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Viral vectors and extracellular vesicles: innate delivery systems
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Gene editing-based therapeutic strategies grant the power to override cell machinery and alter faulty genes contributing to disease
development like cancer. Nowadays, the principal tool for gene editing is the clustered regularly interspaced short palindromic
repeats-associated nuclease 9 (CRISPR/Cas9) system. In order to bring this gene-editing system from the bench to the bedside, a
significant hurdle remains, and that is the delivery of CRISPR/Cas to various target cells in vivo and in vitro. The CRISPR-Cas system
can be delivered into mammalian cells using various strategies; among all, we have reviewed recent research around two natural
gene delivery systems that have been proven to be compatible with human cells. Herein, we have discussed the advantages and
limitations of viral vectors, and extracellular vesicles (EVs) in delivering the CRISPR/Cas system for cancer therapy purposes.
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INTRODUCTION
Cancer is one of the top fatal diseases in the world, which causes
numerous complications in many aspects. Despite all the
advances in diagnostics and therapeutics, it remains too challen-
ging to be effectively treated [1, 2]. Various therapeutic methods
have been developed, including small molecules [3], and gene
therapies [4], to fight cancer by targeting oncogenic signaling
pathways or modulating the immune system, which in some cases
has led to complete remission. Nevertheless, novel therapeutic
approaches are still needed to cure different kinds of cancer.
The advances achieved by prokaryote-derived gene alteration
systems have greatly aided the understanding of diseases
mechanisms and finding new treatment strategies. In this regard,
the Clustered regularly interspaced short palindromic repeats-
associated nuclease 9 (CRISPR/Cas9)-based approaches provide a
novel strategy toward gene editing for clinical utilization [5].
Hence, knowing the history of the CRISPR/Cas system and its
features can help comprehend this revolutionary technology.
Initially, In 1987, when Ishino and colleagues attempted to
discover an alkaline-phosphatase-isozyme convertase in Escher-
ichia coli, they encountered repetitive sequences interspersed
with spacers belonging to the CRISPR/Cas system [6]. The next
encounter with such sequences was in Haloferax mediterranei,
where the repeats contained 35 bp spacer sequences [7]. During
the identification phase of the CRISPR/Cas, these spacer regions
caught the attention of scientists. Afterward, finding similar
enigmatic orders of repeats and spacer in archaea and bacteria
emphasized the value of their biological importance [8]. In 2002,
the repetitive sequences found in the DNA of Haloferax
mediterranei, near the region related to the DNA repair system

were defined as Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPRs). These genes accompanied by CRISPR-
associated (Cas) genes were initially thought to be involved in
the DNA repair system [9]. Investigations in 2005 could connect
the link between the origin of the spacers and bacteriophages
[9, 10]. The Koonin et al. study followed it in 2006, where they
found the connection related to the activity of CRISPR and Cas
genes as an entirety, which showcased a degree of resemblance
between CRISPR-Cas system and prokaryotic RNA interference
(RNAI) participating in the immune system [11]. CRISPR has been
used for many purposes and in 2020 Emmanuelle Charpentier and
Jennifer Doudna received the Nobel prize for introducing the
CRISPR/Cas9 system as a gene editing tool for precise manipula-
tion human genome.

CRISPR-Cas9-targeted fragmentation of DNA can be used as a
means to pinpoint the changes in cancer-specific sequences.
Moreover, in recent years, the development of chimeric antigen
receptors (CAR) has made a milestone in cancer therapy. Although
CAR T-cell therapy has shown some encouraging results, there are
still some limitations that must be addressed, and the CRISPR/Cas
system has shown promise for improving CAR T-cell-based cancer
immunotherapy [12].

Moreover, in gene therapy, oncogenic viruses have been a
significant concern for many years, and CRISPR appears to offer a
solution to preventing them from causing cancer [13]. CRISPR-Cas
system can be delivered into mammalian cells using various
strategies such as viral vectors, extracellular vesicles (EVs), physical
methods, and nanocomplexes [14]. In this review, we discussed the
advantages and limitations of viral vectors and EVs for delivering the
CRISPR/Cas system for cancer diagnosis and treatment.
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CRISPR/Cas9 systems. One of the significant advantages of the CRISPR/

Cas system is that it can be modified readily to carry out various functions. Cas9 can induce DSB and edit genes with high accuracy or with the

help of modified Cas9 enzymes like dCas9; this system can be used

THE CRISPR/CAS SYSTEMS

Recent advancements in prokaryote-isolated editing systems have
paved the way for a better understanding of tumorigenesis
mechanisms. CRISPR/Cas-based methods offer an ingenious path
toward utilizing gene therapy and immunotherapy for cancer
treatment. The CRISPR/Cas systems used in cancer treatment
approaches are mostly based on the Cas nucleases (Cas9, Cas12a,
and Cas13a) and their orthologs [15].

CRISPR/Cas9 systems are generally utilized as genetic engineer-
ing tools in most species. Cas9 is a crRNA-guided endonuclease
that contains two domains called RuvC and HNH, participating in
cleaving double-strand DNA (dsDNA) [16]. Furthermore, CRISPR
RNA (crRNA) and a trans-activating crRNA (tracrRNA) are required
to form the RNP complex (Cas9-crRNA-tracrRNA ribonucleopro-
tein). The most frequent kind of Cas9 is Streptococcus pyogenes
Cas9 (SpCas9) which is able to target DNA via protospacer
adjacent motif (PAM) recognition (Fig. 1) [17]. Following Cas9-
mediated DNA cleavage, the gene editing effect occurs via either
the non-homologous end-joining (NHEJ) or homology-directed
repair (HDR) pathway [18]. Staphylococcus aureus Cas9 (SaCas9), a
variant of Cas9, has a distinctive PAM recognition capability, which
can target the 5-NNGRRT PAMs [19]. Recently, CasX, a variant of
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as a transcription activator (CRISPRa) or transcription repressor (CRISPRIi).

