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1. Aims of the study

Meninges not only cover and protect the brain from pathogens invasion but also produce
cytokines that modulate behaviors (Alves de Lima et al. 2020, Filiano et al. 2016,
Mollgard et al. 2023). Multiple immune cells reside in different layers of the meninges
(Mrdjen et al. 2018, Van Hove et al. 2019). The dura, the outer layer of the meninges,
connects to the skull and has a complex immune landscape (Kolabas et al. 2023, Mundt
et al. 2022). Dural sinuses are immune hubs facilitating immune surveillance
(Rustenhoven et al. 2021). To date, multiple studies have adopted single-cell RNA
sequencing (scRNAseq) to explore immune cells in the dura under different states.
Nonetheless, the restricted cell numbers and the heterogeneity among the studies impede
a comprehensive understanding of the dural immune compartment.

Acute ischemic stroke (AIS) is one of the leading causes of death and disability
worldwide (G. B. D. Stroke Collaborators 2019). After AIS onset, peripheral immune
cells including interleukin-17-producing yd T cells (IL-17* vd T cells) infiltrate into the
brain and exacerbate tissue damage (Akopov et al. 1996, Gelderblom et al. 2009, Shichita
et al. 2009). Apart from the brain, immune cell migration and activation might also
happen in meninges after AIS. IL-17" y3 T cells might migrate from intestine to the
meninges and modulate ischemic injury after AIS (Benakis et al. 2016). AIS might trigger
the release of neutrophils from the skull bone marrow, and these neutrophils might
migrate towards the dura (Herisson et al. 2018, Kolabas et al. 2023). However, the impact
of AIS on the dural immune compartment is still uncertain. Furthermore, the roles of yd
T cells in the dura following AIS remain ambiguous.

The aims of this study are as follows: (i) to investigate the differences in the composition
of dural immune cells under various pathological conditions and in aging; (ii) to analyze
the influence of AIS on the dural immune compartment; and (iii) to explore the functions

of dural yo T cells and their impact on the dural immune landscape following AIS.



2. Introduction

2.1 Understandings of meninges are still evolving

Meninges are three-layer tissues that cover the brain and connect to the skull, which
consist of dura, arachnoid, and pia (Coles et al. 2017). In the past, the meninges were
mainly recognized as border tissues that separate the brain from the periphery. In 2015,
functional lymphatic vessels adjacent to the dura sinuses have been found (Louveau et al.
2015). In recent years, the structures and functions of meninges have emerged as research
hotspots (Kolabas et al. 2023, Mollgard et al. 2023, Rustenhoven et al. 2021), and

understandings of meninges are continually evolving.

2.2 Immune cells residing in the meninges also modulate neurological functions

Meningeal immune cells not only participate in immune surveillance. T cells residing in
the meninges can also modulate neuronal functions. IL-4 and IL-13 produced by
meningeal T cells can regulate learning and memory (Brombacher et al. 2017, Derecki et
al. 2010). Meninges-derived interferon-gamma (IFN-y) influences neuronal connectivity
and social behaviors (Filiano et al. 2016). Depleting meningeal yo T cells leads to fewer
anxiety behaviors compared with wild-type controls (Alves de Lima et al. 2020). Besides,
IL-17" 8 T cells in the meninges can modulate synaptic plasticity and short-term memory
(Ribeiro et al. 2019). These data suggest that the meninges not only function as
immunological barriers but also have unique physiological effects on the brain

parenchyma in homeostasis.

2.3 Dura has a complex immune landscape and acts as an important niche between
the periphery and central nervous system (CNS)

As the outer layer of the meninges, the dura attaches to the skull directly and has the most
complex immune cell landscape compared to the other two layers of meninges (Mundt et
al. 2022). A scRNAseq study has revealed that multiple immune cells reside in the dura,

including T cells, B cells, neutrophils, macrophages, subtypes of dendritic cells (DC), and



different kinds of monocytes (Van Hove et al. 2019). The dural sinuses are immune hubs
facilitating immune surveillance (Rustenhoven et al. 2021). Moreover, connections
between the dura and skull bone marrow have also been described in multiple studies (Cai
et al. 2019, Herisson et al. 2018, Mazzitelli et al. 2022, Pulous et al. 2022). Under
pathological conditions including stroke (Kolabas et al. 2023) and meningitis (Herisson
et al. 2018), inflammatory cells might migrate from the skull bone marrow to the dura.
Besides, y0 T cells might also migrate from the dura to the brain parenchyma after
cerebral microbleeds (Su et al. 2023). These data suggest that the dura has a complex
immune landscape, and interactions among immune cells may be prevalent among the
skull bone marrow, dura, and brain parenchyma.

To date, numerous studies have explored changes of dural immune cells on single-cell
level, involving aging, photothrombotic injury (PT), traumatic brain injury (TBI),
experimental autoimmune encephalomyelitis (EAE), and temporary middle cerebral
artery occlusion (tMCAO) models (Beuker et al. 2022, Bolte et al. 2023, Brioschi et al.
2021, Koh et al. 2020, Li et al. 2022, Li et al. 2023, Niu et al. 2022, Pinho-Ribeiro et al.
2023, Rebejac et al. 2022, Rustenhoven et al. 2021, Schafflick et al. 2021, Van Hove et
al. 2019). However, the limited number of cells and heterogeneities among the studies
hinder a comprehensive understanding of the dural immune compartment. Integrated
analyses of the available data are necessary to effectively characterize the dural immune

landscape.

2.4 AIS causes high disease burdens, and immune cells infiltrate into the brain and
dura after AIS

Stroke is one of the leading causes of mortality and disability worldwide (G. B. D. Stroke
Collaborators 2019), and more than 60 percent of stroke patients suffer from AIS (Wang
etal. 2017). In recent years, the applications of endovascular treatments and thrombolysis
have significantly improved the clinical outcomes of AIS patients (Berkhemer et al. 2015,

Campbell et al. 2015, Goyal et al. 2015, Jovin et al. 2015, Nogueira et al. 2018, Saver et



al. 2015, Wang et al. 2023). However, the relatively short intravenous thrombolysis time
window (Powers et al. 2019), low functional independence rates even after successful
recanalization (Yeo et al. 2019), and high complication rates (He et al. 2022) advocating
for advancements in innovative drugs, devices, and a deeper understanding of stroke
mechanisms.

Following the onset of AIS, the deprivation of oxygen and glucose leads to cellular death,
the release of damage-associated molecular patterns (Shichita et al. 2017), and the
disruption of the blood-brain barrier, enabling peripheral immune cells to penetrate the
brain. A previous study has demonstrated that peripheral immune cells, including
neutrophils, DCs, and macrophages, infiltrate the brain after the onset of AIS (Gelderblom
et al. 2009). Moreover, the gathering of polymorphonuclear leukocytes in the infarction
zone is associated with brain tissue damage (Akopov et al. 1996). Myeloid cells might
migrate from the bone marrow to the dura in the AIS disease model (Herisson et al. 2018,
Kolabas et al. 2023), but the impact of this phenomenon on the ischemic brain remains
unknown. In conclusion, these data indicate that brain-infiltrating immune cells are
abundant following the onset of AIS and may have an impact on AIS outcomes. The
immune landscape of the dura appears to be influenced by AIS and still requires further

exploration.

2.5 Roles of dural yo T cells after AIS are still unclear

After AIS, brain infiltrating IL-17" y8 T cells could amplify inflammatory processes and
exacerbate cerebral damage (Shichita et al. 2009). Neutralization of IL-17A within three
hours after AIS leads to a lower mortality rate and smaller infarction size (Gelderblom et
al. 2023). A previous study has discovered that IL-17" yd T cells could migrate from the
intestine to the meninges and modulate ischemic injury following AIS (Benakis et al.
2016). Of note, y3 T cells are enriched in barrier tissues including meninges already under
baseline conditions (Ribot et al. 2021). Furthermore, IL-17A" y5 T cells are also present

in the meninges in homeostasis (Alves de Lima et al. 2020). More yo T cells have been



observed in the dura compared to the pia (Beuker et al. 2022). Nevertheless, the functions
of dural yd T cells following AIS remain unclear. To sum up, these data indicate that IL-
17" yd T cells could be significant targets for intervention after AIS and meningeal yo T
cells may play unique roles in AIS. Investigating the alterations in dural yd T cells

following the initiation of AIS could improve the understanding of stroke mechanisms.

Taken together, the dura serves as a significant immune niche adjacent to the CNS.
Nonetheless, the variations in the dural immune landscape under different conditions
remain unclear. It is still uncertain whether the ischemic brain parenchyma will affect the
dural immune compartment. Additionally, the functions of dural yd T cells after AIS are
still unknown. To address these questions, this study will analyze the dural immune
compartment under various conditions by establishing a dural scRNAseq atlas. This study
will also examine changes in dural immune cells induced by AIS using integrated
scRNAseq and flow cytometric data. Furthermore, this study will investigate the impact
of dural y3 T cells on the dural immune landscape after AIS through the depletion of dural

vd T cells.



3. Material and methods

3.1 The overview of this study

The general overview of this study is displayed in Figure 1. Two parts of scRNAseq
analyses were arranged in this study. First, dural scRNAseq datasets retrieved through
systematic searching before 2023-05-15 were utilized to establish a dura scRNAseq atlas
and analyze the dural immune compartment under various conditions.

As for the second part, dural scRNAseq data at day 1 and day 3 after the induction of
temporary middle cerebral artery occlusion (tMCAQ) modeling were extracted from two
studies (Beuker et al. 2022, Kolabas et al. 2023). These datasets were integrated to analyze
the dural immune cell compartment and the roles of yd T cells at different time points
post-AlS.

In addition to scRNAseq analyses, flow cytometric data of the dural immune cells at
baseline, day 1, and day 3 post-stroke were also collected to assess the impact of AIS on
the immune landscape of the dura. Moreover, yo T cell depletion was carried out by
administering diphtheria toxin (DTX) to the Terd-GDL mouse line to examine the impact

of yo T cells on the dural immune compartment.
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Figure 1. The schematic review of this study.



Abbreviation: scRNAseq, single cell RNA sequencing; EAE, experimental autoimmune
encephalomyelitis; PT, photothrombotic injury; TBI, traumatic brain injury; tMCAO, temporary
middle cerebral artery occlusion; PBS, phosphate buffered saline; DTX, diphtheria toxin.

3.2 Establishment of the dural scRNAseq atlas

3.2.1 Reference searching and data collection for the establishment of dural
scRNAseq atlas

Pubmed (https://pubmed.ncbi.nlm.nih.gov/) and Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) databases were searched to retrieve all published
studies that conducted scRNAseq analyses on the dura. Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) workflow was followed to ensure the
correctness and completeness of reference searching (Moher et al. 2009). Medical Subject
Headings (MeSH) terms and keywords were used to establish searching strategies.

Detailed searching strategies of Pubmed are shown in Table 1.

Table 1. Searching strategies of Pubmed database.

