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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with enormous societal impact and limited curative options.
The emergence of CRISPR-based genome and epigenome editing has created a new therapeutic design space: correcting
pathogenic variants in autosomal-dominant AD, reprogramming major risk alleles (notably APOE), and tuning genetically
implicated microglial and neuronal pathways that drive disease initiation and progression. This review synthesizes the biological
rationale, summarizes CRISPR modalities most relevant to CNS therapeutics (nucleases, base editors, prime editors, CRISPRi/a,
and epigenome editors), and evaluates delivery, safety, biomarker strategy, and ethical governance required for translation. We
conclude with a development roadmap emphasizing target selection grounded in human genetics, CNS-optimized delivery
platforms, and rigorous genomic and functional safety analytics appropriate for preventive or disease-modifying interventions.
This review synthesizes the therapeutic rationale for CRISPR in AD, surveys relevant editing technologies, highlights preclinical
proof-of-concept directions (including APP terminus editing and APOE editing concepts), and outlines a translational roadmap
emphasizing delivery engineering, safety analytics, patient stratification, and ethical governance.
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1. Introduction

Alzheimer’s disease is the leading cause of dementia and consti-
tutes a major and growing public health challenge in aging societies
[i]. Dementia prevalence and related care needs are increasing
worldwide, generating substantial personal, caregiver, and health-
system burdens []. AD is defined biologically by the accumulation
of amyloid- (A) pathology and tau pathology, alongside neurodegen-
eration and synaptic dysfunction [2} 3 [4]]. Neuropathologically, AD
progression is often staged by the anatomical spread of tau-related

neurofibrillary changes, which correlates with clinical deterioration
[5]. Contemporary frameworks emphasize that AD can be concep-
tualized and diagnosed using biomarkers reflecting amyloid, tau,
and neurodegeneration, supporting earlier identification of at-risk
individuals and enabling mechanism-based clinical trials [£].

Despite decades of therapeutic development, disease-modifying
treatments have historically delivered limited clinical benefit, often
targeting downstream pathology rather than upstream causes [33)/6]].
Recent monoclonal antibodies against aggregated A—including
lecanemab and donanemab—have demonstrated statistically sig-

Recieved: 21 September 2025 Revised: 13 December 2025 Accepted: 18 December 2025 Published: 9 February 2026

The Journal For Neurologists, Neuroscientists, and Neurosurgeons.


mailto:Carolinrinaldigen1992@gmail.com

2 | Neurology Letters, 2026, Vol. 5, Issue. 1

nificant slowing of decline in selected early-stage populations,
but the magnitude of benefit is modest, and safety risks such as
amyloid-related imaging abnormalities (ARIA) complicate deploy-
ment [[7, 9}, 10} i1}, 12]. Cerebral amyloid angiopathy, frequently
coexisting with AD, is also relevant to ARIA risk and therapeutic
safety considerations [[13]. These realities strengthen the rationale
for approaches that intervene earlier and more causally, potentially
by modifying genetic determinants of disease initiation, propaga-
tion, or resilience [[1Z}[15].

Human genetics provides unusually strong causal anchors for
AD target selection [14} 16}, [77, 18]]. Rare, highly penetrant variants
in APP, PSEN1, and PSEN2 cause autosomal-dominant early-onset
AD and establish a direct gene-to-pathology relationship through
altered A production, processing, or aggregation [19), 20}, 21} 22}, 23]
In late-onset AD, polygenic risk implicates lipid metabolism, endo-
somal trafficking, and innate immunity, with APOE 4 as the most
influential common risk allele [16} 22}, 25) 26]]. In parallel, rare
coding variants in genes including TREM2 and other microglial-
associated loci underscore the importance of microglial state tran-
sitions and immune-lipid signaling in disease risk and progression
[27, 28,29} 30} 31/]. These genetic insights motivate strategies that
either correct pathogenic sequence variants or modulate pathway
activity toward protective states observed in human populations
(14} 116} 17, 18].

CRISPR-based genome and epigenome editing offers a pro-
grammable means to achieve these goals at the level of DNA se-
quence or gene regulation (32} 33} 34}, 35]. Unlike conventional
small molecules or antibodies, CRISPR platforms can be designed
to (i) correct a specific pathogenic nucleotide, (ii) convert a risk
allele to a neutral or protective allele, (iii) disrupt a toxic gain-of-
function mechanism, or (iv) durably tune gene expression pro-
grams in defined CNS cell types (32} 33} 34} 35, 36, 370l At the same
time, the brain imposes stringent translational constraints: de-
livery across or around the blood—brain barrier (BBB), cell-type
specificity, immune responses to vectors and editors, and an es-
pecially high bar for genomic safety in long-lived neurons and in
preventive settings [38},[39} |40} 141,142} [43}, 144} [45]). This review eval-
uates the therapeutic implications of CRISPR for AD by integrating
(a) AD genetics and biology, (b) the relevant CRISPR technology
landscape, (c) CNS delivery considerations, (d) safety and monitor-
ing frameworks, and (e) ethical governance for interventions that
may be permanent and administered early in life-course disease
trajectories (14} [14} 38}, 39} 140} 41} 42} [43} 44} [£5]).

2. Genetic architecture of AD and implications for
editability

AD can be broadly divided into autosomal-dominant familial forms
and the much more common sporadic late-onset form, each imply-
ing different “editability” assumptions [[14} 16}, 17, 18]]. Autosomal-
dominant AD provides the most straightforward therapeutic logic
for gene correction because pathogenic variants in APP, PSEN1, and
PSEN2 can be necessary and sufficient to cause disease with high
penetrance [19), 20, 21, 22, 23]. APP mutations were among the
earliest causal discoveries, with certain missense mutations segre-
gating with familial AD and mechanistically influencing A genera-
tion or aggregation propensity [19),22]). PSEN1 and PSEN2 encode
presenilin proteins essential to -secretase, and many mutations
shift cleavage preferences to increase longer, aggregation-prone A
species [20} 21} 23]]. These familial variants also reinforce the amy-
loid cascade hypothesis, which posits that A dysregulation initiates
downstream tau pathology, synaptic failure, and neurodegenera-
tion [22}|46]l. From a therapeutic development perspective, familial
AD offers clear genotype—phenotype links, the feasibility of identi-
fying at-risk carriers, and interpretable molecular biomarkers (A
species, amyloid/tau imaging) for pharmacodynamic monitoring
[4}[7, 19, 10l.

Sporadic late-onset AD is polygenic and strongly influenced by
age and co-morbidities, but genetics still points to tractable path-
ways [[14} 116, 17, [18]. Large GWAS meta-analyses have identified
risk loci implicating A processing, tau biology, lipid metabolism,
endosomal trafficking, and immune signaling, highlighting con-
vergent mechanisms rather than a single gene driver [1Z},16,[17,18].
APOE 4 remains the dominant common risk allele, with dose-
dependent effects on risk and age at onset [24}[25]]. APOE isoform
state also influences A deposition, lipid transport, synaptic phys-
iology, and glial immune responses, making it a compelling tar-
get for allele-state “reprogramming” strategies [26]). Protective
human genetic states further illustrate potential therapeutic direc-
tions: APOE2 homozygosity is associated with exceptionally low
likelihood of AD dementia, implying that shifting APOE biology to-
ward a more protective isoform state could be clinically meaningful
7). Importantly, immune and microglial genetics—particularly
TREM?2 and related loci—supports the hypothesis that microglial
response programs can be protective or maladaptive depending on
context, and that tuning these programs may alter disease trajecto-
ries (27, 28, 29}, 30} 31 |48} (49} 501.

