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Immune infiltration of peripheral natural killer (NK) cells in the brain has been observed in
Alzheimer’s disease (AD). Immunity-related genes (IRGs) play an essential role in immune
infiltration; however, the expression of IRGs and possible regulatory mechanisms involved
in AD remain unclear. The peripheral blood mononuclear cells (PBMCs) single-cell RNA
(scRNA) sequencing data from patients with AD were analyzed and PBMCs obtained from
the ImmPort database were screened for cluster marker genes. IRG activity was
calculated using the AUCell package. A bulk sequencing dataset of AD brain tissues
was analyzed to explore common IRGs between PBMCs and the brain. Relevant
regulatory transcription factors (TFs) were identified from the Human TFDB database.
The protein-protein interaction network of key TFs were generated using the STRING
database. Eight clusters were identified, including memory CD4 T, NKT, NK, B, DC, CD8 T
cells, and platelets. NK cells were significantly decreased in patients with AD, while CD4 T
cells were increased. NK and DC cells exhibited the highest IRG activity. GO and KEGG
analyses of the scRNA and bulk sequencing data showed that the DEGs focused on the
immune response. Seventy common IRGs were found in both peripheral NK cells and the
brain. Seventeen TFs were associated with IRG expression, and the PPl network
indicated that STATS, IRF1, and REL were the hub TFs. In conclusion, we propose that
peripheral NK cells may infiltrate the brain and contribute to neuroinflammatory changes in
AD through bioinformatic analysis of sScRNA and bulk sequencing data. Moreover, STAT3
may be involved in the transcriptional regulation of IRGs in NK cells.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
progressive dementia and is characterized by memory decline
and severe disability. Pathologically, AD brains harbor
neurofibrillary tangles (NFT's) formed by excessive intracellular
hyperphosphorylation and misfolded tau and amyloid
plaques of extracellular amyloid B (AB) (1). In recent years,
neuroinflammation and tissue-resident immune cells have
been increasingly recognized as critical contributors to AD
pathogenesis (2, 3).

Brain-resident microglia are the main component of the local
immune system in the central nervous system (CNS), and
peripheral immune cells are absent or rare in a healthy brain.
Additionally, the blood-brain barrier (BBB) establishes immune
privilege for the CNS immune system (4). However, infiltration
of peripheral immune cells has been observed in both AD mouse
models and human AD brains (5, 6). Recent studies have
supported the pathogenic role of circulating immune cells in
AD brains. Neutrophil depletion or suppression of neutrophil
trafficking ameliorated memory impairment in 3xTg-AD
transgenic mice (5). Depletion of NK cells by anti-NK1.1
antibody enhanced neurogenesis, reduced neuroinflammation,
and ameliorated cognitive impairment in 3xTg-AD mice (7).
These studies have confirmed the interaction between peripheral
immune cells and the CNS in AD. Immunity-related genes
(IRGs) play essential roles in immune infiltration; however, the
expression characteristics of IRGs and possible regulatory
mechanisms of immune infiltration in AD remain unclear.

We investigated the expression characteristics of IRGs and
possible regulatory mechanisms in AD through bioinformatic
analysis combining single-cell RNA (scRNA) and bulk
sequencing data.

METHODS

scRNA Sequencing Data Processing

CD45+ peripheral blood mononuclear cells (PBMCs) were
sorted with MoFlo XDP (Beckman Coulter) and subjected to
scRNA sequencing using an Illumina NovaSeq 6000 (8). The
clean data (GSE181279) alignment to the human reference
genome (hgl9) were processed with Cell Ranger (version3.0.2,
10X Genomics) to generate the feature-barcode gene expression
matrix. Seurat R package (version 4.0.2) was used for
downstream principal component analysis (PCA) and t-
distributed stochastic neighbor embedding (t-SNE) analysis
(9). Cells with <200 genes, >2,500 genes, or >5% mitochondrial
genes were filtered out. A total of 24,679 filtered cells were

