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1. Overview

For decades, the central question in gene editing had been: Can we make a targeted change to DNA?

CRISPR-Cas9 changed the answer from whether to how broadly. But the field is now confronting a more consequential question: Can
we make the right genetic change, at the right location, in the right cells, with enough precision and control to support a viable therapy?

What Changed? ... The evolution of gene editing is no longer being driven by improvements in DNA cutting alone. The focus is shifting
from programmable DNA cleavage toward increasingly precise systems that can rewrite, insert, remove, or rearrange genetic
information in order to address increasingly complex genetic changes. Conventional CRISPR-Cas9 relies on creating a targeted
double-strand break and allowing the cell's repair machinery to generate the desired outcome. But certain limitations were observed.
Unintended insertions & deletions, larger deletions, chromosomal rearrangements, delivery constraints, and challenges associated
with controlling repair outcomes have created demand for more precise approaches.

Besides relying on cut-and-repair, multiple novel techniques are in development to change individual DNA bases without creating a
double-strand break. The principle of the next-gen gene editing technologies is to rewrite defined sequences, insert larger fragments
of DNA, temporarily alter RNA, or mutate genes without changing DNA sequences.

This advancement is important because each successive technological generation introduces new layers of protectable innovations,
from DNA-binding architectures, nuclease engineering, and editor composition to guide-RNA design, delivery, and treatability.

2. The Evolution of Gene Editing: From “DNA Cutting” to “Programmable Genetic Writing”

The evolution can broadly be viewed across four generations.

Meganucleases ZFNs TALENs CRISPR-Cas

Generation 2 . @
High-fidelity Nucleases Base Editing
. a
S
Generation 3 04@—>
Prime Editing Targeted Insertion
{ >XC ) k=2 > { oy
Recombinases Transposases Bridge_Editing

(CRISPR-associated)

Period Technology / Milestone
1990s-2000s Meganucleases

1996 Zinc-finger nucleases (ZFNs)
2009-2010 TALENS

2011-2013 CRISPR-Cas

2015-2018 High-fidelity nucleases
2016-2017 Base editing

2019-2022 Prime editing

2019-2024 Targeted insertion

1981 onward Recombinases

1997 onward Transposases (CRISPR-associated)
2024-2025 Bridge editing
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Generation 1: Programmable Nucleases
Meganucleases — ZFNs — TALENs — CRISPR-Cas

The first generation of gene editing is focused on programmable nucleases. These platforms mostly create a specific DNA double-
strand break by targeting a particular DNA sequence, followed by the cell's endogenous repair mechanisms through non-homologous
end joining or homology-directed repair to generate a desired mutation.

Meganucleases

Meganucleases were among the first tools developed for targeted genome modification, offering highly precise recognition of
specific DNA sequences. They recognize long DNA sequences, retained at or near the genomic target site, and cleave DNA at or close
to those sites. While long sequence recognition sites require high target specificity, engineering a meganuclease is technically
challenging.

Meganuclease development has historically focused on:

e Recognition-site preference and natural meganuclease families.
e Protein engineering and structure-guided retargeting.

e Specificity of DNA-binding and cleavage.

e Chimeric or redesigned nuclease architectures.

e Delivery and therapeutic applications

Although meganucleases established the concept of highly specific targeted DNA cleavage, their limited programmability and the
technical challenges involved in retargeting led to low adoption rates. These limitations drove the development of more modular
protein-based systems, particularly ZFNs and TALENSs.

Zinc-Finger Nucleases (ZFNs)

Zinc-finger nucleases (ZFNs) were another of the first programmable nucleases to demonstrate targeted genome modification. They
combine engineered zinc-finger DNA-binding domains with a nuclease domain. Multiple individual zinc-finger modules can be
assembled in tandem to target a specific genomic DNA sequence.

ZFNs established the basic architecture of programmable endonucleases for targeted genome editing, but it proved too complex and
time-consuming to go from target identification to validation each time while aiming to modify a new genomic locus. This limited its
scalability, although ZFNs are still used for a variety of specific applications and are represented in therapeutic pre-clinical
development.

From an IP perspective, ZFN innovation has traditionally focused on zinc-finger architectures, recognition-site determination, DNA-
recognition modules, nuclease architecture and configuration, target-site choice, and therapeutic applications.

TALENs

Transcription activator-like effector nucleases (TALENSs) are another class of modular, protein-based programmable DNA-binding
platforms to enable targeted genomic modification. TALENs comprise a DNA-binding domain derived from TALE repeats that is
paired with a nuclease domain to create a targeted double-strand break.

While TALENs offer greater flexibility in recognizing different DNA targets than previous technologies, the methodology is entirely
protein-dependent. Thus, a new DNA-binding construct generally had to be engineered for each target.

CRISPR-Cas

The economics and scale of programmable genome editing were revolutionized by CRISPR-Cas systems that decouple target
recognition from the nuclease protein. In the popular CRISPR-Cas9 architecture, a guide RNA guides Cas9 to a target genomic site.