Cas9 that is both smaller and more efficient at gene editing, was
discovered and is regarded as the smallest of them all [20].
Moreover, by modifying CRISPR/Cas9 into a nuclease-deficient
system (called dCas9) and fusing an additional effector domain,
this system can be repurposed for a variety of purposes.
Specifically, CRISPR/dCas9 systems fused with the KRAB domain
(CRISPR/dCas9-KRAB), a transcriptional repressor domain, are used
to interfere with target gene transcription [21]. The CRISPR
interference (CRISPRi) system created in this way can be used
for numerous purposes, such as cancer diagnosis and treatment.

The breakthroughs achieved by the CRISPR/Cas9 system have
prompted sweeping exploration to uncover novel methods for
extending applications. Another endonuclease with unique
features for the CRISPR system is Cas12a (so-called Cpf1) [22]. In
contrast to Cas9, which creates blunt ends in DNA, Cas12a is able
to make the staggered ends in a distinctive cleavage pattern,
promoting the DNA integration in a stringent position. Of note,
the Cas12a enzymes do not require tracrRNA and process the pre-
crRNA on their own. In order to cover a wide range of targeting
locus, variants of Cas12a were developed to target different PAMs
(5’-TATV, 5/-VTTV, 5/-TTTT, 5/-TATV, 5/-TTCN) [23, 24]. Moreover, it
has been shown that CRISPR/Cas12a system potentially detects
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viral DNA in samples, though it hinges on the non-specific cutting
of single-stranded DNA (ssDNA) [25]. This particular CRISPR system
seems to have the potential to provide an opportunity for
multiplex genome editing; therefore, its utilization might be much
broader in cancer therapy.

Cas13a also termed C2c2, is a novel form of RNA-guided
endonuclease with the ability to target RNA [26]. Upon recogniz-
ing and attaching to RNA, Cas13a can collaterally cut untargeted
RNAs. As of yet, the Cas13a function in eukaryotes has not been
discovered, and its mechanism of action is not fully understood
[27]. CRISPR systems able to target RNAs have been used in clinical
research for the detection of RNA viruses and tumor-derived
circulating RNA [28, 29]. Altering different types of RNAs such as
messenger RNA (mRNA), microRNA (miR), long non-coding RNA
(IncRNA), and circular RNA (circRNA) by gene-editing methods,
especially CRISPR, offers splendid potential in cancer therapy [30].
CRISPR/Cas is originally a system for defending bacteria against
invaders, which is now being used for gene editing in mammalian
cells and is able to provide immunity that transcends bacterial
boundaries [31, 32].

CRISPR/Cas systems are categorized into two classes based on
how many Cas endonucleases participate in their machinery. Class
| operates using several Cas proteins, whereas class Il requires a
single Cas enzyme [16, 33]. As compared to the class | CRISPR-Cas
system, elements (Cas protein, crRNA, and tracrRNA) involved in
class Il can be generated more readily; therefore, it would be a
more appealing option for gene editing [16, 34-36]. Cas9 is a
crRNA-guided endonuclease that contains two domains, HNH and
RuvC, which cut complementary and non-complementary DNA
strands, respectively [16, 31]. To facilitate mammalian gene
manipulation, the crRNA and tracrRNA elements of CRISPR/Cas9
have been replaced with single-guide RNA (sgRNA) [37]. SQRNA's
20 nucleotides at the 5’-terminus bind the target gene, while its 3'-
duplex enables interaction with Cas9, ensuring accurate and
guided gene editing [16]. The Cas9 should recognize the PAM
right next to the target DNA prior to Cas9-induced double-strand
break (DSB). Afterward, Cas9 undergoes a conformational change
that enables it to execute a DSB three to four nucleotides
upstream of the PAM [16, 35, 38]. Following that, a conformational
transition occurs to the Cas9 letting it execute a DSB three to four
nucleotides upstream of the PAM [16, 35, 38]. Upon Cas9-induced
DSB, DNA repair pathways, such as NHEJ and HDR, become
activated.

Since NEHJ, as the leading DSB repair pathway, ligates DNA
break ends regardless of homologous templates, there is a risk of
error in the ligation process due to arbitrary nucleotide insertions
and deletions (indels), which could lead to frameshifts and
nonsense mutations in genes [39]. In addition to gene alteration,
NHEJ can result in deletions when it executes DNA repair with two
distinct sgRNAs. These effects of NHEJ can be beneficial in the
treatment of diseases indicated by an overproduction of a
particular protein.

The HDR pathway repairs DNA with greater precision because a
piece of DNA template homologous to the targeted part of
chromosomal DNA is required for gene insertion. This allows
transgenes to be integrated with more specificity after DSBs [40]
HDR-based genome editing can be beneficial for diseases
resulting from gene deletion, such as X-linked retinitis pigmentosa
[41], hemophilia A/B [42, 43], and phenylketonuria [44]. However,
NHEJ is preferred over HDR in mammalian cells for several reasons:
NHEJ is active during the entire cell cycle, whereas HDR is only
active in the S/G2 phase and NHEJ is faster than HDR. The use of
NHEJ exceeds that of HDR, particularly in terminally differentiated
cells, such as neurons, cardiac myocytes, and mature muscle cells
[45, 46].

