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Abstract.
Background: Alzheimer’s disease (AD) is the most common type of dementia, causing a huge socioeconomic burden. In par-
allel with the widespread uptake of single-cell RNA sequencing (scRNA-seq) technology, there has been a rapid accumulation
of data produced by researching AD at single-cell resolution, which is more conductive to explore the neuroimmune-related
mechanism of AD.
Objective: To explore the potential features of T cells in the peripheral blood and cerebrospinal fluid of AD patients.
Methods: Two datasets, GSE181279 and GSE134578, were integrated from GEO database. Seurat, Monocle, CellChat,
scRepertoire, and singleR packages were mainly employed for data analysis.
Results: Our analysis demonstrated that in peripheral blood, T cells were significantly expanded, and these expanded T
cells were possessed effector function, such as CD8+

TEMRA, CD4+
TEMRA, and CD8+

TEM. Interestingly, CD8+
TEMRA and

CD4+
TEMRA cells positioned adjacently after dimensions reduction and clustering. Notably, we identified that the expanded

T cells were developed from Naı̈ve T cells and TCM cells, and TEM cells was in the intermediate state of this developing
process. Additionally, in cerebrospinal fluid of AD patients, the amplified T cells were mainly CD8+

TEMRA cells, and the
number and strength of communication between CD4+

TEM, CD8+
TEM, and CD8+

TEMRA were decreased in AD patients.
Conclusions: Our comprehensive analyses identified the cells in cerebrospinal fluid from AD patients are expanded TEMRA
or TEM cells and the TEMRA cells communicating with other immune cells is weakened, which may be an important
immune feature that leads to AD.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
type of dementia, causing a huge socioeconomic
burden. Its main pathological manifestations are
the deposition of extracellular amyloid-� (A�) and
neurofibrillary tangles composed of intracellular
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phosphorylated tau proteins. However, the pathogen-
esis of AD cannot be fully explained by the classical
hypothesis of A� and tau [1]. In recent years, genetic,
clinical, and preclinical experimental studies have
revealed that neuroinflammation plays an important
role in the progression of AD disease [2–4], and many
studies have suggested that the innate immune sys-
tem is mainly involved in the course of AD, with most
of them agreeing that neuroinflammation is mainly
associated with microglia [5, 6]. In addition, there
is also a majority of opinion that peripheral immune
cells such as macrophages [7], neutrophils [8], and
lymphocytes [9–14] can infiltrate the brain to involve

in the immune response. As a result, the role of lym-
phocytes in AD pathology has accumulated a large
number of studies in recent years [15, 16]. One study
demonstrated that CD8+ T cells were amplified in
the cerebrospinal fluid (CSF) of AD patients and ele-
vated in the blood. At the same time, the team also
found that CD3+ and CD8+ T cells could infiltrate
into the area of amyloid lesions through transgenic
mice, and these infiltrated cells closely interact with
microglia [17], but the specific mechanism remains
unsolved.

As a complex disease with multicellular involve-
ment, the immune components are highly hetero-

Fig. 1. The flowchart of CellChat analysis.

Fig. 2. Quality control of immune cell data in peripheral blood of AD patients. A) The number of genes (nFeature RNA), the number of
UMIs (nCount RNA), and the percentage of mitochondrial content (percent mt) in each cell of the single-cell sequencing dataset. The graph
from left to right reflects the number of genes expressed per cell, the number of UMIs per cell, and the percentage of mitochondrial genes per
cell in each individual respectively. As the mitochondrial genes in a cell is lower, the state of cell is better. B) The correlation plot between
the number of genes in each sample and the number of UMIs. C) Red color indicates highly variable genes in the samples, whose expression
significantly differed from compared to other genes. The top 10 genes with the largest differences in expression are shown in the graph. D)
ElbowPlot, the number of principal components can be selected based on this plot when doing PCA linear dimensionality reduction analysis,
and the value at the point where the curve falls more gently is generally selected as the number of principal components. E) UMAP clustering
plot, which visualizes the clustering results of the data set.
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Fig. 2. (Continued)
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geneous. At present, through the analysis of bulk
transcriptome, proteomics, metabolomics, and epige-
nomics data, it can be found that the decline of
nerve cell function in AD patients is related to the
enhancement of innate immune response [18], but
the omics data limited the discover of intercellular
communication and heterogeneity within cells with
high resolution, especially for cells with low gene or
protein expression [19]. And the population or state
of these cells is also critical. Therefore, using sin-
gle cell RNA sequencing technology (scRNA-seq) to
reveal the heterogeneity of immune cells in course
of AD may be the best way to reveal the relation-
ship between AD pathogenesis and immune cells.
The use of scRNA-seq to study the immune mecha-
nism of AD has yielded many pioneering theories. In
2020, Professor Coray and Professor Mark M. Davis
of Stanford University published a study in Nature,
they demonstrated the clonal expansion of T cells in
CSF of AD patients [20], which leads to better under-
standing of adaptive immunity in the field of AD.

