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Abstract

Background and Objectives

Multiple sclerosis (MS) is a neuroinflammatory and neurodegenerative disease characterized by
infiltration of immune cells in multifocal areas of the CNS. The specific molecular processes
allowing autoreactive immune cells to enter the CNS compartment through the blood-brain
barrier remain elusive.

Methods

Using endothelial cell (EC) enrichment and single-cell RNA sequencing, we characterized the
cells implicated in the neuroinflammatory processes in experimental autoimmune encephalo-
myelitis, an animal model of MS. Validations on human MS brain sections of the most dif-
ferentially expressed genes in venous ECs were performed using immunohistochemistry and
confocal microscopy.

Results

We found an upregulation of genes associated with antigen presentation and interferon in most
populations of CNS-resident cells, including ECs. Interestingly, instead of transcriptionally dis-
tinct profiles, a continuous gradient of gene expression separated the arteriovenous zonation of
the brain vasculature. However, differential gene expression analysis presented more tran-
scriptomic alterations on the venous side of the axis, suggesting a prominent role of venous ECs in
neuroinflammation. Furthermore, analysis of ligand-receptor interactions identified important
potential molecular communications between venous ECs and infiltrated immune populations.
To confirm the relevance of our observation in the context of human disease, we validated the
protein expression of the most upregulated genes (Ackrl and Lcn2) in MS lesions.

Discussion

In this study, we provide a landscape of the cellular heterogeneity associated with neuro-
inflammation. We also present important molecular insights for further exploration of specific cell
processes that promote infiltration of immune cells inside the brain of experimental autoimmune
encephalomyelitis mice.
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Glossary

BBB = blood-brain barrier; CAM = cell adhesion molecule; DC = dendritic cell; DEG = differentially expressed gene; EAE =
experimental autoimmune encephalomyelitis; EC = endothelial cel;, MOG = myelin oligodendrocyte glycoprotein;
NAWM = normal appearing white matter; NK = natural killer; scRNA-seq = single-cell RNA sequencing; TJ = tight junction;

UMAP = Uniform Manifold Approximation and Projection.

The cellular landscape of the CNS is highly heterogeneous. The
CNS contains multiple populations of cells including neurons,
astrocytes, oligodendrocytes, microglia, and ependymal cells.
Under homeostatic conditions, the presence of a semipermeable
barrier, called the blood-brain barrier (BBB), maintains a stable
CNS environment. This structure tightly regulates molecule and
cell trafficking between the blood and the CN'S parenchyma." In
certain neuroinflammatory disorders, BBB dysfunction pro-
motes infiltration of immune cells and proinflammatory mole-
cules from the blood into the brain parenchyma.>*

Multiple sclerosis (MS) is a chronic inflammatory disease of the
CNS. The main characteristics of the disease include immune cell
infiltration, demyelination, gliosis, and axonal damage. Experi-
mental autoimmune encephalomyelitis (EAE) is the most com-
mon animal model used to study different neuroinflammatory
processes reminiscent of MS. Both MS and EAE are characterized
by the migration of various immune cell populations across the
BBB and by the subsequent interplay occurring between the dif-
ferent cell subsets present within the CNS. This process is co-
ordinated by an array of secreted and surface molecules, including
cytokines and chemokines. The infiltration of immune cells across
the BBB is also mediated by interactions between trafficking
molecules such as cell adhesion molecules (CAMs) expressed on
the surface of barrier endothelial cells (ECs) and their ligands on
the migrating immune cells.** MS lesions are associated with the
presence of a “central vein sign” visible in MRI, suggesting that
immune cells invade the brain though the veins.*® However, the
reason why veins are the main site of immune cell infiltration
remain unclear.

