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Abstract: Alzheimer's disease is the leading cause of dementia worldwide, with the number of 

patients expected to reach 131 million by 2050. Current treatments can only alleviate the symptoms 

of AD and are unable to halt the progression of the disease. Personalized immunotherapy shows 

great potential, as it can improve treatment efficacy and reduce side effects through precise targeting 

and early intervention. This paper emphasizes the importance of integrating genetic background 

with immune status, reviews the genetic and immune characteristics of AD, discusses multi-omics 

data integration methods, biomarker identification, patient stratification, and precision treatment 

strategies, as well as the current status and prospects of immunotherapy applications, thereby 

providing new directions for future AD treatments. 
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1. Introduction 

Alzheimer's Disease (AD) is the most common type of dementia, accounting for approximately 

60% to 70% of all cases [1-3]. Currently, around 47 million people worldwide suffer from dementia, 

and this number is projected to increase to 131 million by 2050, primarily due to aging populations 

in North America and Europe[4, 5]. AD not only exacerbates the burden on medical resources and 

social support services but also imposes significant economic pressure [6]. The core pathological 

features of AD include the deposition of amyloid-beta (Aβ), forming senile plaques in the brain, and 

the hyperphosphorylation of tau protein in neurofibrillary tangles [7]. These pathological changes 

lead to neuronal damage and brain atrophy[8]. Aβ is abnormally cleaved by β- and γ-secretases to 

produce Aβ40 and Aβ42 monomers, which further aggregate to form senile plaques. High 

concentrations of Aβ trigger the infiltration and activation of microglia, which, although aiding in 

the clearance of Aβ, exacerbate inflammation through an excessive immune response, thereby 

damaging neurons[9-12]. 

Currently, AD treatment primarily focuses on symptom management, with FDA-approved 

drugs including cholinesterase inhibitors and the NMDA receptor antagonist memantine[13]. These 

drugs work by inhibiting acetylcholinesterase, thereby reducing the breakdown of acetylcholine in 

the brain and enhancing central cholinergic neurotransmission to alleviate cognitive decline[14]. 

Studies have shown that these drugs can slow the progression of cognitive decline and improve 

patients' daily living abilities within the first year of treatment. However, these drugs cannot halt 

disease progression, and once discontinued, patients' cognitive functions deteriorate rapidly[15-17]. 

Additionally, the efficacy of these treatments varies significantly among different patients, and long-

term use may be accompanied by various side effects such as nausea, diarrhea, and loss of appetite, 

further limiting their widespread and sustained clinical application[18-20]. 
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Immunotherapy treats diseases by modulating the immune system and has achieved significant 

success in cancer treatment, such as immune checkpoint inhibitors enhancing the body's immune 

response against tumors and CAR-T cell therapy showing good efficacy in various cancers[21-24]. In 

AD, immunotherapy aims to activate the immune system to clear Aβ deposits in the brain, showing 

potential as a disease-modifying treatment[25]. Personalized immunotherapy in AD shows 

significant potential, particularly in precise targeting, early intervention, and reducing side 

effects[26]. By selecting the most suitable immunotherapy strategies based on the specific forms of 

Aβ deposition and tau protein status in patients, such as monoclonal antibodies targeting Aβ42, the 

effectiveness of treatment can be significantly improved[27-29]. Utilizing early diagnosis and 

biomarker detection to achieve early intervention can help prevent or delay neuronal damage and 

improve patient prognosis[30]. Additionally, optimizing treatment plans based on individual 

differences, such as adjusting dosages and treatment cycles, can optimize immune responses, reduce 

inflammation risks, thereby decreasing side effects and improving patient tolerance and 

compliance[31]. With a deeper understanding of the pathophysiological mechanisms of AD, 

personalized immunotherapy is expected to integrate multidisciplinary research findings from 

genomics, proteomics, and other fields to achieve more precise and effective disease management, 

becoming an important direction for future AD treatments [32]. 

