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Transcriptomic Profiling Identifies CD8+ T Cells in the Brain of
Aged and Alzheimer’s Disease Transgenic Mice as Tissue-Resident
Memory T Cells

Barbara Altendorfer,*,†,1 Michael Stefan Unger,*,†,1 Rodolphe Poupardin,†,‡ Anna Hoog,†,‡

Daniela Asslaber,§,{,‖ Iris Karina Gratz,# Heike Mrowetz,*,† Ariane Benedetti,†,**

Diana Marisa Bessa de Sousa,*,† Richard Greil,§,{,‖ Alexander Egle,§,{,‖ David Gate,††,‡‡

Tony Wyss-Coray,††,‡‡ and Ludwig Aigner*,†,§§

Peripheral immune cell infiltration into the brain is a prominent feature in aging and various neurodegenerative diseases such as Alzheimer’s
disease (AD). As AD progresses, CD8+ T cells infiltrate into the brain parenchyma, where they tightly associate with neurons and microglia.
The functional properties of CD8+ T cells in the brain are largely unknown. To gain further insights into the putative functions of CD8+

T cells in the brain, we explored and compared the transcriptomic profile of CD8+ T cells isolated from the brain and blood of transgenic AD
(APPswe/PSEN1dE9, line 85 [APP-PS1]) and age-matched wild-type (WT) mice. Brain CD8+ T cells of APP-PS1 and WT animals had
similar transcriptomic profiles and substantially differed from blood circulating CD8+ T cells. The gene signature of brain CD8+ T cells
identified them as tissue-resident memory (Trm) T cells. Gene Ontology enrichment and Kyoto Encyclopedia of Genes and Genomes
pathway analysis on the significantly upregulated genes revealed overrepresentation of biological processes involved in IFN-b signaling and
the response to viral infections. Furthermore, brain CD8+ T cells of APP-PS1 and aged WT mice showed similar differentially regulated
genes as brain Trm CD8+ T cells in mouse models with acute virus infection, chronic parasite infection, and tumor growth. In conclusion, our
profiling of brain CD8+ T cells suggests that in AD, these cells exhibit similar adaptive immune responses as in other inflammatory diseases of
the CNS, potentially opening the door for immunotherapy in AD. The Journal of Immunology, 2022, 209: 1272�1285.

Alzheimer’s disease (AD) is a neurodegenerative disease
causing severe cognitive decline in the elderly human
population (1, 2). It is the leading cause of dementia and

constitutes an enormous and unmet socioeconomic and health
burden (3�5). Treatments available do not stop disease progres-
sion nor do they regenerate or reinstate functionality (6). AD is
historically characterized by its key hallmarks of protein aggrega-
tion in the brain, namely the formation of amyloid-b plaques and
neurofibrillary tangles, which are assumed as the primary triggers

for neuronal cell death (7, 8). However, AD is a very complex
pathology with severe structural and functional alterations of the
brain, including brain atrophy, neurodegeneration (9), synaptic fail-
ure (10), impaired neurogenesis (11), blood�brain barrier disrup-
tion (12, 13), and increased neuroinflammation (14�16).
Genome-wide association studies (17, 18) and experimental data

illustrated that neuroinflammation, in particular, the innate immune
system represented by microglia, is a major contributor to AD path-
ogenesis (19).
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Besides innate immune responses, very little is known about the
contribution of adaptive immune responses to the pathophysiology
of AD. T cells, as a crucial part of the adaptive immune system,
play a major role in the aging brain (20�23) and might also be
involved in neurodegenerative diseases such as AD (24�29). In the
aged brain, T cells infiltrate into neurogenic niches, where they
contribute to reduced levels of neurogenesis (23) and potentiate
inflammation and leukocyte recruitment following ischemic
brain insult (22). Recently, we and others demonstrated that
most brain-infiltrating T cells are CD81 T cells rather than
CD41 T cells and that the number of CD81 T cells increases
with age and amyloid plaque load in transgenic AD mouse mod-
els (30�33). CD81 T cells seem to form immune synapses with
microglia in the mouse brain (33) and associate with neuronal
processes in mouse as well as human brains (27).
CD81 T cells are a heterogeneous cell population of naive cells,

central memory T (Tcm) cells, effector memory T (Tem) cells, tis-
sue-resident memory (Trm) T cells, and, at least in humans, termi-
nally tissue-resident memory CD81 T cells (34, 35).
The molecular identity and profile of brain CD81 T cells at

advanced stages of AD pathology is so far unknown. In this study,
we isolated CD81 T cells from the brain of APPswe/PSEN1dE9,
line 85 (APP-PS1) transgenic and age-matched (24- to 25-mo-old)
wild-type (WT) mice and performed a detailed analysis on their cel-
lular transcriptome. We compared the gene signature of brain CD81

T cells with the transcriptome of blood-derived CD81 T cells. We
found that several core signature genes of Trm T cells were signifi-
cantly regulated in brain CD81 T cells from APP-PS1 and aged
WT mice, and validated the Trm T cell molecular identity of brain
CD81 T cells by immunohistochemistry (IHC) and flow cytometry.
Due to the upregulation of genes in brain CD81 T cells known for
their interaction in IFN signaling, we compared our genetic dataset
with available genetic data from other studies involving CD81

T cells in an inflamed brain environment (acute virus infection,
chronic parasite infection, and tumor growth). In this study, we
demonstrate a unique gene signature of brain CD81 T cells and the
presence of Trm T cells in aging and AD.

Materials and Methods
Animals

Female and male APP-PS1 mice (36, 37) expressing a chimeric mouse/
human mutant amyloid precursor protein (Mo/HuAPP695swe) and a mutant
human presenilin 1 (PS1-dE9), both directed to CNS neurons under the prion
protein promoter, were used (from The Jackson Laboratory, http://www.jax.
org/strain/005864). Breeding-derived, age-matched nontransgenic mice were
used as WT animals. Mice were housed at the Paracelsus Medical University
Salzburg in groups under standard conditions at a temperature of 22◦C and
a 12-h light/12-h dark cycle with ad libitum access to standard food and
water. Animal care, breeding, handling, genotyping, and experiments were
approved by Local Ethics Committees (BMWFW-66.019/0011-WF/V/3b/
2016). Animal breeding was done under specific pathogen-free conditions.

Perfusion and tissue sectioning

For histology, WT and APP-PS1 mice 24�27 mo of age were used. Mice were
anesthetized by i.p. injection of a ketamine (20.5 mg/ml, Richter Pharma), xyla-
zine (5.36 mg/ml, Chanelle Pharma), and acepromazine (0.27 mg/ml, VANA)
mixture and animals were perfused (manually or with the help of a perfusion
pump) as previously described (31�33, 38). For histology, mice were decapi-
tated and brains were extracted from the skull. Brain hemispheres and spleens
were immersed in 4% paraformaldehyde (in 0.1 M sodium phosphate solution,
pH 7.4) for fixation overnight before being washed in PBS and transferred into
30% sucrose for cryoprotection. When fully soaked with sucrose, brain hemi-
spheres and spleens were cut into 40-mm slices on dry ice using a sliding
microtome (Leica) dividing one brain hemisphere into representative 10ths of
the brain. Sections were stored at −20◦C in cryoprotectant solution (ethylene
glycol, glycerol, 0.1 M sodium phosphate buffer pH 7.4, 1:1:2 by volume).