Among the different populations of immune cells involved
in MS and EAE, T lymphocytes were first considered to be
central drivers of neuroinflammation.” Myelin-reactive Th1l
and Th17 cells are both documented as sufficient to transfer
disease to naive mice.*” Moreover, a pathogenic role of CD8"
T lymphocytes was proven by the development of a CD8" T-
lymphocyte-mediated model of EAE." By contrast, regulatory
T lymphocytes (Treg) are described as a population that in-
hibits the function of proinflammatory cells, and EAE severity is
decreased by the transfer of Treg.1 12 Natural killer (NK) cells
were also described as playing a protective effect because their
depletion resulted in a more severe EAE,">'* but a study
supported that NK cells may negatively affect the reparative
efficacy of the CNS."® Finally, B lymphocytes also play a key
role in neuroinflammation, as shown by the efficacy of B-cell
depletion by anti-CD20 therapy in the treatment of EAE and
remitting-relapsing MS.'7
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Myeloid cells are also known to play a substantial role in the
formation of CNS lesions in MS and EAE. Monocyte-derived
dendritic cells (DCs), which are professional antigen-presenting
cells, have an important role in EAE and MS pathophysiology
because they are known to orchestrate the activation and po-
larization of T lymphocytes in both the periphery and the
brain."®'® Moreover, several studies support a dual role of
monocyte-derived macrophages in MS. Indeed, they can not
only promote neuroinflammation but also be neuroprotective
and promote tissue repair.”’ In response to the cytokines from
their environment, macrophages can polarize in a spectrum
of phenotypes going from proinflammatory (Ml1) to anti-
inflammatory (M2) phenotypes. Furthermore, CNS-resident
cells such as microglia and astrocytes are believed to con-
tribute to MS and EAE pathogenesis by recruiting immune
cells and adopting proinflammatory and neurotoxic pheno-
types. However, they can also promote neuroprotection and
tissue repair.u'23

The complexity of the immune and CNS cellular envi-
ronment highlights the need for unbiased experimental
approaches to capture a more comprehensive landscape of
the cellular interactions at play. The introduction of single-
cell RNA sequencing (scRNA-seq) technologies has fa-
cilitated detailed characterization of the heterogeneity of
oligodendrocytes, neurons, microglia, and astrocytes in
MS and EAE.**?° However, these studies focused on a
specific cell type and have not analyzed the transcriptome
of brain ECs.

In this study, we used scRNA-seq to provide a comprehen-
sive data set of transcriptomic changes associated with
neuroinflammation in different cell populations in the brain
during EAE, with a focus on ECs. We based our analysis on 2
studies that characterized murine ECs at single-cell level >**'
Vanlandewijck et al. demonstrated a continuum of the dif-
ferent brain EC populations in healthy mice, and Kalucka
et al. provided an atlas of major organ vasculature in mice
and identified a population of interferon-activated ECs. In-
terestingly, we were also able to identify this population of
ECs that was, after venous ECs, the cell type with the most
transcriptional changes during neuroinflammation. Thus,
these 2 studies laid the foundation for this article, which
characterizes how the cerebral vascular tree responds to
neuroinflammation in a murine model of MS. Finally, we
used a database of interactions®> to identify novel in-
flammatory networks potentially involved in neuro-
inflammation. The single-cell transcriptomic atlas provided
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in our study expands the understanding of molecular
mechanism leading to neuroinflammatory diseases.

Data Availability

The data is freely shared via two interactive R shiny applica-
tions available at https://pratlab.shinyapps.io/EAEbrain_
10X (total cells) and https://pratlab.shinyapps.io/EAEbrain_
CD31 (CD31-selected cells). SCRNA-seq raw data (FASTQ
files) are available to investigators via the GEO accession
number GSE199460 (Tables 1-8, links.lww.com/NXI/A772,
links. Iww.com/NXI/A773, links.lww.com/NXI/A774, links.
Iww.com/NXI/A77S, links.lww.com/NXI/A776, links.lww.
com/NXI/A777, linksIlww.com/NXI/A778, links.lww.com/
NXI/A779, respectively).

Results

scRNA-Seq Unravels the Cellular Heterogeneity
of the Murine Brain

We extracted brains from myelin oligodendrocyte glycoprotein
(MOG)-induced EAE at peak of the disease and control mice to

isolate single cells using an optimized protocol adapted from the
Miltenyi Brain Dissociation Kit. Cells from each brain were
subjected to scRNA-seq using a microdroplet-based method
from 10X genomics (Figure 1A). After the removal of cells with
high mitochondrial gene content (>25%) and containing less
than 750 genes (or more than 5,500), 9,728 cells were sequenced
from the control samples (CTL1 = 5,063, CTL2 = 2,989, and
CTL3 = 1,676) and 17,093 cells from the EAE samples (EAE1 =
4,847, EAE2 = 5,665, and EAE3 = 6,581) (eFigure 1, links.Iww.
com/NXI/A780).