 

2. Genetic Background and Immune System in AD 

Apolipoprotein E ε4 (APOE ε4) is a major genetic risk factor for Alzheimer's Disease (AD), 

playing multiple roles in the disease's pathogenesis. The APOE4 protein encoded by APOE ε4 

exhibits significant differences in lipid metabolism compared to APOE3, resulting in disrupted 

cholesterol transport and distribution in the brain. This disruption affects the stability and function 

of neuronal membranes [33]. APOE4 more readily binds to Aβ, promoting its aggregation and 

deposition to form amyloid plaques, which are hallmark pathological features of AD. Additionally, 

the interaction between APOE4 and mitochondria induces mitochondrial dysfunction, characterized 

by elevated mitochondrial calcium levels and increased reactive oxygen species production. These 

changes further exacerbate energy metabolism disorders and oxidative stress, thereby impairing 

neuronal survival[34]. In terms of immune response, APOE4 is more susceptible to proteolysis under 

stress conditions, generating products that promote the formation of neurofibrillary tangles. 

Moreover, APOE4 affects the function of immune cells such as microglia, reducing the clearance 

efficiency of Aβ, leading to chronic inflammatory responses, and thereby promoting the pathological 

progression of AD. Furthermore, APOE4 can translocate to the cell nucleus, regulating the expression 

of genes related to aging, production, inflammation, and apoptosis, thereby further exacerbating the 

pathological changes in AD[35-39]. 

Familial Alzheimer's Disease (FAD) is primarily caused by mutations in the APP, PSEN1, and 

PSEN2 genes, whose encoded proteins play critical roles in the production and clearance of Aβ [40, 

41]. Mutations in the APP gene result in the abnormal accumulation of Aβ following the cleavage of 

amyloid precursor protein (AβPP) by β- and γ-secretases on the cell membrane, thereby promoting 

the formation of amyloid plaques[42, 43]. The PSEN1 and PSEN2 genes encode key components of 

the γ-secretase complex. Mutations in these genes lead to abnormal γ-secretase activity, increasing 

the production and deposition of Aβ, with PSEN1 gene mutations being the most common 

pathogenic factors in FAD (Figure 1)[44-47]. Although AD caused by PSEN2 mutations is relatively 

rare, its function is similar to that of PSEN1, also leading to the abnormal accumulation of Aβ. 

Genetic background plays a crucial role in regulating immune responses. Genes influence the 

intensity and direction of immune responses by affecting the development, differentiation, and 

function of immune cells, as well as by modulating cellular signaling pathways[48-50]. Studies have 

shown that the expression of the TREM2 gene in microglia regulates their phagocytic activity and 

inflammatory responses, while mutations in the PSEN1 gene affect γ-secretase activity, thereby 

influencing Aβ production and immune cell activation[51-54]. Furthermore, the association between 
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genetic variations and immune biomarkers provides new insights into the pathological mechanisms 

of AD. Specifically, certain genetic variations can lead to abnormal expression of immune biomarkers, 

triggering or exacerbating inflammatory responses. For instance, the APOE ε4 allele is closely 

associated with elevated levels of the inflammatory markers IL-6 and TNF-α, and mutations in the 

TREM2 gene affect the inflammatory responses of microglia, further promoting AD progression[55-

58]. 

In the pathological process of AD, microglia and astrocytes play crucial roles, exhibiting dual 

functions. On one hand, these glial cells exert protective effects by clearing Aβ plaques and 

neurofibrillary tangles, secreting anti-inflammatory cytokines such as IL-10 and TGF-β, promoting 

tissue repair, and maintaining neural system homeostasis[59-61]. On the other hand, overactivated 

microglia and astrocytes can trigger chronic inflammatory responses, releasing large amounts of pro-

inflammatory cytokines such as TNF-α and IL-1β[62-64]. These pro-inflammatory factors not only 

exacerbate neuroinflammation, leading to neuronal damage and death, but also promote the 

production of Aβ and the hyperphosphorylation of Tau protein by activating signaling pathways 

such as NF-κB, creating a vicious cycle that drives AD's pathological progression[65, 66]. 