#1 Single-Cell Gene Expression Analysis[MeSH Terms]
#2 (CCqeaceeauasSingle cell Transcriptome Analysis) OR (Single Cell

Gene Expression Analysis)) OR (Single Cell Gene Expression Profiling)) OR
(Single-Cell Gene Expression Profiling)) OR (Single-Cell Transcriptome
Analysis)) OR (Analyses, Single-Cell Transcriptome)) OR (Analysis, Single-
Cell Transcriptome)) OR (Single-Cell Transcriptome Analyses)) OR
(Transcriptome Analyses, Single-Cell)) OR (Transcriptome Analysis, Single-
Cell)) OR (Single-Cell RNA-Seq)) OR (RNA-Seq, Single-Cell)) OR (Single
Cell RNA Seq)) OR (ScRNA-seq)) OR (ScRNA seq)) OR (Sc-RNAseq)) OR
(Sc RNAseq)) OR (ScRNAseq)) OR (Single-Cell RNA Seq)) OR (RNA Seq,
Single-Cell)) OR (Seq, Single-Cell RNA)) OR (Segs, Single-Cell RNA)) OR
(Single-Cell RNAseq)) OR (RNAseq, Single-Cell)) OR (Single Cell RNAseq))
OR (single cell RNA sequencing)) OR (single cell sequencing)

#3 #1 OR #2

#4 Meninges[MeSH Terms]
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#5 Meninges

#6 Dura Mater[MeSH Terms]

#7 (((((Dura Mater) OR (Pachymeninx)) OR (Tentorium Cerebelli)) OR (Falx
Cerebelli)) OR (Falx Cerebri)) OR (dura)

#8 #4 OR #5 OR #6 OR #7

#9 #3 AND #8

Abbreviation: MeSH, Medical Subject Headings; scRNAseq, single-cell RNA sequencing.

Reference searching was finished between 2023-05-13 and 2023-05-15, and 301 and 202
items were retrieved from Pubmed and GEO, respectively. Searching records were
filtered by reading abstracts and full text. Inclusion criteria were: (1) Mouse related
studies; (2) scRNAseq studies with complete dura immune cell populations (all Cd45*
cells sorted by fluorescence-activated cell sorting machine with/without proportionally

adding Cd45 cells or whole dura scRNAseq); (3) More than 200 immune cells after

demultiplexing.
[ Identification of studies via databases and registers } Identification of studies via
) other methods
c Records identified from:
o o Records removed before Data series on GEO
S Records identified from: screening: website (n = 202)
&= Pubmed Databases [—»|  Published before the
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Figure 2. The PRISMA flow diagram of this study.
Abbreviations: scRNAseq, single-cell RNA sequencing; GEO, Gene Expression Omnibus;
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£ Reports sought for Reports not retrieved g
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»n A
No original reference
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3 Studies included in
£ analyses (n = 10) <

PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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After analyzing the search results, gene expression matrices, barcodes, and unique
molecular identifier information were downloaded from the GEO database. Details
including author information, mouse type, age, group settings, and other relevant data
were collected from the full text of references. The PRISMA flow diagram is presented
in Figure 2. Ultimately, 10 studies that met the inclusion criteria were utilized to create
the integrated scRNAseq atlas (Beuker et al. 2022, Bolte et al. 2023, Brioschi et al. 2021,
Koh et al. 2020, Li et al. 2023, Niu et al. 2022, Pinho-Ribeiro et al. 2023, Rustenhoven et
al. 2021, Schafflick et al. 2021, Van Hove et al. 2019).

3.2.2 Analyses of the scRNAseq atlas

All analyses of the scRNAseq data were performed on R version 4.3.1 (R Core Team
2023). The Seurat R package v4 (Hao et al. 2021) was used to process the gene expression
data from each study. Ambient RNA from each sample was removed by applying the
DecontX R package official workflow (Yang et al. 2020). All samples were merged into
one Seurat object, and low-quality cells were filtered. A previous study has shown that
neutrophils have very low transcript counts (Zilionis et al. 2019), so cell filtering
thresholds were set as (nCount RNA>500 & nCount RNA<15000 &
nFeature RNA>100 & nFeature RNA<4700 & percentage of mitochondria genes<10).
After filtering, the Seurat object was separated by sample, and doublets in each sample
were distinguished by the DoubletFinder R package (McGinnis et al. 2019), and purified
datasets were merged again with the scCustomize R package (Marsh et al. 2023). Then
mitochondria and ribosome structure genes were removed from the gene expression
matrix (Xue et al. 2022). The merged Seurat object was normalized and the top 2000
highly variable genes were identified. Mouse cell cycle genes were retrieved from a
website (https://raw.githubusercontent.com/hbc/tinyatlas/master/cell cycle/). Cell cycle
scores (S.Score and G2M.Score) were calculated with the ‘CellCycleScoring’ function in
the Seurat package. Gene expression data was scaled with nCount RNA, nFeature RNA,

tissue dissociation-related genes (van den Brink et al. 2017), S.Score, and G2M.Score
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before clustering to reduce potential heterogeneities.

The ‘ElbowPlot’ function from the Seurat package was employed to analyze the number
of principal components that accounted for the highest variance, and the top 20 principal
components were selected for subsequent analyses. The harmony R package was utilized
to integrate different samples following official tutorials (Korsunsky et al. 2019). After
integration, the ‘RunUMAP, ‘FindNeighbors’, and ‘FindClusters’ functions of the Seurat
were executed. The resolution of ‘FindClusters’ was set to 4.0 to separate the clusters well.
Following clustering, cell types were determined by examining the expression levels and
proportions of canonical markers obtained from published literature (Brioschi et al. 2021,
Munro et al. 2022, Rustenhoven et al. 2021, Tan et al. 2019, Van Hove et al. 2019). Cells
that expressed exclusive markers from different cell types were classified as doublets
(Ratz et al. 2022). The SingleR R Package was also employed to predict cell annotations
(Aran et al. 2019). Non-immune cells and low-quality cells (unknown and doublets) were
removed before downstream analyses, and the percentages of various immune cell types
were calculated for each group (control, aged, EAE, PT, TBI, and tMCAOQO) and each

individual scRNAseq sample.

3.3 Integration of dural scRNAseq data at day 1 and day 3 post-tMCAO modeling

To characterize the impact of AIS on the dural immune landscape, scRNAseq data of dura
at day 1 (Beuker et al. 2022) and day 3 post-tMCAO modeling (Kolabas et al. 2023) were
integrated. Three groups (control, tMCAO day 1, and tMCAO day 3) were established,
and a total of 6 scRNAseq samples of the dura were integrated (From Beuker et al. 2022:
1 sample of day 1 post-tMCAO and 1 sham control; From Kolabas et al. 2023: 2 samples
of day 3 post-tMCAO, 1 naive control, and 1 sham control). These samples were
processed following the previously mentioned data processing workflow with minor
adjustments. In short, low-quality cells of these samples were removed (same filtering
criteria as Method part 3.2.2). After doublet exclusion, these samples were integrated

with the harmony R package. The top 15 principal components were used for subsequent
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analyses and the resolution of cell clustering was set to 2. After clustering, canonical
markers were used to label the cells. Non-immune cells and low-quality cells (unknown
and doublets) were removed before downstream analyses.

The percentages of various immune cell types were calculated for each scRNAseq sample.
v617 signature scores were calculated for all yo T cells by using the ‘AddModuleScore’
function in the Seurat (Tirosh et al. 2016). Y017 signature includes Cd44, 1123r, Ccr2,

Rora, 17y, 112ra, Sox13, Ccr6, Rorc, Il17a, S100a6, 111871, Icos, Blk, Maf, and Cxcré
(Tan et al. 2019), which are known markers of IL-17" yd T cells. The ‘AddModuleScore’
function calculates the average expression of Y817 signature per cell and subtracts it from
the average expression of randomly selected control features (Baldominos et al. 2022). A
higher y517 signature score for a sample suggests that the marker genes of IL-17" y6 T
cells are relatively upregulated in that sample. After calculation, the Dunn Kruskal-Wallis
multiple comparison test from the FSA R package (Ogle et al. 2023) was used to compare
v817 signature scores among v T cells in the control, tMCAO day 1, and tMCAO day 3

groups.

Gene set enrichment analyses (GSEA) was used to compare changes in pathways between
two different conditions (Subramanian et al. 2005). The biological process database in
the Gene Ontology database was used as a reference (Ashburner et al. 2000, Gene
Ontology Consortium et al. 2023). The ‘gseGO’ function in the ClusterProfile R package
(Wu et al. 2021) was used to conduct GSEA on yd T cells for comparisons between the
tMCAO day 1 group and the control group, the tMCAO day 3 group and the control group,
as well as the tMCAO day 3 group and the tCMAO day 1 group, respectively. Detailed
parameters of the ‘gseGO’ function were (OrgDb= org.Mm.eg.db, ont = ‘BP’, minGSSize
= 100, maxGSSize = 500). A positive net enrichment score (NES) in the output of GSEA
indicates the upregulation of a specific pathway, while a negative NES indicates the
downregulation of a specific pathway. Visualizations of GSEA results were generated

using the Gseavis R package (Zhang 2022).
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3.4 Flow cytometric experiments

3.4.1 Guideline and animal protocol

Animal experiments were performed following regulations of the national and animal
facility of the University Medical Center Hamburg-Eppendorf (UKE). All experiments
on the animals were approved by the local animal care committee (Behorde fiir
Lebensmittelsicherheit und Veterindrwesen, project number: TVA 79/19, TVA 29/21,
ORG 983, and ORG_1123).

3.4.2 Mouse line information

Terd-GDL mouse line was used in this study. The characteristics of this mouse line have
been thoroughly described in a previous publication (Sandrock et al. 2018). In general,
these mice express enhanced green fluorescent protein (eGFP), human diphtheria toxin
(DTX) receptor, and luciferase under the control of an internal ribosome entry site in the
3’UTR of the Tcrd constant gene. Cytoplasmic eGFP expression signal can be used to
discriminate Yo T cells specifically. After injecting DTX intraperitoneally, o T cells can
be effectively depleted (Sandrock et al. 2018).

3.4.3 Group setting and allocation

Regarding the flow cytometric experiments, four groups were established based on the
type of reagent injection and the timing of experiments after tMCAO modeling: the
control group (naive control, mice without any intervention), day 1 group (day 1 post-
tMCAO modeling), day 3 PBS group (day 3 post-tMCAO modeling without yd T cell
depletion), and day 3 DTX group (day 3 post-tMCAO modeling with yd T cell depletion).

The detailed timelines for all groups are presented in Figure 3.
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Figure 3. The group configurations and schedules of flow cytometric experiments.
Abbreviations: tMCAO, temporary middle cerebral artery occlusion; PBS, phosphate buffered
saline; MRI, Magnetic resonance imaging; DTX, diphtheria toxin.

