inhibition of PARP-1 by CRISPR/Cas9-mediated genome editing en-
hanced the chemosensitivity to cisplatin.

4.3.3.2. Cell-penetrating peptides (CPPs)-mediated delivery systems. CPPs
have ability to promote the delivery of CRISPR/Cas system into tumor
cells through membrane destabilization to increase uptake, promote
endosomal escape, and improve overall transfection efficiency [172].
Kim and co-workers used CPP to conjugate Cas9 protein and complex
sgRNA targeting the CCR5 gene, respectively [173]. The obtained Cas9-
m9R and sgRNA:9R led to mutation frequencies of 5.5% at the CCR5
locus in HeLa cells in vitro. Jang and co-workers generated a novel
Cas9 fusion protein (Cas9-LMWP) expressing both NLS and a low-
molecular-weight protamine (LMWP), [174]. a nature-sourced CPP
powerful tool for in vivo macromolecular delivery [175] LMWP and
NLSmediate intracellular delivery and nuclear localization, respectively.
Cas9-LMWP self-assembled with the crRNA:tracrRNA hybrids targeting
KRAS by electrostatical interaction. The formed ternary Cas9 RNP led to
a decrease in AKT and ERK phosphorylation related to the depletion of
KRAS in the subcutaneous A549 tumor xenografts by intratumoral ad-
ministration. Jiang and co-workers subsequently designed core-shell
nanoparticles based on TAT for the in vivo delivery of Cas9/sgRNA com-
plex (Fig. 5) [154]. They firstly used TAT to modify the cationic GNs to
allow enhancement in nucleus-targeting [176]. The obtained TAT-GNs
with positive charge could interact electrostatically with the negatively
charged Cas9/sgRNA complex to form a ternary complex (TAT-GNs/
Cas9 protein/sgRNA plasmid, GCP). The negatively charged GCP, as a
core, was further covered by an anionic lipid shell (DOTAP/DOPE/
cholesterol), followed by post modification with DSPE-PEG on the sur-
face of the lipid shell to form lipid-coated GCP (LGCP). After i.t. adminis-
tration, LGCP can efficiently downregulate the expression of Plk1
protein in the subcutaneous melanoma models of A375 cells and
achieved higher tumor growth inhibition (75%) than previous Cas9/
sgRNA plasmid delivered by PLNP [148]. Leong and co-workers further
designed PEGylated helical polypeptide nanoparticles (P-HNPs) to de-
liver Cas9/sgRNA complex to tumor cells in vivo [155] P-HNPs included
helical polypeptide poly(γ-4-((2-(piperidin-1-yl)ethyl)amino-methyl)
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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Table 6
The current in vivo delivery of CRISPR/Cas systems via non-viral vectors.

Non-viral vectors CRISPR/Cas
systems

Targets Cancer cells Administration
route

Mice models In vivo efficacy Ref.

Common nano-sized
preparations

Micelles comprising quaternary
ammonium-terminated poly(propylene
oxide) and amphiphilic Pluronic F127

CRISPR/Cas9 plasmid HPV18-E7 HeLa i.t. Subcutaneous xenograft model
of cervical cancer

Reduced E7 expression;
Delayed tumor growth.

[146]

Polymeric nanoparticles containing
PEG-PLGA and cationic lipid

CRISPR/Cas9 plasmid BCR-ABL K562 i.v. Intravenous xenograft model of
chronic myeloid leukemia

Knocked out 19.3% and 16.1% of BCR-ABL
gene in K562 cells from blood and bone
marrow;
Prolonged survival.

[147]

Polyethylene glycol
phospholipid-modified cationic lipid
nanoparticle (PLNP)

CRISPR/Cas9 plasmid Plk1 A375 i.t. Subcutaneous xenograft
melanoma model

Downregulated Plk1 protein expression;
Suppressed tumor growth.

[148]

DNA nanoclew coating PEI Cas9/sgRNA complex EGFP U2OS.EGFP i.t. Subcutaneous xenograft
osteosarcoma model

Reduced ~25% EGFP expression [149]

Black phosphorus nanosheets Cas9/sgRNA complex EGFP A549/EGFP i.t. Subcutaneous xenograft model
of lung cancer

Reduced EGFP signals [150]

Fluorinated acid-labile branched
hydroxyl-rich polycation

CRISPR/Cas9 plasmid Survivin A549 i.v. Subcutaneous xenograft model
of lung cancer

Inhibited tumor growth;
Enhanced sensitivity to the anticancer
drug temozolomide.

[151]

SKOV3 cell-derived exosomes CRISPR/Cas9 plasmid PARP-1 SKOV3 i.v./i.t. Subcutaneous xenograft model
of ovarian cancer

Disrupted PARP-1;
Enhanced the chemosensitivity to
cisplatin.

[152]

CPP-mediated delivery
systems

Novel Cas9 fusion protein expressing
both NLS and a low-molecular-weight
protamine

Cas9/sgRNA complex KRAS A549 i.t. Subcutaneous xenograft model
of lung cancer

Reduced KRAS expression;
Inhibited tumor growth.