This RNA-guided mechanism has made it easier to re-engineer the genome for new targets and has relatively more applications than
previous programmable nucleases. CRISPR-Cas9 then became a basis for research, agriculture, cell engineering, and therapy.

Existing Cas9s create a DNA double-strand break, with a view to making specific insertions or deletions. However, this may lead to
genotoxic effects via unwanted deletions, chromosomal rearrangements, and translocations.
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The two principal cellular repair pathways are:

¢ Non-homologous end joining (NHEJ). In this pathway, small insertions or deletions are done, and is widely used for gene
knockout.

e Homology-directed repair (HDR). This pathway leverages a donor template that introduces a defined sequence. However,
its efficiency is significantly low in non-dividing cells.

From an IP standpoint, CRISPR-Cas has pushed the boundaries in a wide range of areas, including individual Cas proteins, guide RNA,
PAM recognition, vectors and delivery, editing strategies, drug and therapy applications, and improvement of platforms.

Platform Targeting mechanism Main limitation

Meganucleases Naturally occurring or engineered protein recognizes a long DNA Difficult to retarget and redesign

sequence
ZFNs Zinc-finger protein arrays recognize DNA and are linked to Fokl Protein engineering is complex and context-dependent
nuclease
TALENs Modular TALE repeats recognize DNA and are linked to Fokl Large constructs and target-specific protein assembly
nuclease
CRISPR-Cas Guide RNA directs a Cas nuclease to the target PAM constraints, delivery, off-target activity, and IP

complexity

Table: Comparison of Generation 1 gene-editing approaches

Generation 2: Precision Editing
High-fidelity Nucleases — Base Editing

The second-generation gene editing technologies aim at minimizing the adverse effects associated with traditional DNA cleavage.
Thus, improving the precision and predictability of genetic modification.

High-Fidelity Nucleases

True to their name, high-fidelity nucleases refine conventional nuclease design rather than abandon the nuclease-based approach
altogether.

Some examples include high-fidelity Cas9 variants, Cas12 variants, smaller Cas proteins, and engineered nucleases with expanded
PAM recognition. Their objective is to make gene editing more specific, enable editing of more sites throughout the genome, and
facilitate delivery in vivo via AAV and lipid nanoparticles.

Cas12ais of particular interest because it has a different targeting range than Cas9, with different PAM sequences and the possibility
of targeting regions that may not be accessible to conventional Cas9.

The engineered systems e.g., hfCas12Max and eSpOT-ON, exemplify the major focus on enhancing nuclease specificity and efficacy.

These technologies remain relevant for applications where a double-strand break is acceptable, including:
e  CAR-T and other engineered immune-cell therapies.
e Exvivo hematopoietic stem-cell editing.
e  Gene knockouts and exon deletion.

e  Multiplex editing.
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Base Editing

Base editing marks a more fundamental shift: it chemically modifies individual DNA bases directly, without a traditional double-strand
break.

A standard base editor consists of a catalytically impaired Cas or Cas9 nickase attached to a deaminase. The editor is positioned at
a target sequence, and a nucleotide substitution is made within a defined editing window.

The two established classes are:
e Cytosine base editors (CBEs): Convert C/G into T/A, respectively.

e Adenine base editors (ABEs): Convert A/T into G/C, respectively.

Base editing is especially relevant for diseases caused by a single faulty DNA base, known as a single-nucleotide variant (SNV). This
gives it broad application potential across blood, liver, metabolic, neurological, and cardiovascular diseases.

The advantages of base editing over standard NHEJ-based editing include:
e Avoidance of a conventional double-strand DNA break.
e More predictable editing outcomes than NHEJ-based cutting.
e Potentially lower risk of large deletions and chromosomal translocations.
e Potential for one-time in vivo treatment.

e  Compatibility with ex vivo editing of stem cells and immune cells.

Despite its potential, base editing does not allow for unlimited sequence modification. The target nucleotide must be within an
appropriate window for editing, and neighboring nucleotides may be subject to undesired bystander editing. Another concern is the
risk of off-target deamination by the base-editor enzyme.

The commercial IP landscape includes platform-level claims on editor composition, deaminase engineering, Cas scaffolds and linker
architectures, editing windows, guide design and specificity, delivery, and uses in therapeutics.

Beam Therapeutics has emerged as a leader in the base-editing domain, while Verve Therapeutics (acquired by Eli Lilly) has also
been active, with its VERVE-102 base-editing candidate targeting PCSK9 in the liver. Beam's BEAM-101, now known as risto-cel,
represents an ex vivo base-editing approach for sickle-cell disease, while VERVE-102 targets PCSK9 in the liver.

Generation 3: Genetic Writing
Prime Editing — Targeted Insertion
The third generation moves beyond single-base conversion toward programmable rewriting of DNA sequences.
Prime Editing
Prime editing is often characterized as a genomic "search-and-replace" approach. It typically combines:
1. A Cas9 nickase.
2. Areverse transcriptase.
3. A prime-editing guide RNA (pegRNA).

While conventional CRISPR systems use cellular repair mechanisms to repair double-stranded breaks, prime editing uses the pegRNA
to specify both the target and the sequence correction.

