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Abstract
The CRISPR/Cas system, an innovative gene-editing tool, is emerging as a promising technique for genome modifications.
This straightforward technique was created based on the prokaryotic adaptive immune defense mechanism and employed in
the studies on human diseases that proved enormous therapeutic potential. A genetically unique patient mutation in the pro-
cess of gene therapy can be corrected by the CRISPR method to treat diseases that traditional methods were unable to cure.
However, introduction of CRISPR/Cas9 into the clinic will be challenging because we still need to improve the technology's
effectiveness, precision, and applications. In this review, we first describe the function and applications of the CRISPR—Cas9
system. We next delineate how this technology could be utilized for gene therapy of various human disorders, including
cancer and infectious diseases and highlight the promising examples in the field. Finally, we document current challenges
and the potential solutions to overcome these obstacles for the effective use of CRISPR—Cas9 in clinical practice.
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CRISPR Mechanism and its Various Types

Genome-editing technology is defined as sequence-based
engineering for modifying DNA sequences and their vari-
ants, including insertions, deletions, integrations, and sub-
stitutions (Fig. 1). This targeted genome-editing technology
is based on DNA repair mechanisms naturally present in
cells [1, 2]. Moreover, site-specific genetic and epigenetic
changes can be performed by combining programmable
sequence-specific nucleases and regulatory proteins (Fig. 2)
[3]. In recent years, CRISPR, which has naturally evolved
as an immune system in many prokaryotes and archaea to
defend against viral invasions, has been reprogrammed as
an influential gene-editing tool that acts effectively in many
organisms, including humans [4, 5, 6]. CRISPR technology
uses CRISPR-associated (Cas) enzymes to cleavage specific
nucleic acid sequences [7]. Because of its inherent program-
mability and simplicity, CRISPR technology is quickly
replacing traditional gene-editing methods as the preferred
tool for therapeutic gene editing. The CRISPR—Cas9 sys-
tem has shown promise as a method for reversing gene
alterations in diseases such as blood disorders and muscle
degeneration as well as neurological, cardiovascular, renal,
genetic, stem cell, and optical disorders. The CRISPR—Cas9
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Fig.1 Different types of genetic variants can be modified by
Genome-editing technology. The figure shows the three mechanisms
of variant repair, including double-strand break repair, base-editing
repair, and DNA-integration repair, along with the involved factors
that are used in genome-editing technology. Double-strand breaks are

system offers extraordinary therapeutic promise for treat-
ing a wide range of disorders when the genetic basis of the
malfunction is understood, and it promotes better under-
standing of such disorders by developing numerous dis-
ease models. Gene function may be restored or a muta-
tion can be compensated for by reprogramming treatments
based on CRISPR—Cas9-mediated genome editing [8]. The
CRISPR—Cas9 effector has been used in biosensing appli-
cations in addition to its impressive genome-editing capa-
bilities. Certain CRISPR—Cas systems, such as orthologues
of Cas13, Casl2a, and Cas14, have collateral non-specific
catalytic activities that may be used for nucleic acid detec-
tion, through degradation of a tagged nucleic acid to create
a fluorescence signal [9-11].

Several CRISPR-based gene-editing systems have been
identified, each having specific enzymatic activity and
nucleic acid binding requirements. However, most CRISPR
applications have used Cas9 derived from Streptococcus
pyogenes (spCas9) [7]. To target a specific DNA sequence,
Cas9 employs a CRISPR RNA (crRNA) with a 20-nucleo-
tide complementary sequence to the target sequence and a
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modified by two independent pathways including HDR and NHEJ.
Substitution variants are modified by the base-editing mechanism.
To integrate a specific DNA fragment to a specific site of genome,
the DNA-integration repair mechanism is applied

trans-activating crRNA (tracrRNA) scaffold with a sequence
recognized by Cas9 [12-14]. It should be noted that the two
RNA fragments of CRISPR systems, crRNA and tracr-
RNA, can be integrated into a single-guide RNA (sgRNA)
while maintaining the capacity for targeting and cleavage
of specific nucleic acid targets sequences [15]. Unlike early
gene-editing systems such as ZFN and TALEN, in CRISPR-
based systems, targeting a new site at the genome level only
requires changing the 20 nucleotides at the beginning of the
sgRNA, which is involved in targeting Cas protein to the
target sequence; this has made the transition between new
gene targets much more efficient. Accordingly, CRISPR is
rapidly transforming the state of research in the life sciences
and medicine worldwide, moving toward clinical trials [7,
16, 17].

As mentioned above, several CRISPR-Cas systems are
essential to be classified for a better understanding of the
origin and also further research. The classification of the
CRISPR systems is based on differences in the Cas protein
compositions and the sequence differences between effec-
tor complexes. According to the classification suggested
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Fig.2 A schematic scheme for epigenetic and transcriptional regulations made by combining programmable sequence-specific nucleases and

regulatory proteins

by Makarova et al. in 2020, CRISPR systems are catego-
rized into two classes, six types and 33 subtypes [18, 19].
Types I, III, and IV are included in the class I system,
characterized by multiple subunit Cas proteins as effector
complexes and a crRNA in the interference stage [18].

Type I consists of 7 subtypes: I-A, I-B, I-C, I-D, I-E,
I-F, and I-G. The CRISPR-associated complex for an anti-
viral defense (Cascade) complex is considered an effector
complex for the interference stage in type I systems. This
Cascade complex typically comprises Cas3, Cas5, Cas7,
Cas8, and other Cas proteins, depending on the subtypes.
The Cas3, a crucial element of the Cascade complex in
the type 1 systems, is necessary to cleave foreign DNA
[20].

Type III has 6 subtypes: III-A, III-B, III-C, III-D, III-E,
and III-F. Reverse transcriptase is present in some of the
subtypes of type III in the adaptation module. The Cas6
proteins are applied to cleave pre-crRNA in the type III sys-
tems; however, most subtypes do not have any cas6 gene and
resort to the Cas6 proteins supplied by other CRISPR—Cas
loci. The subtypes III-A, III-D, III-E, and III-F, utilize a
Csm complex consisting of Csm/Cas proteins and crRNA,
and subtypes III-B and III-C profit from a Cmr composed of
Cmr/Cas proteins and crRNA as effector complex. Different
subtypes have different targets for cleavage by their effec-
tor complex; in subtypes III-A, ITI-B, and III-C the target is
DNA/RNA, in subtypes III-D and III-E, it seems to be RNA,
and in subtype III-F it is expected to be DNA [18, 20-22].

