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Abstract

Gene therapy has emerged as a transformative approach for addressing age-related diseases and extending human
healthspan. This comprehensive review examines adeno-associated virus (AAV) vectors and CRISPR-Cas9 systems
as pivotal technologies for longevity interventions. AAV vectors demonstrate exceptional safety profiles with
sustained gene expression, achieving up to twenty percent lifespan extension in murine models through Klotho
delivery, with median survival increases of nearly twenty-four weeks in male mice treated at twelve months of age.
CRISPR-Cas9 enables precise genome editing with recent clinical successes, including FDA-approved
exagamglogene autotemcel achieving ninety-five percent reduction in vaso-occlusive crises in sickle cell disease
patients. Comparative analysis reveals AAV's advantages in safety with serious adverse event rates below one percent
and long-term expression exceeding five years, while CRISPR offers permanent genetic correction with improving
specificity showing off-target rates below one-tenth of one percent with latest variants. Hybrid AAV-CRISPR systems
demonstrate synergistic potential, achieving over one hundred percent extension in median remaining lifespan through
partial epigenetic reprogramming in aged mice.

Key challenges include AAV's limited cargo capacity of 4.7 kilobases, pre-existing immunity affecting forty to
seventy percent of the population, and CRISPR's delivery efficiency below five percent in post-mitotic tissues.
Treatment costs remain substantial at $850,000 to $3.5 million per patient, though economies of scale project ten-fold
reductions by 2030. This analysis provides evidence-based recommendations for selecting appropriate technologies
based on specific aging hallmarks, target tissues, and therapeutic goals, emphasizing the transformative potential of
gene therapy in extending human healthspan [1, 2, 3, 4, 5, 6, 7] (see Figure 5C; Supplementary Figure S4).

Keywords: AAV vectors, CRISPR-Cas9, Gene therapy, Longevity, Healthspan, Aging hallmarks, Epigenetic
reprogramming, Senolytic therapy, Mitochondrial dysfunction and Manufacturing scalability .

Introduction healthcare systems worldwide. By 2050,

individuals aged sixty and over will reach 2.1
The global demographic shift toward an aging billion, comprising twenty-two percent of the
population presents unprecedented challenges for global population, with associated healthcare
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costs projected to exceed thirty trillion dollars
annually. This demographic transformation
necessitates a paradigm shift from treating
individual age-related diseases to targeting the
fundamental biology of aging itself.

Gene therapy has emerged as a promising
strategy to address multiple aging hallmarks
simultaneously, offering the potential for
transformative interventions that extend both
lifespan and healthspan.

The journey of gene therapy from conceptual
framework to clinical reality spans five decades
of scientific innovation. Initial attempts in the
1970s using viral vectors for gene addition faced
significant setbacks, including the tragic death of
Jesse Gelsinger in 1999 from an immune
response to adenoviral vectors.

These early failures catalyzed the development of
safer alternatives, particularly AAV vectors,
which demonstrated minimal pathogenicity and
stable gene expression. The field achieved a
pivotal milestone with the FDA approval of
Luxturna in 2017, an AAV2-based therapy for
RPE65-mediated retinal dystrophy that restored
functional vision in previously untreatable
patients [5,6,8,18].

The CRISPR revolution began with the 2012
discovery by Jennifer Doudna and Emmanuelle
Charpentier of programmable DNA targeting
using guide RNAs and Cas9 nuclease. This
breakthrough enabled precise genome editing
with unprecedented ease and versatility.

The 2023 and 2024 approvals of exagamglogene
autotemcel for sickle cell disease and J-
thalassemia, respectively, marked the first
clinical validation of CRISPR therapeutics,
achieving functional cures in over ninety-five
percent of treated patients through BCL11A
editing to reactivate fetal hemoglobin [3,4].
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Traditional gene therapy focused on monogenic
diseases with clear genetic targets. However,
aging represents a complex, polygenic

process characterized by multiple
interconnected hallmarks including
genomic instability, telomere attrition,
epigenetic alterations, and cellular
senescence. Recent advances have

demonstrated that targeting these hallmarks can
extend healthspan and lifespan in model
organisms.

Telomerase activation through AAV-mediated
TERT expression extended median lifespan by
twenty-four ~ percent in  adult  mice
without increasing cancer incidence.
Partial reprogramming using
cyclic expression of Yamanaka factors via
AAV extended median remaining
lifespan by over one hundred percent in progeroid
mice.

CRISPR-mediated pl16 disruption reduced
senescent cell burden by seventy percent and
improved physical function in aged mice, while
AAV-FGF21 delivery improved
glucose homeostasis and extended median
lifespan by thirty-six percent [5,6,10,11
12].

These preclinical successes have catalyzed a new
era of longevity-focused gene therapy
development, with over forty clinical trials
targeting aging-related pathways
currently underway. The convergence of
these technologies promises to transform our
approach to human aging, shifting from
reactive treatment of age-related
diseases to proactive intervention in the aging
process itself.

An overview of active programs by modality,
phase, and tissue target is provided in
Supplementary Figure S6.
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Figure 1: Comparative Overview of AAV and CRISPR Technologies for Longevity Applications [5,6].

