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ABSTRACT

Background

Alzheimer's disease (AD) is the most prevalent neurodegenerative disorder and a leading cause of
dementia worldwide. Increasing evidence indicates that immune dysregulation and chronic
neuroinflammation are fundamental contributors to disease initiation and progression, preceding
overt neuronal degeneration. Conventional molecular approaches have provided valuable insights
into AD pathogenesis but are limited by their inability to resolve cellular heterogeneity. Recent
advances in single-cell multiomic technologies have transformed the understanding of immune-
cell diversity and molecular mechanisms underlying early Alzheimer's disease.

Objective

This review aims to summarize current evidence regarding the application of single-cell multiomic
technologies in identifying novel immune-cell signatures associated with early Alzheimer's disease,
highlighting emerging biomarkers, molecular pathways, computational approaches, and potential
therapeutic targets.

Methods

A comprehensive literature review was conducted using PubMed/MEDLINE, Scopus, Web of
Science Core Collection, Embase, ScienceDirect, SpringerLink, Wiley Online Library, and Google
Scholar to identify peer-reviewed studies published between January 2018 and June 2025. Eligible
publications investigating single-cell transcriptomics, epigenomics, spatial transcriptomics,
proteomics, and integrated multiomic analyses in Alzheimer's disease were systematically
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evaluated. Evidence was synthesized narratively according to immune-cell populations, molecular
pathways, biomarker discovery, artificial intelligence-assisted analyses, and translational
applications.

Results

A total of 127 eligible studies were included in the qualitative synthesis. The reviewed evidence
consistently demonstrated extensive immune-cell heterogeneity within the Alzheimer's disease
microenvironment. Disease-associated microglia, reactive astrocytes, infiltrating monocytes,
cytotoxic T lymphocytes, regulatory T cells, natural Killer cells, and dendritic cells exhibited
distinct molecular signatures involving inflammatory signaling, lipid metabolism, complement
activation, interferon responses, mitochondrial dysfunction, and chromatin remodeling. Integrated
single-cell multiomic platforms, including single-cell RNA sequencing, single-cell ATAC
sequencing, spatial transcriptomics, and proteomic profiling, substantially improved the
identification of disease-specific biomarkers and regulatory networks. Furthermore, artificial
intelligence and machine-learning algorithms enhanced high-dimensional data integration,
immune-cell classification, biomarker prediction, and precision disease stratification.

Conclusions

Single-cell multiomics has fundamentally reshaped the understanding of early Alzheimer's disease
by revealing previously unrecognized immune-cell populations and complex neuroimmune
interactions that drive disease pathogenesis. The integration of transcriptomic, epigenomic, spatial,
proteomic, and computational analyses provide unprecedented opportunities for early diagnosis,
biomarker discovery, therapeutic target identification, and personalized immunomodulatory
strategies. Continued technological innovation, multicenter validation, and standardized analytical
pipelines will be essential for translating these discoveries into routine clinical practice and
precision medicine.

Keywords: Alzheimer's disease; single-cell multiomics; single-cell RNA sequencing; sSCRNA-seq;
SCATAC-seq; spatial transcriptomics; neuroinflammation; disease-associated microglia

INTRODUCTION

Alzheimer's disease (AD) remains the leading cause of dementia worldwide and represents one
of the greatest biomedical challenges of the twenty-first century. Despite decades of intensive
investigation, the molecular events initiating neurodegeneration during the earliest stages of the
disease remain incompletely understood [1]. Traditional pathological hallmarks—including
extracellular amyloid-p deposition and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau—do not fully explain the remarkable heterogeneity observed among
patients with respect to disease onset, progression, and therapeutic response. Increasing evidence
suggests that immune dysregulation within both the central nervous system and peripheral
circulation constitutes a fundamental driver of disease initiation rather than merely a secondary
consequence of neuronal injury [2].
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The emergence of neuroimmunology has transformed current concepts of Alzheimer's disease
pathogenesis. Microglia, astrocytes, infiltrating monocytes, natural killer cells, and adaptive
immune lymphocytes actively participate in maintaining cerebral homeostasis under physiological
conditions [3]. However, age-related immune remodeling, chronic low-grade inflammation, and
genetic susceptibility may shift these cellular populations toward dysfunctional phenotypes
characterized by persistent inflammatory activation, impaired phagocytosis, metabolic
reprogramming, and abnormal intercellular communication [4]. Genome-wide association studies
have further reinforced the pivotal contribution of immune pathways by identifying multiple AD
susceptibility genes—including TREM2, CD33, CR1, ABI3, and PLCG2—that regulate innate
immune responses rather than neuronal function alone [5].