Type IV consists of 3 subtypes: IV-A, IV-B, and IV-C.
The Cas proteins are not usually present in these systems
in the adaptation stage and the cleavage of foreign targets.
The cleavage of pre-crRNA is usually performed using
a specific Cas6 protein. It has been suggested that Cas5,
Cas7, and the large subunit (Csf1) proteins comprise effec-
tor complexes of type IV systems. With regard to the class
I CRISPR systems, because of insufficient knowledge and
difficulties in cloning the multiple effector complexes in a
functional vector or its production in the form of ribonucleo-
protein (RNP) complex, its routine use as a genome-editing
tool is limited. Therefore, the class II systems that had the
advantage of inducing various genetic modifications were
considered for genome editing [18, 23-25]. In contrast to
the class I systems, the class II systems have a single and
large multidomain effector complex linked to a crRNA, sub-
classified into three types: type II, type V, and type VI.

Type II contains three subtypes, including II-A, II-B, and
II-C. Three components are necessary for pre-crRNA pro-
cessing in type II systems: RNase III, which is used for the
maturation of pre-crRNA, the Cas9 protein that identifies
the PAM sequence and is directed to one strand of the DNA
target, and tracrRNA, which is required for target recogni-
tion. The processing of pre-crRNA in type II-C differs from
other subtypes of the Type II systems [18, 20, 26-33].

The Type V systems are composed of 10 subtypes:
V-A, V-B, V-C, V-D, V-E, V-F, V-G, V-H, V-1, and
V-K, utilized from the Cas12 protein as a single effector
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complex. Processing of pre-crRNA varies in the different
subtypes of Type V systems by applying the effector com-
plex in subtype V-A and RNase III in several other sub-
types. Unlike the Type II systems, double-strand cleavage
of DNA target is performed by Cas12 protein [18, 34—46].

The Type VI systems consist of 4 subtypes: VI-A,
VI-B, VI-C, and VI-D. The single effector complex used
in Type VI is the Cas13 protein, which differs from the
other effector complexes in the class II systems. The
effector complex is responsible for the processing of the
pre-crRNA. The effector complexes involved in Type VI
have two higher eukaryotes and prokaryotes nucleotide-
binding (HEPN) domains that cooperate in the RNase
activity. Instead of the PAM required for double-strand

Table 1 Different types of the CRISPR—Cas systems [18, 24]

DNA cleavage, these systems need a protospacer flanking
sequence (PFS) to cleave ssRNA targets [47-50] (Table 1).

Clinical Applications of the CRISPR System
Cancer Treatments

Cancer is a complex disorder caused by genetic and epige-
netic mutations in oncogenes and tumor suppressor genes.
CRISPR-Cas9 can be used to manipulate the genome in
tumor research and to investigate the causes of tumor ini-
tiation, progression, and metastasis. This system has been
widely used in cancer treatment investigations in recent

Class Type Subtypes Target Spacer integration Pre-crRNA Effector complex Target cleavage
processing
1 1 I-A DNA Casl, Cas2, [Cas 4] Cas6 Cas7, Cas5, SS*, Cas8/LS Cas3”, Cas3’
1I-B DNA
1I-C DNA
I-D DNA
I-E DNA
I-F DNA
1-G DNA
I 1I-A DNA +RNA Casl, Cas2, [RT] [Cas6] Cas7, Cas5, SS, Cas10/LS Casl10/LS
11-B DNA +RNA
1I-C DNA +RNA
1I-D RNA?
1I-E RNA?
1I-F DNA?
v IV-A unknown [Casl], [Cas2] [Cas6] Cas7, Cas5, [SS], Csf1/LS unknown
1IV-B unknown
1v-C DNA?
I I II-A DNA Casl, Cas2, [Cas 4] RNase II1 Cas9 Cas9
1I-B DNA
1I-C DNA
A\ V-A DNA [Casl], [Cas2], [Cas 4] Casl12 Casl12 Casl12
V-B DNA
V-C DNA
V-D DNA
V-E DNA
V-F DNA
V-G RNA
V-H unknown
V-1 DNA
V-K unknown
VI VI-A RNA Casl3 Casl3 Casl3 Casl3
VI-B RNA
VI-C RNA?
VI-D RNA
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years by correcting mutations or knocking out certain genes
[51]. Numerous exploratory investigations on tumor treat-
ment in related disciplines have been undertaken to date.
The CRISPR—Cas9 applications are now mostly focused
on single-gene disorders, viral infections, and cancers [52].
CRISPR-based therapies are currently used to treat blood
cancers such as leukemia and lymphoma. In addition, a lung
cancer trial in China was recently completed [53]. In 2016,
CRISPR therapy was used in a lung cancer patient. This
patient was injected with PD-1 altered T cells. Another clini-
cal trial in the United States using CRISPR-based cancer
immunotherapies has also been completed [54]. Numerous
other clinical trials using CRISPR-based immunotherapies
are ongoing for treatment of cancers. In a Chinese human
trial, researchers from the Sichuan University's West China
Hospital used PD-1-modified T cells to treat 12 patients with
non-small-cell lung cancer. CAR-T was not included in this
strategy since it is not currently available for lung cancer.
The study's major objectives were to see if the treatment
was safe, had manageable side effects, and evoked a posi-
tive response[55]. The other completed study was the safety
evaluation of the PD-1 knock-out engineered T cells in treat-
ing advanced esophageal cancer, conducted in China (5).
In addition, several studies are recruiting for treatments of
solid tumors, gastric carcinoma, nasopharyngeal carcinoma,
hepatocellular carcinoma, renal cell carcinoma, B cell leu-
kemia, and lymphoma.

Infectious Diseases

To date, infectious diseases are one of the most common
global causes of serious and lethal human disorders [56].
These diseases are the cause of frequent epidemies and
demand preventive care and are sometimes difficult to treat.
In addition, many of them are resistant to antibiotics or have
vaccine-escape mutations; unsurprisingly, in this case, latent
infections are expected [57]. Viral and bacterial pathogens
are major global healthcare challenges. In the last two dec-
ades, the WHO introduced a number of infectious diseases
(HIN1 Influenza, Polio, Ebola, Zika, Kivu Ebola, and
COVID-19) as “public health emergency of international
concern”. In addition, other pathogens like HBV, HCV, HIV,
HPV, HSV, mycobacterium tuberculosis is threatening pub-
lic health worldwide [57].