Since these repair pathways provide a simple approach to edit
genes, they have become the most commonly used strategies in
cancer research, even though there are alternatives such as
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homology-independent targeted integration (HITl), homology-
mediated end joining (HMEJ), and microhomology-mediated end
joining (MMEJ) [47-50].

VIRAL VECTORS AND EXTRACELLULAR VESICLES USED IN
CRISPR-CAS9 DELIVERY

CRISPR-Cas system can be delivered into mammalian cells using
various strategies such as viral vectors and extracellular vesicles
(Table 1). In this section, we will discuss these vectors in more
detail. However, other approaches, such as physical methods and
nanocomplexes, have not been addressed in this review. For
further information on these methods, readers can refer to the
cited papers discussing them [51-54].

Viral vectors

Viruses are genuine vehicles for gene delivery. Mammalian gene
therapy has been made possible with recombinant and pseudo-
typed viral vectors. The most frequently used viral vectors for
CRISPR/Cas delivery are adeno-associated viruses (AAVs) [55],
adenoviral vectors (AdVs) [56], and lentiviral vectors (LVs) [57]
(Fig. 2), which are being used in clinical trials.

Adeno-associated viruses (AAVs). AAVs are small, non-enveloped
single-stranded DNA viruses that are not pathogenic to humans.
These members of the Parvoviridae family have attracted the
attention of researchers as gene delivery systems (Fig. 3) [58].
Despite the fact that around 80% of the general population is
sero-positive for these viruses, no connection between AAVs and
human diseases has been reported. Various characteristics of
AAVs, including relatively low immunogenicity, cytotoxicity, and
chromosomal integration probability, make them quintessential
delivery systems for CRISPR/Cas, particularly in vivo [59, 60].
Furthermore, different types of AAVs are available for gene
delivery into a variety of cells, such as lung, heart, neuron, and
muscle cells, thus making them excellent tropism vectors for
tissue-specific applications [61].

To some degree, AAVs still have the ability to integrate their
genes into the host genome, to overcome this limitation
recombinant AAV has been developed [62]. AAVs' gene called
Rep is responsible for the production of Rep proteins (Rep78,
Rep68, Rep52, Rep40), involved in the packaging of the viral
genome, replication, gene expression, and integration of the
genetic material [63]. For accurate site-specific integration, AAVs
require Rep proteins, particularly Rep78 and 68, although in
recombinant forms of AAVs the Rep gene has been removed [64].
Overall, these recombinant AAVs have proven to be effective gene
delivery systems; for instance, delivering CRISPR/Cas9 to mice
bearing a mutation in the low-density lipoprotein receptor (LDLR)
gene exhibited therapeutic effects [65]. Thus far, many AAV-based
gene therapies have achieved FDA approval, for example, in
Pompe disease and inherited retinal disease (IRD) retinal pigment
epithelium (RPE)65-LCA (LCA2), which indicates the effectiveness
of AAVs vectors [66]. Furthermore, efficient delivery of the CRISPR/
Cas9 system by AAVs has paved the way for disease modelings,
such as neurodegenerative abnormalities, muscular dystrophy,
liver diseases, and sickle cell disease [67-71].

Although AAVs have impressive achievement records, their
limited packaging capacity and genome length limit their ability
to harbor genetic payloads that exceed 5 kb. In this case, carrying
large cargoes like SpCas9 protein remains a considerable
limitation [72]. A number of methods have been designed by
scientists to circumvent the barricade of the AAVs' limited
packaging capacity. One of which is to transduce cells with AAVs
only carrying sgRNA, knowing that these cells have already been
induced to express the Cas9 protein. Another strategy is to co-
transduce the cells using two AAVs tagged distinctively, one
carrying sgRNA and another the Cas9 protein. Nevertheless, there
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Fig.2 Commonly used viral vectors for gene delivery. AAVs are single-stranded DNA viruses with no envelope and small size that are not
pathogenic to humans. The gutted Adenoviral vectors are double-strand DNA viruses devoid of most genes from their wild-type, although still
capable of transducing a broad spectrum of both dividing and non-dividing cells with a capacity of carrying genetic cargo up to 35 kb.
Lentiviral vectors, primarily derived from HIV-1, are capable of integrating their transgene (~9 kb) into the human genome and are suitable for

long-term gene expression.

are concerns about this approach since it demands a high viral
dose and accurate tracking of the vectors in order to confirm co-
transduction [73, 74].

There are some genes that are even larger than the capacity of
dual AVV vectors (9 kb); for example, the CDH23 (Usher syndrome)
and DMD (muscular dystrophy) genes are about 10 kb and 11.1 kb,
respectively. In order to deliver these kinds of genes into host
cells, scientists have designed a triple AAV system [75, 76].

Since a novel approach called CRISPR/Cas-mediated base and
prime editing uses dead or Cas9 nickase (nCas9) enzymes, it can
modify the CRISPR-Cas system so that it is possible to use single-
vector delivery and overcome challenges pertaining to limited
viral-vector packaging capacity [77]. Further characteristics of this
system include not inducing DSB, does not need a DNA donor
template, and has great capability for editing non-dividing cells
[78]. AAVs have proven to be potential systems for delivering
CRISPR DNA base-editing tools [58]; for instance, a study reported
that in vivo delivery of the CRISPR/Cas-based cytidine-base editor
by dual AAVs could treat amyotrophic lateral sclerosis (ALS) in an
animal model. It has been shown that the AAV-delivered prime
editor is an effective tool for correcting pathogenic alleles and
cancer modeling in adult mice, because it has a significant lower
off-target effect than the CRISPR/Cas-based base editor [78, 79].
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Although AAV-base and prime editing systems improve some
drawbacks related to AAV-mediated CRISPR/Cas9 delivery, the
limitations, including viral-induced immune response, vector
persistency, and off-target activity, are still present to some extent
[771.

