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Abstract
CRISPR-Cas9 gene editing has revolutionized biology and medicine, enabling precise genetic modifications. Initial in-human

trials demonstrated its therapeutic potential for systemic diseases. Research focuses on optimizing delivery systems like AAVs and
expanding the gene editing toolbox with prime and base editors for enhanced precision. CRISPR/Cas9 is transforming disease mod-
eling, agriculture, and cancer therapy, while also providing rapid diagnostic tools. Ethical considerations, particularly for germline
editing, remain a key area of discussion. Overall, in vivo genome editing is a powerful tool accelerating functional genomics and
translating into diverse disease treatments.
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Introduction
The realm of gene editing has seen remarkable progress, exem-
plified by the first in-human gene editing trial utilizing CRISPR-
Cas9 to address transthyretin amyloidosis. This significant
study showcased that a single intravenous infusion of an LNP-
encapsulated CRISPR-Cas9 component effectively reduced circu-
lating transthyretin protein levels, thereby illustrating the profound
potential of in vivo gene editing for managing systemic diseases.
This achievement represents a pivotal milestone, accelerating the
trajectory towardswidespread therapeutic CRISPR applications [1].

Building on these foundational advances, ongoing research ac-
tively refines the delivery mechanisms for Cas9 components in in
vivo gene editing. A key area of focus involves the development and

meticulous characterization of adeno-associated viruses (AAVs) en-
gineered to express Cas9. This critical work is paramount for en-
hancing the overall efficiency and safety profile of CRISPR-based
gene therapies, with findings strongly supporting the adoption of
these optimized AAV vectors for a broad spectrum of therapeutic
uses [2].

CRISPR/Cas9-mediated gene editing is fundamentally trans-
forming approaches to disease modeling and therapeutic develop-
ment. The technology’s unparalleled ability to introduce precise ge-
netic alterations into diverse cell and animal models is dramatically
speeding up the elucidation of disease mechanisms. This capabil-
ity is not only deepening our understanding but also charting new
paths for innovative therapeutic strategies across an extensive range
of human health conditions [3].

Amidst these scientific breakthroughs, the ethical landscape sur-
rounding CRISPR, particularly concerning human germline gene
editing, demands careful consideration. Discussions revolve around
the compelling potential to prevent inherited diseases balanced
against serious concerns like unforeseen consequences, the societal
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implications of ’designer babies,’ and ensuring equitable access to
these powerful technologies. It is imperative that this discourse fos-
ters thoughtful societal dialogue and leads to the establishment of
robust regulatory frameworks to guide its responsible application
[4].

The gene editing toolbox has also seen significant expansion
with the introduction of advancements in prime editing. This in-
novative work details improved systems designed for targeted gene
integration and highly efficient in vivo delivery. Such improve-
ments are vital for correcting a much broader array of genetic mu-
tations with heightened precision and notably fewer off-target ef-
fects compared to conventional CRISPR-Cas9, thereby unlocking
entirely new therapeutic avenues for complex genetic disorders [5].

Beyond therapeutic applications, CRISPR technology has revo-
lutionized diagnostic tools, transitioning from initial laboratory re-
search to practical, real-world applications. Various formats, in-
cluding SHERLOCK and DETECTR, leverage CRISPR’s capabil-
ities, offering high sensitivity, specificity, and rapid detection for
a multitude of targets, encompassing infectious diseases, cancer
biomarkers, and genetic conditions. The continuous evolution of
these tools holds immense promise for future point-of-care diag-
nostics, making rapid and accurate testing more accessible [6].

In the agricultural sector, CRISPR-Cas9 has demonstrated its
transformative potential for genome editing in plants. This tech-
nology allows for precise gene modifications that significantly en-
hance crucial crop traits such as increased yield, improved nutri-
tional value, and bolstered disease resistance. By addressing these
key challenges, CRISPR-Cas9 plays a vital role in advancing global
food security and offers promising future directions for plant genetic
engineering, ensuring sustainable agricultural practices [7].