Infectious diseases can be divided into two groups: 1.
Bacterial infections, and 2. Viral infections. Bacterial infec-
tion treatments are mainly based on antibiotic drugs. How-
ever, due to overuse of antibiotics, inappropriate use of anti-
biotics, and their presence in feedstock, enabling bacteria to
adapt and develop continually against the medications, the
risk of multidrug-resistant (MDR) bacteria is growing as
a major challenge. Additionally, the developed resistance
is easily transmittable from one host to another. However,

there is a hope that this threat can be better addressed with
CRISPR-Cas9, emerging as a major tool that targets the
genome of resistant strains in a sequence-specific manner
[58].

CoVID-19

The recent COVID-19 pandemic caused by Severe Acute
Respiratory Syndrome Coronavirus-2 (also known as
nCoV-2 or SARS-CoV-2) has become an important global
health problem in the last three years because it is respon-
sible for more than 6.5 million (https://www.worldometers.
info/coronavirus) deaths worldwide and enormous economic
and social limitations [59]. However, the antiviral drug
Veklury (remdesivir) has been approved for the treatment of
patients (Oct 2020); Some others, such as monoclonal anti-
body therapies, have been approved through the emergency
use authorization (EUA) [60]. Despite the short time since
the emergence of COVID-19, the virus was widely targeted
in clinical trials and several distinct types of vaccines have
been developed [60]. Today, many clinical trials are regis-
tered in different databases with the keyword of COVID-19,
but a few are associated with the CRISPR technology. These
trials can be divided into two groups: —1. Diagnostics (in
vitro), —2. Cell therapies (ex vivo).

Because of CRISPR’s high specificity and sensitivity
[56, 61], among other diagnostic methods such as RT-
PCR, immunoassay, isothermal nucleic acid amplifica-
tion technique (iNAAT), and biosensors, this technique
was immediately used in diagnostics as a point-of-care
test [59]. CRISPR-facilitated detection could be a pow-
erful screening and genotyping method for COVID-19
infection. The CRISPR/Cas technology has been widely
used in clinical trials to provide a CRISPR-based Point-
of-Care (POC) test. There are multiple registered clinical
trials such as chictr2000029810 (2020), NCT05034978
(2021), and NCT05107258 (2021), aiming to improve the
sensitivity and specificity and reduce the time, cost, and
required instruments. The first FDA-Approved (May 2020)
CRISPR/Cas tool to diagnose SARS-CoV-2 was Sher-
lock™ with 100% sensitivity and specificity in an EUA
clinical evaluation (https://sherlock.bio/crispr-sars-cov-2/).
Another two methods namely DETECTRTM in Aug 2020
and DETECTR BOOST (https://mammoth.bio/covid/)
in Jan 2022 were introduced. These tools used CRISPR/
Cas13 or CRISPR/Cas12 to detect specific sequences in
the COVID-19 genome. However, studies that have used
the CRISPR technique to diagnose COVID-19, are not
limited to those mentioned above. The CRISPR technol-
ogy has not only been used to detect COVID-19 but some
studies have improved its diagnostics capacity by combin-
ing CRISPR with other techniques such as LAMP, biosen-
sors, microfluidics, and nanoparticles [62]. Interestingly,

@ Springer


https://www.worldometers.info/coronavirus
https://www.worldometers.info/coronavirus
https://sherlock.bio/crispr-sars-cov-2/
https://mammoth.bio/covid/

184

Molecular Biotechnology (2024) 66:179-197

the detection limit has been increased up to < 20 copies/
sample LOD and reached 100% sensitivity and specificity
that could be performed in 20-40 min [59].

In addition, some trials have focused on engineered cell
therapies using the CRISPR/Cas technology. It has been
shown that the severity of COVID-19 could be changed
by modifying the immune system [63, 64]. Thus, some
scientists have focused on autologous T-cell therapies to
treat the infection. Various cell types including CAR-T and
CAR-NK, can be successfully modified today via CRISPR/
Cas strategies. PD-1 knocking-down is a well-known strat-
egy to circumvent the inhibitory immune system check-
point [65, 66]. In this method, exhausted virus-reactive
CD8 +memory T cells are isolated from patients. The PD-1
and/or ACE2 genes are then knock-out via the CRISPR/Cas
technique to provide modified memory T cells and induce
long-term immunity against COVID-19. The engineered
lymphocytes are expanded “ex vivo” and infused back into
patients. The PD-1 and/or ACE2 knock-out T cells have
been tested in a trial by the Kafrelsheikh University in 2021
(NCT04990557). The result of this study has not yet been
published.

The weakness of the immune or cell therapy is the effi-
ciency reduction against new variants with significant muta-
tions in surface proteins. This weakness could be obviated by
direct targeting the conserved sequences in viral RNA. The
CRISPR system has been demonstrated to degrade the viral
RNA directly and terminate the infection; thus, as observed
in recent studies it could result in up to > 5000-fold reduction
in viral titer, which is more effective than antiviral drugs or
vaccines [67]. However, the data supporting the advantages
of targeting the viral genome are limited to preclinical stud-
ies, and no clinical trials have been registered so far.

In the case of COVID-19 and other similar infectious dis-
eases, due to the high transmissibility and severe pathogenic-
ity and the possibility of the formation of diverse mutant
strains, early diagnosis and/or treatment of the disease is
very important; thus, the CRISPR technology with the abil-
ity to be applied in POC tests as well as improving the func-
tion of the immune system by targeting the viral RNA has
a great potential to applied in such pandemics as one of the
first options in the process of diagnosis and treatment.

Human Immunodeficiency Virus (HIV)

HIV/AIDS is one of the fatal diseases that has infected 39
million people worldwide. Even though life-long anti-ret-
roviral therapy can take HIV replication under control in a
“shock-and-kill” manner [68], the persistence of HIV pro-
viral, known as latent infection, is a barrier to HIV cure.
During latency, HIV reduces the expression of viral proteins,
which precludes the immune system from arising the infec-
tion. Thus, eliminating HIV DNA from infected individuals

@ Springer

is still the biggest challenge in HIV treatment. There are
two strategies for HIV treatment, both of which are based
on gene therapy strategies: targeting the provirus [68, 69]
and targeting host genes that are crucial for the entrance of
viruses into cells (CCRS5 [70] and CXCR4 [71]). Nowadays,
these approaches are achieved by CRISPR/Cas techniques.