 

Figure 1. The APOEε4 allele disrupts lipid metabolism, promotes Aβ aggregation, impairs mitochondrial 

function, alters immune responses, and regulates gene expression. These changes lead to amyloid plaque 

formation, oxidative stress, energy metabolism impairment, chronic inflammation, and neuronal damage. 

Mutations in APP, PSEN1, and PSEN2 genes result in abnormal Aβ production and γ-secretase activity, further 

driving amyloid plaque formation and neurodegeneration. 

3. Integrated Analysis of Genetic and Immune Profiles 

3.1. Integration Methods for Multi-Omics Data 

In the study of  AD, the integration of genomics, transcriptomics, and proteomics serves as 

crucial tools for revealing the intricate molecular mechanisms underlying the disease. Genomics, 

through genome-wide association studies (GWAS), identifies genetic variants related to AD, with 

studies demonstrating that the APOE ε4 gene is a primary genetic risk factor for AD. These gene 
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variants not only influence the generation and clearance of  Aβ but may also intensify 

neuroinflammation by affecting immune cell function[67-70]. Transcriptomics offers insights into 

dynamic alterations in gene expression. Utilizing single-cell RNA sequencing technology allows for 

detailed analysis of gene expression differences across various cell types during AD progression[71, 

72]. Relevant research has discovered that microglia in the brains of AD patients display specific 

transcriptional state alterations, which are closely associated with inflammatory responses and lipid 

metabolism. Proteomics complements genomics and transcriptomics data by examining protein 

expression and functionality, thereby uncovering the ultimate products of gene expression and their 

roles in the disease[73, 74]. Proteome-wide association studies combine GWAS findings with 

proteomic data, enabling the identification of genes that elevate AD risk by influencing protein 

abundance. Bioinformatics tools and algorithms are essential for the integrative analysis of multi-

omics datasets[75]. Weighted gene co-expression network analysis (WGCNA) is a frequently 

employed approach to identify gene modules related to AD and their pivotal hub genes. By 

constructing gene co-expression networks, researchers can pinpoint gene modules closely linked to 

disease progression and further elucidate their potential biological significance through functional 

annotation[76]. Furthermore, machine learning and artificial intelligence technologies are extensively 

utilized in the integration and analysis of multi-omics datasets[77]. Approaches like deep learning 

can autonomously discern underlying patterns and trends from complex multi-omics data, aiding in 

the identification of novel biomarkers and disease prediction (Figure 2)[78]. 

 

Figure 2. This figure integrates genomics, transcriptomics, and proteomics to investigate Alzheimer’s disease. 

Genomics identifies genetic variations, transcriptomics reveals gene expression differences, and proteomics 

detects protein abundance changes. Bioinformatics analysis connects these data to identify key gene modules 

and predict disease progression. 

3.2. Identification and Validation of Biomarkers 

Genomic data play a crucial role in the discovery of biomarkers for AD. Utilizing high-

throughput genomics technologies, researchers can identify genes associated with AD and analyze 

their expression patterns[79]. For instance, the strong association between the APOE ε4 genotype and 

Aβ pathology has been extensively studied. Moreover, the application of machine learning 

algorithms has significantly enhanced the efficiency and accuracy of gene data analysis. By 
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employing algorithms such as support vector machines and random forests, predictive models can 

be constructed to distinguish AD patients from healthy control groups[80-83]. The immune system 

is integral to the pathological process of AD. Studies have found that inflammatory markers such as 

sTREM2 and YKL-40 are elevated in AD patients, serving as biomarkers for neuroinflammation[84]. 

Furthermore, the activation of immune cells like microglia is closely related to AD progression, and 

proteins involved in immune signaling pathways may also serve as potential biomarkers. By 

combining immuno-omics analysis with machine learning methods, these immune-related 

biomarkers can be more effectively screened and validated[85, 86]. The discovery of novel biomarkers 

opens new possibilities for the early diagnosis and treatment monitoring of AD. Related studies have 

shown that plasma levels of p-tau181 exhibit high diagnostic accuracy in the early stages of AD[87, 

88]. Additionally, comprehensive models that integrate multiple biomarkers and clinical data can 

further enhance diagnostic sensitivity and specificity. This approach not only facilitates the early 

identification of AD patients but also provides a foundation for developing individualized treatment 

plans, thereby improving patient prognosis and quality of life[89, 90]. 