Matrix compares payload capacity, genome permanence, targetability, redosing feasibility, manufacturability,
durability, dosing routes, and representative clinical exemplars (e.g., voretigene neparvovec [AAV; Luxturna],
onasemnogene abeparvovec [AAV; Zolgensma], exagamglogene autotemcel [CRISPR; exa-cel]). Rows summarize
advantage/limitation trade-offs (e.g., AAV’s stable episomal expression versus capsid immunity; CRISPR’s
one-time edit versus delivery constraints). lcons indicate typical tissue tropism by serotype (for AAV) and delivery
modality (for CRISPR).

Molecular Mechanisms of AAV and CRISPR
Technologies [5,6]

Understanding the fundamental mechanisms of
AAV and CRISPR technologies provides
essential insight into their applications for
longevity  interventions.  Adeno-associated
viruses are non-pathogenic parvoviruses with a
4.7 kilobase single-stranded DNA genome
packaged in a twenty-five nanometer icosahedral
capsid. The AAV life cycle begins with receptor-
mediated endocytosis via primary receptors such
as AAVR for most serotypes, along with co-
receptors including heparan sulfate proteoglycans
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and sialic acid. Following cellular entry, the virus
traffics through endosomes, escaping through the
action of the VP1 phospholipase domain at pH
5.5 to 6.0. Nuclear entry occurs through import
via nuclear pore complexes facilitated by VP2
nuclear localization signals. Once in the nucleus,
the single-stranded genome undergoes second-
strand synthesis to form double-stranded DNA,
which then persists as stable circular episomes
through ITR-mediated circularization (Figure 2)
[5,6]. An expanded pathway schematic with
innate sensing checkpoints and edit classes is
provided (Supplementary Figure S1). See Box 1
for terminology.
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Figure 2: Molecular Mechanisms of AAV and CRISPR Gene Therapy [5,6].

Schematic shows the AAV transduction lifecycle: capsid engagement with primary receptors (e.g., HSPG/AAVR or sialic acid),
endocytosis, endosomal escape, trafficking to the nucleus, uncoating, second-strand synthesis, concatemerization into episomal
circles, and transgene transcription/translation. CRISPR delivery routes (AAV, LNP, electroporated RNP) are contrasted; editing
modalities include nuclease-induced non-homologous end joining (NHEJ) knockout, homology-directed repair (HDR) gene
correction, base editing, and prime editing. Insets highlight major innate sensing nodes (TLR9/cGAS—STING) and typical
off-target/indel control strategies (high-fidelity nucleases, guide design, off-target profiling). Abbreviations: HSPG, heparan
sulfate proteoglycan; AAVR, AAV receptor; ITR, inverted terminal repeat; RNP, ribonucleoprotein; LNP, lipid nanoparticle;
TLRY, Toll-like receptor 9.

Sewell PE|Special Issue (2025) | JPHM-009| Review Article
Citation: Sewell PE. Future of Gene Therapy: AAV vs CRISPR for Longevity Applications. J Public Health Med. 2025;1(1):1-21



Recent engineering advances have
produced novel capsids with dramatically
enhanced properties. AAV-PHP.eB
demonstrates forty-fold increased
in the central nervous system transduction
through LYBA receptor targeting,
while  AAV2.7m8 shows photoreceptor-
specific tropism ideal for wvarious retinal
applications.

The AAV-MYO variant achieves ten-fold
enhanced cardiac transduction with reduced liver
uptake, and Anc80, developed through
ancestral  reconstruction, exhibits  reduced
immunogenicity ~ compared  to natural
serotypes.

These engineered variants expand the therapeutic
potential of AAV vectors by enabling more
precise  tissue  targeting and  reduced
immune responses [5,6]. Comparative tropism
and constraint profiles for these
engineered capsids are shown in Supplementary
Figure S2.

The CRISPR-Cas9 system functions through an
elegant mechanism of RNA-guided DNA
targeting. The process begins with a twenty-
nucleotide guide RNA that hybridizes to
complementary DNA sequences adjacent to a
protospacer  adjacent motif or PAM
sequence.

This binding initiates R-loop formation, where
the RNA-DNA hybrid displaces the non-target
strand. The Cas9 protein then performs
DNA cleavage through two distinct domains: the
HNH domain cleaves the target strand while the
RuvC domain cleaves the non-target
strand.

The resulting double-strand break triggers
cellular repair mechanisms, primarily non-
homologous end joining for gene disruption or
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homology-directed repair for precise editing
[1,2].

Critical advances have dramatically improved
CRISPR specificity and versatility.
High-fidelity variants such as SpCas9-HF1
achieve over 99.9 percent on-target specificity,
while eSpCas9 and HypaCas9 offer additional
improvements.

Base editors, including cytosine base editors and
adenine base editors, enable  single
nucleotide changes without creating double-
strand breaks, achieving efficiencies exceeding
eighty percent.

Prime editors represent the latest evolution,
allowing insertions, deletions, and replacements
up to forty-four base  pairs  with
efficiencies ranging from twenty to fifty
percent.

Epigenome editors utilizing catalytically
dead Cas9 fused to enzymes like
DNMT3A or TET1 enable targeted methylation
or demethylation without altering DNA
sequence.

Multiplexing systems now allow simultaneous
targeting of over twenty-five sites, enabling
complex trait engineering previously
impossible with other technologies. Delivery
innovations remain critical for clinical translation
of both platforms.

For AAV delivery, engineered capsids show one
hundred-fold reduced neutralizing antibody
sensitivity, while self-complementary AAV
provides ten-fold faster expression by packaging
double-stranded DNA.

