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Abstract

Background and Objectives

The factors that drive progression in multiple sclerosis (MS) remain obscure. Identification of
key properties of meningeal inflammation will contribute to a better understanding of the
mechanisms of progression and how to prevent it.

Methods

Applying single-cell RNA sequencing, we compared gene expression profiles in immune cells
from meningeal ectopic lymphoid tissue (mELT) with those from secondary lymphoid organs
(SLOs) in spontaneous chronic experimental autoimmune encephalomyelitis (EAE), an ani-
mal model of MS.

Results

Generally, mELT contained the same immune cell types as SLOs, suggesting a close re-
lationship. Preponderance of B cells over T cells, an increase in regulatory T cells and gran-
ulocytes, and a decrease in naive CD4" T cells characterize mELT compared with SLOs.
Differential gene expression analysis revealed that immune cells in mELT show a more acti-
vated and proinflammatory phenotype compared with their counterparts in SLOs. However,
the increase in regulatory T cells and upregulation of immunosuppressive genes in most
immune cell types indicate that there are mechanisms in place to counter-regulate the in-
flammatory events, keeping the immune response emanating from mELT in check.

Discussion

Common features in immune cell composition and gene expression indicate that mELT
resembles SLOs and may be regarded as a tertiary lymphoid tissue. Distinct differences in
expression profiles suggest that mELT rather than SLOs is a key driver of CNS inflammation in
spontaneous EAE. Our data provide a starting point for further exploration of molecules or
pathways that could be targeted to disrupt mELT formation.

Introduction

Despite the success of various immunomodulatory therapies in the treatment of multiple
sclerosis (MS), progressive forms of MS remain difficult to treat. Our understanding of the
pathophysiologic mechanisms responsible for progressive MS is still limited. The occurrence of
meningeal ectopic lymphoid tissue (mELT), which tends to be more prevalent in progressive
MS," may be a key element relevant for this stage of MS, in which inflammation may smolder
in the CNS behind an increasingly closed blood-brain barrier (BBB).
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Glossary

BBB = blood-brain barrier; BTK = Bruton tyrosine kinase; EAE = experimental autoimmune encephalomyelitis; ELT = ectopic
lymphoid tissue; LN = lymph nodes; mELT = meningeal ectopic lymphoid tissue; MS = multiple sclerosis; SLOs = secondary

lymphoid organs.

In general, ectopic lymphoid tissue (ELT), also called tertiary
lymphoid tissue, is frequently observed in tissues affected by
chronic inflammation because of an infection, autoimmune dis-
ease, cancer, or allograft rejection. The cellular composition of
ELT resembles that of secondary lymphoid organs (SLOs), such
as the spleen and lymph nodes (LN).* ELT within tissues can
show varying levels of organization, ranging from unorganized
collections of immune cells to well-organized structures, with
segregated T-cell and B-cell zones. They frequently display evi-
dence of germinal center activity.” ELT directs various B-cell and
T-cell responses, including the induction of effector functions,
antibody generation, affinity maturation, isotype switching, and
clonal expansion. In this way, ELT contributes to local immune
activation, which in case of autoimmune diseases, promotes tis-
sue destruction through autoantibody production, complement
activation, and release of proinflammatory cytokines.l’}11 mELT
is found in up to 2/3 of patients with progressive MS.>*? In-
flammatory aggregates are also found in relapsing-remitting MS,
however, less frequent. The presence of leptomeningeal in-
flammation in MS is linked to greater cortical damage, an earlier
disease onset, and more rapid disease progression.”'*"> This
renders mELT a potential therapeutic target in MS.?

mELT shares cellular and organizational similarities with
SLOs.>'*'> However, differences between mELT and SLOs
exist, most obviously in development, location, and mor-
phology. How large the intersection between mELT and
SLOs is is the subject of debate.* The goal of this study was to
use single-cell sequencing to explore differences and similar-
ities between mELT and SLOs in a spontaneous form of
experimental autoimmune encephalomyelitis (EAE), a mouse
model of MS. Our group and others have previously used the
spontaneous chronic EAE that occurs in approximately half of
all 2D2xTh mice to study mELT because mELT forms
abundantly in the meningeal space around the spinal cord.
While mELT is present in all 2D2xTh mice that develop EAE
during EAE onset, approximately one-third of those 2D2xTh
mice that do not develop EAE still present with mELT his-
tologically, although mELT in these mice tends to be much
smaller."® This suggests that mELT formation is linked to
EAE immunopathology. Our data elaborate similarities and
differences between mELT and SLOs, most importantly
demonstrating a proinflammatory role for mELT in EAE.

Methods

Mice and Spontaneous EAE
2D2xTh EAE mice were generated, held and clinically
assessed as previously described.'®"”
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Experimental Procedures and Data Analysis
See eMethods (links.Iww.com/NXI/A951).

Standard Protocol Approvals, Registrations,
and Patient Consents

All animal experiments were approved by the competent
authority, Regierung von Oberbayern, Munich, Germany
(ROB-55.2-2532.Vet_02-16-100).