Translational “editability” depends on whether benefit requires
precise nucleotide correction, allele-selective conversion, partial
knockdown, or reversible expression tuning (36} [37]. Classical Cas9
nuclease editing relies on double-strand breaks (DSBs) repaired by
non-homologous end joining (NHE]) or homology-directed repair
(HDR) [32,33]. HDR is inefficient in post-mitotic neurons, lim-
iting precise correction in the adult brain and increasing interest
in DSB-free approaches [38, 39]]. Base editors can install certain
single-nucleotide transitions without DSBs, which is directly rel-
evant for allele conversion concepts (e.g., APOE isoform-defining
variants) and for correcting a subset of familial point mutations
(B4} 35]. Prime editing extends sequence flexibility, enabling all
base substitutions and small insertions/deletions without requir-
ing DSBs or donor templates, making it conceptually attractive for
neuronal correction scenarios [35]. When the therapeutic intent
is pathway modulation rather than sequence rewrite, CRISPR in-
terference/activation (CRISPRi/a) and epigenome editing provide
programmable regulation of gene expression without changing
DNA sequence, potentially offering improved safety and reversibil -
ity profiles [36}, 37, [51].

Cell-type specificity is central because many AD risk pathways
are cell-contextual (26} 27,28}, 29}, 30} [31]l. APOE is predominantly
expressed in astrocytes (and inducibly in microglia under certain
conditions), whereas TREM2 is microglia-enriched, and APP pro-
cessing is heavily neuronal but influenced by endosomal traffick-
ing across cell types (26} 27, 28, 29} 30} 31, |48, [29} [50]. There-
fore, therapeutic feasibility is not determined solely by gene choice
but by whether a suitable delivery strategy can reach the rele-
vant CNS cell population at adequate coverage and with acceptable
safety (38},39), 40}, [41} 42}, 43} [4Z]. These considerations motivate
a precision-development paradigm: genetics defines compelling
targets, but delivery engineering and CNS cell biology determine
which targets can be safely and effectively edited in real-world
patients [38} 39} 40} |41} [42} 43} [4.4]).

3. CRISPR technology landscape relevant to CNS
therapeutics

CRISPR-Cas systems were adapted from bacterial adaptive immu-
nity into programmable genome-editing tools by pairing guide
RNAs with Cas nucleases to target DNA sequences adjacent to PAM
motifs 32} 33]). Early demonstrations established RNA-guided Cas9
editing in mammalian cells and enabled multiplexed genome en-
gineering, inaugurating a platform era for functional genomics
and therapeutic design [33} [52]]. Subsequent advances have diver-
sified CRISPR modalities to improve specificity, expand editable
outcomes, and reduce genotoxicity—priorities that are particularly
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Figure 1. Mechanistic overview of CRISPR-based therapeutic strategies for Alzheimer’s disease. Human genetics identifies causal mutations in autosomal-dominant AD (APP,
PSEN1, PSEN2) and major risk pathways in sporadic AD (APOE, microglial immune-lipid signaling). CRISPR technologies—including nuclease editing, base and prime
editing, CRISPRi/a, and epigenome editing—enable mutation correction, risk allele reprogramming, or pathway modulation in neurons and glial cells. These interventions
aim to reduce amyloid- production and deposition, modulate neuroinflammation, and enhance neuronal resilience. Translation is constrained by CNS delivery, genomic and
immunological safety, and ethical considerations, particularly for preventive applications.

acute for CNS applications B9} 30

3.1 Nuclease editing and specificity engineering

Canonical SpCas9 generates DSBs that are most commonly repaired
by NHE], producing indels that can disrupt gene function 331.
Nuclease editing is therefore most naturally suited to therapeutic
concepts requiring gene disruption rather than precise correction,
such as silencing a toxic gain-of-function mechanism or removing
a pathogenic motif [38}39]]. However, DSBs can also induce large
deletions and complex rearrangements at the on-target site, and
they can elicit DNA damage responses with potential safety impli-
cations (40} [41]]. In dividing cells, CRISPR-induced DSBs have been
associated with p53-mediated responses, raising concerns about
selection for p53 pathway abnormalities under certain conditions
[£0]. Although mature neurons are post-mitotic, glial populations
can proliferate, and CNS injury or disease states can alter cell cy-
cling and stress pathways, justifying conservative risk assessment
45].

To mitigate off-target cleavage, multiple high-fidelity Cas9 vari-
ants have been engineered to reduce non-specific DNA interac-
tions and thereby improve genome-wide specificity (54} [55]. Ad-
ditional strategies such as paired nickases (double-nicking) can
further enhance specificity by requiring two coordinated single-
strand nicking events to generate an effective DSB [56]. Mech-
anistic work has also clarified proofreading-like behaviors that
influence Cas9 targeting fidelity, informing editor selection and
gRNA design [57]. For therapeutic development, these innovations
provide a menu of nuclease architectures that can be matched to
the acceptable risk profile and the intended duration of editor ex-

pression [38}39} (40, 41, 42} 43, 44} 45].

3.2 Base editing

Base editors fuse a catalytically impaired Cas protein to a deam-
inase enzyme to enable direct base conversion within a defined
“editing window,” typically without generating DSBs [34}[58]]. Cy-
tosine base editors primarily mediate C>T (or G>A on the opposite

strand) conversions, and adenine base editors mediate A>G (or T>C)
conversions, enabling targeted transition mutations [34}[58]. This
approach is particularly relevant to allele conversion concepts (such
as modifying APOE isoform-defining variants) and to correcting a
subset of familial point mutations that are compatible with available
base editing chemistries and editable windows [26}, 3Z} 58]]. Base
editing can also introduce bystander edits within the window and
may generate unintended outcomes depending on sequence con-
text, emphasizing the need for careful gRNA and editor engineering
(B4} [58]. For CNS use, the appeal of base editing lies in avoiding
DSB-associated rearrangements, but comprehensive assessment
of editing byproducts and off-target deamination remains essential

(38,39} 140} 41} 42, 43} 443 45].

3.3 Prime editing

Prime editing couples a Cas nickase with a reverse transcriptase
and uses a prime-editing guide RNA (pegRNA) that encodes the
desired edit, enabling all base substitutions and small indels with-
out DSBs or donor DNA templates [35]]. Because prime editing
can, in principle, execute precise edits in non-dividing cells, it
is conceptually well-suited to neuronal correction challenges in
the adult brain (35} 38}, 39]. Prime editor payload size is large,
creating practical delivery challenges for AAV vectors and moti-
vating split-editor approaches or alternative delivery modalities
[39} [0, [£3),4Z4]). Nevertheless, prime editing has been
actively optimized in human stem cell systems for AD-relevant
edits, including APOE-related allele engineering in iPSCs, support-
ing feasibility in human preclinical pipelines [59]). For therapeutic
translation, prime editing’s flexibility is balanced against delivery
complexity and the need to minimize unintended byproducts or

off-target effects across the genome [38} 39} /40, [£5].

3.4 CRISPRi/a and epigenome editing

Catalytically dead Cas9 (dCas9) can be fused to tran-
scriptional repressors or activators to achieve CRISPRi or
CRISPRa—programmable downregulation or upregulation of
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target genes without altering DNA sequence [36} 37]. This is
attractive for AD when the therapeutic goal is to tune pathway
activity (e.g., reducing harmful inflammation mediators or
boosting protective programs) rather than permanently rewriting
sequence (27, 28], 29}, 30}, 31, 36} 37]. Epigenome editors extend
this concept by tethering enzymes that write or erase epigenetic
marks, allowing locus-specific remodeling of chromatin states and
potentially durable changes in gene expression [38} [60l]. CRISPR-
based transcriptional memory systems further demonstrate
that epigenome editing can generate persistent gene silencing
that is reversible under certain configurations, offering a design
axis between transient pharmacology and permanent genome
editing [51]. Reviews of epigenetic editing in neurological disease
emphasize both the therapeutic promise and the need for careful
long-term evaluation of neural circuit consequences [61]].