Flow cytometry and FACS

For flow cytometry analysis and FACS, 24- to 25-mo-old WT and APP-PS1
animals were used (n 5 3�5/group). Blood was drawn from the heart with
EDTA-coated syringes, filtered through a 40-mm mesh, and collected in 50 ml
of PBS containing 0.1 M EDTA. Afterwards, animals were manually perfused
through the left ventricle with ice-cold HBSS containing 15 mM HEPES (all
from Thermo Fisher Scientific) and 0.5% glucose (Sigma-Aldrich) to wash
out the remaining blood in the tissue.

Brain. Brain samples were split in two hemispheres and both hemispheres
per mouse were prepared as previously described (32, 33). In short, each
brain hemisphere (including brainstem and cerebellum) was mechanically
chopped with a razor blade and homogenized in 2 ml of ice-cold HBSS with
15 mM HEPES (all from Thermo Fisher Scientific), 0.5% glucose (Sigma-
Aldrich), and RNasin (1:250, Promega) using a glass homogenizer. Cells
were passed through a 100-mm cell strainer and rinsed twice with 2 ml of
ice-cold HBSS (with 15 mM HEPES and 0.5% glucose). Cell suspensions
were centrifuged at 340 × g for 7 min at 4◦C. Myelin was removed by
resuspending the cell pellet in 30% Percoll (Sigma-Aldrich) solution and
centrifuged at 950 × g for 20 min at 4◦C. The supernatant was carefully
removed and pellets containing cells of interest were diluted in HBSS.

For flow cytometry analysis, left and right brain hemispheres were pooled
and centrifuged for 5 min at 350 × g. Cells were stained in 100 ml of PBS with
fluorescent-labeled primary Abs (for full Ab list, see Supplemental Table I) for
20 min in the dark, centrifuged for 5 min at 350 × g, resuspended in 600 ml of
PBS, filtered using sterile 50-mm CellTrics filters (Sysmex), and measured on a
CytoFLEX flow cytometer (Beckman Coulter). Corresponding isotype controls
were used for all stainings.

For FACS, the cells were centrifuged at 300 × g for 10 min at 4◦C. Pellets
were resuspended in PBS containing fixable viability dye eFluor 780 (1:2000,
eBioscience, no. 65-0865) and incubated for 3�10 min at room temperature
(RT) and transferred to round-bottom polystyrene tubes (Corning). After centri-
fugation for 5 min at 300 × g, cell pellets were dissolved in FACS buffer
(PBS with 2% BSA and 2 mM EDTA) containing rat anti-mouse CD16/CD32
Fc Block (1:100, BD Biosciences, no. 553141) for 5 min at RT. Primary
fluorescent-labeled Abs were added and Ab incubation was performed for
45 min at 4◦C in the dark. Samples were washed in FACS buffer twice and
centrifuged at 400 × g for 5 min. Finally, cell pellets were resuspended in
800 ml of FACS buffer with RNasin (1:250, Promega) and filtered with a
30-mm cell strainer.

Blood. For flow cytometry analysis, 50 ml of whole blood was stained with
fluorescent-labeled primary Abs (for full Ab list, see Supplemental Table I)
in 50 ml of PBS for 20 min in the dark. RBCs were lysed with 1× FACS
lysing solution (BD Biosciences) until the solution was clear and centrifuged
for 5 min at 350 × g. Cells were measured in 200 ml of PBS on a Cyto-
FLEX flow cytometer (Beckman Coulter). Corresponding isotype controls
were used for all stainings.

For FACS, blood samples were incubated for 7�10 min with 1× RBC
lysis buffer (eBioscience). Reaction was stopped with FACS buffer and sam-
ples were centrifuged for 5 min at 500 × g. The supernatant was removed
and cell pellets were resuspended in PBS containing fixable viability dye
eFluor 780 (1:2000, eBioscience, no. 65-0865) for 3�10 min at RT. Samples
were centrifuged for 5 min at 500 × g and supernatant was removed. After-
wards, cell pellets were dissolved in FACS buffer containing rat anti-mouse
CD16/CD32 Fc Block (1:100, BD Biosciences, no. 553141) for 5 min. Pri-
mary fluorescent-labeled Abs were directly added to the samples and sam-
ples were incubated for 30 min at RT in the dark. Samples were washed
with FACS buffer and filtered through a 30-mm cell strainer. After final cen-
trifugation for 5 min at 500 × g, cell pellets were dissolved in 800 ml of
FACS buffer with RNasin (1:250, Promega). Samples were placed at 4◦C
until they were analyzed.

The following primary Abs were used for FACS: CD3 PE (17A2) (1:100,
BD Biosciences, no. 555275) and CD8a FITC (1:100, eBioscience, no. 11-0081).
Single stains and isotype controls were performed with PBMCs for compensation
and verification of the signals. The following isotype control Abs were used for
FACS: PE IgG2b, k (1:100, BD Biosciences, no. 553989), and FITC IgG2a,
k (1:100, eBioscience, no. 11-4321-80). Single living CD3 and CD8 double-
positive (CD31CD81) cells were gated (see Fig. 1D) and sorted from brain and
blood samples using the BD FACSAria III cell sorter (BD Biosciences) with BD
FACSDiva software (8.0.1, BD Biosciences). In general, ∼104 CD31CD81

T cells were sorted from total brains or blood samples directly in RNAlater
(Sigma-Aldrich) and stored at −80◦C. Sort purity was analyzed with sorted
samples for every experiment day using an LSRFortessa flow cytometer
(BD Biosciences). Sorted samples had a purity of ∼95�100% (data not
shown). Representative graphs of flow cytometry data were generated with
Kaluza analysis software 1.3 (Beckman Coulter).
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Magnetic bead cell sorting of blood CD81 T cells and analysis of
transgene expression

Blood from the hearts of four APP-PS1 and four WT 24- to 25-mo-old ani-
mals was collected in 15-ml tubes containing 100 ml of 0.1 M EDTA/PBS.
RBCs were lysed by incubation with 10 ml of 1× RBC lysis buffer for
10 min. After stopping the reaction with FACS buffer, cells were pelleted
and resuspended in 90 ml of PB buffer (PBS with 0.5% BSA [pH 7.2]). Ten
microliters of CD8a MicroBeads (Miltenyi Biotec, no. 130-117-044) was
added for 15-min incubation at 4◦C. After washing, labeled cells were sepa-
rated on MS columns using the OctoMACS separator (Miltenyi Biotec). All
sorted cells from one genotype were pooled together and RNA was isolated
using an RNeasy micro kit (Qiagen) followed by transcription into cDNA
(GoScript reverse transcriptase kit, Promega).

Expression of mutant human presenilin 1 (PS1-DE9) was tested with PCR
using primers specific for PS1 (PS1 reverse, 59-AGC CTA GAC CAC GAG
AAT GC-39, forward, 59-CAG GTG GTG GAG CAA GAT G-39) and
housekeeping gene Ywhaz (Mm.PT.39a.22214831, IDT) as an internal con-
trol. Reaction mix containing 1× PCR buffer mastermix (GoTaq; M7422,
Promega) and 0.5 mM of each primer was denatured at 94◦C, followed by
35 cycles of 94◦C for 1 min, 63◦C for 1 min, and 72◦C for 2 min. As a posi-
tive control, genomic DNA (gDNA) was isolated from tissue collected during
the marking of the animals with ear punches using an NEB Monarch geno-
mic purification kit. Result visualization was performed with an Intas gel doc-
umentation system after running PCR samples on a 2% agarose gel. Both
cDNA and gDNA of either APP-PS1 or WT animals produced a 147-bp
band from amplification of the housekeeping gene Ywhaz, confirming reli-
ability. gDNA of APP-PS1 tissue produced an additional band at 1200 bp for
the PS1 transgene, as expected.