Data Availability

The raw datasets generated and analyzed for this study can be
found in the GEO repository, as records GSE181526 (ex-
periment 1) and GSE182774 (experiment 2). All in-house
scripts and R code were submitted to a Github repository.

Results

Single-Cell Transcriptomics of Cells in mELT,
Lumbar and Inguinal Lymph Nodes, and Spleen
We aimed to identify differences in cell composition and gene
expression between mELT and SLOs using single-cell se-
quencing. mELT from the spinal cord meninges and draining
lumbar lymph nodes were collected from 2D2xTh mice with
spontaneous EAE (score >3) in 2 independent experiments.
In one of these experiments, spleen and inguinal (non-
draining) lymph nodes were also collected, and hashtag
oligomers were used to multiplex cells from different tissues
(for experimental setup, see eMethods, links.Iww.com/NXI/
A951 and Figure 1A, for characteristics of the mice, see
eTable 1, links.Iww.com/NXI/A942). Concordance between
datasets enabled pooled analysis of both experiments.

After filtering out low-quality cells and doublets, we obtained a
transcriptome from a total of 65,939 single cells: 17,470 cells
from mELT, 19,111 cells from spleen, 19,230 cells from lumbar
LN, and 10,128 from inguinal LN. The average amount of genes
detected per cell was 1,270 for mELT, 1,185 for lumbar LN, 886
for inguinal LN, and 944 for spleen. After harmony correction,
we performed clustering of the merged cell dataset. Five am-
biguous clusters, which we could not confidently assign with cell
identities, were excluded (see methods, and eFigure 1, links.Iww.
com/NXI/A949). In the end, we dlassified 63,263 single cells
into 15 final cell clusters (Figure 2 and eFigure 1). Based on a
combination of automatic cluster annotation and marker gene
expression, we identified the following 15 cell types (Figure 1B):
T cells (Cd3e), more specifically naive CD4" T cells (Cd4, Ccr7,
Sell), activated CD4" T cells (Cd4, Rora, and Pdcdl), CDS"
T cells (Cd8a), gd T cells (Trdc, Tcrg-C2), and regulatory T cells
(Foxp3); B cells (Cd79a), separated into follicular zone (FZ)
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Figure 1 Study Design and Cell Cluster Definition
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(A) overview of the study design, (B) Dotplot depicting expression of selected
of cells expressing the gene, color encodes the average gene expression level

marker genes for specific cell types in cell clusters. Dot size encodes percentage
per cell. The Y-axis names the 15 specific clusters. The genes named on the lower

X-axis define the cell types in the upper X-axis (e.g., expression of FoxP3 defines Tregs).

(Fcer2a, IghD) and marginal zone (MZ) (-like) B cells (Cd1d1,
Cd9, and S1pr3), germinal center (GC) B cells (Aicda, Rgs13),
and plasma cells (Sdcl, Tnfrsf17); a cluster containing natural
killer (NK) cells and NK T cells (KlrbIc, Kirkl); and myeloid
lineage cells, separated into dendritic cells (DC) (FIt3), macro-
phages (Cd68, Adgrel), monocytes (Cd68), and granulocytes
(810048 and $100a9). In addition, we also found a small ery-
throid cell cluster in all samples, characterized by expression of
hemoglobin genes (e.g,, Hbb-bt), probably coming from blood
contamination, despite thorough perfusion.

mMELT and SLOs Are Composed of the Same Cell
Types, but Contain Relatively Fewer T Cells and
More B Cells, Treg, and Granulocytes

First, we analyzed the proportions of CD45" cells in mELT
when compared with the proportions in spleen and lymph
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nodes (lumbar and inguinal). The number and percentage of
cells per cell type for every tissue are summarized in Table 1,
and the UMAP plots per tissue are shown in Figure 2. To
compare the cell composition between tissues, the Welch
t test was used, applied first on the 3 general cell types (B cells,
T cells, and myeloid cells) and second on specific cell subtypes
(Figure 3). We found significant differences in cell composi-
tion between mELT and SLOs, despite the limited sample
number (n = 6 for mELT and LNy 0 = 3 for LNinguinab 0
= 2 for spleen). mELT contains significantly less T cells
(LNpumpar: p = 1.4 X 1075 LNinguinati p = 2.9 X 10™°) and more
B cells (LNjympar p = 74 X 1077 LNjpguinatt p = 22 X 107%)
compared with both lymph node subsets. Within T-cell sub-
types, we found a higher proportion of Tregs in mELT
compared with that in SLOs (significant for mELT compared
with LNjpguinay p = 8.3 X 10™*). Moreover, CD4" T cells tend
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Figure 2 Meningeal Ectopic Lymphoid Tissue Strongly Resembles Secondary Lymphoid Organs
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tissue: mELT (A), inguinal (B) and lumbar (C) lymph nodes, and spleen (D).

to be more activated in mELT compared with those in SLOs
(significantly less naive CD4" T cells in mELT compared with
those in LNjympap p = 3.3 x 107*). In addition, we found
significantly more granulocytes in mELT compared with
those in both lymph node subsets (LNjympar: p = 1.4 X 1073
LNinguinalt P = 3.5 X 107°).