Abbreviations: AD, Alzheimer’s disease; AP, amyloid B; NFTs, neurofibrillary
tangles; CNS, central nervous system; BBB, blood-brain barrier; IRGs, Immunity
related genes; scRNA, single-cell RNA; PBMCs, peripheral blood mononuclear
cells; HVGs, highly variable genes; PCA, principal component analysis; DEGs,
differentially expressed genes; AUC, area under the curve; PPI, protein-protein
interaction; UMI, unique molecular identifier.

selected for analysis. Gene expression was normalized using the
“LogNormalize” method and further scaled. After data
normalization, 2000 highly variable genes (HVGs) were
identified with “vst” method for each sample. Subsequently,
PCA was applied to identify significant principal components
(PCs), and the P-value distribution was visualized using the
JackStraw and ScoreJackStraw functions. The “Harmony” R
package (version 0.1.0) was used for batch correction (10) to
avoid the batch effect of sample identity which might disrupt the
downstream analysis. Finally, ten PCs were selected for t-SNE
analysis. The FindClusters function was used to classify the cells
into eight different clusters with a resolution of 0.2. The
FindAllMarkers function with logfc.threshold = 0.25 was
applied to identify differentially expressed genes (DEGs) for
each cluster. Cell type identification was performed based on
the DEGs in each cluster and manually checked according to a
previous study (11).

For the GSE142853 scRNA sequencing dataset, 3,250 cells
were selected. The FindClusters function was used with a
parameter resolution of 0.5. The remaining data processing
method was the same as that of GSE181279.

IRGs Score

DEGs of each cluster were screened to identify IRGs based on the
ImmPort database (https://www.immport.org/shared/home)
(12), and 212 IRGs within the DEGs were selected for IRGs
scoring with the AUCell (Version 1.12.0) (13). The AUCell R
package scores pathways for each cell were based on gene set
enrichment analysis. According to the area under the curve
(AUC) value of the selected 212 IRGs, gene expression
rankings of each cell were generated to estimate the highly
expressed gene set proportion in each cell. Cells expressing
more genes within the gene set had higher AUC values. The
“AUCell_exploreThresholds” function was used to determine the
threshold to identify gene set active cells. Then, the AUC score of
each cell was mapped to the UMAP embedding using the ggplot2
R package (Version 3.3.5) to visualize the active clusters.

Bulk Sequencing Data Processing

Raw data of GSE33000 was downloaded from the GEO database
using the GEOquery package (Version 2.58.0) (14). DEGs were
calculated using the limma package (version 3.46.0) (15). DEGs
with an adjusted P value <0.05, and an absolute logFC > 0.03
were considered to be significantly dysregulated genes. Volcano
and heatmap plots were drawn using the ggplot2 package
(version 3.3.5). All datasets enrolled in this study are listed in
detail in Table 1.

GO and KEGG Analysis

The DEGs for the NK cluster in GSE181279 and DEGs in
GSE33000 were independently imported into Enrichr, an online
bioinformatic website (https://maayanlab.cloud/Enrichr/) for
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis (16). The top 10 pathways were
selected based on p-value ranking.
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TABLE 1 | The enrolled datasets in the current study.

Datasets Type Platform Sample size (Control/AD) Cells (Control/AD)
GSE181279 scRNA sequencing GPL24676 lllumina NovaSeq 6000 (Homo sapiens) 2/3 10,646/14,033
GSE142853 scRNA sequencing GPL19057 lllumina NextSeq 500 (Mus musculus) 11 1,616/1,634
GSE33000 Microarray GPL4372 Rosetta/Merck Human 44k 1.1 microarray 157/310 -

PPI Network Construction

Protein-protein interaction (PPI) network analysis was
performed using STRING (https://string-db.org/) (17).

RESULTS

scRNA Profiling of PBMCs in AD

The scRNA sequencing dataset (GSE181279) from the GEO
database was analyzed, which included 36,849 PBMCs,
comprising 22,775 cells from AD patients and 14,074 cells
from controls (NC). After filtration, 24,679 cells comprising
14,033 cells from AD patients and 10,646 cells from NC were
retained. The expression characteristics of each sample are
shown in Figure 1A). The nCount_RNA, which represents the
number of unique molecular identifiers (UMI), positively

correlated with nFeature_RNA, which represented the number
of genes, with a correlation coefficient of 0.92 (Figure 1B). The
top 10 HVGs were identified (Figure 1C). SI00A8 and S100A9
are the top two HVGs, which are small calcium-binding proteins
that are highly expressed during inflammatory conditions (18).
PCA identified all 15 PCs with P value <0.05, as visualized
with JackStrawPlot (Figure 1D), eight clusters were identified
using 10 PCs, and the top 10 DEGs of each cluster are
listed (Figure 1E).