Fluorescence IHC

IHC of mouse tissue was performed on free-floating sections as previously
described (32, 38, 39). In short, Ag retrieval was performed depending on
the used primary Ab by steaming the sections for 15�30 min in 1× citrate
buffer (pH 6.0, Sigma-Aldrich). After blocking unspecific Ab binding sites,
sections were incubated on a shaker overnight at RT with the following pri-
mary Abs: rat anti-CD8a (1:100, eBioscience, clone 4SM16), rabbit anti�
collagen IV (1:500, Abcam), goat anti�collagen IV (1:300, Millipore), and
Abs for T cell phenotyping (see Supplemental Table I). Sections were
extensively washed in PBS and incubated for 4 h at RT in appropriate fluo-
rescent-labeled secondary Abs (Invitrogen or Jackson ImmunoResearch
Laboratories, all diluted 1:1000).

Nucleus counterstaining was performed with DAPI (1 mg/ml, 1:2000,
Sigma-Aldrich). For amyloid-b plaque staining, Thioflavin S (1 mg/ml,
1:625, Sigma-Aldrich) was added to the secondary Ab solution. Tissue sec-
tions were additionally treated with 0.2% Sudan black (Sigma-Aldrich) in
70% ethanol for 30 s to reduce the autofluorescence in tissue from old ani-
mals (40). After this treatment, the sections were extensively washed in
PBS and mounted onto microscope glass slides (Superfrost Plus, Thermo
Scientific). Brain sections were coverslipped semidry in ProLong Gold
antifade mountant (Life Technologies).

To verify the different immune cell/T cell markers and their expression
in brain tissue, we used spleen tissue as positive controls for our Ab
stainings.

Confocal microscopy and image processing

For fluorescence imaging, the confocal laser scanning microscopes LSM 700
and LSM 710 from Zeiss were used and gratefully provided by the micros-
copy core facility of Spinal Cord Injury and Tissue Regeneration Center
Salzburg. Images were taken with the ZEN 2011 SP3 or SP7 (black edition)
software (all from Zeiss). For qualitative analysis of CD81 T cell location
and costaining with various other immune markers, we took images as con-
focal z stacks in ×40 or ×63 oil magnification of cortical and hippocampal
brain regions. Images were combined to merged maximum intensity projec-
tions and edited as well as processed with the ImageJ/Fiji software (version
1.53c) and Microsoft PowerPoint. For quantification, z stacks of CD81

T cells in the hippocampus of WT and APP-PS1 mice were taken with ×40
oil magnification. CD81 T cells were counted on at least nine images
(320 × 320 mm) from three or four different sections with three to five
images per section using ImageJ’s cell counter plugin. This resulted in an
average of ∼50 analyzed cells per animal.

RNA isolation and mRNA sequencing

An RNeasy micro kit (Qiagen) was used to isolate the RNA from the sorted
CD31CD81 T cells. Isolation procedure was performed according to the
manufacturer’s instructions using an elution volume of 14 ml. The elution
step was carried out twice to increase the yield.

The mRNA sequencing (mRNA-seq) was performed by Qiagen
using QIAseq UPX 39 transcriptome analysis according to the man-
ufacturer’s protocol. All analyses by the company were carried out
using CLC Genomics Workbench (version 20.0.3) and CLC Genomics
Server (version 20.0.2).

Statistical analysis

For statistical analysis of CD81 T cell marker expression (via IHC and
flow cytometry), the software GraphPad Prism 9 was used. Differences
between two groups were identified using the Student t test, whereas differ-
ences between more than two groups were detected via ordinary one-way
ANOVA, followed by Šı́dák’s multiple comparisons test. A p value <0.05
was considered statistically significant.

Bioinformatics analysis

Quality control of raw sequencing data was conducted using the FastQC
tool (41). Reads were then mapped to the genome (Mus musculus
genome GRCm38) using bowtie2 (version 2.2.2) (42). Reads that overlap
with genes were then counted using the HTSeq tool (version 0.11.2, -m
intersection-nonempty -s no -i gene_id -t exon) (43). Expression values of
protein coding genes were first normalized and differential expression
analysis between the different groups was conducted using DESeq2 (44).
Genes were considered significantly differentially transcribed with a p
value <0.05. Validation of some genes was performed by IHC for respec-
tive protein expression. Enrichment analysis for Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
were conducted using the clusterProfiler package in R (45). Benjamini
and Hochberg multiple testing correction was used to adjust raw p values
for multiple testing (an adjusted p value <0.05 was considered signifi-
cant). To summarize and simplify the GO term enrichment results, we
used the rrvgo package (https://ssayols.github.io/rrvgo) (46) to draw tree-
map plots.

We compared our results with the data from Wakim et al. (47), Landrith
et al. (48), and Khalsa et al. (49). For Wakim et al., we downloaded the raw
files from the Gene Expression Omnibus (GEO) database (GSE39152) and
used the oligo package to conduct RMA (robust multiarray analysis) back-
ground correction and quantile normalization. Values were then log2 trans-
formed and differential expression analysis was conducted using the limma
package (50). We focused on comparing CD1031 versus CD103− CD81

T cells in the brain and on comparing brain T cells to splenic T cells. Genes
with an adjusted p value <0.05 (Benjamini and Hochberg multiple testing
correction) were considered significantly differentially transcribed. For Land-
rith et al. (48) and Khalsa et al. (49), raw read counts were downloaded
from the GEO database (GSE151414 and GSE95105) and DESeq2 was used
to normalize and conduct differential expression analysis as explained above.
In this study, we compared expression from tumors CT2A and GL261
against control and checked for overlap of differentially expressed genes
(DEGs) with our datasets. For Landrith et al. (48) we compared our
data to the comparisons CD1031/− brain versus CD1031/− spleen and
CD1031 brain versus CD103− brain.

Results
Isolation of blood and brain CD81 T cells via FACS

To characterize the molecular identity of brain-infiltrating
CD81 T cells at late disease stages in APP-PS1 mice, we iso-
lated CD3 and CD8 double-positive (CD31CD81) T cells from
the brain and blood of old WT and APP-PS1 mice (24�25 mo
old) and performed mRNA-seq analysis on their cellular tran-
scriptome (Fig. 1A). We recently reported that CD81 T cell
infiltration into the brain starts around 10 mo of age in APP-
PS1 mice and around 1.5 y of age in WT mice. The number of
CD81 T cells in the brain increases with the age of the animals,
peaking at 1.5 y of age in APP-PS1 mice and at 2 y of age in
WT mice (32). For the current study, we decided to isolate CD81

T cells from 24- to 25-mo-old mice, because these animals show
the highest number of brain CD81 T cells (32), allowing higher
recovery yields. At this age, WT and APP-PS1 mice showed
CD81 T cells located in the brain parenchyma outside of collagen
IV immunolabeled cerebral blood vessels (Fig. 1B, 1C). In APP-
PS1 mice, CD81 T cells were also observed directly at sites of
amyloid plaques (Fig. 1C, asterisk).
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For cell isolation, we used FACS of immunolabeled T cells and
sorted only living, single CD31CD81 T cells from the total brain and
blood samples of WT and APP-PS1 mice (Fig. 1D). About 1 × 104

CD3
1
CD8

1
T cells (hereafter referred to as CD8

1
T cells) were

sorted per blood and brain sample, and isolated cells had a purity of
∼95�100% (data not shown).