Immune Cells in mELT Are in a More Activated
and Proinflammatory State Than Their
Counterparts in SLOs

To identify key gene expression differences between mELT and
SLOs, we performed differential gene expression analysis for each
of the cell clusters per tissue comparison. Lists of differentially
expressed genes between mELT and each of the SLOs are
summarized in eTables 2-5 (links.Iww.com/NXI/A943, links.
Iww.com/NXI/A944, links lww.com/NXI/A94S, links.Iww.com/
NXI/A946), and the top 10 genes per cell type are shown in
Figure 6 for LNy, and in eFigure 2 (linkslww.com/NXI/
A950) for LNjpgyina and spleen. The total number of upregulated

and downregulated genes per cell type and per tissue is shown in
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Figure 4A. Overall, most of the differentially expressed genes were
upregulated in mELT compared with those in SLOs.

To get an overview of the major functional differences between
mELT and SLOs, we created a gene list containing all genes that
were significantly differentially expressed between mELT and at
least 2 of 3 of the SLOs (lumbar LN, inguinal LN, and spleen)
(eTable S, linkslww.com/NXI/A946), and performed func-
tional enrichment analysis on this gene list using Metascape
(Figure S, eTable 6, links.Jww.com/NXI/A947)."® Functional
enrichment analysis was only performed on the differentially
expressed genes that showed higher expression in mELT, com-
pared with SLOs, as the number of genes downregulated in
mELT compared with SLOs were mostly too low (<25 genes).
The overarching theme resulting from this analysis, was that
immune cells in mELT were in a more activated and pro-
inflammatory state compared with their counterparts in SLOs.

First, we found that genes upregulated in mELT compared
with those in SLOs showed enrichment for pathways related
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Table 1 Cell Composition per Tissue

mELT LN_lumbar LN_inguinal Spleen
Follicular zone B cells, n (%) 8,666 (49.6) 4,508 (23.4) 2,849 (28.1) 5,750 (30.1)
Marginal zone B cells, n (%) 804 (4.6) 413(2.2) 286 (2.8) 2003 (10.5)
Germinal center B cells, n (%) 151 (0.9) 205 (1.1) 25(0.3) 104 (0.5)
Plasma cells, n (%) 132(0.8) 58 (0.3) 7(0.07) 46 (0.2)
Naive CD4" T cells, n (%) 2,471 (14.1) 9,485 (49.3) 4,969 (49.1) 6,939 (36.3)
Activated CD4" T cells, n (%) 587 (3.4) 343 (1.8) 290 (2.9) 299 (1.6)
Regulatory T cells, n (%) 924 (5.3) 544 (2.8) 335(3.3) 509 (2.7)
CD8" T cells, n (%) 181 (1.0) 560 (2.9) 232 (2.3) 286 (1.5)
Y& T cells, n (%) 132(0.8) 996 (5.2) 544 (5.4) 463 (2.4)
Dendritic cells, n (%) 321 (1.8) 600 (3.1) 154 (1.5) 248 (1.3)
Granulocytes, n (%) 1,157 (6.6) 100 (0.5) 42 (0.4) 374 (2.0)
Macrophages, n (%) 1,089 (6.2) 530 (2.8) 54(0.5) 247 (1.3)
Monocytes, n (%) 267 (1.5) 51(0.3) 23(0.2) 133(0.7)
NK cells and NK T cells, n (%) 334(1.9) 746 (3.9) 289 (2.9) 1,250 (6.5)
Erythroid cells, n (%) 254 (1.5) 91 (0.5) 29(0.3) 460 (2.4)

Total number of cells (over all mice) and the percentage of cells per cell type are given for each tissue.

to glycolysis, especially in B and T cells. Indeed, glycolytic
enzymes (Gapdh, Aldoa, Enol, Pkm, Gpil, and Tpil) were
highly upregulated in mELT in all cell clusters. In addition,
mELT granulocytes expressed more ADP-dependent gluco-
kinase (Adpgk), involved in shifting metabolism to a highly
glycolytic phenotype, typical for activated immune cells to
provide energy to fuel inflammation.'” Besides, the macro-
phage cell cluster showed enrichment for genes related to
microglia activation.

In T cells specifically, we found enrichment of pathways re-
lated to T-cell activation, proliferation, and differentiation and
for T-cell receptor signaling, cell-cell adhesion, and response
to cytokines. In addition, naive CD4" T cells were enriched
for genes related to VEGFA-VEGFR2 and interferon type I
signaling pathways and to Thl, Th2, and Th17 cell differen-
tiation. In line with this, the naive CD4" T-cell cluster showed
higher expression of Ifnar2, and the activated CD4" T-cell
cluster showed higher expression of Il17re than SLOs, which
is typically expressed on Th17 cells. CD8" T cells in mELT
were found to express higher levels of interferon gamma
(Ifng) compared with the ones in SLOs. Interferon gamma is
traditionally associated with CD8" T-cell effector function
and cytotoxicity.”® In addition, the cytotoxic protease
Granzyme K (Gzmk) was found to be upregulated in mELT.