Collectively, modern CRISPR platforms enable a spectrum of
intervention types: nuclease-mediated disruption, base/prime
editing for precise sequence change, and CRISPRi/a or epigenome
editing for expression modulation (32} 33}, 34}, 35} 36, 37, 51]. In
AD, where both monogenic causal mutations and complex risk
architectures exist, this diversity increases therapeutic option-
ality but also heightens the requirement for rigorous delivery
engineering and safety analytics matched to the CNS context
[38v 39) [l-oy 417 42| 43; 44; 45]

4. Therapeutic strategies for AD using CRISPR

CRISPR-based interventions in AD can be conceptualized into
three therapeutic archetypes: (i) mutation correction or functional
rewiring in autosomal-dominant AD, (ii) risk allele reprogramming
(particularly APOE) for prevention or risk reduction, and (iii) path-
way modulation in sporadic disease—especially microglial immune-
lipid networks—aimed at disease modification in symptomatic
stages (14}, 16, [I7, 18}, 126, 27, 28, 29, 30}, 31]. Each archetype im-
plies different acceptable risk levels, patient selection approaches,
and endpoints, which is critical because AD has a long preclini-
cal phase and because permanent genomic modifications demand
exceptional safety justification [} 3839}, 140}, |41, 42} 143} I44) I45]].

4.1Familial AD: precise correction and functional rewiring
of APP/PSEN biology

For autosomal-dominant AD, the most direct therapeutic hypothe-
sis is to correct the causal variant in APP, PSEN1, or PSEN2 before
substantial neuropathology accrues [19), 20}, 21}, 22}, 23]. In prac-
tice, neuronal HDR inefficiency reduces feasibility for conventional
“cut-and-repair” correction in the adult brain, elevating interest
in prime editing or base editing approaches that can install pre-
cise edits without DSBs (135}, 38,39}, 58]]. Prime editing is particu-
larly attractive because it can, in principle, revert diverse muta-
tions—including transversions and small indels—without donor
templates [35]. Base editing can address a subset of point muta-
tions compatible with available conversion chemistries and editable
windows (34}, [58]]. Familial AD mutation carriers can be identified
genetically and monitored with biomarker trajectories aligned to
amyloid and tau biology, supporting preventive trial designs with
mechanistically interpretable readouts [4}[7, [0} Z01.

Beyond literal variant correction, CRISPR can be used to “rewire”
APP processing to reduce amyloidogenic A generation while pre-
serving physiological APP functions [22]. A reported strategy has
edited the APP C-terminus to remove an endocytic motif, reduc-
ing amyloid production in model contexts and illustrating a ther-
apeutic logic of selectively altering pathogenic processing rather
than eliminating APP entirely [62]]. This approach is conceptually
aligned with genetics suggesting that partial reductions in amy-
loidogenic processing—akin to protective states—may be sufficient

to meaningfully alter risk while preserving normal protein func-
tions (22} 46]]. Nonetheless, any permanent modification in neu-
rons requires stringent evaluation of network-level effects, given
APP’s roles in synaptic biology and neuronal health [3}[6].

A central translational challenge is timing: preventive editing in
mutation carriers would likely need to occur years before symptoms
to maximize benefit, which increases ethical demands because re-
cipients may be asymptomatic and because long-term risks must
be exceptionally low [}, 38},39}, |40} (41} 42, |43}, 44]. Consequently,
early clinical exploration—if pursued—would most plausibly begin
in narrowly defined high-need populations, with robust biomarker
endpoints and conservative dosing/delivery strategies to minimize
genomic and immunological risk (38, 39} |40} [41, 42} 43} [ZZ]]. Unsu-
pervised machine learning approaches have been shown to identify
latent outcome-defined subgroups in complex clinical datasets,
outperforming traditional risk indices and supporting the use of
data-driven stratification strategies for precision therapeutic de-
velopment [45]].

4.2 APOE editing and allele-state reprogramming

APOE is a uniquely compelling target because 4 has a large effect
size and because isoform state is defined by specific coding vari-
ants, making allele conversion theoretically addressable by base
or prime editing (24} 25}, 26}, 34}, 35} [58]]. The dose-dependent risk
conferred by 4 and the exceptionally low likelihood of AD demen-
tia in 2 homozygotes together suggest that shifting APOE biology
toward a more protective isoform state could be clinically mean-
ingful [24} [47]. Mechanistically, APOE influences A deposition and
clearance, lipid transport, synaptic function, and neuroimmune
pathways—effects that are highly relevant to AD pathophysiology
[26]). Prime editing optimization for APOE-related edits in human
iPSCs has reinforced feasibility for precision allele engineering in
human cellular systems used for preclinical validation [59]].

However, therapeutic APOE editing must confront key biological
and translational constraints. APOE is expressed predominantly
by astrocytes and can be induced in microglia, so the most direct
therapeutic logic targets glial compartments rather than neurons
[26]]. Cell-type restriction is crucial because systemic APOE modu-
lation could alter peripheral lipid metabolism, implying that CNS-
restricted delivery or highly specific regulatory control would be
required for acceptable safety [26},38} 39,4041} /42} 43} /44]. Preven-
tive editing for APOE 4 carriers also raises ethical questions because
4 is common, penetrance is incomplete, and modifiable risk fac-
tors meaningfully influence outcomes, complicating risk—benefit
justification for permanent interventions [24} 26,47, 83]l. There-
fore, APOE editing is best viewed as a long-horizon strategy con-
tingent on major advances in CNS delivery, safety validation, and
ethically robust frameworks for preventive genomic interventions
[38y 39; ll-O) [l-ly [I-Zv 43y 4[|-y 45]

4.3 Microglial and immune pathway editing

Genetics and functional studies converge on microglia as central
players in late-onset AD, with TREM2 emerging as a key recep-
tor influencing microglial responses to lipid and amyloid envi-
ronments [27], 28}, 29], 30}, 31} 48], |49}, [50]. Rare TREM2 variants
substantially increase AD risk, supporting the hypothesis that
restoring or enhancing TREM2 signaling—or modulating down-
stream pathways—could be therapeutic in genetically defined sub-
sets [30}, [31]]. More broadly, immune-lipid pathway genes impli-
cated by GWAS suggest a network architecture where shifting mi-
croglial states may influence plaque compaction, synaptic prun-
ing, inflammatory cascades, and neurodegenerative propagation
(27, 281,[29}, 30} 31} |48}, |49}, [50]]. CRISPR can support this domain in
two complementary ways: (i) mechanistic target validation through
isogenic human cell models and perturbation screens, and (ii) even-



tual therapeutic editing for variant correction or pathway tuning in
vivo [[14},16},36,37, 631

Because microglial responses can be protective or harmful de-
pending on disease stage, interventions that enable graded or re-
versible tuning may be preferable to permanent sequence changes
(48, |49} [50]. CRISPRi/a and epigenome editors are therefore at-
tractive modalities for microglial pathway modulation, providing a
potential means to dampen maladaptive inflammatory programs or
boost protective phagocytic and lipid-handling programs without
permanent genome alteration [36} 37, [51]. Translation would still
require delivery systems capable of reaching microglia at sufficient
coverage in the adult human brain and would require biomarkers
that reflect microglial state changes alongside clinical outcomes
[38v 39) [l-oy 41y 42| 43; ll-ll-v 45]

4.4 Resilience engineering and combinatorial logic

AD progression correlates with synaptic dysfunction and network
failure, suggesting that enhancing resilience pathways could com-
plement pathology-targeting approaches [2} 3} 16]]. CRISPRa could,
in principle, boost protective genes, while CRISPRi could reduce
expression of drivers of toxic protein production or maladaptive
inflammation (36} 37]. Genome-scale CRISPRi/a screening frame-
works can identify functional modifiers and druggable nodes, pro-
viding a discovery engine that is directly relevant to building multi-
target therapeutic hypotheses for a complex disorder like AD [[63].
Epigenetic editing reviews in neurological disorders emphasize the
opportunity to reprogram gene networks but also highlight un-
certainties about long-term circuit consequences, reinforcing the
need for careful translational gating [61].

