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Abstract

CRISPR gene-editing technology has revolutionized modern genetics, offering precise and efficient
modifications across multiple domains, including human medicine, agriculture, and veterinary science.
This study explores the diverse applications of CRISPR, highlighting its role in treating genetic disorders
such as sickle cell anemia and Duchenne muscular dystrophy, advancing cancer immunotherapies,
and developing CRISPR-based antiviral therapies for HIV and COVID-19. In agriculture, CRISPR has
facilitated the development of disease-resistant livestock, enhanced crop yields, and improved food
sustainability. Additionally, CRISPR is being integrated with artificial intelligence (Al) and bioinformatics
to optimize gene-editing accuracy, predict off-target effects, and accelerate drug discovery. Despite
these advancements, CRISPR faces significant challenges, including ethical dilemmas surrounding
germline editing, regulatory inconsistencies across countries, high costs of gene therapies, and concerns
about genetic inequality. The legal and social implications of CRISPR remain complex, requiring global
cooperation to establish standardized regulations and ensure equitable access to genetic therapies.
Emerging innovations such as base editing, prime editing, and epigenetic modifications offer promising
solutions to improve CRISPR’s precision and safety. Looking ahead, CRISPR’s long-term success will
depend on responsible scientific advancements, ethical oversight, and public acceptance. With the
continued refinement of gene-editing techniques and Al-driven CRISPR optimizations, this technology
holds the potential to revolutionize medicine, agriculture, and environmental conservation. However,
careful implementation and transparent discussions are essential to navigate the ethical, legal, and
societal challenges that accompany CRISPR’s rapid development.
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INTRODUCTION

Modern biotechnology has achieved
a major breakthrough through gene editing
tools that enable scientists to precisely modify
genetic material in living organisms.*? The
modification of DNA sequences has been a focus
of genetic research since researchers developed
recombinant DNA technology in the 1970s.3
Through this technique scientists could transfer
foreign genetic material into living organisms
which led to important developments in genetic
engineering and genetically modified organism
(GMO) production.** Researchers developed
gene-editing methods known as zinc finger
nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENs) during the 1990s
through the early 2000s.6 The DNA modification
process through these techniques provided
precise control but involved expensive equipment
and required challenging protein engineering
procedures.”® Their restrictions established basic
principles that helped researchers develop future
gene-editing systems. In 2012, scientists led by
Emmanuelle Charpentier and Jennifer Doudna
announced the discovery of clustered regularly
interspaced short palindromic repeats (CRISPR)
with its Cas9 protein to create an advanced gene-
editing technology.® CRISPR technology developed
through observations of how bacteria use CRISPR
sequences to protect themselves from viral DNA
attack.'®* Previous studies claimed that CRISPR
technology assists in developing a universal DNA
editing approach which made biological research
more affordable and accurate in multiple fields
including human, animal and plant sciences.*
The discovery of CRISPR-Cas9 led to its rapid
deployment across biomedical research and
agricultural applications and synthetic biological
programs.

The gene-editing system CRISPR-Cas9
presents an efficient and accurate method
to modify targeted DNA sequences through
its programmable mechanism.*®* CRISPR-Cas9
contains two fundamental elements consisting
of the guide RNA (gRNA) that points Cas9
toward a precise DNA target and the Cas9
protein that functions as DNA-cutting molecular
scissors for exact DNA sequence manipulation.*
Cellular repair systems activate after DNA cut to

accomplish gene alterations through NHEJ and
HDR processes.'® CRISPR-Cas9 demonstrates
important advantages through its straightforward
implementation and high efficiency while enabling
broad usage.'®'” CRISPR offers distinct advantages
over ZFNs and TALENSs by using guide RNAs instead
of custom protein engineering for sequence
targeting which reduces operational costs and
simplifies the process.'® Multiplexing capabilities
of CRISPR have transformed genetic research
and therapeutics development while enabling
targeted simultaneous alteration of multiple
genes.” The scientific revolution known as CRISPR
affects diverse disciplines including medicine and
agriculture at a significant level.?°>

CRISPR technology is now used to develop
disease-resistant crops and livestock, significantly
reducing the reliance on antibacterial medicines
and chemical additives by enhancing natural host
defenses. These genetic modifications typically
work by disrupting viral entry receptors, such
as CD163 in pigs for PRRSV resistance, or by
bolstering innate immune pathways, resulting
in reduced pathogen replication and disease
severity. While these edits confer substantial
protection, it is important to note that they do
not provide absolute immunity; rather, they
establish a heightened state of resistance or
resilience that lowers disease incidence under field
conditions. This distinction is critical for accurately
communicating the capabilities and limitations
of CRISPR-based genetic improvements. Islam
etal.” reported that CRISPR technologies has now
been used to develop stronger crops together with
improved characteristics in livestock for increased
farming productivity. Alternative applications of
CRISPR in veterinary medicine focus on treating
hereditary conditions in animals along with
stopping disease transmissions between animal
and human populations.? Although CRISPR holds
massive potential it creates a series of ethical
issues together with security concerns. The
singular use of CRISPR technology faces problems
with unexpected genetic modifications (off-target
effects) and opposition to altering human germ
cells and struggles to regulate modified genetic
organisms. The continued research into CRISPR
technology development will bring more benefits
than limitations to medical fields along with
agriculture and biotechnology which positions

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Aloufi | J Pure Appl Microbiol. 2026;20(3):1920-1952. https://doi.org/10.22207/JPAM.20.3.39

it as a leading scientific breakthrough during the
21 century.?>2¢

The biological basis of the CRISPR
system was discovered through earlier studies
investigating adaptive immune mechanisms in
bacteria and archaea. Initial observations of
clustered regularly interspaced short palindromic
repeats (CRISPR) were reported in the late 1980s
and subsequently recognized as components
of a microbial adaptive immune system. A
major breakthrough occurred in 2012 when
Emmanuelle Charpentier and Jennifer Doudna
demonstrated that the CRISPR-Cas9 system
could be reprogrammed using a synthetic guide
RNA to direct sequence-specific DNA cleavage.
This landmark discovery established CRISPR-
Cas9 as a versatile and programmable genome-
editing platform, laying the foundation for its
widespread applications in medicine, agriculture,
biotechnology, and basic biological research.

The main purpose of this review is to
analyzes how CRISPR-based gene editing has
revolutionized disease resistance and medical
treatment development across human and animal
domains. Recent advances in genetic medicine
are powered by CRISPR technology through its
creation of novel approaches to mend inherited
disorders and design cancer-specific medicines
and tackle infectious diseases. CRISPR-based gene
editing has transformed animal health practices
by creating disease-resistant livestock which also
helped better veterinary medicine and protected
wildlife populations. The reports on CRISPR’s
rapidly evolving status while discussing its future
possibilities to spread awareness about this
groundbreaking technology among scholars and
policy makers alongside society at large.

Literature Search Strategy and Selection Criteria

This review was conducted as a narrative
review to provide a comprehensive overview of
the recent advances and applications of CRISPR-
based gene editing technologies in human health,
animal health, and biotechnology. Relevant
literature was identified through systematic
searches of major scientific databases, including
PubMed, Web of Science, Scopus, and Google
Scholar. The literature search was performed
using combinations of keywords such as “CRISPR”,
“CRISPR-Cas9”, “gene editing”, “base editing”,

” u ” u

“prime editing”, “gene therapy”, “cancer therapy”,
“infectious diseases”, “animal health”, “livestock
gene editing”, “veterinary medicine”, “gene
drives”, and “CRISPR ethics”.

Priority was given to peer-reviewed
research articles, clinical studies, reviews, and
regulatory reports published primarily between
2015 and 2025, although seminal studies
published earlier were also included to provide
historical context and foundational knowledge.
Articles were selected based on their scientific
relevance, methodological quality, novelty, and
contribution to the advancement of CRISPR
technologies and their applications. Studies with
insufficient scientific evidence, duplicate reports,
non-English publications, and publications lacking
direct relevance to the scope of this review were
excluded. The final selection of literature was
made to provide a balanced and comprehensive
overview of current developments, challenges,
ethical considerations, and future perspectives of
CRISPR-based technologies.