[153]

TAT-modified cationic gold nanoclusters
covered by an anionic lipid shell
(DOTAP/DOPE/cholesterol), followed by
post modification with DSPE-PEG on the
outer surface (LGCP)

Cas9 protein/sgRNA
plasmid

Plk1 A375 i.t. Subcutaneous xenograft
melanoma model

Downregulated the expression of Plk1
protein;
Achieved higher tumor growth inhibition
(75%) than PLNP.

[154]

PEGylated helical polypeptide
nanoparticles containing poly
(γ-4-((2-(piperidin-1-yl)ethyl)
amino-methyl)benzyl-L-glutamate)

Cas9 plasmid/sgRNA Plk1 HeLa i.t. Subcutaneous xenograft model
of cervical cancer

Achieved 35% of genome-editing
efficiency in the Plk1 locus; Decreased
67% of the Plk1 protein expression level;
Suppressed 71% of tumor growth;
Prolonged survival.

[155]

Receptor-mediated
delivery systems

Folate-modified liposomes CRISPR/Cas9 plasmid DNMT1 SKOV3 i.p. Intraperitoneal xenograft model
of ovarian cancer

Downregulated DNMT1 expression;
Inhibited tumor growth in both
paclitaxel-sensitive and -resistant
ovarian cancer models.

[65]

Osteosarcoma-specific aptamer
(LC09)-functionalized
PEG-PEI-Cholesterol lipopolymer

CRISPR/Cas9 plasmid VEGFA K7M2 i.v. Orthotopic osteosarcoma model
with lung metastasis

Downregulated VEGFA expression and
secretion.

[76]

Nanoparticles with a phenylboronic acid-
modifed low molecular weight
polyethyleneimine core and a
2,3-dimethylmaleic anhydride-modifed
poly(ethylene glycol)-b-polylysine
shell

CRISPR/dCas9 plasmid miR-524 MDA-MB-231 i.v. Subcutaneous xenograft model
of breast cancer

Increased Pri-miR-524 levels (2.92-fold);
Retardated tumor growth.

[156]

ICAM-1 antibody modified noncationic
and deformable nanolipogel containing a
composition of zwitterionic and anionic
lipids (DOPC and DSPE-PEG), as well as
alginate hydrogel

CRISPR/Cas9 plasmid Lipocalin 2 MDA-MB-231 i.v. Orthotopical xenograft model of
breast cancer

Knocked out 81% of Lipocalin 2;
Supressed tumor growth.

[157]
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benzyl-L-glutamate) (PPABLG) with high membrane-penetrating abil-
ity for enhanced cellular uptake and endosomal escape. In the subcuta-
neous xenograft tumor models of A549.GFP cells, P-HNPs loaded with
Cas9 plasmid and sgRNA-GFP produced 29.7% of the indels at the target
site by i.t. administration. They further investigated the antitumor effi-
cacy of P-HNPs-based CRISPR/Cas system via editing of Plk1, a highly
conserved serine–threonine kinase that promotes cell division and
overexpressed in various tumors [165] 35% of genome-editing effi-
ciency in the Plk1 locus was reached by P-HNP delivery of Cas9 plasmid
and sgRNA-Plk1 via i.t. administration in the subcutaneous xenograft
tumormodels of HeLa cells, resulting in 67%decrease of the Plk1 protein
expression level. The final tumor suppression was more than 71% with
significantly enhanced survival rate of mice.

4.3.3.3. Receptor-mediated delivery systems. Based on the overexpressing
folate receptor (FR) on the surface of ovarian cancer cells, our group
constructed easy-to-translate folate-modified liposomes to selectively
deliver the CRISPR/Cas9 plasmid targeting DNMT1 gene [65]. In the in-
traperitoneal SKOV3 xenograftmodel, CRISPR/Cas9 transcriptswere de-
tected in the tumor tissues after FR-mediated delivery of CRISPR/Cas9
plasmid by intraperitoneal administration and the Cas9 nuclease was
also expressed efficiently. The expression of DNMT1 was significantly
downregulated due to the precise genome editing of CRISPR/Cas9 plas-
mid and thus the tumor growth inhibition was achieved in both
paclitaxel-sensitive and -resistant ovarian cancer models.

An osteosarcoma-specific aptamer (LC09) has been screened and
used to functionalize PEG-PEI-cholesterol lipopolymer to encapsulate
CRISPR/Cas9 plasmid targeting VEGFA [76]. LC09 promoted selective
distribution of CRISPR/Cas9 in both orthotopic osteosarcoma and lung
metastasis via i.v. administration in the syngeneic orthotopic osteosar-
comamousemodel with spontaneous lungmetastasis, causing effective
VEGFA genome editing in tumor and downregulated VEGFA expression
and secretion.

Phenylboronic acid (PBA) can interact specifically recognize
sialylation overexpressed on the surface of cancer cells and facilitate ef-
ficient endocytosis of PBA-modified cargoes. Herein, Liu and co-workers
designed a multistage delivery nanoparticle (denoted as MDNP) with a
core–shell structure (Fig. 6) [156]. After i.v. administration into mice
bearing subcutaneous MDA-MB-231 xenograft tumors, MDNP highly
accumulated in the tumor tissues due to the PEGylated shell comprising
2,3-dimethylmaleic anhydride-modified poly(ethylene glycol)-b-poly-
lysine. Responsive to the acidic microenvironment of tumor tissues,
the shell detached, following the exposure of the cationic polyplex
core containing CRISPR/dCas9 plasmid and PBA-modified low molecu-
lar weight polyethyleneimine (PBA-PEI). The enhanced uptake of
CRISPR/dCas9 by cancer cells induced the transcriptional activation of
the tumor suppressor genemiR-524, thus remarkable tumor growth re-
tardation was achieved.