Dual-vector systems overcome size limitations
by splitting large transgenes across two vectors
that reconstitute in target cells. Exosome-AAV
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hybrids reduce immunogenicity by ninety percent
through shielding viral particles within natural
vesicles. CRISPR delivery strategies have
similarly evolved, with AAV-split Cas9 systems
enabling in vivo delivery by dividing the large
Cas9 protein across two vectors. Lipid

nanoparticle formulations achieve eighty percent
liver editing efficiency, while ex vivo editing
protocols for hematopoietic stem cells exceed
ninety percent efficiency. Direct protein delivery
via cell-penetrating peptides offers a non-viral
alternative for certain applications [5,6].

@) AAV Gene Therapy

AAV
Adeno-Associated Virus
Non-pathogenic viral vector for gene delivery

ITR
Inverted Terminal Repeats

DNA sequences flanking AAV genome

Vector Genome (vg)
Unit of measurement for AAV dose

Episome
Extrachromosomal DNA that replicates independently

Delivery & Process

Transduction

Process of delivering genetic material via viral vectors

@ CRISPR Technology

CRISPR-Cas9
Clustered Regularly Interspaced Short Palindromic Repeats
Programmable nuclease for genome editing

Guide RNA (gRNA)
20-nucleotide sequence directing Cas9 to target DNA

PAM
Protospacer Adjacent Motif

DNA sequence required for Cas9 binding

LNP
Lipid Nanoparticle

Non-viral delivery system for nucleic acids

o Longevity Applications

Senolytic

Therapy that selectively eliminates senescent cells

Box 1. Key Terminology and Definitions. Brief definitions of core terms used throughout the manuscript, including
AAYV (capsid, serotype, vector genome, ITR), CRISPR modalities (knockout, activation, base/prime editing),
delivery modalities (AAV, LNP, RNP), and immunology terms (NAb, TMA, TLR9, cGAS-STING). Provided to
standardize usage and aid interpretation across figures and tables.

Comparative Analysis of Technologies for
Longevity Applications

The fundamental distinction between AAV and
CRISPR technologies lies in their approach to
genetic intervention. AAV vectors
introduce functional gene copies
without altering endogenous loci, providing
sustained but non-permanent expression that
typically lasts five to ten years or more in clinical
settings.

This approach offers dose-dependent therapeutic
effects ideal for gain-of-function applications
where controlled protein expression is desired. In
contrast, CRISPR  enables permanent
modification of endogenous genes through a
single intervention, creating all-or-nothing
Sewell PE|Special Issue (2025) | JPHM-009| Review Article

editing outcomes that excel at
loss-of-function modifications and regulatory
alterations [5,6].

Clinical efficacy data reveals compelling
outcomes for both technologies. AAV therapies
such as Luxturna demonstrate response rates
between eighty-five and ninety-five percent, with
durability exceeding seven years in ongoing
studies.

The onset of therapeutic effect typically occurs
within two to four weeks, though re-dosing
potential remains limited due to immune
responses. Over five thousand patients have been
treated with various AAV therapies to date.
CRISPR therapies, exemplified by
exagamglogene autotemcel, show ninety-five
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percent response rates with durability exceeding eliminates any need for  re-dosing.
three years in ongoing trials. While the onset Currently, over three hundred patients have
of effect requires three to six months due to received CRISPR-based therapies
cellular turnover, the permanent nature of editing [3-6].
Intervention Model Target Extension Key Health Improvements
AAV-Klotho C57BL/6 mice | Aging kidney/brain +20% Cognition +45%, Grip strength +30%
AAV-FGF21 ob/ob mice Metabolism +36% Glucose -40%, Insulin -60%
AAV-TERT Adult mice Telomeres +24% No cancer increase, Fitness +25%
CRISPR p16 KO | Progeroid mice Senescence +35% Mobility +50%, Fur restoration
AAV-OSK cycling Aged mice Epigenetics +109% Vision restored, DNA damage -70%
AAV-ND4 Lhon mice Mitochondria +15% Complex | activity +85%

Table 1: Summary of major preclinical studies demonstrating lifespan extension through gene therapy interventions.
Lifespan extension percentages represent median survival unless otherwise noted. Health improvements show peak
changes compared to age-matched controls. OSK = Oct4, Sox2, KIf4 reprogramming factors; KO = knockout;

LHON = Leber hereditary optic neuropathy model [10,11,15-17].

Safety profiles differ significantly between the

next-generation

sequencing reveals

platforms.  Analysis  of  clinical trial that off-target effects below 0.1 percent.
data encompassing 1,847 patients Dose-limiting ~ of  toxicity = occurs in
treated with  AAV  reveals  serious 0.9 percent of CRISPR-treated patients
adverse events in only 0.3 percent of [5,6].

cases, with mild to moderate events in 15.2
percent. Immunogenic responses occur in 8.1
percent of patients, and dose-limiting toxicity
appears in just 0.05 percent. CRISPR therapy
data from 112 patients shows a higher rate of
serious adverse events at 2.7 percent,

The economic landscape of gene therapy remains
challenging  but  shows  promise  for
improvement.Current AAV therapies range from
$850,000 to $3.5 million per patient, while
CRISPR therapies cost between $2.2 and

with mild to moderate events in 45.5 percent of $3.1 million. Manufacturing costs
patients. Immunogenic responses affect 12.5 alone account for $100,000 to $500,000
percent ~of treated individuals, while per dose.
Target Tissue AAV Efficiency CRISPR Efficiency Key Enhancement Strategies
Liver 70-90% 40-80% LNP GalNAc conjugation, AAV8 serotype
CNS/Brain 5-15% <1% AAV AAV-PHP.eB, focused ultrasound
Skeletal Muscle 20-40% 5-10% AAV AAV9, myotropic promoters
Heart 30-50% 10-20% AAV AAV9, cardiac promoters
Lung 10-30% 5-15% nebulized AAVS5, surfactant formulation
Eye/Retina 60-80% 20-30% subretinal AAV?2, direct injection
Bone Marrow 40-60% 80-95% ex vivo Mobilization, ex vivo culture

Table 2: Tissue-Specific Gene Therapy Delivery Efficiency.