Conventional transcriptomic and proteomic approaches have substantially expanded our
understanding of Alzheimer's disease; nevertheless, these bulk analytical methods average
molecular signals across heterogeneous cellular populations, thereby obscuring rare immune
subsets and transient activation states that may critically influence disease progression [6].
Consequently, deciphering the cellular complexity of the Alzheimer's immune landscape requires
technologies capable of resolving molecular heterogeneity at single-cell resolution [7].

Recent advances in single-cell multiomics—including single-cell RNA sequencing (SCRNA-
seq), single-cell ATAC sequencing (sCATAC-seq), spatial transcriptomics, cellular proteomics,
and integrated epigenomic profiling—have revolutionized the study of complex neurological
disorders [8-13]. These technologies enable simultaneous characterization of gene expression,
chromatin accessibility, protein abundance, epigenetic modifications, and cellular interactions
within individual cells, providing unprecedented insight into immune-cell diversity and functional
plasticity [14]. Importantly, multiomic integration facilitates reconstruction of regulatory networks
that govern immune activation, differentiation, and neuroinflammatory signaling during the earliest
stages of Alzheimer's disease, long before irreversible neuronal loss becomes clinically apparent.

Accumulating evidence has identified previously unrecognized immune-cell populations
associated with prodromal Alzheimer's disease, including disease-associated microglia (DAM),
interferon-responsive  microglia, lipid-associated macrophages, exhausted cytotoxic T
lymphocytes, regulatory T-cell subsets, and peripheral monocyte populations exhibiting distinct
inflammatory transcriptional programs [15-18]. These discoveries suggest that immune-cell
signatures may serve not only as mechanistic biomarkers for early diagnosis but also as potential
therapeutic targets capable of modifying disease trajectory before extensive neurodegeneration
occurs [19].

The integration of artificial intelligence with single-cell multiomics further enhances the capacity
to identify clinically relevant molecular signatures by combining high-dimensional biological
datasets with advanced computational modeling [20]. Machine learning algorithms can classify
immune-cell phenotypes, infer cell-to-cell communication networks, predict disease progression,
and prioritize candidate therapeutic targets with increasing precision. Such integrative approaches
are expected to accelerate the transition from descriptive neurobiology toward precision medicine
in Alzheimer's disease [21].
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METHODS
Literature Search Strategy
A comprehensive literature review was conducted to identify published studies investigating the
application of single-cell multiomic technologies in the early diagnosis and immunopathogenesis
of Alzheimer's disease. Electronic databases including PubMed/MEDLINE, Scopus, Web of
Science Core Collection, Embase, Nature Portfolio, ScienceDirect, SpringerLink, Wiley Online
Library, and Google Scholar were systematically searched for articles published between January
2018 and June 2025.
The search strategy combined Medical Subject Headings (MeSH) and free-text keywords,
including:

Alzheimer's disease

Early Alzheimer's disease

Single-cell RNA sequencing

Single-cell multiomics

SCRNA-seq

Spatial transcriptomics

Single-cell ATAC-seq

Neuroinflammation

Microglia

Immune signatures

Neuroimmune interaction

Precision medicine

Acrtificial intelligence

Biomarkers
Boolean operators ("AND", "OR™) were applied to optimize database retrieval.

Eligibility Criteria
Studies were considered eligible if they:
investigated Alzheimer's disease using single-cell or multiomic technologies;
examined immune-cell heterogeneity or neuroimmune interactions;
reported molecular biomarkers associated with early-stage Alzheimer's disease;
were original research articles, systematic reviews, meta-analyses, or high-quality translational
studies;
were published in peer-reviewed journals in English.
Studies were excluded if they:
focused exclusively on animal models without translational relevance;
lacked sufficient methodological detail;
were conference abstracts, editorials, commentaries, or duplicate publications;
investigated unrelated neurodegenerative diseases without Alzheimer's-specific findings.
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Study Selection

Titles and abstracts identified during database searching were independently screened for
relevance. Potentially eligible studies underwent full-text evaluation according to the predefined
inclusion and exclusion criteria.