We first characterized cell populations in homeostatic and
inflammatory conditions using an unbiased clustering ap-
proach, visualized by uniform manifold approximation and
projection (Uniform Manifold Approximation and Pro-
jection [UMAP]) for dimension reduction*' (Figure 1B).
Unbiased clustering with the Louvain algorithm from
33 revealed 18 clusters of cells, which were vali-
dated by previously reported canonical cellular markers
(Figure 1C and eFigure 2A, links.lww.com/NXI/A780).
Across the samples, most of the cells were microglia (35.9%
in controls and 31.4% in EAE), followed by immune cells
(2.8% in controls and 46.2% in EAE), astrocytes (20.3% in
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Figure 1 Single-Cell Landscape of CNS Tissue
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controls and 3.8% in EAE), ECs (ECs; 13.9% in con-
trols and 6.7% in EAE), and mature oligodendrocytes
(MOLSs11.3% in controls and 5.9% in EAE). We were also
able to detect neurons, pericytes, choroid plexus epithelial
cells, neuroblasts, and fibroblasts, but in smaller propor-
tions (<5%) (Figure 1, B and C). Compared with controls,
EAE mice displayed a lower proportion of astrocytes, while
we observed an increased proportion of microglia and

infiltrated immune cells (Figure 1C). Using MAST,*® we
produced a list of expression markers associated with each
of the identified cell types (eFigure 2B). Overall, our pro-
tocol allowed a broad view of the cellular heterogeneity of
the mouse brain under control and neuroinflammatory
conditions. We identified the main expected CNS cell
types, and the gene markers for each cellular cluster were
coherent with public annotation of cell types.

Figure 2 Single-Cell RNA Sequencing Reveals Transcriptional Changes of Resident Cells in the Mouse Brain During EAE
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(A) Uniform manifold approximation and projection (UMAP) of all cell clusters, colored by disease condition (control vs EAE). (B) On the left, distribution of log2
fold changes for significant DEGs (adjusted p <0.01 and |log2FC|>0.25) between CTL and EAE mice across CNS-resident cell populations. Bar plot showing the
total number of DEGs both downregulated (blue) and upregulated (red). (C) Venn diagrams of upregulated and downregulated genes in endothelial cells,
microglia, mature oligodendrocytes, and astrocytes showing overlaps between sets of DEGs. (D) Boxplot of the significantly upregulated genes shared by ECs,
microglia, mature oligodendrocytes, and astrocytes that showed the highest fold changes in at least 1 of the 4 cell types. Abbreviations: DEG = differentially

expressed gene; EAE = experimental autoimmune encephalomyelitis.
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scRNA-Seq Reveals Disease-Specific
Subpopulations of Glial Cells

To investigate the molecular pathways associated with neuro-
inflammation, a differential expression analysis was performed
on each of the labeled CNS-resident cell types using MAST.>®
While differentially expressed genes (DEGs) with an average
log fold change higher than 0.5 and with an adjusted p value
lower than 0.01 were found in all cell types, microglia, oligo-
dendrocytes, ECs, and astrocytes showed the highest
number of DEGs (Figure 2B). We found substantial overlap in
the significantly upregulated genes (Figure 2C), suggesting a
common transcriptional response to immune signaling. How-
ever, the overlap in the significantly downregulated genes was
very low. To better describe the biological pathways repre-
sented by the sets of DEGs, we used a gene set enrichment
approach using the gene ontology databases. Most cell types
showed an enrichment for antigen processing and response to
cytokines, suggesting a global, nonspecific state of activation
within the CNS in EAE mice (eFigure 2C, links.lww.com/
NXI/A780). Among the 41 shared upregulated genes, the top
6 ranking genes were Cd74, H2-Aa, Fthl, Ifitm3, B2m, and
CdS2 (eFigure 2D). These results demonstrate that microglia,
oligodendrocytes, ECs, and astrocytes are among the CNS-
resident cell types that show the greatest transcriptional mod-
ifications during EAE.