These clusters could be assigned to known cell lineages
through marker genes, according to a previous study (11). The
eight clusters were visualized using the t-SNE analysis
(Figure 2A and Table S1). The ellipse-tagged NK cluster
revealed a decreased percentage of NK clusters in the AD
group (Figure 2B). The expression of cell type marker genes is
shown in the dot plot (Figure 2C) and Violin plot (Figure 2D).
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FIGURE 1 | scRNA analysis of PBMCs in AD. (A) The genes (features), counts, and mitochondrial gene percentage of each sample. (B) Correlation between genes
and counts in each sample. (C) HVGs were colored in red, and the top 10 HVGs were labeled. (D) PCs selection using JackStraw function. (E) Heatmap of top 10
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FIGURE 2 | Marker gene expression of each cluster. (A) tSNE projection of 24,679 cells from all PBMCs. Different cell types were colored with unique colors.

(B) tSNE projection of AD and NC groups, respectively. NK cells were labeled with ellipse tag, which were decreased in AD group. (C) Dot plot of cell type marker
genes. Cell specific marker genes were selected according to previous study by Sinha D (11). The color of dots represents average expression, and size of dots
represents average percent of cells expressing selected gene. (D) Violin plot depicts distributions of cell type marker genes in each cluster using density curves.
The width of each violin plot corresponds with the frequency of cells with relevant gene expression level. (E) Cluster distribution in each sample. (F) Cluster
distribution in AD and NC group. The percent of NK cluster was decreased in PBMC of AD group. * means, P < 0.05 compared with NC group.

The number and proportion of cells in each cluster are shown in
Figure 2E and Table 2, respectively. The NK cluster was
significantly reduced in the AD group compared with the NC
group (5% vs. 21%), while the CD4 T cells showed an increasing
trend in the AD group (Figure 2F). In the subsequent analysis,
we mainly focused on the NK cluster of the PBMCs.

IRG Scores of PBMC Cell Clusters in AD

To investigate the IRG expression characteristics of PBMCs in
AD, DEGs of each cluster were screened to generate IRGs based
on the ImmPort database, which summarized IRGs from
published studies, and 212 IRGs were obtained from DEGs of
each cluster in PBMCs (Table S2). The AUCell R package was
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TABLE 2 | Cell numbers of each cluster.

Cluster 0 1 2 3 4 5 6 7
AD1 1568 1609 1603 369 216 49 6 15
AD2 1496 1739 977 225 644 74 31 76
AD3 1323 1139 343 129 322 46 29 5
NC1 1823 1408 1237 862 596 112 63 5
NC2 1386 1328 1009 475 257 34 41 10

used to determine the IRG activity of each cell line (Figure 3A).
Cells expressing more genes exhibited higher AUC values, and
these cells were mainly in NK and DC cells, colored in yellow
(Figure 3B). As NK clusters were remarkably decreased in the
AD group (Figures 2B, F), we further performed GO and KEGG
analysis of DEGs in the NK cluster from PBMCs. These terms
were mainly related to antigen processing and immune response
(Figures 3C, D).

DEGs of AD Brain From Bulk

Sequencing Data

To investigate the expression features of brain tissues in AD, the
bulk RNA sequencing dataset GSE33000, which included 310
AD patients and 157 controls, was analyzed to explore DEGs in
AD brains and screen the common IRGs between PBMCs and
brain tissues. DEGs with adjusted P values < 0.05, and [logFC| >
0.03 were selected (Table S3). Thereafter, 5339 up and 5542

down-regulated DEGs were retained in AD brains (Figure 4A).
A heatmap of the top100 upregulated and top100 downregulated
DEGs is shown, and relative consistency was observed within
groups (Figure 4B). Interestingly, similar to the expression
features of the NK cluster in the PBMC of AD, the top 10 GO
terms of DEGs in AD brains also focused on immune response
(Figures 4C, D). These data indicate that DEGs of the NK cluster
in AD PBMCs shared similar GO terms with DEGs in AD brains,
suggesting a potential role of NK cells in the brain of
AD patients.