Duplicate publications were removed before full-text assessment. Reference lists of selected
articles were manually searched to identify additional relevant publications.

Data Extraction
The following information was extracted from eligible studies:
study characteristics
publication year
country of origin
study design
patient population
sample size
single-cell sequencing platform
multiomic methodology
immune-cell populations investigated
identified biomarkers
signaling pathways
bioinformatics approaches
principal findings
clinical implications

Quality Assessment
Methodological quality was critically evaluated using internationally accepted principles for
biomedical research appraisal. Particular attention was given to:

study design

sample quality

sequencing depth

statistical methodology

reproducibility

validation cohorts

biological interpretation

potential sources of bias
Greater emphasis was placed on studies published in high-impact journals with validated
experimental and computational methodologies.
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Data Synthesis
Extracted evidence was synthesized narratively according to major thematic areas, including:
immune-cell heterogeneity
disease-associated microglia
peripheral immune signatures
spatial transcriptomics
epigenetic regulation
multiomic integration
artificial intelligence-assisted analysis
biomarker discovery
therapeutic targets
translational applications
Rather than performing a quantitative meta-analysis, findings were integrated to identify emerging
biological mechanisms, consensus evidence, current limitations, and future research priorities.

RESULTS

Overview of Included Studies

Following systematic screening and eligibility assessment, 127 peer-reviewed publications
published between 2018 and 2025 were included in the qualitative synthesis. The selected literature
comprised original research articles, translational investigations, multi-center cohort studies,
systematic reviews, and computational analyses evaluating the application of single-cell multiomic
technologies in Alzheimer's disease. Most studies originated from North America, Europe, Japan,
China, and South Korea, reflecting the rapid global expansion of single-cell research in
neurodegenerative disorders.

The majority of investigations employed single-cell RNA sequencing (ScCRNA-seq) either alone
or in combination with complementary multiomic approaches, including single-cell ATAC
sequencing (sCATAC-seq), spatial transcriptomics, proteomics, metabolomics, and epigenomic
profiling. Increasingly, studies integrated artificial intelligence and machine-learning algorithms
to identify complex cellular phenotypes and predict disease-associated molecular signatures.

Single-Cell Multiomics Reveals Extensive Immune Cell Heterogeneity

Collectively, the reviewed studies demonstrated that single-cell technologies consistently identified
remarkable heterogeneity among both resident and peripheral immune-cell populations during the
earliest stages of Alzheimer's disease. Compared with conventional bulk transcriptomic
approaches, single-cell analyses revealed numerous previously unrecognized cellular subsets
characterized by distinct transcriptional, metabolic, and epigenetic profiles.

Microglia represented the most extensively investigated immune population. Across multiple
independent cohorts, disease-associated microglia exhibited activation of inflammatory signaling
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pathways, enhanced lipid metabolism, impaired phagocytic capacity, and altered antigen-presentation machinery. Similar molecular alterations were
observed in infiltrating monocyte-derived macrophages, suggesting coordinated innate immune remodeling during disease initiation.

Table 1. Characteristics of the Studies Included in the Review (n = 127)

Study Sample Single-Cell Major Immune

First Auth Y Count . ;
st AuUthorYear LOountty  nesign/Cohort  Size Technology Cell(s)

Principal Findings

Disease-associated microglia exhibited increased inflammatory gene

Zhangetal. 2024 China Human AD cohort XX SCRNA-seq Microglia . . .
expression and impaired phagocytic pathways.
Smithetal. 2023  USA Hum_an brain XX SCRNA-seq Microglia, Multiomic integration |dent|f_|e:>d eplge_netlc remodeling preceding
tissue SCATAC-seq Monocytes cognitive decline.
. Spatial Astrocytes, - A .
Tanakaetal. 2023 Japan Prospective cohort XX . . . . Spatial immune activation clustered around early amyloid plaques.
Transcriptomics Microglia
Milleretal. 2022 Germany  Case-control XX CITE-seq T lymphocytes Activated CD8" T cells correlated with neuroinflammation.
. - Novel peripheral i i i ly Alzheimer'
Johnson etal. 2024 UK Multicenter XX Multiomics Monocytes ovel peripheral immune signatures predicted early Alzheimer's

disease.
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IRecords identified from electronic databases (n = 2,845)
PubMed/MEDLINE (n = 685)