HIV was the first infectious disease targeted by gene
therapy in a clinical trial [72]. It has been shown that CCRS5-
null blood cells are resistant to HIV-1 entry, and this raises
the possibility that CCRS knocking out via CRISPR/Cas
may be an alternative approach to clear HIV provirus from
the cells. In 2017, in a trial (NCT03164135), CRISPR/
Cas9 (with a non-viral delivery system) was successfully
employed to induce indels (insertion or deletion mutation
in genome) in the CCR5 gene in donor-derived HSPCs
(CD34 +cells). Although a 19-month follow-up showed
that the CCRS5 knock out efficiency was only 5.2—8.28%
in the bone marrow, it has been reported that no off-target
effect occurred [73]. Thus, engineered HSPCs and alloge-
neic transplantation in a patient with HIV infection could be
considered a potential therapeutic strategy for HIV infection
and acute lymphoblastic leukemia. In addition, the Excision
BioTherapeutics announced a phase 1/2 trial (NCT05144386
& NCT05143307, 2021) to study the efficiency of a single
IV dose of a CRISPR/Cas9, which is delivered via an AAV9
delivery system, called “EBT-101,” to HIV-infected adults.
The study is recruiting participants.

Surprisingly, the world's first genome-edited babies (twin
girls) were born in 2018. The study was done by the South-
ern University of Science and Technology of China in Shen-
zhen to impregnate a woman with genome-edited embryos in
which the pathway that HIV uses to infect cells were geneti-
cally disabled. Researchers used the CRISPR/Cas9 system
to destroy the CCRS5 gene in the human germline [74, 75].

Human Papilloma Virus (HPV)

Human papilloma virus—HPYV is the main cause of cervi-
cal intraepithelial neoplasia (CIN) and cervical cancer [57].
Evidence suggests that CRISPR-based strategies have a great
potential to target HPV-related malignancies. Since E6 and
E7 genes (major oncogenes) have important roles in virus
replication, life cycle, and HPV-derived carcinogenesis,
by affecting the P53 and RB pathways, respectively, they
have been attractive therapeutic targets [76—78]. Repres-
sion of E6 and E7 genes significantly accumulates p53 and
p21 and induces apoptosis and inhibits cell growth [57,
79]. Soon after that Yu and colleagues (2014) for the first
time targeted HPV16 E6 by CRISPR [80], the phase 1 trial
(NCT03057912, 2017) was designed to assess the safety
and therapeutic doses of the CRISPR/Cas9 system to treat
human cervical neoplasm and HPV persistency by the First
Affiliated Hospital, Sun Yat-Sen University. This trial used
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the E6 and E7 genes in HPV genome as the CRISPR/Cas9
targets. Unfortunately, there is no published data to report
the study results.

HPV is an important human pathogen and its treatment
was the subject of many studies and trials as a result of its
transmission manner, prevalence rate, and malignant out-
comes. Even though there is vaccination against HPV, there
is no treatment for this virus [76]. As with the different vari-
ants of COVID-19, the presence of 150 different types of
HPV can be a problem for the effectiveness of routine vac-
cines and treatments. Since it was observed that targeting
E6/7 results in the accumulation of p53 and p21, and that
it was suggested that HPV16 E6/E7 inhibition by CRISPR
could be a sensitizer for CDDP chemotherapy [79-83].
Research teams have increasingly hoped to treat HPV-related
malignancies, by the CRISPR technique.

Based on ongoing studies, Double-stranded DNA (and
RNA genome) can be sensed and degraded effectively by
the CRISPR system; Identification of new Cas variants and
sgRNA-free systems allows scientists and clinicians to use
the ultra-sensitivity and specificity of this technique in the
diagnosis and treatment of infectious diseases.

Blood Disorders

Sickle cell disease (SCD) and transfusion-dependent
B-thalassemia (TDT) are the most common monogenic
disorders. About 300,000 patients with SCD and 60,000
patients with TDT are diagnosed each year[84—86]. These
hemoglobinopathies resulted from hemoglobin subunit
(HBB) gene mutations. It has been reported that more than
200 mutations can occur in the f-globin gene [87], includ-
ing single-base substitutions, Mutations that lead to small
insertions or deletions within the gene, mutations affect-
ing the transcription process, RNA translation, or RNA
processing. Mutations inhibiting translation and more
infrequently, deletions of the open reading frame [88],
or deletions of a large part of the regulatory sequences
in the locus control region (LCR) lead to either a partial
deficiency (P + -thalassemia) or lack (f0-thalassemia) of
f chains and an imbalance between p-like and a-like (e.g.,
B, v, and d) hemoglobin chains. Accumulating additional
a-globin chains in red blood cell precursors leads to cel-
lular damage, a process that results in ineffective matura-
tion of erythroid, defective erythropoiesis, and reduced
survival in red blood cells (RBC) [89]. A combination
of unsuccessful erythropoiesis and shortened survival of
RBC causes anemia. In the absence of appropriate treat-
ment, marrow cavities expansion and enormous extramed-
ullary cell proliferation lead to hepatosplenomegaly, skel-
etal deformity, and extramedullary pseudotumors [90].
The current therapeutic approaches for p-thalassemia

consist of regular transfusion combined with an iron che-
lator agent, splenectomy, hematopoietic stem cell (HSC)
transplantation, and gene and cell therapy [91, 92]. SCD
results from a mismatch mutation in HBB that leads to glu-
tamic acid to valine substitution at the codon six position.
Deoxygenated sickle hemoglobin polymerization results in
deformation and hemolysis of erythrocyte, anemia, organ
damage, vaso-occlusive crisis, and reduction of life span.
Curative approaches for SCD include pain management,
transfusion, hydroxyurea, hematopoietic stem cell (HSC)
transplantation, and gene and cell therapy. Allogeneic
bone marrow transplantation (BMT) or HSC transplanta-
tion from appropriate donors provided promises for curing
both SCD and TDT. However, lack of compatible donors
for a high proportion of patients, Graft versus host dis-
ease (GVHD), and graft failure limit the application of
this strategy. Disadvantageous of allogenic BMT may be
resolved by using autologous gene-corrected HSCs [93].

