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Genome editing has progressed from a laboratory capability for targeted DNA manipulation to a clinically relevant strategy for
correcting, silencing, or regulating genes implicated in human disease. In this Review, we synthesize the mechanisms, capabilities,
and constraints of the principal programmable platforms—zinc-finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENSs), and CRISPR-Cas systems—and highlight how base editors, prime editors, and epigenetic editors expand the
range of achievable outcomes beyond double-strand break-dependent repair to precise nucleotide substitutions, small insertions/
deletions, and transcriptional modulation. We compare genome-editing cargo formats, including plasmid DNA, viral-vector DNA,
mRNA, guide RNA, and ribonucleoprotein complexes, together with the delivery modalities used to transport them, including AAV,
adenoviral and herpesviral vectors, lipid nanoparticles (LNPs), electroporation, and virus-like particles. We then consolidate key
biomedical applications enabled by these technologies, spanning endogenous gene tagging, high-throughput functional variant
screening, molecular recording, and the generation of genetically faithful disease models. Across oncology, respiratory,
hematologic, cardiovascular, metabolic, neurodegenerative, viral, ocular, and immune disorders, genome editing is advancing both
ex vivo and in vivo interventions, including engineered cellular immunotherapies, hematopoietic stem and progenitor cell editing
for hemoglobinopathies, and emerging liver-directed programs for lipid and coagulation targets. Finally, we discuss priorities for
broad clinical implementation: improving editing fidelity and PAM flexibility, increasing performance in non-dividing cells, enabling

tissue-selective delivery to difficult organs (for example, lung and central nervous system), and addressing manufacturing

scalability, long-term monitoring, and equitable global access.
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INTRODUCTION

Genome editing, the precise and targeted alteration of genetic
material, represents one of the most transformative innovations in
molecular biology. This technology has a broad range of
applications, from elucidating fundamental biological processes
to advancing fields across agriculture, medicine, and biotechnol-
ogy [1, 2]. Methods such as transcription activator-like effector
nucleases (TALENs), zinc finger nucleases (ZFNs), and the
Clustered Regularly Interspaced Short Palindromic Repeats -
CRISPR-associated protein 9 (CRISPR-Cas9) platform harness
endogenous DNA repair mechanisms to precisely modify genetic
sequences [3]. In prokaryotes, the CRISPR mechanism utilizes RNA
guides to direct Cas9 to cleave foreign DNA, such as from phages
[4]. Roughly a decade ago, scientists identified the extraordinary
genome-editing potential of this system due to its straightfor-
wardness and potency [5, 6]. In contrast to earlier gene-editing
technologies like ZFNs and TALENSs, which require intricate protein
engineering for each target site, CRISPR provides unmatched

programmability and ease of use. A significant milestone was
achieved with the authorization of the first CRISPR—Cas9-based
genetic treatment, Exa-cel (exagamglogene autotemcel, marketed
as Casgevy), for sickle cell disease (SCD) by the U.S. Food and Drug
Administration (FDA) [7]. This approval signifies the formal entry of
CRISPR technology into clinical gene therapy. Although CRISPR has
rapidly become the foremost gene-editing technology, several
obstacles remain for its therapeutic application. Major concerns
include the large size of nucleases, dependence on protospacer-
adjacent motif (PAM) sequences, risk of off-target modifications,
limited editing efficiency, and possible genotoxic and immuno-
toxic effects [7, 8]. However, ongoing refinement of the CRISPR
system has led to substantial improvements over the past decade,
expanding its versatility and enhancing its precision. These
advancements hold considerable promise for developing innova-
tive treatments for a diverse spectrum of human diseases [9, 10].
This review explores the current and emerging roles of genomic
modification technologies in the treatment of human diseases.
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STRUCTURE AND FUNCTION OF GENOME-EDITING TOOLS

The field of genome editing has progressed remarkably since
initial gene modifications were demonstrated in yeast (Sacchar-
omyces cerevisiae) in the late 1970s [11]. Modern genome-editing
technologies are designed to modify genetic information with
increasing precision, efficiency, and biological control [12].
Conceptually, current platforms can be divided into three broad
functional categories: programmable nuclease-based editors,
which introduce targeted double-strand breaks (DSBs); DSB-
independent or DSB-minimizing editors, such as base editors
and prime editors; and CRISPR-derived regulatory or epigenetic
editors, which modulate gene expression without necessarily
altering the underlying DNA sequence [13, 14]. This functional
classification is important because each class relies on different
molecular mechanisms, generates different editing outcomes, and
carries distinct translational advantages and safety concerns [14].

Programmable nuclease-based genome editors
Programmable nucleases are engineered enzymes that recognize
specific genomic sequences and generate site-directed DNA
cleavage. These tools generally contain, or are guided by, a
sequence-recognition module and a nuclease domain that
introduces DSBs at the target locus [15]. After cleavage, cellular
DNA-repair pathways determine the final editing outcome.
Classical non-homologous end joining (NHEJ) can introduce small
insertions or deletions (indels), often leading to gene disruption
when they occur within coding regions. Homology-directed repair
(HDR), in contrast, can support precise sequence correction or
insertion when an appropriate donor template, such as double-
stranded DNA or single-stranded oligodeoxynucleotides (ssODNs),
is provided [16]. However, DSB repair is not limited to NHEJ and
HDR. Alternative end-joining pathways, particularly
microhomology-mediated end joining (MMEJ), also referred to
as a form of alternative end joining/alt-NHEJ, can contribute to
genome-editing outcomes and may generate deletions, insertions,
or chromosomal rearrangements at edited loci [17]. Therefore, the
biological consequences of nuclease-based editing depend not
only on the targeting platform but also on the cellular repair
context, cell-cycle state, locus accessibility, and donor-template
availability. ZFNs, among the earliest genome-editing platforms,
combine zinc finger motifs with the Fokl restriction endonuclease
(Fig. 1A) [10]. ZFNs are composed of a non-sequence-specific
cleavage domain fused to a site-specific DNA-binding domain
formed by tandem zinc-finger modules [18]. Zinc finger proteins
with DNA-binding specificity were first identified in 1985 as part of
transcription factor llla in Xenopus oocytes [19]. The DNA-binding
specificity of ZFNs is determined by Cys2His2 zinc-finger motifs,
each ~30 amino acids in length and typically arranged into two
antiparallel B-sheets and one a-helix [20]. These motifs are among
the most common DNA-recognition domains in eukaryotic
transcription factors [21] and commonly recognize nucleotide
triplets through interactions between the a-helix and the DNA
major groove [22, 23]. The DNA-cleavage activity of ZFNs is
provided by the Fokl type IIS restriction endonuclease domain,
which functions as an obligate dimer [24].

Consequently, efficient ZFN-mediated cleavage usually requires
two ZFN monomers to bind adjacent target half-sites in the
correct orientation, thereby increasing the length and specificity
of the recognized DNA sequence [25]. After ZFN-induced
cleavage, DSBs activate endogenous repair pathways, including
NHEJ, HDR, and alternative end-joining mechanisms, enabling
gene disruption, correction, or targeted insertion depending on
the experimental design [18]. ZFN specificity is influenced by the
amino acid composition of individual zinc fingers, the number and
arrangement of zinc-finger modules, and the configuration of the
nuclease domain. Early ZFNs typically contained three to six zinc
fingers and recognized 9-18 nucleotides, enabling the first
practical targeting of defined loci in the human genome [26].
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Subsequent improvements in zinc-finger architecture, linker
design, and selection-based engineering expanded the range of
effective ZFN assemblies and improved targeting accuracy
[26-28]. Despite these advances, ZFN development remains
technically demanding because each new target often requires
extensive protein engineering and validation. TALENs were
developed to overcome some of the design limitations associated
with ZFNs (Fig. 1B). TALENs consist of the Fokl nuclease domain
fused to DNA-binding domains derived from transcription
activator-like effectors, which are proteins secreted by Xanthomo-
nas bacteria to modulate host transcription [29]. TAL effector DNA-
binding domains are composed of tandem repeats, each
recognizing a single nucleotide. Each repeat is ~33-35 amino
acids long and contains two hypervariable residues at positions 12
and 13, known as the repeat-variable di-residue (RVD), which
determine nucleotide specificity [30].

The commonly used RVDs are HD, which recognizes cytosine;
NI, which recognizes adenine; NG, which recognizes thymine; and
NN, which recognizes guanine or adenine [10, 31]. This one-
repeat-to-one-base recognition code makes TALENs more mod-
ular and easier to design than ZFNs. However, TALEN assembly
remains technically complex, and their repetitive architecture can
create cloning and stability challenges. Methods such as Golden
Gate cloning and ligation-independent cloning have improved
TALEN construction [32], but their relatively large size complicates
delivery and may predispose them to repeat rearrangements
during assembly [33]. CRISPR-Cas systems represent the most
widely adopted programmable nuclease platform because target
recognition is primarily specified by guide RNA rather than by
engineered DNA-binding proteins [34, 35]. CRISPR sequences were
first identified in Escherichia coli in 1987 [34], but their program-
mable genome-editing potential became clear after studies
showed that Cas9 could be directed by RNA to cleave DNA at
defined sequences. The programmable DNA-cleavage activity of
Cas9 was established in vitro in 2012 [35], followed by
demonstrations of CRISPR-Cas9-mediated genome editing in
mammalian cells in 2013 [5, 9, 36]. This distinction is important
because 2012 established the biochemical programmability of
Cas9, whereas 2013 marked its rapid adoption as a genome-
editing system in mammalian cells. CRISPR-Cas systems are
broadly classified into two classes and six major types based on
effector composition and genomic organization. Class 1 systems
use multi-subunit effector complexes and include types |, Ill, and
IV. Class 2 systems use single-protein effectors and include types I,
V, and VI [37, 38]. Type Il Cas9 and type V Cas12 systems are widely
used for DNA editing, whereas type VI Cas13 systems function as
RNA-guided RNA-targeting nucleases and have expanded CRISPR-
based technologies beyond DNA editing into RNA knockdown,
RNA modulation, diagnostics, and potential antiviral applications
[39]. More recently, engineered DNA-guided Cas12 systems have
further blurred the traditional distinction between DNA- and RNA-
targeting CRISPR platforms by enabling programmable cellular
RNA recognition, RNA detection, multiplex transcript knockdown,
and epitranscriptomic modulation using WDNA guides [40].

The type Il CRISPR-Cas9 system remains the most extensively
used genome-editing platform because of its simplicity, robust-
ness, and broad adaptability [41, 42]. In this system, the Cas9
nuclease is guided by a single-guide RNA (sgRNA), which
combines the functions of CRISPR RNA and trans-activating
CRISPR RNA, to recognize an ~20-nucleotide target sequence
adjacent to a PAM (Fig. 1C) [43]. Although CRISPR-Cas9 is highly
programmable, conventional nuclease-based editing remains
constrained by PAM availability, off-target cleavage, variable
DSB-repair outcomes, and undesired on-target consequences,
including large deletions, chromosomal rearrangements, inver-
sions, and translocations [14]. Several strategies have been
developed to improve specificity and controllability, including
high-fidelity Cas variants, smaller Cas enzymes, split-Cas systems,
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Fig. 1 Representative mechanisms of major genome-editing platforms. A Zinc-finger nucleases (ZFNs) use modular zinc-finger motifs that
bind specific DNA triplets and direct the Fokl nuclease to create targeted double-strand breaks. B TALENs employ transcription-activator-like
effector repeats recognizing single nucleotides, linked to Fokl for precise cleavage. C CRISPR-Cas9 system uses a single-guide RNA (sgRNA) to
base-pair with target DNA adjacent to a PAM motif, guiding Cas9-mediated site-specific cutting. D Prime editing combines Cas9 nickase with a
reverse transcriptase and a specialized pegRNA containing the desired genetic change, enabling precise base substitutions or small insertions/
deletions without double-strand breaks.
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allosterically regulated Cas proteins, and anti-CRISPR proteins that
can modulate Cas activity [44]. These refinements have expanded
the precision and versatility of CRISPR-based editing, but they do
not eliminate the fundamental dependence of nuclease-based
editing on DSB formation and endogenous DNA repair.

DSB-independent and DSB-minimizing editors

Because DSB-dependent editing can be inefficient in non-dividing
cells and may generate undesired byproducts, newer genome-
editing platforms have been developed to introduce precise
sequence changes without requiring canonical DSB formation.
Base editors and prime editors are the leading examples of this
DSB-independent or DSB-minimizing class [12, 45]. Base editors
enable targeted nucleotide conversion within a defined editing
window without generating a DSB. Two major categories have
been established: cytidine/cytosine base editors (CBEs), which
mediate C-G-to-T-A conversions, and adenine base editors (ABEs),
which mediate A-T-to-G-C conversions [46]. CBEs typically consist
of a cytidine deaminase fused to a catalytically impaired Cas
protein, usually Cas9 nickase or dCas9. The deaminase catalyzes
cytosine-to-uracil conversion in the exposed single-stranded DNA
region, and the resulting uracil is subsequently read as thymine
during DNA repair or replication, producing a C-G-to-T-A transition
[471.