FIGURE 1. Isolation of blood and brain CD81 T cells. (A) Experimental setup. CD31 CD81 T cells were isolated from the brain and blood of WT and
APP-PS1 mice using FACS and subsequently profiled using mRNA-seq analysis. The image was created with BioRender.com. (B and C) Representative
immunohistochemistry images of CD8 (red)- and collagen IV (white)�stained hippocampus brain sections of WT (B) and APP-PS1 mice (C). CD81 T cells
were identified directly in the brain parenchyma (yellow arrows). (D) Representative plots of FACS gating strategy: single, living CD31CD81 T cells were
isolated from the blood and brain homogenates. Sort purity was regularly analyzed. Scale bars, 25 mm (A, B), 20 mm in inserts (A, B).
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Transcriptomic profile of blood CD81 T cells remarkably differs
between genotypes whereas brain CD81 T cells cluster together

To characterize the cellular transcriptome of brain and blood-sorted
CD81 T cells, we performed 39 mRNA-seq analysis. Unsupervised
principal component analysis of gene expression data revealed dis-
tinguishable differences between APP-PS1 and WT blood CD81

T cells and a high degree of similarity between APP-PS1 and WT
brain CD81 T cells. Independent of the genotype, samples clustered
by CD81 T cell origin (i.e., blood versus brain), indicating differ-
ences between brain and blood CD81 T cells, which were more
pronounced in APP-PS1 samples (Fig. 2A).
Next, we analyzed the number of significantly DEGs in brain and

blood CD81 T cells from WT and APP-PS1 mice. By comparing
gene profiles based on the cell origin (brain versus blood), 442
DEGs were detected on WT CD81 T cells (Fig. 2B, 2C) and 595
DEGs were detected on APP-PS1 CD81 T cells (Fig. 2B, 2D).
Brain CD81 T cells from APP-PS1 and WT shared 97 DEGs. By
comparing gene profiles based on the animal’s genotype (APP-PS1
versus WT), 488 DEGs were detected on blood CD81 T cells
(Fig. 2B, 2E) and 311 DEGs were detected on brain CD81 T cells
(the smallest number of DEGs across all comparisons) (Fig. 2B, 2F).
In APP-PS1 mice, APP and PS1 transgenes are expressed under the
prion promoter, which is also present in CD81 T cells (51). To rule
out that genotype-dependent differences in blood CD81 T cells
resulted from T cell transgene expression, we analyzed transgenic
PS1 expression in blood CD81 T cells. Similarly to WT CD81

T cells, APP-PS1 CD81 T cells showed no transgene expression
(Supplemental Fig. 1A), suggesting that differences in blood CD81

T cells were likely disease related.
A full list with all significantly DEGs for each comparison

was uploaded to the National Center for Biotechnology Infor-
mation GEO and is accessible through GEO series accession
number GSE180746 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE180746) together with the raw data.

Brain-derived CD81 T cells from aged APP-PS1 and WT mice have
a similar transcriptomic profile as Trm CD81 T cells

Among the most significantly downregulated DEGs in brain versus
blood CD81 T cells of WT and APP-PS1 mice were Klf2 and Klf3
(Krüppel-like factor 2/3) (Fig. 2C, 2D, Tables I, II). These genes are
highly expressed in naive T cells but downregulated upon T cell
activation (52, 53). The gene Ccr7, an important gene involved in
T cell migration and, through downregulation, in the formation of
memory T cells (54�56), was significantly downregulated in
CD81 T cells from APP-PS1 and WT brain compared with blood
(Fig. 2C, 2D, Table II). Interestingly, Ccr7 was one of the most
significantly upregulated DEGs in APP-PS1 blood CD81 T cells
compared with WT blood CD81 T cells (Fig. 2E). Sell (CD62L),
required for lymph node homing and lowly expressed in effector
and memory T cells (57), was also downregulated in brain CD81

T cells (Fig. 2C, 2D). In brain CD81 T cells, increased expression
of the gene Pdcd1 for the programmed cell death protein 1 (PD-1)
was observed. PD-1 plays an important role in diminishing the
cytotoxic effects of CD81 T cells and was found to be upregulated
in brain CD81 Trm T cells from viral infection models (58, 59).
Cxcr6 was the most significantly upregulated gene in the brain

CD81 T cells of APP-PS1 mice and was also among the top 10
upregulated genes in WT brain CD81 T cells (Tables I, II). Cxcr6
is an important chemokine receptor highly involved in migration
and localization of Trm T cells, being highly expressed in Trm
CD81 T cells isolated from other peripheral organs (60, 61). Brain
CD81 T cells also upregulated other genes known to be expressed
by memory T cells and related to T cell activation, including Xcl1

(lymphotactin) (62), Isg20 (IFN-stimulated gene) (47), and Litaf
(LPS-induced TNF factor) (63) (Fig. 2C, Tables I, II).
In summary, the genetic profile of APP-PS1 and WT brain CD81

T cells indicates that these cells represent a memory T cell type
with a Trm T cell phenotype.

Flow cytometry and IHC analysis confirmed the presence of Trm
CD81 T cells in the brain of aged WT and APP-PS1 animals

To further investigate the tissue-resident profile of brain CD81

T cells and validate our mRNA-seq data, we used IHC and flow
cytometry for detailed analysis of brain and blood CD81 T cells
of WT and APP-PS1 mice (24�25 mo old) (Figs 3, 4). We ana-
lyzed the expression of proteins associated to Trm T cells, which
are translated from DEGs of our dataset (i.e., ISG20, LITAF,
CXCR6, CCR7, CD62L) (Fig. 2C, 2D), or that are known from
the literature to be highly expressed in Trm T cells (i.e., CD103).
The list of Abs used for IHC and flow cytometry is provided in
Supplemental Table I. The gating strategy for flow cytometry is
presented in Supplemental Fig. 1B.
We focused our IHC analysis on brain CD81 T cells located in

the hippocampus, where the amyloid plaque load is high in APP-
PS1 mice (Figs. 3, 4) and we included spleen tissue of APP-PS1
mice as a positive control to verify our IHC Ab stainings. Hippo-
campal CD81 T cells expressed proteins related to the top upregu-
lated genes identified in our mRNA-seq analysis, including ISG20
and LITAF (Fig. 3A, 3C). ISG20 is an antiviral exoribonuclease
and therefore has direct antiviral properties (64), whereas LITAF
regulates the expression of various cytokines and TNF (65, 66).
Quantification of ISG201CD81 T cells in the hippocampus of WT
and APP-PS1 mice revealed similar percentages of cells in both
genotypes (WT, 21 ± 11%; APP-PS1, 30 ± 9%) (Fig. 3B). The
percentage of LITAF1CD81 T cells was lower (WT, 6 ± 2%;
APP-PS1, 8.5 ± 2.5%), but again without a significant difference
between genotypes (Fig. 3D).
As expected, based on our mRNA-seq data, we could hardly

detect any protein expression for the chemokine receptor CCR7 or
the L-selectin CD62L (protein translating from Sell gene) in the
brain of APP-PS1 mice (Fig. 4A, 4C). In addition, analysis of brain
and blood CD81 T cells of WT and APP-PS1 animals by flow
cytometry confirmed the downregulation of CCR7 and CD62L in
the brain in comparison with blood CD81 T cells (Fig. 4B, 4D).
The expression of CCR7 in the brain was so low that we had to
rely on the mean fluorescence intensity ratio instead of the percent-
age of cells expressing this marker. CCR7 and CD62L are both
involved in the formation of memory T cells and are not expressed
in Tem cells or Trm T cells localized in peripheral tissues (34).
Upregulation of CCR7 in blood CD81 T cells of APP-PS1 com-
pared with WT was not detected by flow cytometry, suggesting that
the upregulation may only occur at the RNA level and does not
affect protein expression.
In the hippocampus, we observed coexpression of the tissue-

resident T cell marker CXCR6 (Fig. 3E), a chemokine receptor
also expressed on activated T cells (34, 60, 67). Interestingly, cell
counting of CXCR61CD81 T cells revealed a high abundance of
this marker. In the WT, ∼50% of the CD81 T cells were positive
for CXCR6 (51.6 ± 8.8%) with significantly higher expression
levels in APP-PS1 animals (67 ± 9.3%) (Fig. 3F).
CD103 is a commonly used marker for the detection of Trm