The HBB gene mutations can be edited with strate-
gies such as CRISPR/Cas9 [94, 95]. There are two main
approaches for curing TDT and SCD by the CRISPR/Cas9
system [96]. One approach focuses on the correction of
causative mutations. The other approach is y-globin reactiva-
tion, compensating for the B-globin deficiency. EIF2AK1 is
a heme-regulated inhibitor (HRI) and a red blood cell-deter-
mined kinase that interferes with the translation of HbF. In
addition, BCL11A is a suppressor of HbF. Down-regulation
of BCL11A results in a low level of HRI production which
eventually increases the HbF production [97]. Different
molecular analyses have shown that inhibition of BCL11A
results in HbF overexpression [98]. CRISPR/Cas9 has been
utilized to restore the y-globin-associated genes through
inactivation of their repressor, BCL11A, or inhibition of
BCL11A binding to its target site. Therefore, this strategy
leads to y-globin overexpression and diminishes the severity
of B-thalassemia symptoms [99]. A phase 1/ 2/3 clinical trial
(NCT03655678) used this approach for -thalassemia treat-
ment. Briefly, a TDT patient was administered with CTX001
(autologous CD34 4+ HSPCs that were genetically modified
using the CRISPR/Cas9 system to induce fetal hemoglobin
production through down-regulation of BCL11A). In a simi-
lar clinical trial (NCT03745287), CTX001 was infused into
an SCD patient [100]. The results of these trials have been
published recently [101]. After infusion of CTX001, both
patients had significant and constant rises in fetal hemo-
globin levels. Higher levels of fetal hemoglobin (containing
two gamma and two alpha chains) ameliorated complications
and mortality in patients with TDT and SCD [102-104].

In addition, a long-term follow-up project for patients that
received CTX001 has been started (NCT04208529). Another
clinical trial (NCT03728322) has been initiated to study
the combination of autologous, iPSC-derived HSCs with a
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direct edition of the HBB gene in f-thalassemia. However,
the exact approach of the trial is not determined. In a phase
1 clinical trial (NCT04925206), autologous CD34 + human
hematopoietic stem and progenitor cells (hHSPCs) were
gene-corrected using the CRISPR/Cas9 system and adminis-
trated in a single dose to TDT patients. In another phase 1/2
clinical trial (NCT04819841), an autologous gene-corrected
CD34 +HSCs (HbS to HbA) called GPH101 was used to
cure severe SCD. There is another phase 1/2 clinical trial
(NCT04774536) for treating severe SCD patients using the
CRISPR/Cas9 approach (CRISPR-SCD001). However, more
information on this study was not provided.

Neuroscience

Nerves system function depends on a balanced gene expres-
sion, especially in the Neuroglia cells (Also called glial cells:
astrocytes, oligodendrocytes, and microglia); however, this
balance is commonly disrupted in manifested neurodevelop-
mental, neuropsychiatric, and neurological diseases [105]. In
neurodegenerative and neurodevelopmental disorders such
as Alzheimer’s disease—AD, Huntington’s disease—HD,
and Parkinson’s disease—PD, progressive neuronal dysfunc-
tion is mainly caused by dysregulation of the neuron—glia
and glia—glia networks [105]. On the other hand, in Neuro-
muscular Disorders, the peripheral nervous system and the
muscles are affected [106]. Thus, Neuromuscular disorders
cause significant incapacity, even almost complete paralysis.
This category of disorders consists some famous diseases
as well as amyotrophic lateral sclerosis (ALS), Duchenne
muscular dystrophy (DMD), and spinal muscular atrophy
(SMA). It should be noted that both neurodegenerative and
neuromuscular disorders are a heterogeneous class of dis-
eases [106]. In fact, there are 16 different groups of neuro-
muscular disorders with so many illnesses in each group
(http://www.musclegenetable.org/). In addition to adverse
effects of these disorders on the quality of life, these con-
ditions impose an extensive financial burden on society.
Unfortunately, the existing pharmacological treatment
options provide only transitory symptomatic relief without
influencing the underlying disease causes. Therefore, “Gene
Therapy” has been used for Neurological, Neurodegenera-
tive, and Neuromuscular disorders and is currently being
applied by novel gene-editing systems like CRISPR/Cas
techniques. Although CRISPR sequences were identified in
1978 [107] and introduced as a powerful genome-editing
system in human cells by 2013 [57], immediately in 2016,
it was utilized in a clinical trial (NCT02793856) [108, 109].
In addition to its huge therapeutic prospective for human
genomic DNA editing [105, 109], the CRISPR—Cas9 sys-
tem has been used to target human genetic disorders in vivo
and in vitro systems. Numerous preclinical studies have
shown the benefits of CRISPR/Cas9-mediated gene editing
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for the treatment of both neurodegenerative and neuromus-
cular disorders. Many studies utilized CRISPR strategies
to ignore the premature stop codon in the DMD gene (the
cause of Duchenne muscular dystrophy) by creating indels
in adjacent exons [66, 110], which led to recovery of dystro-
phin expression [111]. Recently, engineered Cas9 proteins,
termed “Base Editors” and “Prime Editors,” were used to
induce exon skipping by altering sequences in splice site
[112, 113]. Moreover, it can be used to correct the point
mutations which are persisting in 25-35% of DMD patients.
It has been demonstrated that approximately 20% gene-
editing efficiency could be sufficient to restore wild-type
protein levels and deminish disease symptoms [113, 114].
The SODI1, C9orf72, ATXN2, and FUS genes are associ-
ated with Amyotrophic lateral sclerosis (ALS). Since 2017,
CRISPR systems have been used to disrupt SOD1 gene
expression [115-117]. Recently, a study was done to gen-
erate indels in iPSCs derived from a patient with C9orf72
expansions [118]. Spinal muscular atrophy (SMA) is a fatal
neuromuscular disorder resultig from the loss-of-function
mutations in the survival motor neuron 1 (SMN) gene; thus,
gene therapy aims to restore the SMA gene’s functions. A
study successfully increased the production of SMN2 full-
length (FL) gene expression by a CRISPR/Case 9 targeted
intronic-splicing silencer sequence [119]. Accumulation of
amyloid-beta (AP) and tau proteins are related to alzheimer’s
disease—AD pathophysiology. Since many genetic factors
such as oxidative stress, vascular dysfunction, proteinopathy,
metal ions, inflammation, mitochondrial dysfunction, lipid
metabolism, microbiota—gut-brain axis, and gene-environ-
ment interactions are associated with the pathophysiology
of AD [125], various studies proposed either knocking out
APP, PSENI1, PSEN2, CysLT1R, GMF, BACEI, Th genes
[120-123] or correcting APOE4 alleles to E3 or E2 as a
potential treatment approach for AD [121, 124]. Various
CRISPR/Cas systems were used as powerful techniques to
reach this goal. CRISPR/Cas-based treatments are applied
to solve the consequential neuronal toxicity in the hunting-
ton’s disease—HD patient’s brain, mainly by targeting the
HTT gene [125-129] or mRNA [130]. These approaches
can achieve up to a 79% reduction in HTT production
[130]. Toxicity in Parkinson’s Disease—PD is caused by
an increase in the kinase activity of LRRK2 and Lewy bod-
ies (LBs) appearance; thus, gene-editing systems could be
successfully used to treat PD molecular features by target-
ing the SNCA (a-synuclein), LRRK?2, PARKIN, and INK1
genes especially using the CRISPR/Cas system [131, 132].
Notwithstanding, so studies have been registered on the
topic of neurodegenerative, neurodevelopmental, and neuro-
muscular disorders; there are a few registered clinical trials
using gene therapy techniques, and unfortunately, very few
clinical trials have investigated the CRISPR/Cas method.
The CRISPR/Cas system has recently been employed to
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treat genetic disorders in vivo. The first-ever clinical trial
reported clinical safety and molecular efficacy of an intrave-
nous (IV) administration of the CRISPR/Cas system in vivo
in human-targeted ATTR. This clinical trial (https://ir.intel
liatx.com/news-releases/news-release-details/intellia-thera
peutics-doses-first-patient-landmark-crisprcas9), Supported
by Intellia Therapeutics and Regeneron Pharmaceuticals.
(NCT04601051), designed (in New Zealand and the United
Kingdom, 2020) to elevate the safety, tolerability, phar-
macokinetics, and pharmacodynamics of a single dosage
infusion therapy against Hereditary Transthyretin Amyloi-
dosis with Polyneuropathy (ATTRv-PN) and Transthyretin
Amyloidosis-Related Cardiomyopathy (ATTR-CM). This
therapy, named “NTLA-2001,” is based on the CRISPR/
Cas strategy and uses a lipid nanoparticle delivery system
to target the TTR gene in hepatocytes. In an ongoing phase
1 clinical study, a single dose of NTLA-2001 was tested in
six patients diagnosed with hereditary ATTR amyloidosis
with polyneuropathy (three patients were diagnosed with the
p-T80A mutation, two had the p.S97Y mutation, and one had
the p.H110D mutation). The results showed (after 28 days
after treatment) [133] a durable knock-out of the TTR gene
in a dose-dependent manner and a 47% to 96% reduction in
serum TTR protein level correlating with dosage. This level
of response, besides a few adverse events observed in this
trial, could be scaled satisfactorily for the treatment to be
offered to all ATTR patients [134].