Multiple deaminases have been incorporated into CBEs,
including APOBEC1, APOBEC3A, CDAT1, and FERNY, with continued
optimization aimed at improving editing efficiency, sequence
compatibility, and editing-window precision [45]. Addition of a
uracil glycosylase inhibitor (UGI), as in BE2 and subsequent CBE
architectures, helps protect the uridine intermediate from base-
excision repair and increases the probability of C-to-T conversion
[46]. ABEs use an engineered TadA deaminase to convert
adenosine to inosine, which is interpreted as guanosine during
DNA replication or repair, thereby producing A:T-to-G-C conver-
sion [48]. Directed evolution generated efficient variants such as
ABE7.10, and subsequent generations have further improved
editing activity, specificity, and compatibility across genomic
contexts [14, 48]. For both CBEs and ABEs, the editing window is
shaped by the Cas scaffold, deaminase domain, linker configura-
tion, and local target-sequence context [14, 49]. Many CBEs and
ABEs are based on S. pyogenes Cas9, whose canonical NGG PAM
requirement restricts the range of targetable genomic sites. To
expand targetability, base editors have been coupled with
alternative or engineered Cas proteins, including SpCas9 variants
with altered PAM recognition, SaCas9 variants with distinct PAM
requirements, and Cas12a/Cpf1-derived systems. These alternative
scaffolds broaden the editable sequence space and, in the case of
Cas12a-derived editors, may also provide additional functional
advantages such as compatibility with multiplexed gRNA-array
processing [48, 50, 51]. These developments have increased the
fraction of disease-associated single-nucleotide variants that can
be targeted [52]. However, base editing remains limited by
bystander editing within the activity window, sequence-context
dependence, and the inability of standard CBEs and ABEs to
generate all possible nucleotide substitutions [51, 52]. In addition,
DNA base editors may cause DNA off-target editing, and both
CBEs and ABEs can induce RNA off-target deamination depending
on the deaminase architecture and expression context [50]. Prime
editing further expands the precision-editing toolbox by enabling
targeted substitutions, small insertions, and small deletions
without requiring DSBs or donor DNA templates [53]. Prime
editors consist of a Cas9 nickase fused to an engineered reverse
transcriptase and a prime-editing guide RNA (pegRNA), which
both specifies the target site and encodes the desired edit
(Fig. 1D). The pegRNA contains a primer-binding site and a
reverse-transcription template. After the Cas9 nickase creates a
single-strand nick, the exposed 3’ hydroxyl primes reverse
transcription of the edit encoded by the pegRNA into the target
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DNA strand [53, 54]. Three principal prime-editor formats were
initially described. PET combines nCas9(H840A) with wild-type
Moloney murine leukemia virus reverse transcriptase. PE2
incorporates an engineered reverse transcriptase that improves
editing efficiency relative to PE1. PE3 introduces an additional nick
on the non-edited strand to bias repair toward incorporation of
the edited sequence, whereas PE3b uses an edit-specific nicking
sgRNA that preferentially recognizes the edited allele and thereby
reduces indel formation compared with PE3 [53]. Prime editing
can, in principle, generate all 12 possible base-to-base substitu-
tions as well as small insertions and deletions, making it more
versatile than standard CBEs and ABEs [1, 12]. More recent paired
and multiplexed pegRNA strategies have expanded prime editing
toward larger programmed genomic insertions, including a
quadruple pegRNA approach capable of inserting 1.6-26 kb DNA
fragments; however, these approaches still require further
optimization and therapeutic validation [55].

CRISPR-based transcriptional and epigenetic editing
Beyond permanent sequence modification, CRISPR-derived tech-
nologies have been adapted to regulate gene expression and
epigenomic states without altering the underlying DNA sequence.
This functional expansion relies largely on catalytically inactive Cas
proteins, particularly dead Cas9 (dCas9), in which nuclease-
domain mutations abolish DNA cleavage while preserving guide-
RNA-directed DNA binding. As a result, dCas9 can serve as a
programmable DNA-binding scaffold that recruits transcriptional
or chromatin-modifying effector domains to defined genomic loci,
including promoters, enhancers, and other regulatory elements
[56-58]. CRISPR interference (CRISPRi) was one of the earliest
examples of this strategy. In its simplest form, dCas9 is guided to
promoter-proximal or coding regions, where it represses tran-
scription by sterically blocking RNA polymerase binding or
elongation [56, 59]. This approach enables sequence-specific and
reversible transcriptional repression without inducing DNA breaks
[56]. In mammalian cells, repression can be strengthened by
fusing dCas9 to repressive domains such as KRAB, which recruits
endogenous chromatin-modifying complexes and promotes
repressive chromatin states, including H3K9 trimethylation
[57, 59]. CRISPRi has therefore become a useful platform for
functional genomics, gene-network interrogation, and therapeutic
gene silencing [59]. However, standard CRISPRi effects usually
depend on the continued presence or expression of the dCas9-
effector system and may vary according to guide position,
chromatin accessibility, target locus, and cell type [58, 59].
Conversely, CRISPR activation (CRISPRa) uses dCas9 fused to
transcriptional activator domains to increase endogenous gene
expression [57, 60]. Early CRISPRa systems used activators such as
VP64, whereas later designs incorporated stronger or multi-
component activation architectures, including VP64-p65-Rta (VPR),
SunTag, and synergistic activation mediator (SAM) systems [59].
These systems recruit transcriptional activation machinery to
target promoters or enhancers, enabling programmable upregula-
tion of endogenous genes without exogenous cDNA supplemen-
tation or genomic cleavage [59, 60]. CRISPRa is particularly
attractive for disorders caused by haploinsufficiency, transcrip-
tional repression, or insufficient expression of protective genes
because it can activate endogenous loci while preserving genomic
sequence. However, therapeutic application requires careful
control of activation magnitude, tissue specificity, delivery
modality, duration of expression, and off-target transcriptional
effects [59]. CRISPR-based epigenetic editing extends transcrip-
tional regulation by directly writing, erasing, or modifying
chromatin marks. By coupling dCas proteins to epigenetic
effectors such as DNA methyltransferases, TET-family demethyla-
tion effectors, histone acetyltransferases, histone deacetylases, or
histone methylation regulators, these tools can alter local
chromatin states and test causal relationships between specific
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epigenetic marks and gene expression. Examples include dCas9-
DNMT3A-mediated DNA methylation, dCas9-TET1-mediated
demethylation, dCas9-p300-mediated H3K27 acetylation, and
KRAB-based recruitment of repressive chromatin machinery.
Unlike conventional nuclease editing, these systems do not
intentionally change the DNA sequence; however, their regulatory
effects may be transient or durable depending on the effector
domain, target locus, chromatin context, and whether endogen-
ous maintenance mechanisms preserve the induced epigenetic
state [58]. More recently, CRISPRoff and CRISPRon have provided a
more durable framework for programmable epigenetic memory.
CRISPRoff combines dCas9 with repressive epigenetic modules,
including KRAB and DNMT3A-DNMTS3L, to establish DNA methyla-
tion and repressive histone modifications at target loci. Transient
CRISPRoff expression can induce heritable gene silencing that
persists through cell division and cellular differentiation, without
requiring sustained editor expression or DNA cleavage. Impor-
tantly, this silencing can be reversed by CRISPRon, which removes
repressive DNA methylation and recruits transcriptional activation
machinery, demonstrating that CRISPR-based epigenetic regula-
tion can be both durable and programmable while remaining
reversible [61].

From a translational perspective, CRISPR-based transcriptional
and epigenetic editors complement nuclease, base-editing, and
prime-editing platforms by offering a regulatory rather than
sequence-altering therapeutic strategy. These approaches may be
especially useful when disease modification requires tuning gene
expression rather than permanently correcting a pathogenic
variant [58, 59]. Nevertheless, important barriers remain, including
delivery of large dCas-effector constructs, immunogenicity, control
of effect duration, off-target transcriptional or epigenetic effects,
and the need for locus- and cell-type-specific validation
[58, 59, 61]. Recent delivery approaches, including transient
ribonucleoprotein delivery of CRISPR epigenome editors using
engineered virus-like particles, indicate that key delivery barriers
are being actively addressed and may improve the feasibility of
future therapeutic epigenome editing [61]. The major genome-
editing platforms, their mechanisms, precision profiles, advan-
tages, limitations, recent refinements, and representative transla-
tional applications are summarized in Table 1.

DELIVERY OF GENOME-EDITING TOOLS

Efficient and safe delivery of genome-editing components into
target cells and tissues remains a critical determinant of editing
efficiency, safety, tissue selectivity, and clinical translation [62, 63].
Conceptually, delivery should be considered along two distinct but
interrelated axes: the molecular cargo being delivered and the
delivery vehicle or modality used to transport that cargo. Genome-
editing cargos may include DNA expression cassettes, mRNA, guide
RNAs, donor DNA templates, pre-assembled ribonucleoprotein
(RNP) complexes, or combinations of these components [63].
Delivery modalities, in contrast, include viral vectors, non-viral
nanoparticle systems, physical methods such as electroporation or
microinjection, and engineered virus-like particles (VLPs). Distin-
guishing these axes is important because a given vehicle can deliver
different cargo formats, and a given cargo can be transported by
multiple delivery systems. For example, LNPs are most widely used
for RNA delivery but can also be adapted for DNA or RNP delivery,
whereas viral vectors are commonly used to deliver DNA expression
cassettes but differ substantially in capacity, tropism, immunogeni-
city, persistence, and clinical maturity [62, 63]. The major viral and
non-viral delivery routes used for genome-editing cargos are
schematically summarized in Fig. 2.

Cargo formats: what is delivered

DNA-based delivery remains widely used because plasmids and
recombinant viral vectors are relatively simple to design, amplify,
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and modify. In experimental systems, plasmids encoding Cas
nucleases, base editors, prime editors, guide RNAs, and donor
templates can be introduced into mammalian cells by lipid-
mediated transfection or electroporation, often achieving high
editing efficiencies in permissive cell lines [53, 64]. However,
plasmid delivery shows variable efficiency across primary cells and
difficult-to-transfect cell types, is generally more suitable for
in vitro applications, and may prolong editor expression, thereby
increasing the risk of off-target editing [15, 59]. Additional
concerns include potential unintended genomic integration of
delivered plasmid DNA, particularly when DNA persists intracellu-
larly or is delivered at high copy number [59]. RNA-based delivery
offers a more transient alternative to DNA-based expression
systems. Delivery of mRNA encoding genome editors, together
with synthetic or in vitro-transcribed guide RNAs, enables rapid
editor expression without introducing DNA expression cassettes.
This format can reduce risks associated with prolonged nuclease
expression and vector DNA integration [65]. Direct RNA delivery
has been applied in established cell lines, primary human T cells,
mouse zygotes, and human stem cells, and in some contexts can
outperform plasmid transfection [66-69]. However, RNA delivery
usually requires chemical modification or protective carriers to
improve stability and reduce degradation or immunogenicity
[70, 71]. In addition, physical delivery methods such as electro-
poration may impair cell viability or alter gene-expression
programs, particularly in sensitive or difficult-to-transfect cells
[72, 73].

Protein- or RNP-based delivery involves direct introduction of
pre-assembled Cas—-guide RNA complexes. RNP delivery provides
tight temporal control over editor dose and activity because
editing can begin rapidly after cell entry and editor persistence is
typically short. This transient exposure can reduce off-target
activity compared with DNA-based expression systems and avoids
the risk of vector DNA integration [74, 75]. RNP delivery has been
demonstrated in cultured cell lines, primary T cells, human stem
cells, fibroblasts, induced pluripotent stem cells, and embryos
[75, 76]. However, RNP delivery remains technically challenging for
large editors, including base editors and prime editors, because
these multidomain proteins are more difficult to purify, stabilize,
encapsulate, formulate, and deliver efficiently than standard Cas9
RNPs [77].

Delivery modalities: how cargos are transported

Viral vectors remain among the most efficient systems for
delivering genome-editing components, particularly in vivo.
Adeno-associated virus (AAV), adenovirus (AdV), lentiviral vectors,
and herpes simplex virus (HSV)-based vectors differ in cargo
capacity, tissue tropism, persistence, integration potential, and
immunogenicity [62]. AAV is widely used because it supports
efficient transduction of dividing and non-dividing cells, can be
retargeted through serotype selection, and has a comparatively
favorable clinical safety record [78, 79]. However, AAV should not
be considered immunologically inert. Immune responses against
the AAV capsid or transgene product, complement activation,
hepatotoxicity, dorsal root ganglion toxicity, and other dose-
related adverse events have been reported, particularly at high
vector doses. Therefore, AAV-based delivery requires careful
consideration of dose, route of administration, pre-existing
immunity, tissue tropism, and long-term safety monitoring [80].
A key limitation of AAV is its restricted packaging capacity of
~4.7 kb, which constrains delivery of large cargos such as Cas
proteins combined with donor templates, base editors, and prime
editors [81-83]. Several strategies have been developed to
overcome this limitation. Dual-AAV approaches can deliver the
nuclease and donor template on separate vectors or split large
editors across two vectors that reconstitute the full-length protein
through intein-mediated trans-splicing after co-transduction
[84-86]. These approaches have enabled in vivo delivery of
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Fig. 2 Schematic representation of viral and non-viral delivery systems for gene therapy and genome editing. Viral vectors, including
adenoviral vectors, AAVs, lentiviral vectors, and retroviral vectors, can enter target cells through receptor-mediated uptake or membrane-
trafficking pathways, release genetic cargo, and support intracellular expression of genome-editing components. Non-viral delivery systems
include lipid, gold, and polymer nanoparticles, which can deliver nucleic acid cargos such as DNA, mRNA, sgRNA, or pegRNA through cellular
uptake and endosomal release. In contrast, ribonucleoprotein (RNP) complexes, often introduced by electroporation or other physical delivery
methods, can act directly without requiring transcription or translation. Both viral and non-viral strategies ultimately enable genome-editing
components to reach the nucleus, where they mediate targeted genome modification.

otherwise oversized editors, including base editors and prime
editors. Nevertheless, dual-AAV strategies introduce additional
manufacturing complexity, require efficient co-transduction and
reconstitution within the same target cell, and may produce
variable editing outcomes depending on tissue, dose, vector
design, split site, and reconstitution efficiency [87, 88]. Adenoviral
and HSV-based vectors can provide larger cargo capacities than
AAV and may therefore accommodate more complex genome-
editing systems [89, 90]. However, especially for adenoviral
vectors, clinical use may be limited by stronger innate and
adaptive immune responses, vector-associated inflammation, and
tissue-specific safety considerations [90]. Lentiviral vectors can
efficiently transduce dividing and non-dividing cells and are useful
for ex vivo engineering, but their integrating nature raises
concerns when transient editor expression is desired. For
therapeutic genome editing, the choice of viral vector must
therefore balance cargo size, target tissue, duration of expression,
immunogenicity, manufacturing feasibility, and acceptable safety
risk [62]. Non-viral delivery systems provide an alternative strategy
that can reduce some risks associated with viral vectors.