T cells in peripheral tissues (68). We assessed the number of
CD1031CD81 Trm T cells in the blood and brain of APP-PS1
and WT mice via flow cytometry analysis. We observed increased
percentages of CD1031CD81 T cells in the APP-PS1 brain
(16 ± 7.5%) compared with blood (4 ± 6%), but also in compari-
son with WT brain (8 ± 5%) (Fig. 4F). In the hippocampus,
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predominantly at sites of amyloid plaques, we observed few single
CD1031CD81 T cells as opposed to CD103−CD81 T cells (Fig. 4E,
arrow).

We additionally characterized brain CD81 T cells for their cyto-
toxic activity, which is one of the best known functions of CD81

T cells. We analyzed the presence of granzyme B (GZMB)�positive

FIGURE 2. Results of the mRNA-seq analysis from brain- and blood-isolated CD81 T cells. (A) Principal component analysis of brain and blood samples
from WT and APP-PS1 mice (n 5 3�5/group). (B) Venn diagram with numbers of significantly regulated genes in all four comparisons. (C�F) Volcano plots
showing significantly regulated genes for the comparisons (C) WT brain versus WT blood, (D) APP-PS1 brain versus APP-PS1 blood, (E) APP-PS1 blood
versus WT blood, and (F) APP-PS1 brain versus WT brain. Genes with a p value <0.05 were considered as significantly differentially expressed (blue indi-
cates downregulated, red indicates upregulated). PC2, second principal component.
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vesicles in APP-PS1 brain CD81 T cells. However, we did not
detect GZMB expression in brain CD81 T cells (Supplemental
Fig. 2A). We also investigated the TCR composition of brain
CD81 T cells to exclude the presence of recently discovered rare
TCRgd T cell populations that are involved in synaptic plasticity
and short-term memory formation (69). CD81 T cells in the brain
of APP-PS1 mice did not express TCRgd, concluding the presence
of a broad CD81 T cell population with TCRab composition
(Supplemental Fig. 2B).

GO enrichment and KEGG pathway analysis demonstrates
upregulation of genes associated with type I IFN signaling pathways

To better characterize and understand the phenotype of brain CD81

T cells in the transgenic AD disease model, we performed GO
enrichment analysis on the significantly DEGs. Full tables contain-
ing GO enrichment data are available upon request. In APP-PS1
brain CD81 T cells compared with the blood, the GO terms for the
biological processes “response to interferon-beta” and “response to
virus” were significantly overrepresented (Fig. 5). Interestingly, the
same biological processes were also upregulated in WT brain CD81

T cells (Supplemental Fig. 2C). Genes enriched in both genotypes
included Isg20, Isg15, and genes of the IFN-induced IFIT family
(Ifit1, Ifit3 and Ifit3b). Genotype-specific upregulated genes included
Ifnar2 and Apobec3 for APP-PS1, and Il10rb as well as Oas3 for
WT. All of these genes are involved in either IFN signaling or viral
response.
In addition, KEGG pathway analysis revealed that significantly

upregulated genes in brain versus blood APP-PS1 CD81 T cells
(Table III) are involved in pathways known for virus infections,
including “Epstein-Barr virus infection,” “Kaposi sarcoma-associ-
ated herpesvirus infection,” and “Human immunodeficiency virus 1
infection.” The same analysis for significantly upregulated genes in
WT brain CD81 T cells compared with blood cells revealed no sig-
nificant upregulation of KEGG pathways.
In summary, these data indicate that brain CD81 T cells of aged

APP-PS1 and WT mice have an upregulated set of genes that play
key functions in CD81 T cell responses to type I IFN�related path-
ways such as viral infections, and in view of the KEGG pathways
analysis, this upregulation is more pronounced in APP-PS1 than
aged WT animals.

Table I. Top 10 most significantly upregulated and downregulated genes in WT brain versus WT blood CD81 T cells sorted after p values

Gene Description Fold Change (log2) p Value (<0.05)

Xcl1 Chemokine (C motif) ligand 1 2.13 2.95E−09
Isg20 IFN-stimulated protein 2.29 8.55E−07
Dusp2 Dual specificity phosphatase 2 2.00 1.80E−05
Cxcr6 CXCR6 1.24 4.88E−05
Mdfic MyoD family inhibitor domain containing 4.73 9.32E−05
Itga1 Integrin a1 3.11 9.11E−05
Trnt1 tRNA nucleotidyl transferase, CCA-adding, 1 2.97 7.63E−05
Pmepa1 Prostate transmembrane protein, androgen-induced 1 2.59 1.18E−04
Cish Cytokine inducible SH2-containing protein 1.49 4.14E−04
Chd3 Chromodomain helicase DNA binding protein 3 1.11 4.03E−04
Klf2 Krüppel-like factor 2 (lung) −2.34 4.40E−14
Hbb-bs Hemoglobin, b adult S chain −3.63 2.98E−10
Klf3 Krüppel-like factor 3 (basic) −2.24 1.60E−09
Hba-a2 Hemoglobin a, adult chain 2 −3.83 3.01E−09
Gzmm Granzyme M (lymphocyte met-ase 1) −3.82 3.72E−08
Ccl5 CCL5 −1.19 9.64E−08
Hba-a1 Hemoglobin a, adult chain 1 −3.89 2.25E−07
Gzma Granzyme A −3.44 4.27E−05
Arl4c ADP-ribosylation factor-like 4C −1.31 7.63E−05
Hbb-bt Hemoglobin, b adult T chain −3.74 8.49E−05

Table II. Top 10 most significantly upregulated and downregulated genes in APP-PS1 brain versus APP-PS1 blood CD81 T cells sorted after
p values

Gene Description Fold Change (log2) p Value (<0.05)