The packaging capacity limitation of AAVs can be managed by
utilizing other classes of Cas protein like Cas12a or different forms
of Cas9 having smaller sizes, such as SaCas9 and St1-Cas9
[55, 80-82]. Moreover, breaking large transgenes into two
separate cuts and packaging each half into two sets of AAVs
can extend AAVs' delivery capacity. This approach is carried out by
a process called intein-mediated trans-splicing, which to some
degree is similar to mRNA splicing [83, 84]. This method has been
used to deliver base and prime editing systems, which were found
to be quite promising [85, 86]. Another challenging issue for
in vivo delivery is the pre-existing immunogenicity against the
bacterial Cas9 protein and AAV capsid. However, the AAV capsid
can be improved by altering its antigens, creating a chimeric AAV
capsid to decrease antibody response and evade the immune
system [87, 88].

The characteristics of AAVs, which include low immunogenicity
and cytotoxicity, as well as a slim chance of chromosomal
integration, make them the ideal delivery vessels for CRISPR/Cas

Cancer Gene Therapy
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two types of viral vectors for delivery of CRISPR/Cas systems: integrative

(Ientiviral vectors) and non-integrative (Adenoviral and Adeno-associated viral (AAV) vectors).

system. Alongside these, having various types and diverse delivery
approaches, like dual and triple AAV vectors, covers their
limitations compared to other viral vectors and brings them to
the forefront of gene delivery.

Adenoviral vectors. The AdV is a double-strand DNA virus that
can transduce a broad spectrum of both dividing and non-
dividing cells. These vectors can carry a genetic cargo up to 37 kb,
and following transduction, they create an episomal DNA adjacent
to the host DNA instead of integrating into the genome.
Noteworthy that the episomal gene expression of AdVs removes
the off-target effects, a limitation in CRISPR/Cas-based gene
editing [89, 90].

There are different generations of AdVs; in the first one, the E1
gene was deleted, although using this generation could provoke
acute and chronic immune responses [88]. Furthermore, in the
second generation, the E2 and E4 genes of AdV were removed to
diminish the immune response. Of note, the capacity of second-
generation AdVs (~14 kb) for incorporating transgene is substan-
tially superior to the first-generation (~8kb) [91, 92]. The
helper-dependent vectors (gutted vectors), which represent the
third generation of AdV vectors, do not contain viral genes that
allow cloning up to 35 kb; therefore, they move beyond the size
limitation barrier for delivering the CRISPR/Cas9 system. It is worth
mentioning that, like second-generation AdVs, this generation
does not trigger chronic immune responses [93, 94].

The recombinant AdV5 has shown potential for in vivo CRISPR/
Cas9-mediated knock-in of the human alpha-1-antitrypsin gene in
mice, and it has also been demonstrated that gene expression
continued for more than 200 days [95]. In a recent study, AdV-
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delivered CRISPR/Cas12a to human hepatocytes indicated its
potential toward gene editing of human cells, although the
provoked immune system against the vector and Cas protein was
reported [96]. Furthermore, AdV structural proteins (Hexon,
penton, and fiber) are quite manipulatable, which is advantageous
for creating AdVs with tissue-specific tropism. Moreover, these
properties, along with the fact that AdVs are safe for clinical trials,
can be manufactured at large scales, and are cost-effectively
manufactured, make them indispensable for CRISPR/Cas delivery
[56, 971. These beneficial features could be verified by the fact that
AdVs became the top choice for creating mRNA vaccines for
Coronavirus disease 2019 (COVID-19). This betokens the idea that
AdVs can be produced as a delivery system on a global scale [98].

All in all, in CRISPR/Cas-based gene editing, AdVs' episomal
gene expression eliminates off-target effects. Also, its huge
packaging capacity allows for loading large genetic payloads,
which is a concern in other viral vectors.

Lentiviral vectors. The HIV-1-derived LVs are single-stranded RNA
(ssSRNA) viruses primarily used for integrating the desired
transgene into dividing and non-dividing cells (Fig. 3). Their
delivery capacity for genetic cargo is around 9 kb, encompassed
by a lipid-enriched capsid. There are four generations of LVs,
where the third and fourth generations are mostly safe for clinical
applications [99].

The effectiveness of CRISPR/Cas-based gene editing greatly
depends on the delivery of its components into the host cell. As
LVs are a great armamentarium for gene delivery, and the CRISPR/
Cas system was proven to be functional in human cells, LVs
expressing the whole system were chosen [100]. Like shRNAs, LVs
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carrying CRISPR/Cas9 systems have also been designed initially in
a library model with numerous sgRNAs [101]. A study showed that
an LV-based genome-scale CRISPR-Cas9 knockout (GeCKO) library
that targets more than 18,000 human genes is quite valuable for
negative and positive selection screening, which are generally
utilized for in vitro assays to determine disturbances in cells,
especially cancer cells affected by various stimuli [100]. In
particular, this library has been used to specify genes critical for
the viability of cancer cells and pluripotent stem cells. It also
allowed for screening of loss of function in genes that cause
resistance to vemurafenib in melanoma cells [100]. Further studies
have also developed LV-based CRISPR/Cas libraries which have
resulted in the identification of novel tumor-suppressor genes
involved in myeloid leukemia (Nf1, Ezh2, Dnmt3a, Tet2, and
Runx1), and fetal hemoglobin reinduction (BCL11A) [102, 103].