In this study, the dataset obtained from single-cell
sequencing of AD in the GEO database was used
to perform linear dimension reduction, subsets clus-
tering, marker gene identification, peripheral blood
immune cell subsets identification, peripheral blood
T cell subsets identification, and CD8+ T cell sub-
populations in CSF. Through the above analysis, we
can describe the changes of immune cells, especially
T cells, in AD patients, and explore the potential role
of the changes of immune components in peripheral
blood and central system in the pathological pro-
cess of AD. This will help to correctly understand
the role of the immune system in course of AD, and
provide an important reference for the discovery of
new immune-related biomarkers in the future, so as
to provide a new research direction for the treatment
of AD.

MATERIALS AND METHODS

Cellular dimensionality reduction and clustering
subgroup analysis

In general, similar cell subpopulations exist with
similar gene profiles, so the gene expression data of
each cell can be used to cluster genetically similar
cells into one class by clustering, so that the cells clus-
tered together are a cell subpopulation. Since there
are batches of samples in the collected data, Har-
mony’s method is used to correct the batch effect of
single-cell expression profile data.

To retain high quality cells, we filtered the
downloaded matrix again with filtering conditions
including: 1) The number of genes identified in sin-
gle cells was in the range of 200–4000; 2) The total
number of unique molecular identifiers (UMIs) in a
single cell is less than 15000; 3) The amount of mito-
chondrial gene expression in a single cell was less
than 20%.

Data collection and software use

The GSE181279 [21] and GSE134578 datasets
[20] were downloaded from the GEO database. The
GSE181279 dataset was based on peripheral blood
mononuclear cells (PBMC) isolated by density gra-
dient centrifugation, and PBMC were isolated by
flow cytometry to obtain CD45+ immune cells. This
dataset was sequenced by Illumina NovaSeq 6000
platform and analyzed 36849 PBMC from peripheral
blood of AD and normal controls (NC) for the per-
centage of intrinsic and adaptive immune cell types
and their associated gene expression patterns. This
dataset was compared with the reference genome
(hg19) by Cell Ranger software (version 3.0.2, 10X
Genomics) and the gene expression matrix was
obtained after data quality control. The GSE134578
dataset was extracted from PBMC by Ficoll density
gradient centrifugation, and the differences in clonal
amplification of T cell subpopulations in AD patients
and NC in vivo were evaluated by single-cell T cell
receptor (TCR) sequencing and scRNA-seq methods.
The dataset was sequenced on a GPL20301 Illumina
HiSeq 4000 platform, and the gene expression matrix
was obtained by Cell Ranger (version 3.0.2, 10X
Genomics) against the reference genome (GRCh38
3.0.0) and after data quality control.

Marker gene identification

Differential analysis and marker gene identifica-
tion were performed using the Seurat package to
find differentially upregulated expressed genes in
each cell subpopulation relative to other cell sub-
populations, and these differentially expressed genes
were potential marker genes for each cell subpopula-
tion, which were mapped using the FeaturePlot and
DoHeatmap functions.

Two datasets from the GEO database were ana-
lyzed using this method to classify subpopulations
based on marker genes
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Fig. 3. Alteration of the proportion of immune cells in the peripheral blood of AD patients. A) UMAP plot showing annotation of cell types,
different cell types are marked with different colors. B) Heatmap of gene expression, known marker genes are expressed in the annotated
cells, the deeper the color, the higher the gene expression. C) FeaturedPlot graph, the mapping of known marker genes to annotated cell
subpopulations, the darker red represents higher expression on that subpopulation. D) Proportional distribution of each cell subpopulation
in AD and NC patients, with larger areas indicating a larger proportion of that subpopulation.