Cxcr6 CXCR6 1.90 1.20E−05
Ccnd2 Cyclin D2 1.40 8.22E−05
Id2 Inhibitor of DNA binding 2 1.08 1.11E−04
Isg20 IFN-stimulated protein 3.61 1.35E−04
Efhd2 EF hand domain containing 2 1.74 1.58E−04
Litaf LPS-induced TNF factor 5.22 1.67E−04
Xcl1 Chemokine (C motif) ligand 1 2.27 1.70E−04
Ppp1r16b Protein phosphatase 1, regulatory subunit 16B 1.55 2.43E−04
Casp1 Caspase 1 2.08 6.58E−04
Rnf115 Ring finger protein 115 4.41 8.36E−04
Klf2 Krüppel-like factor 2 (lung) −3.37 7.18E−17
Klf3 Krüppel-like factor 3 (basic) −3.90 6.34E−13
Ccr7 CCR7 −4.73 1.38E−09
Hbb-bs Hemoglobin, b adult S chain −4.22 2.84E−08
Hba-a2 Hemoglobin a, adult chain 2 −4.36 5.78E−08
Ier2 Immediate early response −2.17 1.94E−07
Hba-a1 Hemoglobin a, adult chain 1 −4.98 1.96E−07
Limd2 LIM domain containing 2 −1.22 9.24E−06
Lef1 Lymphoid enhancer binding factor 1 −2.20 1.17E−05
Junb Jun B proto-oncogene −1.39 2.46E−05
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Brain CD81 T cells of aged APP-PS1 and WT mice express a gene
signature related to brain Trm T cells in acute and chronic
inflammation models

Based on the upregulation of Trm T cell�related genes and genes
known from type I IFN signaling, we compared the RNA-seq profile
from sorted brain CD81 T cells with the transcriptome of brain
CD81 Trm T cells isolated from inflammation models known to
involve CD81 Trm T cells. We chose two studies in which CD81

T cells were sorted from the brain after acute infection by vesicular
stomatitis virus (47) or chronic parasite infection by Toxoplasma
gondii (48) and one study profiling the immune microenvironment of
brain tumors (49). In two studies of CNS pathogenic infection, the
authors differentiated CD1031CD81 Trm T cells from CD103−CD81

T cells for transcriptome analysis. As we did not discriminate CD81

T cells for CD103 expression in our brain or blood samples, we ana-
lyzed our data first in comparison with the mixed populations of
CD1031/−CD81 T cells and afterward to CD1031CD81 T cells only.
For the systemic vesicular stomatitis virus infection model of Wakim

et al. (47), we first reanalyzed the microarray data of Wakim et al. to
determine which genes are differentially expressed in CD1031/− brain
cells versus CD103− spleen cells (adjusted p value of <0.05). We
compared this new dataset with the dataset of APP-PS1 CD81 brain

(versus blood) and WT CD81 brain (versus blood) T cells. Two hun-
dred twelve genes were similarly differentially expressed in the CD81

T cells in the brain of APP-PS1 mice (Fig. 6A) as were 203 genes in
the brain CD81 T cells of WT mice (Supplemental Fig. 3A). These
included the genes Xcl1, Isg20, Litaf, Pdcd1, CD8a, Cxcr6, Ccr7,
Sell, and Klf2/3 for both genotypes. In a second step, we compared
our transcriptomic data with the significantly DEGs (adjusted p value
of <0.05) of CD1031 brain versus CD103− brain memory CD81

T cells from Wakim et al. (47). Thereby, we observed that 30 genes
overlapped and were similarly differentially expressed in brain CD81

T cells from APP-PS1 mice (Fig. 6B) and 28 DEGs were shared in
WT mice (Supplemental Fig. 3B). Remarkably, the genes Isg20, Litaf,
Ccr7, Sell, and Klf2/3 were included for both genotypes.
For the chronic parasite infection model of Landrith et al. (48), we

compared our data with the transcriptomic data of CD1031/−CD81

T cells from the brain of mice chronically infected with Toxoplasma
gondii (48). The analysis revealed 163 overlapping DEGs with
APP-PS1 brain CD81 T cells (Fig. 6C) and 122 DEGs with WT
brain CD81 T cells (Supplemental Fig. 3C), respectively. Comparing
our datasets with CD1031 versus CD103− CD81 T cells, we found
101 similar DEGs in APP-PS1 mice (Fig. 6D) and 76 similar DEGs
in the WT mice (Supplemental Fig. 3D), even higher numbers of

FIGURE 3. Immunohistochemistry staining and quantitative colocalization analysis of hippocampal CD81 T cells. (A, C, and E) Representative images of
hippocampal CD81 T cells of APP-PS1 mice. Spleen tissue was used as positive control for Ab stainings. DAPI (blue) was used as a nucleus stain and thio-
flavin S (white) was used to visualize amyloid plaques. Scale bars, 30 mm, inserts 10 mm. (B, D, and F) Quantitative analysis of ISG20, LITAF, and CXCR6
coexpression on CD81 T cells in the hippocampal region of WT and APP-PS1 mice (n 5 4�5). Statistical differences between two groups were assessed via
a Student t test. A p value <0.05 was considered statistically significant.
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overlapping genes than with the acute virus infection model. Interest-
ingly, these genes included again Xcl1, Isg20, Litaf, Cxcr6, CD8a,
Sell, and Klf2/3.
To clarify, if the upregulation of IFN pathway�related genes in

APP-PS1 and WT CD81 T cells was connected to ongoing inflam-
mation in general, we further compared our data with the transcrip-
tomic profile of two different types of brain tumors from the study
of Khalsa et al. (49). Khalsa et al. did not sort for CD81 T cells
but performed RNA-seq on whole brain tissue, either tumor bear-
ing or control. The authors added detailed analysis of cell type
populations via CyTOF (cytometry by time of flight), revealing a
CD81 T cell cluster in the tumor tissue in addition to other
immune cells, such as macrophages, CD41 T cells, and microglia.
The tumors we selected for bioinformatics comparisons included
the tumor CT2A classified as immunologically inert with a high
population of exhausted CD81 T cells, and the tumor GL261 char-
acterized as immunologically active with upregulated pathways
such as “response to virus” and “response to interferon-gamma/
beta.” We found 262 overlapping genes between APP-PS1 brain
CD81 T cells and tumor CT2A (Fig. 6E) and 209 for the same
comparison of WT brain CD81 T cells (Supplemental Fig. 3E),

including the genes Litaf, Pdcd1, Cxcr6, and CD8a. Similar upre-
gulated genes were mainly those involved in pathways for response
to IFN-b (e.g., Isg20, Ifit1/3, and Irf9), whereas overlapping down-
regulated genes were predominantly those involved in cellular and
metabolic processes. The comparisons with the immunologically
more active tumor GL261 resulted in slightly fewer overlapping
genes, with 188 similar DEGs in APP-PS1 brain CD81 T cells
(Fig. 6F) and 158 similar DEGs in WT brain CD81 T cells
(Supplemental Fig. 3F). In both genotypes, the genes Litaf, Isg20,
Pdcd1, Cxcr6, CD8a, and Xcl1 were similarly upregulated together
with genes involved in response to IFN and activation of innate
immune response. Ccr7 and Sell (CD62L) were among the downre-
gulated genes, along with genes that play a role in regulating cellu-
lar processes.
In summary, the transcriptomic profiles of brain CD81 T cells

from APP-PS1 and WT mice show similar expression of genes regu-
lated in acute viral and chronic parasitic infections, with a greater
number of overlapping genes in the latter. Furthermore, CD81 T cells
from the brain of APP-PS1 and WT mice had similar DEGs as cells
from tumor-bearing tissue, indicating regulation of general inflamma-
tory pathways, not limited to pathogen-induced inflammation.