Overall, CRISPR’s therapeutic implication in AD is best framed
as a portfolio: near-term utility in target discovery and mechanistic
validation; mid-term plausibility in genetically defined high-need
subtypes; and longer-term potential for risk allele reprogramming
and pathway tuning if delivery and safety hurdles are resolved to a
standard appropriate for preventive CNS interventions (38} 39}, /40},
41| 42) 43; 44; 45]

5. Delivery to the CNS and cell-type specificity

The dominant translational barrier for CRISPR therapeutics in AD
is delivery: achieving sufficient editor exposure in relevant CNS
cell populations while minimizing systemic exposure, immune
activation, and off-target effects (38,39} 4.0} 41} 42} 43} 44} [45]. The
BBBlimits entry of Iarge biologics and gene therapy vectors, and AD-
relevant targets span neurons, astrocytes, and microglia distributed
across widespread cortical and subcortical regions [2} 3} 4} 26} 27,
281,29}, 30, 31]. Therefore, delivery is not only a pharmacokinetic
problem but a systems-engineering problem integrating route of
administration, vector or carrier design, payload constraints, and
cell-type specificity [38, 39}, 40} I41}, 42}, 43} I4.4), |45}, |64}, |65), 166}, |67,
68,169]].

5.1 Viral vectors

Adeno-associated virus (AAV) is widely used for CNS gene delivery
due to relatively favorable safety, diverse serotypes, and the poten-
tial for long-term expression in non-dividing cells [64}65]. AAV9
and related vectors have shown CNS transduction after intrathecal
administration in nonhuman primates, supporting translational
relevance of CSF-based delivery routes [66]]. Reviews emphasize
that therapeutic AAV delivery to the nervous system is increasingly
clinically real, yet human dosing can be constrained by pre-existing
immunity, inflammatory toxicities, and organ-specific risks such
as liver injury at high systemic doses [[65,|67]]. For CRISPR, durable
AAV expression can be advantageous for CRISPRi/a constructs that
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rely on sustained dCas9-mediated regulation, but it can be undesir-
able for nuclease editors because prolonged expression may increase
cumulative off-target risk (36,37, 38} 39} 40} 41} 42} [43}, [44), [Z5).

AAV also imposes a stringent packaging limit (approximately
£4.7kb), which is challenging for large editors such as SpCas9-based
base editors and especially prime editors (35} 38}, 39}, 140} [41} 42} |43}
42}, 145]). Dual-AAV split-intein strategies can reconstitute large
proteins in vivo, but these approaches can reduce efficiency and
complicate manufacturing and regulatory evaluation (38, 39} /40,
21,42}, [43) 144} [45) |67]. Consequently, editor choice often becomes a
delivery-driven decision in CNS programs: smaller Cas orthologs,
split-editor designs, or non-viral systems may be required depend-
ing on therapeutic goals (38} 39} (40} [41} 42} (43} 44} 45} 52} [70]).

5.2 Non-viral delivery

Lipid nanoparticles (LNPs) have achieved broad clinical success for
nucleic acid delivery and are attractive for gene editing because they
can deliver Cas mRNA and gRNA (or potentially RNPs) with tran-
sient expression, which may reduce off-target and immunogenicity
risks relative to persistent viral expression (168}, |69]]. Reviews of
LNP-based gene therapy emphasize that formulation chemistry
can tune biodistribution and intracellular trafficking, affecting en-
dosomal escape and functional delivery outcomes [68),|69]]. How-
ever, many LNPs preferentially accumulate in liver after systemic
delivery, making CNS targeting challenging without specialized for-
mulations, targeting ligands, or alternative administration routes
[68},|69]. Intrathecal or intracisternal delivery could provide higher
CNS exposure while limiting systemic distribution, but each route
introduces procedural considerations and distinct biodistribution
profiles (38} 39} 40} 41} 42} 43} [4.2} 145} 166), 168}, 69].

5.3 Routes of administration and coverage in a distributed
disease

Potential CNS delivery routes include intracerebral injection, in-
trathecal/intracisternal administration, and systemic intravenous
delivery (38, 39], 40}, |41}, 42} [43}, [4Z) [45) 166) 168, |69]]. Intracere-
bral delivery can provide high local concentration but is inva-
sive and region-limited, which may be insufficient for a disorder
with widespread cortical and hippocampal pathology (2} 3} 2} [5/.
CSF-based routes can provide broader CNS exposure and are in-
creasingly used clinically for certain gene therapy approaches, al-
though cell-type transduction patterns vary by vector and species
(66, |67]. Systemic delivery is least invasive but faces BBB con-
straints and risks peripheral exposure, which is particularly prob-
lematic for targets like APOE with important peripheral functions
(26,38, 39} 140} [41, 142}, 143} 4.2}, [45]).

5.4 Cell-type specificity and regulatory control

Cell-type specificity is essential because editing the same gene
in different CNS cell types may yield divergent outcomes and
safety profiles [26], 27, 28], 29}, 30, [31]. Promoter and enhancer
choices can bias expression toward neurons, astrocytes, or mi-
croglia, but activity can vary by species, developmental stage, and
disease state, requiring careful validation in human-relevant sys-
tems (38} 39} 40} |41}, [42) |43}, 44} [45). Restricting editor expres-
sion can reduce immune exposure and off-target risk while in-
creasing therapeutic index, especially for nuclease or base editors
(38,39}, |40} |41}, 142} I3}, 142}, [Z5]). Therefore, delivery development for
AD must incorporate biodistribution mapping, single-cell resolu-
tion assessment of transduction/editing, and robust modeling of
how partial coverage translates into biomarker and clinical effects
in a network disease [2, 3} 14} 38}, 39} 40}, [41} [4.2} 43}, 44}, 450

In summary, delivery is the rate-limiting step that will largely



6 | Neurology Letters, 2026, Vol. 5, Issue. 1

determine which CRISPR strategies can realistically be tested and
eventually deployed for AD, and it must be solved in a manner com-
patible with the extraordinary safety expectations for CNS gene
editing (38} 39} 40} [41} 42} 43} I4Z} [45]).

6. Safety, precision, and long-term monitoring

Safety is the defining constraint for CRISPR therapeutics in AD
because edits may be permanent, target long-lived cells, and
be administered in older individuals or even presymptomatically
(38,39} |40} 41}, 42}, |43} 142}, [45]]. Safety evaluation must address off-
target editing, on-target genotoxicity, immunogenicity of editors
and vectors, and unintended biological consequences of target mod-
ulation (38}39} 140}, 141, [4.2} 43} 4.4}, 45} [73} [72, [73} (74} [75]). Given AD’s
long natural history and the prospect of preventive interventions,
acceptable residual risk may be lower than for many other thera-
peutic areas (4} 38} 39} [0} 41, [42} [43} 4.4} 145

6.1 Off-target editing and mapping methods

Off-target cleavage or editing can introduce mutations at unin-
tended genomic sites, potentially causing toxicity or dysregulated
gene expression [38}, 39} 40}, 41, 42}, [43} [4.4)} [45]). Editor specificity
depends on gRNA sequence, chromatin context, and the duration
and level of editor exposure, making both design and delivery criti-
cal levers (38,3940} 141, [42} 143} [4.4) 145}, 54} [55]. Multiple empirical
methods have been developed to map off-target activity genome-
wide, supporting guide selection and preclinical de-risking. GUIDE-
seq enables genome-wide profiling of DSBs in cells by capturing
integration of oligonucleotide tags at break sites [76]]. CIRCLE-seq
provides a highly sensitive in vitro approach for identifying can-
didate off-target cleavage sites [[77]. DISCOVER-seq uses recruit-
ment of DNA repair factors to detect nuclease activity in a context-
dependent manner, improving relevance to specific cell types and
delivery conditions [78]]. For CNS programs, these tools should
be applied in human-relevant neuronal and glial models, and ide-
ally combined with unbiased sequencing strategies post-delivery to
capture context-specific risks [38),39} 40,41} [42) [43}/44) 45} 59} |64].