Next, antigen processing and presentation, which is essential
for T-cell activation, was found to be enriched in B cells and
myeloid cells in mELT. This was mainly driven by an

Neurology.org/NN
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upregulation of both classical and nonclassical MHCII genes
in mELT compared with SLOs in antigen presenting cells (FZ
and MZ B cells, DCs, and macrophages) (eTables 2—4, links.
Iww.com/NXI/A943, links.lww.com/NXI/A944, links.lww.
com/NXI/A94S5). Myellowed cells showed additional en-
richment for pathways related to effector functions, including
neutrophil degranulation, phagocytosis, and cell killing
(granulocytes and macrophages). Accordingly, granulocytes
in mELT expressed higher levels of granule genes such as
Camp, Ltf, Lcn2, Mmp8, Ngp, and Chil3 than the ones in SLOs.
Granulocytes in mELT also showed higher expression of ac-
tivation marker Cd177, compared with the ones in SLOs."*
Similarly, also in macrophages, we found evidence for en-
hanced effector function, including upregulation in mELT of
genes encoding hydrolytic enzymes (Hexb, Ctsd, Ctss, Ctsl)
and cathepsins (Ctsb, Ctsbz, Ctsd, and Ctss), which degrade
ingested particles in the phagolysosome after macrophage
activation.

Moreover, both T cells and myeloid cells showed enrichment for
genes related to inflammatory response. Indeed, we found that
monocytes in mELT are in a more proinflammatory state (higher
expression of F13al and Ly6c2) compared with the ones in
SLOs. In T cells (except for gd T cells) mELT showed elevated
expression of Bhlhe40, which promotes the expression of proin-
flammatory genes, while inhibiting the expression of anti-
inflammatory factors. Furthermore, the proinflammatory genes
$100a8 and $100a9 (calprotectin) were upregulated in mELT in
practically all cell clusters. Calprotectin is known to be abundantly
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Figure 3 Distinct Changes in Cell Composition Distinguish Meningeal Ectopic Lymphoid Tissue From Secondary
Lymphoid Organs
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Figure 4 Gene Expression Analysis Defines the Pro- and Anti-inflammatory Profile of Meningeal Ectopic Lymphoid Tissue
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(A) Number of differentially expressed genes (DEG) between mELT and SLOs per cell cluster. x-axis represents the number of DEGs between mELT and lumbar
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(B) Cytokine-related gene expression differences between mELT and SLOs. Color reflects log2 fold change (FC) between mELT and the indicated SLOs
(LN lumbar, LN inguinal, or spleen). Gray squares mean there was no significant difference (significance level p = 0.05). Cytokine genes shown are the ones for
which the authors found significant differences in at least 2 of 3 tissue comparisons for at least one of the cell types.
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Figure 5 Functional Enrichment Analysis for Genes Differentially Expressed Between mELT and SLOs Using Metascape
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The overlap gene list (see Figure 4A) was used as input for
the functional enrichment analysis. Figure shows a summary
of the statistically most enriched pathways (adjusted
p value<0.001 for at least 1 cell type) for T-cell, B-cell, and
myeloid cell subtypes. Redundant pathways were collapsed
into a single biological theme. The dot size reflects the rich
factor (ratio of the DEG number and the total number of
genes annotated in this GO term) and its color the corre-
sponding statistical significance (g value, Bonferroni cor-
rected). For gray dots, the pathway was significant based on
p value, but not on g value. Absence of a dot indicates the
annotation was not significantly enriched for this cell type.
Cell clusters that are missing for specific tissue comparisons
were not analyzed because either too little cells were picked
up (<50 cells), or the amount of differentially expressed
genes was too small (<20). Ribosomal protein genes were not
considered for functional enrichment analysis. Complete
functional enrichment analysis results are summarized in
eTable 6 (links.lww.com/NXI/A947).

expressed by neutrophils but can be induced in nonmyeloid cells
on inflammation.”® In macrophages, the colony-stimulating factor
1 receptor (Csflr) and colony-stimulating factor 2 receptor sub-
unit alpha (Csf2ra) show higher expression in mELT compared