LNPs are particularly attractive because they are chemically
tunable, scalable, and capable of protecting labile nucleic-acid or
protein-based cargos from degradation. Although most clinically
advanced LNP applications involve RNA delivery, LNPs can also be
adapted for other cargo formats, including plasmid DNA, mRNA,
and RNPs, depending on formulation and target tissue [63]. LNP-
mediated delivery has been used for in vivo genome-editing
applications, including delivery of programmable nuclease mRNA
with donor templates for targeted integration and delivery of
base-editor mRNA/guide RNA, particularly in liver-targeted
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systems [91, 92]. However, LNP performance remains highly
formulation-, cargo-, and tissue-dependent, and major challenges
include extrahepatic delivery, efficient endosomal escape, innate
immune activation, repeat dosing, and cargo-specific optimization
[93, 94]. Physical delivery methods, including electroporation,
nucleofection, and microinjection, are widely used for ex vivo or
embryo-stage editing [95-97]. Electroporation can introduce DNA,
RNA, or RNP cargos into primary cells, including T cells, as well as
stem and progenitor cells such as hematopoietic progenitors, and
is often used in clinical ex vivo editing workflows [95, 96].
Microinjection remains important for zygote and embryo editing
[97]. These methods provide direct cargo delivery without viral
vectors, but they are less suitable for systemic in vivo delivery and
may compromise cell viability, proliferative capacity, or transcrip-
tional state depending on cargo type, voltage conditions, and cell
sensitivity [96, 97]. Engineered VLPs and enveloped delivery
vehicles represent an emerging modality that combines aspects of
viral entry with transient, non-integrating cargo delivery. Unlike
viral vectors, VLPs do not carry a viral genome, which reduces
integration risk and limits prolonged editor expression. VLPs and
engineered VLPs have enabled delivery of genome-editing cargos,
including Cas nucleases, base editors, and prime editors, in proof-
of-concept and preclinical settings [98, 99]. Therefore, VLP-based
delivery should not be described as absent from genome editing;
rather, it remains an actively developing platform whose broader
therapeutic application requires further optimization of cargo
loading, tissue tropism, delivery efficiency, scalability, and safety
[98, 99]. Recent engineered VLP platforms have enabled transient
in vivo delivery of prime-editor RNP complexes, supporting
therapeutically relevant editing in mouse retinal disease models
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while avoiding persistent transgene expression and viral DNA
integration [98]. In addition, engineered VLP/enveloped delivery
vehicle-based delivery of CRISPR epigenome-editor RNPs has
recently been shown to enable transient delivery of large CRISPR-
based epigenome editors, including CRISPRoff-related systems,
suggesting that this modality may help address persistent
challenges associated with large editor cargos, viral-vector
packaging limits, and prolonged editor expression [100]. Overall,
delivery-strategy selection should be guided by the intended
application, target tissue, editing platform, cargo format, and
acceptable safety profile. DNA-based systems are simple and
versatile but may prolong editor exposure; RNA and RNP formats
offer more transient activity but require optimized formulation or
physical delivery; viral vectors provide high delivery efficiency and
tissue tropism but raise concerns related to immunogenicity,
persistence, integration potential, and cargo capacity; and non-
viral nanoparticles or engineered VLPs may improve transient
delivery but remain highly context-dependent. A systematic
framework that separates cargo format from delivery modality
can therefore improve conceptual clarity and provide a more
useful basis for comparing delivery strategies in therapeutic
genome editing.

SAFETY CONCERNS AND OFF-TARGET ASSESSMENT IN
THERAPEUTIC GENOME EDITING

The clinical translation of genome editing requires a systematic
safety framework that extends beyond editing efficiency alone.
Although programmable nucleases, base editors, and prime
editors have substantially expanded therapeutic possibilities, each
platform introduces distinct safety considerations. These risks can
be broadly grouped into four categories: off-target DNA editing,
unintended on-target genomic outcomes, editor-specific bystan-
der or transcriptomic effects, and delivery- or immune-related
toxicities. Because many therapeutic editing strategies are
designed to produce durable genetic changes, safety evaluation
must be integrated into editor design, delivery optimization,
preclinical validation, and long-term clinical monitoring [101-104].
Therefore, no single assay is sufficient in all contexts. For
therapeutic applications, candidate guides should ideally be
evaluated using a combination of computational prediction,
unbiased genome-wide discovery assays, and targeted deep
sequencing of nominated sites in clinically relevant cells.

Importantly, safety concerns are not limited to off-target
cleavage. Even when nucleases cut the intended genomic locus,
repair of DSBs can generate unintended on-target outcomes.
These include large deletions, insertions, inversions, chromosomal
truncations, translocations, copy-neutral loss of heterozygosity,
and complex rearrangements that may not be detected by short-
range PCR or standard amplicon sequencing [105, 106]. This issue
is particularly important for ex vivo therapies involving hemato-
poietic stem and progenitor cells or engineered T cells, because
edited cells may persist or expand after infusion. Consequently,
assessment of on-target integrity should include methods capable
of detecting larger structural changes, such as long-read sequen-
cing, long-range or capture-based sequencing, karyotyping, digital
PCR, whole-genome sequencing, or translocation-focused assays
when appropriate [106].

Base editors and prime editors reduce reliance on DSBs, but
they introduce distinct safety considerations. Cytidine and
adenine base editors can generate bystander edits within the
editing window, guide-dependent DNA off-target edits, and, in
some cases, guide-independent DNA or RNA off-target deamina-
tion depending on the deaminase domain, editor architecture,
expression level, and exposure duration [107, 108]. Prime editors
can install diverse substitutions, insertions, and deletions without
donor templates or canonical DSBs, but editing outcomes may
include unintended indels, partial edits, pegRNA scaffold
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incorporation, or other byproducts depending on pegRNA design,
nicking strategy, DNA repair context, and target locus [109].
Therefore, evaluation of DSB-independent editors should include
not only intended edit frequency but also product purity,
bystander editing, transcriptome-wide RNA editing when relevant,
and unintended editing outcomes at both target and off-
target loci.

Genome editing can also trigger cellular stress responses.
Nuclease-induced DNA damage may activate p53-dependent
pathways, alter cell-cycle progression, reduce template-
dependent editing efficiency in sensitive cell types, or select for
cells with impaired DNA damage responses [110]. This is especially
relevant for HSPC editing, iPSC-derived products, and other long-
lived or proliferative cell populations, where edited cells may
persist or expand after transplantation. For ex vivo applications,
safety evaluation should therefore include cell viability, stemness
or differentiation capacity, chromosomal stability, clonal composi-
tion, and functional potency. For edited immune-cell therapies,
additional clinical monitoring is required for clonal behavior,
immune-related toxicities, and prolonged immune dysfunction.

Delivery-related safety is another major determinant of clinical
feasibility. Viral vectors such as AAVs and lentiviral vectors can
provide efficient delivery, but they differ in payload capacity,
persistence, integration risk, immunogenicity, and repeat-dosing
feasibility. AAV vectors are generally non-integrating but can
induce innate and adaptive immune responses, particularly at
high systemic doses, and pre-existing anti-AAV immunity may
limit eligibility, dosing, or therapeutic efficacy [111]. Lentiviral
vectors enable stable integration and are useful for ex vivo
engineering, but insertional mutagenesis and clonal expansion
remain important safety considerations. Non-viral systems such as
LNPs can reduce some vector-related risks and support transient
RNA delivery, although dose-dependent inflammatory, hepatic, or
infusion-related toxicities should still be monitored. In addition,
pre-existing humoral and cellular immunity to bacterial Cas
proteins has been reported in humans, indicating that anti-
editor immune responses should be considered, especially for
in vivo editing or repeated exposure [112].

A robust safety framework should match the assessment
strategy to the editing modality, cargo format, delivery system,
target tissue, and intended clinical use. For nuclease-based
approaches, this includes genome-wide off-target discovery,
targeted validation, and structural-variant detection[101-106].
For base and prime editors, safety assessments should include
analysis of bystander edits, product purity, DNA and RNA off-
target effects, and locus-specific repair outcomes. For ex vivo
therapies, edited cells should be evaluated for genomic integrity,
clonal behavior, phenotype, potency, and persistence before
infusion. For in vivo therapies, biodistribution, tissue specificity,
immune activation, dose-response relationships, durability, and
reversibility should be carefully characterized. Long-term follow-
up remains essential because delayed adverse events may emerge
months or years after treatment, particularly when permanent
genetic changes are introduced.

Overall, safety assessment in therapeutic genome editing should
move from a fragmented, assay-by-assay approach toward an
integrated, risk-based framework. Editing efficiency, precision,
delivery specificity, cellular fitness, immune compatibility, and long-
term durability should be evaluated together. This approach will be
essential for comparing genome-editing platforms, defining clinically
acceptable risk thresholds, and ensuring that therapeutic benefit is
achieved without avoidable genomic or immunological harm.

FUNCTIONAL AND THERAPEUTIC APPLICATIONS OF PRECISE
GENOME EDITING

Precise genome editing underpins a growing suite of biomedical
and research applications, including therapeutic gene modulation,
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endogenous gene labeling, functional variant screening, molecu-
lar recording, and the generation of genetically accurate disease
models. Rather than viewing these applications as isolated use
cases, they can be organized according to the type of genomic or
regulatory change introduced: gene disruption, sequence correc-
tion, targeted insertion, transcriptional or epigenetic regulation,
and model generation. This framework provides a clearer bridge
between the technological principles described above and the
disease-focused applications discussed in subsequent sections.

General therapeutic strategies: disruption, correction,
insertion, silencing, and regulation

Conventional treatments for genetic disorders often alleviate
symptoms without correcting the causal molecular defect, under-
scoring the need for curative, mechanism-directed interventions.
Historically, two principal gene-therapy strategies have been used:
viral vector-mediated delivery of exogenous wild-type genes to
compensate for defective endogenous alleles and RNA inter-
ference (RNAIi) to degrade pathogenic transcripts and suppress
harmful gene expression [113-115]. Although clinically important,
these approaches have notable limitations. Gene addition may not
fully recapitulate endogenous gene regulation and, depending on
vector design, may carry risks related to insertional mutagenesis,
immune responses, or gradual loss of non-integrating vectors
[116, 117]. RNAi-based approaches can reduce pathogenic
transcripts but may show incomplete or transient silencing,
delivery constraints, innate immune activation, and off-target
effects that compromise specificity [118]. Programmable genome-
editing technologies expand this therapeutic landscape by
enabling direct and mechanism-specific intervention at genomic
or regulatory loci [119]. Therapeutic editing strategies can be
broadly grouped into five conceptual categories. First, gene
disruption uses nuclease-induced indels, base editing, or other
targeted approaches to inactivate harmful genes, regulatory
elements, viral genomes, or disease-promoting pathways. Second,
sequence correction aims to repair pathogenic variants through
HDR, base editing, or prime editing, thereby restoring the native
sequence or function of the affected gene. Third, targeted
insertion or gene replacement enables integration of therapeutic
sequences, reporter elements, or functional domains at defined
genomic sites, including safe-harbor loci or disease-relevant
endogenous loci. Fourth, transcriptional silencing or activation
uses CRISPRI, CRISPRa, or related dCas-based systems to modulate
gene expression without altering DNA sequence. Fifth, epigenetic
regulation, including CRISPRoff/CRISPRon-like approaches, can
establish potentially durable yet programmable changes in gene
activity through modification of chromatin or DNA methylation
states [61, 119-122]. Therapeutic implementation can occur
ex vivo or in vivo. In ex vivo paradigms, patient-derived or
donor-derived cells are harvested, edited under controlled
manufacturing conditions, assessed for editing efficiency and
safety, expanded, and reinfused. This strategy allows more
extensive quality control over on-target editing, off-target profiles,
chromosomal integrity, and cell phenotype. In vivo approaches
deliver editing reagents directly to target tissues, offering the
possibility of treating organs or cell populations that cannot be
readily removed and reinfused. However, in vivo editing places
greater demands on delivery specificity, dose control, immune
compatibility, and long-term safety monitoring. Thus, therapeutic
genome editing should be understood not as a single modality,
but as a set of strategy-specific interventions whose suitability
depends on disease mechanism, target tissue, editing platform,
delivery route, and acceptable safety risk [123, 124].

Labeling endogenous genes

The eukaryotic cell interior is compartmentalized into organelles
with specialized architectures and functions, each dependent on
precise protein localization to sustain homeostasis. Alterations in

Gene Therapy

J. Alshorman et al.

subcellular localization frequently accompany or drive functional
changes, underscoring the need for accurate mapping of protein
distribution to elucidate biological mechanisms [125]. Traditional
methods, including immunostaining and overexpression of fusion
proteins, have long been used for such studies, but they have
intrinsic limitations. These include dependence on antibody
availability and specificity, inability to distinguish between wild-
type and mutant isoforms, and artifacts arising from overexpres-
sion, which can saturate trafficking pathways or promote aberrant
aggregation and diffuse localization patterns [126, 127]. Recent
advances in genome-editing technologies have made it possible
to tag endogenous genes directly with epitope or fluorescent
markers at their native loci, thereby overcoming many of these
limitations. Strategies such as CRISPR-Cas9-mediated HDR,
homology-independent targeted integration (HITl), and prime
editing allow insertion of reporter tags while preserving endo-
genous regulatory control [53, 64, 128]. These approaches provide
high precision for visualizing proteins under native expression
conditions and can facilitate analysis of both wild-type and
mutant alleles in vitro and in vivo. By enabling quantitative
measurement of protein localization, trafficking, and dynamics,
endogenous tagging deepens mechanistic insight into disease-
relevant perturbations.

Nonetheless, challenges persist. Successful tagging often
depends on editing efficiency, local chromatin accessibility,
proximity between the intended edit and available guide-RNA
sites, and compatibility of the tag with protein structure and
function. NHEJ-mediated events may also generate loss-of-
function alleles or mixed editing outcomes. Moreover, tag size
and insertion position can affect protein folding, localization,
stability, or interaction networks. To mitigate these concerns,
strategies such as careful linker design, validation of tagged
protein function, and targeting intronic or untranslated regions
where appropriate have been proposed to improve precision and
reduce deleterious outcomes [76, 129-131]. Collectively, endo-
genous labeling via genome editing represents a transformative
advance in cell biology, enabling more physiological tracking of
proteins and providing a versatile platform for dissecting disease
mechanisms.

Screening genetic variants

Systematically perturbing genes and analyzing functional con-
sequences through enrichment-based assays has long been
central to dissecting biological pathways and regulatory net-
works. The emergence of CRISPR-Cas-based screening technol-
ogies has transformed functional genomics by enabling high-
throughput and programmable genome manipulation. Tradi-
tionally, CRISPR screens primarily relied on generating loss-of-
function alleles through error-prone NHEJ, which produces
indels at targeted loci. Although effective for identifying
essential genes or pathway components, this approach has
limited resolution because heterogeneous indel outcomes may
produce variable functional effects [132, 133]. Recent innova-
tions, including HDR, base editors, and prime editors, have
enabled the precise introduction of defined nucleotide substitu-
tions for functional variant screening. These advances allow
systematic exploration of genotype-phenotype relationships at
single-nucleotide resolution. For example, CRISPR-Cas9-
mediated HDR has been used to generate saturation mutagen-
esis libraries that reveal variant-specific effects on transcript
stability, splicing, and protein function [134]. Base-editor-driven
pooled screens can introduce defined transition mutations to
identify loss-of-function variants or mutations associated with
drug sensitivity and resistance [133]. More recently, prime
editing has expanded the scope of variant screening by enabling
a broader range of substitutions, small insertions, and small
deletions, supporting scalable interpretation of variants of
uncertain significance [135].
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Despite this progress, several challenges remain. HDR-based
approaches often suffer from low efficiency and variability across
cell types. Base editing is constrained by editing windows,
bystander edits, PAM availability, and the limited range of
nucleotide conversions achievable by standard CBEs and ABEs.
Prime editing offers broader versatility but may require locus-
specific optimization and sequencing-based validation to confirm
intended edits and quantify unintended products. Addressing
these limitations will require continued refinement of editor
architectures, delivery systems, guide-library design, and compu-
tational methods for linking editing outcomes to phenotypes.
Nevertheless, the integration of precise genome-editing tools into
pooled and arrayed screening platforms is poised to accelerate
functional variant interpretation, improve disease-mechanism
discovery, and support precision medicine [76, 120, 136].