Mice were randomly allocated to either the day 3 PBS or day 3 DTX group using R
software (R Core Team 2023). The flow diagram of the day 3 PBS and day 3 DTX groups
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is illustrated in Figure 4. The dose for DTX injection was calculated based on mouse
weight (15 ng/g), and 200 pl of diluted DTX solution or PBS was administered
intraperitoneally as the planned schedule. After injection, the mice were checked daily
before tMCAO modeling. The alterations in spontaneous behaviors and facial expressions

were recorded.

Mice receive
randmization
n=20
day 3 PBS group day 3 DTX group
n=11 n=9
A4 A4
PBS injection as planned DTX injection as planned
A 4 A 4
tMCAO modeling tMCAO modeling
No infarction Hydrocephalus
n=1 * * n=1
Succssful modeling Succssful modeling
n=10 n=8
Dead
o '
Survive until day 3 post- Survive until day 3 post-
tMCAO tMCAO Used for immunofluorescence
Used for immunofluorescence n=8 n=8 n=1
n=1 e .| Flawed flow cytometry panel
Flawed flow cytometry panel | \ ! il n=1
n=1 Errors in sample preparation
Used for flow cytometric Used for flow cytometric n=1
analyses analyses
n=6 n=5

Figure 4. The flow diagram of the day 3 PBS and day 3 DTX groups.
Abbreviations: PBS, phosphate buffered saline; DTX, diphtheria toxin; tMCAO, temporary
middle cerebral artery occlusion.

The age range of all mice was 10-16 weeks. To increase the persuasiveness and
generalizability of the results, both genders were used. Distributions of male and female
mice were similar among all groups (3 male and 3 female mice in the control group; 2
male and 4 female mice in the day 1 group; 2 male and 4 female mice in the day 3 PBS

group; 2 male and 3 female mice in the day 3 DTX group).

3.4.4 TMCAO stroke modeling

TMCAO stroke modeling was conducted by experienced technicians who were blinded

to group allocation, and detailed modeling methods were described in previous
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publications (Gelderblom et al. 2023, Gelderblom et al. 2012) with minor changes. In
short, the mice were anesthetized with Isofluran (1% to 2% v/v oxygen). Buprenorphine
(0.03 mg/kg body weight) was injected intraperitoneally for analgesia. An intraluminal
filament was inserted into the left MCA for 45 minutes and then removed to achieve
reperfusion. After modeling, mice were placed on a heated pad (37 degrees) with
facilitated access to wet food and water. Experienced caregivers visited and attended to
these mice at least twice a day. The alterations in weight, spontaneous behaviors, and
facial expressions were recorded.

In the day 1 group, successful infarction was confirmed by observing stroke-related
behaviors (Bieber et al. 2019) and visually inspecting infarction zones during the flow
cytometry experiments. For the day 3 PBS and day 3 DTX groups, successful infarction
was determined using animal magnetic resonance imaging (MRI) provided by the
Department of Diagnostic and Interventional Radiology and Nuclear Medicine in UKE
(ClinScan, Bruker). Representative images of the MRI are shown in Figure 5. One mouse
in the day 3 PBS group and two mice in the day 3 DTX group did not undergo the MRI
examination. The confirmation of their infarction status was based on the observation of
stroke-related behaviors and visual inspection of infarction zones during the flow

cytometric experiments.

Figure 5. The representative images of brain infarction identified by MRI (representative T2

images).
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3.4.5 Methodology of flow cytometry

Detailed methodologies of flow cytometry were modified based on previous publications
(Derecki et al. 2010, Gelderblom et al. 2009, Scheyltjens et al. 2022). In brief, mice were
killed with CO2/O2 and transcardially perfused with ice-cold 1x PBS for 3 minutes (9.6
ml/min). The head of mice was isolated from the thorax. Skin, muscles, eyes, and optical
nerves were removed from the head. Lower jaw was removed by cutting mandibular
bones at both sides. Os zygomaticus was cut from both sides, then the frontal part of nose
was removed. The skull with meninges was isolated from skull base by cutting in a
transverse plane at both sides. The dura was extracted from the skull under a binocular
microscope (Carl Zeiss Microscopy Stand C LED, 435420-0000-000) and transferred to
a 5 ml Eppendorf tube with 500 pl 4°C Dulbecco's Modified Eagle Medium (DMEM)
inside. The dura was cut into pieces, and 500 pl digestion mix (DMEM + 2.0mg/ml
Collagenase + 0.2 mg/ml DNAse) was added to the Eppendorf tube. Then the tube was
placed into the water bath (Grant, GLS400) with agitation (15 min, 37°C). After digestion,
2 ml DMEM + 10% fetal bovine serum (FBS) was added into the Eppendorf tube to stop
the enzyme reactions. Digested dura solution was transferred to a 50 ml falcon through a
40 pm cell strainer, and a plunger from a 5 ml syringe was used to grind the tissue with
circulating movements. DMEM + 10% FBS was used to rinse the strainer during grinding.
After grinding, the cell suspension was centrifuged at 700 relative centrifugal force (rcf)
for 10 minutes at 4°C and the supernatant was discarded. The left volume was measured,
and 40% was transferred to a 96-well plate for the surface staining panel. The left 60%
was transferred to the other 96-well plate for the T-cell stimulation panel. After transfer,
dural cells were washed twice with ice-cold 1x PBS.

For the surface staining panel, cells were incubated with a Zombie Red™ live dead
staining kit (1:500 in 1x PBS) for 15 minutes on ice to label dead cells. Then cells were
washed with ice-cold FACS buffer twice (47.8 ml 1x Hanks' Balanced Salt Solution
[HBSS] + 0.2 ml 0.5M Ethylenediaminetetraacetic acid [EDTA] + 2 ml FBS) to remove

redundant live dead dyes. After washing, the cells were incubated with 10 pl Fc blocker
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solutions (0.01mg/ml) for 10 minutes on ice before incubating with the antibodies.

After blocking, antibody mix of surface staining (AF700 Ly6G, clone: RA3-6B2, dilution
1:100, BioLegend; APC CD4, clone: RM 4-5, dilution 1:100, BioLegend; PE-Cy7 CD11b,
clone: M 1/70, dilution 1:150, BioLegend; PE CD3g, clone: 145-2C11, dilution 1:150,
BioLegend; Percp CD45, clone: 30-F11, dilution 1:150, BioLegend; BV785 Ly6C, clone:
HK1.4, dilution 1:75, BioLegend; BV711 MHC II, clone: M5/114.15.2, dilution 1:125,
BioLegend; BV570 CDS8a, clone: 53-6.7, dilution 1:125, BioLegend; BV421 TCRyso,
clone: GL-3, dilution 1:100, BioLegend; BUV805 B220, clone: RA3-6B2, dilution 1:125,
BD Bioscience; BUV737 NK1.1, clone: PK136, dilution 1:100, BD Bioscience; BUV563
F4/80, clone: T45-2342, dilution 1:100, BD Bioscience; BUV395 CDll1c, clone: HL3,
dilution 1:80, BD Horizon™) were added to each well, pipetted, and then incubated on
ice in the dark for 30 minutes. Detailed gating strategies of the surface staining panel are

displayed in Figure 6. After 30 minutes of incubation, cells were washed with FACS

. ™ .
buffer twice and transferred to BD Trucount'™ Absolute Counting Tubes before
measurements.
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Figure 6. Illustration of the gating strategies for surface staining of dural immune cells. Stable
recordings were used for downstream analyses. Debris and doublets were excluded based on the
FSC and SSC parameters. The CD45 antibody and live dead marker were used together to identify
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live immune cells. CD11b" and B220" cells were defined as B cells. CD11b", B220", and Ly6G"
cells were defined as neutrophils. Markers of dendritic cells were CD11b", Ly6G", CD11c", and
MHC II". The gating strategies for monocytes were defined as CD11b", Ly6G", and Ly6C".
CD11b", Ly6C", and F4/80" cells were labeled as macrophages, and they were divided into MHC
IT high and MHC II low macrophages based on the expression levels of MHC II. CD11b", B220",
CD3", and NK1.1" cells were labeled as natural killer cells. T cells (CD11b", B220", CD3") were
divided into y8 T cells (eGFP" and TCRy8") and af T cells (eGFP™ and TCRy&"), and off T cells
were subdivided into CD4" and CD8" T cells.

Abbreviations: FSC, forward scatter; SSC, side scatter; eGFP, enhanced green fluorescent protein;
MHC, major histocompatibility complex.

For the T cell stimulation panel, the dural cells were incubated with 100 pl stimulation
buffer (Roswell Park Memorial Institute 1640 Medium [RPMI] + 10% FBS + 1%
Penicillin Streptomycin + 0.1% 50 uM B-Mercaptoethanol + 0.1% Brefeldin A + 0.1%
Phorbol 12-Myristate 13-Acetate solution [Img PMA to 10ml 99% ethanol] + 0.1%
Ionomycin solution [Img Ionomycin to 1ml 99% ethanol]) for 4 hours in a 37°C cell
incubator (BINDER) with 5% CO.. After that, cells were washed with ice-cold 1x PBS
twice. The same workflow was executed as mentioned above until the surface staining
was finished (surface staining antibodies of the T cell stimulation panel: Percp CD11b,
clone: M 1/70, dilution 1:100, BioLegend; BV785 CD69, clone: H1.2F3, dilution 1:75,
BioLegend; BV711 NKI1.1, clone: PK 136, dilution 1:100, BioLegend; BV421 TCRys,
clone: GL-3, dilution 1:50, BioLegend; BUV805 B220, clone: RA3-6B2, dilution 1:125,
BD Bioscience; BUV737 CD3, clone: 17A2, dilution 1:100, BD Bioscience; BUV563
CD45, clone: 30-F11, dilution 1:125, BD Bioscience; BUV395 CD8a, clone: 53-6.7,
dilution 1:100, BD Bioscience). Then the cells were fixed by fixation buffer for 20
minutes at room temperature. Permeabilization buffer from the same kit was diluted as
recommended and used to wash the cells.

After washing, the intracellular staining antibodies mix (AF700 IFN-y, clone: XMG 1.2,
dilution 1:50, BioLegend; APC CD4, clone: RM 4-5, dilution 1:100, BioLegend; PE-Cy7
granulocyte-macrophage colony-stimulating factor (GM-CSF), clone: MP1-22E9,
dilution 1:80, BioLegend; PE IL-17A, clone: eBio17B7, dilution 1:30, eBioscience) was

added to the well and incubated for 20 minutes at room temperature. Detailed gating
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strategies of the T cell stimulation panel are shown in Figure 7.
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Figure 7. Illustrations of the representative staining results of dural yo T cells in the T cell
stimulation panel. The FlowAl plugin of Flowjo was used to remove low-quality events. Debris
and doublets were excluded based on the FSC and SSC parameters. The CD45 antibody and live
dead marker were used together to identify live immune cells. CD45", CD11b", B220", and CD3"
cells were labeled as T cells. TCRy8" T cells were labeled as y8 T cells. Then IL-17A, IFN-y, GM-
CSF, and CD69 antibodies were used to characterize the phenotypes of yo T cells.
Abbreviations: FSC, forward scatter; SSC, side scatter; GM-SCF, granulocyte-macrophage
colony-stimulating factor.