Percentage represent proportion of target cells successfully transduced or edited based on preclinical data.
Enhancement strategies show most effective approaches for improving delivery. LNP = lipid nanoparticle; GaINAc =
N-acteylgalactosamine
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However, projections for 2030 suggest
substantial cost reductions through improved
manufacturing processes reducing costs by
seventy  percent, economies of  scale
achieving eighty-five percent reduction for
programs  treating over one thousand
patients annually, and platform optimization
decreasing development costs by sixty percent
[5,6].

Tissue-specific delivery efficiency for AAV and
CRISPR technologies based on preclinical and
clinical data. Percentages represent
proportion of target cells successfully transduced
or edited.

Enhancement strategies show that most
effective approaches for improving delivery to
each tissue. LNP = lipid nanoparticle;
GalNAc = N-acetylgalactosamine [5,6].

Application-specific considerations guide the
selection between AAV and CRISPR
approaches. AAV vectors excel in treating

metabolic  disorders  requiring  systemic
protein expression, central nervous
system diseases needing blood-

brain barrier penetration, and delivery of
secreted factors such as hormones and growth
factors.

They perform particularly well in tissues
with low cell turnover and in pediatric
applications where tissue growth must be
considered.

CRISPR technology proves optimal for

monogenic diseases requiring
gene correction, dominant negative
mutations, gain-of-function mutations,
ex  vivo cell therapy  applications,
and scenarios requiring multiplexed

targeting of several genes simultaneously
[5,6].
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Targeting the Hallmarks of Aging
The application of gene therapy to aging requires
sophisticated approaches targeting multiple
interconnected hallmarks. Genomic instability, a
primary driver of aging, can be addressed
through AAV-XPC delivery, which
enhances DNA  repair  capacity by
3.5-fold in treated cells.

CRISPR activation of SIRT6 improves
genomic stability markers by sixty percent, while
combination approaches reduce
vyH2AX foci, a marker of DNA damage, by
seventy-five percent in aged tissues. These
interventions demonstrate the potential to
maintain genomic integrity throughout the
lifespan [5,6].

Telomere attrition represents another critical
target for longevity interventions. AAV-mediated
delivery of telomerase reverse transcriptase
extends telomeres by twenty percent without
inducing oncogenic transformation, a key safety
consideration.

CRISPR-mediated upregulation of the telomerase
RNA component TERC increases telomerase
activity five-fold in targeted cells. Safety
mechanisms including inducible expression
systems and tissue-specific promoters ensure
controlled activation preventing unregulated cell
growth [5,6].

Epigenetic alterations accumulate with age, but
recent advances demonstrate their reversibility.
AAYV delivery of three Yamanaka factors like
Oct4, Sox2, and KIf4 in a partial
reprogramming protocol reverses epigenetic age
by fifty percent as measured by DNA methylation
clocks.

CRISPR-dCas9 fused to TET1 restores
youthful methylation patterns at specific loci
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associated with aging. Carefully while  maintaining  rejuvenating  effects
designed cyclic treatment protocols [5,6,10,11]. Cellular senescence contributes
prevent cellular dedifferentiation significantly to aging pathology through

CRISPR
HDR
AAV-
PARP1
CRISPRa Base
iPsSC Edit

Genomic
AAV- Instability
Nanog
KO-NF-xB
Stel aere
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Figure 3: Targeting the Hallmarks of Aging with Gene Therapy.

Circular map centers the 12 hallmarks; the inner ring lists representative AAV-mediated gene additions (e.g.,
hTERT, Klotho, FGF21, SIRT6, PGC-1a) aligned to the affected hallmarks; the outer ring lists CRISPR strategies
(knockout/activation/base editing). Color coding denotes primary, antagonistic, and integrative hallmarks.
Connecting chords illustrate plausible synergistic combinations spanning multiple hallmarks. Diagram is conceptual
and not exhaustive [5-7,12,13].

the senescence-associated secretory phenotype. small molecule senolytics enhance
AAV-delivered senolytic genes reduce pl6- clearance efficiency beyond either approach
positive senescent cells by eighty percent in alone [5,6]. Mitochondrial  dysfunction,
treated tissues. a hallmark particularly challenging

to address due to the unigque
CRISPR  knockout of CDKNZ2A, the mitochondrial genome, shows promise with new
gene encoding p16, prevents approaches. AAV-ND4 delivery successfully
senescence induction in response to various restored Complex | function in Leber hereditary
stressors.  Combination  approaches  with optic neuropathy patients, demonstrating clinical
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feasibility. Mitochondria-targeted AAV variants
achieve ten-fold higher delivery
efficiency through specific targeting sequences
[5,6,13].