Mechanism of CRISPR-Cas9 gene editing
Structure and function of CRISPR-Cas9

The gene-editing tool CRISPR-Cas9
originates from the natural defense system
bacteria and archaea use to protect themselves.”
CRISPR sequences working together with Cas9
proteins enable bacteria to defend against viral
infections in their natural habitat.?® Bacteria
capture viral DNA fragments to produce CRISPR
sequences which function as viral recognition
tools to counter future infections.?® This natural
defense system has now been adapted for precise
genome editing across multiple species which
includes both human and animal lifeforms.*°
Two core components make up the CRISPR-Cas9
system: gRNA and Cas9 protein.>* A guide RNA
functions as a carefully engineered RNA sequence
that specifically binds to DNA targets found in the
genome.? The guide RNA uses complementary
pairing to identify and guide Cas9 to its targeted
DNA location. The enzyme endonuclease Cas9
serves as DNA scissors to generate precise double-
strand breaks at specific targeted DNA locations.
The cellular repair mechanisms start working
automatically to fix the cut DNA. Cellular repair
mechanisms enable genetic modification through
gene knockout disruptions and precise DNA
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sequence insertions that lead to gene correction
or replacement. The high specificity and efficiency
rates of CRISPR-Cas9 operations make it the
standard tool for genetic modifications both in
research and therapeutic applications.3¢

Steps in CRISPR gene editing

With its precise genome modification
abilities CRISPR-Cas9 completes distinct
programming steps to reach targeted genomic
positions. Researchers begin the process by
choosing specific DNA sequences which they aim to
modify as their first step. The target DNA sequence
requires both a precise protospacer adjacent motif
(PAM)*” localization and placement next to the
desired genomic region. CRISPR-Cas9 depends on

Step 1
RNA-Cas9 complex is
formed by joining sgRNA
with Cas9

Step 3
Active sites of Cas9 induce a
double-strand break (DSB)

this step to accurately locate and modify specific
genetic areas while protecting the rest of the
genome from unintended alteration. Guide RNA
synthesis comes next after the design process.
Scientists develop single-guide RNA (sgRNA) by
uniting a Cas9-binding scaffold sequence with
DNA-targeting sequence information that guides
Cas9 toward its destination DNA area. Scientists
introduce synthesized RNA molecules with Cas9
proteins into target cells as shown in Figure 1.
The final step requires the delivery of CRISPR-
Cas9 components to target cells. The choice of
delivery method for CRISPR-Cas9 depends on both
the targeted organism type and the application
requirements. Multiple delivery methods assist
CRISPR component transport into cells through

Step 2
sgRNA targets a specific gene
sequence adjacent to a PAM

(X)‘IIIDQT"?@(

Step 4

Disease-causing genes can be silenced via NHEJ-
mediated indels or HDR-mediated correction

Step §
Alternatively, a corrected DNA
sequence can be introduced via
HDR to repair defective genes

DOW

DX

Figure 1. Schematic representation of the CRISPR-Cas9 gene-editing mechanism. The process begins with the
formation of a ribonucleoprotein complex by joining the single-guide RNA (sgRNA) with the Cas9 endonuclease
(Step 1). The sgRNA then targets a specific genomic sequence through complementary base pairing, guided by
the presence of a protospacer adjacent motif (PAM) (Step 2), directing the Cas9 enzyme to the intended editing
site. The catalytic domains of Cas9, often referred to as molecular scissors, induce a double-strand break (DSB)
in the DNA (Step 3). This activates cellular DNA repair pathways, allowing for gene silencing or modification of
disease-causing genes via non-homologous end joining (NHEJ) or homology-directed repair (HDR) (Step 4). Finally,
when a homologous repair template is provided, a corrected DNA sequence can be introduced to repair or replace
defective genes, enabling precise genetic modifications (Step 5). This technique is widely used in genetic research,
medicine, and biotechnology for gene therapy and functional genomics
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viral vectors and lipid nanoparticles alongside
electroporation. The guide RNA finds its matching
DNA sequence inside the cellular environment and
triggers Cas9 to produce double-strand breaks at
that location. DNA repair constitutes the fourth
fundamental stage in the CRISPR-Cas9 process.
Following Cas9’s DNA incision, the cells activate
their built-in DNA repair systems. Two main
cellular pathways exist to fix DNA double-strand
breaks: non-homologous end joining (NHEJ) and
homology-directed repair (HDR).383°

Through error-prone non-homologous
end joining repair mechanisms DNA ends bind
together yet this process commonly generates
small insertions or deletions (indels) which
produce gene disruptions. Scientists conduct
gene knockout procedures using this technique to
deactivate target genes. The precision-based HDR
repair system utilizes a homologous DNA template
to deliver exact DNA break repair. Scientists
deploy synthetic DNA templates with CRISPR-

Cas9 to enable cells to implement specific genetic
changes as they mend their DNA. Scientists employ
HDR technology to execute gene correction or
replacement therapies that fix disease-causing
genetic mutations. Following the completion of
repairs scientists perform verification checks to
ensure the successful edits have taken effect.
Scientific research uses methods like PCR along
with sequencing and fluorescence markers to
ensure researchers can verify that their desired
DNA modifications were properly integrated.
Optimization steps are implemented to achieve
higher efficiency while reducing undesirable
impacts when required.**

DNA repair mechanisms following CRISPR-
induced double-strand breaks

Through CRISPR-Cas9 gene editing
systems cells create double-strand breaks (DSBs)
within DNA to activate their intrinsic repair
pathways.** The DNA repair mechanisms that

sgRNA (single-
guide RNA)

Target DNA
l (adjacent to PAM)

Non-homologous end joining (NHEJ)

N\

Homology-directed repair (HDR)

Insertions or deletions (indels)

Gene knockout (via NHEJ) m

HDR (homology-directed repair)

Point mutation (base
substitution)

[ [ I Gene correction (via HDR)

. insert

1 HDR
Knock in m 1

Figure 2. DNA repair mechanisms following CRISPR-Cas9-induced double-strand breaks (DSBs). The CRISPR-Cas9
system introduces targeted DSBs in the DNA, guided by the sgRNA to a specific target sequence adjacent to a PAM.
The cell then employs distinct DNA repair pathways to resolve the break. The two primary repair mechanisms
are non-homologous end joining (NHEJ) and homology-directed repair (HDR). NHEJ is an error-prone, template-
independent process that frequently introduces insertions or deletions (indels), leading to gene knockout. In
contrast, HDR is a high-fidelity, template-dependent pathway that utilizes a homologous DNA template to achieve

precise gene correction, insertion, or replacement
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process double-strand breaks control the final
result of the gene-editing process. The repair
of DNA relies on two main repair mechanisms
known as Non-Homologous End Joining (NHEJ)
and Homology-Directed Repair (HDR) (Figure
2).* These repair mechanisms determine the
final genetic outcome of CRISPR experiments
by controlling knockouts and precise edits and
insertions in DNA.

Non-homologous end joining (NHEJ) functions
as an error-prone DNA repair system leading to
gene knockouts

The speed and template-free nature
of NHEJ repair makes it the leading DNA repair
process in most cells. The DNA ends are bound
together directly through NHEJ to repair double-
strand breaks. DNA repair through this pathway
produces inaccurate results that create either small
insertions or deletions (indels) at the site where
the break occurred. Scientists take advantage of
NHEJ’s error-prone repair process to generate gene
knockouts through DNA sequence interruptions
which can alter gene coding sequences into
useless proteins or stop signals. Scientists use
this technique for two main purposes: breaking
harmful genes or pathogenic sequences in
diseases and regulatory elements. The absence of
template requirements allows NHEJ to operate at
maximum efficiency within both dividing and non-
dividing cells. The imprecision of NHEJ prevents
it from working well in applications which need
precise sequence modifications.**®

Homology-directed repair (HDR) as a precise
pathway for gene correction and insertions

HDR serves as the precise DNA repair
pathway that requires homologous DNA sequences
for accurate genetic modifications. The repair
process operates through either native chromatin
strands or added exogenous DNA which contains
the target sequence. The precise correction
of genes and targeted insertion or functional
replacement tasks depend on HDR. Through HDR
scientists create therapeutic gene modifications
which enable disease-correcting mutations and
functional gene insertions together with protein
research tagging applications. The efficiency of
HDR remains significantly lower than NHEJ because
it only happens during the S and G2 phases of

the cell cycle while homologous recombination
machinery actively operates. HDR efficiency can
be improved by delivering repair templates with
CRISPR complexes while blocking NHEJ protein
activity and using chemical agents like SCR7 and
RS-1.474¢ Standard approaches have not solved
the challenge of HDR efficiency in somatic gene
therapy because cells in this context typically do
not divide.

