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Alzheimer’s disease (AD) exhibits progressive cognitive decline and recent scientific studies hint to the 
peripheral immune system as a contributor. In this study, we isolated peripheral immune cells including 
CD4 + and CD8 + T cells, CD14 + monocytes and CD19 + B cells from AD patients and age-matched 
controls via fluorescence-activated cell sorting. Label-free LC–MS/MS-based proteomic expression 
analysis within each cell type, comparing AD and control groups independently, 387 significantly 
altered proteins were identified in CD4 + and 121 in CD8 + T cells. Bioinformatic analysis uncovered 
distinct, cell-type-specific signatures: CD4 + cells showed dysregulation in ribosomal and RNA-
binding proteins linked to neurodegeneration and oxidative stress while CD8 + cells showed elevated 
glycolytic enzyme expression and hyperpolarized mitochondrial membrane potential. Furthermore, 
mitochondrial functional assays, JC-1 and MitoSOX Red, further supported cell-type-dependent 
differences in mitochondrial activity. These findings may suggest that peripheral T cells have unique 
proteomic and functional alterations in AD, implicating mitochondrial dysfunction as a potential 
contributor to disease pathology.
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Alzheimer’s disease (AD) is the most prevalent form of dementia and characterized by progressive cognitive 
decline1. Although extensive research has been conducted, the pathological mechanisms of AD are still not fully 
understood. AD is neuropathologically defined by the accumulation of misfolded and aggregated amyloid-β 
peptides and phosphorylated tau2. AD is a brain disorder; however, it is shown to be transmissible by blood 
and stem cell implantation3,4. Furthermore, healthy blood transfusion reduced the pathological AD markers5,6. 
Therefore, to understand the underlying mechanism and the pathogenesis of AD, peripheral systems should be 
investigated along with the brain.

Recent findings highlight the importance of immune system dysregulation and mitochondrial dysfunction7–10. 
The peripheral immune system has a complex and dynamic role with different immune cell types influencing 
disease progression through diverse mechanisms7,11. Comprehensive understanding of peripheral immune 
cell alterations in AD requires cell-specific researches12. Although proteomic approaches provide an effective 
method for identifying disease-associated molecular signatures, most studies have focused primarily on plasma, 
serum, CSF, or peripheral blood mononuclear cells (PBMCs) with only limited research investigating cell-
specific proteomic changes in different peripheral immune cells13–16.

Mitochondrial dysfunction is closely associated with the progression of AD9. Structural and functional 
mitochondrial alterations, including changes in distribution, mobility, oxidative stress, enzyme disruptions, 
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metabolic impairments, and reduced biogenesis, further support its critical role in AD progression17. In addition, 
recent studies indicate the role of peripheral mitochondrial dysfunction in AD18,19. Wang et al., 2020 presents the 
alterations of many mitochondrial proteins across the AD cortex, CSF, and serum. Another study conducted on 
PBMCs from Parkinson’s disease patients identified increased mitochondrial dysfunction and oxidative stress, 
particularly in monocytes. They were also suggested that further studies on other neurodegenerative patient 
groups would help define PBMC pathology20.

In our study, we performed LC–MS/MS analysis on CD4 + and CD8 + T cells, CD14 + monocytes, and 
CD19 + B cells from AD patients and control groups to investigate the specific effects of these cell subgroups on 
the disease mechanism in detail. Using JC-1 and MitoSOX Red assays, we quantified mitochondrial membrane 
potential (ΔΨm) and oxidative stress levels in these cell subgroups. Our study, focusing on proteome profile and 
mitochondrial changes, provides an insight into the role of peripheral immune cell subgroups, particularly in 
CD4 + and CD8 + T cells, in AD.

Materials and methods
Ethical statement
The research was approved by the Clinical Research Ethics Committee (ATADEK) at Acibadem Mehmet Ali 
Aydinlar University (No: 2016/8–34, Date: 12 May 2016) and complies with the guidelines of the Helsinki 
Declaration. A written informed consent was given by all participants who took part in this study.

AD diagnosis and collection of blood samples
The experimental and analysis workflow of the study is represented in Fig. 1. The study included all instances 
of AD that met the diagnostic criteria of "The National Institute of Neurologic, Communicative Disorders, and 
Stroke–AD and Related Disorders Association (NINCDS-ADRDA)"21. Moderate stage AD cases were selected 
based on the Clinical Dementia Rating (CDR) scale22. Additionally coginitive status was quantified using the 
Mini Mental State Examination (MMSE)23. Blood samples from 20 AD patients and 23 age-matched healthy 
controls were collected by venipuncture into sodium-heparin tubes from dementia clinic (Table 1). At the time 
of blood collection from healthy volunteers, there were no indications or diagnoses of cognitive or mental health 
disorders. Furthermore, they were also not taking any medications for neurological or psychiatric conditions. 
Two outlier AD samples were excluded from CD4 + subgroup after the LC–MS/MS analysis. In the CD8  + 
subgroup, due to a technical issue during sample processing, LC–MS/MS analysis could not be performed on 
one set of samples. Therefore, the CD8 + group analysis was conducted with 17 AD and 17 control samples (AD: 
Age = 74.4 ± 4.4, M/F = 9/8, CDR = 1.6 ± 0.6, MMSE = 18.1 ± 3.4; Control: Age = 67.5 ± 7.8, M/F = 8/9).

Fig. 1.  Study design overview. PBMCs were isolated from blood samples collected AD patients and age-
matched healthy controls. The isolated PBMCs were then subjected FACS to separate them into four 
distinct cell subpopulations: CD4 +, CD8 +, CD14 +, and CD19 +. The proteomic profiles of the sorted cell 
subpopulations were analyzed using LC–MS/MS. Also isolated PBMC was stained with antibodies specific 
to the four cell subpopulations, followed by flow cytometry-based mitochondrial functional assays. Lastly, 
the analysis of the data obtained from LC–MS/MS and flow cytometry analyses was conducted. Created in 
BioRender. Kiris, I. (2025) https://BioRender.com/s70y444.