ICAM1 is a recently discovered nanotherapeutic target for triple-
negative breast cancer (TNBC) [177]. Moses and co-workers designed
a noncationic and deformable nanolipogel modified with ICAM-1 anti-
body (tNLG), which can effectively deliver the CRISPR/Cas9 plasmid to
achieve N81% of knockout of Lipocalin 2 (a breast cancer-promoting
gene) in orthotopic TNBC tumors via i.v. administration [157]. The
tNLG contained a composition of zwitterionic and anionic lipids
(DOPC and DSPE-PEG), as well as alginate hydrogel. The deformable
core-shell nanostructure can efficiently encapsulate CRISPR plasmids
independent of electrostatic interaction. The antibody-guided strategy
improved the specific delivery of gene editing tool to the TNBC cells in
which the cargo directly released into the cytosol via a receptor-
mediated membrane fusion pathway. Thus, this innovative tumor-
targeted nanolipogel system reached such highly efficient in vivo gene
disruption efficiency.

4.3.3.4. Receptor/CPP-mediated delivery systems.R8, oneof CPPs, can facil-
itate cell internalization and elevate the transfection efficiency [178]. It
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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Fig. 5. CPP-mediated CRISPR/Cas9 delivery via intratumoral injection. Cell penetrating peptide TAT-containing LGCP. TAT-modified cationic gold nanoclusters (GN) loaded with Cas9/
sgRNA complex were covered by an anionic lipid (DOTAP/DOPE/cholesterol) following the post modification with DSPE-PEG on the outer surface. Reproduced with permission Ref.
[154]. Copyright 2017, Wiley Online Library. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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has been combined with targeting moiety to enhance the in vivo
delivery of CRISPR/Cas systems for the treatment of tumor. He and
co-workers co-encapsulated Cas9 plasmid and the plasmid encoding
HIF-1α-targeting sgRNA in R8-dGR peptide modified cationic lipo-
somes. R8-dGR can bind to integrin αvβ3 and neuropilin-1 overex-
pressing on pancreatic cancer cells (Fig. 7A) [158]. Thus, this targeting
system significantly inhibited tumor growth and metastasis in BxPC-3
xenograft pancreatic tumor model after i.v. injection.

In order to develop a versatile delivery system with more highly
efficient genome editing in vivo based on CRISPR/Cas9 plasmid with
large size, our group designed dual-receptor-mediated core-shell arti-
ficial virus (RRPHC) potentially targeting tumor cells by CD44
receptor-recognization via hyaluronan (HA) [179]. and tumor vascular
endothelial cells by integrin αvβ3 receptor-recognization via R8-RGD
[180]. tandem peptide, respectively (Fig. 7B) [61]. MTH1 was chosen
as the targeted gene of our CRISPR/Cas9 genome editing system
(Cas9-hMTH1) to treat ovarian cancer. The RRPHC loaded with Cas9-
hMTH1 (RRPHC/Cas9-hMTH1) can selectively accumulate into the
tumor tissues both in the subcutaneous xenograft tumor models of
SKOV3 cells after i.v. injection and in the peritoneal metastatic models
of SKOV3 cells after i.p. injection. RRPHC/Cas9-hMTH1 dramatically
downregulated the expression of MTH1 in tumor tissues and thus pos-
sessed better antitumor efficacy in the peritoneal metastatic models of
ovarian cancer than the delivery system without R8-RGD
modification.