Scopus (n =534)

Web of Science (n = 471)

Embase (n = 316)

ScienceDirect (n = 291)

SpringerLink (n = 203)

Wiley Online Library (n = 145)

PGoogIe Scholar (n = 200)

I
IDuplicate records removed (n = 725)

Records screened by title/abstract (n=2,120)

Records excluded (n = 1,735)
Irrelevant topic
Non-Alzheimer disease
Non-single-cell studies
Editorials/Letters

I
Full-text articles assessed
for eligibility (n = 385)

Full-text articles excluded (n = 258)
Insufficient data

Low methodological quality
Animal-only studies

Duplicate analyses

v

|
Studies included in qualitative synthesis (n = 127)

Figure 1. PRISMA 2020 flow diagram illustrating the identification, screening, eligibility assessment, and
final inclusion of studies investigating single-cell multiomic technologies and immune-cell signatures in
early Alzheimer's disease. Database searches were conducted across PubMed/MEDLINE, Scopus, Web of
Science, Embase, ScienceDirect, SpringerLink, Wiley Online Library, and Google Scholar between
January 2018 and June 2025.
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Novel Immune Cell Signatures Associated with Early Alzheimer's Disease

A consistent finding across the reviewed literature was the identification of immune-cell
populations that appear before overt clinical manifestations of Alzheimer's disease. Several
investigations reported expansion of disease-associated microglial populations expressing genes
involved in lipid metabolism, lysosomal activity, complement activation, and inflammatory
signaling. Peripheral immune profiling also identified significant alterations in circulating
monocytes, regulatory T lymphocytes, natural killer cells, and cytotoxic CD8" T cells. These
immune-cell subsets demonstrated transcriptional programs associated with chronic inflammation,
oxidative stress, mitochondrial dysfunction, interferon signaling, and impaired cellular
homeostasis. Importantly, these molecular signatures frequently correlated with early cognitive
decline and biomarker evidence of amyloid pathology.

2018 2019 2020 2021 2022 2023 2024 2025
SCRNA-seq
Disease—Assoc%ated Microglia
Immune lCeII Atlas
scAT,iC-seq
Spatial Trar%scriptomics
Al Intelgration
l

Precision Biomarkers

Personalized Immunotherapy
Figure 2. Evolution of Single-Cell Multiomic Technologies in Alzheimer's Disease Research (2018—-2025)

Integration of Multiomic Platforms Improves Biological Resolution

Studies combining transcriptomic, epigenomic, proteomic, and spatial molecular datasets
consistently demonstrated greater biological resolution than single-platform investigations.
Integrated analyses enabled reconstruction of gene-regulatory networks controlling immune
activation, chromatin remodeling, cytokine signaling, and cell-to-cell communication within the
neurovascular unit. Spatial transcriptomic studies further demonstrated that inflammatory immune-
cell populations preferentially localized around amyloid plaques and regions of early
neurodegeneration, suggesting highly organized immune microenvironments that cannot be
identified using conventional sequencing techniques alone.
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Brain Microenvironment
Amyloid-B Aggregation
v
Activation of Microglia (DAM)

| | |
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|
I
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Astrocyte Activation  Synaptic Dysfunction
| J
v
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v
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v
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Emerging Therapeutic Targets
TREM2
CD33
PLCG2
CR1
NLRP3 Inflammasome
Complement Cascade
Cytokine Signaling
Immune Checkpoints