Applications for DNA repair mechanisms in
CRISPR-based editing

A particular gene-editing approach
needs either NHEJ or HDR to achieve its genetic
modifications. NHEJ stands as the preferred DNA
repair mechanism for gene knockouts since it
operates with high effectiveness throughout all
cell types. Successful implementation of disease-
mutating therapies or gene insertion requires
HDR, but scientists must overcome its current
limited effectiveness. Scientists are researching
prime editing and base editing approaches to
overcome the limitations of NHEJ and HDR.* The
newer methods avoid double-strand breaks which
enables them to be more specific and decreases
the probability of harmful mutations occurring.
CRISPR technology development will require
better control of DNA repair processes to progress
both genetic treatment methods and agricultural
applications.

Advantages of CRISPR over traditional gene-
editing methods

The CRISPR-Cas9 system surpasses
previous gene-editing methods ZFNs and TALENs
because of its unique benefits.>>** The core
advantage of CRISPR stems from its basic nature.
Gonzalez et al.>* reported that CRISPR technology
differs from ZFNs and TALENs because it needs
short RNA synthesis instead of custom protein
design for sequence-targeting. CRISPR provides
enhanced utility and performance that enables
faster and less expensive biological modification
applications.®® According to Li et al.,** the
primary advantage of CRISPR technology is its
high precision performance combined with its
operational efficiency. The guide RNA lets Cas9
find specific DNA sequences with precision which
minimizes potential errors in targeting. The
precision of CRISPR-based genetic modifications
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improves through scientific developments in
modified Cas9 versions that create fewer errors
during application. Multiplexed CRISPR systems
demonstrates multiple applications through its
ability to edit several genetic sites at once.>® CRISPR
provides significant value for diseases and traits
research because it enables scientists to modify
multiple genes simultaneously.>®

The successful application of CRISPR
in bacterial, plant, animal and human cells has
resulted in transformative scientific breakthroughs
throughout medicine alongside agriculture and
synthetic biology research. CRISPR demonstrates
exceptional flexibility which enables its use in
numerous genetic applications. Scientists have
shown with CRISPR that it can modify genes
directly inside living organisms through in vivo
gene editing approaches.?” This technology
demonstrates promising potential for genetic
disorder treatment and infectious disease and
cancer therapy by eliminating the requirement for

N
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extensive ex vivo cell modification. Former gene-
editing methods worked predominately within
ex vivo or in vitro frameworks which needed cells
to undergo exterior body modifications before
human reintroduction.>® CRISPR technology faces
attributes despite offering these benefits. Gene
editing technology faces several crucial challenges
including genetic side effects together with
immune system reactions and moral dilemmas.>®
Technological advancements in CRISPR continue to
boost its safety along with effectiveness through
the development of highly precise editing systems
such as base editors and prime editors.

CRISPR in human health

CRISPR-based gene editing has emerged
as a transformative tool in human medicine,
offering the potential to correct genetic disorders
(Figure 3), develop targeted cancer therapies,
and combat infectious diseases. The precision
and efficiency of CRISPR-Cas9 (Table 1) have
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Figure 3. CRISPR-Cas9 gene-editing approach for Alzheimer’s disease treatment. The diagram illustrates the
pathological mechanisms of Alzheimer’s disease, highlighting the formation of amyloid-f3 plaques and neurofibrillary
tangles due to tau protein phosphorylation. The accumulation of amyloid-3 plaques leads to neuronal damage
and cognitive decline. The CRISPR-Cas9 gene-editing technique is depicted as a potential therapeutic approach,
targeting genes responsible for amyloid-f3 production to prevent plaque formation. By modifying these genes at
the DNA level using Cas9 and sgRNA, CRISPR-Cas9 may help stabilize microtubules, reduce neurodegeneration,

and restore normal neuronal function
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accelerated research in genetic medicine, paving
the way for revolutionary treatments that were
previously unimaginable. Scientists and clinicians
are actively exploring CRISPR’s potential in treating
monogenic and polygenic disorders, enhancing
cancer immunotherapy, and controlling viral
and bacterial infections. While CRISPR-based
therapies are still in the experimental and clinical
trial phases, early successes suggest that this
technology could significantly improve human
health in the coming decades.®°

Sickle cell anemia and beta-thalassemia

Mutations in the HBB gene resulting
from sickle cell anemia and beta-thalassemia
cause severe inherited blood disorders that
interfere with hemoglobin production.®* Frangoul
et al.%? performed a landmark clinical trial where
CRISPR-Cas9 modified hematopoietic stem cells
(HSCs) to reactivate fetal hemoglobin (HbF).
The therapy’s edited cells demonstrated their
effectiveness by reducing disease symptoms in
patients and enabling patients to avoid receiving
blood transfusions after administration. The
treatment yielded enduring benefits because fetal
hemoglobin maintained its elevated levels through
18 months after treatment completion. Kalkan et
al.%* employed base editing to accurately modify
HBB genes without creating DNA double-stranded
breaks. Approaches based on this method offer
safer genetic therapy options by reducing potential
adverse effects.

Amajor milestoneinthe clinical translation
of CRISPR technology has been achieved with the
regulatory approval of Casgevy (exagamglogene
autotemcel), the first CRISPR/Cas9-based gene-
editing therapy approved for human use. In
December 2023, the United States Food and
Drug Administration (FDA) approved Casgevy for
the treatment of sickle cell disease (SCD) with
recurrent vaso-occlusive crises in patients aged
12 years and older, followed by approval for
transfusion-dependent beta-thalassemia (TDT).
Casgevy utilizes CRISPR-Cas9-mediated editing of
autologous hematopoietic stem cells to disrupt
the erythroid-specific enhancer of the BCL11A
gene, thereby increasing fetal hemoglobin (HbF)
production and alleviating disease symptoms.
Similarly, the European Medicines Agency (EMA)
has authorized Casgevy for the treatment of

eligible patients aged 12 years and older with sickle
cell disease and transfusion-dependent beta-
thalassemia under specified clinical criteria. These
approvals represent a landmark achievement
in precision medicine and demonstrate the
successful transition of CRISPR technology from
experimental research to clinically approved
therapeutic applications.

Cystic fibrosis

Cystic fibrosis (CF) represents a fatal
inherited condition that stems from CFTR gene
mutations which generate excessive mucus
buildup both in lungs and digestive organs.
Researchers from Debczynski et al.5 demonstrated
how CRISPR-Cas9 technology repaired CFTR
mutations within patient-derived lung organoids
which in turn restored typical protein function.
Researchers believe CRISPR technology represents
a potential long-term approach to treat cystic
fibrosis because it allows direct correction of
genetic abnormalities in lung epithelial cells.®®
The major hurdle for CF gene therapy research
lies in finding effective delivery methods for lung
cell therapy. Researchers explore CRISPR delivery
through lipid nanoparticles and viral vectors to
enhance feasibility in treatment development.

Duchenne muscular dystrophy (DMD)

Genetic abnormalities in the DMD gene
leading to dystrophin protein deficiency result
in the development of the severe DMD muscle-
wasting condition.® Studies by Long et al.?’
achieved Dystrophin protein expression recovery
in DMD mouse models through CRISPR treatment
of abnormal exons. Research pointed to CRISPR’s
capacity for restoring muscle function which
enhanced both animal movement and survival
expectancy. The recent scientific achievement
of Agrawal et al.®® employed prime editing as
an enhanced CRISPR framework which precisely
repaired DMD mutations while minimizing
unwanted genetic byproducts. The experimental
approach has reached a phase where researchers
evaluate it for potential human clinical trial
applications.

Huntington’s Disease (HD)
The HTT gene’s excessive CAG repeats
create Huntington’s disease by making neurons
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build toxic proteins that damage them. Scientists
at Sen and Thummer.%® employed CRISPR
interference (CRISPRi) techniques to achieve
targeted repression of the mutant HTT allele
followed by a subsequent decrease in neuronal
tissue deterioration within HD models. Studies
demonstrated CRISPR technology’s potential to
stop disease progression in disorders that affect
the nervous system.