FIGURE 4. Immunohistochemistry staining and flow cytometry analysis of blood and brain CD81 T cells. (A, C, and E) Representative images of hippo-
campal CD81 T cells of APP-PS1 mice. Spleen tissue was used as a positive control for Ab stainings. DAPI (blue) was used as a nucleus stain and thioflavin
S (white) was used to visualize amyloid plaques. Scale bars, 30 mm, inserts 10 mm. (B, D, and F) Flow cytometry analysis of CCR7, CD62L, and CD103
coexpression on CD81 T cells in blood and brain of WT and APP-PS1 mice (n 5 7�8). Statistical differences between the groups were identified via an ordi-
nary one-way ANOVA, followed by Šı́dák’s multiple comparisons test. A p value <0.05 was considered statistically significant.
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Discussion
The present work reveals major differences in the cellular tran-
scriptome of brain and blood CD81 T cells isolated from WT and
APP-PS1 mice. Brain CD81 T cells of APP-PS1 and aged WT
mice presented a molecular gene signature reminiscent of Trm
T cells, which was validated via IHC and flow cytometry analysis.
Similar to brain Trm T cells from CNS pathogenic infections and
brain tumors, brain CD81 T cells from APP-PS1 and aged mice
upregulated genes associated with type I IFN signaling. Further-
more, APP-PS1 mice showed higher numbers of CD1031CD81

and CXCR61CD81 Trm T cells compared with aged WT mice.

Memory T cells in the AD brain

The presence of brain T cells in AD is well documented in humans
(26, 28) and transgenic mouse models (30, 32, 70), but their exact

phenotype and function remain poorly characterized (71, 72). In
transgenic AD mice, CD81 T cells clearly outnumber CD41 T cells
in the brain, but their functions are still controversially discussed
(30, 33, 73, 74). Our study provides a detailed molecular characteri-
zation of brain CD81 T cells in AD transgenic mice, which is
essential to understand the functional role of these cells within the
brain.
Memory CD81 T cells are a very heterogeneous cell popula-

tion, and subtypes include Tcm cells, Tem cells, and Trm T cells
(34, 35). Tcm cells circulate in the blood and migrate back
toward secondary lymphoid tissues, whereas Tem cells and Trm
T cells are predominantly found in peripheral organs at sites of
acute or previous inflammation (34, 54). Memory T cells are
long-lived and provide rapid response upon re-encounter with the
same Ag and/or pathogen (54, 75). Memory T cells can also

FIGURE 5. GO enrichment analysis. Overrepresented GO terms for biological processes of significantly upregulated genes in CD81 T cells from
APP-PS1 brain versus APP-PS1 blood samples. All genes with a p value <0.05 were selected for GO enrichment analysis.

Table III. List of top 10 significantly upregulated KEGG pathways and their corresponding genes in APP-PS1 brain versus APP-PS1 blood CD81

T cells sorted after adjusted p values

Pathway Genes Adjusted p Value (<0.05)

EBV infection Ccnd2/Cd3g/Irf9/Psmd2/Ifnar2/Nfkb2/Cd3e/Nedd4/Isg15/Cdk6/
H2-T22/H2-T22/H2-Q7/H2-Q7/H2-Q6

3.96E−04
Endocytosis Ap2a2/Rabep1/Cblb/Agap2/Smap1/Clta/Nedd4/Eea1/Rab11fip2/

Sh3kbp1/Arf3/H2-T22/H2-T22/H2-Q7/H2-Q7/H2-Q6
3.96E−04

Cellular senescence Ccnd2/Mapkapk2/Ppp3cc/Ppp3ca/Itpr1/Eif4ebp1/Cdk6/H2-T22/
H2-T22/Rbbp4/H2-Q7/H2-Q7/H2-Q6

3.96E−04
Kaposi sarcoma−associated herpesvirus infection Irf9/Mapkapk2/Pik3cg/Ppp3cc/Ifnar2/Ppp3ca/Itpr1/Cdk6/Gng2/

H2-T22/H2-T22/H2-Q7/H2-Q7/H2-Q6
3.96E−04

HIV1 infection Cd3g/Apobec3/Ppp3cc/Ppp3ca/Itpr1/Cd3e/Skp1a/Gng2/H2-T22/
H2-T22/Trim30d/H2-Q7/H2-Q7/H2-Q6

9.00E−04
Human CMV infection Gna13/Ppp3cc/Ppp3ca/Itpr1/Eif4ebp1/Ptger4/Cdk6/Gng2/

H2-T22/H2-T22/H2-Q7/H2-Q7/H2-Q6
6.37E−03

C-type lectin receptor signaling pathway Irf9/Mapkapk2/Ppp3cc/Cblb/Nfkb2/Casp1/Ppp3ca/Itpr1 1.07E−02
Measles Ccnd2/Cd3g/Irf9/Cblb/Ifnar2/Csnk2b/Ifih1/Cd3e/Cdk6 1.15E−02
Human T cell leukemia virus 1 infection Ccnd2/Cd3g/Ppp3cc/Nfkb2/Xiap/Ppp3ca/Cd3e/H2-T22/H2-T22/

H2-Q7/H2-Q7/H2-Q6
1.17E−02

Ag processing and presentation Rfxap/Cd8a/H2-T22/H2-T22/H2-Q7/H2-Q7/H2-Q6 1.37E−02
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FIGURE 6. Comparisons with transcriptomic data of different brain inflammation models. (A and B) Comparison with gene microarray data from brain CD81

T cells of virus-infected mice (Wakim et al. [47]). (A) Significantly DEGs that are shared in APP-PS1 brain CD81 T cells and brain CD81 T cells (CD1031 and
CD103−) from an acute virus infection mouse model. (B) Significantly DEGs that are shared in APP-PS1 brain CD81 T cells and brain CD1031 CD81 Trm T cells
from the virus infection mouse model. The overlapping genes belong to the top regulated genes in the Wakim et al. data and included the genes Klf2, Sell, Cxcr6,
Isg20, and Litaf. (C and D) Comparison with transcriptomic data of brain CD81 T cells of a chronic parasite infection mouse model (Landrith et al. [48]). (C) Signif-
icantly DEGs that are shared in APP-PS1 brain CD81 T cells and brain CD81 T cells (CD1031 and CD103−) from a chronic parasite infection mouse model.
(D) Significantly DEGs that are shared in APP-PS1 brain CD81 T cells and brain CD1031CD81 Trm T cells from the parasite infection mouse model. The over-
lapping genes included Klf2, Sell, Litaf, Cxcr6, and Isg20. (E and F) Comparison with the transcriptomic immune profile of brain tumor (glioblastoma) tissue (Khalsa
et al. [49]). (E) Shared DEGs between APP-PS1 brain CD81 T cells and the immunological inert tumor CT2A. (F) Shared DEGs between APP-PS1 brain CD81

T cells and the immunological more active tumor GL261. The overlapping genes included Pdcd1, Isg20, Litaf, and Cxcr6 for both tumor types.
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undergo self-renewal, and the formation of Trm T cells allows
these T cells to reside and survive in various peripheral tissues,
including the brain (34, 63, 76, 77).
Several key genes, known to be regulated in Tem cells and Trm

CD81 T cells, were identified by our transcriptome analysis, includ-
ing Klf2/3, Ccr7, Sell, Xcl1, Isg20, Litaf, Pdcd1, and Cxcr6. The
phenotype of Trm T cells is characterized by an increased expres-
sion of proteins that promote tissue retention and a reduced expres-
sion of surface receptors that support tissue exit (78). Among the
most downregulated genes in brain CD81 T cells from aged APP-
PS1 and WT mice was Klf2 that encodes for the transcription factor
Klf2. Klf2 drives the expression of S1PR1 and CCR7, proteins
involved in lymph node homing and T cell egression from tissue
(78). Downregulation of these receptors therefore results in the
induction of the Trm T cell phenotype (79). The gene Ccr7 was
among the most significantly downregulated genes in brain CD81