 

Scientific Reports |        (2025) 15:38897 2| https://doi.org/10.1038/s41598-025-22783-9

www.nature.com/scientificreports/

https://BioRender.com/s70y444
http://www.nature.com/scientificreports


PBMC isolation
PBMCs were isolated from freshly drawn whole blood using density gradient centrifugation (Ficoll Paque PLUS; 
GE Healthcare) in a Sepmate PBMC isolation tubes (STEMCELL Technologies, Vancouver, Canada) following 
the manufacturer’s instructions. In short, Ficoll Paque gradient was placed to the bottom of tubes and the diluted 
blood at a ratio of 1:1 with Dulbecco’s phosphate-buffered saline (DPBS) carefully layered over tubes. The tubes 
were centrifuged at 2000  rpm for 25 min. The cell interface layer was carefully collected, and the cells were 
washed in RPMI by centrifugation at 1400 rpm for 10 min. After counting, the cell suspension was aliquoted into 
cryovials with freezing media and stored at −80°C until further use.

Fluorescence-activated cell sorting (FACS)
Fluorescence-activated cell sorting (FACS) was performed with PBMC samples of AD patients and 
controls to isolate CD4 +, CD8 +, CD14 + and, CD19 + cell populations using the MA900 Multi-
Application Cell Sorter (Sony Biotechnology). Frozen aliquots of PBMCs were washed, counted, and 
suspended in RPMI at 37°C. PBMCs were then incubated for 30  min with the following antibodies: CD3 
(BV605;Biolegend;Cat#317,322), CD14 (A700;Biolegend;Cat#325,614), CD19 (PeCy7;Biolegend;Cat#302,216), 
CD4 (BV510;Biolegend;Cat#317,444), CD8 (Pacific Blue;Biolegend;Cat#301,033) for 30 min. The stained cells 
were sorted by MA900 Multi-Application Cell Sorter (Sony Biotechnology).

Live cells were defined by a forward and side scatter gate and then separated by CD3 + and CD14 +. CD3 + cells 
were further sub-gated into specific T cell populations (CD4 + and CD8 +). Also, B lymphocytes separated by 
CD19 +. As a result of sorting, four (CD4 +, CD8 +, CD14 +, CD19 +) cell subgroups were obtained. The obtained 
sorted cells were counted and frozen with liquid nitrogen.

Sample preparation for LC–MS/MS analysis
Sample preparation was performed as previously reported24 with an extra step of acetone precipitation. Briefly, 
the FACS sorted cell pellets were lysed in Universal Protein Extraction kit (UPX, Expedeon) with protease 
inhibitor cocktail (Thermo Scientific) and homogenized. Then four volumes of ice-cold acetone were added to 
each sample and incubated at −20°C for an hour. Following a centrifugation at 18,000 g at + 4°C for 5 min, acetone 
was removed and the pellet was air-dried for 1 min. After another round of dissolving and homogenization, 
samples were processed with filter-aided sample preparation method to obtain tryptic peptides.

LC–MS/MS parameters
ACQUITY UPLC M-Class coupled SYNAPT Xevo G2-XS system (Waters) was used for protein expression 
analysis. The analysis was conducted as previously reported24. Briefly, the column was preheated to 45°C and 
equilibrated with 97% mobile phase A. Concisely, tryptic peptides were loaded onto a trap column, and then 
separated using a gradient elution method. As a lock mass reference, Glu-1-fibrinopeptide B (Glu-fib) was used. 
Positive ion mode was used to operate the MS instrument. The quadrupole was continuously scanned between 
m/z 400 to 900 in data independent acquisation mode SONAR, with a transmission width of 24 Da. Sequential 
MS and MS/MS scans were carried out at 10 V and 40 V for low and high collision energy, respectively. In the 
sensitivity mode, all ions between 50-1950 m/z were fragmented together without any precursor ion preselection. 
The retention time of fragmented ion data was used to align it with the corresponding precursors.

LC–MS/MS data processing
For the quantitative analysis of peptide features and protein identification, the Progenesis-QI for proteomics 
software (V.2.0 Waters) was used. The calibrant was Glu-fib peptide with m/z 785.8426, and the sample sets were 
normalized based on total ion intensity. For high and low energy thresholds, processing parameters were set 60 
to 10 respectively. All mass data were imported into Progenesis QI and analyzed using the following parameters: 
minimum number of fragmented ion matches per peptide = 2, a minimum number of fragmented ion matches 
per protein = 5, a minimum number of unique peptides per protein = 1, the maximum number of missed cleavages 
for tryptic digestion = 1. The fixed modification is carbamidomethyl C, the variable modifications are oxidation 
M and deamidation N and Q, and the false discovery rate (FDR) is less than 1%. Only 2 + and 3 + ion charges 
were chosen. Protein normalization was performed according to the relative quantitation using non-conflicting 
peptides, expressional changes along with p and q values were calculated using the statistical package included 
in Progenesis QI for proteomics. The resulting data set was filtered by following criteria: ANOVA p value ≤ 0.05, 
q value ≤ 0.05, at least 2 unique peptides per protein, and a minimum of 1.5-fold change in expression between 
AD and control groups within each cell type.

Control AD

Total 23 20

Male/Female 15/8 10/10

Age 66.1 ± 7.2 74.3 ± 4.7

CDR / 1.9 ± 0.6

MMSE / 16.9 ± 3.1

Table 1.  Demographic and clinical characteristics of AD and control.
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Principal Component Analysis (PCA) was performed for both CD4 + and CD8 + T cell groups using ClustVis 
(https://biit.cs.ut.ee/clustvis/) (Fig.  2). The significance and expression changes of identified proteins are 
presented using a volcano plot generated with the ggplot2 R package25 (Fig. 2).