To better define myeloid transcriptional changes associated
with neuroinflammation, we reclustered the microglial cells
(eFigure 3A.a, links.Iww.com/NXI/A780), MOLs (eFigure 3B.a),
and astrocytes (eFigure 3C.a) to ignore the effect of gene ex-
pression variation associated with other cell types. Six different
clusters of microglia were identified, with clusters 0, 2, and 4
exclusively found in EAE mice, while clusters 1 and 3 were mainly
found in control mice (eFigure 3A.b). We then produced the list
of expression markers associated with each of the myeloid pop-
ulation (eFigure 3A.c). The EAE-specific clusters are characterized
by the expression of Ccl12, Ccl4, Ccl2, Ccl3, and I11b (cluster 0);
CclS, Apoe, Cst7, Cxcl9, and Sppl (cluster 2); or Stmnl, H2afz,
Hmgb2, Ube2c, and TubbS (cluster 4). The clusters found only in
control mice were characterized by the expression of Fcrls, P2ry12,
Gpr34, Selplg, and Fscnl (cluster 1) and Jun, Egrl, Jund, Fos, and
Junb (cluster 3). With the same strategy, we identified disease-
specific populations of MOLs (clusters 1 and 3; eFigure 3B.a and
3Bb), characterized by the high expression of Sgk1, H2-D1, B2m,
H2K1, and Igtp (cluster 1); Serpina3n, Apod, klk6, Ifi2712a, and
Ifit3 (cluster 3; eFigure 3B.c). On the contrary, a population of
MOLSs was mainly found in control mice (cluster 0; eFigure 3B.a
and 3B.b). This population was differentiated from the others by
the higher expression of Qdpr, Cryab, PexSl, Hsp90aal, and
Slc38a2 (eFigure 3B.c).

Finally, we also identified a disease-specific population of
astrocytes (cluster 2; eFigure 3, C.a and C.b, links.Iww.com/
NXI/A780), characterized by the expression of Cl1qa, Clgb,
Clgc, CD74, and Lyz2 (eFigure 3C.c). Of interest, this
population also expressed C3, which is a known marker of
the Al phenotype found in astrocytes.*” The transcriptomic
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signatures associated with these populations were in line with
previously reported findings in scRNA-seq studies.”>****

Identification of Endothelial Cell
Heterogeneity and Transcriptional Changes
During EAE

At the transcriptomic level, brain ECs have been shown to
span an arteriovenal axis that recapitulates the classical vas-
3031 1n EAE, our data demonstrated that ECs are
greatly modulated at the peak of disease. To assess the effect
of neuroinflammation at higher resolution, we performed
scRNA-seq on CD31-enriched brain cells. The representation
of ECs within the sequenced cells thus increased from 9.3% to
71.6%, and our new data set featured 28,573 ECs (CTLI =
4,457, CTL2 = 8,949, CTL3 = 7,342, EAEI = 3,852, and
EAE2 = 3,020) (eFigure 4, A and B, links.lww.com/NXI/
A780). ECs were the only cell type in which the relative
proportion increased in the CD31-selected samples, sug-
gesting the technique is suited to enrich for ECs (eFigure 4C).
Even if we were still able to detect other cell types following
the CD31-based cell selection, we focused on labeled ECs to
avoid bias introduced by the selection process.

cular tree.

Because we were able to successfully enrich the number of
ECs sequenced, we took advantage of this data set to char-
acterize the heterogeneity of ECs in neuroinflammation. To
identify EC subtypes, we integrated ECs from the control and
EAE mice across both batch and condition to allow overlay of
homologous structures despite condition-wise transcriptional
differences (eFigure SA.a and SAb, linkslww.com/NXI/
A780). Integration across samples allowed an overlay of vas-
cular structures despite significant transcriptional differences
between EAE and control mice. First, we analyzed the ex-
pression of markers of the vascular bed provided by previous
studies.>**! While the genes Bmux, Gkn3, Efnb2, Vegfc, and
Sema3g were mostly expressed in arterial ECs, venous ECs
were characterized by the expression of Nr2f2, Slc38aS,
Vcaml, and Vwf (eFigure S, B.a and C). To characterize more
ECs subtypes, we used a cell-based enrichment score analysis
(Figure 3A), which was validated using a cluster-level analysis
(eFigure SA.c). As previously described by Kalucka et al.
(2020), we also identified an EC population that exhibited
an interferon response (cluster 3, Figure 3A, 3B, 3C and
eFigure SA.a, SA.b, SA.c). Thereby, this transcriptional profile
differentiates venous ECs from interferon, capillary venous,
capillary arterial, and arterial ECs (Figure 3B). However, the
absence of isolated clusters of cells suggests a gradient of gene
expression along arteriovenous structures. Most of the cells
were identified as capillary-venous ECs (61.33%), followed by
capillary arterial ECs (14.97%), interferon ECs (10.01%),
arterial ECs (8.78%), and venous ECs (4.91%) (Figure 3C).
However, the proportions of EC subpopulations were similar
in control and EAE mice (eFigure SD). With MAST, we
produced a list of expression markers associated with each of
the identified EC subtypes (eFigure 6B). When integrating
samples only at the batch level, dimensional reduction showed
a clear separation between control and EAE ECs, reflecting