Common IRGs and Relevant Regulatory
Transcription Factors

As GO of DEGs in NK cluster from PBMCs and GO of DEGs
from AD brains mainly focused on immune response, we further
investigated the common expression characteristics of IRGs
between peripheral NK cells and the AD brain. A total of 70
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common IRGs were found in both the PBMC NK cluster and AD
brains (Figure 5A and Table S4). Expression of the top 40
common IRG DEGs in GSE33000 was mainly active in the NK
cluster from PBMCs (Figure 5B).

To investigate the transcriptionally regulated activity of IRGs,
a list of 1665 TFs was obtained from HumanTFDB (http://
bioinfo life.hust.edu.cn/HumanTFDB/#!/) (19). 34 TFs in the
AD NK cluster from PBMCs and 765 TFs in the AD brain
were retained. Furthermore, 17 common TFs were expressed in
both the AD peripheral NK cluster and the AD brain
(Figure 5C). The FindAllMarkers function was applied using
default parameters (only.pos = TRUE, min.pct = 0.25,
logfc.threshold = 0.25). In this situation, only positive genes
expressed in more than 25% of cells were selected with a logFC
cutoff of 0.25. A total of 1979 unique marker genes were
identified among all clusters. For the NK cluster, a total of 778
marker genes were identified, and only 34 genes belonged to TFs.
Therefore, the overlapping TFs among peripheral NK marker
genes, DEGs in AD brains, and TF database were only 17. The
expression of the 17 TFs in GSE33000 and AD peripheral NK
clusters is shown (Figures 5D, E). Thirteen TFs were
upregulated in the AD brain, and all 17 TFs were active in NK
and NKT cells. The PPI network suggests that STAT3 may play a
critical role as a hub gene in the transcriptional regulation of
IRGs (Figure 5F).

Confirmation of NK Infiltration in AD Brain

To confirm infiltration of NK cells into the brain. We selected the
scRNA sequencing dataset GSE142853 from the GEO database,
which sequenced sorted NK cells from the brains of 3XTg-AD
mice. A total of 3,250 cells, including 1,634 cells from AD mice
and 1,616 cells from NC mice. Ten clusters were generated
(Figure 6A). The percentage of cluster 6 was higher in the AD
group than in the NC group (4.6% vs. 2.9%) (Figure 6B). The
cytotoxic molecule (Cstd), pro-inflammatory chemokines (Ccl3,
Ccl4), adhesion molecules (Icaml), and NK cell activation
molecules (Tbx21, Nfatcl, Nfkbia, and Klra9) were highly
expressed in cluster 6 (Figures 6C, D). Moreover, SingleR and
Celldex R packages were used to annotate these clusters, and the
prediction accuracy was calculated using scores. SingleR is an
automatic annotation method used for scRNA sequencing data
(20). SingleR provides a reference expression dataset of samples
with known cell type labels, and it can label new cells based on
similarity to the reference. The celldex R package provides an
easy way to apply the SingleR package for the annotation of
scRNA sequencing data. Higher scores represented more
accurate predictions, and NK cells were annotated with the
highest score. The results showed that 9 of the 10 clusters in
GSE142853 were annotated as NK cells, while one cluster was
annotated as microglia. Both NK and microglia annotations were
labeled in yellow, representing higher accuracy (Figure 6E). The
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tSNE plot showed a very small proportion of microglia and the
majority of NK cells in the brains of 3XTg-AD mice (Figure 6F).
Taken together, the GSE142853 dataset confirmed the
occurrence of NK cells in AD brains, and some of the
infiltrated circulating NK cells were activated in the AD brain.