With time, the capabilities of the LV-delivered CRISPR/
Cas9 system are expanding into the fields of targeted therapy
for HIV-1 and HBV infections as well as the treatment of genetically
defective diseases, such as cystic fibrosis and neurodegenerative
diseases [104]. Additionally, other methods, including base and
prime editing CRISPR systems and epigenetic modifiers, have also
been paired with LVs [105]. Since LVs integrate the encoding
CRISPR/Cas transgene into the host genome, and due to their
long-lasting gene expression, the possibility of off-target effects
could be raised as a concern. To address this risk, integration-
deficient lentiviral vectors (IDLV) were developed to provide an
impermanent CRISPR/Cas expression [106].

In unresectable hepatocellular carcinoma, HIF-1a expression is
capable of worsening the prognosis of the disease and hampering
the overall improvement of patients. A recent study knocked out
the HIF-1a in mice using an LV-delivered CRISPR/Cas9 system
where it drastically diminished the HIF-1a expression in the tumor
tissues three days post-injection, showcasing valuable antitumor
effects [107]. Chromosomal translocations creating fusion onco-
genes are frequent in certain cancers and are substantial
tumorigenesis factors [108, 109]. For example, a tyrosine kinase
produced by BCR-ABL rearrangement can develop chronic
myeloid leukemia (CML) [110]. Tyrosine kinase inhibitors (TKls)
such as Imatinib can significantly inhibit the product of BCR-ABL,
though there are reports of drug resistance against these TKls
[111]. Accordingly, Martinez-Lage and colleagues used an LV-
based CRISPR/Cas9 system to induce deletion in introns of the
BCR-ABL rearranged gene, which resulted in a significant deletion
of the BCR transactivation domain as well as frameshift mutation
in the DNA-binding domain of ABL [112].

LV has always been an intriguing viral vector for delivering
genes, particularly for clinical purposes. This is because the
transgene can be integrated into the host genome and expressed
for a long time. Furthermore, the desired gene can be passed
along to new cells following cell division, thus ensuring that
CRISPR/Cas functions are expressed for a long time to come.

Extracellular vesicles (EVs)
Extracellular vesicles are nano-scaled non-viral delivery vessels
that can be used for various purposes, one of which is to be used
as a targeted delivery system. EVs are lipid-coated particles
produced by different cells with the innate objective of cell-cell
transportation of cargoes such as genetic material, and proteins
[113]. EVs can be grouped into three main categories: micro-
vesicles (MVs), exosomes, and apoptotic bodies. They are different
in packaging capacity, biogenesis, function, and releasing
mechanism. Among them, exosomes having 30-150nm in
diameter are genuine options for selective delivery of proteins,
and genetic components, including CRISPR/Cas system (Fig. 4)
[113-115].

Exosomes have drawn much attention for being used in cancer
diagnosis and therapy. Exosomes secreted from tumor cells could
be an excellent option for tumor-targeted therapy since they are
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similar to their source and, therefore, more likely to be taken up by
the cells. Cancer therapy with a cell-specific tropism approach can
be facilitated by controlling this feature and loading desired
cargoes into tumor-derived exosomes. Accordingly, a study
indicated that loading tumor-derived exosomes with a cancer
therapeutic agent called Doxil and injecting it systemically into the
tissue of origin can result in promoted tumor suppression
compared to the application of the drug alone [116]. In an
intriguing strategy, biocompatible porous silicon nanoparticles
(PSINPs) harboring doxorubicin called DOX@E-PSiNPs were
introduced to isolated tumor cells (Fig. 5). Afterward, tumor cell-
released exosomes sheltering DOX@E-PSiNPs were injected
systematically into mice, which were uptaken by both bulk cancer
cells and cancer stem cells (CSCs), resulting in considerable tumor
suppression [117]. The promising potential of exosomes for
CRISPR/Cas delivery in tumor cells can be extrapolated from their
ability to deliver selective and efficient delivery systems.

According to the potency of exosomes, a study used tumor-
derived exosomes for in vivo targeted delivery of CRISPR/Cas9 into
SKOV3 xenograft mice cells with ovarian cancer. They compared
epithelial cell-derived exosomes and cancer-derived exosomes to
deliver a CRISPR/Cas9 system capable of suppressing the
expression of poly (ADP-ribose) polymerase-1 (PARP-1). The results
showed significant apoptosis in ovarian cancer cells and a synergic
enhancement of chemosensitivity to cisplatin. The combination of
both therapeutic approaches resulted in 57% inhibition of cancer
proliferation, almost twice the effect of exosomes- or cisplatin-sole
treatment [118]. One serious concern about using exosome-
mediated gene delivery, especially in the case of delivering the
CRISPR/Cas system, is the potential for off-target negative impacts
on peripheral and distant tissues.

In addition to the packaging capabilities of exosomes,
engineering them to be targeted delivery vehicles is an essential
goal. Alvarez-Erviti and colleagues produced brain-targeting
exosomes carrying short interfering RNA (siRNA) from engineered
dendritic cells capable of expressing Lamp2b, an exosomal
membrane protein, fused with nervous system-specific rabies
viral glycoprotein (RVG). The results of in vivo delivery of these
exosomes in mice showcased strong therapeutic potential and no
non-specific uptake by other tissues [119]. Another study used a
similar approach to deliver miRNA in the cartilage as a treatment
for osteoarthritis, which exhibited a significant potential in
targeting hard-penetrating tissues [120, 121].