Molecular recording

The ability to capture and preserve cellular events through
engineered modifications in genomic DNA provides a powerful
approach for monitoring dynamic biological processes. Molecular
recording systems use genetically encoded components that
respond to environmental or cellular stimuli by introducing
predefined DNA changes that can later be decoded through
sequencing [137, 138]. Unlike conventional endpoint assays, these
systems can record information about cellular history, including
exposure to signaling cues, lineage relationships, or temporal
ordering of biological events. Earlier molecular recorders often
relied on nuclease-induced indels, which provided useful but
relatively heterogeneous editing outcomes. More recent systems
based on prime editing and related programmable DNA-writing
approaches enable more precise installation of sequence changes
that encode digital or temporal information. This allows recording
architectures to capture not only the identity of a signal but also
features such as signal duration, order, and cellular lineage
relationships [138, 139]. For example, base-editor-based recording
systems have integrated stimulus-responsive editing with pheno-
typic readouts through programmable logic circuits [140].
Similarly, prime-editing-based “DNA writing” platforms can
sequentially introduce programmed edits into arrays, enabling
lineage tracing, temporal recording, and synthetic information
storage [137]. Despite these advances, molecular recording
remains an emerging application with important technical and
safety challenges. Off-target edits, unintended bystander changes,
editing saturation, variable editing kinetics, and potential pertur-
bation of native cellular function can all affect recording fidelity.
Furthermore, recording complex dynamic processes requires
architectures that balance sensitivity, temporal resolution, storage
capacity, and genomic stability. Future development should
therefore focus on improving editor specificity, expanding
recording capacity, minimizing biological perturbation, and
validating recorder performance across cell types and in vivo
contexts. Achieving this balance will be essential for broader
adoption of molecular recording systems in biotechnology,
developmental biology, and disease research [138, 141].

Generating disease models

Genetically accurate disease models are essential for under-
standing pathogenic mechanisms, testing therapeutic hypotheses,
and evaluating candidate interventions. Historically, disease
modeling relied heavily on transgenic approaches involving
random integration of exogenous sequences or embryonic stem
cell-mediated homologous recombination. Although these
approaches have produced valuable models, random integration
can disrupt endogenous loci, create copy-number or position-
effect artifacts, and alter transgene expression, whereas traditional
homologous recombination is labor-intensive and inefficient
[142, 143]. Genome editing provides a more controlled and
predictable approach by enabling targeted introduction of
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disease-relevant mutations, gene disruptions, or regulatory altera-
tions. CRISPR-Cas9-mediated HDR has enabled precise knock-in
alleles, whereas base editors and prime editors can introduce
pathogenic or corrective variants without requiring canonical
DSBs. These modalities have increased the speed, precision, and
throughput of disease-model generation across multiple organ-
isms, including mice, rats, pigs, zebrafish, and Drosophila
[144, 145]. Such models can more faithfully reproduce patient-
relevant variants and provide mechanistic insight into
genotype—phenotype relationships. Precise editing has also
improved the generation of cellular disease models, including
induced pluripotent stem cell-derived systems, organoids, and
engineered neuronal models [146, 147]. Isogenic edited and
unedited cell pairs are particularly valuable because they reduce
background genetic variability and allow clearer attribution of
phenotype to a defined variant [146, 148]. However, disease-
model generation still requires careful validation. Editing effi-
ciency, mosaicism, allelic complexity, off-target edits, unintended
on-target rearrangements, and genetic-background effects can all
influence interpretation. Therefore, rigorous genotyping, pheno-
typic validation, and, where appropriate, orthogonal model
systems remain essential [147, 148]. Overall, precise genome
editing has transformed disease modeling by enabling faster,
more reproducible, and more genetically faithful platforms for
both basic and translational research.

GENOME EDITING FOR HUMAN DISEASE THERAPY

Genome editing is increasingly being translated from a discovery
platform into a therapeutic strategy for human disease. Across
disease contexts, therapeutic editing can be understood through a
limited number of recurring mechanisms: disruption of patho-
genic genes or regulatory elements, correction of disease-causing
variants, targeted insertion or replacement of therapeutic
sequences, transcriptional or epigenetic modulation, and engi-
neering of immune or stem cells for adoptive therapy. This
strategy-based framework helps connect the technological
principles described above with disease-specific applications and
avoids treating each disorder as an isolated example [149, 150].
The clinical maturity of each approach differs substantially. Ex vivo
editing is currently among the most advanced therapeutic
paradigms because edited cells can be expanded, characterized,
and quality-controlled before reinfusion. This is particularly
relevant for hematologic disorders and engineered immune-cell
therapies. In contrast, in vivo editing offers broader scalability and
access to tissues that cannot be removed and reinfused, but it
places greater demands on delivery specificity, dose control,
immune compatibility, and long-term safety monitoring. Similarly,
gene disruption is often more clinically tractable than precise
correction because it requires efficient loss of function rather than
precise sequence restoration, whereas correction, insertion, and
regulatory editing require tighter control over editing outcome,
allele specificity, and durability. Therefore, the therapeutic value of
genome editing depends not only on the disease area, but also on
the match between disease mechanism, editing strategy, delivery
modality, and acceptable safety risk [123, 124].

Cancer

Cancer represents one of the most active areas for therapeutic
genome editing, but its applications are heterogeneous and
should be distinguished by therapeutic intent. Broadly, genome
editing in oncology serves three major purposes: modeling tumor
evolution and drug resistance, directly disrupting oncogenic
dependencies, and engineering immune cells with enhanced
antitumor activity. Among these, immune-cell engineering has
progressed furthest clinically, whereas direct editing of malignant
cells remains largely preclinical because of challenges related to
tumor heterogeneity, delivery to most or all malignant clones, and
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the risk of selecting resistant subpopulations [26, 151-153]. Early
applications of ZFNs and TALENs were important for establishing
the feasibility of targeted genome modification in cancer-relevant
systems. These platforms enabled disruption of oncogenic loci,
generation of chromosomal rearrangements, modeling of leuke-
mia and solid-tumor drivers, and editing of immune-cell genes
such as T-cell receptor components [154, 155]. However, their
therapeutic use has been constrained by design complexity,
scalability, and competition from more flexible CRISPR-Cas
platforms. Their main continuing relevance in oncology is there-
fore both conceptual and translational: they established that
programmable nucleases could be used to model cancer-
associated mutations and chromosomal rearrangements, engineer
immune cells, and generate allogeneic cellular products through
targeted disruption of endogenous immune-recognition pathways
[2, 156, 157]. CRISPR-Cas systems have expanded these applica-
tions by enabling more flexible, multiplexed, and scalable editing
of cancer genomes and immune cells. In tumor modeling, CRISPR
editing has been used to reconstruct stepwise oncogenesis in
organoids and cellular models by combining tumor-suppressor
loss with activation of oncogenic pathways such as APC, TP53,
SMAD4, KRAS, and PIK3CA/PI3K signaling. These models are
particularly valuable because they allow controlled analysis of
genotype—phenotype relationships, drug sensitivity, clonal evolu-
tion, and resistance mechanisms. In this context, genome editing
functions less as a direct therapeutic intervention and more as a
translational discovery platform that improves preclinical model
fidelity and supports rational therapeutic development [158-160].
Direct editing of cancer cells aims to disrupt oncogenic
dependencies or restore tumor-suppressive pathways. Preclinical
studies targeting drivers such as MYC, mutant KRAS, BCR-ABL, or
viral oncogenes demonstrate the principle that genome editing
can reduce malignant growth or sensitize tumors to therapy
[151, 152, 161]. Nevertheless, this strategy faces major transla-
tional barriers. Unlike many monogenic disorders, cancers are
genetically heterogeneous, evolve rapidly under therapeutic
pressure, and often contain multiple spatially and molecularly
distinct clones. Effective direct editing would therefore require
highly efficient delivery to most tumor cells, selective targeting of
malignant tissue, and careful monitoring for incomplete editing,
resistant-clone expansion, and unintended genotoxicity. For these
reasons, direct tumor-cell editing remains less clinically mature
than ex vivo immune-cell engineering [151, 157, 162].

Among oncology applications, genome-edited adoptive cell
therapy is the most clinically advanced. A representative workflow
for autologous CRISPR-engineered CAR-T cell generation, ex vivo
editing, expansion, and reinfusion is illustrated in Fig. 3. Editing
can improve immune-cell products through several complemen-
tary strategies: disruption of endogenous TCR genes to reduce
graft-versus-host disease in allogeneic products, disruption of
selected immune-recognition pathways to improve allogeneic
compatibility, insertion or optimization of CAR/TCR programs,
deletion of inhibitory receptors such as PD-1, and modification of
pathways that limit persistence, trafficking, or function in the
tumor microenvironment [2, 153, 163]. This strategy directly
addresses key limitations of conventional cell therapy, including
product variability, T-cell exhaustion, antigen escape, and the
logistical burden of individualized autologous manufacturing
[2, 163, 164]. Genome-edited CAR-T and TCR-T platforms have
therefore become central to the development of “off-the-shelf” or
functionally enhanced immune-cell therapies. TALEN-edited pro-
ducts, such as UCART19 and related allogeneic CAR-T candidates,
illustrate the feasibility of disrupting endogenous TCR and CD52
loci to support universal donor-cell approaches [2]. CRISPR-based
platforms have extended this concept through multiplex editing
of TRAC, TRBC, PDCD1, B2M, and other immune-regulatory loci, as
well as precision insertion of tumor-specific TCRs into endogenous
TCR loci [153, 165, 166]. These approaches are intended to
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improve product consistency, reduce alloreactivity, enhance
antitumor function, and simplify manufacturing. Recent clinical
and translational studies further support the feasibility of multi-
plex CRISPR-edited T cells and personalized neoantigen-specific
TCR replacement, although durable efficacy, manufacturing
scalability, and safety monitoring remain central challenges
[153, 165, 166]. A second emerging direction is the use of CRISPR
screening and pooled perturbation platforms to identify genes
that enhance engineered T-cell activity, particularly in CAR-T
systems. These studies can reveal regulators of exhaustion,
cytokine production, tumor infiltration, antigen sensitivity, meta-
bolic fitness, and resistance to suppressive tumor microenviron-
ments. Such approaches shift genome editing from single-gene
optimization toward systematic immune-cell design. However,
candidate edits identified in screens require careful validation
because improved cytotoxicity may come at the cost of excessive
cytokine release, impaired persistence, altered differentiation, or
increased genotoxic risk [167, 168]. Despite rapid progress,
genome-edited cancer immunotherapy still faces important
translational barriers. Multiplex editing may increase the risk of
chromosomal rearrangements, translocations, large deletions, p53
activation, and clonal selection. Allogeneic products must balance
immune evasion with persistence and safety, while solid tumors
add further barriers, including antigen heterogeneity, poor
trafficking, immunosuppressive microenvironments, and physical
stromal exclusion. Therefore, the next phase of genome-edited
oncology will likely depend less on demonstrating that editing is
possible and more on defining which combinations of edits
produce durable, safe, and manufacturable therapeutic products
[105, 110, 153, 169]. Overall, cancer applications illustrate a
broader principle relevant across therapeutic genome editing: the
most successful strategies are those in which the editing
mechanism is closely matched to the biological problem. In
oncology, ex vivo immune-cell engineering is currently more
clinically mature than direct tumor-cell editing because it allows
controlled manufacturing, product testing, and safety assessment
before administration. Future progress will depend on integrating
precise editing, improved delivery or manufacturing platforms,
systematic safety profiling, and rational selection of edits that
enhance antitumor activity without introducing unacceptable
genotoxic or immunologic risk [105, 153, 165, 169].

Respiratory diseases

Chronic respiratory disorders are major global contributors to
morbidity and mortality, primarily affecting the lungs and airways.
According to the World Health Organization, chronic respiratory
diseases account for ~4 million deaths annually, with most deaths
occurring in low- and middle-income countries [170]. Respiratory
conditions such as chronic obstructive pulmonary disease (COPD),
cystic fibrosis (CF), pneumonia, and lung cancer impose sub-
stantial health and economic burdens and often require long-
term, disease-modifying approaches rather than symptomatic
management alone [171]. From a genome-editing perspective,
respiratory diseases illustrate two distinct therapeutic rationales.
The first is sequence correction or functional restoration in
monogenic epithelial disorders, most notably CF. The second is
gene-expression or epigenetic modulation in complex chronic
airway diseases, such as COPD, where disease progression is
influenced by inflammatory, environmental, and regulatory
mechanisms rather than by a single pathogenic variant [172,
173]. Lung cancer also involves respiratory tissue, but its most
clinically advanced genome-editing applications are better
considered within cancer immunotherapy, particularly ex vivo
engineered T-cell approaches, as discussed above [153]. CF is
among the clearest examples of a respiratory disease suited to
precise genetic intervention. It is an autosomal recessive disorder
caused by pathogenic variants in the CFTR gene, leading to
defective chloride and bicarbonate transport across epithelial
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Collect patient’s
peripheral blood via
leukapheresis to obtain
mononuclear cells

Infuse autologous
genome-edited CAR-T cells
back into the patient for
targeted tumor elimination

Workflow of Autologous
CRISPR-Engineered
CAR-T Cell Therapy

Isolate autologous
T lymphocytes
from PBMCs

Engineer T cells using
CRISPR/Cas9 to knock
out inhibitory genes
and introduce a CAR
construct targeting
tumor-associated
antigens

Expand genome-edited
CAR-T cells ex vivo under
controlled culture
conditions to achieve
therapeutic dose

Fig. 3 Workflow of autologous CRISPR-engineered CAR-T cell therapy. Peripheral blood mononuclear cells (PBMCs) are collected from the
patient by leukapheresis, and autologous T lymphocytes are isolated. The T cells are then edited ex vivo using CRISPR-Cas9 to disrupt
inhibitory genes and to introduce a chimeric antigen receptor (CAR) transgene targeting tumor-associated antigens. Genome-edited CAR-
T cells are expanded under controlled culture conditions to achieve a therapeutic dose and subsequently reinfused into the same patient to

enable antigen-directed tumor cell elimination.