Gene ontology and pathway enrichment analysis
Gene ontology analysis (GO) serves as a valuable tool for functionally annotating differentially expressed proteins 
(DEPs) within a biological context, particularly in relation to biological processes (BP), cellular components 
(CC), and molecular functions (MF)26. To elucidate the functional roles of these proteins and establish 
connections with molecular pathways, the Kyoto Encyclopedia of Genes and Genomes (KEGG; ​h​t​t​p​:​/​/​w​w​w​.​k​e​g​
g​.​j​p​/​​​​​) pathway database was used27. GO term and KEGG pathway enrichment analyses for DEPs were conducted 
using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) online resource (DAVID 
Bioinformatics Resources 2021). An adjusted p value (Benjamini correction) of < 0.05 was established as the 
cutoff criterion, and the data was sorted by ratio. Additionally, “ggplot2” and “GOplot” R packages were used to 
visualize the most significant GO terms and KEGG pathways and their associated proteins25,28. To complement 
standard enrichment analyses, Gene Set Enrichment Analysis (GSEA) was conducted using a pre-ranked list of 
all quantified proteins based on fold-change values between AD and control for each cell type. Analyses were 
performed using GSEA desktop tool (version 4.4.0, Broad Institute) with KEGG29 and GO gene sets. Nominal 
p-values < 0.05 were considered significant. GSEA results are provided in Supplementary Figs. 1–5.

Fig. 2.  PCA and volcano plot analysis of CD4 + and CD8 + T cells proteomes in AD and control. (A) PCA plot 
of CD4 + T cells based on DEPs. (B) Volcano plots showing identified proteins in CD4 + T cells. (C) PCA plot 
of CD8 + T cells based on DEPs. (D) Volcano plot showing identified proteins in CD8 + T cells. In volcano 
plots, the x-axis shows the log₂ fold change (log₂FC) comparing AD to controls. The y-axis represents the -log₁₀ 
p value. Colored dots indicate significantly altered proteins (p value < 0.001, < 0.01, < 0.05), while yellow dots 
show proteins with no significant change.
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Protein–protein interaction and hub proteins identification
The protein–protein interaction (PPI) network for DEPs of CD4 + and CD8 + was established using STRING 
database protein query30. A statistical significance threshold was defined, requiring a combined score exceeding 
0.4. Subsequently, the PPI network was visualized using Cytoscape31 (version 3.9.1.). The “cytohubba” Cytoscape 
plugin32 was then used to score the genes based on their network features in order to identify hub proteins in the 
PPI network. Maximum neighborhood component (MNC), maximal clique centrality (MCC), edge percolated 
component (EPC) results were used to select hub proteins in this study. The “Omics Visualizer” Cytoscape 
plugin33 was used to visualize the hub proteins network and expression level. To comprehensively analyze the 
functional characterization of hub proteins and explore the relationships between these functional terms, we 
utilized the ClueGO plugin within Cytoscape34. This plugin constructs a "functional annotation network," where 
similar functional terms are grouped together and reveals how these terms are interconnected. In the ClueGO 
analysis, GO Enrichment (BP) and KEGG Pathway terms were examined, and the p-value was adjusted by the 
Benjamini–Hochberg method with a significance threshold set at p ≤ 0.01.

Mitochondrial superoxide measurement
We used the live PBMC cells that we had previously frozen for the Flow Cytometry assays. Superoxide levels were 
measured following the incubation of isolated PBMC with the antibodies similar to FACS analysis. Mitochondrial 
superoxide production was assessed using Mitosox Red (Thermo Fisher Scientific, Cat. No. M36008, Waltham, 
MA), a fluorogenic dye detects mitochondrial superoxide in live cells. Cells were incubated with 4 μM Mitosox 
Red for 15 min and measured using flow cytometer Cytek Aurora (Cytek Biosciences). To ensure consistency 
across samples, each experiment was initiated with 1 million PBMCs per sample, and the same number of gated 
events was collected during flow cytometry acquisition. Flow cytometry data results were then processed and 
analyzed using FlowJo software (v10, BD Life Sciences).

Mitochondrial membrane potential (ΔΨm) analysis
Similar to the procedure described in superoxide measurement, PBMCs were incubated with antibodies before 
conducting the analysis of ΔΨm. The mitochondrial membrane potential was assessed using JC-1 (Thermo 
Fisher Scientific, No. T3168, Waltham, MA). Cells were incubated with 0.3 μg/ml JC-1 for 10 min. Mitochondrial 
depolarization was identified by an decrease in red fluorescence (aggregate form, absorption/emission at 
585/590 nm) and a increase in green fluorescence (monomeric form, absorption/emission at 510/527 nm)35. To 
further evaluate mitochondrial function, valinomycin (Thermo Fisher Scientific,V1644 Waltham, MA) was used 
to disrupt the mitochondrial electrochemical gradient by facilitating K⁺ ion transport across the mitochondrial 
membrane36. Subsequently, the cells were analyzed using the Cytek Aurora flow cytometer. The results obtained 
from flow cytometry data were then processed and analyzed using FlowJo software. Experiments were performed 
using the same initial PBMC count and gating strategy as described above.

Statistical analysis
Graphpad Prism software (version 10.2.3 GraphPad Software, La Jolla California USA, www.graphpad.com) 
was used for statistical analysis of JC-1 and Mitosox Red assays. Results were compared both across different 
cell subsets and within each cell group. Statistical differences between two groups were assessed using the t-test 
or the Mann–Whitney U test, depending on data distribution. Comparisons among three or more groups were 
performed using one-way ANOVA with Dunnett’s post hoc test or Kruskal–Wallis test followed by Dunn’s 
multiple comparison. For multiple comparisons involving two independent variables, two-way ANOVA with 
Tukey’s post-hoc test was used. Data was shown as mean +/- standard deviation (SD). Statistical significance was 
defined as p < 0.05 (* or #), p < 0.01 (**), p < 0.001(***), p < 0.0001 (****).

Results
Proteomic analysis of CD4 + subgroup: significantly altered proteins and pathways
The LC–MS/MS analysis identified a total of 1,352 proteins within the CD4 + subgroup, of which 387 proteins 
displayed significant differential expression in the AD group compared to the control group (fold change ≥ 1.5; 
unique peptide ≥ 2; q value ≤ 0.05 and p value ≤ 0.05). The significance and expression levels of the identified 
proteins are detailed in the volcano plot in Fig. 2B.