DISCUSSION

Neuroinflammation is a pathological hallmark of AD, and
clonally expanded CD8" TEMRA cells have been found in

both peripheral mononuclear cells and cerebrospinal fluid
(CSF) of AD patients (21). The functional link between the
peripheral immune system and the CNS is increasingly
recognized. The proteomic landscape of peripheral blood
revealed several biomarkers for AD diagnosis, including
peripheral inflammatory biomarkers (22-24). In AD, high
inflammation, reactive microglia, leaky BBB, buildup of
plaques, and NFTs attract infiltration of peripheral immune
cells that interact with resident microglia. The CNS and
peripheral immune systems interact to contribute to AD
(25, 26). CD8 * T cells infiltrated the brains of APP-PSIAD
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FIGURE 6 | scRNA analysis of NK cells in AD brain. (A) tSNE projection of 3,250 cells from all NK cells isolated from brain of AD mice. (B) Cluster distribution in
each sample. (C) Dot plot of NK related genes. (D) Violin plot of NK related genes. (E) Score plot of cluster annotation by singleR package. (F) tSNE projection of

transgenic mice and regulated the expression of synapse- and
neuronal-related genes (27). However, little is known about the
infiltration of NK cells into the AD brain.

NK cells are a subgroup of cytotoxic lymphocytes that belong
to the innate immune system. NK cells respond and kill cells
quickly upon activation without pre-stimulation (28). NK cells
release cytotoxic granules to initiate apoptosis in other cells or
release inflammatory cytokines, including IFN-vy, to stimulate
other immune cells (29). The cytotoxic activity of peripheral NK
cells is impaired in aged individuals compared to that in young
adults during aging (30). Circulating NK cell infiltration into the
brain has been found in human AD and 3xTg-AD mice (6, 7).

NK cells exhibited enhanced pro-inflammatory profiles in the
brains of 3xTg-AD mice. Depletion of NK cells via anti-NK1.1
antibody remarkably reduced neuroinflammation, enhanced
neurogenesis, and ameliorated cognitive impairment in 3xTg-
AD mice without affecting AP concentrations. After depletion of
NK cells, microglia show a decreased proliferative response and
decreased expression of pro-inflammatory cytokines (7).
Targeting NK cells may shed new light to combat AD.

In this study, we used scRNA sequencing data to illustrate the
landscape of immune cells and IRG characteristics from PBMCs
in AD. A total of eight clusters were identified, and a decreased
proportion of NK cells was found in the AD group compared to
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the NC group (Figure 2F). IRGs are essential for immune cells to
respond to immune stimulation and immune infiltration (31).
An immune gene list including 212 genes was constructed by
combining DEGs of each cluster and immune genes from the
ImmPort database. The IRG scores were calculated for all cells
according to the expression of IRGs, and high scores were mainly
found in NK and DC cells (Figure 3B). In the bulk RNA
sequencing data of the AD human brain, we identified 5,339
upregulated and 5542 downregulated DEGs. The GO analysis of
bulk RNA sequencing data was similar to scRNA sequencing
data from PBMCs, indicating that the peripheral and CNS
showed similar expression characteristics of IRGs in AD.

We further explored the potential regulatory mechanisms of
these common IRGs by investigating TF DEGs. A total of 17
common TFs were found in both peripheral NK cells and AD
brain tissues, among which 13 TFs were overexpressed. PPI
network analysis suggested that STAT3 may be the hub TF
involved in the regulation of IRGs. STAT3 is activated in
infiltrating immune cells in tumors (32). Blockage of STAT3 is
accompanied by decreased NK infiltration and reduced levels of
IEN-y in lymphoma (33). These studies suggest that STAT3 may
play a critical role in NK activation and infiltration into the brain
in AD.

To confirm NK infiltration in the AD brain, we also analyzed
another scRNA sequencing dataset of sorted NKs in the brains of
3XTg-AD mice. The AD mice showed an increased proportion
of activated NK cluster (Figures 6B-D). The singleR package
confirmed the purity of the NK cells (Figure 6E). These data
further confirmed the infiltration and activation of NK cells in
the AD brain.