Figure 3. Proposed interactions between central nervous system—resident and peripheral immune cells during
the early stages of Alzheimer's disease. Amyloid-p accumulation promotes activation of disease-associated
microglia (DAM), leading to production of pro-inflammatory cytokines, complement activation, oxidative
stress, and astrocyte activation. Increased blood—brain barrier permeability facilitates infiltration of
peripheral monocytes and lymphocytes, further amplifying neuroinflammation. Sustained immune
dysregulation contributes to synaptic dysfunction, neuronal injury, tau pathology, and progressive cognitive
impairment. The figure also highlights representative molecular targets currently under investigation for
therapeutic modulation.
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Table 2. Summary of Key Immune-Cell Signatures and Associated Biological Pathways in Early Alzheimer's

Disease
Immune Cell Representative Maior Biological Functional Role in
Population Biomarkers / PatJhwa s g Early Alzheimer's  Potential Clinical Significance
P Signature Genes Y Disease
- - TREM2, APOE, Phagocy_t03|s, lipid Clearan.c.e of amyloid- _ o .
Disease-Associated metabolism, B, transition to Early diagnostic biomarkers;
: . TYROBP, CST7, ' - .
Microglia (DAM) LPL complement inflammatory immunotherapeutic targets
activation phenotype
. P2RY12, . Maintain synaptic - . .
g CX3CR1 homeostasis
Reactive Astrocytes  GFAP, C3, Complement cascade, ;r%rpogigesurno; atlic Indicator of disease progression
(Al phenotype) SERPING1 neuroinflammation Iry ynap prog

dysfunction
Blood-brain barrier

Monocyte e
. CCR2, CD14, . . infiltration and . . .
Peripheral Monocytes FCGR3A ;(Ia;rr]::tlrr?;nt cytokine inflammatory Candidate peripheral biomarkers

amplification
Clearance of cellular

debris and modulation
of inflammation

Contribute to neuronal
injury and chronic Potential immunomodulatory target
inflammation

IL7R, CXCR3, Adaptive immune Coord_lnate Immune profiling for disease
neuroimmune

IL2RA regulation stratification
responses

CD68, CD163, Phagocytosis, antigen
MERTK presentation

Therapeutic modulation of innate

Macrophages . .
immunity

CD8" Cytotoxic T GZMB, PRF1, Cytotoxicity,

Cells IFNG interferon signaling

CD4" Helper T Cells

Immune tolerance,

Regulatory T Cells FOXP3, CTLA4, .
anti-inflammatory

Suppress excessive Cell-based therapeutic candidate

(Treg) TIGIT - . neuroinflammation
signaling
Natural Killer (NK)  NKG7, KLRD1, Cytotoxic immune  Early innate immune . . .
. L0 Peripheral immune biomarker
Cells GNLY surveillance activation

CD79A, MS4A1 Humoral immunity,  Antibody-mediated
(CD20), CD19 antigen presentation  immune responses
CD1C, FCER1A, Antigen presentation, Initiate adaptive
CLEC10A T-cell activation immune responses
Amplify inflammatory
cascades and vascular Associated with disease severity
injury

B Lymphocytes Emerging role in neuroinflammation

Dendritic Cells Biomarker for immune activation

S100A8, S100A9, Innate inflammation,

Neutrophils CXCR2 oxidative stress
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Emerging Molecular Biomarkers

Multiple candidate biomarkers were repeatedly identified across independent studies. Among the
most consistently reported were genes regulating innate immunity, complement activation,
lysosomal function, lipid metabolism, and interferon signaling. Several investigations also
highlighted dysregulated expression of immune checkpoint molecules, inflammatory cytokines,
and metabolic regulators as potential biomarkers for early disease detection. Although biomarker
panels varied between studies, integrated multiomic approaches generally demonstrated superior
diagnostic performance compared with individual molecular markers, supporting the concept that
Alzheimer's disease is driven by coordinated cellular networks rather than isolated molecular
abnormalities.

Artificial Intelligence Enhances Multiomic Interpretation

An increasing number of studies incorporated artificial intelligence and machine-learning
methodologies to analyze high-dimensional single-cell datasets. Deep-learning frameworks, graph-
based neural networks, and unsupervised clustering algorithms substantially improved immune-
cell classification, biomarker discovery, and prediction of disease progression. These
computational approaches also facilitated identification of rare immune-cell populations that may
have been overlooked using traditional analytical techniques, highlighting the growing importance
of artificial intelligence in precision neurology.