To conduct functional enrichment and PPI analyses, we utilized 387 DEPS in the CD4 + subgroup. PCA 
revealed that the proteome of 18 AD patients and 23 age-matched control group were distinctly separated along 
PC1 (42.8%) and PC2 (14.4%), as shown in Fig. 2A.

GO and KEGG enrichment analyses were conducted using the DAVID online tool. GO enrichment 
analysis revealed that the DEPs were most significantly enriched in BP terms related to nucleosome assembly, 
cytoplasmic translation, and translation (Fig.  3A). The MF terms were protein binding, RNA binding and 
identical protein binding (Fig. 3B). Additionally the CC terms included the cytosol, extracellular exosome, and 
nucleus (Fig. 3C).  The top enriched GO terms and relevant genes were visualized in a chord graph (Fig. 3D). 
The KEGG pathways analysis indicated that proteins were related to neutrophil extracellular trap formation, 
pathways of neurodegeneration-multiple diseases, Amyotrophic lateral sclerosis (ALS), Parkinson disease (PD), 
Prion disease (PrD), Huntington disease (HD), AD and ribosome (Fig.  3E). Gene Set Enrichment Analysis 
(GSEA) was also performed using the full ranked proteomic dataset for CD4 + T cells. GSEA identified similar 
enrichment patterns, including neurodegeneration-related pathways (e.g., AD, Huntington’s disease) and key 
metabolic processes such as the citrate cycle (TCA), aerobic respiration, and cellular respiration (Supplementary 
Fig. 1–2). These results support the robustness of our enrichment analysis and further highlight the relevance of 
mitochondrial and metabolic alterations in CD4 + T cells in AD. Additionally, twelve hub proteins identified in 
the CD4 + T cell analysis —CCT8, EEF2, EIF5A, HNRNPA1, HNRNPK, RPL8, RPL15, RPLP2, RPS6, RPS14, 
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RPS15A, and SRSF1—were also present among the top-ranked proteins visualized in the GSEA heatmap, further 
supporting their relevance to the observed pathway enrichments (Supplementary Fig. 3).

In order to elucidate the relationship between AD and energy metabolism in CD4 + cells, expression of the 
proteins were investigated that are enriched in relevant GO and KEGG terms. These terms included pathways 
related to neurodegenerative disorders such as neurodegeneration-multiple diseases, ALS, PD, PrD, HD, AD, 
as well as metabolic pathways including carbon metabolism, glycolysis/gluconeogenesis, citrate cycle (TCA), 
pyruvate metabolism, and oxidative phosphorylation. The results indicated that 76 proteins were related to both 
AD and energy metabolism (Fig. 3F).

PPI Network of CD4 + subgroup with DEPs and identification of hub proteins
The PPI network for 387 DEPS in the CD4 + subgroup was constructed using STRING database protein query. 
Cytoscape was employed to visualize the PPI network, which consisted of 379 nodes and 4203 edges.

The cytoHubba plugin of Cytoscape software was utilized to identify proteins with higher degrees, indicating 
the most significant roles and connections within the network. The top 20 hub proteins calculated by MNC, 
MCC and EPC algorithms (Fig. 4A-C). The intersection of hub proteins across all three algorithms consisted of 
EEF2, RPL26, RPL9, RPS20, RPS3, RPLP0, RPL12, RPS14, and RPL8 (Fig. 4D). The total number of hub proteins 
obtained is 32 and are as follows: RPL17, RPS18, RPL23A, RPS15A, RPL35A, RPL23, ATP5B, SNRPD3, SNRPF, 
HNRNPK, SRSF1, RPLP2, EIF5A, RPS23, RPS7, RPL15, RPS4X, CCT4, CCT8, EIF4A3, GAPDH, HNRNPA1, 

Fig. 3.  Functional enrichment analysis of DEPs in CD4 + T cells. (A-B-C) The graphs represent enriched GO 
(MF: Molecular function, BP: Biological process, CC: Cellular component) terms for DEPs in CD4 + T cells. 
(D) Chord diagram of the most significant enriched GO terms for DEPs in CD4 + T cells. UniProt names and 
their corresponding fold changes are shown on the left, while colored lines indicate the association of proteins 
with different GO terms. (E) Bubble chart showing enriched KEGG terms for DEPs in CD4 + T cells. (F) 
Heatmap of proteins involving in neurodegeneration and energy metabolism associated GO and KEGG terms.
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EEF2, RPL26, RPL9, RPS20, RPS3, RPLP0, RPL12, RPS14, RPL8, RPS6 are listed with brief descriptions in Table 
2.

The network and expression levels of these proteins are shown in Fig. 4E. The results indicate that these 
proteins are highly interconnected, with 25 proteins exhibiting upregulated expression, and 7 proteins showing 
downregulated expression relative to the control group.

The results of ClueGO analysis, which shows the association of these hub proteins with pathways significantly 
altered in the CD4 + T cell are presented in Fig.  4F. The hub proteins ATP5B, HNRPA1, and GAPDH are 
implicated in pathways related to neurodegenerative disorders, including ALS, PD, PrD, HD, and AD. Moreover, 
GAPDH is also involved in processes such as glycolysis/ggenesis, TCA, pyruvate metabolism, and the pathogenic 
Escherichia coli (E.coli) infection pathway. Additionally, EIF4A3, HNRNPK, HNRNPA1, SNRPD3, SRSF1, and 
SNRPF play vital roles within the spliceosome complex. Furthermore, several other ribosomal hub proteins are 
associated with the ribosome pathway.

Proteomic analysis of CD8 + subgroup: significantly altered proteins and pathways
The LC–MS/MS analysis results identified 569 proteins within the CD8 + subgroup, among which 121 proteins 
exhibited a significant difference in expression between AD and the control group fold change ≥ 1.5; unique 
peptide ≥ 2; q ≤ 0.05, and p ≤ 0.05). The significance and expression levels of the identified proteins are detailed 
in the volcano plot in Fig. 2D.

To conduct functional enrichment and PPI analysis, we utilized 121 DEPs in the CD8 + subgroup. The 
proteomes of 17 AD patients and 17 age-matched control group were differentiated along PC1 (48.8%) and PC2 
(15.1%), as shown in Fig. 2C.