surfaces and progressive airway, pancreatic, and gastrointestinal
disease [172, 174]. Although CFTR modulators have substantially
improved outcomes for many patients, not all mutations are
responsive to currently available small-molecule therapies, leaving
a rationale for mutation-agnostic or mutation-specific gene-
editing approaches [172, 175]. Preclinical studies have demon-
strated several strategies for restoring CFTR function.
CRISPR-Cas9-mediated HDR has been used to correct CFTR
mutations in intestinal stem cell-derived organoids from patients
with CF, restoring forskolin-induced swelling as a functional
readout of chloride transport [172]. Similar correction strategies
have been extended to patient-derived induced pluripotent stem
cells, with subsequent differentiation toward airway-like epithelial
cells showing recovery of CFTR activity in disease-relevant cellular
contexts [176]. More recently, base-editing approaches have been
used to correct selected CF-causing nonsense mutations, includ-
ing R785X, R553X, and W1282X, in patient-derived organoid
models, illustrating the potential of DSB-minimizing editors for
mutation-specific CF therapy [177]. Despite these advances, the
translational challenge in CF is not only editing precision but also
delivery. Effective treatment would require efficient editing of a
sufficient fraction of airway basal or progenitor cells, durable
correction in regenerating airway epithelium, and delivery systems
capable of penetrating mucus, inflamed tissue, and epithelial
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barriers [178-180]. In addition, HDR-dependent strategies may be
limited in slowly dividing airway cells, whereas base editing and
prime editing may reduce dependence on canonical HDR but
introduce their own constraints, including editing-window restric-
tions, bystander edits, editor size, and delivery complexity.
Therefore, CF represents a highly informative test case for
respiratory genome editing: the molecular target is well defined,
but clinical translation depends heavily on airway delivery, stem/
progenitor-cell targeting, and long-term epithelial renewal
[178, 179, 181, 182]. In complex respiratory diseases such as
COPD, genome editing is less likely to function as direct mutation
correction and may instead be useful for gene-regulatory or
epigenetic modulation. COPD pathogenesis involves chronic
inflammation, airway remodeling, mucus hypersecretion, oxidative
stress, and environmentally induced epigenetic changes [183].
CRISPR-based epigenetic editing offers a potential way to
modulate disease-relevant transcriptional programs without alter-
ing DNA sequence [173]. For example, dCas9-based repression
targeting the SPDEF promoter has been used in lung epithelial
cells to suppress SPDEF expression, a regulator associated with
mucus hypersecretion, through recruitment of repressive chro-
matin machinery and induction of durable transcriptional silen-
cing [184]. This approach is conceptually important because it
aligns the editing strategy with disease biology: rather than
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correcting a single mutation, it aims to recalibrate maladaptive
gene-expression programs [173, 184]. Earlier programmable
nuclease platforms, including ZFNs and TALENs, have also
contributed to respiratory disease research. ZFN-based strategies
have been explored for correction or functional restoration of
CFTR, including insertion of functional CFTR sequences into
mutant cells, although early correction efficiencies were limited
[173]. TALENs have likewise been applied in respiratory and
infection-related contexts, including editing strategies relevant to
host-pathogen interactions, such as SP110-mediated resistance to
tuberculosis [185]. However, compared with CRISPR-Cas systems,
ZFNs and TALENSs face greater practical barriers related to protein
engineering, scalability, and target redesign. Their main value in
the current respiratory-editing landscape is therefore as proof-of-
concept platforms that established the feasibility of targeted
genetic manipulation before the broader adoption of CRISPR-
based systems [185, 186]. Overall, respiratory diseases highlight
both the promise and the delivery constraints of therapeutic
genome editing. CF provides a clear rationale for precise
correction or functional restoration of a single defective gene,
whereas COPD illustrates the potential value of transcriptional or
epigenetic regulation in complex, non-monogenic airway disease.
However, the lung remains a challenging therapeutic target
because successful editing requires efficient delivery to relevant
epithelial cell populations, durable correction or regulation,
limited inflammation, and long-term safety monitoring. Future
progress will depend on matching the editing platform to disease
mechanism: correction, base editing, or prime editing for
monogenic epithelial disorders; regulatory editing for complex
airway remodeling and mucus phenotypes; and ex vivo immune-
cell engineering for lung cancer within the broader oncology
framework.

Hematological diseases

Hematological disorders represent one of the most clinically
advanced areas for therapeutic genome editing because many
arise from well-defined genetic defects and can be approached
through ex vivo editing of hematopoietic stem and progenitor
cells (HSPCs). This strategy is particularly attractive because
patient-derived CD34" HSPCs can be collected, edited under
controlled manufacturing conditions, assessed for editing effi-
ciency and safety, and reinfused after myeloablative or condition-
ing therapy [10, 187, 188]. Thus, compared with many in vivo
editing applications, hematologic editing allows more extensive
product characterization before treatment. SCD and {-thalassemia
have become leading examples of this paradigm. Both disorders
arise from defects in {3-globin biology: SCD is caused by a
pathogenic single-nucleotide substitution in HBB, whereas (-
thalassemia results from mutations that reduce or abolish 3-globin
production [189, 190]. Therapeutic editing strategies for these
disorders can be divided into two major categories. The first aims
to directly correct or modify the pathogenic HBB locus, thereby
restoring normal or non-sickling B-globin function. The second
aims to reactivate fetal hemoglobin (HbF), most commonly by
disrupting erythroid-specific regulatory elements of BCL11A, a key
transcriptional repressor of y-globin expression [189, 191, 192].
Direct correction of the HBB locus has been demonstrated using
CRISPR-Cas9-mediated HDR in both HSPCs and iPSC-based
systems, with subsequent erythroid differentiation confirming
restoration of normal or non-sickling hemoglobin expression
[189, 193]. However, HDR-dependent correction remains techni-
cally challenging in long-term repopulating HSCs because editing
efficiency, donor-template delivery, cell-cycle dependence, and
preservation of stem-cell fitness must all be optimized. These
limitations have made HbF reactivation a more clinically mature
strategy, because therapeutic benefit can be achieved through
disruption of a regulatory element rather than precise sequence
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correction [187, 194, 195]. The most advanced clinical approach
exploits naturally protective HbF expression. Disruption of the
erythroid-specific enhancer of BCL11A in autologous CD34* HSPCs
increases y-globin production and compensates for defective p-
globin function [188, 194]. This concept underlies exagamglogene
autotemcel/CTX001, in which CRISPR-Cas9 editing of patient
HSPCs is followed by reinfusion to produce durable HbF induction.
Clinical trials in SCD and transfusion-dependent p-thalassemia
have shown that this strategy can markedly reduce vaso-occlusive
crises and transfusion requirements, supporting HbF reactivation
as a landmark example of clinically translated genome editing
[187, 194, 196]. Parallel approaches using ZFNs to disrupt the
BCL11A erythroid-specific enhancer have also been developed for
B-thalassemia and SCD, reflecting a shared therapeutic principle:
genome editing does not necessarily need to repair the causal
HBB mutation if it can restore a compensatory developmental
program, such as HbF reactivation [197, 198].

Base editing further expands the therapeutic landscape for
hemoglobinopathies by enabling DSB-minimizing modification of
disease-relevant alleles or regulatory sequences. One strategﬁy
converts the pathogenic sickle allele (HBB®) into the benign HBB®-
Makassar variant, which preserves hemoglobin function while
reducing sickling. This approach achieved high editing levels in
patient-derived HSPCs and reduced hematologic pathology in
preclinical models [199]. More recently, base-editing strategies
have also been developed to reactivate HbF by editing y-globin
regulatory regions or BCL11A-binding motifs within the HBG1/2
promoters, supporting the broader concept that DSB-independent
editors may improve the precision and safety profile of
hematologic editing [200, 201]. Nevertheless, base editing
introduces distinct safety considerations, including bystander
edits, DNA and RNA off-target activity that varies with editor
architecture and exposure duration, and the need to preserve
long-term HSC engraftment and multilineage reconstitution
[199-201]. Hemophilia illustrates a different therapeutic logic.
Unlike SCD and B-thalassemia, which are well suited to ex vivo
HSPC editing, hemophilia A and B primarily require restoration of
clotting-factor expression, most commonly factor VIlI (F8) or factor
IX (F9). In hemophilia A, CRISPR-Cas9 correction of F8 defects in
patient-derived iPSCs restored factor VIII expression after differ-
entiation into endothelial cells, and transplantation of corrected
cells improved clotting function in hemophilic models [202-204].

In hemophilia B, genome-editing approaches have targeted
pathogenic F9 variants or introduced functional factor IX
expression in hepatocytes. Adenoviral vector delivery enabled
efficient correction in murine models but raised toxicity
concerns, whereas non-viral strategies showed proof-of-
concept restoration of coagulation with reduced vector-related
toxicity [205]. These studies demonstrate feasibility but remain
less clinically mature than HSPC editing for hemoglobinopathies.
Across hematological diseases, the main translational advantage
of genome editing is the ability to match the editing strategy to
disease biology. For hemoglobinopathies, ex vivo HSPC editing
is clinically advanced because corrected or modified stem cells
can repopulate the erythroid compartment and provide
sustained therapeutic output. For hemophilia, durable thera-
peutic benefit may depend more heavily on efficient liver-
directed or endothelial-targeted delivery and stable clotting-
factor expression. Across both disease classes, key barriers
remain, including preservation of stem-cell fitness, avoidance of
off-target and on-target genotoxicity, monitoring for clonal
expansion, conditioning-related toxicity, manufacturing cost,
and long-term durability of therapeutic benefit. Therefore,
hematologic disorders demonstrate both the current success
of therapeutic genome editing and the need for rigorous long-
term safety surveillance as these approaches move from proof-
of-concept toward standard clinical care [187, 194, 206-208].
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Cardiovascular diseases

Cardiovascular diseases remain a leading global cause of mortality
and include both complex polygenic disorders and rarer mono-
genic conditions involving lipid metabolism, vascular integrity,
cardiomyocyte function, or coagulation-related pathways. From a
genome-editing perspective, cardiovascular applications can be
grouped into two broad categories: first, disease modeling and
target discovery, in which editing is used to define causal gene
function in cardiac or vascular systems; and second, therapeutic
editing, in which long-lasting modification of disease-associated
genes is used to reduce cardiovascular risk or correct pathogenic
mechanisms. This distinction is important because most ther-
apeutic progress to date has occurred not in direct myocardial
gene correction, but in liver-targeted editing of circulating lipid
regulators [209, 210]. Genome editing has substantially improved
cardiovascular disease modeling. Cardiac-specific Cas9 mouse
models and viral delivery of sgRNAs have enabled rapid
interrogation of candidate genes in vivo, including genes whose
disruption produces cardiomyopathy-like phenotypes [211].
Large-animal models have also been generated using ZFNs and
related platforms; for example, targeted disruption of FBN1 in pigs
recapitulated key skeletal and vascular features of Marfan
syndrome [212] and Ppar-y disruption in porcine cells provided
additional models relevant to metabolic and cardiovascular
biology [213]. Because porcine cardiovascular anatomy and
physiology more closely resemble humans than many small-
animal models, such systems remain valuable for translational
testing of cardiovascular interventions [214]. CRISPR-Cas9 has also
expanded mechanistic studies of cardiovascular biology by
enabling targeted loss-of-function analyses in endothelial cells,
lipid-metabolism pathways, and inflammatory signaling networks.
Editing studies involving CXCR4,TLR2, SOAT1/ACAT1, TFAM, and
RNF130 have helped identify pathways involved in cholesterol
handling endothelial inflammation, mitochondrial dysfunction,
DNA methylation changes, and LDL receptor regulation [215, 216].
These applications are primarily discovery-oriented, but they are
important because they help identify disease-relevant genes and
pathways, distinguish protective from deleterious targets, and
determine whether a candidate editing target is context-
dependent before therapeutic translation [209]. Therapeutically,
one of the most advanced cardiovascular genome-editing
strategies is in vivo editing of hepatocyte-expressed lipid
regulators. This approach is attractive because many major
cardiovascular risk factors are driven by circulating proteins
produced or regulated by the liver, and partial or complete loss
of function in selected genes can produce durable lipid lowering
[210, 217]. In contrast to cardiomyocyte editing, which faces major
delivery and safety barriers, hepatocyte editing can exploit liver-
tropic delivery systems such as LNPs and GalNAc-conjugated
formulations. Accordingly, current cardiovascular editing pro-
grams are shifting the field from repeated pharmacologic
suppression toward one-time or infrequent genetic interventions
targeting lipid metabolism. A central target is PCSK9, whose loss of
function lowers LDL-C and protects against atherosclerotic
cardiovascular disease. VERVE-101 uses adenine base editing to
introduce an inactivating edit in hepatic PCSK9. Preclinical studies
in non-human primates showed durable reductions in circulating
PCSK9 and LDL-C after a single administration, and early clinical
data showed dose-dependent reductions in PCSK9 and LDL-C,
although liver-enzyme elevations, thrombocytopenia, and other
safety signals indicate that long-term monitoring and delivery
optimization remain essential [218, 219]. Other lipid targets extend
this therapeutic logic beyond PCSK9-directed LDL-C lowering.
ANGPTL3 inhibition may benefit patients with severe hypercho-
lesterolemia, including those with LDL receptor deficiency,
because it can reduce atherogenic lipoproteins through mechan-
isms partly independent of LDL receptor activity [217, 220, 221].
VERVE-201 is designed to inactivate hepatic ANGPTL3 using an

SPRINGER NATURE

adenine base-editing strategy, illustrating how cardiovascular
editing is increasingly focused on durable modulation of hepatic
lipid regulators rather than correction of cardiac structural genes.
Similarly, investigational LPA-targeting approaches such as
CTX320 aim to reduce lipoprotein(a), a genetically determined
and difficult-to-modify cardiovascular risk factor. These programs
highlight the appeal of genome editing for cardiovascular
prevention: a single intervention could, in principle, produce
long-term reduction of causal circulating risk factors [217]. The
recent development of YOLT-101 reinforces a broader conceptual
shift in cardiovascular genome editing: rather than correcting
structural cardiac defects, current therapeutic strategies are
increasingly aimed at durable modification of hepatic regulators
that control lifelong exposure to circulating cardiovascular risk
factors. YOLT-101 applies this logic by using GalNAc-modified LNP
delivery of an adenine base editor to inactivate hepatic PCSK9
after a single intravenous infusion. Interim clinical data in patients
with heterozygous familial hypercholesterolemia showed dose-
dependent reductions in circulating PCSK9 and LDL-C, supporting
the feasibility of liver-directed in vivo base editing as a long-acting
lipid-lowering strategy. However, because this approach is
intended to produce persistent genomic modification in otherwise
stable chronic disease populations, larger studies and longer
follow-up are needed to define durability, safety, and the balance
between preventive benefit and irreversible intervention [222].
Overall, cardiovascular applications demonstrate a key transla-
tional principle: genome editing is most clinically plausible when
the target tissue is accessible, the causal pathway is genetically
validated, and partial loss of function is therapeutically beneficial.
At present, liver-directed editing of lipid regulators is more
clinically mature than direct editing of cardiac tissue. Future
progress will depend on improving delivery specificity, minimizing
genotoxic and immunologic risks, and defining which patient
populations justify durable, potentially irreversible genetic
intervention.