CRISPR for cancer therapy

Traditional cancer treatment approaches
including chemotherapy and radiation therapy
alongside targeted therapies generate major
side effects together with drug resistance and
restricted long-term treatment outcomes.
The CRISPR-based gene editing technology
has transformed cancer medicine through its
capability for accurate genetic modification that
boosts immunotherapy while targeting oncogenes
straight on or reactivating tumor suppressor genes
and increasing chemotherapy responsiveness.
Several preclinical and clinical research trials have
shown that CRISPR holds revolutionary potential
for transforming cancer treatment approaches for
patients facing treatment-resistant tumor cells.'%®

CRISPR-enhanced immunotherapy

The development of immunotherapy
has reshaped cancer treatment through its ability
to activate patients’ immune response against
tumor cells.® Ramos and Dotti'* reported that
Engineered T cells through chimeric antigen
receptor (CAR)-T cell therapy become capable
of targeting specific cancer markers to destroy
them. The development of CAR-T cell therapy
has been enhanced through CRISPR technology
which deletes the immune checkpoint genes
PD-1 and CTLA-4 that tumors commonly utilize to
avoid immune surveillance. Stadtmauer et al.’!
initiated the first clinical human trial employing
CRISPR-edited CAR-T cells for multiple myeloma,
sarcoma, and melanoma treatment which showed
that these CRISPR-modified T cells survived within
patients for months and performed effectively
against tumors. Study results demonstrated
that CRISPR enhanced CAR-T cells survival while
improving their capability to destroy tumor cells.
Han et al.'? employed CRISPR to alter tumor-
infiltrating lymphocytes (TILs) by disabling the CISH

gene which controls immune system suppression.
CRISPR-modified TILs demonstrated superior
tumor-fighting abilities in lung cancer experiments
thus indicating potential CRISPR usage in solid
tumors which previously did not respond to CAR-T
therapy.

Targeting oncogenes with CRISPR

Oncogenes represent mutated genetic
material that leads cells to divide without restraint
and create cancerous tumors.'** Multiple cancers
initiate from distinct oncogenic mutations
including the KRAS mutation affecting pancreatic
and colorectal cancers and the MYC mutation
targeting breast and colon cancer and the
EGFR mutation responsible for lung cancer
development.'*!5 Genetic manipulation through
CRISPR enables researchers to eliminate harmful
mutations in tumors resulting in complete
tumor growth suppression. Preclinical studies
have demonstrated that CRISPR-Cas9-mediated
disruption of oncogenes can significantly inhibit
tumor growth in animal models. For instance,
Weng et al."*® used CRISPR to disrupt mutant KRAS
in pancreatic cancer xenograft models, achieving
substantial tumor volume reduction and prolonged
survival in treated mice. Similarly, Wan et al.**” and
Yi et al.*® showed that CRISPR-mediated knockout
of the MYC oncogene in breast and colorectal
cancer cell lines led to reduced cell proliferation,
enhanced apoptosis, and impaired tumorigenicity
in vitro and in mouse models!¥ and Yi et al.!®
CRISPR shows promise as a precise genetic therapy
for cancer because it aims at actively removing
cancer-causing mutations while maintaining cell
integrity.

Reactivating tumor suppressor genes

Tumor suppressor genes like p53 and RB1
together with BRCA1 maintain essential control over
DNA damage and unbounded cell cycles. Research
suggests that cancers usually begin because loss-
of-function mutations in tumor suppressor genes
enable uncontrolled cell proliferation. Researchers
investigate CRISPR technology to reactivate
essential genes that restore tumor-suppressing
functions in cells. Ding et al.’*® demonstrated that
p53 gene expression in lung cancer cells via CRISPR
activation (CRISPRa) which restored cell death
functions and constrained tumor growth. Several

Journal of Pure and Applied Microbiology

1930

www.microbiologyjournal.org



Aloufi | J Pure Appl Microbiol. 2026;20(3):1920-1952. https://doi.org/10.22207/JPAM.20.3.39

studies including He et al.*?® and Feng and Jasin
121 conducted successful BRCA1 and BRCA2 gene
reactivation through CRISPR-based therapy to
restore DNA repair mechanisms which enhanced
breast and ovarian cancer cells’ response to
standard PARP inhibitor treatment. The analysis of
CRISPR technology demonstrates its effectiveness
in recovering the body’s natural cancer defense
system which allows new approaches to fighting
tumors without functional tumor suppressors.

Overcoming chemotherapy resistance with
CRISPR

The main obstacle in cancer treatment
emerges from chemotherapy resistance as cancer
cells find ways to escape the therapeutic effects
of drugs used to fight tumors. Researchers employ
CRISPR methods to counter drug resistance
through gene modification of metabolism-
related pathways and DNA repair functions
alongside apoptosis control processes. Norouzi-
Barough et al.’> employed CRISPR to eliminate

/

Human lung
epithelial cells

sgRNA

SARS-CoV—2 @ 3
u Receptor 7} )
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ABC transporter genes that actively remove
chemotherapy drugs from cancer cells leading
them to become drug-resistant. The study
documented success when researchers used
transporter disablement to improve cancer cell
response to standard chemotherapy treatments in
lung and ovarian cancers. Begagic et al.»** showed
that CRISPR-evolved glioblastoma cells without the
MGMT gene became more responsive to standard
treatment drug temozolomide (TMZ). Research
indicates how CRISPR can make tumors more
receptive to chemotherapy drugs to enable more
successful and enduring treatment outcomes.
CRISPR-based cancer therapy needs to
overcome multiple obstacles before becoming a
common clinical practice in medical settings. The
main issue with CRISPR-based cancer therapy is
the occurrence of unintended genetic changes
known as off-target effects which could create
new mutations or produce secondary cancer cells
according to Chehelgerdi et al.®* The development
of high-fidelity Cas9 variants as well as alternative

Virus RNA

Inactive
SARS-CoV-2

sgRNA
Dead-Cas13

Virus RNA

!

sgRNA

Virus RNA

Figure 4. CRISPR-Cas13-based antiviral strategy targeting SARS-CoV-2. The diagram illustrates the mechanism
by which CRISPR-Cas13 can be used to degrade the RNA genome of SARS-CoV-2 within human lung epithelial
cells. SARS-CoV-2 enters host cells by binding to specific cell surface receptors, where it releases its viral RNA to
initiate replication. A CRISPR-Cas13 plasmid is introduced into the infected cells, enabling the Cas13 enzyme to
specifically target and cleave viral RNA guided by complementary sgRNA sequences. The cleavage of viral RNA leads
to inactivation of the virus, preventing further replication and infection. Additionally, the use of catalytically dead
Cas13 (dCas13) is shown as a method to bind and block viral RNA expression without degrading it
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gene-editing methods like base editing and prime
editing aims to improve precision in order to
reduce this risk. Executively delivering CRISPR
presents difficulties because researchers must
achieve precise delivery to tumor cells without
altering healthy cells. Gomes-da-Silva et al.'*
used nanoparticles together with viral vectors
coupled with lipid-based delivery systems but
they each present specialized benefits and
technical boundaries. Careful management of the
immune response to CRISPR components becomes
necessary to stop the body from rejecting the
therapy. CRISPR therapy for cancer treatment
encounters serious obstacles related to both
technological solutions and ethical guidelines.*?®
Later generations might face unexpected long-
term outcomes from permanent human gene
modification especially in cases of germline
editing. The use of CRISPR on somatic cells for
testing continues while public discussions persist
about the moral limitations of genetic alterations.
The FDA together with European Medicines
Agency (EMA) maintain strict oversight of clinical
trials to guarantee safety standards and both
effectiveness and ethical adherence.
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Infectious disease control

The global health system faces two
major challenges stemming from viral diseases
and antibiotic-resistant bacterial infections.!?’
Traditional antiviral medications encounter three
major challenges which include drug resistance
and reduced effectiveness and unwanted side
effects while antibiotic resistance continues to
render bacterial infections untreatable.'”® CRISPR
technology functions as an advanced biomedical
solution to manage infectious diseases through
mechanisms that edit viral genomes and develop
swift diagnostic tools and bacteriophage-based
therapeutic methods against drug-resistant
bacterial strains. Multiple recent research findings
illustrate how CRISPR functions to prevent HIV,
COVID-19, hepatitis B and bacterial infections
while offering prospects for efficient disease
management.