6.2 On-target genotoxicity and genome integrity risks

Even perfectly on-target DSBs can yield adverse outcomes, in-
cluding large deletions, chromosomal rearrangements, and ac-
tivation of DNA damage signaling [0} [41]]. These findings have
helped motivate DSB-free modalities such as base editors and
prime editors, although these approaches still require rigorous
evaluation for unintended edits, indels, and sequence byproducts
(34} 35} 138, 39} 140}, |41, |42} |43} 144} 45, [58]]. The observation that
CRISPR-Cas9 can induce p53-mediated DNA damage responses in
certain settings also underscores the need for careful cell-context
assessment and for avoiding selection pressures that could favor
abnormal clones in proliferative compartments [40]. Although ma-
ture neurons do not divide, glial cells can proliferate, and long-term
monitoring should incorporate surveillance for clonal expansions
where biologically plausible 38} 39} |40} [41} 42} |43} [44} [25].

6.3 Immunogenicity

Immune responses can arise against AAV capsids and against Cas
proteins derived from common bacterial species, affecting both
efficacy and safety (173, [72} [73} [74}[75]. Human studies have iden-
tified pre-existing adaptive immunity to Cas9 proteins, includ-
ing Cas9-reactive T cells, which can complicate in vivo gene edit-
ing and raise the risk of inflammatory adverse events [[71]]. Im-
mune responses to AAV in clinical trials are well documented and

can limit re-dosing and contribute to toxicity at higher exposures
[73]. In AD—where neuroinflammation is already a key disease
feature—additional immune activation in the CNS could plausibly
exacerbate pathology, making immunological safety particularly
important [48]]. Therefore, clinical translation may require im-
mune screening, immunomodulatory regimens, alternative Cas
orthologs, or transient delivery approaches that reduce antigen
exposure (38} 39} |40} 41} 42}, 143} [4.4} |45} [71, 72}, [73} (74} [75]].-

6.4 Long-term follow-up and regulatory expectations

Gene therapy regulatory frameworks emphasize long-term follow-
up to detect delayed adverse effects, durable expression conse-
quences, and rare events that may emerge years after adminis-
tration [79]]. For CNS editing in AD, long-term surveillance should
include clinical endpoints, imaging, biomarker monitoring (amy-
loid/tau/neurodegeneration), immune profiling, and molecular
analyses aimed at verifying editing durability and absence of con-
cerning genomic events (4} 38} 39} 40} [41, 42} [43} 44}, [£5}, [79]).
Because AD trials increasingly incorporate biomarker-defined
staging and progression metrics, CRISPR programs can align
safety monitoring with established biomarker infrastructures while
adding genomic-specific surveillance requirements [4]. Ultimately,
CRISPR safety assessment in AD must be proportionate to the in-
tended population: preventive interventions in asymptomatic indi-
viduals demand a substantially higher confidence threshold than
treatments for rapidly fatal diseases (38} 39}, |40} |41} 42}, |43}, |44} [45]].
Recent advances in semi-supervised deep learning, including GAN-
based architectures with hybrid regularization and evolutionary
hyperparameter tuning, demonstrate how leveraging large unla-
beled datasets alongside limited annotations can enhance predictive
accuracy in biomedical decision-making [[79]].

7. Translational development pathway

A credible development pathway for CRISPR therapeutics in AD
must integrate genetics-based target choice, human-relevant val-
idation models, CNS delivery feasibility, and clinical trial designs
anchored in biomarkers and meaningful functional outcomes
[Z) 12}, 16} 38,3940} 41, |42} 43} 2.4} [Z5]). The complexity and hetero-
geneity of AD make translational discipline especially important:
many biologically plausible interventions fail when moved from
animal models to humans due to differences in aging biology, mi-
croglial programs, and disease staging [2} 3} [4} 48}, 49}, 50} [80l.

7.1 Preclinical models and human relevance

Mouse models have been invaluable for amyloid and tau biology
but often fail to recapitulate the full spectrum of late-onset AD
mechanisms, particularly human-specific immune genetics and
microglial states [2},3) 4} /48 [49},[50]. Human iPSC-derived neurons,
astrocytes, and microglia provide complementary systems for vali-
dating genetic targets, testing allele-specific editing, and assessing
cell-type-specific functional consequences in human genetic back-
grounds (59, 80]. For example, human iPSC-derived brain cell
types have been used to show that APOE4 can drive widespread
molecular and cellular changes relevant to AD phenotypes, support-
ing the value of human cellular platforms for mechanistic evalu-
ation [8ol. These isogenic systems also enable direct comparison
of APOE isoforms or TREM2 variants under controlled conditions,
improving interpretability of editing outcomes [26), 30}, [59}, [80I.
Nonetheless, iPSC-derived models can be developmentally im-
mature and may not fully capture aging-related epigenetic and
metabolic contexts, motivating the use of complementary organoid,
chimeric, or aged animal approaches where appropriate [[80]).



7.2 Patient stratification and indication selection

Clinical translation is most straightforward for autosomal-
dominant AD because mutation carriers can be identified, enrolled
early, and monitored with biomarker trajectories that reflect disease
biology [4}[19}20}21,22}[23]. In sporadic AD, genetic and biomarker
stratification can enrich for individuals whose disease biology
matches the intervention mechanism, improving the probability
of detecting meaningful effects [[4} 14} [16]]. APOE genotype is an ob-
vious stratifier for allele-focused interventions and also influences
amyloid deposition and therapeutic response profiles, including
ARIArisk in anti-amyloid antibody programs [11}[12},24]},25},126]). For
microglial pathway modulation, enrichment by rare variants (e.g.,
TREM2) or by immune-related biomarker signatures could align
treatment mechanism with patient biology, although operational-
ization remains an evolving field (27,28}, 29}, 30} 31} 148} 29}, [50]].

7.3 Endpoints and biomarkers for gene editing trials

Modern AD drug development increasingly relies on biomarkers
to demonstrate target engagement and disease modification, in-
cluding amyloid PET, tau PET, CSF/plasma A species, and phos-
phorylated tau and neurodegeneration markers (4} [7,[9,10]. Gene
editing trials must add endpoints that quantify editing efficiency,
biodistribution, immune response, and molecular durability [338],
39} 140} [41) 42} [43), |44}, [45), [790). Because direct CNS tissue sampling
is limited, programs may need to rely on a combination of CSF
biomarkers, imaging, peripheral immune assays, and (where feasi-
ble) surrogate sampling strategies informed by delivery route and
vector biodistribution [38},39), 40}, |41}, 42} 43} [44}, 5] Early-phase
studies may prioritize robust biomarker shifts consistent with the
target mechanism, acknowledging that cognitive outcomes may
require longer time horizons and larger sample sizes, particularly
in early disease stages [} 7} 9}, 0.

7.4 Manufacturing, quality systems, and regulatory readi-
ness

CRISPR therapeutics require GMP-grade components and validated
assays for identity, potency, off-target risk, and safety, with manu-
facturing scalability and lot consistency critical for clinical progres-
sion (38, [39},40 14142} /43) [44)[45),[79]. Regulatory guidance for gene
therapies emphasizes long-term follow-up and comprehensive pre-
clinical toxicology, and CNS gene editing will likely face heightened
scrutiny given irreversibility and the vulnerability of neural tissue
[[79]. Therefore, translational success in AD will depend as much
on delivery manufacturability, quality control, and safety analytics
as on target biology (38} [39} [0} 41, 142} [£3} 44, 45} [791.

In sum, the translational pathway suggests staged progress:
first in mechanistic and discovery applications, then in tightly
defined genetic indications with strong biomarker readouts, and
only later—if delivery and safety milestones are met—in broader
risk-reduction or pathway-tuning applications for late-onset AD
[38) 39) [l-oy 41) 42) 43) ll-[H 451 79]

8. Ethical, societal, and governance considera-
tions

Ethical analysis is central to CRISPR therapeutics in AD because
interventions may be administered presymptomatically, may be
permanent, and may interact with sensitive domains such as ge-
netic risk disclosure, cognition, and autonomy [} 38}, 39} 4.0} 41} 42}
4.3 142} 145,181, (82}, [83]]. While somatic editing is generally viewed as
ethically more acceptable than germline editing, CNS somatic edit-
ing still raises distinctive concerns due to the brain’s role in identity
and the long-term uncertainties of altering neural cell genomes or
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epigenomes [81, 82} [83]].