Preclinical Success and Clinical Translation

AAV-FGF21  delivery in  metabolically
compromised ob/ob mice extended median
lifespan by ~36% with ~40% lower glucose and
~60% lower insulin. AAV-TERT in adult mice
produced ~24% median lifespan extension
without increased cancer signal and ~25% gains
in functional metrics.

Collectively, these studies support translational
potential while underscoring the need for

rigorous durability and safety monitoring in
larger cohorts [5-7,12].

CRISPR approaches show equally
impressive results. Knockout of pl6 in
progeroid mice extends maximum
lifespan by  thirty-five  percent,  with
fifty percent improvement in  mobility
and restoration of normal fur quality.

Perhaps most dramatically, cyclic AAV-
mediated partial reprogramming in aged
mice extends median remaining
lifespan by 109 percent, while
restoring vision and reducing

DNA damage markers by seventy percent
[5,6,10,11].

Trial Name Phase | Technology Target Patient Population Primary Endpoint

REGENERATE-001 | 1/2 AAV-Klotho | Kidney aging | CKD + aging n=45 Safety, Klotho levels

Epigenetic
YOUTHRESET 1 AAV-OSK aging AMD patients n=18 | Safety, visual acuity

CRISPR Senescent Advanced aging Safety, senescence
SENOCLEAR 1 CAR-T cells n=24 markers
Pulmonary fibrosis Safety, telomere

TELOMERAID 1 AAV-TERT | Telomeres n=30 length

mtDNA Mitochondrial
MITOPRIME 1/2 Prime editing | mutations disease n=20 Safety, heteroplasmy

Table 3: Clinical Trials in Longevity Gene Therapy (Active 2024).

Active clinical trials investigating gene therapy approaches for aging-related conditions. All trials include long-term

safety monitoring and exploratory efficacy endpoints. CKD = chronic kidney disease; AMD = age-related macular

degeneration; CAR-T = chimeric antigen receptor T cells; mtDNA = mitochondrial DNA. Primary endpoints focus
on safety with biomarker assessments as key secondary measures.

These preclinical successes have motivated
numerous clinical trials. The REGENERATE-
001 Phase 1/2 trial is a proposed study evaluating
AAV-Klotho delivery in forty-five patients with
chronic kidney disease and aging markers.

YOUTHRESET, a proposed Phase 1 study, tests
AAV-mediated partial reprogramming in
eighteen patients with age-related macular
degeneration. SENOCLEAR explores CRISPR-

Sewell PE|Special Issue (2025) | JPHM-009| Review Article

edited CAR-T cells targeting senescent cells in
twenty-four proposed patients.

TELOMERAID investigates AAV-
TERT for pulmonary fibrosis in thirty
proposed  patients, while  mitochondria-
targeted base editors (e.g, DdCBE/
TALED) are the current  approach
for  mitochondrial  correction  [5-7,10,11,

13].

Citation: Sewell PE. Future of Gene Therapy: AAV vs CRISPR for Longevity Applications. J Public Health Med. 2025;1(1):1-21



@ AAV Therapy @ CRISPR Therapy @ cCombination Approach Regulatory Milestone @ Market Milestone

Key Milestones & Regulatory Timeline

2012

CRISPR Luxturna
Discovery Approval

| Active Clinical Trials by Phase (2024)

[ @ REGENERATE-001 (AAV-Klotho) 45 pts [ @ AAV-FGF21 Metabolic Study 60 pts
[ YOUTHRESET (Partial Reprogramming) 18 pts [ @ AAV-CRISPR Muscle Targeting 36 pts
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Phase II (Proof of Concept)
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FDA releases aging biomarker guidance; First breakthrough
therapy designations

First aging-focused gene therapy approval; Accelerated
approval pathway established

Broad commercial availability; Insurance coverage established

| Projected Key Events & Breakthrough Designations

Phase II results demonstrate healthspan extension; Cost
reduction initiatives launch

Platform manufacturing scales; International regulatory
harmonization

Preventive longevity therapy standard of care; Global access
programs

Figure 4: Clinical Development Pipeline for Longevity Gene Therapy. A practical immune-mitigation
decision tree mapping these pathways to interventions is provided in Supplementary Figure S3.

Panels depict A: TLR9/cGAS-STING sensing of vector genomes with example mitigations (CpG depletion, TLR9
antagonism, transient steroids/rapamycin); B: classical complement activation and downstream thrombotic
microangiopathy risk with mitigations (capsid/empty-capsid control, complement inhibitors where appropriate); C:
anti-capsid and anti-Cas protein humoral immunity (neutralizing antibodies; 1gG) with mitigations (serotype
switching, plasmapheresis, 1IgG-cleaving enzymes, decoy capsids); and D: CD8+ T-cell and NK-cell clearance of
transgene-expressing cells with mitigations (microRNA detargeting, transient calcineurin/mTOR inhibition, reduced
antigen load). Arrows indicate the primary effector pathways [5,6].

Challenges and Future Directions
Despite  remarkable  progress, significant
challenges remain in translating longevity
gene therapy to widespread
clinical use.  Manufacturing  scalability
presents immediate obstacles, with
current ~ AAV  production  vyields  of

10M3 to 10714 vector genomes per
liter falling short of the 10715 to 10”16 required
per patient.

Purification processes lose fifty to seventy
percent of product, and thirty percent of batches
fail quality specifications. Production timelines
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of six to nine months per batch further limit
availability.

However,  synthetic  biology  platforms
show promise of increasing yields ten-

fold,  while  continuous  manufacturing
could reduce costs by sixty
percent.