CRISPR as an antiviral tool (HIV, COVID-19,
Hepatitis B)

The ability of viruses to replicate inside
host cells prevents them from being treated
effectively by typical medical approaches.'*
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Figure 5. CRISPR-Cas9 gene editing in livestock for improved traits and disease resistance. The diagram illustrates
the step-by-step process of CRISPR-based genetic modifications in farm animals to enhance productivity and
resilience, including the use of Cas9, sgRNA, and HDR/NHEJ repair mechanisms
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The CRISPR-based gene editing method shows
promise for eliminating viral DNA and RNA in
infected cells which halts viral replication and
presents new possibilities for treating persistent
viral infections (Figure 4). The groundbreaking
CRISPR application in virology emerged when
Zhu et al.**® first demonstrated how CRISPR could
eliminate latent HIV DNA from infected cells. The
integration of HIV genetic material into host DNA
makes it exceptionally challenging to eliminate
this pathogen. CRISPR technology demonstrated
its ability to eliminate HIV from infected cells by
precisely removing integrated DNA and resulting
in minimal viral spread and preventing active
viral multiplication. The researchers achieved a
significant milestone toward developing effective
HIV treatment by showing how this discovery could
help eliminate HIV from affected patients who
would no longer need continuous antiretroviral
therapy. Future implementation of CRISPR-based
HIV therapies in clinical practice requires successful
resolution of three principal challenges including
off-target effects and viral escape mutations with
effective vivo delivery systems.

Healthcare researchers speeded up the
creation of CRISPR-based detection platforms
during the COVID-19 pandemic to identify SARS-
CoV-2 with rapid and precise results. Although
still under development, the SHERLOCK*** and
DETECTR CRISPR-based diagnostic platforms**?
employ Casl13 enzymes that detect and break
down viral RNAs. The tests showed fast SARS-CoV-2
identification in patient samples while requiring
basic laboratory equipment which makes them
appropriate for remote and resource-scarce
testing locations. These successful CRISPR-based
diagnostic developments lead to new possibilities
for detecting upcoming viral pathogens while
improving worldwide pandemic preparedness
systems.

Hepatitis B virus (HBV) infection continues
to be a global health priority since it creates
pathways for chronic liver disease that can result
in hepatocellular carcinoma.*** The virus maintains
persistence inside infected cells through covalently
closed circular DNA (cccDNA) that functions as
an HBV reservoir. The research team at Martinez
et al.»* investigated how CRISPR could eliminate
HBV cccDNA to suppress viral activity and restore
liver functioning within HBV-infected cell lines

and animal models. CRISPR research now shows
promise as a novel therapeutic technique that
could eliminate ongoing HBV infections even
though the medical community lacks definite
treatment options. The successful use of CRISPR
therapy to fight viral infections depends on
overcoming barriers involving delivery methods
and immunological responses as well as the
management of unintentional genetic changes.

CRISPR-based phage therapy for antibiotic
resistance

Medically advanced bacteria that resist
antibiotics have become a critical concern which
requires new treatment options for fighting
bacterial infections. Public health on a global
scale faces threats because multidrug-resistant
pathogens create infections that challenge medical
treatment while leading to elevated mortality
statistics. Bacteriophage (phage) therapy with
CRISPR technology shows promise as a selective
weapon against antibiotic-resistant bacteria
which spares valuable microbiota. An initial
discovery from Palacios et al.’** showed CRISPR-
improved bacterial phages that targeted antibiotic-
resistant bacterial genes resulted in destruction
of multidrug-resistant bacteria while eliminating
the need for standard antibiotics. Research
scientists developed engineered bacteriophages
to transfer CRISPR-Cas9 components into bacterial
cells for precise gene cutting which restored
antibiotic susceptibility or led to bacterial cell
death. Researchers introduced this innovative
treatment to fight infections of methicillin-
resistant Staphylococcus aureus (MRSA), Klebsiella
pneumoniae, and Pseudomonas aeruginosa inside
hospitals.

Researchers have developed CRISPR-
based phage therapy to target bacterial biofilms
as biofilms protect bacteria from antibiotics
and immune reactions. Saeed et al.’*® achieved
successful antibiotic-resistant bacterial population
destruction through their development of
CRISPR-based phage systems for both urinary
tract infections (UTls) and lung infections in
preclinical trials. Doctors are currently testing
this strategy as a potential therapeutic option
against drug-resistant hospital bacteria. The
utilization of CRISPR-based phage therapy**’
delivers two main benefits through its ability to
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target specific harmful bacteria while safeguarding
beneficial microbiota and its reduced potential for
developing resistance compared with standard
antibiotics. Research faces hurdles for large-scale
phage manufacturing as well as the development
of stable human body delivery methods and
protective strategies against immune reactions.

CRISPR in animal health

Scientists employ CRISPR technology to
transform genetic engineering for animal health
through disease resistance while advancing
productivity and creating better animal care
standards (Figure 5). The occurrence of livestock
diseases generates substantial economic and
public health threats because they trigger
extensive losses in agricultural production
and prompt antibiotic overuse thus facilitating
antimicrobial resistance (AMR). Through CRISPR
research scientists have created gene-edited
animals that hold immunity to viral and bacterial
pathogens therefore eliminating requirements for
vaccines and antibiotics.*3#

Enhancing disease resistance in livestock

Global food security faces significant
challenges from livestock diseases attributed
to viral and bacterial and parasitic infection
containment. The current disease control methods
featuring vaccination and biosecurity protocols
together with antibiotic treatments are expensive
to maintain and require considerable human labor
yet show limited success in disease prevention.
CRISPR-Cas9 technology brings revolutionary
enhancements to animal disease resistance
while permanently altering genes responsible for
infections.’® According to Yuan et al.,* effective
zygote editing with both cytosine and adenine
base editors (ABE) has resulted in the production
of animal models. Scientists achieved gene editing
success with pigs, cows and chickens alongside
fish which resulted in disease-resistant strains
that lowered death rates while boosting farm yield
(Table 2).

Gene-edited animals resistant to viral/bacterial
infections

CRISPR technology has now been also used
to systematically insert advantageous mutations
into livestock which grants them protection against

particular disease-causing agents. The method
shows great potential for controlling diseases
that spread rapidly and cause extensive economic
harm because typical preventive measures prove
ineffective. The investigation of CRISPR for viral
resistance in livestock stems principally from the
fast transmission rates coupled with the severe
economic effects of viral diseases.!! Schultz
11l and colleagues'*? achieved great success by
developing pigs that resist Porcine Reproductive
and Respiratory Syndrome (PRRS) through CRISPR
engineering resulting in billions of dollars in
savings for the global pork industry. PRRSV causes
PRRS through binding with CD163 receptors on
immune cells to infect pigs. By employing CRISPR
technology Zhang and Guo'* eliminated the
CD163 receptor from pig cells so these animals
became immune to PRRSV while their fundamental
immune responses remained intact. Gene-edited
pigs underwent testing by Burkard et al.*** which
revealed complete resistance to PRRSV infection
thus demonstrating CRISPR’s ability to eradicate
one of the most destructive swine diseases in
agricultural farms.

Another viral disease that threatens
livestock is avian influenza, which causes severe
outbreaks in poultry farms worldwide. Researchers
have successfully used CRISPR to modify the ANP32
gene in chickens, a crucial protein that influenza
viruses rely on for replication. Studies conducted
by Staller et al.'** have shown that CRISPR-
edited chickens exhibit reduced susceptibility
to influenza infections, offering a sustainable
approach to preventing viral outbreaks in poultry
farms. Bacterial resistance in livestock is another
major focus of CRISPR research, especially in
combating zoonotic pathogens that pose a
threat to both animal and human health. Bovine
tuberculosis (bTB) is a chronic bacterial disease
caused by Mycobacterium bovis, which affects
cattle worldwide and can also infect humans. The
disease leads to huge economic losses due to
culling and trade restrictions. Yuan et al.*® have
used CRISPR to enhance natural resistance to
tuberculosis in cows by modifying the NRAMP1
gene, a key regulator of the immune response to
mycobacterial infections. In a study conducted by
Islam et al.,” gene-edited cows showed significant
resistance to Mycobacterium bovis infection,
offering a potential genetic solution to one of
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the most persistent livestock diseases. Similarly,
mastitis, an inflammation of the mammary gland
in dairy cows caused by bacterial infections
such as Staphylococcus aureus, lead to reduced
milk production and increased antibiotic use.
Researchers have used CRISPR to enhance
resistance to mastitis by modifying key immune-
related genes, such as LYZ2, which improves the
ability of cows to fight bacterial infections. Singh
and Ali et al.*® demonstrated that CRISPR-edited
cows exhibited higher resistance to mastitis,
reducing the reliance on antibiotics and improving
animal welfare.