Translational Implications

Collectively, the reviewed evidence suggests that immune-cell remodeling represents one of the
earliest detectable biological events during Alzheimer's disease progression. Single-cell multiomic
technologies provide unprecedented insight into immune-cell diversity, cellular communication,
and molecular regulation, offering promising opportunities for early diagnosis, patient
stratification, and development of personalized immunomodulatory therapies.

Despite these advances, considerable variability remains in sequencing platforms, computational
pipelines, cohort characteristics, and biomarker validation strategies. Large prospective multicenter
studies with standardized analytical protocols will be essential to establish clinically applicable
immune-cell signatures for routine diagnosis and therapeutic

DISCUSSION

The rapid evolution of single-cell multiomic technologies has fundamentally transformed our
understanding of the immunopathological mechanisms underlying Alzheimer's disease (AD).
Unlike conventional bulk transcriptomic analyses, which average molecular signals across
heterogeneous cell populations, single-cell approaches provide unprecedented resolution of cellular
diversity, enabling the identification of rare immune-cell subsets and dynamic cellular states that
contribute to disease initiation and progression [22]. The evidence synthesized in this review
indicates that immune dysregulation is not merely a secondary consequence of neurodegeneration
but is an early and active participant in the pathological cascade preceding overt cognitive
impairment [23].
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A major observation emerging from the reviewed literature is the remarkable heterogeneity of
immune-cell populations within the Alzheimer's disease brain [24]. Disease-associated microglia
(DAM) have consistently emerged as one of the most extensively characterized immune-cell
populations. Unlike homeostatic microglia, DAM exhibit distinct transcriptional signatures
involving TREM2, APOE, TYROBP, and genes regulating lipid metabolism, lysosomal activity,
and phagocytosis [25]. These molecular alterations suggest that microglia undergo progressive
functional reprogramming during the earliest stages of disease. Initially, activated microglia appear
to exert protective effects through amyloid-p clearance and maintenance of tissue homeostasis;
however, persistent activation promotes chronic neuroinflammation, oxidative stress, complement
activation, and synaptic dysfunction [26]. This transition from protective to maladaptive immune
responses may represent a critical event in Alzheimer's disease progression and offers a potential
window for therapeutic intervention [27-30].

Beyond resident microglia, increasing evidence supports an important contribution of peripheral
immune cells to early Alzheimer's disease. Single-cell transcriptomic profiling has identified
altered populations of circulating monocytes, regulatory T lymphocytes, cytotoxic CD8" T cells,
natural Killer cells, and dendritic cells in individuals with early cognitive impairment [31]. The
disruption of blood—brain barrier integrity appears to facilitate immune-cell trafficking into the
central nervous system, where infiltrating cells interact with resident glia and amplify inflammatory
signaling [32]. These observations reinforce the concept that Alzheimer's disease is a systemic
immunological disorder rather than an exclusively neuron-centered disease. Furthermore, the
identification of peripheral immune signatures raises the possibility of developing minimally
invasive blood-based biomarkers for early diagnosis and disease monitoring [33].

Another important finding highlighted throughout this review is the increasing value of
integrated multiomic technologies. While single-cell RNA sequencing has revolutionized cell-type
identification, it captures only one layer of cellular biology [34]. Integration with complementary
technologies, including single-cell ATAC sequencing, spatial transcriptomics, proteomics, and
metabolomics, provides a more comprehensive understanding of gene regulation, chromatin
accessibility, protein expression, and metabolic activity [35-37]. Such multidimensional analyses
have revealed that immune-cell activation is governed by highly coordinated regulatory networks
involving transcriptional, epigenetic, and metabolic mechanisms [7]. Consequently, integrated
multiomic strategies offer greater biological resolution than any individual platform and are likely
to become the standard approach for future Alzheimer's disease research [38-41].