Another clinical trial (NTC03332030) with 20 enroll-
ments has been done in the field of Neurosciences, which
is supported by the Children’s National Medical Center in
the United States (2015). This trial focused on Optic path-
way gliomas—OPG, a low-grade astrocytic tumor primarily
involving the optic nerve, chiasm, and tracts that occurs in
20% of children with NF1. However, low-grade astrocytic
gliomas formation in the other parts of the brain, such as
the hypothalamus, brainstem, and cerebellum are also usual.
These brain tumors can grow at diverse rates and may lead
to neurologic dysfunction ranging from severe disabilities to
little or no symptomology. Thus, this trial aimed to achieve
three different engineered nervous system cell lines (NF1
wild-type NF1 +/4, NF1 Heterozygous NF1 +, and NF1
Homozygous NF1 -/-) that were differentiated from the
induced pluripotent stem cell or iPSCs.

Nowadays, the entire genome can be targeted by CRISPR,
either by degrading or by base-editing. Among neuroscien-
tists, CRISPR has been well accepted because this method
is completely compatible with scientific purposes and pro-
vides a provision for conducting preclinical and clinical
practices. It is expected that CRISPR—Cas will pave the
way for the operationalization of neuroscience processes,
by facilitating the production of the required animal models
and cell lines of neurological diseases to accede a better
understanding of the disease mechanism and to apply the

existing gene therapies and develop the translational neu-
roscience. However, it should be noted that at present two
weaknesses hinder the clinical application of CRISPR in
genetic diseases related to the nervous system. Therefore, the
delivery methods as well as minimizing the off-target effects
of the CRISPR—Cas is the first step that should be improved,
thereby CRISPR can promote gene therapy of neurologi-
cal diseases. Notwithstanding, these issues do not detract
from the immense value and potential of the CRISPR-Cas
technique.

Periodontic Disorders

Periodontitis is a serious gum disorder with inflammation
and infection that affects the soft connective tissue and can
damage bone tissue if left untreated [135]. The CRISPR
technology can be used to target microbes associated with
oral diseases. For example, bacteriophage engineering
through the CRISPR-Cas3 system can target oral pathogens
and biofilms [136]. CRISPRa, CRISPRi, and Cas13 systems
also knock down the genes involved in periodontal disor-
der by altering the transcriptome without changing DNA
sequences. The advantage of this method over traditional
DNA editing is that the changes are reversible and tempo-
rary [134]. By knocking out a gene using the CRISPR tech-
nique, its role in biological pathways can be understood. It
was documented that knocking out the PTPN2 gene with
CRISPR-Cas9 in mouse models enhances the phosphoryla-
tion of JAK1 and STAT3,22 transcription factors, leading
to increased periodontal inflammation. Therefore, it can be
concluded that PTPN2 contributed to the inhibition of this
inflammation [137-139]. Overall, the usage of the CRISPR
method in periodontitis experimental trials has been limited;
however, with the development of this system, more thera-
peutic strategies will replace surgery to treat periodontal
disorders.