S270 Y. Wang et al. / T Cells in AD

Fig. 4. (Continued)
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Cell type identification

The cell type identification is based on the SingleR
[22] package to correlate the identified cell expres-
sion profile with the gene expression of the reference
cells, and the cell type to be identified is the one with
the highest correlation with the reference cells. This
way of using the reference database to identify the
cell type largely removes the influence of subjec-
tive thoughts. The algorithm principle is to analyze
the Spearman correlation of each cell in the sample
with the expression profile of each cell that has been
annotated, and then select the cell type with the high-
est correlation as the target identified cell type based
on the calculated correlation. For the secondary type
identification of T cells, due to the lack of a robust ref-
erence data set, a manual annotation approach is used,
i.e., the known marker genes are used to compare with
the gene expression profile of each cell in the sam-
ple, and the cell with high marker gene expression is
selected as the final identified cell type.

Pseudo-time analysis of CD4+ and CD8+ T Cells

Pseudo-time analysis is a method to simulate
the degree of cell development and differentiation
progress by establishing a pseudo-time sequence,
which is a visualization of an abstract biological pro-
cess, and studies the process of mapping the state
of development of a cell to a pseudo-time trajec-
tory, calculating the sequence of gene expression in
pseudo-time and thus infer the developmental state
of that cell. All biological states to occur in a cell
from the initial process to the developmental endpoint
define the pseudo-temporal developmental trajectory,
which changes as the transcriptome changes. The
proposed temporal analysis uses the Monocle soft-
ware package [23]. The principle is to simulate the
cell developmental trajectory based on the order of
gene appearance on the pseudo-time series, and to
learn them by machine. The analysis method is to
analyze the differential expression changes of genes
and select the genes with large expression differences
between cells, then infer and learn from their gene
expression relationships to complete the construction

of a minimum spanning tree (MST), and then use the
MST to fit the longest path as the trajectory of cell
differentiation and development.

Analysis of T-cell cell communication in CSF

The software package used for cellular communi-
cation analysis is CellChat, which probabilistically
models cellular communication based on compre-
hensive information on the expression of signaling
ligands, receptors, and cofactor genes, as well as
a priori knowledge of their interactions, and fur-
ther visualizes the data after inferring intercellular
communication networks [24]. The flow of CellChat
analysis in this study is shown in Fig. 1.

RESULTS

Alteration of the proportion of immune cells in
the peripheral blood of AD

The GSE181279 dataset includes a total of 36,849
PBMCs, including 22,775 for AD patients and 14,074
for NC, information on the patient’s clinical samples
is provided in Supplementary Table 1, and there are
no age or sex differences between the two groups.
The nFeature RNA number of this dataset represents
the number of gene expression per cell, which is less
than 2000; nCount RNA number represents the num-
ber of UMI, which is less than 10000; Percent mt
represents the percentage of mitochondria, which is
less than 20% (Fig. 2A). And the nCount RNA num-
ber was positively correlated with the nFeature RNA
number (Fig. 2B). Preliminary analysis of the dataset
identified the top 10 highly variable genes, two of
which, S100A8 and S100A9, were calcium-binding
proteins highly expressed under inflammatory con-
ditions (Fig. 2C). Downstream cluster analysis was
performed by PCA linear dimensionality reduction
with the top 30 PCs (Fig. 2D), and 18 cell subgroups
could be identified after Harmony package removing
batch effects between samples (Fig. 2E).

Those cell subpopulations were annotated based
on differential genes, and the annotated cell types