Neurology: Neuroimmunology & Neuroinflammation
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with SLOs. Csfr2 is the receptor for the proinflammatory cytokine
GM-CSF, and under inflammatory conditions, also CsfIr has a
proinflammatory function, by sustaining the survival and expan-
sion of inflammatory myeloid cells.”*
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Figure 6 Differential Gene Expression in Meningeal Ectopic Lymphoid Tissue Compared With Lumbar Lymph Nodes
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Top 10 differentially expressed genes per cell cluster between mELT and lumbar lymph nodes for T cells (A), B cells (B), myeloid cells (C), and the NK- and NKT-
cell cluster (D). Heatmaps showing average log2 fold change (FC) for the top 10 genes (highest FC) for each cell cluster. Genes are ordered by the cluster in
which they were selected; if they were in the top 10 of multiple cell clusters, they were shown only once. Genes that show higher expression in mELT are shown
in red (positive FC) and genes showing lower expression in mELT (negative FC) in blue. Genes that were not significantly differentially expressed are shown in
gray. Cell clusters that are missing for specific tissue comparisons were not analyzed because too little cells were picked up in that particular tissue (<50 cells).
Ribosomal protein genes were not considered. A similar figure for the top 10 differentially expressed genes between meningeal ectopic lymphoid tissue and
inguinal lymph nodes, or spleen, can be found in eFigure 2 (links.lww.com/NXI/A950).

Finally, T and B cells in mELT showed higher expression of ~ SLOs (Jun and Fos in FZ B cells only; others in both FZ and MZ
activation markers and activity-induced genes than the ones in B cells). Along the same line, the top overrepresented tran-
SLOs (eTables 2—4, links.lww.com/NXI/A943, linkslww.com/  scription factor (TF) for genes upregulated in mELT in FZ and
NXI/A944, links.Iww.com/NXI/A94S, Figure 6, eFigure 2, links. ~ MZ B cells (eTable 7, linkslww.com/NXI/A948) included
Iww.com/NXI/A950). In B cells, immediate early genes (IEG)  several immediate early response TFs (incl. Jun, Junb, Jund,
(Egrl, Ier2, Jun, Junb, and Fos), which are rapidly induced as  Klf2, Atf3, Fosb, and Nr4al for both FZ and MZ B cells and
response to stimulation through antigen receptor or cytokines,25 Egr2 specifically for FZ B cells). In addition, BAFF-receptor
showed higher expression in mELT compared with those in  (Tnfrsf13c)—one of the main prosurvival factors in B cells—
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showed higher expression in mELT in both FZ and MZ B cells,
as did the activation marker Cd83. Finally, complement receptor
2 (Cr2/Cd21), an activating coreceptor for B cells, which is
known to be downregulated following B-cell activation, was
expressed at a lower level in mELT compared with that in SLOs
in both FZ and MZ B-cell clusters. Ighv1-9, which is the im-
munoglobulin heavy variable gene of the knock-in in 2D2xTh
mice, is significantly higher expressed in mELT compared with
that in SLOs in follicular zone B cells. Specifically, in mELT vs
lumbar lymph nodes, we find higher levels of the knock-in in
mELT in germinal center B cells and plasma cells. This implies
that potentially MOG-specific B-cell receptors are expressed at
higher levels in mELT than in SLOs. Together, this suggests
B cells in mELT show a higher level of activation than the ones in
SLOs, and elevated IEG expression suggests recent antigen
stimulation. Activation-induced cytidine deaminase (Aicda),
which is specifically expressed in germinal center B cells, where it
is involved in somatic hypermutation, gene conversion, and class-
switch recombination, was expressed in mELT and SLOs. This
suggests the presence of active germinal centers in both tissues.
Expression levels in mELT were similar to the ones found in
spleen, but lower compared with Aicda levels in lumbar lymph
nodes.

In T cells, mELT showed higher expression of genes that are
typically induced on T-cell stimulation (e Tables 24, links.lww.
com/NXI/A943, linksIww.com/NXI/A944, linksIww.com/
NXI/A94S, Figure 6A, eFigure 2A, linkslww.com/NXI/
A950). One such example is Cish, which was found to be
upregulated in mELT in all T-cell clusters except for naive
CD4" T cells. In the naive T-cell cluster, several markers that
are transiently induced on T-cell activation (Nr4al, Egrl, Myb,
and Dusp2) were upregulated in mELT compared with that in
SLOs. In addition, several TNF superfamily ligands and re-
ceptors that are known to be induced on T-cell activation
showed higher expression in mELT compared with that in
SLOs. The ligands Tnfsf8 (Cd30l) and Tnfsf11 (Rankl) were
increased in mELT in naive CD4" T cells and in all CD4"
T-cell clusters (including Tregs), respectively. The TNF re-
ceptors Tnfrsf4 (O x 40), Tnfrsf18 (Gitr), and Tnfrsf9 (4-1bb)
were increased in all T-cell clusters in mELT compared with
those in SLOs (Tnfrsf9 was not found to be upregulated in
activated CD4" T cells, Tnfrsf18 only in CD4" T cells). Tnfrsf4,
Tnfrsf18, and Tnfrsf9 are all costimulatory receptors for T-cell
activation. Moreover, TF target overrepresentation analysis
using Chea3 showed that genes upregulated in T cells in mELT
are enriched for target genes of Foxp3, Stat4, Tbx21 (Tbet),
and Irf4 in all T-cell subclusters (eTable 7, links.lww.com/
NXI/A948). All these transcription factors are typically in-
duced on T-cell stimulation. In conclusion, the upregulation of
genes known to be induced on T-cell activation in mELT
shows that T cells in mELT are in a more activated state than
their counterparts in SLOs, suggesting that, among the tissues
examined in our study, mELT is the lymphoid tissue most
relevant for T-cell autoimmunity in spontaneous EAE at the
investigated time point in disease.
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Regulatory Mechanisms Are in Place to Keep
Inflammation in Check