Necroptosis is a form of necrosis in response to a pathogen or
inflammation, in which cells undergo non-programmed cell death.
Of note, in this pathway caspase 8 and IAP1/2, which are involved
in cell survival and apoptosis, should be suppressed. In a recent
study, a particular kind of tumor-derived exosomes was designed
to have TNF receptor (TNFR) ligands on their surface. These
exosomes were carrying CRISPR/Cas9 systems which are capable
of inhibiting caspase 8 and 1AP1/2; therefore, following exosome-
mediated activation of TNFR signaling and CRISPR/Cas9-mediated
inactivation of caspase 8 and IAP1/2, tumor cells underwent
necroptosis (Fig. 6). The advantage of necroptosis over apoptosis
is that the former also provokes T-cells to eliminate the remaining
cancer cells [122].

Unlike viruses, exosomes can be modified in a matter of size.
Hybrid exosomes, a combination of cell-derived exosomes and
synthetic liposomes, have been developed to carry large cargoes
such as CRISPR/Cas system [123]. Not only do hybrid exosomes
have greater packaging capacity but also, due to the positive
charge of the liposomes, they interact more efficiently with
negatively charged RNA and DNA to uptake them by membrane
fusion. This approach can remove the need for loading genetic
material into the exosomes by mechanical methods such as
electroporation [123]. Noteworthy that this alteration to exosomes
had no effects on the efficiency of their cell-type tropism and
uptake [124]. This method has been used by Lin and colleagues to

Cancer Gene Therapy
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Fig. 4 EV-based gene delivery. There are different types of EVs, including microvesicles, exosomes, and apoptotic bodies, that can be collected
from human cells. These EVs can carry proteins, DNA, and different types of RNA from one cell to another. These exosomes can be engineered to
target a specific tissue while carrying our desired cargo like CRISPR/Cas system. This approach allows for autologous tissue-specific gene editing.

efficiently deliver CRISPR/Cas9 expression vectors to mesenchymal
stem cells (MSCs), which are hard to transfect [125].

Exosomes can also be optimized with DNA aptamer, a short
synthetic oligonucleotide, in order to use exosomes as targeted
delivery systems. DNA aptamers are cost-effective, readily avail-
able, and non-provocative for the immune system; thus making
them a suitable alternative to antibodies or other probes
[126, 127]. A recent study used cholesterol-anchored valency-
controlled tetrahedral DNA nanostructures (TDNs) conjugated
with DNA aptamer on the surface of exosomes to selectively
deliver the CRISPR/Cas system inhibiting the WNT10B gene into
hepatocellular carcinoma cells in vitro, ex vivo, and in vivo. The
promising results of targeted gene suppression in hepatocellular
carcinoma cells by this method highlight the outstanding
potential of EVs for being used as labeled and targeted delivery
systems for CRISPR/Cas system [128].

The risk of nucleated cell-derived EVs-mediated horizontal gene
transfer could be viewed as a limitation for EVs, though RBC-
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derived EVs bypass this safety-related issue. Since RBCs are non-
nucleated, O blood group RBCs can be used as a universal source
for the harvesting of EVs without DNA. The RBC-EVs have been
used in vivo and in vitro for delivering CRISPR/Cas9, demonstrat-
ing high transfection efficiency and without detectable cytotoxi-
city [129]. Further, Pham and colleagues reported that RBC-EVs
could be targeted for selective delivery of cargoes. Accordingly,
they conjugated the epidermal growth factor receptor (EGFR)-
targeting peptide to paclitaxel-carrying EVs by Sortase A and
OaAEP1 ligase. The results indicated that EVs could efficiently
deliver the chemotherapeutic agent to EGFR-positive lung cancer
cells, causing significant apoptosis and shrinking the tumor [129].
It is plausible to extrapolate the considerable potential of targeted
RBC-EVs for the delivery of CRISPR/Cas9 systems to specific
cancer cells.

EVs, especially tumor-derived EVs have been shown to be
extremely effective in bypassing tumor defense mechanisms in
CRISPR/Cas-based cancer therapy. They come in different sizes

SPRINGER NATURE



S.E. Ahmadi et al.

10

Chemotherapeutic

agents Nanoparticle

l Transfection

Tumor cell

CRISPR/Cas
system

—

Tumor-derived EVs

CRISPR encoding plasmid
siRNA/miRNA

® O

Tumor

Viral vector plasmids " .
microenvironment

YO
MY

Fig. 5 Tumor-derived exosomes. Transfecting tumor cells with DOX@E-PSiNPs, CRISPR/Cas system, and viral vector plasmids while inducing
the tumor cells to produce exosomes can provide tumor-derived exosomes encapsulating our desired cargo. Since these exosomes originated
from the tumor, they can be harvested and injected systematically back into tumor cells for therapeutic purposes.

and can contain different genetic materials. These qualities, as well
as many others, including easy manipulation, reliable gene
delivery, and high safety, make EVs formidable cancer therapy
weapons.

Vexosomes: exosome-enveloped viral vectors
Exosomes-enveloped viral vector or vexosome is a novel gene
delivery approach that confers exosome features such as a broad
spectrum of cell tropism, almost non-immunogenic, and scal-
ability, to viral vectors for enhancing gene therapy [130]. The
production of vexosomes requires infecting the packaging cells
with plasmids encoding the viral genome. The cells’ cytoplasm
becomes enriched with the produced viral genome and proteins,
which are recognized by the cell's receptors in the plasma
membrane, endosomes, and phagosomes. Therefore, EVs encap-
sulate the viral components upon their secretion from the cells.
Saari and co-workers used this method to produce capsid-free EV-
based vectors carrying oncolytic AAV components (AAV/EVs) into
cancer cells [131]. Vexosomes have not been used for delivery of
CRISPR/Cas system, though their potential in combining the
characteristics of viral vectors and EVs is promising for efficient
gene editing.