Fig. 4. T cells in the peripheral blood of AD patients are mainly T cells with effector functions. A) The bubble plot shows the marker genes
for each T cell subpopulation. The larger the dot in the plot, the larger the percentage of cells that express the gene in that subpopulation.
The redder the color, the higher the expression of the gene in the subpopulation. B) The UMAP plot shows the distribution of each T cell
subpopulation in the peripheral blood of AD patients and NC, and different colors represent different cell populations. C) The proportional
distribution of T cell subsets in the peripheral blood of AD patients and NC. Each color represents a cell subset, and the larger the area, the
greater the proportion of the cell population in the peripheral blood. D) Proportional distribution of CD8+ T cell subpopulations in peripheral
blood from the GSE134578 dataset.
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Fig. 5. (Continued)
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could be visualized by UMAP plots (Fig. 3A).
The annotation results showed that T cells (CD4+,
CD8+ T cells), NK cells, B cells, and myeloid
cells (mononuclear macrophages) could be identi-
fied in the peripheral blood of AD patients and NC,
and T cells accounted for the largest proportion of
the peripheral blood. To verify the plausibility and
accuracy of cell type identification, marker genes
of known cell types were visualized in heat map
(Fig. 3B), and the identified cell types were consis-
tent with the known cell type marker genes. To further
illustrate the accuracy of the annotation, marker genes
of known cells were mapped to the UMAP as well
(Fig. 3C), from which it can be seen that the region
mapped by marker genes matches the identified cell
types. Both results illustrate the accuracy of the anno-
tation during the analysis. By comparing peripheral
blood immune cell types and ratios of AD patients
with NC, differences were found in the ratios of each
cell type between them. We found that the ratio of T
cells was higher in AD patients than in NC, a phe-
nomenon suggestive of an expanded state of T cells
in the peripheral blood of AD patients. But the ratio
of NK cells was higher in the peripheral blood of
NC than in AD patients, a result that implies that the
innate immune system of AD patients may be some-
what weakened, while the adaptive immune system
is strengthened. In the analysis of this study, the dif-
ference between B cells and myeloid cells was not
particularly significant between AD patients and NC
(Fig. 3D).

T cells in AD patients are mainly T cells with
effector functions

From the above dataset, we focused on T cells
and extracted them for subclustering analysis, and
identified T cells as CD4+ T cells, CD8+ T cells
and CD4+ CD8+ double positive (DP) cells based
on their expression of different marker genes. CD4+

T cells were subdivided into CD4+ Naı̈ve T cells,
CD4+ TCM (central memory T cells) cells, CD4+
TEM (Effector memory T cells) cells and CD4+
TEMRA cells (Terminal differentiated effector mem-
ory CD45RA+ cells). CD8+T cells were further
divided into CD8+ Naı̈ve T cells, CD8+ TEM cells,
and CD8+ TEMRA cells. The marker genes identi-
fied for each group of T cell subpopulation are shown
as bubble plots (Fig. 4A).

In the peripheral blood, there were differences in
the distribution of each cell subpopulation (Fig. 4B)
between AD patients and NC. In the UMAP plot
of cell types, CD4+ TEMRA cells can be observed
adjacent to CD8+ TEMRA and CD8+ TEM cells in
position, implying that the biological characteristics
of CD4+ TEMRA cells are similar to those of CD8+
TEMRA and CD8+ TEM. The proportion of CD4+
Naı̈ve T cells and CD4+ TCM cells was more than
50% in the peripheral blood of NC, whereas the pro-
portion of these two cell subsets was reduced in the
peripheral blood of AD patients. Compared to NC,
the proportion of CD4+ TEM cells were significantly
increased in the peripheral blood of AD patients, as
well as the proportion of TEMRA cells (CD4+ and
CD8+) and CD8+ TEM cells, suggesting that T cells
in the peripheral blood of AD patients are mainly
effector T cells, whereas in the peripheral blood of
NC they are mainly resting state T cells (Fig. 4C).
The phenomenon found in this dataset was verified by
analyzing CD8+ T cells in the CSF of the GSE134578
dataset, and it was found that the proportion of CD8+
TEMRA cells was also higher in AD patients in the
GSE134578 dataset than in NC. The findings were
consistent with each other (Fig. 4D).

Pseudo-time analysis of the subpopulations of
CD4+ T cells and CD8+ T cells

To study the developmental state of each subpop-
ulation of CD4 and CD8 in peripheral blood clearly,