This approach could potentially generate any of the 12 conceivable point mutations and small insertions/deletions without generating
a traditional double-strand break.

The ability to make diverse genetic changes is especially relevant to genetic diseases that are not conveniently editable through
conventional base editing.
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Prime Medicine's PM359 is being tested in a first-in-human program to treat chronic granulomatous disease using prime-edited
autologous hematopoietic stem cells to correct the NCF1 defect. The program has also received the FDA Regenerative Medicine
Advanced Therapy designation, which supports development and regulatory interaction but is not marketing approval.

Targeted Insertion
The next step in genetic writing is to move beyond small sequence changes toward the targeted insertion of larger DNA fragments.

Conventional HDR can introduce defined sequences, but its efficiency and dependence on cellular repair mechanisms can limit its
utility, particularly for larger payloads and certain cell types. Newer programmable systems seek to place DNA directly at
predetermined genomic locations while reducing dependence on conventional double-strand-break repair.

This emerging area includes programmable insertion systems based on transposases, integrases, recombinases, and other DNA-
writing architectures.

The IP opportunity is correspondingly broad. Patent claims may encompass the molecular machinery, targeting mechanism, donor
architecture, insertion site, payload configuration, editing method, delivery system, and therapeutic or industrial application.

Targeted insertion is therefore an important area to monitor when identifying early-mature technologies that could eventually extend
gene editing from sequence correction to programmable genetic writing.

Generation 4: Genome Restructuring
Recombinases — Transposases — Bridge Editing

The fourth generation aims to edit larger segments of the genome. Instead of making changes at the level of individual nucleotides,
these systems can insert, delete, invert, replace, or otherwise modify large stretches of DNA.

Programmable Recombinases

Recombinases can rearrange DNA by recognizing defined sequences and catalyzing recombination between them. Engineered and
programmable recombinase systems are being developed to make this process more target-specific and therapeutically useful.

Unlike conventional nuclease editing, recombinase-based approaches can potentially perform defined genomic rearrangements
without relying on a DNA double-strand break followed by endogenous repair.

This makes them particularly interesting for applications involving larger genetic changes that are difficult to address with base or
prime editors.

Among commercial opportunities, Seamless Therapeutics, an emerging biotech company, is working on recombinase-based
therapies for genetic diseases like hearing loss.

From an IP perspective, other claim areas that may be relevant are recombinase engineering, DNA-recognition, target-site selection,
recombination architectures, payload design, delivery, and therapy.

Transposases (CRISPR-associated) for Programmable DNA Insertion

Transposases provide another route toward programmable genetic editing. These enzymes naturally move DNA sequences within
genomes, and engineered systems seek to redirect this activity toward predetermined genomic locations.

CRISPR-associated transposase systems, including CAST-type architectures, combine programmable DNA targeting with the ability
to insert relatively large DNA payloads.

This creates a potentially important bridge between conventional genome editing and gene writing because the technology can
address payload sizes and insertion tasks that are difficult for base and prime editors.

For patent landscaping, this area warrants close monitoring of targeting mechanisms, transposase components, guide-RNA systems,
donor DNA architecture, insertion-site control, cargo capacity, specificity, and delivery.
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Bridge Editing

Bridge recombinases represent one of the more radical emerging approaches to genome engineering. Instead of using a nuclease to
create a break and relying on cellular repair, these systems use an RNA-guided recombinase together with a bridge RNA.

The bridge RNA can be designed to recognize both the genomic target site and the donor DNA or second DNA site involved in the
rearrangement.

This architecture could potentially enable:
e Large DNA insertions.
e Precise excisions.
e Inversions.
e  Segment replacement.

e large genomic rearrangements.

Researchers at the Arc Institute have reported bridge-recombinase activity in human cells using 1S110-family systems. The ISCro4
system demonstrated multikilobase excisions and inversions, along with the donor-DNA insertion activity in human cells.

Bridge editing should currently be considered a frontier research technology rather than a clinical platform. However, its potential
ability to perform large-scale, programmable genome restructuring makes it strategically important for technology scouting and early
patent monitoring.

Bridge editing technology is still a frontier research technology at this stage, not a clinical-stage platform. However, its capacity to
enable large-scale, programmable genome restructuring makes it an important area of focus for technology scouting and early patent
monitoring efforts.

Worth noting as a separate 2026 development is QuadPE, which expands prime editing toward the insertion of substantially larger DNA
sequences. The novel technology uses multiple prime-editing guide RNAs (pegRNAs) to coordinate the insertion of large DNA fragments
at defined genomic locations. In reported experiments, the system enabled programmable insertion of up to 26-kb DNA sequences,
extending the scope of genetic modification beyond conventional prime editing.

For IP landscaping, key claim areas cover various aspects of the multi-pegRNA system, guide RNA design & coordination, insertion
mechanisms, payload size & layout, targeting strategies, editing efficiency parameters, delivery methods, and therapeutic
applications.

The commercial landscaping trend is also visible in the area of programmable recombinase technologies. Notably, partnerships and
licensing activities, including the collaboration between Eli Lilly and Seamless Therapeutics, indicate growing commercial interest in
these technologies to enable next-generation gene editing applications beyond conventional small sequence corrections.