AAV/EVs can be modified to deliver genes more selectively by
including targeting peptides on their surfaces. Multiple studies
have reported benefits from using targeted AAV/EVs in vivo and
in vitro; for example, Wood et al. reported that these vectors can
pass the blood-brain barrier and effectively transduce neural cells
[132]. Different serotypes of AAV, including AAV1, AAV6, and
AAV9, have been used for targeted delivery of transgenes into
cochlear and vestibular hair cells, neurons, and oligodendrocytes,
respectively [133-136]. It indicates the compatibility of this
approach for gene delivery into various cell types.

The EVs encapsulating the AAVs can be used as a trojan horse
to circumvent the pre-existing immunity against the viral vectors.
In this context, a recent study systematically injected AAV9/EVs
into mice with pre-existing immunity to AAV9, and the results
demonstrated successful evading from the immune system [137].
Furthermore, this approach has shown that it can reduce the
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number of injections required for efficient delivery of vectors,
reducing the risk of AAV-induced cytotoxicity [119, 138-140].
Despite the benefits of this delivery method, it has not yet been
explored as a delivery method for the CRISPR/Cas system.

Combining the power and potential of EVs and viral vectors
promises a great future in the field of gene delivery, especially for
CRISPR/Cas delivery. Due to the fact that this approach is new, it
will be more interesting for researchers to explore its full potential
as a cancer therapy.

CLINICAL TRANSLATION FOR CANCER DIAGNOSTICS AND
THERAPIES

The CRISPR/Cas technology provides a quintessential gene-editing
application [80, 141], though in the case of clinical cancer therapy
it has not been a major player. That said, the potential of CRISPR-
based genome editing is promising for cancer diagnostics and
therapies in the near future (Table 2).

CRISPR-Cas9-targeted fragmentation of DNA can be used as a
means to pinpoint the changes in cancer-specific sequence. For
example, CRISPR/Cas9 can detect microsatellite sequences, called
short tandem repeats (STRs), which can serve as cancer markers.
Most STR assays depend on PCR amplicons, which are limited to a
few. In comparison, CRISPR/Cas9-mediated STR-sequencing is
capable of accurately and sensitively analyzing more than 2000
STRs in parallel [142, 143]. There are regions in the human genome
housing complex megabase-sized fragments, containing biologi-
cally essential genes. Owing to their complexity and variations,
these regions are not thoroughly uncovered, although Baker and
colleagues used a potential approach called CISMR (CRISPR-
mediated isolation of specific megabase-sized regions of the
genome), for targeted sequencing of these fragments [144].
Moreover, if CRISPR-mediated fragmentation of genomic DNA is
combined with duplex sequencing, correcting sequencing errors,
it can result in ultra-accurate sequencing with low DNA input,
termed CRISPR-DS [145]. As compared to duplex sequencing,
CRISPR-DS had a superior capability in detecting TP53 mutations
in the peritoneal fluid of ovarian cancer patients using 10 to 100-
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activate the clAPs, propelling the cell toward survival. CRISPR/Cas9-mediated inhibition of clAPs alongside active caspase 8 results in apoptosis
of cancer cells. Moreover, dual inhibiting of clAPs and caspase 8 alongside TNFR signaling lead to necroptosis. The advantage of necroptosis
over apoptosis is that the former also provokes T-cells to eliminate the remaining cancer cells.

fold less DNA than the latter [145]. In light of CRISPR-DS’
diagnostic potential, it has now reached the stage of clinical trials
[NCT03606486]. Other highly accurate enzymatic nucleic acid
detection systems have also been developed for cancer-related
mutations, called DETECTR and SHERLOCK, which use Cas12a and
Cas13, respectively [25, 28, 146, 147].

Additional to cancer diagnosis, CRISPR has made its way to be
applied for clinical cancer treatment, which demonstrates the
astonishing potential of a recently developed gene-editing tool.
Initially, the CRISPR/Cas9 system was used for treating non-small-
cell lung carcinoma (NSCLC) at West China Hospital, Sichuan
University, in 2016 [148-150]. In that study, patients’ T-cells were
genetically engineered not to express the T-cell activation
inhibitor, PD-1. Accordingly, this approach has also been used
for cancer of other tissues, including bladder, prostate, renal, and
esophageal [150]. It is noteworthy that some of these clinical trials
have withdrawn their studies [151].

Cancer Gene Therapy

The development of CAR T cell receptors has made significant
strides in cancer treatment, with Kymriah and Yescarta (CAR T-cell
against CD19) being approved by the FDA for the treatment of
B-cell leukemia and lymphoma [152]. Despite all the encouraging
results from autologous CAR T-cell therapy, there are still some
limitations that need to be tackled. For example, in some cases,
such as infants, there may not be enough T-cells to generate CAR-
T cells and perform autologous transplantation. The CRISPR/Cas
system can be integrated into CAR T-cell engineering to produce
universal CAR T-cells from healthy donors [153].

Viral vectors integrate CAR genes into T-cells in a random
manner, not in a site-specific manner, which might adversely affect
the genome. Eyquem et al. used a CRISPR/Cas9-based site-specific
integration of the CD19-specific CAR gene to the T-cell receptor a
constant (TRAC) locus. These engineered CAR T-cells outperformed
the previous generations regarding safety, precision, and effective-
ness in targeting acute lymphoblastic leukemia cells [154].
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CAR T-cell-induced cytokine storms and neuroinflammation
are not favorable outcomes and are thought to be the effects of
GM-CSF. Thus, to address these limitations, lenzilumab has been
used to suppress the GM-CSF, which not only reduces the side
effects of CAR-T cell therapy but also increases its proliferation,
and improves the control of leukemia. According to that, Sterner
and colleagues manufactured GM-CSF knocked-out CAR-T cells
with CRISPR/Cas9 system, which showcased significant in vivo
anti-tumor activity while keeping the side effects at their
lowest [155].