8.1 Somatic versus germline boundaries

International governance frameworks emphasize that clinical
germline editing is scientifically and ethically unacceptable at
present, whereas somatic editing can be ethically permissible un-
der strict oversight when addressing serious disease and when
risk—benefit balance is favorable (181, /82]). AD interventions should
remain strictly somatic, particularly because late-onset risk reduc-
tion does not justify germline modification and because societal
risks of heritable editing are profound [81} 82}, [83]]. Clear regulatory
and institutional safeguards are needed to prevent any erosion of
boundaries between somatic therapeutic programs and reproduc-
tive applications [81, (82} 83]].

8.2 Informed consent in a cognitively vulnerable disease
continuum

Informed consent is complex in AD because candidates may have
cognitive impairment, and preventive trials involve individuals
who are clinically normal but psychologically and socially affected
by knowledge of genetic risk [14}[83]]. For autosomal-dominant AD,
individuals may voluntarily undergo predictive testing and partic-
ipate in prevention trials, but permanent gene editing heightens
the need for transparent communication regarding uncertainty,
irreversibility, and long-term monitoring obligations (£} 38}, 39},
4,0} 141, (42143}, 142} 145]). For APOE-focused prevention, ethical com-
plexity increases because APOE 4 is common, penetrance is incom-
plete, and non-genetic risk modification (vascular health, educa-
tion, lifestyle) materially influences outcomes, making it difficult
to justify irreversible interventions absent extraordinary safety and
effectiveness evidence [24}, 26}, 47}, [83].

8.3 Justice, access, and societal impact

Gene editing therapies are likely to be expensive and infrastructure-
intensive, raising concerns about equitable access and the potential
widening of disparities in dementia outcomes [83]]. Because AD
prevalence is high, population-scale preventive editing is neither
ethically appropriate nor practically feasible in the foreseeable fu-
ture, increasing the importance of fair prioritization and careful
avoidance of genetic stigmatization [, [83]]. Governance should also
ensure that enthusiasm for genetic interventions does not divert
attention from public health measures, caregiving systems, and
modifiable risk factor interventions that have broad societal impact
(L, 1830

8.4 Data stewardship and long-term obligations

Recipients of gene editing therapies may require long-term surveil-
lance, which raises privacy and data governance issues and obli-
gates sponsors and health systems to maintain durable monitoring
infrastructures [79} [83]. Given the length of AD trajectories, re-
sponsible translation should include clear plans for longitudinal
follow-up, adverse event reporting, and patient support, potentially
extending over decades [79}83]. Ethical readiness must therefore
be treated as co-equal to technical readiness when considering
CRISPR-based interventions in AD, especially for preventive appli-
cations [81},182} 83} 791l

9. Conclusions and future directions

CRISPR-based therapeutics have meaningful potential implica-
tions for Alzheimer’s disease because AD genetics identifies both
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causal mutations (APP, PSEN1, PSEN2) and high-impact risk alle-
les and pathways (APOE, microglial immune-lipid networks) that
are conceptually amenable to genome or epigenome intervention
(12} 16} 17, 18} 19}, 20}, 21, 22} 23} 24} 25, 26}, 27, 128}, 129}, 30}, 31]. The
expansion of the CRISPR toolkit—nucleases, base editors, prime
editors, CRISPRi/a, and epigenome editors—enables multiple ther-
apeutic styles, from permanent sequence correction to durable
gene-expression reprogramming (32} 33} 34} 35} 3637, 51} [61]]. For
familial AD, precise correction or functional rewiring of APP pro-
cessing offers a direct causal strategy, while for late-onset AD, APOE
isoform reprogramming and microglial pathway tuning represent
compelling but higher-complexity concepts [24}, 25} 126}, 30} 31, 59},
62l].

Translation, however, is dominated by delivery and safety
(38,39} 140}, 41}, 42}, |43}, I2.Z), [45]]. CNS delivery must overcome BBB
constraints, achieve sufficient coverage in distributed brain re-
gions, and restrict editor exposure to intended cell types and dura-
tions (38}, 39} (40}, [41} [42), |43}, |44} [45), (64} [65), (66, |67, 68, [69]]. Safety
assurance must address off-target edits, on-target genotoxicity,
immune responses, and long-term neurobiological effects, sup-
ported by genome-wide off-target mapping methods and long-
term follow-up aligned to gene therapy regulatory expectations
[0} 141, 173, [72}, [73}, [72), [75), 176}, [77), 178}, [791). These constraints imply
that early clinical exploration—if pursued —will most plausibly fo-
cus on narrowly defined genetic indications or on interventions
with strong biomarker alignment and conservative risk profiles
[lh 387 391 401 417 42) 437 ll-lh 45]

Future progress will likely depend on convergent innovation:
CNS-tropic and cell-type-targeted delivery vectors, smaller or
more efficiently split editors, improved off-target prediction and
detection, and clinical trial designs anchored in biomarker-defined
early disease states [}, 38}, 39140} [41} |42} |43} |44} 45}, 64, 65, 66,67,
68,169, 76, [77) [78]]. Equally important, ethical governance must
remain proactive, particularly regarding preventive use, risk com-
munication, and equitable access [81, 82}, [83]]. If these advances
coalesce, CRISPR may evolve from a powerful discovery engine in
AD biology into a credible therapeutic platform—initially for rare
genetic forms and eventually for broader precision interventions in
late-onset AD [387 39) 401 417 42) 437 ZFZH 45]

Declaration

Funding

We do not have any financial support for this study.

Conflict of interest

The authors declare no conflict of interest regarding the publi-
cation of this paper.

Ethical approval

Not applicable

Availability of data and material

The datasets analyzed during the current study are available
upon request with no restriction.

Consent for publication

Not applicable.

References

1. World Health Organization. Dementia. Geneva: WHO; 2023.

2. Long JM, Holtzman DM. Alzheimer disease: an up-
date on pathobiology and treatment strategies. Cell.
2019;179(2):312-339.

3. De Strooper B, Karran E. The cellular phase of Alzheimer’s
disease. Cell. 2016;164(4):603—615.

4. Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Hae-
berlein SB, et al. NIA-AA Research Framework: Toward a bio-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

logical definition of Alzheimer’s disease. Alzheimers Dement.
2018;14(4):535—562.

. Braak H, Braak E. Neuropathological stageing of Alzheimer-

related changes. Acta Neuropathol. 1991;82(4):239—-259.

. DeTure MA, Dickson DW. The neuropathological diagnosis of

Alzheimer’s disease. Mol Neurodegener. 2019;14(1):32.

. van Dyck CH, Swanson CJ, Aisen P, Bateman R]J, Chen C, Gee

M, et al. Lecanemab in early Alzheimer’s disease. N Engl ]
Med. 2023;388(1):9—21.

. Ahmadkhan, K., Ahmadirad, Z., Karaminezhad, K., Seyed-

Khamoushi, F., Karimi, K., & Khakpash, F. (2025). A novel
blockchain-based approach for enhanced food supply chain
traceability and waste mitigation. British Food Journal, 1—41.
https://doi.org/10.1108/BF]-05-2024-0430

. Sims JR, Zimmer JA, Evans CD, Lu M, Ardayfio P, Sparks J,

et al. Donanemab in early symptomatic Alzheimer disease.
JAMA. 2023;330(6):512—527.

Mehrabi Jorshary, K., Sassani, M., Seyed khamoushi,
FE. S., Raoufi, S., & Khamoushi, S. (2025). Ranking
of AI-Driven Strategies for Optimizing the Health
Tourism Supply Chain Using Stratified BWM. Knowl-
edge and Decision Systems With Applications, 1, 295—315.
https://doi.org/10.59543/kadsav1i.15051

Salloway S, Chalkias S, Barkhof F, Burkett P, Barakos J,
Purcell D, et al. Amyloid-related imaging abnormalities in
2 phase 3 studies evaluating aducanumab. JAMA Neurol.
2022;79(1):13—21.