A significant translational milestone in
livestock genome editing was achieved in 2025
when the U.S. Food and Drug Administration
(FDA) approved genetically engineered pigs
carrying the CD163E7 modification for resistance
to Porcine Reproductive and Respiratory Syndrome
Virus (PRRSV). According to the FDA Freedom of
Information (FOI) summary for New Animal Drug
Application (NADA) 141-609, the approved genetic
alteration consists of the deletion of exon 7 of the
CD163 gene (CD163E7), generated using CRISPR-
Cas9 genome editing technology. This modification
prevents PRRSV infection while preserving the
essential physiological functions of the CD163
receptor. The approval applies to homozygous
pigs carrying the CD163E7 allele and represents
one of the first major regulatory approvals of a
CRISPR-engineered disease-resistant livestock
trait. This landmark achievement demonstrates
the successful translation of genome editing
technologies from experimental animal studies to
regulatory acceptance and commercial agricultural
applications, highlighting the transformative
potential of CRISPR for improving animal health,
reducing economic losses, and minimizing
antibiotic use in livestock production.

Improving animal welfare and productivity

The application of CRISPR gene editing
in livestock extends beyond disease resistance
to enhancing animal welfare and productivity.
Genetic modifications have been explored to
reduce disease burden, improve growth rates,
enhance reproductive efficiency, and minimize
environmental impact. While these advancements
offer significant benefits to farmers, consumers,
and global food security, they also raise ethical

concerns regarding animal welfare, biodiversity,
and potential unintended consequences.'?162

Reducing disease burden and improving growth
rates

The main objective of CRISPR technology
application within livestock production is to
eliminate diseases which lead to both animal
welfare problems and economic waste.'®® The
requirement for antibiotic treatments and
medical procedures in farm animals leads to
increased production expenses while generating
antimicrobial resistance (AMR).*%* CRISPR can
establish disease-resistant genes permanently
which means animals need fewer medical
treatments.

Case study: Heat-resistant and stress-tolerant
cattle

The effects of heat stress pose major
challenges to cattle management throughout
tropical areas and subtropical zones. Heat stress
leads to reduced growth rates, fertility and milk
production which results in major economic losses
on farms. Scientists have implemented CRISPR
techniques to transfer heat-resistance genes from
Brahman cattle to dairy Holstein breeds for higher
milk output. Contreras-Correa et al.’®® altered
the SLICK gene that controls hair length thus
producing short-haired Holstein dairy cows that
demonstrate enhanced heat tolerance without
compromising their milk output. The adapted
technique leads to reduced heat-related illnesses
and creates improved productivity alongside far
better animal wellness. Cattle showing accelerated
growth patterns and enhanced feed utilization
efficiency were developed through CRISPR genome
editing according to Wani et al.’®> More sustainable
livestock farming becomes possible because these
upgrades lead to decreased greenhouse gas
emissions across meat production quantities.

Case study: Disease-resistant dairy cows

Dairy farming faces a significant
challenge from udder bacterial infections known
as mastitis which causes pain to cows together
with decreased milk production and increased
antibiotic usage. Scientific research utilizing
CRISPR technology modified the LYZ2 gene of milk
to improve its antibacterial defense mechanisms
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thus enhancing dairy cows’ ability to resist
mastitis infections. Neculai-Valeanu and Ariton?¢®
discovered that genetically modified dairy cows
suffered fewer udder infections thus reducing
antibiotic consumption while enhancing milk
quality.

Ethical considerations in livestock gene editing
CRISPR applications for livestock genetic
modification have generated substantial ethical
concerns among scientists and society.’®® Gene
editing offers significant potential to enhance
disease resistance combined with increased
productivity and decreased environmental impact,
yet these benefits come with animal welfare
challenges as well as concerns about genetic
diversity along with potential unintentional
consequences and public reception. Scientific
progress needs ethical examination to make sure
it upholds social principles as well as adheres to
environmental standards and moral obligations.*®’

Animal welfare and well-being

The ethical dilemma regarding livestock
gene editing centers on its effects on animal welfare
conditions.®® Several CRISPR modifications aim to
resist diseases and decrease stress in livestock but
different gene edits can lead to increased animal
productivity at the cost of their wellbeing.'®®
Through MSTN gene (myostatin) knockout
methods CRISPR technology enhanced muscle
development to create double-muscled livestock
that include pigs and cattle.’® These modified
meat-producing animals manage to create more
food from each portion of feed, yet they face
several problems including restricted movement
along with breeding complications and heightened
metabolic stress levels. The genetic modification
of dairy cows for increased milk output results in
elevated metabolic pressure which heightens their
susceptibility to mastitis while increasing lameness
risks and reproductive complications. The ethical
debate regarding genetic modification centers on
animal well-being because animal rights advocates
promote pain reduction over greater productivity.
CRISPR technology has successfully implemented
disease-resistant characteristics throughout
livestock including PRRS resistance in pigs?® and
tuberculosis resistance in cows!® yet scientists

need to scrutinize modifications which introduce
detrimental biological changes to prevent adverse
effects on animal wellness.

Unintended genetic consequences and long-term
risks

The precise nature of CRISPR gene
editing tools causes ongoing concern about
unexpected genetic changes and unintended
genetic mutations.?® Small unintended genetic
alterations generated by gene-editing technologies
create the risk of health issues alongside
reduced immunity together with reproductive
complications in livestock.'”* CRISPR-modified
traits retain their modified genes across multiple
generations which creates ongoing risks that
unwanted mutations accumulate and harm the
health of affected species. The uniformity created
within genetically modified livestock populations
by CRISPR modifications creates susceptibility to
new diseases while diminishing their ability to
adapt to threats because of low genetic diversity.
Progressive techniques by scientists in the field
such as prime editing approaches with high-fidelity
Cas9 variants work to reduce unwanted genetic
modifications that occur outside target sites.'’?
The tracking of how gene-edited modifications
affect hereditary traits requires sustained genetic
monitoring of populations across extended periods
(Table 3).

Loss of genetic diversity and ecosystem disruption

Livestock genetic diversity stands vital
for protecting herds from diseases and securing
their capability to cope with environmental
alterations. Mass deployment of genetically
modified animals which share uniform traits will
decrease environmental biodiversity leading to
weakened protection against diseases together
with ecological changes.'”® CRISPR-edited high-
yield dairy cow adoption by many dairy farms
endangers traditional livestock breeds therefore
eliminating essential genetic characteristics like
heat tolerance and parasite resistance and drought
adaptability.’*® Homogeneous genetic populations
face long-term threats to food security along
with livestock sustainability due to their lack of
natural diversity protection which diverse genetic
pools provide. The implementation of CRISPR
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modifications in sustainable breeding programs
requires complementary methods to maintain the
preservation of genetic diversity.}”* Governments
alongside regulatory agencies need to promote
the use of gene editing, so it supports instead of
disruptive to the existing natural genetic mixtures
found in livestock communities.

Environmental and sustainability concerns

Through gene editing of livestock
scientists believe it presents an opportunity to
decrease agricultural resource requirements
while optimizing animal efficiency. CRISPR
researchers have developed cattle genetics with
reduced methane production which evaluates
as a significant greenhouse gas emission from
livestock.?® Gene editing technology enables
animals to reach maturity more efficiently while
using reduced amounts of food which results in
lower requirements for land and water. The ethical
dilemma emerges since genetic modifications put
efficiency before preserving ecological equilibrium.
The widespread adoption of genetically modified
animals would introduce environmental risks
because escaped gene-edited creatures could
lead to problematic ecological disturbances when
mating with wild family members. Opponents
believe the appropriate application of gene
editing technology involves using it alongside
sustainable farming methods and responsible
animal husbandry practices. Ethical decision
making requires an assessment of whether CRISPR
systems should be used to adapt factory farming
systems or farms should transition toward better
accommodating animal health and well-being.'’®
The ongoing discussion demonstrates how vital it
is to unite genetic progress with comprehensive
sustainable approaches.

Applications for veterinary medicine

The field of veterinary medicine benefits
considerably from CRISPR gene editing through
innovative treatments of inherited diseases in
pets alongside conservation efforts for wildlife
species and disease prevention campaigns.'’®
Scientists obtain precise control over DNA through
new techniques which help create therapies for
inherited animal diseases and allow them to study
genetic methods to protect endangered species
and fight infectious diseases affecting wildlife

populations. These technological breakthroughs
oversee how veterinary science will evolve by
establishing better animal health outcomes
alongside biodiversity preservation initiatives.””