Thresholds for CD69, GM-CSF, IFN-y, and IL-17A were set by the fluorescence-minus-
one (FMO) controls in each experiment. The FMO controls demonstrate the fluorescent
spread of CD69, GM-CSF, IFN-y, and IL-17A in multicolor flow cytometry panels by

removing one fluorophore at a time. Spleen cells from the Terd-GDL mice line were used
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for FMO controls, and illustrations of setting gating thresholds are shown in Figure 8.
After washing with permeabilization buffer and FACS buffer, the cells were transferred

to 5 ml FACS tubes and measured using the BD FACS Symphony A3.

I 51
104;5 r— 10 1
g Y& T cells 4] CD69+ cells
2 2 10% /088 g 10 0
by i £y f Q 3]
8 2 ] ik o 10”3
1 pBTceIIs 3 T
0 99,3 0} :
N——— é..,,.,1 4 - L — 3,,,,..1 4,
0 10 10 0 10 10
CD3 CD3
! 5
104+ — LI ’—‘
& gl YoTeells' | 0% GM-CSF+ cells
) > k] 0,39 14 i
= & 10 : / 2 o 1 0
o O i L = 3.
O = 5 10
1 aB T cells i
] 99,5 o S
01 it 01 e
e e
0 10 10 0o 10 10
CD3 CD3
4] t —
10 ; :IFN-y+ cells
o ] Y3 T cells 10 3 0
s 2 403 0,46 o 2} -
3 / .
g e £ o107 L)
1 aB T cells 0 14 Tt g e
01 | 99,5 e A
Ty e Ty vy - 5
0 10 104 0 10 10
CD3 IL-17A
10 :IFN-y+ cells
] Y3 T cells
2 2 10° 0,48 z
5 5 i Lo || E
o [ ] =
1 @B T cells
01 | 994
e — I T
0 10 10 10 0 103 0 10 10
B220 NK1.1 CD3 IL-17A

Figure 8. Illustrations of setting gating thresholds for CD69, GM-CSF, IFN-y, and IL-17A in y3
T cells. The FlowAl plugin of Flowjo was used to remove low-quality events. Debris and doublets
were excluded based on the FSC and SSC parameters. The CD45 antibody and live dead marker
were used together to identify live immune cells. CD45%, CD11b", B220", and CD3" cells were
labeled as T cells. TCRy8" T cells were labeled as y3 T cells. Spleen cells from homozygous Terd-
GDL mice were used for the FMO controls in each flow cytometric experiment. The FMO
controls demonstrate the fluorescent spread of CD69, GM-CSF, IFN-y, and IL.-17A in multicolor
flow cytometry panels by removing one fluorophore at a time.

Abbreviations: FSC, forward scatter; SSC, side scatter; GM-SCF, granulocyte-macrophage
colony-stimulating factor.
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3.4.6 Analyses of flow cytometric data

Analyses on the flow data were performed using Flowjo software (BD, version 10.9). In
samples containing TruCount™ beads, only stable recording periods were considered for
further analysis. The FlowAlI plugin (Monaco et al. 2016) in the Flowjo was employed to
remove low-quality events from samples without TruCount™ beads before downstream
analyses. For the surface staining panel, cell counts were calculated with the beads
recorded in the BD FACS Symphony A3 and the original beads number included in the
BD Trucount™ tube (Schnizlein-Bick et al. 2000), and the calculation formula was:
(number of recorded cells) * (original beads number) / (number of recorded beads).

For yd T cells in the T cell stimulation panel, percentages of CD69*, GM-CSF", IFN-y*,
and IL-17A" cells were calculated. The median function in Flowjo was used to calculate
Median Fluorescence Intensity (MFI) values of CD69 for CD69" cells. And same
procedures were performed to calculate relevant MFI values in GM-CSF* and IL-17A"
vd T cells.

Results of flow cytometry were processed by GraphPad Prism (version: 10.1.0).
Normality (Shapiro-Wilk (W) test) and homogeneity of variance (Brown-Forsythe test)
of the data were checked before significance analyses. For comparisons among the control,
day 1, and day 3 PBS groups, the analysis of variance (ANOVA), the Brown-Forsythe
and Welch ANOVA test, or the Kruskal-Wallis test with multiple comparisons test was
used based on the results of normality and homogeneity of variance tests. For comparison
between the day 3 PBS group and day 3 DTX group, the unpaired t-test, the unpaired t-

test with Welch’s correction, or the Mann-Whitney test was applied.

3.5 Reagents used in this study

All antibodies, solutions, and other materials used in this study are listed in Table 2.

Table 2. The list of reagents used in this study.
Name Source Identifier

DTX Merck D0564-1MG
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PBS Gibco 10010023
Isofluran Sedaconda 7002244.00.00
Buprenovet Multidose 0.3 mg/ml Bayer 401513.00.00
MCAO suture Doccol 602312PK10Re
5.0 ml Eppendorf Tube Eppendorf 0030119401
DMEM Gibco 41965039
Collagenase type VIII Sigma C2139 100mg
DNAse Merck 10104159001
HBSS Gibco 14025092
FBS PAN Biotech P40-47500

15 ml Falcon Greiner T1943-1000EA
50 ml Falcon Greiner T2318-500EA
Cell strainer Greiner 542040

2 ml Syringe Braun 421109
Zombie Red™ Fixable Viability Kit BioLegend 423109

96 well plate Greiner 650185

EDTA Sigma-Aldrich 03690-100ML
Fc blocker BioXCell 5806/0715
RPMI Gibco 21875-091
Penicillin Streptomycin Gibco 15140-122
B-Mercaptoethanol Gibco 31350-010
Brefeldin A Invitrogen 00-450651
Ionomycin Sigma 10634-1MG
PMA Sigma P1585-1MG
AF700 Ly6G, clone: RA3-6B2 BioLegend 127622

APC CD4, clone: RM 4-5 BioLegend 100516
PE-Cy7 CD11b, clone: M 1/70 BioLegend 101216

PE CD3g, clone: 145-2C11 BioLegend 100308

Percp CD45, clone: 30-F11 BioLegend 103130
BV785 Ly6C, clone: HK1.4 BioLegend 128041
BV711 MHC 11, clone: M5/114.15.2 BioLegend 107643
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BV570 CD8a, clone: 53-6.7 BioLegend 100739
BV421 TCR 79, clone: GL-3 BioLegend 118120
BUV8&05 B220, clone: RA3-6B2 BD Bioscience 748867
BUV737 NK1.1, clone: PK136 BD Bioscience 741715
BUVS563 F4/80, clone: T45-2342 BD Bioscience 749284
BUV395 CDlIc, clone: HL3 BD Horizon™ 564080
AF700 IFN-y, clone: XMG 1.2 BioLegend 505824
PE-Cy7 GM-CSF, clone: BioLegend 505412
MP1-22E9

PE IL-17A, clone: eBiol7B7 eBioscience 12-7177-81
Percp CD11b, clone: M 1/70 BioLegend 101230
BV785 CD69, clone: H1.2F3 BioLegend 104543
BV711 NK1.1, clone: PK 136 BioLegend 108745
BUV737 CD3, clone: 17A2 BD Bioscience 612803
BUV563 CD45, clone: 30-F11 BD Bioscience 612924
BUV395 CD8a, clone: 53-6.7 BD Bioscience 563786
FACS tubes SARSTEDT 55.1579
BD Trucount™ Trucount Absolute | BD Bioscience 340334
Counting Tubes IVD

True Nuclear Fix, Nuclear staining | Biolegend 424401

buffer kit
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4. Results

4.1 A well-integrated dural scRNAseq atlas is established

To establish a dural scRNAseq atlas, 34 scRNAseq samples from 10 studies were
included for data integration following reference filtering. Detailed descriptions of all the
included studies are provided in Table 3. All studies utilized the C57BL/6 mouse strain
and employed 10x scRNAseq kits for their scRNAseq experiments. A total of six groups
were involved, including control, aged (24-25 months), PT, EAE, TBI, and tMCAO (day

1 post modeling).

Table 3. Descriptions of all enrolled studies

scRNAseq
Mouse CD45" cell Group of
Year | First Author Age Sex Platform sample
strain enrichment samples
number
Hannah Van
2019 C57BL/6 9 weeks Male Yes 10x Ctrl 3
Hove
2020 | Bong Ihn Koh C57BL/6 8 weeks NM Yes 10x Ctrl, PT 2
Justin 8 weeks-
2021 C57BL/6 NM No 10x Ctrl, Aged 4
Rustenhoven 24 months
David 8-14 Ctrl, EAE
2021 C57BL/6 Both Yes 10x 2
Schafflick weeks (peak stage)
Simone 10 weeks-
2021 C57BL/6 Female No 10x Ctrl, Aged 14
Brioschi 25 months
8-12
2022 | Chunxiao Niu C57BL/6 Both Yes 10x Ctrl 1
weeks
Ctrl, tMCAO
10-16
2022 | Carolin Beuker | C57BL/6 " Male Yes 10x (day 1 post 2
wee
modeling)
2023 | Ashley C Bolte | C57BL/6 8-12 week | Male No 10x Ctrl, TBI 2
Felipe A. 8-14
2023 C57BL/6 Both Yes 10x Ctrl 1
Pinho-Ribeiro weeks
Ctrl, EAE
Yes (matched
10-13 (day 10 and
2023 | Zhilin Li C57BL/6 NM with Cd31° 10x 3
weeks 14 post-
cells)
injection)

Abbreviations: scRNAseq, single cell RNA sequencing; NM, not mentioned; PT,
photothrombotic injury; EAE, experimental autoimmune encephalomyelitis; tMCAO, temporary
middle cerebral artery occlusion; TBI, traumatic brain injury.

A total of 120,893 cells were clustered after filtering and automatic doublet exclusion,
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and 78 clusters were defined in the integrated dataset.
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Figure 9. The canonical markers used for cell annotation in this study. The color of the dot
represents scaled gene expression level, and the size of the dot represents the percentage of cells
expressing these genes.