Recent advancements in CRISPR/Cas9-based cancer therapy
represent another frontier in medical innovation. Research explores
diverse strategies, including directly targeting oncogenes, correct-
ing dysfunctional tumor suppressor genes, and engineering immune
cells to boost their anti-tumor activity. Additionally, the develop-
ment of oncolytic viruses is being pursued. Despite these promising
developments, significant challenges remain in clinical translation,
particularly regarding delivery efficiency and minimizing off-target
effects, necessitating continued research to overcome these hurdles
[8].

Further enhancing precision in genome editing, comprehen-
sive reviews detail the intricate mechanisms and diverse appli-
cations of both base editors and prime editors. These sophisti-
cated CRISPR tools enable direct conversion of single base pairs

or highly targeted insertions and deletions without requiring prob-
lematic double-strand breaks. This capability markedly expands the
range of treatable genetic disorders and considerably augments fun-
damental research capabilities, pushing the boundaries of what is
possible in genetic manipulation [9].

The overarching field of in vivo genome editing is recognized
as an exceptionally powerful tool, serving both functional genomics
research and advanced gene therapy. Extensive overviews highlight
various effective delivery methods and a wide spectrum of applica-
tions. This direct editing within living organisms is rapidly accel-
erating our fundamental understanding of gene function and is si-
multaneously being translated into groundbreaking new treatments
for a broad spectrum of human diseases, signifying a new era in
biomedical science [10].

Description
The landscape of gene editing has been irrevocably altered by
CRISPR-Cas9 technology, transitioning from a conceptual frame-
work to a tangible clinical reality. A landmark achievement was
the first in-human gene editing trial, which successfully applied
CRISPR-Cas9 to treat transthyretin amyloidosis. This pivotal
study demonstrated that a single intravenous infusion of an LNP-
encapsulated CRISPR-Cas9 component could effectively reduce
circulating transthyretin protein levels [1]. This not only show-
cased the immense potential of in vivo gene editing for systemic
diseases but also marked a profound step toward widespread thera-
peutic CRISPR applications. Concurrently, a critical focus remains
on developing robust and safe delivery systems for Cas9 compo-
nents. Ongoing research is specifically centered on engineering op-
timized adeno-associated viruses (AAVs) to express Cas9, a devel-
opment vital for enhancing both the efficiency and safety profiles
of CRISPR-based gene therapies, supporting their broad utility [2].

Beyond its direct therapeutic applications, CRISPR/Cas9 has
emerged as a transformative force in both disease modeling and
therapeutic development. The technology’s unparalleled capability
to create precise genetic alterations in diverse cell and animal mod-
els is dramatically accelerating the understanding of complex dis-
ease mechanisms [3]. This capability is instrumental in paving new
avenues for innovative therapeutic strategies across a comprehen-
sive spectrum of human health conditions. Furthermore, CRISPR-
Cas9-mediated genome editing is revolutionizing the agricultural
sector. Through precise gene modifications, this technology holds
significant promise for enhancing crucial crop traits such, as in-
creasing yield, improving nutritional value, and bolstering disease
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resistance, directly addressing pressing global food security chal-
lenges and charting future directions for sustainable plant genetic
engineering [7].

The gene editing toolbox continues to expandwith sophisticated
advancements like prime editing, which significantly improves tar-
geted gene integration and in vivo delivery. These refined systems
are proving indispensable for correcting a wider array of genetic
mutations with heightened precision and markedly fewer off-target
effects compared to earlier CRISPR-Cas9 iterations, thereby un-
locking new therapeutic possibilities for various genetic disorders
[5]. This pursuit of precision is further amplified by base editors
and prime editors, which allow for direct conversion of single base
pairs or highly targeted insertions/deletions without the need for
problematic double-strand breaks. These advanced tools not only
broaden the scope of treatable genetic disorders but also substan-
tially enhance fundamental research capabilities [9]. In the specific
context of cancer therapy, CRISPR/Cas9 is actively being explored
formultiple strategies, including targeting oncogenes, correcting tu-
mor suppressor genes, and engineering immune cells to boost their
anti-tumor activity. Despite these promising developments, signif-
icant clinical translation challenges persist, particularly concerning
delivery efficiency and minimizing off-target effects, necessitating
continued research to overcome these hurdles and bring these ther-
apies to patients [8].