Gene therapy for inherited disorders in pets

Traditional veterinary medicine struggles
to address numerous inherited animal diseases
which occur in dogs and cats along with other
companion animals. Through direct genetic
mutation fixings CRISPR gene therapy establishes
potential treatments for these inheritable
diseases.'’® The treatment of Duchenne muscular
dystrophy in dogs serves as a promising example
of CRISPR gene therapy'’® since the canine
version of the disease matches human DMD and
results in muscle degeneration which leads to
diminished mobility and premature death. Ateam
of researchers achieved a breakthrough in the
field by using CRISPR-Cas9 to fix the DMD gene
mutation in dogs which led to elevated dystrophin
protein activity while resulting in enhanced muscle
function. The discovery has potential therapeutic
applications for treating DMD in dogs while
providing a basis for human interventions.

Progressive retinal atrophy (PRA) in
dogs and cats represents an inherited disease
that CRISPR technology aims to treat by targeting
the genetic condition which causes blindness.
Researchers employed CRISPR-based methods
to repair mutations in CEP290 and RPGR genes
which cause PRA.*¥ The studies show that CRISPR
demonstrates its ability to fix hereditary mutations
in retinal cells thereby offering hope to restore
vision in animals affected by these mutations. The
trial treatments show great promise for veterinary
medicine by potentially enabling the prevention or
reversal of inherited blindness among companion
animals.

CRISPR in wildlife conservation and disease
control

CRISPR technology now finds application
in protecting endangered species while minimizing
threats from diseases that harm these populations.
The technology of genetic editing brings scientists
a powerful ability to boost endangered species
survival when habitats vanish and climate change
drives extinction alongside infectious diseases.
Scientists use CRISPR technology to save the
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black-footed ferret which suffered depletion of
its population due to genetic constraints while
showing severe vulnerability to diseases. Scientific
researchers employ CRISPR techniques to expand
ferret genetic variety which improves their
disease resistance capabilities and protects them
from extinction.’! Conservationists use CRISPR
technology to combat white-nose syndrome which
causes significant damage to bat populations
across North America.*®? Scientists examine ways
to strengthen bat immune defenses through
genetic alterations while seeking to minimize
pathogenic fungal virulence through gene editing.
Researchers are studying CRISPR-based strategies
to fight chytridiomycosis which causes amphibian
population declines worldwide. Through CRISPR-
mediated disease resistance enhancements in
at-risk species conservationists aim to lessen these
ruinous outbreaks and protect biodiversity.

Scientists explore CRISPR applications
for management of invasive species and disease-
causing organisms. The CRISPR-based genetic
engineering method called gene drives enables
fast distribution of beneficial genetic traits across
natural populations.’® Researchers investigate
gene drives as potential tools to reduce and control
mosquito populations spreading malaria as well
as dengue and Zika viruses thereby decreasing
disease incidences in specific areas.'® Scientists
are developing similar strategies to manage
invasive rodent populations on islands that
endanger local wildlife. Gene drives demonstrate
potential for ecological management yet generate
serious ethical and ecological issues when used for
wild population alteration.

Future perspectives and challenges

Researchers have utilized CRISPR gene-
editing technology to revolutionize medicine
and agriculture and biotechnology while new
possible applications continue emerging. The
ongoing development of CRISPR techniques
together with artificial intelligence integration
and bioinformatics research along with regulatory
compliance and ethical requirements alongside
economic feasibility will determine how gene
editing progresses in the future.'® This part
examines potential future developments in CRISPR
technology and the hurdles scientists must solve

as well as the envisioned long-term medical and
agricultural roles for CRISPR technology.

Advancements in CRISPR technology (e.g., base
editing, prime editing)

CRISPR researchers make considerable
progress by developing gene-editing techniques
which achieve enhanced precision while remaining
efficient.’®® The traditional CRISPR-Cas9 method
generates double-stranded DNA breaks but base
editing and prime editing represent advanced
methods which produce fewer unwanted genetic
mutations.’®” Base editing represents a significant
advancement over traditional CRISPR-Cas9,
enabling direct, irreversible nucleotide conversions
(e.g.,CeG to TeA or AeT to GeC) without inducing
double-strand breaks (DSBs).'”? This system
employs a catalytically impaired Cas9 nickase
(nCas9) fused to a deaminase enzyme, along with
a guide RNA that directs the complex to the target
site. By avoiding DSBs, base editing minimizes the
risk of unintended insertions or deletions (indels)
and chromosomal rearrangements, making it
particularly valuable for correcting point mutations
responsible for diseases such as sickle cell anemia,
cystic fibrosis, and Tay-Sachs disease.'®® However,
base editing is limited to transition mutations
and cannot perform transversions, insertions,
or deletions. The breakthrough method known
as prime editing premiered in 2019 to broaden
CRISPR capabilities. To overcome these limitations,
prime editing was introduced in 2019 as a more
versatile “search-and-replace” genome-editing
technology.’®” Prime editing employs a catalytically
impaired Cas9 nickase (nCas9) fused to a reverse
transcriptase, guided by a prime editing guide RNA
(pegRNA) that contains both the target sequence
and the desired edit template. This system
enables direct installation of substitutions, small
insertions (up to ~44 bp), and small deletions (up
to ~80 bp) at the target locus without requiring
a DSB or exogenous donor DNA template. By
avoiding DSBs and homology-directed repair
dependency, prime editing offers superior
precision and safety compared to conventional
CRISPR-Cas9, making it a promising tool for
correcting a wide range of genetic mutations,
including those that are not amenable to base
editing. Collectively, these next-generation CRISPR
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tools are expanding the scope and safety of gene
therapy applications across human medicine,
veterinary science, and agriculture. Researchers
successfully demonstrated Prime editing’s
potential through successful demonstrations in
human cells, mice and plant models for medical
and agricultural applications. CRISPR’s safety and
wide applicability across different fields depends
heavily on constant research to develop more
precise and effective gene-editing technologies.
Additional CRISPR innovations will lead to self-
regulating CRISPR systems, epigenetic CRISPR
tools, and RNA-targeting CRISPR variants which will
open new opportunities in genetic modification.®

Integration of Al and bioinformatics in gene
editing

The combination of artificial intelligence
systems with bioinformatics has led to
revolutionary advancements in CRISPR application
within research institutions together with medical
clinics.’ The combination of artificial intelligence
algorithms enables scientists to anticipate
unwanted side effects and enhance CRISPR
performance while shortening the time needed to
find new genes leading to more exact and available
gene editing technologies.’ The use of artificial
intelligence enables researchers to develop more
efficient guide RNAs needed to direct CRISPR
toward precise DNA targets. Al models analyze
extensive genomic data to discover unexpected
changes in the DNA which results in reduced
adverse effects during gene treatment. Three Al
platforms called Deep CRISPR developed by Chuai
etal., ¥ CRISPR-Net by Lin et al.,’** and DeepSpCas9
by Kim et al.»** enable researchers to predict results
before testing through their advancements in
CRISPR tool precision and efficiency. Bioinformatics
technologies analyze patient genetic data to detect
disease mutations that diagnose diseases. Through
genomic sequencing integration with machine
learning methodology scientists possess the
capability to develop customized CRISPR therapies
for specific patient requirements. Microbial
engineering through precision medicine yields
maximum results when treating cancer in addition
to rare genetic diseases and neurodegenerative
disorders. The integration of artificial intelligence
and bioinformatics has sped up the genetic

enhancement programs for both crops and
livestock species in agricultural studies. Genetic
analysis of plants and animals leads researchers
to discover genes that boost resistance to disease,
tolerance to drought and yield performance so
they can expedite both breeding and CRISPR
modifications. AI-CRISPR technology shows
potential in environmental science through
application development of carbon-sequestering
plants and bacteria that resist pollution.®
Improvements in Al technology will enable its
integration with CRISPR to create more efficient
and extensive gene editing processes that can
be used by diverse researchers across multiple
industries.

Deep learning methods adopted for
CRISPR-based gene editing have resulted in better
accuracy while increasing both efficiency and
scalability of genome modifications.'®* Artificial
intelligence through deep learning technology
processes huge genetic information collections
to find patterns that support enhanced CRISPR
applications.®® Through deep learning models
scientists gained the power to detect off-target
effects and design efficient guide RNAs (gRNAs)
and study genomic interactions which propelled
CRISPR into better medical treatment and
agricultural utilization and synthetic biological
applications. Deep learning models enable
researchers to enhance CRISPR methods by
reducing errors and enhancing the therapeutic
advantages. Al-driven models have improved
gene therapy and drug discovery and functional
genomics research through their advancements
(Table 4).