3.3. Patient Stratification and Precision Therapeutics 

Genetic variations play a crucial role in the onset and progression of Alzheimer's Disease (AD). 

The APOE ε4 allele stands out as one of the most significant genetic risk factors, with carriers 

exhibiting a higher incidence of AD and more rapid disease progression [91]. Moreover, other genetic 

mutations, such as those in APP, PSEN1, and PSEN2, are intimately linked to AD pathogenesis. 

Detecting these genetic mutations enables the categorization of patients into distinct genetic 

subtypes, thereby laying the foundation for personalized treatment approaches[92, 93]. Beyond 

genetics, the immune system is pivotal in AD's pathological processes. Research indicates that 

inflammatory responses emerge early in AD and are closely associated with disease progression. By 

analyzing the types of immune cells and levels of inflammatory factors in patients, they can be 

classified into different immune subtypes[94]. For instance, elevated levels of pro-inflammatory 

factors like IL-1β and TNF-α suggest an active inflammatory state, whereas levels of anti-

inflammatory factors such as IL-10 reflect the patients' immune regulatory status[95]. This 

stratification based on immune features aids in elucidating the mechanisms underlying inflammatory 

responses in AD and provides a basis for targeted immune regulation therapies. 

Pathological changes in AD begin decades before clinical symptoms manifest. Therefore, the 

early identification of high-risk populations and timely interventions are essential for achieving 

precision treatment. For patients carrying high-risk genetic mutations, interventions such as lifestyle 

modifications and cognitive training can be implemented to delay disease onset and progression. The 

pathogenesis of AD is complex, involving multiple pathological processes, which is why single-

treatment approaches often fall short of achieving optimal outcomes. Personalized treatment plans 

should comprehensively account for patients' genetic and immune characteristics, employing 

combination therapies that target multiple aspects of the disease[96]. For example, treatments may 

include β-secretase inhibitors to target Aβ deposition, tau aggregation inhibitors to address tau 

protein pathology, and non-steroidal anti-inflammatory drugs to mitigate neuroinflammation. Given 

the prolonged and intricate course of AD, patient conditions evolve over time[97]. Consequently, 

treatment plans should be dynamically adjusted in response to changes in patients' conditions. 

Regular monitoring of patients' genetic and immune biomarker levels allows for the assessment of 

treatment efficacy and disease progression, facilitating timely adjustments to treatment strategies[98]. 

Additionally, individual differences in drug metabolism and responses necessitate personalized 

treatment plans that determine appropriate drug dosages and administration methods based on 

patients' genetic profiles and drug metabolism capacities. Studies have shown that patients with 

mutations in drug-metabolizing enzyme genes may require dosage adjustments to prevent drug 

toxicity or enhance therapeutic efficacy[99]. 

4. Current Status and Future Prospects of Immunotherapy in AD 
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4.1. Types and Mechanisms of Immunotherapeutic Approaches 

Passive immunotherapy involves the clearance of pathological proteins through the direct 

injection of specific monoclonal antibodies into patients. For example, Aducanumab, Lecanemab, and 

Donanemab have been approved by the United States Food and Drug Administration (FDA) for the 

treatment of early AD[100]. These antibodies bind to Aβ, promoting its clearance and thereby slowing 

cognitive decline. However, some side effects, such as brain edema and microhemorrhages, have 

been observed in clinical trials. Therefore, optimizing the structure of antibodies and their 

administration strategies to enhance safety and efficacy is an important direction for future 

research[101]. 