Fig. 4.  Hub protein analysis of CD4 + T cells. (A,B,C) The cytoHubba plugin in Cytoscape was used to 
identify the top 20 hub proteins by MNC, MCC, and EPC algorithms. (D) Venn diagram showing the 
common hub proteins identified by the EPC, MCC, and MNC algorithms. (E) The interaction network and the 
expression levels CD4 + T cell hub proteins. (F) KEGG pathway enrichment analysis of DEPs in CD4 + T cells, 
highlighting the pathways in which hub proteins are significantly involved.
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GO enrichment analysis revealed that the DEPs were most significantly enriched in BP terms associated with 
negative regulation of the apoptotic process, protein folding, and protein refolding (as shown in Fig. 5A), in the 
MF terms related with protein binding, RNA binding, and cadherin binding (Fig. 5B) and CC terms included 
extracellular exosome, cytosol, and cytoplasm (Fig. 5C). The top enriched GO terms and their associated genes 
were visually represented in a chord graph (Fig. 5D). KEGG enrichment analysis identified terms associated 
with pathogenic E.coli infection, endocytosis, tight junctions, regulation of the actin cytoskeleton, carbon 
metabolism, and glycolysis/gluconeogenesis (Fig.  5E). To complement these findings, Gene Set Enrichment 
Analysis (GSEA) was performed on the full ranked proteomic dataset for CD8  + T cells. While the overall 
number of quantified proteins was limited compared to CD4 + cells, GSEA still revealed consistent enrichment 
of pathways such as positive regulation of protein catabolic processes, spliceosome, cell junction organization, 
and guanyl nucleotide binding, further supporting the involvement of protein turnover, RNA metabolism, and 
cytoskeletal remodeling in AD-associated CD8 + T cell dysfunction (Supplementary Fig. 4). Additionally, eleven 
hub proteins identified in the CD8 + T cell analysis — ENO2, GLUD1, HSP90AA1, HSPA8, HSPD1, LDHC, 
PGK1, PKM, RHOA, RPSA, TKT — were also present among the top-ranked proteins visualized in the GSEA 
heatmap, further supporting their relevance to the observed pathway enrichments (Supplementary Fig. 5).

Proteins and their corresponding expression levels that are associated with GO and KEGG terms related to 
neurodegeneration and energy metabolism in the CD8 + cell group were presented in Fig. 5F. The terms include 
unfolded protein binding, RNA binding, response to unfolded protein, protein refolding, oxygen transporter 
activity, hydrogen peroxidase catabolic process, GTPase activity, glycolysis/gluconeogenesis, carbon metabolism, 
and cadherin binding. These terms are associated with 61 proteins that have been significantly altered in the 
CD8 + cell group.

PPI network of CD8 + subgroup with DEPs and identification of hub proteins
STRING was utilized to construct the PPI network for the CD8 + subgroup, comprising 121 DEPs. The network, 
consisting of 119 nodes and 488 edges, was visualized using Cytoscape software.

Uniprot ID Name Description Fold change DIFF_State

P18621 RPL17 60S ribosomal protein L17 1.5 Up

P62269 RPS18 40S ribosomal protein S18 1.6 Up

P62750 RPL23A 60S ribosomal protein L23a 1.6 Up

P62244 RPS15A Small ribosomal subunit protein uS8 1.6 Up

P18077 RPL35A 60S ribosomal protein L35a 1.6 Down

P62829 RPL23 60S ribosomal protein L23 1.5 Up

P06576 ATP5B ATP synthase subunit beta_ mitochondrial 1.6 Up

P62318 SNRPD3 Small nuclear ribonucleoprotein Sm D3 3.6 Down

P62306 SNRPF Small nuclear ribonucleoprotein F 1.5 Up

P61978 HNRNPK Heterogeneous nuclear ribonucleoprotein K 1.7 Up

Q07955 SRSF1 Serine/arginine-rich splicing factor 1 1.8 Up

P05387 RPLP2 Large ribosomal subunit protein P2 2.4 Up

P63241 EIF5A Eukaryotic translation initiation factor 5A-1 1.9 Up

P62266 RPS23 Small ribosomal subunit protein uS12 2.1 Up

P62081 RPS7 Small ribosomal subunit protein eS7 2.1 Up

P61313 RPL15 Large ribosomal subunit protein eL15 1.9 Up

P62701 RPS4X Small ribosomal subunit protein eS4, X isoform 2.5 Down

P50991 CCT4 T-complex protein 1 subunit delta 1.8 Up

P50990 CCT8 T-complex protein 1 subunit theta 4.6 Down

P38919 EIF4A3 Eukaryotic initiation factor 4A-III 2.7 Down

P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 1.6 Up

P09651 HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 4.9 Down

P13639 EEF2 Elongation factor 2 1.7 Down

P61254 RPL26 Large ribosomal subunit protein uL24 1.5 Up

P32969 RPL9 Large ribosomal subunit protein uL6 1.5 Up

P60866 RPS20 Small ribosomal subunit protein uS10 1.7 Up

P23396 RPS3 Small ribosomal subunit protein uS3 1.7 Up

P05388 RPLP0 Large ribosomal subunit protein uL10 2.0 Up

P30050 RPL12 Large ribosomal subunit protein uL11 1.7 Up

P62263 RPS14 Small ribosomal subunit protein uS11 1.7 Up

P62917 RPL8 Large ribosomal subunit protein uL2 1.7 Up

P62753 RPS6 Small ribosomal subunit protein eS6 1.5 Up

Table 2.  Hub proteins list of CD4 + T cell.
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In the CD8 + subgroup, similar to the hub analysis conducted in the CD4 + subgroup, the cytoHubba plug-in 
of the Cytoscape software was employed.

Using MNC, MCC, and EPC algorithms, the top 10 hub proteins were identified, with HSPA8, PKM, GAPDH, 
and LDHA notably identified as common hub proteins across all three algorithms (Fig. 6A-D). The total 17 hub 
proteins was identified, and presented in Table 3, along with concise descriptions. These hub proteins include 
CFL1, EEF1A1, ENO2, GAPDH, GLUD1, HSP90AA1, HSPA8, HSPD1, LDHA, LDHC, MDH2, MYH9, PGK1, 
PKM, RHOA, RPSA, and TKT.