CRISPR technology also extends its utility to powerful diagnos-
tic capabilities. The evolution of CRISPR-based diagnostic tools,
exemplified by formats like SHERLOCK and DETECTR, under-
scores their high sensitivity, specificity, and rapid detection for a
myriad of targets, including infectious diseases, cancer biomark-
ers, and genetic conditions. These advancements hold considerable
promise for future point-of-care diagnostics, making rapid and ac-
curate testing more widely accessible and efficient [6]. However,
the profound societal implications of CRISPR, especially concern-
ing human germline gene editing, necessitate a thorough and ongo-
ing examination of complex ethical questions. The balance between
the compelling potential to prevent inherited diseases and concerns
about unintended consequences, the concept of ’designer babies,’
and ensuring equitable access to these powerful technologies de-
mands thoughtful societal dialogue and the establishment of robust,
adaptable regulatory frameworks to guide their responsible and eth-
ical application [4].

Collectively, the field of in vivo genome editing stands as an
exceptionally powerful instrument, serving a dual role in both func-
tional genomics research and advanced gene therapy. Extensive re-
views and studies highlight the increasing sophistication of various

delivery methods and the expansive spectrum of its applications.
This capacity for direct genetic modification within living organ-
isms is rapidly accelerating our fundamental comprehension of gene
function and is simultaneously being translated into groundbreaking
new treatments for a broad array of human diseases. This signifies
a new era in biomedical science, where the precise manipulation
of genetic code promises to address some of the most challenging
medical conditions [10].

Conclusion
CRISPR-Cas9 gene editing has emerged as a groundbreaking
technology with wide-ranging applications. The first in-human
trial demonstrated its potential to treat systemic diseases like
transthyretin amyloidosis by reducing protein levels through in vivo
gene editing. This paves the way for therapeutic CRISPR appli-
cations by showing the efficacy of LNP-encapsulated CRISPR-
Cas9 components. To enhance its delivery for in vivo gene edit-
ing, research focuses on developing optimized adeno-associated
viruses (AAVs) engineered to express Cas9, improving both ef-
ficiency and safety in gene therapies. Beyond direct therapeutic
interventions, CRISPR/Cas9 is revolutionizing disease modeling
by enabling precise genetic alterations in various cellular and ani-
mal models, accelerating our understanding of disease mechanisms
and fostering novel therapeutic strategies. The technology also ex-
tends to agriculture, where CRISPR-Cas9 is used to enhance crop
traits such as yield, nutritional value, and disease resistance, con-
tributing to global food security. Furthermore, advanced CRISPR
tools like base editors and prime editors are expanding the preci-
sion of genome editing, allowing for targeted base pair conversions
or insertions/deletions without double-strand breaks. This capabil-
ity significantly broadens the scope of treatable genetic disorders.
CRISPR’s utility isn’t limited to therapeutics and research; it has
also led to the development of highly sensitive and specific diag-
nostic tools for infectious diseases, cancer biomarkers, and genetic
conditions. However, the ethical implications, particularly concern-
ing human germline gene editing, require thoughtful societal dia-
logue and robust regulatory frameworks. In the realm of cancer
therapy, CRISPR/Cas9 is being explored for targeting oncogenes,
correcting tumor suppressor genes, and engineering immune cells,
despite challenges in delivery and off-target effects. Overall, in vivo
genome editing continues to be a powerful tool for functional ge-
nomics research, accelerating our understanding of gene function
and translating into new treatments for a wide array of diseases.
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