T cells from aged APP-PS1 and WT mice. Downregulation of
CCR7 is not only important for Trm T cell formation but also for
T cell exiting of the lymphatic system and tissue entrance. Defi-
ciency of CCR7 in meningeal immune cells was previously associ-
ated with aging (80) and could be a possible explanation for the
increased entry of CD81 T cells into the parenchymal tissue in our
aged mice. Among the most significantly upregulated genes in brain
CD81 T cells from APP-PS1 and WT mice was the gene Cxcr6,
involved in the homing of CD81 T cells to peripheral tissues (60).
As we isolated CD81 T cells from the total mouse brain, without

removing the meninges and choroid plexus (structures that harbor
CD81 T cells [81, 82]), we most likely profiled a mix of subpopula-
tions and not only parenchymal brain CD81 T cells. Thus, we used
IHC and flow cytometry to validate the Trm T cell profile of brain
CD81 T cells. In fact, CD81 T cells located in the hippocampus of
APP-PS1 and aged WT mice express proteins associated with tissue
residency of Trm T cells (i.e., CXCR6 [60], LITAF [63], and
ISG20 [47]), reinforcing the idea that brain CD81 T cells in APP-
PS1 and aged WT mice have a Trm T cell profile.
Interestingly, we detected a heterogeneous population of CD1031

and CD103− CD81 T cells in the brain of APP-PS1 and aged WT
mice, as well as enrichment of CXCR61CD81 T cells and CD1031

CD81 T cells in APP-PS1 mice compared with WT mice. The
expression of CD103 is associated with tissue residency, but not all
Trm T cells automatically express this marker (78, 83). Human brains
also show a mixed population of CD1031 and CD103− Trm CD81

T cells (84), as do mouse brains in aging (22) and after viral infection
(85). In our study, most brain CD81 T cells were CD103− rather
than CD1031. Nevertheless, due to the abundant expression of other
Trm T cell markers (i.e., CXCR6), we assume the predominance
of Trm T cells in contrast to other T cell populations. The presence
of Tem cells and Trm CD81 T cells in the aged mouse brain was
already reported by Ritzel et al. (22). In aged mice, memory CD81

T cells might enter the brain in a stochastic rather than in an Ag-driven
way (22). The higher number of Trm CD81 T cells in APP-PS1
brains raises the question whether AD-specific Ags (e.g., amyloid-b
aggregates) might also drive CD81 T cell brain entrance in transgenic
mice. Further experiments addressing T cell clonal expansion and
TCR specificity will help to understand these differences between the
aged and AD transgenic brain.
The presence and formation of Trm T cell in the CNS is widely

known in viral infections (47, 85�88) or in autoimmune diseases
such as multiple sclerosis (89), but little is known about Trm T cells
in neurodegenerative diseases such as AD (90). In pathogenic CNS
infections, brain Trm T cells act as a first line of defense against
reinfection (85, 91) and have a distinct transcriptome and marker
profile compared with circulating memory T cells (47, 48). To fur-
ther explore the Trm phenotype of brain CD81 T cells in AD and

aging, we compared significant DEGs of brain CD81 T cells with
two transcriptomic datasets of brain CD81 T cells isolated from
mouse models of CNS pathogenic infections: acute viral infection
by systemic vesicular stomatitis virus (47) and chronic parasitic
infection by T. gondii (48). Brain CD81 T cells shared multiple
DEGs with brain Trm T cells of virus- and parasite-infected mice,
including genes characteristic of Trm T cells (Cxcr6, Klf2, and Sell)
and genes involved in inflammatory pathways, particularly in type I
IFN signaling. Interestingly, APP-PS1 and WT brain CD81 T cells
shared a higher similarity to brain CD81 T cells from chronic- than
acute-infected mice. A common feature of AD and aging is chronic
neuroinflammation (92), leading us to the hypothesis that the inflam-
matory environment might shape the transcriptomic profile of brain
CD81 T cells. This could explain the similarities of brain CD81

T cells from APP-PS1 and aged WT mice, and the higher similarity
with Trm CD81 T cells from a chronic than an acute infection
model.
Brain inflammation with T cell involvement also occurs in malig-

nant brain tumors such as glioblastoma (49). In fact, several DEGs
in glioblastoma tissue (49) were similarly regulated in brain CD81

T cells of APP-PS1 and aged WT mice, including genes associated
to inflammatory processes and IFN-b signaling (Litaf, Isg20, Cd8a,
and Irf9). As the glioblastoma dataset we used for this comparative
analysis was derived from whole-tumor tissue instead of sorted
CD81 T cells, we need to be careful with our interpretations, as
some of the overlapping genes are also expressed by other cell
types. However, brain CD81 T cells might regulate IFN pathway
genes such as Isg20, Ifnar2, and Irf9 in response to an increased
inflammatory stimulus in their environment, and inflammation might
be a potential enhancer of Trm T cell differentiation.

IFN signaling in AD

The induction of type I IFNs was originally identified in responses to
viral infection (93). Type I IFNs activate, among others, the canonical
STAT1/STAT2/IFN regulatory factor 9 signaling complex by binding
to a heterodimeric transmembrane receptor consisting of IFNAR1
and IFNAR2. This leads to the transcription of IFN-stimulated genes
(ISGs) (94), primarily known for their antiviral properties.
Brain CD81 T cells of APP-PS1 and aged WT mice upregulated

numerous genes involved in type I IFN signaling (Ifnar2, Irf9, and
several ISGs such as Isg20, Isg15, and Ifit1/3). In aged mice,
expression of type I IFN�related genes is increased in the choroid
plexus (95), and blocking type I IFNs ameliorates age-induced neu-
roinflammation and improves behavioral deficits (95). In AD mice,
type I IFN signaling is increased, resulting in higher protein levels
of IFN-a and its downstream transcription factor (96). Likewise,
similar upregulation of type I IFN signaling was reported in post-
mortem human AD brain tissue (96), suggesting a detrimental role
of IFNs in the course of inflammation-induced neurodegeneration.
Based on this information, it is not surprising that CD81 T cells in
the brain respond accordingly to the increased levels of type I IFNs.
One purpose of type I IFNs is to increase the cytotoxicity of T cells.
Although we found downregulation of the gene for cytotoxic gran-
zyme M (Gzmm) and hardly any protein expression of GZMB, it is
quite possible that CD81 T cells contribute to the progression of
neurodegeneration via the expression of ISGs. Furthermore, glial
cells are able to diminish T cell cytotoxicity via PD-1/programmed
cell death ligand 1 interaction (97), and we observed upregulation
of Pdcd1, the gene for PD-1, on brain CD81 T cells.
At present, we can only speculate about the functional conse-

quences of increased numbers of brain CD81 T cells in aging and
AD. In transgenic AD mice and human brain tissue, CD81 T cells
locate close to neuronal structures (27) and might influence neuro-
nal and synaptic function (32). In other mouse models, CD81
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T cells are involved in neuronal apoptosis (86), hippocampal neu-
rogenesis, and synaptic plasticity (98). In the aged mouse brain,
increased numbers of CD81 T cells were associated with a micro-
glia resting phenotype and increased phagocytosis (22). Taken
together, these data suggest that brain CD81 T cells might play an
important role in shaping neuronal function and neuropathology
during aging and the progression of AD. Based on our present
work, a possible mechanism for CD81 T cells to influence neuro-
degeneration could by via the expression of ISGs.
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