Figure 6E displays the connections and expression levels of these hub proteins. It is noteworthy that all the 
hub proteins exhibit high interconnectivity and demonstrate upregulated expression in the AD group.

To assess the significance of hub proteins in the pathways and processes involving DEPs the CD8 + group, 
we conducted a ClueGO analysis, similar to the one performed in the CD4 + group (Fig. 6F). The hub proteins 
EEF1A1, HSP90AA1, HSPA8, and HSPD1 are implicated in processes related to protein folding, encompassing 
roles as protein folding chaperones, ‘de novo’ protein folding, protein refolding, ATP-dependent protein folding 
chaperones, and also involvement in antigen processing and presentation. The hub proteins MYH9, CFL1, and 
RHOA play a role in Pathogenic E.coli infection and the regulation of actin cytoskeleton. MYH9 is also associated 
with the process of structural constituent of cytoskeleton. Additionally, ENO2, GAPDH, LDHA, LDHC, PGK1, 
and PKM are linked to the pathways of glycolysis/gluconeogenesis.

Fig. 5.  Functional enrichment analysis of DEPs in CD8 + T cells. (A-B-C) The graphs represent enriched GO 
(MF: Molecular function, BP: Biological process, CC: Cellular component) terms for DEPs in CD8 + T cells. 
(D) Chord diagram of the most significant enriched GO terms for DEPs in CD8 + T cells. UniProt names and 
their corresponding fold changes are shown on the left, while colored lines indicate the association of proteins 
with different GO terms. (E) Bubble chart showing enriched KEGG terms for DEPs in CD8 + T cells (F) 
Heatmap of proteins involving in neurodegeneration and energy metabolism associated GO and KEGG terms.
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Uniprot ID Gene name Description Fold change DIFF-State

P00367 GLUD1 Glutamate dehydrogenase 1, mitochondrial 1.9 Up

P07864 LDHC L-lactate dehydrogenase C chain 2.1 Up

P29401 TKT Transketolase 2.2 Up

P09104 ENO2 Gamma-enolase 1.8 Up

P40926 MDH2 Malate dehydrogenase, mitochondrial 2.1 Up

P61586 RHOA Transforming protein RhoA 3.3 Up

P35579 MYH9 Myosin-9 2.0 Up

P10809 HSPD1 60 kDa heat shock protein, mitochondrial 1.7 Up

P00558 PGK1 Phosphoglycerate kinase 1 2.0 Up

P68104 EEF1A1 Elongation factor 1-alpha 1 1.7 Up

P07900 HSP90AA1 Heat shock protein HSP 90-alpha 2.0 Up

P23528 CFL1 Cofilin-1 1.7 Up

P08865 RPSA Small ribosomal subunit protein uS2 1.9 Up

P11142 HSPA8 Heat shock cognate 71 kDa protein 1.6 Up

P14618 PKM Pyruvate kinase PKM 7.3 Up

P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 1.5 Up

P00338 LDHA L-lactate dehydrogenase A chain 1.5 Up

Table 3.  List of hub proteins identified in CD8 + T cell.

 

Fig. 6.  Hub protein analysis of CD8 + T cells.(A,B,C) The cytoHubba plugin in Cytoscape was used to identify 
the top 10 hub proteins by MNC, MCC, and EPC algorithms. (D) Venn diagram showing the common hub 
proteins identified by the EPC, MCC, and MNC algorithms. (E) The interaction network and the expression 
levels CD8 + T cell hub proteins. (F) KEGG pathways and biological processes terms of DEPs in CD8 + T cells, 
highlighting the terms in which hub proteins are significantly involved.
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Mitochondrial ROS alterations in AD: A comparative analysis of CD4 +, CD8 +, CD14 +, and 
CD19 + subgroups
The levels of mitochondrial ROS in CD4 +, CD8 +, CD14 +, and CD19 + cell subsets, assessed using MitoSOX 
Red, were quantified in 10 AD patients and 10 controls. These levels, represented by RFP fluorescence intensity, 
are presented in Fig. 7A. A two-way ANOVA and unpaired t-test was performed to evaluate the differences 
in mitochondrial ROS levels among the cell subsets (CD4 +, CD8 +, CD14 +, and CD19 +) in AD and control 
groups, as well as their interaction. Mitochondrial ROS levels showed notable differences between cell subsets 
and between AD and control groups. In the AD group, CD4 + cells had significantly lower ROS levels compared 
to CD8 + (p = 0.0008) and CD14 + cells (p < 0.0001). Additionally, CD14 + cells in the AD group exhibited 
significantly higher ROS levels compared to other cell types in the control group (p < 0.0001). Interestingly, 
when comparing AD and control groups within each cell subset, only CD4 + cells showed significantly higher 
ROS levels in AD patients compared to controls (p < 0.05), while no significant differences were observed in 
other subsets (Supplementary Fig. 6B-E). Importantly, when ROS levels were compared independently of cell 
type, no significant difference was found between AD and control groups (Supplementary Fig. 6A), highlighting 
the cell-type-specific nature of oxidative stress alterations in AD.

Differential mitochondrial membrane potential and valinomycin response in CD4 +, CD8 +, 
CD14 +, and CD19 + Cells in AD
The JC-1 assay was used to evaluate ΔΨm in four cell subgroups by measuring the red/green fluorescence ratio, 
which reflects changes in mitochondrial potential (AD = 10, control = 10). Mitochondrial depolarization is 
indicated by a decrease in the red/green fluorescence intensity ratio, while an increase reflects hyperpolarization. 
Additionally, the response of four cell subgroups to valinomycin, a potassium ionophore that induces 
mitochondrial depolarization, was measured.