Metabolic diseases

Metabolic diseases encompass a diverse group of disorders
characterized by impaired metabolism of carbohydrates, lipids,
proteins, lysosomal substrates, and other biomolecules [223].
These conditions range from monogenic enzyme deficiencies to
complex polygenic disorders shaped by interactions among
genetic susceptibility, environmental exposure, diet, inflammation,
and tissue-specific regulatory networks [224]. From a genome-
editing perspective, metabolic diseases can be broadly viewed in
three functional contexts: disorders in which editing is used
primarily for disease modeling and target discovery; monogenic
metabolic diseases in which correction, insertion, or replacement
of a defective gene may provide therapeutic benefit; and immune-
metabolic diseases, such as type 1 diabetes mellitus (T1D), in
which editing may be used to engineer protective or regulatory
cell populations [225, 226]. This distinction is important because
the translational feasibility of genome editing differs substantially
across these categories. Liver-directed in vivo editing may be
suitable for selected hepatocyte-expressed metabolic genes,
whereas ex vivo editing may be more appropriate for hemato-
poietic or immune-cell-based disorders. By contrast, obesity and
polygenic diabetes currently remain better suited to mechanistic
modeling and target validation than to direct therapeutic editing
[224-226]. Genome editing has been particularly valuable for
modeling metabolic disease mechanisms and identifying causal
pathways. The leptin-leptin receptor (Lep/LepR) axis provides a
representative example. Leptin, primarily secreted by white
adipocytes, regulates food intake, energy expenditure, lipogenesis,
and glucose metabolism through LepR-mediated signaling in the
hypothalamus [227, 228]. Classical Ob/ob and db/db mouse
models, which lack functional leptin or LepR, respectively, have
long been used to investigate obesity, insulin resistance,
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hyperglycemia, and lipid abnormalities [228]. More recently,
programmable nucleases have enabled the generation of more
precise models. TALEN-mediated knockout of LepR in rat zygotes
produced mutant lines with obesity and metabolic dysfunction
that were stably transmitted through the germline [229]. Similarly,
CRISPR-Cas9-mediated LepR knockout in mice generated pheno-
types including hyperphagia, obesity, and insulin resistance,
further supporting the value of targeted editing for modeling
human metabolic disease [230]. These studies illustrate how
genome editing can complement classical animal models by
enabling controlled interrogation of specific metabolic genes
across different biological contexts. Genome-editing models have
also helped clarify metabolic pathways beyond the leptin axis.
CYP2E1, a gene involved in xenobiotic metabolism and implicated
in diabetes and alcohol-related liver disease, has been targeted by
CRISPR-Cas9 in rats to investigate its contribution to metabolic
dysfunction [231]. Likewise, the fat mass and obesity-associated
gene FTO has provided insight into the genetic regulation of
adipocyte biology. Variants in FTO, particularly rs1421085,
influence adipose thermogenesis through regulatory networks
involving ARID5B, IRX3, and IRX5. CRISPR-Cas9-based correction of
this variant restored ARID5B function, suppressed IRX3 and IRX5
expression, and promoted a shift toward increased energy
expenditure [232]. In lipid metabolism, CREB3L3, a hepatic and
intestinal transcription factor involved in triglyceride and choles-
terol regulation during fasting, has been studied using
CRISPR-Cas9-generated floxed mouse models, enabling tissue-
specific analysis of its role in metabolic homeostasis [233, 234].
Familial hypercholesterolemia has also been modeled in miniature
swine through TALEN-mediated disruption of LDLR, providing a
large-animal platform that more closely approximates human lipid
physiology and may be useful for testing therapeutic strategies
[235, 236]. Collectively, these examples show that in complex
metabolic disorders, genome editing currently has its greatest
value as a tool for causal gene validation, disease modeling, and
preclinical therapeutic testing. For monogenic metabolic diseases,
genome editing has more direct therapeutic potential because
correction or functional replacement of a single defective gene
may restore the missing metabolic activity. Mucopolysacchar-
idoses (MPS) represent a relevant example. MPS disorders result
from deficiencies in lysosomal enzymes, leading to progressive
accumulation of glycosaminoglycans. MPS | is caused by a-L-
iduronidase deficiency, whereas MPS Il results from iduronate
sulfatase deficiency. In these diseases, genome-editing strategies
have used AAV-mediated delivery of ZFNs to hepatocytes to
support targeted insertion of functional lysosomal enzyme genes,
allowing the liver to act as a systemic source of therapeutic
enzyme production. Clinical studies, including NCT02702115 and
NCT03041324, have explored this strategy for MPS | and MPS ||
[237]. This approach illustrates a broader translational principle: for
secreted metabolic enzymes, complete correction of every
affected tissue may not be necessary if editing can generate a
durable systemic source of functional protein. Adenosine deami-
nase deficiency is another metabolic disorder in which genome
and gene-modification approaches have been explored. ADA
deficiency results from pathogenic variants in the ADA gene and
causes toxic purine metabolite accumulation with severe immu-
nological consequences. Previous therapeutic strategies have
used lentiviral delivery of ADA cDNA into hematopoietic stem
and progenitor cells followed by autologous transplantation, as
evaluated in clinical studies such as NCT01380990 [238, 239].
Although lentiviral HSPC gene addition can restore ADA activity
and has produced sustained metabolic correction and immune
reconstitution in ADA-SCID, integrating-vector approaches remain
associated with conceptual safety and regulatory limitations,
including semi-random vector integration and transgene expres-
sion that is not fully controlled by the endogenous ADA locus
[240, 241]. Precise genome editing could, in principle, improve on
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conventional gene-addition strategies by correcting the endo-
genous ADA mutation or inserting a therapeutic sequence into a
defined genomic site, thereby enabling more predictable and
potentially physiological regulation of gene expression [241].
However, translation of HSPC editing requires careful optimization
to preserve stem-cell fitness, ensure durable multilineage engraft-
ment and long-term persistence of edited cells, and minimize
genotoxicity or off-target effects [241, 242].

In diabetes research, genome editing has contributed both to
disease modeling and to the development of cell-based
therapeutic concepts. CRISPR-Cas9-generated Cre-loxP recombi-
nation models have supported studies of insulin gene regulation
and glucose metabolism [243]. In parallel, CRISPR-based manip-
ulation of diabetes-associated genes in patient-derived induced
pluripotent stem cells from individuals with maturity-onset
diabetes of the young (MODY) provides a platform for modeling
genotype-specific B-cell dysfunction and testing personalized
therapeutic strategies [244, 245].

For T1D, the therapeutic logic differs from that of monogenic
metabolic enzyme deficiencies because disease progression is
driven by autoimmune destruction of pancreatic  cells. Here,
genome editing may be most useful for immune-cell engineering
or the development of immune-evasive replacement cells. One
strategy involves modification of the FOXP3 locus in human T cells
by inserting a strong enhancer/promoter upstream of the first
coding exon, thereby converting conventional T cells into
regulatory T-like cells with enhanced immunosuppressive poten-
tial. These engineered regulatory T cells may help suppress
pancreatic autoimmunity and protect B-cell function, although
further studies are needed to define their durability, specificity,
safety, and therapeutic efficacy in T1D [246]. Overall, metabolic
diseases illustrate the need to match genome-editing strategy to
disease mechanism. For complex metabolic traits such as obesity
and polygenic diabetes, editing currently serves mainly as a
discovery and modeling platform. For monogenic metabolic
disorders, correction, targeted insertion, or gene replacement
may provide more direct therapeutic opportunities, particularly
when liver-directed expression can supply a systemic enzyme or
metabolic function. For immune-metabolic diseases such as T1D,
editing may be more useful for immune-cell engineering or
immune-evasive cell-replacement strategies than for direct
correction of a metabolic enzyme. Future translation will require
improved tissue-specific delivery to liver, pancreas, adipose tissue,
and immune compartments, together with careful evaluation of
durability, genotoxicity, immune responses, and long-term safety.

Neurodegenerative diseases

Neurodegenerative diseases comprise a heterogeneous group of
disorders characterized by progressive loss of neuronal structure,
function, and survival, ultimately leading to irreversible impair-
ment of motor, cognitive, sensory, or autonomic functions. Major
examples include Alzheimer's disease (AD), Parkinson’s disease
(PD), Huntington's disease (HD), amyotrophic lateral sclerosis
(ALS), and spinocerebellar ataxias [247]. From a genome-editing
perspective, neurodegenerative diseases present distinct transla-
tional challenges compared with hematological or liver-directed
disorders. The central nervous system (CNS) contains largely post-
mitotic, highly specialized cell populations; disease-relevant
neurons are often widely distributed or regionally vulnerable;
and delivery across the blood-brain barrier remains difficult [248].
Therefore, genome-editing strategies for neurodegenerative dis-
eases can be broadly grouped into three functional categories:
disease modeling and mechanistic discovery, suppression or
disruption of toxic gain-of-function alleles, and correction or
modulation of disease-associated genes or regulatory pathways
[248, 249]. AD is one of the most prevalent neurodegenerative
disorders and is pathologically characterized by extracellular
amyloid-p plaques and intracellular neurofibrillary tangles, which
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are associated with progressive synaptic dysfunction, cognitive
decline, and memory impairment [250].

Although most AD cases are sporadic and multifactorial, familial
forms involving genes such as APP, PSEN1, and PSEN2 provide
genetically defined targets for mechanistic modeling and
potential intervention [251]. Genome-editing approaches have
therefore been used primarily to generate, disrupt, or correct
disease-associated variants in cellular and animal models,
enabling causal investigation of amyloid processing, tau pathol-
ogy, and genotype-dependent biomarker changes [251, 252]. For
example, editing or modeling of APP has been used to investigate
variants such as A673V, which promotes A aggregation and
toxicity, and A673T, which is associated with reduced Ap
production and protection against AD progression [252, 253].
Patient-derived or engineered cellular, iPSC-derived, and organoid
models carrying defined APP or PSEN variants provide valuable
platforms for studying AD mechanisms and testing therapeutic
hypotheses [254].

However, direct therapeutic editing for AD remains challenging
because the disease is commonly polygenic or sporadic, involves
multiple interacting pathological pathways, and would require
safe, efficient, and spatially appropriate editing within the CNS
[254, 255]. HD represents a more genetically tractable neurode-
generative disease because it is caused by CAG repeat expansion
in the HTT gene, leading to production of mutant huntingtin
protein and progressive neuronal dysfunction, particularly in
striatal and cortical circuits [256, 257]. This clear monogenic
gain-of-function mechanism makes HTT an attractive target for
genome-editing and gene-regulatory strategies aimed at reducing
mutant huntingtin expression. Synthetic zinc finger protein
repressors have reduced mutant HTT expression in both cellular
and animal models; notably, striatal delivery of AAV-packaged zinc
finger repressors in R6/2 mice produced dose-dependent repres-
sion of mutant HTT, reduced protein aggregation, and improved
disease-related phenotypes [258-260].

TALE- and TALEN-based approaches have also been used in
human HD fibroblasts to achieve allele-specific reduction of
mutant HTT expression without suppressing the normal allele
[261]. In parallel, correction of expanded HTT CAG repeats in HD
patient-derived iPSCs has been achieved using homologous
recombination or CRISPR-Cas9/piggyBac-based approaches, sup-
porting the feasibility of precise correction in patient-specific
cellular models and the generation of isogenic controls for disease
modeling [259, 260]. Nevertheless, therapeutic translation requires
careful attention to allele specificity, because complete or
sustained reduction of normal HTT function may have adverse
consequences [262]. Future strategies must therefore balance
efficient suppression of the pathogenic allele with preservation of
wild-type HTT expression, durable CNS delivery, and minimization
of off-target or unintended on-target editing [262, 263]. PD is
characterized by progressive degeneration of dopaminergic
neurons in the substantia nigra, leading to motor symptoms such
as bradykinesia, tremor, rigidity, and postural instability [264, 265].

Current treatments largely replace or mimic dopamine signaling
but do not halt neurodegeneration. Genome-editing applications
in PD are mainly directed toward mechanistic modeling, modula-
tion of disease-associated genes, and development of cell-
replacement strategies. SNCA, which encodes a-synuclein, is a
central target because a-synuclein aggregation contributes to
Lewy body pathology. CRISPR-Cas9-mediated interference or
editing of SNCA has been proposed as a strategy to reduce a-
synuclein accumulation and modify disease progression
[266, 267]. In stem-cell-based models, CRISPR-mediated deletion
or epigenetic repression of SNCA has been used to generate
dopaminergic neurons with altered susceptibility to a-synuclein/
Lewy body-associated pathology, supporting its utility for disease
modeling, therapeutic proof-of-concept studies, and cell-
replacement research [266, 268]. However, direct therapeutic
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editing in PD remains at an early stage because disease
mechanisms are often multifactorial and because safe editing of
vulnerable dopaminergic populations in vivo requires precise
delivery, appropriate dosing, and long-term monitoring [269]. ALS
is a fatal motor neuron disease characterized by degeneration of
upper and lower motor neurons in the cerebral cortex, brainstem,
and spinal cord, leading to progressive weakness, paralysis, and
respiratory failure [254-256]. Although most ALS cases are
sporadic, familial forms linked to genes such as SOD1 provide
defined targets for genome-editing intervention. Mutations in
SOD1, which encodes superoxide dismutase 1, can cause toxic
gain-of-function effects that contribute to motor neuron degen-
eration. CRISPR-Cas9-mediated disruption of mutant SOD1 has
shown therapeutic promise in preclinical models, where SOD1
deletion preserved motor neurons and improved motor perfor-
mance [270-272]. This strategy illustrates a broader principle for
neurodegenerative editing: when disease is driven by a toxic gain-
of-function product, gene disruption or allele-selective silencing
may be more feasible than precise correction. However, as with
HD, translation requires careful evaluation of allele specificity,
delivery to widespread motor neuron populations, long-term
durability, and the consequences of reducing normal gene
function.

Overall, neurodegenerative diseases illustrate both the promise
and the limitations of therapeutic genome editing in the CNS. For
genetically defined disorders such as HD or SOD1-associated ALS,
suppression or disruption of toxic alleles may provide a rational
therapeutic route. By contrast, in complex disorders such as
sporadic AD and PD, genome editing currently has greater value
for disease modeling, target validation, and development of
genetically defined cellular systems. Across these indications,
translation remains constrained by CNS delivery, blood-brain
barrier penetration, immune responses to vectors or editors, off-
target and unintended on-target effects, and the risks of
irreversible editing in non-renewable neural tissues. Future
progress will therefore depend on matching the editing strategy
to disease biology: allele-selective suppression for toxic gain-of-
function disorders, correction or replacement for defined loss-of-
function mutations, and regulatory or epigenetic modulation
where therapeutic benefit requires tuning gene expression rather
than permanently altering DNA sequence.