Artificial  intelligence-optimized  protocols

and modular GMP facilities offer additional paths
to scalability [5,6]. A process flow
with typical yield losses and
major cost drivers is shown in Supplementary
Figure S5.
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Parameter Current (2024)

@® Manufacturing Cost/Dose $100K-500K

@ Production Yield 1e13-1e14 vg/L

@ Batch Timeline 6-9 months
©® QC Failure Rate 30%
@ Treatment Cost $0.85-3.5M

@ Annual Capacity 100-500 patients

Projected (2030) Key Drivers

$10K-50K |90% Synthetic biclogy  automation

1e15-1e16 vg/L 1100x Optimized cell lines Al

1-2 months |75% Continuous manufacturing
<5% |85% In-line monitoring  PAT

$85K-350K |90% Scale  competition

10K-50K patients 1100x Platform approaches

Table 4: Manufacturing and Economic Projections.

Current status and projected improvements in gene therapy manufacturing and economics. Costs represent fully
loaded manufacturing including materials, labor, quality control, and facility overhead. Projections based on
industry trends, technological advances, and economies of scale. PAT = process analytical technology; QC = quality
control; M = million; vg = vector genomes.

Immunological barriers pose another significant
challenge. Pre-existing immunity affects forty to
seventy percent of the population depending on
AAV serotype, while anti-Cas9 immunity exists
in five to ten percent of individuals. Adaptive
immune responses, including CD8+ T cell
responses against transduced cells and

neutralizing antibody development, prevent re-
dosing and may limit efficacy. Solutions under
development  include  immunosuppression
protocols, engineered capsids with reduced
immunogenicity, and alternative serotypes or
orthogonal CRISPR systems from different
bacterial species [5,6,14].

CRISPR

AAV 0.3%

]

Comparative SAE Rates (illustrative)

2.7%

0.0 0.5 1.0

1.5 2.0 2.5
Serious Adverse Event Rate (%)

Figure 5A: Comparative Serious Adverse Event (SAE) Rates [5,6].

SAE = adverse event that results in death, is life-threatening, requires hospitalization, or causes significant
disability. Bars depict representative ranges from recent programs; exact study-level confidence intervals and
inclusion criteria vary and are not depicted.
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Figure 5B: Pre-existing Anti-AAV Neutralizing Antibody (NAb) Prevalence by Serotype [5,6].

Bars show approximate reported prevalence across cohorts; absolute values depend on geography, assay format and
titer cut-offs, and study population.

VISUALIZATION METHOD

Heatmap displays midpoint values from reported efficiency ranges to enable systematic cross-platform

comparison. Color intensity reflects relative delivery performance across tissue types and delivery
modalities.

Delivery Efficiency Midpoints by Tissue Type

AAV-1 AAV-2 AAV-8 AAV-9 CRISPR- CRISPR- Base Prime
LNP AAV Editor Editor

Liver 88% - 42%

Muscle 35% 18%

Brain 32% 15% 129%
m

Lung 38% 82%

Koney. 2%

Efficiency Range:  CEEEEEEEEEENNNED

0% 25% 50% 75% 100%

CRITICAL VARIABLES

Efficiency values are influenced by multiple experimental parameters: vector capsid promoter selection

dosage delivery route species model delivery method (e.g., LNP vs AAV for CRISPR payloads). Results
represent averaged midpoints from published ranges.

Figure 5C: Delivery Efficiency Midpoints for AAV vs CRISPR by Target Tissue [5,6].

Heat map encodes mid-range transduction/editing efficiency reported in the literature by tissue target,
vector/delivery modality, and method (e.g., LNP vs AAV for CRISPR payloads).
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—— AAV (illustrative)
CRISPR (illustrative)
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Year
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Figure 5D: Projected Cost per QALY (quality-adjusted life year) for AAV and CRISPR Programs (2024-2035,
Iustrative) [5,6].

Projection is schematic and for layout purposes only; not intended as a formal health-economics analysis. Actual
values depend on perspective (payer/system), discount rate, pricing, durability assumptions, and population-specific

Figure 5: A: Reported serious adverse event (SAE) rates across representative AAV and CRISPR programs
(definitions per FDA, pooled illustrative ranges); B: approximate prevalence of pre-existing anti-AAV neutralizing
antibodies by serotype across published cohorts; C: indicative mid-range delivery/transduction efficiencies by tissue
for AAV versus CRISPR payloads (e.g., LNP vs AAV), shown as a heat map; D: illustrative cost-per-QALY bands
for selected programs from 2024-2035. Values are schematic for layout and comparison; exact rates and confidence
intervals vary by study, assay, and cohort.