Abbreviations: cDC1, classical type 1 dendritic cell; ¢cDC2, classical type 2 dendritic cell; cl
monocyte, classical monocyte; CMP, common myeloid progenitor; CP, choroid plexus; gdT cell,
vd T cell; ILC2, group 2 innate lymphoid cell; mDC, migratory dendritic cell; NK, natural killer;
non-cl monocyte, non-classical monocyte; pDC, plasmacytoid dendritic cell; RBC, red blood cell.
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After checking the expression levels and percentages of canonical marker genes, B cell
(Ebf1, Cd79b, and Cdl19), Cd163- macrophage (Mrcl, Ms4a7 and Adgrel), Cd163*
macrophage (Mrcl, Ms4a7, Adgrel, and Cd163) , Cd4" T cell (Cd3g, Ms4a4b, and Cd4),
Cd8* T cell (Cd3g, Ms4a4b, and Cd8), classical type 1 dendritic cell (¢cDC1) (FIt3, Irf8",
and Xcrl), classical type 2 dendritic cell (¢DC2) (Flt3, Irf8°%, and Cd209), classical
monocyte (Ccr2 and Ly6c2), common myeloid progenitor (CMP) (Myc, Cd34, and
Adgrgl), choroid plexus (CP) cell (Slc4a5, Htr2c, and Prr32), endothelial cell (Pecaml,
Plvap, Cldn5, and Fitl), fibroblast (Mgp, Collal, Cxcli2, and Pdgfrb), yv& T cell
(Cd16311, Cxcro6, and 1118r1), group 2 innate lymphoid cell (ILC2) (Gata3, Il1rl1, and
117r), mast cell (Cmal, Mcpt4, Cpa3, and Fcerla), migratory dendritic cell (mDC) (Ccr7,
Nudtl7, and Cacnb3), neutrophil (Lcn2, Ly6g, and Csf3r), natural killer (NK) cell (Nkg7,
Klirkl, and 112rb), non-classical monocytes (Ace and Eno3), plasmacytoid dendritic cell
(pDC) (Siglech, Ccr9, and Pacsinl), plasma cell (Jchain, Mzbl, and Sdc1), and red blood
cell (Car2, Alas2, and Gypa) are identified in this study (Figure 9).

To increase the persuasiveness of cell annotations, the SingleR R package was also used
to predict cell types. The automatic predictions were compared with manual annotations.
The Uniform Manifold Approximation and Projection (UMAP) visualizations of
predicted cell types are shown in Figure 10, and cell types are similar between manual
annotations and SingleR predictions.
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Figure 10. UMAP visualizations of predicted cell types in the integrated dural scRNAseq atlas.
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All 120,893 cells from the 10 enrolled studies that fulfill the quality control standards were
integrated. (a) Manual annotation with the canonical markers shown in Figure 9. (b) Cell labels
predicted by the SingleR R package.

Abbreviations: UMAP, Uniform Manifold Approximation and Projection; scRNAseq, single cell
RNA sequencing; ¢cDCI, classical type 1 dendritic cell; cDC2, classical type 2 dendritic cell; cl
monocyte, classical monocyte; CMP, common myeloid progenitor; CP, choroid plexus; gdT cell,
vd T cell; ILC2, group 2 innate lymphoid cell; mDC, migratory dendritic cell; NK, natural killer;
non-cl monocyte, non-classical monocyte; pDC, plasmacytoid dendritic cell; RBC, red blood cell.

Non-immune cells were removed before downstream analyses. The UMAP visualizations
of the 10 enrolled studies exhibit similar shapes, indicating that 98,195 immune cells are

well-integrated in the dural scRNAseq atlas (Figure 11).

2019 Hannah Van Hove 2020 Bong Ihn Koh 2021 David Schafflick 2021 Justin Rustenhoven 2021 Simone Brioschi

2022 Carolin Beuker 2022 Chunxiao Niu 2023 Ashley C Bolte 2023 Felipe A. Pinho-Ribeiro 2023 Zhilin Li

.
i? &

Figure 11. UMAP visualizations of the integrated dural scRNAseq atlas classified by different
origins. All 98,195 immune cells from the 10 enrolled studies that fulfill the quality control
standards were integrated. The publication year and name of the first author are shown above the
UMAP visualization of each study.

Abbreviation: UMAP, Uniform Manifold Approximation and Projection; scRNAseq, single cell
RNA sequencing.

4.2 Immune cell percentages vary among different conditions in the dural scRNAseq
atlas

To investigate variations in in immune cell compositions within the dura under different
conditions, the proportions of immune cells within each scRNAseq sample and each
group were calculated. The aged group and EAE group have more than one scRNAseq

sample, and the percentages of all immune cells were then compared between individual
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samples in the aged/EAE group and the control group, respectively. Additionally, immune

cell compositions across the six groups were also examined.

4.2.1 Percentages of neutrophils are higher in the aged dura

The aged group (age range: 24-25 months) has 9 biological duplicates (Brioschi et al.

2021, Rustenhoven et al. 2021), and the control group (age range: 8-16 weeks) includes

19 scRNAseq samples from the 10 enrolled studies (Table 3). Comparisons of the

percentages of different immune cell types between the aged group and the control group

are shown in Figure 12.
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Figure 12. Immune cell percentage comparisons between the aged group and the control group.
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Nine scRNAseq samples in the aged group (age range: 24-25 months) and 19 scRNAseq
samples in the control group (age range: 8-16 weeks) were used. Each dot on the figure
represents a sScCRNAseq sample. The percentage of each type of immune cell within each sample
was calculated by dividing the total number of immune cells in that sample. The Wilcoxon
signed-rank test was utilized to evaluate the significance of differences between the aged group
and the control group for each type of immune cell.

Abbreviations: ¢cDCI1, classical type 1 dendritic cell; cDC2, classical type 2 dendritic cell; cl
monocyte, classical monocyte; gdT cell, yd T cell; ILC2, group 2 innate lymphoid cell; mDC,
migratory dendritic cell; NK, natural killer; non-cl monocyte, non-classical monocyte; pDC,
plasmacytoid dendritic cell.

The results indicate that the proportions of neutrophils and plasma cells in the aged group
are significantly higher than those in the control group. Besides, the percentages of NK
cells, subtypes of DCs (cDC1, ¢cDC2, mDC, and pDC), and two kinds of macrophages
(Cd163" macrophage and Cd163- macrophage) are significantly lower in the aged group

compared to the control group.

4.2.2 Lower percentages of B cells are found in the EAE dura

Three samples are included in the EAE group, and these three samples are heterogenous
regarding the sampling time (peak stage, day 10 post-injection of Myelin
Oligodendrocyte Glycoprotein, and day 14 post-injection of Myelin Oligodendrocyte
Glycoprotein). Therefore, the significance of difference between the EAE group and the
control group (19 scRNAseq samples from the 10 enrolled studies) for each type of
immune cell was not analyzed. However, according to the percentage visualizations in
Figure 13, percentages of B cells might be lower in the EAE group compared with the

control group.

32



B cell

o o o o
N w > [,

Percentage

o
-
L

=
=)
.

0.08

0.06

Percentage
o
o
S

0.02 1

Ctrl EAE
group

Mast cell

o

0.00 1

0.05 1
o 0.041
o
g
S 0.031
o
& 0.021

0.01 1

Ctrl  EAE
group

LN

—oc®— ©
°

°
°
° o

Ctrl EAE
group

Cd163- Macrophage Cd163+ Macrophage
° °
0.3 1 °
g’ 0.104 o o % g’
o T
g - qgiioLo, ,g 0.2 ,g
[ [ [
1< o Q
goos{ | € 0.4 == ¢
o
8 &
0.00L—> 001 —, .
Ctrl EAE Ctrl EAE
group group
cDC2 cl monocyte
8 01009 o s
0.075 1 o ° =
4 0.075 A e
) L ] ]
g 0.0501 of o g > g
c 0. oo € €
el FRR I L
(o [ -5 [
a ° o o
0.0251 &, 0.025 7:1;%
—0— : °
o0 o
Ctrl EAE Ctrl EAE
group group
mDC Neutrophil
0.08 1 ° 0.5 °
o
0
0.06- 0.4 oo ‘
S S oro S
8 0.3 e —— &
§ 0.041 ¢t % § 5
4 ° 2 0.2 00 © ° =4
& 0.02 2 L &
’ °g " 014 °
g: g %
0.00 1 : . 0.0 Bl )
Ctrl  EAE Ctrl  EAE
group group
Plasma cell
°
0.0031 ,°
@
§* 00024 b
5 ®
4
® 00011 086 o
op 4
21—
0.000{ o@@ o
Ctrl EAE
group

0.08 1

o
o
>

o
o
5

o
=}
R

0.151

o
7Y
o

o
=)
a

0.00

o
<)
a

o
o
s

o
=]
@

0.02 1

Cd4+ T cell Cd8+ T cell
o °
0.091 °
o
o °
8 s g i 2
P 3006 TI
e %o e
o, o [
ob’ R
— 0.031 o B
? °
oo °
Ctrl EAE Ctrl EAE
group group
gdT cell ILC2
o 034 o
2 0.2
-]
=
. g
£o1q °
o > 4% 9
o
gé - I —
=3 : 0013 2
Ctrl EAE Ctrl  EAE
group group
NK cell non-cl monocyte
° 0.08 4 °
o
o
o
" Y 0.06 1 °° c&
—o10— ° o‘!
5 c
850 80041 o =
— & &
755 " 0.02{_ 8o
0® o
i 3
Ctrl EAE Ctrl EAE
group group

Figure 13. Immune cell percentage comparisons between the EAE group and the control group.

Three scRNAseq samples in the EAE group and 19 scRNAseq samples in the control group

were used. Each dot on the figure represented a scRNAseq sample, and the percentage of each

type of immune cell within each sample was calculated by dividing the total number of immune

cells in that sample.

Abbreviations: EAE, experimental autoimmune encephalomyelitis; ¢DCI, classical type 1

dendritic cell; cDC2, classical type 2 dendritic cell; cl monocyte, classical monocyte; gdT cell, yd

T cell; ILC2, group 2 innate lymphoid cell; mDC, migratory dendritic cell; NK, natural killer;

non-cl monocyte, non-classical monocyte; pDC, plasmacytoid dendritic cell.
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4.2.3 Proportions of immune cells in the dura are heterogeneous among different
conditions

As for the PT, TBI, and tMCAO groups, all these groups have only 1 scRNAseq sample
(Table 3). The proportions of 17 kinds of immune cells among all six groups are shown
in Figure 14. This figure also illustrates that the immune landscapes of the dura exhibit

heterogeneity under varying conditions.
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Figure 14. The proportions of all immune cells among the six groups in the dural scRNAseq atlas.
All 98,195 immune cells from the integrated dural scRNAseq atlas were used. The percentage of
each type of immune cell within each group was calculated by dividing the total number of
immune cells in that group.

Abbreviations: tMCAOQO, temporary middle cerebral artery occlusion; TBI, traumatic brain injury;
PT, photothrombotic injury; EAE, experimental autoimmune encephalomyelitis; cDC1, classical
type 1 dendritic cell; cDC2, classical type 2 dendritic cell; cl monocyte, classical monocyte; gdT
cell, 6 T cell; ILC2, group 2 innate lymphoid cell; mDC, migratory dendritic cell; NK, natural
killer; non-cl monocyte, non-classical monocyte; pDC, plasmacytoid dendritic cell.
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4.3 The number and percentage of dural y6 T cells seem to increase on day 1 post-
tMCAO but then might relatively decrease on day 3 post-tMCAO

To explore the impact of AIS on the dural immune cells, dural sScRNAseq datasets on day
1 and day 3 post-tMCAO modeling and the baseline controls from the same studies were
integrated (Beuker et al. 2022, Kolabas et al. 2023). Six scRNAseq samples were used
for integration (3 samples in the control group, 1 sample in the tMCAO day 1 group, and
2 samples in the tMCAO day 3 group). A total of 13 types of immune cells were identified.
The UMAP visualizations of the integrated dura are shown in Figure 15a. As shown in

Figure 15b, all 10,172 immune cells are well integrated among different groups.
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Figure 15. UMAP visualizations of various immune cell types in the integrated dural scRNAseq
data. (a) UMAP visualizations of all 10,172 dural immune cells in the integrated dataset. (b)
UMAP visualizations of the cells in the integrated dataset categorized by different groups. The
name of each group is shown above the UMAP visualization of each study. Immune cells from
two studies (Beuker et al. 2022, Kolabas et al. 2023) were integrated. Manual cell annotations
were finished with the canonical markers displayed in Figure 9.