Viral diseases

Viral infections remain a major global health challenge, particularly
when persistent or latent viral reservoirs are not eliminated by
conventional antiviral therapies. Many currently available treat-
ments suppress viral replication but do not eradicate episomal,
integrated, or latent viral genomes, thereby requiring prolonged
or lifelong therapy [273, 274]. From a genome-editing perspective,
antiviral strategies can be broadly divided into two functional
categories: direct targeting of viral genomes, such as cleavage of
episomal or integrated viral DNA, and host-directed editing, in
which cellular factors required for viral entry, replication, or
persistence are disrupted or modified. These approaches differ
substantially in delivery requirements, safety considerations, and
translational feasibility. Viral-genome editing may be most suitable
when a conserved viral reservoir can be selectively targeted,
whereas host-factor editing requires careful evaluation of whether
the edited host gene is dispensable or functionally redundant
[274, 275].

Platforms including ARCUS nucleases, CRISPR-Cas systems, and
ZFNs have therefore been explored for antiviral applications, with
delivery strategies including LNPs, viral vectors, ex vivo cell
modification, and transplantation-based approaches
[273, 275, 276]. A leading example of direct viral-genome editing
is PBGENE-HBV, an investigational therapy for chronic hepatitis B
virus (HBV). Chronic HBV is difficult to cure because the virus
persists in hepatocytes as covalently closed circular DNA (cccDNA),
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while integrated HBV sequences can also contribute to viral
antigen production. Conventional nucleos(t)ide analogues sup-
press viral replication but generally do not eliminate these
reservoirs, limiting the likelihood of functional or definitive cure.
PBGENE-HBV uses the proprietary ARCUS nuclease platform to
target HBV cccDNA and integrated HBV sequences in hepatocytes
[274, 277]. Delivered by LNPs, this approach is designed to cleave
HBV DNA directly within infected hepatocytes, thereby addressing
viral reservoirs that are not removed by standard nucleos(t)ide
analogue therapy [274].

These preclinical findings support further clinical development
of ARCUS-based HBV genome-editing strategies. More broadly,
this example illustrates the appeal of genome editing in chronic
viral infection: unlike replication-suppressive antivirals, editing-
based approaches may directly reduce persistent viral DNA
reservoirs. However, HBV editing also raises important challenges,
including efficient hepatocyte delivery, selective cleavage of viral
rather than host DNA, management of integrated viral sequences,
and long-term monitoring for unintended genomic consequences
[274]. Genome-editing strategies are also being explored for latent
or tissue-restricted viral infections such as herpes simplex virus
type 1 (HSV-1). The investigational therapy HELP, or HSV-1 Eraser
using Lentiviral Particles, was evaluated as a one-time treatment in
individuals with treatment-resistant HSV-1 stromal keratitis under-
going corneal transplantation [278].

HELP uses a lentiviral vector encoding SpCas9 mRNA together
with a dual-gRNA cassette targeting the HSV-1 genes UL8 and
UL29. The inclusion of an integrase-deficient D64V mutation is
intended to prevent vector integration into the host genome,
while episomal circular DNA generated in infected cells supports
gRNA expression and targeted disruption of viral sequences [279].
This approach reflects a key principle in antiviral genome editing:
for DNA viruses with latent or persistent genomes, multiplexed
targeting of essential viral genes may reduce viral escape and
improve antiviral efficacy. Nevertheless, clinical translation
requires careful evaluation of local delivery, vector persistence,
immune responses, viral sequence variability, and the risk of
incomplete editing that could allow residual viral genomes to
persist. In HIV-1, genome-editing strategies have focused mainly
on host-directed editing of viral entry factors rather than direct
excision of the viral genome. The CCR5 receptor is a major co-
receptor required for entry of R5-tropic HIV-1 into CD4" T cells,
and naturally occurring homozygous CCR5A32 variants confer
strong resistance to HIV infection [268, 275]. This observation
provided the rationale for engineering CCR5-deficient immune
cells. ZFNs have been used to disrupt CCR5 in autologous CD4*
T cells, generating HIV-resistant immune cells. In clinical studies,
patient-derived T cells were collected, edited ex vivo using
adenoviral ZFN delivery, expanded, and reinfused. These modified
cells persisted in vivo, resisted HIV infection, and supported
immune reconstitution [273, 280]. This strategy led to SB-728-T, a
ZFN-modified autologous T-cell therapy designed to establish a
durable pool of CCR5-deficient T cells with the potential to
improve immune resilience and support control of HIV replication
[281]. Compared with direct viral-genome excision, CCR5 editing
has the advantage of targeting a host dependency factor with a
naturally validated loss-of-function phenotype. However, because
CCR5 disruption protects mainly against CCR5-using/R5-tropic HIV-
1, its clinical effect depends on the persistence, expansion, and
functional competence of edited cells, as well as the viral tropism
profile [281]. Parallel host-directed strategies have been applied to
hematopoietic stem and progenitor cells (HSPCs). Electroporation
of ZFN mRNA targeting CCR5 has achieved efficient bi-allelic
knockout, reaching as high as 72.9% of colonies while preserving
hematopoietic function in vitro and in vivo [282].

HSPC editing could, in principle, provide a renewable source of
CCR5-deficient immune cells and may overcome the limited
availability of HLA-matched donors carrying natural CCR5A32
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deletions. However, the therapeutic success of this strategy
depends on achieving high editing efficiency in long-term
repopulating HSPCs, maintaining multilineage engraftment, avoid-
ing genotoxicity, and ensuring that edited immune-cell output is
sufficient to influence HIV control [282].

CRISPR-Cas9-based CCR5 editing has also entered clinical
testing. In a landmark case, a patient with HIV-1 infection and
acute lymphoblastic leukemia received an allogeneic HSPC
transplant edited by CRISPR-Cas9 to disrupt CCR5. The edited
cells successfully engrafted, remained detectable for more than
19 months, and were well tolerated without editing-related
adverse effects. However, the proportion of edited lymphocytes
was modest, ~5%, limiting the antiviral effect. This study provided
an important proof of principle that CRISPR-edited HSPC
transplantation is feasible and tolerable in humans, but it also
highlighted key barriers, including the need to improve editing
efficiency, enhance engraftment of edited cells, and determine the
threshold of CCR5 disruption required for meaningful antiviral
benefit [283].

Overall, viral diseases illustrate two major therapeutic logics for
genome editing. Direct viral-genome editing, as explored for HBV
and HSV-1, aims to disable persistent viral DNA reservoirs that are
not removed by standard antivirals. Host-directed editing, as
exemplified by CCR5 disruption in HIV-1, seeks to create infection-
resistant immune cells by modifying cellular dependency factors.
These strategies address mechanisms of viral persistence rather
than only suppressing replication, but their translational require-
ments differ. Viral-genome editing requires selective viral target-
ing and efficient delivery to infected tissues, whereas host-factor
editing requires durable engraftment, preserved immune function,
and protection against viral escape or alternative entry pathways.
Future antiviral genome-editing approaches should therefore
balance potency, delivery efficiency, viral genetic diversity, host-
gene safety, immune responses, and long-term monitoring before
broad clinical translation.

Ocular diseases

Ocular diseases represent an important application area for
genome editing because many inherited and acquired eye
disorders are driven by defined genetic, viral, angiogenic, or
pressure-regulatory mechanisms. The eye is particularly suitable
for localized genetic intervention because of its small tissue
volume, compartmentalized anatomy, relative immune privilege,
and accessibility for direct delivery to the cornea, anterior
chamber, subretinal space, or vitreous cavity. These features
may permit lower vector doses, localized exposure, and more
direct anatomical and functional monitoring than many systemic
indications. From a genome-editing perspective, ocular applica-
tions can be broadly grouped into four functional categories:
antiviral editing for persistent ocular viral infection, allele-specific
or gene-correction strategies for monogenic corneal and retinal
disorders, host-gene modulation for glaucoma and intraocular
pressure control, and anti-angiogenic editing for pathologic
neovascularization. Editing platforms explored in these settings
include CRISPR-Cas9 nucleases, base editors, prime editors,
CRISPR interference systems, and vector- or non-viral delivery
formats [284, 285].

Corneal disorders illustrate both antiviral and monogenic
editing strategies. In herpetic stromal keratitis (HSK), which is
caused by ocular herpes simplex virus type 1 (HSV-1) infection,
genome editing aims to disrupt essential viral genes rather than
modify a host disease gene. The HELP strategy, or HSV-1-erasing
lentiviral particles, uses CRISPR-Cas9 components targeting HSV-1
genes UL8 and UL29 to suppress viral replication and reduce viral
persistence [286, 287]. This approach is conceptually distinct from
conventional antiviral therapy because it is designed to directly
disable viral DNA rather than transiently inhibit viral replication.
Compassionate-use clinical experience has also suggested
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reduction of HSV-1 DNA without detectable off-target effects,
supporting the translational potential of localized antiviral
genome editing in severe treatment-resistant ocular infection
[279, 287].

However, further evaluation is required to define durability,
recurrence risk, vector persistence, immune responses, and safety
in latently infected neural reservoirs. For monogenic corneal
dystrophies, genome editing is directed toward correction or
selective disruption of disease-causing alleles. Fuchs endothelial
corneal dystrophy (FECD), which can be associated with patho-
genic COL8A2 variants, has been modeled using CRISPR-Cas9-
mediated disruption of the mutant allele in the corneal
endothelium. In preclinical models, targeting the mutant
COL8A2 start codon reduced mutant protein expression,
improved endothelial cell density, and restored corneal function
[288, 289]. Similarly, granular corneal dystrophy caused by TGFBI
mutations has been investigated using CRISPR-Cas9-mediated
HDR in patient-derived corneal keratocytes, achieving allele
correction and supporting the feasibility of precise editing for
genetically defined corneal disease [290, 291]. These examples
highlight an important distinction: dominant corneal diseases may
benefit from allele disruption or allele-selective silencing, whereas
recessive or loss-of-function disorders may require precise
correction or gene replacement.

Genome editing has also been explored in glaucoma, where the
therapeutic goal may be either correction of a monogenic driver
or modulation of aqueous humor dynamics. Primary open-angle
glaucoma is a progressive optic neuropathy characterized by
retinal ganglion cell degeneration, optic nerve damage, and
irreversible vision loss. In MYOC-associated glaucoma, pathogenic
myocilin accumulation in trabecular meshwork cells contributes to
endoplasmic reticulum stress, impaired aqueous outflow, and
elevated intraocular pressure [284, 292].

CRISPR-Cas9-mediated disruption of mutant MYOC in mouse
models restored endoplasmic reticulum homeostasis, preserved
trabecular meshwork integrity, protected retinal ganglion cell
function, and prevented vision decline. Beyond monogenic
MYOC disease, genome editing can also modulate broader
pressure-regulatory pathways. For example, CRISPR-Cas9 target-
ing of Aqp1 in the ciliary epithelium reduced aqueous humor
production and lowered intraocular pressure in glaucoma
models, while CRISPR interference targeting the TGF32 promoter
reduced pathological cytokine expression and intraocular
pressure [293, 294].

These approaches suggest that ocular genome editing may
provide durable alternatives to chronic topical therapy, but clinical
translation will require careful control of dose, tissue specificity,
reversibility, and long-term effects on aqueous humor physiology.

Pathologic ocular neovascularization provides another thera-
peutic context in which genome editing may complement
existing biologic therapy. Excessive VEGF signaling is central to
neovascular age-related macular degeneration, diabetic retino-
pathy, and retinopathy of prematurity, and current anti-VEGF
drugs often require repeated intravitreal injections. CRISPR-Cas9-
mediated disruption of VEGFA has therefore been investigated as
a longer-acting anti-angiogenic strategy [295]. In vivo editing
using lentiviral or AAV delivery reduced VEGFA protein levels and
decreased choroidal neovascularization, with effects reported to
be comparable to anti-VEGF biologics such as aflibercept in
preclinical models [292, 293]. The major translational advantage of
this approach is the possibility of sustained VEGF suppression after
a single intervention [296]. However, because VEGF also has
physiological roles in retinal and choroidal homeostasis, durable
gene disruption must be balanced against risks of excessive or
irreversible VEGF depletion [295]. Strategies that limit nuclease
exposure, including transient Cas9 delivery as mRNA or ribonu-
cleoprotein complexes, may help reduce prolonged nuclease
activity and off-target editing risk [297].
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Inherited retinal diseases are among the strongest candidates
for ocular genome editing because many are caused by defined
pathogenic variants and currently have limited treatment options.
These disorders include retinitis pigmentosa, Stargardt disease,
and Leber congenital amaurosis. For autosomal dominant retinal
degeneration, CRISPR-Cas9-mediated NHEJ can be used to
selectively disrupt dominant-negative or toxic gain-of-function
alleles, potentially preserving the remaining normal allele and
improving photoreceptor survival. For recessive or loss-of-function
variants, more precise strategies such as HDR, base editing, and
prime editing may be better suited because they aim to restore
the correct genetic sequence rather than simply inactivate the
mutant allele. For example, prime editing of Pde6b mutations
achieved substantial allelic correction and functional visual rescue
in mouse models [298-300]. These studies illustrate the need to
match the editing modality to disease genetics: allele disruption
may be appropriate for dominant toxic variants, whereas base or
prime editing may be preferable when precise correction is
required.

Overall, ocular diseases demonstrate how genome editing can
be adapted to distinct therapeutic goals within a single organ
system. Antiviral strategies aim to disable persistent viral
genomes, corneal and retinal dystrophy approaches seek allele
disruption or precise correction, glaucoma strategies modulate
intraocular pressure pathways, and anti-angiogenic editing targets
pathological vascular signaling. Although the eye offers advan-
tages such as local delivery, low dose requirements, and direct
monitoring, clinical translation will require careful evaluation of
delivery efficiency, tissue specificity, immune responses, off-target
editing, irreversible disruption of physiologically important genes,
and durability of benefit. Future progress will depend on matching
the editing platform to disease mechanism: nuclease-mediated
disruption for toxic or viral targets, base or prime editing for
precise correction, and CRISPRi or related regulatory tools when
reversible modulation may be safer than permanent DNA
alteration.