Optimizing CRISPR efficiency through deep
learning

Deep learning algorithms now optimize
guide RNA through extensive DNA target analysis
that determines optimal sequences for each
target. The development of Deep CRISPR and
CRISPR-Net and DeepSpCas9 platforms has
improved gRNA selection efficiency through
prediction of optimal guide sequences for genetic
modification purposes.’*!** Complex genomic data
analysis using these models produces enhanced
CRISPR strategies which results in more accurate
gene modification outcomes. Researchers use
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machine learning and neural networks to predict
unanticipated mutations therefore reducing the
number of errors that develop during gene editing
procedures. Applied Al in CRISPR functions to
cut down genetic sequence identification time
which enables faster treatment of genetic medical
conditions while advancing individualized care.'*

Deep learning for off-target prediction and safety
improvements

The major obstacle in CRISPR gene editing
appears through off-target effects that lead to
unwanted genetic modifications. Despite their
capability to predict off-target errors CIRCLE-Seq
GUIDE-Seq alongside DeepCas9 need large genetic
datasets to execute accurate analysis of genetic
sequences.'®® The DNA sequences undergo Al-
powered sequence analysis for identifying regions
prone to unexpected mutations thus enabling
scientists to optimize CRISPR target selection
strategies. The integration of deep learning
technology into off-target effect prediction
enhanced the safety characteristics of CRISPR-
based therapies during genetic disorder and
cancer treatments and neurodegenerative disease
therapy. Predictive models developed through
Al-assisted tools help scientists evaluate CRISPR-
based therapeutics for human trials by verifying
their accuracy as well as safety before clinical use
according to Bhardwaj et al.*’

Case study: Al-driven CRISPR therapy for sickle
cell disease

A single point mutation in the HBB
gene causes sickle cell disease (SCD) to result in
defective production of hemoglobin. Al-powered
models including DeepSpCas9 and CRISPR-ML
have successfully identified optimal CRISPR targets
for correcting the mutation according to Wang et
al.1%82%° The application of deep learning methods
allowed scientists to design precise CRISPR edits
combined with effective off-target protection
which improves the treatment potential for sickle
cell disease patients. Experimental research shows
Al-assisted CRISPR methods have boosted the
gene correction frequency rates using stem cells
derived from patients to create possible clinical
applications.?01203

Case study: Al-enhanced CRISPR for cancer
immunotherapy

The development of chimeric antigen
receptor (CAR)-T cell therapy received extensive
application from CRISPR-based gene editing
methods for cancer immunotherapy. The CRISPR-
Drug®** and Deep CAGE?® platforms driven by
Al have proven successful in locating ideal gene
targets that increase T-cell cancer cell fighting
ability. By analyzing extensive genomic data
through deep learning models scientists determine
which CRISPR modifications lead to enhanced
tumor destruction capabilities with minimal
immune response effects. Al-assisted CRISPR
screening helped researchers develop better
cancer treatments that demonstrate improved
patient survival rates per research conducted by
Khoshandam et al.?062%7

Case study: Al-guided CRISPR modifications for
Alzheimer’s disease

The accumulation of amyloid-beta plaques
and tau protein tangles in Alzheimer’s disease
patients causes progressive neurodegeneration
since their destruction destroys brain cells.?0821°
Scientists are investigating CRISPR as a therapeutic
approach to quiet genes that cause plaque
development while promoting neuronal survival.
NeuroCRISPR along with SynapseNet?!*2%2
implement deep learning techniques to study gene
regulatory patterns in order to forecast the best
genetic changes to fight neurodegeneration.?321
Recent developments in CRISPR gene editing
through Al-based methods have resulted in
successful transformations of neuronal cells in
laboratory cultures setting the path for possible
treatments of neurodegenerative conditions
through genetic modification strategies.

CRISPR Delivery Platforms: Approaches and
Translational Barriers

Despite remarkable advances in CRISPR
technology, delivery of gene-editing components
to target cells or tissues remains one of the most
significant barriers to clinical and veterinary
translation. The ideal delivery system must achieve
high editing efficiency, target specificity, minimal
immunogenicity, and durable expression, while
also being scalable and cost-effective. No single
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platform fulfills all these criteria, and the choice
of delivery method must be tailored to the specific
application and target tissue.?'>216

Ex vivo ribonucleoprotein (RNP)
electroporation is the leading approach for
hematopoietic stem cells (HSCs) and immune
cells, as exemplified by the FDA-approved
Casgevy therapy for sickle cell disease and beta-
thalassemia, as well as CRISPR-edited CAR-T cells
for cancerimmunotherapy.?”2*° This method offers
high editing efficiency, avoids viral integration,
and reduces immunogenicity. However, it faces
significant limitations, including high costs,
complex GMP manufacturing, transplantation
burden from conditioning regimens, and restricted
applicability to ex vivo-accessible tissues.

Adeno-associated virus (AAV) vectors are
the gold standard for muscle, retinal, and central
nervous system (CNS) applications, including
Duchenne muscular dystrophy and inherited retinal
dystrophies. AAV offers proven clinical safety and
long-term expression in post-mitotic tissues. Key
limitations include the ~4.7 kb packaging capacity,
which is insufficient for full SpyCas9, necessitating
smaller Cas9 orthologs or dual-AAV strategies; high
prevalence of pre-existing neutralizing antibodies;
immunogenicity at high doses; and inability to
re-dose due to immune responses. Additionally,
large-scale GMP production remains expensive
and capacity-limited.?®

Lipid nanoparticles (LNPs) have emerged
as a promising non-viral platform, particularly
for liver-targeted therapies such as transthyretin
amyloidosis and hepatitis B, by delivering Cas9
mMRNA and sgRNA. LNPs offer transient expression,
reduced off-target effects, scalability, and repeat
dosing capability. However, systemic administration
predominantly targets the liver, with limited
tropism for other organs. Endosomal entrapment,
innate immune activation, hepatotoxicity at high
doses, and payload capacity constraints remain
major challenges.?**

Embryo or zygote microinjection is
the standard approach for generating gene-
edited livestock lines, including PRRSV-resistant
pigs and tuberculosis-resistant cattle. This
method enables high editing efficiency, germline
transmission, and cost-effective trait propagation
through natural breeding once founder lines
are established. However, challenges include

mosaicism, transmission of off-target mutations,
long generation times for large animals, and
substantial ethical, regulatory, and public
acceptance concerns regarding germline editing
in food-producing animals.

In summary, delivery remains a critical
translational bottleneck. Future innovations-
including tissue-specific LNP formulations,
engineered AAV capsids with reduced
immunogenicity, non-viral integrative systems,
and direct in vivo RNP delivery-hold promise for
overcoming these barriers. Continued investment
in delivery science, alongside rigorous safety and
efficacy testing, will be essential to unlock the full
therapeutic and agricultural potential of CRISPR-
based gene editing.

CONCLUSION

CRISPR technology brought revolutionary
changes to genetic engineering because it
provides exceptional prospects for medical
disease treatments and agricultural developments
alongside conservation techniques for wildlife
preservation. CRISPR-based therapeutic
approaches demonstrate potential to cure
inherited diseases and develop superior cancer
immunotherapies and novel antiviral treatment
solutions for humans. Veterinary experts
have discovered new ways to create disease-
resistant farm animals and improve livestock
productivity which benefits the environment
through sustainable food production systems.
The application of Al and bioinformatics systems
improves CRISPR precision by enabling efficient
guide RNA optimization and decreases harmful
side effects and quickens drug discovery. CRISPR
remains restricted in its total capabilities because
it faces multiple important obstacles. Ongoing
ethical talks and regulatory control are essential
for addressing the bioethical issues surrounding
germline editing together with designer genetics
and genetic side-effects. The diversity of legal
regulations between different regions causes a
slowdown of global genetic edits implementation
while establishing trade limitations for crops and
farm animals. The high development expenses
combined with limited accessibility threaten to
create new health inequalities that would prompt
concerns about equitable access to CRISPR-based
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medical treatments. Prime editing and epigenetic
modifications alongside other gene-editing
technique advancements will probably enhance
both the efficacy and safety qualities of CRISPR
applications. The adoption of artificial intelligence
tools in bioinformatics will allow scientists to make
more accurate genetic predictions, maximize gene
therapy benefits and extend CRISPR capabilities
to new fields including synthetic biology together
with environmental sustainability. The ethical
enactment of CRISPR depends on united efforts
between worldwide scientists and policymakers
in association with regulatory bodies. CRISPR
demonstrates the ability to transform genetic
medicine as well as food security practices and
biodiversity conservation through an appropriate
blend of innovation and ethical standards.
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