Abbreviations: UMAP, Uniform Manifold Approximation and Projection; scRNAseq, single cell
RNA sequencing; cDC1, classical type 1 dendritic cell; cDC2, classical type 2 dendritic cell; gdT
cell, yo T cell; ILC2, group 2 innate lymphoid cell; NK, natural killer; pDC, plasmacytoid
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dendritic cell; tMCAO, temporary middle cerebral artery occlusion.

The distributions of various immune cell percentages within the integrated dural
scRNAseq dataset across the control group, tMCAO day 1 group, and tMCAO day 3
group are shown in Figure 16. The tMCAO day 1 group seems to have fewer
macrophages and more T cells. The percentage of yd T cells seems to increase in the
tMCAO day 1 group compared with the control group, and then shows a decreasing trend

in the tMCAO day 3 group compared with the tMCAO day 1 group.
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Figure 16. Immune cell percentage comparisons among the control group, the tMCAO day 1
group, and the tMCAO day 3 group in the integrated scRNAseq dataset. Three sScRNAseq samples
in the control group, one sample in the tMCAO day 1 group, and two samples in the tMCAO day
3 group were used. Each dot on the figure represents one scRNAseq sample. The percentage of
each type of immune cell within each sample was calculated by dividing the total number of
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immune cells in that sample.
Abbreviations: tMCAOQO, temporary middle cerebral artery occlusion; scRNAseq, single cell RNA
sequencing; cDC1, classical type 1 dendritic cell; cDC2, classical type 2 dendritic cell; gdT cell,

vd T cell; ILC2, group 2 innate lymphoid cell; NK, natural killer; pDC, plasmacytoid dendritic
cell.

Considering the lack of biological replicates in the integrated scRNAseq data, flow
cytometric data of the control, day 1, and day 3 PBS groups were also used to analyze

changes in the dural immune compartment at different time points post-AIS.
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Figure 17. Comparisons on absolute numbers of different kinds of immune cells in the dura
among the control, day 1, and day 3 PBS groups in the flow cytometric experiments. Data were
obtained after flow cytometric analyses of dural immune cells stained for Ly6G, CD4, CD11b,
CD3eg, CD45, Ly6C, MHC 11, CD8a, TCRYs, B220, NK1.1, F4/80, and CD11c. For cell counting,
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BD Trucount™ Absolute Counting Tubes were used. Cell counts were calculated with the beads
recorded in the BD FACS Symphony A3 and the original beads number included in the BD
Trucount™ tube. Detailed gating strategies are shown in Figure 6. The figures show the median
+ interquartile range of six Tcrd-GDL mice per group, in 2-4 independent experiments for each
time point. Significance was tested by the analysis of variance (ANOVA), the Brown-Forsythe
and Welch ANOVA test, or the Kruskal-Wallis test with multiple comparisons test depending on
the results of normality and homogeneity of variance tests. “P<0.05.

Abbreviations: PBS, phosphate buffered saline; NK, natural killer; MHC, major
histocompatibility complex; DC, dendritic cell; ns, non-significant.

Comparisons of absolute numbers of various immune cells in the dura among the control
group, the day 1 group, and the day 3 PBS group are shown in Figure 17. The number of
monocyetes is significantly increased in the day 1 group. No other significant difference is
found among the three groups. However, the number of yd T cells seems to increase in
the day 1 group. And a decreasing trend from day 1 to day 3 post-tMCAO modeling also
might exist. These trends correlate with the findings in the integrated scRNAseq dataset.
To sum up, the aforementioned analyses in this part indicate that AIS might influence the
immune cell compositions of dura. The number and percentage of yd T cells might

increase on day 1 post-tMCAO but then might relatively decrease on day 3 post-tMCAO.

4.4 Following AIS, the migratory potential of dural yo T cells may be enhanced from
the baseline to day 3 post-tMCAO

4.4.1 Cell adhesion pathway is significantly suppressed in yo T cells on day 1 post-
tMCAO

To investigate the alterations of dural y6 T cells at different time points post-tMCAO,
GSEA analyses were conducted on yo T cells in the following comparisons: the tMCAO
day 1 group vs. the control group, the tMCAO day 3 group vs. the control group, and the
tMCAO day 3 group vs. the tMCAO day 1 group. In Figure 18, the top five significantly
altered pathways of yd T cells in the tMCAO day 1 group are displayed, in comparison to
the control group. These results indicate that the cell adhesion-related pathways are

significantly downregulated in dural y6 T cells on day 1 post-tMCAO modeling. The
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regulation of lymphocyte activation pathway is also significantly suppressed.
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Figure 18. The top five significantly altered pathways in y6 T cells between the tMCAO day 1
group and the control group. In this comparison, 363 y3 T cells from the tMCAO day 1 group and
194 v8 T cells from the control group were used. The biological process database in the Gene
Ontology database was used as a reference for GSEA, and the gseGO function in the
ClusterProfile R package was utilized to perform GSEA analyses on yd T cells between the
tMCAO day 1 group and the control group. Detailed parameters of gseGO function were listed
as (OrgDb= org.Mm.eg.db, ont = ‘BP’, minGSSize = 100, maxGSSize = 500). The size of dots
represents the number of genes in a specific biological process pathway, and the color represents
the adjusted P value. The net enrichment score (NES) quantifies the degree to which a particular
pathway is overrepresented or underrepresented in the tMCAO day 1 group. A positive NES
represents that a specific pathway is upregulated in the tMCAO day 1 group, while a negative
NES suggests that a specific pathway is downregulated in the tMCAO day 1 group.
Abbreviations: NES, net enrichment score; GSEA, gene set enrichment analyses; tMCAO,
temporary middle cerebral artery occlusion.

To assess changes in cell adhesion through flow cytometric experiments, this study
examined the expression of CD69 in y6 T cells, which serves as a retention marker for
tissue immune cells (Cibrian and Sanchez-Madrid 2017). Analyses on the T cell
stimulation panel show that the percentages of CD69" y3 T cells are comparable among
the control, day 1, and day 3 PBS groups. However, MFI values of CD69 in CD69" yd T

cells are significantly lower in the day 1 group compared with the control group (Figure
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19), reflecting a decrease in median CD69 molecules per cell. The results from the
scRNAseq and flow cytometric data suggest that dural vy T cells might have decreased
adhesion to other cells/stroma and relatively reduced activation status on day 1 post-

tMCAO when compared to the control group.
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Figure 19. Comparisons on the percentages (a) and CD69 MFI values (b) of CD69" v3 T cells in
the dura among the control group, the day 1 group, and the day 3 PBS group. Data were obtained
after flow cytometric analysis of dural immune cells stained for [FN-y, CD4, GM-CSF, IL-17A,
CDl11b, CD69, NK1.1, TCRys, B220, CD3, CD45, and CD8a. Detailed gating strategies are
shown in Figure 7. The median function in the Flowjo was used to calculate MFI values of CD69
for CD69" v6 T cells. The figures show median + interquartile range of six Terd-GDL mice per
group, in 2-4 independent experiments for each time point. Significance was tested by the analysis
of variance (ANOVA), the Brown-Forsythe and Welch ANOVA test, or the Kruskal-Wallis test
with multiple comparisons test depending on the results of normality and homogeneity of variance
tests. "P<0.05.

Abbreviations: PBS, phosphate buffered saline; MFI, Median Fluorescence Intensity; ns, non-
significant.

4.4.2 Cell migration pathway is significantly up-regulated in yo T cells at day 3 post-
tMCAO

Considering the decreasing trends of counts and percentages of yd T cells on day 3 post-
tMCAO compared to day 1 post-tMCAO, this study checked the cell migration pathway
activation status in yd T cells from the tMCAO day 3 group with the GSEA method. The

results demonstrate that the cell migration pathway is significantly upregulated in the
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tMCAOQO day 3 group compared to both the control group (Figure 20a) and the tMCAO
day 1 group (Figure 20b). These results indicate that the migration ability of dural yo T
cells might be significantly enhanced on day 3 post-tMCAO modeling.
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Figure 20. The cell migration pathway is significantly enhanced in the tMCAO day 3 group. (a)
Comparison of the activation status of the cell migration pathway between the tMCAO day 3
group and the control group with the GSEA method. (b) Comparison of the activation status of
the cell migration pathway between the tMCAO day 3 group and the tMCAO day 1 group with
the GSEA method. All 599 y3 T cells in the integrated post-tMCAO dural scRNAseq data were
used (194 in the control group, 363 in the tMCAO day 1 group, and 42 in the tMCAO day 3
group). The biological process database in the Gene Ontology database was used as a reference
for GSEA, and the gseGO function in the ClusterProfile R package was utilized to perform GSEA
analyses on yo T cells between the tMCAO day 3 group and the control/tMCAO day 1 group,
respectively. Detailed parameters of gseGO function were listed as (OrgDb= org.Mm.eg.db, ont
= ‘BP’, minGSSize = 100, maxGSSize = 500). The net enrichment score (NES) quantifies the
degree to which a particular pathway is overrepresented or underrepresented in the tMCAO day
3 group. A positive NES represents that a specific pathway is upregulated in the tMCAO day 3
group, while a negative NES suggests that a specific pathway is downregulated in the tMCAO
day 3 group.

Abbreviations: tMCAO, temporary middle cerebral artery occlusion; GSEA, gene set enrichment
analyses; NES, net enrichment score.