Fig. 5. Pseudo-time analysis and single cell tractor analysis of the subpopulations of CD4+ T cells and CD8+ T cell. A) Pseudo-time and
single cell trajectory analysis by Monocle. CD4+ Naı̈ve T cells were defined as the initial state of T cells, so the pseudo-time sequence
here represented the developmental sequence of cells, and the more yellow colored area represented the higher degree of differentiation. B)
CD4+ T cell differentiation trajectory graph, corresponding to the pseudo-time graph, showing the differentiation trajectories of different
CD4+ T cell subpopulations. C) Monocle proposed temporal state diagram, corresponding to the pseudo-time graph, each color represented
a different differentiation state. D) CD4+ T cell differentiation trajectory graph, which separated CD4+ T cells by cell subpopulation to show
the differentiation trajectories of different cell subpopulations. E) Pseudo-time and single cell trajectory analysis by Monocle. CD8+ Naı̈ve
T cells were defined as the initial state of T cells, so the pseudo-time sequence here represented the developmental order of cells, and the
more yellow colored area represents the higher differentiation degree. F) CD8+ T cell differentiation trajectory graph, corresponding to the
pseudo-time graph, showing the differentiation trajectories of different CD8+ T cell subpopulations. G) Monocle proposed temporal state
graph, corresponding to the pseudo-temporal graph, each color represented a different differentiation state. H) CD8+ T cell differentiation
trajectory map, which separated CD8+ T cells by cell subpopulation to show the differentiation trajectories of different cell subpopulations.
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Fig. 6. (Continued)
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we made pseudo-time analysis of the subpopulations
of CD4+ and CD8+ T cells separately through mon-
ocle software. Firstly, we defined CD4+ Naı̈ve and
CD8+ Naı̈ve as cells in the initial state of devel-
opment according to immunological principles, and
defined the pseudo-time point where CD4+ Naı̈ve
and CD8+ Naı̈ve cells were located as the starting
point of pseudo-time (Fig. 5A, E). We found that
among CD4+ T cells, CD4+ TEMRA cells were in
the terminal state of differentiation, which was caused
by the differentiation of CD4+ Naı̈ve, CD4+ TCM
cells in the initial state of development, while CD4+
TEM cells were in the intermediate state of devel-
opment (Fig. 5B-D). Among CD8+ T cells, CD8+
TEMRA cells were in the terminal differentiation
state, which also developed from CD8+ Naı̈ve cells,
and CD8+ TEM cells were in the intermediate state of
development, while CD4+CD8+DP cells were also
found to be a kind of cells in the intermediate state of
development.

Differences in the immune composition of CSF
and peripheral blood

In the dataset GSE134578, live immune cells in the
CSF were sequenced using scRNA-seq technology.
According to the original literature, there were no age
or sex differences between AD and NC groups. After
quality control and filtering, we analyzed 23,770
cells in the CSF, which were initially annotated as
T cells, NK cells, B cells and myeloid cells after
linear dimensional reduction analysis and clustering
binning (Fig. 6A).

Since T cells represent a large proportion of CSF,
the analysis further focused on T cells in CSF. After
selecting T cells from the annotation results and
continuing the reduction clustering, T cells were
annotated as CD4+ TEM cells, CD4+ Naı̈ve T cells,
CD4+ TCM cells, CD8+ TEM, and CD8+ TEMRA
based on known marker genes cells (Fig. 6B).

A comparative analysis of peripheral blood and
CSF revealed that the distribution of immune cells in

CSF was different from the distribution of immune
cells in peripheral blood. The proportion of myeloid
cells and T cells was higher in CSF than in periph-
eral blood, while in peripheral blood, the proportion
of B cells and NK cells was higher than in CSF,
indicating that there were differences in the immune
composition of CSF and peripheral blood (Fig. 6C).
However, there were also similarities between the
two, i.e., T cells were the main component in both
CSF and peripheral blood, which also indicates that
the adaptive immune system has an important role in
CSF.

In CSF, CD4+ T cells were its main constituent
and the subpopulation of CD4+ T cells was more
abundant; CD8+ T cells were mainly dominated by
CD8+ TEM and CD8+ TEMRA cells. Similarly, in
peripheral blood, the proportion of CD4+ T cells was
higher than that of CD8+ T cells, with the proportion
of CD4+ T accounting for about 75% and dominated
by CD4+ TCM and CD4+ Naı̈ve T cells (Fig. 6D). To
further demonstrate the difference between T cells in
CSF and peripheral blood, the samples were split into
CSF from AD patients, peripheral blood from AD
patients, CSF from NC, and peripheral blood from
NC, and the genes expressed by T cells in the four
samples were compared. More genes were found to
overlap in the peripheral blood of AD patients and NC
peripheral blood. In addition, the CSF of AD patients
had more gene overlap with the NC CSF, while there
were significant differences of the immune environ-
ment between peripheral blood and CSF (Fig. 6E).