Zhou and co-workers further designed a CPP (mHph3) [181]. medi-
ated hydrogel-core DOTAP liposomes (LHNPs) conjugated with iRGD
with high affinity for αvβ3/αvβ5 integrins and neuropilin-1 (Fig. 7C)
[182]. LHNPs possess the ability to efficiently encapsulate both Cas9 pro-
tein andminicircle DNA encoding sgRNA-PLK1 by the PEI hydrogel-core
and cationic lipid DOTAP-shell, respectively. In the subcutaneous xeno-
graft tumormodels of U87 cells, LHNPs showed enhanced accumulation
Fig. 4. The common nano-sized preparations loaded with CRISPR/Cas9 plasmid by intraveno
(CLANs) mediated CRISPR/Cas system delivery. The BCR-ABL fusion gene of CML cells was sp
with permission Ref. [164]. Copyright 2018, Royal Society of Chemistry. (B) Fluorinated acid
(pCas9-surv) mediated the surviving gene editing in human lung cancer A549 cells. Reproduc
cancer SKOV3 cell-derived exosomes (SKOV3-Exo) mediated CRISPR/Cas9 plasmid delivery, a
caused SKOV3 cell death. Reproduced with permission Ref. [152]. Copyright 2017, Elsevier.
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in the tumor tissuesmediated by iRGD ligand after i.v. injection and thus
effective anti-tumor activitywithnotable downregulation of Plk1. To re-
alize the gene editing of intracranial tumors by CRISPR/Cas9 system,
LHNPs were further modified with Lexiscan, a small molecule known
to temporarily improve BBB permeability [183]. The inclusion of
Lexiscan improved the accumulation of LHNPs 2.1-fold in tumors by i.
v. administration in the intracranial U87model through an autocatalytic
brain tumor-targeting mechanism [184]. The expression of Plk1 was
inhibited by 60.4% and the median survival time for mice was signifi-
cantly prolonged [159]
4.3.3.5. Multi-modal nano-preparations. Based on LGCP, Jiang and
co-workers replaced the core GCP with TAT-modified gold nanoparti-
cles (AuNPs) loaded with Cas9/sgRNA-Plk1 plasmid to get a
multifunctional LACP (Fig. 8A) [160]. The AuNPs core can function
not only as nanocarrier, but as a trigger to induce Cas9/sgRNA-Plk1
plasmid release into the cytosol of A375 cells under the photothermal
conversion. Additionally, Cas9/sgRNA-Plk1 plasmid can further enter
the nuclei by TAT guidance. Thus, LACP achieved up to 85% of tumor
suppression in the subcutaneous melanoma models of A375 cells by
i.t. administration.

A semiconducting polymer brush has been applied for CRISPR/Cas9
plasmid delivery with controllable endolysosomal escape (Fig. 8B),
which achieved successful genome editing (~20%) of MTH1 by near-
infrared (NIR) -II in HCT 116-GFP tumor models by i.t. injection [161].
Moreover, novel upconversion nanoparticles responsive to NIR light
were also designed to deliver Cas9/sgRNA complex to edit Plk1 [162].
After i.t. injection, 60.8% of Plk1 was successfully knocked out by the
remote-controlled NIR light in the xenograft nude mice model of A549
cells. This CRISPR/Cas delivery platform presented a huge potential for
targeted cancer therapy in deep tissues.
us administration. (A) Polymeric nanoparticles containing PEG-PLGA and cationic lipid
ecifically recognized and disrupted, while non-CML cells were not affected. Reproduced
-labile branched hydroxyl-rich polycation (ARP\\F) complex with CRISPR/Cas9 plasmid
ed with permission Ref. [151]. Copyright 2017, Wiley Online Library. (C) Human ovarian
nd the subsequent knockdown of PARP-1 enhanced the chemosensitivity to cisplatin and

/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug

https://doi.org/10.1016/j.addr.2020.04.010


Fig. 6. Receptor-mediated delivery of CRISPR/Cas systems in vivo. Nanoparticles (MDNP)with a phenylboronic acid-modified lowmolecularweight polyethyleneimine (PEI-PBA) core and
a 2,3-dimethylmaleic anhydride -modifiedpoly(ethyleneglycol)-b-polylysine (mPEG113-b-PLys100/DMMA) shell. 1)MDNP loadedwith CRISPR/dCas9 plasmid treated the subcutaneous
MDA-MB-231 xenograft mice via intravenous injection. 2) MDNP was delivered to MDA-MB-231 cells after stage 1 and stage 2, and the cationic polyplex core containing CRISPR/dCas9
plasmid was highly uptakenmediated by the specific interaction of phenylboronic acid (PBA) with sialylation overexpressing on the surface of cancer cells. Reproduced with permission
Ref. [156]. Copyright 2018, Wiley Online Library.
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5. Clinical translation for cancer therapy

Of all the approaches to CRISPR/Cas-mediated genome editing, the
most developed is ex vivo delivery to human T cells in the registered
clinical trials as seen in Table 7. It is now routine to get remarkably
high efficiencies of gene editing on T cells ex vivo using electroporation
or viral vectors. Normally, NHEJ-mediated gene disruption often
achieves indels with efficiencies more than 80%, while HDR-mediated
genome editing results in changes at a frequency of about 30% to 70%
in primary human T cells [185]

The first clinical trial using CRISPR/Cas tool for lung cancer treatment
was initiated at West China Hospital, Sichuan University in 2016.
[186–188] In this non-randomized, open-label phase I study
(NCT02793856), the immune checkpoint regulator PD-1 was firstly
knocked out ex vivo in the recipient's blood T cells using CRISPR/Cas sys-
tem. The PD-1 knockout engineered T cells were extended and subse-
quently infused back into the patients to assess the safety in treating
metastatic NSCLC that has moved forward after all standard therapy.
Please cite this article as: X. Song, C. Liu, N. Wang, et al., Delivery of CRISPR
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The similar PD-1 knockout engineered T cells were then registered to
treat bladder cancer, prostate cancer, renal cell carcinoma and esopha-
geal cancer in four clinical trials, respectively. It's promising to disrupt
PD-1, the receptor inhibiting T-cell activation. However, three of the
registrations have been withdrawn, probably because it's still doubtful
that PD-1 knockout engineered T-cells are preferred over the antibodies
neutralizing PD-1 or its ligand PD-L1 [189]