3. Where Gene Editing Is Heading: Market Outlook and Leading Players
a. Market Outlook

Market estimates indicate sustained growth in the gene editing field, with the global genome editing market estimated to grow from
around USS$5 billion in 2021 to US$23.5 billion by 2031, exhibiting a CAGR of 16.6%. Within that, the CRISPR & Cas9 market will grow
to around US$13 billion by 2031, with the next-generation gene editing market growing at a higher CAGR of 21.8% over the forecast
period.

These estimates point to a broader shift in the market: gene editing is expanding beyond established CRISPR platforms, with next-
generation approaches emerging as an increasingly important growth segment.
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Between 2026 and 2031, growth is expected to be
- concentrated across:

. In vivo liver-directed editing.

20 GLOBAL GENE EDITING MARKET OUTLOOK (2021-2031) *  Exvivo edited stem-cell therapies.

. Base-editing treatments for hemoglobinopathies and

cardiovascular disease.

. Prime editing for rare monogenic diseases.

. Delivery technologies for muscle, brain, eye and immune

cells.

. Genome-editing analytical services and long-read safety

testing.

. Agricultural and industrial biotechnology applications.
.................... I I . Growth will be limited by manufacturing cost, patient

""""""""""""""""" I l selection, conditioning regimens, off-target assessment,
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 immune responses, and reimbursement.

o

USD Billions ($B)
o

Broad Genome Editing Market CRISPR & Cas Genes Market
B Next-Gen Genome Editing Market

b. Leading Companies by Modality

Vertex and CRISPR Therapeutics have the strongest clinical validation through Casgevy. Beam and Eli Lilly have strong positions in
base editing space. Prime Medicine is the most visible pure-play prime-editing company. Arc Institute is an important research
originator in bridge recombinases, although this platform remains preclinical.

Modality Representative players Strategic relevance

CRISPR-Cas9 Vertex, CRISPR Therapeutics, Intellia, Regeneron Nuclease-based therapeutic validation
Base editing Beam, Verve/Eli Lilly, Life Edit/ElevateBio Precision nucleotide conversion
Prime editing Prime Medicine, Broad-associated research Broader sequence correction
Recombinase / genetic writing Seamless, Tome, Arc-associated research Large DNA restructuring

RNA editing Wave, Shape, academic Cas13/ADAR groups Transient transcript modification
Research tools/ manufacturing Synthego, IDT, Aldevron, CDMOs Tools, reagents and manufacturing

4. Patent Landscape, Trends, R&D Ecosystem, Developments, Partnerships, and Deals in Gene-
Editing Space

a. Patent Landscape

WIPO reported more than 11,000 CRISPR-related patent families by November 2024. A separate Swiss Federal Institute of Intellectual
Property landscape identified more than 17,000 CRISPR patent families, including more than 14,000 families with genome-editing
claims. These numbers are not contradictory because they represent different search strategies and inclusions.

A focused PatSnap landscape covering CRISPR, base editing, and prime editing with technical filters identified 1,679 patent families
published between 2015 and mid-2026.

b. Annual Filing Trend: Gene-Editing Patent Activity Peaks, Then Enters a Publication-Lag Phase

Patent filings across the gene-editing landscape increased consistently between 2017 and 2022, rising from 1,338 filings in 2017 to
a peak of 2,832 in 2022. This represents more than a two-fold increase over the period and reflects the rapid expansion of research,
platform development, therapeutic applications, and associated intellectual property activity across CRISPR and emerging editing
modalities.
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2,500
2017 2818 819 2a2a 2821 2822 2823 2824 2825 A2

*2026 data shown in the chart should be treated as partial/incomplete, not as an annual filing total. Source: PatSnap

2023: Early moderation

What does the trend indicate?
The filing pattern can therefore be interpreted as:

2017-2020: Rapid expansion

Patent activity accelerated as CRISPR-based
genome editing moved from a research
technology toward broader therapeutic and
commercial applications.

2021-2022: Peak filing activity

The landscape reached its highest observed
annual filing volume in 2022, with 2,832 filings,
reflecting intense platform and application-level
innovation.

Filings declined to 2,470, indicating a moderation from the peak, although activity remained substantially above pre-2020 levels.

2024-2026: Data maturation rather than confirmed contraction

The lower reported numbers should be interpreted with caution because of publication lag and incomplete coverage. The available
evidence supports describing the landscape as plateauing around its 2022 high, rather than entering a sustained contraction.

c. R&D Ecosystem & Partner Industries

The gene-editing ecosystem is not just limited to leading therapeutic developers focusing on clinical development, regulatory
execution, and commercialization. It also covers biotech companies improving gene-editing platforms, DNA/gene delivery technology
providers, and companies focusing on Al and protein engineering. It further includes CDMOs and manufacturing specialists,
sequencing and safety analytics firms, as well as academic and public institutions. The scope also extends to agricultural and

industrial biotechnology enterprises.