The BBB is impaired in AD, making infiltration of peripheral
cells into the brain possible. The reduction of NK clusters in
PBMC:s of AD patients raised the speculation of NK infiltration
into the brain. In another scRNA dataset of sorted NK cells from
AD brains (GSE142853), NK cells were confirmed using cell-
specific marker genes. Moreover, several genes representing NK
activation were found to be increased in the subgroups of
infiltrated NK cells in AD brains. The results from GSE142853
confirmed the infiltration and activation of peripheral NK cells.
Taken together, the data from GSE181279 and GSE142853 may
indicate that CNS infiltration leads to the reduction of peripheral
NK cells. However, further in vivo studies are required to validate
the CNS infiltration of peripheral NK cells.

REFERENCES

1. Scheltens P, De Strooper B, Kivipelto M, Holstege H, Chetelat G, Teunissen
CE, et al. Alzheimer’s Disease. Lancet (2021) 397(10284):1577-90.
doi: 10.1016/S0140-6736(20)32205-4

2. Lutshumba J, Nikolajczyk BS, Bachstetter AD. Dysregulation of Systemic
Immunity in Aging and Dementia. Front Cell Neurosci (2021) 15:652111.
doi: 10.3389/fncel.2021.652111

3. Guzman-Martinez L, Maccioni RB, Andrade V, Navarrete LP, Pastor MG,
Ramos-Escobar N. Neuroinflammation as a Common Feature of
Neurodegenerative Disorders. Front Pharmacol (2019) 10:1008.
doi: 10.3389/fphar.2019.01008

In conclusion, we propose that peripheral NK cells may
infiltrate the brain and contribute to neuroinflammatory
changes in AD using bioinformatic analysis combining both
scRNA and bulk sequencing data. Moreover, STAT3 may be
involved in the transcriptional regulation of IRGs, infiltration,
and activation of NK cells.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

AUTHOR CONTRIBUTIONS

XW and YH conceived and designed the study. YL and KL
collected data. XW wrote the paper. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (No. 81801069 to YH, 81901103 for
KL, and No. 81500925 to XW).

ACKNOWLEDGMENTS

We thank Dr.Jianming Zeng (University of Macau), and all the
members of his bioinformatics team, biotrainee, for generously
sharing their experience and codes.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.768966/
full#supplementary-material

4. Engelhardt B, Vajkoczy P, Weller RO. The Movers and Shapers in Immune
Privilege of the CNS. Nat Immunol (2017) 18(2):123-31. doi: 10.1038/ni.3666

5. Zenaro E, Pietronigro E, Della Bianca V, Piacentino G, Marongiu L, Budui S,
et al. Neutrophils Promote Alzheimer’s Disease-Like Pathology and Cognitive
Decline via LFA-1 Integrin. Nat Med (2015) 21(8):880-6. doi: 10.1038/
nm.3913

6. Liu Z, Li H, Pan S. Discovery and Validation of Key Biomarkers Based on
Immune Infiltrates in Alzheimer’s Disease. Front Genet (2021) 12:658323.
doi: 10.3389/fgene.2021.658323

7. Zhang Y, Fung ITH, Sankar P, Chen X, Robison LS, Ye L, et al. Depletion of
NK Cells Improves Cognitive Function in the Alzheimer Disease Mouse
Model. ] Immunol (2020) J205(2):502-10. doi: 10.4049/jimmunol.2000037

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 768966


https://www.frontiersin.org/articles/10.3389/fimmu.2021.768966/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.768966/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.3389/fncel.2021.652111
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.1038/ni.3666
https://doi.org/10.1038/nm.3913
https://doi.org/10.1038/nm.3913
https://doi.org/10.3389/fgene.2021.658323
https://doi.org/10.4049/jimmunol.2000037
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luetal

IRGs and NK Infiltration in AD

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Xu H, Jia J. Single-Cell RNA Sequencing of Peripheral Blood Reveals Immune

Cell Signatures in Alzheimer’s Disease. Front Immunol (2021) 12:645666.
doi: 10.3389/fimmu.2021.645666

. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al.