Rare Protein Folding Diseases

One of the rare proteins folding diseases is Hereditary tran-
sthyretin-derived amyloidosis (ATTRm) which has a preva-
lence of fewer than 1/100,000 people worldwide and is asso-
ciated with sensory and motor neuropathy [140-142]. ATTR
is similar to other neurological diseases caused by protein
misfolding, such as Alzheimer’s and Parkinson’s. In this dis-
order, the mutant TTR protein is incorrectly folded, sticks
together to form fibril amyloid plaques, and even interferes
with the function of normal TTR proteins. Recently, it has
been shown that the CRISPR technique can play a promis-
ing role in treating and managing ATTR by modifying the
gene involved in this rare disorder. The first CRISPR—Cas9
clinical trial, in which genome-editing components were
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systematically delivered to the body by lipid nanoparticles,
was used in the treatment of ATTR. In this method, the
NTLA-2001 genome-editing agent based on CRISPR—Cas9
is used to create a double-strand break in the TTR gene, and
thus decrease the production of the defective protein and its
aggregation. In fact, a 52% reduction in serum TTR protein
levels was found after 28 days. This in vivo CRISPR therapy
was started in the United Kingdom in 2020 and is currently
recruiting; this project is funded by Intellia Therapeutics in
conjunction with Regeneron Pharmaceuticals [133].

Preimplantation Genetic Diagnosis

CRISPR is introduced as a therapeutic tool for modifying
genetic disorders in early embryos or germline cells. At
the same time, Preimplantation genetic diagnosis (PGD)
is a selective method for finding embryos that do not have
genetic abnormalities [143]. However, PGD is not always
effective, for example, in cases where both parents are het-
erozygous for an autosomal dominant disease or when the
mother is heteroplasmic for a mitochondrial mutation, it is
less likely to find enough embryos without harmful muta-
tions. Besides, if one parent is homozygous for an auto-
somal dominant condition, both are homozygous for an
autosomal recessive disease, or the mother has a homoplas-
mic mitochondrial mutation, it is not possible to transfer
healthy embryos by the PGD method because all of them
are affected by inherited mutations. In this situation, the
CRISPR technique can be used to have healthy offspring
[144-146]. Clinical application of the CRISPR system on
human embryos is in the early stages, and limited stud-
ies have been conducted in this regard. The efficiency of
Zygote’s genetic modification by CRISPR-Cas9 has been
reported to be between 0.5 and 40%. So far, CRISPR ger-
mline genome editing (CRISPR GGE) has been used in
model animals (like primates and mice) to correct genetic
errors in diseases such as beta-thalassemia. It has also been
reported that CRISPR GGE can prevent SMA births in mice
[147]. Today, there are concerns about the safety of CRISPR
applications in reducing abnormal genetic births and altering
the human genetic pool. However, this technology will be
a potential prenatal treatment approach in the future [143].

Mitochondrial Disorders

Mitochondrial disorders, also called “Mystondria” (mys-
terious diseases of mitochondria), are a group of inher-
ited diseases that occur due to mutations in mitochondrial
DNA—mtDNA or in nuclear DNA—nDNA. The prevalence
of these disorders is increasing today, and there is no thera-
peutic application to treat mitochondrial disease. There-
fore, genome-editing techniques, especially the CRISPR/
Cas System, were widely used to treat these diseases by
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manipulating the nDNA or targeting the mtDNA [148]. On
the one hand, special features of mtDNA make it neces-
sary to apply specific genome-editing methods. On the other
hand, Cas9 is a large protein; likewise, RNA importing pro-
cesses to mitochondria is unclear. Therefore, delivering the
CRISPR/Cas9 package into the mitochondria is challenging.
Thus, more studies are needed to validate the efficiency of
the CRISPR/Cas9 system in mitochondria-associated dis-
orders treatment. From the future perspective, identifying
or engineering new Cas proteins, eliminating the need for
the guide RNA, and designing new methods to deliver the
CRISPR system into the mitochondria of the target cells
are the main goals that must be achieved first in order to
enhance the gene-editing potential of the CRISPR method
for mtDNA.

The history of applying the CRISPR/Cas system to
mitochondrial disorders dates back to 2015. Initially, to
study mitochondrial diseases, cell lines and animal mod-
els of the disease were required, which were developed
by genome-editing techniques such as CRISPR/Cas9 (e.g.
NSUN?2 knocked-out HEK293T cell line [149-151], YARS2
knocked-out HeLa cell line [152], and yarsZ‘/ ~ zebrafish,
nsun2~" mice [150] model). At the same time, the CRISPR
technique is used in the development of Genomic-Wide
Screening Libraries to identify essential genes in different
pathways such as oxidative phosphorylation [153], ATP-
modulating [154], cell death [155], metabolic resistance
[156], adenine nucleotide translocator—ANT functions
[157], or knock-out screen to identify how mitochondrial
stress is relayed to ATF4 [158].

Despite the colossal number of studies that have intro-
duced the clinical applications of CRISPR/Cas systems, its
use has limitations for mitochondrial disorders because the
delivery of the CRISPR system into mitochondria remains
debatable. In 2015, the nuclear localization signal on the
N-terminus of the Cas9 protein was replaced with a mito-
chondrial targeting sequence (MTS), called “mitoCas9,”
[159] to target the MT-COX1 and MT-COX3 genes in the
HEK?293T cell line. After five days, a significant decrease
in mtDNA was observed. Subsequently, many studies have
been performed to improve the CRISPR system or its deliv-
ery method to mitochondria [159-161].

Challenges of gene editing by the CRISPR
system

CRISPR/Cas9 is a promising method, but its recent discov-
ery and application in humans makes it difficult to utilize in
clinical studies. Immunogenicity, off-targeting, mutations,
delivery techniques, and ethics are main difficulties with the
CRISPR/Cas9 technology (Fig. 3).
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Immunogenicity

Immunogenicity or immunoreactivity refers to biological
reactions in which the biomaterials being recognized by
the body’s immune system as a foreign agent and provoke
immunological responses resulting in severe adverse reac-
tions [162]. Researchers have found that pre-exposure to
similar antigens of the CRISPR systems components such
as Cas9, delivery vectors (e.g., adenoviral vectors), and
guide RNAs can induce immune reactions, which may lead
to failure in successful genome editing [163—165]. It has
been stated that CRISPR systems have ability to trigger both
innate immunity (by guide RNAs) and/or acquired immune
responses (anti-Cas9 antibody in humoral responses and
anti-Cas9 T cells in cellular responses) in healthy individu-
als. To conquer this challenge, several strategies have been
proposed including phosphatase treatment of in vitro—tran-
scribed guide RNAs, developing novel Cas proteins and
delivery vectors with lower possibility of prior exposure
in individuals, and evaluating and monitoring the immune
reactions toward the CRISPR systems components before
and during clinical trials [163—166].