Partner industry Representative examples

Leading pharmaceutical companies Vertex, Pfizer, Novo Nordisk, Eli Lilly, and Regeneron

Editing-platform developers & research

Beam, Prime, Intellia, Editas, Verve, Wang Lab, and CRISPR Therapeutics

groups
Delivery companies Guide Therapeutics, LNP developers and viral-vector specialists

Al and protein engineering Ginkgo/Patch, Broad-associated research and Al-first biotech companies
CDMOs and manufacturing specialists Lonza, Charles River, RoslinCT and specialist cell-therapy CDMOs

Sequencing & safety analytics lllumina, PacBio, Oxford Nanopore and specialist assay providers

Academic & public institutions Broad Institute, Harvard, Arc Institute, NIH and European Commission programs
Agricultural & industrial biotechnology Corteva, Bayer, KWS, Pairwise and Ginkgo

e. Recent Developments & Updates in Gene-Editing Space (2021-2026%)

Gene editing has transitioned from platform validation to now being applied on more differentiated clinical and commercial
applications. Over the past five years, it has evolved from the first systemic in vivo CRISPR edits in humans, to clinical proof of concept
for base and prime editing, the approval of the first CRISPR-based therapy, and the development of programmable strategies that will
unlock solutions for harder-to-hit targets. The timeline below documents these advances to date and shows where the next thing is

on its way.

e Jun 2021: Intellia/Regeneron reported the first clinical evidence of systemic in vivo CRISPR editing in humans (NTLA-2001, TTR
gene, transthyretin amyloidosis); a single infusion produced dose-dependent reductions in serum TTR. >>
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e  Apr2022: Editas Medicine dosed the first pediatric patient with EDIT-101 in the BRILLIANCE trial for Leber congenital amaurosis
10 — the first in vivo CRISPR medicine given to a child. >>

e Jun 2022: Intellia/Regeneron's updated Phase 1 NTLA-2001 data showed 93% mean serum TTR reduction by Day 28 at the 1.0
mg/kg dose. >>

e Jul 2022: Verve Therapeutics dosed the first patient in Heart-1 (VERVE-101), the first clinical-stage in vivo base-editing therapy,
targeting PCSKO9 to lower LDL cholesterol. >>

e Nov 2022: Beam Therapeutics enrolled the first patient in BEACON (BEAM-101), an ex vivo base-editing therapy for sickle cell
disease designed to reactivate fetal hemoglobin. >>

e Nov 2023: Verve reported first human proof-of-concept data for in vivo base editing (VERVE-101 Heart-1): up to 55% LDL
reduction and 84% PCSK9 reduction. >>

e Jun 2024: Beam Therapeutics treated the first patient with BEAM-302, an in vivo base-editing therapy for alpha-1 antitrypsin
deficiency. >>

e Oct 2024: Intellia reported positive Phase 2 results for NTLA-2002 in hereditary angioedema, showing substantial attack-rate
reductions after a single dose. >>

e May 2025: CHOP/UPenn researchers administered the first personalized CRISPR medicine, developed in ~6 months for an infant
with CPS1 deficiency. >>

e May 2025: Prime Medicine reported the first clinical data for a prime-editing therapy (PM359), showing rapid restoration of
NADPH oxidase activity. >>

e Nov 2025: CRISPR Therapeutics reported positive Phase 1 data for CTX310 (targeting ANGPTL3), showing dose-dependent
reductions in triglycerides and LDL. >>

e Dec 2025: Prime Medicine published NEJM data from two PM359 patients; the first published human clinical evidence for prime
editing. >>

e Apr 2026: Intellia reported positive Phase 3 results for lonvoguran ziclumeran (formerly NTLA-2002) in hereditary angioedema;
an 87% reduction in attack rates vs. placebo. >>

e Jul 2026: FDA expanded Casgevy's approval to patients aged two and older; the first gene therapy approved for children this
young with sickle cell disease. >>

f. Strategic Collaborations

The path from an editing platform to a therapeutic product increasingly depends on partnerships across technology, delivery, disease
biology and development expertise. Recent collaborations illustrate a recurring model: specialist gene-editing companies contribute
proprietary editors or targeting systems, while pharmaceutical and platform partners bring disease expertise, delivery capabilities,
manufacturing infrastructure, clinical development resources or commercial scale. These partnerships are therefore becoming an
important indicator of where emerging editing technologies are gaining strategic validation.

Several partnerships demonstrate how platform owners are combining with larger companies:
Company Timeline Reason

CRISPR Therapeutics x Capsida Biotherapeutics  Jun 2021 |, iyo editing therapies for familial ALS and Friedreich's ataxia

Vertex x Mammoth Biosciences 0ct2027 | yivo therapies using compact CRISPR systems for broader delivery

Regeneron x Intellia oct2023 Expanded into neurological and muscular diseases via antibody-targeted
delivery

Danaher x Innovative Genomics Institute Jan2024 | aunched Danaher-IGI Beacon for CRISPR Cures, rare-disease focus

Intellia x ReCode Therapeutics Feb 2024 cystic fibrosis editing via lipid nanoparticle lung delivery

Regeneron x Mammoth Biosciences Apr2024  Next-gen in vivo therapies using ultracompact CRISPR systems