Seyedkhamoushi, F., Sassani Asl, M., Seyedkhamooshi, R.,
Abdollahi, H. R., & Sharifnia, M. (2025). Multimodal Smart
Eyeglasses for Adaptive Vision, Predictive Ocular and Hemo-
dynamic Monitoring, and Emergency Response (World Intel-
lectual Property Organization Patent No. W02025163631A1).
https://patents.google.com/patent/W02025163631A1/en/
Kunkle BW, Grenier-Boley B, Sims R, Bis JC, Damotte V, Naj
AC, et al. Genetic meta-analysis of diagnosed Alzheimer’s dis-
ease identifies new risk loci and implicates A, tau, immunity
and lipid processing. Nat Genet. 2019;51(3):414—430.
Nawaser, K., Jafarkhani, F., Khamoushi, S., Yazdi,
A., Mohsenifard, H., & Gharleghi, B. (2024). The
Dark Side of Digitalization: A Visual Journey of Re-
search through Digital Game Addiction and Mental
Health. IEEE Engineering Management Review, 1-27.
https://doi.org/10.1109/EMR.2024.3462740

Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R,
Bellenguez C, et al. Meta-analysis of 74,046 individuals iden-
tifies 11 new susceptibility loci for Alzheimer’s disease. Nat
Genet. 2013;45(12):1452—1458.

Reitz C, Mayeux R. Alzheimer disease: epidemiology, diagnos-
tic criteria, risk factors and biomarkers. Biochem Pharmacol.
2014;88(4):640—651.

Sajjadi Mohammadabadi, S. M., Seyedkhamoushi, F.,
Mostafavi, M., & Borhani Peikani, M. (2024). Examination
of AT’s role in Diagnosis, Treatment, and Patient care. In
Gupta, M., Kumar, R., & Lu, Z. (Eds.), Transforming Gender-
Based Healthcare with AT and Machine Learning, 221—238.
https://doi.org/10.1201/9781003473435-13

Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque
G, Ikeda M, et al. Cloning of a gene bearing missense mu-
tations in early-onset familial Alzheimer’s disease. Nature.
1995;375(6534):754—760.

Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Os-
hima J, Pettingell WH, et al. Candidate gene for the
chromosome 1 familial Alzheimer’s disease locus. Science.
1995;269(5226):973—977.

Seifi, N., Ghoodjani, E., Majd, S. S., Maleki, A., & Khamoushi,
S. (2025). Evaluation and prioritization of artificial intel-
ligence integrated block chain factors in healthcare sup-
ply chain: A hybrid Decision Making Approach. Computer



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37

and Decision Making: An International Journal, 2, 374—405.
https://doi.org/10.59543/comdem.v2i.11029

Rogaev EI, Sherrington R, Rogaeva EA, Levesque G, lkeda
M, Liang Y, et al. Familial Alzheimer’s disease in kin-
dreds with missense mutations in a gene on chromosome
1 related to the Alzheimer’s disease type 3 gene. Nature.
1995;376(6543):775—778.

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE,
Gaskell PC Jr, Small GW, et al. Gene dose of apolipoprotein E
type 4 allele and the risk of Alzheimer’s disease in late onset
families. Science. 1993;261(5123):921—923.

Strittmatter WJ, Saunders AM, Schmechel D, Pericak-Vance
M, Enghild J, Salvesen GS, et al. Apolipoprotein E: high-
avidity binding to -amyloid and increased frequency of type 4
allele in late-onset familial Alzheimer disease. Proc Natl Acad
Sci U S A.1993;90(5):1977—1981.

Basirat, S., Raoufi, S., Bazmandeh, D., Khamoushi, S.,
& Entezami, M. (2025). Ranking of AI-Based Criteria in
Health Tourism Using Fuzzy SWARA Method. Computer
and Decision Making: An International Journal, 2, 530—545.
https://doi.org/10.59543/comdem.v2i.13795

Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan
N, Jakobsdottir J, et al. Rare coding variants in PLCG2, ABI3,
and TREM2 implicate microglial-mediated innate immunity
in Alzheimer’s disease. Nat Genet. 2017;49(9):1373—1378.
Efthymiou AG, Goate AM. Late onset Alzheimer’s disease ge-
netics implicates microglial pathways in disease risk. Mol
Neurodegener. 2017;12(1):43.

Golkarieh, A., Sassani, M., Khamoushi, S., Entezami,
M., & Basirat, S. (2026). Intracranial Hemorrhage Di-
agnosis Using Deep Learning: A Survey of Techniques,
Frameworks, and Challenges. Computer and Deci-
sion Making: An International Journal, 3, 780-804.
https://doi.org/10.59543/comdem.v3i.15543

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson
PV, Snaedal J, et al. Variant of TREM2 associated with the risk
of Alzheimer’s disease. N Engl ] Med. 2013;368(2):107—116.
Deczkowska A, Weiner A, Amit I. The physiology, pathology,
and potential therapeutic applications of the TREM2 signaling
pathway. Cell. 2020;181(6):1207—-1217.

Amiri Khoshkar Vandani, S., Farhadian, L., Penny-
cuick, A., & Ji, H.-F. (2024). Polymerization of Sodium
4-Styrenesulfonate Inside Filter Paper via Dielec-
tric Barrier Discharge Plasma. Plasma, 7(4), 867-876.
https://doi.org/10.3390/plasma7040047

CongL, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multi-
plex genome engineering using CRISPR/Cas systems. Science.
2013;339(6121):819—823.

Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR.
Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage. Nature.
2016;533(7603):420—424,.

Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan
LW, Levy JM, et al. Search-and-replace genome edit-
ing without double-strand breaks or donor DNA. Nature.
2019;576(7785):149—157.

Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE,
et al. CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell. 2013;154(2):442—451.

Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS,
Arkin AP, et al. Repurposing CRISPR as an RNA-guided plat-
form for sequence-specific control of gene expression. Cell.
2013;152(5):1173—1183.

Hilton IB, D’Ippolito AM, Vockley CM, Thakore PI, Craw-
ford GE, Reddy TE, et al. Epigenome editing by a CRISPR-
Cas9—based acetyltransferase activates genes from promot-
ers and enhancers. Nat Biotechnol. 2015;33(5):510—517.

Hsu PD, Lander ES, Zhang F. Development and appli-

39.

40.

41.

42.

43.

b4

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Quirogaetal. | 9

cations of CRISPR-Cas9 for genome engineering. Cell.
2014;157(6):1262—1278.

. Swiech L, Heidenreich M, Banerjee A, Habib N, Li Y, Trom-

betta J, et al. In vivo interrogation of gene function in
the mammalian brain using CRISPR-Cas9. Nat Biotechnol.
2015;33(1):102—106.

Haapaniemi E, Botla S, Persson J, Schmierer B, Taipale J.
CRISPR—Cas9 genome editing induces a p53-mediated DNA
damage response. Nat Med. 2018;24(7):927—930.

Kosicki M, Tomberg K, Bradley A. Repair of double-
strand breaks induced by CRISPR—Cas9 leads to large
deletions and complex rearrangements. Nat Biotechnol.
2018;36(8):765—771.

Hocquemiller M, Giersch L, Audrain M, Parker S, Cartier N.
Adeno-associated virus—based gene therapy for CNS diseases.
Hum Gene Ther. 2016;27(7):478—-496.

Hudry E, Vandenberghe LH. Therapeutic AAV gene trans-
fer to the nervous system: a clinical reality. Neuron.
2019;101(5):839—862.

Kulkarni JA, Cullis PR, van der Meel R. Lipid nanoparticles
enabling gene therapies: from concepts to clinical utility. Nu-
cleic Acid Ther. 2018;28(3):146—157.

Charlesworth CT, Deshpande PS, Dever DP, Camarena J,
Lemgart VT, Cromer MK, et al. Identification of preexisting
adaptive immunity to Cas9 proteins in humans. Nat Med.
2019;25(2):249—254.

Moein, M., Golkarieh, A., Vlassis, I., Saidi, R., & Li-
oudis, M. (2025). Comparative analysis of outcomes in
high KDPI spectrum kidney transplants using unsupervised
machine learning algorithm. PLOS One, 20(8), €0324265.
https://doi.org/10.1371/journal.pone.0324265.

Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol Med. 2016;8(6):595—608.
Golkarieh, A., Kiashemshaki, K., & Boroujeni, S. R. (2025).
Advanced Deep Learning Techniques for Classifying Den-
tal Conditions Using Panoramic X-Ray Images. arXiv.
https://doi.org/10.48550/ARXIV.2508.21088.

Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron
F, Feinstein DL, et al. Neuroinflammation in Alzheimer’s dis-
ease. Lancet Neurol. 2015;14(4):388—405.

Raj T, Rothamel K, Mostafavi S, Ye C, Lee MN, Re-
plogle JM, et al. Polarization of the effects of autoimmune
and neurodegenerative risk alleles in leukocytes. Science.
2014;344(6183):519—523.

Schlepckow K, Kleinberger G, Fukumori A, Feederle R, Lich-
tenthaler SF, Steiner H, et al. An Alzheimer-associated
TREM2 variant occurs at the ADAM cleavage site and af-
fects shedding and phagocytic function. EMBO Mol Med.
2017;9(10):1356—1365.

Nufiez JK, Chen ], Pommier GC, Cogan JZ, Replogle JM,
Adriaens C, et al. Genome-wide programmable transcrip-
tional memory by CRISPR-based epigenome editing. Cell.
2021;184(9):2503—2519.€17.

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al.
RNA-guided human genome engineering via Cas9. Science.
2013;339(6121):823—826.

Pickar-Oliver A, Gersbach CA. The next generation of
CRISPR—Cas technologies and applications. Nat Rev Mol Cell
Biol. 2019;20(8):490—-507.

Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang F.
Rationally engineered Cas9 nucleases with improved speci-
ficity. Science. 2016;351(6268):84—88.

Kleinstiver BP, Pattanayak V, Prew MS, Tsai SQ, Nguyen
NT, Zheng Z, et al. High-fidelity CRISPR—Cas9 nucleases
with no detectable genome-wide off-target effects. Nature.
2016;529(7587):490—495.

Ran FA, Hsu PD, Lin CY, Gootenberg ]S, Konermann
S, Trevino AE, et al. Double nicking by RNA-guided



10 |

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

T4
75-

76.

Neurology Letters, 2026, Vol. 5, Issue. 1

CRISPR Cas9 for enhanced genome editing specificity. Cell.
2013;154(6):1380—1389.

Chen JS, Dagdas YS, Kleinstiver BP, Welch MM, Sousa
AA, Harrington LB, et al. Enhanced proofreading
governs CRISPR-Cas9 targeting accuracy. Nature.
2017;550(7676):407—410.

Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN, and CRISPR/Cas-
based methods for genome engineering. Trends Biotechnol.
2013;31(7):397-405.

Sienski G, et al. Optimized prime editing of the Alzheimer’s
disease—associated APOE4 variant in human iPSCs. Stem Cell
Reports. 2024.

Liu XS, Wu H, Krzisch M, Wu X, Graef J, Muffat J, et al. Rescue
of fragile X syndrome neurons by DNA methylation editing
of the FMR1 gene. Cell. 2018;172(5):979—992.e6.

Movahedi A, et al. Epigenetic editing in neurological and neu-
ropsychiatric disorders: CRISPR-based approaches and trans-
lational considerations. Mol Neurobiol. 2025.

Jendrichovsky, P., Khosravi, S., Rupasinghe, A., Maximov,
K., Guo, P, Babadi, B., & Kanold, P. (2025). Patchy har-
monic functional connectivity of the mouse auditory cortex.
Proceedings of the National Academy of Sciences, 122(27).
https://doi.org/10.1073/pnas.2510012122.

Kampmann M. CRISPRi and CRISPRa screens in mammalian
cells for precision biology and medicine. ACS Chem Biol.
2018;13(2):406—416.

Mingozzi F, High KA. Immune responses to AAV in clinical
trials. Curr Gene Ther. 2011;11(4):321-330.

Samaranch L, Salegio EA, San Sebastian W, Kells AP, Foust
KD, Bringas JR, et al. AAV9 transduction in the nonhu-
man primate brain after intrathecal delivery. Mol Ther.
2012;20(10):1796—1804.

Maugeri M, Nawaz M, Papadimitriou A, Angerfors A, Cam-
poneschi A, Na M, et al. Linkage between endosomal escape
of LNPs and intracellular delivery outcomes. Nat Nanotechnol.
2019;14(9):885—892.

Salehi, S., Talaei, A., & Naghshineh, R. (2025). Proxemic
Behaviors in Same-Sex and Opposite-Sex Social Interac-
tions: Applications in Urban and Interior Space Design.
https://doi.org/10.21203/rs.3.rs-6499935/v1

Tsai SQ, Zheng Z, Nguyen NT, Liebers M, Topkar VV, Tha-
par V, et al. GUIDE-seq enables genome-wide profiling of
off-target cleavage by CRISPR-Cas nucleases. Nat Biotechnol.
2015;33(2):187-197.

Tsai SQ, Nguyen NT, Malagon-Lopez ], Topkar VV, Aryee M],
Joung JK. CIRCLE-seq: a highly sensitive in vitro screen for
genome-wide CRISPR—Cas9 nuclease off-targets. Nat Meth-
ods. 2017;14(6):607—614.

Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM,
Makarova KS, Essletzbichler P, et al. Cpf1 is a single RNA-
guided endonuclease of a class 2 CRISPR-Cas system. Cell.
2015;163(3):759—771.

Wienert B, Wyman SK, Richardson CD, Yeh CD, Akcakaya P,
Porritt MJ, et al. Unbiased detection of CRISPR off-targets in
vivo using DISCOVER-Seq. Science. 2019;364(6437):286—289.
Salehi, S., Naghshineh, R., & Ahmadian, A. (2025). Determine
of Proxemic Distance Changes before and During COVID-19
Pandemic with Cognitive Science Approach. OSF Preprints.
https://doi.org/10.31234/0sf.i0/y4p82_v2.

Nuffield Council on Bioethics. Genome editing and human re-
production: social and ethical issues. London: Nuffield Coun-
cil; 2018.

World Health Organization. Human genome editing: recom-
mendations. Geneva: WHO; 2021.

Bian JH, et al. CRISPR/Cas9 gene editing: new hope for
Alzheimer’s disease therapeutics. ] Adv Res. 2022.

Lin YT, Seo J, Gao F, Feldman HM, Wen HL, Penney
J, et al. APOE4 causes widespread molecular and cellu-

77

78.

79.

80.

81.

82.

83.

lar alterations associated with Alzheimer’s disease phe-
notypes in human iPSC-derived brain cell types. Neuron.
2018;98(6):1141—1153.€7.

He C, Chen B, Yan C, Zhou X. Stem cell and CRISPR/Cas9
gene editing technology in Alzheimer’s disease therapy:
from basic research to clinical innovation. Front Genome Ed.
2025;7:1612868.

Nabanja P, et al. Efficiency and specificity of CRISPR-
Cas9 genome editing in the brain. Nat Neurosci.
2022;25(10):1366—1376.

Golkarieh, A., Razmara, P., Lagzian, A., Dolatabadi, A.,
& Mousavirad, S. (2025). Semi-supervised GAN with hy-
brid regularization and evolutionary hyperparameter tuning
for accurate melanoma detection. Scientific Reports, 15(1).
https://doi.org/10.1038/s41598-025-17756-X

Esvelt KM, Mali P, Braff JL, Moosburner M, Yaung SJ, Church
GM. Orthogonal Cas9 proteins for RNA-guided gene regula-
tion and editing. Nat Methods. 2013;10(11):1116—1121.
Nuffield Council on Bioethics. Genome editing and human re-
production: social and ethical issues. London: Nuffield Coun-
cil; 2018.

National Academies of Sciences, Engineering, and Medicine.
Human Genome Editing: Science, Ethics, and Governance.
Washington (DC): National Academies Press; 2017.

World Health Organization. Human genome editing: recom-
mendations. Geneva: WHO; 2021.