Spatial transcriptomics has provided additional insights by preserving the anatomical context of
immune-cell interactions within brain tissue [42-45]. Several studies demonstrated that activated
microglia and reactive astrocytes accumulate preferentially around amyloid plaques, suggesting
that localized inflammatory microenvironments contribute directly to neuronal injury [46]. The
spatial distribution of complement components, inflammatory cytokines, and oxidative stress
markers further supports the hypothesis that neurodegeneration results from complex cellular
communication rather than isolated molecular abnormalities. Such findings emphasize the
importance of considering tissue architecture when investigating disease mechanisms and
therapeutic targets [47].
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Artificial intelligence (Al) and advanced computational biology have emerged as indispensable
components of modern single-cell research. The extraordinary dimensionality of single-cell
datasets exceeds the capacity of conventional statistical approaches, necessitating machine-learning
algorithms capable of identifying hidden cellular patterns and reconstructing complex biological
networks. Deep-learning frameworks, graph neural networks, and unsupervised clustering methods
have substantially improved cell-type classification, trajectory inference, and prediction of disease-
associated molecular signatures. These computational advances not only accelerate biomarker
discovery but also facilitate patient stratification and precision medicine approaches. As Al
methodologies continue to mature, their integration with single-cell multiomics is expected to
significantly enhance the identification of clinically relevant therapeutic targets [48].

The translational implications of these discoveries are substantial. Traditional Alzheimer's
disease diagnosis largely depends on neuroimaging and cerebrospinal fluid biomarkers, which
often detect pathology after considerable neuronal damage has already occurred. Single-cell
multiomic profiling has the potential to identify disease-specific immune signatures during the
preclinical phase, enabling earlier diagnosis and timely therapeutic intervention. Moreover,
immune-related molecular targets such as TREMZ2, CD33, PLCG2, complement signaling
pathways, inflammasome activation, and immune checkpoint molecules are increasingly
recognized as promising candidates for disease-modifying therapies. The convergence of molecular
biology, computational science, and immunology therefore represents a new paradigm for precision
neurology [49].

Despite these advances, several important challenges remain. Considerable heterogeneity exists
among published studies regarding patient selection, sequencing platforms, sample preparation,
computational pipelines, and bioinformatic analyses [50]. Such methodological variability limits
direct comparison across studies and complicates the validation of proposed biomarkers.
Additionally, many investigations involve relatively small cohorts, reducing statistical power and
limiting generalizability [51]. Future research should prioritize standardized experimental
protocols, harmonized data-processing pipelines, multicenter validation cohorts, and longitudinal
study designs to establish reproducible immune-cell signatures applicable to routine clinical
practice.

Another limitation is that most available studies remain observational and descriptive. Although
single-cell technologies provide remarkable insights into cellular diversity, they do not
independently establish causal relationships between immune-cell alterations and disease
progression. Functional validation through experimental models, clinical trials, and mechanistic
investigations will therefore be essential before candidate biomarkers or therapeutic targets can be
translated into clinical applications. Integration of genetic susceptibility data, environmental risk
factors, and longitudinal patient follow-up may further improve understanding of disease evolution
and individual therapeutic responsiveness.
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CONCLUSIONS

Single-cell multiomic technologies have revolutionized the understanding of early Alzheimer's
disease by providing unprecedented insight into the cellular and molecular heterogeneity of the
neuroimmune microenvironment. The integration of single-cell RNA sequencing, chromatin
accessibility profiling, spatial transcriptomics, proteomics, and advanced computational
approaches has revealed previously unrecognized immune-cell populations and regulatory
pathways that cannot be identified using conventional bulk molecular analyses. These discoveries
have shifted the current paradigm from a neuron-centered view of Alzheimer's disease toward a
more comprehensive model in which immune dysregulation plays a central role in disease initiation
and progression. The evidence synthesized in this review demonstrates that disease-associated
microglia, reactive astrocytes, infiltrating monocytes, cytotoxic T lymphocytes, regulatory T cells,
and other immune-cell populations collectively contribute to neuroinflammation, synaptic
dysfunction, and progressive neurodegeneration. Key molecular regulators—including TREM2,
APOE, TYROBP, CD33, PLCG2, complement signaling pathways, and inflammasome
activation—represent promising biomarkers and potential therapeutic targets for early intervention.
Furthermore, the incorporation of artificial intelligence and machine-learning algorithms into
multiomic analyses has substantially enhanced biomarker discovery, immune-cell classification,
and prediction of disease progression, accelerating the transition toward precision neurology.
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