| Volume 10, Number 1 | January 2023


http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://links.lww.com/NXI/A780
http://neurology.org/nn

Figure 3 Characterization of EC Phenotypes
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important modifications of transcriptomic profiles under in-
flammatory conditions (eFigure 6, A.a and A.b). Relative
proportions of cluster representation showed a disease-
specific population (cluster 2, eFigure 6, A.c and Ae). Of
interest, all the venous ECs from EAE mice were included in
the disease-specific cluster 2 (eFigure 6A.d), indicating that
neuroinflammatory processes affect all venous ECs.

To identify the genes associated with vascular response to
neuroinflammation, a differential expression analysis was per-
formed across EC subtypes between controls and EAE mice.
DEGs were found in all EC populations, but venous ECs
harbored the largest transcriptional modifications (Figure 4A,
4C). Len2, Ackrl, Lrgl, CD74, Fth1, and Ifitm1 were among the
most significantly upregulated genes associated with neuro-
inflammation in venous ECs (Figure 4A), and the largest
transcriptional downregulation in venous ECs included Car4,
Ptn, Ttr, Slc6a6, and Cst3. Transcription factors associated with
upregulated DEGs were similar for venous, capillary-venous,
and interferon ECs, suggesting a common response of these
EC subtypes to neuroinflammation (Figure 4B). We used a
gene set enrichment approach to describe biological pathways
represented by significant transcriptional shifts shared in all
ECs and those specific to venous ECs. The most significant
pathways shared by all ECs were associated with immune re-
sponse to cytokine, such as type 1 interferon and interferon
gamma (eFigure 6C.a, links.Iww.com/NXI/A780). Further-
more, the main enriched pathways associated with venous-
specific DEGs included regulation of cellular component
movement, biological adhesion, cell motility, and tissue
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migration, in line with the role of BBB ECs in regulating cell
trafficking (eFigure 6C.b).

To verify the relevance of our observations in the context of
MS, we validated protein levels of the top 2 DEGs (highest fold
changes, Figure SA) by immunofluorescence, comparing ex-
pression in human control brains and active MS brain lesions.
We confirmed the elevated expression of ACKRI (coding for
the protein DARC, Figure S, B and C) and LCN2 (coding for
the protein lipocalin 2, Figure S, B and D) on blood vessels in
active MS lesions, compared with normal appearing white
matter (NAWM) and with control brains. Thereby, this
highlights that our results obtained in mice are relevant in the
context of MS.

Expression of CAMs and tight junctions (TJs) is altered in MS
and its animal models. While the expression of the TJs is gen-
erally reduced,*** the CAMs are mainly upregl.lle.ited.1’5’46
However, it is still unclear where these modifications occur in the
vascular bed. Thereby, we analyzed the gene expression of CAMs
and TJs across the vascular bed. Using slingshot,*” we performed
pseudotime analysis of the ECs that revealed gradual transition in
the cells based on transcriptional variation (eFigure 7, A and B,
links.Iww.com/NXI/A780). The trajectory unraveled an arte-
riovenous axis going from arterial ECs to venous ECs. In ac-
cordance with the observation that venous ECs are the most
affected subtype in neuroinflammation, venous ECs displayed
the highest absolute fold changes for selected CAMs and TJs
(eFigure 8, A and B). While CAMs were significantly upregu-
lated in EAE compared with controls, the gene expression of TJs
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Figure 4 Characterization of EC Phenotypes and Their Transcriptional Changes During EAE
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was generally downregulated. These results suggest that trans-
migration toward the CNS compartment would be particularly
increased across venous ECs because under neuroinflammatory
conditions, they exhibit a greater potential to mediate adhesion
of other cell types such as infiltrating immune cells while their
barrier properties are compromised.