Table: Key Industry Partnerships Shaping Next-Generation Gene Editing
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e Jun 2021: CRISPR Therapeutics and Capsida Biotherapeutics partnered on in vivo gene-editing therapies for familial ALS
and Friedreich's ataxia, combining CRISPR Tx's editing tech with Capsida's AAV delivery platform. >>

e  Oct 2021: Vertex and Mammoth Biosciences partnered to develop in vivo therapies using Mammoth's compact CRISPR
systems, aimed at broadening viral-vector deliverability. >>

e Oct 2023: Regeneron and Intellia expanded their collaboration to neurological and muscular diseases, pairing Intellia's
editing platform with Regeneron's antibody-targeted delivery tech. >>

e Jan 2024: Danaher and the Innovative Genomics Institute launched the Danaher—-IGl Beacon for CRISPR Cures, a
collaborative center for rare-disease gene therapies. >>

e Feb 2024: Intellia and ReCode Therapeutics partnered on cystic fibrosis gene editing, combining Intellia's CRISPR/DNA-
writing tech with ReCode's lipid nanoparticle lung-delivery platform. >>

e  Apr 2024: Regeneron and Mammoth Biosciences partnered on next-gen in vivo CRISPR therapies using Mammoth's
ultracompact systems. >>

g. Funding & Regulatory Developments

Regulatory frameworks are beginning to evolve alongside the technical complexity of gene editing. The focus is expanding beyond
demonstrating whether an edit can be achieved to establishing how editing safety, genomic integrity, manufacturing consistency, and
long-term outcomes can be characterized. At the same time, regulatory agencies are exploring approaches that could reduce
duplication across related editing programs and accommodate highly individualized therapies. The developments below illustrate
how regulation and enabling infrastructure are becoming integral to the commercialization pathway.

Jul 2021: Prime Medicine launched with USD 315 million in financing to develop prime editing, positioned as a "search-and-
replace" alternative to conventional CRISPR-Cas9. >>

Oct 2023: Intellia received FDA IND clearance for NTLA-2001 in TTR amyloidosis with cardiomyopathy, the first in vivo CRISPR
therapy cleared for Phase 3. >>

Dec 2023: FDA approved Casgevy (Vertex/CRISPR Therapeutics) for sickle cell disease; the first FDA-approved CRISPR-based
therapy. >>

Apr 2024: Creative Biogene launched an mRNA In Vivo Delivery Kit for systemic/local mRNA delivery; an enabling research
platform rather than a clinical therapy. >>

Apr 2024: Caribou Biosciences received FDA IND clearance for CB-010, an allogeneic anti-CD19 CAR-T with a PD-1 knockout, for
a Phase 1 lupus trial. >>

Apr 2024: Prime Medicine received FDA IND clearance for PM359 (ex vivo prime editing, chronic granulomatous disease) — the
first cleared IND for a prime-editing candidate. >>

Feb 2026: FDA issued draft guidance proposing a plausible-mechanism framework for individualized therapies in ultra-rare
diseases. >>

Feb 2026: FDA issued draft guidance on leveraging prior knowledge across related gene-editing programs (shared
CMC/nonclinical/clinical data).

Apr 2026: FDA issued draft guidance on using next-generation sequencing to assess on-/off-target safety in genome-editing
products.

Jun 2026: Beam Therapeutics received FDA IND clearance for BEAM-304, an in vivo base-editing therapy for phenylketonuria. >>

Jun 2026: Prime Medicine received FDA RMAT designation for PM359 in chronic granulomatous disease. >>

The transaction pattern indicates that large pharmaceutical companies are preferentially acquiring or licensing three assets: clinically
validated editors, tissue-specific delivery platforms, and programs addressing large chronic-disease markets.
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5. Clinical Trials: Gene Editing Moves Toward Clinical Validation

Clinical development is increasingly demonstrating that gene editing is no longer a single technology category. The clinical landscape
now spans conventional CRISPR/Cas nuclease editing, base editing and prime editing, with both ex vivo and in vivo approaches
entering human studies. The first regulatory approval of a CRISPR-based therapy established clinical validation for nuclease editing,
while newer programs are testing whether base and prime editors can extend the therapeutic scope while reducing dependence on
conventional double-strand breaks.

The pipeline also illustrates a second important transition: from editing cells outside the body and reinfusing them toward direct in
vivo editing, where delivery becomes a central determinant of therapeutic feasibility. Liver-directed LNP delivery is currently one of
the most advanced in vivo approaches, while programs targeting the eye and other tissues are testing alternative delivery strategies.

Modality Candidate Company Delivery Phase/ Status Indication What it demonstrates

CRISPR- Casgevy / exa- Vertex / CRISPR Ex vivo HSPCs Approved SCD, TDT First FDA-approved CRISPR-based

Cas9 cel Therapeutics therapy

CRISPR- . ) . - ATTR S .