Besides the costimulatory receptors described earlier, T cells in
mELT also showed upregulation of several coinhibitory receptors,
including Pdcd1, cytotoxic T lymphocyte antigen-4 (Ctla4), Lag3,
and Tigit. These inhibitory receptors have been associated with
T-cell exhaustion. They are, however, also known to be strongly
upregulated on T-cell activation, and their upregulation could
therefore as well reflect T-cell activation and differentiation. Pdcd1
and Ctla4 were upregulated in mELT in all T-cell clusters, while
Lag3 and Tigit were not upregulated in gd T cells (both) and naive
CD4" T cells (Tigit). Several of these coinhibitory receptors,
including Ctla4 and Lag3, are also known to be involved in Treg
suppressive activity. Along the same line, the expression of other
Treg signature genes including Ikzf2, Izumolr, and II2ra were
found to be upregulated in mELT compared with that in SLOs.
Of these, IzumoIr was upregulated in mELT in all T-cell clusters.
Transcription factor Helios (Ikzf2) was found to be upregulated in
mELT in naive CD4" T cells and to a lesser extent also in CD§"
T cells, while II2ra was upregulated in Tregs only. Furthermore,
the genome organizer Satbl was downregulated in mELT in the
naive CD4" T-cell and CD8" T-cell clusters. Sathl down-
regulation in T cells has been linked to a heightened susceptibility
to suppression by Tregs’® As mentioned earlier, TF target
overrepresentation analysis showed enrichment for target genes of
Foxp3 in the genes upregulated in mELT T cells compared with
their counterparts in SLOs (eTable 7, linkslww.com/NXI/
A948). Foxp3 is best known as maker for Tregs, but is also
transiently induced after T-cell stimulation in different T-cell
subsets, and is associated with hyporesponsiveness of activated
T cells.*” In addition, there was also enrichment for target genes of
Ikzf3, which is associated with IL-10 expression. These findings
indicate that the continuous T-cell stimulation occurring in mELT
may render T cells hyporesponsive because many activity-induced
genes have a suppressive function.

In addition, apolipoprotein E (Apoe), one of the most dif-
ferentially expressed genes overall in our data, exerts anti-
inflammatory and neuroprotective effects in the CNS 2,** in
addition to its lipid-related properties. Apoe showed higher
expression in mELT compared with that in SLOs in all T-cell
subsets and FZ and MZ B cells, DCs, and macrophages as
well. In the NK- and NKT-cell cluster, many target genes of
the anti-inflammatory transcription factor Nr1h3 (LXRa)
were found to be expressed higher in mELT compared with
that in SLOs (including e.g., Tmem176a, Tmem176b, Ctsd,
Cited4, and Ckb) (eTables 2-4, links.lww.com/NXI/A943,
links.lww.com/NXI/A944, links.lww.com/NXI/A945). Ac-
cordingly, Nr1h3 was the top overrepresented TF for the list
of genes upregulated in mELT in the NK and NKT-cell
cluster (eTable 7, links.Iww.com/NXI/A948). Furthermore,
the naive CD4" T cell and Treg clusters showed lower levels
of expression of the IL6 receptor (Il6ra) compared with SLOs
(Figure 4B, eTables 2—4) and are therefore less responsive for
classical signaling of the proinflammatory cytokine IL6. Fi-
nally, naive CD4" T cells in mELT showed higher expression
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of the regulatory cytokine gene-transforming growth factor
beta 1 (Tgfb1) compared with the ones in SLOs (Figure 4B,
eTables 2-4), and the macrophage cluster showed lower ex-
pression of the inflammatory cytokine IL18.

Together with the fact that mELT contains relatively more
regulatory T cells than SLOs, these findings indicate that there
are mechanisms in place to mitigate the inflammatory response.

mELT Macrophages Can Stimulate the
Recruitment of Other Immune Cells, While DCs
and T Cells Upregulate Chemokine Receptors
That Direct Their Migration Into the