Diminished communication of CD8+ TEMRA
cells in the CSF of AD

TCR is a specific receptor on the surface of T cells,
and there is only one TCR on the surface of each T
cell. Clonal proliferation information of T cells can
be traced by single-cell TCR sequencing. We ana-
lyzed the single-cell TCR sequencing data of T cells
in CSF and found that the clonally expanded T cells
in CSF were mainly CD8+ TEMRA cells and CD8+

Fig. 6. Differences in immune composition between CSF and peripheral blood. A) UMAP graph of subpopulations of immune cells in
cerebrospinal fluid, with colors used to indicate different immune cell populations, each represented by a scatter. B) UMAP graph of T-cell
subpopulations in CSF, with each cell subpopulation represented by a color block and each cell represented by a scatter. C) The ratio of each
immune cell population in CSF and peripheral blood. The size of each color block area represents the size of the proportion of each cell
population. The left panel shows the proportion of immune cell populations in peripheral blood, and the right panel shows the proportion
of immune cell populations in CSF. D) Proportional distribution of cell subpopulations in the cerebrospinal fluid and peripheral blood of
AD patients. E) Wayne graphs of genes expressed by T cells in CSF and peripheral blood of AD patients and NC CSF and peripheral blood
samples. The numbers on the two overlapping regions, represent the number of genes shared with each other. pbmc AD, csf AD, pbmc NC
and csf NC represent peripheral blood of AD patients, cerebrospinal fluid of AD patients, peripheral blood of NC and cerebrospinal fluid of
NC, respectively.
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Fig. 7. Diminished communication of CD8+ TEMRA cells in AD patients. A) Mapping of cells with more proliferating T cell clones on
the UMAP plot, the enlarged dots in the plot represent T cells with more proliferating clones. B) Illustration of the incoming and outgoing
interaction strengths for each of the cell types in AD patients. C) Cell communication network map, the size of the various colored circles
around the periphery indicates the number of cells, the larger the circle, the greater the number of cells, cells emitting arrows express ligands,
cells with arrows pointing to them express receptors, the more the number of ligand-receptor pairs, the thicker the lines. D) Differential
cell-cell communications between AD and NC group, the red arrows represent upregulated cell communication in AD patients compared to
NC, blue arrows represent downregulated cell communication. E) Heat map of incoming and outgoing signaling patterns.

TEM cells (Fig. 7A). Additionally, we inferred the
intercellular communication with CellChat tool and
found that CD8+ TEMRA cells and CD8+ TEM

cells demonstrate a pivot role in CSF (Fig. 7B). Fur-
therly, we explored the changes in communication
between CD8+TEMRA and CD8+TEM and other
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immune cells in AD patients and revealed that the
outgoing number and strength of CD8+ TEMRA
cells communicating with CD8+ TEM, CD4+ TEM
were downregulated in AD patients compared to NC.
However, the outgoing number and strength of CD8+
TEM interacting with CD4+ TCM and CD4 naive
were upregulated compared to NC (Fig. 7C, D). Next,
we calculate the outgoing and incoming interaction
strength of each signaling pathway (Fig. 7E) to reveal
their contribution to the complex intercellular com-
munications. Notably, MHC-1, CCL signaling were
shown as the most predominant signaling in CD8+
TEMRA cells, as reflected by the largest outgoing
and incoming interaction strength compared to other
signaling pathways. In addition to MHC-1, CCL sig-
naling, we also observed other increased proteins
signaling related with brain injury and repairing like
amyloid-� protein precursor (A�PP) signaling path-
way. These results suggest that the cellular control
of CD8+ TEMRA by other immune cells such as
CD4+ TEM and CD8+ TEM is diminished during
AD pathogenesis, which leads to the dysfunction of
CD8+ TEMRA cells. Additionally, MHC-1, CCL
signaling, and A�PP signaling pathway may be the
main pathways for CD8+ TEMRA cell dysfunction.

DISCUSSION

With the accelerated aging of the population, the
incidence of AD is increasing year by year. However,
the current therapeutic drugs and intervention mea-
surements for AD patients are limited, so there is an
urgent need for clinical prevention and treatment at
the early stages of the disease process to slow down
the progression of these patients and achieve early
diagnosis, intervention and treatment. Immune dys-
function is an important pathological event in AD
patients, and studies have demonstrated the presence
of immune cell expansion in the peripheral blood
and CSF of AD patients, and the close association
between the peripheral immune system and the cen-
tral nervous system is gradually being investigated
[25–27]. In AD patients, increased inflammatory
response, reactive glial cells, weakened blood-brain
barrier, plaque formation, and neurofibrillary tangles
cause peripheral immune cells to enter the center
and interact with brain-resident microglia, and it may
be this interaction of peripheral immune cells with
tissue-resident microglia that leads to the develop-
ment of AD [28, 29]. Therefore, the comprehensive
understanding of immune response in AD patients is

in critical need. In this work, we demonstrated the
distribution, developmental status and cellular com-
munication of T cells in the peripheral blood and CSF
of AD patients and NC at the single cell level using
two public data sets.