Active immunotherapy stimulates the body's immune response by injecting antigens or 

vaccines, thereby clearing pathological proteins. Early studies on Aβ vaccines demonstrated that 

vaccination could reduce Aβ deposition and improve cognitive function in animal models. However, 

early human clinical trials were terminated due to the occurrence of meningitis in some patients. In 

recent years, researchers have reduced the incidence of side effects by improving antigen design and 

adjuvant selection for vaccines[102]. Related studies have shown that using non-Aβ peptides folded 

into conformations similar to Aβ oligomers as antigens can effectively reduce Aβ deposition and 

improve cognitive function. Nevertheless, active immunotherapy still faces numerous challenges in 

clinical applications, such as individual differences in immune responses and the maintenance of 

long-term immune memory[103, 104]. 

Cell therapy involves transplanting specific immune cells or stem cells into patients to enhance 

immune responses or repair damaged neural tissue. Some studies attempt to use patients' own stem 

cells differentiated into neurons or glial cells to replace damaged neural cells. Furthermore, 

genetically engineered T cells, such as CAR-T cells, are also being explored for the clearance of 

pathological proteins[105-107]. However, the clinical application of cell therapy is still in its early 

stages, and its safety and efficacy need further validation(Table 1). 

Table 1. Therapeutic strategies for Alzheimer's disease. 

Therapy Type Mechanism 

Description 

Clinical Application and 

Challenges 

Reference 

Passive 

immunotherapy 

Injection of 

monoclonal 

antibodies to clear 

pathological proteins. 

Approved for early 

AD treatment, 

optimization needed 

for safety. 

[100] 

Active 

immunotherapy 

(Vaccine) 

Injection of antigens 

or vaccines to 

stimulate immune 

response. 

Improved to reduce 

side effects,  

individual differencesand 

immune memory 

maintenance are still 

challenges. 

[102] 

Cell therapy Transplantation of 

immune cells or 

stem cells to repair 

neural tissue. 

In early stages,  

further validation of  

safety and efficacy is 

required. 

[105] 

4.2. Review and Analysis of Clinical Trials 

The clinical evaluation of Aducanumab primarily encompasses two Phase III studies, EMERGE 

and ENGAGE. Both studies are randomized, double-blind, placebo-controlled, multicenter trials 

designed to assess the efficacy and safety of Aducanumab in patients with early AD. The EMERGE 

and ENGAGE trials enrolled thousands of patients with mild cognitive impairment and mild AD, 

lasted 78 weeks, and treated them with varying doses of Aducanumab, notably the high dose of 10 

mg/kg[108]. In the EMERGE trial, the high-dose Aducanumab treatment group exhibited a 30% 

reduction in Clinical Dementia Rating-Sum of Boxes (CDR-SB) scores at 78 weeks, indicating 

significant alleviation of disease symptoms. However, in the ENGAGE trial, the difference in CDR-
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SB scores between the Aducanumab treatment group and the placebo group did not achieve 

statistical significance. This discrepancy in results may be attributed to differences in patients' 

baseline characteristics, stages of disease progression, and treatment doses[109]. The Phase III clinical 

trial of Lecanemab, Clarity AD, is a randomized, double-blind, placebo-controlled study that 

included approximately 2,000 patients with early AD. The trial aims to evaluate the impact of 

Lecanemab on cognitive function and Aβ deposition, lasts 18 months, and administers a fixed 

dose[110]. The results of the Clarity AD trial demonstrated that Lecanemab could slow the rate of 

cognitive and functional decline by 27% in patients and significantly reduce their Aβ levels. 

Additionally, Lecanemab showed statistically significant benefits on three secondary endpoints 

related to cognition and function. These findings indicate that Lecanemab has potential clinical 

benefits in delaying the progression of AD[111, 112]. The success of Lecanemab is attributable to its 

precise target selection and optimized clinical trial design. The drug selectively neutralizes soluble 

and toxic Aβ aggregates, thereby reducing non-specific binding and side effects[113] . Furthermore, 

stringent patient selection and stratification strategies ensured the reliability of the trial results. These 

factors collectively contributed to the favorable performance of Lecanemab in clinical trials[114]. 