Inflamed CNS

Functional enrichment analysis indicated that pathways related
to migration were differentially regulated between mELT and
SLOs in myeloid cells (granulocytes, macrophages, and DCs)
(eTable 6, links.lww.com/NXI/A947, Figure S). Along the
same line, we found that several chemokines and chemokine
receptors were differentially expressed between mELT and
SLOs (Figure 4B, eTables 2-4, linkslww.com/NXI/A943,
links.Iww.com/NXI/A944, links.Iww.com/NXI/A945). Mac-
rophages in mELT show higher expression of chemokines CcI8,
Ccl12, and Cxcl16, all of which can stimulate the recruitment of
immune cells. In addition, macrophages in mELT express more
Sparc. Sparc enhances immune cell migration and was shown to
promote recruitment of antigen-specific T cells to the inflamed
CNS. > In T cells and DCs, by contrast, we found differential
expression of chemokine receptor genes: naive CD4" T cells in
mELT showed higher expression of CxcrS. CxcrS is known to
be expressed on follicular helper T (TFH) cells and makes
these cells sensitive to recruitment through Cuxcl13 signaling,
which was found to be produced by stromal cells in the lep-
tomeninges of secondary progressive MS and in actively de-
myelinating lesions.* Treg in mELT express more Ccr2, CCr4
and Ccr8, and CD8" T cells in mELT express higher levels of
Cxcr6 and Cxcr3, but less Ccr7. Moreover, VLA-4 (Itga4), an
integrin subunit that is essential for the migration of T cells into
the CNS,*' showed upregulation in mELT CD8" T cells. DCs
in mELT have higher Ccr2 expression compared with SLOs,
which play a role in DC recruitment into the CNS,** but lower
Ccr7 expression, which is necessary to direct DCs to secondary
lymphoid nodes.*?

These results suggest that macrophages in mELT can stim-
ulate the recruitment of other immune cells to the inflamed
CNS and in this way possibly contribute to ectopic lymphoid
tissue formation. In addition, T cells and DCs in mELT have
enhanced expression of chemokine receptors that enable their
recruitment into the inflamed CNS.

Discussion

Comparing mELT with SLOs in a model of chronic CNS
autoimmunity by single-cell RNA sequencing, we confirmed
that all major immune cell types prevalent in SLOs could also
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be found in mELT, clearly identifying mELT as tertiary
lymphoid tissue. However, the proportion of the 2 major cell
types, T and B lymphocytes, was characteristically shifted
toward B cells. This has been a consistent finding in the lit-
erature both in MS and the specific EAE model we applied."**
This led other authors to refer to mELT as B-cell rich men-
ingeal follicles or B-cell aggregates. Within the T-cell com-
partment, a shift was detectable away from naive T cells,
which dominate SLOs, toward activated T cells in mELT. Our
data did not allow further subclustering of activated T cells to
identify distinct Th1, Th2, or Th17 subpopulations.

To date, less is known about B-cell and T-cell subsets and
other immune cell types in mELT. Small numbers of
antibody-producing plasma cells have been described in
meningeal niches in progressive MS and murine and primate
EAE."*>% Qur study identified a small fraction of plasma cells
in mELT. Their frequency seemed to be higher compared
with SLOs, although this was not statistically significant. By
contrast, the CSF of patients with MS is characterized by a
high proportion of mostly short-lived plasma blasts.”” Con-
troversial results exist regarding the pathologic relevance of
myelin-reactive antibodies, which may originate from those
plasma cells, in spontaneous EAE3%% Tregs have important
implications in controlling GC reactions.*® While one study
found hardly any T follicular regulatory cells in human
postmortem meninges,41 mELT contained approximately 5%
Treg in our model, almost twice as much as in SLOs.

Innate immune cells are also present in meningeal in-
flammation, yet much less frequent than lymphocytes. Our
single-cell sequencing data showed that neutrophils are
enriched in mELT compared with lymph nodes. While our
data cannot clarify the biological relevance of the relative
neutrophil abundance, it is noteworthy that neutrophil gran-
ulocytes may be critical for the formation of mELT by co-
ordinating meningeal B-cell accumulation.**

Differential gene expression analysis and functional enrichment
analysis revealed an overarching theme in mELT immune cells:
a more activated and proinflammatory phenotype compared
with their counterparts in SLOs, especially in T cells, B cells, and
granulocytes. These 3 cell types similarly had upregulated ex-
pression of genes related to glycolysis. A relationship between
glycolytic metabolites and the proinflammatory phenotype has
been established because cells involved in the proinflammatory
response rapidly provide energy by glycolysis.*® Both B and
T cells were more activated in mELT compared with that in
SLOs because they feature higher expression of immediate early
genes, suggesting recent antigen stimulation. T cells, particu-
larly, showed marked signs of activation and inflammatory re-
sponse in mELT. Many genes typically upregulated on TCR
activation were upregulated, including costimulatory and coin-
hibitory receptors. Moreover, various antigen-presenting cells
in mELT, including B cells, DCs, and macrophages, exhibited
higher expression of MHCII genes, potentially facilitating
antigen-induced T-cell activation.
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While immune cells in mELT were generally in a more acti-
vated and proinflammatory state, features of immune regu-
lation were present in mELT at the same time. Not only did
we observe more Treg in mELT compared with SLOs but also
an increased expression of Treg signature genes, coinhibitory
receptors, and T-cell exhaustion genes. Apoe, a gene known to
have anti-inflammatory and neuroprotective effects, was one
of the most differentially expressed genes in our dataset,
showing upregulation. These examples highlight that mELT,
in principle, inherently possess the capacity to keep its im-
mune response in check.