scRNA-Seq Identifies Interactions Between
Infiltrating Immune Cell Subsets and ECs

CD4 T lymphocytes are considered to play a pivotal role in MS
and EAF, but the contribution of other innate and adaptive
immune cells is crucial to the pathobiology of both. The scRNA-
seq data we generated shows that at the peak of disease, brain
infiltration consists of a mix of T and B lymphocytes, DCs,
macrophages, neutrophils, and natural killer cells. To charac-
terize in depth the immune cell types and their potential in-
teractions with the endothelium, we merged the CD31-selected
ECs and the infiltrated cells from EAE mice (Figure 6A). Most
of the immune cells were found in EAE samples and were thus
identified as infiltrated immune cells. They composed 2.34%
(CTRL1), 1.97% (CTRL2), 2.68% (CTRL3), 41.78% (EAE1),
48.88% (EAE2), and 47.15% (EAE3) of all cells found in each
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sample. To define the cell types, we used previously described key
signature genes: Ms4al for B lymphocytes, $100a8 for neutro-
phils, Nos2 and II12 for M1 macrophages (M1 macros), Fabp$
and Trem?2 for lipid-associated macrophages (LA macros), Cd163
and Mrcl for M2 macrophages (M2 macros), Clec9a and Ccr7 for
DCs, Ly6d for plasmacytoid DCs (pDCs), Cd8a for CD8" cy-
totoxic T lymphocytes, and CD4 for the T-helper lymphocytes.
To discriminate Th1/Th17 CD4 effector lymphocytes (CD4
eff), we used Il17a, Rorc, Tnf, and Ifng. The T lymphocytes
negative for $100a4, Il17a, Rorc, Tnf, and Ifng were identified as
other CD4 lymphocytes (other CD4). The IL2Ra+/Foxp3+
T lymphocytes were recognized as regulatory T lymphocytes (T
regs). Finally, NK cells were defined by the expression of Nerl
(eFigures 9 and 10A, links.Iww.com/NXI/A780).

To infer specific cell-cell communication networks between
immune cell types and ECs, we used CellChat,** a set of tools
that leverage a database describing known ligand-receptor
interactions. Because venous ECs showed the greatest tran-
scriptional alterations during neuroinflammation (635 DEGs
found in venous ECs; 527 DEGs in interferon ECs), we focused
our analysis on interactions involving venous ECs and immune
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Figure 5 DARC and LCN2 Are Upregulated in Multiple Sclerosis (MS)
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cells (Figure 6 and eFigure 11, links.Iww.com/NXI/A780). Be-
cause vascular cell adhesion molecule-1, intercellular adhesion
molecule-1, and P-selectin ligands are expressed by most im-
mune cells, our analysis showed that these CAMs are potentially
involved in the interaction between ECs and many of the im-
mune subsets (Figure 6B). Interestingly, the molecular pair
CD226-Nectin2 could potentially be involved in the specific
interaction of CD8 lymphocytes and CD4 lymphocytes with the
venous ECs. Moreover, the analysis of the CAMs revealed the
Tigit-Nectin2 pair as a potential player in the interactions of CD4
T lymphocytes, CD8 lymphocytes, and NK cells with venous
ECs (Figure 6, B and D and eFigure 10C).