Integrated Analysis of Multimodal Single-Cell Data. Cell (2021) 184
(13):3573-87.€29. doi: 10.1016/j.cell.2021.04.048

Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast,
Sensitive and Accurate Integration of Single-Cell Data With Harmony. Nat
Methods (2019) 16(12):1289-96. doi: 10.1038/s41592-019-0619-0

Sinha D, Kumar A, Kumar H, Bandyopadhyay S, Sengupta D. Dropclust:
Efficient Clustering of Ultra-Large scRNA-Seq Data. Nucleic Acids Res (2018)
46(6):36. doi: 10.1093/nar/gky007

Bhattacharya S, Dunn P, Thomas CG, Smith B, Schaefer H, Chen J, et al.
ImmPort, Toward Repurposing of Open Access Immunological Assay Data
for Translational and Clinical Research. Sci Data (2018) 5:180015.
doi: 10.1038/sdata.2018.15

Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H,
Hulselmans G, et al. SCENIC: Single-Cell Regulatory Network Inference and
Clustering. Nat Methods (2017) 14(11):1083-6. doi: 10.1038/nmeth.4463
Davis S, Meltzer PS. GEOquery: A Bridge Between the Gene Expression
Omnibus (GEO) and BioConductor. Bioinformatics (2007) 23(14):1846-7.
doi: 10.1093/bioinformatics/btm254

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma Powers
Differential Expression Analyses for RNA-Sequencing and Microarray
Studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007
Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z,
et al. Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server
2016 Update. Nucleic Acids Res (2016) 44(W1):W90-7. doi: 10.1093/nar/
gkw377

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING Database in 2021: Customizable Protein-Protein Networks, and
Functional Characterization of User-Uploaded Gene/Measurement Sets.
Nucleic Acids Res (2021) 49(D1):D605-12. doi: 10.1093/nar/gkaal074
Ryckman C, Vandal K, Rouleau P, Talbot M, Tessier PA. Proinflammatory
Activities of S100: Proteins SI00A8, S100A9, and S100A8/A9 Induce
Neutrophil Chemotaxis and Adhesion. ] Immunol (2003) 170(6):3233-42.
doi: 10.4049/jimmunol.170.6.3233

Hu H, Miao YR, Jia LH, Yu QY, Zhang Q, Guo AY. AnimalTFDB 3.0: A
Comprehensive Resource for Annotation and Prediction of Animal Transcription
Factors. Nucleic Acids Res (2019) 47(D1):D33-8. doi: 10.1093/nar/gky822

Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-Based
Analysis of Lung Single-Cell Sequencing Reveals a Transitional Profibrotic
Macrophage. Nat Immunol (2019) 20(2):163-72. doi: 10.1038/s41590-018-
0276-y

Gate D, Saligrama N, Leventhal O, Yang AC, Unger MS, Middeldorp J, et al.
Clonally Expanded CD8 T Cells Patrol the Cerebrospinal Fluid in Alzheimer’s
Disease. Nature (2020) 577(7790):399-404. doi: 10.1038/s41586-019-1895-7
Bai B, Vanderwall D, Li Y, Wang X, Poudel S, Wang H, et al. Proteomic
Landscape of Alzheimer’s Disease: Novel Insights Into Pathogenesis and
Biomarker Discovery. Mol Neurodegener (2021) 16(1):55. doi: 10.1186/
§13024-021-00474-z

Sattlecker M, Kiddle SJ, Newhouse S, Proitsi P, Nelson S, Williams S, et al.
Alzheimer’s Disease Biomarker Discovery Using SOMAscan Multiplexed

Protein Technology. Alzheimers Dement (2014) 10(6):724-34. doi: 10.1016/
j.jalz.2013.09.016

Park JC, Han SH, Mook-Jung I. Peripheral Inflammatory Biomarkers in
Alzheimer’s Disease: A Brief Review. BMB Rep (2020) 53(1):10-9. doi:
10.5483/BMBRep.2020.53.1.309

Jevtic S, Sengar AS, Salter MW, McLaurin J. The Role of the Immune System
in Alzheimer Disease: Etiology and Treatment. Ageing Res Rev (2017) 40:84—
94. doi: 10.1016/j.arr.2017.08.005