Investigators herein developed another potential approach, CAR-T
cells engineeredwith CRISPR/Cas tool ex vivo. Although there are two li-
censed CAR-T cells products, [2]. the evidence of efficacy of conventional
CAR-T cell therapy in solid tumor is still limited. Compared to
engineered T cells, engineered CAR-T cells can selectively recognize a
specific cancer marker mediated by the genetically introduced CAR.
Theoretically, they can achieve better anti-tumor activity than CAR-T
cells or engineered T cells. As first proof-of-concept studies, the patients
with solid tumor are being enrolled to investigate two different kinds of
engineered CAR-T cells applying ex vivo CRISPR/Cas gene editing
(NCT03747965, NCT03545815 and NCT03399448). A first-in-human
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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Fig. 8. Multi-modal nano-preparations for in vivo delivery of CRISPR/Cas systems. (A) Cas9/sgRNA-Plk1 plasmid-loaded multifunctional nanocarriers (LACP) with photothermal
concersion. Reproduced with permission Ref. [159]. Copyright 2018, Wiley Online Library. (B) Semiconducting polymer brush (SPPF), co-encapsulating CRISPR/Cas9 plasmid and
dexamethasone, mediated effective intracellular genome editing once NIR-II triggered endolysosomal escape upon 808 nm laser irradiation in HCT 116-GFP tumor models. Reproduced
with permission Ref. [161]. Copyright 2019, Wiley Online Library.
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phase I clinical trial (NCT03399448) has demonstrated the feasibility of
theNY-ESO-1-directed CAR-T cells with the removal of PD-1 and TCR by
Cas9/sgRNA complex editing in three patients with refractory
cancer [190].

Autologous CAR-T cells have shown favorable results for the hema-
tological cancers treatment. Nonetheless, there are still some therapeu-
tic barriers, like limited CAR-T cell expansion in the heavily pretreated
cancer patients, inadequate T-cells in infant cancer patients due to
Fig. 7. Receptor/CPP-mediated delivery systems in vivo. (A) R8-dGRmodified liposomesmediat
anti-metastatic consequences of PTX by downregulating the downstreammolecules such as VE
receptor-mediated core-shell artificial virus (RRPHC) loadedwith Cas9-hMTH1 potentially targ
endothelial cells by integrin αvβ3 receptor-recognization via R8-RGD tandem peptide. Reprod
and cell penetration peptide (mHph3)-mediated hydrogel-coreDOTAP liposomes (LHNPs) enca
core and cationic lipid DOTAP-shell. Reproduced with permission Ref. [109]. Copyright 2017, W
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their small blood volume, and costly personalized manufacturing diffi-
cult for industrialization. Therefore, universal CAR-T cells derived from
healthy donors are undoubtedly an alternative option to address
above-mentioned issues. This strategy can not only avoid graft-versus-
host-disease (GVHD), but also serve as the “off-the-shelf” therapeutic
agents for large-scale clinical applications. Four allogeneic CAR-T cell
therapies, becoming universal through CRISPR/Cas gene editing, are
being studied in clinical trials (NCT03690011, NCT03398967,
ed CRISPR/Cas9-HIF-1α delivery. The knockdown of HIF-1α enhanced the anti-tumor and
GF andMMP-9. Reproducedwith permission Ref. [158]. Copyright 2019, Elsevier. (B) Dual-
eted tumor cells by CD44 receptor-recognization via hyaluronan (HA) and tumor vascular
uced with permission Ref. [61]. Copyright 2017, American Chemical Society. (C) The iRGD
psulated both Cas9 protein andminicircle DNA encoding sgRNA-PLK1by the PEI hydrogel-
iley Online Library.

/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug

https://doi.org/10.1016/j.addr.2020.04.010


Table 7
Clinical trials using genome editing for cancer therapy. From clinicaltrials.gov, accessed 2019-10-09.

Interventions Indications Status Phase Sponsor/Collaborators Delivery strategies of
CRISPR/Cas system

Study
start

Trial details

PD-1 knockout engineered T cells Metastatic non-small cell lung
cancer

Active, not recruiting 1 Sichuan University CRISPR/Cas plasmid,
electroporation, ex vivo

2016/8/26 NCT02793856

PD-1 knockout engineered T cells Invasive bladder cancer stage IV Withdrawn 1 Peking University Not disclosed 2016/9/1 NCT02863913
PD-1 knockout engineered T cells Hormone refractory prostate

cancer
Withdrawn Not disclosed Peking University Not disclosed 2016/11/1 NCT02867345

PD-1 knockout engineered T cells Metastatic renal cell carcinoma Withdrawn 1 Peking University Not disclosed 2016/11/1 NCT02867332
PD-1 knockout engineered T cells Advanced esophageal cancer Completed Not disclosed Hangzhou Cancer Hospital Not disclosed 2017/5/14 NCT03081715
PD-1 knockout EBV-CTLs Advanced stage epstein-barr

virus (EBV) associated
malignancies

Recruiting 1, 2 The Affiliated Nanjing Drum
Tower Hospital of Nanjing
University Medical School

CRISPR/Cas plasmid,
electroporation, ex vivo

2017/4/7 NCT03044743

CISH-knockout tumor-infiltrating
lymphocytes (TIL)