Using the same strategy, we analyzed cytokine signaling between
immune cell types and ECs. CCL chemokines were involved in
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the communications of immune cells and venous ECs through
Ackrl (Figure 6C, eFigure 11B.a, 11B.b, 11C, links.Iww.com/
NXI/A780). Ackrl, which is expressed specifically in the venous
ECs (eFigures 10D and 11B.a, 11B.b), is known to bind to a
broad range of inflammatory chemokines of the CCL family. Of
interest, Ccl7 and Ccl8 are mainly expressed by the M2
macrophages and could be involved in their communication
with venous ECs (Figure 6C and eFigure 11B.a). Further-
more, the analysis revealed the couple granzyme-A (Gzma)-
Pard3 as a potential vector of interaction between NK cells
and veinous ECs (Figure 6, C and D). Overall, our results
will help to identify potential pathways underlying interac-
tions involved in the development of neuroinflammation.
Notably, cell types of the same lineage (ECs, lymphocytes,
and myeloid cells) displayed specific patterns of outgoing
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Figure 6 Identification of Brain Inflammatory Networks During EAE
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and incoming interactions, concordant with their known
biological functions (eFigure 12).

Because we detected immune cells in control mice, we per-
formed our analysis to identify possible interactions involved
in immune surveillance (eFigure 13, links.Iww.com/NXI/
A780). Most of the immune cells found in control mice were
macrophages (eFigure 13A.a) and were identified as peri-
vascular macrophages because they express Lyvel, Mrcl, and
Cd163 (eFigure 13Ab). Of interest, Cd163+/Mrcl+ mac-
rophages found in EAE mice were transcriptionally different
from those found in control mice because they upregulate
genes associated to antigen presentation and immune re-
sponse (eFigure 13B.a and B.b). Analysis of cell-cell in-
teraction revealed that resident macrophages are susceptible
to interact with all EC subtypes (eFigure 13C). Leveraging
the highly heterogeneous nature of single-cell RNA-Seq data,
we were able to identify specific brain inflammatory networks
of cell communication based on the expression of referenced
genes across distinct cell types.

Discussion

This study reports single-cell profiling of the CNS in EAE.
CNS-resident
showed a global state of activation characterized by upregu-
lation of genes involved in antigen presentation. Among the
various resident cells, the largest transcriptional changes were
found in microglia, MOLs, ECs, and astrocytes. This obser-
vation is coherent with the vascular activation characteristic of
EAE, leading to immune cell infiltration, glial activation, and

oligodendrocyte damage.

cells associated with neuroinflammation

Using CD31-positive cell selection, we were able to investigate
ECs at a high resolution, allowing the annotation of arterio-
venous zonation based on known molecular markers.>**" The
use of EC enrichment based on CD31 expression allowed to
increase the proportion of ECs, but a substantial number of
immune cells was still present in our sample after the selection.
Our hypothesis is that these immune cells were adherent to
ECs or have been captured by the column during the selection.
Indeed, although ECs are the cell type expressing the highest
level of CD31, some immune cells can also express it. To
investigate the arteriovenous axis, we removed the immune
cells to keep only the cells identified as ECs. As previously
described in the murine brain, a population of ECs expressing
interferon-signaling genes was found in all mice. Of interest, the
ECs from control and EAE mice displayed significant tran-
scriptional differences. The largest transcriptional changes were
found in venous ECs, followed by interferon ECs. Moreover,
we demonstrated that the main CAMs involved in immune cell
infiltration across the BBB displayed larger upregulation in
venous ECs when compared with other arteriovenous sub-
types. This finding suggests that the enhanced adhesive prop-
erties enabling immune transendothelial migration are more
prominent on the venous side of the arteriovenous zonation.
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However, it is important to note that we were also able to
detect an upregulation of the main CAMs in interferon ECs,
suggesting that they could also support immune cell trafficking
into the brain parenchyma. In addition, TJs were down-
regulated in EAE and mostly associated with venous ECs. Thus,
these results provide molecular features underlying the fact that
MS lesions are often characterized by the presence of a central

. . . 48,49
vein inside white matter lesions.””

To confirm that our findings are relevant in the context of MS,
we validated protein expression in human brain tissue of the 2
most DEGs identified in mouse venous ECs. Thus, upregu-
lation of DARC and LCN2 in human vasculature were vali-
dated by immunostaining in human control, NAWM, and
active lesions of patients with MS. Of interest, the staining for
DARC was restricted to the vessel, while LCN2 was also
present in perivascular cells in MS lesions. This observation is
in accordance with our scRNA-seq data showing that Ackrl
expression is almost restricted to ECs, while Lcn2 expression
can also be found in immune cells. These results confirm the
relevance of these 2 molecules, not only in EAE, but also in the
context of MS.