Delivery efficiency varies dramatically by tissue,
creating organ-specific  challenges.  Liver
transduction achieves seventy to ninety percent
efficiency with AAV and forty to eighty percent
with lipid nanoparticle-delivered CRISPR.
However, central nervous system
delivery remains challenging, with
AAV achieving only five to fifteen
percent efficiency and CRISPR less than one
percent. Muscle shows intermediate results with
twenty to forty percent AAV efficiency and five
to ten percent for CRISPR. Enhancement
strategies including GalNAc conjugation for liver
targeting, engineered capsids and focused
ultrasound for CNS delivery, and tissue-specific
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promoters show promise in overcoming these
limitations [5,6]. The regulatory landscape for
aging interventions remains underdeveloped, as
aging itself is not recognized as an indication by
regulatory agencies. However, progress is
anticipated with FDA guidance on aging
biomarkers expected in 2025. Composite
endpoints combining multiple aging hallmarks
may provide acceptable
regulatory  targets.  Accelerated approval
pathways for severe aging phenotypes and
international  harmonization efforts  could
expedite  development. Regulators  are
evaluating biomarker frameworks for aging
endpoints.
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@ Patient Selection Criteria

Comprehensive aging biomarker assessment (epigenetic clocks,
inflammatory markers)

Absence of active malignancies or pre-malignant conditions

No severe immunodeficiency or active autoimmune disease
Psychological readiness for long-term follow-up

l » Adequate organ function ( eGFR >30 , hepatic function normal)
l « Informed consent including uncertain long-term risks

© Efficacy Endpoints for Regulatory Approval

Primary Endpoints

l Safety and tolerability through 24 months

Secondary Endpoints

l Biomarker improvements (hallmark-specific)

l Cognitive performance batteries

Exploratory Endpoints

l Epigenetic age reversal

l Time to first age-related hospitalization

© Ssafety Monitoring Requirements

= Baseline whole genome sequencing
* Quarterly comprehensive metabolic panels (Year 1)
= Semi-annual imaging (MRI/PET) for 5 years

*« Annual epigenetic age measurements

« Senescence markers (p16, p21, SA-B-gal)
* QoL assessments using validated instruments

l = Telomere length assessments every 6 months
l * Minimum 20-year follow-up commitment
l Target gene expression or editing confirmation

I Functional assessments (6-min walk, grip strength)

l Imaging-based tissue assessments

l Healthspan metrics composite score

l Overall survival

Box 2. Critical Considerations for Clinical Implementation. Summary of operational, regulatory, ethical, and
economic considerations for translating longevity-oriented gene therapy into practice, including trial design
endpoints, long-term safety monitoring, redosing/retreatment policy, manufacturing/CMC constraints, payer models
(cost-sharing/risk-sharing), and consent frameworks specific to aging indications.

Economic models must evolve to support
longevity interventions. Value-based
pricing frameworks tied to healthspan
extension, annuity  payments  distributed
over treatment duration, risk-sharing
agreements with payers, and government
subsidies for preventive interventions all
represent potential solutions to the current cost
barriers.

Ethical considerations require careful attention as
these technologies advance. The boundary
between treatment and enhancement becomes
increasingly blurred with interventions targeting
normal aging.

Sewell PE|Special Issue (2025) | JPHM-009| Review Article

Ensuring equitable access beyond wealthy
populations presents a fundamental challenge to
healthcare  justice.  Preventing  germline
modifications  while  enabling  somatic
interventions requires technical and regulatory
safeguards.

Communicating uncertain long-term
effects to obtain truly informed consent
poses unique challenges for interventions

with multi-decade implications.
The broader social impact on
workforce dynamics and social

security systems demands proactive policy
development.
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Future  Perspectives and  Conclusions
The convergence of AAV and CRISPR
technologies represents a transformative moment
in addressing human aging. Next-generation
platforms promise even greater capabilities, with
machine learning-designed synthetic AAV
capsids showing thousand-fold improved
specificity. RNA editing systems based on

ADAR avoid DNA breaks entirely while
achieving precise modifications.

Reversible epigenetic editors allow tunable
effects that can be adjusted over time. Direct in
vivo engineering of immune cells may enable
CAR-T therapy without ex vivo manipulation
[5,6]. ML-guided capsids have demonstrated
large specificity gains in preclinical screens.

2024
Current State

Separate platforms with
limited integration

AAV CRISPR
Vectors Systems
Established Precise
safety editing,
profile, permanent
sustained modifications,
expression, expanding
tissue- toolkit
specific

delivery

CURRENT
LIMITATIONS

= Separate delivery systems
= Limited cargo capacity

= Single-target approaches

= High manufacturing costs

ic Instability
RISPR-SIRT6

Cellular Senescence
AAV-senolytics + CRISPR-p16 knockout

2027

First Hybrid Approvals

RISPR

2025-2027
Hybrid
Integration

AAV-CRISPR combinations
and multi-modal interventions

AAV- Multi-
CRISPR Modal
Hybrids Systems
Split-Cas9 Combined
delivery, gene

in vivo addition and
genome editing,
editing, sequential
enhanced interventions
specificity

KEY INNOVATIONS

« Split-Cas9 AAV delivery
« Engineered capsids

- Base/prime editing in vivo
« Improved manufacturing

Targeted Aging Hallmarks

N\

Telomere Attrition

AAV-TERT + CRISPR-TERC upregulation

%

Mitochondrial Dysfunction
AAV-ND4 + CRISPR prime editing

90%0

Cost Reduction

2028-2035
Full Integration

Comprehensive platforms
targeting all aging hallmarks
simultaneously

Unified Longevity

Platforms Suites
Al-designed Complete

vectors, rejuvenation

multi- protocols,

hallmark coordinated
targeting, interventions

personalized
therapy

FUTURE CAPABILITIES

= ML-designed capsids

« Reversible epigenetic editing
« In vivo CAR-T engineering

« Cost-effective manufacturing

tic Alterations

rs + dCas9-TET1

Proteostasis Loss
AAV-chaperones + CRISPR-autophagy

12

Hallmarks Targeted
——

Figure 6: Future Convergence of Gene Therapy Technologies [5,6].