Immunological diseases

Immunological diseases arise from impaired immune regulation
and can manifest at opposite ends of immune function. In
autoimmune diseases, excessive or misdirected immune
responses damage self-tissues, whereas in primary immunodefi-
ciencies, defective immune-cell development or function com-
promises host protection against infection and other immune
challenges [301]. From a genome-editing perspective, immunolo-
gical diseases can be broadly grouped into three functional
contexts: immune-cell engineering for autoimmune diseases,
precise correction of inherited immune defects, and in vivo
disruption of pathogenic immune-related pathways [302-304].
This distinction is important because the therapeutic objective
differs across indications. In autoimmunity, editing is generally
used to generate immune cells with improved specificity,
persistence, or reduced alloreactivity [304]; in primary immuno-
deficiency, editing aims to restore a defective immune gene in
hematopoietic stem and progenitor cells (HSPCs) [303]; and in
selected inflammatory or immune-mediated disorders, in vivo
editing may be used to durably suppress a disease-driving
pathway [302].

In autoimmune disease, current genome-editing applications
have focused mainly on engineering immune effector cells,
particularly B cell-directed chimeric antigen receptor T-cell
therapies. The rationale is that depletion of autoreactive or
disease-sustaining B-cell populations may induce durable immune
reset in refractory autoimmune disorders. CD19-directed CAR-T
therapy has therefore attracted attention in diseases such as
systemic lupus erythematosus (SLE), neuromyelitis optica spec-
trum disorder (NMOSD), systemic sclerosis, and inflammatory
myopathies, where pathogenic B-cell activity, autoantibody
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production, and immune amplification contribute to disease
progression. Genome editing adds an additional layer to this
strategy by enabling development of allogeneic, “off-the-shelf”
CAR-T products with reduced host rejection, decreased graft-
versus-host disease risk, and more standardized manufacturing
[304, 305].

Early clinical studies illustrate this concept. Gene-edited
allogeneic CD19 CAR-T cells derived from healthy donors have
been administered to patients with severe refractory autoimmune
phenotypes, including necrotizing myopathy and systemic sclero-
sis. These cells produced rapid B-cell depletion, persisted for
several months, and were associated with clinical improvement
without severe cytokine release syndrome or other major toxicities
in early reports [304]. Similarly, an investigator-initiated study of
allogeneic CD19 CAR-T cells, TyU19, in refractory SLE reported
remission and no recurrence of neuropsychiatric lupus despite
prior multi-organ involvement, supporting preliminary feasibility
and safety [296, 297]. Additional early clinical studies are also
evaluating gene-edited allogeneic CD19 CAR-T approaches in
refractory autoimmune diseases, including SLE and related B
cell-mediated conditions [305, 306]. These studies suggest that
edited CAR-T platforms may extend beyond oncology into
immune-reset strategies for severe autoimmunity, although
durability, relapse risk, infection susceptibility, and long-term
immune reconstitution remain key unresolved questions. Addi-
tional genome-edited CAR-T platforms are being developed to
improve scalability and product consistency. Induced pluripotent
stem cell-derived, off-the-shelf CAR-T products provide one
example. FT819 incorporates site-specific CAR insertion into the
TRAC locus to promote uniform CAR expression and includes bi-
allelic disruption of endogenous TCR sequences to reduce the risk
of graft-versus-host disease [307, 308]. This design illustrates a
broader principle: in immune-cell engineering, genome editing is
not used only to insert a therapeutic receptor, but also to
reconfigure cell identity, compatibility, persistence, and safety.
Preclinical studies indicate antigen-specific cytotoxicity and
durable target-cell clearance, while early clinical experience
supports feasibility and acceptable safety in heavily pretreated
populations [273]. Parallel academic and industry-sponsored
studies, including programs evaluating edited immune-cell
therapies in refractory autoimmune disease, reflect growing
global interest in applying genome editing to immune dysregula-
tion. For primary immunodeficiency disorders, the therapeutic
logic is different. Here, genome editing aims to restore defective
immune function by correcting the disease-causing gene in
autologous HSPCs, thereby enabling durable multilineage
immune reconstitution. X-linked chronic granulomatous disease
(X-CGD), caused by pathogenic variants in CYBB, is a representa-
tive example. Conventional lentiviral gene addition can restore
gene expression, but expression may be variable and may not fully
reproduce endogenous regulation. In contrast, base editing
enables direct single-nucleotide repair without generating DSBs,
which may reduce risks associated with nuclease-induced
chromosomal rearrangements or genotoxicity [303, 309].

Bzhilyanskaya et al. reported correction of disease-causing CYBB
mutations in patient-derived HSPCs using a PAM-relaxed Strepto-
coccus pyogenes Cas9-RY fused to the adenine base editor ABE8e,
achieving efficient and specific correction; this strategy is now
being evaluated clinically [303]. These approaches highlight the
potential of base editing for immunodeficiencies caused by
recurrent or editable point mutations, but translation requires
preservation of stem-cell fitness, durable engraftment, regulated
expression, and careful assessment of bystander and off-target
editing. In vivo editing is also emerging for immune-related
disorders in which disease activity can be reduced by disrupting a
pathogenic pathway in a specific organ. Hereditary angioedema
(HAE) provides a relevant example because attacks are driven by
excessive bradykinin generation downstream of dysregulated
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plasma kallikrein activity. NTLA-2002 is a CRISPR-Cas9 therapeutic
candidate designed to disrupt KLKB1, which encodes plasma
prekallikrein. Using liver-targeted LNPs to deliver Cas9 mRNA and
an sgRNA against KLKB1, this strategy aims to durably reduce
kallikrein production after a single systemic administration
[302, 310]. This example illustrates how in vivo editing can be
applied to immune-mediated disease when the target gene is
primarily expressed in an accessible tissue, when partial or
complete reduction of the target is therapeutically desirable,
and when the edited organ can serve as a durable source of the
altered systemic protein profile.

A consolidated summary of representative clinical and pre-
clinical genome-editing interventions across disease categories is
presented in Table 2. Overall, immunological diseases demon-
strate three complementary uses of genome editing: immune-cell
engineering for autoimmune immune reset, precise correction of
inherited immune defects in HSPCs, and in vivo disruption of
pathogenic pathways such as kallikrein production. Across these
applications, the key translational challenge is not only editing
efficiency but also immune safety. Edited products must preserve
protective immunity, avoid uncontrolled immune activation or
prolonged immunosuppression, maintain durable function, and
minimize genotoxicity, off-target editing, graft-versus-host dis-
ease, and infection risk. Future progress will depend on matching
the editing strategy to disease biology: cell engineering for
immune reset, base or precise editing for inherited immune
defects, and tissue-directed in vivo disruption for pathogenic
circulating mediators.

FUTURE PERSPECTIVES

The rapid evolution of genome-editing technologies is trans-
forming precision medicine by enabling therapeutic intervention
at the level of disease-causing DNA sequences, regulatory
elements, viral genomes, and immune-cell programs [1]. Over
the past decade, programmable nucleases, CRISPR-Cas systems,
base editors, prime editors, and CRISPR-derived transcriptional
and epigenetic regulators have substantially expanded the
scope of possible genome-editing interventions [53, 311]. These
advances have shifted the field from a single paradigm of
double-strand break-mediated gene disruption toward a
broader therapeutic toolkit that includes gene correction,
targeted insertion, base conversion, prime editing, transcrip-
tional regulation, epigenetic silencing, and immune-cell engi-
neering. This diversification is important because different
diseases require different editing solutions: nuclease-mediated
disruption may be appropriate for toxic gain-of-function alleles,
viral genomes, or dispensable host factors; base and prime
editing are better suited for precise correction of pathogenic
variants; and CRISPRi, CRISPRa, CRISPRoff, or CRISPRon-like
approaches may be preferable when reversible or tunable
regulation is safer than permanent DNA modification.

Precision, safety, and next-generation editing platforms
Next-generation editing platforms will continue to improve the
precision, versatility, and safety of therapeutic genome editing.
Prime editors, base editors, PAM-relaxed Cas variants, compact Cas
systems, RNA-targeting editors, and epigenetic regulators expand
the range of editable targets and may reduce reliance on DSBs
[53, 312]. However, increased precision does not eliminate safety
concerns. Base editors may introduce bystander or RNA off-target
edits, prime editors may generate unintended repair products,
and nuclease-based systems can produce off-target mutations as
well as unintended on-target outcomes, including large deletions,
inversions, translocations, or chromosomal rearrangements. There-
fore, future development should integrate editing efficiency with
systematic safety evaluation rather than treating these as separate
endpoints.
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High-throughput computational platforms and machine-
learning approaches are expected to improve guide-RNA design,
predict off-target activity, optimize editor architecture, and
support preclinical and regulatory evaluation [313, 314]. Never-
theless, computational prediction must be paired with experi-
mental validation using orthogonal assays such as targeted deep
sequencing, GUIDE-seq, CIRCLE-seq, SITE-seq, CHANGE-seq, DIS-
COVER-seq, RNA-seq, long-read sequencing, karyotyping, and
single-cell analyses. A more standardized safety framework will be
essential for comparing editing platforms across studies and for
defining acceptable thresholds for clinical translation.

Delivery and tissue-specific targeting

Efficient, specific, and safe delivery remains one of the main
barriers to broader therapeutic application [315]. Future delivery
strategies should clearly distinguish between what is delivered
and how it is delivered. Cargo formats include DNA, mRNA, guide
RNA, pegRNA, base-editor or prime-editor mRNA, Cas protein, and
ribonucleoprotein complexes. Delivery modalities include viral
vectors, LNPs, virus-like particles, electroporation, polymeric
nanoparticles, extracellular vesicles, and ligand- or receptor-
targeted systems. Maintaining this distinction is important
because the same delivery modality may carry different cargo
types, and the same cargo may be delivered by different systems
depending on the disease context.

LNPs, engineered AAV capsids, VLPs, and biodegradable or
receptor-targeted nanoparticles are likely to expand editing
beyond hematopoietic and liver-directed applications toward
more difficult tissues such as the central nervous system, skeletal
muscle, lung, eye, and solid tumors [316-318]. However, each
delivery system has distinct limitations, including payload size,
biodistribution, repeat-dosing feasibility, immunogenicity, tissue
tropism, manufacturing complexity, and long-term safety. Future
progress will depend not only on improving delivery efficiency but
also on achieving cell-type specificity, transient editor exposure
when appropriate, and predictable dose-response relationships.

Ex vivo engineering and cell-based therapies

Ex vivo genome editing will remain central to the development of
cellular therapies, including CAR-T cells, CAR-NK cells, T-cell
receptor-engineered cells, regulatory immune cells, and gene-
corrected HSPCs [319]. In these settings, genome editing enables
not only the addition of therapeutic receptors but also the
reprogramming of cell identity, compatibility, persistence, traffick-
ing, resistance to exhaustion, and safety. Multiplex editing can
improve antitumor potency, reduce graft-versus-host disease risk,
generate allogeneic “off-the-shelf” products, or restore defective
immune function in inherited disorders [320]. The transition from
autologous to allogeneic cell therapies may improve manufactur-
ing scalability and accessibility, but it also introduces additional
challenges, including immune rejection, incomplete engraftment,
editing-related genotoxicity, and the need for long-term surveil-
lance of edited cell clones. For HSPC-based therapies, preserving
stem-cell fitness, multilineage reconstitution, and regulated gene
expression will be as important as achieving high editing
efficiency. For CAR-T and CAR-NK platforms, future designs must
balance potency with safety by reducing cytokine-release
syndrome, neurotoxicity, prolonged immunosuppression, and
clonal expansion risk.

Ethical, regulatory, and global accessibility considerations

As genome editing enters clinical practice, ethical and regulatory
frameworks must evolve alongside the technology. Long-term
follow-up will be essential to monitor delayed adverse events,
clonal expansion, immune consequences, reproductive risks, and
durability of therapeutic benefit. Germline editing remains
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ethically distinct from somatic therapeutic editing and requires
strict regulatory boundaries, transparent public engagement, and
international oversight. Equitable access is another major chal-
lenge. Many current genome-editing therapies require highly
specialized manufacturing, individualized processing, intensive
clinical monitoring, and substantial financial resources. These
requirements may limit access, particularly in low- and middle-
income countries. Global collaboration will therefore be needed to
establish standardized safety guidelines, shared data platforms,
scalable manufacturing systems, and cost-effective delivery
technologies. Without such efforts, genome editing could widen
existing disparities in access to advanced therapies.

Future outlook

In the coming decade, genome editing is likely to move from
selected proof-of-concept interventions toward broader clinical
implementation. The most successful applications will be those in
which the disease mechanism, editing strategy, delivery route,
safety profile, and clinical endpoint are well matched. Integration
of multi-omics profiling, single-cell analytics, systems biology, and
computational design will support more personalized and
mechanism-based therapeutic development. Continued collabora-
tion among molecular biologists, bioengineers, computational
scientists, clinicians, ethicists, regulators, and patient communities
will be essential for translating genome editing into durable, safe,
and accessible therapies. Ultimately, the future of genome editing
will depend not only on making editors more powerful, but on
applying them with sufficient biological precision, safety disci-
pline, and ethical responsibility.

CONCLUSION
Genome editing has progressed from a conceptual and experi-
mental technology into a major therapeutic platform with
applications across rare genetic disorders, cancer, viral infection,
metabolic disease, ocular disease, neurodegeneration, and
immune-mediated disorders. The development of ZFNs, TALENS,
CRISPR-Cas systems, base editors, prime editors, and CRISPR-
derived transcriptional and epigenetic regulators has expanded
genome editing from double-strand break-mediated disruption to
a diverse set of strategies, including gene correction, targeted
insertion, base conversion, transcriptional modulation, epigenetic
regulation, and cell engineering. Clinical translation has already
produced important advances, including CRISPR-Cas9-based
therapies for hemoglobinopathies, gene-edited immune-cell
therapies, and in vivo editing strategies for liver-expressed or
systemically acting targets. These examples show that genome
editing can support both curative approaches for monogenic
disorders and modulatory strategies for complex or acquired
diseases. However, future therapeutic development should avoid
a one-size-fits-all approach. The optimal strategy must be selected
according to disease biology: nuclease-mediated disruption for
toxic alleles, viral genomes, or dispensable host factors; base or
prime editing for precise correction; CRISPRi, CRISPRa, or
epigenetic editing for regulatory modulation; and ex vivo editing
when edited cells can be characterized before clinical use.
Despite major progress, several barriers remain, including long-
term safety, off-target and unintended on-target editing, bystan-
der effects, immune responses, delivery efficiency, tissue specifi-
city, manufacturing scalability, and equitable access. Continued
progress will require careful matching of editing platform, cargo
format, delivery modality, target tissue, disease mechanism, and
acceptable clinical risk. With technological refinement, standar-
dized safety assessment, responsible regulation, and attention to
accessibility, genome editing has the potential to become a
central pillar of personalized and curative medicine.
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