Cas9 NTLA-2001 Intellia / Regeneron In vivo LNP Phase 3; recruiting cardiomyopathy Systemic in vivo genome editing

CRISPR- NTLA-2002 Intellia In vivo LNP Phasg _3; active/not Hergdltary In vivo editing for a chronic disease

Cas9 recruiting angioedema target

Base Risto-cel / ; Sickle cell Clinical translation of ex vivo base

editing BEAM-101 Beam Exvivo HSPCs Phase 1/2 disease editing

Base Ex vivo 5 5 Multiplex base editing of immune

editing BEAM-201 Beam allogeneic CAR-T Phase 1/2 T-ALL/T-LL alls

Ba.s? VERVE-102 Verve / Eli Lilly In vivo LNP Phase 1b; recruiting HeFH / premature In vivo base editing of PCSK9

editing CAD

Ba.s.e BEAM-302 GrET In vivo LNP Phase 1/2, pivotal AATD In vivo correctlpn of a disease-

editing cohort initiated causing mutation

Base BEAM-301 Beam In vivo LNP Phase 1/2 GSDla Mutation-specific in vivo base

editing editing

Prime Cuzzile First clinical translation of prime
- PM359 Prime Medicine Ex vivo HSPCs Phase 1/2 granulomatous o P

editing disease editing

Updates: BEAM-302 has progressed materially since the earlier draft. As of August 17, 2026, 38 patients had been dosed, according to Beam's
September 2026 update, while the company had initiated a pivotal cohort in July 2026.

6. Where Ingenious e-Brain Can Help Biotech & Pharma Innovators?

For next-generation gene-editing innovators, scientific capability is only one part of the commercialization equation. As editing
modalities diversify, companies need to understand the technology landscape, identify emerging competitors, map ownership and
freedom-to-operate considerations, track clinical translation, and anticipate where delivery, regulation, and manufacturing may create
the next bottlenecks.

Ingenious e-Brain can support biotech and pharmaceutical organizations across this technology-to-market landscape by combining
patent intelligence, scientific research, competitive intelligence, and strategic opportunity assessment.

-  Patent Landscape Analysis
Map the patent ecosystem across CRISPR-Cas systems, base editing, prime editing, recombinases, transposases, delivery
technologies and emerging genetic-writing platforms. Identify key assignees, patent families, claim themes, jurisdictional
coverage, white spaces, and potential IP risks.

- Competitive Intelligence
Track platform developers, therapeutic companies, delivery specialists and emerging entrants across modalities.
Benchmark pipelines, clinical progress, partnerships, financing, licensing activity, scientific publications, and IP
positioning.
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- Technology Scouting & Monitoring
Identify emerging editing systems, delivery architectures, protein-engineered nucleases, large-fragment insertion
technologies, RNA-guided recombinases and other technologies that could alter the competitive landscape.

-  Technology Forecasting
Assess how gene-editing modalities could progress from research to clinical validation and commercialization. Monitor
the transition from nuclease-based editing toward base editing, prime editing, targeted insertion and genome
restructuring.

-  Biological Sequence Search
Analyze DNA, RNA and protein sequences to identify relevant sequence similarities, mutations, conserved regions and
potential IP overlaps. Such analysis can support novelty assessment, competitive landscaping and technology-
development decisions.

- Clinical & Regulatory Intelligence
Track clinical trials, regulatory designations, approvals, safety requirements and evolving regulatory guidance to
understand how emerging editing technologies are progressing toward commercialization.

-  Strategic Opportunity Assessment
Integrate technology, IR, clinical, competitive and market intelligence to identify partnership opportunities, licensing
targets, technology white spaces and areas requiring continued monitoring.

From identifying emerging editors to mapping the IP and competitive environment around them, Ingenious e-Brain helps innovators
turn complex gene-editing intelligence into clearer strategic decisions.

7. Applications Beyond Medicine

Beyond human therapeutic applications, gene editing is also generating opportunities for agricultural, industrial, and synthetic biology,
where precision can enable rapid development of novel biological traits and production systems.

In agricultural applications, CRISPR, base editing, and prime editing are being explored to improve crop production, nutritional value,
disease resistance, and drought tolerance. In industrial biology, genome editing is enabling the targeted engineering of biological
production systems to generate enhanced biofuels, therapeutics, enzymes, and specialty chemicals. Synthetic biology then builds on
these capabilities, enabling programmable biological circuits and production platforms.

As these applications scale, biosafety, more emphasis on biosafety, ecological impact, regulatory differences, public acceptance, and
intellectual property will influence the pace of clinical translation and commercialization.

8. Safety, Ethical & Regulatory Challenges

As gene editing becomes more precise and programmable, the challenge is shifting from whether an edit can be made, to whether it
can be done safely, predictably, and responsibly.

The challenges around gene editing include off-target edits, unintended genomic changes, immunogenicity, delivery-related safety
concerns, and the need for long-term monitoring. Advances in high-fidelity editors and more effective delivery mechanisms, together
with enhanced understanding of genomics, are enabling greater safety, although clinical translation will require additional safety
characterization.

The ethical concerns primarily relate to germline editing, where edits can be inherited to subsequent generations. The broader
concerns around unintended consequences, unequal access to new therapies, dual-use applications, and societal governance will be
an ongoing consideration.