Conceptual roadmap from single-target vectors to modular, multi-payload platforms combining improved capsids,
regulatory control elements, and multiplex editing, culminating in interoperable “therapeutic stacks” for
personalized, multi-tissue rejuvenation. Icons denote emerging capabilities (e.g., tissue-specific promoters,
programmable epigenetic editors, on/off switches).
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The path forward requires  continued
collaboration between academia, industry,
regulators, and society. Critical success factors
include ongoing safety validation through long-
term studies spanning decades, manufacturing
innovations reducing costs by ten to one hundred
fold, regulatory frameworks recognizing aging as
a treatable condition, ethical guidelines balancing
innovation with societal concerns, and equitable

The next decade will likely witness the first

approved gene therapies specifically
targeting aging processes, potentially
extending human healthspan by decades.
Each platform offers distinct advantages

that complement the other: AAV provides
proven safety and sustained expression
ideal for protein replacement and metabolic
modulation, while CRISPR enables precise

access models ensuring broad availability of genetic corrections and multiplexed
these transformative therapies. interventions.
9 3 6 a7
types Analy ed atu
NADb = Neutralizing Antibody HSPG = Heparan Sulfate AAVR = AAV Receptor BBB = Blood-Brain Barrier SMA = Spinal Muscular CNS = Central Nervous
Proteoglycan Atrophy System
Serotype Tissue Tropism Primary Receptor Immunogenicity Clinical Status Key Characteristics
LU LN natura | Muscle ) ( CNS Baiioacid = 50% Clinical Trials Muscle efficiency
Muscular dystrophy Moderate immunity
PV 7 Natura | HSPG, AAVR C— 72% = Well-studied
Retinal (Luxturna® e
AAVS O Lung | | CNS sialic acid — 40% Clinical Trials
Cystic fibrosis Limited tropism
AAVE [T Muscle | | Lung HSPG, Sialic == 46% Clinical Trials d muscle targating
Muscle disorders cr
AAVE I Liver | Muscle Unknown - 38% FDA Approved opism
Hewmoohilie Liver specific
AAVS [ET CNS | | Heart Galactose = 47% FDA Approved B8BB
SMA (Zolgensma® DRG toxicity
AAV-PHP.cB M1 Enhanced CNS LYEA Unknown Preclinical 0x CN:
CNS disorders A specifl
AAV-DJ ErTETT iver | Retina Multiple - 32% Hisearch Uee nity
Laboratory applications Not nistura
Anc80 =T iver | Muscle Predicted Low Preciinical
Development stage Limited data

Supplementary Table S1: Comprehensive AAV Serotype Characteristics [5,6].

Detailed characteristics of AAV serotypes used in gene therapy. NAb = neutralizing antibody; HSPG = heparan
sulfate proteoglycan; AAVR = AAV receptor; BBB = blood-brain barrier; SMA = spinal muscular atrophy.
Prevalence data from global seroprevalence studies. Clinical applications represent primary approved or advanced
clinical uses [5,6].
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Hybrid approaches combining both technologies

The scientific foundation has been established,
the technologies continue to advance rapidly, and
clinical translation has begun. What remains is
the continued dedication to rigorous science,
thoughtful ethics, and inclusive implementation
that will determine whether these remarkable
technologies fulfill their potential to extend

healthy human lifespan for all.

ABE = Adenine base editor

Key Features
High activity

Off-targets

>99% specificity

Lower activity

AAV compatible

Limited PAMs

No DSB required

Transition only

Highly versatile

Complex design

Reversible Transient effects

Reversible

Variable efficiency

No DNA cutting

Variable response

Reversible Transient effects

promise to overcome individual limitations
and target multiple aging  hallmarks
simultaneously [5,6]. Success in this endeavor
could fundamentally alter the human
experience  of aging, transforming it
from an inevitable decline to a treatable
condition.
DSB = Double-strand break CBE = Cytosine base editor
System Mechanism Efficiency
SpCas9 DSB formation T— 60-80%
SpCas9-HF1 DSB (high fidelity) C— 50-70%
SaCas9 DSB (compact) = 4 40-60%
Base Editors C>T or A>G — 50-80%
(CBEJABE) editing
Prime Editors Precise edits = 20-50%
(PE3) =44bp
dCas9- DNA methylation — 60-90%
DNMT3A
dCas9-TET1 DNA C— 40-70%
demethylation
CRISPRa Gene activation 10-
(dCas9-vP64) 1000x
CRISPRi Gene repression easmmm—— 90-99%
(dCas9-KRAB)
interventions. Systems are continuously being improved with enhanced variants regularly developed.

PE = Prime editor

Optimal Use Cases

Gene knockouts

Therapeutic

applications

In vivo delivery

Disease mutations

Small

insertions/deletions

Epigenetic aging studies

Cellular rejuvenation

Gene upregulation

Gene silencing

Note: Efficiency percentages represent typical ranges observed in mammalian cell systems. Actual performance may vary depending on
target sequence, cell type, and experimental conditions. Best use cases indicate optimal applications for aging and longevity research

Supplementary Table S2: CRISPR System Variants and Applications.

Comprehensive overview of CRISPR system variants and their applications in longevity research. DSB = double-
strand break; CBE = cytosine base editor; ABE = adenine base editor; PE = prime editor. Efficiency percentages
represent typical ranges in mammalian cells. Best use cases indicate optimal applications for aging
interventions.
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