To compare mitochondrial activity across the four cell subgroups, a two-way ANOVA with Tukey’s test was 
conducted. For analyses within each cell type, we applied either a one-way ANOVA or a Kruskal–Wallis test, 
depending on the normality of the data. When comparing mitochondrial activity between AD and control 
groups, no significant differences were observed when all cell types were analyzed together, as shown in the 
Supplementary Fig. 7E-F. Further analysis of individual cell types revealed notable differences both among cell 
types and within each cell type when comparing AD and control groups (Suplementary Fig. 7 and Fig. 7B).

As shown in Fig. 7B, the JC-1 assay demonstrated significant differences in ΔΨm among the four cell subgroups. 
In AD, CD4 + cells exhibited significantly higher ΔΨm compared to CD8 + (p = 0.0002) and CD19 + cells 
(p = 0.0009). Similarly, CD14 + cells demonstrated increased ΔΨm compared to both CD19 + (p = 0.0014) and 
CD8 + cells (p = 0.0003).

When comparing AD and control groups within individual cell types, the JC-1 assay revealed a significant 
difference only in CD8 + cells, in which AD exhibited a higher ΔΨm compared to controls (p = 0.02) (Fig. 7B). 
No significant differences were observed in CD4 +, CD14 +, or CD19 + cells in these comparisons.

The JC-1 + valinomycin results showed that valinomycin induced mitochondrial depolarization in all cell 
groups except for CD8 + cells, where it caused an unexpected hyperpolarization (Fig. 7C). Additionally, the red/
green ratio differences were used to calculate the responses of each cell type to valinomycin, as shown in the 
Supplementary Fig.  8. Notably, when comparing AD and control groups within each cell type, a significant 
difference was observed only in CD4 + cells, where AD samples exhibited higher levels of depolarization in 
response to valinomycin compared to controls (p < 0.05).

Fig. 7.  Mitochondrial ROS levels and ΔΨm in CD4 +, CD8 +, CD14 +, and CD19 + cell subsets were analyzed 
through multiple comparisons across cell subsets and within each cell group. (A) ROS levels indicated by 
RFP. (B) JC-1 assay results based on the red/green ratio. (C) JC-1 results of valinomycin-induced cells. Data 
were analyzed using two-way ANOVA with Tukey’s post hoc multiple comparison test and unpaired t-test 
for comparision of whithin each cell group. Graphs are presented as mean ± SD. p < 0.05 (* or #), p ≤ 0.01 (**), 
p ≤ 0.001(***), p ≤ 0.0001.
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Discussion
AD is associated with immune system dysfunction, with pathological changes affecting both central and peripheral 
immune responses as the disease progresses37. T and B lymphocytes and monocytes play a key role in AD 
progression by engaging in diverse immune-driven mechanisms37–40. Understanding the diverse characteristics 
of peripheral immune cells in AD requires cell-specific studies12,41. While MS-based proteomic studies in 
AD have mostly focused on brain tissue and cerebrospinal fluid (CSF), blood-based analyses — especially in 
peripheral immune cells — remain largely underexplored, despite their potential to uncover novel biomarkers 
and insights into disease mechanisms13,42–44. Therefore, in this study, blood samples collected from AD patients 
and healthy donors were seperated into four peripheral immune cell groups  —CD4 +, CD8 +, CD14 +, and 
CD19 +—  using FACS, and comparative proteomic analysis was conducted within each immune cell type 
performed by LC–MS/MS.

Preliminary analysis showed no significant differences in CD14 + monocytes and CD19 + B cells, so further 
analyses were carried out with CD4 + and CD8 + T cells, which exhibited significant differences. Notably, 
the proteins significantly altered in these T cell subsets, involved in several pathways associated with AD, 
highlighting the complex structure of cellular responses. The hub proteins identified in both cell subgroups were 
closely associated with mitochondrial functions, emphasizing the critical role of mitochondrial dysfunction in 
the cellular processes contributing to disease development. This aligns with the growing evidence from previous 
research highlighting the importance of mitochondrial dysfunction in AD progression9,10,19. Although amyloid 
plaques are absent in peripheral tissues, mitochondrial dysfunction has been widely reported in peripheral cells 
of AD patients, including lymphocytes and platelets45–47 Previous studies have documented increased oxidative 
stress, mitochondrial membrane potential changes, and metabolic abnormalities in systemic cells, supporting 
the idea of a peripheral bioenergetic signature of AD48,49. These alterations may be mediated by systemic 
inflammation, circulating amyloid-beta, or genetic risk factors such as APOE450,51. Our results align with this 
body of work, highlighting cell-type-specific mitochondrial changes in peripheral T cells of AD patients. These 
findings suggest that mitochondrial dysfunction may serve as a shared pathological feature across central and 
peripheral compartments in AD.

Even though high number of proteins were revealed to be differentially expressed, our discussion will focus 
on hub proteins, which exhibited 1.5-fold or greater changes within the protein network in CD4 + and CD8 + T 
cells.

Bioinformatic analyses revealed that differentially expressed proteins in CD4 + cells were primarily enriched 
in RNA-binding and neurodegeneration-related pathways, whereas those in CD8 + cells were strongly associated 
with glycolytic metabolism and protein folding mechanisms. These findings suggest that AD-induced immune 
dysregulation involves multiple adaptive processes rather than a single pathway.

In CD4 + T cells, significant enrichment of ribosomal and spliceosome-associated proteins, implicate 
disruptions in RNA metabolism. Ribosomal proteins are known as targets for CD4 + T cells52 and their 
presentation plays a crucial role in modulating immune responses53. Dysregulated ribosomal function is 
implicated in various diseases, including AD, where increased ribosomal complexes at the blood–brain barrier 
suggest a role in impaired protein processing in brain capillaries54,55.

Our findings underscore the critical role of ribosomal proteins in AD progression. Among the 32 identified 
hub proteins, 20 were classified as ribosomal proteins. With the exception of RPL35A and RPS4X, expression 
levels of these 20 hub ribosomal proteins in the CD4 + T cells increased in AD patients.