Immune cell migration from peripheral blood into the brain
parenchyma is crucial in the development of MS. Natalizumab
and efalizumab, 2 clinically effective monoclonal antibodies
against the integrin a4 and aL (the ligands of vascular cell
adhesion molecule-1 and intercellular adhesion molecule-1,
respectively), act through the reduction of immune cell
infiltration across the vascular wall. Efalizumab was used to
treat psoriasis, and natalizumab is still used to treat relapsing-
remitting MS. However, these 2 antibodies can impair brain
immunosurveillance.™ Finding new mediators of infiltration that
might be more specific to pathogenic immune subtypes could be
promising in the development of safer treatments by reducing
off-target effects. We identified CD226, an adhesion molecule
expressed by CD8" and CD4" lymphocytes. Our analysis shows
that nectin-2, one of the ligands of CD226, is detected only in the
venules. Because venules are known to be the main site of lesion
formation in MS,* we hypothesize that the study of nectin-2
could be useful in understanding the molecular mechanisms
leading to MS progression. Contrarily to CD226, we found that
T-cell immunoglobulin and ITIM domain (TIGIT), another
ligand for nectin-2, is rather expressed on regulatory
T lymphocytes, in line with previous reports showing that TIGIT
is expressed on regulatory T lymphocytes and competes with
CD226 for their shared ligands.>">>

Taken together, these results support the role of venous ECs to
be deeply involved in EAE pathophysiology. Venous ECs not
only control immune cell trafficking through the expression of
CAMs but can also act as immune stimulators or inhibitors
through the expression of cell-specific cytokines/chemokines and
receptors. Moreover, our study demonstrates, in accordance with
previous studies, that ECs upregulate genes associated with an-
tigen presentation,”*>* confirming observations that ECs are
capable of enhancing leukocyte recruitment through antigen
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presentation. This observation is in accordance with the emerg-
ing evidence that ECs, by their pivotal location (border between
blood and brain parenchyma), are involved in the regulation of
neuroinflammation.>***

We chose to use the MOG-induced EAE model to understand the
alterations in gene expression in the CNS during neuro-
inflammation. This model recapitulates the inflammatory com-
ponent of MS and has been used to develop treatments for MS.>
A limitation of this study is the use of only 1 specific time point
during EAF, e.g, peak of disease. We chose this time point be-
cause the vascular activation and the immune cell infiltration in the
CNS are maximal at the peak of the disease.>* The use of the
MOG(35-55)-induced EAE, which is a very stable model,
allowed us to use fewer animals in this study. However, despite the
use of a limited number of mice, we were able to achieve a
sufficient number of cells for a thorough analysis of the tran-
scriptomic changes occurring during neuroinflammation. In ad-
dition, while EAE is a good model to explore inflammatory
mechanisms underlying neuroinflammation, the relevance of the
identified candidates for MS requires further validation using
human samples, as we and other studies have previously dem-
onstrated for DARC and LCN2.5"%* Moreover, we cannot ex-
clude that some brain cell subtypes are more sensitive than others
to tissue dissociation protocols, which could induce immediate
stress responses, thus affecting gene expression or introducing a
cell capture bias. We speculate that, due to their morphology with
numerous branches and ramifications, neurons and astrocytes are
more sensitive to tissue dissociation and therefore that most are
lost before sequencing. Furthermore, we cannot rule out that
inflammation in EAE animals may increase the sensitivity of these
cells to the digestion protocol compared with control animals.
Finally, given their scarcity in control animals, differential ex-
pression analysis within all infiltrating immune cell types was not
possible. Future studies investigating the gene expression differ-
ences between control peripheral immune cells and these in-
filtrating populations would allow more insight into the profile of
immune CNS infiltrates in diseased animals.

In conclusion, this study successfully leveraged single-cell tran-
scriptomics to explore the inflammatory interplay across brain and
immune cells involved in neuroinflammation. This atlas of gene
expression signatures and interaction networks provides useful
information by which the resident cells of the brain react to in-
flammation and how the ECs and immune cells interact with each
other to modulate their activation. This will be a valuable resource
for the investigation of new targets to modulate neuroinflammation
in the context treatments for neurologic diseases such as MS.
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