Targeting CD33, a myeloid marker in acute myeloid leukemia
(AML) by CAR T-cells leads to induced toxicity due to the destruction
of normal myeloid cells. An intricate approach, with CRISPR/Cas9-
mediated knock-out of the CD33 gene from normal stem cells,
followed by autologous transplantation in the rhesus monkey,
paved the way for CD33-specific CAR T-cell-mediated elimination of
leukemic cells, without affecting normal hematopoietic stem cells
[156]. Additionally, Multiplex CRISPR-Cas9 system has been used for
simultaneous knock-out of multiple genes in T-cells, including T cell
receptor (TCR) chains, and PD-1. This could create cancer-specific T-
cells (NY-ESO-1) having features such as minor mismatch pairing to
the target, and enhanced durability, as well as offering risk-free
graft-versus-host disease (GVHD) [157]. All these efforts have made
it clear that CRISPR/Cas9 system is a great armamentarium in
improving immunotherapy against cancer.

Given that CRISPR/Cas system can be introduced to human
cells, it might be a potent tool to protect us against carcinogenic
viruses [158]. Some viruses are capable of initiating cancer in
humans, such as hepatitis B and C viruses (HBV and HCV), human
papillomavirus (HPV), and Epstein-Barr virus (EBV), which can
cause hepatocellular carcinoma (HCC) [159], cervical cancer [160]
and Burkitt lymphoma [161], respectively. Given that CRISPR/Cas
system can be introduced to human cells, it might be a potent
tool to protect us against carcinogenic viruses [162].

The role of HBV in HCC is tightly pertained to the activity of
covalent closed-loop DNA (cccDNA) of the HBV in hepatocytes
[163]. A number of studies have shown that CRISPR/Cas9-induced
mutations in HBV cccDNA can reduce its levels, impairing virus
replication [164-166]. Moreover, with the help of CRISRP/Cas
system it was demonstrated that a IncRNA PCNAP1 contributes in
HBV replication and promotes hepatocarcinogenesis by modulat-
ing miR-154/PCNA/HBV cccDNA signaling [167]. In addition, HCV
also contributes to HCC development. In a recent study, Francisella
novicida (FnCas9), a type of Cas9 that can target both DNA and
RNA viruses, was used to inhibit the ssRNA of HCV inside HCC cells
[168]. The potential of FnCas9 seems to be promising for targeting
different types of oncogenic viruses.

The persistence of HPV infection can lead to the development
of cervical cancer, and it is responsible for the death of nearly
200,000 patients each year [168]. Among HPV functional
proteins, E6 and E7 have been associated with the carcinogenic
properties of HPV [169]. These two proteins are capable of
sabotaging the major tumor suppressors in cells, including p53
and Rb. Based on that, researchers suppressed the E6 and E7
genes of HPV-16 and HPV-18 using the CRISPR/Cas9 system,
which then restored the expression of p53 and Rb, leading to
apoptosis in the cancer cells [170, 171].

EBV, another oncogenic virus mostly related to Burkitt
lymphoma, has been targeted by CRISPR/Cas9. Wang et al.
stated that targeting EBV genes, such as EBNA-1, LMP-1, or
EBNA-3C by CRISPR/Cas9 in Burkitt's lymphoma cells derived
from a patient with latent EBV infection resulted in a drastic
reduction in cell proliferation and a decrease in viral load [172].
This approach has also been supported by other studies [172],
and since EBV causes several types of malignancies, CRISPR/
Cas9-based targeted therapies can be effective in preventing
these diseases.
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CONCLUSION

Though the CRISPR system was only recently developed, it has
already made significant advances in cancer diagnosis and
treatment. Researchers can inhibit or induce gene expression
in vitro, in vivo, or ex vivo using CRISPR/Cas. Although CRISPR has
some challenges ahead, it has attracted much attention in recent
years due to its potential for precise cancer therapy and
immunotherapy.

Against the wide spectrum utility of CRISPR in cancer diagnosis
and therapy, there are still limitations and concerns that should be
addressed in the future. One of these is the probability of CRISPR/
Cas-induced DSBs, causing unwanted large deletions in the
genome, and in the worst case scenario, it can lead to
chromothripsis, which can disrupt tumor suppressors and cell
regulatory systems [172, 173]. Another issue is the off-target
effects of the CRISPR/Cas system, although in this review some
solutions have been mentioned to avoid them. There has been
concern about off-target effects, which might lead to CRISPR-
induced cancer growth, but the good news is there is no evidence
that this is the case. Noteworthy is that these effects can be
minimized by using precise protocols and standards [173-175]. As
widely used Cas9 comes from bacteria, pre-existing immunity to it
can be considered a limitation of the CRISPR/Cas system
[176-178]. Modification of Cas enzymes, and creating variants
with different antigenic properties may help in this case [179].

Delivering the CRISPR/Cas system to target cells either in vivo or
in vitro has its own challenges. To address them different delivery
systems have been used, including physical methods, viral vectors,
extracellular vesicles, nanocomplexes, etc. Among all, viral vectors
and EVs are non-synthetic and natural systems that are destined
to deliver their genetic cargoes. In recent years these two genuine
systems have been combined together creating a novel vector
called vexosomes. Overall, advances in delivery systems promise a
bright future for efficient CRISPR/Cas-based cancer therapy.
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