Wryatt-Johnson SK, Brutkiewicz RR. The Complexity of Microglial
Interactions With Innate and Adaptive Immune Cells in Alzheimer’s
Disease. Front Aging Neurosci (2020) 12:592359. doi: 10.3389/fnagi.
2020.592359

Unger MS, Li E, Scharnagl L, Poupardin R, Altendorfer B, Mrowetz H, et al.
CDB8(+) T-Cells Infiltrate Alzheimer’s Disease Brains and Regulate Neuronal-
and Synapse-Related Gene Expression in APP-PS1 Transgenic Mice. Brain
Behav Immun (2020) 89:67-86. doi: 10.1016/j.bbi.2020.05.070

Abel AM, Yang C, Thakar MS, Malarkannan S. Natural Killer Cells:
Development, Maturation, and Clinical Utilization. Front Immunol (2018)
9:1869. doi: 10.3389/fimmu.2018.01869

Prinz M, Priller J. The Role of Peripheral Immune Cells in the CNS in Steady
State and Disease. Nat Neurosci (2017) 20(2):136-44. doi: 10.1038/nn.4475
Vida C, Martinez de Toda I, Garrido A, Carro E, Molina JA, de la Fuente M.
Impairment of Several Immune Functions and Redox State in Blood Cells of
Alzheimer’s Disease Patients. Relevant Role of Neutrophils in Oxidative
Stress. Front Immunol (2017) 8:1974. doi: 10.3389/fimmu.2017.01974

Sun M, Zhang T, Wang Y, Huang W, Xia L. A Novel Signature Constructed by
Immune-Related LncRNA Predicts the Immune Landscape of Colorectal
Cancer. Front Genet (2021) 12:695130. doi: 10.3389/fgene.2021.695130
Verdeil G, Lawrence T, Schmitt-Verhulst AM, Auphan-Anezin N. Targeting
STAT3 and STAT5 in Tumor-Associated Immune Cells to Improve
Immunotherapy. Cancers (Basel) (2019) 11(12):1832. doi: 10.3390/
cancers11121832

Putz EM, Hoelzl MA, Baeck ], Bago-Horvath Z, Schuster C, Reichholf B, et al.
Loss of STAT3 in Lymphoma Relaxes NK Cell-Mediated Tumor Surveillance.
Cancers (Basel) (2014) 6(1):193-210. doi: 10.3390/cancers6010193

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Lu, Li, Hu and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 768966


https://doi.org/10.3389/fimmu.2021.645666
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1093/nar/gky007
https://doi.org/10.1038/sdata.2018.15
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.4049/jimmunol.170.6.3233
https://doi.org/10.1093/nar/gky822
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41586-019-1895-7
https://doi.org/10.1186/s13024-021-00474-z
https://doi.org/10.1186/s13024-021-00474-z
https://doi.org/10.1016/j.jalz.2013.09.016
https://doi.org/10.1016/j.jalz.2013.09.016
https://doi.org/10.5483/BMBRep.2020.53.1.309
https://doi.org/10.1016/j.arr.2017.08.005
https://doi.org/10.3389/fnagi.2020.592359
https://doi.org/10.3389/fnagi.2020.592359
https://doi.org/10.1016/j.bbi.2020.05.070
https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.1038/nn.4475
https://doi.org/10.3389/fimmu.2017.01974
https://doi.org/10.3389/fgene.2021.695130
https://doi.org/10.3390/cancers11121832
https://doi.org/10.3390/cancers11121832
https://doi.org/10.3390/cancers6010193
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Expression of Immune Related Genes and Possible Regulatory Mechanisms in Alzheimer’s Disease
	Introduction
	Methods
	scRNA Sequencing Data Processing
	IRGs Score
	Bulk Sequencing Data Processing
	GO and KEGG Analysis
	PPI Network Construction

	Results
	scRNA Profiling of PBMCs in AD
	IRG Scores of PBMC Cell Clusters in AD
	DEGs of AD Brain From Bulk Sequencing Data
	Common IRGs and Relevant Regulatory Transcription Factors
	Confirmation of NK Infiltration in AD Brain

	Discussion
	Data Availability Statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