Off-Targeting

Off-targeting is a major problem with CRISPR/Cas9. When
using the CRISPR—Cas9 system in complex genomic spe-
cies, such as mammals, the gRNA may bind to non-specific
region owing to similarities in the genome, which may lead
to subsequent mutations. Bioinformatics technologies have
been created to anticipate and decrease off-target alterations.
These could be upgraded to help researchers create novel
medicines [167], [10, 11, 168]. Utilizing the High-fidelity
SpCas9 can also increase efficiency and decrease off-target
functions. In HDR-based repair, longer gRNA often pro-
vides a stronger affinity for target genes. Moreover, enzymes
(nucleases) can be modified, or Cas9 can be expressed tem-
porarily, to reduce the possibility of off-target consequences.
Besides, the type of vectors can diminish the off-target risk,
for instance, no integration into the host DNA occurs when
we employ adeno virus (AV) vectors [8, 169, 170].

Mutations

Contrary to other hereditary disorders like hemophilia or
Huntington diseases, cancer is linked to a variety of muta-
tions in different genes [171, 172—174]. To achieve the
desired outcome in cancer therapy by knocking in the mutant
gene, one strategy that should be considered is modification
of the aberrant nucleotides of tumor suppressor genes. By
correcting the activity of these tumor suppressor genes, the
CRISPR/Cas9 technology has ability to limit or diminish

carcinogenesis [175]. Besides, the CRISPR-Cas system
can alter the nucleotide sequences to block the function
of oncogenes like KRAS [175-178]. However, in cancer
gene therapy, altering a single mutant nucleotide is seldom
adequate. Correcting mutant nucleotides by knocking in is
more difficult in CRISPR—Cas9 than knocking out and as
mentioned above, cancer is aroused by several mutations
in multiple genes. Therefore, knocking in all of the cancer-
causing genes takes longer, requires multi-guide RNAs, and
has greater chance of off-targeting, which make it laborious
[179]. To overcome the obstacles, we can conduct CHyM-
ErA methods which relies on two Cas proteins, Cas9 and
Cas12a nucleases, and use bioinformatic tools to recognize
interaction sites of proteins and predict the outcome of
CRISPR knock-out [180-182].

Delivery Techniques

The choice of a safe, accurate delivery mechanism to trans-
fer CRISPR into the tumor location, especially in vivo, and
targeting the appropriate sequence inside the nucleus are fur-
ther challenges. CRISPR/Cas9 is supplied by viral, physical,
and extracellular vesicle-base systems. Each approach has
advantages and limitations. The choice of the proper vector
involves packaging, transportation, and site targeting. Viral
vectors are employed in vivo and in vitro, but have draw-
backs such as immunological response and insertional con-
straint. After introducing a viral vector in vivo, it is exposed
for a long period, increasing the risk of mutations and off-
targeting [183—186]. Another possible solution is employing
new delivery methods such as solid lipid nanoparticle, gold
nanoclusters and nanowires, and cationic lipids [187-191].
However, each one has its own concerns, such as difficul-
ties in producing large amounts of nanoparticle for clinical
applications and toxicity of cationic lipids [185, 192].

Ethics

CRISPR/Cas9-mediated genome editing has shed fresh light
on human genetic changes. Given the unpredictability and
far-reaching impacts of this technology applications, its ethi-
cal and societal ramifications must be thoroughly examined
[193].

Conclusion

The substantial achievements in gene-editing technology in
recent years are already making dramatic advances in improv-
ing human health, such as using gene editors in ongoing clini-
cal trials to treat various types of human disorders, includ-
ing HIV, cancer, and hematologic disorders. As gene editors
progress, new treatments for other disorders will likely come
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Fig.3 Major challenges and possible approaches toward utilizing the CRISPR—Cas in clinical settings

into view. Specifically, the CRISPR systems as modern gene
editors are rapidly progressing and have been used to induce
different genetic modifications in human cells, such as site-
specific editing of DNA sequences, activation or suppression
of gene expression of interest, and epigenetic changes. Nev-
ertheless, despite the potential concessions of gene editors
for human therapy, the basic biology underlying these gene-
editing tools should be better understood to ensure the safety
and efficiency of treatment options for affected individuals.
Many CRISPR systems have been examined only in vitro, and
their effectiveness and safety in vivo are still unclear. This
will probably involve the complicated interaction between a
given tool’s molecular function and delivery methods. Some
CRISPR ingredients have elicited immunogenic responses in
human. In many cases, there are widespread off-target effects
of using CRISPR-based gene-editing tools, which can be haz-
ardous if we have to use them in a critical organ or if they are
inadvertently delivered. The novel routes for enhancing deliv-
ery to desired sites and reduction of off-target sites should be
investigated. These are issues that are now being fully explored
by research teams, and advances in these areas will be essen-
tial to the outcomes of gene-editing therapies. There are also
many ethical issues associated with the rapid growth of new
gene-editing tools in recent years, from editing the develop-
ing human embryo to determining who has the authority to
make the regulations or who should make the decisions. There
will be a need for global debate between science and politics
to control and manage the use of CRISPR and genome edit-
ing technologies in developing infants. In addition, health and
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disease often include a range, contrary to popular belief and
thus, decisions must be made based on a known or potential
compromise. Moreover Genome editing has significant risks;
therefore, a balance must be struck between the risks accepted
and the significant benefits in each case. This balance will be
altered as technology advances and the risk/benefit status for a
given treatment changes. Lastly, as novel technologies develop,
there is the concern that they may be misused by accident
or purposely. Gene-editing technologies, especially CRISPR,
are potent and have great potential to deliver new therapeutic
opportunities for many human disorders. Since the extent of
funds allocated to better understanding and describing these
technologies increases each year, their clinical expansion is
very close to becoming a reality. Finally, CRISPR/Cas9 cell-
based regeneration therapies offer the potential to overcome
the rejection problems associated with transplantation proce-
dures, which requires donor compatibility. These procedures,
known as autologous therapies, entail genetic modification to
repair a mutation in a patient's own tissues.
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