Metastatic gastrointestinal
epithelial cancer

Withdrawn 1, 2 National Cancer Institute (NCI) Not disclosed 2018/5/17 NCT03538613

PD-1-knockout mesothelin-directed
CAR-T cells

Mesothelin positive multiple
solid tumors

Recruiting 1 Chinese PLA General Hospital Cas9 protein and sgRNA,
electroporation, ex vivo

2018/11/1 NCT03747965

PD-1 and TCR-knockout
mesothelin-directed CAR-T cells

Mesothelin positive multiple
solid tumors

Recruiting 1 Chinese PLA General Hospital Cas9 protein and sgRNAs,
electroporation, ex vivo

2018/5/1 NCT03545815

PD-1 and TCR-knockout
NY-ESO-1-directed CAR-T cells

Multiple myeloma, melanoma,
synovial sarcoma and
myxoid/round cell liposarcoma

Active, not recruiting 1 University of Pennsylvania Cas9 protein and sgRNA,
electroporation, ex vivo

2018/9/5 NCT03399448

HPK1-knocknout CD19-directed
CAR-T cells

Relapsed/refractory CD19+

leukemia or lymphoma
Recruiting 1 Xijing Hospital Electroporation with CRISPR

guide RNA, ex vivo
2019/8/1 NCT04037566

Allogeneic CD7-directed CAR-T cells
with CD7 removal on the surface

Relapsed/refractory T-cell
malignancies

Not yet recruiting 1 Baylor College of Medicine Electroporation, ex vivo 2019/3/1 NCT03690011

Universal TCR-knockout CAR-T cells
targeting CD19 and CD20 or CD22

Relapsed/refractory CD19+
Leukemia and Lymphoma

Recruiting 1, 2 Chinese PLA General Hospital Cas9 protein and sgRNAs,
electroporation, ex vivo

2018/1/2 NCT03398967

Allogeneic CD19-directed BBζ CAR-T
cells (UCART019) with disruption
of endogenous TCR and B2M genes

Relapsed/refractory CD19+ B
Cell Leukemia and Lymphoma

Recruiting 1, 2 Chinese PLA General Hospital Cas9 mRNA+ ΔU3-sgRNA,
electroporation, ex vivo

2017/6/1 NCT03166878

Allogeneic CD19-directed CAR-T cells
with disruption of TCR and MHC I
genes

Relapsed/refractory B-Cell
malignancies

Recruiting 1, 2 CRISPR Therapeutics AG Not disclosed 2019/7/22 NCT04035434

CRISPR/Cas9 (CRISPR/Cas9-HPV16
E6/E7T1 or CRISPR/Cas9-HPV18
E6/E7T2)plasmid

HPV persistency and human
cervical intraepithelial neoplasia
I without invasion.

Unknown 1 First Affiliated Hospital, Sun
Yat-Sen University

CRISPR/Cas plasmid in gel
containing C32–447, poloxamer
407 and distilled water as
solvent, in vivo

2018/1/15 NCT03057912

17
X
.Song

etal./A
dvanced

D
rug

D
elivery

Review
s
xxx

(2020)
xxx

Please
cite

this
article

as:X
.Song,C.Liu,N

.W
ang,etal.,D

elivery
ofCRISPR/Cas

system
s
for

cancer
gene

therapy
and

im
m
unotherapy,A

dv.D
rug

D
eliv.Rev.,https://doi.org/10.1016/j.addr.2020.04.010

http://clinicaltrials.gov
ctgov:NCT02793856
ctgov:NCT02863913
ctgov:NCT02867345
ctgov:NCT02867332
ctgov:NCT03081715
ctgov:NCT03044743
ctgov:NCT03538613
ctgov:NCT03747965
ctgov:NCT03545815
ctgov:NCT03399448
ctgov:NCT04037566
ctgov:NCT03690011
ctgov:NCT03398967
ctgov:NCT03166878
ctgov:NCT04035434
ctgov:NCT03057912
https://doi.org/10.1016/j.addr.2020.04.010


18 X. Song et al. / Advanced Drug Delivery Reviews xxx (2020) xxx
NCT03166878 and NCT04035434), in which something is worth
looking forward to in the future.

Compared to ex vivo genome editing, in vivo genome editing is more
versatile for cancer therapy. Till now, there is only one registered clinical
trial aiming at disruption of E6/E7 DNA from HPV16 and HPV18 using
CRISPR/Cas9 plasmid in gel containing C32–447 and poloxamer 407
(NCT03057912). The in vivo genome editing will be achieved through
CRISPR/Cas9 delivery to the HPV infected cervix via local administration
[189]. One of the big challenges for in vivo genome editing by CRISPR/
Cas system is the delivery strategy to target specific organs, tumors or
even cells. The development of various in vivo delivery methods for
CRISPR/Cas system is ongoing and some of them have shown good an-
titumor efficacy in tumor-bearingmicemodels. Of note, the rapid prog-
ress on the CRISPR/Cas delivery systems probably prompts the future
clinical translational research in cancer therapy.