Regulatory requirements are also evolving, with growing emphasis on genomic integrity, manufacturing consistency, safety
characterization, long-term follow-up, and appropriate oversight. As editing platforms become more diverse, regulatory frameworks
will need to accommodate technological complexity while maintaining rigorous standards for patient and environmental safety.
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9. Future Outlook & Emerging Trends

The next five years are likely to transform gene editing from a market dominated single platform to a multi-layered ecosystem.
Advances in precision editing, Al-guided design, personalized therapies, multiplex editing, and next-generation delivery systems are
all likely to broaden the scope and application of genome editing.

1. Base editing is likely to lead in the near-term clinical translation.
Its editing chemistry is relatively straightforward; it avoids conventional double-strand breaks, and it has advanced programs in
blood and cardiovascular diseases.

2. Prime editing may address a broader mutation universe.
Its ability to introduce substitutions, insertions, and deletions makes it attractive for rare diseases that cannot be addressed by
base editors. But editor size, pegRNA design, and efficiency may slow broad commercialization.

3. Invivo delivery will determine market expansion.
Liver-directed LNP delivery is comparatively advanced, but muscle, brain, lung and immune-cell delivery remain more
challenging. Current LNP systems often accumulate in the liver, while AAV systems face limitations around cargo-size,
immunogenicity, and persistent-expression .

4. Large-fragment gene writing could create a new category.
CAST systems, transposases, integrases, and bridge recombinases could enable insertion of gene-sized or larger DNA
sequences. These technologies remain earlier-stage but may eventually compete with conventional gene addition and HDR.

5. Safety analytics will become a major commercial segment.
Long-read sequencing, single-cell analysis, off-target mapping, and structural-variant detection will be important for regulatory
submissions and post-treatment surveillance.

6. Manufacturing and reimbursement will be as important as editing performance.
Casgevy demonstrates that a technically successful therapy can still require complex cell collection, conditioning, specialized
manufacturing, and long-term follow-up. The next generation of products will require simpler workflows, lower manufacturing
cost and broader treatment-center availability.

7. Al-guided editor and guide-RNA design
Al and machine-learning models are increasingly being applied to predict guide-RNA activity, nuclease specificity, editing
efficiency and potential off-target effects. The next step is likely to shift from simply predicting guide performance toward joint
optimization of the editor, guide, target sequence and delivery context. Recent reviews describe applications spanning CRISPR-
system discovery, guide design, protein engineering and prediction of editing outcomes.

8. Al-enabled personalized editing
As individualized gene-editing approaches expand, Al could increasingly support the selection and optimization of editing
strategies for patient-specific variants. This could include integrating genomic context, sequence information, chromatin
accessibility and predicted editing outcomes to prioritize candidate editors and guides prior to experimental validation. Such
approaches could become particularly relevant as regulatory frameworks begin to accommodate individualized therapies for
ultra-rare genetic conditions.

For technology scouts and IP strategists, this creates a new layer of competitive differentiation: the defensibility of a gene-editing
platform may increasingly depend not only on the editor itself, but also on proprietary datasets, computational models, protein-
engineering capabilities and experimental feedback loops used to improve it.

10. Conclusion

Next-generation gene editing is moving from a race to develop increasingly precise editors toward a broader competition to build
complete, clinically viable genetic-medicine platforms. CRISPR-Cas9 has demonstrated that genome editing can reach regulatory
approval, while base editing and prime editing are extending the range of genetic changes that can potentially be addressed without
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conventional double-strand breaks. Emerging recombinase, transposase and other genetic-writing systems could further expand the
field toward larger and more programmable genomic changes.

The competitive landscape is therefore unlikely to be defined by editing chemistry alone. Delivery, safety assessment, manufacturing,
clinical validation, regulatory strategy, and intellectual property will increasingly defining which technologies can progress from
scientific proof-of-concept to commercially viable therapies.

At the same time, the value chain is becoming more interconnected. Platform companies are partnering with pharmaceutical
developers; delivery specialists are enabling in vivo applications; CDMOs are building manufacturing capabilities; sequencing and
analytical companies are supporting increasingly sophisticated safety assessment; and Al is emerging as an enabling layer for editor
discovery, guide design and optimization.

This creates a more complex strategic environment for biotech and pharmaceutical organizations. Understanding the ownership of
the technology, where the strongest claims sit, which platforms are entering clinical development, how delivery architectures are
evolving, and where regulatory expectations are moving will be as important as understanding the underlying editing mechanism.

The next phase of gene editing will therefore be defined by the convergence of precision editing, programmable genetic writing,
advanced delivery, computational intelligence and translational infrastructure. Organizations that can integrate these dimensions
into technology, IP and commercial decision-making will be better positioned to identify emerging opportunities, manage competitive
risk and shape their innovation strategies.

The emerging competitive advantage is increasingly distributed across seven interconnected capabilities:

1. Differentiated editing technology

2. Clinically practical delivery
3. Robust safety and genomic-integrity analytics
4. Scalable manufacturing
5. Defensible intellectual property
6. Clinically and commercially relevant targets
7. Aregulatory strategy capable of supporting long-term development and monitoring
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