When examining spliceosome-associated hub proteins, we identified that the RNA-binding proteins 
HNRNPA1, FUS, TDP-43, and HNRNPK exhibited significant changes in CD4 + T cells. Additionally, 
HNRNPA1 and HNRNPK were among the hub proteins. These proteins previously linked to neurodegeneration 
and investigated their involvement in oxidative stress responses56–59. Oxidative stress can cause these RNA-
binding proteins to mislocalize from the nucleus to the cytoplasm, where they undergo post-translational 
modifications and aggregate within stress granules, contributing to neurodegenerative diseases56–60. Curdy et 
al.61 demonstrated through proteomic and transcriptomic analyses that stress granules regulate immunological 
responses in activated T cells, with their findings significantly overlapping the hub proteins identified in CD4 + T 
cells in our study. RNA-binding proteins also interact with mitochondrial proteins and have important roles 
in mitochondrial functions62. HNRNPA1 promotes mitochondrial fragmentation by upregulating Drp1, while 
overexpressed TDP-43 disrupts mitochondrial-ER contacts, leading to mitochondrial deficits that drive a vicious 
cycle of oxidative damage and elevated ROS levels59,62–66. Our findings further support the relationship between 
RNA-binding protein dysregulation, mitochondrial dysfunction, and oxidative stress in AD. Significantly elevated 
ROS levels in CD4 + cells from AD patients were confirmed with MitoSOX Red assay. Furthermore, valinomycin 
induced significantly higher mitochondrial depolarization in the AD group. The relationship between proteomic 
differences and mitochondrial dysfunction highlights the role of oxidative stress and peripheral immune cell-
specific functions in contributing to neurodegeneration in AD.

The majority of hub proteins in the CD8 + T cells are involved in glycolysis/gluconeogenesis metabolism 
and protein folding processes as mentioned before. We identified the HSPD1 protein, also known as HSP60, as 
a hub protein in CD8 + T cells, where it plays a role in mitochondrial chaperonin function and protein folding 
processes67. HSPD1 has been shown to interact with a variety of proteins involved in neurodegeneration, 
including FUS, which is linked to mitochondrial damage, as previously discussed68. HSPD1 levels in plasma 
and lymphocytes increased in the AD and MS groups compared to the control group69,70. In concordance with 
previous studies, we found that HSP60 levels are highly increased in CD8 + T cells in the AD group. It was also 
found that HSP90AA1 and HSP8 heat shock proteins are hub proteins in CD8 + T cells, which are also increased.

In addition to HSP proteins, we identified GLUD1 and MDH2 as hub mitochondrial proteins in CD8 + T 
cells, with their expression significantly elevated in the AD group.  When examining other hub proteins, we 
observed elevated expression levels of GAPDH, PGK-1, PKM, and ENO2, which are directly involved in 
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glycolysis. Additionally, GAPDH, a glycolytic enzyme known to interact with multiple mitochondrial proteins, 
was identified as a hub protein with increased expression in both CD4 + and CD8 + T cells. A recent study on 
AD using CSF samples found increased expression of several ATP metabolism-related proteins, including 
MDH1 and ENO242. This study highlighted the significance of dysfunction in energy metabolism and glycolytic 
alterations in the pathophysiology of the disease42.

JC-1 assay results revealed a significant difference in ΔΨm specifically in CD8 + T cells. In the AD group, 
ΔΨm was hyperpolarized compared to the control group. Interestingly, we observed that this hyperpolarization 
persisted in CD8 + T cells despite the presence of valinomycin, distinguishing it from other cell subsets. The 
literature suggests that mitochondrial membrane hyperpolarization is associated with increased ROS levels 
and a metabolic shift towards glycolysis, driven by the upregulation of glycolytic enzymes in an oxidative 
environment71–73. While we did not observe a significant difference in ROS levels between AD and control groups 
within CD8 + T cells, we found that ROS levels were significantly higher in CD8 + T cells compared to CD4 + and 
CD19 + cells. Consistent with the relationship between hyperpolarization and glycolysis, our proteomic analysis 
revealed an upregulation of hub proteins associated with glycolysis/gluconeogenesis pathways in the CD8 + T 
cells. These findings align with the literature, and importantly, we demonstrate this relationship specifically in 
CD8 + T cells within the AD group, highlighting a cell-specific association between elevated glycolytic proteins 
and mitochondrial membrane hyperpolarization. The association of these increased glycolytic proteins and 
mitochondrial hyperpolarization in CD8 + T cells of AD patients further supports a metabolic reprogramming 
towards glycolysis.

Limitation
While APOE genotyping data were not available for the participants in this study, recent findings suggest that the 
APOE ε4 allele may influence PBMC proteomic profiles independently of AD status. Incorporating genotype-
based stratification in future work could help further delineate subgroup-specific molecular patterns74. Similarly, 
although validated clinical tools such as the MMSE, CDR, and a comprehensive neuropsychological battery were 
employed to assess AD patients, the control group did not undergo formal cognitive evaluations. Nonetheless, 
control participants had no reported history or clinical signs of cognitive or mental health issues at the time of 
sampling and were not on neurological or psychiatric medications. This screening process likely reduced the risk 
of including individuals with unrecognized cognitive impairment, though the addition of standardized cognitive 
assessments would offer a more robust clinical context.

Conclusion
Our results emphasize the crucial part of peripheral immune cell dysregulation in AD, by showing mitochondrial 
and proteomic changes in CD4 + and CD8 + T cells. These changes underscore the importance of cell-specific 
studies in understanding the distinct immune mechanisms contributing to disease pathology.

In CD4 + T cells, observed expressional changes in ribosomal and RNA-binding proteins points to a disruption 
in RNA metabolism, which would help to explain increased ROS levels and mitochondrial dysfunction. In 
contrast, CD8 + T cells showed mitochondrial hyperpolarization and overexpression in glycolysis-related 
proteins, suggesting a metabolic shift towards glycolysis. Collectively, these results highlight a interplay between 
AD pathogenesis and the immune system changes, energy metabolism, oxidative stress, and mitochondrial 
dysfunction. By revealing critical hub proteins in CD4 + and CD8 + T cells and their related pathways, our study 
provides a valuable insights into the peripheral immune system’s contributions to neurodegeneration. This study 
presents potential targets for future therapeutic approaches and modulating immune responses.

Data availability
 The data generated and evaluated in this manuscript are included in the article and its supplementary materials.
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