6. Concluding remarks

Despite the short history of CRISPR-based technologies, progression
in the development of CRISPR systemshas brought benefits for therapeu-
tic applications of cancer. To date, various types of CRISPR systems have
been developed, enabling genome-focused, loss-of-function (CRISPR
and CRISPRi) or gain-of-function (CRISPRa), in vitro, ex vivo and/or
in vivo studieswhich all the existing cancer therapeutic strategies are dif-
ficult to achieved. Importantly, cancer is a genetic disease—that is, cancer
is caused by certain (epi) genetic changes that control the way our cells
function and the (epi) genomic aberration are multifarious among pa-
tients, which renders (epi) genomemanipulation in cancer a highly pre-
cision and multi-level progress. The CRISPR/Cas systems have been
shown to be efficient tomodulate the genome, transcriptome and epige-
nome of tumor cells or immune cells and thus an indispensable technol-
ogy for cancer gene therapy and immunotherapy. As versatile gene
editing tools, they can be utilized to intervene genetic, epigenetic and
transcriptomal aberrations in tumor cells including pathogen infection-
induced cancers, as well as activate or disrupt the normal endogenous
genes in tumor cells or immune cells. Compared to other genome engi-
neering systems such as meganucleases, ZFNs and TALENs, the CRISPR/
Cas systems depend upon the base pairing specificity of sgRNA with the
genomic DNA or RNA rather than the recognition of specific sequences
by programmable protein-DNA interactions [80]. Thus, CRISPR/Cas-
mediated gene editing is relatively easier, more efficient and scalable.

The targeted genomic engineering by the CRISPR/Cas systems has
been applied in clinical trials tomainly improve T-cell therapy in various
ways. NHEJ-based editing can removemolecules inhibiting the function
of T cells like PD-1, as well as disrupt TCR mediating immunogenicity.
These strategies have great potential to enhance the anti-cancer func-
tion of T cells or eliminate their alloreactivity through ex vivo gene
editing. In contrast, HDR-based editing has been used to insert a CAR
to the TCR α chain (TRAC) locus and thereby enhance T-cell potency
higher than the conventionally produced CAR-T cells in the preclinical
study [191]. This approach will very likely promote the initiation of
new clinical trial very soon. T-cell therapies base on ex vivo genomic en-
gineering have exhibited obvious benefits to cancer treatment in clinic.
However, current ex vivo gene editing modality faces some limitations
including the complex procedures and costs manufacturing genetically
modified lymphocytes [192]. Indeed, most of the engineered T cells for
clinical trials were transduced by electroporation which might cause
cell damage. So, it's urgent to explore the clinic application of T cells
experiencing ex vivo gene editing via more efficient and safe delivery
strategies including novel viral vectors with low immunogenicity or
non-viral vector with high transfection efficiency. Moreover, it might
be an optimal alternative to program T cells via CRISPR/Cas editing in
situ or in vivo. Of note, efficient and specific delivery of CRISPR/Cas sys-
tems is the main challenge for in vivo gene editing. Host T cells in situ
have been reported to be successfully transduced by polymeric
nanocarriers loadedwith leukemia-specific CAR genes after i.v. injection
Please cite this article as: X. Song, C. Liu, N. Wang, et al., Delivery of CRISPR
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in hematological cancer mouse models [193]. Hence, direct delivery of
CRISPR/Cas systems in vivo is worth being developed to program lym-
phocytes in the near future.

One of in vivo delivery of CRISPR/Cas system to cancer cells has also
been planned to investigate the clinic efficacy (NCT03057912). As
shown in Table 6, there have been about 20 different delivery systems
with promising efficiency for the in vivo gene editing, including viral
and non-viral vectors for the delivery of nuclease and/or sgRNA-
expressing plasmid, as well as nuclease/sgRNA complex. The key points
for the clinical translation of CRISPR/Cas systems via direct delivery
in vivo, probably involved not only highly efficient delivery to cancer
cells or immune cells, but also the safety of the whole delivery system
which might be related to the carrier itself and the off-target effect of
CRISPR/Cas systems. Taken into account of these information, it's encour-
aging to improve the current carriers or furtherdevelop innovative in vivo
delivery vectors with high selectivity and biocompatibility followed by
the design of novel CRISPR/Cas systems for exact gene editing.

Viruses have exhibited powerful ability in delivering therapeutic
agents in the recent proof-of-principle studies. Nevertheless, the clinical
trial has not been initiated using viruses to deliver CRISPR/Cas systems,
probably because of the limited packing capacity and safety issues [80].
Researchers have been exploring multiple approaches to overcome
these shortages of viral vectors. In order to solve the packaging restric-
tion, shorter nuclease variants can be selected, as well as the compo-
nents of CRISPR/Cas systems can be packaged in several separate viral
vectors. Moreover, the surface modification of viruses might facilitate
the specific recognization of the targeted cells and thus reduce the secu-
rity riskwith the decrease of off-target effect. Indeed, themajority of the
marketed products on gene therapy use viral vectors and most of the
registered clinical trials likewise applied viruses to carry out the conven-
tional gene therapy [2]. Collectively, CRISPR/Cas-based gene therapy
using viral vectors will realize the clinical translation with the improve-
ment of specificity and safety of the virus-based delivery system pack-
aging CRISPR/Cas tools [82]