4.5 The majority of dural yo T cells can produce IL-17A upon stimulation, and these

cells demonstrate consistent IL-17A-producing capabilities at baseline, day 1, and
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day 3 post-tMCAO modeling

To better characterize the functions of o T cells in the dura, productions of IL-17A, GM-
CSF, and IFN-y in yd T cells were also analyzed with the T cell stimulation panel of flow
cytometry. Upon stimulation, approximately 60-80% of yd T cells can produce IL-17A.
The percentages of IL-17A" yd T cells and MFI values of IL-17A in IL-17A" v8 T cells
are comparable among the control group, the day 1 group, and the day 3 PBS group
(Figure 21). Higher percentages of GM-CSF* yo T cells are detected in the day 3 PBS
group compared to the day 1 group. No other significant difference among the three
groups is found. These findings suggest that a significant portion of dural yd T cells can
produce IL-17A in response to stimulation. Furthermore, the IL-17A-producing

capabilities appear to be comparable among the control group, the day 1 group, and the

day 3 PBS group.
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Figure 21. Comparisons on the percentages of IL-17A" y8 T cells, GM-CSF" v3 T cells, and IFN-
7" v8 T cells, as well as the MFI values of relevant cytokines in the dura among the control group,
day 1 group, and day 3 PBS group. MFI values of IFN-y in IFN-y" vd T cells were not calculated
due to the very low expression percentage. Data were obtained after flow cytometric analysis of
dural immune cells stained for IFN-y, CD4, GM-CSF, IL-17A, CD11b, CD69, NK1.1, TCRys9,
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B220, CD3, CD45, and CD8a. Detailed gating strategies are shown in Figure 7. The median
function in the Flowjo was used to calculate the MFI values of IL-17A for IL-17A" y8 T cells,
and the MFI values of GM-CSF for GM-CSF" v3 T cells. The figures show median =+ interquartile
range of six Terd-GDL mice per group, in 2-4 independent experiments for each time point.
Significance was tested by the analysis of variance (ANOVA), the Brown-Forsythe and Welch
ANOVA test, or the Kruskal-Wallis test with multiple comparisons test depending on the results
of normality and homogeneity of variance tests. "P<0.05.

Abbreviations: PBS, phosphate buffered saline; MFI, Median Fluorescence Intensity; GM-CSF,
granulocyte-macrophage colony-stimulating factor; ns, non-significant.

4.6 The activation status of yo T cells significantly decreases on day 1 post-tMCAO
but increases on day 3 post-tMCAO

Phenotypes of v T cells are various. Previous studies have emphasized that IL-17" y6 T
cells are important inflammation amplifiers after AIS (Gelderblom et al. 2012, Shichita
et al. 2009). Considering that the majority of dural y3d T cells exhibit comparable IL-17A-
producing potential at baseline, day 1, and day 3 post-stroke after stimulation, this study
employed the integrated scRNAseq data to assess the expression of marker genes specific
to IL-17* v T cells in dural y3 T cells at various time points post-stroke. The expression
of marker genes (includes Cd44, 1123r, Ccr2, Rora, 117v, I12ra, Sox13, Ccr6, Rorc, 1l17a,
S100a6, 111871, Icos, Blk, Maf, and Cxcr6) were quantified with the ‘AddModuleScore’
function in the Seurat for all Y3 T cells in the control group, the tMCAO day 1 group, and
the tMCAO day 3 group, which formed the Y317 signature scores. A higher score for a
sample suggests that these genes are relatively upregulated in that sample, which could
be used to represent a higher activation status of yd6 T cells. Comparisons on the Y517
signature scores among the control group, the tMCAO day 1 group, and the tMCAO day
3 group were performed, and the results are shown in Figure 22. The y517 signature
scores are significantly lower in the tMCAO day 1 group compared to the control group
and the tMCAO day 3 group, and the scores in the tMCAO day 3 group are significantly
higher than the control group and the tMCAO day 1 group. The results of Y317 signature
scores might suggest that the average activation status of dural yd T cells significantly

decreases on day 1 post-tMCAO but increases significantly on day 3 post-tMCAO.
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Considering the increased number of yd T cells on day 1 post-tMCAO, the migration of
less-activated yo T cells from the periphery into the dura may partly explain the relatively

diminished Y817 signature scores on that day.
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Figure 22. Comparisons of the y317 signature scores among all yd T cells in the control group,
the tMCAO day 1 group, and the tMCAO day 3 group. All 599 yd T cells in the integrated dural
scRNAseq data were used (194 in the control group, 363 in the tMCAO day 1 group, and 42 in
the tMCAO day 3 group). Each dot on the figure represents one yd T cell. The y517 signature
includes Cd44, 1123y, Ccr2, Rora, 117r, I12ra, Sox13, Ccr6, Rorc, I117a, S100a6, 111871, Icos, Blk,
Maf, and Cxcr6 genes. These gene signatures are known markers of IL-17" y8 T cells. The
‘AddModuleScore’ function calculates the average expression of a given signature per cell and
subtracts it from the average expression of randomly selected control features. A higher score of
a sample suggests that these genes are relatively upregulated in that sample. After calculation, the
Dunn Kruskal-Wallis multiple comparison test from the FSA R package was used to test the
significance of difference.

Abbreviation: tMCAOQ, temporary middle cerebral artery occlusion.

4.7 The impact of Y0 T cells on the dural immune landscape is minor

The preceding results might indicate that yo T cells undergo significant activation in the
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dura on day 3 post-tMCAO. To explore the impact of yo T cells on the dural immune
landscape, DTX was injected into the Terd-GDL mice as planned to deplete the yd T cells.
No alterations in spontaneous behaviors and facial expressions were found in the day 3
DTX group. The weight of mice before tMCAO modeling was comparable between the
day 3 DTX group and the day 3 DTX group. Representative pictures of the depletion
effect are shown in Figure 23a-b, and the absolute counts of yd T cells are significantly

lower in the day 3 DTX group compared to the day 3 PBS group (Figure 23c).
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Figure 23. Representative pictures of successful yd T cell depletion in the Tcrd-GDL mouse line
and comparisons on the absolute number of Y6 T cells in the dura between the day 3 PBS group
and the day 3 DTX group. (a) Gating of y3 T cells in a mouse from the day 3 PBS group. (b)
Gating of y6 T cells in a mouse from the day 3 DTX group. (c) Cell counting comparisons between
the day 3 PBS group and the day 3 DTX group. Data were obtained after flow cytometric analysis
of dural immune cells stained for Ly6G, CD4, CD11b, CD3e, CD45, Ly6C, MHC 11, CDS8a,
TCRyS, B220, NK1.1, F4/80, and CD11c. Detailed gating strategies are shown in Figure 6. For
cell counting, BD Trucount™ Absolute Counting Tubes were used. Cell counts were calculated
with the beads recorded in the BD FACS Symphony A3 and the original beads number included
in the BD Trucount™ tube. The figures show median + interquartile range of six Terd-GDL mice
in the day 3 PBS group and five in the day 3 DTX group, in 4 independent experiments for each
time point. Significance was tested by the unpaired t-test, the unpaired t-test with Welch’s
correction, or the Mann-Whitney test depending on the results of normality and homogeneity of
variance tests. = P<0.01.

Abbreviations: eGFP, enhanced green fluorescent protein; PBS, phosphate buffered saline; DTX,
diphtheria toxin.

As for other types of immune cells, the number of CD4" T cells is significantly higher in
the day 3 DTX group, and no other significant difference is found between the day 3 DTX
and the day 3 PBS groups (Figure 24). These results indicate that the impact of y5 T cells
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on the dural immune landscape is relatively mild.
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Figure 24. Comparisons on absolute numbers of different kinds of immune cells in dura between
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the day 3 PBS group and the day 3 DTX group. Data were obtained after flow cytometric analysis
of dural cells stained for Ly6G, CD4, CD11b, CD3g, CD45, Ly6C, MHC, CD8a, TCRYs, B220,
NK1.1, F4/80, and CD11c. For cell counting, BD Trucount™ Absolute Counting Tubes were used.
Cell counts were calculated with the beads recorded in the BD FACS Symphony A3 and the
original beads number included in the BD Trucount™ tube. Detailed gating strategies are shown
in Figure 6. The figures show median =+ interquartile range of six Tcrd-GDL mice in the day 3
PBS group and five in the day 3 DTX group, in 4 independent experiments for each time point.
Significance was tested by the unpaired t-test, the unpaired t-test with Welch’s correction, or the
Mann-Whitney test depending on the results of normality and homogeneity of variance tests.
"P<0.05.

Abbreviations: PBS, phosphate buffered saline; DTX, diphtheria toxin; NK, natural killer; MHC,
major histocompatibility complex; DC, dendritic cell; ns, non-significant.
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S. Discussion

In this study, analyses of the integrated dural scRNAseq atlas reveal that the dural immune
landscapes are heterogeneous among different conditions. By integrating dural scRNAseq
data from two tMCAO modeling studies and performing flow cytometric experiments at
different time points post-tMCAOQ, this study also reveals that the immune compositions
of dura might change after AIS onset. The fluctuations in the number and changes in
migration and activation abilities of dural yd T cells during the progression of AIS suggest
that dural yd T cells might play important roles in AIS. The impact of y6 T cells on the
dural immune compartment after AIS onset seems to be relatively mild. After depleting
v0 T cells, only the quantity of CD4" T cells shows a significant alteration.

Immune landscapes of the dura exhibit heterogeneity across various conditions, and the
reasons for this heterogeneous immune compartment might be disease specific. The aged
dura is characterized by lower proportions of DC subtypes and macrophages, which are
crucial antigen processing and presentation (APC) cells. Previous studies have shown that
dural sinuses might play roles in immune surveillance, and meningeal lymphatic vessels
participate in metabolic waste clearance from the CNS (Da Mesquita et al. 2018,
Rustenhoven et al. 2021). The reduced proportions of APC cells in the aged dura may
contribute to the accumulation of waste in the brain and cognitive decline associated with
aging. An upward trend in the percentages of neutrophils and a downward trend in the
percentages of NK cells are observed in the aged dura. Nevertheless, the underlying
biological significance of these trends is yet to be fully understood.

The percentages of B cells seem to decrease at different stages of EAE. This relative
reduction might be explained by the accumulation of myeloid cells (Jordao et al. 2019).
Another possible explanation for this phenomenon is that B cells infiltrate into other
layers of the meninges or the brain and contribute to autoimmunity after the initiation of
EAE. The relationship between the dura and B cells might be intricate, as indicated by
the presence of B cells in diverse developmental stages residing within the dura (Brioschi

et al. 2021). In conclusion, additional research is needed to explore the heterogeneity of
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the dural immune landscape and its influence on the underlying diseases.

Recent studies have indicated that neutrophils and other myeloid cells can migrate from
the skull bone marrow to the dura following the tMCAO modeling (Herisson et al. 2018,
Kolabas et al. 2023), suggesting potential changes in dural cell compositions after AIS.
In this study, flow cytometric analyses of the dural immune landscape reveal that numbers
of monocytes are increased in the dura at day 1 post-tMCAO modeling. However, the
counts of monocytes are comparable between day 3 post-tMCAO and the control group.
The migrations, functions and differentiations of dural monocytes after AIS onset are
interesting questions that remain to be answered, and further live imaging studies might
offer additional insights into this phenomenon.

Given the significant roles of IL-17A" y3 T cells in the context of AIS (Gelderblom et al.
2012) and the presence of IL-17" y3 T cells in meninges under homeostasis (Alves de
Lima et al. 2020, Ribot et al. 2021), this study investigates the properties of dural yo T
cells through scRNAseq analyses and flow cytometric experiments. The scRNAseq
analyses show that number of dural vy T cells might increase on day 1 post-tMCAOQO, and
then decrease relatively on day 3 post-tMCAO. The dynamically changing pattern in cell
counts and percentages suggests that yo T cells undergo alterations in the early stages of
AIS. A previous study has shown that IL-17" yd T cells might migrate from intestine to
the meninges and modulate ischemic injury after AIS (Benakis et al. 2016). These
infiltrated yd T cells may account for the increased numbers in the dura at day 1 post-
tMCAQ. As for day 3 post-tMCAO, the enhanced migratory capacity of yd T cells during
that period could partially explain the reduced number of y6 T cells.