We revealed that T cells in peripheral blood and
CSF of AD patients are mainly CD8+TEMRA,
CD8+TEM, and CD4+TEMRA cells, which are T
cells that can exert effector functions. Previous stud-
ies have also identified the presence of T cells with
effector functions in animal models of AD, and the
infiltration of T cells into the brain may exert destruc-
tive effects [30], but this depends on the course of
neuroinflammation and the type of infiltrating T cells
[31]. It has been found that CD4+ lymphocyte sub-
populations significantly affect the progression of
AD in both mouse models and human studies [11,
32]. It has also been found that Th cells can tar-
get A� plaques in the brain by intravenous injection
of Th cells, and thus Th cells can locally suppress
neuroinflammation and clear A� plaques, as well as
reduce the inflammation caused by innate immunity.
However, no evidence of Th cell-mediated neuro-
toxicity has been found [33]. For technical reasons
at that time, it was not possible to localize these T
cells to cell subpopulations or to explain them at
the single cell level [34–36]. However, in this work,
we demonstrated that the subset of Th cell medi-
ated neurotoxicity may be the CD4+TEMRA cells.
Consistent with previous studies, the proportion of
CD8+ T cells was found to be higher in the periph-
eral blood of AD patients than in NC [37, 38], and
this change implies a disturbance in the proportion
of T cell subpopulations in the peripheral blood from
AD patient. In our study, we also found that CD8+
TEMRA and CD4+ TEMRA cells were positioned
adjacent to each other in the UMAP plot, suggesting
that they may have similar expression patterns. TCR
diversity is important for maintaining the stability of
the immune system. In AD patients, we analyzed the
clonal expansion of TCR and demonstrated a reduc-
tion in TCR diversity, which indicated T cell in AD
patients experience a clonal expansion stimulated by
specific antigen [39, 40]. We tracked information on T
cell clonal proliferation through TCR data and found
that CD8+ TEMRA cells were the main clonally pro-
liferating cells, which is consistent with Professor
Wyss-Coray’s findings [20]. Additionally, we found
that the trend of CD8+ TEM expansion was similar to
CD8+ TEMRA cell expansion, which confirms that
the T cells present in AD patients are mainly T cells
with effector functions.
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In order to accurately understand the communi-
cation between T cell subpopulations, we extracted
T cells individually for intercellular communication
analysis and found that the number as well as the
strength of communication between CD8+ TEMRA
cells and other T cells in AD patients was reduced.
Therefore, we suggest that the weakened intercellular
communication leads to a corresponding weakened
control of CD8+ TEMRA cells by other T cells,
which in turn leads to their expansion status and
dysfunction and aggravates the development of AD
pathological events. Despite the weakened communi-
cation between CD8+TEMRA and other T cells, the
differentiation of CD8+TEMRA cells still followed
the process of differentiation from CD8+ Naı̈ve cells.
This indicates that the differentiation pathway of
CD8+ TEMRA in AD patients is not altered, i.e.,
AD disease itself does not affect the differentiation
pathway of CD8+ TEMRA.

In this study we also compared the differences
between CSF and peripheral blood at the genetic level
and found that the immune environment of periph-
eral blood is significantly different from that of CSF
because of less overlap of gene expression patterns.
However, whether in peripheral blood or CSF, the AD
and NC groups had more genetic overlap, indicating
that the onset of AD does not completely change the
environment of peripheral blood or CSF.

The limitation of the present study is the lack of
experimental validation. Since this study is based on
the analysis of human single-cell sequencing data, but
the amount of data we can acquired from single-cell
sequencing of AD patients is relatively rare, it is not
yet possible to effectively perform patient-level vali-
dation. In the future, the functional similarity between
CD8+ TEMRA cells and CD4+ TEMRA cells can be
further verified, their specific effect mechanisms and
their related signaling pathways in the development
of AD can be explored, and the important role of com-
munication between CD8+ TEMRA cells and other
T cells in AD disease can be studied in depth.
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