Many of the top differentially expressed genes between mELT
and SLOs have previously been linked to EAE, MS, or auto-
immune disease in general. For example, in T cells, we found
upregulation of Bhlhe40 in mELT, while mice deficient for
Bhlhe40 were found to be resistant to the induction of EAE.* In
naive CD4" T-cell and CD8" T-cell clusters, Satbl expression
was downregulated in mELT. Mice with conditional knockout
of Satbl in T cells were found to develop autoimmune disease,
and interestingly, they also showed infiltrations of inflammatory
cells in various organs.* Ttga4, which we found to be upregu-
lated in CD8" T cells in mELT, is a therapeutic target used in
the treatment of MS (natalizumab) because it mediates the
ability of leukocytes to cross the BBB.* In addition, Cr2, which
we found to be downregulated in mELT B cells, is believed to
provide protection against autoimmunity.47 Moreover, expres-
sion of Csflr, which we found to be upregulated in mELT
macrophages, was also upregulated in CNS tissue of patients
with MS compared with that in healthy controls.** Finally, in
our study, Apoe showed higher expression in mELT com-
pared with that in SLOs in almost all cell clusters. An as-
sociation was found between Apoe genotype and the
severity and progression of MS.*® Similarly, genetic vari-
ants of Nrlh3 are associated with primary progressive
MS.* Several target genes of this TF were upregulated in
mELT in the NK and NKT cell cluster. Nr1h3 itself was not
upregulated in mELT, suggesting differential activation of
this TF between mELT and SLOs.

In summary, many genes previously linked to autoimmune
disease were differentially expressed between mELT and
SLOs. This makes them interesting potential targets for
therapy because targeting these genes could result in disrup-
tion of mELT formation, with lesser effects on SLOs. In ad-
dition, this further emphasizes that mELT is more relevant for
autoimmunity in spontaneous EAE than SLOs.

Overall, these differences in cellular composition and gene
expression between mELT and SLOs point to a crucial role
for mELT in spontaneous EAE. Compared with SLOs, im-
mune cells in mELT are more activated and proinflammatory.
This is in contrast to the outside-in hypothesis in MS, which
postulates an autoimmune attack against CNS tissue driven
by the periphery through an impaired BBB. However, because
we only studied 1 time point in fully established EAE, we
cannot exclude that this occurred earlier in the course of the
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disease. Yet, nELT may represent the critical lymphoid tissue
for initiation and/or maintenance of CNS inflammation,
making it a therapeutic target. Because B cells predominate in
mELT and given their efficacy in treating relapsing MS, they
are obvious targets. Although anti-CD20 depletes B cells from
mELT, it failed to ameliorate spontaneous EAE or prevent the
formation of mELT altogether.'® As reported in the Ocreli-
zumab Biomarker Outcome Evaluation trial, B cell-depleting
ocrelizumab significantly decreased CSF B cells in progressive
and relapsing MS.*® Refining B-cell modulating strategies by
Bruton tyrosine kinase (BTK) inhibitors may be a valid ap-
proach. As small molecules, BTK inhibitors readily reach
the CNS. Strategies that target the immune response more
broadly beyond the B-cell compartment, such as S1P receptor
modulation by siponimod, have demonstrated promising
results, both ameliorating spontaneous EAE and reducing
mELT formation.'” The notion that mELT contains more
activated immune cells compared with SLOs in spontane-
ous EAE suggests that BBB penetration will be crucial, fa-
voring small molecules. Gene expression data of the most
differentially expressed genes between mELT and SLOs, as
provided in this study, may be helpful to identify novel
potential targets.

Further studies will be required to determine to which degree
insights from this study in a genetically determined EAE model
can be applied to MS. The heterogeneity of meningeal in-
flammation in MS, ranging from loose B-cell aggregates to highly
organized follicle-like structures, has to be taken into account.””'°
Furthermore, it would be informative to investigate single-cell
gene expression in mELT at different time points, such as early in
its formation, at various time points of the disease course, and
under certain therapeutic interventions, such as B-cell depletion or
modulation. While existing data suggest that affinity maturation of
MOG-specific B cells occurs in mELT,” future studies, which
investigate the time course of proinflammatory and anti-
inflammatory properties of immune cells in mELT, should in-
clude analyses of B-cell and T-cell receptor evolution in mELT in
more detail.

In conclusion, mELT comprises all cellular components of a
lymphoid organ and should be considered tertiary lymphoid
tissue. Differences in cellular composition and particularly in
gene expression compared with SLOs in spontaneous EAE
show that immune cells in mELT are more activated com-
pared with those in SLOs, suggesting that mELT is a main
driver of chronic CNS inflammation. At the same time, we
observed an increase in regulatory T cells and upregulation of
immunosuppressive genes in various cell types. This suggests
that regulatory mechanisms are in place, which limit the au-
toimmune response in mELT. Our data provide a starting
point for future studies of the immune response in mELT in
EAE and potentially MS and how to interrupt it.
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