Analyses of the integrated post-tMCAO dural scRNAseq data indicate that the cell
adhesion ability of dural yd T cells may be significantly diminished on day 1 post-tMCAO
modeling compared to the control group. This observation is consistent with the lower
CD69 MFI values found in the day 1 group in flow cytometric analyses. CD69 is known
as a molecule related to the retention/survival of tissue-resident immune cells (Cibrian

and Sanchez-Madrid 2017). Reduced expression of retention-related markers might
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facilitate the migration of yd T cells. Enrichment analyses also indicate that the cell
migration pathway is significantly enhanced in dural yd T cells at day 3 post-tMCAO
modeling. A recent study has illustrated migration behaviors of yd T cells across the
meningeal structure toward the brain after cerebral microbleeds (Su et al. 2023). The
percentage of vy T cells in the ischemic brain significantly increases on day 3 post-
tMCAO compared to day 1 post-tMCAO (Gelderblom et al. 2012). One plausible
hypothesis for the aforementioned results and trends is that following tMCAO modeling,
the migratory potential of yd T cells may increase from the baseline to day 3 post-tMCAO,
enabling these cells to infiltrate the ischemic brain.

Other than the changes in adhesion and migration abilities, dural y6 T cells might also
undergo activations and acquire the IL-17A" phenotype after AIS. According to the results
of flow cytometric experiments, the majority of yo T cells (around 60-80%) can produce
IL-17A after stimulation, and the IL-17A-producing potentials are similar among the
baseline, day 1, and day 3 post-tMCAO modeling. However, the GSEA reveals that the
regulation of lymphocyte activation pathway is downregulated on day 1 post-tMCAO.
Analyses on the Y517 signature scores also indicate that the activation status of IL-17A"
vd T cells significantly decreases on day 1 post-tMCAO but increases on day 3 post-
tMCAO. The downregulated pathway and relatively lower enrichment of IL-17°
phenotype genes on day 1 post-tMCAO might be explained by the ‘dilution effect’. After
AIS onset, yd T cells without IL-17" phenotype migrate from the periphery towards dura,
reducing the average expressions of marker genes of IL-17" y3 T cells. These yd T cells
gradually acquire activation phenotypes and enhance their migration abilities in the dura,
and then migrate towards the brain or other layers of meninges. Descriptions of this
hypothesis are shown in Figure 25. However, the correctness of this hypothesis still needs
further investigation.

Besides, the percentages of GM-CSF™ y3 T cells are also significantly higher on day 3
post-tMCAO compared to the day 1 group. A previous study has shown that IL-23R" y3
T cells in the aortic root might produce IL-17A and GM-CSF and promote early
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atherosclerotic lesion formation and plaque necrosis (Gil-Pulido et al. 2022). In current
study, the expression of GM-CSF might also serve as a marker for the activation of yd T
cells after tMCAO modeling, and the impact of GM-CSF produced by dural y5 T cells

following AIS is yet to be explored.
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Figure 25. The illustration of hypothesis of this study. As shown in the figure, in baseline
conditions, ¥ T cells and IL-17A" vy T cells reside in the dura. At day 1 post-tMCAO, v8 T cells
without IL-17A" phenotype might migrate from the periphery to the dura, increasing the number

and reducing the average expressions of marker genes of IL-17"y8 T cells. The decreasing cell
adhesion activities in yd T cells facilitate the migration process. On day 3 post-tMCAO, more 73
T cells acquire IL-17A" phenotype and have enhanced cell migration abilities. These activated y8
T cells might migrate towards the infarction zone and participate in the inflammatory process.
Abbreviation: tMCAOQ, temporary middle cerebral artery occlusion.

Dural yd T cells might be significantly activated on day 3 post-AIS, and this study also
explores the impact of yd T cells on the dural immune compartment on day 3 post-AlS.

After the successful depletion of y6 T cells, the numbers of CD4" T cells are significantly



increased in the dura. Whereas, the roles of these increased CD4™ T cells are still uncertain.
DTX has been shown to not affect CD4" or CD8" T cells in the Terd-GDL mouse line
(Sandrock et al. 2018). Furthermore, the number of other immune cells remains
comparable between the depletion and non-depletion mice. In general, the impact of yo6 T
cells on the dural immune landscape is mild.

Through the integration of data from various resources and the implementation of well-
structured analytical methods, this study provides a comprehensive characterization of
the immune landscape within the dura under varying conditions, especially at different
time points post-AlS. Integrating analyses of flow cytometric data from multiple groups
and scRNAseq data enhances the robustness of the findings. However, there are also
limitations in this study. First of all, flow cytometric experiments were conducted only on
the control group and the tMCAO group. Further investigations involving other disease
models are required. Furthermore, despite the implementation of rigorous quality control
thresholds and multi-step adjustments, potential batch effects and heterogeneities in the
integrated scRNAseq data may still exist. Additionally, several groups within the dural
scRNAseq atlas lack biological replicates, which restricts the choice of analytical
methods and hinders the generalizability of the results. Given that the dura serves as an
immune interface, it is necessary to consider the bone marrow and other adjacent tissues
when analyzing its roles. The absence of bone marrow flow cytometric data might impact
the interpretation of the findings. After stroke initiation, the relationship between dural y6
T cells and CNS-infiltrating yd T cells is still awaiting confirmation. Understanding the
potential migration pathway of yd T cells between the dura and the brain holds significant
importance. Exploring the factors responsible for triggering detrimental phenotype
changes in dural v T cells following AIS could provide valuable insights into stroke
interventions. These questions warrant further explorations.

To summarize, this study reveals changes in the composition of the dural immune
compartment under different conditions, hypothesizes potential migration and activation

patterns of dural yd T cells after the onset of AIS, and investigates the impact of dural yo
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T cells on the dural immune landscape. As a crucial immune interface next to the CNS,

the diverse roles of the dura remain intricate and call for further investigations.
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6. Summary

The dura functions as a crucial immune niche located adjacent to the brain. However, the
impact of pathological changes in the brain parenchyma on the dural immune
compartment remains uncertain. This study aims to investigate the alterations in the
compositions of dural immune cells under various pathological conditions and during the
aging process. Besides, this study seeks to explore the roles of dural vy T cells in the
context of acute ischemic stroke (AIS).

This study systematically searched and integrated dural single-cell RNA sequencing
datasets from 10 published studies up to May 15, 2023, and established a single-cell atlas
containing 120,893 cells. The single-cell atlas revealed notable heterogeneities in the
percentages of various immune cells across six conditions, including baseline, aged,
experimental autoimmune encephalomyelitis, traumatic brain injury, photothrombotic
injury, and temporary middle cerebral artery occlusion. Furthermore, this study
incorporated and analyzed dural single-cell RNA sequencing data at baseline, 1 day, and
3 days following AIS onset. The analysis showed an initial increasing followed by a
subsequent decreasing trend in the proportion of dural yo T cells post-AIS onset, which
was confirmed by flow cytometric data. Enrichment analyses unveiled that the migratory
capabilities and activation status of dural yd T cells significantly increased as AIS
progression. Additionally, this study conducted yo T cell depletion prior to AIS modeling.
The analysis of the frequency of dural immune cells in depleted mice showed that the
impact of Y0 T cells on the frequency of dural immune cells at day 3 post-AIS was minor,
as the number of various dural immune cells were comparable, except for CD4" T cells.

Taken together, this study provides valuable insights into the disease-specific dural
immune landscape. This study also postulates potential migration and activation patterns
of dural yo T cells following the onset of AIS. The observed increased migration abilities
and heightened activation status of dural yd T cells during the progression of AIS imply

that these cells could serve as promising targets for interventions in the treatments of AIS.
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Zusammenfassung

Die Dura fungiert als wichtige immunologische Barriere, die an das Gehirn angrenzt. Die
Auswirkungen pathologischer Verdnderungen des Hirnparenchyms auf das durale
Immunkompartiment sind jedoch noch unklar. Ziel dieser Studie ist es, die Verdnderungen
in der Zusammensetzung der duralen Immunzellen unter verschiedenen pathologischen
Bedingungen und wiéhrend des Alterungsprozesses zu untersuchen. AuB3erdem soll die
Rolle der duralen yd-T-Zellen im Zusammenhang mit dem akuten ischdmischen
Schlaganfall (AIS) untersucht werden.

In dieser Studie wurden systematisch durale Einzelzell-RNA-Sequenzierungsdatensitze
aus 10 veroffentlichten Studien bis zum 15. Mai 2023 durchsucht und integriert und ein
Einzelzellatlas mit 120.893 Zellen erstellt. Der Einzelzell-Atlas zeigte bemerkenswerte
Heterogenititen in den Prozentsdtzen verschiedener Immunzellen unter sechs
Bedingungen, einschlieBlich Ruhebedingungen, Alter, experimentelle Autoimmun-
Enzephalomyelitis, traumatische Hirnverletzung, photothrombotische zerebraler
Ischdmie und zerebraler Ischdmie bei vorlibergehender Verschluss der mittleren
Hirnarterie. Dariiber hinaus wurden in dieser Studie durale Einzelzell-RNA-
Sequenzierungsdaten zu Studienbeginn, 1 Tag und 3 Tage nach Ausbruch des AIS
einbezogen und analysiert. Die Analyse ergab einen anfdnglichen Anstieg, gefolgt von
einem anschlieBenden Abwirtstrend im Anteil der duralen y5-T-Zellen in der Folge eines
experimentellen Schlaganfalls, was in durchflusszytometrischen Daten bestétigt wurde.
Weitere bioinformatische Analysen ergaben, dass die Migrationsfahigkeit und der
Aktivierungsstatus der duralen yd-T-Zellen mit dem Fortschreiten des AIS signifikant
zunahmen. Dariiber hinaus wurde in dieser Studie eine Depletion von y5-T-Zellen vor der
Modellierung des AIS durchgefiihrt. Die Analysen in den depletierten Mausen zeigte,
dass die Auswirkungen der yd-T-Zellen auf die Zusammensetzung des duralen
Immunkompartiments am Tag 3 nach dem AIS gering waren, da die Anzahl der
verschiedenen duralen Immunzellen mit Ausnahme der CD4+-T-Zellen vergleichbar war.
Insgesamt bietet diese Studie wertvolle Einblicke in die krankheitsspezifische durale
Immunlandschaft. Diese Studie postuliert auch mdgliche Migrations- und
Aktivierungsmuster duraler y3-T-Zellen nach dem Auftreten von AIS. Die beobachteten
erhohten Migrationsfdahigkeiten und der erhohte Aktivierungsstatus der duralen yd-T-
Zellen wihrend des Fortschreitens von AIS deuten darauf hin, dass diese Zellen als

vielversprechende Ziele fiir Interventionen bei der Behandlung von AIS dienen kénnten.
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