Although Aducanumab demonstrated significant efficacy in a subset of patients with high-dose 

treatment in the EMERGE trial, the failure of the ENGAGE trial underscores the importance of 

individualized therapy. The variability in ENGAGE trial results suggests that clinical trial designs 

must adequately consider patients' baseline characteristics and individual differences to prevent 

inconsistent efficacy due to population heterogeneity. Additionally, the selection of drug dosages and 

the optimization of administration protocols remain key focus areas for future research[115]. 

4.3. Strategies and Future Directions for Personalized Immunotherapy 

Advances in genomics have enabled researchers to identify specific gene variations associated 

with AD, thereby designing targeted therapeutic strategies. By targeting gene variations of Aβ and 

tau proteins, specific small molecule drugs or monoclonal antibodies can be developed. Furthermore, 

gene editing technologies like CRISPR/Cas9 offer new possibilities for personalized gene therapy, 

allowing the direct repair or replacement of pathogenic genes. This approach not only enhances the 

specificity of treatment but also reduces damage to normal cells, providing patients with more precise 

therapeutic options[116-119]. Additionally, the development of immunomodulatory drugs is a 

crucial aspect of personalized immunotherapy. In recent years, drugs targeting immune checkpoints 

such as PD-1/PD-L1 and CTLA-4 inhibitors have achieved significant success in treating various 

diseases. In AD, modulating the immune system's response to Aβ and tau proteins can enhance the 

clearance of pathological proteins. Moreover, the design of personalized vaccines is continually 

advancing[120, 121]. Studies indicate that personalized nano-vaccines developed using patients' own 

tumor cell membrane vesicles can activate immune responses targeting specific antigens, thereby 

enhancing the immunogenicity and specificity of vaccines and providing more effective therapeutic 

options[122-124]. Case studies on comprehensive personalized strategies demonstrate that 

multidisciplinary collaboration and data sharing are key to advancing personalized 

immunotherapies. For example, the International Alzheimer's Disease Neuroimaging Initiative 

database offers researchers worldwide a wealth of data resources. By integrating patients' genomic 

data, proteomic data, and clinical information, researchers can better understand the complexity of 

AD and develop personalized treatment plans[125, 126]. The establishment of data-sharing platforms 

enables the sharing of clinical trial data, biomarker information, and treatment response data, thereby 

accelerating the development and validation of new therapies. This comprehensive strategy not only 

improves research efficiency but also provides patients with more comprehensive and precise 

treatment plans[127-129]. 

5. Conclusions and Perspectives 

In recent years, the potential of personalized immunotherapy for AD treatment has increasingly 

garnered attention. Personalized immunotherapy involves designing individualized treatment plans 
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by targeting patients' specific immune statuses and genetic backgrounds, thereby enhancing efficacy 

and reducing side effects. For instance, second-generation antibodies such as Lecanemab and 

Donanemab have demonstrated good blood-brain barrier permeability and effective Aβ clearance in 

clinical trials. The integration of genetic backgrounds and immune statuses is particularly important 

in AD treatment, as studies have shown that different genotypes can influence individuals' responses 

to immunotherapy. For example, carriers of the APOE ε4 allele, which plays a significant role in AD 

pathogenesis, may exhibit immune responses that differ markedly from non-carriers. Additionally, 

patients' immune statuses—such as levels of inflammatory factors and immune cell functions—also 

impact the efficacy of immunotherapy. Therefore, integrating genetic background and immune status 

information can more accurately predict patients' treatment responses, thereby optimizing treatment 

plans. Future research should further investigate the specific mechanisms and optimization strategies 

of personalized immunotherapy in AD. This includes a deep exploration of how different genotypes 

and immune statuses affect immunotherapy responses to better understand their underlying 

principles. Moreover, combining advanced bioinformatics technologies with artificial intelligence 

algorithms can aid in developing more precise patient stratification and treatment prediction models. 

Additionally, clinical trial designs should place greater emphasis on personalization, validating the 

safety and efficacy of personalized immunotherapy across different populations through multicenter, 

large-scale studies. 
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