In contrast to viral approaches for CRISPR/Cas delivery, non-viral
vectors have great potentials to avoid the current limitations with
viral vectors [194]. Firstly, they are not restricted by the packaging re-
strictions due to various options suitable for the typical three modes
of CRISPR/Cas systems, namely, plasmid DNA, mRNA and ribonucleo-
protein (nuclease complexed with sgRNA). Secondly, the immunoge-
nicity of non-viral vectors is normally lower than viruses. Based on
organic or inorganicmaterials, most non-viral carriers have good biode-
gradability or biocompatibility. Thirdly, it's relatively easy and flexible
to design the rational formulations for the delivery of CRISPR/Cas sys-
tems to the target sites. Multiple nano-sized preparations are available
when the appropriate materials and processing methods are selected,
including but not limited to liposomes, nanoparticles with different
shape, nanosheets and micelles. Generally, investigators have devel-
oped various innovative non-viral vectors with promising functions
such as cell-specific delivery with ligand targeting, membrane penetra-
tion mediated by CPP, controllable endolysosomal escape and nuclear
localization. Nevertheless, only one clinical trial using non-viral strategy
to deliver CRISPR/Cas plasmid has been registered to the best of our
knowledge. Most routes of administration for the non-viral vectors
loaded with CRISPR/Cas tools were i.t. injection when their anti-tumor
efficacy was evaluated in vivo in the present studies (Table 6). This
local administration is commonly limited to certain tumors accessible
via direct injection or specific procedures such as colonoscopy, cystos-
copy, bronchoscopy, thoracoscopy, coelioscopy, or even surgery
[195,196]. Hence, the systemic administration should be expanded in
the future research, which possibly offers patients more alternatives.
The antitumor efficacy has been widely focused on in the current re-
searches, however, the scale-up production or safety of CRISPR/Cas de-
livery system based on non-viral vectors will be equally important [80].
Most of the designed formulations seem complicated and the prepara-
tion process is uncontrollable. It will accelerate the clinical translation
/Cas systems for cancer gene therapy and immunotherapy, Adv. Drug
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if the non-viral vectors for CRISPR/Cas delivery can be as simple as the
lipid-based nanoparticles for siRNA delivery to liver (ONPATTRO ™,
launched in 2018) [2]

Apart from the rational design of delivery vectors, it's also crucial to
optimize the CRISPR/Cas systems in order to enhance the gene editing
efficiency and improve safety in vivo. Most of the current CRISPR/Cas-
mediated editing would lead to off-target effects. Although the specific
delivery via targeting carriers can attenuate off-target effects of
CRISPR/Cas systems, it's still very important to construct innovative
CRISPR/Cas-based gene editing tools to increase the nuclease specificity
and reduce off-target activity. Furthermore, the forms of CRISPR/Cas
systems also have impact on the final gene editing efficiency. It's re-
ported that human immune system can recognize the exogenous nucle-
ase. The broadly investigated Cas9 nuclease in CRISPR/Cas9 system is
originated in two bacterial species, S. pyogenes and Staphylococcus au-
reus. Many adults have been infected with these bacteria and conse-
quently have preexisting immunity to Cas9 [197,198] A recent study
found that 79% and 65% of donors had immune response to SaCas9
and SpCas9, respectively. While 46% of donors had SaCas9-specific T-
cells in peripheral blood [195]. Thus, direct ribonucleoprotein delivery
has risk for rapid clearance via systemic administration before arriving
the target sites. It's very important not to expose the nuclease during
circulation. This might be challenging for non-viral vectors as the
cargoes are likely to leak or release. On the other hand, prolonged ex-
pression of the foreign nuclease is prone to induce an adaptive immune
response, resulting in the removal of the nuclease-expressing cells
[186]. It seems a goodway to eliminate the cancer cells by specific intro-
duction of CRISPR/Cas systems, but unfavorable for the immune cells.
The mRNA encoding CRISPR/Cas will be an alternative option for
immune-cell transduction due to its moderate duration of nuclease be-
tween protein and plasmid or viruses in the transfected cells. However,
the mRNA form of CRISPR/Cas for cancer therapy has not yet been re-
ported, probably because it's extremely unstable and its delivery is
highly challenging [199]

CRISPR/Cas systems offer several advantages over conventional
ones, such as simple-to-design, easy-to-use and multiplexing. Conse-
quently, it has become a cost-effective and convenient tool for various
genome editing for cancer therapy. In principle, CRISPR/Cas systems
currently represent the most promising and necessary field in cancer
gene therapy. However, full realization of the potential of CRISPR/Cas
approacheswill require addressingmany challenges.Within the system
itself, off-target cutting remains a major concern, especially for thera-
peutic and clinical applications. The off-target cuttingwould induce un-
expected mutations at sites other than the intended on-target site. The
improvement of the off-target specificity would provide solid
genotype–phenotype correlations, and thus enable faithful interpreta-
tion of genome-editing data. Our understanding of off-target effects re-
mains poor and the current clinical trials using CRISPR/Cas systems are
all in the early stages and little data have been released. So CRISPR/Cas-
based gene therapy and immunotherapy is still in its infancy for cancer
treatment. Rational design of the delivery systems loaded with CRISPR/
Cas tools has great potential to prompt the transformative therapy for
patients with cancer.
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